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Preface 

Since the appearance of water on the Earth, aqua complex ions of metals must have existed. 
The subsequent appearance of life depended on, and may even have resulted from, interaction 
of metal ions with organic molecules. Attempts to use consciously and to understand the 
metal-binding properties of what are now recognized as electron-donating molecules or anions 
(ligands) date from the development of analytical procedures for metals by Berzelius and his 
contemporaries. Typically, by 1897, Ostwald could point out, in his ‘Scientific Foundations of 
Analytical Chemistry’, the high stability of cyanomercurate(II) species and that ‘notwithstand- 
ing the extremely poisonous character of its constituents, it exerts no appreciable poison effect’. 
By the late 19th century there were numerous examples of the complexing of metal ions, and 
the synthesis of the great variety of metal complexes that could be isolated and crystallized was 
being rapidly developed by chemists such as S. M. J@rgensen in Copenhagen. Attempts to 
understand the ‘residual affinity’ of metal ions for other molecules and anions culminated in the 
theories of Alfred Werner, although it is salutary to remember that his views were by no means 
universally accepted until the mid-1920s. The progress in studies of metal complex chemistry 
was rapid, perhaps partly because of the utility and economic importance of metal chemistry, 
but also because of the intrinsic interest of many of the compounds and the intellectual 
challenge of the structural problems to be solved. 

If we define a coordination compound as the product of association of a Bronsted base with a 
Lewis acid, then there is an infinite variety of complexing systems. In this treatise we have 
made an arbitrary distinction between coordination compounds and organometallic compounds 
that have metal—carbon bonds. This division roughly corresponds to the distinction — which 
most but not all chemists would acknowledge as a real one — between the cobalt(III) ions 
[Co(NH3).]°* and [Co(n°-CsHs)2]*. Any species where the number of metal—carbon bonds is 
at least half the coordination number of the metal is deemed to be ‘organometallic’ and is 
outside the scope of our coverage; such compounds have been treated in detail in the 
companion work, ‘Comprehensive Organometallic Chemistry’. It is a measure of the 
arbitrariness and overlap between the two areas that several chapters in the present work are 
by authors who also contributed to the organometallic volumes. 
We have attempted to give a contemporary overview of the whole field which we hope will 

provide not only a convenient source of information but also ideas for further advances on the 
solid research base that has come from so much dedicated effort in laboratories all over the 
world. 

The first volume describes general aspects of the field from history, through nomenclature, to 
a discussion of the current position of mechanistic and related studies. The binding of ligands 
according to donor atoms is then considered (Volume 2) and the coordination chemistry of the 
elements is treated (Volumes 3, 4 and 5) in the common order based on the Periodic Table. 

The sequence of treatment of complexes of particular ligands for each metal follows the order 

given in the discussion of parent ligands. Volume 6 considers the applications and importance 

of coordination chemistry in several areas (from industrial catalysis to photography, from 

geochemistry to medicine). Volume 7 contains cumulative indexes which will render the mass 
of information in these volumes even more accessible to users. 

The chapters have been written by industrial and academic research workers from many 

countries, all actively engaged in the relevant areas, and we are exceedingly grateful for the 

arduous efforts that have made this treatise possible. They have our most sincere thanks and 

appreciation. 
We wish to pay tribute to the memories of Professor Martin Nelson and Dr Tony Stephenson 

who died after completion of their manuscripts, and we wish to convey our deepest sympathies 

to their families. We are grateful to their collaborators for finalizing their contributions for 

publication. 
Because of ill health and other factors beyond the editors’ control, the manuscripts for the 

chapters on Phosphorus Ligands and Technetium were not available in time for publication. 

Vil 



Viii Preface 

However, it is anticipated that the material for these chapters will appear in the journal 
Polyhedron in due course as Polyhedron Reports. 
We should also like to acknowledge the way in which the staff at the publisher, particularly 

Dr Colin Drayton and his dedicated editorial team, have supported the editors and authors in 
our endeavour to produce a work which correctly portrays the relevance anc achievements of 
modern coordination chemistry. 
We hope that users of these volumes will find them as full of novel information and as great a 

stimulus to new work as we believe them to be. 

ROBERT D. GILLARD JON A. McCLEVERTY 
Cardiff Birmingham 

GEOFFREY WILKINSON 
London 
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23.1 PREFACE 

The chemistry of the alkali and alkaline earth metals has generally been regarded as 
straightforward and discernible using an ionic model.’ The interaction between metal ions and 
ligands in coordination complexes can be regarded as ion—dipolar in nature and this leads to 
the prediction that large cations having low charge (or low ionic potential*) will be unlikely to 
form complexes. As the alkali and alkaline earth metals provide the largest known cations, 
they were long regarded as being unlikely to form complexes. 

In a book review written in 1974,* R. J. P. Williams commented that ‘the inorganic chemistry 
of these elements—Na, K, Mg and Ca—is taught no more because there are no spectra to tease 
the mind’ and consequently they remain ‘out of sight (spectroscopic), out of mind’. Certainly 
this bore much truth with regard to coordination chemistry, especially as the watershed 
established in 1967, when C. J. Pedersen® discovered that macrocyclic polyethers can act as 
efficient ligands for alkali and alkaline earth metals, had barely reached the textbooks. 

This discovery, followed by the exploitation of macrobicyclic multidentate ligands (crypt- 

1 



2 Alkali Metals and Group IIA Metals 

ands) as complexing agents,° and accompanied by an increasing realization of the need to 
understand the vital role played by Na, K, Mg and Ca in biological systems, has led to a 
renaissance of interest in the coordination chemistry of these metals.”° 

23.1.1 Historical Perspective 

Whilst what has been termed the real scientific advancement in this area took place in 1967,° 

complexes of alkali and alkaline earth metal cations (M’*) with simple monodentate ligands 
can be traced back, through the ‘metal-ammonias’, to Faraday.'° It was not until almost a 
century later, however, that precise determinations of the stoichiometries of the M’*—NH, 

products were realized and the term coordination was introduced to describe the bonding mode 
of the ligand.'’’° The alkali metals themselves were first noted to dissolve in liquid ammonia in 
1863'* and since that time it has been found that the metals also dissolve in amines and 
ethers.'° 

The interaction of potentially chelating ligands with M”* was first noted by Ettling, in 1840, 
who reported (salicylaldehydato)sodium(salicylaldehyde), hemihydrate.’"° The monohydrated 
analogue was later reported by Hantzsch who termed it, and similar compounds, ‘acid salts’.’” 
Compounds having the general formula ML-nHL (n = 1, 2) were then extensively studied by 
Sidgwick and his coworkers,’*’? who considered the ML-HL complexes to consist of a 
quadridentate cation coordinated independently by both L and HL, as in (1). The ML-2HL 
series were believed to contain a hexacoordinated cation. Later Pfeiffer suggested that although 
this bonding mode could operate, it was also possible for L to interact with M”* and HL 
simultaneously, with the HL having no direct link to M”*.”° The essential correctness of this 
proposal has been demonstrated more recently”' and is discussed later. 

(1) 

Several isolated reports of stable, solid complexes of M”* with a range of organic solvents 
(e.g. alcohols, ketones, aldehydes, esters, ethers, acetonitrile and pyridine) were made 
available during this same period. Some were obtained by crystallization of a salt from the 
relevant solvent, and others more serendipitously through observations made during solubility 
studies. 

The observations made by Sidgwick and Brewer, in 1925, on the solubility charactersitics of 
alkali metal-B-diketonates are of seminal importance.'? (1-Phenyl-1,3-butanedionato)sodium 
was found to be insoluble in toluene, whereas the dihydrated form was toluene soluble. This 
was explained by proposing the formation of a complex in which the diketonate acts as a 
chelating anion and the two waters act as monodentate ligands (2). This suggestion was 
vindicated in the 1960s with the solution of the X-ray crystal structure of the corresponding 
ethylene glycol complex.” In this molecule the glycol acts as a bridging, doubly monodentate 
ligand linking two sodium cations; each sodium is coordinated by one diketonate and two 
monodentate glycol oxygen atoms. 

The area then developed in a non-systematic way. Representative examples illustrating the 
coordination of M”* can be seen in the syntheses of well-defined complexes with the bidentate 
nitrogen-containing ligands, en and phen; the isolation of metal complexes of sugars;”* and 
the preparation of complexes with amino acids, di- and tri-peptides and related small molecules 
of biological interest.7>° Just prior to Pedersen’s disclosures concerning the formation of metal 
complexes involving macrocyclic polyethers,° interest in solvent extraction and desalination led 
to the availability of ligands such as p,p'-diamino-2,3-diphenylbutane which readily precipitate 
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NaCl from water.*” Moore and Pressman’s discovery that the antibiotic valinomycin exhibits 
alkali metal cation selectivity in rat liver mitochondria then provided a starting point for studies 
in the area of M”* selectivity by biological and model systems.”® 

Since Pedersen’s disclosures, and the subsequent extension into the third dimension through 
Lehn and his macrobicyclic and macrotricyclic cryptands,”” there have been a plethora of 
papers concerning many aspects of M”* complexation, the majority being centred on crown 
ether and related species. Their literature has been extensively reviewed and attention is drawn 
to articles by Poonia and Bajaj*° and by Végtle and Weber*! which are comprehensive and 
provide excellent bibliographies of the area. 

There is also an extensive organometallic chemistry of the alkali and alkaline earth metals. 
Many of these compounds, particularly those of Li, Be and Mg, form coordination complexes 
with appropriate donor ligands. This topic has been recently surveyed in the companion 
volume ‘Comprehensive Organometallic Chemistry’ and so only apposite references will be 
included here.*? 

23.1.2 General Remarks 

The alkali and alkaline earth metals are usually regarded as having ‘hard’, or class ‘a’, 
character and so are capable of binding to ‘hard’ or class ‘a’ ligands. The ionic size increases 
down each group (Table 1), and individually with increasing coordination number. The ionic 
potential (charge—radius ratio) is diminished in the same direction, and this is reflected in the 
more covalent character found in compounds of Li, Be and Mg relative to their higher 
congeners. Li* and Be** have the greatest polarizing power in each series and the highest 
tendency towards solvation. 

Table 1° Tonic Radii and Hydration Energies 

(a) Li Na K Rb Cs 
Ionic radius (A) 0.60 0.95 1.33 1.48 1.69 
Hydration energy 

(kJ mol *) —498 —393 —310 —284 —251 

(b) Be Mg Ca Sr Ba 
Ionic radius (A) 0.31 0.65 0.99 1513 1.35 
Hydration energy 

(kJ mol‘) —2455 —1900 = 1565 —1415 = 275 

“Data compiled from F. A. Cotton and G. Wilkinson, ‘Advanced Inorganic Chemistry’, 4th 
edn., Wiley, New York, 1980. Pauling ionic radii are quoted. 

There is an increase in coordination number going from Li*(4) through Na*(6) to K*, Rb* 

and Cs*(8), and from Be?*(4) through Mg?*(6) to Ca**, Sr** and Ba**(8). All of the M** ions 
are smaller and considerably less polarizable than the isoelectronic M* ions. The oxidation 

state is +1 for the alkali metals and +2 for the alkaline earth metals. In contrast to the 

transition metals, there is no preferred coordination geometry for this group of cations except 

that, in the absence of crystallographically imposed symmetry, a roughly spherical distribution 

of neighbours is sought. Si! To Hols 

Beryllium is normally divalent in its compounds and, because of its high ionic potential, has a 

tendency to form covalent bonds. In free BeX, molecules, the Be atom is promoted to a state 

in which the valence electrons occupy two equivalent sp hybrid orbitals and so a linear 

X—Be—x< system is found. However, such a system is coordinatively unsaturated and there is 

a strong tendency for the Be to attain its maximum coordination of four. This may be done 

through polymerization, as in solid BeCl,, via bridging chloride ligands, or by the Be acting as 

an acceptor for suitable donor molecules. The concept of coordinative saturation can be 

applied to the other M”* cations, and attempts to achieve it have led to attempts to deliberately 

synthesize. new compounds. 
Multidentate ligands, both acyclic and cyclic, are now abundant and herein the nomenclature 

used will follow that recently proposed by Végtle and Weber.*? Coronands are taken to mean 

macromonocyclic compounds having any heteroatoms present as potential donors, with crown 

ethers being reserved for compounds of the same type having only oxygen atoms present as 
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donor species. Cryptands are bi- and poly-cyclic compounds having any heteroatoms present as 

donors and podands are acyclic coronand and crown ether analogues. 

23.2 MONODENTATE LIGANDS 

Many salts of the alkali and alkaline earth metals occur as solvated species and are obtained 

by crystallization of the salt from an appropriate solvent. It is only recently that such 

compounds have been seriously considered as coordination compounds and factors such as the 

coordination number of the cation and whether the interaction between Na* and H,O leads to 

[Na-H,0]*,** a species comparable to the oxonium cation, have been thoroughly investigated. 

One problem is precise definition, or when does a complex become too complex? Alkali metal 

compounds range from discrete molecular solvates through various degrees of association to 

extensive arrays and networks. The Na* in NaCl is regarded as six coordinated, having six 

nearest Cl” neighbours, but the system is not usually regarded as anything other than an ionic 

compound. In this review complexes have been generally restricted to discrete molecular 
entities, and solvated species have been divided into two general categories:*”* (i) solvates, or 
compounds in which the cation is surrounded by the solvent and the anion is separate, and (ii) 
solvated ion pairs in which both solvent and anion are coordinated to the cation. 

23.2.1 Alkali Metal Complexes 

A comparison of the commoner alkali metal salts showed that ~76% of the Li salts gave 
solid hydrates, as did ~74% of the Na salts and ~23% of the K salts; very few hydrates of Rb 
and Cs are available. The degree of hydration of the cation diminishes down the group, with 
decreasing ionic potential. The Li salts do not form hydrates with more than four waters 
present, except for the bromide, iodide and hydroxide at low temperature. The cation is 
coordinated only to the solvating molecules and so the species is charge separated; the anion, 
in the case of the protic solvent derivatives, is generally held by the hydrogens of the solvent. 
An X-ray structure of Na,SO,:10H2O shows the cation to be present in an octahedral 
environment as [Na(H2O).]*;*° the K* in CaKAsO,-8H2O is present as [K(H2O)s]**’ in a 
square antiprismatic environment. 
A related series of complexes is formed with ammonia; some of these complexes have 

considerable stability such as Lil-4NH;, in which the cation is believed to be tetrahedrally 
coordinated and charge-separated [Li(NH3)4]*. Results of studies on the dissociation 
properties show that the stability of the ammines falls off in the sequence Li* > Na* > K*, and 
with halides of the same metal in the order I” > Br~ > Cl .*8 The ammonia may be replaced by 
primary, secondary and tertiary amines but the products are less stable. 

The alkali metals are soluble in liquid ammonia, and certain amines, to give solutions which 
are blue when dilute. The solutions are paramagnetic and conduct electricity, the carrier being 
the solvated electron. In dilute solutions the metal is dissociated into metal ions and 
ammoniated electrons. The metal ions are solvated in the same way that they would be in a 
solution of a metal salt in ammonia, and so comparison can be made with, for example, 
[Na(NH3)4]*I_, the IR and Raman spectra of which indicate a tetrahedral coodination sphere 
for the metal.*? 
Many solid solvates of the alkali metals are known*’ and the monodentate ligands involved 

include pyridine, MeOH, EtOH and higher alcohols, acetone, dioxane, THF, aryl- and 
alkyl-phosphine oxides, DMSO, amides (acetamide, NYA, DMA, NMF, DMF, urea, etc.) and 
thiourea. The X-ray structures of several compounds have been solved and representative 
examples are given in Table 2. Although these fall broadly into the two categories of complex 
given earlier, one observation is that discrete molecules are not always available. In the 
complexes Lil-Stppo,*® Li[Li{C(SiMe3)3}2]-4THF* and LiCl:-4NMA“ the cation is tetra- 
hedrally coordinated as [Li(solvent),]*. In the first molecule there is an additional, non- 
complexed tppo present, and in the last the NMA also hydrogen bonds to the Cl-. In contrast, 
in the sodium complexes NaI-3Me,CO* and NaI-3DMF,* the cation coordination number is 
six and the geometry is octahedral, and midway between octahedral and trigonal prismatic 
respectively. The triads of oxygen atoms are shared between pairs of cations giving rise to 
infinite cationic columns. 

All halides of alkali metals, except Li, are practically insoluble in pyridine; this situation is 
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Table 2 Some Representative Structures of Alkali Metal Solvates 

ees | TE SIT GOR ITO Gh sr be 
Bond lengths Coordination 

Complex (A) numbers Comments Ref. a te ee ee 
(i) Solvated 

species 
Lil-Stppo* Li—O,,, 1.97 4 Td, one 1 

uncomplexed 
tppo 

LiCl-4nma? Not given Td a 
Li[Li{C(SiMe;)3},]-4THF Li—O,,, 1.97 Td, 3 

Li(THF)7 
Nal-3MeOH Na—O,,,, 2.47 Oh, shared 4 

donor triads 
NalI-3acetone Na—O,,,, 2.46 Oh, shared 5 

donor triads 
NalI-3DMF Na—O,,, 2.40 6 Trigonal 6 

prism Oh, 
shared donor 
triads 

NaClO,-3dioxane Na—O,,, 2.43 6 Elongated 7 
Oh, bridging 
dioxane 

Lil-2urea Li—O, 1.88, 1.95 4 Td, each 8 
urea binds 
Qe 

(ii) Solvated 
ion pairs 

LiCl-pyridine Li—Cl, 2.38, 2.39 4 Td: Clas Ni 9 
Li—N, 2.01 

LiCl-H,O:2pyridine Li—O, 1.94 4 Td2L ly, iN} 10 
LiCl, 2.33 10 
LIN, 2.05, 2.06 

LiCl-dioxane Li—O, 1.88, 1.95 4 Distorted Td 11 
Li—Cl, 2.39, 2.42 

NaBr-2am* Na—O, 2.33, 2.37 6 Distorted 12 

j Oh, shared 
Br andO 

NaClO,:2DMA Na—Q),,,\2.35,.2,39 5 Shared DMA 13 
Na—Ogo,, 2.38 and ClO, 

* tppo = triphenylphosphine oxide. ° NMA = N-methylacetamide. ° am = acetamide. Pp Pheny!phosp: 

. Y. M. G. Yasin, O. J. R. Hodder and H. M. Powell, J. Chem. Soc., Chem. Commun., 1966, 705. 

. D. J. Haas, Nature (London), 1964, 201, 64. 

. C. Eaborn, P. B. Hitchcock, J. D. Smith and A. C. Sullivan, J. Chem. Soc., Chem. Commun., 1983, 827. 

. P. Piret and C. Mesureur, J. Chim. Phys. Phys.-Chim. Biol., 1965, 62, 287. 
. P. Piret, Y. Gobillon and M. van Meerssche, Bull. Soc. Chim. Fr., 1963, 105. 
. Y. Gobillon, P. Piret and M. van Meerssche, Bull. Soc. Chim. Fr., 1962, 554. 
. J. C. Barnes and T. J. R. Weakley, Acta Crystallogr., Sect. B., 1978, 34, 1984. 
. J. Vierbist, R. Meulemans, P. Piret and M. van Meerssche, Bull. Soc. Chim. Belg., 1970, 79, 391. 

. F. Durant, J. Vierbist and M. van Meerssche, Bull. Soc. Chim. Belg., 1966, 75, 806. 
10. F. Durant, P. Piret and M. van Meerssche, Acta Crystallogr., 1967, 22, 52. 
11. F. Durant, Y. Gobillon, P. Piret and M. van Meerssche, Bull. Soc. Chim. Belg., 1966, 75, 52. 
12. P. Piret, L. Rodrique, Y. Gobillon and M. van Meerssche, Acta Crystallogr., 1966, 20, 482. 
13. J. Bello, D. Haas and H. R. Bello, Biochemistry, 1966, 5, 2539. 

OMANIADMHAWNE 

generally modified by stepwise addition of water, and the observation served as the basis for an 
early process for the separation of Li from the other alkali metals.*° The structure of 
LiCl-H,O-2py has present a four-coordinate cation bound to the three donor atoms and the 
Cl- anion and so serves as an example of a solvated ion pair.*° In NaBr-2acetamide the Na* is 
six-coordinated and this is achieved by the sharing of one Br anion and two oxygen atoms 
between pairs of Na* cations to give electrically neutral columns.*’ 

For some solvent systems, it has not yet been possible to obtain structural information in the 
solid state. The ion-pair loosening ability of DMSO has been thoroughly illustrated in studies 
of M*-DMSO interactions in solution using several different techniques: NMR;***? solution 
IR;°°*? conductometry~ and calorimetry.** In the case of Nat, a coordination number of six 
has been confirmed. IR techniques have also been used to monitor alkali metal complexation 
with the related sulfoxides, diisopropyl and dibutyl sulfoxide.*° Solid M*-DMSO species have 
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been recovered from salt solutions in DMSO; the IR spectra suggest that the DMSO molecules 

present in these complexes are not equivalent but no X-ray structural information is presently 

available. 
Amides and related compounds have been thoroughly investigated as ligands for alkali 

metals. Studies in solution have been made using various physicochemical techniques; these, 

and MO calculations, show that the interaction of amides with M* is via the carbonyl 

function.**°’ This leads to a delocalization of the amide N electron pair and so it is possible to 
follow the decrease in C—O, and the increase in C—N, bond orders using IR spectroscopy. 
X-Ray crystal structures of amide complexes have shown both types of complexation 
interaction to be present (Table 2). 

The amides have been employed as primitive models for peptides in studies concerning the 
denaturing of proteins by alkali metal salts; it has been suggested that as alkali metal cations 
have strong interactions with amides this could indicate that denaturing occurs via interactions 
with peptide units.°* It is therefore pertinent to comment, at this point, that the crystal 
structures of Nal(glycine),-H,O* and LiBr(alanylglycine)-2H,O™ have been solved and in 
each the amino acids function as zwitterions. The M”* is then coordinated to the carboxylic acid 
functions and water molecules to give six and four coordination respectively. A survey of the 
earlier work on metal salt interactions with amino acids has been published.® 

An interesting structural feature arises in the coordination of Li* by urea in the complex 
Lil-2urea;” each urea bridges two cations. This may be compared with LiCl-dioxane® in which 
a related bridging occurs, and contrasted with NaCl-urea-H,O™ in which the octahedral metal 
environment is due to two Cl” anions, two water oxygen atoms and two urea oxygen atoms. 

Thiourea complexes of the type MX(thiourea), have been found if the lattice energy of MX 
is less than 670 kJ mol7'. This leads to complexes of K*, Rb* and Cs*, especially with Br~ and 
I” as anions. The polarizable thiourea separates the anions from the cations and each cation is 
probably surrounded by eight sulfur atoms at the corner of an approximately regular cube.© 

The complexation of M*L” (M*=Li-Rb; L™ =e.g. 2,4-dinitrophenolate) by triphenyl- 
phosphine oxide (tppo) has been studied conductometrically and shows that M*L™ association 
constants decrease down the group.™ Tri-n-octylphosphine oxide (topo) has been used to 
extract alkali metal cations into organic media; the extractant species are designated as either 
[M(topo)3]*ClOz; (M*=Li-Cs) or [M(topo)4]*ClO; (M*=Rb, Cs). The most efficacious 
transfer occurs for the smaller cations.®’ The study of the synergic effect of various aryl- and 
alkyl-phosphine oxides on the extraction of alkali metal cations has been reviewed.™ Using the 
dibenzoylmethane anion, water-insoluble complexes such as Li(dbm)(topo), have been 
characterized; the use of topo as the extractant in a water—p-xylene system gave separation of 
Li* from the other alkali metal cations as this dbm complex.” 

Solid alkali metal complexes of hexamethylphosphoramide (hmpa) have been isolated and 
IR studies indicate coordination through the oxygen of the phosphine oxide.”° Solution studies 
have also been carried out and show that hmpa coordinates to alkali metal cations in solution.*® 
Rather interestingly a solution of sodium metal dissolved in hmpa gives, in the "Na NMR 
spectrum, a signal corresponding to Na.’ This provided the first example of the generation of 
Na’ in a solvent in the absence of an added complexor; here the hmpa can itself coordinate to 
the Na* formed during dissolution. 

23.2.2 Alkaline Earth Metal Complexes 

The alkaline earth metal cations follow similar trends to the alkali metal cations in their 
complexation reactions with monodentate ligands. ‘Hard’, class ‘a’ donor atoms are preferred, 
and beryllium and magnesium show a greater tendency to form complexes than do their larger 
congeners. 

The strong hydration of Be** can be explained by the formation of [Be(H2O),]?* in which 
coordinate links with water are formed. This contrasts with, for example, Ba**+ where the 
molecular forces would be electrostatic in origin. The presence of the tetrahedral [Be(H2O),]?* 
unit has been confirmed in the X-ray crystal structures of BeSO,-4H,O” and 
Be(NO3),-4H20.” Solid hydrates have been obtained for BeCl, and BeBr>, but not for the 
fluoride or iodide.”* The product of direct hydration of BeCl, has been identified as a cyclic 
trimer, {{Be(OH)(H2O),]Cl}3, by IR and Raman spectroscopic studies.” The cationic unit is 
shown in (3). BeF,-2H,O has been suggested as the formula for the solution adduct, but 
attempts to isolate the compound led to HF and basic residues being formed. °Be NMR studies 
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support the existence of the dihydrate in saturated aqueous solutions. The species are prone to 
hydrolysis and this increases from the fluoride to the iodide; this hydrolysis has been reviewed 
by Bell” in a survey of the chemistry of beryllium halides, and a review of aqua complexes 
including Li, Be, Mg and Ca has recently appeared.’° The predominate species in solution are 
affirmed as polymeric in nature: [BexOH]** and [Be3(OH)3}**.7” 

H,O OH, 

ne (e 

Panett Sk 
Be Be 

Wasi a 

(3) 

A _ H,0 OH, 

x fe H.O OH, 

A recurrent feature in the solid state chemistry of magnesium hydrates is the ready formation 
of [Mg(H20).]**. This is evidenced in many X-ray studies, e.g. Mg(NO3)26H20,”® MgX-6H,O 
(X =SO;”, S,03%°), Mg,CdCl,-12H20,*! MgCO3-3H,O* and MgSO,-7H20.®? In this latter 
compound the seventh water molecule is readily lost at 48.3°C. The tenacity of Mg”* for its 
solvated water is illustrated in the formation of complexes such as MgBr2-6H,O-2caffeine™ and 
MgCl,-6H20-12-crown-4® in which the [Mg(H2O).]** unit is present and the second ligands are 
not coordinated. 

About 150 examples of Ca**—H,0O interactions in crystalline hydrates of Ca?* have been 
reviewed; higher coordination numbers are generally achieved in these species.®° CaX,-6H,O 
(X = Cl, Br) have present a nine-coordinated cation ligated by both water molecules and halide 
anions;®’ CaKAsO,-8H2O has Ca** eight-coordinated by water molecules.*”? The complexes 
CaCr,07:7H,O:2hmt®* and CaBr,-10H,O-2hmt®? are both solvent-separated systems (hmt = 
hexamethylenetetramine). The cations have coordination numbers of seven and six respectively 
and the hmt ligand is too weak a donor to desolvate the cation. CaCl,-4H,O has present a 

seven-coordinated cation in which four water molecules and three chloride anions interact with 
the metal.” This involves sharing and the beginnings of the build-up of intricate networks. 
BaCl,:2H,O provides an example of such a network, the metal being eight-coordinated by four 
shared water molecules and four shared chloride anions,” as does Ba(NCS)-3H,O wherein the 

cation has tricapped trigonal prismatic coordination sharing water and N-bonded thiocyanate 
anions to build up continuous chains.” 

BeF, forms the ammine BeF,-NH; at —78.5°C but this complex decomposes at higher 
temperatures; the formation of only a single, unstable ammine is in contrast with the behaviour 
of the remaining beryllium halides which form a series of ammine complexes increasing in 
stability with increasing weight of the halogen (Table 3).'”*°? The weaker donor power of 
alkyl- and aryl-amines, together with the introduction of steric constraints on complexation, is 
seen in the reactions of amines with BeX,. Only MeNH)2 gives a tetramine complex with BeCl; 
related primary, secondary and tertiary amines give 1:2 adducts. Benzidine gives a non- 
chelated, binuclear complex 2BeCl,-3benzidine. There appears to be no report of characterized 
amine complexes for BeBr and Bel,.” 

Table 3 Ammonia Complexes of Beryllium Halides 

BeF,-NH; 
BeCl,:2NH3 BeCl,-4NH, BeClL,-6NH, BeCl,:12NH; 
BeBr,-4NH; BeBr,-6NH, BeBr,:10NH3 
Bel,-1.5NH3 Bel,-4NH, Bel,-6NH; Bel,:13NH, 

(The tetraammines are the most stable species; adducts having more than four 
NH, present are stable only at low temperature. The table is compiled from 

data given in ref. 74.) 

Amine complexes have been used to facilitate the purification of BeH,”* and 1:1 species 

have been found using Me3N and PhCH,NMe;.” The reaction of BeCl,, NaH and Me3N gave 

the complex CIBeH-Me3N and this and the analogous BrBeH complex are dimeric in benzene 

solution having bridging hydrogen atoms.*°”’ If there is a reactive hydrogen present on the 
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amine used, then an elimination reaction is possible, yielding oligomeric products. BeHz and 

Me2NH give the trimer {(Me)2N)2Be}3; in which there are alternatively three- and four- 

coordinate beryllium atoms present (4).”* The chemistry of alkylamidoberyllium compounds 

has been reviewed.??! 
Me, 

ge Na 
Me,N—Be Be _Be—NMe; 

> N 

Me, Me, 

(4) 

Beryllium acetate has been found to give complexes of the type Be(OAc),-2L with ammonia 
and primary amines, and beryllium borohydride forms 1:1 complexes with primary amines. ?”) 
IR studies on the complex Be(ClO,).:2H,O show it to be in the form 
[Be(H20)4]"*[Be(ClO4)a]*; at elevated temperatures Be,O(ClO,), is formed from the 
dihydrate.'° 

Nearly all magnesium salts take up NH; and some of the resulting ammines are stable to loss 
of NH; on heating, e.g. MgCl.-6NH3, and Mg(ClO,)2-6NH3. Aromatic amines can replace the 
ammonia in these compounds.’ The stability of ammine complexes decreases down the group. 
X-Ray powder studies on CaCl,-8NH; and CaCl,-2NH; suggest that in the former the cation is 
contained in a distorted triangular prism of NH; molecules, and in the latter the cation is 

coordinated by an irregular octahedral array comprising two NH; and four, presumably shared, 
Cl- anions.'° 

Beryllium halides form 1:2 complexes with monodentate heterocyclic aromatic nitrogen 
compounds (pyridine, etc.) as does Be(NCS),.”* The X-ray structure of MgBr2-6py reveals the 
cation as six-coordinated; there are two non-bonding pyridine molecules present as well as the 
four which coordinate.'™ Bis-pyridine and bis-imidazole complexes of bis(dinitrophenoxy)mag- 
nesium have been proposed as model complexes for the coordination of histamine in 
Mg-ATPases.'” The cation is six-coordinated with the two pyridines occupying cis octahedral 
sites. Hydrazine acts as a monodentate ligand in the complex BeCl,-4N>2H, and the more bulky 

phenylhydrazine forms a 1:3 complex, together with a very unstable 1:4 species. BeCl, also 
forms a 1:4 complex with HCN, but only 1:2 adducts with RCN. With both ligand types, this 
is believed to be a consequence of increased steric constraint imposed by the substituted 
ligands.’* BeCl,-2L (L = MeCN, CICN) have been synthesized by direct reaction of BeCl, and 
the nitrile;'°° the X-ray structure of BeCl,-2MeCN reveals the metals to be in a distorted 
tetrahedral environment.'°’ Ligand exchange occurs with nucleophilic species such as diethyl 
ether and benzonitrile and the metathetical reaction between BeCl,-2MeCN and KSCN leads 
to the isolation of Be(NCS).-2MeCN and of CIBeNCS:2MeCN.*® A °Be NMR study of BeCl, 
in MeCN shows the following species to be present in solution: [BeCl,]*~, [BeCl,-H,O]-, 
[BeCl,-MeCN]~, BeCl,-2MeCN and [Be2Cl-4MeCN]**.’” Nitriles also give complexes 
of the types MgBronMeCN (n=3,4) and Mgl>-6MeCN. The complex 
[Mg(Me(CN).]**[SnCl,(NO3)2]*~ has been recovered from Mg(NO3).—SnCl,—MeCN and its 
nature established both in solution and in the solid state.'"° 

Solid solvates such as MgX,6ROH (X=Br, NO;3, ClO;; R=Me, Et) and 
Ca(NO3)2‘EtOH are believed to be charge separated in nature as is the more unusual mixed 
solvate MgBr2-4THF-2H20."'*"! Solvated ion pairs have also been found for Group IIA 
cations and the structures of MgBr2:2THF,'* MgBr.-4THF’ and MgBr>:2Et,O!© show 
coordination numbers of six, six and four respectively for the cation. The sites are composed 
from anions and donors and so, for example, in MgBr2-2THF the distorted octahedral 
geometry derives from two Mg—O, two Mg—Br (terminal) and two Mg—Br (bridging) bonds. 
Solvated organometallic complexes are also known; this aspect has been reviewed but a 
representative compound is EtMgBr:2Et,O, which consists of discrete monomers with the 
bromide anion, ethyl group and two ether oxygen atoms tetrahedrally arranged around the 
magnesium.*!” 

BeCl,:2Et,O has been extensively studied; it may be prepared by reaction of anhydrous 
BeCl, and diethyl ether. A two-phase system is found in which the top layer is a solution of 
ether in the complex and the bottom layer is composed oppositely. The product is recovered on 
removal of the solvent. The crystal structure shows it to contain the cation in a distorted 
tetrahedral environment.''* BeBr,-2Et,O is readily available, but although Bel, is soluble in 
site no solid product has yet been recovered. THF and dioxane complexes of BeCl, are also 
nown. 
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It would be inappropriate not to mention the contribution made by the Leiden school to the 
development of techniques which have made available a wide range of metal complexes 
containing relatively weak donor molecules.'’? Using strictly anhydrous conditions and by 
reacting the required anhydrous metal salt with the ligand, species having the general formulae 
M"=X-6L and M"@X,-6L have been prepared from such diverse ligands as ethanoic acid, ethanol, 
diphenyl sulfoxide, acetonitrile, nitromethane, methyl formate, 2-pyridone, acetaldehyde, 
THF, etc. For the alkaline earths mostly Mg** and Ca?* have been used, although in some 
cases Sr** and Ba?* have also been employed. An interesting synthetic stratagem in the above 
work has been to react the required anhydrous metal chloride with a Lewis acid such as 
iron(III) chloride, indium(II) chloride or antimony(V) chloride (usually as its nitromethane 
adduct) and with the appropriate ligand to give complexes of the type MX2-6L (X = FeClz, 
}nCl, or SbClg ). 

Beryllium halides have been found to form complexes with several aldehydes, ketones and 
esters.’* Antipyrine, which acts as a monodentate carbonyl ligand, dissolves alkaline earth 
metal salts to give solid products of the type MX,-6ap (M*+=Mg, Ca, Sr; X=ClO;; 
M?* = Mg, Ca; X= BF;). The X-ray structure of Mg(ClO,)2-6ap confirms the monodentation 
and shows the magnesium to be octahedrally coordinated.!”° 
Magnesium and calcium complexes derived from triphenylphosphine oxide,'?! phenacyl- 

diphenylphosphine oxide’” and trishydroxymethylphosphine oxide!” have been characterized. 
A study of the interaction of trioctylphosphine oxide with alkaline earth salts has shown that 
the order of extraction into an organic phase is Be?* > Ca?* > Sr?* ~ Mg** = Ba’! The low 
placement of Mg?* is believed to be due to the exceptionally strong hydration of this cation. 
The metals are transferred as MX, 4 topo (M**=Be-Ba; X=ClO;; M’**=Sr, Ba; 
X=SCN_). The extracted species for Be(NCS), contains two or three ligands only. The crystal 
structures of Mg(ClO,)2:‘SMe3PO-H,O and Mg(ClO,)2:‘5Me3PO show that whereas in the 
former the cation is octahedrally coordinated by the mixed solvates, in the latter a square 
pyramidal geometry is found.'*° Exchange studies in d,~-CH>Cl, led to the postulate that such 
complexes are formed by a dissociation of Me3PO from a putative [Mg(Me3PO).]** species.'”° 
NMR has been used to study ligand exchange in non-coordinating solvents for a series of 

Be(ClO,)2:4L (L = trimethyl phosphate, DMSO, DMA, DMF, NMA, 1,1,3,3-tetramethylurea, 
dimethyl methylphosphonate and dimethyl phenylphosphonate) complexes. 'H NMR studies 
show that the mode of activation for exchange on beryllium varies from dissociative to 
associative depending upon L and the nature of the non-coordinating solvent. '?”!”° 

Pyridine N-oxide complexes have been prepared for Mg?*, Ca**, Sr** and Ba**, and arsine 
N-oxide complexes for Mg?* and Ca?*.*° An X-ray structure of Mg(ClO,)2-SMe3;AsO shows 
the cation to be in a square pyramidal environment provided by the donor ligands; the charge 
separation and unusual geometry are believed to be a consequence of the electronic and spatial 
needs of the ligand.’”° 
An interesting method of synthesis has been employed to produce MgBr2-2HMPA; the 

ligand is reacted with EtMgBr in Et,O to produce unstable crystals of the product.*° The 
pathway presumably is by displacement of the Grignard equilibrium. A complex of barium 
p-nitrobenzoate with DMSO has been synthesized and actually separated from DMSO with 
water present in the system.'*° 
Amide complexes of alkaline earth metals have been prepared. The crystal structure of 

MgBr>-4urea-2H,O shows the cation to be octahedrally coordinated to four urea and two water 

molecules.!*! In CaBr>-6urea the cation is exclusively within the octahedral environment of 
urea donors, whereas in Ca(NO3)2-4urea!*? and Ca(NO3)2-urea. 3H,O"” there is a difference in 
environment. The cation in the former is linked to four urea molecules and two monodentate 

nitrates; in the latter bidentate nitrates are present and together with a urea and water 

molecule complete an eight-coordination around the cation. The last complex is not discrete 

but through sharing of donors and hydrogen bonding builds up a three-dimensional array. A 

survey of urea—cation interactions is available.** The compound formed from the reaction of 

Ba(ClO,), with DMA has been shown to be the bimetallic complex, bis-u-(DMA)-bis(aqua- 

tris-DMA-barium) tetraperchlorate. Each barium is eight-coordinated by three terminal 

DMAs, one water molecule, two monodentate perchlorates and two bridging DMA 

molecules. !35* Thiourea complexes of the type CaX2-6TU (X = CI", I”) have been reported.® 

The interaction of Ca2* with glycine and glycylglycylglycine parallels that of Na* in that the 

zwitterionic form of the ligand is used. The structure of CaBr2-3glycine’°’ shows two 

independent Ca** cations each linked to six oxygens from the glycine and a bromide anion. 

The two coordination polyhedra are then edge-linked to provide a dimer having each Ca?* ina 

distorted pentagonal bipyramidal geometry. The structure of CaCl,(Gly-Gly-Gly)-3H20 has 
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each cation linked to donors from four different peptides in a much more complicated network 

structure.'*°° 
BeCl, does not dissolve in H2S; weak 1:2 adducts of H,S with BeBr2 and Bel, have, in 

contrast, been obtained at low temperatures.”* Solutions containing adducts of beryllium 

halides with thioethers have been prepared and BeCl,:2Me,S has been isolated. The complexes 

BeCl,:3R2S (R = Me, Et, Bu') have been obtained as needles at low temperatures. Thioamide 

and thiourea compounds of BeCl, have been obtained as 1:2 complexes; steric factors are 

believed to preclude the formation of 1:2 complexes when symmetrically and asymmetrically 

substituted thioureas are used as donors.’ Only a few phosphine complexes are known, 
Be(BH,). forms 1:1 complexes with Ph3P, Me3P, Me2PH and Et;P, all of which are 
monomeric in benzene. Be(BHy4)2-Me3P will add further phosphine but with accompanying 
decomposition to give Me3P-BH3.'°° 

The possibility of forming complex anions is also open to alkaline earth metals. There is an 
abundant literature concerning fluoroberyllates and this has been reviewed.’*”? Much work 
concerns phase distribution in molten mixtures, although fluoroberyllates can be prepared in, 
and isolated from, aqueous solution. The fluoroberyllates may be compared with silicates: 
[BeF,]*~ is analogous to orthosilicate [SiO4]*~; [Be2Fs]~, which has double networks of BeF; 
tetrahedra infinite in two directions, is rather like the Si-O network in dimetasilicates;'*’ and 
[Be.F,]*~ with two BeF, tetrahedra linked at one corner resembles pyrosilicate.'** 

The sequence of halide complexes is shown to be F_ >>Cl_ >Br >I which is as expected 
if the complex formation is due to electrostatic forces. Consequently, the chloroberyllates are 
formed only under anhydrous conditions. In the alkali metal tetrachloroberyllates there is a 
distortion of the [BeCl,]*~ tetrahedron on going from the sodium to the lithium salt.’* The 
addition of hydrogen halide to anhydrous BeCl, produces the liquid complexes 
HBeCl,X:2Et,O0 (X=Cl, Br); pyridine can replace the ether molecules to give a complex 
formulated as [py: - -H- - - py]*[BeClX]~.'” 
A similarity between BeF{~ compounds and the corresponding sulfates has been established. 

In general, the solubilities of the salts are similar, and double salts such as M>'BeF,-6H2O are 
available. The aqueous chemistry of the haloberyllates has been reviewed.'*° 

Other anionic complexes of beryllium that have been detected are (NH4)2.Be(NO3)a, 
(NH4)2Be(NCS)4;-MeCN and (NH,)sBe(NCS)3-MeCN.'** ESCA studies on beryllium and 
magnesium complexes of the type [M(NCS),]*~ and [M(CNS)3L]~ (L= DMF, py, MeCN) are 
consistent with N-bonding thiocyanate anions being present.'*? The structure of K[Be(NH2)3] 
shows the beryllium to be in a trigonal planar unit.'** 

Although various complex magnesium halides have been identified from Raman spectra of 
mixed salts melts, (NEt,)2MgCl, is the only reported salt containing a complex halide anion. 
Vibrational spectroscopic studies have shown the anion to be tetrahedral.'** Studies on 
Cs,MgCl,, Cs3MgCl; and Rb3MgCl; have also shown the presence of discrete [MgCl,]?~ 
anions, and in melts of high MgCl, concentration [Mg,Cl,]>~ has been found in equilibrium 
with [MgCl,]*- .'* The crystal structure of tachyhydrate, Mg(H2O),CaCl,, shows it to consist of 
discrete [Mg(H2O).]** cations and octahedral [CaCl,]?~ anions.'*° A brief survey of species 
available from melts involving strontium has been given.!*” 
A large number of organometallic derivatives of alkali and alkaline earth cations, particularly 

those of Li, Be and Mg, form coordination complexes involving monodentate ligands.*? For Li 
and Mg, these are primarily oxygen donor ligands such as THF and Et,O. There is an extensive 
coordination chemistry of Be compounds of the types BeR2, BeRR’ and RBeX.*”> The degree 
of association has been explored for these complexes and steric effects are of paramount 
importance in influencing the degree of coordination to the beryllium. For Me2Be a stability 
sequence of N>O>P, S>As is found and in general there are few complexes of the last 
three donors. Be—C bonds are polar and so are susceptible to protolysis; it is preferable to use 
ligands devoid of acidic hydrogens otherwise, even at low temperature, an elimination of 
hydrocarbon occurs to give Be donor atom bonds. As an example of Re,Be complexation, 
RBe form 1:2 complexes with pyridine, but only 1:1 complexes with Me3N. This is seen as a 
manifestation of steric problems; furthermore if 2-methyl pyridine is used as a ligand only a 1:1 
complex results.°?° 

141 

23.3 NEUTRAL ACYCLIC POLYDENTATE LIGANDS 

A diverse range of acyclic polydentate ligands has been used to form complexes with alkali 
and alkaline earth metal cations. For convenience of description these ligands have been 
subdivided into anionic and neutral species. 



Alkali Metals and Group IIA Metals 11 

23.3.1 Nitrogen Donors 

1,2-Diaminoethane (en), which can be regarded as the simplest bidentate ligand of this type, 
is capable of dissolving various inorganic salts to produce solvates such as LiCl-2en, LiBr-2en, 
Lil-3en, Nal-3en, NaClO,-3en, CaCl-6en, SrCi,-6en and BaCl,-6en.'*8 BeCl,-en has also been 
prepared,’ and in all of these compounds the en may be viewed as paralleling the behaviour 
of ammonia, or water. The structures of LiCl-2en!° and Lil-3en'*! reveal the cation to be 
tetrahedrally and distorted octahedrally coordinated respectively. In the former complex the 
Li* is coordinated by four nitrogens from three en molecules; one en is chelating (gauche) and 
the other two are monodentate (trans) and bridging to produce infinite columns. In Lil-3en the 
ligands are chelating only. This mode of bonding is also seen in Ba(SbSe)>-4en in which the 
cation is eight-coordinated.!? 

It has been noted that the complexes M(picrate),-nen (M** =Mg, Ca; n=1, 2) can be 
prepared in EtOH, and that the IR spectra show bands ca. 1900 and 2500 cm“! indicative of 
NH: - -anion interactions. Such an effect is general and has also been noted in the complexes 
LiX-nen (X=Cl, Br>; n=2; X=I-; n=3). Conformational studies on these complexes 
reveal that the ligand is in the gauche and trans forms in LiX:-2en and only in the gauche form 
in Lil-3en; this is as found in the X-ray structures.*° 

Polyethylene polyamines are available as mixtures of isomeric and homologous compounds; 
by using inorganic salts of alkali and alkaline earth metals individual polyamines have been 
selectively complexed from several multicomponent samples.'°? Commercial polyamine mix- 
tures containing primary and secondary nitrogens, as well as their N-permethylated tertiary 
amine counterparts can be separated via metal complexation, complex isolation and sub- 
sequent complex destabilization leading to product recovery. One example of differential 
selectivity is found with tetramethylcyclohexanediamine where the trans isomer complexes with 
LiBr, but the cis isomer prefers MgCl,-6H,O. Other solid complexes found include Nal-L 
[L = iso-HMTT (5), n-HMTP (6)] and LiCl-L [L = N,N’-c-PMPP (7), sym-c-TMTT (8)] which 
are isolated and used in the separation of permethylated tetramine and pentamine mixtures. 
With mixtures containing primary and secondary amines, complex formation often varied with 
reaction time. Commercial trien (9) generally contains about 75% of the linear (9) and about 
8% of the branched tetramine tren (10). The remainder is composed of other tri- and 
tetr-amine isomers. With NaBr the complex isolated after five minutes was essentially pure 
NaBr-tren; after 75 minutes the complex isolated was mainly NaBr-trien. Similar results were 
obtained using LiBr. In general in these reactions, complexation was favoured for salts of low 
lattice energy. 
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The crystal structure of the complex LiBr-pmdeta [pmdeta = permethylated (11)] reveals a 

dimeric association in the solid state; each Li* cation is five-coordinated by the three nitrogen 

donors and by two bridging bromide anions. The bridging —Li,Br,— unit is non-symmetric, 
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and the cation is in a distorted trigonal bipyramidal geometry in which the three nitrogen 

donors are coordinated facially, with one axial and one equatorial bromide anion. The complex 

was formed by salt elimination in the reaction of Bu"Br and Bu"Li-pmdeta.’** Solid complexes 
of alkaline earth metal cations with (11) have been characterized as [M(11)3]**X2 (M?* = Ca, 
Sr, Ba; X = ClOj, Br~, I). The cation is proposed as being nine-coordinated.'°° 

ee: 

NH 

NH, 

(11) 

Permethylated diamines and triamines have also been used for the complexation of 
organometallic derivates of groups IA and IIA.**'*° This is because of the absence of acidic 
protons. Well-defined complexes have been isolated in a number of instances and several have 
been characterized by X-ray structural analysis. N,N,N’,N’-Tetramethylethylenediamine 
(TMEDA) has been used to monomerize alkyllithium clusters, and Bu"Li- TMEDA is used 
extensively as a reagent for lithiation in non-polar media. The structure and binding of 
N-chelated alkali metal complexes have been reviewed.'*° Many of the structures are of contact 
ions pairs in which the metal is coordinated to the di- or tri-amine and to the carbanion. 
Consequently the structures have been of great value in giving information on the nature of 
carbanion—metal interactions. The systems studied are diverse and a representative collection 
are given in Table 4. In these examples all of the donor nitrogen atoms coordinate the metal; in 
the cyclopentadienyl complex, [(Me3Si)3CsH2]Li:pmdeta the cyclopentadienyl ring is 

Table 4 Polyamine-chelated Alkali Metal Complexes for which X-Ray Structural Data 

are Available 

Triphenylmethyllithium-TMEDA* Chelated TMEDA 
Indenyllithium-TMEDA? Chelated TMEDA 
Acenaphthyldilithium:2TMEDA* Chelated TMEDA 
Naphthalenyldilithium-2TMEDA® Chelated TMEDA 
Anthracenyidilithium-2TMEDA* 
Bifluorenyldilithium-2TMEDA‘ 
Triphenylmethylsodium:-TMEDA® 
[(SiMe,),CH]lithium-pmdeta®™ 

Chelated TMEDA 
Chelated TMEDA 
Chelated TMEDA 
Tridentate pmdeta 

{[1.1.0]Bicyclobutanyllithium-TMEDA},' 
{Phenyllithium-TMEDA},’ 
{Phenylethynyllithium-tmpd},* 
Cyclopentadienylsodium-TMEDA' 
Fluorenylpotassium-TMEDA™ 
{(Methyllithium),-2TMEDA}°* 

{(Phenylethynyllithium),-2tmhd}° 
[(SiMe3)3C;H,]Li-pmdeta? 

u-C, chelated TMEDA 
u-C, chelated TMEDA 

u-C, chelated tmpd 
chelated TMEDA, u-n°-Cp 
Bridging monodentate TMEDA 
C,Li, core, bridging 
monodentate TMEDA 
C,Li, core 
Bidentate pmdeta, 

pentahapto cyclopenta- 
dienyl 

J. J. Brooks and G. D. Stucky, J. Am. Chem. Soc., 1972, 94, 7333. 
W. E. Rhine and G. D. Stucky, J. Am. Chem. Soc., 1975, 97, 737. 

W. E. Rhine, J. H. Davis and G. D. Stucky, J. Organomet. Chem, 1977, 134, 139. 
J. J. Brooks, W. Rhine and G. D. Stucky, J. Am. Chem. Soc., 1972, 94, 7346. 
W. E. Rhine, J. H. Davis and G. D. Stucky, J. Am. Chem. Soc., 1975, 97, 2079. 
M. Walczak and G. D. Stucky, J. Organomet. Chem., 1975, 97, 313. 

H. Koster and E. Weiss, J. Organomet. Chem., 1979, 168, 273. 
M. F. Lappert, L. M. Englehardt, C. L. Raston and A. H. White, J. Chem. Soc., Chem. Commun., 
1982, 1323. 
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R. Zerger and G. D. Stucky, J. Chem. Soc., Chem. Commun., 1973, 44. 
D. Thoennes and E. Weiss, Chem. Ber., 1978, 111, 3157. 

B. Schubert and E. Weiss, Chem. Ber., 1983, 116, 3212. 
T. Aoyagi, H. M. M. Shearer, K. Wade and G. Whitehead, J. Organomet. Chem., 1979, 175, 21. 
R. Zerger, W. E. Rhine and G. D. Stucky, J. Am. Chem. Soc., 1974, 96, 5441. 
H. Koster, D. Thoennes and E. Weiss, J. Organomet. Chem., 1978, 160, 1. 
B. Schubert and E. Weiss, Angew. Chem., Int. Ed. Engl., 1983, 22, 496. 
P. Jutzi, E. Schluter, C. Kriiger and S. Pohl, Angew. Chem., Int. Ed. Engl., 1983, 22, 994. 
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pentahapto-coordinated to the metal but only one pair of chelating nitrogen donors is involved 
in binding to the metal, the third nitrogen remaining non-coordinated (Figure 1).°’ A 
pentahapto cyclopentadienyl ring is also found in the structure of (cyclopentadieny]l)- 
MgBr-teeda (teeda=N,N,N',N'-tetraethylethylenediamine) (Figure 1).!°° The area of or- 
ganoalkaline earth metal complexes has been comprehensively reviewed.°2>-° 

OC 
1.429(4) 

(i) (ii) 

Figure 1 The molecular structures of: (i) ((Me3Si);C,;H,)Li-pmdeta and (ii) (C;H;)MgBr-teeda (reproduced with 
permission from references 157 and 158) 

Early work by Pfeiffer,’ who isolated crystalline complexes of o-phen with the perchlorates 
of Lit, Na*, Ca**, Sr’* and Ba?*, has been resurrected from obscurity and the results have 
recently been reconsidered. The range of complexes was extended and the role of the anion 
and the potential protonation of the anion discussed.*° o-Phenanthroline has also been used to 
generate M’** complexes and structural studies show the chelating ability of the ligand. 
Complexes of the type M(ClO,)2-4phen-4H,O were characterized and it was suggested that all 
four phen ligands were associated with the metal. IR and X-ray studies reveal that even for the 
larger cations the complexes are correctly assigned as [M(phen)2(H20),](ClO,)2:2phen with, in 
the case of Sr’* and Ba’*, the metal in an eight-coordinated environment and two of the phen 
molecules non-coordinating.’°? The structures of Na(onp)-2phen and Rb(onp)-2phen (onp = o- 
nitrophenolate) show that in each complex both phen ligands coordinate to the metal. 
The sodium complex is monomeric, but the rubidium complex dimerizes via a nitro group 
oxygen donor.’ Bis(2,4-dinitrophenolato)barium-3phen'® and_bis(2,4,6-trinitrophenolato)- 
barium-2phen-acetone’®” both contain bidentate phen; in the former the Ba** is nine- 
coordinated through the three phen molecules, a phenolic oxygen and a nitro oxygen from the 
anion and a phenolic oxygen from the other; the latter has Ba?* eight-coordinated to the two 
phen molecules, the acetone oxygen, the phenolic and nitrooxygens from one anion and a 
phenolic oxygen from the other. The structures of Ca(NCS)2-2bipy-H.O and catena- 
Ba(NCS),-2bipy’® have shown that the Ca** is seven-coordinated, with N-bonded thiocyanates 
present, and that the Ba** is eight-coordinated via the six nitrogen donors and two sulfur 
atoms from adjacent molecules leading to catenation. 

In M(hfacac), salts, where the coordinating ability of M”* is enhanced by the presence of the 
fluorinated ligand, addition of further donor atoms leads to coordinative saturation of the 
central metal. Li(hfacac) forms Li(hfacac): TMEDA™ which also exists as the mono- and 
di-hydrates;!® Li(hfacac)-phen and Na(hfacac):phen-:H;0 are also available.’ A comparative 
study of the role of increasing trifluoromethylation in magnesium f-diketonates shows that 
whereas Mg(hfacac)2, Mg(tfacac)2 and Mg(acac), all form 1:1 complexes with phen and bipy, 
only the fluorinated compounds yield 1:1 complexes with en, dmen (sym and asym), TMEDA 
and dben (dmen=dimethylethenediamine, ~ dben = N,N'-dibenzylethylenediamine).'” 
Ca(hfacac)bipy and Ca(hfacac),phen-H2O have been isolated’® and although the complexes 
have been studied by IR and 'H NMR, no solid-state structural information is available. 

The use of 7Li, Na, **K and '*Cs NMR allied with °C NMR has shown that in 

nitromethane, bipy interacts with M* in the sequence Li* > Na* > K*. Cs* does not appear to 
interact and for Lit, [Li(bipy)2]* was identified.'® 



14 Alkali Metals and Group IIA Metals 

An interesting area of study was provided by the ligands rac-p,p'-diaminodiphenylbutane 

(DDB)” and p,p'-methylene-dianiline (MDA).'* These were the first ligands found to 
precipitate NaCl from aqueous solution and so were of interest in the potential desalination of 

brine. IR studies suggested the presence of the then unusual Na-—N interaction and this was 

later confirmed by X-ray studies on the NaCl-3L complexes. The cation was shown to be 

approximately octahedrally coordinated by six donor nitrogens from separate ligands. The 

structures therefore consist of columns of cations and anions interspersed with the amino 
groups to give infinite repetition of the contacts. Each ligand, having two amino functions, can 
bind to two cations.'°?"” 

23.3.2 Oxygen Donors 

The interaction of oxygen-containing acyclic ligands with alkali and alkaline earth metal 

cations has provided a burgeoning area of interest. In historic terms, this was preceded by the 
advent of crown ethers and the accompanying almost retrospective look at their acyclic 
precedents. This section is sub-divided into five parts: simple chelates, metal complexes as 
ligands, podands, polypodands and sugars. 

23.3.2.1 Simple chelates 

The simplest chelates of this type, ethyleneglycol (eg) and 1,2-dimethoxyethane (glyme-2), 
give complexes with alkali and alkaline earth metal cations. The complexes MX>-2eg 
(M?* = Mg, Ca; X = NO3), MX2-3eg (M3 = Mg, Ca; X=Cl-, Br-), CaX2-4eg (K=Cl, Br’) 
and SrBr2:2eg have been isolated and IR studies suggest that the majority are likely to contain 
monodentate eg.!7!1”7 The Sr?* complex is, however, believed to have bidentate eg present. 
Mg(hfacac)., Mg(tfacac)2 and Mg(acac), all form 1:1 complexes with eg; the IR shows the 
latter to be different and it was suggested that a bridging bis-monodentate eg might be present 
giving a species related to Na(bzacac)-eg.'*° The X-ray structure of this sodium complex shows 
the eg to be bridging two sodium cations.” 

1,2-Dimethoxyethane (glyme-2) also forms complexes and several have been found as a 
consequence of the use of glyme-2 (‘monoglyme’) as a solvent medium in many diverse 
reactions involving M”*.*° In this context, problems were found in the potential use of glyme-2 
with Grignard reagents as precipitation of MgX,-glyme-2 occurs readily, disturbing the 
Grignard equilibrium and rendering the system unsuitable.'’* Glymes are weak coordinators 
and generally require stringent conditions for synthesis. M(SbCl.)2-glyme-2 (M** = Mg, Ca) 
complexes have been prepared under anhydrous conditions and using the glyme as a solvent; 
the complexes are derived from anhydrous MCI, and SbCl; is added to act as a Lewis acid so 

generating a bulky anion.'’* Glyme-2 complexes with organometallic species have been 
proposed and discussed*’ and the chelating potential of the ligand is revealed in the structure of 
Li(dimesitylborohydride)2glyme-2 wherein the chelated cation also interacts with the hydrogen 
atoms of the anion (Figure 2).'’° Lithium alkoxide has been found to be dimeric in glyme-2 and 
is believed to have the formulation (12).'’° Beryllium halides have also been shown to give 1:1 
complexes with glyme-2, and with the thioether analogue.”* 

Figure 2 The molecular structure of Li(dimesitylborohydride)-2(glyme-2) (reproduced with permission from reference 
175) 
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Phosphine oxides, phosphoramides, diacetamide and related species form alkali and alkaline 
earth metal complexes.*° The chelation of alkali metal halides with PhpPOCH>POPh,, and of 
Nal with R,3POCH2POR; (R = Bu, BuO and p-MeOC,H,) and Ph,POCH,PO(OEt)CH,POPh, 
has been followed conductometrically.1”” The structure of NaBr-3(Ph,POCH,POPh,) shows it 

to be a charge-separated species with the six-coordinated cation in a chair-shaped trigonal 
prismatic geometry. Phenacyldiphenylphosphine gives 1:1 complexes with LiBr and LiCl but 
here the bonding is believed to be monodentate only. !?? 

Octamethylpyrophosphoramide (ompa) has been shown to loosen ion pairs in solution!”® and 
a 1:3 complex has been isolated with Mg(ClO,)2. The crystal structure shows that the ligand is 
bidentate and chelates to the cation through the phosphine oxide oxygens.'”” 

Diacetamide has been widely used as a ligand and a number of alkali and alkaline earth 
metal complexes have been characterized.*° Neither KI-2DA’® nor NaBr-2DA!*! is charge- 
separated, the metal interacting with the cation and two chelating DA molecules. DA 
complexes can be prepared in solution, or by solid reaction; this event suggests caution in using 
KBr discs for running IR spectra of putative ligands. The salts forming complexes with DA 
were those with less than 64% ionic character, or differing by two units in electronegativity.'*° 
With M?* salts, there is a range of stoichiometries in complexes with DA and the coordination 
number increases from Mg** to Ba*t (Table 5). 

Table 5 Alkaline Earth Cation—Diacetamide Complexes 

Coordination 
Complex Number Donor Species Ref. 

Mg(ClO,).-4DA-2H,O 6 (octahedral) 2DA, 2H,O a 
(axial) 

Ca(ClO;),-4_DA-H,O 8 (square antiprism) 4DA b 
CaBr,-4DA 8 (square antiprism) 4DA c 
Ca(ClO,).-S5DA 8 (square antiprism) 4DA d 
Sr(ClO,).-4DA-H,O 9 (monocapped square antiprism) 4DA, H,O © 
Ba(ClO,).-S5DA 10 (symmetrical bicapped square antiprism) 5DA f 

These complexes are all charge-separated, in contrast to the alkali metal complexes which are ion-paired. 

*P. S. Gentile, J. G. White, M. P. Dinstein and D. D. Bray, Inorg. Chim. Acta, 1977, 21, 141. 
>P. S. Gentile and A. P. Ocampo, Inorg. Chim. Acta, 1978, 29, 83. 
“J. P. Roux and J. C. A. Boeyens, Acta Crystallogr. Ser. B, 1970, 26, 526. 
“3. P. Roux and G. J. Kruger, Acta Crystallogr., Sect. B, 1976, 32, 1171. 
©P. S. Gentile, M. P. Dinstein and J. G. White, Inorg. Chim. Acta, 1976, 19, 67. 

fp. S. Gentile, J. White and S. Haddad, Inorg. Chim. Acta, 1975, 13, 149. 

Phenacyl kojate (13) was found to form crystalline NaX complexes during its preparation in 

MeOH.'®2 These complexing properties were investigated more fully’* and the ligand was 

found to give the complexes MX-PK with CsBr, CsI, RbI, NaNCS, KNCS, RbNCS and 

CsNCS, and the complexes MX-2PK with NaCl, KCI, RbCl, CsCl, NaBr, KBr, RbBr, Nal and 

KI. Factors influencing the stoichiometries were discussed and later generalizations suggest that 

MX:2PK should be charge separated.”! The structures of KI-2PK,'** CsSCN-PK’® and 

Nal-2PK-2H,O'®* have been solved. The K* is eight-coordinated through three tridentate PK 

molecules and two oxygen atoms from the CH,OH of adjacent molecules; the Cs* is also 

eight-coordinated due to extensive bridging between the cation, ligand and anion in adjacent 

molecules; and the Na* is six-coordinated through one tridentate and one monodentate PK as 

well as two water molecules. 
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Dimethyl phthallate acts as a neutral bidentate ligand towards Ca** and Mg**;’*’ the cations 

are linked to three ligands using both carbonyl groups to give regular octahedral geometry. A 

large counteranion such as [InCl,] is required. A 1:2 complex is formed between 

0,0'-catecholdiacetic acid and KCI.'** This has a complicated layer structure in which the 

cations are enclosed by 10 oxygen atoms, sandwich fashion, in an irregular pentagonal 

antiprismatic geometry. 

23.3.2.2 Metal complexes as ligands 

Metal complexes have been found to be capable of acting as ligands for alkali and alkaline 
earth metal cations. In particular, metal complexes of tetradentate Schiff bases (TMSB) such as 
Hpsalen can use the residual lone pairs on the oxygen atoms as donors.'*? Complexes of the 
type [(TMSB).M*-x(solvent)]X~ and [((TMSB).MX-solvent] have been isolated from mixtures 
of the components. The first group have [B(C.Hs)4]~ as the counterion and are charge-separated; 
X-ray structures of {[Co(salen)],Na-2THF}-BPh,,'” {[Ni(salen),JNa-2MeCN}-BPh,’”' and 
{{VO(salen)],Na}-BPh,’” furnish this evidence with the Na* being six-coordinated to the 
TMSB and solvent in the first two instances, and six-coordinated in a cationic polymeric 
structure in the latter. The second group have ClO; as the counterion and are ion-paired. 
X-Ray structures again provide the evidence; {[Cu(salen)],NaClO,-p-xylene]’* and 
{[Ni(acen)]},NaClO,}'"* have present Na* in a distorted octahedral site generated by the TMSB 
and a bidentate perchlorate anion. The complex {[Co(salen)],NaCo(CO),-THF} has been 
synthesized by reaction of NaCo(salen) with CO and shown by X-ray studies to be a complexed 
ion pair in which the Na* is octahedrally coordinated to two TMSB ligands, the THF and to 
one carbonyl of the [Co(CO),]~ anion.’ In the alkaline earth metal complex 
{[Cu(salen)]-Mg(hfacac)2} the Mg** is octahedrally coordinated to the TMSB and the two 
hfacac anions.'”° 

Reduction of Co(salen) with Li or Na in THF leads to the isolation of the bimetallic 
complexes Co(salen)Na-THF or Co(salen)Li-1.5THF, which are active in CO, carriage.'*’ The 
structure of the former consists of infinite chains of the monomer unit {{Co(salen)],Na2-2THF} 
with distorted octahedra around the Na* cations sharing opposite faces and with both THF and 
Co(salen) acting as bridging ligands. The lithium species has present two different complexes, 
{[Co(salen)|Li-2THF} and {[Co(salen)]Li-2THF} and {[Co(salen)],Li,-2THF} in 2:1 ratio. In 
the first the Li* is in a distorted tetrahedral environment and in the second one of the THF 
molecules is replaced by a Co(salen) oxygen atom which then acts in a bridging capacity. This 
class of complex is active in the bifunctional activation of CO,, and provides reversible CO, 
carriers. The structure of {[Co(pr-salen)]K-CO,-THF} has been solved and shows the Kt 
coordinated by the TMSB, THF and CO, in a dimeric repeat unit (Figure 3). One K* is 
six-coordinated to two CO, and two THF molecules and the second K* is bound to two 

bidentate pr-salen units and to two oxygen atoms of two CO, molecules. Each CO, molecule 
shares one oxygen between two K* ions.'”® The structure of the corresponding Na* complex is 
also available and the general principles of the reaction have been elucidated and discussed. !%” 
The alkali metal acts as a Lewis acid centre, helping to hold the CO, in close proximity to the 
basic cobalt centre. 

THF 

Co(L)K + CO, == [Co(L)KCO.THF] 
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Figure 3 The repetitive unit of polymeric (Co(pr-salen)K-CO,-THF) and the coordination sphere around the cobalt 
(reproduced with permission from reference 198) 

Alkaline earth metal salts, such as the perchlorates, are also complexed by TMSB,'® and 
isolated species such as __ bis(2-amino-2-hydroxymethyl-1,3-propanediolato(1 — )O,N)- 
copper(II)-sodium perchlorate-H,O”™ have also been found.” 

23.3.2.3 Podands 

In a historic context, podands should be preceded by crown ethers and coronands (vide post) 
and much of the work carried out on podands was stimulated by studies on the macrocyclic 
analogues. Podands have the advantage of relatively facile syntheses, using neither dilution nor 
template procedures, to provide inexpensive materials of versatile ligand structure. In contrast 
to macrocycles though, they form complexes of relatively low stability; the hexadentate 
pentaethyleneglycol dimethyl ether (‘pentaglyme’; glyme-6) is found to have a 10*-fold drop in 
stability from the cyclic 18-crown-6 in its reaction with K*, and of 10° in its reaction with 
Na*.*? This effect has been termed the ‘macrocyclic’ effect and was explained originally in 
terms of entropy factors and later in terms of enthalpy changes coupled with solvation 
effects..°' A ‘macrobicyclic’ effect also operates on going from mono- to bi-cyclic 
macrocycles.7° 

In keeping with the low stability constants, isolable alkali and alkaline earth metal complexes 
of acyclic oligoethylene glycols and their ethers, the ‘glymes’, were unknown until recently 
although solution studies had given information on probable stoichiometries. Studies on the 
complexation of difluorenylbarium with glymes”’ of varying chain lengths revealed that 
glyme-7 (14; n =5) and glyme-9 (14; n =7) gave 1:1 complexes which were mixed tight and 
loose ion pairs of the type fluorenyl” Ba*/glyme/fluorenyl”. Glyme-S (14; n = 3) was further 
able to form a 1:2 complex, hinting that glyme-10 (14; n = 8) should give a 1:1 separated ion 
pair complex. Complexation is generally enhanced on increase of chain length. 

MeO | O Rete 

(14) 

Glyme complexes of M* with bulky anions present have been known for some time 
and tended to arise as a consequence of work in, and recrystallization from, a particular 
glyme solvent, e.g. | [M(diglyme)2][Ta(CO).],  [M(diglyme),][Mo(CO)sI]* and 
[K(diglyme)][Ce(cot),].°° The structure of the latter shows the K* coordinated by the diglyme 
(glyme-3) molecule and by one of the cot rings (Figure 4). The complexes [M(glyme- 

4)2|[SbCl.], (M?* = Ca, Sr) have been isolated, and IR studies indicate octacoordination of the 

metal by the glymes.”% In [Mg(glyme-4)2][SbCl]2-2H2O, however, the ligand is proposed to 
act as a tridentate donor, particularly because of the limited space around the Mg’* cation. 

The parent glycols have also been studied, particularly in solution and in connection with 

their possible role in the template synthesis of crown ethers.** Crystalline complexes have been 

isolated in certain instances and the structures of Ca(picrate),-glycol-5-H,0,*” 
Sr(NCS):glycol-87°° and Sr(NCS)o-glycol-7° have been solved. (Glycol-5 _ is 
HO(CH,CH,0),,H, n =4, etc.) The Sr** complexes show the metal to be coordinated by the 
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Figure 4 The molecular structure of [K(diglyme)][Ce(cot),] (reproduced with permission from reference 205) 

eight donors of glyme-8, and one NCS , and by the seven donors of glyme-7, and two NCS~ 
respectively to give nine-coordination in each case with the ligand wrapping around the metal 
in a helical fashion (Figure 5). In the Ca** complex, the five glycol donor atoms, one 
phenoxide oxygen, one nitro oxygen and a water molecule give a distorted square antiprismatic 
cation environment. 

c4 cs 

Figure 5 The molecular structure Sr(NCS)>-glycol-7 (reproduced with permission from reference 209) 

The attachment of rigid terminal groups such as substituted aromatic rings to the 
oligo-ethylene glycol units affords neutral ligands which now readily form stable complexes 
with alkali and alkaline earth metal cations.** Many terminal groups have been used, such as 
8-quinolyloxy (15), methoxyphenoxy (16) and o-nitrophenoxy groups (17). These groups 
function as anchorage points with locally fixed donor centres on which the cation can take hold. 
If a polymethylene chain is used, then only a limited ability to form complexes is demonstrated. 
Symmetrical and non-symmetrical podands of the above type may be synthesized extending the 
range and versatility of the ligands. 
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(a-g; n = 0-6) (a-d; n = 0-3) (a-d; n = 0-3) 
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The stoichiometries of the complexes formed from podands are usually precise. For example 
(15d) always gives a 1:1 complex with KNCS regardless of the mole ratio of ligand to salt.21° 
X-Ray structures are now available for several of these complexes of open-chain ligands. One 
useful series has been that concerning complexes based on (15). Models of the ligand (15d) 
suggested that participation of all seven heteroatom donors in coordination to a central cation 
would lead to a screw-shaped arrangement of the ligand and this would allow the ligand to 
wrap around an ion of appropriate radius in a helical fashion, thus providing a plausible model 
for acyclic ionophores (vide infra).*° The complexation of Rb* by the podands (15b),?!" 
(15d)*"? and (15g)??? is illustrated in Figure 6. 

Figure 6 The complexation of Rb* by podands; the molecular structures of complexes derived from: (a) (15b), (b) 
(15d) and (c) (15g) (reproduced with permission from reference 33) 

The structure of the complex involving (15d) confirms the expected geometry, affording a 
helical arrangement of the donors around the cation; the complex is also charge-separated. The 
M—O bond lengths are not all equivalent and the variations are ascribed to the differing donor 
strengths of aliphatic and aromatic oxygen donors (~2.88-2.99A and ~3.07-3.09A 
respectively). The chain is too long to enclose the Rb* in a planar donor array, but the major 
part of the donor array is fixed close to a plane. This helical arrangement is replaced in the 
shorter (15b) ligand by an approximately planar array of donor atoms. These are ‘butterfly- 
folded’ and reminiscent of the shape found in the dibenzo-18-crown-6:RbNCS complex (vide 
infra). The ligand is pentadentate and two iodides per cation participate alternately in the 
complexation. With the decadentate ligand (15g), a spherical wrapping of the Rb* occurs with 
the heteroatoms on the surface of a sphere of ~3.0A radius. The iodide ions lie in cavities 
between the ‘spheres’ and the eight oxygen atoms of the ligand are coiled around the cation in 
the equatorial plane with the quinolyl moieties coordinating from above and below this plane. 

The structure of the related complex (18) RbI*'!” shows a significant difference in ligand 
conformation compared to that in (15d) RbI. The heptadentate ligand is arranged as a 
continuous helix, due presumably to steric hindrance to planar inclusion of the cation by the 
methyl groups. A continuous helix is also found in the structure of (16c) NaSCN,*" in which 
the Na* is coordinated to all six donors of the ligand and to the thiocyanate anion which lies 
above the helix. Similar wrap-around structures are found for (17d)KSCN,7?° 
{(19)KSCN},-H,O?"° and (20)RbI.7"” 
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NMR studies have proved useful in the identification of complexation in solution in these 
systems.*? In the ‘H NMR of complexes of podands with rigid terminal groups pronounced 
changes are seen in the splitting patterns of the aromatic region on complexation. The structure 
of (15d)RbI is in full accord with the upfield shift found for the heterocyclic terminal units. This 
area of study shows much promise for the future with the availability of multinuclear NMR 
techniques. Studies have also been made on the selectivity between metals, and on the stability 
of the complexes. Examples of the effects of loss of terminal group, the introduction of rigid 
ligand spines and the variation of the terminal group are shown in Figure 7. 

Fy pet's OLD R=R'= (15d) 
“4 oR’ RO 

R= eo ; Re co (20) 

O 0.5 10 ty (A fe) 0.5 1.0 1.5 ry (A) 
Cit thetic Rpt lest CP Not Ke bY Ge" 

} 1.0 I r (A) 

Lit Nat KtRbt cst ™ 

Figure 7 Stability constants (log K,) of various podand alkali metal complexes as a function of ionic radius: (a) 
stepwise loss of terminal groups; (b) ligands with stiffened chains; (c) variation of terminal group (reproduced with 

permission from reference 33) 

In the first instance, a relatively small K*/Na* discrimination is maintained (Figure 7a) but 
stiffening the spine leads to a movement towards the selectivity of individual cations (Figure 
7b). Changing the terminal group (Figure 7c) can also introduce a more individual selectivity 
and also a plateau selectivity.** When the quinolyl terminal group is present, then Mg?* 
complexes are more stable than are the other alkaline earth complexes. This is anticipated from 
the known propensity of 8-hydroxyquinoline for magnesium. 

_ The process of complexation is believed to occur through the stepwise incorporation of the 
ligand, i.e. stepwise replacement of the existing solvation, or hydration, sheath. The process is 
likely to be entropy controlled and entropy increases have been noted in thermodynamic 
studies on these systems.*° 
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When the chain length is dramatically increased, as in (28), podands are available which 
could imitate the helical ion channels believed to be available in membranes and so give 
information on the selective transfer of cations across such barriers. This type of ligand shows 
pronounced transfer of inorganic salt into organic phases and NMR studies indicate a likely 
helical coordination of the cation.**?!8 Complexes have been isolated and the structure of 
(29)2KNCS has been solved.”"? In this molecule, the podand wraps, in an S-shaped manner, 
within the dinuclear complex, and contains a KNCS unit within each loop of the S shape. 
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Interactions between terminal groups are of interest, as in the natural ionophores terminal 
linkage through hydrogen bonding readily occurs to produce a pseudo-macrocyclic structure 
(vide infra). Although the existence of such a link is not yet found in podands, amino-to- 
carboxy bonding has been found in the NaClO, complex of (30).””° This ligand is zwitterionic in 
solution, and in the structure of the complex one of the NH} hydrogen atoms forms an internal 
hydrogen bond to a carboxylate oxygen atom. The dicarboxylic acid (31) forms a series of 
crystalline complexes with alkali metal salts in which the ligand acts as a neutral species.””* 
However, contrary to expectation the crystal structure of the K(picrate) complex revealed a 
dimeric unit with no internal, or ‘head-to-tail’, hydrogen bonding present. Each unit of the 
dimer is arranged spirally and contains its K* in an irregular eight-fold coordination. One 
carboxyl oxygen from the monomer serves as a bridging unit and binds to the second K* 
(Figure 8).?* 
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A family of podands containing as terminal groups variously substituted amides, and having 

a wide range of linking chains have been developed as sensors for particular alkali and alkaline 

earth cations.? Particular emphasis has been directed towards Ca** and Li*; for example, a 
selectivity for Lit over other alkali, and alkaline earth cations, in membranes, of the order of 

100 and 1000 respectively is induced by cis-N,N,N’',N'-tetraisobutylcyclohexane-1,2- 

carboxamide.22* The cation selectivity is dependent mainly upon the nature and number of 

coordinating sites, the nature of the chain termini and the choice of solvent. In general, 

divalent cations are preferred over monovalent cations with increasing polarity of both the 

ligand skeleton and the dielectric constant of the solvent phase.*** Comparative studies have 
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C32 

Figure 8 The molecular structure of potassium picrate (31) dimer (reproduced with permission from reference 222) 

shown (32a) to be an Na*-selective ionophore,” (32b) a Ca’*t-selective ionophore” and (33) 

a Ba2*-selective ionophore.22”7 The Na* ionophore (35), in which the tripodal arm helps 

adaptation of the ligand to the cation size, discriminates against K* cations sufficiently strongly 

to allow its use in intracellular studies under physiological conditions.* 
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(33) R'=R?=R?=R‘=Ph (34) R'=R?=Me, R?=R*=h 1=R3=R5 = Me, R°=R*=heptyl (35) R =R’=R°=Me, 

R? = R*= R®°= heptyl 

These comparatively lipophilic ligands have been conceived as ion carriers for systems such 
as ion-selective electrodes,’ therefore they do not have high stability constant values, but 
require fast complexation kinetics in order to achieve rapid equilibration. Nevertheless it has 
been possible to recover crystalline species which often have present additional water 
molecules to help stabilize the crystal lattice. Coordinative participation of the carbonyl oxygen 
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atoms, which was indicated by *C NMR studies,7*° was confirmed in the solid state by IR 
studies and by crystal structure analysis of (32e),CaCl).7! The Ca2* is coordinated to four 
ether oxygen atoms and four carbonyl oxygen atoms from the pair of symmetrically equivalent 
ligands and is in a trigonal dodecahedral environment. 

23.3.2.4 Polypodands 

Polypodands are many-armed neutral ligands. The first described were a series of compounds 
bearing several donor-containing ‘tentacles’ attached to a benzene ring via sulfur atoms, and 
reminiscent of octopuses, (36).*** The compounds show phase transfer properties towards 
cations and (33a) transfers alkali and alkaline earth picrates efficiently from aqueous solution 
into dichloromethane. This phase transfer is inhibited by reducing the number of available 
donor sites by shortening the tentacles (36b) or by reducing the number of tentacles present on 
the aromatic nucleus.*’ Similar properties are exhibited for hexapodands derived from 
cyclotriveratrylene (37),**° but if a more rigid central unit is introduced then loss of activity 
occurs (38).”*° Similarly loss of activity is found if the oxygen-free hexasubstituted benzenes are 
examined.” 
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(36) (37) (38) 
a; R = Bu"(OCH.CH;),SCH, R = (CHCH,0),R’ R = (CH,CH,0);Me 
b; R = Me(OCH,CH,),SCH, R’ = Me, Et, Bu” 

Strict stoichiometries have been found for alkali and alkaline earth metal complexes of 
triethanolamine (te), and 2,2',2”-trimethoxytriethylamine (tmt). The crystal structure of 
NaI-tmt consists of discrete molecules in which the Na* is pentacoordinated by the 
heteroatoms of one ligand and by the iodide anion.” In the structure of Nal-te each sodium 
cation is seven-coordinated by the four heteroatoms of one ligand, the iodide anion and two 
oxygen atoms of a neighbouring ligand.**° Two OH groups of each molecule bridge two sodium 
cations and so the structure is catenated. The structure of Sr(NO3).:2te has present an 
eight-coordinated cation, the cubic environment arising from the eight heteroatoms of the 
ligands,”*° and in Ba(MeCO,),-2te**’ the cation is bonded to the eight heteroatoms of the two 
ligands and an acetate oxygen donor. A predominate 1:1 complexation has also been noted in 
alkali and alkaline earth metal complexes of the related tetra- and penta-podands (42, 43); even 
addition of excess Bal, to (43) gave only the 1:1 complex. This type of compound has been 
viewed as an example of fundamental facile recognition and selectivity processes on a 
molecular level.?°8 b: 
Many polypodands having terminal donor groups are also available, e.g. (39)—(41). These 

also exhibit cation complexation and phase transfer properties. KMnO, and aqueous alkali 
metal picrates are much more readily taken into organic phases in the presence of these 
podands than with dibenzo-18-crown-6.%° The KSCN complex of (39) exhibits a novel 
coordination geometry as all 10 donor atoms participate in coordination of the metal cation, 
and in order to do this the three arms wrap around the cation in a propeller-like fashion.” 

In terms of selectivity (40) selects Na* over K* and Li”, but also has a high selectivity for the 
divalent cations Sr?* and Ba**. The ligand (41) has an even higher complexing capability for 
the alkaline earth metal cations and a Bal, complex is isolable whereas a KNCS complex is 
not. The ligating differences presumably arise from the inability of the pseudocavity produced 
on complexation to allow suitable contact with the metal cation by the donor atoms. 
Ligand-ligand interactions also induce steric constraint to complexing small cations. 
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The stability constants of the corresponding tetrapodands (44, 45) are generally lower than 

those for the tripodands, presumably because of more severe steric hindrance to 

complexation.”** 
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23.3.2.5 Carbohydrates 

The complexation of M"* by carbohydrates is now well known. The conditions that 
influence such complexation have been discussed at length, as have complexation processes in 
solution with particular reference to NMR ésstudies.74?. Structural aspects of calcium— 
carbohydrate interactions have also been reviewed.** 

This area of study has been stimulated by information that sugars and related species can 
help in the transfer of M”* across membranes.7*° The studies made have generally been 
concerned with conformational aspects of ligand behaviour under the influence of the cation 
rather than the nature of the coordination of the metal.*°. 
The essential bonding mode of sugars is via the hydroxyl groups, and complexation in 

solution is due basically to the presence of three sequential hydroxyl groups in a cis—cis state 
for a five-membered ring, and an ax—eq-ax state for a six-membered ring. These sequences 
give, for solution complexation, a required equilateral triangle of donor atoms for the cation 
and favourable entropy factors. In the solid state where lattice packing factors become 
important, just the pairs of adjacent hydroxyl groups are involved with the cation.*° If these 
criteria are not met, as in D-glucose, the sugar is non-complexing. cis-Inositol (46) with three 
ax—eq-ax, which can act jointly with three axial hydroxyl groups, serves as an example of an 
alkaline earth metal complexor. 
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The first sugar complex structure to be solved was NaBr-sucrose:2H,O, in which the Na* is 
six-coordinated through the water molecules and hydroxyl groups from three different sugar 
molecules, and is paired with the bromide anion.”° This extensive sharing is a feature of the 
solid state chemistry and the X-ray structures of Ca** carbohydrate complexes reveals the 
cation to be seven- or eight-coordinated, as in the hydration of Ca** in the solid state.?* 
Representative structures are those of CaBr,-(p-lactose)-2H,O,%” CaBr2-(a-p- 
galactose)-3H,O** and CaBr2-(myoinositol)-5H,O,”” in all of which the cation is eight- 
coordinated in a square antiprismatic geometry. This environment is produced by the water 
molecules and hyroxyl groups from different sugars. CaBr2:(@-p-fructose)-3H,O has a reduced 
coordination number of seven, but a similar environmental build-up.” 
Two unusual Ca**+ complexes are CaCl,-(f-p-fructose)-3H,O, in which a 1:2 complex is 

found,” and CaCl,-(8-p-mannofuranose)-4H,O, in which the sugar is triply chelating through 
sequential hydroxyl groups.*** Unequivocal coordination of Sr** in sugar systems is known 
through structural analysis of SrCl,-(epiinositol)-SH,O; the cation is nine-coordinated by four 
water molecules, one bidentate and one tridentate ligand.**? For Mg’*, 
MgCl,-(myoinesitol)-4H,O has been investigated crystallographically and has the cation 
coordinated to the water molecules and two cis hydroxyl groups of the inositol in an octahedral 
arrangement. In this latter complex the cation is part of an essentially discrete molecule;”* 
however, there is an extensive hydrogen bonding network present which leads to an effective 
extended array. 

23.4 ANIONIC ACYCLIC POLYDENTATE LIGANDS 

23.4.1 f-Diketonates 

The coordination of 6-diketonates and related species to alkali and alkaline earth cations has 
long been recognized. Combes first prepared Be(acac)2 in 1887,”°° and the contribution of 
Sidgwick and Brewer concerning the nature of dihydrated alkali metal B-diketonates plays a 
seminal role in the development of this area of coordination chemistry.” A review concerning 
the structure and reactivity of alkali metal enolates has been written,**° and sections on alkali 

and alkaline earth B-diketonates can be found within more generalized accounts of B-diketone 

complexes.”*”7°8 
2,4-Pentanedione (acetylacetone, acacH) forms strong complexes with alkali metal cations, 

even in polar media. The stability constants fall in the sequence Li>Na>K>Rb>Cs and 

this is in keeping with the decreasing ionic potential of the cation.” "H NMR studies have 
given similar evidence for the strength of the M*—acac™ ion pair. Li* tends to be completely 

chelated and Na/Li exchange can be detected when LiClO, is added to Na(acac). At low 

concentrations of Li* with respect to acacH an anionic species [Li(acac),]~ exists in solution; in 

the presence of excess cation the species [Li(acac)]* is found.*”"8 The acac™ ion can exist in 

four conformations (47); small cations which enforce chelation arrest the anion in the Z,Z form 

whereas larger cations which form weak ion pairs allow E,Z, Z,E and E,E formation. For 

example, the acac” in Na(acac) can be converted, in DMF™ or pyridine,” to the E,E isomer 

by addition of 18-crown-6 which complexes the Na* and removes the ‘ion-pairing’ potential of 

the cation by generating a ‘large’ cation. 
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X-Ray crystal structures have been carried out on Li(acac), Na(acac)-H,O, K(acac)-0.5H,0 
and Na(bzac)-eg and show contrasting features. The lithium derivative is composed of chains of 
[Li(acac)2]~ anions linked to Li* cations; the anions are square planar and the cations 
tetrahedral in that coordination environments and the cations are bonded to pairs of oxygen 
atoms from neighbouring anionic units (Figure 9a).”°* The Na(acac)-H,O structure consists of 
zigzag chains of Na* cations bridged by two water molecules and acac units; the Na—O bonds 
to the water molecules are slightly longer (2.42 A) than those to the anionic oxygen atoms 
(2.31 A chelated and 2.38 A bridging) (Figure 9b).” The movement towards polymeric lattices 
is further evidenced in the structure of K(acac)-0.5H,O, where the cation is surrounded by 
seven oxygen donors, six from four different acac” units and one from the water molecule.” 
Although the structure of a dihydrate is not yet available, that of the somewhat analogous 
Na(bzac)-eg has been determined. The structure is again polymeric with the glycol acting as a 
bidentate, non-chelating ligand. The cation is five coordinated in a square pyramidal 
environment consisting of the B-diketonate, two oxygens from bridging glycols and a shared 
oxygen from a neighbouring chelating anion.” 
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Figure 9 The molecular structures of (a) Li(acac) and (b) Na(acac)-H,O (reproduced with permission from references 
262 and 263) 

The alkaline earth metal 6-diketonates follow similar stability trends to those of the alkali 
metals: Be >Mg>Ca>Sr>Ba, with beryllium f-diketonates having extensive covalent 
character.*° The crystal structure of Be(acac), shows a discrete molecule bearing a tetrahedral 
beryllium atom,” and an electron diffraction study shows retention of this shape in the gas 
phase.*°° The tetrahedral arrangement of the bonds was first demonstrated in the 1920s.2°7 
Beryllium complexes such as Be(bzac), should exist in optically active forms and resolution into 
the optical antipodes has been achieved on active quartz, or by coprecipitation.2 °° 
Oxy-bridged polymers containing beryllium B-diketonates can be found (48), as can coordina- 
tion polymers derived from bis(1,3-dicarbonyl) compounds (49).°°7°” The reaction of N>O, in 
benzene, or ‘acetyl nitrate’ generated in situ, with Be(acac), leads to the introduction of the 
nitro group in the 3-position and bromination at the same position is obtained using 
N-bromo-succinimide.?”° 

Heterobinuclear complexes have been formed between PdCl(acac-C)), bipy and Be(acac)>.?7! 
The palladium compound retains an acid character and so replacement of an acac” from the 
Be(acac), gives a product which can be formulated as (50) from MW and 'H NMR studies. 

For the heavier alkaline earth {-diketonates, X-ray studies are available for 
Mg(acac)2:2H,O, Mg(dpp)2:2DMF, Ca(acac)2-3H,O, Ca(dpp)2:0.5EtOH and Sr(dpp)2-0.Sace- 
ae (dpp = a ncya eNe ie Y-aa Mg(acac).:2H,O is trans octahedral with the 
water molecules occupying axial positions; the bond lengths to the axial and equatori 
atoms are different (2.15 and 2.03 A).”” In contrast Me(dpp)>-2DMF is cis ore 
similar difference in bond lengths between the acac~ and DMF oxygen to sodium bonds (2.06 and 2.10 A).?”3 Ca(acac):3H,O is a discrete molecule having cis octahedral geometry with the 
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third water molecule non-coordinating; here the bond lengths become comparable: Ca—O 
(acac) = 2.32 A, and Ca—O(H,0) = 2.36 A.2"* Ca(dpp)-0.5EtOH is a tetrameric polymer in 
which there are two calcium environments, one six- and one seven-coordinate. The former site 
is built up of dpp oxygen donors and the latter also has present the EtOH. Each Ca?* shares 
two oxygens with each of two neighbouring Ca** atoms of the other kind such that four are 
linked around a centre of symmetry (Figure 10.).?”> Sr(dpp),:0.5acetone is also a tetrameric 
polymer having six- and seven-coordinate strontium present.?”° Unusually, perhaps, the 
acetone is preferred to ethanol which was the bulk medium of recrystallization. 

Figure 10 The calcium environment in Ca(ddp),O-SEtOH (reproduced with permission from reference 275) 

"H NMR studies have been carried out on Belz, Mgl», CaL,, and BaL, (L =acac, bzac), 
and on Mg(dpm),.7”” These show Mg(acac)2, Ca(acac), and Ba(acac), to be polymeric in 
solution, but the others are monomeric and tetrahedral. The polymeric nature of M(acac), has 
also been detected in the gas phase by mass spectrometry.” 
The reaction of neutral donor ligands with metal f-diketonates to effect coordinative 

saturation has been commented on in Section 23.3.1. If an enolate ion is added to a neutral 
metal B-diketonate, then an anionic complex results.'®?”?®° Two types of complex have been 
reported: (i) (M*),,[M*(hfac),] (m=1 or 2; n=2 or 3) and M*[M’*(f-diketonate)3]~, and 
(ii) TMNDH*(M"*(hfac),,) (m =2, 3 or 4). In the mixed metal complexes; the metal having 
highest charge density attracts the enolate anion. This is evidenced in the crystal structure of 
Rb,[Na(hfac)3], which is isomorphous with Cs,[Na(hfac)3].”°° The lattice contains [Na(hfac)3]~ 
anions in which the Na* is six-coordinated to the enolate anions. The Rb* Cations interact with 
both O and F atoms on the top of the trigonal prism, giving a rare example of an alkali cation 
coordinated by a halogen. Exchange reactions between alkali metal 6-diketonates within the 
ion source of a mass spectrometer also gave species such as M'!M?7L3 and MDL+.78! 

For the second group of complexes, the structure of TMNDH*[Mg(hfac);]> (TMNDH* = 
monoprotonated 1,8-bis(dimethylamino)naphthalene) is determined and shows the Mg** 
octahedrally coordinated by the anions.** It is likely that the structure of NaMg(acac); is also 
of this type.7°° 

Neutral diketone complexes are not generally available and so it is of interest to find 
Mg(Cl1O,)2:2acacH:2H,O. The keto form of the ligand has been shown to predominate in the 
complex in solution, by use of 'H NMR, and although exchange between free and complexed 
ligand is fast, the keto—enol tautomerization is slow.** 

coc3-B* 
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Complexes of related species such as keto acids, keto esters, and acetoacetanilides are 
known, particularly for beryllium.?*?”°8*8°87 Bromination and nitration studies have been 
carried out on a wide range of N-substituted N-acetoacetamides of beryllium and show 
introduction of bromo and nitro groups at the 3-position.”8°7%° 

Heterobinuclear complexes containing alkali or alkaline earth metal cations have been 
derived from mononuclear transition metal complexes of compartmental ligands (51).%° The 
molar conductivities of the (51)—CuLi, series suggest that the complexes are uniunivalent 
electrolytes in water and so are present in solution as Li[(51b)CuLi]-nH,O; the corresponding 
di-sodium, -potassium or -cesium complexes are unibivalent electrolytes and so likely to be 
present in solution as M,[(51)Cu]-nH,0. 

For the alkaline earth metals, only the Mg** complexes were soluble enough to allow a 
conductivity determination in methanol. A non-electrolyte was indicated and suggested that the 
species was dinuclear with Mg** in the outer cavity (52). This is confirmed by the X-ray 
structure”*’ which shows two trans water molecules helping to achieve coordinative saturation. 
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There is a considerable colour change on adding M* or M** to the copper precursors; CuLi 
and CuMg complexes are red, and as the size of the added metal ion increases, there is a steady 
reversion to the violet colour of the mononuclear copper(II) complex. This can also be traced 
by electronic spectroscopy and is viewed as a steady movement away from occupancy of the 
outer compartment by the second metal.7** 

The purpurate anion (53) has a mononegative charge delocalized over more than one donor 
atom.*” The kinetics of its complexation with alkali metal cations have been reviewed.2® The 
structures of several purpurates have been solved and the ligand consistently acts as a 
tridentate ligand. However, a variety of bonding modes are exhibited with the cation and 
polymeric structures resulting.*° 

23.4.1.1 Schiff base complexes 

In contrast to the extensive coverage of transition metal Schiff base complexes, there is a 
somewhat desultory presentation of alkali and alkaline earth metal complexes of these ligands 

Bis(N-alkylsalicylaldiminato)beryllium complexes (54) have been prepared and their physico- chemical properties studied. Dipole moment?! and 'H NMR studies?” are interpreted in terms of a tetrahedral environment for the beryllium. 'H NMR studies on the magnesium and calcium analogues are similarly interpreted. The free energy of enantiomerization has been determined for (54; R = isopropyl) using NMR techniques and without needing resolution of the optical antipodes;** the inversion has been proposed as proceeding via a dimerization step.“~ The fluorescent properties of a range of beryllium chelates have been monitored with a 
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view to developing reagents for the determination of beryllium.” The complexes are 
formulated as having 1:1 stoichiometry and the ligands are of the general type (55). 
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The structure of bis(salicylaldoxime)beryllium has been proposed as being trans octahedral 
by comparison of the space group and unit cell volume with those of related transition metal 
complexes; it is presumably a dihydrate if it is indeed octahedral in geometry.”” Stability 
constants have been reported for a range of beryllium B-ketoamines derived from both 
salicylaldehyde and acetylacetone precursors. They show strong complexes which are stable to 
hydrolysis under the conditions used.?°°:?” 

Salen complexes of beryllium have been reported. The reaction of BeSO, and Hysalen in 
alcohol, followed by addition of aqueous alkali to effect precipitation, gave Be(salen),-H,O in 
which it was proposed, from IR studies, that each salen was monoanionic and bidentate.*” 
Be(salen):2H,O was isolated by addition of salen to an ammoniacal solution of beryllium 
containing sodium potassium tartrate,*°’ and polymeric Be(salen) has been prepared from the 
reaction of salen and beryllium sulfate (or nitrate) at pH 7.* This latter compound has been 
characterized by IR, ‘H NMR and mass spectrometry. A related complex derived from 
( + )-2,2'-bis(salicylideneamino)-6,6’-dimethyldiphenyl contains beryllium in a_ tetrahedral 
environment.*° Schiff base complexes of Be and Mg, the former four coordinated and the 
latter six coordinated, have been prepared by the reaction of the metal acetylacetonate with 
biguanide, and with N’-amidinoisourea.*” The reaction of diacetylacetone with beryllium salts 
in the presence of ammonia gave the unexpected beryllium complex (56) instead of the 
anticipated diacetylacetonate.*° 

(56) 

Mg(salen), first reported by Pfeiffer*” who synthesized it using the classic Schiff procedure of 
reaction of the metal salicylate with ethylenediamine, has been investigated as a possible 
reagent for the detection of trace amounts of magnesium. Both fluorimetric and spectrophoto- 
metric techniques have been used;*°’*® no structural information is yet available. 

Generally, Schiff bases, such as H,salen, containing phenolic groups can form complexes 
either by removal of the two phenolic protons to give a neutral metal complex, or by direct 
ligation as a mono- or non-deprotonated ligand. The latter modes are generally found for 
A-class metals. In the above discussion fully, and singly, deprotonated H2salen have been 
introduced; in the reaction of calcium salts with H2salen, the non-deprotonated ligand is in 
evidence. Two types of compound are found: Ca(H2L)X2-nEt,0 (X = NOs, Cl; n =0, 2) and 
Ca(H2L)2X2:nS (X =NO3, Cl; n=0, 1; S=H,O, EtOH).*” The ligands used are H,salen, 
H,salpd, Hsalpn and H,salhxn (pd=1,3-propanediamine, pn=1,2-propanediamine and 
hxn = 1,6-hexanediamine). The X-ray structure of Ca(H2salpd)(NO3)2 has been solved and 
shows the ligand to be binding to two Ca** ions via two negatively charged oxygen atoms. The 

azomethine nitrogens are protonated by the proton from the phenolic group and are 

intramolecularly hydrogen bonded to the oxygen atoms. A bidentate nitrate anion, and a pair 

of bridging, equivalent nitrate anions complete the eight coordination around the cation. 
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Several alkaline earth metal complexes of polydentate, acyclic Schiff bases have been 

prepared and characterized during studies on the generation of tetraimine Schiff base 

macrocycles. Ba(ClO,)2 complexes of the ligands (57),°"° (58),*"" (59)? and (60)*"* have been 

isolated together with Sr(ClO,)2 complexes of (58), (59) and (60) and Mg(ClO,)2 and 

Ca(ClO,)2 complexes of (59). 
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Such complexes have been postulated as possible intermediates in macrocycle formation and 
whilst (58) and (59) can be ring-closed, (60) cannot. The crystal structure of (60)Ba(ClO,). has 
been solved and shows the barium to be 10-coordinated by all of the ring donor atoms and two 
perchlorate anions. The conformation of the ligand is such that two planar keto-pyridinylimine 
segments are inclined at 80.2° to each other forming a cleft. The failure of the ring to close on 
further diamine addition is likely to be due to a steric barrier to the entry of the nucleophile 
into the cleft.*”° 

23.4.2 Acid Anions and Acid Salts 

In discussing the interaction of chelating anions with alkali metal cations, Truter argues that 
one possible criterion for designating a compound ‘complex’, namely that the ligand is held 
exclusively by one metal, is too restrictive because it excludes simple u-complexes.*° The 
proposal is also made that it is reasonable to state that if all anions contact more than three 
cations, then the solid does not contain complexed cations, as it begins to move towards an 
extended lattice.*° The crystal structure of the mixed ligand species K(o-nitrophenolate)(iso- 
nitrosoacetophenone) is used as an illustration. In this compound the anion is present as the 
acid anion [LHL’]~ and the potassium is coordinated by four donor atoms from this anion 
(61).°"* This does not provide coordinative saturation at the metal and so in the solid state 
polymerization brings the coordination number up to seven (if M—O<3.0A) or eight (if 
M—O include 3.1 A interactions). Each anion becomes involved in interactions with four 
cations, some donor atoms being shared. 
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Compounds similar to (61) and containing o-nitrophenol, acetylacetone, salicylaldehyde, etc. 
as neutral ligands were described by early workers in the area and considered as complexes of 
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ML-HL and ML:HL’, where HL and HL’ acted as chelated ligands.!”""*!9 They were referred 
to as ‘acid salts’ and their solubility in organic media was taken as a criterion of complexation. 
In historic terms they play an important role in the development of the area. Generally, these 
compounds concerned organic anions, and KIO;-HIO; is a unique example of an inorganic 
‘acid salt’.*!° With the later generation of interest in alkali metal complexation stimulated by a 
desire to understand membrane transport phenomena and to establish desalinating agents, a 
large range of ‘acid salts’ were investigated and the principles of formation have been discussed 
by Poonia.*!*° Speakman has reviewed the structures of ‘acid salts’ of carboxylic acids*!® and 
uses a delightful quotation from Flecker, ‘we have ... broideries of intricate design’, as a 
preface. This is indeed appropriate as the structures are often infinite, and intricate, networks 
moving away from discrete molecules, and, although the metal is often chelated, it is 
considered here that the multiple cation sharing by the anions leads to a complex compound 
rather than a coordination complex. This is a further extension of the progression seen earlier 
in B-diketonate chemistry where more intricate polymeric lattices were found on moving to the 
heavier alkali and alkaline earth metal cations. 

23.4.2.1 Basic beryllium carboxylates 

An unusual series of beryllium complexes is the basic carboxylates, Beg,O(RCO2)., the best 
known member of which is the acetate, first prepared by Urbain and Lacombe.*”’ The principal 
synthetic route is by reaction of the organic acid or acid anhydride with beryllium oxide or 
hydroxide;*"® this method does not work for the basic formate. Instead reaction of the organic 
acid with the basic carbonate will give this compound,*”’ as will heating the normal formate to 
250-260 °C.°7° The interaction of an organic acid or acid chloride with another basic 
carboxylate yields mixed carboxylato species; for example, the range of complexes 
Be,O(OAc),(OPr)s_, can be so prepared.*”* 

The white crystalline solids are readily soluble in organic solvents (even alkanes) but are 
insoluble in water and the lower alcohols. They are inert to water but are hydrolyzed by dilute 
acid. In solution they are monomeric and non-ionized. An X-ray crystallographic study of 
Be,O(OAc). shows the O to be centrally coordinated to four Be atoms in a tetrahedral 
geometry; each of the Be atoms is tetrahedrally surrounded by four O donors from bridging 
acetates and the central oxygen (62).°”” 
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Ammonia and amines form compounds with basic beryllium carboxylates;***™* liquid NH3 

gives BesO(OAc).5:12NH3 at —33°C, which then loses ammonia to give Be,O(OAc).:nNH3 

(n =3 or 4). These species lose NH3 and give the basic acetate at 180°C. Similar compounds 

are formed with amines and a study of this reaction suggests that it follows the pathway:*” 

Be,O(OAc)g et RNH,— Be;0(OAc),4-nRNH, Ar Be(OAc),RNH, 

Thermal decomposition of the tripropylamine or BuNH, complex at 100°C gave Be30(OAc), 

which was then recrystallized from petroleum ether to give two crystalline forms of a dimeric 

structure.22> SO, and NO, have been found to give loose addition products with 

Be,O(OAc)6..°”° 

The reaction of alcohols with BesO(OAc). gives a range of novel, but not enirely 

characterized, products, e.g. Be(OR)(OAc), Be(OH)(OAc) and oligomers based on these 

structures.°? Be(OEt)(OAc) sublimes at 200 °C to give a reversal of the reaction and formation 

of BesO(OAc)s(OEt).° The related compound Be,O(OAc)s(OH) has been prepared from the 

reaction of BesO,(OAc). with water.*”” 

NMR studies of the mixed carboxylates containing acetates and trichloroacetates have 

indicated that ligand scrambling reactions occur in solution; although all of the species were 

isolated, and isomerization possibilities occur, no discrete isomers were identified.°*? Gas 
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chromatographic studies have shown that the complete series of mixed basic carboxylates 

generated through ligand distribution in a mixture of the basic acetate and basic propionate can 

be found and separated clearly.**° Extraction studies using capric acid have shown that 

beryllium can be efficiently extracted solely as the basic carboxylate.*** 

An inorganic analogue of these compounds exists in basic beryllium nitrate. This was 

prepared by heating Be(NOs)2 to ca. 125°C where a sudden decomposition occurs to give 

Be,O(NOs)6.2°2 The structure of this compound is similar to that of the basic acetate;**? and 

electron impact studies have confirmed the structural similarity of the two types of basic 

compound.*** More complex basic acetates have also been reported. Pyridine-2-carboxylic acid 

provides a trimeric ring system, the strucure of which has been confirmed by X-ray 

crystallography (63).°** oh of 
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Rings containing beryllium, and derived from alkoxides and amides have been 

reviewed.!33° BegO(OAc)g has been shown to be comprised of dimeric Be;O(OAc), units.*” 

The X-ray structure shows a polymeric network in which BeO, tetrahedra share common 

edges.°°’? This compound forms adducts in liquid NH; of the type Be,O2(OAc)s-6NH3.*** 

Thermolysis of BesO2(OAc)s yields BesO(OAc). and BesO2(OAc)., the X-ray structure of 

which is illustrated in Figure 11.**? 
Oligomeric beryllium oxycarboxylates containing up to Be7, Be, and Be,, fragments have 

also been obtained by the controlled thermolysis of the products of the reaction of BesO(OAc). 

and EtOH. 
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Figure 11 Representation of the molecular structure of Bes;0,(OAc), 

23.4.3 Polycarboxylic and Phosphonic Acids 

An extensive range of functionally substituted polycarboxylic acids have been studied as 
metal-binding reagents (e.g. 64—66).°**!***-*43 Many such organic sequestering agents have been 
claimed as potential phosphate substitutes in detergent formulations, for ecological reasons; 
nta, because of its strong capability to sequester Ca** has seen application in this area.*“* These 
ligands have also seen application as analytical reagents, and the ability of edta to form 
water-soluble complexes with alkaline earth metal cations is the basis of the determination of 
hardness in water caused by these two cations. This was one of the first applications of edta to 
be described.** 1,2-Diaminocyclohexanetetraacetic acid also forms complexes with calcium 
and although these are stronger than the corresponding edta complexes, they are formed at a 
lower rate and so are not as useful for analyticdl purposes. 
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The aminopolycarboxylic acids in particular have been extensively studied in 
solution;**!**2-°46 tabulations of stability constants concerning the interaction with M* and 
M?* ,?°9°41342 and reviews concerning solid state structures**’**8 and the relationships between 
solution and solid state structures**” are available. The stability constant data show that in 
general Ca** > Mg** = Sr** > Ba’* and that group II“> group I“. For edta the Mg?* complex 
is lower in stability than the Ca?* complex owing to the more endothermic nature of the former 
reaction. A strainless octahedral complex is approached for the Ca** complex in solution but 
the presence of a smaller cation results in a strained system being set up. Such strains would be 
expected to be greater for Be** and the log K value of 3.8, relative to 8.69 for Mg”* and 10.96 
for Ca*t, validates this. In group IA the order of stability is generally Lit >Na* >K* > 
Rb* > Cs", and so follows the ionic potential decrease. 

Beryllium is often left out of stability sequence studies; however, in a comparison of the 
complexing properties of edta, nta and uda, it was found that the Be?* and Mg** complexes of 
uda were more stable than those formed with the higher alkaline earth cations.*° This is in 
contrast to the edta and nta sequences. In the analysis of the thermodynamic information, it 
was found that for uda the enthalpy changes were high and negative, and for alkali metals these 
increased with increasing ionic radius. The entropy terms were negative for the alkali cations 
but positive for the alkaline earth cations, decreasing with increasing ionic radius for each 
series. The enthalpy changes for alkaline earth cations, in edta complexation, were small but 
the entropy changes were positive, decreasing with increasing ionic radius. The enthalpy terms 
for Mg?* and Be?* were positive and so were unfavourable. The Be?* was predicted to be 
tetrahedral in these complexes.*°° 

In solution, the potential for binding is six-coordinate for edta and four-coordinate for nta. 
The total coordination, however, is not well known and water molecules are also involved. 

[Ca(edta)]?~ is often represented as an octahedral complex but it would be anticipated that 
Ca’* could have a coordination number in excess of six. The denticity of edta has been found 
to vary from one to six, and the coordination number about the metal from four to nine.*”? A 
review of the crystal structures of Ca** complexes of amino acids, peptides and related 
model systems surveys the coordination patterns found for Ca?*-carboxyl and Ca**—carbonyl 
interactions.**’ 

In the solid state, the story is quite complicated. The structures of several alkali and alkaline 
earth metal complexes of acids are known and include those of 2,6-pyridinedicarboxylic acid 
(H2dpa), 4H-pyran-2,6-dicarboxylate (H2dpc), oxydiacetic acid (H0da), thiodiacetic acid 
(H2tda), iminodiacetic acid (Hzida), ethylenedioxydiacetic acid (Hzedoda), malonic acid, 
maleic acid, fumaric acid, succinic acid and citric acid, as well as those of edta and nta. These 
have been reviewed and show a wide variety of structures.*° These range from 
[Mg(H20),]?*[H2edta]?-, which may be crystallized from acid solution,*’ through 
Ca(oda)-6H,O, which consists of discrete Ca(oda)-5H2O units in which the Ca** is coordinated 
by the tridentate ligand and five water molecules and in which there is linking caused by 
hydrogen bonding involving the sixth non-coordinated water molecule,*** and K,[Be(oxalate)2] 
and K,[Be(malonate),] which are discrete dianionic beryllium complexes of tetrahedral 

geometry,°°***°> to the {Ca(edoda)-3H2O}, dimer,**° in which the species are linked together by 
hydrogen bonding involving the water molecules and eventually to the intricate networks of 

Ca,(edta)-7HO and NaCa(nta)**’ in which no discrete monomers are detected. 
In studies on Ca(edoda)-3H,O it was noted that the ethereal oxygen was involved in binding 

and that there was no effective increase of Ca** sequestration on going from oda to edoda.*** 

The suggestion that the ether oxygen could be involved in complexation was implied from the 

stability sequence Ca(oda) (log K, 3.4) > Ca(nda) (log K, 2.7) > Ca(glutamate) (log K, 1.1). 

In accord with remarks made earlier concerning the nature of complex species containing 

acid anions (Section 23.4.2) discussion of complexes containing polycarboxylic species has been 

limited to the general outline above. Recent developments in the area include the derivation of 

ligands such as (67)—(69) and their application to complexation. The sequence Ca?* > Mg"* > 

Ba2+ > Sr2* is found for (67) and (68) with the complexation to (67) being stronger, and 

showing lower complexing powers than edta and nta. 58 For the macrocyclic polycarboxylic 

acids (69a) exhibits the strongest known complexing ability for Ca?*, and the larger (69b) 

shows a noticeable preference for Sr**.°°? 
Polyamino polyalkyl phosphonic acids have been investigated as potential complexors for 

alkaline earth metal complexes. Ligands investigated include nitrilotrimethylphosphonates 

(70),2° phosphoryl derivatives of polyamines (71)*” and monoalkylphosphonic acids.°°? They 

show complexing capability towards Be**, Mg’*, Ca’*, Sr** and Ba**, but are not as efficient 
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as the corresponding carboxylic acids. Suggestions have been made concerning the likely nature 
of species by use of IR techniques but no precise structural statement is available. 
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Alkali and alkaline earth metal complexes of sugar phosphates and related moieties 
belonging to nucleosides and nucleotides have been studied, and accounts of the nature of the 
metal—ligand interaction**°“ and of the stability of the complexes are available.*°* 
Bidentate and tridentate interactions with the cations occur and generally the structures are 
networks having multiple cation—anion interactions. The structure of Na,ATP-3H,0 (ATP = 
adenosine triphosphate) is taken as an example.*®’ The structure has two formula units in the 
asymmetric unit and can be viewed as being dimeric in origin. There are two distinct types of 

O(W)5 

Figure 12 The coordination of the sodium atoms in Na,ATP-3H,O (reproduced with permission from reference 367) 



Alkali Metals and Group IIA Metals 35 

sodium coordination; in the first two independent sodium cations Nal and Na? are octahedrally 
coordinated. This is achieved by interaction with two ATP molecules, one of type A and one of 
type B. For Nal the coordinating atoms are three phosphate oxygens (O,, O22 and O333) from a 
molecule B, a phosphate oxygen (O33) from a second molecule of B, the N7 atom and a 
phosphate oxygen (O333) of molecule A. Na2 is coordinated with the corresponding O,, O2, 
and O333 atoms from molecule A, the O33 from a second molecule of A, and the N7 and O33; of 
molecule B. One of the terminal atoms O333 in each molecule is coordinated to both sodium 
cations, and this, together with the N7 coordination, leads to the formation of dimers, which 
then repeat through the structure. The second type of sodium coordination involving Na3 and 
Na4 plays a less significant role in the structure of ATP; its main function is to link the dimers 
and maintain them in the extended lattice. These sodium atoms are six- and five-coordinated 
respectively; the first to four waters and two O2 from types A and B, the second to a selection 
of phosphate O donors (Figure 12). The role of the alkali metal cation can be viewed as that of 
a network assembler. 

23.5 MACROCYCLIC LIGANDS 

Pedersen’s discovery” that dibenzo-18-crown-6 (72) and a related family of cyclic polyethers 
could readily complex alkali metal cations provided the stimulus required for a renaissance of 
interest in alkali metal coordination chemistry. Since that discovery, much effort has been 
directed towards modifying all possible structural parameters within the ligand system in order 
to make new, and hopefully improved, ligands. Variable parameters include the number and 
type of heteroatoms available for coordination, the nature and length of bridging units within 
the polyether and the general nature of any substituent groups present. This general class of 
ligands was first termed crown ethers,°** and more recently the term coronand has been 
introduced.*? 
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A second important advance was made with the availability of cryptands (73), a family of 
bicyclic polyoxadiamines which have available a three-dimensional cavity for complexation.° 

Again many structural modifications are possible and lead to numerous macropolycyclic ethers. 
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Selected examples of crown ethers and coronands are given in Figure 13. This area of 

chemistry has been remarkable for its growth, and many excellent reviews covering a wide 

range of topics are available; that by Végtle and Weber”! carries a full bibliography of work 

carried out until 1979. Subsequent reviews, of interest here, have been concerned with 

synthesis and general properties," complexes,*® structural aspects 9"°71"97? stability and 

reactivity,°”>3”* cryptands,””> polymeric polyethers,*”°*’” NMR studies and applications to 
. . 0 

analytical chemistry.*”°°”** 

*The IUPAC nomenclature for crown ethers is cumbersome and so was trivialized for common use. Dibenzo-18- 

crown-6 is named as follows: dibenzo describes the non-ethyleneoxy content; 18, the total number of heteroatoms in 

the crown ring; and 6, the number of heteroatoms in the ring. 
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Figure 13 Some crown ethers and coronands 
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23.5.1 Crown Ethers and Coronands 

Crystalline macrocyclic polyether complexes may be prepared by several routes,>38! 
depending upon the solubilities of the precursors and the products. The polyester and the salt 
may be dissolved in a small amount of solvent and warmed together; the complex can 
crystallize either on cooling or after evaporation of some of the solvent. It is also possible to 
warm a suspension of the ligand and the salt to effect solubilization and subsequent 
crystallization. The reaction can also be carried out by mixing the components in the solid state 
and heating to melting. 

Complex formation is favoured with salts having low lattice energies,>*? and so, although 
alkali metal fluorides, nitrates and carbonates give complexes with polyethers in alcoholic 
solution, it is often difficult to isolate species as crystalline solids because the high lattice 
energies of the alkali salts lead to a reassembling of themselves. Well-defined crystalline crown 
ether complexes have been found with alkali and alkaline earth metal thiocyanates,>?® 
chlorides,*** bromides,°*®° iodides,>7*°8’ _polyiodides,**’ perchlorates,*** benzoates,?**4 
nitrophenolates,***_ tosylates,°8° icrates,***°8 —_ tetraphenylborates,>” _nitrites,>38° 
tetrafluoroborates™* and molybdates,*** and representative references have been given. The 
X-ray crystal structures of many of these complexes have been solved. Schematic repre- 
sentations of several types of crown ether complexes are given in Figure 14. 
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Figure 14 Schematic representations of some bonding modes found in crown ether complexes 

For a 1:1 metal—ligand complex, the ideal environment for the cation is at the centre of a 
torus of donor atoms provided by the cyclic ligand (Figure 14a); this is because the cations, 
having rare-gas-like electronic structures, have no overriding directional influences on 
geometry, but, as in the VSEPR approach to covalent interactions, accept the donor atoms at 
the optimum points of distribution on the surface of a sphere subject to any imposition of steric 
constraint or uneven distribution of charge from accompanying ligands and anions. This latter 
effect can cause a shift from the central position (Figure 14b) as can a cation size—cavity size 
disparity. This occurs when the metal is too large for the cavity and can lead to dimerization 
(Figure 14c). A further consequence of the cation being too large for the cavity is the formation 
of 1:2 metal—ligand ‘sandwich’ complexes (Figure 14d), or 2:3 metal-—ligand ‘club sandwich’ 
complexes (Figure 14e). If, in contrast, the cation is too small for the cavity then encapsulation 
of the cation may be effected either in part (Figure 14f) or in full (Figure 14g). Entrapment of 
two cations within the ligand torus is also possible (Figure 14h). A comparison of structures of 
free and complexed crown ethers shows that conformational changes occur on 
complexation.°?°713”7 
By studying a series of complexes, it is possible to observe the differences in structural type 

that occur with change of cation radius. Table 6 shows the ionic radii for the alkali and alkaline 
earth metal cations, together with the average ligand cavity radii for simple polyethers.** From 
this information it can be seen that the predicted optimal fit situation for 1:1 complexes would 
arise for Lit and 12-crown-4 (74); for Na* and 15-crown-5 (75); and for K* and Ba?* and 
18-crown-6 (76). For 24-crown-8 (77) all of the cations have smaller radii than that of the 
ligating cavity. 
A survey of the structures of complexes derived from 18-crown-6 (76) reveals the presence of 

several of the structural types depicted in Figure 14. The Na* cation in NaSCN(76)-H2O is 

coordinated by all six oxygen atoms of the ligand; five oxygen atoms lie in a plane containing 
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Table 6 Correlation of Cation and Cavity Radii (A) 

of Alkali and Alkaline Earth Metal Ions and some 

Crown Ethers 

Lit 0.60 
Mg?* 0.65 12-crown-4 (74) 0.72 
Na* 0.95 15-crown-5 (75) 0.92 
ce 0.99 
Sr 1.13 
Kt 1.33 
Ba*t 1.35 18-crown-6 (76) 1.45 
Rb* 1.48 
Css 1.69 24-crown-8 (77) 1.90 

the cation, whilst the sixth is folded out of the plane and partially envelops the cation. The 
coordination environment of the metal is completed by a water molecule, and this type of 
complexation is a typical example of Figure 14(f) where the cation is smaller than the polyether 
cavity. 

The prediction from Table 6 is that K* showed the best 1:1 fit, and this is borne out in the 
structure of KSCN(76) in which the donor oxygen atoms lie in an almost hexagonal plane, 
coordinating the K* at the centre.*°* When the cation is too large for the cavity, as in 
RbSCN(76), or CsSCN(76), then the metal lies out of the plane of the ring donor oxygen atoms 
and a dimeric entity ensues through N-bonded-NCS bridging;*”°°”° this process also ensures 
‘saturation’ of each cation from the other ‘naked’ side of the coordination sphere (Figure 15). 

Further, but monomeric, examples of Figure 14(b) have been found in RbNCS(72) and 
K(acetoacetate)(76). In the former a 2:3 metal—ligand ratio is indicated by microanalysis°* and 
so a ‘club sandwich’ structure was envisaged. The X-ray structure showed that only a 1:1 
complex was present, together with molecules of free crown ether.*”” The Rb* is displaced out 
of the ligand and the seventh coordination site is taken up by the nitrogen-bonded thiocyanate 
anion, which is approximately perpendicular to the oxygen-atom ring. A similar geometry is 
found in K(acetoacetate)(76) where the anion is O-chelating.*”° 

Figure 15 Structures of 18-crown-6 and some 18-crown-6 complexes with different alkali metal salts (reproduced with 
permission from reference 31) 

A dimeric structure has been determined for the Cs(NCS) complex of the meso form of 
tetramethyldibenzo-18-crown-6 (78), N-bonded bridging NCS anions being present, and a 1:2 
‘sandwich’ structure with the racemic form.*” In the dimeric species, the Cs* is only 



Alkali Metals and Group IIA Metals 39 

octacoordinated. An unusual Cs*-bearing compound has been isolated with a transition metal 
cluster as the anion: [(76)14Cso]?*[Rh22(CO)33H,]°" [Rho2(CO)3sHx+:]*".“” In this complex, 
the cationic moiety has been shown to be comprised of three distinct Cst—crown ether units: 
Cs*(76), Cs*(76)2 and (Cs*),(76)3. Of these, the latter two are of interest as they provide a 
‘sandwich’ structure (Figure 14d) and the first genuine example of a ‘club sandwich’ structure 
(Figure 14e) respectively. The former is also a new species in that the cation is pulled out of the 
ligand plane and interacts with two oxygen atoms from C=O units. An interesting sandwich 
complex of (76) has been found in the reaction of a benzene solution containing excess of (76) 
with potassium phthalocyanine.“ A discrete trimacrocyclic structure, [(76)K—pc—K(76)], is 
found in which the cations are each sandwiched between a terminal crown ether and the central 
phthalocyanine anion. The benzo-15-crown-5 ligand (79) can also be used to illustrate trends in 
structural type (Figure 16). Na* and Ca’* form the 1:1 complexes NalI(79)-H,O and 
Ca(NCS)2(79);-ROH (R=Me, Et); the cations have similar ionic radii. In the Na* complex, 
the cation is coordinated by the five crown oxygen donors and lies out of the plane of the ring 
in the direction not of the I~ but of the water molecule.*” In the Ca?* complexes, the Ca** is 
displaced further but of the plane of the crown ring and an octacoordination is completed by 
the two thiocyanates (N-bonded) and the alcohol of solvation.“ The smaller Mg** can be 
found at the centre of the crown ring in Mg(NCS),(79), a pentagonal bipyramidal geometry 
being completed by the two N-bonded thiocyanates occupying the apical positions.*°* 

Z 
(c) QZ 

Figure 16 Different types of benzo-15-crown-5 alkali and alkaline earth metal complexes (reproduced with permission 

from reference 31) 

(d) 

The larger K* is found to give a 1:2 metal-ligand complex as in KI(79),. A sandwich 

structure is found in which the ligand units are arranged approximately centrosymmetrically 

relative to one another and the 10 oxygen atoms are at the corners of an irregular pentagonal 

antiprism.** Such a ‘sandwich’ structure is also found with BaBr,(75)2-2H,O*” and, rather 

interestingly, sodium has been found to give 1:2 complexes. The structures of NaClO,(79)2 and 

Na(BPh,)(79)2 both show sandwich arrangements; they differ slightly, and the precise 

coordination of the metal is uncertain as a range of metal—oxygen distances is found. The 

preparation of these species depends upon the reaction conditions, requiring concentrated 

solutions to obtain the 1:2 ratio. If the correct stoichiometric ratio is used, 1:1 solvated 

complexes are also recovered. A 1:2 complex ofida’*, Ca(dinitrobenzoate),(79)2-3H20, has 

been found, but in this one of the ethers is not coordinated, rather like the proposed ‘club 
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sandwich’ of Rb*—(72) mentioned earlier.*”’ Sandwich complexes of Ca(ClO,). have been 
identified; these have varying degrees of solvation and their precise nature is not 
established.**°° 
The larger crown ethers dibenzo-24-crown-8 (80) and dibenzo-30-crown-10 (81) provide 

examples of the encapsulated and bimetallated structural modes (Figure 14g, h). Dibenzo-24- 
crown-8 takes up two potassium cations in the complex [KNCS],(80); the eight oxygen donor 
atoms are shared between the cations, and the anions also participate in the bonding as 
monodentate N-bonded species (Figure 17a). Each K* is heptacoordinated and it is proposed 
that there is a participation of neighbouring benzene rings in the bonding.*°® The disodium 
o-nitrophenolate complex of this crown ether differs in that two ethers of the octadentate 
ligand are not involved in the bonding; the o-nitrophenolate ions serve to bridge the Na* 
cations and complete a coordination of six at each cation.’ The bis sodium thiocyanate 
complex of (81) also contains two metals within the ligand framework.*’® Alkaline earth 
metals, in contrast, form, to date, only 1:1 complexes with (80) and this may be a reflection of 
the difficulty of juxtaposing the two higher-charged cations within the polyether framework. 
Ba(picrate)2(80)-2H,O has the ligand using five of the eight donor oxygen atoms from the ring 
to coordinate to the cation, together with two water molecules, one of which is simul- 

taneously bound within the polyether torus, two phenolate oxygen atoms and one nitro group 
oxygen atom giving an overall coordination number of 10.**’ The ligand almost encircles the 
cation in Ba(ClO,)2(80) using all of the available ring donors to coordinate; the perchlorate 
anions are also bonded to the cation.*!” 
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Figure 17 Structures of the Na* and K* complexes of dibenzo-24-crown-8 (reproduced with permission from 
reference 31) 

Complete encapsulation has been found in the complexes KNCS(81)** (Figure 18) and 
RbNCS(81).*"* The free ligand*!? shows an open loop and wraps completely around the central 
metal cation, perhaps not surprisingly as (81) is effectively a dimer of (79). The central metal 
atom is wrapped by the ligand in a ‘tennis ball seam’ configuration and all 10 donor atoms are 
involved in the coordination sphere (Figure 18). The first example of a metal complex 
completely encapsulated by a dibenzo-24-crown-8 ligand is the 1:1 NaClO, complex of the 
non-symmetric ligand (82). 

Figure 18 The molecular structures of dibenzo-30-crown-10 and its potassium complex (reproduced with permission 
from reference 31) 

The structures of several Li* complexes with crown-4 ethers have been solved Th 
complexes LiNCS(83),*° LiNCS(74) 4 LiNCS(84)*® and LiNCS(85)*!° all show Lit ‘to = 
Square pyramidally coordinated by the four ring oxygen donors and the nitrogen from the 
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anion. It has been remarked that this geometrical arrangement could be a common feature of 
Li* coordination in crown systems.*® A dilithium complex of the spiro crown ether (86) has 
been determined. (LilI).(86)-4H,O has each lithium in a distorted trigonal bipyramidal 
environment;*”° one water molecule is incorporated in the crown ring, cf. that in the barium 
picrate complex of (80), and the cation interacts with three ring oxygens and two water 
molecules. 
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It can be seen from the above discussion that the varying structural modes present in Figure 
14 are readily available. For the partially encapsulated complexes there is not only a 
dependence upon the cation cavity best fit but also on the relative strengths of the competing 
counter donors, both anions and/or solvent molecules. This is shown in the structures of 
(79)NalI-H2O, where the water is held by the metal rather than the I~,“ and (72)NaBr-H,O, 
where the sodium is either symmetrically coordinated with two H,O in axial positions, or 
non-symmetrically coordinated and lying out of the ligand plane towards the Br~ not the H,O 
(Figure 19).*?? 

Figure 19 The asymmetric unit in NaBr(72)2H,O showing A, a complex cation Na(72)2H,O and B, a complex ion 
pair NaBr-(72)-H,O. The fourth water molecule forms a hydogen-bonded bridge between a coordinated water 

molecule and the coordinated bromide ion (reproduced with permission from reference 35) 

The structures of several related crown ether complexes have also been solved. Ligand (87) 
forms a 1:1 complex with KNCS. In this complex the cation is coordinated to all of the donor 
atoms of the ligand, with a further weak interaction with the NCS~ anion.*” 
A study of the interaction of ligand (88) with alkali metal complexes has been reported.*” 

The NaNCS complex contains the ligand bound to the Na* by five oxygen donors but the sulfur 
does not interact at all; the six coordination of the cation is completed by the NCS~ anion.** 
The KNCS complex has the metal at the centre of a hexagon of donors, all of which interact 
with the metal,**° and in the RbNCS complex the Rb* sits out of the plane towards an 
N-bonded NCS~ anion and is also coordinated by a sulfur from an adjacent ring to give a 
dimeric structure.*”° ee 

There has been considerable interest shown in the design and synthesis of functionalized 
crown ethers, and in whether the appended functional group can then further complex the 
cation. Examples include the so-called ‘lariat’ ethers, which may be functionalized on either N 
or C bridgeheads in the ligand frameworks (89).*”’ 

The interaction of the functional group has been established within the structures of the KI 
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complex of (90) and the Na* complex of (91). In both structures, the metal is held in the ring 

and the pendant O donor atoms further coordinate to the metal.*”* 
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In contrast, in the structures of the RbI complex of N,N’-bis(cyanomethyl)-1,10-diaza- 
4,7,13,16-tetraoxacyclooctadecane, the Rb* is complexed by the ring, a water molecule and a 

further two intermolecular interactions with cyanomethyl groups.*”” The structures of bis{4’- 
OH(79)}KNCS*” and (4’-acetobenzo-18-crown-6)Sr(ClO,)2°**" show no interaction of the side 
chain with the central metal either inter- or intra-molecularly. 

In the structure of a 2:1 complex between LiNCS and 1,4,7,10-tetra(2-hydroxyethyl)- 

1,4,7,10-tetraazacyclodecane the Li* is coordinated by four nitrogens from the tetraaza 
macrocyclic ring and one oxygen from a side arm to give another example of square pyramidal 
Li*.*! The second Li* is coordinated by three different side arm oxygens from different ligands 
and one water molecule. Similar side arm participation is found in the corresponding NaNCS 
and KNCS complexes, where in the former three side arm oxygens are involved with the Na‘, 
and in the latter all of the side arm oxygens complex the K*; in both cases the cation is held by 
the ring nitrogen donors.**” 
Two interesting examples of alkali metal complexation arise from studies on organometallic 

systems in which metal acyl binding to the complexed alkali cation is also demonstrated. This 
type of product has been seen as of value in studies on the kinetics of alkyl migration reactions. 
A derivative of 1,10-dioxa-4,7-diaza-11-phosphacycloundecane has been shown to give an 
Mo(CO)sL complex and this then reacts with PhLi such that the Li* is coordinated to two 
nitrogen atoms and one oxygen atom of the ring and to the PhC=O unit (92). The overall 
structure is dimeric through the acyl binding.*** The related reaction in which the precursor 
macrocyclic ring includes an Mo(CO), unit gives a product (93) wherein the Li* is coordinated 
to the four ring oxygens and to the acyl group oxygen.*** 
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In the derivatives described above, the ligand undergoes conformational change on metal 
incorporation. Spherands have been described as the first ligand systems fully organized during 
synthesis rather than during coordination as, unlike the previous examples, the free ligands 
possess the same conformational organization as do the complexes. The full burden of binding 
site collection and organization is then transferred from the complexation process to the 
synthesis of the ligand.*° This is illustrated in the structures of (94), (94)LiCI and 
(94)NaCH)SO,. The Li* fills the octahedral cavity of the ligand and causes a reduction in hole 
diameter from 1.62 to 1.48 A; the Na’ sits similarly in its cavity but causes a slight expansion of 
cavity from 1.62 to 1.75 A. 

Me 

(97) 

In the NaBr and CsClO, complexes of the related spherand (95) in which N,N'-disubstituted 
cyclic urea moieties have been introduced, the Na* forms a nesting complex with five oxygen 
atoms of the spherand lining a nest capped by a water molecule of solvation. The Cs* is too 
large for the nest and so perches on four syn oxygen atoms and is further ligated by a solvent 
water molecule and the carbonyl from an adjacent spherand to give a dimeric structure, as with 
cyclic polyethers.**° The structures of the Li* complexes of the augmented spherands (96) and 
(97) have been determined.*”’ The effect of the bridges is to squeeze one of the methoxy groups 
of the ligating range (2.48 A and 3.48 A respectively). The Li* in (96)LiFeCl, is coordinated by 
the five remaining oxygen atoms to give an Lit diameter of 1.27 A, while in (97)LiCl the 
residual seven oxygen atoms lead to an Li* diameter of 1.71 A and provide a very unusual 
seven-coordination of the metal. These diameters compare with the value of 1.48A given 

ier.*°° 
ee a verana have a partial preorganization of the ligand. The X-ray structure of 
(98)Na(BPh,)-H2O shows the metal coordinated by the hemispherand donors and by a water 
molecule.*** The related complex (99)NaNCS:MeOH shows the metal to be coordinated by all 
six donors of the crown, which is in a boat configuration and the terphenyl is folded away. The 
metal geometry is a biapical square pyramid.*” 
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The crystal structures of alkaline earth metal complexes of several (1+ 1) and (2+ 2) Schiff 

base macrocycles have been reported. These macrocycles are formed by the metal template- 

controlled condensation of the required heterocyclic dicarbonyl derivative and a,@ functional 

diamine in alcoholic solution. (1+ 1) complexes arise from the condensation reaction of one 

dicarbonyl with one diamine and (2 + 2) complexes from the condensation of two dicarbonyls 

with two diamines. 
The X-ray structures of [Mg(H2O)2(100)]Cl.,*#° Ca(101)(NCS)2," [Sr(101)H,O](NCS)2** 

and [Sr(102)H,O](NCS).“*” have been determined. The magnesium is found to lie in the plane 
of the donor atoms, pentagonally bipyramidal through interaction with two axial water 
molecules. The calcium is similarly centrally coordinated with N-bonded thiocyanates axially 
disposed to give a hexagonal bipyramid.**’ The strontium complexes have the metal interacting 
with all of the ring donors but displaced out of plane towards two N-bonded anions. A water 
molecule on the opposite side of the ring completes the nine-coordination of the metal.“ 
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With (2+ 2) macrocycles several features arise and both 1:1 and 1:2 complexes have been 
found. The complex (103)SrCl, has the metal coordinated in a hexagonal bipyramidal geometry 
comprised of the six ring donor atoms and two apical anions.**? The barium complexes 
of (104) and (105) are, in contrast, sandwich structures: (104),Ba(BPh,), and 
[(105),Ba(H2O).][Co(NCS),].“*° The former has the barium 12-coordinated to the six donors of 
each ring, whereas in the latter all six donors from one ring are bound and only three from the 
second ring. The ligand is folded and the complex has fluxional behaviour as determined by 
NMR studies. The Ba?* is only 11-coordinated, two water molecules occupying the last two 
sites. Alkaline earth metal complexes of (106) have also been reported.*° One useful role 
these complexes play is that of precursors for transmetallation reactions leading to dicopper(II) 
complexes of the macrocycles. These latter complexes serve as speculative models for probing 
the nature of the bimetallobiosites in copper-containing enzymes and proteins, such as type III 
oxidases and oxyhaemocyanin.**° 

The barium complex of (107) is unusual in that a ring contraction reaction occurs on its 
formation and the imidazolidine ring presence means that a contraction from a 24-membered 
macrocycle to an 18-membered macrocycle occurs.** The cation in (107)Ba(ClO,), is 
10-coordinated to the six in-planar nitrogen donor atoms and to two bidentate perchlorate 
anions.*! In the complex (108)Ba(ClO,)2-2H,O, the metal is almost fully encapsulated by the 
ligand with the hydroxyl groups participating in the bonding.” The cation is 10-coordinated by 
the eight ring donor atoms and two water molecules with the perchlorate anions solvent 
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separated. In the analogous complex having furanyl moieties as head units, instead of pyridinyl 
units, a similar ligand arrangement is found but the perchlorates are now bound to the cation; 
this serves as an example of the fine balance that exists between ligand donors, solvent donors 
and anions in such complexes. 
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Coronands containing pyridinyl, thiophenyl and furanyl head units have been prepared,** 
and their complexation studied. The coronand (109; Figure 13) gives a 1:1 complex with KNCS 
in which the metal is coordinated centrally by the six ring donor atoms; the keto groups are not 
involved in the coordination.**® 

23.5.2 Cryptands 

Macropolycyclic ligands containing intramolecular cavities of a three-dimensional nature are 
referred to as cryptands. The bicyclic cryptands (73) exist in three conformations with respect 
to the terminal nitrogen atoms, exo-exo, endo-exo and endo-endo;° these forms can rapidly 
interconvert via nitrogen inversion but only the endo-endo form has been found in the crystal 
structures of a variety of complexes*” and for the free ligand ((2.2.2], 73, m =n =1=1).* In 
their complexes with alkali and alkaline earth cations, the cryptands exhibit an enhanced 
stability over the crown ethers and coronands due to the macrobicyclic, or cryptate, effect.*%-7° 

The configurations of the free ligand, [2.2.2]cryptand, and its RbNCS complex are shown in 
Figure 20. The rubidium is complexed by four oxygen and two nitrogen donors and is 
completely trapped in the three-dimensional cavity.*° 

The ligand shape has changed and it has ‘inflated’ on encapsulating the cation. The structures 
of a large number of [2.2.2]cryptand alkali and alkaline earth metal complexes have been 
studied by X-ray crystallography.*’* Using the criterion that the optimum complexation occurs 
when the cation and cavity radii are similar, it can be predicted that for this ligand potassium is 
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Figure 20 Molecular structures of [2.2.2]cryptand (73) and of the rubidium cryptate (reproduced with permission 
from reference 31) 

the best cation (cavity diameter ~ 2.80 A, ionic diameter ~ 2.66 A). However, the ligand is 
flexible enough to incorporate the smaller sodium cation by undergoing significant twisting of 
the ligand.*” This flexibility is also evidenced with increasing ionic size and coordination 
number of the embedded cation, as a progressive opening up of the cavity is detected. When 
this occurs, addition of an anion, or a solvent molecule, is observed. This is a common feature 
in the alkaline earth metal complexes such as [Ba(NCS)-H,O-[2.2.2]]NCS*! and 
[Ca-H,O-[2.2.2]]Br2-2H,O.*” In the [2.2.2] complex with cesium it was concluded from '*°Cs 
NMR data that in solution the [2.2.2] forms an exclusion complex with the cation. The cation 
does not occupy the central cavity but is only partly encapsulated by the cryptand.**? 
An exclusion complex of this type has been identified by X-ray crystallography for the KNCS 

complex of the smaller [2.2.1]cryptand,*** ((2.2.1]cryptand = 73, n=1, m=1, /=0). The 
cation occupies a site in the 18-membered ring provided by the ligand rather than in the central 
cavity and so resembles the coordination of potassium by 18-crown-6 (Figure 21a). In contrast, 
the smaller Na* cation is of optimal size for the [2.2.1]cryptand and so an inclusion complex 
occurs with the cation inside the cage (Figure 21b).*°* Binuclear inclusion complexes have not 
yet been isolated for bicyclic cryptands. 

NCS 

(a) (b) 

Figure 21 Representatives of the molecular structures of the complexes formed between [2.2.1]cryptand and 
(a) KSCN and (b) NaSCN 

An interesting feature of cryptand complexes has been their use in the stabilization and 
identification of unusual anions. Structures of interest include those for an alkalide anion, 
[2.2.2]Na*Na”,*°° and for polyatomic anions of post-transition metals, {[2.2.2]Na*}3Sb3~,4°° 
{[2.2.2]Na*}2Pb3~,*°”_{[2.2.2]Na*}4Sng~ ,*°” {[2.2.2]K*}.$n3~-en,*8 {[2.2.2]K*+},Gez- +8 and 
{[2.2.2]Ba*}Seq~-en.*°” The organometallic complex {[2.2.2]}Na*FeCO3- was also studied in 
order to define the stereochemistry of the anion whilst concealing the cation from it.* 
Complexes containing two enclosed cations can be established using macrotricyclic ligands. The 
structure of (110)(NalI). shows each sodium to be bound to two nitrogen atoms and five oxygen 
sar of each terminal cycle in the ligand, and separated by a distance of ~6.4A (Figure 

_In the 1:1 NaBF, complex of (111) the cation is completely encapsulated by the tricyclic 
ligand and bound to all eight donor atoms.**!> In the structure of the dipotassium complex of 
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Figure 22. The molecular structure of the binuclear sodium complex of the tricyclic cryptand (110) (reproduced with 
permission from reference 31) 

the ligand (112),*” the potassium cations are located in the two ‘30-crown-10’ fragments at a 
distance of 7.38 A apart. 
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(112) 
As well as N-terminal, or bridgehead, cryptands, C-bridgehead ligands ‘have also been 

developed. The X-ray structure of (113)KCl-H,0*° shows the potassium coordinated only to 
the encapsulating ligand. The structure of (114)Mg(ClO,)2 shows the metal to be octacoordi- 
nated by the seven donor atoms of the ligand and by a water molecule.“ 
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23.5.3 Cation Selectivity 

One of the driving forces in the study of alkali metal and alkaline earth metal complexes of 
polyethers and related species has been the retrieval of information on complex stability and 
selectivity with its possible bearing on the problems associated with the understanding of 
biological transfer, with selectivity, of those metals. The above information, derived in the 
main from studies on the solid state, has helped establish the nature of the complexes and, in 
parallel with these studies, an abundant literature has appeared on studies in the solution state. 
Several reviews have discussed the methodology of study, and the techniques used to 
determine the stability constant, K,, for the complexes including calorimetry, NMR, pH metric 
methods, conductimetry, ion selective electrodes, temperature jump techniques, osmometry 
and solvent extraction.*°*3,©°.46.467 Extensive compilation of the retrieved data has followed 
on Frensdorff’s original studies using Pedersen’s polyethers,“ and is available through the 
review articles. It should be mentioned that the constants obtained are determined using 
different methods, in different media and so are often difficult to compare with each other. 
Consequently, the discussion here will centre on factors which influence stabilities and 
selectivity and numerical data will be given where appropriate. 

The enhanced K, values for the crown ethers relative to their open-chain analogues have 
been attributed to the so-called ‘macrocyclic effect’ (Figure 23). The complexation reactions 
are believed to be almost entirely entropy driven. The entropy of formation depends mostly on 
the change of the number of degrees of freedom of particles during complex formation and the 
biggest item represents the translational entropy of the released water molecules. Highly 
charged cations which are strongly hydrated should give larger values of AS° and this is 
experimentally confirmed on going from K* to Ba** complexes of dicyclohexyl-18-crown-6. 
The AS° value for Ba** (—0.8368J.deg™'mol~!) is more favourable than that for K* 
(15.899 J deg“ mol~*). There is also a macrobicyclic, or cryptate, effect detected on moving to 
the analogous cryptand (Figure 23). This effect is caused by a favourable enthalpic effect 
attributable to the strong interaction of the cation with the poorly solvated ligand.”?** 

Macrocyclic effect 

@ Own O O 

2.2 ( ) el 39 
) Om O 

Cryptate effect 

Ly as ieX an ain 0 G62 ors 
=o epic N\VONLOANLN 9.75 4.95 

4. ; 

— Lop a 

Figure 23 The macrocyclic and macrobicyclic effects (A) on complex stability; the values given are the stability 
constants log K, of the K* complex in methanol (top) and methanol/water (95.5) (bottom) (reproduced with 

permission from reference 29) 

23.5.3.1 Factors influencing selectivity and stability 

(i) The nature of the donor atom 

Alkali and alkaline earth metal cations are A-type, ‘hard’ acceptors and so would be 
expected to combine most readily with A-type, ‘hard’ donor atoms. Consequently complexes 
derived from crown ethers containing solely oxygen donor atoms give high K, values. The 
introduction of B-type, ‘soft’ donors, such as nitrogen, sulfur and phosphorus, gives a 
destabilizing influence to the complexation process. For example, the K, values for a series of 
thia crown analogues having 9-crown-3, 12-crown-4, 15-crown-5, 18-crown-6 and 24-crown-8 
skeletons show much reduced K, values for alkali and alkaline earth cations relative to their oxa crown precursors, but enhanced K, values for transition metal complexation.*°?47° 
Substitution of oxygen by an amino (NH) unit in benzo crown ethers has also been seen to lead 
to a reduction in their complexing ability towards alkali metal picrates and so to affect extraction into an organic phase.‘7! 
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Similar effects are noted with polycyclic systems; the introduction of NR units into cryptands 

led to reduced K, values,‘””*”? an effect noted particularly for K* complexes of methylaza 

compounds based on [2.2.2]cryptand. Table 7 lists results showing (i) how K, values for K* and 

Ag* complexation vary on introduction of NH and S units into (76), and (ii) the variation of K, 

on introduction of NMe into [2.2.2]cryptand. : 

Donors present in appended groups may also cause gradations in stability and selectivity, for 

example in systems based on (115),**°**” there is an enhanced Na* stability shown, and this is 

also seen when pyridinyl, furanyl and thiophenyl units are introduced.*”**”” Careful manipula- 

tion of the donors, in conjunction with the properties discussed below, can lead to reasonably 

discrete metal cation specificities. 

gs *% ¢ 

Ly 
X =H, Cl, Br, OH, SH, NH), OMe, 

CN, CO.H, CO,Me 
(115) 

(ii) The number of, and spatial arrangement of, donor atoms 

The number of donor atoms can be influential in complex formation. Ideally, as the incoming 
ligand is comparable to an inner solvation sphere, the number of donor atoms should match the 
preferred coordination number of the cation. An example of this factor comes from a 
comparison of two similarly sized ligands, [2.2.2]cryptand and [2.2.C,]cryptand, the latter 
having one dioxoether chain replaced by a Cg unit.*”* A reversal of the Ba**/K* selectivity of 
the order of 10° is found, the ratio being 10* for [2.2.2]cryptand and <10~? for 
[2.2.Cg]cryptand; the preferred coordination numbers are six for potassium and eight for 
barium. 

The spatial arrangement for the donor atoms is significant in complexation as every 
deformation of the donor environment which is not compatible with the required geometry at 
the metal leads to a reduction in the bonding potential of the ligand and the consequent 
stability of the complex. For spherical metal cations an optimum donor array should also have 
a spherical form. The ‘soccer ball’ molecule (116)*” and the more ‘rugby ball’-like cryptands 
approach this end; the crown ethers, in which the oxygen dipoles are not ideally located in the 
ring centre, and which have vacant acceptor sites, give somewhat lower K, values unless they 
are sufficiently flexible to encapsulate the metal. 

aes oe 
nee ie 

Modification of the torus of crown ethers by replacement of —C,H,— units with —C;H,— 
or longer hydrocarbon bridges, or by insertion of aromatic units such as o-, m- or p-xylene, 
naphthalene and biphenylene,**“**7**°“8! also leads to unfavourable complexation as the 
chelating ability of the donor atom pairs within the crown ether framework is modified. The 
ethyleneoxy group plays a crucial role in polyethers and this is believed to be related to the 
enhanced stability of five-membered chelate rings comprised of the binding sites, one ethylene 
bridge and the recipient metal over four- and six-membered chelate rings.” 

(iii) Cavity shape and size 

As has been indicated in the discussion of solid state systems, the relationship between the 
cation size and the ligand donor cavity size (the ‘best fit’ criterion) is rather important, and 
many correlations have been made between this factor and K, values.*©> 

Figure 24 illustrates the relationship between K, and the cation radius for dicyclohexyl-18- 
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crown-6 (isomers A and B) and for benzo-5-crown-5.* Figure 25 shows the change in K, for 
the reaction of Na*, K* and Cs* with several polyethers. It can be seen that for the 18-crown-6 
systems, K* is preferred, followed by Rb*, Na*, Cs* and Li*, and for the 15-crown-5 systems 
the sequence becomes Na* > K* > Rbt >Cs*. This is a reflection of the diminished ring size 
and cation compatability. One problem, however, in the latter case, is the necessity to 
distinguish between the formation of 1:1 and 1:2 complexes in solution. 

5 

Log K 

06 07 08 09 10 11 12 13 14 15 16 17 
lonic crystal radius of cation (A) 

Figure 24 Plot of logK vs. cation radius for the reaction in aqueous solution, M”* +L=ML"+t where L= 
dicyclohexyl-18-crown-6, isomer A (@), dicyclohexyl-18-crown-6, isomer B (MM), or 15-crown-5 (A). T=25°C 

(reproduced with permission from reference 465) 

NomekGeCsw Nat Kip 2¢s? 

Figure 25 Plots of log K, (in MeOH at 25°C) for complex formation between alkali metal cations and several 
cyclohexano- and dibenzo-crown ethers (reproduced with permission from reference 31) 

More recent studies show some variations to the above generalities. *C and "Na NMR 
studies indicate that for Na* the complexation sequence is 18-crown-6 > 15-crown-5 > benzo- 
15-crown-5,*** hinting at the need for ligand flexibility; conduction data reveal that for 
18-crown-6 the stability sequence is Kt > Rb* >Cs* > Nat;* extraction studies using metal 
picrates show that for benzo-15-crown-5, Na* >K* > Rb* >Li* >Cs* for 1:1 complexes and 
that for the corresponding 1:2 complexes K* > Rb* > Cs*;** further extraction work indicated 
Ccoc3-c 
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that Kt > Rb* > Cs* > Na’ if dicyclohexyl-18-crown-6 was the ligand.**° In general terms such 

results follow the sequences predicted from comparison of cation and cavity radii; the larger 

crown ethers, however, have been found to show discrimination against the smaller cations, but 

do not show much specific preference between the larger cations. 

A more precise cavity control is found with the three-dimensional cryptands and Figure 26 

shows the variation of K, with alkali and alkaline earth metal cations for a range of cryptands.” 

Two types of selectivity are displayed. Peak selectivity occurs when there is an excellent 

correlation between cavity and cation radius (Table 8) and so a sharp discrimination can occur 

(Figure 26). Plateau selectivity occurs when there is little discrimination between cations of 

higher radius but discrimination against cations of small radius which are not well accommo- 

dated (Figure 26). 

Table 8 Log Stability Constants of Some Cryptate Complexes in Water, Log K, 

Crh ae) ‘ol B39 
Cation 

(ionic radius in A) 

Bicyclic ligand (cavity size in A) 
[2.1.1], m=0, n=1 (0.8) 

[2.2.1], m=1, n=0 (1.15) 

[2.2.2], m=n=1 (1.4) 

[3.2.2], m=1, n=2 (1.8) 

[3.2.2], m=2, n=1 (2.1) 

[3.3.3], m=n=2 (2.4) 

CoN 

Lit 
(0.86) 

4.30 

2.50 

2.0 

2.0 

2.0 

2.0 

ee RR snd & 
(1.12) (1.44) (1.58) (1.84) 

2.80 2.0 2.0 2.0 
Pan 
5.40 3.95 Zs 2.0 
9.0* 
3:9 5.40 4.35 2.0 
9.0* 
2.0 2.2 2.05 2.20 
4.80* 
2.0 2.0 0.7 2.0 
2.80* 
2.0 2.0 0.5 2.0 

Compiled from J. M. Lehn and J. P. Sauvage, Chem. Commun., 1971, 440. 

* Recorded in methanol. 
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Figure 26 Stability constants (log K,) of the alkali cryptates (left 
methanol, M, at 25°C) and of the alkaline earth cryptates (right, { wat 
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Lit Nat /Rb*\ 
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reference 29) 

ie} 
Lit No*/Rbt+\ 

KT» cs 

log kK, (2.1.1] Ww (2.2.1) 
Ww 

10 10 

ia | af 

° 
Ma2t/ | Ba2t Mag2* / 2+ 
Tei ee ee last 

Mg?@* \Ba@t 

Co2t Sr2+ Co2t Sr2t+ 

in 95:5 methanol/water, M/W, or in pure 
er at 25 °C) (reproduced with permission from 

ptimum selector for an alkali cation is one in which a spherical 
on. Ligand (116) has a rigid cavity of diameter ca. 3.6A and so 



Alkali Metals and Group IIA Metals 53 

would be predicted as ideal for complexing Cs* (ionic radius 1.65 A). Up to now this ligand is 
actually the best one for selective complexation of cesium cations.4”9 

The barium cation (ionic radius 1.43 A) has a good compatibility with [2.2.2]cryptands 
(cavity diameter ca. 2.8 A). This cryptand will solubilize even BaSO, in aqueous solution,** 
and this phenomenon has been investigated with a view to removal of BaSO, scale deposited 
by the use of sea water as an injection fluid in oil-producing formations. The scale deposition 
can lead to blockage of wells.*8’ 

(iv) Conformational rigidity and flexibility of the ligand 

These factors are very much linked with cavity size. Ligands with small cavities are often 
rigid in nature simply because of cavity delineation. Larger ligands become more flexible and 
capable of undergoing often pronounced conformational changes. This leads to a potential 
availability of a wide range of cavities of variable dimensions. Rigid skeletons should display 
higher selectivities for individual cations, i.e. peak selectivities, and the more flexible ligands 
exhibit plateau selectivity. The improved selectivity of cryptands over coronands may be 
related to their more rigid nature.*° 

The unexpectedly large K, for dibenzo-30-crown-10 and K* is consistent with the crystal 
structure and due to the wrapping round the metal of the ligand such that all donor sites are 
involved in complexation.*® 

The addition of rings into the skeleton of the polyether can also lead to a stiffening of the 
skeleton and produce selectivity shifts.* 

(v) Lipophilicity 

The lipophilic character of a ligand may be controllea by the nature of the hydrocarbon 
residues present. Ligands with thick lipophilic shells shield the cations from solvent media and 
decrease the stability of the complex. This effect is four times more strongly felt by the doubly 
charged M7?* cations and so ligand lipophilicity can influence the selectivity between mono- and 
di-valent cations; the thicker the organic shell, the smaller the selectivity ratio for M**+/Mt* 
cations.*”® Ba?* and K* are of similar size and so if an appropriate cryptand is used, 
comparisons can be made. The introduction of benzo rings into [2.2.2]cryptand enhances its 
lipophilicity (117, 118); complexation using (117) does not lead to any significant change in 
Ba’*/K* selectivity as the ligand still has an ‘open side’ to the solvent, but addition of the 
second benzo ring (118) leads to the stabilities becoming similar and a loss of selectivity.*°° 

Pohang 
ise ee 
i (118) 

Competition between mono- and di-valent cations has an important role in biological 
processes. Furthermore, the lipophilicity of a ligand and its complex plays an important role in 
deciding whether a species is soluble in organic media of low polarity. This has important 
consequences in areas such as phase-transfer catalysis, the use of crown ethers as anion 
activators, and in cation transport through lipid membranes. Many crown ethers have now 
been synthesized with incorporation of long alkyl side chains and enhanced lipophilicity and 
used successfully in the above areas. 
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(vi) Electronic influences 

The introduction of substituent groups into the benzo rings on dibenzo-18-crown-6 ethers 

leads to marked effects on their selectivity. A reversal of the usual selectivity sequences occurs 

when strong, electron-withdrawing substituents are present.*” Similar effects are found for 

benzo-15-crown-5, and a good correlation is found with the Hammett functions of the 

substituents.*?! In contrast for substituted benzo-18-crown-6 systems, no such correlation was 

found, indicating that caution must be exercised on extrapolating from one crown ether system 

to another. 

23.5.3.2 Comments on cation transfer 

The discriminative uptake of alkali metal cations by biological systems, through their 

membranes, has been an area of much interest. In the membrane, the cations must pass 

through a lipid bilayer of low dielectric constant and this has led to the proposition that the 

cation could be selectively transferred via a ‘carrier’ molecule, or through a suitably donor-lined 

pore.’ As a consequence of their selective properties, the polyethers and cryptands have been 

investigated as speculative models for the above process and selectivity sequences have been 

established. 
Much of the preceding discussion has concerned the behaviour of alkali metal complexes in 

the solid state, and in an equilibrium state. Kinetic studies, to understand the dynamic stability 

of the complexes, have also been made. Such investigations for monocyclic crown ethers are 

hindered by several factors: the complexes are relatively weak and so must be studied at high 
cation concentrations; the rate constants are generally very high; and the complexes often do 
not exhibit properties commensurate with spectroscopic determinations of reaction rate 
constants.*?-?"49*4"5 The rates for the complexes studied are practically diffusion-controlled, 
therefore the complexes require appreciable conformational flexibility. During the complexa- 
tion of dibenzo-30-crown-10 the cation is simultaneously desolvated and complexed; it has also 
been proposed that the loss of solvent is a dominant factor and that it could be a stepwise 
process in which an indeterminate number of water molecules are removed from the hydration 
sheath of the metal by the sinuous ligand. The energy barrier to decomplexation is believed to 
be the energy required to produce a conformational rearrangement of the ligand.***4%° 
The more rigid cryptands exchange cations more slowly and a modified stepwise mechanism 

of incorporation is agreed.*** The pronounced selectivity of the cryptands for alkali metal 
cations is reflected in the dissociation steps; the formation rates increase only slightly with 
increasing cation size (Table 9). For a given metal the formation rates increase with increasing 
cryptand cavity size and for the [2.2.2]cryptands they are similar to the rates of solvent 
exchange in the inner sphere of the cations. This suggests that for the larger cations interaction 
between the cryptand and incoming cation can compensate effectively for the loss of solvation 
of the cation on complexation. Conformational change can occur during the process of 

Table 9 Overall Rates for Complex Formation Between Cryptands and Alkali 

Metal Cations (MeOH, 25 °C) 

Ligand Cation K (Imol~! s~?) K (is~) 

oa 5 -3 

[2.2.1] ee ic $ 10° ae = 
(73;n =m =0 1=1) 

+ 7 oe Li 4 1.8 x 10° T.5° x ee 
[2.2.1] Na 1.7 x 10 2.35 x 10 
(73;n=0, m=l=1) K* 3.8 x 108 1.09 

Rb* 4.1 x 108 7.5 x10 
Cs* ~5 x 108 ~2.3 x 104 

[2.2.2] Na* 2.7x 108 2.87 
(73;n =m =1=1) ke 4.7 x 108 1.8.9610; 2 

Rb* 7.6X 10° 8.0 x107! 
Cs ~9 x10 ~4 x10* pia ee ee eee aes ee 

Data Fe compiled from B. G. Cox, H. Schneider and J. Stroka, J. Am. Chem. Soc., 1978, 100, 
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complexation. In general, the most stable cryptates act as cation receptor complexes which 
release the metal only slowly, whereas the less stable ones can exchange more rapidly and so 
act as cation carriers. 

Selectivity sequences in solvents such as water, methanol and ethanol donot guarantee a 
similar behaviour in the lipid membrane. Experiments have been carried out in attempts to 
investigate the selective transfer of cations across model membranes, and these are exemplified 
here by reference to an investigation concerning the cryptands [2.2.2], [3.2.2], [3:3.3] and 
[2.2.Cs]. Two aqueous phases (IN and OUT) were bridged by a chloroform layer into which 
the carrier can be dissolved. Alkali metal picrate was dissolved in two aqueous layers such that 
the IN layer was 1000 times more concentrated than the OUT layer. All layers were stirred and 
the transport monitored via increase in picrate in the OUT layer (UV) and increase in 
potassium in the OUT layer (atomic absorption). The membrane phase was also analyzed at 
the end of the experiment.*”” 

The results (Table 10) show that the cryptands could act to produce carrier-mediated 
facilitated diffusion and there was no transport in the absence of the carrier. The rate of 
transport depended upon the cation and carrier, and the transport selectivity differed widely. 
The rates were not proportional to complex stability. There was an optimal stability of the 
cryptate complex for efficient transport, log K,~5, and this value is similar to that for 
valinomycin (4.9 in methanol). [3.2.2] and [3.3.3] showed the same complexation selectivity for 
Na* and K* but opposing transport selectivities. The structural modification from [2.2.2] to 
[2.2.Cg] led to an enhanced carriage of both Na* and K* but K* was selected over Na*. The 
modification changes an ion receptor into an ion carrier, and indicates that median range 
stability constants are required for transport. Similar, but less decisive, results have been found 
in experiments using open-chain ligands and crown ethers.*%8 

Table 10 Rates and Selectivities of Alkali Metal Cation Transport via Cryptate Complexes 

_ Cation Initial 
conc. in Carrier transport Transport 

log K, membrane saturation rate selectivity, 
Carrier Cation (in MeOH) ~~ (u mol 1“) (%) (u mol h7') K*:Na* 

[2.2.2] Na* Pa2e 1400 95 0.6 1:20 
Kt 977° >1400 >95 0.03 

[3.2.2] Na* 5.0 750 60 2.4 13355 
Kt 7.0? 1100 75 0.7 

[3.3.3] Na* Ze 110 10 TES 1:0.55 
K* 5.4 950 65 Ped 

[2.2.Cg] Na* 3:5 140 15 1.6 1:0.45 
kK* 5.2 850 80 3.6 

* These values are for methanol containing 5% water; higher values are expected for pure methanol. 

Data compiled from M. Kirch and J. M. Lehn, Angew. Chem., Int. Ed. Engl., 1975, 14, 555. 

Molecular channels are also thought to play important roles in ion exchange processes across 
membranes, and data from physiological and biophysical sources point to the existence of Na*- 
and K*-specific pores. The molecular nature of the ion flow through such channels remains 
obscure in contrast to the carrier-facilitated processes. The crystal structure of the potassium 
complex (119)1.5KBr-3.5H,O of the chiral macrocyclic tetracarboxamide (119) has recently 
been solved and shows a solid-state model for a molecular channel in which the macrocyclic 
units are organized in a polymolecular stack. The K* cations are located alternatively inside 
and on top of successive macrocycles, as in a frozen picture of potassium ion carriage through 
the channel (Figure 27). The water molecules solvate the cation and amide groups and provide 
hydrogen-bonded links between the component molecules. The stepwise connection of 
macrocyclic units through their side chains should allow for the construction of an artificial 
molecular channel with selective properties dependent upon the choice of basic unit. 

Other recent developments include crown ethers which contain potential switch mechanisms 
for complexation and transport. When photoresponsive chromophores are linked to crown 
ethers, ion binding can change on photoirradiation. The crown (120) is formed as its trans 
isomer with no alkali metal affinity, but photoirradiation gives a cis isomer capable of alkali 
metal complexation;*” this is an example of a reversible all or none ion-binding capability. A 
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O O > 4 
Xy, a ne 

rains O pine 

X = CONMe; 

(119) 

Figure 27 Molecular stacking in the KBr complex of (119) (reproduced with permission from reference 499) 

redox switch can also be introduced into polyethers (121),* and solvent extraction studies 
show the ion affinity of the thiol crown to be significantly higher than the disulfide bis crown. 
The compounds (122) and (123) are found to be pre-ionophores, which on oxidation by Fe** 
are converted into disulfide-bridged monomacrocycles having M* transport capability. These 
systems have been proposed as models for biological ‘ion gates’ .** 

- ofm 
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(122) (123) 

23.5.4 Quaterenes and Calixarenes 

The reaction of furan with acetone leads to the isolation of (124); similarly (125) can be 
prepared from pyrrole with acetone, and the mixed species (126)—(128) are also available.°™ 
There is a donor cavity of 1.2-1.7A radius depending upon the construction and so it was 
thought that these would be suitable ligating systems for the alkali metals.°°* The fully reduced 
form of (124), (129), has been found to form 1:1 complexes with LiClO, and LiSCN,°” and 
lithium and magnesium salts have been found to give enhanced yields of (124) leading to an 
invocation of the metal-template effect in the mechanism of synthesis.°™ There is also an anion 
effect and a pH control at the same time.°”’ Conflicting information was presented on the 
solution complexation of M* by quaterenes. Monitoring of the NMR spectra, of absorption 
bands in the electronic spectra, and picrate extraction into organic phases indicated that 
(124)-(129) did not form any complexes.°* However, work carried out using higher 
concentrations of reagents shows that (129) was indeed capable of complexing Li* and 
preferred this cation to Na* and K*.° The larger quaterenes (130) and (131) were also 
investigated and showed K* preference in the case of (130) and no complexation at all using 
(128).° 8 

(130) 

Macrocyclic phenol—-formaldehyde condensation products have been termed calixarenes*” 

and are capable of providing a cavity for complexation (132). Rb” was shown to be a good 

templating device during synthesis and this hinted at complex formation. Transport experi- 

ments have shown calixarenes-[4], -[6] and -[8] to be selective for Cs*; using MNO; no 

transport was detected but with MOH it occurred. 18-Crown-6 behaved in a contrary fashion; 
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the transport was from an aqueous phase through a chlorocarbon membrane into an aqueous 

phase. The ligand sequence was found to be calixarene-[4] > calixarene-[6] > calixarene-[8] and 

cation selectivity was related to the hydration energy of the cation. It was noted that the cation 

with the lowest hydration energy was that most readily transported.°”° 

OH 

Oyo 10-4) 
OH 

(132) p-tert-butylcalix[4]arene 

23.5.5 Porphyrins, Phthalocyanines and Chlorophylls 

Magnesium complexes of natural origin, the chlorophylls and related pigments, form a vast 
area of study in both the solid and solution states.°'’°'? The chlorophyll ring system is a 
porphyrin in which a double bond of one of the pyrrole rings has been reduced (133); a fused 
cyclopentanone ring is also present. Chlorophyll is crucial to the process of photosynthesis; 
photons of light hitting a molecule of chlorophyll provide the energy for a series of redox 
reactions to occur. The magnesium can be found either centrally bound as in (133), or 
peripherally located on the exterior of the macromolecule. The latter interactions influence 
molecular aggregation and spectral features, whereas the former siting determines the basic 
chemistry of the pigment. 

(133) R=Me, chlorophyll a 
R = CHO, chlorophyll 5 

The molecular structure of ethylchlorophyllide a dihydrate,*!* a chlorophyll molecule in 
which the phytyl side chain has been replaced by an ethyl group, shows one water molecule 
coordinated to the magnesium and forming a hydrogen bond with the ring V keto group of an 
adjacent molecule. This in turn has a magnesium-coordinated water molecule hydrogen- 
bonded to a third molecule and so on to produce a one-dimensional array of overlapping 
chlorophyll molecules. 

Bis-chlorophylls (134)°!*°!” and ‘cyclophane’-chlorophylls (135)°!® are reported to exhibit 
several photochemical properties which mimic the in vivo ‘special pair’ chlorophylls. By 
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constructing these dimeric units it has been possible to account for fhe redox and spin 
delocalization properties of the chlorophyll pairs in vivo but not yet to produce the unusually 
red-shifted spectrum. Such synthetic systems are of interest as evidence relating to the 
molecular organization of chlorophyll in the photoreactive centres of green plants and 
photosynthetic bacteria suggest that special pairs of chlorophyll molecules are oxidized in the 
primary light conversion event in photosynthesis. 

(134) (135) 

Studies have also been carried out using porphyrin and phthalocyanine systems as models for 
the site in chlorophyll. The structure of Mg(tetraphenylporphyrin)-H,O was solved and showed 
a disordered system, but it was possible to find the cation in a square pyramidal environment 
with the water molecule in the apical site.°!? In Mg(phthalocyanine)-H,O-2py, the magnesium 
is similarly coordinated, the pyridines not being involved with the metal.*”° The magnesium is 
displaced from the basal donor plane towards the apical ligand as a common feature. In the 
latter compound it is a significant displacement of 0.49 A and is assisted by hydrogen bonding 
of the water to a proximal pyridine. 

The magnesium porphyrin radical, Mg(tetraphenylporphyrin)ClO, (136), has been used as a 
model for the structural and stereochemical consequences of loss of an electron in photo- 
synthetic chromophores.*”’ The primary photosynthetic reaction in plants and bacteria consists 
of a transfer of an electron, in the picosecond time domain, from the chlorophyll phototrap to 
nearby acceptors yielding chlorophyll z-cation radicals. The structure of (136) shows a 
five-coordinated Mg** cation which is not quite symmetrically sited in the porphyrin ring but 
has metal-—ligand distances similar to those found in the previous structures. The perchlorate 
anion is tightly bound (Mg—O =2.01 A) in a monodentate mode. It was concluded that the 
porphyrin can act as an electron sink and that no major effects are found in the bond lengths, 
or on the stereochemistry, of the macrocycle. 

ClO, 

Phthalocyanines have been found to give other alkali and alkaline earth metal complexes.°”” 

The reaction of alkali metal amyl oxides (M=Li, Na, K) with phthalonitrile yields 

M,(phthalocyanine). In the case of lithium a second, monometallic species believed to be 

MH(phthalocyanine) is recovered. With the alkaline earth metals Be, Mg, Ca and Ba 

complexes are available. Be(phthalocyanine) is prepared from the reaction of beryllium and 

phthalonitrile and gives a dihydrate on standing. The structure of Be(phthalocyanine) shows a 

unique, square planar environment for the cation.*” It is likely that in the formation of the 

dihydrate two bonds in the complex are broken and a tetrahedral (N2O2) environment is 

recovered for the cation. Mg(phthalocyanine) is the only other dihydrated metal derivative of 

this ligand and it also forms bis adducts with a variety of donor ligands bearing oxygen, 

nitrogen and sulfur atoms. Mg(tetraphenylporphyrin) behaves in a similar fashion with simple 

donors; induced Cotton effects in the CD and ORD spectra of Mg(porphyrin) amino acid 

systems have been interpreted in terms of Mg(porphyrin)-2(amino acid) complexes. 

Ccoc3-c* 



60 Alkali Metals and Group IIA Metals 

23.6 NATURALLY OCCURRING IONOPHOROUS AGENTS 

The 1964 studies, made by Pressman, on the effects of the antibiotic valinomycin on 
mitochondria showed its ability to induce the selective movement of K* into the 
mitochondria.”* Valinomycin, and other antibiotics neutral at physiological pH, were con- 
sidered as discriminatory cation carriers and such species which could carry cations across lipid 
barriers, such as those found in membranes, as lipid-soluble complexes were collectively 

termed ionophores, or ionophorous agents.°° A second group of antiviotics containing 
carboxylic acid functions was also found to exhibit discriminatory powers, and to reverse the 
effects of valinomycin.°””? The term ionophore had actually been introduced several years 
previously in suggested nomenclature for conductance.*”* It was used to designate a species in 
which ions, and only ions, were present in a crystal lattice; a substance whose molecular crystal 

lattice produced an electrolyte when dissolved in an appropriate solvent was termed an 
ionogen. This nomenclature does not appear to have found general use, whereas the more 
contemporary definition is widely accepted. 

Pressman has described his discovery as serendipitous’ and it is quite remarkable that 
modern alkali metal coordination chemistry should have as its base the two fortuitous 
discoveries of Pressman and Pedersen. It is of interest to read the engaging accounts written by 
these two workers of their early work and to see how work in one area can often lead to major 
advances in another.*°°>! 

There are several excellent reviews concerning ionophorous agents and showing their 
biological value as well as their structural aspects.772°372-499,59-592-535 Physical studies on these 
compounds have indicated that the complexation—decomplexation kinetics and diffusion rates 
of ionophores and their metal complexes across lipid barriers are extremely favourable.*”°*??-4 
This, along with high cation selectivity, inspired their use as model biological carriers. 
Representative selectivity sequences for the ionophorous antibiotics, and comparisons with 
crown ethers are given in Table 11. These sequences correlate well with alkali metal selectivity 
patterns predicted by Eisenman from studies on ion selective glass electrodes.**° Using an 
electromechanical model, it was shown that ion mobility is a function of the ion’s mobility in a 
glass lattice and of its ability to become desolvated and enter the glass. This is not an entirely 
true analogy as the ionophorous agents are more flexible and mobile than the glass matrix. 

9 

Table 11 Representative Ion Selectivities for lonophorous Agents and Crown Ethers 

Valinomycin Rb>K>Cs>Na>Li Ba>Ca>Sr>Mg 
Enniatin A K>Rb=Na>Cs> Li 

Enniatin B Rb>K>Cs>Na>> Li 

Beauveracin Rb=~Cs>K>Na>Li 
Nonactin K=Rb>Cs>Na 

Antamanide Na>Li>K>Rb>Cs 

Monensin Na>K>Rb>Li>Cs 
Nigericin K>Rb>Na>Cs>Li 
Lasolocid Cs>Rb~K>Na>Li Ba>Sr>Ca>Mg 
A 23187 Li>Na>K Ca>Mg>Sr>Ba 
Dianemycin Cs>Rb=K>Na>Li Ba>Ca~Mg 

Benzo-15-crown-5 Na>K>Cs>Li 
Dibenzo-18-crown-6 K>Cs>Na>Li 
Dicyclohexyl-18-crown-6 K>Cs>Na>Li 

_ The ionophorous agents have been divided into three groups: neutral ionophores, carboxylic 
ionophores and quasi-ionophores.*” Neutral ionophores include cyclodepsipeptides such as 
valinomycin (137), the enniatins (138) and beauveracin (139); cyclic peptides such as 
antamanide (140); and the macrotetralide actins (141). Carboxylic ionophores are comprised of 
monovalent polyether antibiotics such as monensin (142) and nigericin (143); monovalent 
‘monoglycoside polyether antibiotics such as dianemycin (144); divalent polyethers such as lasolocid (X-537A) (145); and divalent pyrrole polyether antibiotics such as the antibiotic 
A 23187 (146). The quasi-ionophores are ch ~ i : +e as 
alamethicin and monazomycin. Pp channel-forming species such as the gramicidins, 
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a; R'=R?=R°=R*=Me Nonactin 

b; R'=R?=R’*=Me, R*=Et Monactin 

c; R'=R’= Me, R?=R‘*=Et Dinactin 

d; R'=Me, R?=R*®=R*=Et Trinactin © 

e; R'=R’=R’°=R‘=Et Tetranactin 

(141) 
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(143) R = OH, nigericin 
( = Polyetherin A) 

CO.H 

(144) Dianemycin 

(145) X-537A (146) Antibiotic A23187 
( = Lasolacid) 

23.6.1 Neutral Ionophores 

Valinomycin (137) is a macrocyclic dodecadepsipeptide and has shown an unequalled K*/Na 
discrimination.” As a consequence of this prime ionophorous behaviour many studies have 
been carried out on both the free ligand and on its metal complexes, and here discussion is 
restricted to the nature of the metal complexes. 

The overall features found in the X-ray structures of (137)KX (X~ = AuCh,°*’ 15/1;,°% 
picrate**’) are comparable. There is a.close to three-fold symmetry of the complex, the cation 
being located at the centre of the 36-membered ring (Figure 28). The ring is folded around the 
cation as would three sine waves and these are held in position by six intramolecular hydrogen 
bonds. The cation is coordinated by six carbonyl oxygens from ester groups in an almost 
perfectly octahedral arrangement. The cation is thus effectively screened from solvent 
interaction, although in the structure of (137)K(picrate) there is a weak but definite interaction 
between a picrate oxygen and the cation. All of the lipophilic side chains are orientated on the 
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periphery of the molecule. The structure of (137)RbAuCl, reveals essentially the same features 
as in the K* complex, K* and Rb* having similar ionic radii. 

Figure 28 Schematic representation of the valinomycin Kt complex 

The hydrogen bonding in valinomycin leads to a limited flexibility of the ligand in the 
complex: the free ligand is much more open, and ellipsoidal in nature.**1 Consequently (137) is 
not able to adjust itself to accommodate ions of different radii, and this helps explain its high 
K*/Na* discrimination. Solution studies on the Na* complex indicate an asymmetry of the 
ester carbonyl stretching frequencies indicating a non-equivalence of these groups in the 
structure.°** The smaller size of Na* would lead to this observation as the cation would be 
unable to interact fully with all six ester carbonyls unless there is an accompanying, 
unfavourable disruption of the hydrogen bonding. Cs* would be too large to fit into the cavity 
and so again would be discriminated against.°” 

The selectivity ratio K*:Na* at 25°C is of the order 10*:1 whereas at 0°C it is reduced to 
only 2:1.°*° This dramatic decrease has been interpreted as indirect evidence for the possible 
role of (137) as a carrier in membranes as, if it provided a pore mechanism, this would be 
unimpaired by freezing. In a carrier mechanism which necessarily involves a mobile ligand to 
effect incorporation and transfer of the metal freezing would cause a loss of mobility and so 
impair the mechanism. The high K* selectivity of (137) has led to its employment in 
ion-selective electrodes.* 

The enniatins and beauveracin are cyclic hexadepsipeptides and so are 18-membered 
macrocycles built up of alternating amino acid and carboxylic acid residues. They exhibit 
lower selectivity than (137) and consequently are more broad spectrum ionophores. The 
structure of (138)KI has been solved*“ but it was not possible to conclude, with certainty, 
whether the metal is entrapped in the central cavity, as in related cyclic polyether structures 
(Figure 14a), or whether it occupies a site between two adjacent ligand molecules to give an 
infinite sandwich (147) as has been found in the RbNCS complex of a synthetic LDLLDL 
isomer of (138).°4° Adducts of 1:2 ‘sandwich’ and 2:3 ‘club sandwich’ stoichiometry have been 
proposed for Cs* complexes of (138),°°* and the 1:2 K* ‘sandwich’ complex of (138) has been 
proposed as the species which transports K~ across lipid layers as it shields the metal effectively 
from solvent interactions.** 

3 oe (] 
CM Ba—pic—Ba 

( ews 

(147) (148) 

The crystal structure of a barium picrate complex of (139) reveals a 2:2 dimeric structure of 
the form [(139)Ba(picrate)3Ba(139)]*(picrate)~ (148),°*” which is unique as three picrate 
anions are held in the space between the ligated cations. The cations are not sited within the 

macrocyclic cavities but are displaced towards the centre of the dimer. This situation is 

reminiscent of the Cst—polyether dimer structure (Figure 15d). The outer surface of the 

(139)Ba(picrate), complex is highly lipophilic, and the bulky phenyl residues provide screening 
for the enclosed anions. 
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Antamanide is a decapeptide which showed preference for Na* and Li* in solution and 

selectivity studies.“ The crystal structures of (140)LiBr-MeCN*” and (140- 
Phe*,Val°)NaBr-EtOH*”? have been solved and show the complexes to be essentially 
isostructural. The backbone of the antamanide moiety can be described as resembling the 

periphery of a saddle and the alkali cation is located near the mathematical saddle part. Four 
carbonyl oxygen atoms coordinate to the metal in an almost coplanar geometry and the 
complex may be considered as cup-like in this region. A molecule of solvent fills the mouth of 
the cup and gives the metal a square pyramidal coordination (Figure 29). The cage is stabilized 
by hydrogen bonding. (140) has not yet been observed to act as an ion carrier through 
membranes. 

Solvent 

je) 
Figure 29 Schematic representation of the antamanide Na*~ complex 

The final group of naturally occurring ionophorous agents giving molecular complexes is 
the macrotetrolide actins (141). For this group a more detailed accumulation of structural 
information allows for a more precise understanding of the selective relationships between the 
ligands and the cations. The ligands (141) are 32-membered cyclic tetralactones, built up of 
four qw-hydroxycarboxylic acid subunits condensed to each other by esterification. These 
ionophores exhibit high alkali metal cation selectivity rather like (137).°?? Much structural 
information is available for complexes of nonactin (141a) and tetranactin (141e).*”* The 
structures of the free ligands show a large cavity to be present; early consideration of the 
nature of the alkali metal complexes, based on molecular models, led to the conclusion that the 
cavity was able to incorporate hydrated cations.*° However, as in the case of (137), the cavity 
serves as a binding site for the cation and the complexation process is accompanied by much 
conformational change. 

The overall structure found first in the (nonactin)KNCS complex®” is retained in changing 
the metal present. The ligand wraps itself around the cation as the seam of a tennis ball (Figure 
30) and the cation is thence eight-fold coordinated by the four furanyl and four carbonyl 
oxygen donor atoms. The periphery of the molecule is lipophilic and the lowered lipophilicity 
of nonactin relative to tetranactin leads to a diminished transfer of these compounds. 

Cubic arrangement 

Og Tennis ball seam 

K F 

| 7 , 

K 

K “wo 
ng 

Figure 30 The nonactin potassium complex and the schematic representation of this molecule (reproduced with 
permission from reference 8) 

_ The different stabilities of the metal nonactin complexes can be rationalized in terms of the 
interactions within the overall spatial framework. In the K* complexes (141a)KNCS and 
(141e)KNCS,°°° the distances between the cation and the carbonyl oxygens are slightly less 
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than those to the ether oxygens (Table 12), and the former are close to the sum of the ionic 
radius of the cation and the van der Waals radius of oxygen. In the (141a)—-NaNCS complex the 
carbonyl oxygen atoms approach the cation but the ether oxygens are restricted in their 
approach by intramolecular steric hindrance and this is seen in the disparate bond distances.>* 
The sodium to ether distances are long (2.70-2.94 A) and in excess of the sum of the relevant 
radii (2.35 A), thus indicating a lowered electrostatic interaction and leading to a distorted 
cubic coordination geometry. The inability of the ligand to readjust to the required optimum 
cavity for sodium leads to a reduced stability of the sodium complexes. Complexes of the 
smaller lithium cation have not yet been observed for (141). Incorporation of the larger Rb* 
and Cs* cations leads to an expansion of the ligand which involves an outward displacement of 
the carbonyl oxygen atoms.°°?°*> In these species, the observation of bond distances lower than 
the sum of the component radii suggests the presence of steric strain, which would diminish the 
stability of the complexes. Solution studies reveal, as with valinomycin, almost identical 
structures in solution compared with those found in the solid state.3”2 

Table 12 Structures of Macrotetrolide Actin Complexes 

eee 

Coordination Bond distances (A) 
Complex number M—O (carb) M—O (ether) 

Nonactin-‘NaNCS 8 2.40—2.44 2.74-2.79 
KNCS 8 2.73-2.81 2.81-2.88 
CsNCS 8 3.13-3.18 3.07-3.16 
Ca(ClO,)> 8 2.33-2.36 2.60-2.61 

Tetranactin‘NaNCS 8 2.43-2.45 2.70-2.94 
KNCS 8 2.75-2.81 2.85-2.92 
RbNCS 8 2.88-2.93 2.90-2.98 
CsNCS 8 3.06-3.16 3.03-3.10 

Data compiled from R. Hilgenfeld and W. R. Saenger, Top. Curr. Chem., 1982, 101, 1. 

The structure of (141a)Ca(ClO,)2 has been solved and shows a close similarity to that of the 
sodium complex. This is not surprising due to the close similarity in ionic radii between sodium 
and calcium.**° 

Certain common features may be found in the complexation of alkali and alkaline earth 
metal cations by ionophorous agents and which aid in cation transport.® 

(1) The cation sits in the ligand cavity at a centre of optimum electron density provided by 
the donor atoms of the ligand. 

(2) A flexible ligand is required to effect the energetically favoured stepwise removal of the 
cation solvation sheath. Upon complexation the cation must be stripped of its hydration shell, a 
process requiring the loss of about 322 kJ mol~' for K*. This loss must be compensated for by 
interactions between the cation and the donor atoms of the ligand. Complex formation has 
been shown to be very fast and stepwise incorporation of the cation by the ligand is essential.?”° 
Models show that the hydrated K* cation could be inserted into the ligand cavity (of 137 and 
141) and held there by hydrogen bonding. Through a series of ligand conformational changes, 
the water molecules could then be removed and the cation held in the cavity by ion—dipolar 
interactions. ; 

(3) A lipophilic exterior is presented to facilitate solubilization and cation transport. 
(4) A ‘best-fit’ situation is required with regard to the cavity diameter and the diameter of 

the incoming cation, but ligand-ligand repulsions must be minimized. 
(5) The difference between the energy of the ligation and the energy of solvation must be 

maximized. 
On fulfilment of these requirements, the metal ion is efficiently coordinated, and transported, 
by the ligand. yx 

An extensive range of synthetic analogues of valinomycin and the enniatins has been 
prepared and investigated; these studies have been fully described in a monograph.*” Synthetic 
peptides have also been prepared and their complexing properties investigated; for example 
[L-Val-p-Pro-p-Val-L-Pro]; reacts with potassium picrate to give an isolable 1:1 complex which 
is expected to have a structure similar to that of the K* complex of (137).*°’ More detailed 
studies have been made on the complexation properties of the small synthetic peptides 
[L-Pro-Gly]; and [L-Pro-Gly],. 
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ion-binding properties of [L-Pro-Gly]; parallel those of the related naturally occurring 

sateen Scniion Voities have erie the availability of 1:1 complexes with Li*, Na’, 

Rb*, Cst and Ca?*, but Mg”* gave three different stoichiometries, 1:2, 1:1 and 2: 1.°°8 X-Ray 

structural studies have been carried out on the magnesium and calcium perchlorate 

complexes.° In the former a 1:1 interaction is found between the peptide and the cation, 

which is in an octahedral environment provided by three glycyl carbonyl oxygens and three 

water molecules; these water molecules are hydrogen-bonded to an adjacent peptide and so the 

molecules are arranged in an infinite stack, and the composite is not unlike a channel or pore. 

In the Ca2+ complex a sandwich structure (1:2) is found and the cation is octahedrally 

coordinated by six glycol carbonyl oxygens, three from each ring. 

[L-Pro-Gly], also forms complexes with alkali and alkaline earth cations showing a 

preference, in solution, for the larger cations. Solution studies revealed 1:1 stoichiometries for 

Lit, Na+, K*, Cs*, Ca?*, Mg?* and Ba’* in water, and both 1:1 and 1:2 ratios for these 

cations in acetonitrile. Na* also gave a bimetallic 2:1 complex in acetonitrile.“ The structure 

of the Rb* complex [1-Pro-Gly],RbNCS-3H,O was solved and showed a dimeric structure in 

which Rb* cation was octahedrally coordinated by four glycyl carbonyl oxygens from one 

ligand, one glycyl carbonyl oxygen from the second ligand and a water molecule.** 

A further sandwich structure was found for  [Gly-L-Pro-L-Pro-Gly-L-Pro-1- 

Pro]»Mg(ClO,)2-4MeCN. The cation is in a regular octahedral coordination sphere with two 

glycyl and one prolyl carbonyl oxygen from each peptide providing the donor groups.°? 

A series of synthetic 32-membered ring macrotetrolides related to the actins have been 

prepared and show cation transfer ability. The K*/Na* selectivity is however inferior to that of 

the actins and cyclic polyethers.°® 

23.6.2 Carboxylic lonophores 

These are so described because they are linear and contain a terminal carboxy group, one or 
two hydroxy groups at the other end of the molecule, and several other oxygen donors 
provided by the constituents of the chain. In contrast to the neutral ionophores which provide 
cationic complexes, this group of ligands generally provides neutral salts because, at physiologi- 
cal pH, their carboxy group is dissociated. Carboxylic ionophores have been subdivided 
according to their ability to coordinate to alkaline earth cations and so those ionophores not 
capable of transporting divalent cations are termed monovalent polyethers and those capable of 
transporting divalent cations are termed divalent polyethers, and further subdivisions are 
available according to the nature of the constituents of these compounds.*??>*° 

The ion selectivities displayed by these antibiotics are lower than those of the neutral 
ionophores, and are given in Table 11. Many studies have been made on the properties of these 
ionophores, particularly with reference to the calcium-transporting abilities of A 23187 (146) 
and lasolocid (145). The search for new antibiotics is ongoing and there is constant addition to 
a list of about 50 distinct polyether antibiotics which have been isolated from various 
streptomycetes. Representative structures will be discussed here to illustrate the nature of 
complexation with alkali and alkaline earth metal cations. 

Monensin (142) provides examples of complexation by both the anionic and neutral ligand. 
The structure of the Ag* salt was first solved and showed that the monensin anion is wrapped 
around the cation and that it is held in this conformation by two strong head-to-tail hydrogen 
bonds between the carboxylate group and the hydroxy functions at the opposite terminus 
(Figure 31a).° The cation is in an irregular six-coordination provided by four ether and two 
hydroxy oxygen donors. The carboxylates do not interact with the cation but are only involved 

in the hydrogen bonding. This shows that the cation is encapsulated in a pseudo-cavity, and the 
ligand provides a lipophilic exterior for the carrier. The crystal structures of the anhydrous and 
monohydrated sodium salts of (142) have extremely similar structures,*° as does that of the 
NaBr complex of the acid,*® where the antibiotic acts as a neutral ligand. The structure of the 
free acid of (142) also reveals a pseudo-cyclic conformation held in place by head-to-tail 
hydrogen bonding, and having a water molecule located in the ligand cavity.°°’ This molecule 
could provide a route into the cavity for an incoming cation by involvement in the solvation 
shell of the cation prior to ligand stripping and incorporation. Spectroscopic studies provide 
comparable results for the conformation of the complexes in solution.*” 

The structural features described for monensin have been found in all the monovalent 
polyether antibiotic complexes studied. In some instances, e.g. nigericin°® and dianemycin,™ 
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Figure 31 Schematic representations of some metal complexes of acid antibiotics (reproduced with permission from 
reference 226) 

the carboxylic groups are involved in metal complexation as well as in the ‘head-to-tail’ 
hydrogen bonding locking scheme (Figure 31b,c). The coordination number of the cation is 
variable: (monensin)Na*, 6; (nigericin)Na*, 5; (nigericin)K*, 7; (dianemycin)Na*tK*, 7.°” 

The divalent polyether antibiotics have revealed the existence of dimeric molecules as 
monomeric complexes in their interaction with alkali and alkaline earth cations. Lasolocid 
(145) forms complexes of the type M*L™ and these may be monomeric when formed and 
recovered from methanol, but dimeric when recrystallized from the non-polar carbon 
tetrachloride. The shortened ligand backbone relative to the monovalent polyethers does not 
allow complete shielding of the cation from the solvent, and so in non-polar solvents this is 
overcome by dimerization. If the salicylate and tetrahydropyran moieties present in (145) are 
referred to as the ‘head’ and the ‘tail’ of the molecule then two forms of dimerization may be 
envisaged: ‘head-to-tail’ and ‘head-to-head’. 

Discrete dimers of the ‘head-to-head’ type have been found in the structures of the Ag* 
complex of (145)°”? and the Na* complex of (145)°’' respectively. The complexes were 
recrystallized from carbon tetrachloride. In both complexes each metal is five-coordinated in 

the cavity provided by one anion, and there is an additional reaction with the second anion 

[through an Ag*—phenyl interaction or an Na*—carboxylate oxygen atom (Figure 32a)]. When 

the Na* complex was crystallized from a solvent of medium polarity, acetone, the ‘head-to- 

head’ dimer was recovered.°”! In contrast, recrystallization from a polar medium, methanol, 

gave a monomeric complex in which one methanol of solvation was also present.°” In all of 

these complexes an intramolecular ‘head-to-tail’ hydrogen bond was present to hold the ligand 

in its pseudo-macrocyclic conformation. 
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Figure 32 Schematic representations of the structures of the metal complexes of X.537A (reproduced with permission 

from reference 226) 
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As a consequence of this structural information, the proposal was made that it would be 

reasonable to consider that the monomeric forms are involved in cation uptake and release in 
polar media, such exposure being at the surface of a membrane, but that the actual transfer in 
the medium of low dielectric constant (the lipid phase) would be the dimeric form.*” 

In the Ba** complex with (145), two anions coordinate to the cation in different ways (Figure 
32b). The metal ion sits primarily in a cavity provided by one of the anions and is 
six-coordinated by two ether, two hvdroxy, one keto and one carboxylate oxygen atoms. A 
nine-fold coordination is completed by further coordination to two oxygen atoms from the 
second anion and a water molecule.?’”? A review of the structures of polyether antibiotic 
complexes is available and includes a compilation of structural data.*”” The stoichiometries of 
alkali and alkaline earth complexes of (145) in methanol, have been determined potentiometri- 
cally and show 1:1 neutral complexes for the alkali metal cations, and high stability 1:1 
(charged) and 1:2 (neutral) complexes for the alkaline earth cations.°”* 

Recent additions to this array of antibiotics include two unusual ionophores: ionomycin 
(149), which efficiently chelates Ca?* as a dibasic acid, the dianion resulting from ionization of 
the carboxylic acid and f-diketone moieties,°”> and M-139603 (150), which has present an 
acyltetronic acid moiety.°”° A crystallographic study of the calcium complex of (149) revealed 
an octahedral coordination of the cation provided by a carboxylate oxygen, both f-diketonate 
oxygens, two hydroxy oxygens and one ether oxygen.°” In the sodium complex (150) the 
cation is six-coordinated through the chelating anion, two ether and one methoxy oxygen atoms 
of the ligand, and a solvent water molecule.*” Solution studies on M-139603 reveal the 
selectivity sequences Ca?* > Mg”* and Na* > K* > Rb* > Li*.°”” 
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An interesting antibiotic which does not strictly belong to this grou but whi ibi features of an anionic ion carrier, is a Birincend fet from the es aie ae ee hydrolytic cleavage of p-valine. Boromycin is itself of interest as it is the first well-defined natural Organic compound containing boron. The formula, as determined from the X-ra et a of the structures of the Rb+ and Cs* salts of the des-valine product, is (151), u is molecule is a Boekesen complex of boric acid with a macrodiolide consisting of two almost identical halves. The overall shape of the anion is roughly spherical with a cleft lined by oxygen atoms and a lipophilic : ; . . : J Pee co (Fieure 33) 78 The cations are housed in the cleft in an irregular eight-fold 
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Figure 33 The molecular structure of the Rb* salt of desvalinoboromycin (reproduced with permission from 
reference 578) 

23.7 CONCLUDING REMARKS 

During the Second World War, Field Marshall Wavell prepared an anthology of verse and 
used a sentence from the works of Montaigne as his introduction: ‘I have gathered a posie of 
other men’s flowers and nothing but the thread that binds them is my own’. This sentence is 
also appropriately placed here as with any anthology the choice of contents must be both 
selective, introducing subjectivity, and appropriate. The coordination chemistry of alkali and 
alkaline earth metal cations covers a very amorphous area and consequently it has been 
necessary to prune so that the basic principles are revealed with appropriate examples. As is 
evident from the references, many reviews of the area now exist and these contain 
comprehensive compilations of data such as full structural information and the statistical 
analysis of thermodynamic and kinetic data. It was not deemed appropriate, partly from spatial 
consideration, to reiterate these tabulations in full in this article. An updating of the area can 
be found in annual reports presented in Coordination Chemistry Reviews*”? and by the Royal 
Society of Chemistry.*°° 

23.8 POSTSCRIPT 

Recent progress in the chemistry of alkali and alkaline earth metals has centred on the 
chemistry of oligomeric coordination compounds of lithium. [Ph,C—NLi(py)], and 
[CILi(HMPA)], have been shown to exist as discrete pseudo-cubane structures in which N and 
Cl atoms respectively bridge the Li; triangular faces.°* An unprecedented pentanuclear Lis 
cluster anion, having present both 3 face and 2 edge N to Li bonding, has been found in the 
structure of [Li(HMPA),]*[Lis(N==CPhz)6(HMPA)3]~.°*” The X-ray structure of dibenzylami- 
dolithium itself has been shown to be a trimeric structure having present an N3Li; core; in 

contrast the adducts (PhCH2),NLi-OEt, and (PhCH2)2NLi-HMPA are found to be dimeric 

with N>Li. cores (Figure 34).° Dimeric cores have also been revealed in two isomers of 

[{Ph(2-pyridinyl)NLi}(HMPA)],, which have NoLi, and O2Li, cores respectively; the latter core 

uses the donor O atom of the HMPA ligand in a novel bridging mode.”** A further example of 

this mode of bonding was then detected in the cation [Li(H,O)2(HMPA),]3* isolated as its 

chloride salt from the reaction of HMPA with deliberately hydrated LiCl.** 
Related to [CILi(HMPA)], are the cationic species [Li,Cl(Et,O),0]’* and [LisBr,(Et,O);0]”* 

characterized during studies on the preparation of mixed transition metal—alkali metal anionic 

clusters.°8©5®7 These solvated salt clusters are viewed as representing early stages of nucleation 

and growth of the lithium halide as it crystallizes from the solvent. 
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Figure 34 (a) Molecular structure of [(PhCH,),NLi-OEt,], and (b) [(PhCH,),NLi-HMPA], (reproduced with 
permission from ref. 583) 

Evidence has been presented for a bonding around a three-coordinate centre in the 
beryllium dimer (152); shortened bond distances from the terminal trigonal Be atoms to the O 
and Cl atoms are used as the criterion.°*** (MO), cores have been found in the complexes (153; 
M=Mg, Be).°°? Further interesting complexes of Mg have been found in the reactions of 
transition metal halides with MgCl,; these studies have been used to demonstrate that simple 

molecular complexes can exist in mixtures claimed to be active in Ziegler—Natta catalysis.°” 
MgCl,:2THF and TiCl,-2THF react together to give [Mg.Cl,-6THF][TiCl,-THF], the cation of 
which is (THF)3Mg(u-Cl)3(THF)3.°?! The reaction between MgCl, and FeCl; in THF gave an 
unstable complex [Mg(THF)s][FeCl,], which on further reaction with THF was reduced to 
FeCl,(u-Cl,)Mg(THF)4.° Mixed ligand complexes of Mg** and Ca** involving salicylal- 
dehyde, pentane-2,4-dione and o-hydroxyacetophenone have been characterized.°”* 

The chemist’s ingenuity in devising new coronands and cryptands has been unrelenting and 
many new systems have been revealed.*** A representative example is the development of 
redox-switch crown ethers in which specificity for individual alkali metals accompanies a change 
in ligand oxidation state; for example (154) shows an affinity for Cs* only when in the oxidized 
cyclic form (1540x).°°° A further example is the development of an aza macrocycle (155) which 
selectively binds Li* and on so doing changes colour from red to colourless.°*° The crystal 
structure of [Cs2(18-crown-6)][Al;Me,SO,] shows a Cs*—Cs* interaction only slightly larger 
than the sum of the ionic radii of the two cations (3.92 A cf. 3.56 A) and this is close to that for 
a full bond between the cations.°”” 

In the area of bioinorganic chemistry the constitution of a novel carboxylic acid ionophore, 
griseochelin, has been elucidated.°** This ionophore forms stable complexes with alkaline earth 
metal cations in a 2:1 stoichiometry. 
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24.1 INTRODUCTION 

Tricoordinated boron compounds (boranes) are coordinatively unsaturated and their chemistry 
is dominated by reactions in which complexes are formed. These complexes are either neutral 
molecules (borane complexes), anions (borates) or boron cations. Space limitations mean that 
little or no attention will be paid to complexes containing several boron atoms and to species of 
the type L-BH3, [BH,]~ and [L,BH2]* (L= neutral ligand), discussed in detail in several books 
and reviews. Similarly, little attention will be paid to the plethora of metal borates and the 
cyclic and polymeric amino- and phosphino-boranes. 

The whole field of boron chemistry is covered, in a most comprehensive manner, in the 28 
volumes on boron of Gmelin’s Handbook. Two summarize early results and coordination 
compounds are dealt with, in part or completely, in recent volumes.’ Useful chapters, relevant 
to the coordination chemistry of boron can be found in refs. 2-4. For general information, 
standard works>° are available while several others contain relevant chapters that will be 
referred to where appropriate. *‘B NMR results are comprehensively surveyed in a recent 
book,’° with up to 300 pages of tabulated material, including all the known types of the boron 
coordination compounds, and serving as a useful guide. In 1964, only one review comprehen- 
sively covered the coordination chemistry of boron.’ Reviews relevant to specialized areas of 
the field will be referred to under appropriate subheadings. 

24.2 NEUTRAL BORANE COMPLEXES 

24.2.1 General Considerations and Stability 

Since the discovery of NH3-BF3 by Gay-Lussac and Thenard” in 1809, many neutral borane 
complexes have been described, mainly with N, P, As, O and S donor molecules. Their 

stabilities vary considerably; many are formed at low temperatures only, whereas in other cases 

81 



82 Boron 

the dissociation of the coordinate bond cannot be observed even at the temperature of 
decomposition. They are of importance in most reactions of boranes, the first step usually 
being the formation of some kind of borane complex. 

The stability of the coordinative bond in the borane complexes is determined by the 
electrophilicity of the borane, by the nucleophilicity of the ligand and by steric factors. The 
electrophilicity of the borane, in turn, depends on the electronegativity of the groups bonded to 
the boron and on the overlap between the unoccupied p orbital of the boron and the occupied 
p orbitals of the atoms directly bonded to it (p,—p, interaction). The predominance of the 
latter is reflected by the fact that the relative acidities of halogenoboranes increase in a sense 
opposite to that expected from electronegativity considerations and is supported by the very 
weak Lewis acidity of the alkoxy- and amino-boranes. The importance of steric factors is 
pointed out by Brown and co-workers.'*"*° 

In a number of cases, e.g. for CO, PH3, PF; and thioethers, the existence of complexes or 

their surprising stability was explained in terms of a special 2 bond.'’® However, experimental 
data and theoretical considerations seem to contradict the assumption that such kinds of 7 
bonds exist.”* Borane complexes in which donor atoms of appropriate nucleophilicity are part 
of the group attached to the boron, e.g. BCl,(NMe,), BH2(PMe2), BBr2SMe, constitute a 
special case and exist due to intermolecular coordination, in the form of dimers, trimers or 
polymers.‘”-'° 

The amine boranes constitute the largest and most extensively studied group of borane 
complexes. The B—N coordinate bond is generally formulated’’ as having an N*—B™ polarity 
as a result of charge transfer from N to B although MO calculations indicate””° the opposite 
charge distribution. The strength of the coordinate bond in neutral borane complexes is most 
adequately characterized by the enthalpy change, AH(,) for the dissociation of the adduct in the 
gas phase into its components.'’*! Values of AH.) and heats of reaction for some borane 
complexes are collected in Table 1. 

Table 1 Complex-forming Reactions Heats of Selected Boranes 

Base AH? AH values (kJ mol~*) for Ref. 
BH, BF, BC; BBr, 

MeCN AH, 122 —111:0 —144.0 —165.0 1-3 
C.H.N AH. ue = -734.1 -2659 4 

AH. ~ =—14913 =1357.8 —192.6 —220.7 4-6 
MeN AH... 1465-14) (=103 7) ll ee 
Me3P AH —334.5- -190.5° °° —287.2 =5124 8 
Me3As AH, =207.7. —85.4 —193.4 —340.0 8 
Me,Sb AH,.\)(-2R Oi (VG roAIB2i ot —B2Deck 

: AH, for acid (g) + base (g)—> complex (g); AH, for acid (g) + base (g)—> complex (s); 
AA ,o1 for acid (g) + base (sol) > complex (sol). 
AH =74.3kJ mol for B,H,— BH; from refs. 8 and 9. 
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. J. M. Miller and M. Onyszchuk, Can. J. Chem., 1965, 43, 1877. 
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Based on the data in Table 1, on additional semiquantitative data and upon qualitative observations””"* the following order of relative stabilities could be established for borane 
complexes: 

(a) for L-BX3(X = halogen), Rs3N > R3P > R3As > R3Sb; 
(b) for L-BF;, RAO >R,S > R,Se; 
(c) for R3N:BX;, BBr3 = BCI; > BH; > BF; > BMe3 > B(SMe)3 > B(OMe);; 
(d) for R3P-BX;, BBr, > BH; > BCL, = BF; > BMe3. 

For borane complexes of intermediate strength the order of relative stabilities can also be estimated from equilibrium data as well, obtained in gas phase or in solution.'!> From the temperature dependence of the equilibrium constant for the dissociation in the gas phase the AH) values can be determined with great accuracy.” 
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In addition to these limited procedures a number of experimental methods (vibrational 
spectroscopy, dipole moment measurements, electron diffraction, NMR, etc:) have been 
employed to determine the relative stabilities of these complexes.'!,”> Intense effort has been 
directed towards establishing some kind of correlation between NMR parameters and stability 
of the borane complexes. The chemical shifts alone rarely show good correlation. However, 
complexation shifts (the chemical shift difference between the free and complexed borane or 
ligand) and various spin-spin coupling constants correlate better with calorimetric data, 
especially for ligands or boranes belonging to structurally similar series (Table 2).1°~ 

Table 2 Spectroscopic Data for Me,N-BX, Complexes 

Parameter* Values for Me,N:BX, Ref. 
(unit) X=H X=F X=Cl X=Br X=I 

K(B—N) (kN m“’) 0.259 0.359 0.310 0.398 0.342 1,2 
6(Me) (p.p.m) 2.583 2.62 2.97 3.13 3.32 3 
A6d(B) (p.p.m.) 78.1 9.36 36.34 41.96 46.31 4,5 
J(°N-"'B) (Hz) —  -18.70  -16.50 -15.23 -12.09 5 
r(B—N) (A) (microwave) 1.638 1.636 —_— — —_ 6,7 

(electron diffraction) 1.62 1.664 1.659 — _ 8,9 
(X-ray) — 1.585 1.610 1.603 1.584 10,11 

* K, force constant; 6, chemical shift, downfield from internal TMS in CH,CL; A6é(''B), complexation shift measured in 

CH,CL; r(B—N), B—N bond distance. 
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The stability and equilibrium properties of neutral borane complexes are not well known. 
Instead, the recent chemistry of the borane complexes is predominantly characterized by 
preparative and structural investigations. This is even more obvious for the charged borane 

complexes. 

24.2.2 Complexes of Hydroboranes 

The complexes of borane (BHs) itself with amines, phosphines, dialkyl sulfides and carbon 

monoxide, the first representatives prepared only in the 1930s were thoroughly discussed in 

several books and reviews.”>*° Therefore, in this section, only a brief summary will be given 

outlining the most basic aspects of these compounds, whereas complexes of substituted boranes 

will be discussed in more detail. 
It is generally assumed that the reaction of diborane with neutral Lewis bases (L) results in 

the formation of L:BHg singly bridged complexes (L-:BH2—H—BH) in the first step. These 

complexes, which could be positively identified in some cases, generally give rise to the 

formation of neutral (L-BHs) or, rarely, ionic ({L2BH2][BH4]) end products.””** The amine 

boranes are, in general, prepared through high-pressure. hydrogenolysis of amine trialkyl- 

boranes, from alkoxyboranes with H2 and Al in the presence of NR3," by nucleophilic 

displacement of weak donors,”?**’ by displacement of hydride ion from [BH,]~ with 

ammonium salts”!72® or using amines and I.” 
The most characteristic reaction of amine boranes is their conversion into aminoboranes and, 

subsequently, to borazine at higher temperatures.” For complexes of low stability, the 

transfer of H from the boron to the donor is a characteristic process,'’“° as in the utilization of 

diborane as an electrophilic reducing agent. The neutral complexes of boranes are fairly stable 

towards hydrolysis. The key step of the hydrolysis was formerly assumed to involve 

displacement of BH; by a proton, whereas in recent studies ionic intermediates, containing 

five-coordinated boron (R;3N—BH*?) are also taken into consideration.*"’ The hydrolytic 

COc3-D 
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stability and good solubility of neutral complexes both contribute to their widespread use as 
reducing agents.””°° 

Of the many neutral complexes of borane, CO-BH,''*'** and Me2S-BH;” deserve special 
attention. The former is of surprisingly high stability; no other borane(3) is able to form such 
complexes. Me2S-BH;, being a convenient, stable borane carrier, has an excellent combination 
of stability and reactivity properties and its use as a borane source*** is on the rise. 

The majority of the L-BH,X3_, (X=halogen, R, OR, SR, CN, CO2H, etc.) borane 
complexes were described in the last 20-25 years. There exist various possibilities for their 
preparation, summarized in Table 3. 

The preparations of complexes of halogenohydroboranes are conveniently achieved through 
halogenation of the appropriate BH; complexes. For some of the halogenating agents the 
sequence of reactivity is SbCl; ~ SO,Cl, > SbCl, > SOCI, > HgCl, > HCl > [Me3NH]Cl, while 
for the trimethylamine boranes Me3;N-BH3>Me3N-BH2Cl > Me3N-BHCl, applies. Weaker 

halogenating agents appear to react via a polar hydride transfer mechanism, whereas the 
strongest ones are likely to halogenate by a free radical chain mechanism. The preparation, 
properties and applications for hydroboration of the THF and Me,S complexes of halogeno- 
boranes have been reviewed by Brown.” The hydrolytic stability of the amine halogenoboranes 
is fairly high. The rate of hydrolysis for some Me3N complexes is as follows: Me;N-BH2Cl < 
Me;3N-BH>Br < Me3N-BH,] and Me3N-BH; < Me3N-BHI, < Me3N-BH2I. These rates are in- 

dependent of the hydrogen ion concentration. It has been suggested that the rate-determining 
step is the cleavage of the boron—halogen bond.*° Hydrolysis of Me3N-BH2F may occur via 
acid-independent and acid-catalyzed pathways. In the latter case the complex becomes 
protonated on the fluorine followed by a loss of HF in the rate-determining step. 

To obtain complexes of monocyanoborane, a solution of (BH2CN), in Me2S appears to be 
the most suitable reagent (Table 3). The complexes of monocyanoborane are extremely stable 
in acidic media in general and its complexes with tertiary amines are particularly stable in basic 
media as well. The complexes of primary and secondary amines undergo N—H cleavage in 
basic media to give the [BH2(CN)NR,.]~ ion which, in turn, rapidly decomposes via, most 
likely, a dissociative mechanism.*” Amine complexes of BH(CN)NC,H, are even more stable 
in acidic media, as they become protonated at the a carbon atom of the pyrrole.** The CN 
group in the monocyanoboranes can be transformed into CO,H, CO,R or CONHR groups 
(equations 1-3).*?»°° 

H,O 
A-BH;CO,H (1) 

[Et;0][BF,] ROH 
A-BH,CN ————> [A-BH,CNEt][BF,] A-BH;CO,R (2) 

, os A = amines 

20H» A-BH,CONHEt (3) 

The amine carboxyboranes may be considered to be analogues of protonated glycine and 
N-substituted glycines. On the basis of structural*?*! and equilibrium” studies, it appears that 
these analogues differ in several respects from their glycine counterparts. The amine complexes 
of cyano- and carboxy-borane, as well as the ester and amide derivatives of the latter, display 
significant antitumor,” antiinflammatory*°° and antihyperlipidemic*®> activity. Recently, 
some hydroborane complexes containing a chiral boron were synthesized.**-** These may be 
useful for stereoselective transformations of organic compounds. One diastereoisomer of 
1-methylbenzylamine-cyanohydropyrrolylborane could be obtained in pure form.* 

24.2.3 Complexes of Halogenoboranes 

As strong Lewis acids, the halogenoboranes are capable of producing a great number of 
complexes. The largest subgroup in this class is represented by the complexes of tri- 
fluoroborane; their first representative was prepared’* as early as 1809, whereas stable complexes of BI; were synthesized’®”°*> only in the last decades. Some representative 
ee ee complexes and types of reaction used to synthesize them are summarized in 

able 4. 
Halogenoboranes are capable of giving weak complexes even with unsaturated hydrocarbons.*° Similarly, weak van der Waals complexes are produced from BF3 by supersonic expansion’ with CO, N> and Ar.© . 
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Table 3 Neutral Complexes of Hydroboranes and their Preparation 

Et 

Complex Starting material Reagent Ref. ee ere ee es a eee 
R,O-BH,,Cl,_,, R,O-BH, R,O-BCl, 1 

M[BH,] R,O-BCl, 152 
Me.S-BH,,X3_,, (X = Br, I) Me,.S:BH, X, or HX 3 
Me,S-BH,Cl Me.S:BH, CCl, 4 
Me,S:BH,R Me,S:BBr,R Li[AIH,] 5 
Me,S:-BHCl(CMe,CHMe,) Me,S-BH,Cl Me,C=CMe, 6 
Me3N-BH,,F3_,, Me3N-BH, HF 7 
R3N-BH,X (X = Cl, Br, I) R;N-BH, R,N-BX, 8,9 
R3N-BH,X (X = Cl, Br) R3N-BH,SR’ R’X 10 
Me3N:BH.,X (X = Cl, Br) Me3N-BH, (CH,CO),NX 11 

Me3N-BH,I Lix 12 
Me3N-BH,I Me3N:BH, HI or I, 8, 13 
R,NH-BHCI, BH(CI)NR, HCl 14 
RNH,:BH,(OCH,Ph) RNH,-BH, PhCOCl: - - + RNH, 15 
Me3N-BH,,(O3SR)3_,, Me3N-BH, RSO,;H 16 
4-Mepy:-BH(OCOCF;), Na[BH(OCOCEF;);] 4-Mepy 17 
R3N:BH,SR’ (R'SBH,); RN 10 
Me3N-BH.N, [(Me3N).BH,]N; 130-140 °C 18 
Me3N-BH,NC MeN-BH,I AgCN: -- +H,S 19 
Me3N-BH,(NCX) (X = O, S) Me3N:BH.I NaNCO or KSCN 12 
NH;-BH,(NCS) BLH, [NH,]SCN 20 
Me;E:BH,P(CF;). (E=N, P) [(CF;),PBH,], Me3E 21 
Me3N-BH,CN e,N:BH, AgCN 22 
A-BH,CN Na[BH,CN] [AH]Cl 23,24 

(BH,CN),, A 25 
A-BH(CN), Li{BH,(CN),] A-Br,+A 25 
A-BH(CN)Pyl Na[BH(CN)Pyl,] [AH]Cl 26 
(MeO),P-BH,,Br;_,, (MeO);P-BH, (CH,CO),NBr 27 
Me;P-BH,(NCX) (X =S, Se) Me3P:BH,1 AgXCN 28 
R;P-BH,CN Na[BH;CN] Br,:--+R3P 29 

A=amine; M = Li, Na; R = alkyl, aryl; py = pyridine; Pyl = pyrrol-1-yl; n = 1, 2. 

. C. Brown and P. A. Tierney, J. Inorg. Nucl. Chem., 1959, 9, 51. 
. C. Brown and N. Ravindran, J. Am. Chem. Soc., 1976, 98, 1785, 1798. 
Kinberger and W. Siebert, Z. Naturforsch., Teil B, 1975, 30, 55. 
E. Paget and K. Smith, J. Chem. Soc., Chem. Commun., 1980, 1169. 

. Kulkarni, D. Basavaiah, M. Zaidlewicz and H. C. Brown, Organometallics, 1982, 1, 212. 
C. Brown, J. A. Sikorski, S. U. Kulkarni and H. D. Lee, J. Org. Chem., 1980, 45, 4540. 
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VanPaasschen and R. A. Geanangel, J. Am. Chem. Soc., 1972, 94, 2680. 
6th and H. Beyer, Chem. Ber., 1960, 93, 2251. 

. G. Faulks, N. N. Greenwood and J. H. Morris, J. Inorg. Nucl..Chem., 1967, 29, 329. 
. M. Mikhailov, in ‘Progress in Boron Chemistry’, ed. R. J. Brotherton and H. Steinberg, Pergamon, Oxford, 1970, vol. 3, p. 313. 

. E. Douglass, J. Org. Chem., 1966, 31, 962. 
. J. Bratt, M. P. Brown and K. R. Seddon, J. Chem. Soc., Dalton Trans., 1974, 2161. 

. E. Ryschkewitsch and J. W. Wiggins, Inorg. Synth., 1970, 12, 116. 
6th, W. A. Dorochov, P. Fritz and F. Pfab, Z. Anorg. Allg. Chem., 1962, 318, 293. 
6th and H. Beyer, Chem. Ber., 1960, 93, 1078. 
. Ryschkewitsch, Inorg. Nucl. Chem. Lett., 1971, 7, 99. 

. Yamada, M. Takeda and T. Iwakuma, J. Chem. Soc., Perkin Trans. 1, 1983, 265. 

. E. Miller, B. L. Chamberland and E. L. Muetterties, Inorg. Chem., 1964, 3, 1064. 
. L. Vidal and G. E. Ryschkewitsch, Inorg. Chem., 1977, 16, 1898. 

. V. D. Aftandilian, H. C. Miller and E. L. Muetterties, J. Am. Chem. Soc., 1961, 83, 2471. 

. A. B. Burg, Inorg. Chem., 1978, 17, 593. 

. O. T. Beachley, Jr. and B. Washburn, Inorg. Chem., 1975, 14, 120. 

. P. Wisian—Neilson, M. K. Das and B. F. Spielvogel, Inorg. Chem., 1978, 17, 2327. 

. B. F. Spielvogel, F. Harchelroad, Jr. and P. Wisian—Neilson, J. Inorg. Nucl. Chem., 1979, 41, 1223. 

. B. Gy6ri, J. Emri and I. Fehér, J. Organomet. Chem., 1983, 255, 17. 

. B. Gyori and J. Emri, J. Organomet. Chem., 1982, 238, 159. 
. G. Jugie and J.-P. Laussac, C. R. Hebd. Seances Acad. Sci., Ser. C, 1972, 274, 1668. 
. M. L. Denniston, M. A. Chiusano and D. R. Martin, J. Inorg. Nucl. Chem., 1976, 38, 979. 
. D. R. Martin, M. A. Chiusano, M. L. Denniston, D. J. Dye, E. D. Martin and B. T. Pennington, J. Inorg. Nucl. Chem., 1978, 40, 

9. 

The stoichiometric composition of the halogenoborane complexes is 1:1, as a rule. However, 
in some cases, 2:1 and 4:1 complexes are also obtained (Table 4). In the latter instances 

additional ligands are bonded to the 1:1 complex through hydrogen bonds.”'!°° With 
ammonia only the 1:1 complex is stable, whereas (H2O)2-BF; is more stable than H,O-BF3. 

BF; produces 2:1 complexes of similar stability with alcohols and carboxylic acids.*°°”’ At low 
temperatures some tertiary amines give complexes with halogenoboranes and complexes of 
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Table 4 Neutral Complexes of Halogenoboranes and their Preparation 

oS es eee a 

By direct synthesis: 
Complex Ref. Complex Ref. 

(NH;),BF3 (n = 1, 2, 3, 4) 1 RRCO-BF, (R’ =H, R) x 

PhNH,-BCl, 2 R,CO-BCI, (R = Me, Et) ¥ 

MeCN-BX, (X = Cl) a Y,PO-BX, (X = Cl, Br; Y = Cl, Br) 

PH,-BX; (X = Cl, Br) 4 Me,S-BX, (X = F, Cl) > 

AsH,:BBr; 5 Me,E-BCI, (E = Se, Te) : 

Me;3E:BX; (E = As, Sb; X = Br, I) 6 Me3N-BX,,(NCS)3_,, (X = Cl, Br, I) = 

(H,O),,BF; (n=1,2) if Me,N-BCI,(NMe2) . 

R,O-BF; (R = Me, Et, Pr’) 8 Me,N-BCI,,(OMe)3_,, ( = 1, 2) 

er methods: 

si Complex Method Ref. 

Sey Lens eee RE Ee Ce La he SE ESS een Be 

L-BF, (L = diamines) Me3N-BF, + L 17 

Me,NH-BX; (X = Cl, Br, I) Me,NH-BH, + X, 18 

Me3N-BF,Cl (Me3N),"B,F, + HCI 19 
Me3N-BF,,Br;_,, (n = 1, 2) Me;N-BF; + BBr, 20 

Et,P-BBr,,Cl3_,, (n = 1, 2) Et,P-BH,Br + (CH,CO),NCI 21 

Me,NH-BCI,R (R = Pr, Bu) BCI(NMe,)R + HCl 22 

L-BCI,CN (L = py, 4-Mepy, Et,N) L-BH,CN + Cl, 23 
Se
 ee ee Se 

. C. Brown and S. Johnson, J. Am. Chem. Soc., 1954, 76, 1978. 
G. Jones and C. R. Kinney, J. Am. Chem. Soc., 1939, 61, 1378. 

. W. Laubengayer and D. S. Sears, J. Am. Chem. Soc., 1945, 67, 164. 

. Bensson, C. R. Hebd. Seances Acad. Sci., 1890, 110, 516; 1891, 113, 78. 
. Stock, Chem. Ber., 1901, 34, 949. 
. L. Denniston and D. R. Martin, J. Inorg. Nucl. Chem., 1974, 36, 2175. 

. Meerwein and W. Pannwitz, J. Prakt. Chem., 1934, 141, 123; N. N. Greenwood and R. L. Martin, J. Chem. Soc., 1953, 1427. 

. C. Brown and R. M. Adams, J. Am. Chem. Soc., 1942, 64, 2557. 

. C. Brown, H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 1939, 61, 673. 
Wiberg and W. Siitterlin, Z. Anorg. Allg. Chem., 1931, 202, 22, 31. 

W. Wartenberg and J. Goubeau, Z. Anorg. Allg. Chem., 1964, 329, 269. 
. L. Morris, N. I. Kulevsky, M. Tamres and S. Searles, Inorg. Chem., 1966, 5, 124. 
. E. Peach, Can. J. Chem., 1969, 47, 1675. 

. Mongeot, J. Dazord, H. Atchekzai and J. P. Tuchaques, Synth. React. Inorg. Metal-Org. Chem., 1976, 6, 191. 

A. Brown and R. C. Osthoff, J. Am. Chem. Soc., 1952, 74, 2340. 

Wiberg and W. Siitterlin, Z. Anorg. Allg. Chem., 1935, 222, 92. 
. M. VanPaasschen and R. A. Geanangel, Can. J. Chem., 1975, 53, 723. 

. E. Ryschkewitsch and W. H. Myers, Synth. React. Inorg. Metal-Org. Chem., 1975, 5, 123. 
. W. C. Ashcroft and A. K. Holliday, J. Chem. Soc. (A), 1971, 2581. 

. Benton-Jones, M. E. A. Davidson, J. S. Hartman, J. J. Klassen and J. M. Miller, J. Chem. Soc., Dalton Trans. 1972, 2603. 
. Jugie, J.-P. Laussac and J.-P. Laurent, Bull. Soc. Chim. Fr., 1970, 2542. 
. Noth and P. Fritz, Z. Anorg. Allg. Chem., 1963, 324, 270. 
. R. Martin, M. A. Chiusano, M. L. Denniston, D. J. Dye, E. D. Martin and B. T. Pennington, J. Inorg. Nucl. Chem., 1978, 40, 
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diethyl ether with three halogenoboranes are also known. One borane is bonded through a 
strong donor-acceptor bond while the others are held by weak halogen bridge bonds.*1?*° 
Halogen-bridged complexes are involved as intermediates in the formation of mixed halogeno- 
borane complexes™*** as well as in the halogen exchange reaction between borane complexes 
and boranes. Complexes with ethers, amines and phosphines of all the conceivable mixed 
halogenoboranes are obtained in this reaction, under equilibrium conditions, but only a few 
have been isolated.” 

The strength of the boron—halogen bond decreases in the order F>>CI>Br>I, in the 

complexes as well as in the boranes themselves.°° This explains the observation that the BF; is 
capable of forming stable complexes, even with molecules containing active hydrogen, whereas 
the BCl;, BBr; and BI; complexes are generally unstable and protonolysis of the trihalogeno- 
boranes occurs.'*!71855-57 Complexes with oxygen donors devoid of active hydrogen, BF; 
complexes excepted, may undergo decomposition with formation of alkyl- or acyl-halogenides 
or rearrangement with halogen transfer (equations 4-6).'*°°°” According to X-ray and NMR 
studies, the complexes of BF; with O donors are covalent as solids, whereas some are ionized 
as liquids or in solution.*-*°.8 In the light of equilibria (7) and (8) it can be understood that BF; 
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alone, or in the presence of cocatalysts such as HXO, ROH, RCO>H, etc., catalyzes a great 
number of organic reactions and its use is widespread in the chemical industry." 

R,O-BX, —> B(OR)X,+RX (4) 
MeCOOR-BX; —> MeCOX + B(OR)X, (5) 

Ph,CO-BCl, —> BCI,OC(CI)Ph, (6) 
ROH-BF, == H*+[BF,OR]~ (7) 

RCOOMe:BF; == RCO* +[BF;OMe]~ (8) 
2L:‘BX, == [X,BL,]* + [BX.]- (9) 

L:-BX, == [X,BL]* +X~ (10) 

Equilibria of another type are shown in equations (9) and (10).%7> For R,NH-BX; 
(X = Cl, Br) complexes” and for several BI, complexes”* equilibrium (9) prevails in solution. 
The [X,BL]* ion is expected***° to form in reactions of BI; complexes containing very weak 
B—I bonds (equation 10). A similar ion was assumed to have formed as an intermediate during 
the hydrolysis of Me;N-BCl;.°' The BF; complexes rarely enter into ionic equilibria, although 
with chelating ligands equilibria similar to (9) were detected.” 

Owing to the strength of the B—F bond, the BF; complexes are of widespread use as model 
compounds, for investigating Lewis acid—base interactions and the nature of the donor- 
acceptor bond. BF; is frequently employed as a standard Lewis acid, for the quantitative 
characterization of the Lewis basicity of donor molecules. The gas-phase equilibrium 
constants for some BF; complexes are shown in Table 5. 

Table 5 Trifluoroborane—Base Equilibria in the Gaseous Phase* 

Base K (bar~*) Ref. Base K (bar™') Ref. 

Me,O 5.80 1 Me3N large 5 
Et,O 2.41 1 MePH, 0 6 
Pr5O 8.8 (at 50°C) 2 Me,PH 0.094 6 
(CH,),0 68.5 3 MeP 14.8 6 
(CH,);O 29.1 3 (CH,),PH 0.38 (at 60°C) 7 
Me,S 0.17 (at 60°C) 4 (CH,);PH 0.78 (at 60°C) 7 
Et,S 0.52 (at 60°C) 4 Me;As 2:5. (at 5°C) 8 
(CH,),S 0.25 (at 60°C) 5 Me,Sb 0 (at —78°C) 8 
(CH,);S 0.50 (at 60°C) 4 

* K refers to equilibria base + BF; = base-BF,; temperature, 100°C unless stated otherwise; vapor 
pressure method. 

. McLaughlin and M. Tamres, J. Am. Chem. Soc., 1960, 82, 5618. 

. Brown and R. M. Adams, J. Am. Chem. Soc., 1942, 64, 2557. 

. McLaughlin, M. Tamres and S. Searles, J. Am. Chem. Soc., 1960, 82, 5621. 

. Morris, N. I. Kulevsky, M. Tamres and S. Searles, Inorg. Chem., 1966, 5, 124. 

. Burg and A. A. Green, J. Am. Chem. Soc., 1943, 65, 1838. 

. Brown, J. Chem. Soc., 1956, 1248. 
. Morris, M. Tamres and S. Searles, Inorg. Chem., 1966, 5, 2156. 
. Harris, Ph. D. Thesis, Purdue University, 1952. PADARYY ALP Tory qTrawermam 

The halogenoboranes, unlike BH3, form more stable complexes with N and O donors than 

with P and S donors (see Section 24.2.1 and Table 5). Especially stable complexes are formed 

with N donors; pyridine-trifluoroborane for instance can be distilled at 300°C without 

decomposition. 
The strength of the coordinative bond in halogenoborane complexes changes in the order 

BBr; > BCI, > BF; for a given base (see Section 24.2.1). Earlier theories based on electronega- 

tivity considerations predicted the opposite order.© The correct sequence first indicated by the 

measurements of Laubengayer and Sears® became generally accepted, however, only following 

comprehensive calorimetric studies by Brown ef al.*”*’ In the absence of calorimetric and 

equilibrium data the position of BI; in the sequence is uncertain.” NMR,1°7*°° TR” and 
displacement reaction invesgitations’’ make it likely that, of all trihalogenoboranes, i BI, 

produces the strongest coordinative bond with N, P and As donor molecules. X-Ray data” for 

Me3P-BX; (X=Cl,Br,I) are in accord with this assumption, while electron diffraction 
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studies”? seem not to support it. However, in view of the large atomic radius of iodine it 

appears likely that Bl, like BBr;,”* displays weaker acceptor ability for bases with larger donor 

atoms than BCl. 

24.2.4 Complexes of Boranes with B—O, B—S and B—N Bonds 

Owing to the p,—pzx interaction between the vacant p orbital of boron and the occupied Pp 

orbitals of the neighbouring atoms, the majority of these boranes are weak Lewis acids.” 

The range of possible substituents at the boron is illustrated in Table 6. 

Table 6 Neutral Complexes of Boranes with B—O, B—S and B—N bonds 

a 

Complex Ref. Complex Ref. 

SE 

A-B(OR), (R= Me, Et, All, Ph) 1,2 A-B(SR); (R= Me, Et) 8,9 

2NH,:B(OPh), 1 Me3N-B(SCF3)3 10 

NH,-B(O-t-C,F5)s 3 py:B(N3)s 11 

A-B(OAc)3 1,4 py-B(NCO), 17, 42 

py-B(OCOR), (R= Et, Ph) 4,5 L-B(NCS), (L= A, MeCN) 11, 13 

2A-B,O(OAc), 4 Me;N-B(NCS),,(SMe)3_,, 14 

A-B(ONO,)3 6 A-B(NC,H,)3 15 

L-B(OTeF,)3 (L = py, MeCN) 7 Me,NH-BPz; 16 

A=amine; All = allyl; Pz = pyrazol-l-yl 

. M. F. Lappert, Chem. Rev., 1956, 56, 959. 
H. Landesman and R. Williams, J. Am. Chem. Soc., 1961, 83, 2663. 

D. E. Young, L. R. Anderson and W. B. Fox, Inorg. Chem., 1971, 10, 2810. 
H. U. Kibbel, Z. Anorg. Allg. Chem., 1968, 359, 246. 
A. Pelter and T. E. Levitt, Tetrahedron, 1970, 26, 1899. 
O. P. Shitov, T. N. Golovina and A. V. Kalinin, Izv. Akad. Nauk SSSR, Ser. Khim., 1979, 1883. 

. F. Sladky, H. Kropshofer and O. Leitzke, J. Chem. Soc., Chem. Commun., 1973, 134. 

. B. M. Mikhailov, in ‘Progress in Boron Chemistry’, ed. R. J. Brotherton and H. Steinberg, Pergamon, Oxford, 1970, 

vol. 3, p. 313. 
9. H. Noth and U. Schuchardt, Chem. Ber., 1974, 107, 3104. 

10. A. Haas and M. Haberlein, Chem.-Ztg., 1972, 96, 412. 
11. M. F. Lappert and H. Pyszora, Adv. Inorg. Chem. Radiochem., 1966, 9, 133. 
12. M. F. Lappert and H. Pyszora, J. Chem. Soc., (A), 1968, 1024. 
13 
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. D. B. Sowerby, J. Am. Chem. Soc., 1962, 84, 1831. 

. H. R. Atchekzai, H. Mongeot, J. Dazord and J.-P. Tuchagues, Can. J. Chem., 1979, 57, 1122. 
15. P. Szarvas, B. Gyéri and J. Emri, Acta Chim. Acad. Sci. Hung., 1971, 70, 1. 
16. K. Niedenzu, S. S. Seelig and W. Weber, Z. Anorg. Allg. Chem., 1981, 483, 51. 

Of the trialkoxyboranes, only B(OMe)3, B(OEt)3; and B(OCH2CH=CH2); are known to 
give complexes with strongly basic unhindered amines. The triaryloxyboranes are generally 
regarded as stronger Lewis acids, for they give, in contrast to the trialkoxyboranes, stable 
complexes with pyridine. This fact is rationalized’>:”° in terms of resonance interaction between 
the lone pairs on the oxygen and the z electrons of the aromatic ring. The complexes of the 
fluoroalkoxyboranes, owing to the inductive effect of the fluoroalkyl group, are more stable 
than those of their alkyl counterparts; strong complexes are formed even in cases when bulky 
fluoroalkyl groups are present (Table 6). Despite the bulkiness of the OTeF; groups, 
B(OTeFs)3 forms stable complexes with weak O and N donors (Table 6). In addition to the 
inductive effect of the TeF; groups, an interaction between the oxygen p orbitals and the vacant 
orbitals on the Te is invoked to explain this behavior. 

The alkylthioboranes form more stable complexes than the alkoxyboranes do probably due 
to a B—S a bond weaker than the B—O a bond.””’”* This argument is analogous to the one 
generally accepted for explaining the difference in the Lewis acidity of BF; and BCI. 

The cyanato- and, especially, the thiocyanato-boranes form equally stable complexes with 
amines, nitriles and ethyl acetate (Table 6). The Lewis acidity of these pseudohalogenoboranes 
eee ae with respect to pyridine and ethyl acetate, follows the order Cl > NCS > 

The aminoboranes containing NR2 groups do not form neutral complexes because the B—N 
bond possesses a higher z order than B—O and B—S bonds. In contrast, the pyrazol-1-yl and 
pyrrol-1-yl boranes with sp” nitrogens bonded to the boron do give stable amine complexes 
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(Table 6). The majority of the complexes in Table 6 are obtained by the reaction of boranes 
with ligands. Some other methods of synthesis are illustrated by equations (11)-(14). 

B,O(OCOR), + (RCO),0 + 2py ——> 2py-B(OCOR), (11) 

A:BBr, + 3N,0, ——> A-B(NO;); + 3NOBr (12) 

(A = py, 4-Etpy, MeN) 

py:BCl, + 3LiN; —— py-B(N;)3 + 3LiCl (13) 

B(NMe,)3 + 3HPz —~ Me,NH-BPz; + 2Me,NH (14) 

Pz = pyrazol-1-yl 

24.2.5 Chelate Complexes 

When a group linked to the boron contains donor atoms (usually O, N) within a distance of 
four to five bonds from the boron, chelate rings are often formed via annular coordination. The 
majority of the known boron chelates contain BPh, or dialkylboron groups®’ but a number of 
chelates containing BX, or BXX’ groups (X and X’ being mostly F and, more rarely, Cl, H, 
OH, OR, OAc) are also described, as are bicyclic chelates with B—X groups (Table 7). Many 
chelates are easily obtained via reaction of the borane with the proton complex of the ligand 
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. L. Letsinger and D. B. MacLean, J. Am. Chem. Soc., 1963, 85, 2230. 
. C. Brown and E. A. Fletcher, J. Am. Chem. Soc., 1951, 73, 2808. 

. Umland and E. Hohaus, ‘Untersuchungen iiber Borhaltige Ringsysteme vom Chelattyp’, Westdeutscher Verlag, 1976. 
. M. Tripathi and J. P. Tandon, Inorg. Nucl. Chem. Lett., 1978, 14, 97. 
. K. Singh, J. K. Koacher and J. P. Tandon, J. Inorg. Nucl. Chem., 1981, 43, 1755. 
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(e.g. benzazoles, benzimidazoles, salicylaldehyde and derivatives, 8-hydroxyquinoline). Five- 

membered monocyclic BF, chelate rings are generally stable when stabilizing mesomerism in 

the chelate ring is possible and/or other factors favor chelate formation,®' as is the case with 

N-aryl-N-acylarylhydroxylamine chelates (Scheme 1). As opposed to the metal chelates, the 

six-membered BF, chelates are more stable than their five-membered counterparts in cases 

when two double bonds or an aromatic system occurs within the chelate ring (Table rae 

Seven-membered chelate rings with mesomeric stabilization are also known; they often display 

considerable stability.” 

os ove ae Ar-N=O, F Ar—N. q ; oe N Be r \/ 

B —! <— \ 

mn Sy a LNs \ Ar-C— b F 

Scheme 1 

The BF, chelates are hydrolytically stable (the majority of them may be recrystallized from 

water) whereas the BCI, chelates are easily hydrolyzed. The boric acid ester complex triptych 

boroxazolidines are also stable towards hydrolysis as are other aminoalcohol esters.*’ A great 

number of the boron chelates are colored; several spectrophotometric methods are based on 

chelate formation®!* for the analytical determination of boric acid, organoboric acids and 
chelating organic compounds. The boron chelates are remarkable for their pharmacological 

properties as well.** Various aspects of the boron chelates have been reviewed.*'** °° 

24.3 ANIONIC COMPLEXES 

24.3.1 Hydroborates 

The preparation and various aspects of the properties of tetrahydroborates have been 
comprehensively reviewed.””?'*-87-°* Therefore, only substituted derivatives of the tetrahydro- 
borates will be dealt with in this section. The methods of synthesis of these compounds are 
summarized in Table 8. 

Of the halogenohydroborates K[BH3F] and salts of [BH2X2]~ and [BHX;3]” (X=Cl, Br) 
were obtained in pure form. During the reaction of [Bu,N][BH,] with [Bu,N][BCl,] or 
[Bu,N][BBr,], redistribution of the ligands occurs with the formation of mono-, di- and 
tri-halogenohydroborates depending on the molar ratios used.*” The bromohydroborates are 
more stable towards disproportionation than the chloro compounds although the monochloro- 
and monobromo-borates undergo disproportionation equally at 20°C. The reaction of 
[Bu,N][BH,] with iodine and chlorinated hydrocarbons has been investigated; [Bu,N][BH2Ch] 
could be isolated when using CCly.”° 

While the reaction of borane with NaSCN results in the formation of monothiocyanatobor- 
ate, that of Na[BH,] with (SCN), gives triisothiocyanatoborate. Na[BH3SCN], which probably 
contains some B—NCS isomer, displays a higher hydrolytic stability than Na[BH,] does.”' Of 
the hydropseudohalogenoborates, the most extensive studies were made on the cyanoborates. 
The large —I effect of the CN group confers an exceptionally high hydrolytic stability on the 
cyanohydroborates. The hydrolysis and H-D exchange of [BH3;CN]~ were studied in detail.°”-* 
The hydrolytic stabilities of [BH 2(CN)2]~ and [BH(CN)3]~ are even greater; they do not 
decompose even in concentrated sulfuric acid. The hydrolytic stabilities of [BH2(NC)2]~ and 
[BH(NC);]", on the other hand, are much lower; they can be thermally isomerized into the 
corresponding cyanoborates.™ Of all the substituted hydroborates, Na[BH;CN] is by far the 
most important one from the practical point of view; it is extensively employed as a reducing 
agent in organic syntheses.°° 

The existence of hydrohydroxoborates has been the subject of many investigations in 
connection with the hydrolysis of the [BH4]~ ion. [BH3;OH]~, [BH2(OH),]~ and [BH(OH)s3]~ 
ions (Table 8) were all obtained when Na[BH,] was subjected to partial hydrolysis in strongly 
acidic media at —78°C, followed by neutralization. The hydrolysis kinetics of hydrohydroxo- 
borates were studied.” The [BH3SH]~ ion is more stable than the hydroxoborates; 
[Et.N][BH3SH] can be obtained in solid form (Table 8). The trialkoxyboranes can, in general, 
be converted into trialkoxohydroborates with the aid of alkali metal hydrides. The rate of 
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Table 8 Preparation of Hydroborates 

ee ee eee 

Hydroborate Reagent Ref. Hydroborate Reagent Ref. 
—_e——————— rr ——— eee 

1. Through substitution of tetrahydroborates 
a 

M[BHX,] a BX, 1 Na[{BH(NCS),] (SCN), 10 
(BH, (OH),_,] HCl -- - + NaOH 2,3 Li[BHPyl,] HPyl 11 
Na[BH(OCOCR j 4 a[BH( )3] RCO,H 4,5 K[BH,Pz,_,.]° HPz 12 
Na[BH.E,] E=S,Te 6,7 Na{BH,CN] HCN 13 
[Et,N][BH3SH] H,S 8 Na[BH,,(CN),_,,]° Hg(CN), 14 
Li[BH3N3] HN, 9 M[BH,,(SiF3)4_,1° SiF, 15 

2. Through reaction of B,H, with anionic Lewis bases 
K[BH,F] KF 16 Na[BH,CN] NaCN 1 

Na[BH,SCN] NaSCN 16, 17 Na[BH,CNBH,] NaCN 16 

K[BHPyl,] KPyl 18 K[BH,GeH;] KGeH, 20 

K[(BH;)2PH,] KPH, 19 Li{[BH;SnMe;] LiSnMe, 21 

3. Through reaction of boranes with alkali metal hydrides 
Na[BHF;] NaH Pip Li{[BH(SMe),] LiH 24 

Na[BH(OR);] NaH 23 Na[BH(OCOMe);] NaH 25 

4. From neutral borane complexes via proton abstraction 
Na[BH,NMe,] Na or NaH 16 [NH,][@BH;)2PH)] NH, 27 

Li{BH;PH,] LiBu 26 K[BH(CN)P2z(Pyl)] KH 28 

5. Miscellaneous 

Hydroborate Starting material Reagent Ref. 

M[BH,,Br,_,,]" M[BH,] M[BBr,] 29 
Na[BH(OCOH),] Na[BH,] CO, 30 

Ag[BH,,(NC),4_,,]° Me,S-BH,,Br3_, AgCN 31 

Na[BH,(3,5-Me,Pz)Pz] Na[BH,(3,5-Me,Pz)] HPz 32 
Na,[BH,P(OMe);], (MeO);P-BH, NaC, 9H, 33 

K,[BH;(CO,)] CO-BH, KOH 34 

Pz = pyrazol-1-yl; Pyl = pyrrol-1-yl. “M =(Bu,N], [MePPh,]; X=Cl, Br. >in H,O, n=1-3. °n=1,2. °n=2,3. “M=[Bu,N]; 
n=2,3. M=[Bu,N]; n =2, 3. 
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reaction of NaH with some of the alkoxyboranes decreases sharply in the order OMe > OEt > 

OPr'>OBu. The trimethoxo- and triethoxo-borates undergo disproportionation in THF, 

whereas the two others are stable. The hydride transfer ability of K[BH(OPr’)s] is larger than 

that of Na[BH,J].°’ The preparation of Li[BH(SMe)3] is analogous to that of the trialkoxo 
compounds.”® 

The aminoboranes do not form stable complexes with neutral Lewis bases (see Section 

24.2.2), but the amidotrihydroborates, M[BH3NRz], are relatively stable. Monophosphidobor- 

ates are also known but, apparently, hydroborates with more NR, or PR, groups are not 

stable. However, di- and tri-amidoborates derived from amines containing sp’ N (i.e. pyrrole, 

pyrazole, indole, indazole) are well known. 
The amidoborates with NR» groups are moderately strong bases.” Consequently they are 

transformed, on treatment with B2H,, into y-amido-bisborate(-1), [R2N(BH3)2]” [commonly 
known as bis(borate)amide(1-)]. The phosphidotrihydroborates show analogous reactions 
Table 8). 
The nee series of pyrrol-1-ylborates, M[BH,(NC4H,)4-_,,], has been synthesized (Tables 9 

and 12). The mechanism of their formation and their hydrolysis kinetics have been studied in 
detail." The hydropyrazol-1-ylborates are very stable compounds and can be prepared in acid 
form.'°! The di- and tri-pyrazol-1-ylborates are extensively used as complexing ligands (see 
Chapter 13.6). The photoelectron spectra of the sodium and thallium(I) hydrotris(pyrazol-1- 
yl)borates and the electronic structure of the anion itself are reported.” 

Borates containing hydrocarbon groups have recently been comprehensively reviewe 
Also known are the Si, Ge and Sn analogues of the monoalkylborates (Table 8). The 
[BH3;(COY)]”" ions may be mentioned as an interesting subclass of hydroborates with B—C 
bonds. Because BH; and O are isoelectronic,“ they are isoelectronic with the carbonate, 

O-alkylcarbonate or carbamate ions (for Y=O, OR, and NRz, respectively). Hydroborates 
with three or four different substituents have only recently been synthesized (Table 8). Of 
these, the [BH2(CN)NC,H,]~ ion shows a remarkable hydrolytic stability, giving rise to the 
formation of the C,Hs;N-BH2CN complex through reversible protonation, in contrast to the 
[BH(CN)(NC,H,)2]~ ion which has a much lower hydrolytic stability.°° The cyanohydropyra- 
zolylpyrrolylborate and the corresponding imidazolylborate (Table 8) are the first repre- 
sentatives of hydroborates containing a chiral boron. 

d 4,103 

24.3.2 Halogenoborates 

The most widely known representatives of this group are the borates with four identical 
ligands. The simplest way of synthesizing them is to add a suitable halide to the corresponding 
trihalogenoboranes.””° A large cation is necessary when Cl~, Br~ or I~ ions are used (equation 
15), whereas tetrafluoroborates can be obtained using small cations as well and the reactions 
can often be performed in aqueous media. The tetrafluoroborates of transition metals are 
stable compounds, the Ag and Cu" salts being soluble in water and organic solvents.°557"! 
The [BF,]~ ion is extensively employed for the isolation of cationic transition metal complexes. 
Several covalent fluorides, such as BrF;, ClIO.F, O2F>, SF,, NOF and NO.F, react with BF; to 
give the appropriate BF, salts.°°°71°° In addition to the inorganic tetrafluoroborates, a great 
number of organic fluoroborates,>*”1 including ammonium, diazonium, oxonium, sulfonium 
and carbonium tetrafluoroborates, are known and play an important role in synthetic 
chemistry."°° The K, Rb and Cs tetrachloroborates can be prepared without solvent or in 
appropriate organic solvents, whereas the tetrabromoborates and tetraiodoborates can only be 
isolated using the ions shown in equation (15).?°3 

MX +BX; —> M[BX,] (15) 
M=[R,N]*, [pyH]*, Ph;C*, C,H+; X=F, Cl, Br, I 

The relative stabilities of tetrahalogenoborates have been studied by “B NMR. The "B 
chemical shift of the [BF,]~ ion is independent of the F~ concentration, whereas a marked 
dependence upon halide ion concentration in organic solvents was observed in other cases. These studies established™**> the order of stability as [BF,]~ > [BCl.]- > [BBr,]- > [BI,]~. The heats of formation measured in the gas phase also indicate a significantly higher stability for [BF,]” than for [BCl,]~ (402 and 272 kJ mol~ respectively).‘°’ The thermal stability of the alkylammonium tetrafluoroborates is fairly high, whereas those with other halogens decompose 
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to give borazines (equation 16). In accordance with the stabilities of the complexes, the 
[BF,]~ ion is only partially hydrolyzed in aqueous medium (vide infra), whereas the other 
tetrahalogenoborates undergo complete and irreversible hydrolysis.”*> 

3[RNH,][BX.] —> (RNBX), + 9HX (16) 

A great number of mixed tetrahalogenoborates are known. While all of the binary mixed 
halogenoborates, except the [BF,I,_,,]” ions, have been detected, of the ternary halogen 
species only a few, such as [BF,CIBr]~ and [BFCI,Br]~, are known.”*!° The mixed 
halogenoborates are easily identified”*°* by '*B NMR using the pairwise additivity rule.’ The 
majority of mixed halogenoborates exist only under equilibrium conditions. Of the compounds 
hitherto isolated, only the [BF3Cl]~ salts'!° have been well characterized.” 

Derivatives of tetrahalogenoborates, of [BF4]~ above all, are known in great number; these 
are summarized in Table 9. [BF,(OH)4-,]” ions are formed, inter alia, in the course of 
reversible reactions that take place in a diluted solution of [BF,]~ ion. The formation and 
stability of fluorohydroxyborate species have been the subject of several studies"!!! as was 
the stepwise replacement of OH” by F’ in the conversion of [B(OH),]~ to [BF,]~. BF3 with 
nitrogen oxides (N20O3, N2O,4, N2O;) and HNO; gives rise to the formation of various ionic 
complexes containing monodentate NO;, bidentate NOz, or OH™ ligands (Table 9) that can 
be conveniently used for nitration or nitrosylation.'! 

Table 9 Isolated Halogenborates 

Halogenoborate Ref. Halogenborate Ref. 

K[BF,OH] 1 Li,[(BF;)3N] 13 

K[BF(OH)3] 2 M[BF,NH,] (M = Na, K) 14 

[R,N][BF3;ClO,] (R = Et, Bu) 4 K[BF,,Ph,_,,] (1 =2, 3) 16 

[Me,N][BF3SO3Y] (Y =F, CF) 5 M[BF.(CF;).] (M = K, Cs) I 

[Et,N],[(BF;),,SO.] (n =2, 3) 6 [Me3NH][BF,(Cl)Et] 18 

K[BF,ONH,] 7 [Ph,As][BX,GeCl,] (X = F, Cl) 19 

M[(BF;),NO,] (M = NO, NO,) 8 [Ph,As][BX,SnCl,] (X = F, Cl) 19 

NO.[BF,NO,] 8,9  [R,N][BCI,ClO,] (R = Me, Et, Bu) 20 

K[BF,,(OMe),_,] (n = 1, 2, 3) 1 [Me,N][BCI,X] (X = NCO, N3) Dit 

[Me,N][BF3SH] 12 [CjH,][BI,Ph] 22 
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BF; reacts smoothly, in inert solvents, with alkali metal sulfates and phosphates to give 

stable 2:1 and 3:1 complexes (Table 9), whereas the intermediate complexes that form with 

NO;, SO3- and CO2- decompose to [BF,]~ and B03. Brownstein et al. have established’ 

that BF; reacts easily with alkylammonium salts in CH2Cl, or liquid SO2. [BF;A]~ complex 

anions are formed with the salts of strong acids (equation 17) whereas complexes with salts of 

weak acids easily undergo disproportionation (equation 18) and/or conversion into a 2:1 
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complex (equation 19). Disproportionation proceeds to a small extent for the CN™ ion, but 

goes to completion with Nz ion.'4 Of the 2:1 complexes, an unequivocal structure has been 

reported only for the cyanocomplex [F;BCNBF;]~.'™" 

[Me,N]JA + BF; —> [Me,N][BF3A] (17) 
(A =Cl0;,, NO;, SO;CF; , SO;F~) 

[Me,N]JA + BF; —> [Me,N][BF;A] —> [Me,N][BF,] + [Me.N][BF,A_] (18) 

A=NO;, OAc’, CF,CO;, HCOO~, SCN~, Nz, CN™ 
[Me,N]A + 2BF, —> [Me,N][A(BF;),] (19) 

(A=F-, OAc”, PhS~, CN~) 

While BF; forms stable complexes with a number of anionic Lewis bases, BCl; and BBr;, 
although reacting easily with them, rarely give trihalogenoborates.***° Apparently, the 
[BX;OMe]~ ions (X = Br, Cl) disproportionate rapidly to give [BX4]~ ions.*? With pseudo- 
halogenides the BCl; generally gives mixed ions, [BCl, Y4-,]. (Y =CN, NCO, NCS, N3)’”° 
and stable trichloroborates [Me,N][BCl,Y] (Y = NCO, N3) could only recently be isolated in 
liquid SO, (Table 9). The preparation of [Me,N][BX3SH] (X =F, Cl, Br) in liquid HS and 
that of [R4N][BCl;ClO,] in CHCl; has been reported (Table 9). 

24.3.3 Borates Containing B—O Bonds 

Because of the great volume of literature on boron—oxygen coordination compounds, it has 
been necessary to be highly selective in the choice of material and to confine our attention 
predominantly to reviews. Of the metal borates’!® only those existing in aqueous media will 
be briefly mentioned and of the complexes of organoboron oxygen compounds,” known in a 
very large number, the most important types only will be included. 

24.3.3.1 Hydroxoborates 

The aqueous chemistry of borates is a relatively neglected area of research; the existence or 
significance of many ionic species postulated lebies ofd should now be regarded with suspicion 
because of incomplete or unreliable evidence. In dilute solutions or at pH>11 only the 
monomeric [B(OH),]~ exists, while at higher concentrations and at 5<XpH<11 polyborate 
ions appear, the most important being [Bs0,(OH),]~ with a spiro structure, the monocyclic 
[B303(OH,)]~ and the bicyclic [B,O;5(OH),]?~. Other species such as [B,O(OH)s;]-, 
[B303(OH)s]*~ and [B,O;(OH3)]~ have also been postulated."’” 

Of the experimental techniques employed for studying polyborate equilibria, potentiometry 
has received the greatest attention although incorrect interpretation of the experimental data 
often led to the postulation of conflicting species. However, vibrational spectroscopy has 
proved to be a most useful technqiue for identifying the various species in solution.'’’ 
A number of peroxo derivatives of hydroxoborates are well known, the most important 

being a cyclic borate, Na2[B2(O2)2(OH)4]-6H20, which possesses, according to crystallographic 
studies,''* double peroxo bridges. This compound is in widespread use as a bleaching agent. 

24.3,3.2 Alkoxo- and aryloxo-borates 

Reaction of trialkoxyboranes with metal alcoholates, alcoholysis or hydride transfer reactions 
of tetrahydroborates with aldehydes or ketones all result in the formation of tetraalkoxobor- 
ates. Steric factors play an important role in these reactions. As a consequence, sec-alcohols 
react very slowly and tetra-t-alkoxoborates in general cannot be obtained by any of the 
reactions above. At elevated temperatures the tetraalkoxoborates revert to the trialkoxyborane 
and metal alkoxide.’ Thioalcoholysis of tetrahydroborates can also be effected but, in contrast 
to the situation in alcoholysis, the last hydrogen atom is more difficult to substitute, probably 
for steric reasons." Tetraalkoxoborates and tetramercaptoborates are readily hydrolyzed by 
water or moist air. 

Complexes with polyhydric alcohols or phenols are much more stable than those with 
monohydric species, probably due to a more favorable entropy contribution attendant upon 
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chelate formation. Typical structures of polyolborates are exemplified in (1)-(6). Unsymmetri- 
cal substitution in bisdiolborates [structures (2) and (3)] creates overall molecular asymmetry so 
that such derivatives could be resolved into optical isomers.75 
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Diols and polyols can participate in equilibria with boric acid in aqueous solution. The 
stability of polyolborates is determined by the number of OH groups in cis positions. 
Complexes with polyols are more stable than with diols, and 1,2-diol complexes are more 
stable than their 1,3-diol counterparts (Table 10) since the resulting five-membered chelate ring 
is unstrained.” In the case of 1,3,5-triols stable cage-like structures (5) and (6) are favored. 
Open-chain or five-membered cyclic polyols form more stable chelate complexes than their 
six-membered counterparts.’”° Thus, chelates from alditols and ketohexoses are more stable 
than the corresponding aldose chelates (Table 10). Many polyols allow quantitative titrimetric 
determination of boric acid. Of these, mannitol remains the most widely used reagent on the 
basis of availability, cost and ease of handling.” 

Table 10 Formation Constants of Polyol Borate Complexes!” 

Ligand log B, log Bz Ligand log By log B2 

Ethylene glycol — —8.53 D-Ribose — =1.90 
Glycerol —7.54 Ted D-Lyxose —4.28 — 
Pentaerythritol —6.40 —5.45 D-Xylose — —5.09 
Catechol =o) —4.84 D-Arabinose — = Site? 
Pyrogallol sil —4.40 D-Fructose —5.68 —4.12 
D-Mannitol S502 =3.0il L-Sorbose _ = 3-30 
D-Galactitol = =3.87 a-D-Glucose —7.08 —6.47 
D-Sorbitol = —3.45 a-D-Mannose — . —4.58 
meso-Inositol —7.46 —_ a-D-Galactose Sy i oa)! 

’ All data taken from A. E. Martell and R. M. Smith, ‘Critical Stability Constants, vol. 3: Other Organic 
Ligands’, Plenum, New York, 1977. 
" B, and B, are equilibrium constants for the reactions 
B(OH); + H,L=[B(OH),1] +H 
B(OH), + 2H21, = [BL,] +H 
in 0.1moldm ~ KCI solutions at 25 °C. 

The more stable boron chelates can be isolated even from aqueous solution, whereas those 
of lower stabilities are only accessible from non-aqueous media. Catechol- and inositol-borates 
(3, 5 and 6) possesses a well-defined monomeric structure,” whereas those obtained from 
monosaccharides and alditols are polymeric.’”! A crystal structure determination’” has been 
carried out for sodium scyllo-inositol diborate (6). 

On the basis of complex-forming properties, boric acid and borates are in widespread use for 
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synthesis, separation, identification and analysis in the chemistry of carbohydrates, nucleosides, 

nucleotides, polyphenols, flavonoids and other polyols. Differences in the stabilities of the 

borate complex can be put to good use, especially in ion-exchange chromatographic separation 
of sugars and derivatives.'7*’* Polyolborates have also aroused some interest for potential 
biochemical and pharmaceutical applications.**"”° 

The first natural boron compound, boromycin, isolated in 1967, is the boron complex of a 
macrocyclic polyol betaine incorporating D-valine (C4sH74BNO;;).**"'”’ Its structure has been 
elucidated by X-ray analysis of the Rb and Cs salt of the fragment obtained after hydrolytic 
cleavage of the p-valine part.'* The antimicrobial activity'’?”’”’ and biosynthetic pathway’? of 
boromycin have been invesigated. Another antibiotic, containing a BO, unit, is aplasmomycin 
(C4oH0BNaO,,4) which has a carbon skeleton devoid of p-valine, but otherwise identical to that 
of boromycin.'?! 

24.3.3.3  Carboxylatoborates 

Reaction of B,0(OAc), with sodium acetate results in the formation of Na[B2xO(OAc)s] with 
O and OAc bridges, whereas acetatoborates, M[B(OAc),4] (M=K, Rb, Cs, Tl), are obtained 
when the reaction is conducted in the presence of acetic anhydride. These borates are easily 
hydrolyzed; in the case of [B(OAc),]~ the rate determining step seems to be dissociation of the 
complex. Binuclear ‘borates M2[B2O(OAc).] and M.[B20.(OAc),4], were detected, inter alia, 
during thermal decomposition of tetraacetatoborates.'** The crystal structure of K[B(OAc)a] 
has been determined.’*? 

Boron gives stable complexes with hydroxycarboxylic and dibasic carboxylic acids when the 
possibility of the formation of five- or six-membered chelate rings exists. Complexes with 1:1 
and 1:2 boron to ligand ratio can both be prepared. 1:1 complexes are generally obtained in 
aqueous media, preferably with acids (lactic, tartaric, salicyclic and oxalic acids) capable of 
giving five-membered chelate rings.’° In non-aqueous media five- and six-membered chelates of 
hydroxycarboxylic” and dicarboxylic acids’** can be synthesized. Complexes with a- 
hydroxycarboxylic acids, like those with unsymmetrically substituted bisdiols, display optical 
isomerism, and resolution through brucine and strychnine salts has been reported in some 
cases.”” The crystal structure of potassium bis(para-aminosalicylato)borate was reported 
recently./*° 

24.3.3.4 Borates with anions of oxoacids 

Summarized in Table 11 are the compounds known to date with the possible ways of 
synthesizing them. The majority of these borates has been characterized by IR and NMR and, 
in some cases, X-ray diffraction. The hydrolytic and thermal stabilities of the tetraalkylam- 
monium tetranitratoborates are surprisingly high, whereas the Rb and Cs salts undergo slow 
decomposition at room temperature. 

Table 11 Borates with Oxo-anion Ligands and their Preparation 

Borate Method Ref. 

M[B(NO3)4] M[BCl,] + N.O, (M =[R,N], Rb, Cs) 1,2 M[B(C1O,)4] M[BCl,] + HClO, (M=K, Rb, Cs) 3 
BCI, + MCIO, + HCIO, (M = K, Rb, Cs) 3 

[NH,][B(SO,)>] BN + H,SO, 4 
M[B(SO,),] B(OH); + M,SO, + SO; (M = NH, and metal ions) 4 H[B(HSO,),] BCI, + H,SO, 5 
M[B,O(SO,),] B(OH); + MSO, + SO; (M = Ca, Sr, Ba) 4 M[B(SO,Cl),] M[BCI,] + SO (M=Li, Na, K, Rb, Cs) 6 
Cs[B(OTeF;),] B(OTeF;), + CsOTeF, o, 

R. Guibert and M. D. Marshall, J. Am. Chem. Soc., 1966, 88, 189. 
V. Titova and V. Ya. Rosolovskii, Zh. Neorg. Khim., 1971, 16, 1450. 
P. Babaeva and V. Ya. Rosolovskii, Izv. Akad. Nauk SSSR, Ser. Khim., 1973, 494. 
Schott and H. U. Kibbel, Z. Anorg. Allg. Chem., 1962, 314, 104. 
N. Greenwood and A. Thompson, J. Chem. Soc., 1959, 3643. 

. Drache, B. Vandorpe and J. Heubel, Bull. Soc. Chim. Fr., 1976, 1749. 
. Kropshofer, O. Leitzke, P. Peringer and F. Sladky, Chem. Ber., 1981, 114, 2644. 
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The thermochemical properties of tetraperchloratoborates have been studied in detail. 
The estimated heats of dissociation for BXz (g) = BXa,g) + Xi decrease in the order F>H> 
Cl> ClO,. The sulfatoborates are probably ionic compounds with highly polymeric anions and 
are sensitive to hydrolysis. The chlorosulfatoborates are stable up to 80-150°C; their 
decomposition seems to give, as a first step, M[BCl,] and SO3. 

24.3.4 Borates with B—N, B—P, B—C and B—Si Bonds 

_ Various kinds of these compounds along with their methods of preparation are summarized 
in Table 12. The lithium tetraazidoborate is of low hydrolytic stability and detonates easily 
when it is freed of solvent. The IR spectrum of Lis[BN>] is in favor of an [N=B=N]?~ 
structure isoelectronic and isosteric with the N3 and CN3~ ions. Li[B(NCS),] has appreciable 
stability only in the form of etherate or dioxanate whereas [(SCN);P—=N—P(NCS);][B(NCS).] 
can be obtained through the reaction of [Cl;P—=N—PCI3][BCl,] with NH.SCN.!37 The B—NCS 
bond has been established by IR and 4B NMR studies. 

Table 12 Borates with B—N, B—P, B—C and B—Si Bonds and their 

Preparation 

Borate Method Ref. 

Li[B(N3),] Li[BH,] + HN, 1 
Li,[BN>] BN + Li,N 2 
Li[B(NCS),]-2C,H,O, Li[BH,] + (SCN), 3 
[Ph,P][B(NSOF,),] B(NSOF,); + [Ph,P]NSOF, 4 
K[B(NC,H,)a,] K[BF,] + C,H,NMgBr 5 

BF, + KNC,H, 6 
Na[B(NC,H,),] Na[BEt,] + B(NC,H,); 7 
K[BL,] K[BH,] + HL (HL = pirazole, indazole) 8,9 
Li[B(PEt,),] Et,O-BCl, + LiPEt, 10 
M[B(CN),] BCI, + MCN (M = Ag, Cu’) Tae A2 
Li{B(CN),NMe,] B(CN) NMe, + LiCN 11 
Li[B(SiMe;3),] B(OR), + LiSiMe, 13 

. E. Wiberg and H. Michaud, Z. Naturforsch., Teil B, 1954, 9, 497. 

. J. Goubeau and W. Anselment, Z. Anorg. Allg. Chem., 1961, 310, 248. 

. F. Klanberg, Z. Anorg. Allg. Chem., 1962, 316, 197. 

. R. Eisenbarth and W. Sundermeyer, Angew. Chem., 1978, 90, 226. 

. V. A. Sazonova and V. I. Karpov, J. Gen. Chem. USSR (Engl. Transl.), 1963, 33, 3241. 
. P. Szarvas, J. Emri and B. Gyéri, Acta Chim. Acad. Sci. Hung., 1970, 64, 203. 
. M. A. Grassberger and R. Késter, Angew. Chem., Int. Ed. Engl., 1969, 8, 275. 
. S. Trofimenko, J. Am. Chem. Soc., 1967, 89, 3170. 
. K. S. Siddiqi, M. A. Neyazi and S. A. A. Zaidi, Synth. React. Inorg. Metal-Org. Chem., 

1981, 11, 253. 
. G. Fritz and E. Sattler, Z. Anorg. Allg. Chem., 1975, 413, 193. 

11. E. Bessler and J. Goubeau, Z. Anorg. Allg. Chem., 1967, 352, 67. 
12. E. Bessler, Z. Anorg. Allg. Chem., 1977, 430, 38. 

13. W. Biffar and H. Néth, Chem. Ber., 1982, 115, 934. 
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Although Li[B(NHMe),] exists,'°° most tetraamidoborates contain ligands derived from 
five-membered heterocyclics such as pyrrole, indole, imidazole, pyrazole and indazole. The 
thermal and hydrolytic stabilities of these borates are fairly high. When the heterocycle 
contains two nitrogens the borates can exist in acidic form and the tetraimidazol-1-ylborate can 
be used for gravimetric determination of the proton.’*? Another type of borate containing a 
BN, unit is represented by bicyclic derivatives formed with N,N”, N"-trimethylbiuret.'“° 

Like the cyanohydroborates, the [B(CN)s;NMe,]~ and [B(CN)4] ions are extremely stable 
towards hydrolysis. In the series Li[B(SiMe3),Me,-,], the J(?’Si-"'B) coupling constants 
suggest increasing s contribution in the B—Si bond with increasing n. 

24.4 CATIONIC COMPLEXES 

Although some of the cationic chelate complexes have long been known,'*' most of the 
cationic boron complexes have been synthesized in the last three decades following the 
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structure elucidation’? of ‘diammoniate of diborane’. Most comprehensively studied are the 
tetracoordinate cations and, among them, the [H2B(NR3)2]* species have been the subject of 

several reviews;?>*"!? thus we shall not discuss them in detail. The number of tricoordinate 

boron cations known to date (Table 13) is, however, small. The majority of them have not 

been isolated and the others are not yet well characterized.'***° The unusual dicoordinate 
cationic boron complexes (Table 13) have only recently been obtained either in solution’ or in 

solid form.'“* 

Table 13 Types of Cationic Boron Complexes 

Complex* Ref. Complex* Ref. 

[X,B]* [H,B(SMe,)2],[B 2H.) 7 
[(tmp)BOC,H,Bu$]* + [AIBr,]~ 1 [(Me,;NBH,),SMe][PFe] 10 
[(tmp)BNR,][AIBr,] (R = Me, Et) 2 [XHB(NMe;),][PF,] (X = F, Cl, Br) 7 
[(PriN).B]* + [AICL,]~ 3 [XHB(Me,pip)|[PF,] (X = Cl, Br) 11 
[(tmp)BR][AIBr,] (R = Me, Ph) 2 [CIHB(PMe;)PPh;][PF.] 6 

ea IESB(HMPA)|* * [BE] i3 Cl,B(4-Mepy)]* + [Al,Cl,]~ 4 2 2] + [BF, 
ee on eee sao 1 [CLB(OEt,), [FeCl] 14 
[(CH,(Me)N),BNHMe,]SO,CF; 1 [(C.H,O2)BL,]I (L, = phen, dipy) 15 
[Me,N(Me)BNHMe,]I 5 [B(acac),]Cl 16 
[X,BL,]* [(Me,N),Bdipy][BPh,] 15 

(H,B(NMe;)PMe,Ph][PF¢] 6 ia ae ak Sh 17 
[H,BL,][PF.] (L. = dppe, dmpe) 6,7 [XBL,]°* and [BL4] 
[H,B(AsMe;)2][PF.] 2 [HB(4-Mepy),py][PF.]2 18 
[H,B(OSMe,),]* + [BH] 8 [HB(Rpy)3]Br, (R = H, Me) 19 
[H,B(THF),]* + [B3H,]~ 9 [BL,]I, (L = Rpy; L, = dipy) 20 

“Tonic form means that the complex exists only in solution; tmp = 2,2’ ,6,6’-tetramethylpiperidino group, Me,pip = N, N’- 
dimethylpiperazine. 

1. H. Noth, S. Weber, B. Rasthofer, Ch. Narula and A. Konstantinov, Pure Appl. Chem., 1983, 55, 1453. 
2. H. Noth, R. Staudigl and H.-U. Wagner, Inorg. Chem., 1982, 21, 706. 
3. J. Higashi, A. D. Eastman and R. W. Parry, Inorg. Chem., 1982, 21, 716. 
4. G. E. Ryschkewitsch and J. W. Wiggins, J. Am. Chem. Soc., 1970, 92, 1790. 

5. H. Noth and P. Fritz, Z. Anorg. Allg. Chem., 1963, 322, 297. 
6. B. T. Pennington, M. A. Chiusano, D. J. Dye, E. D. Martin and D. R. Martin, J. Inorg. Nucl. Chem., 1978, 40, 389. 
7. N. E. Miller and E. L. Muetterties, J. Am. Chem. Soc., 1964, 86, 1033. ; 
8. G. E. McAchran and S. G. Shore, Inorg. Chem., 1965, 4, 125. 

9. R. Schaeffer, F. Tebbe and C. Phillips, Inorg. Chem., 1964, 3, 1475. 

10. R. J. Rowatt and N. E. Miller, J. Am. Chem. Soc., 1967, 89, 5509. 
11. G. E. Ryschkewitsch and T. E. Sullivan, Inorg. Chem., 1970, 9, 899. 

12. D. D. Axtell, A. C. Cambell, P. C. Keller and J. V. Rund, J. Coord. Chem., 1976, 5, 129. 
13. J. S. Hartman and P. Stilbs, J. Chem. Soc., Dalton Trans., 1980, 1142. 
14. B. M. Mikhailov, V. D. Sheludyakov and T. A. Schegoleva, Izv. Akad. Nauk SSSR, Ser. Khim., 1962, 1698. 
15. L. Banford and G. E. Coates, J. Chem. Soc., 1964, 3564. 
16. W. Dilley, Liebigs Ann. Chem., 1906, 344, 300. 
17. M. F. Lappert and G. Srivastava, J. Chem. Soc. (A), 1967, 602. 
18. M. A. Mathur and G. E. Ryschkewitsch, Inorg. Chem., 1980, 19, 3054. 
19. M. A. Mathur and G. E. Ryschkewitsch, Inorg. Chem., 1980, 19, 887. 
20. R. D. Bohl and G. L. Galloway, J. Inorg. Nucl. Chem., 1971, 33, 885. 

General and specific methods for synthesizing cationic complexes are summarized in 
equations (20)-(27). Nucleophilic displacement of group X (equations 20 and 21) will be 
favoured if the B—X bond is weak (e.g. B—Br, B—I, B—SR, B—OSO;CF;3) and an 
appropriately strong base is used, or if a chelate ring is formed.!4345 Removal of the X group 
(equations 22 and 23) can only be effected by the use of strong acceptors (e.g. BF3, BCI, AlCl, 
AIBr3, SbFs).'*° Formation of di- or tri-coordinate boron cations is to be expected only when 
the group bonded to the boron is capable of counterbalancing effectively, by 2 back-donation, 
the electron deficiency of the boron (e.g. NR», OR).!° Of equal importance is the steric 
shielding on the boron; bulky groups bonded to the donor atom contribute to the stability 
(Table 13): Tri- and tetra-coordinate cationic complexes can be obtained through reaction of aminoboranes with the corresponding acids (equations 24 and 25); tricoordinate complexes are formed only when the anion of the acid is of low basicity.**"*° The methods represented by 
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reactions (26) and (27) are of limited scope and are useful only for synthesizing four-coordinate 
complexes.**14% 

LBXjeo=> of XBL, |Xe——) [KBL4]Xe. <> [BLiIX, (20) 

BX;+L —> [X,BL]* + X7~ (21) 

L-BX,Y + EY, —> [X,BL]* + [EY,.:]7 (22) 

BX,Y+EY, — > [K=B=xX]* + [EY,4:]7 (23) 

BNMe,{N(Me)CH,}. + HSO;CF; —> [{CH,(Me)N},BNHMe,]SO,CF; (24) 

(Me.N),BX +2HY —> [XYB(HNMe,),]Y (25) 
X=Cl, H, Me, Et, Ph; Y=Cl, Br 

[H.B(NMe;),]* +X, —> [H,,X>_,B(NMe;),]* (26) 

n=1; X=Cl, Br; n=0, X,=F,, IC] 

Me;N-BHBr, + 3py ——> [HBpy;]Br. + NMe, (27) 

The stability of boron cations is very much dependent on the coordination number; the di- 
and tri-coordinate derivatives exist mainly as equilibrium species, their stability being 
significantly lower than for those with a coordination number of four. They are converted by 
even weak bases into neutral compounds or cations with higher coordination numbers.'*° The 
thermal and hydrolytic stabilities of the tetracoordinate complexes decrease!’ in the order 
bisamine > trisamine > tetrakisamine; for the [H,BL,]* cations the order of stability is 
L=R3N>R;3P > R3As > R,O > R,S.*47 The bisamine cations are hydrolytically the most 
stable monoboron species, withstanding concentrated acids and bases without 
decomposition.**’!** The bisphosphine complexes, although also stable, undergo slow decom- 
position in base whereas the bisthioether complexes are rapidly hydrolyzed in water.'***” The 
hydrolytic stability of [XCIB(HNMe,),]CI salts decreases in the order X = H > F>ClI> Ph.'*? 

The four-coordinate amine complexes are very stable to oxidation; they do not react 
with I, and undergo only monosubstitution upon treatment with Br2 (equation 26). Monohalo- 
genation of bisamine complexes of the [H2BLL’]* type affords cations containing chiral 
boron;>*"48 the [XHB(NMe;3)4-Mepy]* (X = Cl, Br) cations were resolved’? into enantiomers. 
The crystal structure for X = Br has been reported. 

24.5 BORON AS A LIGAND 

Various neutral and, especially, anionic boron species are well known as ligands in transition 
metal complexes. In the majority of cases, however, one or more H, N or other basic atom of 
the boron compounds is coordinated to the transition metal (e.g. Chapters 13.8, 13.6 and 19). 
In the last 20 years, however, several complexes containing boron-transition metal bonds have 
been prepared with ligands such as :BX, -BX2 or BX; (Table 14). 
Compounds [Fe(BX)(CO),] are, in all probability, dimers with two Fe—B—Fe bonds. 

[Fe(BNR.)(CO),] (R = Me, Et) could, however, be obtained in monomeric form in low yield. 
According to IR and *B NMR studies the :BNRz ligand is a weak o donor but seems to be a 
better a acceptor than CO. When :BX is a bidentate ligand (Table 14) its bonding properties 
are similar to those of the -BX, ligands. 

Several representatives of boryl-metal compounds containing covalent M—BX, bonds are 

known. B NMR and, in the case of carbonyl complexes, IR studies as well indicate 
back-bonding from the metal atom to the sp” boron.’*’** This may be a reason for the greater 
stability of boryl carbonylphosphine complexes as compared with boryl carbonyl complexes. 

The paramagnetic d’ low-spin complex [Co(BPhz)2 (diphos)] behaves somewhat differently. '°” 

The Co—B bond is extremely sensitive to oxidation, the BPh, group can be exchanged for 

other metal complexes easily (equation 32), and reduction with sodium smoothly yields the 

corresponding anionic complex (Table 14). In the case of [Co(BPh2).(diphos),] the “B 

chemical shift values indicate tetravalent boron which means that the boron carries a unit 

negative charge, while other boryl—metal complexes behave as molecules with typical trivalent 
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Table 14 Complexes with a Boron—Metal Bond 
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BX [Mn(CO),] NMe, Zeke rk 

[Mn(CO),PPh3] Cl, NEt, gts es 

[Fe(CO),] Br, I, NR, 5 ES age 

BX, [TiXCp,], (X = Cl, Br) Cl, Br, Ph teh «4 

[Mo(CO),4PPhs] Cl 1 Ay ee 

[Mn(CO)s] NMe, Ph ied 61,6 

[Re(CO)s] NMe, 1-7 
[Fe(CO),Cp] Cl, Ph, NMe, Let = 256 
[Co(CO),] CEPR Leas cy 
[Co(diphos).]~ Ph 26 
[Rh(PPh3)3] Br Lt 18 
[IrCl(CO)(PPh3)2] F so a 
[Ni(NO)(PPh3)] Cl its 
[PtX(PPh3)2], (X = Cl, Br) Br, Ph et? 34 
[Mtriars], (M = Cu, Ag) Br 1:1 8 
[AuPPh,] Ph 1:1 6 
[SnMe,_,,], (n = 1-4) Ph 1I:n 10 

BX, [MH.Cp,], (M = Wo, W) F, Cl £21") Ga 
[Mn(CO),,(PPh3)s_,] , (2 =4, 5) H i ON toe 
[Re(CO);]~ H 1:2..113 
[ReHCp,] F i ys a 
[Co(NO)3] Me Pt 14 
[RhX(CO)(PPh;),, (X = Cl, Br) Cl, Br ie 45 
[IrCl(CO)(EPh;).] (E = P, As) F 1:2 16 
[Pt(PPh3)3] Cl 122%, a7, 

triars = o-Me,AsC,H,As(Me)C,H,AsMe,-o 
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G. Schmid, W. Petz and H. Noth, /norg. Chim. Acta, 1970, 4, 423. 
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G. Schmid, P. Powell and H. Néth, Chem. Ber., 1968, 101, 1205. 
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. F. Shriver, J. Am. Chem. Soc., 1963, 85, 3509. 

. P. Johnson and D. F. Shriver, J. Am. Chem. Soc., 1966, 88, 301. 
. W. Parshall, J. Am. Chem. Soc., 1964, 86, 361. 
H. Sabherwal and A. B. Burg, Chem. Commun. 1970, 1001. 
Powell and H. Noth, Chem. Commun., 1966, 637. 
J. Fitzgerald, N. Y. Sakkab, R. S. Strange and V. P. Narutis, Inorg. Chem., 1973, 12, 1081. 

. T. R. Durkin and E. P. Schram, Inorg. Chem., 1972, 11, 1054. 

boron.’ Equations (28)-(32) present some synthetic methods for boryl—metal 
compounds. "153 

[PtH(Cl)(PEt;).] + BCIPh, —— [PtCl(BPh,)(PEt;).] + HCl (28) 

2[CoH(diphos),] + 2BX,Y ——> [Co(BX,).(diphos),] + [CoY,(diphos),] + H, (29) 

Na[Mn(CO),PPh,] + BCIX, ——~> [Mn(BX,)(CO),PPh;] + NaCl (30) 

[Pt(PPh;),] +BX,Y ——> [PtY(BX,)(PPh;).] + 2PPh; (31) 

2[FeCl(CO),Cp] + [Co(BPh,),(diphos),] —> 2[Fe(BPh,)(CO),Cp] + [CoCl.(diphos),] (32) 
X, Y = halogen 

Compounds of transition metal complexes possessing a nonbonding electron pair with 
boranes (BX3) can be regarded classically as boron complexes with a transition metal ligand. In 
a broader sense, however, boranes can be classified as acceptor ligands.‘**-15° | Thus, 
coordination of a borane results in a decrease of the electron density on the metal atom. In the 
case of carbonyl complexes this effect is reflected in the increase, by 20-100 cm~', of the CO 
stretching frequency.°*"°° It follows from the foregoing that stable coordination of boranes is 
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to be expected only with transition metal complexes in low oxidation state; this is exemplified 
by items in Table 14. 

Boranes appear to be especially suitable for investigating transition metal basicity! but, in 
spite of this, few relative basicities have been published to date: [Cr(CO)3L] < [Mo(CO)3L] < 
[W(CO)3L] (L=Ph3PC;H,), Mn(CO)s]~ <[Re(CO)s]>, | [Co(CO),4]~ <[Mn(CO),]-, 
[Mn(CO);]~ <[Mn(CO),PPh3]-*°°?°”, [Co(NO)s] (Table 14) proved to be an extremely strong 
base coordinating the weak Lewis acid BMe3 more strongly than NH; or Me3N does. In the 1:2 
complexes, coordination of both boron atoms to the transition metal is certain only in 
[Pt(BCl;)2(PPhs)3]; a hydrogen bridge structure seems quite plausible in the rhenium complex, 
[Re(BH,—H—BH:;)(CO)s]~, whereas the nature of bonding for the second BF; is unknown in 
the iridium complex (Table 14). 

The recently synthesized complexes K[u-Fe(B2Hs)(CO),] and [u-Fe(B2H;)(CO)Cp] repre- 
sent the first examples of a substituted diborane (6) with a transition metal occupying a bridge 
site.°**? In the case of complexes with B(NR.)R» ligands either M<-N coordination or 
ethylenic type 2 coordination may take place. In the second case boron is also involved in the 
bonding through M—B back-coordination.’© Metal—boron bonds also occur in transition 
metal clusters known in great number, as well as in 7-complexes of aromatic boron compounds 
such as borazines, borabenzenes, etc.; all these have been reviewed elsewhere. !®!-!© 

24.6 APPLICATIONS 

In spite of the vast effort and fascinating results in academic and industrial research in the 
last 30 years industrial applications of coordination compounds of boron have remained fairly 
limited. Borax, other polyborates and sodium peroxoborate are the only compounds that have 
acquired major commercial importance to date.'*!® Borax, the most important boron 
mineral, is utilized as a starting material for other boron compounds and plays a significant role 
in the glass industry. The highly water soluble polyborate mixture of stoichiometric composi- 
tion 1:4 Na,O:B,0, is extensively employed as a plant nutrient’ and for timber 
preservation.'®-’® Sodium peroxoborate serves as a bleaching ingredient in household 
washing.’ Fluoroboric acid is a metal cleaning agent as well as a catalyst in organic reactions; 
alkali fluoroborates are utilized in the electroplating industry.'© 

Sodium tetrahydroborate is widely used as a powerful and selective reducing agent in 
inorganic and organic systems; for instance in organic reductions, in the purification and 
stabilization of organic materials, bleaching of wood pulp, separation of metals from very dilute 
solutions, electrodeless plating, particularly of nickel, to produce sodium dithionite from 
bisulfite, and in the development process for color reversal photographic films.'©*°71® 

Based on the excellent solubility and reducing properties of amine boranes, they are often 
used for the stabilization and purification of industrial materials. Further, they are applied as 
additives in hydrocarbon fuels and in lubricating oils, as polymerization catalysts, as ingredients 
in photographic processing and in the electroplating industry.” High stability towards 
hydrolysis and oxidation makes cationic boron chelates useful as water-soluble dyes.'”° 

Detailed investigations are being conducted in the field of boron—nitrogen polymers with 
N—B coordinative bonds due to their hydrolytic stability (superior to that of the polymers 
containing tricoordinate boron). Such plastics and elastomers are likely to become candidates 
for special applications because of the high cross-section of '°B for the (n, w) reaction.’ 

Several complexes have been tested for potential pharmaceutical applications and some of 
them have been introduced into practice.**!”° Isolation of antibiotics of boron complex type 
(Section 24.3.3.2) and results obtained with carboxyborane complexes that are analogues of 

amino acids (Section 24.2.2) are likely to stimulate further studies. Quite a few boron 

complexes have found application in '°B neutron capture therapy based on the ‘°B(n, @)’Li 
nuclear reaction.°4°12617 
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25.1.1 ALUMINUM: INTRODUCTION 

Coordination chemistry of aluminum prior to 1970 was included in Wade and Banister’s 
account of the element.’ There are thorough reviews of aluminum chemistry with particular 
reference to oxygen compounds, halides and their adducts, which cover the period prior to 
1972.7 Very early studies of aluminum coordination compounds can be traced through the 
formula index of Gmelin’s Handbook.* A 1963 review treats the adducts formed by AICI, 
AIBr3 and All; and discusses their chemistry in the context of Friedel-Crafts reactions,* and 
the operation of organoaluminum compounds, including halides R,AIX, as Lewis acids has also 
been examined.°”° Stability constants have been tabulated for a great many Al** complexes.’* 

More specialized studies have examined quantitative aspects of Lewis acidity of the AIX; 
halides and R3Al molecules using thermochemical measurements? and photoelectron 
spectroscopy.’° X-Ray emission spectra have been employed to assess the occurrence of o and 
zx bonding in some important aluminum compounds including alumina, aluminosilicates, 
cryolite (Na3AIF,) and tris(acetylacetonato)aluminum." Specific reference to these and other 
fundamental studies is made within the following sections which examine aluminum coordina- 
tion chemistry ligand by ligand. 

In this chapter, XRD indicates X-ray diffraction, and ED indicates electron diffraction. 

25.1.2 GROUP IV LIGANDS 

25.1.2.1 Cyanides 

There is an early record of the preparation of Al(CN)3-OEt, and of LiAl(CN), by the action 
of HCN on LiAIH, in ether at low temperature.’? They are unstable at room temperature and 
highly sensitive to O, and H,0. Dicyanoaluminum hydride AIH(CN)>, some polymeric 
cyanides (R,AICN),, and the anion (Me3Al(u-CN)AIMe;)~ have been obtained,!-? but there 
is little recent work. 
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25.1.2.2 Silicon and Heavier Group IV Ligands 

The question of the existence of unsolvated silylaluminum compounds Al(SiR;); was 
considered some years ago.’* Subsequently, tetrakis(trimethylsilyl)aluminate was obtained as 
alkali metal salts, MAI(SiMe3)4 (M = Li, Na or K),!° by the action of Me;SiCl in ether or THF 
on a 5:1 mixture of the alkali metal and aluminum. This complex, isoelectronic with 
Si(SiMe;),, has been characterized by NMR and IR/Raman spectra. Modification of procedure 
to use THF/benzene as solvent yields the neutral molecule, as the adduct Al(SiMe3)3;-THF.'° 
Crystal structures of Al(SiMe3)-OEt, and NaAl(SiMe;), show Al to be tetrahedrally coordin- 
ated with Al—Si distances in the range 244-249 pm.'” Attempts to isolate base-free Al(SiMe;)s 
have failed. Several catalytic applications of silylaluminum compounds have been 
investigated.'® 
Germanium analogues of organoaluminum compounds have been postulated and several 

compounds of this type have been prepared, e.g. MeAl(GeMe;3),, Al(GeMe;3)3-THF and 
Li(H3AlGePh3). Some analogous group III-tin derivatives, Li(Me;MSnMe;3) (M = Al, Ga, In 
or Tl),’? are mentioned in Section 25.1.4.1. 

25.1.3 NITROGEN LIGANDS 

25.1.3.1 Ammonia and Amine Ligands 

25.1.3.1.1 Ammonia 

Early literature records the preparation of solids AIX3(NHs3), with values of n as high as 9 
(X = Cl), 14 (X =Br) or 20 (X =1I).* AICl,-NH3, obtained from aluminum trichloride using the 
stoichiometric quantity of ammonia, forms when NH,AICl, is vaporized.” ED measurement 
reveals a staggered C;, conformation for the H3NAICI;, molecule with the dimensions: AI—N 

199.6 pm, Al—Cl 210.0 pm, N—AI—CI angle 101.2°. The N—AI—Br angle (101.5°) and 
Al—N distance (199.7 pm) of H;NAIBr; are very similar to those of the chloride. The Al—N 
distance is shorter than this in Me3N-AICl; (194.5 pm), but longer in Me3N-AlH3 (206.3 pm) or 
Me;3N-:AlIMe; (209.9 pm); differences here, and in the corresponding gallium compounds, are 
indicative of trends in the strength of the coordinate nitrogen to metal bond.”?* The structure 
of solid ammonia—aluminum trichloride, H;3NAICl, is the same as that in the gas phase, with 
Al—N 192.1 pm and Al—Cl (average) 211 pm.” 

The H;NAIX; molecules have been studied in the gas phase by IR/Raman spectroscopy.” 
NCA yields Al—N force constants of 1.50Ncm~* (X=Cl) and 1.45Ncm7* (X=Br). The 
analyses of spectra were supported by ab initio MO calculations which were also extended to 
H;NAIF;, a molecule which has eluded synthesis. The ammonia adduct of alane (AIH3) is 
unknown. A hexaammine Al(BH,)3-6NH3 is the product of excess ammonia on KAI(BHg),.”° 
It is believed to contain the cation Al(NH3)é* and it is possible that this species is also present 
in some of the complexes AlX3(NH3),, noted above, but structural investigation is required. 

25.1.3.1.2 Amines 

Many complexes of amines with aluminum trihalides, alane and halogenoalanes, AlH,X and 

AIHX,, have been described.*°”’ Most are of the form AIX;-amine although the 1:2 type is 
also known, particularly when the ligand is trimethylamine. Direct reaction with the aluminum 

compound in a suitable solvent under anhydrous conditions is the usual way to prepare amine 

adducts of the halides AlX3 (X = Cl, Br or I). Amine adducts of organoaluminum compounds 

are obtained similarly. Primary, secondary or tertiary amines may be used, but primary and 

secondary amines will often react further, eliminating HX, or an alkane from R3Al-NHR;, 

giving amino (R5AINR), or imino (-R'AINR-), type products (see Section 25.1.3.2). 

Amine. adducts of alane can be prepared from AIH; in ether, the amine displacing the 

weaker base, Et,O (equation 1). Alternative methods use LiAIH,, or proceed from. AICl3-NR3 

retaining the existing AI—N bond (equation 2). AIH3-NMe3, m.p. 75°C, subliming readily, 

slowly decomposes to polymeric (AIH3), (see equation 3). AlH3(NMes)2 is stable in contact 

with excess trimethylamine. The reaction of solid AlH3-NMe;3 with boron trifluoride does not 
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displace alane, but instead proceeds by a halide—hydride exchange mechanism, forming 

BH;:NMe; and AIF;.”8 

AlH,:OEt, “tr R3N ——> AIH,;:NR,; i Et,O (1) 

LiAIH, + MesNHC] —2—> AIH;-NMe; + LiCl + H, (2) 

AICl;-NMe, + 3LiH —> AIH;-NMe; + 3LiCl (3) 

Reactions of bifunctional amines with aluminum compounds have received some attention. 

Aluminum isopropoxide with ethylenediamine in benzene solution forms a mixture of species, 

including polymers.”” Among these, NMR reveals (Pr'O);AINC,H,NAI(OPr’)3. The triethyl- 

enediamine adduct of alane, AIH3-N(C2H,)3N, can be prepared by the action of the base on 

aluminum metal under a pressure of Hp). It adopts a polymeric structure in the crystal involving 

five-coordinate aluminum, with planar AIH; units linked by diamine molecules using both 

donor sites.°° The AI—N distance of 219.5 pm, similar to that in AIH3-2NMe3,”’ is distinctly 

greater than in four-coordinate adducts. Tetramethylethylenediamine (TMEDA) forms 

AIHBr,-TMEDA which exhibits v(Al—H) at 1735cm™*, but in reaction with AlH,I-NMes it 

gives (AIH,TMEDA)I, [v(Al-—H) near 1890 cm™'], believed to contain a four-coordinate 

complex cation.*” A structure with the unusual feature of a single N donor atom coordinated to 

two Al centres has been proposed on NMR evidence for the aluminoxane adduct 

(Et,Al),0-NMePh.** The TMEDA adduct of (Me,Al),O is conventional, with the donor 

atoms of Me,NC,H,NMe, each attached to an Al atom. 

25.1.3.2 N-Heterocyclic Ligands 

The formation of molecular complexes between aluminum trihalides and pyridine or 
alkylpyridines has been the subject of systematic studies.***° Calorimetric data yield bond 
dissociation energies D(X;Al—py) of 323, 308 and 264kJmol™* for X=Cl, Br and I, 
respectively, and this same order is found for alkylpyridine adducts, although the Al—N bond 
is weakened in the case of lutidine by the effects of steric hindrance. For gallium halides the 
values of D(X;M—py) are smaller: 248, 237 and 195 kJ mol~’ for chloride, bromide and iodide 
adducts, respectively. 

Phase studies reveal the existence of AlXspy, (n = 1, 2 or 3 when X=Cl or Br; n=1 or 3 
when X =I). For the AICI; system, the 1:1 complex is a simple molecular adduct, while the 
1:2 and 1:3 complexes have been shown crystallographically to be trans-AlClpyz AlCl; and 
mer-AlClpy3, respectively.*’? In the cationic species, the Al—N bond length is 207.4pm 
(average) and Al—Cl is 227.9 pm (average). In AlCl,;py3, Al—N trans to Cl, 209.6 pm, is 
significantly longer than the other two Al—N bonds of 207.2 pm (average). Vibrational spectra 
of AlXspy® and AlX;py2°’ (X=Cl or Br) had earlier been used to distinguish between the 
molecular nature of the one and the ionic nature of the other. Al—N force constants in the 
range 0.7-1.9N cm’, with those of AlBr3 adducts greater than those of AICI, adducts, were 
obtained for the 1:1 complexes of several pyridines with AIX3. Whereas the pyridine 
complexes of AlCl; or AlBr; are usually obtained by direct reaction between the two molecules 
in a suitable solvent, All;py is conveniently prepared from Al + I, + pyridine in ether.*° There 
is evidence from phase studies of the M(OPr')3/pyridine systems that, whereas gallium forms 
the expected 1:1 complex, the aluminum compound is of the form 2A1(OPr'’)3-py.*! 
The 1,10 phenanthroline and 2,2'-bipyridyl ligands form chelate complexes with Al(C1O,4)3* 

and Me;Al,** as well as with the halides AICl,, AIBr; and AlI;.* An apparently zerovalent 
complex Al(bipy); is obtained by the action of the lithium salt of the bipyridyl anion on 
aluminum in THF medium.* More recently, N-heterocyclic bases have been shown to react 
with AICI3,“° AIH3*” or Me3A1**8 and alkali metals in THF to yield neutral radicals and radical 
cations, derived from e.g. AICI}. Their existence is confirmed by ESR spectroscopy. The 
2,2',2"-terpyridyl adduct of AICI; is a 1:1 molecular complex. It is isomorphous with the 
compounds formed by this ligand with GaCl;, InCl; and TICI3.*9 A 1:2 complex of AlCl; with 
morpholine consists of discrete molecules in which the Al atom is five-coordinate.° Morpholine 
is attached through nitrogen: the Al—N bond lengths are 206.4 and 209.3 pm, and Al—Cl 
averages 218.4 pm. at NMR spectroscopy has been used to investigate the species formed by 
Al” in aqueous solutions containing the base imidazolidin-2-one. In this system, complexes 
with 1:1, 1:2 and 1:3 stoichiometry are observed®! but have not been isolated. 
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25.1.3.3 Amido and Imido Ligands 

Amidoaluminates MAI(NH2), and M2Al(NH2); are formed as crystalline solids when 
aluminum is attacked by alkali metals in liquid ammonia. A better synthetic route employs the 
reactions of NH; with LiAIH, in THF.” Structures based on octahedral Al(NH2). units with 
bridging NH>2 groups were originally proposed on the basis of IR spectra; however, single 
crystal X-ray analysis reveals approximately tetrahedral Al(NH2); ions in MAI(NH2),4 
(M=Na, K or Cs) and Ca[Al(NHz2)4}2-NH3.°°> The Al—N bond distances of the AIN, unit 
average 185 pm. Precipitates from the reactions of AIH3-OEt, with ammonia at various molar 
ratios, and the materials to which they give rise through partial loss of H. on warming to 
ambient temperature, were investigated some years ago by Wiberg.’ The final product obtained 
by heating to 100-150°C is aluminum nitride. These systems probably have polymeric 
structures akin to the alkylamino- and alkylimino-alanes considered below. 

Dialkylamido complexes™ are generally more tractable than those containing NH) groups. 
Lithium tetrakis(dimethylamido)aluminate is obtained by the reaction shown in equation (4).°° 

Et2,0 

LiAIH, + 4Me,.NH —— LiAl(NMe,), + 4H: (4) 

Al(NMez)3 is dimeric with bridging ligands (see below). However, Al(NPr)3 contains a 
single type of ligand, as indicated by the NMR spectrum over a wide temperature range, and 
appears to be a monomer.** Aluminum is three-coordinate in Al[N(SiMe3)2]3 where the AIN3 

unit is planar, with short Al—N bonds of 178 pm.® The structure of Cl,AIN(Et)C,H,NMe; is 
monomeric, with four-coordinate aluminum.°’ Whereas the coordinate Me,N—AI distance is 
196 pm (a typical single bond value), the Al—NEt bond length is only 177 pm, showing 
interaction between planar nitrogen and the Al atom. The complex LiAl(N=CBu}), is 
prepared from AICI, + 4Bu}C=NLi.* Two ligands display near-linear C—N—AI geometry 
with relatively short Al—N bonds, indicating a bonding from N to Al. The remaining ligands 
form bridges to the Li* ion. 

Remaining compounds considered here are alkylaminoalanes, RZAINR2, R’Al(NR2)2 and 
Al(NR,)3, where R’ can be H, alkyl or a halide ligand and R is usually an alkyl group. The 
structures are usually di- or tri-meric. Also treated are iminoalanes (R’AINR), (n = 2-35, 
commonly 4, 6 or 8) which are polymers with structures based on (AIN), rings and clusters. 
Members of both series, where R’ =H, have been reviewed in the context of aluminum 

hydride derivatives.”° 
N-Alkylaminoalanes are prepared by the reaction of AIH3-NMe3 with a secondary amine 

(equation 5). Reaction of LiAIH, in ether with the appropriate amine can also be used. The 

ease of thermal decomposition of the amine adducts Et,(X)Al-NHMe, to form Et(X)AINMe, 

by elimination of ethane depends on the group X in the order Et>Cl>Br>I.” Direct 
synthesis of Al(NMez2)3 from Al + 3Me,NH is possible, and the compounds HAI(NEt,). and 

HAINEt, have been prepared from Al+Et,NH+H, under pressure.” Interaction of 

Al(NMe,)3 with AlH3-NMe; gives H,AINMe, quantitatively. Another route to dialkylaminoal- 

anes is from halogenoalanes by reaction with LiNR2, eliminating LiCl. By carrying out the 

reaction in stages, mixed ligand products such as HAI(NR2)NRz; can be obtained.”° Of the type 

R’AI(NR,)2 is CIAI(N(Me)SiMe2)2NMe, the first cycloalumadisilatriazane, fully characterized 

by IR/Raman, NMR, MS and XRD methods.* The structure is dimeric so that a central Al,N2 

ring is present and aluminum attains tetracoordination. The mean Al—N distance (194.7 pm) 

of the central ring is much longer than the Al—N distance (180.3 pm) to nitrogen of the 

Al—NMe—-Si system, no doubt because this latter N atom is three-coordinate and bonding is 

involved. 

The NMR spectrum, with two methyl group signals which remain separate up to 150°C, 

provided early evidence for the bridged structure of [Al(NMez)s]2.”* Crystal structure analyses 

confirm that [Al(NMez)s]2 and [HAI(NMez),]2 are dimers with four-membered ALN> rings, 

whereas (H,AINMe,);3 is a trimer and exists as a six-membered ring of chair conformation. 

There is a clear difference between exocyclic AI—N bond distances (180.1 to 182.6 pm) and 

ring Al—N distances (193.7 to 198.0 pm). For the (H2AINMez)s trimer there is evidence, from 

ED in the vapour phase, to suggest transannular interactions between the Al atoms. The 

molecules (X,AINMe>)2 (X= Cl, Br or I) are dimers of D2, symmetry bridged by the NMe, 
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groups, with Al—N bond distances of 190-196 pm.” The above compounds react as monomers 

with pyridine forming 1:1 adducts, e.g. Al(NMez)3:py. 

Structural data on other alkylaminoalanes are available. ®’ Of interest is the existence of 

geometrical isomers where the amido group carries two unlike substituents. For 

(Me2AINMePh), variable temperature NMR results yield a value for AH of isomerization of 

4.5 kJ mol~!.® The cis isomer with the two phenyl groups on the same side of the AlN; ring is 

energetically favoured. (Et(Br)AINHBu'), exists in solution as a mixture of three isomers, 

owing to the asymmetry of Al as well as N centres. A single isomer crystallizes, in which both 

But and Br pairs are above the plane of the ring. 
N-Alkyliminoalanes (R'AINR), are commonly obtained by thermal decomposition of the 

primary amine adduct of a suitable aluminum compound which proceeds with the elimination 

of both hydrogens (equation 6). Preparation of some well-defined poly(N-alkyliminoalane) 

oligomers is possible by the direct interaction of Al and RNH2, with small amounts of MAIH, 

as an activator.”? Alternatively, the reaction of MAIH, (M = Li or Na) with Bu'NHz has been 
used. Table 1 gives structural data on various iminoalanes, the structures of which include rings 
and clusters.”"-”? These clusters have considerable stability; for example, (HAINPr’), (n =4 or 
6) can be chlorinated by HCl or HgCl, to replace H by Cl substituents.” Although 
tetracoordination of Al is usual, an instance of higher coordination occurs in the cluster 
(HAINPr'),(H2AINHPr').(HAINCHMeCH,NMe,).”” The molecule is built up from four Al,N3 
and two AlN; rings. The side-chain NMe, group is linked to an Al atom which is thus 
five-coordinate. 

nR3Al-NH,R => (R’AINR), + 2nR’H (6) 

Table 1 Cluster and Cage Structures with an AI-N (or Ga—N) Framework 

Compound Structure AI-N bond length (pm) Ref. 

(HAINBu'‘), AL,N, cube — 71 
(PhAINPh), AI,N, cube 193 1 
(CIAINMe,)4(NMe2) AL,N, tetrahedron 179, 190-194 72 
(HAINPr'),(H,AINHPr'); AI,N, bridged ring 190-198 73 
(HAINPr’), AlN, prism 190, 196 74, 75 
{HAINCH(Me)Ph}, AlN. prism 189, 198 76 
{HAIN(CH,)3,NMe>}, Al,Ng, cage 185-200 77 
(MeAINMe), ALN, cage 196 (average) 78 
(MeAINMe),(Me,AINHMe), Al,N, bridged prism 191 (average) 79 
(MeGaNMe),(Me,GaNHMe), Ga,N; bridged prism 197 (average) 79 
(MeAINMe), Al,Ng cage — 79 

Although less familiar than the poly(N-alkylamino)alanes (R’AINR),,, some lower molecular 
weight iminoalane_ derivatives have been prepared. Examples are the dimer 
[(H2Al)2.NC3H¢-NMe2]2‘THF™ and (Cl,AINBu")3Al-NMe;3.* The latter is believed to exist as a 
eae reyh cluster, although the nature of bonding to the central Al atom is not definitely 
established. 

25.1.3.4 Azide, Cyanate and Thiocyanate Ligands 

Aluminum azide is obtained from reacting AICI; with NaN; in THF, or from the reaction of 
AlH;-Et,0 with HN; in ether at low temperature.** When trimethylamine adducts of alane are 
employed, solids thought to be azido complexes are produced (equation 7).** Aluminium (and 
gallium) compounds X,M(N3), where X = Br or I, have been prepared by the reaction of MX; 
with the halogen azide XN; in benzene.® They are polymeric solids which show v(M—N3) 
modes near 490 cm™' (M = Al), or 430 cm~ (Ga) in the vibrational spectra. 

HN: 
MH;(NMe;), —saae? (Me3NH),M(N;)3+, (M = Al or Ga; n = 1 or 2) (7) 

Organoaluminum azides R,Al(N3) and RAI(N3)2 are known; the former i ; type adopts a cyclic 
structure, [Me2Al(N3)], where n =2 or 3, based on four-coordinate aluminum with bridging 
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azido ligands which exchange on the NMR timescale.®° Related anions have been charac- 
terized, for example in the compounds Me,N[Me.M(N3).] (M=AI or Ga) and 
Cs[Me3Al(Ns)].*” The crystal structure of the latter reveals AI—N 197 pm, a typical N donor to 
aluminum bond length. This may be compared with the bridging N; group in K[(Me3Al1)2N3] 
where the Al—N distance is 201.5 pm, and (AI—N—AI is 128 °.®% 

Little is known of aluminum cyanates. There are several routes to thiocyanate complexes of 
aluminum. Aluminum thiocyanate can be prepared as the ether adduct Al(NCS);3-Et,0. 
Reaction of thiocyanogen with LiAIH, in ether yields LiAl(NCS),-2Et,O, reported to 
decompose at —50°C.*? K3Al(NCS)< is prepared from AICI; + 6KNCS, using acetonitrile as the 
solvent.” Complexes of Al?* coordinate to thiocyanate through the nitrogen atom. Alkylalu- 
minum complexes, however, display linkage isomerism. In the salt Me,N[Me2Al(NCS),] the 
ligand is S-bound, whereas the crystal structure of Me,Tl(Me,Al(NCS),) shows NCS 
coordinated through the N atom with r(Al—N)=208pm and also reveals a significant 
thallium-—sulfur interaction.” A linear bridging thiocyanate ion is found in 
K[(Me3Al).(NCS)].”* The AI—N bond length is normal, 195.1pm; but Al—S is long, 
248.9 pm, indicating a weak interaction. The thiocyanate group is N-bonded to aluminum in 
Cs(Me3AINCS), with the Al—N bond length 194.4 pm.” 
Me,N[(Me3Al)2NCSe] has been obtained, but reports of selenocyanato complexes of Al are 

scarce. 

25.1.3.5 Nitrile Ligands 

The early literature has reports of complexes of aluminum chloride with nitriles AlCl;-n. RCN 
(R= Me, Et or Ph; n=0.5, 1 or 2).* Aluminum bromide reportedly forms AIBr3-2MeCN and 
AIBr3;;n7PhCN (n=1,1.5 or 2). X-Ray study of AICl;-2MeCN shows it to be 
AICI(MeCN)3* (AICI; )2;>MeCN.™ Within the cation, four N donors in a plane perpendicular to 
the Al—Cl bond have an average AI—N distance of 198.6 pm. The unique MeCN trans to Cl 
forms a longer bond, with Al—N = 202.1 pm. The dimensions of a single acetonitrile molecule 
coordinated to aluminum are revealed in the X-ray structure determination of Me;Al-MeCN.” 
Al—N—C—C is almost exactly linear with Al—N = 202 pm and C=N = 118 pm (compared 
with 115.7 pm in the free MeCN molecule). The addition compounds formed by CICN and 
BrCN with aluminum halides have been studied by IR/Raman spectroscopy which establish the 
N-coordinated structure XCN—AIX; with C;, symmetry.”° NCA yields Al—N force constants 
of 2.0 and 2.8Ncm7’ for the chloride and bromide systems, respectively. Halogen exchange 
occurs when the preparation of CICN-AIBr; (or BrCN-AICl;) is attempted. 

Conductimetric measurements of AlCl; and AlBr3; in MeCN as solvent show that ionic 

species are formed. IR/Raman and NMR methods have been used extensively to investigate 
these solutions.°”-?°! For the AlCl;—-MeCN solutions, 77Al NMR signals are detected for the 
octahedral species Al(MeCN)é*, AICI(MeCN)5*, cis- and trans-AlCl,(MeCN)j,, as well as the 
tetrahedral species AICI;(MeCN) and AICI; .*°° AICI(MeCN)5* is the major species in terms of 
concentration. For the AlBr3/MeCN system, it has been deduced from conductivity measure- 

ments that AIBr,(MeCN);/ and AIBr; are the most abundant ions.” 

25.1.4 PHOSPHORUS AND HEAVIER GROUP V LIGANDS 

The aluminum halide—phosphine adducts, colorless crystals, AlX3-PH3; (X=Cl, Br or I), 

date from 1932,’” but not very many complexes of aluminum with other P, As or Sb Lewis 
bases have been investigated.*1°° There are 1:1 complexes of AICI; and AIBr3 with PhsP, 
various alkylphosphines and their R3As and R;Sb counterparts. A 1:2 complex, AICI3(PMes)2, 

has been assigned a five-coordinate D3, structure on the basis of IR/Raman spectra. 

Aluminum borohydride forms both 1:1 and 1:2 adducts with Me3P, whereas with Me3As only 

Al(BH,)3-AsMe; is obtained.” The structure of Me3Al-PMe; has been determined in the 
vapour phase by ED.'°° The Al—P dative bond length of 253 pm is significantly greater than 
the Al—P distance of 235.7pm in aluminum phosphide, in which Al is tetrahedrally 

ordinated by phosphorus.’ 
AIH -PH, is ira and some attempts to prepare AlH;-PMe3 were unsuccessful, '° 

although the corresponding boron and gallium compounds exist. No reaction occurs in the 

system Al,Cl,/PCl,; evidently the energy of formation of the Al—P bond is insufficient to offset 
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that needed to release AICI, from the dimer. Reaction does, however, occur with PF; and 

NMR data support the molecular structure F;P—AICI;.1° Subsequently, halogen exchange 

occurs to produce PCI; and AlF;. Phosphorus(V) compounds PCI; and RPCI, react readily with 

aluminum chloride to give complex ionic structures, e.g. (PCl4)(AICl4), (RPCI;)(AICl,) and 

(RPCI;)(Al,Cl,).* Such compounds are liable to be produced from AIX; and a phosphorus(IIT) 
molecule if halogen, HX, RX or other reagent capable of oxidative addition is present, 
whether or not the AlX;—phosphorus donor complex is stable. (Contrast amine adducts, which 
are cleaved by hydrogen halides HX, but not usually by halogens or RX.) Arsenic(III) halides 
do not react appreciably with aluminum halides, although if Cl, is admitted to the chloride 
system, crystals of AlCl,;-AsCl; are formed.''® The likely formulation is AsClj AICI;. With 
antimony and bismuth halides, there are reports of AlBr3-SbBr;, All;-SbIs, AIBr3-BiBr; and 
All;-Bil;.4 Structural investigation of these systems is desirable: it is probable that they are 
halogen-bridged species, although Al—group V bonds are a possibility. 

Adducts of a series of silylphosphine donors have been synthesized.'’ The molecules 
Me,2PSiH,,Me3_,, (n = 1 or 2) form adducts with AlCl, which decompose on heating with loss of 
the silyl group to give (Cl,AIPMe,)3. A structure based on a six-membered AIP; ring has been 
proposed, as in the corresponding dimethylamido compounds. Dialkylphosphido compounds of 
the type (R:AIPR3)2.,3 are known in organoaluminum chemistry.° Compounds 
(R2MN(PPhz2)2)2, with R = Me or Et and M=AI or Ga, are obtained from R3M + (Ph2P)NH, 
with evolution of alkane. Single crystal X-ray diffraction reveals a structure containing 
AINPAINP rings with Al—P=253.5 pm and Al—N=189.4pm (average values).'!* The 
diphenylphosphido ligand bridges between Cr(CO); and the Al centre in Cr(CO);(u- 
PPh,)Al(CH2SiMe3)2‘NMe;3.'!? The structure, determined by XRD, shows an Al—P bond 
length of 248.5pm. The aluminum atom is four-coordinate owing to the presence of the 
attached molecule of NMe; (Al—N bond length = 204.9 pm). 

The phosphido complex LiAl(PH2), may be synthesized by reaction of phosphine with 
LiAlH,.'* A tetrakis(dimethylphosphido)aluminate LiAl(PMe.), is prepared by metallation of 
HPMe, with Bu"Li in diglyme at —40 °C, followed by reaction with AlCl3.‘!° The silyl analogue 
LiAl[P(SiH3)2], had been obtained earlier by the action of P(SiH3)3 on LiAIH,.'!° Finally, 
mention may be made of a cationic Al—P coordinated species Al{P(OMe)3}2* which exists in 
trimethyl phosphite—water solutions according to NMR evidence.1!’ 

25.15 OXYGEN LIGANDS 

25.1.5.1 Oxide, Hydroxide and H,O as Ligands 

Aluminum hydroxide Al(OH);, frequently encountered as a gelatinous material, is obtained 
in crystalline form by passing CO, into an alkaline aluminate solution at 80°C. It occurs as 
gibbsite and in other forms.’ AlO(OH) is produced as boehmite by adding ammonia to a 
boiling solution of an aluminum salt, or from gibbsite + water in an autoclave at 300°C.18 
Alumina, Al,Os, is obtained by the dehydration of AlO(OH) or Al(OH); in at least six types, 
of which a-Al,O3 (corundum) is the form produced at high temperature and is indefinitely 
metastable at ordinary temperatures.’'!? In a-Al,O3, the oxide ions form a hexagonal 
close-packed array in which Al°* ions are distributed symmetrically among octahedral sites.!7° 
Crystals of gibbsite have a sheet structure based on a double layer of close-packed hydroxyl 
ions with Al’* in two-thirds of the octahedral interstices.21 A rarer form of Al(OH), 
nordstrandite, is obtained by controlling the crystallization of the gelatinous hydroxide by 
adding a chelating agent, ethylene glycol. In crystalline AlO(OH), —Al—O—AI—O— chains 
are bridged by oxygens of OH groups to a neighbouring chain. 
Aluminum forms mixed oxides with many other metals which either replace Al?* in 

octahedral positions or occupy tetrahedral sites. The spinel structure of MgAl,O,, an important 
prototype, has been investigated by photoelectron spectroscopy.'? Vibrational and solid state NMR methods are also useful for studying aluminate structures. !23125 

With the alkali metals the simplest mixed oxide type is NaAlO,, prepared by heating Al,O; with the group I oxalate at 1000°C. The structure of NasAlO, is orthorhombic: it contains 
discrete AlO, tetrahedra in which r(Al—O) = 176.1-178.9 pm. Na7A1;Og, which is triclinic, contains a ring structure derived from six AlO, groups linked by oxygen bridges into an infinite chain, whereas Naj7A15O,¢ has discrete chains of five AIO, tetrahedra sharing corners.!26 27A] NMR spectroscopy applied to polycrystalline aluminates reveals characteristic chemical shifts 
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for AlO,, AlO; and AlO, polyhedra,’ and the technique also enables the formation of 
Si—O—AI bonds by AIO, groups in aluminosilicate solutions to be monitored.!2” The anion in 
Cs2Al,0(OH). is composed to two AlO, tetrahedra sharing one O atom.!8 The complex 
anions [Al,(OH),.6]*~ and [AlIO(OH);].. (made up of tetrahedral groups sharing corners) have 
been identified in XRD _ studies of barium aluminates.!2? The basic sulfate 
Al,(OH)4(SO4)-7H2O0 (aluminite) contains the cationic complex [AL,(OH)s(OH2).]** built 
from four edge-sharing AlO. octahedra polymerized in chains and interconnected by SO3- 
ions.'°° The calcium aluminates, which are basic components of Portland cement, have been 
identified by X-ray crystallography.’*’ In another area of applied aluminum chemistry, NMR 
spectra under magic angle spinning conditions have been used to follow hydration and 
dehydration of Al sites in ZSM-S5 zeolites. '°2 

The aquated aluminum cation [Al(OH)).]** is octahedral. Some crystals in which it is 
encountered are (average Al—O distances in parentheses): NaAl(SO,)2-H,O (187.8 pm); 
mellite (187.2 pm); AlCuCl(SO,)2:14H,O (187.8 pm).!°> These crystals have also been investi- 
gated by neutron diffraction and 'H NMR techniques, which confirm the presence of 
[Al(OH2).]** and enable H atoms of the coordinated water molecules to be located.'*4 The 
vibrational modes of [Al(OHz2).]°* in alum crystals have been assigned:'*° from the Raman 
data, v, = 542, v.= 473, vs; =347cm™*. Assignments from single crystal Raman measurements 
of [Al(OH2).6]Cl; place v(Al—O) ym at 524cm7!.1°° The aluminyl cation AlO* isolated from 
HF solutions as BF; or SbF¢ salts shows v(Al—O) near 650 cm7!.1°7 

The Raman bands of very concentrated Al(NO3)3 solutions are consistent with [Al(OH2).]°* 
and NO; in the form of solvent-separated ion pairs.'°* Hydration-shell and bulk-water protons 
can be distinguished by 'H NMR. 7’7Al NMR signals distinguish [Al(OH2).]°* from other 
species, such as [Al(OH2);(SO,)]* in sulfate solutions, or [Al,(OH)2(OH2)s]** and the more 
highly polymerized complexes which are produced on the ageing of aqueous aluminate 
solutions.'°*"47 = According to Raman’ and NMR  data,’**!* the cation 
[Al,30,(OH)25(OH2)1:]®*, which forms a sparingly soluble sulfate and a chloride, persists in 
aqueous solution. With HCl it decomposes into smaller species, but on adding alkali even 
higher molecular weight particles can be formed. In strongly alkaline solutions of aluminum 
compounds, however, the predominant species appear to be mononuclear [Al(OH).,]~ and 
dinuclear [Al,O(OH),]*~.’*° “9 The UV spectra of aqueous solutions of AICl;, Al(ClO,)s3, 
Al(NO3)3 and Al,(SO,)3 in which the hexaaqua cation predominates, show an absorption band 
at 240nm which is thought to arise from charge transfer involving the Al™ dication: 
[Al(OH )(OH2)s]?* aS [Al™(OH)(OH2)5}**.*°° 

On the theoretical front, attempts have been made using molecular orbital calculations to 
elucidate the binding energies and stereochemical constraints associated with the structures of 
hydrates [Al(OH;),.|°* (1 =1-7),**! and hydroxo complexes [Al(OH),]~, (Al(OH)s)?~ or 
(AL,(OH)s)?.**? MO calculations have also been performed for the molecules H3AIOH2 and 
(H,AIOH),.°? No evidence was found to support a bonding between O and Al. Small 
molecules of this kind can sometimes be detected by matrix isolation methods. For example, Al 
atoms react with H,O under such conditions to give HAIOH, whereas the heavier group III 
metals form M-OH), adducts. '** 

25.1.5.2 Alkoxide Ligands: Aluminoxanes and Related Systems 

Aluminum alkoxides,*> known since 1876, are prepared from the alcohol and aluminum, 
activated by I, or HgCl,. Heating Al + PriOH + MeOC,H,OH provides a route to Al(OPr')3 

which avoids the need to introduce mercury. Reaction of AlCl; with alcohol, using NH; to take 

up the HCI formed, or with a group I metal alkoxide, can also be used to obtain Al(OR)s. 
Mixing solutions of Al(OPr')3 and AICI; yields a crystalline material AICI(OPr').. Alkoxides of 
higher alcohols can be made from Al(OPr'); by alcohol displacement. By control of the 

stoichiometry, mixed alkoxides Al(OR),(OR’)s-, are obtained. The trimethylsiloxide 

Al(OSiMes)3 is capable of controlled hydrolysis to yield polymeric products.'°°_ ee 
Aluminum alkoxides are soluble in many organic solvents, and exist in various liquid and 

solid forms depending on the degree of polymerization. All are hydrolyzed readily, liberating 

the alcohol and giving white solids in which AI—O—AI bonds are a feature. Al(OBu'); and 

Al(OPr')(OBu'), are dimeric with terminal and bridging ligands which can be distinguished in 

NMR spectra.” Others are tri- or tetra-meric, e.g. (Al(OCH2Ph)s),, the structure of which 

contains an eight-membered Al,O, ring.’ The alkoxide formed by ethylene glycol appears to 
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contain both four- and six-coordinate Al atoms.'°* The alkoxide oligomers, especially the 

dimers, are readily cleaved by donor molecules forming adducts, e.g. donor-Al[OCH(CFs)2]3 
(donor = OEt:, NEt; or PEts).'°’ A crystallographic study of en-Al(OH) OCH(CF3)2]2 shows it 
to consist of OH-bridged dimers with the AlO,N> coordination sphere.'®’ Three compounds of 

empirical formula acac:Al(OR), have recently been studied by XRD.'*' When OR = OSiPhs, 
the compound is a monomer with four-coordinate Al. With OR=OSiMe3 or OPr’, the 
products are a dimer and a trimer, respectively, and involve both four- and six-coordinate Al 
centres. 
Aluminum methoxide Al(OMe); is a solid which sublimes at 240°C in vacuum. Aluminum 

isopropoxide melts in the range 120-140 °C to a viscous liquid which readily supercools. When 
first prepared, spectroscopic and X-ray evidence indicates a trimeric structure which slowly 
transforms to a tetramer in which the central Al is octahedrally coordinated and the three 
peripheral units are tetrahedral.'*'°? Intramolecular exchange of terminal and bridging 
groups, which is rapid in the trimeric form, becomes very slow in the tetramer. There is MS 
and other evidence that the tetramer maintains its identity in the vapour phase.’™ 
Al[OCH(CF3).]3 is more volatile than Al[OCH(Me),]; and the vapour consists of monomers.’® 
Aluminum alkoxides, particularly Al(OPr')3;, have useful catalytic applications in the synthetic 
chemistry of aldehydes, ketones and acetals, e.g. in the Tishchenko reaction of aldehydes, in 
Meerwein—Pondorf-—Verley reduction and in Oppenauer oxidation. The mechanism is believed 
to involve hydride transfer between R2HCO ligands and coordinated R3C—O-— Al groups on 
the same Al atom.’ 

Double alkoxides are formed by Al(OR)3 and alkoxides of main group,’ transition’ or 
lanthanide elements.’ The titration of Al(OEt)3; with NaOEt gives a sharp end point to 
thymolphthalein forming NaAI(OEt),. This product is salt-like and may contain the 
[Al(OEt),]~” anion, whereas other double alkoxides are low melting, volatile compounds and 
commonly have structures in which alkoxide ligands bridge Al to the other metal. Examples 
are LiAl(OBu'‘),,'”? Mg{Al(OPr')4}2 (m.p. 20°C) and Mg[Al(OEt)4]> (m.p. 129 °C)!7! (thought 
to be dimeric with four-coordinate Mg and Al atoms on NMR evidence). 

Alkoxyhydrides, e.g. LiAIH,(OBu'),,'”? MgAlIH2(OPr')3'”" and CaAIH2(OPr')3;!” have been 
prepared and shown to have utility as selective reducing agents. Ligand exchange occurs to 
establish equilibrium between the species AIH.(OR)z, AIH(OR)3 and AlHj. 
Alkoxyaluminum compounds ROAICI, react with MeAICl, to produce materials which 

contain the AlI—O—AI linkage. Similarly, when organoaluminum compounds R;Al (R = Me, 
Et or Bu’) are hydrolyzed in ether solution the reaction proceeds in several steps leading to 
aluminoxane systems. An initial adduct R3Al-OH, is converted to R,AIOH which then 
dimerizes. In systems with the R3Al:H,O ratio of 2:1, reaction gives compounds (R2Al),0 
which themselves tend to form associated structures.‘ The aluminoxane anion 
(Me2AlOAIMe;)3~ consists of a planar Al,O, ring with Me3Al molecules coordinatively linked 
to the O atoms.’ The structure has a direct analogy in the chloroaluminate dimer 
(CI,AIOAICI,)5~— characterized by XRD as a by-product of reductive Friedel—Crafts 
synthesis.'’° A second complex Cl,AIO(AICI;)7, obtained similarly, contains a quasi-five- 
coordinate Al atom since a chlorine of each of the AICI; groups makes a close approach to this 
atom. Dimethylaluminum methoxide, (MezAlOMe)s, the structure of which has an Al,O; ring 
with the methoxide group acting as a bridging ligand, is obtained by reaction of Me3Al with 
MeOH. The trimeric structure is well established by IR/Raman and gas phase ED methods. !77 
The Al—O distance is 185.1 pm. The formally related compound (Br2AlOSiMe;), is dimeric 
with Al—O bond lengths close to 180 pm.’ Various aluminoxane type structures are now 
known’”? and there are parallels between polymeric alkoxides and aluminoxanes, and the 
related oligomers with (AIN), frameworks which occur when amido and imido ligands are 
present. 

_ 25.1.5.3 B-Ketoenolate and Related Ligands 

B-Ketoenolates of aluminum are of long standing, and tris(acetylacetonato)aluminum itself 
was first prepared in 1887.1 It is obtained as colourless crystals, m.p. 194°C, b.p. 315°C, by the 
reaction of Hacac with Al amalgam; from AICI, + Hacac; or by mixing solutions of Al,(SO4)s3 and Hacac in aqueous ammonia. Metal atom synthesis can also be employed. '®° Tris(ethylacetoacetonato)aluminum, m.p. 76°C, is convenientl : 
Al(OEt)3 + 3 mol of ligand. y prepared by heating 
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The structure of Al(acac)3 contains an octahedral AlO, core, with Al—O distance of 
189.2 pm. Differences of the monoclinic w form and orthohombic y form (a racemate) lie 
chiefly in the orientations of molecules within the crystal: bond distances are almost 
identical.'** Resolution of the optical isomers of Al(acac)3 has twice been achieved by column 
chromatography at low temperature.'8*-!8? The hexafluoro compound, Al[(OCCF3),CH]3, m.p. 
74 °C, is more volatile than Al(acac)3. Its structure, determined by vapour phase ED,’** reveals 
a slightly distorted AlO, unit in which the Al—O distance of 189.3 pm is the same as that in 
Al(acac)3;. Comparative studies have been made of the Raman spectra of M(acac)3; (M = Al, 
Ga or In)'® and of other B-diketonates of these metals.!*° 

The tris(6-ketoenolato)aluminum compounds are stereochemically non-rigid species and 
undergo various ligand exchange reactions in solution. A 1976 report'®’ summarizes various 
attempts to establish the stereoisomerization mechanisms and provides access to kinetic and, 
thermodynamic data derived from this work. There is considerable evidence to support an 
intramolecular twist mechanism, except where fluorocarbon substituents are present. Here, a 
bond rupture process involving a five-coordinate intermediate is favoured. Later studies'®*:’°° 
using variable temperature NMR spectroscopy have estimated the barrier to interconversion 
between enantiomers to be close to 85kJmol™' in a number of #-diketonates. When 
lanthanide reagents are added to a benzene solution of Al(acac)3, the 77Al NMR signals due to 
free and complexed molecules can be distinguished and paramagnetic shift data can be 
obtained.’®? 

Acetylacetone complexes have been prepared by the action of acac on MeAICl, Me,AICl 
and Me;Al, and on tetraalkylaluminoxanes R4Al,O (R=Me, Et or Bu’).’° Mixed ligand 
derivatives e.g. R,(acac),AlO, tend to disproportionate forming Al(acac)3. Metalla-B- 
diketones, in which the central CH group is replaced by a transition metal moiety, typically 
Mn(CO), can be effectively coordinated to an aluminum or gallium atom.!?! XRD study of the 

molecule Al[(OCMe):Mn(CO),]3 reveals that the acyl CO and Al—O distances, and 

O—AIL—O angles, are not significantly different from the values in Al(acac)3. The cationic 

complex (acac),Al(OH))3 has been isolated as the picrate,’”” but structural data are lacking. 

Tris(tropolonato)aluminum precipitates when tropolone and AICI; are mixed in methanol. A 

significant feature of the ligand coordination, in relation to barriers to isomerization, is the 

twist angle of 48°, compared to 60° in a regular octahedron.’ The bond length of 188 pm 
(average) and estimated bond energy of 250 kJ mol! from calorimetric measurements’** make 

this a rather strong Al—O bond, and photoelectron spectroscopy indicates that there are both 

o and x contributions to bonding in the AlO, coordination sphere.*” 

25.1.5.4 Oxyanion Ligands 

The coordination chemistry of aluminum with oxyanion ligands is chiefly that of the more 

highly oxidized ions. Nitrites and phosphites are unknown. Arsenites, sulfites, selenites and 

tellurites are mentioned in the early literature but have received little recent attention. 

25.1.5.4.1 Borate, carbonate and silicate 

Aluminium borates (Al,O3),,"B2O3 are solids of some technological interest. Gaseous species 

AIBO and AIBO, are generated, along with B,O3, when aluminum borates are heated above 

1000 °C.19° Al,(CO3)3 is unknown. Basic carbonates of Al are ill-defined materials precipitated 

from aqueous aluminate solutions in contact with CO, gas.’ Aluminum silicate chemistry, 

which rests on the variety of structures possible for complex silicate anions, with the added 

possibility of replacing Si by Al in the lattice, encompasses many naturally occurring and 

synthetic materials, the structures of which are built up from SiO, tetrahedra and AlO, and/or 

AlOg units. This vast subject is beyond the scope of the present account. 

25.1.5.4.2 Nitrate, phosphate and arsenate 

From aqueous nitric acid solutions, aluminum gives hydrates Al(NO3)3-nH2O (n = 6, 8 or 9) 

which contain the [Al(OH2).]°* complex (Section 25.1.5.1). A basic nitrate produced when 

Al(NO3)3-9H2O is heated to 136°C has the composition Al(OH),NO3-1.5H2O.'” Further 

COC3-E 
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heating produces hydrated alumina. IR spectroscopy indicates that NO; groups are not 

coordinated to Al?*, although there is Raman’”* and UV!” evidence of interaction in aqueous 

solution. Anhydrous Al(NO3)3 is prepared with some difficulty from AIBr3 + CINO3. AICI 

with liquid NO, yields the ‘oxide nitrate’ AlO(NOs), or adducts Al,O(NO3)4:xN2O, which on 

heating afford AIONO;.” Reactions involving N20; give Al(NOs3)3-N2Os, m.p. 85-98 °C 

(dec), distillable in vacuum, and believed to crystallize as NOz [Al(NO3)4]~.°°* EtsN[AI(NOs)a] 

is prepared by solvolysis of AICl;+Et,sNCl using excess NOx. The aluminum complex 

migrates to the anode during electrolysis in nitromethane. Complex salts of the larger group I 

cations, MAI(NO3)4 and M,Al(NO3); (M=Rb or Cs), have been isolated as hygroscopic 

crystals, stable at room temperature. The crystal structure of Cs,Al(NO3)s shows that the Al 

atom has distorted octahedral coordination, with the apices occupied by one bidentate and four 

unidentate nitrate groups.2°? Parameters of the discrete [Al(NO3);]* anion are as follows: 

r(Al-O)piaent = 198 pm; r(Al-O) unident = 193 pm (mutually trans) and 189 pm (mutually cis, but 

trans to bidentate NO; linkages). For the unidentate ligands, the AHK—-O—N angles are close to 

125°. Nitrate groups are coordinated to Al in the trimethylaluminum complex ion 

(Me3AINO;)” in which NO; is unidentate with Al—O distance of 193pm and angle 

Al—O—N = 123.3° and [(Me3Al),NO3]~ in which the nitrato group is bridging (Al-O 

distances of 195 and 201 pm).”” 
The chemistry of aluminum phosphates,”™”°° which are commercially important as inorganic 

binding agents, is centred on compounds with Al,O3:P,O; molar ratios of 1:1, i.e. AIPO, and 

hydrates AIPO,-xH,O, and 1:3, i.e. Al(H2PO,4)3. Various aluminum poly- and meta- 
phosphates have been characterized. Hydroxyphosphates of Al can be prepared by heating 
Al(OH); with phosphoric acid. Crystalline AIPO, resembles SiO2, with tetrahedral coordina- 
tion around Al, and the structure can exist in quartz-like and other silica isomorphs. NMR 

(77Al under magic angle spinning conditions) shows a clear distinction between the AlO, 
groups of AIPO,, and the octahedral AlO, groups present in various crystalline phosphate 
complexes.* The crystal structure of aluminum trimetaphosphate, Al(PO3)3, shows it to be 
built up of infinite chains of PO, units, interconnected by AlO, octahedra in which the Al—O 

distance is 188.4 pm (average).”°’ In AIPO,4:2H,O the PO, tetrahedra share vertices with four 
AlO,(OH2)2 octahedra.*"° The two water molecules are cis to one another, with Al—O 
distances of 189.2 and 195.3 pm. The other four Al—O bonds range from 185.9 to 188.8 pm 
(average 187.6pm). Edge-sharing AlO, octahedra linked by PO, groups are found in the 
structure of NaAl;(PO4)2(OH)2.”” The structure of Al(H2PO,)3, which can be crystallized from 
solutions of alumina in phosphoric acid, contains AlO, octahedra which share corners with 
PO.(OH),2 groups. Several other acid phosphates have been identified in the AlO;—P,0;— 
H,O system.” The compounds M(PO;2F2)3, where M = Al or Ga, can be prepared from the 
trihalides and difluorophosphoric acid.7!’ Phosphoric acid derivatives of the organometal 
cations R3M* (M=A\l, Ga, In or Tl) have cyclic structures in which the bifunctional M centres 
are linked through O—P—O groups.””” 

The Al’* ion is strongly complexed by phosphoric acid in aqueous solutions. The complex 
[Al(HPO,)3]*" appears to be the major species present, but the high viscosity of concentrated 
solutions indicates that polymeric species are also formed. The presence of aquated 
[Al(H3PO,)}°*, [Al(H2PO,)]?* and complex cations with several acid phosphate ligands has 
been inferred from *’Al and *'P NMR studies.”* On addition of fluoride to the solutions, F 
enters the coordination sphere of Al forming a series of fluorophosphatoaluminum complexes. 
The solids AIF(HPO,)-nH,O (n = 2 or 3) have subsequently been characterized.”"* Hydrates of 
the complex salt (Me4N)3[Al(PO,)2] have been isolated from aqueous solutions believed to 
contain the [Al(PO,).]>— anion.' Some ATP complexes of aluminum have been studied by 
NMR.*!° Much remains to be learned about the exact constitution of these solutions. 

25.1.5.4.3 Sulfate, selenate and tellurate; tungstate and molybdate 

Evaporation of solutions of alumina in sulfuric acid yields crystals of Al,(SO,)3-16H,O. If a 
group I sulfate is also present, the products are alums MAI(SO,)2-12H,O, in which aluminum 
exists as [Al(OH2)6]**. Analogous selenates but not tellurates have been prepared. Basic salts, 
e.g. Al,(OH)2(SO,)2-10H,0, and solids obtained from aluminum sulfate solutions above 100°C 
also contain complex ions in which the coordination sphere of Al’* is occupied by OH groups 
and/or water molecules rather than sulfate ions. Thermal decomposition of the hydrate 
Al,(SOx)3-16H2O yields practically anhydrous Al,(SO,)3 at 450°C; further decomposition to 
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Al,03 and SO; occurs above 600°C.7'° Hydrogen sulfates M(HSO,); (M= Al or Ga) have 
been prepared (equation 8).7!” Excess water allows the hexahydrates to be formed. 

M(SO,Cl); + 3H,O —» M(HSO,); + 3HCl (8) 

Anhydrous double sulfates (‘alum anhydrides’) M'M™(SO,), are formed by Al and Ga with 
NH, or the alkali metals (M').”® Crystal structure determination establishes that Al>* is 
coordinated by SO, groups, with r(Al—O) = 191 pm.?! Complexes M[AICI,(SO,)] (M = Li, 
Na or K) have been prepared.” Chlorosulfates of aluminum with the same alkali metals, 
M[AI(SO3Cl)4], are obtained by the solvolysis of MAICI, in SO, at —15°C.”! All are very 
hygroscopic. The Li compound thermally decomposes to Al,(SO,)3, whereas Na or K 
compounds give MAI(SO,),. The sulfate ligand is found in bridging role in (Me,Al)SO, (from 
2Me2AICl + Na2SO,), which is monomeric, D>,, in solution but polymeric in the solid state. In 
aqueous solutions of Al,(SO,)3 there is evidence from UV and NMR spectra of 
pone of sulfate to the aluminum ion, as [Al(SO,)(OH2)s|*, at concentrations above 

1 mol". 
Aluminum forms tungstates Al,(WO,),; and MAI(WO,):.2% Crystals of Al(WO,)3 are 

orthorhombic; as in the sulfate, Al°* is octahedrally coordinated, with Al—O distances 
between 186 and 191 pm.” Aluminum can be introduced into the structures of polytungstates 
and molybdates to prepare (AIW,20,9)°~ and (AIMo,Q>,)?~ for example.” 

25.1.5.4.4 Chlorate, perchlorate, bromate, iodate and periodate 

The salts of these anions are highly hydrated and all are likely to contain the [Al(OH2).]°* 
complex, although the periodate Al(IO,)3-12H2O is reported to decompose above 130°C to 
yield the anhydrous iodate Al(IO3)3.' Hydrates Al(ClO,4)3-nH,O (n = 3, 6, 9 or 15) lose water 
on heating and at 178 °C decompose to Al(OH)(ClO,)2. Anhydrous Al(ClO,)3 is obtained from 
AICI]; + 3AgClO, in benzene. Sparingly soluble perchlorato complexes M,, Al(ClO4)34,, (M = 
group I or NH, cation; n = 1, 2 or 3) have recently been prepared.””’,”*8 IR spectra indicate 
that [Al(ClO,).]°>~ possesses only unidentate ligands, whereas [Al(ClO,)4]~ and [Al(ClOg)s]?~ 
contain both uni- and bi-dentate ClO,. By the same criteria, the compound Al(C1O,)3 contains 
bidentate groups, whilst Al(ClO,)3-3L (L =H,O, THF or MeNO,) has only unidentate ClO, 
ligands. Al(ClO,)3 dissolves in MeOH, HOAc or (AcO),O with complete replacement of ClO, 
groups by solvent molecules, whereas the perchlorate ligands remain coordinated in MeCN, 
THF or MeNO3. Mixed ligand complexes [AICI,(ClO,)4_,]~ (1 = 1, 2 or 3) have been detected 
by ?7Al NMR in solutions of AlCl, + ClOZ ions in CHCl, or CH2Ch, and there is evidence of 
perchlorate complexing of Al’* in EtOH  solutions.”° Preparations of a_ salt 
Me,N[AICI3(C1O,)],7°° and a molecular adduct AJCl,(ClO,)-2DME”’? of the ligand dimethoxy- 
ethane, have been reported; both appear to contain perchlorate coordinated to aluminum. 

25.1.5.5 Carboxylate Ligands 

Aluminum forms carboxylates Al(O2CR)3, and a range of basic carboxylates, including the 
mononuclear species Al(OH)(O2CR)2 and Al(OH2)(O2CR), and polynuclear complexes such 
as Al,O(OH)(O2CR), obtained from the above by elimination of water.”? There are many 
uses in textile, paper and pharmaceutical industries which take advantage of the ability of Al 
centres to bind O ligands strongly. 

Crystallization from concentrated solutions prepared by dissolving freshly precipitated 

Al(OH); in formic acid yields Al(OH)(O2CH)2‘H2O. The hydrated _ triformate 

Al(O,CH)3-3H2O can be obtained from solutions containing an excess of HCO2H. Basic 

acetates Al(OH),,(O2CMe);3_, (” = 1 or 2) are obtained as white powders from aqueous acetate 

solutions on partial neutralization. The triacetate Al(O2CMe); is prepared by heating the metal 

or AICI; with acetic acid and acetic anhydride. When heated, Al(O,CMe)3 loses acetic 

anhydride forming products with AI—O—AI linkages. The higher carboxylic acids form similar 

compounds. The trifluoroacetate Al(O2CCFs)3 is obtained from Al/Hg and trifluoroacetic acid. 

A basic salt and the compounds AICI,,(O,CCF3)3-, (7 =1 or 2) have been described.** 

Besides preparations from Al or the trihalides AIX3, a number of routes to carboxylates 

employing alkoxides Al(OR); or alkyls R3Al are available.’ By using the appropriate 
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stoichiometry mixed alkoxycarboxylates and the compounds R,Al(O,CR’) and RAI(O2CR’)2 

can be obtained.°® 

25.1.5.5.1 Complex ions 

Complex salts with a group I metal MAI(O,CR), can be prepared from carboxylate solutions 

or from MAIR, (R= various alkyl groups) by reaction with CO under pressure at 200°C. 

Acetate complexes of trimethylaluminum have also been prepared, i.e. MegN(Me3AlO,CMe) 

and Me,N[(Me3Al),0,CMe]. XRD study of the former shows it to be a four-coordinate 

aluminum complex, with r(Al—O) = 183 pm and the angle C—O—AI = 137 °.*** The structures 
of several Al complexes with bridging acetate ligands have been determined.” 

In aqueous solution Al’* gives complex ions [Al(O2CR)]** and [Al(O,CR)2]* with formic, 
acetic, propionic and butyric acids, for which the formation constants have been 

measured.”*°?9? Owing to the influence of chelation, complexes of higher stability are formed 
by dicarboxylic, amino and hydroxy acids, and both cationic and anionic complexes may be 
formed.?**°? Data are available for oxalic, malonic, succinic and lactic, diglycolic, gallic, citric, 
salicylic, glutamic and aspartic acids.? 74” 
NMR spectra give evidence of polymerization in aqueous solutions of hydroxycarboxylic acid 

complexes. In lactate (or citrate) solutions the *7Al NMR spectra show distinct peaks for AIL, 
AIL** and AIL; complexes.*** Increased pH leads to substitution of H,O in the coordination 
sphere of Al(OH;2)g* by lactate and eventual displacement of lactate by OH~. The citrate ion 
can function as a uni-, bi- or tri-dentate ligand towards Al’*.*** A tris(oxalato) complex can be 
isolated as K3Al(O4C2)3-3H2O.*” In contrast to oxalato complexes of transition metals, 
[Al(O,4C2)3]°~ is highly labile and has defeated attempts at the resolution of optical isomers. 
Studies of the interaction of Al°* with the carboxylate groups of model membrane systems are 
leading to a better understanding of physiological processes, especially cumulative toxicity.7°° 

25.1.5.6 Ethers and Other Oxygen Donor Ligands 

25.1.5.6.1 Molecular complexes 

Organic ligands which form O donor complexes with the aluminum trihalides, except AIF3, 
include ethers, aldehydes, ketones, esters, nitro compounds, alkyl phosphates, sulfoxides, 
ureas, acid chlorides and amides.* 1:1 is the prevailing stoichiometry, although there are 1:2 
AIX;-ether adducts, some nitro complexes of this form (e.g. AlCl;-2PhNO,, AIBr3;-2MeNO,), 
and a few instances of 2:1 type (Al,X,-L). The ether complexes tend to decompose on heating, 
giving mixtures including AIX,OR, and as a class the AIX; adducts are highly reactive and very 
susceptible to hydrolysis and nucleophilic attack. X-Ray studies have shown that the crystalline 
acetyl chloride complex of AICI; is ionic, MeCO*AICI; (although it has a donor—acceptor 
structure in dichloromethane solution”), whereas the adducts with EtCOCI and PhCOCl are 
O-linked coordination compounds.**? Bond lengths are Al—O = 182-185 pm and Al—Cl= 
208-209 pm. A decrease in the v(C=O) stretching frequency shows the carbonyl oxygen to be 
the donor site in these compounds, and also in the case of esters, amides and anhydrides. 
Vibrational spectra show that the complexes AlX3-MeNO, (X = Cl or Br) are simple molecular 
adducts.” 

Several of the ether adducts have been investigated in detail. AlCl;-2THF has a molecular 
structure which is close to trigonal bipyramidal; the tetrahydrofuran ligands are trans diaxial 
with Al—O = 199.0 pm and Al—CI = 215.3-216.4 pm.?** There is spectroscopic proof that the 
ionic complex AICI,(THF);AICI; can be obtained in the solid state, although it readily 
isomerizes to the molecular form. A molecular structure AIX3-THF (X = Cl or Br) is found for 
the solid 1:1 adduct. These species can be detected in solution where the various forms are in 
equilibrium, and there is evidence of interconversion of cis and trans forms of AICl;-2THF.?> 
The structure of AICl3-2diox is also based on trigonal bipyramidal coordination.2° Here, 
planar AICI; units are bridged by 1,4-dioxane to form (AICI;-diox), chains; the second dioxane 
molecule is merely a solvate. The bond distances [Al—O = 201.7 pm and Al—Cl = 213.9 pm 
(average)] are close to the values in AlCl;:2THF. Diethyl ether gives AIX3-Et,O (X = Cl, Br or 
I)’ whereas Me,O forms 1:1 and 1:2 types. The complexes AIHCl,-Et,O and AIHBr,-Et,O 
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have been examined spectroscopically; v(Al—O) was close to 330cm7! and shifted very little 
on changing Cl for Br.7°8 

Coordination takes place through oxygen in the 1:1 and 2:1 sulfone complexes AIBr3;-R>SO> 
and 2AIBr3-R2SO, which have been studied by means of bromine NOR spectra.”°? A complex 
of aluminum trichloride with benzo-15-crown-5 is notable as another instance of a 2:1 type, 
effectively Al,Cl,-ether.*® It is obtained from benzene-diethyl ether solvent; on recrystalliza- 
tion from methanol the more stable 1:1 (AlCl3-ether) adduct is produced. Crystal structures of 
some related complexes with crown ethers, (Me3Al),,ether (n =2 or 4) and (AICl,-ether)t, 
have been reported.”*' These are useful agents for solubilizing ionic species M* A~ in aromatic 
solvents, ultimately affording M*AlMe3;A~ and M*Al,Me,A~. A general review of etherates 
of organoaluminum compounds has been given.” 

Measurements on systems R3AI-L, where L is one of the ethers mono-, di- or tri-glyme, yield 

low values (ca. 25kJ mol~’) for the activation energy of ligand exchange, suggesting that a 
bimolecular displacement rather than a dissociative mechanism is operative.7°? NMR measure- 
ments in solution confirm the existence of both AICl;-Me,O and AICI,-2Me,O and enable 

ligand exchange rates to be determined.” Competition experiments have shown the following 
order of ligand strength towards AICl;: COCl<MeNO;< PhNO, < PhCOCI < Me,0 < 

Ph,CO < Et,O < HCO,Me < MeCN < Cl" .”© Other aspects of the energetics of AlX;—oxygen 
donor complexes are compared with those of amine adducts and of the AIX; ions in 

appropriate sections. Ether adducts of other Al" species, AIH3-Et,O and Al(NCS)3-Et,O, are 
mentioned elsewhere in this chapter. 

Of several inorganic ligands which form O-coordinated complexes with AICI, or AIBr3, 
phosphorus oxychloride has been the most fully investigated. The adduct AlCl;-POCI, m.p. 
186°C, is well known and a second adduct has been shown to be 2AICIl3-3POCI; (m.p. 
166 °C)*° (not AICI;-2POCI, as in early literature). Unstable crystals AlCl;-6POCI; decompos- 
ing at 42°C have also been obtained. With other ligands there are reports of AlCl;-COCh, 

2AICL-NO, AIClz;-NOCI, AICl3-2NOCI, 2AICh-SO2, AICl3-SO2, 2AIClz;-SOClL, and a few 
analogous complexes of AIBr3 and AllI;.’*? All are not necessarily O-bound, for example the 
1:1 complex of AlCl; with NOCI is better formulated as NO* AICIz (see Section 25.1.7.2). The 
aluminum trihalides do not react with carbon monoxide as such, but there are a number of 
complexes in which the AIX; Lewis acid group is attached to a carbonyl group of a transition 
metal complex,’ and kinetic studies have shown that coordination to AIX; is an effective 
means of promoting carbonyl insertion reactions.*® The structure of [W(CO)3Cp],Al-3THF is 
a remarkable one; the Al atom is six-coordinate, being attached to O atoms of carbonyls and 
three THF ligands.” 

25.1.5.6.2 Cationic complexes 

There have been a number of investigations of the species formed by Al** in polar 
oxygen-containing solvents. Frequently these are complex cations AILg*; examples which have 
been characterized by NMR ('H and ”’Al) and other measurements are Al(DMSO)é*, 
Al(DMF)2+, Al(TMPA)3*, Al(urea)g* and Al(EtOH)g*.*” Kinetic and thermodynamic 
parameters have been determined for several of these systems. They show, for example, that 

Al(DMF)2+ is a more labile complex than Al(DMSO);*, but that all seven species 

Al(DMSO),,(DMF)é*,, (n = 0-6) are present at various DMSO: DMF ratios when both ligands 

are added to a solution of Al(ClO,)3 in nitromethane. The urea complex has been isolated as a 

crystalline salt, Al(urea)s(ClO,)s, which has been studied crystallographically.*” 
Dimethyl sulfoxide systems have attracted most attention. Ligand exchange of DMSO with 

the complexes M(DMSO)é* (M=Al, Ga or In) has been shown to involve a dissociative 
mechanism, and rate and activation parameters have been determined for ligand displacement 
reactions of Al(DMSO)é* with H,O, and with the stronger bases pyridine, bipyridyl and 

terpyridyl.?” The halides AlCl; and AIBr; form the DMSO complexes AIX3-1.5DMSO and 
AIX3-6DMSO. According to vibrational spectra, both these solids contain the DMSO- 

coordinated cation and should be formulated as Al(DMSO)é*3AIXz and Al(DMSO)é*3X~, 

respectively.””? Vibrational assignments are also available for the tetramethylene sulfoxide 
complex Al(TMSO)@*.?” eid 

1H NMR spectra of AICl3, in either MeOH or EtOH solutions, indicate a solvent 

coordination number ‘of four which may imply that the species AlCl,(ROH)j7 AICI; 

predominate.”” In the cases of Al(NO3)3 and Al(C1O,)3 the solvation numbers are five and six, 



120 Aluminum and Gallium 

respectively. For Al(ClO,); in non-aqueous solvents, the addition of trimethyl phosphate 

produces Al(TMP)g*, whereas hexamethylphosphoramide gives a tetrahedrally coordinated 

complex. The kinetics of ligand exchange show that an associative mechanism is followed by 

the four-coordinate species, which contrasts with the dissociative path to which the six- 

coordinate species are restricted. If water is also present, the octahedral species AIL, (OH))2*,, 

(L = TMP or HMPA) are detected instead.*”° 

25.1.6 SULFUR AND HEAVIER GROUP VI LIGANDS 

25.1.6.1 Sulfides, Selenides and Tellurides 

The compounds Al,S3, Al,Se; and Al,Te3 are produced by heating the elements in 2:3 

proportions.””’ All crystallize in the wurtzite hexagonal lattice of anions with Al’* in two-thirds 
of the cation sites, although other forms exist, including some high-pressure phases based on a 
cubic lattice.2”® There are many ternary compounds M'AIY, and M"ALY, (Y=S, Se or 
Te),!:?7°:78° some of which are less susceptible to hydrolysis and other attack than the 
corresponding Al,Y3. Ternary group III compounds are also known, e.g. InAIS; in which Al is 
tetrahedrally coordinated by S atoms.”*! 

Thiohalides AISX (X=Cl, Br or I) can be prepared as crystalline compounds by heating 
ALS; with AIX3.' They decompose on strong heating and are readily converted to the 
oxyhalides by moisture and to thioamides AISNH, by ammonia. Selenium and tellurium form 
the analogous AlSeX and AlTeX which react similarly. The structure of AlSX (and AlSeX) 
deduced from IR/Raman spectra is basically a dimer with a planar Al,S, ring and terminal 
Al—X.”* The units are interlinked through halogen bridge bonding. Sulfide ions and AlCl; 
react in basic CsCl/AICl, melts to produce chain-like complex anions [AI,S,—;Ch,+2]” ‘(n= 
2-3 in dilute solution; higher when more concentrated). The polymeric compound CsAISCl, 
can be isolated.**? Raman spectra of the melts show features attributable to both bridging S 
and Cl ligands. In acid melts, dissociation to form solid AlSCI occurs. 

25.1.6.2 Other Sulfur Donor Ligands 

Dialkyl sulfide ligands interact with the halides AlX; to form the 1:1 complexes.**’ For 
AICl;-SMe2, rapid exchange of ligand with excess Me2S is shown by NMR investigation.7™ 
All;-SEt,, obtained by direct reaction of the compounds, has also been characterized by NMR. 
The dithiocarbamate Al(S,CNMez)3 can be prepared from Al(NMez)2 by CS; insertion.*** The 
structure is monomeric with six-fold coordination of Al by S (Al—S distances = 238.6— 
240.5 pm). In the case of CIAl(NMes3)2 the product is the dimer [CIAI(SxCNMe>)2]>. There are 
two bridging Cl ligands which, with the four S atoms, enable each of the Al atoms in the 
molecule to be six-coordinate. Various lithium  tetrakis(thiocarbamato)aluminates 
LiAl(YY'CNHR), (Y=S, Y'=O or S) have been prepared and characterized by IR 
spectra.** Insertion of CS, into the AI—N bond in Me,AINPh, to yield MesAIS»CNPh, occurs 
when the reactants are refluxed together in hexane.**° The structure of the adduct Me;3AI-SMe> 
has been determined by vapour phase ED which yields the Al—S bond length of 255 pm.?8’ 
Reactions of Me3Al with toluene-3,4-dithiol give a variety of cyclic and polymeric products 
with Al—S-bonded structures.*** (Me2AlI)S, the sulfur analogue of tetramethylaluminoxane, 
has been reported; it is produced from trimethylaluminum by reaction with lead sulfide or 
liquid H,S.”” 

25.1.7 HALOGEN LIGANDS 

25.1.7.1 Fluoride Ligand 

The AIF; molecule, trigonal planar, with Al—F distance of 163 pm, is produced in the gas 
phase when aluminum trifluoride sublimes (1272 °C at 1 atm).! Vibrational frequencies of the 
monomer, and the Al,F, dimer, are available from matrix isolation studies,?°?*! as is also true 
for the OAIF molecule.?% 

Crystalline AIF; can be obtained from Al,O; and HF at 700°C. The lattice contains 
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six-coordinate Al with Al—F = 179 pm. The hydrates AIF3-nH>O (n =3 or 9) are dehydrated 
with difficulty via non-stoichiometric forms. Unlike the other halides, anhydrous AIF; is 
insoluble in inert solvents and only slightly soluble in water. It is more soluble in the presence 
of HF, forming the complexes AIF3~, AIF,(OH)2=”% and AIF;(OH>)3 detectable by NMR and 
other means.*”**° Concentrated solutions deposit B-AIF3:3H>O on standing. 

There are many complex fluoroaluminates, both natural and synthetic. Octahedral AIF, units 
are present, either as AIFe~ or within chain or layer structures where adjacent units share 
apices. Edge-sharing, which would produce short Al: --Al distances, is avoided and Al—F— 
Al links are close to linear. The solids M3AlIF, assume cubic lattices at elevated temperature 
(the Li salt at 597°C, Na at 560°C, K at 300°C).! Structures at ambient temperature are less 
regular. Recent structural studies include those of alkali metal hexafluoroaluminates, 
Ba3(AIF.)2., BaZnAlF, (in which Al/ZnFs octahedra are linked into tetrameric anions)*”” and 
Hg,AlFs-2H2,O (in which AIF, octahedra are linked through trans fluorines into infinite 
chains).* In KAIF,, layers of AIF, groups are connected by four corners. AlI—F distances, 
measured by neutron diffraction, are 181.7 and 175.2 pm.” 

Na3AlF¢ ‘cryolite’, which can be synthesized from Al,O3 + HF + NaOH, forms, with alumina 
and AIF3, the basis of the electrolyte in the manufacture of aluminum. There have been critical 
studies of cryolite,° of the liquid phase dissociation AIF?~ > AIF; + 2F7~,2°'3°2 and of the 
vapour above the melt.*” In the gas phase, the predominant species NaAIF, has the structure 
Na(u-F)2AlF,, and the (NaAIF,). dimer is also present. MO calculations have been used to 
compare various possible gas phase structures of NaAIF,, LiAlF, and MgAIFs.°% 
X-Ray studies*”’ established the presence of a linear, symmetrical ALK-F—AI bridge with 

Al—F 178.2pm in the anion Me3Al(u-F)AlMe3; which is isoelectronic with disiloxane 
(Me3Si)20. Me2AlF is a cyclic trimer containing the Al,F; ring.*” 

25.1.7.2 Chloride, Bromide, Iodide and Mixed Halide Ligands 

Aluminum monohalides AIX are recognized in the high temperature gas phase from which 
they can be trapped by matrix isolation.*”’ AICI is significant in the chemical transport of 
aluminum through the equilibrium Al) + AlCl3¢) = 3AICl,). For the AIX; monomers, planar 
trigonal molecules, there are reports of bond distances, and of IR and Raman spectra in the gas 
phase, or as matrix-isolated species.*°°° Ab initio MO calculations of the geometry of the 
AICI; and Al,Cl, molecules have been performed, and photoelectron spectroscopy has been 
used to investigate the equilibrium between MX; and the M2X, dimers for M=AlI or Ga; 

X = Cl, Br or I.°!° Structural data for the Al,X, molecules are tabulated elsewhere,!? as are the 
physical properties of the crystalline aluminum trihalides, so that only values which have been 
subsequently revised are cited here. For example, vibrational spectra of aluminum halide 
vapours have provided a basis for fresh NCA calculations on the AIX; and AlX¢ 
molecules,**3! and the Raman spectrum of Al,Cl, in the melt has been reexamined.?”” 
Aluminum trichloride is synthesized by heating the metal in chlorine or dry HCl. Various 

methods of purification have been employed.’ Crystalline AICl;, a lattice containing six- 
coordinate Al, melts at 192 °C under 2.5 atm to give a liquid consisting of Al,Cl; molecules. At 
1 atm it sublimes at 150-180 °C, mainly as Al,Cl,, although the vapour then contains 1% of the 
trimer Al,Cl. The dimer dissociates readily (AH for Al,Cls— 2AICI; is 170 kJ mol~'),*"* and 
the monomer is the predominant form at 750°C. Aluminum tribromide (m.p. 98°C) and 
aluminum triiodide (m.p. 189°C) are synthesized from Al and halogen. The standard 
enthalpies of formation have been redetermined, giving —495 and —280 kJ mol” for AlBr3 and 
All, respectively.** The bromide consists of Al,Br, molecules in solid and liquid states. In the 
vapour, MS detects clusters containing up to 30 atoms, (AIBr3),,, with strong peaks for n = 2, 4 
and 6, besides the monomer formed by dissociation.*’” Crystalline AlI, has an infinite chain 
structure with the repeating unit —AII,(u-I)—.*”° The Al—I distances differ markedly, 
averaging 272.0 pm (bridging) and 245.3 pm (non-bridging). The Al—I—AI bridge angle is 
119°. The liquid is molecular, Al,I;, as shown by the IR and Raman spectra.’ As powerful 
Lewis acceptors, the trihalides form (with donor molecules) coordination compounds of the 
type D—AIX;, and sometimes D2AIX; or DAI)X., discussed at various points in this chapter. 
S.N2(AICl3)2 is an example of a compound in which a dibasic species, the S,N> ring, 

coordinates to two separate AICI, units.7!” sone 

The importance of aluminum trichloride (and AIBr3 which is more soluble in hydrocarbons) 
as a catalyst, particularly for Friedel—Crafts alkylation and acylation of aromatic compounds, 
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has led to many investigations.**!***! The prime function of AICI, is to interact with the RCI 

or RCOCI molecule to generate cationic alkyl or acyl species with simultaneous production of 

AICI; and/or AlCl. With aromatic hydrocarbons (Ar) in the presence of HX, the halides can 

form ArHtAl,X> which is an effective catalyst. Anhydrous aluminum trihalides also interact 

with aromatic systems in the absence of HX, but the process is imperfectly understood. The 

alleged formation of a complex of Al,Cls with benzene has been refuted.°*” Mixtures of the 

bromide with benzene yield an inclusion compound AlI,Br¢-benzene, the NOR signals of which 

are similar to those of pure Al,Br..*” With toluene, Raman spectroscopy gives evidence of a 

complex throught to have the singly bridged structure Br3Al(u-Br)AIBr2-toluene, and with 

mesitylene there is a a complex, AIBr3-mesitylene.' Lamellar compounds including 

Co:AIBr3‘Br2 and C,4:AIBr3Bro3 are formed when graphite is exposed to AIBr3—Br2 

mixtures.°*”° 
Chemical transport of the chlorides of many other metals takes place in aluminum trichloride 

vapour, and this aspect of the Lewis acid behaviour of AICI, has received considerable 

attention, focussing especially on the formulae of the gaseous complexes, their thermodynamic 

properties and possible applications.*'* The species concerned are molecular complexes which 

typically have Al(u-X).M bridges, such that both Al (as AIX, or Al,X;) and the other metal, 

e.g. Be, Mg, Fe or Pd, attain a coordination number of four. In NaAlCla,) the Na atom is 

probably above one edge of the AICl, tetrahedron, as in NaAIF,.°*° With CrCl, or NiCl, the 

gas phase complex MCl,-2AICI; has the structure CIAI(u-Cl)3M(u-Cl)sAICI in which Al is 
four-coordinate and the transition metal is six-coordinate. The structures and properties of 
organoaluminum halides further demonstrate the coordination behaviour of halogen ligands 
towards Al. Compounds such as R,AICI and RAICI, (R= Me or Et) are dimeric in the liquid 
state and tend to dissociate in the vapour.*?’”*78 The Al—Cl bridge bonds in the Me2Al(y- 
Cl),AlMe, molecule (230 pm) are significantly longer than those in Al,Cl, (225 pm). 

25.1.7.2.1 Complex halide ions 

Aluminum forms the four-coordinate anions AIX; and the bridged species ALX7, ie. 
X3Al(u-X)AIX3, both of which are produced when aluminum halide is fused with a metal 
halide MX.*’° There are recent XRD and spectroscopic studies of the AIClz ion as crystalline Li, 
Na, K, Tl and NH, salts at ambient and elevated temperatures.*”?**° The Al—ClI distances are 
212-214 pm, and various distortions of AlCl; from tetrahedral symmetry are revealed. The 
corresponding bromides MAIBr, have also been characterized.'**! Near regular AlCl; ions 
with Al—Cl bond lengths of 212.9pm occur in Li(SO2)3AICL°*? and in NOAICL?* (from 
AICI, + NOC] in liquid SO2). The AlCl; tetrahedra, which interact only weakly with the alkali 
metal cations, are linked through Cl bridges in the case of some transition metal chloroalumin- 

ates, é.8. Cu(AICly)2, Ti(AICly)2, (n-CeHe)Ti(AICly)2 and (n-CsH,¢) V(AICI,)3.3°* 3° NOR 

spectra are able to distinguish between compounds containing ionic AlX; and those in which 
the groups interact with other metal centres, or form Al,X7.*°’°*? The ready formation and 
low coordinating ability of the AlXz ions has been instrumental in the use of aluminum halides 
to isolate compounds containing low-valent cluster cations or other unusual species, e.g. 
Hg3(AICl,)2, Big(AlCl4)2,°4° C3X3(ALX,) (X=Cl or Br),*** SCIL(AICl,),**? PL,(AII4) and 
P,I5(AlL,).**? In these last two compounds, AlI; has near regular 7, symmetry with 
Al—I = 251.8 or 252.9 pm, respectively. A notable attempt to utilize AlCl; in isolating a 
silicon-based cation resulted instead in a compound with AICI, coordinated to one of the N 
atoms of (Me2N);3SiCl.*4 
Much recent work on NaCl/AICl; and related haloaluminate systems has concerned their 

behaviour as molten salts and non-aqueous electrolytes, and their use as aprotic reaction 
media.****°? AIC]; with n-butylpyridinium chloride, and allied low-melting combinations 
provide useful model systems for fused salt behaviour and have attracted considerable attention 
on this account.*°**°° There is evidence, particularly from 77Al NMR spectra, that Al,Cl> and 
also Al;Clio are present in AlCl3-rich systems.*>4>°> 

The tetrahaloaluminates are hydrolyzed by water; however, the anion AlCl; has been 
characterized in solution as the complex acid (Et,O),,H* AICI; °°’ This ion and solvated AIC?+ 
and AICI; are formed when AICI; dissociates in various solvents, such as ethers, MeNO, and 
MeCN.°°?°° NMR, IR and Raman spectra have identified the species and have enabled 
exchange processes between them to be monitored. The ions [Me,, AlCl,_,,]~ (m = 1-3) have 
been investigated in benzene solution.2© Vibrational analyses are available for MeAICl; and 
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Me;AICl",** and the crystal structures of K(MeAICI3), Cs(Me2All>) and Me,N(Me;All) have 
been determined.> 

The heptachlorodialuminate ion has been obtained from the reaction of acetyl chloride and 
ALCl, which yields MeCO*ALCl; in liquid HCl,*° although the direct reaction yields 
MeCO* AICI; .° (EtCOClI and AICI; form a molecular adduct in which AICI, is attached by 
the CO group of propionyl chloride.) Crystallographic studies of solids containing Al,Cl7, 
which has been observed in both eclipsed and staggered bent configurations, give the average 
Al—Cl distances 227.0pm (bridging) and 208.4 pm (terminal) and a bridge bond angle 
Al—CI—AI of 114°.°° The AlBr7 anion is similar, having Al—Br = 243 pm (bridging) and 
227pm (terminal) with angle Al—Br—Al=108° in the NH salt.°% Et,N(AIBr,) and 
EtsN(ALBr,) are obtained by reactions of AlBr3 with Et,NBr in acetonitrile.°* Vibrational 
spectra of Al,X7 (X=Cl, Br or I in Me,N*, K* or Cs* salts, respectively) indicate higher 
symmetry with a linear AK—X—AI bridge in the liquid state.*® In view of the experimental 
support for both linear and bent structures of Al,Cl;, it is interesting that ab initio 
calculations*® favour a bent AlI—CI—AI bridge in the species H3Al(u-Cl)AIH; (in contrast, 
Al,H7 is predicted to be a linear). 

25.1.7.2.2 Mixed halide species 

The anions [AII,,X,4_,]” (X = Cl or Br), readily identifiable by *”Al NMR spectroscopy, are 
generated from All; and Pr{NI in CH2Cl, or CH2Brz, and the [AICI,,14,_,,]~ series has also been 
observed in molten salt media.*”° The series [AICI,,Br,_,,]” and the ions AIX, YZ", containing 
three different halogens, have been characterized similarly,*”! and equilibrium relationships 
between these various complexes have been estimated. The chemical shift range which 
separates AICI; from AlIz is much smaller than that which separates GaClz from Galj, in line 
with differences in nuclear shielding of the Al and Ga mixed halide species. Raman and NMR 
spectra of mixtures containing AICI,Brz_, (n = 0-4) have been used to identify the individual 

ions and MO calculations have been applied to this system.*”* Mixed halide forms of the 
aluminum trihalide molecules are little known although the reaction of HCl with AIBrs is said 
to give mainly AICI,Br, and both AICI,Br and AICIBr2 have been identified by matrix isolation 
methods.*”* 

25.1.8 HYDROGEN AND COMPLEX HYDRIDE LIGANDS 

25.1.8.1 Hydride Ligand 

Aluminum hydride as polymeric (AIH;),, and the trimethylamine complex of alane, 
AlH;-NMes3, were reported about 1940.*° Synthesis of aluminum hydride, as a colourless solid, 
by the reaction of LiAIH, with AICl,, appeared in 1947.° A route which avoids residual 
chloride ligands uses the action of sulfuric acid on LiAIH, in THF.*” A tested preparation of 
the complex AIH3(OEt,)o3 is available,*”° and some spectroscopic and X-ray data have been 
reported for this.*”’ There are v(Al—H) bands at 1620-1880 cm™' and v(AI-O) at 725 cm™; 
the crystal is cubic. AlH;, free of ether, is obtained by running a fresh ethereal solution into 

pentane. At least six crystalline phases of AIH; have been identified.*”* In one modification, 
isostructural with AIF;, the Al atoms are each surrounded by an octahedral array of 

hydrogens. The Al—H distance in this structure is 172pm.°” The monomeric AIH; and 
dimeric Al,H, molecules can be generated as vapour phase species above 1000 °C. The Al—H 

bond energy in AlHx,) is 340 kJ mol~', compared to the energy of the electron deficient bridge 

bond in AlH,g, estimated to be 116kJ mol7’.*°° Whereas AIH; is planar, the alane radical 

anion “AIH; has a pyramidal structure, demonstrated by a combination of matrix isolation and 

ESR techniques. The molecule HAICI, has been generated from AICI and HCI in an argon 

matrix under UV irradiation. The vibrational spectrum with v(Al—H) at 1968cm™' and 

v(Al—Cl) near 475 cm“! favours a planar monomeric structure.**? 
Using ab initio procedure, the structure of the (Me,AlH), dimer has been calculated.**” 

Similar calculations for (Me3Al),H~, and for the hypothetical species Al,H7, show that the 

lowest energy corresponds to a linear AI—H—AI bond.*® The crystal structure of Na(Me3Al— 

H—A\IMe;) shows the Al—H distance to be 165 pm, compared to 168 pm in (Me,AlH)2, and 

that the ALK-H—AI angle is accurately 180 °.*** X-Ray analysis of K(Me3A1H) reveals a length 

COC3-E* 
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of 173 pm for the non-bridging Al—H bond in this anion.**° Secondary bridging through H and 

Cl occurs in the complexes formed by AIH3-OEt,, or AlH3-NMes, with the yttrium chloride 

dimer (Cp2YCl)2.°*° This demonstrates both the tendency of the Al—H bond to form bridges, 

and also the residual unsaturation of the Al centre in AlH;-L systems. ; 

Important aluminum hydride derivatives are the adducts of AlH; with Lewis bases; the 

complex aluminohydrides, notably LiAIH,; and a range of compounds AIH, L3-n. In this last 

category are halogenoalanes, AIH,X3-, (X=Cl, Br or I; n=1 or 2); dialkylaminoalanes, 

AlH,,(NR2)3-n; iminoalanes, especially the polymeric substances (—AIH(NR)—),; phos- 

phinoalanes, alkoxyalanes and mercaptoalanes. Aspects of the chemistry of these compounds 

and adducts of the type AIH3-NR; and AlH3-OR; are treated elsewhere in this chapter. There 
is a good review of work prior to 1970 which charts the early progress of aluminum hydride 
chemistry.”° 

25.1.8.1.1 Complex aluminohydrides 

The principal complex hydrides are alkali metal salts, MAIH, and M3AI1H., especially lithium 
aluminum hydride. Early accounts described the initial development of these reagents.**” *” 
The laboratory preparation and purification of LiAlH,, its manufacture by the Schlesinger 
process, properties, uses and safe handling were covered. Characteristic reactions of alumi- 
nohydrides will not be described now, except for recent work, or where there are aspects of 
special relevance to aluminum coordination chemistry. Hydridoaluminates can react with 
metal—halogen, metal—alkoxy and metal—alkyl compounds to form the corresponding metal 
hydride. AlI—H bonds are highly labile and species with such bonds react with active-hydrogen- 
containing compounds to release hydrogen gas. 

Lithium aluminum hydride can be prepared from AICI, plus 4LiH in diethyl ether. An 
alternative route, using AlH3-NMe;3 and LiH, illustrates the displacement of coordinated 

trimethylamine by the more powerful base, H~. NaAlH, can be synthesized directly from the 
elements using THF solvent at 150°C and 135 atm. The product is obtained by precipitation 
with toluene, and can be converted to LiAlH, by reaction with LiCl in Et,O. 

LiAIH, is stable in dry air below 120°C, but highly reactive towards moisture and protic 
solvents. When heated to 100°C, LizAIHg is produced by a reaction in which exactly 50% of 
the total hydrogen is liberated (equation 9). 

3LiAIH, —> Li,AIH,+2Al+3H, (9) 

Preparative routes to LizAIH, use LiAIH,+ butyllithium,? or LiAlIH,+2LiH in the 
presence of Et3Al as catalyst.*”' LiAl,H; was also reported but not substantiated by further 
work.*”* NaAIH, is more stable than the lithium compound, decomposing to Na3AlH, at 220°C 
under nitrogen. Above 245°C further decomposition gives 3NaH + Al + hydrogen.*%? The 
crystal of LiAlH, contains tetrahedral AIH; ions with an average Al—H distance of 155 pm. In 
NaAlH,, the anion has a compressed tetrahedral geometry with the Al—H distance of 
153.2 pm. The bond angles are 107.3° and 113.9°.°** The structures and stabilities of LiAIH, 
and the series of complex hydrides M'M™H, (M! = alkali metal, M™ = Al, Ga, In or Tl) have 
attracted recent theoretical as well as experimental attention.>9°>" 

The complex hydrides MAIH, form solvates, e.g. LiHy-nL, where L=OEt, or THF and 
n=1 or 2. LiAIH,-2THF is soluble in benzene and is volatile with some loss of THF. Amine 
adducts of LiAlH, are also formed, and are more stable to heat than the parent compound. A 
hydridoaluminate NaAlIH(OMe).OEt is manufactured as the benzene-soluble reducing agent 
‘Red-Al’. Tested procedure is available to prepare a dihydroaluminate which is non-pyrophoric 
and soluble in aromatic hydrocarbons by the reaction shown in equation (10), using 
2-methoxyethanol.*”” This compound probably owes its stability to six-coordinate Al with two 
H_ ligands and two chelating groups forming Al—O bonds. Related compounds 
Na[AIH,,(OR)4—n], where OR = OC,H,NMe, and n = 1 or 2 but not 3, are produced by the 
reaction of 2-dimethylaminoethanol with NaAlH,. Mixed alkoxyhydrides AIH,,(OPr')3_,, are 
formed by redistribution reactions of AIH3;-THF with Al(OPr')3.2% 

H3, 70-250 atm Na + Al+ 2MeOC,H,OH Na[AIH,(OC)H,OMe),] (10) 150°C 

The structures of hydridoaluminates have been investigated in solution. Conductance 
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Measurements in ether solutions over a wide concentration range suggest that the ions of 
LiAIH, (and NaAlH,) form solvent-separated ion pairs, whereas the ions of BusNAIH, are in 
intimate contact.*” A slight concentration dependence of the 27Al NMR chemical shift, and the 
appearance of Al—H coupling below 0.15 mol 17! is consistent with ion-cluster formation at 
higher concentations, with ion pairs at lower concentrations.*” Rapid, intermolecular hydride 
exchange occurs at 25°C in mono- or di-glyme solutions. No solvent coordination to AlH; is 
detectable in IR/Raman spectra.*°' NCA of the vibrational data produces an order of M—H 
Stretching force constants in which the aluminum value is less than that for gallium: 
AIH; < GaHz < BH;. 

Reaction of hydridoaluminates with AICI, forms AIHCl, and AIH>Cl as the etherates. The 
complexes Li(AIHCl;) and Li(AIHCl,) also participate.*°* Excess LiAIH, with AICI; in ether 
at —90°C can furnish a hydridoaluminate of aluminum itself, Al(AIH,)3-OEt,, which 
decomposes to Al + Et,O + hydrogen between 100 and 200 °C.*” 

25.1.8.2 Borohydride Ligand 

Aluminum tris(tetrahydridoborate), Al(BH,)3, a colourless liquid, f.p. —64.5 °C, b.p. 44.5 °C 
(extrap.), is the most volatile known compound of aluminum.’ It is formed by reactions of 
Me3Al, AIH3 or LiAIH, with diborane. An alternative synthesis is from AlCl; + 3NaBHg. 

Thermal decomposition of Al(BH,)3 occurs above 70°C with loss of diborane to form 
HAI(BH,)2. Although stable below 25°C under vacuum, Al(BH,)3 is a hazardous substance, 
being oxidized explosively by air and reacting violently with water or any protic agent. 

The vibrational spectra of Al(BH,)3 and Al(BD,)3 conform to a prismatic structure of D3, 
symmetry which is maintained in gas, liquid and solid states.*°* NMR spectra show that rapid 
exchange of ligands is taking place such that bridging and outer protons are equivalent on the 
NMR timescale at ambient temperature. The dimensions of Al(BH,)3 have been determined in 
the vapour by ED.*° Each BH, unit is linked to Al by two three-centre B—H—AI bonds. 
Similar bridging occurs in the trimethylamine adduct Al(BH,)3-NMe3, although the Al—H 
bonds are lengthened considerably from 180 pm in Al(BH,)3 to 197 pm in the adduct.*°° The 
AI—N coordinate bond length is 200 pm, a normal distance. A related structure, that of 
Al(BH,)3-NHs3, has been investigated by single crystal XRD.*”’ 

Hydridoaluminum tetrahydridoborates HAI(BH,).2 and H2AIBH, (as ether or amine 
adducts) are formed by exchange reactions of Al(BH,)3 with Et,AlH,*° or AlH3-THF with 
BoH,,*”’ in suitable media. Use of LiAlIH, leads to mixtures of anionic species 
[H,_,Al(BH,),]~ (1 = 1-3), some of which appear to be solvated, raising the coordination 
number of Al above four. Various aluminoboranes of considerable thermal stability are 
produced by reactions of AI(BH,)3; with other boron hydrides, e.g. B4Hio gives 
Al(BH,)(B3Hs)2.“° The skeletal structure of MezAIB3Hg, determined by vapour phase ED,*"’ 
is analogous to that of BsHio, the Al atom being linked to each of two boron atoms by a 
hydrogen bridge, AK-H—B. The Al—H distance is 190.6 pm. In the similar compound of 
gallium, Ga—H is 198.9pm. Methylaluminum tetrahydridoborates MeAl(BH4), and 
Me,Al(BH,) can be prepared from Me3Al + Al(BH,)s, or from Me, AICl3_,, + (3 — 2)LiBHa, 
where n=1 or 2.*” Like Al(BH,)3, they are volatile, monomeric compounds containing 
bidentate BH, ligands, with Al—H distances of 177 pm in four-coordinate Me,Al(BH,) and 

182 pm in five-coordinate MeAl(BHy)2.** A series of chloroaluminum tetrahydridoborates 
have been reported, molecular adducts Cl;_,,Al(BH4),,;OEt, (m =1 or 2) and complex anions, 
e.g. CIAI(BH,)5 as the K* salt, having been obtained.*” 

25.1.9 MIXED DONOR ATOM LIGANDS 

25.1.9.1 Schiff Base Ligands 

A series of pyridoxal amino acid Schiff base complexes have been prepared in which Al is 

trigonally coordinated by N and two O atoms.*”° These provide a model for the intermediate in 
the pyridoxal-catalyzed reactions of amino acids. Some Schiff base complexes produced in 

reactions of the bases with Al(OPr'); have been assigned a structure with five-coordinate 

aluminum.*!©4!7 
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25.1.9.2 Ligands with N, O and Other Functions 

A variety of chelate complexes of Al** with N and/or O donor atoms are known through 

stability constant data.”® Their formation illustrates several aspects of Al coordination 

chemistry. Chelates and other multidentate ligand systems provide a means of regulating the 

reactivity of aluminum compounds. For example, Al alkoxides can be converted to amino 
alcohol derivatives to confer water solubility and a degree of hydrolytic stability on otherwise 
water-sensitive materials. 

The edta complex is a particularly stable one: NMR spectroscopy shows that the formation 
of this complex in solution displaces aqua or hydroxo ligands from Al’*. In other situations, 
H20 molecules may be retained in the coordination sphere of the Al atom. A recent example is 
the six-coordinate complex AIL(OHz), given in solution by the tribasic acid 8-hydroxy-7-[(6’- 
sulfo-2'-naphthyl)azo]quinoline-5-sulfonic acid (H3L).** The formation of this particular 
species demonstrates selective coordination to Al by the heterocyclic N and phenolic O atoms, 
in preference to the azophenol moiety. In another study of multidentate ligand interactions, IR 
spectra show that complex anions of Al, Ga, In or Tl with oxamic acid M(NHCOCO,)3” are 
coordinated via the carboxyl oxygen and amidic nitrogen, after ionization of one of the 
hydrogens of the NH> group.*’? Similarly, the IR characterization of tris(diethylthiophosphato)- 
aluminum(III) indicates coordination of Al by both O and S atoms of the ligand.* 

Molecules in which aluminum forms part of a heterocyclic ring system offer a synthetic 
challenge likely to lead to developments including Al—N analogues of the boron—nitrogen 
compounds. Several diazaphosphonia-aluminatacyclobutanes have been characterized in which 
the unit ALK-N—P—N constitutes a four-membered ring.*”’ A series of aluminaminophos- 
phines, R,AIN(R')PR3, which have been synthesized to act as amphoteric ligands, have been 
shown to facilitate CO transfer reactions in transition metal complexes. An intermediate has 
been isolated in which the ligand is part of a ring comprising the CPNAIO sequence.*” 

25.1.10 MACROCYCLIC LIGANDS 

There have been several studies of aluminum porphyrins. Octaethylporphyrinatoaluminum 
hydroxide is readily acetylated and silylated at the OH group.* The complex has limited 
stability in acidic media. Tetraphenylporphinatoaluminum methoxide (TTPAIOMe) promotes 
the reaction of CO with propylene oxide to produce propylene carbonate under very mild 
conditions,** while TTPAIEt itself reacts with CO, under visible light, but not in the dark, and 
holds interest for investigations of photosynthesis.*”° Phthalocyanine complexes of Al, Ga and 
In have attracted attention as photocatalysts.**°*?? The conductivity of polymeric materials 
(P.AIF), increases by factors as high as 10° when the structure is doped with iodine to 
compositions in the range (P.AIFI,),, where x = 0.01 to 3.4. 
X-Ray studies of crown ether complexes of Al reveal some variation in Al—O coordination 

with ring size. In particular, 15-crown-5 forms (Me3Al),-crown with Al—O = 200.5 pm, whilst 
dibenzo-18-crown-6 gives (Me3Al)2:crown with Al—O = 196.7 pm.*”8 Other facets of crown 
ether coordination of aluminum are considered in Section 25.1.5.6. 

25.1.11 GALLIUM: INTRODUCTION 

Accounts of gallium which include coordination chemistry are those of Greenwood,*2? Sheka 
et al.,""” and Wade and Banister.! Early work on the adducts of gallium trihalides with Lewis 
bases was documented in 1963,4 and this area was thoroughly reviewed by Pidcock in 1972.41 
Other aspects of gallium coordination chemistry were examined by Tuck.**! Stability constants 
have been tabulated for a number of Ga** complexes.7® 

Three oxidation states of gallium are treated in the following account. Besides the 
gallium(IIZ) State, it considers the Ga! state, in which Ga* retains the 4s? pair of electrons, and 
the Ga State which is associated with the presence of a Ga—Ga bond, giving rise to the formal entity Ga;* as the nucleus of Ga" coordination compounds. The significance of metal-metal bonding in group III chemistry was explored in 1975.*°? 
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25.1.12 GALLIUM(I) 

25.1.12.1 Oxide, Sulfide and Selenide Ligands 

Gallium(I) oxide, Ga,O, sublimes as a dark brown powder on heating Ga,O, and Ga to 
500°C. It is stable in dry air, but reduces water to hydrogen and HSO, to H,S. Molecular 
species Ga,O and Ga,O, are trapped when the vapour above heated gallium oxide is 
condensed in a low temperature matrix. InJO, GalnO and Ga,In,_,O> molecules were 
detected similarly.**° ED studies of Ga,O,,) give r(Ga—O) = 184pm and Ga—O—Ga= 
140 + 10°." Gallium or indium superoxide species MO, (=M+tOz ) and M,O, have been 
observed in frozen matrices.*** 
An apparent Ga’ coordination compound, Ga(diox),Cl, containing the 1,4-dioxane ligand 

was studied crystallographically some years ago.’ This system is due for reinvestigation now 
that the related dioxane complex of GajCl, has been shown not to contain Ga(diox)}, as 
previously supposed, but to be a molecular complex of Ga™ (Section 25.1.13.1). 

Examination of the gallium—sulfur and gallium—selenium phase systems reveals Ga,S and 
Ga,Se, respectively." Other compounds identified in these systems, i.e. GaS, Ga,S; and GaSe, 
are materials with Ga—Ga bonds (see Section 25.1.13.2). Gallium(I) sulfide, Ga2S, is obtained 
in amorphous form by reducing GaS with hydrogen at 925 °C. 

25.1.12.2 Halide Ligands 

All four halides GaX (X =F, Cl, Br or I) are known as vapour-phase species, but tend to 
disproportionate when condensed, producing elementary gallium. The solid once thought to be 
Gal has been shown to be GazI; (below). 

Gallium forms a number of mixed valence halides. In these compounds the Gat cation is 
stabilized by the presence of a non-coordinating anion formed when the strong Lewis acid 
GaX3 combines with halide ligands. Examples are the ‘dihalides’ GatGaX;,*>*° and 
compounds Ga3Xz7, i.e. GatGa,X7 (X = Cl, Br or I).*°748 Compounds of the type Ga* AIX7 
are analogous to Ga2X,.*” In the subhalides, Ga)X3, the stabilizing anion is Ga,X?2-, the 
constitution being (Ga*t),Ga,X@" (X = Cl,*” Br” or I**’). 

The crystal structure of Ga,Cl, shows Ga* surrounded by eight chlorines of the GaCl; 
counterions. The gallium(I)—chlorine distance is more than 300 pm, to be compared with the 
Ga-Cl bond length of 219 pm in GaClz, and implies that the Ga* cation is not coordinated. 
When Ga,Cl, is vaporized, the vapour consists solely of GaCl and GaCl; molecules.**” Recent 

structural analyses of Ga,I, and Ga,I; have directed attention to the influence on these 
structures of the 4s” electron pair of the Ga* ion and confirm that iodide is coordinated only to 
the higher oxidation state centre.**! 

The halides Ga2X, combine with various donor ligands to give products since shown to be 
molecular adducts of the metal—metal-bonded Ga" state. There are reports of reactions of the 
halides Ga,X, with alcohols,“*? water,“* aqueous NaOH, HCl or HF, and HS gas.**>-**° 
Oxidative addition usually occurs, although there is evidence of the initial precipitation of 
Gal-containing solids in the reactions of Ga2Cl, in benzene solution with H,O or H,S. 

The crystalline solid GazCl, is soluble in benzene. Under regulated conditions, this solution 
yields crystals which prove to contain the complex (CsH.),Ga*GaClq 4 and X-ray studies show 
the cation to be the 7°-bis(benzene) complex of Ga'.“*” The GaCl; ions interact weakly with 
Gat to provide bridging chlorine atoms between the Ga' centres. With hexamethylbenzene the 
related compounds Ga(C.Me,)*GaXz (X = Cl, Br or I) have been prepared.*** 

i] 

25.1.13 GALLIUM(D 

25.1.13.1 Nitrogen, Oxygen and Other Donor Ligands 

Complexes derived from the ‘gallium dihalides’ Ga*GaXq were prepared in 1959 by adding 

various N, P, As, O or S donor ligands to a solution of GaX, in benzene. Originally these 

were thought to be Ga! compounds of the form GaL7GaX;, where L, represents four 

monodentate, two bidentate or a single tetradentate ligand coordinated to Ga*. The reaction 

with these donors has been reinvestigated and products shown to be molecular coordination 

complexes of the form Ga2X4L2, with a covalent Ga—Ga bond.“” In Ga,X,(diox)2 (X = Cl or 
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Br),*°° 1,4-dioxane ligands function as monodentate ligands so that each Ga atom is 

four-coordinate, as in the case of the Ga,X@~ ions (Section 25.1.13.3). The molecules adopt a 

partially eclipsed conformation in the crystal structure. Attempts to form Ga,Br4py2 by direct 

reaction of Ga,Br, with pyridine fail owing to disproportionation to Ga metal and the Ga 

state, caused by the basic ligand. Ga2Brapy2 can, however, be prepared successfully from the 

dioxane complex by ligand displacement.**' The molecular structure resembles that of the 

dioxane complex, although in this case the trans conformation is observed. 
Intense Raman bands, which are useful for recognizing these M—M-bonded species, are 

seen in the Ga2X,4(diox), series, at 238 cm™' for X = Cl, 169 cm™' for X = Br and 143 cm™' for 
X = I.**° Unstable species which are present in ether extracts from freshly prepared solutions of 
gallium in hydrobromic acid have been observed in this way. The species are now thought to be 
the complex acids (H*),Ga,Brg~ and H*Ga,BrsOEt; , and the ether adduct Ga,Br4(OEt,)2. 
As anticipated, treatment of the mixture of species with HBr displaces the ether ligands 
forming (H*).Ga,Bré_. 

In an interesting further development, the mixed metal compounds InGaX,4L, (X = various 
ligands, including py, THF and diox) have been obtained by carefully controlled reactions of 
In*GaXj; with the various ligands.** The salts (BugN),InGaX, (X= Cl or Br) could also be 
prepared. Raman spectra indicate that these compounds contain In—Ga bonds, whilst bearing 
coordinated halogen and other ligands. 

25.1.13.2 Sulfide, Selenide and Telluride Ligands 

Gallium forms the golden yellow sulfide GaS, and analogous compounds GaSe and GaTe, 
which are of interest as semiconductor materials. The structures contain Ga atoms linked in 
pairs forming the Ga3* entity which is bonded by S (Se or Te) ligands to form a layer lattice. 
The Ga atoms are tetrahedrally coordinated by three group VI atoms and the partnering Ga. 
There are several modifications of GaS which differ from one another in the stacking of layers 
and the interlayer spacing,*°**°> but all have essentially the same coordination within the Ga2S, 
unit. The nature of metal—ligand bonding in GaS, GaSe and GaTe has been investigated by 
vibrational,*°°*°’ photoelectron*® and NOQR*® spectroscopy. The selenogallate Na2Ga2Se3, 
which can be synthesized by heating a 2:2:3 mixture of the elements, is structurally related to 
GaSe.** It contains linked GaSe, units with Ga—Ga bonds of 240 pm, a distance slightly less 
than that in GaS (244.7pm), GaSe (245.7pm), GaTe (243.1 pm)** or GaSo.Seo. 
(244.7 pm).*°* 

25.1.13.3 Halide Ligands 

Freshly prepared solutions of gallium metal in aqueous halogen acids act as powerful 
reducing agents, and this property proves to be due to Ga" halide complexes. The species 
concerned are the anions (X;Ga—GaX;)*" of D3 symmetry which have been isolated as 
crystalline salts with tetraalkylammonium cations,“ Ph,P* and Ph3;3PH*.**! The gallium— 
halogen distances are similar to those of the GaXj ions, while the Ga—Ga bond length (239 to 
242 pm),"*'“° which is almost independent of change of halide, corresponds closely to twice 
the covalent radius of gallium as observed in the Ga™ state. The vibrational specra of all three 
Ga,Xé~ ions have been assigned*” and NOR spectra of Ga,Cl2- and Ga,Br2— have been 
studied.“°° The Ga NOR frequencies were found to be considerably lower than those of Ga!!! 
compounds and the data were used to calculate electron distribution on Ga and halogen atoms 
as a means of comparing the bonding with that of Ga™ complexes. The formation of Ga,Cl2- 
in gallium-rich chloride melts has been demonstrated by Raman spectroscopy,**’ and anions of 
this type have also been shown to occur in the low-valent compounds Ga2X; formed in bromide 
and iodide systems.*37440:441,464 

Some reactions of the hexahalogenodigallate(II) ions have been investigated.*>* Treatment of 
a solution of a Ga,X2~ salt in nitromethane with a different halide, as solid KY, results in 
replacement to form mixed halides of gallium(II), Ga2(X,Y)2~ which are characterized by 
strong bands in the 120-250 cm! region of Raman spectra. The analogous reaction of Ga,X27 
with potassium thiocyanate results in only partial replacement of halide by the pseudohalide. 
IR spectra show the NCS ligand to be coordinated to gallium through the nitrogen atom, as in the case of gallium(III) complexes. The Ga—Ga bond of Ga,X@ ions is stable towards 
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disproportionation, but readily undergoes scission in reactions with oxidizing agents, for 
example halogens, Ag* or Hg** ions, to yield gallium(III) complexes. The Ga,X2~ ions are 
slowly attacked by water. Hydrogen is evolved and hydroxo complexes of Ga! are produced. 

The formation of complex halides (X;GaInX;)*~, containing the dinuclear Galn‘* entity ,4% 
has been mentioned in Section 25.1.13.1, and some dinuclear In! compounds have also been 
synthesized. Thus, although the molecular form of M>X, is not known in group III (except for 
boron), stable complexes of these halides can be prepared, either as anions M,Xé or as 
molecular adducts M2X4L,. 

25.1.14 GALLIUM(III) 

25.1.14.1 Group IV Ligands 

25.1.14.1.1 Cyanide ligands 

Neither gallium cyanide, Ga(CN)3, nor binary complexes, Ga(CN)3~*, appear to have been 
reported. The ion Me,Ga(CN)z has been prepared as the potassium salt by the reaction of 
K,Hg(CN),4 with Me3Ga.*° The related complexes (R3Ga),CN~ (R=Me or Et) contain a 
bridging cyanide group, like the corresponding aluminum species. 

25.1.14.1.2 Silicon and heavier group IV ligands 

There has been little work on compounds in which gallium is bonded to silicon or a heavier 
group IV atom. Tris(trimethylsilyl)gallium is produced by treating GaCl;+3Me;SiCl with 
lithium in THF, the initial adduct Ga(SiMe3);-THF being converted to Ga(SiMe3)3 by vacuum 
sublimation.*°*° Ga(SiMe3); is monomeric, with a planar GaSi; framework, characterized by 
vibrational bands v(Ga—Si).ym=312cem7* (Raman) and v(Ga—Si)deg = 349cm7! (IR, Ra- 
man). Reaction of Me,GaCl with KGeH; leads to K(H;GeGaMe,Cl) and, by elimination of 
KCI, to MezGaGeH3.**’ The compound Li(Me3GaSnMe;) readily decomposes to LiGaMez (cf. 
In). 

25.1.14.2 Nitrogen Ligands 

25.1.14.2.1 Ammonia and amine ligands 

The gallane complex GaH3-NHs3 is unknown. Metal fluoride adducts MF3;:-3NH;3 (M = Ga or 
In) are presumably six-coordinate; above 100°C step-wise loss of ammonia occurs to give MF3. 
For chloride and bromide systems, adducts GaX3:nNH3 (X=Cl, n=1, 3, 5, 6, 7 and 14; 
X=Br, n=1, 5, 7, 9 and 14) were reported in 1932.* In recent work, exposure of gallium 
trichloride or tribromide to excess ammonia yielded white powdery substances which proved 
difficult to characterize, but by restricting the amount of ammonia to one molar equivalent, 
glassy, low-melting solids, GaX3-NH3, were obtained.“ The vibrational spectra were fully 
assigned on the basis of C;, symmetry and showed v(Ga—NHs) stretching bands at 498 cm7! 
(X = Cl) or 480 cm7’ (Br). NCA yields Ga—N stretching force constants k(Ga—N) of 2.00 and 
1.85 Ncm7! for H3N—GaCl, and H;N—GaBrs, respectively. The H3N-GaCl, molecule can be 
observed in the gas phase where ED results have yielded the bond lengths Ga—N = 205.7 pm 
and Ga—Cl= 214.2 pm. The GaCl; unit has a rather flat pyramidal strucure suggesting a 
weaker donor-acceptor interaction than in the aluminum analogue. The Ga—N _ bond 
lengthens slightly to 208.1 pm in H3N-GaBr3.*” The enthalpies of dissociation of GaX3-NH3 
[134 kJ mol“? (X=Cl) and 137kJ mol~’ (Br)] are much smaller than those of other nitrogen 
bases.*” The trimethylgallium adduct Mes;Ga-NH; has been thoroughly characterized." A 
cationic ammonia complex in which gallium appears to be four-coordinate occurs in 
[Me,Ga(NHs3),]Cl.*” f ‘ ; ; 

Amine adducts GaH3-NR; are produced by reaction of LiGaH, with the base hydrochloride, 
or by displacing a ligand, such as ether, from a gallane adduct GaH3-L. Trimethylamine forms 
GaH;-NMe;3, m.p. 70°C, volatile without decomposition, and GaH3-2NMes, unstable above 
—60°C. The second adduct is much weaker (AH for dissociation to GaH3:NMe; and Me3N is 
43 kJ mol~').1 Structure and bonding in the Me;N—GaH3 molecules have been studied by 
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NMR, ‘3 XRD (Ga—N = 197+ 9 pm),’ and more recently by ED, microwave and vibrational 

spectroscopy.*”* These newer data furnish a length of 212+1pm and a force constant of 

2.44N cm! for the Ga—N bond. GaH3-NMe; undergoes some ligand displacements. e.8. with 

dimethylamine forming GaH3-NHMe, leading to (H,GaNMez), by loss of H2. The reaction of 

GaH3-NMe; with BF; apparently involves the initial formation of a five-coordinate complex, 

Me3N-GaH;-BF;, which decomposes to give Me3N-BF; + Ga + H2.*” The stabilities of gallane 

adducts decrease in the following order of bases:' Mez,NH > Me;3N > pyridine > Et3;N > 

Me2PhN > Ph3N. ; 
Gallium trihalides in non-polar solvents, or as ether adducts, react with amines usually in 1:1 

stoichiometry. Recrystallization of GaX; from trimethylamine gives GaX3-NMe3 when X = Br 
or I.47° The chloride initially forms GaCl,-2NMe;3 which easily releases one mole of NMes3. 
Vibrational spectra have been assigned, and NCA for Me3N-GaCl; computes a substantial 
Ga—N force constant of 2.50Ncm7!.4””? For Me3;Ga:NMe;3, ED results yield r(Ga—N) = 
220 pm and Raman spectral data provide k(Ga—N) = 1.6 Ncm~’.*” In reaction with methyl- 
amines, the Lewis acid affinity of a series of gallium compounds including GaCl, decreases in 
the order GaCl; > Bu"GaCl, > Bu3GaCl > Bu3Ga.*”” Calorimetric studies of the interaction of 
various amine bases with GaCl; have yielded bond dissociation energies D(GaCl;—L) for the 
coordinate link of about 290kJmol~'. The value for oxygen donors is smaller: ca. 
235kJ mol-!. D(GaCl;—Cl-) is greater: ca. 365kJmol~'. Detailed comparisons are 
available.**° 

In a recent study, GaCl, has been shown to form a 1:1 complex with hexamethylborazine, in 
which the conjugated system of the BN heterocycle is disrupted.**° The ring is no longer planar 
and contains a tetracoordinate nitrogen linked to GaCl,, with bond distances Ga—N = 

206.4pm and Ga—Cl=215.3pm (average). In solution at low temperature, the NMR 
spectrum indicates a different structure for the adduct, with a bidentate borazine ligand 
attached to five-coordinate gallium. Leaving aside the rather uncertain crystallographic 
measurement for GaH3-NMe3, coordinate Ga—N bond distances for amine donors are in the 
range 205-220 pm. The smallest values are for strong bases coordinated to GaCls. 

25.1.14.2.2 N-Heterocyclic ligands 

There are early reports from phase diagram studies of solids GaX3(py), (X = Cl, n =1 or 2; 
X=Br, n=1 or 3) and of some piperidine adducts.'’* Recent X-ray study shows that 
GaCl;-2py**' has the ionic structure GaCl,(py){GaCl;. The six-coordinate cation adopts a 
trans octahedral structure with r(Ga—N) = 210.8 pm (average). The Ga—Cl distance in the 
cation is 231.2 pm, compared with 215.7 pm in the four-coordinate anion. Vibrational studies, 
making use of pyridine-d°, locate two v(Ga—py) stretching modes at 248 and 263 cm~!. There 
is NMR evidence that the strongly basic heterocyclic ligands afford complex cations in MeCN 
solution, e.g. GaX,(py)3 and GaX,(phen)? (X=Cl, Br or I).**? Formation of the six- 
coordinate anions GaX3Y(py); (X=Cl or Br, Y=I’; X=I, Y=Cl or Br) has been 
claimed.*** This is remarkable since gallium is usually restricted to a maximum coordination 
number of four in anionic halide complexes other than fluorides. 

With bidentate 1,10-phenanthroline and 2,2’-bipyridyl ligands, gallium forms 
Ga(ClO,)3:3bipy, GaCl;-phen, GaCl;-2phen, GaCl;-bipy and GaCl;-2bipy.***** A common 
feature is the presence of a complex cation, e.g. Ga(bipy)3* or GaCl,(bipy)}. The crystal 
structure of GaCl3-bipy shows it to be cis-[GaCl,(bipy)2]*GaCl; .*8 The Ga—N distances of 
209.5 and 211.1 pm are very similar to those of the pyridine complex above. In the 1:2 
(bidentate) adducts, Cl~ replaces GaClz as the counteranion. The dimethylgallium derivative 
Me,GaCl(phen) is an example of a five-coordinate gallium compound.*” Ionization to 
Me,Ga(phen)*Cl~ occurs in aqueous solution. The terpyridyl adduct GaCl;-terpy is notable as 
a molecular complex; in it r(Ga—N) = 211.2 pm (mutually trans) and 203.4 pm (trans to Gh). 
The compound (D,Ga-pyrazol-1-yl), is also a molecular complex.*®? It contains the unit 
D,Ga(u-NN),GaD, which assumes the boat conformation. 

25.1.14.2.3 Amido and imido ligands 

Potassium amidogallate, K[Ga(NHz),], is prepared by dissolving gallium in a solution of KOH in liquid ammonia. Heating this compound to 300°C under vacuum removes two moles 
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of ammonia, forming KGa(NH)).' Partial neutralization of the ammonia solution of 
K[Ga(NH2)4] with NH,Cl yields Ga(NH2)3. A reported amidogallane, (H,GaNH),),, appears to 
be polymeric.! The anion [Ga(NH2)4]~ has tetrahedral symmetry, according to the single 
crystal Raman spectrum in which v(Ga—N) appears near 550cm7!.4% A more highly 
coordinated complex, Na2[Ga(NHz)s], has also been prepared. From evidence of IR spectra, 
this contains six-coordinate gallium, with a structure based on linked Ga(NH2). octahedra with 
both bridging and non-bridging NH) groups.*”! 

Dimethylamido compounds GaCl(NMe>). and Ga(NMe,); are obtained from the reaction of 
GaCl; with LiNMe,; an excess yields Li{Ga(NMez),].*°? Ga(NMe,); dimerizes through bridging 
dimethylamido ligands, but this does not occur in the case of Ga[N(SiMes)2];, presumably for 
steric reasons.*?’ CS, inserts into all of the Ga—N bonds of Ga(NMe,)3, forming 
Ga(S,CNMe,)s. Volatile compounds (H2GaNR,), and [H,GaN(CH2),CH], (n =2 or 3) result 
from the reaction of amines or cyclic imines CH2(CH2),NH with GaH;-NMe; at room 
temperature.*”* In (H,GaNMez). the Ga—N bond length is 202.7 pm and the central Ga>N> 
ring is almost square,*”° as it is in related molecules where B, Al or In atoms are bridged by 
MeN ligands. An X-ray study of [H,GaN(CHz).]; reveals a Ga3N3 ring in the chair 
conformation, with Ga—N = 197 + 9 pm.**° Compounds RGaCl, (R= Me or Bu) react with 
two equivalents of (Me3Si),NH to afford [R(Cl)GaNHSiMes;], in which substituents on the 
Ga,N>2 ring adopt the trans-trans conformation, according to IR and XRD evidence.*” 
Reactions of Me3Ga—base adducts eliminate methane to form (Me2GaNMe,). from 
Me3Ga-NHMe>, or (MexGaNH2), and (MeGaNH), from Me3Ga-NH3. Analogous compounds 
with P or As ligands in place of N bases are reviewed elsewhere.*”® The structure of an imido 
complex containing the GagNg framework is shown in Table 1 (Section 25) 38). 

25.1.15.2.4 Azide, cyanate, thiocyanate and selenocyanate ligands 

Azide complexes are formed by Ga** in aqueous solution.*? The formation of Ga(N3)** is 
decidedly more exothermic than that of In(N3)**. The dimethylgallium cation Me,Ga* forms 
[Me2Ga(N3)], and Me2Ga(N3)>, in each of which the gallium atom is four-coordinate.™ 
Similarly, Me3;3Ga forms Me3;Ga(N3)” and (Me3Ga).(N3) (the latter with a bridging azido 
ligand), as well as the corresponding complexes with NCO, NCS, NCSe or CN ligands. 

Little is known of gallium cyanates. There are reports of complex isocyanates 
Ga(NCO);-bipy and Ga(NCO)3-phen and of an unstable compound (Me,N)3Ga(NCO)., 
thought from spectroscopic evidence to contain cyanate groups bonded through the O atom.””! 
Thiocyanato complexes are formed in aqueous solution, e.g. Ga(NCS)** for which the 
dissociation constant at 25 °C is 4.8 x 107°.°* When excess NCS™ is present, anionic complexes 
are produced. Gallium can be solvent extracted from these solutions by ethers or by 
trilaurylamine as (HB)Ga(NCS),, where HB represents the protonated ether or amine, or by 
tributyl phosphate or a phosphonate in the form Ga(NCS)3L3.° The hydrate Ga(NCS)3-3H,O 
is soluble in ether and in polar organic solvents.°™ The coordinated water molecules can be 
replaced by diamines to yield Ga(NCS)3(H2O)-diam, Ga(NCS);(diam),, (n =1.5 or 2), and 
(Hdiam)Ga(NCS),-diam, where diam=bipy or phen.°” Maintaining the first of these 
complexes under vacuum at 120°C removes the molecule of water. IR spectra confirm 
Ga—NCS bonds and suggest that the bidentate amine is also coordinated to the metal. An 
ethylenediamine adduct of gallium thiocyanate has been formulated with a complex cation, 
[Ga(en)3](NCS)3, whereas the acetonitrile complex from GaBr;+4KNCS in MeCN is 
K[Ga(NCS)4-MeCN]°”° and may contain five-coordinate gallium. ; 

Crystalline salts containing tetra-, penta- and hexa-isothiocyanate complex anions can be 
isolated from aqueous or methanolic solutions.°*’ Frequencies v(Ga—NCS) occur in IR spectra 
at 350 cm~! in four-coordinate or 250 cm~* in six-coordinate species. Although powder patterns 
have been reported, single-crystal X-ray data are lacking for gallium thiocyanates. Some 
gallium selenocyanide complexes Ga(NCSe)3L3; and Ga(NCSe); have been prepared. 
Attempts to obtain Ga(NCS); or Ga(NCSe)3 appear to have failed. 

25.1.14.2.5 Nitrile ligands 

As with aluminum, most recent work on nitrile complexes has been directed to understand- 
ing the constitution of solutions of GaX; in MeCN. ‘H NMR measurements have been 
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interpreted in terms of the four-coordinate cations [GaX2(MeCN)2]* and GaX; (X= Cl, Br or 

1). Later "Ga NMR studies confirm the presence of GaCl4 but favour [Ga(MeCN),]** as 

the cationic species.°'° The equilibrium 

4MCI,(MeCN),; = M(MeCN)3* + 3MCl; + 6MeCN 

lies further to the right for Ga than Al complexes and this can be attributed to the greater 

stability of the MCI; ion formed by gallium. For various molecular complexes GaCl;-RCN, 

analysis of NOR data shows that approximately half of the charge transferred from the donor 

molecule is localized on the Ga atom.°”’ 

25.1.14.3 Phosphorus and Heavier Group V Ligands 

Molecular adducts GaH;-L have been prepared with Me3P, Me2PH, Ph3P and Ph2PH, but 

not with PH;, by the reaction shown in equation (11). Gas phase displacement reactions 

indicate that Me3P has about the same donor strength as Me3N towards gallane.*’* Analysis of 
vibrational spectra of these adducts, however, suggests rather different force constants: 

k(Ga—P)=2.0Ncm7! in GaH-PMe3,°' compared with k(Ga—N)=2.44Ncm™ in 
GaH;-NMe;3.*” 

LiGaH, + R;3P +HCl ——~ GaH;,-PR; + LiCl + H, (11) 

Phosphine reacts with gallium trihalides to form the adducts GaX3-PH; (X= Cl or Br) as 
glassy solids. In contrast to the behaviour with ammonia, there is no tendency to combine with 
more than one mole of ligand. Gallium triiodide does not take up phosphine. Alkyl- and 
aryl-phosphines give 1:1 adducts with GaCl; and GaBr3, and some Gal; adducts have also 
been prepared.°’* The C3, molecular structure of the phosphine complexes H3P—GaXs, in 
solid or liquid states, is substantiated by Raman and IR spectra.** NCA applied to the 
GaCl3-PH; data yields k(Ga—P)=1.0Ncm™. As might be expected, the bond stretching 
force constant obtained for GaCl3-PMe; is larger, kK(Ga—P) = 1.75 Ncm7’.°** NOR data also 
show Me3P to be a very good donor towards GaCl;, and in the same study a crystal structure 
determination has found the Me;P—GaCl, molecule to have the unusual staggered conforma- 
tion: Ga—P = 235.3 pm and Ga—Cl = 217.4 pm.*"° 

Vibrational spectra of phenylphosphine adducts GaCl,-PPh; and GaCl;-PPh,,H3_, (m =1 or 
2) are fully in accord with the presence of a four-coordinate PGaCl, skeleton in solid and liquid 
states, and in non-polar solvents.°*!’*!? However, in acetone or nitromethane, conducting 
solutions are formed by GaX;-PPh; (XK =Cl or Br) which have IR spectra consistent with 
GaX; ions.°’’ A plausible cation is GaX,(PPh3)3 but confirmation is lacking. There have been 
a few studies of gallium halide adducts with bidentate P or As ligands. The vibrational spectra 
of solids Ga.X_-depe (X = Cl or Br) are consistent with a structure in which each phosphorus 
atom carries a GaX; group.°’® The iodide has a markedly different spectrum and may be ionic 
Gal,(depe)*Galz. Nyholm had earlier reported GazCl,-diars and GaX;-diars (X =Br or I) 
and, on the basis of conductivity measurements, had formulated the latter as 
GaX,(diars)}GaX;.°? The existence of an apparently six-coordinate complex, with atoms as 
large as two Br or I and four As ligands, requires checking. Tris(bidentate) complexes 
Ga(diars)3* could not be obtained. 
Some P and As donor complexes of organogallium compounds are known.**® These include 

Me3Ga-PH3, Me3Ga-PMe3, Ph3Ga:PPh; and Ph,ClGa-PPh3;>~ investigated by IR/Raman 
spectra. Pyrolysis of a mixture of Et;Ga and HPEt, yields (Et,GaPEt,);, the structure of which 
is based on a six-membered GasP3 ring. Me,GaCl and HPEt, yield [Me(Cl)GaPEt,],,, where 
n indicates a mixture of oligomers, 2 and 3. Fragmentation of these compounds enables GaP to 
be deposited as a surface coating, significant as a type III-V semiconducting layer. The 
recently reported compounds [RzGaN(PPh>)2]2 (R = Me or Et)°** appear to exist in solution as 
two isomers; one has a six-membered ring GaNPGaNP, the other is eight-membered 
GaPNPGaPNP. Further developments towards compounds with Ga—N, Ga—P and Ga—As 
networks can be expected. 
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25.1.14.4 Oxygen Ligands 

25.1.14.4.1 Oxide, hydroxide and H;0O as ligands 

Gallium hydroxide Ga(OH); is precipitated as a gel from aqueous Ga** solutions by adding 
ammonia. It is also produced by the action of acids on solutions of gallates. On standing the 
hydroxide forms GaO(OH), which is obtained as crystalline material from Ga(OH)); at 110°C.! 
The crystal structure is of the six-coordinate diaspore type. In another form, Ga is 
six-coordinate with the oxygens arranged in the shape of a distorted trigonal prism.**> Heated 
above 300°C, moist gallium hydroxide gives B-Ga,O03, the most stable of five oxide 
modifications... Whereas a-Ga,O; has the corundum structure with a Ga—O distance of 
183.4 pm and octahedral coordination, B-Ga,O; consists of vertex-sharing GaQO, tetrahedra and 
edge-sharing octahedra, with Ga—O distances of 183 and 200 pm, respectively.>”° 
On heating with other metal oxides, gallium oxide forms gallates M'GaO,, M"Ga,O, 

(spinels) and M"'GaO3. There are oxides of Ga with aluminum or indium which form solid 
solutions, M3",Ga,O3. Mixed oxide stoichiometries other than 1:1 (O*-:Ga,O3) are quite 
common. With sodium, there are complex gallates NaGaO,, Na;GaO3, NagGa,O, and 
NasGaO,.””’ The structures of these last two are built up from effectively isolated Ga,O8~ and 
GaO; units, the bonding within which has been explored by MO calculations.°2® Some 
hydrated forms have also been studied, such as LiGaO,-6H,O, effectively 
[Li(OH2)4]*[GaO2(OH2)2]~, and LiGaO,-8H,0. Here the four-coordinate Ga—O distances are 
185-189 pm.°”? NaGaj,0,6(OH), has a complicated structure in which both GaO, tetrahedra 
and GaO., octahedra are present, with mean values r(Ga—O) of 185 and 200pm, 
respectively.» Structures based on GaO, tetrahedral prevail among gallates of the divalent 
metals, e.g. SrGa,O,, CaGa,O,4, Ca3Ga,Oo and PbyGagO>,.°*! In CuGaInO,, the Ga atom has 
trigonal bipyramidal coordination, while that of In is distorted octahedral.” Gallium forms 
oxyhalides GaOX.' GaOF is inert to water; the solubility of the others, with extensive 
hydrolysis, increases in the order GaOCl < GaOBr < GaOl. 

Gallium hydroxide is amphoteric, and is a much stronger acid than aluminum hydroxide. For 
Ga(OH)); the first acid dissociation constant is 1.4 x 10~’ [for Al(OH); the value is 2 x 1071"].! 
Polymerization occurs in aqueous Ga** solutions to which OH™ is added,>*? but this tendency 
is less than in the case of aluminum solutions (Section 25.1.5.1). The formation constants of 
mononuclear hydroxo complexes of Ga, including Ga(OH);, and the hydrolysis constants of 
gallium ions have been measured by a competing ligand technique.** 

In acidic solutions, gallium exists as the hexaaqua cation Ga(OH,)g*, which occurs in 
hydrated crystals of oxyanion salts (Section 25.1.14.4.4). NMR studies employing ‘’O give 
Ga(OH,)2* as the hydrated complex.**° Water exchange at 25°C is characterized by the rate 
constant k,; = 1.8 x 10°s~?. This is much faster than the exchange rate of Al(OH,)g* for which 
k,=0.17s~1, reflecting a lesser affinity of Ga®* for oxygen as a ligand. A mechanism of Sy2 
type involving Ga(OH,)3* has been suggested.**° The aquated gallium cation Ga(OH,)é*, with 
K, of 2.5 x 10%, is a stronger acid than Al(OH,)g* (K, = 1.1 x 107°). 

The Ga(OH,)2* complex is the usual reference state in "Ga NMR spectroscopy. Compared 
with this species, the Ga nucleus in Ga(OH,)~ exhibits a chemical shift of 192 p.p.m. and is 
more highly shielded.**” Physical methods, particularly NMR, show that Ga**, in the form of 
the aqueous nitrate or perchlorate, continues to be hydrated by six H2O molecules,**° even in 
the presence of a large excess of acetone. Entry of a ligand species into the primary solvent 
shell can be induced by suitable conditions of temperature and solvent composition. For 
example, with solutions of gallium chloride in aqueous acetone at —60°C, an increase in the 
amount of acetone (not itself coordinated) brings about a progressive fall in the hydration 
number from 6 to ca. 2. The resulting species may be the mixed ligand complex GaCl,(OH2)3, 
Dimethylgallium hydroxide is a tetramer (Me,GaOH),, and the presence of bridging | OH 
ligands has also been established by X-ray analysis of a dimeric gallium chelate complex.*°8 

25.1.14.4.2 Alkoxide ligands 

Gallium alkoxides can be prepared by the methods employed for aluminum.” Ga(OMe)s, a 

polymeric material, decomposes without melting but can be sublimed under vacuum. 

Ga(OEt)s, m.p. 144°C, Ga(OPr"); and Ga(OBu"), are more volatile than Ga(OMe);, and 

these are tetrameric in solution. Ga(OPr')3, a liquid, and Ga(OBu'); have dimeric structures 
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bridged by alkoxide ligands, according to NMR studies.“ The bulky trimethylsilyl ligand 

results in Ga(OSiMe3)3 being monomeric, but does not prevent the formation of a complex 

anion Ga(OSiMe;);. Aryloxides, e.g. Ga(OPh)3, m.p. 192°C, are obtained by prolonged 

heating of Ga metal with the phenol at 180-220 °C,*4! Like group III alkoxides generally, these 

compounds are Lewis acids and form 1:1 adducts with ammonia, pyridine and other bases. 

Ga(OPh); reacts with boiling MeOH or EtOH to form the corresponding alkoxide. 

Reaction of the halide GaX; (X=ClI or Br) with less than three moles of alcohol may 

initially give adducts GaX3-ROH but these are readily converted into products GaX,,(OR)3_, 

(n =1 or 2). These compounds may be di-, tri- or tetra-meric: in all cases alkoxide ligands are 

bridging. If the halides Ga2X, are used, the reactions involve oxidation of Ga* by alcohol (see 

equations 12 and 13).*” 

Ga,X,+3EtOH 2S GaX(OEt), + GaX;-EtOH + H; (12) 

Ga,X,+2EtOH —S> 2GaX,(OEt) + Hz (13) 

Like the Al compounds, gallium alkoxides are susceptible to hydrolysis giving ill-defined 

products, including Ga,O(OR), and GaO(OR). Methanolysis of Ga** ions produces 

Ga(OMe)** and Ga(OMe)} in solvated form, as well as polymeric complexes.** In reactions 
with another metal alkoxide, four-coordinate complex anions of the type Ga(OR),; can be 

formed. Other routes, such as MGaH,+4ROH, or MGaR,+ 2O:, are available. Structural 

data for gallium alkoxides are in short supply. There are Raman and IR spectra of 
MeGaCl(OMe) and Rz3MOMe (R=Me, or Et; M=Ga or In). The Me2Ga derivatives are 
trimeric with a puckered Ga3QO3 ring.” 

25.1.14.4.3 B-Ketoenolate and related ligands 

Tris(acetylacetonato)gallium(III), m.p. 195°C, exists in two forms differing slightly in 
density. Crystal structure determination shows the central GaO, octahedron of Ga(acac)s to be 
almost regular, with an average Ga—O distance of 195.2 pm.*“* Ga(acac)3 is formed in aqueous 
solutions of Ga** and acetylacetonate ions, and is conveniently prepared by adding aqueous 
ammonia to a solution of Ga2(SO,)3 + Hacac. However, at ligand to Ga ratios less than three, 
hydrolysis leading to the formation of hydroxo complexes must also be considered.**° 

Rates of ligand exchange have been measured for some f-diketonato complexes. Exchange 
between Ga(acac)3 and ‘*C-labelled Hacac in THF solution is much faster than in the case of 
Al(acac)3.>4° A dissociative mechanism proceeds via a five-coordinate transition state in which 
one ligand is unidentate. Coalescence temperatures and activation energies for cis—trans 
rearrangements are conveniently measured by '"F NMR spectroscopy, applied to tris(B- 
diketonates) with fluoro substituents.'** The findings place gallium between Al and In in the 
usual order of a decrease in bond strength of AhK—O > Ga—O > In—O, which is also consistent 
with Raman studies of M(acac)3." When Ga(acac)3 is added to a solution of Ga(ClO,); in 
dimethylformamide the NMR spectrum shows new signals attributable to [Ga(acac)(DMF),4]?* 
and [Ga(acac)(DMF),]*.°*” The Al’ system behaves similarly and the two systems have been 
compared. 

There is a dimethylgallium acetylacetonate Me,Ga(acac), m.p. 22°C, and a dimethylgallium 
tropolonate, the structure of which proves to be dimeric with Ga—O bonds of 197.4 and 
ee pm to the chelation ligand and distances of 246.3 pm within the central Ga,O, ring of the 
imer. 

25.1.14.4.4 Oxyanion ligands 

(i) Borate, carbonate, silicate and germanate 

Gallium borate GaBO; is unknown. LizGaBO,, m.p. 896°C (dec), is formed i 
LiBO,-LiGaO, system.**? There is no carbonate Gax(CO.),, but a see carbonato oh Pie 
NH,[Ga(OH)2CO3] has been characterized in which the CO; group is coordinated to Ga in 
bidentate fashion.” Ga2O3 and SiO, do not react when fused together, but may form ternary 
compounds in the presence of a third oxide. The products, gallosilicates, are similar to 
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aluminosilicates, for example, the solids M"Ga,Sis0g (M"=Sr or Ba) are synthetic 
feldspars.°°' However, unlike the corresponding aluminum compounds, NaGaSiO, and 
Na,GazSi.O¢ are soluble in water.°°? Soluble lithium gallosilicates are also known.!>? Gallium 
oxide combines with germanium oxide GeO) to give GagGe20,3, and various gallogermanates 
have been synthesized.!°>? 

(ii) Nitrate, phosphite, phosphate and arsenate 

The hydrate Ga(NO;3)3-9H,O, which presumably contains Ga(OH,)é* ions, and a basic 
nitrate, Ga,(OH);(NO3):2H,O, can be prepared from aqueous solutions. The anhydrous 
nitrate Ga(NO3)3 and the complexes GazO(NO3)4 and MGa(NO3)4 (M = Na, K or Cs) can be 
obtained from GaBr3/N,O; or MBr/GaBr3/N2O; mixtures.°°* Vibrational spectra indicate that 
the nitrate ligands are unidentate in NO} Ga(NO3);.°°° There are reports of gallium phosphites 
in early literature.’ The phosphate GaPO,-2H,O, a highly insoluble compound, is precipitated 
from aqueous Ga** solutions by NaH,PO,. Above pH 7, basic phosphates are produced. The 
crystal structure of GaPO,-2H,O shows Ga to have a coordination number of six: four PO, 
oxygens at a distance of 194 pm and two water molecules at 210 pm.’ Above 200°C this solid 
dehydrates to give GaPO,, in which Ga is four-coordinate, and the Ga—O distance is smaller, 

i.e. 178 pm. 
In acidic solutions of gallium phosphate there is evidence of Ga(HPO,)*, Ga(H2PO,)’*, 

Ga(H3PO,)°* and possibly other complexes.*°°°°’ Gallium also forms a pyrophosphate, 
Ga,(P20;)3, and various complex phosphates and pyrophosphates.*?"* Gallium forms GaAsO, 
and GaAsO,-:2H,0."' The latter is precipitated when an acidified Ga?* solution is neutralized in 

the presence of arsenate ions. 

(iii) Sulfate, selenate and tellurate; tungstate and molybdate 

Crystals of Ga(SO,)3-18H2O lose water in stages, yielding Ga,(SO,4)3 above 165 °C. Various 

basic sulfates have been reported.’ The structure of H;O[Ga3;(OH).(SO,)2] contains GaOg 

octahedra with SO, groups coordinated to gallium.°* Ga(SO3F)3, from GaCl; + S,O¢F2, 
contains six-coordinate gallium with bridging fluorosulfato groups, according to IR spectra.>°? 

A chlorosulfate Ga(SO3Cl)3 and complexes MGa(SO;Cl)4 (M = Li or Na) have been prepared 

by the action of SO3 on MGaCl,.°© Gallium selenate and tellurate resemble the sulfate. 

Ga,(WO,)3 is identified in the GayO3-WO3 phase diagram. Several gallium tungstates and 

some polytungstate and molybdate complexes have recently been characterized. 

(iv) Chlorate, perchlorate, bromate and iodate 

Gallium chlorate and perchlorate crystals obtained from aqueous solutions are hydrated, e.g. 

Ga(C1O,)3-6H,O. The aqueous solution shows evidence of polymerized cationic species: these 

are probably hydroxo complexes (Section 25.1.14.4.1) and are unlikely to contain ClO, ligands. 

The same is true of bromate and iodate solutions. Ga(IO3)3-2H2O is sparingly soluble in water 

but readily dissolves in dilute acids. Anhydrous gallium perchlorate is obtained as very 

deliquescent crystals by the sequences in equation (14).°° Vibrational spectra show that all 

three ClO, ligands are bidentate, forming a distorted octahedral GaOg unit. 

GaCl, + 4C1,0, —> ClO#Ga(C1O.); 4,2 Ga(ClO,)s (14) 

25.1.14.4.5 Carboxylate ligands 

Gallium formate can be prepared from Ga,O3;+HCO,H.™ The acetate Ga(O,CMe); is 

obtained, via gallium chloroacetates, from GaCl, + MeCO,H. Another preparative route is the 

slow reaction of the metal with anhydrous acetic acid. The benzoate and phenylacetate can be 

obtained similarly. Basic carboxylates result if aqueous acids are employed. The reaction of 

R3Ga with an acid R’CO>H can also be applied to carboxylate synthesis. Structural data are 

lacking for simple formates or acetates of gallium. MeGa(O,CMe), contains both four- and 
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five-coordinate Ga atoms, with Ga—O distances of 187.3 to 215.3pm.°° Gallium 

tris(trifluoroacetate), Ga(O2CCF3)3, has been prepared from GaCl; + CF3;CO2H and shown to 

form 1:1 adducts with Lewis bases.° The complex Cs[Ga(O2CCF3)4] was also reported. 

There have been a number of studies of gallium oxalate systems. Ga(C,O4)3-4H2O 

crystallizes from hot aqueous Ga(NO3); solution containing oxalic acid. On heating above 

140°C, a dihydrate and then anhydrous Gaz(C20,4)3 are produced.’ The latter decomposes at 

200°C, forming Ga,O3. Complex salts containing Ga(C,O,4)z and Ga(C,0,4)3" anions have 

been prepared and the formation of these and the cation Ga(C,0,)*, presumably hydrated, has 

been studied to obtain stability constants.°°’ Basic complexes may appear in these aqueous 

solutions. Raman spectra of gallium oxalate solutions confirm the presence of Ga(C,0,)3. The 

mode v(M—O).ym appears at 573cm™! [585cm™* in Al(C,0,)3].. Gallium adopts the 

coordination number of four in bis(dimethylgallium)oxalate.°® 
There are long-standing reports of Ga complexes with hydroxy acids and related organic 

chelating agents.! The lactate, tartrate and citrate are being used in physiological studies 

(where Ga°* has affinitities with Fe**) which involve gallium radioisotopes.°” According to 

NMR studies (1H, °C and 7!Ga) 1:1 Ga: citrate complexes predominate at low pH. Polymerized 
species exist in the range pH 2-6, and citrate ligands are displaced, forming Ga(OH), , under 

alkaline conditions.°”? Among other systems of Ga** and chelating organic acids for which 
solution equilibria have been studied are those of caprate,°”’ various salicylates,”’* some 
phosphonates and a variety of multidentate ligands.°””°” Analytical reagents which form 
complexes with Ga*t include Tiron,°” pyrocatechol violet,°’ p-nitrophenylfluorone,°”° 
thenoyltrifluoroacetone*” and flavone kaempferol.°”* A point to emerge from these investiga- 
tions is that basic complexes are often involved, and the hydrolyzed cation Ga(OH)** shows 
enhanced reactivity compared with Gajzt). 

The crystal structure of a dimethylgallium salicylaldehyde complex shows it to be dimeric. 
There is a central Ga,O, ring; the Ga atoms are five-coordinate with distorted trigonal 

bipyramidal geometry.°”” 

25.1.14.4.6 Ethers and other oxygen donor ligands 

(i) Molecular complexes 

Gallium compounds, especially the trihalides, form coordination complexes by reacting 
directly with a variety of oxygen donor ligands. Early examples to be characterized were the 
series GaCl;‘L (L = Me20, Et20, Me2CO, POCI; or PhNO2) and GaBr3-L (L= Me20O, Et,O, 
POCI, or POBr;).*:*3! The diethyl etherates are low-melting solids: GaCl;-Et,O, m.p. 16°C; 
GaBr;3-Et,O, m.p. 21 °C; Gal;-Et,0, m.p. 27 °C. Calorimetric measurements show that GaCl, 

is a slightly weaker Lewis acid than AICl;, although the former shows a preference for softer 
bases, notably S and P donor ligands.**° Trends in donor bond strength within the GaCl;-L 
series can also be monitored by observing the NOR frequencies of Cl or Ga nuclei.**° There is 
a linear correlation: the stronger the donor the lower the NOR frequency. 
With the water molecule as ligand, both GaCl; and GaBr; form a monohydrate, and several 

other hydrates have been identified.**’ The highest of these, GaBr3-15H,O, is probably a salt of 
the Ga(OH,)é* cation with additional water of crystallization. The vibrational spectra of the 
GaX;3-H,O adducts are best assigned in terms of the local symmetry of the units X,GaO and 
H,O rather than the overall C, symmetry of the molecules.*** v(Ga—O) bands are observed in 
the region 410-440 cm™' and force constants for the coordinate Ga—O bond are computed to 
be 1.43 and 1.48 Ncm™ in chloride and bromide systems, respectively. The Ga—X stretching 
modes of these HO adducts are similar in frequency to those of complexes GaX3-L, where 
L=Et,O, Me,S, Et,S or an N donor ligand, whose constitution has been established earlier by 
vibrational and NMR spectroscopy.’ Other 1:1 adducts to have been studied spectroscopically 
include GaX3-Ph3PO (X= Cl, Br or I),°*? Me3Ga-Me,0** and GaX;-pyO (X = Cl or Br).>* 
The last of these studies encompassed several substituted pyridine N-oxides which exhibit 
decreases in v(N—O) on coordination, showing that the ligand is bound to gallium via the 
oxygen atom. Debate about the structure of acyl chloride adducts GaCl;-RCOCI now favours 
the ionic form RCO*GaCl; (Section 25.1.14.6.2). 
ESR spectra have been used to study interaction of the free radical base 2,2.6,6- 

tetramethylpiperidine nitroxide (tempo), a weak Lewis base, with GaCl;.°*° This system reveals 
the expected 1:1 complex GaCl;-tempo. Only one bridging Cl bond in the Ga,Cl, molecule has 
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been broken, leaving a vacant site for the oxygen lone pair to coordinate weakly to gallium. 
GaCl;-1,4-dioxane has recently been shown by XRD to contain five-coordinate Ga.°8? The 
structure consists of infinite chains in which planar GaCl, units are linked by dioxane molecules 
in chair conformation, with Ga—O bonds of length 221.0pm. The involvement of six- 
coordinate species Ga(NCS)3L3, where L represents the O-bonded ligand, has been proposed 
to account for the solvent extraction of gallium from thiocyanate solutions by phosphonate or 
_trialkylphosphate solvents.°° 

(ii) Cationic complexes 

When gallium salts or the halides GaX; dissolve in polar solvents there is a pronounced 
tendency to ionization, and under these circumstances gallium generally exists as an 
octahedrally coordinated species. This occurs in aqueous solutions giving Ga(OH,)é* (Section 
25.1.14.4.1), in alcohols giving Ga(ROH)3* or Ga(ROH)%*,°°8 in dimethylformamide giving 
Ga(DMF).* and in dimethyl sulfoxide giving Ga(DMSO)2*.*°”>*? In the DMSO complex a 
characteristic decrease in v(S—O) confirms coordination through the oxygen. The symmetrical 
field about the metal nucleus in these species is favourable for Ga NMR spectroscopy, making 
this an important technique for studying the solution chemistry of these complexes.°’ 

25.1.14.5 Sulfur and Heavier Group VI Ligands 

25.1.14.5.1 Sulfide, selenide and telluride ligands 

Gallium(III) sulfide Ga2S; is prepared by passing H2S over gallium at 950°C and subliming 
the product under vacuum to obtain white crystals. When annealed at 1000°C, the material is 
aw-Ga,S3 which has the wurtzite lattice of close-packed sulfide ions, containing an ordered 
arrangement of Ga cations. Single crystal IR and Raman spectra of this phase have been 
assigned to vibrational modes of the GaS, groups.*”? Other forms, B- and y-Ga2S3, have a 
random distribution of the Ga atoms in the wurtzite and zinc blende sulfide lattices, 

respectively. Ga2S3; decomposes slowly in moist air, evolving H,S. It is soluble in acids, and in 
strong alkalis, to give gallate and thiogallate species. The compound NazGa(OH)3S is reported 
to be formed when aqueous sodium gallate is treated with NaS or H,S.' 

There is a selenide Ga2Se3 and a telluride GazTe3, and materials can be synthesized which 
contain two of the group VI elements, e.g. Ga2S,Te. This compound contains GaS;Te units 
linked to give parallel chains: Ga—S and Ga—Te distances are 230.7—235.3 and 255.6 pm, 
respectively.>”! 

Gallium forms a variety of ternary sulfides and selenides. Common types are M'GaS,, 

M"Ga.S, and M™GaS;, and are akin to the mixed oxides. Owing to the unusual electrical 
properties of these and the corresponding indium compounds, there is an extensive literature 
concerned with their preparation, physical properties, growth as single crystals and X-ray 
studies.°°* Examples are CsGaS,, AgCaS., TIGaSe2, CdGazS, and LaGaS;.°”?°** Compounds 
of other stoichiometries occur in mixed sulfide systems involving gallium, e.g. Pb»Ga,S, (or 
2PbS-Ga_,S3).°°> Extended lattices composed of linked GaS, tetrahedra are a feature of these 
structures. In recent X-ray studies the Ga—S bond distances are within the range 218-236 pm. 
In La3.33Ga¢O0S,. there are sheets of both GaS, and GaOS; tetrahedra.°° An adamantane-like 
cluster anion Ga,S%> is found in KgGa,S,9:14H2O, prepared by the action of aqueous potassium 

sulfide on Ga,S3.°” The vibrational spectra have been assigned and X-ray structural analysis 
confirms near-ideal TJ, symmetry. Ga—S distances are 228.9 (bridging) and 225.2 pm 
(terminal). The analogous seleno compound has been synthesized, as have the indium species. 
The structures have high thermal and solvolytic stability. Layers of Ga,Sejo groups, linked 
through corners, comprise the structure of the ternary selenide TIGaSe2, already mentioned.°”° 
Discrete GaSe}? anions occur in Css;Ga3Se7: in this case six GaSe, tetrahedra are joined at 

their edges.°”® The Ga—Se distances range from 235.7 to 249.7 pm. Cs¢GaSe, obtained as 

moisture-sensitive crystals, m.p. 685°C, by reaction of Cs,Se with Ga,Se3, contains the 

Ga,Se&- anion which consists of just two tetrahedra sharing an edge. Here the Ga—Se 

distances are 247.0 and 250.5 pm (bridging), 238.5 and 240.7 pm (terminal).°” 
Gallium forms a series of compounds GaYX, where X = Cl, Br or I and Y =S, Se or Te, all 

of which are highly water sensitive. Crystallographic study of GaTeCl reveals a layer structure 
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in which the Ga—Te framework resembles that in black phosphorus. Recent investigations 

have shown that sulfur reacts with GaCl, in the medium of a CsCl-GaCl; melt to produce 

polymeric species (GaSClz),.%! From Raman evidence these appear to have Ga—S—Ga 

linkages, like the corresponding aluminum complexes. 

Alkylthiogallanes Ga(SR)X2 and Ga(SR); (R=Me or Et) are obtained by the reaction of 

GaX; with Me;SiSR in benzene.” A dimeric structure with bridging thioalkyl ligands has been 
found. By varying the stoichiometry, Ga(SR)2Cl, Ga2(SR)3Br3 and Ga(SR)s can be prepared. 
A remarkable structure results from the reaction of Me2S2 with Gaj,I,. The product, 
Ga,(SMe)4SzI4, is a cluster compound in which four tetrahedrally disposed Gal units are linked 
along the edges of the tetrahedron by sulfur ligands (four SMe groups and two S atoms). The 
result is a cage structure similar to that of Ge,S,Br4, or to Ga,S{g (above). Average bond 
distances are Ga—I = 251.6, Ga—S (Me) = 233.6 and Ga—S = 220.4 pm.” 

25.1.14.5.2 Other sulfur-donor ligands 

Gallium has a stronger tendency to react with sulfur ligands than has aluminum. This is 
evident in the chemistry of gallium sulfides and related species, and in the fact that Ga forms 
compounds with S ligands of which there are no counterparts in Al chemistry. There are 
adducts GaX3SR, (X=Cl or Br; R=Me or Et), and a dithiolato complex Ga(mnt)3— 
(mnt = cis-1,2-S,C,(CN)3_) which resemble those of In™ and TI. A series of 
tris(dithiocarbamates) Ga(S»CNR>);3 and tris(xanthates) Ga(S,COR)3 have been prepared from 
aqueous solutions.~° Thermal decomposition at 100°C of two of these compounds is reported 
to proceed as follows, although the products are not well characterized (equations 15 and 16). 

Ga(S,CNH,); —> Ga(NCS); + 3H,S (15) 

Ga(S,;CNHMe),; —> Ga(SH), + 3MeNCS (16) 

The crystal structure of Ga(S,CNEt,)3 reveals a monomer, the GaS, core of which is closer 
to prismatic than regular octahedral symmetry. The Ga—S distances are 240.8 to 246.6 pm 
(average 243.6 pm).°”° The analogous indium compound is known. (PhzGaSEt), has a structure 
in which gallium is four-coordinate with bridging EtS ligands.’ The Ga—S distances are 237.3 
and 238.4pm. A monothio-B-diketonate of gallium has been obtained.~*® Crystal structure 
analysis to determine the geometry of the central GaO3S3 unit would be of considerable 
interest. 

Gallium forms a thiophosphate GaPS,. XRD measurements show that Ga atoms are 
four-coordinate.©’ The GaS, units are distorted tetrahedra, and the Ga—S distances, in the 
range 226.6—229.7 pm, are appreciably less than those of the GaS, group noted above. 

25.1.14.6 Halogen Ligands 

25.1.14.6.1 Fluoride ligand 

The GaF; molecule is planar with a Ga—F distance of 188 pm from ED studies.®!° This 
species and the dimer (GaF3), have been examined in the vapour phase by mass 
spectrometry.°'’ The OGaF molecule has been detected by matrix isolation. 
The compound gallium trifluoride GaF3, colourless needles which are sparingly soluble in 

water, is produced by thermal decomposition of (NH4)3GaF. or GaF3-3NH3,°!? excluding 
moisture which brings about the formation of (NH4)2GaF3;(OH)>. Solutions of gallium in 
hydrofluoric acid yield GaF3;-3H,O when evaporated. Stronger heating gives GaF,OH-:xH,O, 
and exposure to NH; forms GaF3-3NH3. Aqueous gallium fluoride solutions contain the 
aquated complexes GaF’*, GaF}, GaF, and GaF;;°"* probably all are six-coordinate, e.g. 
GaF,(OH2)7. The octahedral anion GaF?~ exists in some fluorogallates for which vibrational 
analyses are available.°'°' As with aluminum, there are group I fluorogallates, MGaF,, 
M2GaF;, M;GaF, and MGa,F;.°!” Other stoichiometries, e.g. NasGa3F,4, BaGaF;, Ba;Ga.F)> 
and Ba,,Ga,F3,, are attained by the linking of GaF, groups into chains or sheets through 
bridging fluoride ligands.*'*©° NH,GaF, forms a continuous series of solid soluti i 
NH,AIF,, as does y-GaF; with y-AlF,,2 id solutions with 
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Some organogallium fluorides are known. These have cyclic structures (R,GaF),, where 
n=3 or 4, and so differ from the chlorides and bromides (R,GaX), which are halogen- 
bridged dimers. 

25.1.14.6.2 Chloride, bromide, iodide and mixed halide ligands 

The trihalides GaCl, and GaBr; are usually prepared by burning the metal in a stream of Cl, 
(or Br2) carried by nitrogen, in apparatus which includes several purification stages and uses 
all-glass or greaseless connections.* Gal, can be obtained by dissolving Ga in a refluxing 
solution of I, in CS. Gallium chloride and bromide have some advantages over the aluminum 
trihalides as Friedel-Crafts catalysts, particularly owing to their high solubility in organic 
solvents. All three halides are colourless, deliquescent, low-melting solids, whose physical 
properties have been tabulated.' In solid and liquid states, and in non-coordinating solvents, 
the gallium trihalide molecules are dimeric with bridging ligands spanning four-coordinate Ga 
atoms. In the vapour there is extensive dissociation of Ga,X, to GaX3. Molecular dimensions 
are known for monomers GaBr3°” and Gal;' and dimers GajCl,! and GapI,,°* but precise 
values are lacking for GaCl; and Ga,Br,. Vibrational assignments are available for the GaX; 
monomers™*°-°° (from gas phase and matrix isolation studies) and the Ga,X, dimers.%”* 
NOR specra of GazCl, are in accordance with the symmetrical dimer of D, symmetry.°” 

Halogen-bridging, which enables Ga to be four-coordinate, is also a feature of the dimeric 
structures of organogallium halides, e.g. (RGaX2)2 where X = Cl, Br or I and R = various alkyl 
groups; or (Ph,GaX3_,) (n =1 or 2; X=Cl, Br or I).%° (Me3SiCH2)2GaCl appears to differ 
from the usual pattern and to be polymeric in the solid state.®’ In (HGaCl,)., IR and Raman 
spectra establish a chlorine-bridged structure with the terminal ligands in the cis 
arrangement.©” Structural and spectroscopic data for methylgallium halide anions 
[Me,,GaX4_,,]” (n = 0-4) have been analyzed.®? A single halogen ligand links the R3Ga groups 
in the anions (R3Ga),X~ (X =Cl or Br; R = Me or Et).°4 

GaCl, forms GaCl;-BCl;,°° and adducts with some chlorides of the later group elements, 
e.g. GaCl3-TeCl, and GaCl;-PCls, which have ionic structures including the GaClz anion. In 

GaCl;-SbCl;, XRD reveals a chain structure with Ga—Cl—Ga bridges.®° The GaCl3;—SnCl, 
system forms Sn(GaCls)2, whereas the GaCl;-SnCl, system is eutectic and shows no 

intermediate compound.®” Germanium is chemically transported in the vapour as GeGaCls, 
i.e. CloGe(u-Cl),GaCl.°* Kindred vapour-phase species are present in gallium chloride— 
transition metal chloride systems.” 

Being powerful acceptors, the gallium trihalides react with donor molecules L to form the 
adducts GaX;3-L, and in some instances GaX3-2L, with a coordinate bond from the group V or 
VI ligand, which are treated in earlier sections. 

(i) Complex halide ions 

With chloride, bromide or iodide as ligand, gallium readily gives the tetrahedral anions 

GaXj;. These exist in aqueous solutions containing excess halide, from which they can be 

isolated as crystalline salts with a large cation, e.g. BusNGaX,, or by solvent extraction as 

complex acids H(solv)*GaX; .*°” Crystallographic data for solids containing the GaXj ions are 

available. '-48°-541,642 Characteristic absorption spectra,“? vibrational frequencies,“* NMR 

chemical shifts°?’ and NOR parameters™? are well established. These properties can be used to 

study effects such as ligand exchange processes of GaCl, with Clay ion pairing in 

non-aqueous solutions of alkylammonium chlorogallates,“’ polymorphism of KGaCl,°° and 

solid state interactions in the crystalline solids NO*GaCl,* and Ga*GaCl;.*%” Bond 

dissociation energies D(GaX;—X_ ) are 364 and 314 kJ mol"! for X= Cl or Br, respectively.’ i 

In dilute aqueous solutions the four-coordinate GaX; ions dissociate, forming [Gax,,]°~” 

(aq) (n=1,2 or 3) and finally [Ga(OH2).}°*. Stability constants are available for these 

equilibria.’* When the solutions are frozen to the glassy state, Raman spectra show that the 

equilibria are displaced in favour of the aqua cation.’ The complexes GaX,4 are formed, 

together with Ga2X7 (see below), in the systems MX-—GaX3, where MX is a group I chloride or 

bromide, which have been studied in the solid state or as molten salts. The TIBr—GaBr; system 

reveals TIGa,Br, and TlGaBr4, whereas the NaBr—GaBr; system forms Na,Ga,Br7, NaGaBry, 
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Na,GaBr; and Na3GaBr..°” These last two probably contain GaBr, and Br ions, rather than 

complexes more highly coordinated than GaBrz . 

The halide dimers Ga,X, react with MX in 1:2 stoichiometry to form MGaXg, and in 1:1 

stoichiometry yielding MGaX;. The crystal structure of KGazCl, reveals a bent conformation, 

the Cl;Ga(u-Cl)GaCl; anion having C,, symmetry. Vibrational spectra of the solid and molten 

salt phases have been assigned on this basis,’ and the bridging and terminal chlorines give 

distinct NOR signals.“° Raman studies of molten CsCl-GaCl; mixtures show the presence of 

Ga,Cl,, GaCl;, Ga,Cl7 and possibly higher complexes.®* The anions Ga2X7 (X = Cl or Br) 

are present in the mixed valence compounds Ga3X,.**”°* In MI-Gal; systems, both MGal, 

and MGapl, exist when M= Rb or Cs, but only MGal, occurs when M = K. Interestingly, the 

Ga,Iz ion has a linear Ga—I—Ga bridge, vibrational spectra of melts indicating D34 

symmetry. For the corresponding bromide systems,°’ there is evidence of a further 
gallium-rich compound MGa3Brjo for which the Raman spectrum suggests the structure 
Br3Ga(u-Br)GaBr,(u-Br)GaBr3. Nyholm and Ulm had prepared [Ga(diars)Cl,](Ga3Clo) in 
1965,°° although their proposed structure of Ga3Clio, featuring a central six-coordinate Ga 

atom, can now be discounted. 

(ii) Mixed halide species 

The molecules GaCl,Br and GaClBr, have been observed in the gas phase by Raman 
spectroscopy.“47 However, attempts to study halogen bridging in mixed halide dimers, e.g. 
Ga,Cl,Br2, or in complex anions, such as Ga,Cl,Br-, have been defeated by the complexity of 
the spectra. Mixed halide species RGa2X,I have been obtained by the oxidative addition of an 
alkyl iodide to the halides GaCl, or Ga,Bry.°? 

Four-coordinate mixed halide complexes [GaX,, Y4_,]~, where X and Y are two of Cl, Br or 

I, are readily generated in gallium halide systems in solution and solid states. Preparations of 
Bu,P(GaClsBr), Ph4sAs(GaClBr;), [(Et20)2H](GaX3Y) and (py2H)[GaX3Y(py)2] (X or Y = Cl, 
Br or I) have been described. Vibrational assignments have been made for most of the 
v(Ga—X) and v(Ga—Y) stretching modes of the GaX3Y~ anions.©® *°C] NOR spectra 
suggest that the solids BugN(GaCl,Br4_,,) (n =0-4) are individual compounds, although 
these might have been expected to be disordered phases. The production of mixed halide 
anions in solution starting from GaX,z and GaYz can be followed by Ga NMR spectroscopy 
and the chemical shifts of the binary mixed halide ions have been measured, as have those of 
GaCl,BrI-, GaCIBr,I~ and GaCIBrIz.%-®° Halide exchange is rapid in aqueous solution, but 
slow in CH2Cl,, and produces GaX3;Y” and GaXY3 ahead of GaX,Yz. The mechanism of 
exchange is thought to involve initial dissociation of GaX; and the intermediacy of bridged 
species such as X;Ga—Y—GaX;3 . 

25.1.14.7 Hydrogen and Complex Hydride Ligands 

25.1.14.7.1 Hydride ligand 

Gallium forms hydridogallates, MGaH, and M;GaH,, and gallane adducts, e.g. GaH3-NMes. 
These compounds have some advantages as reducing agents over the corresponding aluminum 
compounds; however, the chemistry of the gallium hydrides is much less well developed. 

Lithium gallium hydride, LiGaH,, a solid which slowly decomposes at 25°C and a milder 
reducing agent than LiAlH,, can be prepared in ether solution (equation 17). Tested methods 
are also available to synthesize Na, K and other salts, and to convert LiGaH, to GaH3:-NR; by 
reaction with Me3N (or Et,N).%°°’ LiGaH, forms a dietherate, which is converted to the 
monoetherate LiGaH,-OEt, under vacuum. The Raman and IR spectra of alkali metal salts 
MGaH, confirm the tetrahedral symmetry of the anion and enable GaH; to be compared with 
other hydrides.°* 

GaCl,-Et,0 + 4LiH —2S> LiGaH,+3LiCl (17) 

GaH3-NMes, a solid, is less sensitive to hydrolysis than AIH3-NMe3. Recent measurements 
of the dimensions | of the Me;3N-GaH; molecule in the vapour by ED include r(Ga— 
H) = 149.7 pm.°” Similarly short terminal Ga—H bonds of 148.7 pm are found in the structure 
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of (Me,NGaH,)2.*” GaH3-NMe;3 can undergo hydride displacement without rupture of the 
Ga—N bond (equation 18). 

Me;N-GaH,; + Me;NHCl —~> Me,N-GaH,Cl + Me,N + H, (18) 

Following early claims of gallane synthesis, reinvestigation of the reaction of GaH3-NMe; 
with BF; provides no evidence for uncoordinated GaH;.*”> MS experiments in which the metal 
is heated in a hydrogen atmosphere have detected small amounts of gallium hydride as GaHt 
(or InH3 when indium is used),°”° but the amounts are much less than in the case of aluminum 
where both AIH; and Al,H¢ are found. The gallane radical anion ‘GaH; has been generated 
in a low temperature matrix and has been shown by ESR study to be pyramidal, like ‘AIH; 
and ‘*SiH3.°7! 

There are reports of unstable halogenogallanes, the compounds GaHCl, and GaHBr, having 
been prepared from GaX;+Me3SiH. GaHCl, melts at 29°C (dec), and decomposition to 
Ga,Cl, + H2 is complete at 150°C. Evidence from IR/Raman spectra indicates that GaHCl, is 
a dimer, probably cis-ClHGa(u-Cl),GaHCl.°” 

25.1.14.7.2 Borohydride ligand 

Reaction of LiBH, with GaCl3 yields hydridogalliumbis(tetrahydroborate) HGa[(y- 
H)2BH)]2. In the gas phase this molecule exhibits five-fold coordination by H atoms which form 

a distorted rectangularly based pyramid around the Ga atom.®” As determined by ED, the 
length of bridge bonds averages 177.4 pm; the terminal Ga—H bond is much shorter, i.e. 
156.5 pm. Me,Ga(BH,), m.p. 5°C, decomposing to Ga+H,+ methylated borons, can be 
obtained from Me,GaCl + LiBH, (or from Me3Ga + B2He). Its structure shows four-coordinate 
gallium linked to bidentate BH, as Me2Ga(u-H)2BHp with a bridging Ga—H bond length of 
179 pm.*®’ 

25.1.14.8 Mixed Donor Atom Ligands 

25.1.14.8.1 Schiff base ligands 

A few studies of Schiff base complexes of gallium have been made.*!*”* Frequencies v(Ga—O) 
have been located in the range 600-685 cm™’. Modes v(C=N) are almost unaffected by 
complexation. 

25.1.14.8.2 Amino acids, peptides and proteins 

Complexing of Ga** by simple amino acids has attracted attention as the basis for 
investigations of more complicated systems.***”° IR evidence indicates that both N and O sites 
are coordinated to the metal. NMR studies of interactions of Ga** with the bleomycin 

antibiotics (glycopeptides used in tumour scanning as carriers for the °’Ga radionuclide) have 

shown that the metal binds by displacing a proton from the a@-amino group of the 

diaminopropionamide fragment of the drug.°” The conformation of the gallium complex of 

parabactin has been determined by 300 MHz 1H NMR spectroscopy, and the sequestering 

powers of several catechoylamide-type ligands for Ga>* (and In**) have been investigated as a 

function of pH to assess the feasibility of the removal of gallium from association with the 

protein transferin.°” 

25.1.14,8.3 Ligands with N, O and other functions 

In gallium complexes with multidentate ligands there is a marked tendency for the 

coordination number to increase from four to five or six. The reaction of Me3;Ga with 

ethanolamine yields Me2GaL,, where L, represents the chelating ethanolamine ligand. Bond 

distances within the five-membered ring are Ga—O = 191.7 pm, Ga—N = 206 pm.°” If the 

ligand is changed to N,N-dimethylethanolamine, the resulting chelate dimerizes to form 
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[Me2Ga(OC,H4,NMe,)], with a central Ga,O ring such that the Ga atoms become five- 
coordinate. In N,N’-ethylenebis(salicylideneiminato)chlorogallium(III) the central Ga atom is 
again five-coordinate.° The geometry approximates to square pyramidal with Cl at the apex. 
The Ga atom is also five-coordinate in chlorobis($-hydroxo-2-methylquinolinato)gallium(II]) 
and in some 1:1 complexes of Ga** or MeGa** with various O,N,O or O,N,S tridentate 
ligands.**!"°* Salicylaldimine complexes of Ga are lipophilic species of radiopharmaceutical 
interest. X-Ray study of one of these reveals the ligand occupying all six coordination Sites 
around Ga, by bonding through three imino N atoms and the deprotonated phenolic O 
atoms.°8? Ga—N and Ga—O distances are slightly longer than those in four- or five-coordinate 
Schiff base complexes of gallium, but lie within the established range for octahedral Ga™ 
compounds. The crystal structure of the ethylenediaminetetraacetic acid complex 
Ga(Hedta)-H2O shows the ligand bonding in a pentadentate fashion with the water molecule 
occupying a sixth position.’ Average bond distances are Ga—N = 214 and Ga—O = 195 pm. 
The structure of a six-coordinate complex which bears Cl, a tridentate N donor and bridging 
OH ligands has also been determined.*** 

Stability constants have been evaluated for the complexes formed in aqueous solution 
between Ga** and a number of multidentate ligands.*°.*° Some other Ga chelates, including 
those of hydroxy acids, are treated in Section 25.1.14.4. Investigations by Storr, Trotter and 
co-workers into the structural chemistry of a series of transition metal complexes, which carry 
bi- or tri-dentate ligands based on MeGa or Me,Ga groups (and so can be viewed alternatively 
as chelate complexes of gallium), are reviewed elsewhere.” 

25.1.14.9 Macrocyclic Ligands 

Gallium porphyrins resemble those of Al, In and transition metal M'™ atoms. Examples in 
which the central atom of the GaN, kernel also bears a chlorine ligand®* can be converted into 
Ga porphyrins with a Ga—C bond.® Certain polymeric fluorogallium and aluminum 
phthalocyanines are of importance on account of their high electrical conductivity (see Section 
25.1.9). Crystallographic study of PcGaF°” has revealed the orientation of the phthalocyanine 
rings and has established the following bond distances: Ga—F = 193 and Ga—N = 197 pm. 
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25.2.1 INDIUM: INTRODUCTION 

A review of the coordination of indium necessarily begins with reference to the general 
inorganic chemistry of the element,’ and to other earlier general works.** More recent authors 
have reviewed the adducts of the trihalides and pseudohalides of gallium, indium and thallium,” 
other aspects of the inorganic chemistry of these elements,° the coordination chemistry of 
indium,’ and the organometallic chemistry of indium.® A critical evaluation of the stability 
constants of indium complexes in solution has also appeared.’ Each of these articles contains 
background material and references to earlier work. 

25.2.2 INDIUM(D 

The coordination chemistry of indium(I) received little or no attention for many years, 
largely no doubt because of the lack of suitable starting materials. The indium(I) halides can be 
easily prepared,’ but are intractable materials which readily undergo hydrolysis and dispropor- 
tionation (but see Section 25.2.2.1). The only known organoindium(I) compounds are the 
cyclopentadienyl and methycyclopentadienyl derivatives,* and the former has proven a useful 
starting point for some synthetic work. Electrochemical methods have been used either to 
reduce higher states, or to oxidize the metal in the presence of suitable ligands, in order to 
produce indium(I) species. 

25.2.2.1 Nitrogen Ligands 

The neutral adducts of InBr and InI with ammonia, InX-nNH3 (n = 1, 2), are reported to be 
black insoluble substances which disproportionate in air or in the presence of moisture, and on 
heating, so that InI-2NH; for example gives InI;-5NH3, indium metal and ammonia.!® An 
interesting new development which should open up indium(I) chemistry is that the monohal- 
ides InX (X= Cl, Br, I) dissolve in mixtures of aromatic solvents and organic bases.!! These 
solutions are relatively stable at low temperature (20°C and below), and the dependence of 
solubility on TMEDA concentration suggests that in the case of InBr or InlI, the solute species 
is InX-3TMEDA in dilute solution, although addition of petroleum ether to the cold solution 
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precipitates InX-0.5STMEDA. The synthetic usefulness of such solutions is discussed below. 
Indium(I) halides do not otherwise dissolve in basic solvents and in any case disproportionation 
is always a major problem, but prolonged refluxing in either aniline or morpholine is reported 
to give products analyzing as [In(aniline),]X and [In(morpholine).]X (X = Cl, Br, I), whose 
formulation depends on the behaviour of the products as 1:1 electrolytes in nitrobenzene.” 
Some structural information on these unusual compounds would be most helpful. 

25.2.2.2 Cyanate and Thiocyanate Ligands 

Salts of InClz and InI3~ (see Section 25.2.2.4) serve as the starting point for the synthesis of 
salts of [In(NCS),]~, [In(NCO),]~ and [In(NCS)3}?- by metathesis in ethanol:!? the IR 
spectrum shows that both ligands are N-bonded in structures which are apparently bridged 
homopolymers in the solid state. No other pseudohalide compounds of indium(I) have been 
reported. 

25.2.2.3 [-Ketoenolates and Related Ligands 

The unavailability of suitable starting materials has hindered work in this area, but the 
reaction of cyclopentadienylindium(I) in Et,O/benzene mixtures with 4,4,4-trifluoro-1-(thien- 
2'-yl)butane-1,3-dionate (ttaH) gave the extremely hygroscopic In(tta), and similar derivatives 
of other bidentate ligands were obtained by this same process.'* The reactions of the analogous 
In(oxine) (oxine = 8-hydroxyquinoline anion) show that such InL species are easily oxidized to 
indium(III) complexes (see Section 25.2.4.8). The insolubility of the product in the reaction 
mixture is presumably an important factor in this method. 

25.2.2.4 Halogen Ligands 

The solubility of the indium(I) halides in toluene/TMEDA was noted previously. Electron 
spectroscopy” shows that InCl forms covalent dimers in the gas phase. The d-shell electrons 
can be regarded as being part of the core and play no part in bonding. 

Indium monohalides (InX; X = Cl, Br, I) react with the corresponding salt of N, N'-dimethyl- 
4,4’-bipyridylium to form [Me,bipy]?*[InX;3]?~.'°!7 The anions have been formulated as 
mononuclear C3, species on the basis of Raman spectra, supported by force constant 
calculations.'* Electrochemical reduction of In™ in concentrated hydrochloric acid did not yield 
stable In’ species. The reaction of CpIn with HX in the presence of EtsNX in non-aqueous 
media’*"? gave the salts Et,N[InX.] whose vibrational spectra indicate the presence of 
mononuclear C,, anions. With the cation Me,dppe*t (= 1,2-bis(methyldiphenylphosphonio)- 
ethane), the salt Me,dppe[InI3] was obtained. Metathesis yielded pseudohalide derivatives (see 
Section 25.2.2.2). The electrochemical oxidation of an indium anode in a non-aqueous solution 
of Et,NI and I, provides an unusual route to Et,N[InI,].'””° The oxidation of InXz to InX,Yz 
is discussed later. Sea rem 
Aqueous solutions of In' in low concentration can be prepared by the anodic oxidation of the 

metal,”' but the strong reducing properties of In*(aq) bar this as a route to complexes. The 
rate of disappearance of In' in various media has been used to derive stability constants for 
In'/X~ species.?””° 

25.2.2.5 Macrocyclic Ligands 

The indium(II) halides, whose solid state structures are In*[InXa]~ for X= Br and I (see 
Section 25.2.2.5), have served as starting points for the preparation of [In(crown)][InX4](X = 
Cl, Br, I), [In(crown)][AICl,] and [In(cyclam)][InX4](X = Br, I; crown = dibenzo-18-crown-6; 
cyclam = 1,4,8,11-tetraazacyclotetradecane).** The characteristic vibrational spectra of the 
InXj anions were important in establishing the solid state structure of these salts of indium(I) 
cationic complexes. These macrocyclic ligands do not react with suspensions of InX (cf. 
thallium below). 

COC3-F* 



156 Indium and Thallium 

25.2.3 INDIUM(II) 

The structure of the few indium(II) compounds identified by early workers is one of the 
classical problems in group III chemistry, (cf. gallium, Section 25.3.3.3). It is now clear that 
both M—M-bonded compounds and ionic mixed valence species exist, but the factors which 
govern the relative stability of these species still remain to be elucidated. 

25.2.3.1 Nitrogen Ligands 

Neutral adducts of the indium dihalides are known with both mono- and bi-dentate nitrogen 
ligands. Condensation of ligand on to InX,; (X = Cl, Br, I) cooled in liquid nitrogen gave InX,L 
(L = piperidine, piperazine and morpholine). Raman emissions at ca. 173 (Cl), 143 (Br) or 105 
(I)cm~' were assigned as v(In—In), leading to the formulation of these compounds as 
X,(L2)InIn(L2)X2, with the bases acting as monodentate ligands at five-coordinate indium(II)” 
(cf. gallium(II) compounds). The reaction between InX, (X=Br, I) and various ligands in 
benzene”® yielded adducts only with TMEDA and Ets3P (see below); other ligands, and all 
reactions involving InCl, lead to disproportionation, either to In° + InX3, or to InX + InX3. A 

later X-ray crystallographic investigation’ confirmed both the In—In-bonded structure of 
In.Br3I-2TMEDA, for which r(In—In) = 2.775(2) A, and five-coordination at indium. Possible 
reasons for the different behaviour of InX, in solution®® and in the solid state have been 
discussed** and are summarized below (Section 25.2.3.5). 
Condensation of pyridine on to InX, gives the In—In-bonded compounds X,In.X4py, 

(X=Br, I; X=Cl not obtained by this or other methods). Adducts of InI, with 
EtNH, (In2I4Ls), and EtNH, and bipy (In2I,-2bipy:-4EtNH>, InzI,-Etbipy-bipy-8EtNH2, 

InzI4-Et,bipy-bipy-3NH3) have also been reported,” but unfortunately no structural informa- 
tion is available on these unusual compounds. 

25.2.3.2 Phosphorus Ligands 

Bis adducts of Et3P with In,Br4, and In2I, have been prepared; vibrational spectra showed 
these to be P(X2)InIn(X.)P species, with a staggered conformation in the solid state.*° 

25.2.3.3 Oxygen Ligands 

Adducts of In2Br, and InjI, with THF, tetrahydropyran and DMSO have been prepared by 
condensing the ligand on to the dihalide.* The evidence from vibrational spectroscopy, and the 
obvious analogies with In.X,—nitrogen compounds and with GaX,4 adducts, readily identify 
these as In—In species. 
Two other types of unusual indium(II)—-oxygen ligand complexes are known. The polar- 

ographic reduction of In(acac)3, In(tropolonate), or In(pyronate); (pyronate = 3-hydroxy-2- 
methyl-4-pyronate anion) in non-aqueous solution shows a one-electron reduction in each 
case,”” corresponding to the formation of a (formally) In" complex. Similar behaviour was 
observed with In(oxine)3, and in some cases a second one-electron reduction was also 
observed, implying the formation of In' species, although in no case was the site of the 
reduction identified, so that the product may be either [In"(acac)3]~ or [In™(acac),(acac”)]® 
(cf. sulfur ligands, Section 25.2.3.4). 

Electrolysis in the cell Pt/MeCO,H:H,O(trace)/In caused dissolution of the indium anode 
and formation of fine feathery crystals of the metal on the cathode. This material slowly 
reacted with the electrolyte to give crystals of In(OAc), which could be converted to In(OAc)3 
on boiling with glacial acetic acid. It seems likely that the crystal lattice consists of 
In' + In" + OAc’, but no detailed structure could be obtained.>" This system warrants further 
investigation in view of work on the analogous thallium system (see below). 

25.2.3.4 Sulfur and Heavier Group VI Ligands 

_The bis-tetrahydrothiophene adducts of In2X, (X=Cl, Br, I) and the corresponding 
dimethyl sulfide complexes of In,Br4 and InjI, have been prepared.» 
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The polarographic reduction® of a number of InL3~ complexes (L = toluene-3,4-dithiolate) 
[InL,D]” (D=phen, bipy, ec.), InL3- (L= 1,2-dicyanoethylene-1,2-dithiolate), efc., in 
non-aqueous solution demonstrated a series of reversible one-electron changes corresponding 
formally to In"’— In"— In'— In’, in contrast to the In™— In° reduction observed in aqueous 
solution. As noted above (Section 25.2.3.3), the formal oxidation states are assigned to the 
metal on the assumption that the ligand itself is not reduced, and this remains to be confirmed 
experimentally. 

Although not true coordination compounds of indium, the compounds In,S7 and In,Se7 
should be noted, since they involve In3* in the solid state [r(In—In) =2.741(2), 2.760(5) A 
respectively].**** Similarly, InzSe; and In,Te; contain the catenated In3* cation,*> and might 
therefore prove useful starting materials for the synthesis of thio complexes of In”. Another 
intriguing compound in this context is InsSe,,*° in which indium is tetrahedrally coordinated in 
either In(In’), or In(In’S3)4. 

25.2.3.5 Halogen Ligands 

The solid state structure of In.I, has been shown to be In*[InIl,]~ by X-ray 
crystallography,*’*® isostructural with GaCl, (see Section 25.2.3.3). Structural work on InBr> 
indicates a similar structure,” and both this and InI, confirm previous assignments based on 
vibrational spectroscopy.'’? The structure of InCl, presents a much more complex problem. 
Vibrational spectra have demonstrated the presence of the InCl; anion in molten indium 

dichloride,*!** but the analogous studies of the room temperature phase are variously 
interpreted as confirming*® or denying*!-*” the presence of the tetrahedral anion in the lattice. 
X-Ray powder studies of the solid are also claimed to support the presence of InClq in both of 
two different phases of indium dichloride.***° One explanation of these contradictions may be 
found in the work of Meyer*®-*” who has shown that the only mixed valence species in the 
InCl/InCl; system are In3Cl4, IngCl; and InsCly; the latter is formulated as In3[In,Clo], with a 
confacial bioctahedral anion. This work removes much of the uncertainty from the problem, 
and the conclusion is in keeping with the known tendency of anionic chloro complexes of 
indium(III) to be six-coordinate, unlike the bromo and iodo compounds (see Section 
25.2.4.6.2). 

It is ee then, that none of these molecules contains an In—In bond, and the same is 
apparently true of the only known indium(II) pseudohalide, In(CN)2, formulated as 
In{In(CN),] from vibrational spectroscopy.** The species formed by the coordination of 
electron donors to In2X, on the other hand are clearly In—In molecules. The structures of the 

neutral adducts were noted earlier (Section 25.3.2.1). The anionic species InzX2~ (X = Cl, Br, 
I), prepared via InX,* are isostructural with the corresponding gallium(II) anions. In 
non-aqueous solution, ‘In NMR studies*’ show that these molecules disproportionate to 
InX; + InX7. Recent studies of the InX/InY3 reaction®’ cast some light on these matters, and 
it appears that kinetic factors, and specifically intramolecular halide transfer, are at least as 
important as thermodynamic effects in the stability of both In.X,L, and In.Xg species. The 
importance of phase is shown by the fact that the gas phase above molten InX, contains InX, 
InX3 and In.X. molecules.°’ Much clearly remains to be done in this area. 

25.2.4 INDIUM(II) 

As noted in the introduction to this chapter, the coordination chemistry of indium(IIT) is now 

firmly based and a number of reviews already exist. The following sections are therefore 

comprehensive, rather than totally inclusive, in scope. 

25.2.4.1 Group IV Ligands 

25.2.4.1.1 Cyanide ligands 

Indium(III) cyanide is best prepared from InOI and cyanogen, although other methods have 

been described.>2 An ammonia adduct of In(CN)3 may be formed in the reaction between 

Hg(CN), and indium metal in liquid ammonia, but no other derivatives have been reported. 
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The efficient extraction of indium from aqueous hydrocyanic acid by long-chain amines implies 

the formation of anionic In'/CN~ complexes,*? but no stability constant results are available. 

Organoindium cyanides have been prepared by reacting Me3M (M= Ga, In) with Me3GeCN, 

eliminating Me,Ge and forming [Me,MCH],°* to give a structure believed to involve 

In—C=N—In bridges. 

25.2.4.1.2 Silicon, germanium and tin ligands 

The reaction of InCl, with Me;SiCl and lithium metal in THF at —30°C yielded (Me;Si)sIn, 

NMR and vibrational spectra, and vibrational force constants, have been reported.”° Indium 

metal reacts with (Et;Ge)2Hg over several days at 50-60 °C to form (Et3Ge)3In in 50% yield,° 

and this molecule presumably resembles (Me;Si)3In in having a trigonal planar InM3; kernel 

(M'=Si, Ge). Analogous In(SnR3); compounds have not been prepared to date, but the 

reaction of LiSnMe; with Me;In at low temperature has been shown by NMR methods to 

produce Li[Me;SnInMe;] (cf. Al, Ga, Tl), which could not be isolated because of decomposi- 

tion at room temperature (75% after 2d).*” Solutions of InX in toluene/TMEDA” do not 

react with Sm Ph, (see Section 25.2.4.5.2), but with Ph3SnX the products are 

Ph;SnInX»-TMEDA (X=Cl, Br, I), in which indium is apparently five-coordinate with an 

InSnX3N> kernel;*? the anionic complex Ph3SnInX3z has also been prepared by treating such a 

molecule with RsNX. The compound L,InSnPh; (L = 2-[(dimethylamino)methyl]phenyl ligand) 

has been prepared™ from L,InCl and NaSnPhs, so that a number of In—Sn bonded species are 

now known. 

25.2.4.2 Nitrogen Ligands 

25.2.4.2.1 Ammonia and amine ligands 

The [In(NH3),]** cation has been identified in liquid ammonia solution,” but attempts to 
prepare the perchlorate salt were unsuccessful. Mixed complexes such as [In(NH3;)sBr]** have 
been postulated in liquid ammonia,® but this has not been confirmed preparatively. 
Ethylenediamine yields the salt [Inens](C1O.); on reaction with In(ClO4)s3;aq) in ethanol, and 
the analogous nitrate and thiocyanate® salts have also been prepared. 

Adducts of indium(III) halides or pseudohalides with ammonia have not been reported,° 
which is surprising given that the corresponding Me3In compounds are known. A number of 
amine adducts of InX3 have been reported,*”’ with stoichiometries InX3L, InX3L, or InX3Ls, 
but structural information is scant; vibrational spectroscopy suggests that InX;L species 
probably have D3, symmetry. Adducts of the related bidentate nitrogen donors such as en or 
TMEDA have not been widely studied, which is unfortunate since here as with bidentate 
heterocyclic ligands, the question of the balance between neutral and ionic structures is 
interesting. For example, InCl;/en gives rise®’ to [Inen3]Cl; which on heating goes to 
[Inen,Cl,]Cl, with no neutral adducts known. With pyrazine, the adduct InCl,-L;.; is 
polymeric, with bridging pyrazine and six-coordination at indium.® Similar problems have been 
identified with the corresponding adducts of indium thiocyanate (see Section 25.2.4.2.2). 
Earlier publications’’’”* have listed the adducts formed by inorganic and organic indium(III) 
species; recent information includes the structures of the compounds EtInX,-TMEDA 

(X=Br,I) which are five-coordinate neutral mononuclear molecules in both solid and 
solution.©” 

Little work has been published on hydrazine adducts; the reported compounds InCl,-3N>H, 
and InI;-3N2H, presumably involve monodentate coordination of the ligand.”° 

25.2.4.2.2 N-heterocyclic ligands 

Cationic indium(III) complexes could not be prepared with pyridine, but species such as 
[In(bipy);]’* and [In(phen);]>* are known as the perchlorate or nitrate salts, and 
[In(terpy)2](ClO4) has also been reported.®’ Stability constants have been measured in the 
In */bipy and In°*/phen systems’? and for some substituted pyridines.? The adducts of 
indium(III) halides and pseudohalides with pyridine and substituted pyridines have been 
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reviewed previously.”’ The stoichiometries of the primary products are either InX3L; or 
InX3L,, but thermal decomposition” can lead to loss of ligand yielding InX3L, or InX;L, 
depending on X and L (X = Cl, Br, I). 

The interaction of ligands such as bipy or phen with InX; (X=Cl, Br, I, NCS, NCO) 
produces either the salts [InL3]X3;’* or compounds of stoichiometry InX3L,5.°7>7° The 
structures of these latter have been the subject of several investigations, which have been 
reviewed previously.’ In essence, the preparation”’ of salts such as PhAs|InCl,(bipy)] and 
[InCl,(bipy)2]PFs-H2O, and the spectroscopic proof that such cationic and anionic indium 
species exist in solid InCl3-bipy; 5, have led to the formulation of the latter as the ionic dimer 
cis-[InCl,(bipy)]*[InCl,(bipy)]~ and it seems reasonable to generalize this conclusion to cover 
other InX3-L,.; complexes. The reasons for the existence of these or similar structures, which 
are to be found in the chemistry of other M™ states (e.g. Ga, TI, Ti), is clearly a subject for 
speculation, but in the absence of crystallographic and thermochemical data no useful 
arguments can be advanced at present. In addition to the neutral inorganic adducts discussed 
above, a number of compounds are known involving bipy and/or phen and organometallic 
compounds,® carboxylates and thiolene complexes (see Sections 25.2.4.4.5 and 25.2.4.5.2). 

The compounds InX;(terpy) (X = Cl, Br, I, NCS) are non-ionic,’® and X-ray” studies have 
confirmed the InCl;N; core for X = Cl. 

25.2.4.2.3 Amido and imido ligands 

The direct reaction of InCl; with LiN(SiMe3), gives In[N(SiMe3)2]3, which is monomeric and 
has a planar InN; kernel;®° an adduct with Me3PO has been reported.*! The established route 
to amido-indium species is via the thermal decomposition of R3In-NR3 adducts,” and in the 
case of (Me.InNMez),, a crystal structure determination® has confirmed the presence of the 
In,N2 ring, which is also found in [Me2InN(Me)Ph],. The isomerization of this compound has 
been studied in solution.** The product obtained from the reaction of Me,C—=NCI and Me;In, 

namely [MexC=NInMe.],, has a similar In.N, core,® being dimeric in both solution (benzene) 
and solid states. Given the detailed studies of such derivatives of the lighter group III elements, 
the information here is surprisingly sparse. 

25.2.4.2.4 Azide, cyanate, thiocyanate and selenocyanate ligands 

Neither neutral nor anionic inorganic azido complexes have been reported, but the 
organometallics R,InN3 are known. Reaction of Et;In with CIN; gives (Et,InN3)2, for which a 
structure based on the In,N2 core is proposed,®© while with Me3SiN3 the product is 
Me;SiN;InMe; which on heating®’ goes to (Me2InN2)3. The In.N> bridging is obviously similar 

to that just discussed (Section 25.2.4.2.3), and the chemistry of such rings should prove 
interesting. 

The parent compound In(NCO); has not been isolated, since the reaction between In2(SO4)3 

and Ba(NCO), gave only hydrolysis products, while reactions in alcoholic media between In, 

and AgCNO produced AgI and an insoluble product which decomposed on heating to give an 

alkyl urethane derived from the solvent.’° When adducts of InI; were used, the products were 

the corresponding In(NCO);L3; (L=py, DMSO, Ph3PO), In(NCO)3L, (L=Ph3PO) or 

In(NCO)3L,.; (L = bipy, phen). Compounds with different stoichiometries (e.g. In(NCO)spyo, 

In(NCO) phen, In(NCO)sphens, In(NCO);bipy3) have also been reported.** The only anionic 

complex is [In(NCO),]~, as the Me,N* salt, and here both terminal and bridging ligands 

have been postulated on the basis of the vibrational spectrum.™ gtk 

Indium(III) thiocyanate can be prepared by treating In(CN); with sulfur,’ from indium 

metal and Hg(NCS),,°” from InCl; + NaNCS in ethanol,” or from In,(SO,)3 + Ba(NCS), in 

water. The evidence from IR® and X-ray” results is that the solid state involves extensive 

In—NCS—In bridging, with six-coordinate indium. Adducts® with both monodentate (py, 

picoline, urea, DMSO, DMA, Ph3PO, thiourea) and bidentate (bipy, phen, en) ligands are 

easily prepared. The monodentate ligand adducts are all of the type In(NCS)3L3, with the N 

bonding of thiocyanate shown by IR spectroscopy, while with bipy and phen, In(NCS)3L1.5 

compounds are obtained; following the discussion above (Section 25.2.4.2.2), these are 

formulated as [InL,(NCS),][InL(NCS),]. With en, the product is [Inen3](NCS);, believed to 

involve the six-coordinate cationic complex described previously (see Section 25.2.4.2.1). 
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Organoindium thiocyanate derivatives do not appear to have been reported. The results of 

stability constant measurements for In*+/NCS~ have been reviewed; the recommended values 

are similar to those for In?*/Cl~ systems.’ 
The anionic thiocyanato complexes prepared®* from In(NCS); and different organic cations 

may be either [In(NCS)s]*~ or [In(NCS).]°~, apparently depending on the properties of the 

cation. A subsequent X-ray structural investigation of (Ph4As)3[In(NCS).] confirmed the 

N-bonding mode of the ligand, and the presence of an octahedral InN, kernel.”? 

A number of selenocyanate compounds formulated as the adducts In(NCSe)3L, have been 

reported>”? with L=py (n=4), DMF (n=3.5), Prz3PO (n=3) and diantipyrylmethane 

(n =2), but no structural details are available. The compounds In(NCSe)3L3 (L = bipy, phen) 

may well be salts of InL3* and NCSe~, while the anionic complexes [In(NCSe).]*~ are reported 

to involve an N-bonded ligand and six-coordinate indium.”*” 

25.2.4.2.5 Nitrile ligands 

Surprisingly little work has been reported on nitrile derivatives of indium(III), and the 

neutral adduct InCl;-2MeCN appears to be the only compound of its type subjected to 
spectroscopic investigation;”? it seems reasonable to suppose that other such adducts of 
inorganic and organometallic indium(III) species could be obtained. Neutral adducts of InX; 
have been prepared by the direct electrochemical oxidation of indium metal, giving InX3L, 
(X=Cl, Br, n=3; X=I,n =2),°° and with mixtures of MeCN and HBF,/Et,O the same 
method gave [In(NCMe).](BF,)3, the salt of a six-coordinate cationic complex.” 

25.2.4.3 Phosphorus and Arsenic Ligands 

The four-coordinate cationic complexes [InL,]** (L = Ph3P, Ph3As) and [In(diphos).]>* were 
prepared as the perchlorate salts, but could not be obtained from nitrate media.™ The change 
in coordination number between nitrogen ligands and the heavier analogues is striking. 

Adducts of trialkyl- or triaryl-phosphines, triphenylarsine and diphosphines and diarsines?”’ 
with indium trihalides are well known. The structures of InCl;-2R3P compounds have been 
generally shown to be trigonal bipyramidal with axial phosphines, and this has been confirmed 
by X-ray methods in the case of InCl,(Ph3P)2.°° With InBr3 and Inl3, both InX3L, and InX3L 
compounds are known as monodentate donors, and interconversion by loss of ligands is often 
facile.” These halides also form 1:1 adducts with diphos, unlike indium trichloride,° although 
the latter does interact with diars to give a compound formulated as [InCl,(diars),][{InCl,].” 
Further crystal structure studies of these compounds would be helpful. Adducts of these group 
V donors with indium(III) pseudohalides are not known. An interesting reaction of 
coordinated Ph3P is the in situ oxidation to Ph3PO to give the Ph3PO adduct of InX;,”° which 
occurs even in the absence of air; it appears that oxygen is abstracted from the solvent, so that 
the choice of solvent for the preparation of adducts may be critical. 

Adducts of phosphorus and arsenic ligands with organoindium compounds have been 
reviewed elsewhere.” As with the amino derivatives (Section 25.2.4.2.3), one of the important 
reactions of these compounds involves alkane elimination. In the case of Me3In-PH;, the 
product of thermal decomposition is the polymeric (MeInPH),,,’° while with Me.PH, Et)PH or 
Me2AsH adducts of Me3In, the decomposition products are polymeric glasses,!°! which can be 
sublimed, unlike the compounds derived from PhPH,, MeAsH, or PhAsH>. With Me;In and 
SbEt; the 1:1 adduct is thermally unstable both to dissociation and decomposition,’ finally 
yielding InSb. This route to InM (M=P, As, Sb) compounds is of considerable importance to 
the electronics industry. 

25.2.4.4 Oxygen Ligands 

25.2.4.4.1 Oxide, hydroxide and water as ligands 

_ The earlier discussion of complexes of indium(III) with nitrogen ligands emphasized the 
importance of six-coordination, and in keeping with this, ‘'H and ™°In NMR studies have 
identified [In(H,O).]** as the cation in aqueous solutions of perchloric acid. Confirmatory 
evidence has been obtained from dilatometric!®> and X-ray diffraction!” methods. Proton 
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NMR has also been used to demonstrate rapid exchange between coordinated water molecules 
and the bulk phase,'®’ and to show the existence of appropriate mixtures of [In(H,O).]°*, 
[InL¢]** and [In(H,0),,L.¢_,]°* for L= DMF ,'°8 acetone,’ trimethyl phosphate,’?° and also in 
trimethyl phosphate/acetone/water.!!° 

Hydrolysis of the In** (aq) ion to hydroxy species occurs readily!!! when the PH of the aqueous 
solution drops below ~3.0, and since the redissolution of any precipitated material may be 
slow’ it is important to consider briefly the quantitative aspects of this problem. The first step 
in the hydrolysis of In**(aq) is best represented as by equation (1) for which —log *K,,,= 
4.42+0.05 (3M NaClO,, log K,, =—14.22). The values for *Ki,2 etc. are still uncertain. 
Enthalpy and entropy changes for equation (1) have also been reported. Polymeric core-linked 
species generalized as [In,,+1(OH)|"** are believed to form as hydrolysis proceeds, with 
In(OH)s as the final product.®"!*"* The ReO; solid state structure of In(OH); is distorted by 
hydrogen bonding between OH ligands of the M(OH), octahedra.!!>"” The solubility of the 
latter in water leads to K,, = —36.92 + 0.01, although aging of the precipitate is a significant 
factor.''* The substance is reported to be soluble in conc. aq. caustic soda, but the nature of 
the solute species is uncertain. Both H,InOz and In(OH); have been proposed!!*!”° for the 
range up to ~1M NaOH, but at higher OH™ concentrations the solubility of In(OH); goes 
through a maximum (at 11.3M) above which the solid phase’? is hydrated M3[In(OH)6] 
(M=Na, Rb). Further study of this topic would seem appropriate. When In(OH); is heated 
with water at high pressure,'’** the product is In(O)OH, which has a deformed rutile 
structure. '*° The analogous InOX solids (X =F, Cl, Br, I)! have been prepared and the lattice 
parameters tabulated.’’* The possible existence of the related organoindium compounds 
(Me2In),O, MeInO and (Ph2In)O has been discussed elsewhere.® 

In** (aq) + HyO— In(OH)?* + Ht (1) 

Basic species involving both OH™ and halide ligand have been identified in the solid state 
and in solution. The best defined solution species is [In(OH)Cl]* for which stability constants 
have been reported,’ while the solids! include In(OH),5Cl; and In(OH);75Cli.5. No 
structural work has been reported for these, but the analogous In(OH)F; has a distorted ReO; 
structure,'*° with octahedral In coordinated by four F and two OH, and this appears to provide 
a reasonable model for the chlorohydroxo species. 

25.2.4.4.2 Alkoxide ligands 

Indium(III) alkoxides are readily prepared by the treatment of trihalide with NaOR.!?’ The 
chemistry of these compounds has been little studied, no doubt because they are insoluble 
materials in which the indium atom optimizes its coordination number by cross-linking via 
oxygen. The isopropoxides of aluminum and gallium react’?® with In(OPr'); to give 
In[M(OPr')4]; (M=AlI, Ga) which are volatile and monomeric in solution. The structure 
involves six-coordination at the smaller metal centre. 
A number of organometallic alkoxides have been reported. The reaction of In with MeOH 

gives Me,InOMe as a glassy polymeric solid, while Bu'OH gives the dimeric (Me,InOBu'),; 
with (CF3).CO the product’? is the analogous Me,InOC(Me)(CF3)2. The related compounds 
[Me.InOMMes;] (M=C, Si) are obtained from Me;3In-OEt, and Me;MOH; the dimeric 
structure is believed to be based on a four-membered In,O, ring,'*° similar to the In,.N, rings 
discussed earlier (Section 25.2.4.2.3). No structural details are available for the compound 
K[Me2In(OSiMe;)2], but analogous Al and Ga compounds are known.”*? 

25.2.4.4.3 B-Ketoenolates and related ligands 

Indium tris(pentane-1,2-dionate), In(acac)3, was first prepare in 1921 by the reaction of 
Hacac with freshly precipitated In(OH)3, and this remains the essence of later preparations of 
related compounds, which include derivatives of dibenzoylmethane,'*? fluoro-4-6- 
octanedione,’** and various RCOCH,COCF; compounds (R=Me, Ph, naphthyl, thienyl, 
etc.).'°° Extraction into an organic solvent such as chloroform is a useful synthetic step in 
isolating the reaction product from aqueous solution. A direct route involving the electrochem- 
ical oxidation of indium metal in a solution of Hacac in methanol offers the advantage of a 
one-step synthesis.'°° Related compounds with InO, kernels include the tropolonate’*’ and 
3-oxo-2-methyl-3-pyronate derivatives*® and it is also worth noting the anionic complex 

d}32 
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[In(tropolonate)4]|", prepared as the Na* salt,'** and apparently representing a rare example of 

ight-coordinate indium(III). 
The IR?°40 and Raman"! spectra of In(acac)3 and In(tta); have been reported, and the 'H 

NMR spectrum of In(acac); has been discussed by a number of authors. '*”"° The diamagnetism 
allows a clear interpretation in terms of delocalized electron density in the OCCCO system, but it is 

not clear whether this bonding extends to the metal itself. The planarity and the InOg kernel 

implicit in these results have been confirmed by X-ray crystallography.'“°* The preparation of 
X,In(acac)L (X = Cl, Br, I; L=2py, bipy, phen) was achieved by the unexpected oxidation of 
InX in refluxing Hacac.'** The crystal structure of Cl,In(acac)bipy shows that the molecule 
involves six-coordinate indium, with cis chlorides and an essentially planar acac ligand.'” 
Dimethylindium acetylacetonate® and the corresponding MezIn[OC(R)CHC(CF3)O] 
compounds'® are easily prepared by the reaction of MesIn with the parent diketone. These 
latter molecules are good acceptors, forming monomeric six-coordinate adducts with bidentate 
nitrogen and phosphorus donors. 

The inter- and intra-molecular kinetic behaviour of In(acac)3 and its analogues have been the 
subject of considerable study. Isomerization is too rapid to allow identification of the individual 
species in In(tfa), (tfa=CF;,COCHCOMe) and it has generally been accepted that the 
mechanism involves a five-coordinate intermediate with one monodentate ligand.’ A 
similar scheme has been used to explain the rapid ligand exchange between InL; and HL 
(L = CF;COCHCOR),’” and in exchange between Me,InL and HL.’” The kinetic orders and 
activation energies agree with easy change in the coordination number of indium (6<5 and 
4<5), which is a common and important feature of much of the coordination chemistry of this 
element. 

The diketonates of indium(III) are thermodynamically stable complexes in non-aqueous 
solution,’ and are sufficiently robust to allow studies of polarographic reduction, which has 
demonstrated one-electron reduction to the formally indium(II) and indium(I) compounds (see 
Section 25.2.3.3).*° 

25.2.4.4.4 Oxyanion ligands 

Stability constant measurements have demonstrated the presence of indium/(III) nitrite 
complexes in methanol, and the crystalline compound In(NO2);-MeOH has been isolated.'*” 

Indium nitrate can be prepared from InCl; and N,O;;!°*? the dissolution of indium metal in 
conc. nitric acid yields In(NO3)-xH2O (x =3, 4, 5),’ which has been used as the source of 
cationic and anionic complexes.™ Salts of [In(NO3)4]” have been reported,*!@ and Raman 
studies'*"’ have demonstrated the presence of In/NO; complexes in solution; the stability 
constant results have been reviewed.” 

Indium orthophosphate is essentially insoluble in water, but salts of [In(PO,).]>- and 
[In,(PO.4)4]*- have been prepared,’® and a solution phase complex with the H,PO;z anion has 
been identified." The coordination chemistry of In** with the higher phosphates is at present 
ill defined. Stability constant measurements,’ and preparative and spectroscopic studies’ 
suggest that InOs is the central core of the compounds in the solid state. The same appears to 
be true for the complexes reported for L=fluorophosphate,'® methylphosphonate,! 
dichlorophosphate,'*’ dimethylthiophosphate,'®* diethylthiophosphinate'®!”° and diisopropyl- 
methylphosphonate.!7! 

Indium sulfates have been known for many years, and the literature includes a number of 
references to double salts which may be reformulated as anionic sulfato complexes.'?:? The 
existence of indium sulfate complexes in solution has been demonstrated.° The solid state 
structures reveal that bridging by sulfate and/or H,O is important. By analogy with 
RbTI(SO«)2, the salt NH4In(SO,), was reported to involve infinite chains of [In(SO,4)2]~, with a 
distorted trigonal prismatic InO, kernel,!” but in (NH,4)3In(SO,)3 the infinite chains consist of 
InOg units in which each oxygen is supplied by a different SO” ligand.!”> Three hydrated salts 
have been studied by X-ray  crystallography,'”*!75 namely NH,In(SO,)2-4H2O, 
HIn(SO4)2:4H2O and (H30)[In(H2O)2(SO,)2]-2H2O; all are based on trans-In(OH2)2O, units 
which are linked by sulfate groups. The compound In(OH)SO,:2H20, which crystallizes from 
aqueous ethanol solution, has bridged octahedral InO, kernels.” Here, as elsewhere, the 
importance of six-coordination of indium(III) by oxygen is a predominant feature of the 
coordination chemistry. 

Indium(III) fluorosulfate, which can be prepared from InCl; and HSOSF, is a Lewis acid, and 
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forms both 1:1 and 1:2 adducts.'”® Indium/(III) selenate octahydrate, acid salts and double 
salts are known, as is the case for tellurate and tellurite, but the only available structural 
information refers to NHj,In(SeO,).-4H,O which resembles the sulfate in having trans- 
In(OH2)20, coordination at the metal.!7918° 

The weak complexing of indium(III) with chlorate, bromate and iodate has been studied, 
and stability constants reported, but no preparative work has been done. Perchlorate ion does 
not complex with indium(III).? 

25.2.4.4.5 Carboxylate ligands 

Beyond the preparation of many In(O.CR)3 compounds, the carboxylates have been little 
investigated. Preparation may be via the reaction of oxide or hydroxide with the appropriate 
acid,’*""** or of InMe3 with excess acid;!®? the latter route also yields Me.In(O,CR) when 
smaller quantities of acid are used (see below). The mode of bonding of the carboxylate 
(mono, bidentate, bridging) in such compounds has not been settled. Indium(III) acetate, 
which apparently forms a polymeric lattice, acts as a weak acceptor with pyridine to give a 1:1 
complex; with ethanediamine the product is the salt [Inen3][OAc]3, while R4N* salts of OAc™ 
and ClO; give the unusual (Me,N)3In(OAc). and (Et4N)3In(OAc)3(ClO4)3, whose structures 
have yet to be elucidated. Indium(III) formate forms a weak 1:1 adduct with pyridine.* 
Anhydrous In(O,CCF3)3 is also a Lewis acid, forming 1:3 adducts with py, DMSO and 
DMF.'** The bipy and phen adducts of In(OAc)3; show an eight-coordinate InO.N. kernel, 
with bidentate acetate.'®** 

Other than the conclusions drawn from vibrational spectroscopy, there is little definitive 
structural information on these compounds. The X-ray structure of Cl,In(O2CPh)-2py, 
obtained as one of a number of products from the reaction of InCl with dibenzoyl peroxide, 
reveals the presence of an InO,N2Cl kernel, with cis chloride and trans pyridine ligands;'® the 
benzoate is formally bidentate. The structures of Me,InOAc’®° and Et,InOAc!®’ again show 
that indium is six-coordinate, with the molecules stacked to produce InC,O,(O’), coordination. 
These compounds are prepared by the reaction of HOAc and R3In,*!"®8 but the RIn(OAc), 
compounds have not been isolated, although PhsIn in similar conditions yields Ph,InOR and 
PhIn(OR),. depending on the conditions (R =OCMe, OCEt).’®? Another route is via the 
reaction of R3M (R= Me, Et) with CO2, when the product is the dimeric [R2M(O2CR))>, in 
which the carboxylate ligands bridge two metal atoms to give an In,O.C> ring,’ so that a 
variety of modes of bonding of carboxylate to indium(III) must be considered. 

The polymeric lattice of Me2InOAc has important consequences for the coordination 
chemistry of this substance, which acts as an acceptor giving adducts with stoichiometries 1:1 
(DMSO, py; en, diphos) or 2:1 (bipy, phen). The en complex is fluxional in solution. The 2:1 
adducts are believed to involve the bidentate ligand bridging the metal atoms of a dimeric 
Me.InOAc unit.!*! Similarly the reaction of Me,InOAc with toluene-3,4-dithiol (H2TDT) 
eliminates CH, in two separate solvent-dependent processes, and the first product is 
[MeIn(OAc)HTDTh, again derived from dimeric Me2InOAc.'” 

The complex [In(ox),(OH2)2]~ (ox*~ = oxalate anion) was postulated’” as being the anion 
present in NH,[In(ox).(OH2).], but recent X-ray studies have shown that the lattice has 

unusual eight-coordinate indium, with four bridging oxalate ligands giving an Archimedean 

antiprism.’”* Other solid species include (NH4)3[In(ox)3] and MIn(ox)2-xH20 (M=NHg, K, 
Cs; x =3 or 6); the IR spectra suggest that the oxalate is not bidentate, but do not eliminate 
the possibility that bridging is again important.’”*’”’ The structure of [Inj(ox)3(H2O)4]-2H2O is 

based on pentagonal bipyramidal seven-coordinate indium, oxalate-bridged into infinite 

chains. '”° 

25.2.4.4.6 Ether and other oxygen donor ligands 

A number of cationic complexes of the type InLg* (L= monodentate oxygen donor) have 

been prepared,’ and others are identified in solution by NMR studies (see Section 25.2.4.4.1). 

These are all readily explained as InOg, species, with O, symmetry in the core, again 

demonstrating the importance of this stereochemistry with hard donor ligands. With Ph3PO, 

the product is [InL,]’* and presumably steric interaction between ligands prevents further 

coordination.” The normal preparative route is by substitution of HO in a hydrated salt by 

excess ligand, but a direct electrochemical route to [In(DMSO).](BF,)3 has been reported.”° 
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Adducts of the neutral indium trihalides with oxygen donors have been reviewed 

previously,’ as have the corresponding organoindium adducts.® Stoichiometries of InX3L3, 

InX3L, and InX3L are known, but any detailed discussion is hindered by the lack of structural 

and thermodynamic information, although application of the cone angle concept of Tolman!” 

has been successful in rationalizing some results.’ A further complication is that some of the 

supposedly neutral adducts are in fact ionic dimers, so that InI;-2DMSO is actually 

cis-[InI,(DMSO),][InI,],”° and here again there is no explanation of the factors which govern 
the choice of available structures. Mixed halo-aqua cations and anions are discussed below 
(Section 25.2.4.6). 

25.2.4.5 Sulfur and Heavier Group VI Ligands 

25.2.4.5.1 Sulfur and selenide ligands 

Thioethers form adducts with indium trihalides,*’ but not apparently with organoindium 
compounds;® these compounds show the same range of stoichiometry as do the oxygen 
analogues. Thiourea complexes have also been studied, and cationic, neutral and anionic 
derivatives are known.>” Indium tris-phenylthiolate In(SPh)3 has recently been prepared from 
InX3 and NaSPh, and adducts with neutral donors, and the anionic complexes [In(SPh),4]~ and 
[XIn(SPh)3]~ (X = Cl, Br, I) can be derived from In(SPh)3.*°' There appears to have been no 
work on selenium analogues of these compounds. Indium(III) thiolate compounds can also be 
prepared by the oxidative insertion of InX (X = Cl, Br, I) into R2S, (R = Me, Ph), which gives 
(R2S)2InX and subsequently (R2S).InX-py. and [(R2S)2InX2]~. Selenide derivatives 
(PhSe).InX-py2 can also be synthesized, but Ph,:Te, does not react with InX under the 
conditions used.°® 

Interesting solid state structures are shown by some stoichiometrically simple In—sulfur 
compounds. Tetrahedral InS, is found in InPS,,*” but in KInSg both four- and six-coordinate 
indium are identified.*°° The basic unit in Rb,In.S, and Rb,In2S; is In2S2~, isoelectronic with 
In,Cls, with both bridging and terminal sulfurs and further bridging gives In,S{>; indium is 
four-coordinate in each case.” The compounds Inz.9:X3 (X = S, Se, Te) have been formulated 
as In'[In™oct],[In™tet],3X115, with InX, sharing edges with distorted InX, tetrahedra.”°° Some 
of these structures might prove useful in synthetic work (see also In;S,, Section 25.2.3.4). 

25.2.4.5.2 Bidentate sulfur donor ligands 

As part of the development of the coordination chemistry of bidentate sulfur ligands, studies 
of the appropriate indium(III) complexes have been reported. The In—S, analogue of 
In(acac); has not been prepared’, but a number of related neutral InL3 chelates are known for 
L=dithiobenzoate,*” dithiophenylacetate ,*” diphenyldithioarsenate,*”” O, O-diethyldithio- 
phosphate,”°* pentamethylenedithiocarbamate,””° trithiocarbonate and alkyl xanthates.2!!2! 
The InS, kernel has been confirmed by X-ray crystallography; both distorted octahedral?! 
and trigonal prismatic*"® stereochemistries have been identified, but no doubt the bite of the 
ligand is a dominant factor. In In(dithizonate)3, indium is five-coordinate (trigonal bipyrami- 
dal), with two bidentate and one monodentate ligand.** The only analogous In—Se, species is 
the tris-O, O-diethyldiselenophosphate complex.7"* 

Complexes with anionic dithiolene ligands are prepared by the reaction of InCl, with the 
sodium salt of the appropriate ligand, such as MNT? (=maleonitriledithiolate), TDT?~ 
(= toluene-3,4-dithiolate) or i-MNT?~ (=1,1-dicyanoethylene-2,2-dithiolate). The product 
anions show a range of In—S coordination numbers, from four ([In(MNT),]~, [In(TDT),]~ to 
six ([In(MNT)3]°~, [In(i-MNT)3~]); the four-coordinate species readily give rise to six- 
coordinate adducts such as [In(TDT),bipy]~. With i-MNT?~, no four-coordinate anions were 
obtained, but [In(i-MNT),X]*~ anions (X=Cl, Br, I) were prepared.**!5 The reduction of 
these anions was discussed earlier (Section 25.2.3.4). The crystal structure of 
(Et,N)3[In(MNT)s] established the planarity of the InS,C, ring system, and the distorted 
octahedral symmetry of the InS, kernel.*!*!° 1,2-Ethanediol (H2EDT) gives the analogous 
Et,N[In(EDT),], but no six-coordinate species,”"’ and the five-coordinate anion [In(MNT),Cl]~ 
can be obtained from aqueous solution;*’® the structure of this anion is intermediate between 
trigonal bipyramidal and square-based pyramidal.?!° 
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The reaction of InX (X=Cl, Br, I) with 1,2-bis(trifluoromethyl)dithiete in non-aqueous 
solution”? proceeds by insertion of indium into the S—S bond of the dithiete to give polymeric 
products containing an InS,C, ring. Monomeric derivatives can be obtained by treatment with 
neutral donors to give adducts formulated as [InL(DMSO),]X or [InL(bipy)2][InL,bipy] 
(L=(CF3)2C,S3-). Similar reactions occur when the dithiete reacts with 
cyclopentadienylindium,”’ although in this case the neutral adducts are of the type 
CpInL-bipy. Another route to In—S coordination compounds involves alkane elimination,” 
so that Me3In reacts with H2TDT to give polymeric [MeIn(TDT)], from which adducts can be 
obtained in the usual way. 

25.2.4.6 Halogen Ligands 

25.2.4.6.1 Fluoride ligands 

Anhydrous indium trifluoride? is an insoluble substance whose lattice involves six- 
coordinate indium(III).7* The hydrate InF3-3H,O is soluble in water,2> but insoluble in 
common organic solvents. The structure has been reported to be based on InF3O; octahedra,” 
but a later study showed sharing of apical H,O between InF,O, units, with the third H,O in the 
lattice.””’? The hydrate is a rare example of an InF; adduct.° A series of ammonia adducts is 
known, with 1:1 and 1:3 stoichiometries;”***° the 1:1 adduct decomposes on heating to 
InN.*”? Mixed hydrazine/water adducts have also been prepared,”*! but have been formulated 
as salts (see below). 

Earlier information on the preparation of anionic fluoro complexes from aqueous solutions 
or in high temperature phases has been reviewed elsewhere.°’” Stoichiometries corresponding 
to MInF,, M.InF; and M3InF, have all been reported, as have the more unusual KIn,F;, 
KsInsF,4~* and Rb2In3F,,.7° Early X-ray studies’ which identified octahedrally coordinated 
indium in K3InF, and (NH,).InF, have been confirmed by single crystal work?** on 
Cs,Na[InF,]. Vibrational spectra also confirm this stereochemistry in other InFZ~ salts, and it 
has been suggested that MInF, and M)InF; consist of metal ions and InF, octahedra sharing 

edges.2*> In Rb,In3F,,, the In3F7; anion has a distorted octahedral InF, bridging two 
pentagonal bipyramidal InF; units.7** 

Given the structure of InF3-3H,O (see above) and the tendency of indium(III) to be 
six-coordinate with hard ligands, it is reasonable that the mixed fluoro/aqua anionic complexes 
should also be [InF,(H,O),]~ and [InF;(H2O)]?~. This is compatible with the evidence from 
aqueous solution chemistry, where stability constants and thermochemical results indicate a 

series of [In(H2O)s_,F,]°~-”* species.? These complexes still await detailed systematic 
structural investigation. 

25.2.4.6.2 Chloride, bromide and iodide ligands 

Crystalline indium trihalides are readily prepared from the reaction of the metal and 
halogen? (sometimes in the presence of solvent), from metal + HX, or by the electrochemical 

oxidation of the metal in a non-aqueous solution of X,.*° Indium trichloride and tribromide 

have indium octahedrally coordinated by halide in the solid state, whereas the triiodide exists 

as the dimer LJInIInI, in the solid or in solution; all three halides are dimeric in the vapor 

phase.° The many adducts of these compounds with neutral donors have been extensively 

reviewed previously.*”” 
The dominant ion in the mass spectrum of the trihalides**® is InX3, isoelectronic with CdXa, 

and the corresponding organoindium cation InMe? has been identified in solution®’ and in the 
solid state ,238 and there is also evidence for Ph,In*.**? The symmetry of these R,M* ions and 

their tendency to go to higher coordinate species have been discussed elsewhere.® The 

existence of cationic complexes such as [InI,(DMSO),]* and [InX2bipy.]* has been noted 

earlier (Sections 25.2.4.2.2 and 25.2.4.4.5). 
Anionic complexes have been known, if not recognized, for many years as mixed salts of 

both inorganic and organic cations.’ In particular, Ekeley and Potratz*° identified the 

stoichiometries CInX,, C,InX;, C3InX, and C,InX7. The role of cation size, solution conditions 

and ligand properties in determining the coordination number of indium in such anions has 

been discussed earlier.”?4!*? It is now clear that with X =I, the only anionic complex is the 
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tetrahedral InIz,°*°%19° and at the opposite end of the scale that the crystalline C,InX; 
compounds involve lattices of 4C*+InX3~+X~ in which InXg- (X=Cl, Br) is the 
octahedral complex,”*??** also found in (Me3NH)3InCl,”*° and in Cs2In'[InCl.].° The 
remaining InX; anions are also tetrahedral in both solid state**”*** and in non-aqueous 
solution.*4°**! The detailed symmetry of InX3~ has been a matter of discussion, but the 
description as a square-based pyramid will serve for most purposes.*°**°? Compounds of 
stoichiometry C,InBr; appear to be based on a lattice of 2C*+InBry + Br.'”* A 
meaningful treatment of the interrelationships between these anions is lacking. 

The aqueous solution chemistry of indium(III)—halide species has been discussed on the basis 
of a scheme? involving the successive substitution of H,O by X™~ in [In(H2O).]**, in keeping 
with the evidence on aqua/halogeno species (see below). Raman spectroscopy has supported 
this model for X = Cl.*°* A second type of coordination equilibria involves the formation of 
InXj species in aqueous solution from [InX,4(H2O),|~, and appears to be favoured in the order 
I>Br>Cl** (see ref. 9 for a full discussion of this). Changes in the coordination number of 
indium(III) species in solution have been noted at several points elsewhere in this review, and 
clearly also play an important part in the chemistry of these halide complexes. The 
InCl3~/InCl; equilibrium has been studied in non-aqueous solution,**° and other examples 
have been reported.**' The aqueous phase substitution scheme is supported by the existence of 
the anions cis-[InX,(H2O)2]~ (X =Cl, Br) and [InCl,(H2O)]~, which are known from X-ray 
studies to be six-coordinate;*’*° other similar mixed complexes known include [InCl,L,]~ 
(L= urea, thiourea) and [InCl,bipy]~ (see Section 25.2.4.2.2). Spectroscopic studies of the 
aqua/halogeno anions have been reported.”°),? 

25.2.4.6.3 Mixed halide ligands 

The existence of the mixed halide complexes InX4_,Y, in non-aqueous solution was 
demonstrated by ‘In NMR work for the whole range of X # Y = Cl, Br, I, and the InX,YZ~ 
anions were also identified.°° The InX,Yz anions can be prepared by the oxidation of InX> by 
halogen Y2, and InX3Y~ from In3Xg~ + Y>; detailed vibrational spectral analysis* and X-ray 
analysis of InCl;3Br- and InBr3;Cl~ confirm the C3, stereochemistry of these anions.2* 
Organohalide anions have been reviewed elsewhere.® 

25.2.4.7 Hydrogen and Hydride Ligands 

25.2.4.7.1 Hydride ligands 

There is no evidence to support the existence of neutral monomeric InH3, although an 
unstable (InH3), is reported to be formed by the decomposition of LilnHg, itself formed by 
treating InBr3 with LiH ether.’ No structural information is available. Trimethylindium reacts 
with MH (M=Li, Na, K) to give the unstable MMe;3InH, and MR3InH (R=Me, Et) and 
NaEt,InH) have also been described, but again decomposition has barred further work.® 

25.2.4,7.2 Borohydride and related ligands 

Trimethylindium and B2H, yield a solution of In(BH,)3, which can be obtained as the THF 
adduct, which decomposes in vacuo. The aluminohydride analogue In(AlH,); is even more 
unstable,’ and there seems to be little chance of extending the chemistry of indium(III)- 
hydrido systems. 

25.2.4.8 Mixed Donor Atom Ligands 

The largest group of mixed donor atom complexes is the tris chelates, of which In(oxine)3 (oxine = 8-hydroxyquinolate) is typical. A number of spectroscopic studies have shown that 
such compounds contain InO3N; kernels. The analogous InS;3N3; compounds, such as the 8-mercaptoquinolate, have been used in analytical work and derivatives of monothiodiben- zoylmethane are known.® Organoindium compounds with such ligands, and others, have been 
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discussed elsewhere.® The structure of (Ph,As),[In2(dto)s] (dto = 1,2-dithiooxalate) has one dto 
ligand bonded to both indium atoms, while others act as bidentate (S2) ligands to give InS;O 
coordination.” Another important group of complexes, involving ethylenediaminetetraacetic 
acid and its analogues, has been extensively studied in solution, and thermodynamic results 
are available,’ but the general coordination chemistry of these compounds adds little to what 
has been discussed previously. 

25.2.4.9 Macrocyclic Ligands 

The reaction of InX; (X=Cl, Br, I) with 18-crown-6 (=L) (cf. Section 25.2.2.5) yields 
In.X¢L compounds, whose structure is written as [InX,L][InX4] on the basis of vibrational 
spectroscopy.** The cation is believed to be involved in trans-X,InL coordination. The 
corresponding cyclam compounds were also prepared, but the structure of the cations in such 
molecules is in doubt, since reaction may have occurred at the ring nitrogen atoms. 
A series of earlier papers on complexes of indium(III) with porphyrins,?° and 

phthalocyanines*°°*** has been summarized earlier.’ The structures InLX (L = substituted 
porphyrin; X = Cl, OAc, OPh) imply a square pyramidal stereochemistry with the indium atom 
situated above the ligand N, system, and this has been confirmed by X-ray crystallography for 
X= Cl’ and X=Me,?” but for X =MeOSO,, the indium atom is in the plane of the four 
nitrogen atoms.*”’ A number of Schiff base derivatives have recently been described.2” 

25.2.5 THALLIUM: INTRODUCTION 

As with indium, the literature contains a number of surveys of the general inorganic’ and 
organometallic chemistry of thallium,”” and the reviews of this element already cited are also 
concerned with the adducts of the halides and pseudohalides,°® and with other aspects of the 
coordination chemistry.° A monograph by Lee provides a most useful treatment of the 
literature up to 1970.””* The application of thallium compounds in organic synthesis has been 
discussed.?”>-?76 

25.2.6 THALLIUM() 

One of the classical properties of the main group elements is that the stability of the lower 
oxidation states increases with atomic number, and the chemistry of thallium is a good example 
of this effect. In aqueous solution, the Tl ion is stable with respect to oxidation by the solvent 
and there is accordingly an extensive chemistry of this oxidation state. The similarities between 
Tl* and the corresponding alkali metal cations have resulted in much interest in the use of this 
ion as a probe in biochemical systems, and the ease with which 7°Tl NMR spectra can be 
recorded has also had an impact on such studies.*””?”8 
The similarities between Tl* and other M* ions have led to the synthesis of many salts and 

complexes in which T1* serves as a balancing cation, but such compounds will not be included 
in the present review unless there is some feature of special interest. We may note immediately 
that the similarity of TI* to, say, K* includes poor complexing (i.e. weak Lewis acid) behavior 
in both cases. 

25.2.6.1 Group IV Ligands 

25.2.6.1.1 Cyanide ligand 

The salt TICN can be prepared by the reaction of thallium(I) acetate and KCN in aqueous 
solution,””? but there is no evidence for the formation of cyano complexes in aqueous 
solution.7®° 

25.2.6.1.2 Other Group IV ligands 

No compounds containing TI—MR bonds are known for M=Si, Ge, Sn or Pb, which 
presumably reflects the dominant ionic character of Tl”. By way of illustration of this, attempts 



168 Indium and Thallium 

to displace mercury from Hg[Ge(C¢Fs)2]2 by reaction with TI° yielded the compound 

TI[Hg{Ge(C.Hs)3}3] containing the TI* cation.” | ; 
It is appropriate to note here some remarkable compounds formed by tin and thallium, 

although these are not formally thallium(I) compounds. Treatment of the alloy NaSnTI, 5 with 

ethylenediamine gives Nasen2(TISng), containing the TISng~ anion for which a nido structure is 

proposed.”*? Similarly, the reaction of KTISn with en and [2.2.2]cryptate yields ((2.2.2]crypt- 
K*)3(TISng-—TISng" )0.5en, in which the closo cluster anions have bicapped square antipris- 

matic and tricapped trigonal prismatic structures respectively.** The existence of such 

molecules suggests that other TI—Sn-bonded species might exist. 

25.2.6.2 Nitrogen Ligands 

Given that the low polarizing power of the TI* ion is similar to that of the heavier alkali 
metals, it is not surprising that no complexes have been reported with monodentate nitrogen 
donors such as ammonia. Thallium(I) hydroxide reacts with imidazole (RH) to give TIR, which 
is apparently a homopolymer linked by covalent TI—N bonds, rather than a salt,”* but in the 
benzotriazole derivative,’ Tl* ions are well separated by the anions, with a distorted trigonal 
prismatic arrangement of six nitrogen atoms at distances ranging from 2.725 to 3.721 A. Other 
than this, there appear to be no monodentate heterocyclic ligand derivatives. The bidentate 
heterocyclic donors phen and bipy form TIL7 cations, identified as either nitrate or perchlorate 
salts, and the spectroscopic properties suggest a pseudotetrahedral TIN, coordination.**° The 
extra stabilization inherent in chelate formation is clearly important here, and in the case of 
macrocyclic ligands (see Section 25.2.6.7). 

Thallium(I) nitride is a highly explosive black solid,’ but the yellow azide TIN; is more 
stable; the physical properties suggest that there is some covalent TI—N bonding in the solid 
state. The mechanism of the decomposition has been reviewed.7*” 

The pseudohalides and related compounds have been investigated by a number of workers. 
Thallium(I) cyanate and thiocyanate are both known, and the latter has been shown to be ionic 
in the solid state;”* differing values have been reported for the stability constants in the 
TI/NCS~ system in aqueous or mixed water/non-aqueous systems, but the overall evidence is 
that the complexes are extremely weak.*° The ionic selenocyanate has been reported, but the 
chemistry has not been investigated.' 

25.2.6.3 Oxygen Ligands 

25.2.6.3.1 Oxide and hydroxide ligands 

Thallium(I) oxide, T1,0, is a well-characterized compound and a useful source of TI* salts.! 
Matrix isolation studies of the solid gave structural data in agreement with spectroscopic 
results.7°°?! The so-called peroxide TIO, is obtained electrochemically from aqueous T1,SO,, 
but the properties include insolubility in water, alkali and some dilute acids, and treatment with 
dilute HCI yields oxygen. The stoichiometry suggests that the compound is in fact a superoxide, 
and this has been confirmed by spectroscopic studies on frozen matrices.7°22” 

The reaction of Ba(OH), and Tl,SO, in oxygen-free aqueous solution yields aqueous 
thallium(I) hydroxide, but the solid is best obtained from the metal and aqueous ethanol in the 
presence of oxygen. The yellow crystalline solid yields an alkaline solution. The mixed oxides 
MTIO (M=K, Rb) have been prepared by heating M,O and TI,O, but these are apparently 
not thallate(I) species. 

25.2.6.3.2 Alkoxide ligands 

Thallium(I) ethoxide has been known for many years, and a series of related alkoxides can be prepared by methods which include Tl+ ROH, TIOH + ROH and Tl,O + ROH.”* The ethoxide,”*° and a number of other TIOR compounds,”*’ are tetrameric in solution. and an X-ray crystallographic study of (TIOMe), shows that the structure is based on that of cubane.2% with no TI—Tl bonding interactions. The bonding in such molecules has been discussed. 29 Phenoxide, and substituted phenoxides, can be prepared from PhOH + TIOH, while reaction 
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between Me;Tl and ROH gives Me,TIOR (R= Et, Ph).*°3 The TI—O bond undergoes 
insertion by CS, and SOQ); the products are TISsCOPh and TIO,SOPh from TIOPh, while 
Me2TIOR gives RSO3;TIMe).>! 

25.2.6.3.3 B-Diketonate and related ligands 

Thallium(1) B-diketonates have been known for many years,” and are readily obtained by 
treating the appropriate acid with TIOH or Tl,CO;.'*°° The dipole moments of Tl(acac), 
Tl(hfacac) and Tl(dibenzoylmethane) have been measured, and the two latter compounds 
shown to be monomeric in benzene.*“ The structure of Tl(hfacac) consists of chelated 
thallium(I) atoms (r = 2.62, 2.72 A) which are 0.42A below the ligand O—C—C—C—O 
plane; chains of dimers then give pentacoordinate Tl’, in which the presence of the inert pair is 
deduced.*®° The oxidative reactions of these compounds might prove interesting. The related 
Tl(oxinate) has been prepared,*® but the thioxine analogue could not be obtained by standard 
methods.*°° Some unusual chelate derivatives of thallium(I) and Me3;CNSi(Me2)OCMe; have 
been reported 307° 

25.2.6.3.4 Oxyanion ligands 

As noted in the introduction, many thallium(1) salts of oxyacids are known. The preparation 
and properties of these have been reviewed previously.’ Some recent structural information 
from X-ray crystallography includes the identification of two different Tl’ sites in Tl,SOs, 
prepared from Tl,CO3+ SO ,°” the demonstration that TI! is seven-coordinate in TIH,PO,??° 
but three-coordinate in Tl;T1O,,°"' and the proof of the importance of the inert pair effect in 
TILHPO,.?” In T1,P,012, TI* ions are separated by P,Of; rings.*!° The vapor phase of Tl,SO, 
contains molecules of D, symmetry.*’* In a different approach, the shielding anisotropy of 7°T] 
has been used to investigate solid state effects in TINO3.°"° 

25.2.6.3.5 Carboxylate ligands 

Many thallium(I) derivatives of carboxylic acids are known, and can be prepared by standard 
methods.' The electronic spectra*” have been interpreted as indicating a significant covalent 
metal—ligand interaction, whereas the IR spectra have been taken to show that the compounds 
are ionic;*!°?!” X-ray diffraction studies should help in setting this point. In Tl(ascorbate), the 
Tl atoms are far apart (4.05A) and the homopolymeric lattice involves oxygen bridging 
between ligands.*!* Thallium(I) carboxylates can act as Lewis acids, as in the formation of 
Tl(salicylate)-phen, which consists of dimeric units with pentagonal pyramidal TIN2O; kernels, 
and again well-separated thallium(I) atoms; the inert pair effect is adduced in explaining this 
structure.*!? The structure of Tl formate in concentrated aqueous solution is found to be a 
cubane-like tetramer, with T—-O—T]I and TI—OCO—TI bridging.*”° 

Oxidation of TIOAc with bromide in acetic acid gives Tl(OAc)Br2,**' but as with the 
alkoxides such reactions have apparently not been investigated in detail. Thallium(1) 
carboxylates have found considerable application in organic synthesis.7”°?7°°?2 

25.2.6.4 Sulfur and Heavier Group VI Ligands 

Thallium(I) sulfide, selenide and telluride are all well-established compounds, and in the case 
of all three elements, binary compounds other than M' and M™ species and double sulfides are 
also known, as are TI salts of trithiocarbonate, azidothiocarbonate, etc.! 

A series of dithiocarbamates can be prepared from a mixture of RZNH + CS, + Tl*(aq) in 

alkaline solution. The structure of Pr,NCS,T1 consists of dimeric units bonded through a TIS,T1 

octahedron, with these dimers interacting to give chains.” In Bu,NCS,TI, dimerization and 

chains are again found, and in this compound there is some evidence of a stereochemically 

significant inert pair.°** Other known related compounds include monothiocarbamates, 

monothioxanthates,?> xanthates*° and O,O-substituted dithiophosphates. Derivatives of 
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i-MNT2~ (see Section 25.2.8.5.2) such as Na4Tl2(i-MNT)3, NaTl3(i-MNT), and Tl,(i-MNT) are 

apparently ionic.*”’ (See also Section 25.2.8.4). _ yr 
The analogous selenium and tellurium chemistry has not been explored. The [Tl,Tep] 

anion has been obtained by reacting KTITe with [2.2.2]cryptate in ethylenediamine to give 
[K((2.2.2]crypt)]3[TlTe2]*~ en, in which the anion is butterfly-shaped with a 50° fold.** The 
assignment of oxidation numbers is somewhat arbitrary in such systems (cf. Section 25.2.6.1.2), 
but it seems clear that thallium is in a low oxidation state. 

Thiourea (tu) adducts of thallium(I) salts have been reported with stoichiometries such as 
TIX-4tu (X=Cl, Br, I, ClO4, NO3, NO2, ClO3, NCS), TIF-4tu-2H,O, Tl,CO;-8tu and 
TISO,-8tu.*” The crystal structures of the halides show that these compounds are isostructural 
with the corresponding alkali halide adducts, while in TIX-4tu (X=NO;3, ClO,) the 
coordination of sulfur to thallium involves distances [3.43(1) A] which are greater than the sum 
of the ionic radii, so that TI—S bonding is not an important factor.**° A similar conclusion 
emerged from crystal structure studies of TIH,PO,-4tu and T1(CsH;CO;)-4tu.*** A series of 
analogous selenourea (L) compounds TIX:4L (X=Cl, ClO,4, OAc, Br), TIX-3L (X=NCS, 
NO3), and Tl,SO,-6L have been prepared and their mode of thermal decomposition studied.**” 

25.2.6.5 Halogen Ligands 

25.2.6.5.1 Fluoride ligand 

The physical properties of the thallium halides have been tabulated.’ Crystalline TIF has a 
distorted rock-salt lattice, with two independent thallium sites.*°***° The thermodynamic 
properties of the solid have been reassessed.**° At high temperature, the vapor phase contains 
TIF and TIl,F, molecules,*?’ and matrix isolation studies have demonstrated the presence of 
both TIF and TIF, in the solid; the dimers have linear symmetry.*** 

Stability constant studies show that in aqueous solution the anions TIF; , TIF3~ and TIF}~ are 
formed;”’ some of these may be aquated. Many double salts have been reported,' but it seems 
that thallium is present in these as the Tl* cation rather than as TIF°*”~ anionic complexes. 

25.2.6.5.2 Chloride, bromide and iodide ligands 

The crystal structures of the three heavier thallium(I) halides have been established**>7** and 
lattice energies calculated;*® the inert pair of Tl* is apparently insignificant in terms of the 
stability of the lattice. The enthalpy of hydration of the Tl* ion was also derived. Gas phase 
(TIBr, TI) and matrix isolation studies (TICI, TIBr, TII) have shown that TIX and TIX, 
species are important.****“° Complex formation? in aqueous solution decreases in the order 
Cl>Br>I, and as with the fluorides, the double salts show no evidence of anionic complex 
formation by TI’. Finally, it is important to note that TII, is formulated as TI*(I;) from X-ray 
studies.**’**” Thermal decomposition yields TlsI,, whose structure has not been reported. 

25.2.6.6 Hydrogen and Hydride Ligand 

Thallium(I) hydride has been identified spectroscopically in the products of an electric 
discharge in hydrogen at a thallium cathode, or from thallium and atomic hydrogen.**? An 
unstable polymeric solid has also been reported.** The borohydride TIBH, can be obtained by 
reacting TI’ compounds with LiBH4, and TIAIH, is formed similarly;>* the borohydride, which 
has an ionic lattice, can also be prepared from KBH, and aqueous TINO3.°45 

25.2.6.7 Macrocyclic Ligands 

As noted earlier, the similarities between Tl* and alkali metal cations have led to the use of 
the former as a probe in biological studies, including studies with various macrocyclic ligands, 
especially those with oxygen donor atoms. The thallium(I) cryptates behave kinetically like the potassium compounds,*"° and the binding constants to 18-crown-6 have been measured byte kl NMR methods.**” Several TI! compounds with crown ethers (L) have been prepared; in 
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addition to TIXL compounds, (TIL2)X species were obtained, and these are formulated as 
sandwich structures. There is little evidence of an inert pair effect.**® Strong interactions are 
detected between the metal and aromatic rings in the dibenzo-18-crown-6 derivative.*” 

25.2.7 THALLIUM(II) 

The problems associated with the M"™ state of the elements of group III have been noted 
previously (cf. Sections 25.1.13 and 25.2.3). The Tl?* ion has been identified in pulse radiolysis 
decomposition of aqueous Tl,SO,,*°°**! and in y-irradiated frozen aqueous solutions.**? 
Thallium(II) has also been invoked as an intermediate in the photochemical reduction of 
aqueous Tl" solutions,*°?-*>* but there is dispute as to its involvement in redox reactions.*°>>°° 
It is safe to conclude that there is no equilibrium aqueous phase chemistry of T]?*. 

The compound T1,O; is a mixed oxide lattice (3TI,O + Tl,O3),*°’ but the sulfide TIS and 
selenide TlSe can be formulated as mixed TI'/TI™ species, with tetrahedral coordination at 
TI in a (TIS2), chain; the Tl’ ions are then eight-coordinate.*°* The sulfide T1,S3 consists of 
tetrahedral TIS3~ and TI* ions,*© while the structure of Tl,S; is made up of Tl* and S2~. The 
Tl* is coordinated by sulfur atoms from the anion to give pyramidal TIS; units, with the 
remaining site at Tl identified as being occupied by the inert pair.*°' There are both Tl—Te and 
TIT] interactions in Tl,Te3; and Tl;Te.;°°°? many of these compounds might be useful 
starting materials for synthetic work. 
A range of subhalides has been reported in phase studies of TIF/TIF3 mixtures,*“*°® but 

structural information is lacking. In the chloride system, the aqueous phase reaction of TICI 
and TICl; gives TI[TICL,], but the product of the analogous reaction in nitric acid is Tl,Cl;, 
whose structure has been identified as Tl,[TICI], with TICI@~ octahedra [r(TI—Cl) = 2.50- 
2.65 A]; the Tl* ions are seven-, eight- or nine-coordinate with long (3.06-3.83 A) TI—Cl 
distances.*© In the T!/TI™/Br~ system, TI[TIBr4] and Tl,[TIBre] have been identified, and the 
structure of the former is confirmed by X-ray crystallography.*°’ A dioxane (diox) adduct has 
been shown to be [TI(diox)][TIBr,], in which the chains of Tl’ are formed by dioxane bridging 
to give Tl1Og dodecahedra; the anion is tetrahedral*® (cf. Section 25.2.8.5.2). The compound 
TI(CN),, which has the structure TI[TI(CN).], provides a further example of mixed oxidation 
states giving rise to TIX, stoichiometry.* 

In addition to the halide systems there are a number of thallium(I) salts of thallium(III) 

complex anions in which the overall stoichiometry implies, incorrectly, the presence of 

thallium(II) species. These include the sulfate, selenate,*® acetate*”” and oxalate*”’ derivatives. 
An X-ray determination has confirmed that TI(OAc), is indeed TI[TI(OAc),], in which the 

anions are linked through seven-coordinate Tl*, with some evidence for a stereochemically 

active inert pair.?”° In TI[T1(OH)(SO,)2], the structure consists of sheets of linked anions with 

TI* ions.?” 

25.2.8 THALLIUM(H) 

The oxidizing properties of thallium(III) in both aqueous and non-aqueous media obviously 

preclude the existence of a number of compounds analogous to those found for aluminum, 

gallium and indium in this oxidation state. Thus, while there is much richer chemistry for 

thallium in the +I state, there is a concomitant decrease in the detailed information on 

thallium(III) coordination chemistry. 

25.2.8.1 Group IV Ligands 

There is some evidence for the formation of TI’*/CN~ complexes in aqueous solution,’”? but 

no synthetic study of thallium(III) with this or other group IV ligands has apparently been 

reported, although the [TI(CN),]” anion is known in TI(CN)2 (cf. Section 25.2.7). 

Organothallium(III) compounds are of course well known. 
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25.2.8.2 Nitrogen and Other Group V Ligands 

25.2.8.2.1 Ammonia and amine ligands 

Ammoniates of thallium(III) are not stable species, although stability constant measurements 

suggest that [TI(OH)]? forms strong complexes with ammonia in conc. ammonium nitrate 

solution.2”* A number of complexes of TIX; (X=Cl, Br, I) with ethylenediamine, 1,3- 

diaminopropane and similar ligands are known,°” and in the case of X = Cl, Br, NO; or ClO4, 

for example, the products are of the type TIX3-3en, suggesting that these are the ionic species 

[Tlen3]X3 with a six-coordinate TI—N, complex cation. Spectroscopic results are available in 

some cases and have been reviewed elsewhere.*”° 

25.2.8.2.2 N-heterocyclic ligands 

As with amino ligands, adducts of TIX; (KX = Cl, Br, I) with py, phen, bipy and terpy have 
been prepared.*° The vibrational spectra of these and related adducts have been extensively 
reviewed; both neutral (e.g. TIX3-py2) and ionic formulations (e.g. [T1Xbipye][TIX4]) have 
been proposed.*”> The bipy and phen derivatives are very similar.*”’”° The dimeric structure 
of TICl;:phen has been shown to involve a TIN2Cl, kernel, in which the phenanthroline 
nitrogen atoms, the thallium, and two chlorines are in a plane; dimerization involves donation 
from a neighbouring apical chlorine.*”’ The related product TICl,-phen-DMF apparently has 
the DMF ligand occupying this sixth coordination site.*”° 
The compound TICl;:terpy is isomorphous with the gallium analogue (see Section 

25.2.4.2.2),°”> although conductivity and spectroscopic results have been interpreted*”* in terms 
of the structure [TlCl,terpy][TICI,] (but see ref. 379). The problems implicit in using solution 
phase data to deduce solid state structures have been emphasized earlier, and the conflicts 
about this compound further illustrate this point. Anionic thallium(III) halogen species, such as 
[TICL,(quin)2]~ (quin = quinoline) and [TICI;BrL,]~ (L = pyridine, 3-picoline, quinoline) have 
been prepared,**’ as have the cationic complexes [Tl(phen)2X,]* (X = NOs, Cl, Br, I).**! In 
general, these compounds all point to the predominance of six-coordination in this aspect of 
the coordination chemistry of thallium(III). 

25.2.8.2.3 Other nitrogen ligands 

There is little to report here, since the oxidizing properties of thallium(III) prevent the 
formation of the neutral pseudohalides and similar compounds.' On the other hand, adducts of 
phen and bipy and TI(NCS)3 have been prepared (e.g. TI(NCS)3bipy) from the trichloride**? 
suggesting that the presence of a neutral ligand may stabilize the +III state. 

25.2.8.2.4 Other group V ligands 

Oxidation of the ligand is again a severe problem in the synthesis of thallium(III) compounds 
with the heavier group V donors. The reaction of TICl3-py2 with Et,PhP( = L) yields TICI,-L, s, 
but attempts to extend this reaction to other phosphines gave thallium(I) species as the main 
product,*** and it appears that the combination of oxidizing (TI™) and reducing (PR3, AsR3) 
reagents is such as to preclude preparative work in this area. 

25.2.8.3 Oxygen Ligands 

25.2.8.3.1 Oxide, hydroxide and H2O as ligands 

Thallium (III) oxide, Tl,03, has the C—M,0; rare earth sesquioxide structure, in which the 
metal is six-coordinate." The corresponding hydroxide is apparently unknown. X-Ray studies 
nareone that LOH.) J exists in solution (TI—O = 2.235(5) Ay and that the addition or br brings about substitution to trans-[TIBr2(OH>),4]* (TI—Br=2.481(2) A), and [TIBr3(OH),|’* which has a TIBr;O, tbp kernel (TI—O = 2.512(2) A) (see also ee The solid TI(ClO,)3-6H2O also contains the exactly octahedral [TI(OH2),]** cation (TI—O = 
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2.23(2) A),°®° while the tetrahydrates of TICI; and TIBr; are based on distorted trigonal 
bipyramidal TIX3;0, units hydrogen bonded together through the remaining two water 
molecules.**° The TI—OH, bond lengths range from 2.428(15) to 2.602(16) A. 

Three oxide halides TIOX (X =F, Cl, Br) are known.! Preparations must be carried out at 
low temperatures'”*’ since the heavier oxyhalides in particular readily decompose. There is no 
structural information on either TIOCI or TIOBr, but X-ray crystallography shows that TIOF 
has a calcium fluoride structure, with TI?* ions in a cube of F~ or O27 ions.?88 

25.2.8.3.2 Alkoxide, B-ketoenolates and related ligands 

There appear to be no thallium(III) compounds with such ligands. 

25.2.8.3.3 Oxyanion ligands 

Thallium(III) nitrate, crystallized from Tl,O; and conc. nitric acid as the hydrate, readily 
decomposes to Tl,03-2H,O, and is a strong oxidizing agent,*®’ having been used as such in 
organic synthesis. The crystal structure of Tl(NO3)3-3H2O shows that the nitrate groups are 
bidentate and asymmetric (TI—O = 2.299, 2.637 A), but the water molecules are also bonded 
to the metal (TI—O = 2.293 A), giving a tricapped trigonal prismatic stereochemistry.> The 
anionic complex NO[TI(NO3)4] is formed in the reaction of NO; and TINO3.°”! 

Thallium(III) orthophosphate, the only known phosphate of this oxidation state, is 
isostructural with InPO,°** with the metal atom coordinated by six oxygen atoms from six 
different PO3” groups. The hydrate TIPO,-2H,O also involves six-coordination, with a 
T1O,(OH2)2 kernel; again each oxygen is provided by a different phosphate.**? The dichloro- 
phosphate, Tl(O2PCl,)3;, prepared via TICl,+Cl,O in POCIs, is also believed to involve 
six-coordinate thallium with bidentate (O-bonded) chelating ligands.*** 

Solutions of T1,O; in dilute sulfuric acid eventually yield the sulfate Tl,(SO,)3-7H2O, which 
at high pH goes to the basic Tl,(OH)2(SO,)2-4H2O whose structure is based on chains of T1O. 
octahedra.*” Crystallization from conc. sulfuric acid gives Tl,(SO,4)2:4H2O, which on heating 
reverts to Tl,(SO,)3. A number of double sulfates have been reported, and many of these no 
doubt involve TI™ sulfate complexes (cf. Section 25.2.4.4.4) but structural data are lacking at 
present. Thallium(III) selenate is similar to the sulfate. Thallium(III) tellurate, TlTeO,, 
consists of TeO, octahedra and TI™ coordinated to seven oxygen atoms in a: distorted 
monocapped trigonal prismatic stereochemistry.*”* 

Thallium(III) perchlorate is obtained from TIC]; + AgClO,, or by the anodic oxidation of 
TICIO,. Complexing by perchlorate appears very unlikely and the same applies to chlorate, 
bromate or iodate.*? 

25.2.8.3.4 Carboxylate ligands 

Thallium(III) carboxylates are readily formed by the reaction of TI(OAc)3_ and the 

appropriate acid,’ while Tl(OAc); itself is prepared from T1,03 and glacial acetic acid.~”° The 

structure of Tl(OAc)3; shows that the thallium atom is coordinated by three chelate acetate 

groups (Tl—O = 2.30 A, av.), but two longer TI—O bonds (2.57 A) link adjacent molecules 

into chains of TlOg units.°°7 The monohydrate is related to the anhydrate, but the 

eight-coordination is achieved by both acetate and water coordination.** The compound 

PdTl(OAc)s has palladium bonded directly to thallium but the metals are also bridged by four 

bidentate carboxylates. There is an extensive literature on the use of thallium/(III) 

carboxylates in organic synthesis.7”*?”° a 
The hydrated double oxalate of rubidium and thallium has been formulated as 

Rb[Tlox,(H2O)2]-2H,O. Water is lost on heating, and Tl” undergoes reduction to TI’, so that 

final products are TI’ oxide and Rb,CO3.4° 

25.2.8.3.5 Ethers and other oxygen donor ligands 

Relatively few compounds of thallium(III) with simple organic oxygen donors are known, 

"and in particular the adducts of TIX; do not appear to have been systematically investigated. 
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Two recent crystal structures suggest that this situation should be rectified. The adduct TICI;-L, 

(L = 4-pyridinecarbonitrile N-oxide) has a trigonal bipyramidal structure, with axial oxygen 

donors,*! while in TIBr3-diox the same stereochemistry arises from planar T1Br3 units bridged 

by 1,4-dioxane molecules in the chair conformation.*” 
Cationic complexes of TI°* with oxygen donors are known, and can be regarded as 

substitution products of [Tl(OH2)6]°* (cf. Section 25.2.8.3.1). The DMSO product has been 

characterized with various anions,*”’ and there seems no reason to suppose that similar 
compounds cannot be prepared with donor ligands which are resistant to oxidation. The cation 

[Tl(pyNO)s]** (prepared as the perchlorate) may be an indication that eight-coordinate 
compounds are also accessible in thallium(III) chemistry.” 

25.2.8.4 Sulfur and other Heavier Group VI Ligands 

The oxidizing properties of Tl are held to be partly responsible for the absence of a binary 
sulfide Tl,S3, although Tl,Se3; and Tl,Te; can be prepared by heating the elements,’ which 
suggests that oxidation is not the only factor involved. The existence of TIS3~ tetrahedra in 
Tl,S3 was noted earlier, and the information on Tl,Te3 suggests that it is not a simple binary 
compound (see Section 25.2.7). 
Compounds of thallium(III) with monodentate sulfur donors have not been reported, again 

no doubt because of the redox chemistry involved, but a number of compounds with bidentate 
sulfur ligands are known. With maleonitriledithiolate (= MNT? ~, cf. Section 25.2.4.5.2), the 
anions [TI(MNT)2]~, [TI(MNT),Br]?~ and [TI(MNT)3]*~ are all known,”"* implying four-, five- 
and six-coordination at the metal, although the Tl—S, species do not add neutral bidentate 

nitrogen donors to give TI—S,N> kernels.*°° Surprisingly, the reaction of TDT?~ (the dianion 
of toluenedithiol) with thallium(I) yields the thallium(III) anion [TI(TDT).]~, suggesting 
complex redox chemistry in such systems. Stepwise polarographic reduction was not observed 
for Tl—S, or Tl—Ss complexes.“ Other anionic complexes reported include 
(Ph,P)3[Tl(S,C—N—C=SN);3]*°° and R,N[TIL,] (L = cis-ethanedithiolate or 4,5-dithiolate-2,3- 
xylene).”’” It seems that there are a number of interesting problems awaiting resolution in this 
area. 

25.2.8.5 Halogen Ligands 

25.2.8.5.1 Fluoride ligand 

Crystalline TIF;, obtained from the reaction of Tl,O3 with F,, BrF; or SF,,! forms 
orthorhombic crystals in which the TI°* ions have distorted trigonal prismatic coordination.*” 
Stability constant measurements show that TI°* does not complex with fluoride ion in aqueous 
solution,” while in liquid HF, the equilibrium identified is TIF;(s) + F~(soln) = TIF;.*® 
In keeping with these solution phase results, the solid phases in the system TIF/TIF; do not 
contain any Tl'"/F anionic complexes,*** and the compounds MTIF, (M = Li, Na) are true 
double salts. On the other hand, the compounds M;TIF, (M=Na, K) contain MF2- 
anions;*!°*"! a number of other species were identified in these MF/TIF3 phase studies, 
including Na3T1,F3, NasT1oF32, K;T13F 14 and K>TLF.,.*"* 

25.2,8.5.2 Chloride, bromide, iodide and mixed halide ligands 

Thallium(III) chloride can be prepared by bubbling chlorine through a suspension of TIC] in 
acetonitrile.*’* The corresponding bromide is unstable in the solid state, and the iodide does 
not exist’ (see Section 25.2.6.5.2), and here again the oxidizing properties of the +III state are 
critical. Hydrates of TICI; and TIBr3 can be prepared by oxidation of TIX with X,; the stable 
room temperature species are TICl;-4H,O and TIBr3;-4H,O. Non-aqueous solutions of TIX3 
(X= Cl, Br) can be obtained by similar methods. The structure of the hydrates was discussed 
earlier (Section 25.2.8.3.1). 

Various adducts of TLX3 have been noted earlier in this chapter, and a number of anionic 
complexes with coordination numbers of four, five or six have also been prepared. Salts of 
TIClg and TIC],X~ (X= Br, I) are readily formed from TIX; and (say) R4NCI in non-aqueous 
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media*’?~*!> and X-ray studies of a number of such salts*>+!” have confirmed the tetrahedral, 
or slightly distorted tetrahedral, structure predicted from vibrational*!® and electronic‘ 
spectroscopy. The five-coordinate anion TICIZ~ has been identified in aqueous‘? and 
non-aqueous solution’ and in the solid state, and is presumably isostructural with InCl3~ 
(Section 25.2.4.6.2). The octahedral TICI2~ has been identified in a number of salts, although 
the stoichiometry M3TICl, is not a sure guide, and X-ray structural studies have been 
reported.*!”*? The TI—Cl bond is significantly longer in TICIZ- (2.59A) than in TICIz 
(2.43 A). The structure of the salt (pyH)3Tl2Cly is reported to involve TICI; and TICI2~ anions 
on the basis of Raman and 7°T] NMR spectroscopy,*”! although a previous spectroscopic and 
normal coordinate analysis of Cs3Tl,Cly confirmed the [C];TICI,TICI3]°~ structure in this salt.*” 
The use of 2°T1 NMR to identify TICI3~ and TICI2- in both solid and solution should also be 
noted as an important use of this method.*71,423.424 

Salts of TIBr, can be prepared by the methods outlined above for TICl,. The vibrational 
spectra in the solid state,*** and in aqueous*”? and non-aqueous solution,*”>*”* support the 
expected tetrahedral structure, and this has been confirmed by later X-ray studies.*7”*7? An 
interesting result from these experiments is that the salt RbTIBr,-H2O involves TIBrz rather 
than a five-coordinate hydrated anion. The TIBr2~ anion has been identified, and the TIBré- 
anion is assigned O, symmetry from vibrational spectra.***”? The only reported anionic iodo 
complex is TlIz, for which the tetrahedral geometry has been confirmed by vibrational 
spectroscopy,***-4”° and by X-ray studies of solid and solution.**° The preparation of the mixed 
halogeno complexes TICI;X~ was noted earlier and the electronic spectra of these and other 
TIX,_,Y, have been discussed.** 

25.2.8.6 Hydrogen and Hydride Ligands 

It is likely that the previously reported hydrides TIH; and (TIHs), do not exist,*?"**” but the 
reaction of TICI, and LiH in ether at —15°C yields LiTIH, which decomposes above ~30°C,*”° 
and is the least stable of the group III LiMH, compounds. The reaction between TICI; and 

LiMH, (M=AlI, Ga) at very low temperatures gives TI(MH,)3; which decomposes above 

—115°C (Al) or —95°C (Ga). When TICI; is heated with AIH3 or LiBH, at —115°C, the 

product is TICI(MH,)2 (M = B, Al) which decomposes at —95 °C. In these circumstances, it is 

not surprising that there is no structural information on these very unstable substances. 

25.2.8.7 Mixed Donor Atom Ligands 

There is nothing significant to report under this heading. 

25.2.8.8 Macrocyclic Ligands 

Inorganic derivatives of thallium(I) and thallium(III) are not known, but the cationic 

complex [TIMe.(crown)]* (crown = dibenzo-18-crown-6) has been prepared as the picrate 

salt.*34 X-Ray crystallography has demonstrated the existence of two isomers of the analogous 

complex with dicyclohexano-18-crown-6, the Me—TI—Me group is orthogonal to the average 

ring plane.*9>-4°° i 

The porphyrin derivative of thallium(III) has been found : to have the metal atom above 

the N, plane by 0.9 A. Electrochemical two-electron reduction results in reduction to Wk 

(L = porphyrin), and subsequent protonation gives H,L and TI* in aqueous solution. 
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26.1 INTRODUCTION 

The metalloidal and metallic congeners of carbon in Group IVB exhibit what is probably the 
most varied coordination chemistry of any similar group of elements in the Periodic Table. 
Simple reasons for this observation are easy to find including (a) the change in electronegativity 
on proceeding down the group resulting in a transformation from the classical non-metallic 
element carbon to the respectably metallic elements, tin and lead, (b) the large increase in 
atomic radii leading to, inter alia, high coordination numbers for the heavier elements, and (c) 
the emergence of an ‘inert pair’ effect, leading to the possibility of lone pair stereochemical 
activity. However, although the principles of VSEPR can in general be applied successfully to 
predict the geometry of tetravalent and simple bivalent compounds, the factors underlying the 
stereochemistry of tin(II) and lead(II) compounds in the solid state can often be more subtle, 
and hence not so readily understood. The extremely wide scope of the structural chemistry in 
this area therefore only allows a panoramic overview to be described in this chapter, rather 
than a totally comprehensive treatise. 

26.2 GENERAL TRENDS 

26.2.1 Electronegativity 

Estimated values of the electronegativities of the Group IVB elements are listed in Table 1. 
The more recently devised scales of Sanderson and Hargattai—Bliefelt (based on analysis of IR 
band intensitities for MHCl,; and MX, molecules and bond distance data in bivalent and 
tetravalent derivatives) concur with the alternating scale of Allred—Rochow, rather than the 
original Pauling scale.*? It must be borne in mind, however, that the absolute electronegativity 
varies significantly upon the particular chemical environment in which the element atom finds 
itself. The concept of electronegativity is therefore only of utility as a general guide to relative 

behaviour. 

26.2.2 Elemental Structure 

Both silicon and germanium crystallize with the diamond structure, although with a 

substantially lower band gap [e.g. (kJ mol~’): 106.8 (Si), 64.2 (Ge); cf. ~580(C)], accounting 

183 
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Table 1 Element Electronegativity Scales* 

nn ee SemEEnISUEEENEEEEEnEeEennee 

Element Pauling Allred-Rochow Sanderson Hargittai—Bliefelt 

C Zap) IR, aS 2.6 
Si 1.8 1 Li, 1.9 
Ge 1.8 2.0 Dis As, 
Sn 1.8 7 2.0 23 
Pb 1.9 

“Data taken from ‘Inorganic Chemistry of the Main Group Elements’, The Chemical Society, 
1977, vol. 4, p. 145; I. Hargittai and C. Bliefelt, Z. Naturforsch., Teil B., 1983, 38, 1304; and N. 
N. Greenwood and A. Earnshaw, ‘Chemistry of the Elements’, Pergamon, Oxford, 1984, p. 431. 

for their semiconducting properties. Tin forms two modifications; white or B-tin, which adopts 
a tetragonal lattice and is the stable form above the transition temperature of 13.2 °C, and grey 
or a-tin, which also has the diamond structure and is stable below this temperature.’ 
Tetragonal modifications of silicon and germanium have been observed on the application of 
very high pressures.* Lead has a typically metallic face-centred cubic lattice.* 

26.2.3 Elemental Radii 

Estimates of the radii of the Group IV elements in various chemical situations are collected 
in Table 2. Values increase with increasing atomic number, so that the covalent radii of tin and 
lead are almost twice that of carbon. ‘Ionic’ radii are substantially smaller than the 
corresponding covalent radii, with the M™ ‘ionic’ radii being substantially larger than their M'Y 
counterparts. 

Table 2 Elemental Radii (pm) 

Non-bonded M’” covalent M”" ‘ionic’ M!® ‘ionic’ 
Element radius* radius” radius” radius” 

Cc 125 TIe 

Si 155 117.6 40 

Ge 158 122.3 53 73 

Sn 182 140.5 69 118 

Pb 146 78 119 

, Data taken from C. Glidewell, Inorg. Chim. Acta, 1979, 36, 135. 
Data taken from N. N. Greenwood and A. Earnshaw, ‘Chemistry of the Elements’, Pergamon, Oxford, 

1984, p. 431. 

26.2.4 Bond Energy Data 

Data for the single bond dissociation energy, D(M—X), are listed in Table 3. Two sets of 
values are given, one a general set and the other (in parentheses in Table 3) for trimethylmetal 
molecules, Me;3MX. Significant variation between the two sets of values occurs (by as much as 
100kJ mol~*), and so only general trends should be noted. In addition, bond dissociation 
energies vary somewhat between individual molecules, as has been demonstrated for silicon 
compounds.” A steady decrease in bond energy usually accompanies an increase in size of both 
M and X. However, values for bonds between silicon and oxygen, nitrogen and the halogens 
are anomalously high, a phenomenon usually ascribed to a manifestation of (p—d)x 
reinforcement of the M—X o bond. Various estimates of the a bond energy of the SiC and 
Si=Si double bonds in silaalkenes and disilenes have appeared.**° The most reliable estimate of 
the Si—=C a bond energy in 1,1-dimethylsilaethylene is around 163 + 21 kJ mol~!.° The triple 
bond energy in the hypothetical species has been calculated to be 324 kJ mol-!.” Experimental 
data afford a lower bound of 69+11kJ mol™ for the Si=Si 2 bond energy for disilene 
HSi=SiH2, whereas ab initio calculations give a value of 94+8kJ mol-!. Estimates for substituted disilenes are somewhat greater at around 108+20kJ mol-!.8 The Si=Cr bond 
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dissociation energy in the silylene complex [(OC);Cr=Si(OH)H] is calculated to be even 
higher at 128 kJ mol7!.° 

Table 3 Approximate Bond Energies, D(M—X) (kJ mol7!)? 
Se SE ee NT A 

M X=C H F cl Br I O S N M a a ae a 
Cc 368 435 4529 1351? 293 “216. 2358 305 368 

(376) (439) (351) (297) (343) (297)° (334)° 
Si 360 393 565 381 310 = 234 464 334 340 

(376) (377) (464) (393) (322) 464)” 414)" (418) ~~ (339) Ge 255 289 465 342 276 213 359 255 188 
(318) (343) (485) (435) (447)? (276, 305) 

Sn on a 320 * 272 187 A 151 
72. 309) (422) (555) O51) (217)8 4 172)! 234 

Pb 130 205 244 ms Pili Sey 
(205) (259) (230) —————oo eee 

“Data taken from N. N. Greenwood and A. Earnshaw, ‘Chemistry of the Elements’, Pergamon, Oxford, 1984, p. 436. 
Values in parentheses are for Me,MX molecules taken from R. A. Jackson, J. Organomet. Chem., 1979, 166, 17; A. M. 
Doncaster and R. Walsh, J. Phys. Chem., 1979, 83, 578; R. Walsh, Acc. Chem. Res., 1981, 14, 246; and M. J. Almend, A. 
M. Doncaster, P. N. Noble and R. Walsh, J. Am. Chem. Soc., 1982, 104, 4717; J. C. Baldwin, M. F. Lappert, J. B. Pedley 
and J. S. Poland, J. Chem. Soc., Dalton Trans., 1972, 1943. 
For Me,;MOEt derivatives. 

«For Me;MSBu' derivatives. 
For Me,SnSBu". 
; For Me,MNHMe derivatives. 
For Me,SnNMe,. 

26.2.5 Coordination Geometries 

The variety of coordination geometries exhibited by the Group IV elements is illustrated in 
Table 4, which contains examples of the principal types encountered. The list is extensive, with 
coordination numbers ranging from one to twelve, but by no means comprehensive. In 
particular, tin and lead exhibit many irregular coordination geometries of high coordination 
number. Indeed, except for some esoteric carbides and silicides, compounds with coordination 
number greater than six are exclusively confined to these metals, consistent with their large 
covalent radii. Stable, small multiply bonded molecules are formed only by carbon, although a 
few rather sophisticated molecules containing Si—C, Si—Si, Ge=Ge and Sn=Sn double bonds 
have been synthesized. Many other silicon and germanium species containing multiple bonds to 
oxygen, carbon, nitrogen and phosphorus have been postulated as transient intermediates. The 
only examples of multiple bonding between tin and lead and an electronegative element are the 
matrix-isolated species, MO and MO, (M = Sn, Pb). 

Conversely, the stability of compounds of oxidation state +II increases dramatically as the 
atomic number of the element increases. Carbenes, CX, and silylenes, SiX,, are well 
established as transient reaction intermediates, and structural data have been obtained in 
several cases either at high temperatures or by their generation in low-temperature matrices. 
However, only for germanium, tin and lead are compounds in this oxidation state stable under 
ordinary conditions. Compounds with the Group IV element in oxidation state +III, the 
formal oxidation state of the radical species, R3M’, are also usually considered as unstable 

transients. However, when R is very bulky, these metal-centred radicals, such as for example 
Sn[CH(SiMes3)2]s, have extremely long, perhaps indefinite, lifetimes in solution. 

Silicon and germanium are generally tetrahedrally coordinated in their tetravalent deriva- 
tives. Although examples of five- and six-coordination are well documented, none are known 
which contain two or more silicon—carbon bonds. Tetrahedral four-coordination is only 
observed for tin and lead in R4M (R=organic group) compounds and R,,.MX,_,, derivatives 
which are either sterically crowded or in which the ligand X is weakly electronegative and a 
poor donor, and higher coordination numbers are achieved wherever possible. For tin and lead 
compounds with three metal—-carbon bonds, coordination saturation invariably occurs at five, 
although one authenticated example of a six-coordinated complex, Me3Sn[(N2C3H3;-1);BH], 
has been reported (vide infra). For compounds with two or less metal—carbon bonds, 
coordination saturation is usually achieved at six in an octahedral or distorted octahedral 
geometry, but a few examples with coordination numbers of seven or eight have been 



Silicon, Germanium, Tin and Lead 

So
Uu

RI
eW

IO
DH

 
So
Uu
BI
}E
II
S 

ID
 
a
 

I
D
 

I
p
”
 

S 
a
 

N
 

e
f
)
 

y
y
 

N
 

S
 

¢
 

.[
CH
o)
us
*n
g]
 

*x
ad
*u
 

‘l
oq
d*
ud
 

**
xu
g’
y 

‘ “x
ug
ty
 

S
e
 

N)
 

S
S
 

“H
OQ
d*
4d
 

“‘
Na
d*
2W
 

“S
WO
*O
US
OW
 

‘*
SW

O*
O4

d*
?W

 
‘k
d-
JQ
us
*a
yw
 

‘q
ug
to
y 

£
x
e
0
y
 

“1
-4

2 
fa
is
ud
 

‘ SI
s 

S
T
W
 

[e
pr
ur
es
Xd
iq
 

fe
uo
du
y 

S 
t
o
u
s
 

‘*
(2

9W
O)

"O
°u

s 
‘“

@W
OD

*S
)U

S 
“a
us
 

““
(H

O*
O)

us
 

of
ep
ru
re
sA
di
q 

of
?(
*u
d'
so
)"
aa
] 

‘[
OU
dO
HO
2W
OO
]U
S 

“4
29
 

[e
uo

di
op

na
sg

 
v 

(I
Dp
ee
jo
ye
ur
ue
ds
 

(1
Du
no
jy
eu
ru
ed
s 

(1
) 

u
m
r
u
e
u
s
s
3
 

or
em
yd
 

‘O
qd
 

oy
et

ny
d 

‘O
ug
 

~o
ye
ur
ue
Ao
oy
ey
iy
d 

[e
pr
ur
es
dd
 

or
en

bg
 

v 
“u
s*
yd
 

‘
*
(
2
W
N
)
u
s
 

so
ye

ue
uL

is
d 

SO
}B
OI
TI
S 

or
ue

di
0 

po
zi
pu
gh
y 

“(
7-

0 
= 

4)
 

“l
ou
s”
 

"y
g 

‘“
Qe

nH
 

je
uo

se
xo

y 
‘(
zr
en
b)
 

“Q
Is

 
5
 

on
ey
dy
e 

pu
e 

“a
d°

u 
“I
WS
*U
d 

‘Q
d’

Y 
—_
.,
‘(
b-
0 

= 
4)
 

“K
us

” 
Po
y 

“(
b-
0 

= 
4)
 

“
x
e
n
”
 

'
y
 

“(
p-
0 

= 
4)
 

“x
Is
" 

Ya
 

*X
O 

‘O
ls

 
‘p
uo
ur
ei
q 

Te
sp
oy
en
oy
, 

v 
q
e
d
 

‘s
pe
oi
pe
s 

d
a
 

"O
su
s 

‘s
us
 

,‘
-u
st
y 

[A
un
ia
d 

‘o
jo
ze
rp
jz
ua
q 

“s
pe
or
pe
s 

[A
qu
in
jd
 

“s
je
or
pe
s 

[A
uu

ey
s 

“€
°T
-1
09
9D
 

“(
“H
d“
O)
ID
9D
 

q
u
 

O
°
U
 

‘s
pe

or
pe

s 
ea
x 

*_
("
qd
S)
ad
 

“1
-*
xa
d 

‘ x
a
 

“7
-*
xu
s 

‘ &x
ug
 

‘(
ev

0e
)T

9D
 

‘ [9
9D
 

sp
eo

rp
es

 
|AT

Is 
* SE
IS
 

q {U
dD
 

‘s
ou
eq
re
 

Te
pr
ue
sh
g 

€ 
eA

O!
S 

,“
ou
sz
us
ge
ts
 

=
 

_ £0
9 

‘(
1g
 

‘I
D 

‘A
 

‘U
=X
) 

“K
IO
 

“[
°(
“2
WI
S)
HO
}u
s 

“(
2W

"H
OS

)9
9 

21
95
(9
0)
 

q 
H
O
=
S
'
a
 

‘s
ou
ay
ye
 

‘o
yy
de
sd
 

=>
 

2
1
9
8
(
9
0
)
 

- 
O
9
9
 

q 
Q
U
e
Z
U
a
q
e
U
L
I
D
 

‘s
ou
oy
]e
ey
is
 

‘
s
p
u
n
o
d
u
l
o
s
 

s
n
e
w
o
r
y
 

Je
ur
jd
 

j
e
u
o
s
u
y
 

€ 
“[
°(
"W
is
)N
I9
d 

“E
ng
ew
-H
*o
ol
us
 

“
[
n
g
e
w
H
o
0
}
2
9
 

““
En
ge
wH
°o
ol
ad
 

> 
[*

(“
2W

is
)H

O)
us

 
“(
PO
 

WP
 

HS
ON
IP
D 

“U
dd
?O
?d
"U
d 

oe
 

SO
PH

EY
 

(I
1)

pe
rT

 
oe

 
SO
PH
EY
 

(T
T)
UL
L 

ow
 

SO
PH
EY
 

([
]u
nr
ue
us
y 

oq
 

X!
S 

‘s
ou
ai
AT
is
 

q 
XO
 

‘s
ou
aq
re
) 

wo
g 

z 
_O
ON
 

‘Y
N:
O0
: 

NU
 

2 
O
d
 

» 
OU
S 

»
O
°
D
 

eS
O!
S 

,“
O!
S 

‘s
ou

hy
ye

 
“s
g 

“O
D 

eo
ur
y 

z 

209d 

2eOUS 

s
0
°
D
 

O'
s 

ro
le
) 

or
mo
ye
iq
 

I 
po
r]
 

ul
y 

wn
tu
pu
La
y)
 

uo
om
is
 

s
a
d
u
o
x
g
q
 

uo
qi
v)
 

d
y
j
a
u
o
a
y
 

4a
qu
in
u 

uo
yp
ur
ps
00
) 

186 

S
e
 
e
e
s
 

7
 

we
 

e
e
 

D
e
 

w
e
 

O
E
 

T
e
 

&
 

sj
us
w2
[q
 

AI
 

dn
oi
n 

ay
) 

Aq
 

po
yr
qr
yx
g 

so
uj
ou
ro
an
 

UO
Ne
UI
PI
OO
D 

ye
s1
dk
],
 

fp
 

aq
qu
y,
 



187 

“uUMOUY 
JOU 

W
n
u
T
U
I
N
e
 

ye 
AISWIONS 

IS1D9Ig 
; 

‘red 
suo] 

({p)TeI9ut 
ey) 

Aq 
paidnsso 

9a}Is 
UOTeUIPIOOS 

e
u
o
y
e
n
b
s
 
suo 

a7 
| 

“UORNIOS 
UJ 

-aseyd 
sed 

oy) 
Uy | 

“soyeIpOULoyUT 
sIQuIsuy) 

, 

“sotoods 
poyejosi-xuyey] 

| 

e
a
 

Se 
S
S
 

e
S
 
e
o
 
Ss 

e
e
 
e
e
e
 

e
S
 

S
S
 

S
S
 
e
S
 

e
e
e
 

Silicon, Germanium, Tin and Lead 

*osad 
‘(*ON)9d 

snout, 
ZI 

“("Od)*ad 
(
O
2
N
"
*
H
?
"
D
)
“
(
N
O
S
)
4
d
 

A
s
o
w
 
“ASID 

“ISLL 
snoue,A 

ol 

*(Fasv)*(?aqas)us 
onewsud 

“1gqd 
“104d 

‘Cigus 
“IQuS 

Jeuosiy 
poddeos 

A
y
e
r
s
,
 

6 

*HN)OSb-“(HO“O) 
4d? 

(ADun(oreurueds 
‘
H
O
O
W
Z
:
2
(
8
°
0
0
°
0
)
 
4d 

ojeysyd)siq 
S
3
8
 

Q%od 
onewsudnue 

orenbs 
g 

*(2WO*O)4d 
*(2WO"O)US 

‘*(FON)US 
[espsyeoopoq 

8 

(
"
O
°
N
*
H
"
D
)
*
(
N
O
S
)
4
d
 

JepruesAdiq 

« 
[&@WO*O)4ad“4d] 

yeuosexoyy 
8 

jepruresAdiq 

O°H“[2(2WO°O)4d“4d] 
£d12}-7(SON) U

S
 

jeuosequsg 
L 

agad 
‘sad 

‘, ,[°(eurdnue)ad] 
aLus 

“1z-*xusy 
(euaoysns) 

“OIS 
(212 ‘MK O

W
 

TWe-*x9d"ud 
‘_?xadUd 

‘{(oeoe U
S
O
 

fovea“, 
PCAN )IS 

‘Adiq-"IS 
‘BL “GN 

‘A ‘JH “IZ ‘LL=W) 

~(2WO)ad°°W 
Anad*ud 

‘Zqus“oW 
*_?XxUs 

* E(areyexo)eD 
*_ 2409 

‘ 
E(ovoe)Ig 

*_ Fats 
OW 

‘Sepiqie 
[219 

TespoyewoO 
9 

‘1@H""0“0)1sual 
_frous*(*s*H?00eW)] 

_[329°C0"H"D)] 
‘ 
[atso"H’9)] 

FH" gD -9 ‘T-0S0]9 
Jepruresfd 

orenbs 
S 

COC3-G* 



188 Silicon, Germanium, Tin and Lead 

characterized. Of the two five-coordinated geometries, square pyramidal and trigonal bipyram- 
idal, the latter is strongly favoured.’° 
Two factors combine to lend a greater diversity in the stereochemistries exhibited by bivalent 

germanium, tin and lead compounds, the increased radius of M™ compared with that of M'Y 
and the presence of a non-bonding pair of electrons. When the non-bonding pair of electrons 
occupies the isotropic valence level s orbital, as in, for example, the complex cations 
Pb[SC(NH;)2]2* and Pb[{antipyrine]g*, or when they are donated to conductance band levels, 
as in the binary tin and lead selenides or tellurides or the perovskite ternary phases CsMX; 
(M = Sn, Pb; X=Cl, Br, I), then the metal coordination is regular. However, in the majority 
of compounds an apparent vacancy in the coordination sphere of the metal is observed, which 
is usually ascribed to the presence of the non-bonding pair of electrons in a hybrid orbital and 
cited as evidence for a ‘stereochemically active lone pair’. 

Examples of compounds exhibiting the two-coordinated ‘bent’ geometry are rather sparse 
and only when the two ligands are very bulky do they occur under ordinary conditions. The 
preferred coordination geometries for bivalent germanium and tin are the three-coordinate 
trigonal pyramid and the four-coordinate distorted pseudotrigonal bipyramid, where the 
stereochemically active lone pair occupies an equatorial coordination site. The latter 
stereochemistry appears to be favoured when the ligands are very electronegative. Similar 
three- and four-coordination is also found for bivalent lead, but much higher coordination 
numbers in a variety of geometries predominate. Although square antiprismatic eight- 
coordination is quite common, several other types, many of which are irregular, of 
coordination numbers from seven to twelve are also observed. 

26.3 STRUCTURAL SURVEY™ 

26.3.1 Multiple Bonding Involving Silicon, Germanium and Tin 

The reluctance of the heavier elements of Group IV to form stable compounds possessing 
multiple bonds is in sharp contrast to the behaviour of carbon, where pxa—px multiple bond 
function is a major feature of its chemistry. The quest for multiply bonded compounds 
involving silicon is by no means new and dates back to the attempts of Frederick Stanley 
Kipping over 80 years ago to characterize compounds of the type R,Si=O, which he termed 
silicones by analogy with organic ketones.’? More recently, several multiply bonded silicon and 
germanium species have been generated as transient intermediates. The list of such 
intermediates is quite extensive and includes SiC (silaethylenes; also referred to as 
silaethenes, silaalkenes and silaolefins), SiO (silanones), Si=S (silathiones), SiN (silaim- 
ines), Si==Si (disilenes), Ge=C (germaethylenes), GeO (germanones), Ge=S (ger- 
mathiones), Ge=N (germaimines) and Ge=P (germaphosphimines). The evidence for many 
of these intermediates is indirect and lies only in the strategy of their generation and the nature 
of the reaction products. However, several have been characterized by physicochemical 
methods either in low-temperature matrices or at high temperatures. The formation and 
properties of these types of unstable multiply bonded intermediates were reviewed in 1979." 
Later data may be found in the main group chemistry reviews.'4 

Various routes to silaethylenes have been devised: 

Carbene rearrangement’>''® 

N, Me Me 
wy ’ 

Me,Si—C” +. Me,Si-C—_H —> 4 (1) 
on 

H Me H 

(1) 

Silacyclobutane pyrolysis or photolysis’”'8 

Me,Si ! 
|_| —> Me,Si=CH, + C,H, (2) 

(2) 
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Bridgehead extrusion from bicyclooctadienes 

L lef —> H,Si=CH, + pe (3) 

(3) 
cr 

Sigmatropic rearrangement of acylpolysilanes®® 

if OSiMe; 

(Me;3Si);Si—C—R  —> (Me;Si),Si—=C_ (4) 

R 
(5) 

R= Bu’, adamantyl 

Elimination of LiF”? 

Me SiMeBu; Me SiMeBu; 
essay cep -LiF QO 5 

Me—Si—C—SiMe, ———> Si=€ (5) 

lisit “ss 
Resell Me SiMe; 

(6) 

Small unsubstituted silaethylenes, such as (1), (2) and (3) are stable only in low temperature 
matrices. On warming, ‘head-to-tail’ dimerization usually occurs. Steric crowding, however, 
has a dramatic stabilizing effect, and the sterically hindered silaethylenes, (5) and (6), may be 
isolated as stable crystalline solids. Nevertheless, the Si—C double bond even in these 
compounds is very reactive, undergoing aerobic oxidation and many other reactions with both 
singly and multiply bonded reagents (Scheme 1).?7-*° 

Eig irons 

jong HOd of pry 
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PhC=CMe na MeO H 
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PhC=CMe Tet oe eon | 
ay, 

Se a oe 8 a at Bry i 
| , <—_—__—_ = a 

oe gl aX Br Br 
PhC=O BF 

| aged ct Lead 

SR ey seat Lei) (eetaeae TY 
OSCR MER Ems nT a pont FoaBes eet 

MeN SiMe; Cl SiMe; 

Scheme 1 Typical reactions of the SiC double bond 

As expected, experimental determinations of the SiC double bond distance are lower than 
the corresponding single bond distance. In the electron diffraction study of Me2Si==CH2,'® the 
Si=C double bond is 183(4) pm compared with a value for the Si—C single bond distance of 
191(2) pm in the same molecule, and the more precise Si—C single bond distance of 186.7 pm 
derived for methylsilane from microwave data.”’ This value, however, is significantly higher 
than calculated values for silaethylene, H2Si—=CH2, which fall in the range 163-175 pm.” 
That the discrepancy arises because of methyl-for-hydrogen substitution at silicon, proposed by 
Dewar” on the basis of MINDO/3 calculations, has been discounted since the more 
sophisticated double € SCF method predicts exactly the same SiC distance (169.2 pm) for 
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both H,Si==CH, and Me.Si=CH)>.” The double bond distances in the two sterically crowded 

crystalline silaethylenes, (Me3Si)2Si=C(OSiMes)(CioHis)”” and Me,Si=C(SiMe;)(SiMeBuz)- 

THF,*4 are 176.4pm and 174.7(5)pm respectively, much closer to theoretical estimates. 

However, it should be noted that in both the silaethylene skeleton is not planar as would be 

expected for sp” hybridization at both silicon and carbon. In the former adamantyl-substituted 

silaethylene, the molecule is twisted 16° about the SiC double bond most probably due to the 

bulky substituents. Such a motion would decrease the efficiency of the pa—pa overlap and lead 

to a lengthening of the SiC bond.” In crystals of the latter THF solvate, the THF molecule is 

coordinated to the silicon atom, which adopts a distorted tetrahedral geometry, although the 

planar geometry persists at carbon. Again the efficiency of pa—px bonding overlap will be 

reduced and the adduct is probably best regarded as a zwitterion in which the bonding is 

described in terms of the resonance formulation as shown in equation (6). 

O of (6) 
<*—_ + 

Sime sie" 
4 .~ 7 

Silaacetylene, HSi==CH, is predicted to have a trans bent equilibrium geometry, with a 
Si=C bond distance of 163.5 pm, i.e. about 8 pm shorter than the best estimate for the SiC 
distance. The bond order has been suggested to be intermediate between two and three.*° 

In the IR, the Si=C stretching vibration has been assigned to a band at 1002cm~’ in the 
spectrum of Me,Si==CH,°”** and to one at 988 cm~' for MeHSi—=CH>.” A later study of the 
isotopomeric molecules, Me2Si=CD 2 and (CD3)2Si=CD>, however, indicates that two bands, 
one around 880cm™! and the other around 1115cm™!, contribute to this vibration.” 
Significantly, Brook”? considers the band at 1135cm™' in the spectrum of the adamantyl- 
substituted silaethylene (5; R=CjoHjs) to be characteristic of silaethylenes. 7*Si NMR 
chemical shifts for the sp?-hybridized silicon atoms in silaethylenes lie in the rather small range 
41-54 p.p.m. As expected, coupling constants involving sp*-hybridized silicon are greater than 
those involving sp?-hybridized silicon.** 

The stabilization of a silicon-containing arene has not as yet been achieved. Nevertheless, 
silabenzene (7), 1-silatoluene (8) and hexamethyl-1,4-disilabenzene (9) have all been generated 
as transients.***’ Both silabenzene and 1-silatoluene are stable when condensed in argon 
matrices. The UV spectrum exhibits three bands at 212, 272 and 320nm expected for a 
z-perturbed benzene. In its photoelectron spectrum, the lowest ionization energies are at 8.0, 
9.3 and 11.3 eV (cf. calculated values derived by SCF methods of 8.2, 9.2 and 11.5 eV).* 

Me 

a | C) ise ee 

Soi Ngi Me Soi Me 

H Me Me 

(7) (8) (9) 

Disilenes, R2Si=SiR>2, vary in stability from short-lived transients to crystalline solids and are 
indefinitely stable under inert atmospheres depending upon the steric crowding at the Si=Si 
double bond. Several methods have been employed in the generation of disilenes, including 
photolysis of linear and cyclic trisilanes,**°' photolysis of strained bridgehead molecules such 
as 7,7,8,8-tetra-tert-butyl-7 ,8-disilabicyclo[2.2.2]octa-2,5-diene*? and the reduction of 1,2- 
dihalogenodisilanes using alkali metal naphthalides** or lithium wire with simultaneous 
ultrasonic irradiation.** These routes have been employed for the generation of tetraisopropyl- 
disilene, tetra-tert-butyldisilene, tetrakis(1-ethylpropyl)disilene and tetraneopentyldisilenes, all 
of low stability and which may be trapped by the usual types of trapping reagents, and also 
tetramesityldisilene (10), trans-1,2-di-tert-butyl-1,2-dimesityldisilene (11) and tetrakis(2,6- 
diethylphenyl)disilene (12), respectively, which are all stable yellow crystalline solids. The 
physical and chemical properties of these derivatives indicate that the Si—Si double bond bears 
a close resemblance to, although distinctly weaker than, the C=C double bond. The most 
studied compound in this respect is tetramesityldisilene and some typical reactions are shown in 
Scheme 2. Corroboration of the double bond character comes from UV“ and 2°Si MAS®°> 
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spectra, and from structural data. The *°Si MAS spectrum exhibits an anisotropy similar to that 
observed in the °C spectrum of ethylene (cf. the anisotropy in the spectrum of tetramesityldisi- 
lane which is much smaller as in the °C spectra of alkanes). As expected, the Si=Si bond 
distances in all three stable disilenes are distinctly shorter [216.0(1) pm (10), 214.3(1) pm (11) 
and 214.0(2) pm (12)] than typical single bond distances (e.g. H3SiSiH3, 245.3 pm). The two 
silicon and four carbon atoms in (11) are coplanar as in (13), but both (10) and (12) show some 
distortion. (12) exhibits a 10° twist about the Si—Si double bond, while retaining planarity 
about each silicon atom. The distortion in (10) involves a moderate antipyramidalization at the 
silicon atoms in addition to a slight twisting about the multiple bond as in (14).°°°’ In spite of 
these distortions, the observed Si==Si bond distances in these isolable disilene derivatives fall in 
the range predicted for disilene, H,Si==SiH, (212.7-217 pm).°*® A further theoretical study 
has shown that the conformation of disilenes depends strongly upon the central m bond and 
also on the nature of the substituents.° 

Meee Ses Mes,SiCISiHMes, 

O—CR, 
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R;CO Or 
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O Cl Se Ow. 2 : : 2 5 
ae Wee SiMes, <————_ Mes, Si=SiMes. —ane (Mes,SiCl), 

PhC=CH ROH 

Mis tian iNeS Mes,Si(OR)SiHMes, 

HC+=CPh 

Scheme 2 Typical reactions of tetramesityldisilene (Mes = —; R=H, Et; R’ = Me, Ph) 
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Silanones [R.Si=O],°™ silaimines [R»SiI=NR],°°’ siladiimides [RN—Si=NR],” sila; 

thiones [R,Si=S],” germaalkenes [R,Ge=CR’R"],”"" germaarenes [RCsH,GeMe-1,4], 

germanones [R,Ge=O],’”*”’ germathiones [RxGe=S],’~”* germaimines [R,Ge—NR]"™ and 

germaphosphimines [RxGe=PR]’*” are known only as transients for which no structural data 

is available. However, double € SCF calculations predict planar structures for H2Si—O, 

H,Ge=O and H,Ge=S with double bond distances of 148.5, 163 and 202 pm, respectively.°°** 

Silicon monoxide is known to be stable at either very high or very low temperatures. The 

structure of the solid material is very complex. A regular cubic lattice may be formed above 

1300°C, but below this temperature the structure is irregular and comprises a mixture of 

different atomic arrangements.®? Molecular SiO as well as several other analogues of multiply 

bonded carbon oxide molecules have been stabilized in low-temperature matrices. Structural 

and force constant data are collected in Table 5, from which it would appear that the M=O 

(M = Si, Ge, Sn) bonds have a generally similar electronic structure to the C=O double bond 

with bond orders of approximately two. Significantly, the force constants for the MO and MO, 

species for each element are similar, indicating that no further increase in bond order occurs in 

the two atom molecule (cf. CO and COz). All the species show a considerable shortening (and 

strengthening) of the M—=O bond compared with typical values for M—O single bonds (vide 

infra). Likewise, the SiS force constant in matrix-isolated SiOS is consistent with a double 

bond, as in gaseous SiS (fsis = 494 N m*).”* 
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Table 5 Structural, Force Constant and Bond Order Data for Molecular MO, MO, and X,MO Species 

EE ee 

Ground state Bond MO force 

Species geometry distance (pm) constant ( x 10? N m“~*) Bond order* 

SiO Diatomic 151.07 9.26” 

149.4° 107105 

SiO, Linear 148.8° 11.14° 
9.29 a5 

SiOS* Linear SiO: 9.2 2.01 
SiS: 4.86 1.9 

F,SiO‘ Planar 9.4 a 

H,SiO® Planar 148.5 10.57 

GeO" Diatomic 163 7.34 
165° 

GeO,' | Linear 163 7.32 2.0¢ 

F,GeO! Planar 7.43 1.8 

H,GeO* Planar 163.4 8.36 

SnO Diatomic 183" 5.62” 
SnO,™ Linear 181 5.36 1.99 
a 

® Rstimated using Siebert’s rule. H. Siebert, ‘Anwendungen der Schwingungsspektroskopie in der anorganischen Chemie’, 

Springer-Verlag, Berlin, 1966. 

°G. Herzberg, ‘Molecular Spectra and Molecular Structure, Vol. I Spectra of Diatomic Molecules’, Van Nostrand, New 

York, 1950. 
© Calculated values. J. Pacansky and K. Hermann, J. Chem. Phys., 1978, 69, 963. 

47. Schnéckel, Angew. Chem., Int. Ed. Engl., 1978, 17, 616. 

7H. Schnéckel, Angew. Chem., Int. Ed. Engl., 1980, 19, 323. 

H. Schnockel, J. Mol. Struct., 1980, 65, 115. 
® Calculated values. R. Jaquet, W. Kutzelnigg and V. Staemmler, Theoret. Chim. Acta, 1980, 54, 205. 
"J. S. Ogden and M. J. Ricks, J. Chem. Phys., 1970, 52, 352. 
"A. Bos, J. S. Ogden and L. Ogree, J. Phys. Chem., 1974, 78, 1763. 

1H. Schnockel, J. Mol. Struct., 1981, 70, 183. 
* Calculated values. G. Trinquier, M. Pelissier, B. Saint-Roch and H. Lavayssiere, J. Organomet. Chem., 1981, 214, 169. 
F. T. Loval and D. R. Lide, Adv. High Temp. Chem., 1971, 3, 177. 

™ A. Bos and J. S. Ogden, J. Phys. Chem., 1973, 77, 1513. 

26.3.2 Silylenes, Germylenes and Stannylenes” 

There has been considerable interest over the past decade in carbene analogues of silicon, 
germanium and tin. As with the multiply bonded derivatives of these elements, silylenes, 
germylenes and stannylenes are unisolable transient intermediates, although several have been 
studied either at high or low temperatures. Electronically, carbenes behave quite differently to 
their heavier analogues, and invariably have a triplet (*B,) ground state with the singlet (*A;) 
ground state to higher energy.**!°'° However, with dihalogenocarbenes,’”” silylenes,!” 
germylenes’’®1"" and stannylenes,''’ the opposite order of energy states is observed and the 
latter types of intermediate react as such.'!~’”? Structurally, all are angular molecules, although 
the sterically crowded carbene, dimesitylcarbene, has a nearly linear skeleton (cf. other 
diarylcarbenes where the bond angle is ca. 150°).‘!* Structural data, both calculated and 
experimental, are collected in Table 6. Consideration of the data confirm the singlet ground 
state in each case. Particularly diagnostic is the low value of the XMX bond angle, which is 
calculated to be about 15-—25° higher in the triplet first excited state. In addition, the M—X 
bond distance is reduced in the triplet excited state, which would appear to indicate a greater p 
character for the bonds in the ground state. Vibrational spectra for mixed-isolated SiH>,!5 
SiMe,""® and halogenated silylenes,'!”"!”° germylenes and stannylenes’”! confirm the bent Cu 
geometry for these molecules in this condensed phase. Irradiation of SiMe, with 450 nm light 
under these conditions promotes its photoconversion to 1-methylsilene (equation 7).1"° 

wx 
Me.Si: ae ad Si—CH- (7) 

y/ 
Me 
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Table 6 Structural Data for Silylene, Germylene and Stannylene Molecules* 

a ee een er a A Oe eee ie De 
Molecule M—X (pm) (XMX(°) Molecule M—X(pm) (XMX (°) Molecule M—X (pm) (XMX (°) ats a a ere twat i Mn al nn Sue te eho ind 
SiH,> vA (151) (93.5) GeH, __''A,: (160) (93) SnH,? 1A,: (175.6) (92.7) 

, B,: (147) (117.6) 3B, (154.5) (118.4) 3B,: (170.7) (118.2) 
SiHMe® Vee (95.9) GeMe,° au es ae 

As (117-5) 
SiF, 159.01(1)" 100.76(2)" GeF, 173.21(1)! 97.16(1)! Sn, 94(5) 

(159)} (102.7)' 1A,: (176)° (97)° 
tid 3B,: (175)° (112)° 

SiCl,’ 208.3(4)  102.8(6) | GeC1,™ 218.3(4)  100.3(4) Sn," 234.7(7) 99(1) 
SiBr, 224.3(5)  102.7(3) _ GeBr,° 233.7(13) 101.2(9)  SnBr,? 255(2) 959 
oes 

», Values in parentheses are taken from ab initio calculations. 
J. H. Meadows and H. F. Schaeffer, J. Am. Chem. Soc., 1976, 98, 4383. 
J . C. Barthelat, B. Saint-Roch, G. Trinquier and J. Satgé, J. Am. Chem. Soc., 1980, 102, 4080. 
G. Olbrich, Chem. Phys. Lett., 1980, 73, 110. 

,G. Trinquier and J. P. Malrieu, J. Am. Chem. Soc., 1981, 103, 6313. 
Si—H distance. 

® Si—C distance. 
Hy. Shoji, T. Tanaka and E. Hirota, J. Mol. Spectrosc., 1973, 47, 268; V. M. Rao, R. F. Curl, P. L. Timms and J. L. Margrave, J. 
Chem. Phys., 1965, 43, 2557. 

"B. Wirsam, Chem. Phys. Lett., 1973, 22, 360; C. Thomson, Theor. Chim. Acta, 1973, 32, 93. 
1H. Takeo, R. F. Curl and P. W. Wilson, J. Mol. Spectrosc., 1971, 38, 464; H. Takeo and R. F. Curl, J. Mol. Spectrosc., 1972, 43, 21. 
‘ R. F. Hauge, J. W. Hastie and J. L. Margrave, J. Mol. Spectrosc., 1973, 45, 420. 
I. Hargittai, G. Schiltz, J. Tremmel, N. D. Kagramanov, A. K. Maltsev and O. M. Nefedov, J. Am. Chem. Soc., 1983, 105, 2895. 

™ G. Schultz, J. Tremmel, I. Hargittai, I. Berecz, S. Bohatka, N. D. Kagramanov, A. K. Maltsev and O. M. Nefedov, J. Mol. Struct., 
1979, 55, 207. 

"A. A. Ishchenko, L. S. Ivashkevich, E. Z. Zasorin, V. P. Spiridonov and A. A. Ivanov, Sixth Austin Symposium on Gas Phase 
Molecular Structure, Austin, Texas, 1976. 

°G. Schultz, J. Tremmel, I. Hargittai, N. D. Kagramanov, A. K. Maltsev and O. M. Nefedov, J. Mol. Spectrosc., 1982, 82, 107. 
PM. Lister and L. E. Sutton, Trans. Faraday Soc., 1941, 37, 393, 406. 
4 Assumed value. 

26.3.3 Bivalent Germanium, Tin and Lead Halide Structures 

The C,, geometry characteristic of isolated molecules of bivalent germanium, tin and lead!” 
halides in the vapour phase or low-temperature rare gas matrices (vide supra) is not preserved 
in their solid lattices. Rather, variants of close-packed lattices are formed with distortions 
arising because of the metal non-bonding pair of electrons. The basic structural unit is usually 
recognizable as a trigonal pyramid (15), where the metal forms three quite short bonds with 
angles of ca. 90°, but additional bonds or contacts are often present leading to distorted 
pseudotrigonal bipyramidal (16), octahedral (17) or facially capped trigonal prismatic (18) 
coordination geometries. 

A> fot HE 
(15) (16) (17) (18) 

The structures of the binary metal(II) halides show a distinct trend to a more ionic type of 
lattice as the atomic numbers of the metal and halogen increase. Both germanium(II) and 
tin(II) fluorides have a strongly fluorine-bridged structure in which the structural unit is an 
[MF3] trigonal pyramid.'?*’”° In GeF,, these units are fluorine-bridged giving infinite spiral 
chains in which the germanium atoms have pseudotrigonal bipyramidal geometry (Figure la). 

Crystals of monoclinic SnF,, however, comprise puckered eight-membered [Sn4F4] rings, and 

each tin atom is coordinated by a highly distorted octahedron of fluorine atoms (Figure 1b). At 

normal temperatures, PbF, crystallizes with the cubic fluorite lattice,’*° but also forms an 
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orthorhombic modification with the prototype PbCl,-type lattice (18) exhibited by anhydrous 
SnCl,, SnBr, and PbBr>.!?”!”? In this layer-type lattice, the metal atom is surrounded by nine 
halogen atoms from three different layers, six at the apices of a trigonal prism and three in 
facially capping positions. The coordination is, however, far from regular, and the metal forms 
three short bonds (the typical [MX;] structural unit) together with four additional close 
contacts. A further two halogen atoms are at even longer distances. Germanium(II) and 
lead(II) iodides crystallize with the hexagonal anti-CdI, lattice, in which the metal atom is 
surrounded octahedrally by six iodine neighbours, although both compounds exhibit a large 
number of modifications which differ in the layer sequence.'*”' Crystals of tin(II) iodide 
possess a unique layer lattice with the metal atoms occupying two different sites. Two-thirds 
occupy sites based on the PbCl,-type lattice, each metal atom being coordinated by six iodine 
atoms at the apices of the trigonal prism, and also by a seventh from a symmetry-related prism 
in a facial position (Figure 2). The remaining tin atoms are in PdCl,-type chains, which 
interlock with the PbCl,-type part of the structure to give almost perfect octahedral 
coordination. '** 

(a) 

Figure 1 Crystal structures of (a) GeF, and (b) the monoclinic modification of SnF, 

Figure 2 View of the trigonal prismatic sites in Snl, 

A similar range of coordination geometries is also observed for halide complexes and mixed 
halides. Although many complexes of stoichiometries MX>-L and MX>-2L have been 
synthesized, the structures of only a few are known. Crystals of the N-methylbenzimidazole 
complex of germanium(II) chloride comprise isolated pyramidal adduct molecules.'3 The basic unit of the thiourea complex of tin(II) chloride is again the pyramidal [SnCl,-S=C(NH_)»] 
adduct, but in this case these units are tightly bound into chains by both chlorine and sulfur 
bridging.*** In contrast, the structure of the 1,4-dioxane complex consists of SnCl, units linked by di € of the 1,4 onsists ¢ : 
Gemeee to form polymeric chains, with pseudotrigonal bipyramidal geometry for tin 

Figure 3 The stereochemistry at tin in catena-SnCl,-dioxane 
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The structures of the tin(II) and lead(II) bromide hydrates, 2SnBr,-H,O, 3SnBr,-H2O, 
6SnBr2-5H2O and 3PbBr2:2H20, are based upon the trigonal prismatic geometry (18) of the 
anhydrous halides. The metal atoms are surrounded by a trigonal prism of bromine atoms, with 
bromine atoms, water molecules or vacancies in the facially capping sites. Different 
coordination types may occur within the same hydrate. For example, in 2SnBr2-H,O the tin 
atoms may experience coordination by either eight bromines, seven bromines and a water 
molecule, or seven bromines.’*°'*’ Tin(II) chloride dihydrate has a markedly different 
structure. One of the water molecules is strongly coordinated to the tin atom forming 
[SnCl,-H2O] units with typical pyramidal geometry, which form double layers alternating with 
layers of water of crystallization. Layers are held together by a network of hydrogen 
bonds.'**!° The structure of basic tin(II) chloride is very complex indeed. The correct 
composition is Snz:Clis(OH),4O,, and not Sn(OH)CI as first thought. The structure consists of 
infinite anionic and cationic nets of stoichiometry [Sns(OH)¢Cl6]2°~ and [Sng03(OH),Cls]2"*, 
with [Sn(OH)3], [Sn(OH)2Cl], [Sn(OH).Cl] and cubane [Sn,O03(OH)] units and intercalated 
chloride ions.'*° The lead atom in basic lead chloride, Pb(OH)CI, is surrounded by five 
chlorine atoms and three hydroxyl groups in a polyhedron best described as a strongly distorted 
square antiprism.'*! 

Several examples of pyramidal [MX3]7~ anions have been characterized, although most 
involve additional longer contacts. Discrete isolated [GeCl,;]~ and [SnCl3]~ anions occur in 
[C,,Hi7N2O2][GeClL]H.0,'? and red and green isomers of [Co(Ph,PCH,CH,PPh,)Cl]- 
[SnCl3]'*° and [Co(en)3][SnCl]Cl.'“* No interaction occurs between the two anions in the 
latter compound, whereas the closely related compound, [Co(NH3)6][SnCl.]Cl, contains 
discrete pseudotrigonal bipryamidal [SnCl,}*~ anions.'** An intermediate situation is present in 
the structure of [NH4]2[SnCl,]Cl-H.O, where significant interaction between the chloride and 
trichlorostannate(II) ions occurs. However, neighbouring [SnCl;---Cl] units are also con- 
nected by two longer Sn---Cl bridges forming a chain structure and completing a severely 
distorted octahedral environment about the tin.’* A similar distorted octahedral coordination 
with three short and three much longer metal—halogen distances is also found in 
[NH,][SnF;],14°!47 RbGeCI,'** and the low temperature forms of CsGeCl;'* and CsSnCl.’°° 
These two latter materials, along with other cesium trihalogenometallates(II), undergo phase 

transitions to modifications with the cubic perovskite lattice, in which the Group IV metal has 

ideal octahedral coordination.'*!"° The methylammonium salts, [MeNH3][SnBr,I3_,.] (x =0- 
3), [MeNH3][PbX3] and [MeNH;][Pb,,Sn;_,X3] (X = Cl, Br, I) also have the cubic perovskite 

lattice,© and like the alkali metal salts are intensely coloured and exhibit electrical 

conductivity due to population of lattice conduction bands by the non-bonding electrons of the 

Group IV metal. Regular octahedral coordination is very common with the larger halogens, 

presumably largely due to steric reasons, there being little room for metal(II) lone pair 

stereoactivity, and is found in crystals of orthorhombic RbPbI;,'”’ CsSnI;'°° and the hydrates 

KPbI;-2H,O, NH.PbI;-2H,O and RbPbI;-2H,O'” which all comprise double chains of 

edge-sharing [MI,] octahedra held together by the cations and, in the case of the hydrates, 

water molecules. wil 
Whereas crystals of [NH,][SnF3] contain essentially isolated pyramidal [SnF3] Sit 

the potassium salt KSnF3-3H,O consists of infinite [SnF3]=~ chains, in which the tin atoms have 

a distorted square pyramidal geometry (Figure 4a). Within the chains, each tin atom forms 

longer bonds to the bridging fluorines, whilst the lone pair is directed away from the basal 

plane.'®° NH,SnBr3-H,O has an analogous structure, with water molecules and ammonium ions 

forming rows between the chains.’® Intermediate between these two extremes are the [Sn2F5]~ 

and [Sn3F10]*— anions. The former comprises two [SnF3] pyramids sharing a common fluorine 

atom (Figure 4(b)), although a fourth fluorine is located at a distance of only 253 pm from the 

tin and hence the structure may also be regarded as containing infinite [Sn2Fs]2~ chains. '©* The 

[Sn3F,o]*~ anion consists of three distorted square pyramidal [SnF,] units similar to those found 

in KSnF;-4H2O (Figure 4(c)).'® : ; dds . 

A number of materials have been characterized which contain cationic fluorotin(II) 

networks, including Sn.F3Cl,! Sn3FsBr,’® Sn2F3I’ and [SnsFo][BF,].'°’ In these, the tin 
atoms enjoy typical pyramidal [SnF;] or distorted square pyramidal [SnF,] coordination, with 

the halide or [BF,]~ anions occupying large holes within the networks, as illustrated in Figure 5 

for Sn3F;Br. Closely related to these structures are those of the mixed-valence fluorides, 

GesF,>! and Sn3F3,' where the cationic fluorometal(II) networks are cross-linked by 

trans-bridging octahedral [M!YF,] units (Figure 6). In contrast, SnFCl and SnF(NCS) have 

fluorine-bridged ribbon-like structures with pendant chlorine atoms or isothiocyanate groups 

146,147 
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Figure 4 Representations of the structures of (a) the [SnF3]..° anion, (b) the [Sn,F;]” anion, and (c) the 

[Sn3F,9]* anion 

Figure 6 The structures of the mixed-valence fluorides, (a) GesF,. and (b) Sn3F, (reproduced by permission from 
J. Am. Chem. Soc., 1973, 95, 1834 and J. Chem. Soc., Chem. Commun., 1973, 944) 

from each four-coordinated tin. That of SnFCI is shown in Figure 7. The tin(II) and lead(II) 
chloride iodides are different still and have a distorted trigonal bipyramidal geometry.!7” 

Although many complexes are known in which the trichlorostannate(II) anion functions as a 
donor to transition metals, very few to main group Lewis acids have been described and no 
strucural data are available. However, the complexes B—SnX,—BF; (X=Cl, Br, I; 
B=NMes, bipy, TMEDA and DMSO), in which the tin(II) halide functions simultaneously as 
both a Lewis acid and a Lewis base, have been reported.?” 
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Figure 7 The ribbon-like structure of SnFCI (reproduced by permission from Acta Crystallogr., Sect. B, 1976, 32, 
3199) 

26.3.4 Tetravalent Halides and Halide Complexes 

Tetrahedral geometry dominates the structural chemistry of the halides of silicon and 
germanium, and all the tetrahalides MX,, hydride halides MH,X4_, (n =1-3) and or- 
ganometallic halides, MR, X4_, (n = 1-3; R= alkyl, alkenyl, aryl), exhibit this stereochemistry 
in all three phases.'”* In contrast, although the analogous tin derivatives are also tetrahedral in 
the vapour and liquid phases,’”° the solid tin and lead halides show a preponderance for the 
formation of halogen-bridged lattices. The tetrahedral compounds warrant little comment, 
although it is notable that the metal—halogen distance increases whilst the metal—carbon 
distance decreases in the series Me,MX,_, as the halogen content of the molecule increases, 
which is consistent with a redistribution of p character in the bonds to the more electronegative 
ligands. 

In contrast to the other tin(IV) halides which are tetrahedral molecules, tin(IV) fluoride 
forms a very strongly fluorine-bridged, two-dimensional sheet structure with octahedrally 
coordinated tin (19).’”’ Dimethyltin fluoride’*® (and almost certainly methyltin trifluoride’”) 
has a very similar sheet structure in which the non-bridging fluorine atoms in (19) are replaced 
by methyl groups. Fluorine bridging in trimethyltin fluoride results in a one-dimensional chain 
structure with a planar [Me3Sn] moiety and trigonal bipyramidal coordination at tin (20).?” 
These polymeric materials are infusible and insoluble. Other organotin fluorides are similar and 
only when the organic groups are very large (e.g. in (PhMe2CCH2)3SnF) does steric hindrance 
perhaps preclude association. Bridging by the other halogens is much weaker. A loosely 
associated one-dimensional chain structure similar to that of Me3SnF has been observed for 
trimethyltin chloride at 135K,” whereas crystals of Ph3SnCl,* Ph,SnBr,7% 
[(Me3Si)2CH2];SnCl?* and (Me3SiCH2)3SnI*™ contain discrete isolated molecules. The distor- 
tion away from tetrahedral geometry in tricyclohexyltin chloride suggests some intermediate 
state.?°° Association into one-dimensional chains occurs for dialkyltin dihalides when the alkyl 
group is very small. Two types of structure have been characterized. In crystals of dimethyltin 
dichloride” and diethyltin dichloride and dibromide,*® the chains are formed by the two 
covalently bonded halogen atoms on each tin bridged to two different tin atoms in the chain as 
in (21), whereas in diethyltin diiodide?™ and bis(chloromethyl)tin dichloride” the two halogen 
atoms essentially chelate the next tin atom in the chain as in (22). In both, the geometry at tin 
is highly distorted, and is best regarded as intermediate between tetrahedral and octahedral. 
No intermolecular interaction appears to be present in crystals of diphenyltin dichloride?” "° 
and bis(biphenyl-2)tin dichloride,”"’ although both molecules are distorted from tetrahedral 
geometry. Bridging by chlorine and bromine is much more effective in the organolead halides. 
Triphenyllead chloride and bromide have an analogous structure to that of trimethyltin 
fluoride, although as with trimethyltin chloride, the two lead—halogen distances differ 

substantially.2” Symmetrical chlorine bridging occurs in diphenyllead dichloride giving rise to 
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polymeric chains with octahedrally coordinated lead (23).?'° Vibrational spectra indicate that 

the corresponding methyllead halides possess the same structures in the solid, but tetrahedral 
o : 4,215 

monomers occur 1n solution.”” 
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Higher coordination numbers in organotin chlorides can also arise by intramolecular 
coordination of a donor atom remote in the organic ligand such as in (24)—(28).7*°*** When 
two nitrogen atoms are present on the organic group, ionization of halide from tin can occur, as 
in (29).?*° The methylphenyltin homologues, (27; R = Me, R’ = Ph) and (28), contain chiral tin 
atoms and exhibit high optical stability since the intramolecular coordination blocks the 
pathways for stereoisomerization. However, dynamic processes do occur which have been 
examined by variable temperature NMR and involve Sn—N bond dissociation and inversion at 
the then uncoordinated nitrogen atom.”””** Analogous processes have been observed in the 
cationic species (29),”*? and also in the five-coordinated fluorosilanes (30).** Intramolecular 
coordination in the 2-benzoyloxyethylsilanes, PhCO.CH,2CH,SiX;3 (X = Cl, F), is much weaker 
than in the analogous tin derivatives such as (25), and these compounds can exist in solution as 
either an acyclic form with four-coordinated silicon or as an intramolecularly five-coordinated 
heterocycle depending on the concentration and the nature of the solvent.*° Many other 
five-coordinated silicon halides have been characterized; (31),”*’ (32)”8 and (33)””? are recent 
examples illustrating the trigonal bipyramidal geometry typically adopted by such compounds. 
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The silicon(I[V), germanium(IV) and tin(IV) halides MX, and organometallic halides 
R4_,SnX,, are good Lewis acids and acceptors of halide and neutral donor molecules. Lewis 
acidity in these halides increases in the order Si<Ge<Sn<Pb, I<Br<Cl<F and 
n=1<2<3<4, and is reflected in the stoichiometry and stability of the resulting complexes. 
Thus, whereas trimethylchlorosilane shows no tendency for complex formation with 
pyridine,*° the corresponding tin adduct, Me;SnCl-Cj;H;N, was the first authenticated 
five-coordinated tin complex.”*’ Coordination saturation appears to be reached in the trigonal 
bipyramidal arrangement (34) with a planar [Me3M] moiety for the monohalides, but the 
dihalides, trihalides and tetrahalides can form 1:2 adducts with an octahedral geometry as well 
as 1:1 adducts with the trigonal bipyramidal geometry. In the latter, the organic groups always 
occupy equatorial sites. 

| » 
R= 

[Nr 
D 

(34) 

Typical examples of five- and six-coordinated complexes and complex anions are listed in 
Table 7. The 1:1 adduct of dimethyltin dichloride and diphenylcyclopropenone is unusual, and 
comprises a chlorine-bridged dimer with distorted octahedral geometry for tin (35),”? rather 
than the usual trigonal bipyramidal geometry found in most other 1:1 complexes such as 
Ph,SnCl,-benzothiazole.”*8 Two types of behaviour are observed with terdentate ligands. In 
some isolated cases, seven-coordinated adducts with a distorted pentagonal bipyramidal 
geometry such as (36) are formed.”**?°° but 2,2',2’-terpyridine promotes displacement of 
halogen from tin and the formation of ionic complexes such as [Me2Sn(terpy)Cl]*[Me2SnCl3]~ 
containing six-coordinate cations and five-coordinate anions.**° Ionization of halide takes place 
more readily with bromine and iodine which are more weakly bonded to the Group IV 
element. Thus, whereas hexamethylphosphoric triamide forms a neutral, trigonal bipyramidal 
adduct with trimethyltin chloride, the ionic complex [Me3Sn(hmpt)2]*[Me3SnBr2]~ is formed 
with trimethyltin bromide.”*” Similarly, stable ionic 1:1 adducts of the type [Me3Si-D]*X™ 
(X = Cl, Br; D= pyridine, hmpt) have been isolated from the interaction of trimethylbromo- 
and trimethyliodo-silanes with the donor,”* whilst all four Si—I bonds are cleaved on 
dissolution of silicon(IV) iodide in the same solvent, from which the complex [Sn(hmpt).]**4I- 
containing octahedrally coordinated silicon was isolated.**” 
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Various stereochemical permutations are observed for octahedral tin complexes. Adducts of 

tin(IV) chloride and bromide generally exhibit the cis geometry (37),“°°*’ although some 

examples of the trans geometry are known.”**”? Reasons for the preference for the cis 
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Table 7 Examples of Five- and Six-Coordinate Complexes and Complex Anions 
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Complex Ref. Complex Ref. 
oe eS SS ee 

[SiF5]~ a SnCl,-2MeCN u 

[SiF,]?~ b,c {[MeSnCl,]~ Vv 

[PhSiF.]? ce b [Me,SnCl,]~ Ww 

[Ph,SiF3]~ a,d,e [Me,SnCl,]*~ Vv 

[Ph,SiF,]?~ d,e [Me,SnCl,]~ w 

SiF,-bipy f Me,SnCl-Ph,PCHCOMe x 

[GeF.]~ g Me,SnCl,-2DMSO y,z 

[GeF,]*— h, i, j Ph,SnCl,-bipy aa 

[(CF;),GeF,]*~ k MeSnCl,-2py bb 
[SnCl.]~ l,m [PbF,]?~ cc 

[SnF,]?~ n,o [PhPbCl,]~ dd 
[SnCl,]?~ p,q, [PhPbCl,]*— dd 

[SnBr,]*~ s Ph,PbCl-hmpt ee 
[SnCl,(OPCI,)]~ t Ph,PbCl,:2hmpt ee 

SnF,-bipy f Ph,PbCl,-hmpt ee 
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geometry are not obvious, but the complexes with the trans structure are those with rather 
bulky donor molecules. Similarly confusing are the structures adopted by the complexes of 
organotin trihalides and diorganotin dihalides. The two donors are trans in the 2:1 pyridine 
and hmpt complexes of methyltin trichloride as in (39), but the analogous DMF complex 
adopts the cis structure (40).”°°* The two organic groups in R,SnX,-2L complexes are always 
(to date, anyway!) invariably mutually trans, but again the two halide and the two donor 
molecules can adopt either configuration, (41) or (42), depending upon the nature of the 
substituents.*°> 7° 

IR and NMR spectroscopy are useful techniques for the characterization of complexes which 
cannot be isolated and for studying solution equilibria. The matrix isolation IR technique has 
been employed to demonstrate the formation of anions such as SiF5, MeSiF;, Me,SiFy and 
GeF5, as well as neutral 1:1 adducts such as SiF4-NH3.2*67 9— NMR shows that the three 
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species, [CF;GeFs]*~, trans-[(CF3)2GeF,]*- and [(CF3);GeF,]~, are present in solution when 
fluoride ion is added to the appropriate trifluoromethylgermanium fluoride (CF;),GeFs_, 
(n = 1-3). Unusually, although the trans isomer of the [(CCF3),GeF,]?~ anion exists in solution 
almost exclusively, crystallization affords the corresponding cis isomer (as the potassium 
salt).7°° "°Sn NMR has been used to demonstrate the facile scrambling of halogen between 
different tin sites. Thus, all possible isomers occur in solution in mixtures of the tin IV) halides, 
the anions SnX; and SnXé-, and neutral complexes such as SnX,4:2PBu;3.7©?” Formation 
‘Saree also be derived by an analysis of NMR chemical shift or coupling constant 
alas ss 

26.3.5 Binary and Ternary Chalcogenide Derivatives 

Silica, SiO2, exists in many different crystalline modifications, the principal ones being the a- 
and B-forms of quartz, tridymite and cristobalite. Other forms include the rather rare minerals, 
coesite and stishovite, synthetic forms such as keatite and W-silica, and vitreous silica as found 
in obsidian. All except for stishovite, which has the rutile structure with six-coordinated silicon, 
contain the [SiO,] tetrahedron as the basic structural unit. In a-quartz, the thermodynamically 
most stable form of silica at room temperature, and the other more common modifications, 
these tetrahedra are linked together by corner sharing forming infinite arrays. The structure of 
a-cristobolite is illustrated in Figure 8. Crystals of the two modifications of quartz comprise 
interlinked helical chains which may be either right- or left-handed so giving rise to the chirality 
of individual crystals. In the synthetic modification, W-SiO2, adjacent [SiO,] tetrahedra are 
linked not by the corner sharing of single oxygen atoms but by the edge sharing of two oxygen 
atoms forming infinite parallel chains similar to those found in SiS, and SiSe2 (Figure 9). 
Consistent with this structure, crystals of all three materials*’*”’ are fibrous. 

Figure 8 The structure of a-cristobolite illustrating the tetrahedral coordination for silicon. 
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Figure 9 Schematic representation of the chain structures of W-SiO,, SiS, and SiSe, 

Germanium(IV) oxide, GeO>, forms two crystalline modifications. Hexagonal GeO, exhibits 

the B-quartz structure with four-coordinated germanium, whilst the tetragonal modification has 

a rutile-like structure with six-coordinated germanium and resembles stishovite.7”***? Both 

tin(IV) and lead(IV) oxides possess the rutile structure (Figure 10), although another 

orthorhombic modification of PbO, is known with distorted octahedral coordination for 

lead.2”°283 Limited information is available for the mixed valence tin oxide Sn30,,~* but the 

lead analogue, Pb3O,, is well characterized and consists of chains of edge-sharing [Pb'YO«] 

octahedra linked by pyramidal [Pb"O3] units.°>-**’ 

O Sn 

Figure 10 The unit cell of the rutile structure 

Germanium(IV) sulfide exhibits two modifications, one with the chain structure illustrated in 
Figure 9, and the other, like the corresponding selenide, with a distorted Cdl, lattice.** 
Tin(IV) sulfide and selenide both crystallize with the Cdl, lattice.*”* The mixed valence tin 
sulfide, Sn2S3, consists of infinite double rutile strands of corner and edge sharing [SnS,] 
octahedra connected by tin(II) atoms in typical pyramidal coordination.**??” 

Tetragonal tin(II) and lead(II) oxides form layer-lattice structures with square pyramidal 
metal coordination and equal metal—oxygen distances (Figure 11).”’' The metastable ortho- 
rhombic modification of PbO has a similar, but more loosely bound layer structure with two 
short and two longer lead—oxygen distances.”*” Hydrolysis of tin(II) and lead(II) salts yields 
oxo-metal ions of many different types depending upon the conditions, particularly the pH, 
some of which have been isolated and characterized crystallographically. The basic tin(II) 
sulfate, [Sn30(OH),]SO,, contains discrete [Sn30(OH),]** cations in which two of the three 
tin(II) atoms have distorted square pyramidal four-coordination and the third pyramidal three- 
coordination.” The [Pb4(OH,)|** cation, in which the lead atoms occupy the corners 
of a slightly distorted tetrahedron with the hydroxyl groups capping each face, is present 
in crystals of [Pb,s(OH).4]3(CO3)(ClO4)10°6H2O and [Pb,(OH),](ClO.)4.7°° The homologous 
[Pbs0(OH),]** cation is present in the a- and B-modifications of [Pbs;0(OH).](ClO4)4-H2O. 
This cation is made up of three [Pb,] tetrahedra sharing common faces, with the oxygen atom 
located at the centre of the central tetrahedron rather like in the structure of the neutral species 
Pb,O(OSiPh3)..°”° The six hydroxyl groups are located above each of the six unshared faces of 
the two terminal tetrahedra.*”’’”> From neutral solutions, the hydrate oxides, 3MO-H,O 
(M = Sn, Pb), may be isolated which contain adamantane-like [M,Og] clusters,?°? very similar 
to those in [Sng¢0,(OMe),].°° 

The influence of the non-bonding pair of electrons on the coordination geometry adopted by 
the binary metal chalcogenide decreases markedly with increase in size of other Group VI 
elements. Germanium(II) sulfide and selenide have very distorted NaCl-type lattices with three 
short and three long contacts.*°'*” Tin(II) sulfide has a structure with parallel zigzag 
—Sn—S—Sn—S—Sn—S chains, which are connected by short interchain Sn—S contacts giving 
a basic pyramidal [SnS3] structural unit. Tin(II) selenide exhibits one phase which is 
isomorphous with the sulfide, and a second cubic phase with the NaCl lattice, which is also 
adopted by tin(II) telluride as well as lead(II) sulfide, selenide and telluride.3°* 3% 

Silicates, together with the closely related aluminosilicates, form what is certainly the largest 
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Figure 11 The layer lattice of tetragonal SnO and PbO 

family of compounds known in inorganic chemistry. Many other excellent texts and treatises 
are available,”’*?7°°°°" and hence no more than a cursory account is presented here. Despite 
the enormous variety of stoichiometries and structural types observed, all follow but a few 

structural principles: (i) silicon is almost without exception tetrahedrally coordinated by four 
oxygen atoms, (ii) the overall silicate lattice may be regarded as being made up from the close 
packing (or very nearly so) of oxygen atoms, in which silicon, aluminum and other metal atoms 
occupy interstices, (iii) small atoms (Li’, Be”, Al’, Sit’) can occupy tetrahedral interstices, 
whilst larger metal atoms (Na‘, K', Mg", Ca", Fe", Al'™, Til’) occupy octahedral holes, (iv) 
charge balance is accomplished by hydroxyl-for-oxygen or by modification of the metal content 
of the lattice. Alternatively, silicate structures may be regarded as containing [SiO,] tetrahedra, 
which can be ‘isolated’ as in orthosilicates or neso-silicates such as in the olivine minerals or 
synthetic silicates such as Na,SiO,,*’? or form disilicates, chain and cyclic silicates, sheet 
silicates or infinite three-dimensional networks, by sharing one, two, three or all four oxygen 
atoms respectively, with other [SiO,] tetrahedra. Some typical examples are shown in Table 8. 

Table 8 Principal Types of Silicate Structures 

Nomenclature Description Examples 

Orthosilicates or Isolated [SiO,] tetrahedra Olivine, (Mg, Fe, Mn)(SiO,) 
neso-silicates Zircon, Zr(SiO,) 

Disilicates or Discrete [Si,O,] units formed Thortveitite, Sc,(Si,O,) 
soro-silicates by two [SiO,] tetrahedra Hemimorphite, Zn,(OH),(Si.07)H,O 

sharing a common oxygen 

Cyclic metasilicates Closed rings of [SiO,] Benitoite, BaTi(Si;Oo) 

or cyclo-silicates tetrahedra sharing two oxygen Beryl, Be3AL,(Si,O,3) 
atoms Murite, [Ba,o(Ca, Mn, T1),(SigO>,)- 

(Cl, OH, O),,]-4H,O 

Chain metasilicates Chains or ribbons of [SiO,] Jadeite, NaAl(Si,O¢) 

or ino-silicates tetrahedra sharing two oxygen Wollastonite, Ca3(Si;Oo) 
atoms Tremolite, Ca,Mgs(Si,Q11)2(OH)2 

Layer silicates Two-dimensional sheets of [SiO,] Kaolinite, AL,(OH)g(Si,O 10) 

or phyllo-silicates tetrahedra sharing three Talc, Mg3(OH),(Si,010) 

oxygen atoms Muscovite, KAI,(OH),(AISi,0,0) 

Three-dimensional or Three-dimensional frameworks Feldspars, zeolites, 

tecto-silicates of [SiO,] tetrahedra sharing all ultramarines 

four oxygen atoms 
2S ei ame R naP  et  e 

Despite being much less numerous, the structures of germanates bear a striking resemblance 

to their silicate analogues, and generally comprise lattices formed from basic [GeO,] 

tetrahedral units. Thus, the orthogermanates, BeGeO, and Zn,GeO,, contain isolated [GeO] 

tetrahedra, the digermanate, Sc,Ge,O7, the [Ge,07] unit, whilst the metagermanates, 

BaTiGe,0, and CaMgGe20., possess cyclic [Ge3O.] units and infinite [GeO3].. chains, 

respectively. However, several germanates also exhibit octahedral [GeOg] structural units. For 

example, the structure of lead a-tetragermanate, a-PbGe,Oo, is based on a mixed Ge—O 
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lattice with the lead atoms situated in lattice vacancies formed by [GeO,] tetrahedra and 

[GeO,] octahedra,*!* whilst that of K,Ba[Ge,Oo], consists of rings built up from [GeO,] 

tetrahedra, which are linked by [GeO,] octahedra to form a three-dimensional network. 

Some germanate species are very unusual and do not have their counterparts in silicate 

chemistry. The [GesO,,4] clusters (43) found in Tl,Ge;O,, are formed from five [GeO,] 

tetrahedra, three of which share two oxygen atoms whilst the other two each share three.7!> 
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The structures adopted by the stannates are profoundly different to those of silicates and 
germanates, in spite of the similarity in stoichiometries. Tin generally is six-coordinated in a 
regular or slightly distorted octahedral fashion by oxygen atoms, although four- and 
five-coordination do occur. In addition, a number of hydroxystannate(II) species have been 
characterized. The sodium salts, Na2[Sn,O(OH),] and Na,[SnsO(OH),0], contain the 
[Sn(OH)3]~ and oxo-bridged [(HO)2SnOSn(OH),]?~ anions respectively,*’® whilst the barium 
salt, Ba[SnO(OH)]2, contains the one-dimensional polyanion, [SsnO(OH)]=~.*'’ All three 
exhibit typical pyramidal coordination for bivalent tin. Octahedral oxygen coordination about 
tin is present in all the hydroxystannates(IV), M[Sn(OH).] (M=2Na, 2K, Mg, Ca, Mn, Fe, 
Co, Ni, Cu, Zn, Cd).*1* 7° Potassium orthostannate, K,SnO,, is isotypic with K,GeO, and 
contains discrete, isolated [SnO,] tetrahedra,**’°”? but other materials of the stoichiometry 
M,SnO, (M=Mg, Ca, Sr, Ba, Mn, Co, Cd, Zn) are not true orthostannates and contain 
[SnO,] octahedra which share common edges to give chain or layer structures.**°>* 
Octahedrally coordinated tin is also present in the ‘distannates’, M2Sn,O, (M = lanthanide 
elements, Bi),*°**?8 and most ‘metastannates’, MSnO; (M = Li, Tl, Mg, Ca, Sr, Ba, Mn, Cd, 
Pb).*°***° The potassium and rubidium metastannates, however, have unusual square 
pyramidal five-coordination for tin, and the solid contains infinite [SnO3]=~ polyanions as 
shown in Figure 12.%4°347 

Figure 12 The structure of the infinite [SnO,]..°~ polyanions in M,SnO, (M= K, Rb) 

Potassium, rubidium and cesium orthoplumbates M,PbO, (M=K, Rb, Cs i : z —™ Ry, ) all t 
isolated [PbO,] tetrahedra, as does Rb3NaPbO,.**3°° The bnonere of the SMa Li,PbO3, like Li.SnOs, is a variant of the NaCl lattice, with octahedrally coordinated lead 354 
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whilst the diplumbate, K,Li,(Pb2Og),° and the triplumbates, M>Li,4(Pb30,4) (M=K, Rb, 
Cs),*°° contain the discrete [Pb,Os] (44a) and [Pb30,,] (44b) units respectively. Sodium 
plumbate(II), Na,PbO.2, has a layer lattice,*°* although the analogous silver salt contains 
infinite [PbO,]2°~ chains.>*° 
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The structures of heavier chalcogenide analogues of the silicates, germanates and stannates 
are largely based upon the tetrahedral [MX,] unit. Isolated orthothiosilicate anion, [SiS,]*-, 
and all six orthogermanate and orthostannate anions, [MX,]*~ (M=Ge, Sn; X=S, Se, Te), 
have been characterized.*°°° Three types of binuclear anion are known. The [M)S7]°~ 
(M = Si, Ge, Sn)*°73%3° and [M2X.]* (M=Ge, X=S, Se; M=Sn, X = S)* 7 are formed 
by the vertex sharing (45) and edge sharing (46), respectively, of two [MX] tetrahedra, but the 
tellurium derivatives, [M2Te.]* (M=Si, Ge, Sn), contain the metal—metal-bonded arrange- 
ment (47) with a staggered conformation.**°” The metathiometallates, Na,GeS3°”! and 
K,SnS3-2H,0,°” form infinite [MS3]?~ chains, whilst Eu;Ge3S,°” contains the cyclic [Ge3So]°~ 
anion. A two-dimensional sheet structure is present in La,GeS,,°’* formed as with the 

metathiometallates by the vertex sharing of tetrahedra. The tetranuclear anions, [Ge,S,o]*", 
[Ge,Seio]*~ and [Si,Te,0]*~, adopt a central adamantane-like framework, but may be more 
consistently described as being composed of four [MX,] tetrahedra each sharing two vertices 
with adjacent tetrahedra.*°’?”°”8 The [Ge,Te,0|® anion, however, has the cyclic structure 
[Te(GeTe,)4Te].*”” Not unexpectedly, higher coordination numbers are observed with tin. In 
TLSn.S;, the tin has a five-coordinated distorted trigonal bipyramidal geometry,*®° and a 
six-coordinated distorted octahedral geometry is observed in the lanthanide thiostannates, 
La SnS, 29138? Fe,SnS,°°? and Mn2SnS,.7*4 
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26.3.6 Tetravalent Compounds of Groups IV, V and VI 

Compounds containing bonds to elements of Groups IV, V and VI illustrate the rather sharp 
distinction in the structural chemistries of silicon and germanium on the one hand and tin and 
lead on the other. The coordination chemistries of silicon and germanium are very similar 
indeed, and tetrahedral four-coordination is overwhelmingly the rule. Tin and lead compounds 
in contrast endeavour, wherever possible, to adopt structures containing coordination numbers 
higher than four, the most common being five and six, although examples of seven and eight 
are known as well. 
Compounds containing four bonds to carbon are almost without exception four-coordinate 

and tetrahedral, although bond distances vary somewhat. Bonds to electronegative organic 

ligands are generally longer and weaker, and hence more susceptible to cleavage. For example, 

the Pb-C (cyclopentadienyl) distance in Ph3PbCsH; is 10pm longer than the bonds to the 

phenyl groups, and the bond is easily cleaved by protic reagents; whilst the Sn—C bond 
distances in Sn[CF3], are lengthened by 6 pm compared with those in SnMe,.°8° When electron 

withdrawal from the metal is accompanied by the presence of a donor atom remote in the 

ligand, as in the ethyl ester of trimethylplumbylacetic acid, Me3PbC(N2)CO2Et, weak 

intermolecular association with five-coordination for the metal can occur (48) in spite of the 

presence of four lead—carbon bonds.**” 
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Similarly, compounds containing metal—metal bonds are four-coordinated, except in the case 

of the 1,2-bis(dicarboxylato)ditin compounds, (RCO2)R2SnSnR2(O2CR), which have the 

structure (49) where the carboxylato groups span the tin—tin bond.*** 

O 
Me,, : R 

‘Pb—Me 
Me™ | oC 

R) R sinc x Wega ras Sg — So CH; o N re 
I * 7 is S & 
O N R' AO R 
| 
Pb R 

(48) (49) 

In contrast to other disiloxane derivatives, the SiOSi framework in Ph3SiOSiPh3 has 
unexpectedly been found to be linear*”’ (cf. other disiloxanes and related compounds, e.g. 
MeH,SiOSiH,Me, MezHSiOSiHMe, and Me2SiOSiMe;3,°”’ Ph;GeOGePh;,*” Ph3SnOSnPh3*”* 
and Ph3SiOPbPh3°” which are bent at oxygen). The MOM frameworks in hexabenzyldiger- 
moxane and hexabenzyldistannoxane are also linear, and the phenomenon in all three compounds 
was attributed to the low electronegativity of the metal coupled with the electron-donating 
character of the organic group.*” 

Both di-tert-butylsilanediol*”° and the analogous di-tert-germanediol*” form hydrogen- 
bonded one-dimensional chain structures. Diorganodichlorosilanes and -germanes undergo 
hydrolysis to form cyclic compounds of composition (R2MO), where n = 3, 4, 5, 6, as well as 
polymeric material. All contain approximately tetrahedrally coordinated metalloid, although 
the exact conformation adopted by the heterocyclic rings depends upon the organic substituent 
and the ring size. The four-membered [Si,O2] ring compound, tetramesityldisiloxane, obtained 
by the aerobic oxidation of tetramesityldisilene is rather intriguing. The most striking feature of 
the molecule is the transannular Si—Si distance (only 231 pm), which is actually shorter than a 
typical Si—Si bond distance (234.pm), and suggests the retention of some Si—Si bonding. 
Further, the two Si—O bond distances are longer than usual and unequal, and the SiOSi angle 
is highly constrained (86°). Further, treatment with lithium naphthalide followed by quenching 
with water yields the disilane-1,2-diol, Mes2Si(OH)—Si(OH)Mes2. Hence, the representation 
(50) is probably a truer description of the bonding than a conventional four-membered 
disiloxane ring (51).*°°8 No analogous transannular Si—Si interactions occur in other four- 
membered ring systems such as Ph,SiNPhSiPh,NPh,?% (Bu'O),SiSSi(Bu'O)S,*” 
Me,SiSSiMe-$ ,4 Cl,SiCH,SiCl,CH,*? and Ph,Si,.“° 
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The sesquisiloxanes, (RSiO; 5), (n =4, 6, 8, 10, 12), adopt a variety of molecular cage 
structures (Figure 13).*°*“°8 The tert-butylgermanium sesquioxide, (Bu'Ge),Oo, has the same 
structure as its silicon analogue.*” 

The sharp antithesis between the molecular structures involving four-coordinated silicon and 
germanium and the diorgano-tin and -lead oxides, (R2MO), (M= Sn, Pb), and the stannonic 
and plumbonic acids, [RM(OH)O],,, is astonishing for these latter materials are insoluble and 
infusible amorphous solids. No X-ray data are available, but the principal structural element in 
all of them is most probably the four-membered [M2O,] ring. The tin compounds are much 
more studied than their lead counterparts. Indeed, of the plumbonic acids, only PhPb(OH)O 
has been characterized satisfactorily.*!° Spectroscopic data indicate a cross-linked, three- 
dimensional network such as (52) for the diorganotin oxides, where the stereochemistry of the 
tin atoms is close to trigonal bipyramidal with equatorial organic groups. The other materials 
most probably possess similar gross structures exhibiting the same major features. Cross-linking 
is, however, apparently prevented by bulky ligands, and di-tert-butyl- and_ bis[2,6- 
diethylphenyl]-tin oxides crystallize as trimeric molecules (53) with a planar [Sn3O3] ring.*1!4! 



Silicon, Germanium, Tin and Lead 207 

R 
| R 

pias tele, Bg caaeg 22h Qo Oe As 
0 ‘i oases 0 ae \ : 

\ P pp des 

i——— R Si SiO ie Ce 
R ‘7 ena Sart 

r R 
Si Rises 

3 ee ss 3 _ z = wh eae. 

‘Si dj ie Nace 4 \ Ye Sk 
eo pre x a % 7 0 

ee Se aes J ae \ Se 
| ty 0 si \ \e ox oe 

i Fe i, ea: : ee oo Oe | 

‘ \ / Ay / Re Ro aoa Cs : i Dein 5° ‘| 0 0 0 om \ ee 

Ne! } eC WPA 
SS ee Ro Se Ne R 

R R R 

R,Sn R,Sn 

Pox Aen 
—O O—R,Sn —-SnR,—O 

ey, ve Niza 
R.Sn ap 

O R,Sn O 

—_R,Sn oye ee SnR,— 
Li EC lg r 

O R,Sn O \ R 

R {. R L R OS 
Bi US a eA ~~ 5 

Rss O R,Sn R Ores 

| | | i >R 
(52) (53) 

Much better characterized are the intermediates obtained from the hydrolysis of di- and 
mono-organotin halides or carboxylates. Hydrolysis of di-tert-butyltin dichloride gives initially 
di-tert-butyltin chloride hydroxide, Bu5Sn(OH)Cl, which has the hydroxyl-bridged chain 
structure (54). Further hydrolysis yields a poorly defined dihydroxide, which readily dehydrates 
to the oxide. With less bulky organic groups, two intermediates can be isolated from the 
hydrolysis reaction, the 1,3-dichlorodistannoxanes, [CIR,SnOSnR,Cl],, and the 1-hydroxy-3- 
chlorodistannoxanes, [((HO)R2SnOSnR,Cl],. Both types are dimeric, with structures (55) and 
(56) respectively, and contain the central four-membered [SnO,] ring and five-coordinated 
timtesttoc In the corresponding dimeric 1,3-dicarboxylatodistannoxanes, 
[(RCO,)R3SnOSn3(O2CR)},, one carboxylate group is unidentate, whilst the other functions as 
a bridging ligand connecting both types of tin atom (57).*>*”” Similar ‘ladder’-type structures 
have also been characterized in [CIPh,SnOSnPh,Cl],,*** [CIPh,SnOSnPh,(OH)],*% and 
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e.Sn],O}.*!9 and the tristannoxane, {(N3)Bu,SnOSnBu,OSnBu;(N3)}2.” Trior- 

Massage sala pee hydroxides,‘71#? alkoxides***°_ and oximes*”° show a marked 

tendency to associate into one-dimensional chain polymers in which planar [R3Sn] units are 

bridged by oxgyen atoms as in (58). Steric crowding at either the metal or oxgyen reduces this 

tendency towards association. Thus, whereas trimethyltin methoxide has the associated 

structure (58), tri-n-butyltin methoxide is an oil where association 1s negligible. Méssbauer 

spectroscopy may also be used to detect structural changes along homologous series. For 

example, in the series of cyclohexanone oxime derivatives, R3SnON=C¢Hio, both the 

quadrupole splitting and the recoil-free fraction temperature coefficient decrease in the order 

Me > Et > Pr"> Ph as the group R increases in size, consistent with a change in structure from 

the linear polymer (58), characterized by crystallography for the trimethyltin derivative, 

through the more loosely associated structure (59) with non-planar [R3Sn] moieties for the 

ethyl and n-propyl homologues, to ultimately a lattice comprised isolated molecules (60) for 

the phenyl compound.*””*** Similarly with lead, the trior anolead methoxides, R3PbOMe, are 

postulated to have the associated structure (58),*** but triphenyl(triphenylsiloxy)lead, 

Ph3PbOSiPh;, is monomeric.*”” 
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Similar polymeric chain structures are adopted by several other types of triorganotin and 
triorganolead derivatives including carboxylates, oxyacid derivatives and pseudohalides, and 
examples are listed in Table 9. Some of the chains are linear, others helical, but the most 
unusual, and at present unique, solid state structure of this type is the cyclic hexamer formed 
by triphenyltin diphenylphosphate, Phz;SnO,P(OPh), (Figure 14).*°° Observed structures of 
triorganotin carboxylates fall into several categories. The majority, including trimethyl-, 
trivinyl-, triphenyl- and tribenzyl-tin carboxylates (and also trimethyl- and triphenyl-lead 
acetates), possess the rather tightly bound one-dimensional polymeric structure (61), with the 
carboxylato groups strongly bridging in the usual syn,anti fashion planar triorganotin residues. 
Tricyclohexyltin carboxylates, although having been previously misrepresented as examples of 
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Figure 14 The hexameric structure of Ph,SnO,P(OEt), (reproduced by permission from Inorg. Chem., 1982, 21, 960) 

monomeric triorganotin carboxylates with unidentate carboxylato ligands and four-coordinated 
tin (as in 62), have a similar one-dimensional structure, although the syn, anti bridging is longer 
and weaker. The only characterized example of a monomeric triorganotin carboxylate is the 
very sterically crowded, triphenyltin o-(2-hydroxy-5-methylphenylazo)benzoate, which adopts 
not a tetrahedral geometry (63) but the distorted trigonal eee structure (64) where the 
carboxylate group chelates via axial and equatorial sites.**’ 
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Table 9 Examples of Triorganotin and Triorganolead Compounds Containing Metal—Oxygen, 

—Sulfur or —Nitrogen bonds Exhibiting One-dimensional Associated Structures 

Compound Ref. Compound Ref. 

Me,SnOH a Me,SnNO, m 

Ph,SnOH b Me,SnO,SMe n,o 

Ph,PbOH b Me,SnO,SeMe p 

Me;SnOMe c Me,SnO,P(OH)Ph q 

Me,SnON=C,Ho d y 
Me,SnO,CMe e Ph,PbO NO r 

Me,SnO,CCF, e 

0 

(Me3;SnO,C)CH, f 
Me,SnO,CH,NH, g s 
Ph,SnO,CMe h 

(CH,=CH),Sn0,CCI, i 
(PhCH,),Sn0,CMe j 
Me3PbO,CMe k Me3Sn—N t 
Ph3,PbO,CMe 1 
Me3SnN(CN), Ww 

O 

Me,SnN:C:NSnMe, x Me,SnNCO-Me;SnOH u 
Me;SnN, y Me;SnN(Me)NO, v 
Me3PbN; Zz Ph,SnNCO ce 
Me,SnNCS aa Ph,PbNCO dd 
Ph,SnNCS bb itech mR ee 

ae 
(CcH,);SnN_ e ff 
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Triorganotin acetylacetonates** and N-acylhydroxylaminates*****> exhibit contrasting be- 
haviour, and have the cis trigonal bipyramidal structures, (65) and (66). 
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[Tris(pyrazolyl)borate](trimethyl)tin, [HB(pz)3]SnMe3, (67) is unique, being the only authen- 
ticated example amongst triorganotin compounds of six-coordination.**° 
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Few structural data are available for the corresponding diorgano-tin and -lead derivatives of 
these ligands, but their behaviour appears to be broadly similar. Carboxylato and oxyanion 
ligands form bridged structures, although the nitrate group functions as a chelating ligand, as 
do the acetylacetonato and N-acylhydroxylaminato groups. Thus, the anhydrous dicarboxylates 
are believed to possess the bridged polymeric structure (68) in the solid, which breaks down in 
solution to the monomeric species (69). Both have a trans [SnC,O,] geometry. The structure of 
one diorganolead diacetate, [Ph2PbCO2CMe).]2.-H2O-CsH., has been determined, although 
this is probably unrepresentative of the general class of compound, but nevertheless notable. 
Crystals of this compound comprise binuclear units (Figure 15), in which both the lead atoms 
have a pentagonal bipyramidal geometry with the phenyl groups occupying axial sites. Each 
lead is chelated unsymmetrically by two acetate groups, one of which bridges both metals. The 
water molecule is coordinated to one lead and forms a hydrogen bond with an acetate group 
chelating the other.**” Diphenyllead diacetate readily accepts further acetate ion to form the 
[Ph,Pb(O,CMe)3]~ anion, which has the hexagonal bipyramidal structure (70).*** Dimethyltin 
bis(fluorosulfonate), Me,Sn(OSO2F)2, has a polymeric sheet structure*® and the dimethyltin 
phosphate, (Me2Sn)3(PO,)2°8H2O, an infinite ‘ribbon’ structure,“ both with trans [SnC,O,] 
geometry at tin. 
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The stereochemistry of molecular six-coordinated dimethyltin derivatives can vary substan- 
tially from the cis [SnC,O,] geometry (71), adopted by dimethyltin bis(oxinate)**’ and 

COC3-H 
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Ph Ph 

Figure 15 Schematic representation of the structure of [Ph,Pb(O,CMe),],-H,0 

Me,Sn(ONHCOMe),,*” to the trans [SnC,O.4] geometry (73) of bis(acetylacetonato)dimethyl- 

tin, in which the [CSnC] group is linear and the acetylacetonato group chelate the tin atom 

symmetrically. A number of compounds, however, exhibit a geometry (72) intermediate 

between these two extremes, including Me2Sn(NO3)2,*“ bis{ (salicylaldehyde)ethylenedi- 

iminato}dimethyltin,“”° Me,Sn(ONMeCOMe),“© and Me,Sn(ONHCOMe),-H20." The 

difference in stereochemistry between Me,Sn(ONHCOMe), and its monohydrate is quite 

surprising, and illustrates the rather large effect that hydrogen bonding networks and crystal 

packing demands can have upon the stereochemistry adopted about the tin atom. 
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(71) (72) (73) 

Little is known concerning the structural chemsitry of monoorganotin and monoorganolead 

derivatives. IR and colligative data suggest the seven-coordinate structure (74) for 

monoorganotintris(carboxylates),“” similar to that determined for methyltin trinitrate (75)4* 

Tin(IV) nitrate,“ and tin(IV) and lead(IV) acetates**°*** have an eight-coordinated dodeca- 
hedral structure (76). 

R'C panel: Me Oo 0 
\ i Para: ONS oly NO o [vo O30 oo CA\\ g| A Laws 
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(74) (75) (78) 
Silicon and germanium compounds with coordination numbers greater than four are much 

less abundant than for their heavier congeners. Silicon(IV) acetate, Si(O.CMe),, is tetrahedral 
with unidentate acetate groups,*? but the metalloids are six-coordinated in the anions, 
[M(O.CMe).]*>> (M=Si, Ge).*°? Unusually short intermolecular Si—O, Si---O=C and 
Si---S=C interactions have been detected in crystalline samples of silyl acetate, H3SiO2CMe, 
and silyl thioacetate, H;SiO(S)CMe, at low temperatures, but under normal conditions silyl 
carboxylates, like the alkoxides, are monomeric.****°> Other examples of five- and six- 
coordinated compounds, which generally need to contain fewer than two bonds to carbon, 
include octahedral species such as the [Si(OH)2(bipy)2]"* cation,*°° and tris(oxalato)- and 
tris(acetylacetonato)-metal (2 — ) anions,*’’“®* and the neutral compounds (77)*™ and (78),*° 
as well as mainly five-coordinated derivatives of chelating ligands. The most widely investigated 
class of five-coordinated compound are the silatranes and germatranes, which have a trigonal 
bipyramidal geometry as in (79) with short M<-N transannular interactions.“*” Electron 
diffraction studies on methylsilatrane, however, indicate that this type of bonding interaction is 
absent at higher temperatures.* Several other related compounds which exhibit transannular 
M---N interactions are known including [iminobis(ethyleneoxy)]diphenylsilane (80),*” sila- 
tranones and germatranones (81)*”4”> and 2-carbagermatranes (82).*”? Stannatranes are 
similar, but are associated into the trimeric units (83) with octahedrally coordinated tin in both 
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solution in apolar solvents and the solid phases.*”° In donor solvents, this association is 
broken down, and the mononuclear species (84) exist in water and DMSO. In contrast, 1-alkylthiostannatranes are monomeric in all solvents.478 

(77) (78) (79) 

om UES . aie : a0 

Ph 

(80) (81) 

oe Me Me 

he be NS fem lon paleo ie ae 
OMe se xc? o [sr 

Me 

(83) (84) D=H,0, DMSO 

The geometry of all the five-coordinated compounds described thus far is, or is very close to, 
a trigonal bipyramid. Examples of the alternative five-coordinated geometry, the square-based 
pyramid, are much rarer in Group IV chemistry, although several are known with geometries 
intermediate between the two extremes along the Berry pseudorotation coordinate.‘3!~+* 
Idealized square-based pyramidal geometry is favoured over the trigonal bipyramid by the 
presence of two large unsaturated chelating ligands with like atoms bonded to the central 
Group IV element. Thus, the bis(naphthalene-2,3-dioxy)phenylsilane(1 — ) has an almost ideal 
square-based pyramidal structure, being 97.6% displaced along the Berry coordinate. 
Displacements along the Berry coordinate for other examples are shown in Table 10. 

Associated structures are far less prevalent in compounds containing bonds to the heavier 
chalcogenides. Triorganotin and triorganolead thiolates, RsMSR’ (M=Sn, Pb), are mono- 
meric and tetrahedral like their silicon and germanium counterparts.**°“*° Weak intermolecu- 
lar Sn—--N and Pb---Br interactions do, however, occur in Ph3;SnSC;H,N-4*7! and 
Ph3PbSC,H,Br-2*” respectively, causing severe distortion of the geometry at the metal towards 
a trigonal bipyramid. Likewise, bis(triphenylgermanium)sulfide,*”” and_bis(triphenyltin)- 
sulfide*”? and -selenide*** are monomeric molecules, which are bent at sulfur or selenium and 
contain tetrahedrally coordinated metal atoms. The corresponding diorganometal chal- 
cogenides form ring structures (cf. the associated polymeric structures formed by diorganotin 
oxides), most commonly a cyclic trimer (85) with a twist-boat conformation.*° However, with 
bulky organic substituents, a four-membered ring may be stabilized. Thus, di-tert-butyltin 
sulfide, selenide and telluride, [Bu,SnX], (X = S, Se, Te), exist as the dimers (86) with a planar 
central [Sn2X,] ring.*°° Some diorganotin sulfides may also exist in a polymeric modification of 
lower solubility and higher melting than the trimeric form, and probably have the same linear 
polymeric structure (87) as that characterized for diisopropyltin sulfide.*?’ The monoor- 
ganometal sesquisulfides generally crystallize with the adamantane skeleton (88).4°°™ 
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Table 10 Selected Examples of Five-coordinated Species Showing Sig- 

nificant Distortions towards the Square-based Pyramidal Geometry 

Species Displacement* Ref. 
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., Percentage displacement along the Berry pseudorotation coordinate. 
RR. Holmes, R. O. Day, J. J. Harland and J. M. Holmes, Organometallics, 1984, 
3, 347. 
“Two crystallographically independent species, J. J. Harland, R. O. Day, J. F. 
Yollano, A. C. Sau and R. R. Holmes, J. Am. Chem. Soc., 1981, 103, 5269. 
RR Holmes, R. O. Day, J. J. Harland, A. C. Sau and J. M. Holmes, 
Organometallics, 1984, 3, 341. 
FRLO: Day, J. M. Holmes, A. C. Sau and R. R. Holmes, Inorg. Chem., 1982, 21, 

1, 
“A.C. Sau, R. O. Day and R. R. Holmes, Inorg. Chem., 1981, 20, 3076. 
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In contrast to a carboxylato and other oxyanion ligands, dithio ligands such as dithiocarba- 
mate and dithiophosphate function as unidentate ligands in their triorganotin and triorganolead 
derivatives.#°°°°' > When two or less metal-carbon bonds are present, however, chelation by 
these types of ligands occurs. In the dimethyltin bis(dithiocarbamates), Me,Sn(S,CNR>)> 
(R=Me, Et),%°° and the diphenyltin and diphenyllead dithiophosphoridates, 
Ph2Sn[S,P(OEt)2]2,°°° and Ph2Pb[S,P(OPr').],,° the ligands chelate in an anisobidentate 
fashion allowing the CMC bond angle to close significantly, but in Ph2Sn[S,P(OPr').],, the 
[CSnC] linkage is linear and the dithiophosphate groups chelate symmetrically.°°’ Methyltin 
tri(diethyldithiocarbamate) has a distorted pentagonal bipyramidal geometry, in which two 
dithiocarbamato groups chelate via equatorial sites whilst the third spans the remaining 
equatorial and an axial position.°™ 

The most significant feature in the structures of compounds containing bonds to nitrogen is 
the planar skeleton about nitrogen exhibited by some including, inter alia, trisilylamine, 
(H3Si)3N,°? (MeH,Si)3N,°?° (F2P)(H3Si)2N,>" (F2P)2(H3Si)N,>"? (F2P),GeNH,°" and 

(Me3Sn)3N.°’ In these compounds, the metal—nitrogen bond is generally somewhat longer 
than in others where the geometry at nitrogen is pyramidal, e.g. (Ph,MeSi)3N.°° In 
silylamines, MezZHSiNMe2, MeH,SiNMe, and H3SiNMe2, the nitrogen atom has a shallow 
pyramidal configuration.°'* The similar silylphosphines, H3SiPH,Me_, ( = 0-2), are pyrami- 
dal at phosphorus.*’* >!” Planarity at nitrogen has been attributed to (p> d)z interactions 
between the filled p, orbital on nitrogen and vacant metal d orbitals. Theoretical calculations 
have shown that such interactions are most important for silicon, but even in this case planarity 
at nitrogen was ascribed principally to electrostatic interactions.*'*°'? Unlike other trimethyl- 
stannylamines, which accogding to Mdssbauer spectroscopy are monomeric,” trimethyltin 
aziridine is associated in the solid (89) but is dimeric in solution (90).°” 

whe 
N 

Me;Sn SnMe;3 

hunee ss Pa 

ES): HS 
(89) (90) 

With phosphorus, a remarkably diverse range of ring and cage frameworks are formed. 

Three-membered [MP2] (M=Si, Ge, Sn) rings (91) are obtained by steric crowding at 

phosphorus and the Group IV element.” ° That in Ph2Si(PBu’), is an almost perfect 

equilateral triangle. Both diastereoisomers of the tetraphospha-3-silaspiro[2.2]pentane (92a) 

and (92b) have been characterized.**° Many different four-, five- and six-membered ring 

systems have been synthesized, although few structures have been determined. Examples of 

these, together with some examples of cage frameworks, are illustrated in Figure 16:°°>>*2. The 

dimethylsilylarsine derivative, As,(SiMe)., has the adamantane structure (93).°* 



216 Silicon, Germanium, Tin and Lead 

R 

> 
“Np 

* ke es 
| R B P Be po l : R 

R \p R ane ore we: 

Se ro \/ eb 
ae ae Ble oa A 

R | RP_/ PR p. 

R’ R R 

Bu' t t Bu' Bu‘ 
: , Bu Pa: | fl 

jaa a Ph a Ph es 

‘ie ee | Ge Ge Bu'—P P—Bu' 

Bui’ Ge Bu' v5 \ Me bee 
oe Ph Ph JZ 

ee a Ph Ph 

Ph Ph Et Et 

Nee Bu' \; frobiciy,o4 gu 
ss " Piigtonry po 

Bu'— P—Bu' “ARIE mu PhP PPh 
| 

Bu'—P P—Bu' we ne ogingye.: Bu,Sn SnBu, 

Ge Bu‘ Sn Bu Pp 

actin: Ph 
Ph Ph Ets: (Bt 

2 P P 
a Oy ate 

Me,Si~ Wy gane Me.Sn \ SsnMe, Me2SngnMe,52Mez 

LipMessi iced oP sane SnMe, Bu'— “ | a iMe, apne f = 2 Me.Sn Mes 

P. R 5 

Messi / si Messi / si R Ph P—sn 
é SiM USE, | 

SIME? « er PhP PhP PPh " 
P io he | ye od 

ra ca apt, Bi) A R Pe 
Me.Si Me,Si Sim Ph Ph 

~~ p__— SiMe, qeamaresta iMe, 

Figure 16 Examples of ring and cage structures formed by organo-silicon, -germanium and -tin phosphines 
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26.3.7 Bivalent Compounds Containing Bonds to Elements of Groups IV, V and VI 

Simple o-bonded bivalent dialkyl or diaryl compounds of germanium, tin and lead of the 
type R.M (M= Ge, Sn, Pb) are not stable. Rather, attempts to generate such compounds 
always result in the formation of isomeric, metal—metal-bonded oligomers (94), which contain 
tetravalent metal atoms.*4°>° Predictably, this facile polymerization process may be precluded 
by employing a sterically crowded organic group, and_ bis(bis(trimethylsilyl)methyl- 
germanium(II) and -tin(II) are monomeric, angular compounds (95) in the vapour and in 
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solution.*°*°°* In the solid phase, however, dimerization to the trans bent structure (96) 
occurs. $51,552,555 

R RRR (Me;Si),CH CH(SiMes), 
i et x M—M== CH(SiMe;), 

—M—M—M—M— we 4 » 

| | | | (Me,Si).CH (Me;Si),CH f 

Ba . (Me,Si),CH 
(94) (95) (96) 

The nature of the metal-metal bond in these compounds is somewhat controversial. Initial 
interpretation of the bonding in terms of a double ‘banana’ bond are probably unrealistic,>° 
albeit supported by theoretical calculations on the prototype dimetallenes, H,.M:MH, 
(M = Ge, Sn).***°°” A more recent theoretical description of distannene, however, favours the 
singly bonded biradical structure (97), in which the unpaired electrons can interact conjuga- 
tively across space giving rise to a a or -type bond, or o-conjugatively via the Sn—Sn o 
bond.*** The corresponding lead compound, Pb[CH(SiMe;)2]2, has also been synthesized, but 
its structure is as yet not known.>” 

(97) 

Cyclopentadienyl derivatives form the largest class of bivalent organometallic compounds 
and many are known (Table 11). All the bis(cyclopentadienyl)metal* compounds have the 
angular sandwich structure (98),°°°° except for bis(pentaphenylcyclopentadienyl)tin®” in 
which the two cyclopentadienyl rings are parallel and staggered (Figure 17). Stannocene itself 
has been the subject of extended Hiickel,»? SCF X,. scattered wave*® and MNDO 
calculations,°°® which give generally good agreement between experimentally observed and 
calculated structural parameters for the angular sandwich geometry and place the non-bonding 
electron pair in a highly directional orbital ca. 2eV more stable than the HOMO. Calculated 
metal—carbon distances for the (unstable) isomer with enforced Dszg symmetry are, however, 
substantially shorter (247 pm)°*> than those observed in decaphenylstannocene (268.6- 
220.5 pm)°°’ indicating steric repulsion as the cause of the parallel ring structure in this case. 
Cyclopentadienylgermanium chloride, CsH;GeCl,°° and pentamethylcyclopentadienylger- 
manium chloride, C;Me;GeCl,°© also have angular structures in the gas phase, but additional 
Sn———Cl intermolecular contacts are present for cyclopentadienyltin chloride in the solid.°” 

Cleavage of the rings is very facile.°’’°’? Treatment of pentamethylstannocene with 
tetrafluoroboric acid affords the pentamethylstannocenium salt, Cs;MesSn*BF; (99),°°?°7° 
analogous to stannocenium tetrachloroaluminate, CsHsSn* AlCl; , obtained by the reaction of 
C;H;SnCl with aluminum(III) chloride.°’”’ The germanocenium®® and stannocenium 
cations,°°® °° C;sH;M* (M=Ge, Sn), too, have been the objects of theoretical study with 
reasonable agreement with observed data for CsMesSn*. The two studies of CsH;Sn* do, 

however, disagree over the ordering of the molecular orbitals. 

Sn BY 
Me__ \ _-Me 4 

Me Me 

Me 

(98) | (99) 

* The trivial nomenclature germanocene, stannocene and plumbocene appears to have been universally adopted for 

these compounds. 
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Table 11 Examples of Cyclopentadienyl Derivatives of Bivalent Germanium, Tin and Lead 

Compound Ref. Compound Ref. 

(C5H;),Ge a (CsMes)2Sn h 
(C3;H,Me),Ge b (C;Ph,;).Sn i 
(C;Me;).Ge c C;H,SnCl j 
C;Me,;GeCl c [C;Me,Sn]* BF, h 

(CsHs),Sn d [(CsMes)Sn(bipy)] “O3SCF, k 
(CsH,4Li)2Sn e (C5H;)2Pb l,m 

{[(Pr2N)2P]CsH4}2Sn e (CsMes)2Pb d 
(C5Hs)(Cs;H,COR)Sn f [(Me,Si),,CsHs_,,]2Pb n 
(R = Me, OMe, OEt) (n = 1-3) 
[1,2,4-(Me3Si)3C;H2].Sn g C;H;PbCl ° 

“M. Grenz, E. Hahn, W. W. DuMont and J. Pickardt, Angew. Chem., Int. Ed. Engl., 1984, 23, 61. 
J, Almléf, L. Fernholt, K. Faegin, A. Haaland, B. E. R. Schilling, R. Seip and K. Taugbol, Acta Chem. 
Scand., Ser. A, 1983, 37, 131. 
“L. Fernholt, A. Haaland, P. Jutzi, F. X. Kohl and R. Seip, Acta Chem. Scand., Ser. A, 1984, 38, 211. 
“J. L. Atwood, W. E. Hunter, A. H. Cowley, R. A. Jones and C. A. Stewart, J. Chem. Soc., Chem. 
Commun., 1981, 925. 
“A. H. Cowley, J. G. Lasch, N. C. Norman, C. A. Stewart and T. C. Wright, Organometallics, 1983, 2, 
1691. 
Te Dory, J. J. Zuckerman and M. D. Rausch, J. Organomet. Chem., 1985, 281, C8. 

® A. H. Cowley, P. Jutzi, F. X. Kohl, J. G. Lasch, N. C. Norman and E. Schliiter, Angew. Chem., Int. Ed. 
Engl., 1984, 23, 616. 
nips Jutzi, F. Kohl, P. Hofmann, C. Kriiger and Y. H. Tsay, Chem. Ber., 1980, 113, 757. 
'M. J. Heeg, C. Janiak and J. J. Zuckerman, J. Am. Chem. Soc., 1984, 106, 4259. 
’K. D. Bos, E. J. Bulten and J. G. Noltes, J. Organomet. Chem., 1975, 99, 71. 
PRXG Kohl, E. Schliiter, P. Jutzi, C. Kriiger, G. Wolmershauser, P. Hofmann and P. Stauffert, Chem. 
Ber., 1984, 117, 1178. 
eA Almenningen, A. Haaland and T. Motzfeld, J. Organomet. Chem., 1967, 7, 97. 

™ C. Panattoni, G. Bombieri and U. Groatto, Acta Crystallogr., 1966, 21, 823. 
"P. Jutzi and E. Schliiter, J. Organomet. Chem., 1983, 253, 313. 
wAGK. Holliday, P. H. Makin and R. J. Puddephatt, J. Chem. Soc., Dalton Trans., 1976, 435. 

Figure 17 The structure of decaphenylstannocene, (C;Ph;)Sn, viewed along the five-fold axis (reproduced by 
permission from J. Am. Chem. Soc., 1984, 106, 4259) 

Pentamethylgermanocenium and pentamethylstannocenium salts, C;Me;M*X~ (M = Ge, Sn; 
Xx” = CF3SO3 or BF;), react with nitrogen donors such as pyridine, pyrazine and 2,2’- 
bipyridine to form adducts. In both of the cations, [CsMe;Sn-L]* (L=C;H.N, CioHsN2), the 
bonding of the cyclopentadienyl ring to the tin atom relaxes from 7° towards n?/ n°. The gross 
structure of the pyridine complex, [(CsHsN)Sn(CsMe;)]*[O3SCF3]~, is a chain structure in 
which the anions link adjacent [(CsHsN)Sn(CsMes)]* cations. In contrast, crystals of the 
corresponding bipyridine salt comprise isolated [(CioHsN2)Sn(CsMes)]* and [CF3SO;]~ ions.> 8,579 

_ Functionally substituted stannocene and plumbocene derivatives may be obtained either by ring substitution (equations 8 and 9) ,°****? or by metathesis (equations 10 and hers 
Both the bis-alkyl derivatives, [(Me3Si),CH].M (M=Ge, Sn, Pb) and the metallocenes, 

(CsHs)2M (M = Sn, Pb), function as two-electron donors towards both transition metal and main group metal Lewis acid centres forming complexes of the types [(Me;3Si)»CH],M: > 
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(CsHs)2Sn: Mn(CO)(CsH4Me),°” [(CsHs)2SnFe(CO)4]2,>? (CsH4R)2Sn: = AlX, (R = H, Me; 

X = Cl, Br)°** and (C;H;)2Pb: > BF3.°” The constitution of the latter complex, however, must 
be placed in doubt since the analogous tin complex*”* has been shown by X-ray crystallography 
to have a very complex polymeric structure, perhaps best formulated as {[BF,]~(u-n°- 
CsHs)2Sn[u-7n°?-CsHsSn]*THF},.°?° 

Closely related to the cyclopentadienyls are carbaborane derivatives, where the bivalent 
Group IV metal occupies a vertex of the carbaborane framework. The closo-dodecacarboranes 
(100) (M = Ge, Sn, Pb) are very stable indeed, and may be sublimed unchanged in vacuo at 
high temperatures.°*° The smaller C-trimethylsilyl-substituted stannacarboranes (101) (R = H, 
Me, SiMe3) are also stable enough to be sublimed,°’’°”? but the similar plumbacarboranes 
(102) (R=H, Me) decompose at room temperature in vacuo although they can be stored 
indefinitely at 0 °C.°*? The stannacarboranes do not react with either BH3;-THF or BF; to form 
donor-acceptor complexes, indicating that the lone pair occupies an orbital of non-directional 
character. 1-Stanna-2,3-dimethyl-2,3-dicarba-closo-dodecacarborane, Sn(Me2)C,B Hy, can, 
however, function as a Lewis acid, forming a 2,2’-bipyridyl complex (Figure 18). As with the 
metallocene adducts, complexation is accompanied by a ‘slippage’ from 7° bonding, and this 
complex may be regarded as an n°-borallyl complex. 
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Figure 18 The structure of Sn(Me),C,ByH:bipy nig TT a permission from J. Chem. Soc., Chem. Commun., 

Both tin and lead form n°-arene complexes, although the arene is much more weakly bound 

to the metal than in similar complexes of Group VI transition metals. The tin and lead 

complexes, [(CsH.)M-:(AICl4)2°CsH«] (M=Sn, Pb), are isomorphous, and comprise one- 

dimensional chain structures (Figure 19) with bridging tetrachloraluminate groups.” The 

structure of the related complexes, [ArSnCl(AICl.)}2 (Ar = CoHo, CsH4Me>-1,4), is similar, but 

contains a central four-membered [Sn2Cl,] ring.” 

Figure 19 The structure of [(CsH,)Pb(AICI,)2]-CeH, (reproduced by permission from Inorg. Chem., 1974, 13, 2429) 

Monomeric amide, alkoxide and thiolate derivatives of germanium(II), tin(II) and lead(II) 
are only obtained with very sterically crowded ligands. Thus,  bis(2,2,6,6- 
tetramethylpiperidyl)germanium,™ the bis(trimethylsilyl)amides, M[N(SiMes)2]2 (M = Ge, Sn, 
Pb),*° _ bis(aryloxides), _ M(OCsH2Me-4-Bu}-2,6) (M=Ge, Sn, _ Pb) and the 
bis(arenethiolato)tin derivative (SnSC;H,Bu}-2,4,6)2®” are all two-coordinated with an angu- 
lar, ‘V’-shaped geometry. Otherwise, for smaller ligands, association takes place via nitrogen, 
oxygen or sulfur bridging to give dimers, trimers or polymers depending upon the steric 
demands of the ligand. Thus, tin(II) bis(dimethylamido)tin(II) exists as the dimer (103),%® 
whereas a polymeric structure such as (104) has been proposed for bis(aziridinyl)tin(II).©™ 
Crystals of the cyclic tin(II) amide, [SnN(Bu')SiMe,N(Bu')],,, comprise both monomeric and 
dimeric units.'° Similarly, _bis(tert-butoxy)-germanium(II)*" and -tin(II),“! and 
bis(triphenylsiloxy)-tin(II)"' and -lead(II)°'* are dimeric, whilst the tin and lead bis(2,6- 
didisopropylbenzenethiolates) are trimeric, and small alkoxides, M(OR), (M=Ge, Sn, Pb; 
R= Me, Et) are polymeric.®*°* Bis(triphenylsiloxy)lead(II) is unstable, and readily eliminates 
hexaphenyldisiloxane affording the cage compound (105).°'° Other similar cage compounds 
such as Sngs04(OMe), (106) formed by hydrolysis of polymeric tin(II) methoxide,* and (107)°!* 
have also been characterized. 
A relatively large number of tin—nitrogen cage structures have been characterized. The 

monomeric diazasilastannetidine, SnN(Bu')Si(Me3)NBut, is cleaved quantitatively by tert- 
butylamine to give either the ‘closed’ [Sn2SiN3] cage (108) or the ‘open’ cage (109). 
Thermolysis of the latter compound, however, results in conversion to the [Sn,N,4] cubane 
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compound (110). The analogous [Sn,N3O] cubane is obtained by hydrolysis of (109) (but not of 
110), and forms the adduct (111) with trimethylaluminum. The [Sn,N,] core is also present in 
(Me2Si)(NMe);Sn, (112), where one edge is enlarged by an [Me2Si—NMe] bridge. The 
[Sn3N,O,2] cage compound (113) has a crystallographic plane of symmetry, and may be 
regarded as a complex between the transient tert-butyliminostannanediyl, [Sn(NBu')2Sn], and 
tin(II) bis(tert-butoxide).°” 7! 
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The proclivity of these types of compound to form associated structures derives from the 

propensity of bivalent germanium, tin and lead to achieve coordination numbers greater than 

two. When additional donor sites are available within the ligand itself, coordination saturation 

at the metal can be achieved either intramolecularly or intermolecularly resulting in the 

formation, respectively, of discrete monomeric species or polymers. Thus, Gel(acac) ©” 

Ge(OCH2CH2)2NMe,°” §n(SCH2CH;).E (E=Bu'N, MeN, O, S) enc Sn(S,COMe)2,°° 

N, N'-ethylenebis(acetylideneimino)tin(II)°° and tin(II) derivatives of 1,3-diones and related 
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630-636 637-639 
compounds®”-©”* are all monomeric. Tin(II) and lead(II) carboxylates, sulfates and 
phosphates,“ on the other hand, are polymeric in nature. Nevertheless, the coordination 
polyhedra about the two metals in these types of compound does vary substantially. With 
bivalent tin, only the usual three-coordinate pyramidal and four-coordinate pseudotrigonal 
bipyramidal geometries are found, and the anionic groups function solely as bridging ligands. 
With lead, however, simultaneous chelation and bridging occurs resulting in much higher 
coordination numbers. Values of six, seven, eight or nine are not atypical, whilst the particular 
stereochemistry adopted depends upon the individual compound. Thus, for example, whereas 
tin(II) formate has a two-dimensional sheet structure in which each formate group bridges two 
adjacent tin atoms (Figure 20),°° lead(II) formate has a very complex three-dimensional 
polymeric structure with eight-coordinated lead, in which each formate group now links four 
different lead atoms (Figure 21).®° Intermolecular association is much weaker in complexes 
involving dithio ligands. Thus, crystals of tin(II) and lead(II) dithiocarbonates (xanthates), 
M[S2zCOR], (M=Sn, Pb), and dithiocarbamates, M[S,CNR2]2, generally comprise discrete 
molecules with chelating ligands.“°®! Additional intermolecular interactions are weak or 
negligible. Lead(II) bis(diethyldithiophosphate), Pb[S,P(OEt)2|2, is similar, but the cor- 
responding diisopropyldithiophosphate has a more strongly bonded chain structure.°? Tin(II) 
and lead(II) bis(diphenyldithiophosphates) are quite unusual, and possess dimeric structures, 
where the two metal atoms are linked not only by bridging dithiophosphate groups, but also by 
an 7° bonding interaction between the metal and one of the phenyl groups (Figure 22).°*-°° 

) § , 

The two  mixed-valence tin carboxylates [Sn(O,CC,H,NO oS 2-0 )40-THF and [Sn2(O2CCF3),0]2"CoH,,°° are quite unusual, and exhibit pentagonal peraiaadal ee square- based pyramidal coordination polyhedra, respectively, for bivalent tin. The former represents 
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Figure 22 Schematic representation of the dimeric structure of tin(II) and lead(II) bis(O, O'-diphenyldithiophosphate) 

the only example of this stereochemistry in Group IV. The tetravalent tin atoms enjoy typical 
almost perfect, octahedral coordination. 

>] 

Figure 23 The structure of the mixed-valence tin carboxylate [Sn,(0,CC,H,NO,-0),O],-THF (reproduced by 
permission from J. Chem. Soc., Dalton Trans., 1976, 1602) 

Bis(phosphino) and bis(arsino) derivatives of germanium, tin or lead are unknown. 
However, monophosphino- and monoarsino-germanium and tin halides, BusEMX (M= Ge, 
Sn; E=P, As, X=Cl, Br), have been characterized as thermally stable, though easily oxidized 
solids, which are thought to be highly associated.™* 
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28.1 INTRODUCTION 

This chapter will be divided into three main sections, dealing with the chemistry of arsenic, 
antimony and bismuth individually, since their interest is intrinsic rather than comparative. 
However, the Periodic Table trends are important and their main features will be outlined. 

The triad As, Sb, Bi has an important place in the history of chemistry, the isolation of the 
elements being one of the achievements of alchemists in the pre-Scientific Age. An interesting 
history of their discovery can be found in ref. 1. 
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28.2. ARSENIC 

The thirty-third member of the Periodic Table has a sinister reputation. Since its isolation in 
the Middle Ages the main use of arsenic compounds has been the termination of lifeforms. Its 
use for homicide was widened to include inter alia herbicide, fungicide and bactericide (see 
Section 28.7). Various arsenic compounds have been used from ancient times as pigments, e.g. 
lemon-yellow orpiment, As2S;, and red realgar, As4S,4. 

The common oxidation states are —3, +3 and +5, but the simple ions As*~, As** and As°t 
are not known. The krypton electronic structure could be attained by gain of three electrons, 
but there is a high energy requirement. Equally, the loss of five valence electrons to form As>* 
is unrealizable because of the high ionization enthalpy. 

The most common structures of arsenic compounds are tetrahedral and pyramidal, which are 
similar when the sterically active lone pair is counted. Tetrahedral symmetry holds the 
potential for chirality and indeed many chiral organoarsenic compounds have been prepared. 
Arsenic may also use d orbitals for (d—d)m bonding and for hybridization with s? and p° 
orbitals, resulting in trigonal bipyramidal or octahedral structures. In the former the more 
electronegative substituents occupy the apical position. 

28.3 ARSENIC-GROUP 4 BONDS 

28.3.1 Carbon Ligands 

28.3.1.1 Organoarsenic compounds 

There is a comprehensive review of this area” so only a few recent developments will 
be mentioned here. Organoarsenic intramolecular coordination compounds, e.g. (1), have also 
recently been reviewed,’ and organoarsenic chemistry is reviewed annually.* There is a review 
containing 102 references on arsonium ylides.* The canonical structures of the arsenic ylides are 

Ph,As=CRR’ <—> Ph,As—CRR’ 

The overlap of carbon p orbitals with arsenic d orbitals is less effective than with the d orbitals 
of phosphorus, and so the covalent canonical structure is expected to make less of a 
contribution to the hybrid structure. This has been confirmed in an X-ray study of 
2-acetyl-3,4,5-triphenylcyclopentadienetriphenylarsorane.° Yamamoto and Schmidbaur’ found 
(°C NMR) that the bonding in arsenic ylides was probably sp* (cf. phosphorus, which changes 
from sp?— sp”), resulting in arsenic pseudotetrahedral geometry (cf. phosphorus ylides, which 
are planar). 

Ves As 

Fae — | 

a! 
(1 
— 

28.3.2 Silicon Ligands 

The parent compound for this series is H3SiAsHp, which was first produced in 1962 in low 

yield in the gas phase reaction between silane, SiH,, and arsine, AsH3, promoted by silent 

electric discharge.* This volatile pyrophoric compound is better prepared from lithium 

tetraarsinoaluminate and bromosilane.° It is also possible to prepare H;SiSiH,AsH, (59%), 

MeSiH,AsH, (57%) and (Me3Si)3As (77%) by this route. Trisilylarsine has been shown to have 

a pyramidal structure by electron diffraction;"° it is prepared from bromosilane and potassium 

dihydrogenarsenide at low temperature (—122 to —38°C).” : 

Higher homologues are coveniently prepared from ‘sodium potassium arsenide’ and 

chlorosilanes. The arsenide is a complex mixture formed by mixing a sodium—potassium alloy 

with powdered arsenic suspended in 1,2-dimethoxyethane (equation 1). 

ClSiMe; + Na;As/K,;As »—> As(SiMe;); (80-90%) (1) 
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Tris(trimethylsilyl)arsine is a convenient starting material for the production of 

LiAs(SiMe;)2°2L (L = coordinating solvent); see, for example, equation (2) and structure (2). 

As(SiMe;); + LiMe ——> LiAs(SiMe;).-2THF + SiMe, (2) 

SiMe, SiMe, 
ae NW Me 

os ND i RD 
Sig wh Me 

O As O 
ME ta Sorc Me 

SiMe, SiMe; 

(2) 

28.3.3 Other Group 4 Ligands 

While many compounds of the type X,,As(ER;)3_, (n =0-2; X= any other group, e.g. H, 

Hal, R etc.; R=H, alkyl, aryl; E= Ge,” Sn,°“ Pb*®) have been produced, they are mainly of 

interest to theoreticians and synthesists. They have the expected pyramidal geometry of AsX3 
compounds, and their interest to coordination chemists lies in their behaviour as ligands, which 
is dealt with elsewhere (Chapter 12.2); there is some special interest in cluster coordination 
compounds involving As—Ge bonding. 

28.4 ARSENIC-GROUP 5 BONDS 

Arsenic forms a large number of compounds with other Group 5 members. These are dealt 
with element by element down the group. However, in the case of arsenic only its catenated 
and a-bonded compounds are dealt with. 

28.4.1 Nitrogen Ligands 

The arsenic—nitrogen bond is not as strong as the As—C, As—O, or As—S bonds and use is 
made of this in the synthetic chemistry of arsenic. Amongst the wide range of As—N 
compounds are open-chain aminoarsines, cyclic and macrocyclic compounds of various types, 
fused ring compounds and three-dimensional fused ring systems of the adamantine type. The 
calculated As—N bond length from Pauling’s covalent single bond radii, and applying the 
Schomaker-Stevenson correction, is 1.87 A. This compares with values given for As—N sp* 
bonds from X-ray data. 

28.4.1.1 Arsenic(III) 

(i) Alkylaminoarsines 

These are readily prepared by adding amines to trihaloarsines in cooled ether solutions. The 
reaction proceeds stepwise, halogens being successively replaced by alkylamino groups 
(equations 3-5). Some examples of dialkylaminoarsines are given in Table 1. 

AsCl, + 2Me.NH ——> Me,NAsCl, + Me,NH?Cl- (3) 

Me,NAsCl, + 2Me,NH —> (Me,N),AsCl + Me,NH;Cl- (4) 
(Me,N),AsCl + 2MeNH —> (Me;N);As + Me,NHCI- (5) 

The As—N bond is labile and this has been widely exploited in synthetic arsenic chemistry. 
Some idea of the versatility'** can be seen from Schemes 1 and 2. Refluxing secondary amines 
with tris(dimethylamino)arsine effects transamination (equation 6). These tris(dialkyl- 
amino)arsines undergo the general reactions in Scheme 1, enabling ready access to a wide 
variety of compounds, many of them finding use as ligands in transition metal 1 
Chapter 14 of this work). : 6 al complexes (see 

As(NMe,); + 3HNR, ——*> As(NR,); + 3HNMe, (6) 
reflux 
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Table 1 Dialkylaminoarsines 
ee re Ne 

Compound B.p. (°C/Torr) aa nz Ref. eT! ee Y Shghe 
Me,NAsCl, 73/25 1.6560 1.5532 12 
(Me,N),AsCl 69-70/10 1.5427 13 

1.3460 12 
(Me,N);As 42-43/3.5 1.1248 1.4848 12 

60/13 14 
Et,NAsCl, 83-84/13 1.4727. 1.5335 12 
(Et,N),AsCl 118-120/17 1.2225 1.5098 12 
(Et,N)3As 91-93/2 1.2418 1.4825 12 
Me,NAsBr, 70/3 1.6428 13 
(Me,N).AsBr 72/3 1.5660 13 
Me,NAsF, 30/15 15 
Et,NAsF, 35/15 15 
(Bu3N);As 159-161/0.01 1.4789 173 

K N-+—As 139-142/0.01 1.4839 173 
(m.p. 49-51°C) 

6) 

ss 125-132/1 17 

3 

(Me,Si),NAsCl, 96-98/4 18 
[(Me,Si),N],AsCl 140-142/3 18 
Me,NAs(NHBu'), —67/0.01 173 

As(RNCNMe,); 

AsX, 
As(OR), 

NMe, 

RCH + As,O, 
As,O,; 

ee NMe, 

H,O 

i co! As(NMe;); BRC-NOH__> (RR’'C=NO);As 
As(OCNMe;)3 

R'CH,COR 

HO(CH,),OH NMe, 
Cs} 

R’CH=C 
NK 

ae i 
(CH;),, ASNMe; ent 

O As(S ' €>)3 NMe, 

fs RC(CH,OH), 

O i O 
\ 

(CH,), AsSCNMe, R As 
ped 6/ 

O 

* Reaction with CS, is general for tris(dialkylamino)arsines and the tris(dialkyldithiocarbamidato)arsanes may be used 

for characterization. 

Scheme 1 
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RAs(ON=CRR’); 

|| : 
RAs(SCNMe,); OR A 

Rik 

OR’ 
RR’C=NOH 

CS, 

O 
I| CO, 

RAs(OCNMe,), <————— RAss(NMe), 

H,0,/H,0/NaOH 

triethyleneglycol 

HO(CH,),OH RAsO,Na 

RAs P an 

O O 

O O RAs (CH), 

ee 4 Pei / O 

Scheme 2 

(ii) Secondary amines and AsF, 

Dialkylaminodifluoroarsines are formed from the reaction of R2NH with AsF3. Interestingly, 
the fluorination of dialkylaminodichloroarsines is unsuccessful using SbF;, although AsF; 
works.}° 

28.4.1.2 Arsenic(V) 

Roesky and co-workers!””° have produced an interesting series of compounds which 
illustrate some general points of arsenic coordination chemistry. When [(CF3)2As{N(SiMes;)2}] 
is treated in a strict 1:1 ratio with chlorine, [(CF3;),AsCl.{N(SiMe3)2}] is obtained. This is a 
trigonal bipyramidal molecule (3) with chlorine atoms in axial positions. When 
[(CF3)2As{N(SiMes3)2}] is treated with an excess of chlorine, the dimer 
[(CF3)2As(Cl){N(SiMes)}]2 (4) is formed, the first reported example of five-coordinated arsenic 

2 Cr A | Ay 

F / : er vie a 

] ee en fo ae 
ee a a apes ca 
ae > . ‘ nk | / 

Cl a. Sas 

c Cl 

(3) (4) 
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in a four-membered ring. The ligands are disposed about arsenic in a distorted trigonal 
bipyramidal geometry, the longer As—N bonds being axial and the short bonds being 
equatorial. Once more the chlorine occupies the other axial position instead of one of the CF; 
groups. 
When [(CF3)2As(Cl){N(SiMe3)}]2 is refluxed in an inert solvent or pyrolyzed in vacuo, 

trimethylsilyl chloride is derived and expanded heterocycles are formed. The CN of arsenic 
drops from five to four and the geometry from distorted trigonal bipyramidal to distorted 
tetrahedral (equation 7). In (5) the As and N lie alternately at +38 and +63 pm, respectively, 
from the mean plane through the ring atoms. There are two types of As—N bond, viz. at 
1.716 A for bonds on the same side of the plane and the longer 1.732 A bonds across the plane. 
The As—N—As angles average 123.5° and the N—As—N angles average 125.0°. The 
difference in bond lengths, A = 0.016 A, is much less than that found by Glick,71 A =0.12 A, 
for alternating N—As (1.67 A and 1.79 A) bonds in the eight-membered ring [Ph.AsN],. 

[(CF3)2As(Cl){N(SiMes)}], —> [(CF3)2AsN]; + [(CFs)2AsN], (7) 

six-membered (5) 

four-coordinate 

28.4.2 Phosphorus Ligands 

Phosphorus as a ligand to arsenic is discussed in several sections of this work. There is no 

merit in repeating here under a separate heading that which is more naturally dealt with 

elsewhere. * 
Sufficient to say that, of all the members of Group 5, the analogies between phosphorus and 

arsenic are closest. When used as coreactant with arsenic compounds, phosphorus compounds 

may react interchangeably. The recent preparation of P=As compounds by Escudie et al. 

relied on this scrambling of arsenic and phosphorus reactants (equation 8). 

(Me,Si);CPCl, + (Me,Si);CAsCl, “> (Me,Si),CP—=PC(SiMes)s + (Me;Si);CP=AsC(SiMes), (8) 
(35) % (30%) 

* Antimony and bismuth bonds to arsenic are dealt with in Sections 28.10.2 and 28.16.2 under antimony and bismuth, 

respectively. 

coc3-1 
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The interchange of As and P is not necessarily symmetrical. In a study” of Group 5 adducts 

of the type R,MX3_,:yM’R; (X = halogen; R= alkyl or aryl; M, M’ =P, As, Sb; y =, 2) it 

was found that complexes were formed when M’ = P and M=As but not when M’ = As and 

M=P. A few examples of the complexes are given in Table 2. The adducts are probably 

quaternary salts [R2AsPR2]X, similar to those of Wolfsberger, [Me3P—=NPMe2AsMe,]Cl. 

Table 2 Arsenic-Phosphorus Complexes 

M.p. Conductivity” 
Adduct Yield (%) (°C) (107? S cm~') 

MeAsCl,:PMe3 83 d 37.8 
AsI,:2PMe, — d 117 
MeAsI,-:2PMe, 87 d 124 
EtAsCl,-PMe, 85 d ja 
PhAsCl,-PMe, 90 115 (d) 38.3 
PhAsI,:PMe, 59 120-8 hy 
Me,AsCl-PMe, 82 sak io 

*d=decomposed. °In MeNO,. 

28.4.3 Arsenic Ligands 

28.4.3.1 Open-chain arsenic compounds 

The first established As—As bond in cacodyl, MezAsAsMe>, was also among the earliest of 
arsenic compounds” to be isolated at the beginning of the modern chemical era.” However, 
the building of arsenic chains has not progressed. Arsenic does not appear to form small 
molecular chain compounds because the thermodynamically stable configurations for three to 
six arsenic atoms are rings. However, it may be unwise to speculate that such chain compounds 
will never be produced, since until recently it was thought that As=As systems would never be 
prepared. The only known exception presently is a red-black polymeric substance of empirical 
formula (MeAs),, characterized by Rheingold et al.”” and Daly et al.” 

28.4.3.2 Coordinated open-chain arsenic compounds 

While unpolymerized open-chain arsenic compounds are unknown to date, a number of such 
systems are known when coordinated to transition metals.2**! They are prepared by the 
reaction between transition metal carbonyls and cyclo-(RAs),, (n =5, 6). The reactions go by a 
variety of mechanisms leading to either the coordination of the unchanged ring,** an expanded 
ring,*’ fragmentamtion of the ring,** ring opening and coordination of the open chain without 
loss of arsenic,*° or a ring opening and lengthening of the coordinated chain.** 
When Fe(CO); reacts with cyclo-(AsMe)s, the ring is opened and the open chain of four 

arsenic atoms is stabilized by ligation (6):7° As(1)}—As(2) and As(3)—As(4) bond lengths are 
2.453 A, and the mid-chain As(2)—As(3) bond length is 2.391 A. The non-bonding arsenics, 
As(1)---As(4), are 2.888 A apart. A similarly stabilized open chain of eight arsenic atoms 
occurs in [Mo2(CO)¢(AsPr")s] (7), formed from Mo(CO). and cyclo-(AsPr");, i.e. chain 
lengthening (S—>8) has occurred. The two terminal As atoms bridge the Mo atoms 
(Mo—As = 2.554 A) and two, As(4) and As(5), are only coordinated to one of each of the Mo 
atoms (Mo—As = 2.623 A), leaving four uncoordinated As chain atoms, As(2)}—As(3) = 
2.434 A. The Mo atoms are seven-coordinate, each lying at the centre of a distorted 
edge-shared octahedron. 

In the case of {[CpMo(CO,)], [u-catena-(MeAs)s]} simple chain opening and subsequent 
coordination occurred in the reaction between [Mo(Cp)(CO)s], and cyclo-(AsMe);. The 
mid-chain As—As distances are 2.4335 A (average) and the terminal As—As distances are 
2.449 A (average) with non-bonding separation between the two terminal arsenics of 
As(1)- + -As(5) of 2.835 A; Mo—As is 2.6285 A (average). 
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(7) [Moz(CO)¢ (AsPr")g] (n-propyl groups 
(6) CFe(CO)315(AsMe),4 (viewed down the b axis) are omitted) 

28.5 ARSENIC-GROUP 6 LIGANDS 

28.5.1 Oxygen Ligands 

The chemistries of oxygen, sulfur, nitrogen and halogen ligands of arsenic are quite deeply 
enmeshed with each other. In this presentation the divisions chosen are not to be thought of as 
‘the best’ but as the most convenient. The oxyhalides are discussed under halogen ligands 
(Section 28.6). The mixed As/O/S compounds, including oxathia acids, will be included in the 
sulfur ligand section (28.5.2). 

28.5.1.1 Arsenic acid esters and other oxaorganic compounds 

Simple esters of arsenic acid, OAs(OR)3, have tetragonal structures; some examples are 
listed in Table 3. Structurally more interesting are the spiroarsanes (8). Goldwhite and Teller** 
initiated the study of the variation in geometry of these complexes from trigonal bipyramidal to 
rectangular pyramidal. Their findings have been confirmed and the series of structures between 
the two extremes has been bridged by Holmes and co-workers.** The Berry exchange 
mechanism for a five-coordinate pyramidal system proceeds via a rectangular pyramidal 
intermediate. 

Table 3. Esters of Arsenic Acid, H,AsO,7° 

Compound B.p. (°C/Torr) a ne, 

(MeO),AsO 97-9/13 1.5572 1.4367 
(EtO),AsO 118-120/15.5 1.3023 1.4343 

235-238/760 

(PrO),;AsO 144-146/14 1.1945 ‘1.4381 
(BuO),AsO 169-171/12 ils Besyy/ 1.4421 

(C,H,30),AsO 189-191/2 1.0496 1.4488 

Spiroarsoranes corresponding to many degrees of the transition states are known (9-11). 

Holmes and co-workers studied the variations in substituents and their effect on the percentage 

displacement from TBP (Table 4). 
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O O O O 
s 
( On ) Me—As 

O i O Wa 
(8) R= alkyl, aryl, OH (9) Distorted trigonal bipyramid (TBP) 

Bu' Me Bu' Ph 

y= Y -< A ua) 
s 

Bu' < ¥5 Bu' Ow ~ 

(10) Almost 45% displaced from TBP to RP (11) Distorted regular pyramid (RP) 

Table 4 Spirocyclic Arsoranes: As—O Bond Lengths and TBP— RP Distortions 

TBP distortion 
Compound Bond lengths (A) towards RP (%) Ref. 

PhAs(O,C,Me,)> d(As—O) | 1.779 (av) 16 34 
d(As—C) 1.908 

HOAs(0,C,H,)> d(As—O) | 1.779 (av) 60 34 
d(As—OH) 1.704 

MeAs(O,C,Me,)> d(As—O) | 1.789 (av) 11 5. 
d(As—C) 1.910 
d(As—O) 1.1819 (av)* 
d(As—O) _ 1.759 (av) 

MeAs(O,C,H,Bu!),  d(As—O) _1.835* 20 35 
d(As—O) 1.785° 
d(As—C) 1.93 

HOAS(O,C,H,Bus), | d(As—O) 1.788 (av) 45 35 
d(As—O) 1.808 (av)* 
d(As—O) 1.769 (av)? 
d(As—OH) 1.704 

* Axial. ° Equatorial. 

28.5.1.2 Arsenic sulfates 

Arsenic does not form true metallic-like salts with sulfuric acid of the type As(SOx)s. 
However, As,Os dissolves in oleum and crystalline compounds are formed, the compositions of 
which depend on the concentration of SO3, e.g. (As2O2)(SO4)2, (As2O)(SO4)2 and As(SOx)3.2” 
X-Ray studies are listed in Tables 5 and 6. The crystalline compounds consist of AsO; pyramids 
and SO, tetrahedra linked by one, two or three oxygen bridges (12-14). 

(12) (As,05) (S04) 

The lone pair on arsenic is sterically active and the arsenic moiety is considered to be AsO3E (E = lone pair) rather than merely AsO3. Analysis of the X-ray data®’ enables the definition of 
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O13 
O12 As2 6) IR 

cs x 

(13) (As,0) (SO4)2 

(14) Aso(SO,)3 

Table 5 Arsenic(III) Sulfates 

Compound No of SO, units 
Sulfate formula Mixed oxide formula Crystal form D in contact with AsO; 

(As,0,)(SO,) As,0;3:SO, Orthorhombic — 1 
(As,0)(SO,)> As,03:2SO, Monoclinic 3223 DD 

As,(SO,)3 As,0,:3SO, Monoclinic 3.05 3 

Table 6 Arsenic(III) Sulfates, Bond Lengths (A) and Angles (°) 

Compound d[As—O(As)] d[(As—O(S)] | d(S—O,,)* - d(S—O,)” d(As—E)° O—As—O 

(As,0,)(SO,4) 1.78, 1.75 1.89 1.51 1.44 1.15 _ 
(As,0)(SO,)2 1.75 (av) 1.86 (av) 1553 1.42 (av) 1.25 95 (av) 
As,(SO,)3 a 1.83 (av) 1.54 1.42 1.23 90 

*br=bridging. °t=terminal. ‘°E=lone pair. 
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the lone pairs in the structures, including estimates of d(As—E) (Table 6). This was considered 

especially important in the case of (As,O2)(SO4), where the chain structure of the AsO, 

enables the lone pairs to form tunnels running along the chains and between the sheets. The 

possibility of utilizing these tunnels for intercalation complexes for electrical applications is 

being currently investigated. 

28.5.2 Sulfur Ligands 

28.5.2.1 Thioarsenious acid derivatives 

The free acid, As(SH)3, is unknown, but the series of salts M3AsS; is well known; many are 
minerals. A few examples are listed in Table 7. 

Table 7 Some Thioarsenate Compounds 

Compound d(As—O)(A) d(As—S)(A) Ref. 

K,AsS, - 2.165 247 
Na3AsS,:8D,O af 2.145-2.173 248 
Na3AsO,S,-11H,O 1.69 2.14 249 
Na,AsO,S:7H,O 1.67 2.14 250 
(NH,)3AsS, a 2.20-2.26 251 
Cu,AsS, = 2.18 252 

The thioarsenite ion is pyramidal** in Na3AsS3: d(As—S) 2.25 A, S—As—S 109.9°. The 
AsS3 are stacked to give six sulfur neighbours for Na ions of variable bond distances. 

The metathioarsenite ion in NaAsS, has been shown* to be a linear corner-sharing 
pyramidal polymeric ion (15). Similar polymeric structures have been shown for PbAs7S, and 
TIAsSp. 

a: 

S 
as =k Sale ee) ae te 

§ 282A" "Ag As 

| | ns 217A 
S S 105.9° S 

(15) 

28.5.2.2 Esters of thioarsenious acid 

Esters of thioarsenious acid, As(SR)3 (R = Me, Et, Pr®, Bu", Bu‘, Ph), may be obtained by 
reacting alkali metal thiolates with arsenic halides (equation 9). In difficult cases (steric 
hindrance) more vigorous methods are used, e.g. (Bu'S)3As (equation 10). 

3RSNa + AsX; —> (RS)3As + 3NaX (9) 
AsF; + 3Me;SiSBu! —> (Bu'S),As + 3Me,SiF (10) 

Structurally, the esters are pyramidal and an interesting X-ray study of (PhS)3As has 
revealed® the structure shown in (16). The sulfur atoms are in a plane above the arsenic, which 

(16) Stereoscopic ORTEP drawing of (PhS), As 
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together with the phenyl rings shield the arsenic atoms (17). In solution or in liquid phase the 
arsenic would be more exposed and available for ligand bond formation with metals, because 
of thermal inversions at both S and As. 

\ fh | 
ae Bes . 

(17) View at right angles to sulfur plane 

The structure of 2-chloro-1,3,6,2-trithioarsocane shows two interesting features.*! There is a 
transannular S—As interaction resulting in the stabilizing of one of the ring conformations. This 
also results in a pseudotrigonal bipyramidal structure (18). Axial bond lengths are As—Cl 
2.36 A and As---S 2.72 re equatorial bond lengths are As—S 2.25 and 2.26 A. Electron 
donation from the S lone pairs interact with the As d orbitals, resulting in sp°d hybridization 
and TBP geometry. Raston and White*” have shown that As(S,CNEt)3 is a six-coordinate 
arsenic(III) compound (19). The crystals are monoclinic and the geometry is grossly distorted 
towards C3 symmetry. The mean As—S bond lengths are 2.84 and 2.34 A. In free Et,NCS, the 
C—S bonds are of equal length, but when coordinated to As the C—S bonds are 1.68 and 
1.76 A, respectively. 

' S 

ony ae 

ass 
Cl S 

(18) 

28.5.2.3 Trithioarsenate salts (As”) 

The parent acid H3AsS, has not been isolated, but the partly oxidized acids H;AsO2S, and 

H;3AsO38 have been isolated*? at low temperatures. The thioarsenate ion has the expected 

four-coordinate tetrahedral geometry. The (AsO,-,S,,)°" anions are well known. 

28.5.3 Selenium Ligands 

28.5.3.1 Selenoarsenous acid and its salts 

Selenoarsenous acid, As(SeH)s, exists only as its salts. Matsumoto and co-workers" solved 

the X-ray crystal structure of silver orthoselenoarsenite: the As atom is pyramidally linked to 

three Se in AsSe3 units. The silver atoms are bonded to Se making —Se—Ag—Se—Ag— 

infinite spiral chains; for the AsSe3; pyramids d(As—Se)(av) is 2.411 AG Se—As—Se are 

9.81° (av); regarding silver d(Se—Ag) (av) are 2.548 A, 2.527 A, As—Se—Ag is 107.5°, 97.4°, 

Se—Ag—Se is 158.8°, Ag—Se—Ag is 79.9°. 

28.5.3.2 Selenoarsenous acid esters 

The esters of As(SeH); are more difficult to prepare than the oxygen or sulfur analogues. 

They are all either solids or high boiling oils, and their structures are almost certainly 

pyramidal. Darmadi et al.* prepared the trifluoromethyl ester using Hg(SeCF3)2, which is a 

yellow oil (m.p. —31 °C) (equation 11). 

3Hg(SeCF;3). + 2AsBr; —> 2As(SeCF3)3 + 3HgBr. (11) 
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Anderson et al. used Me3SiSeMe as the selenating reagent to give high yields (94-98%) of 

the arsenic esters (equation 12). 

R,AsCl,_,, + (3—n)Me;SiseMe —> R,As(SeMe)3_,, + (3 — n)Me,SiCl (12) 

28.5.3.3 Six-coordinate arsenic-selenium compounds 

Manoussakis et al.*° have synthesized a series of selenocarbamate six-coordinate complexes 

of arsenic (20 and Table 8; cf. As—S analogues). By reacting the piperidy! derivative with 

halogens dissolved in CCl, a series of haloselenato carbamate complexes are produced which 

are probably pentacoordinate (equation 13). 

CNR 
| 

Se Se 

R.N bye 

SS X,/CCl, Ths 
As i C—N ATTEN Tas a 1C—N (13) 

be = . br, BE 

Se ‘ Se 

Table 8 Diselenocarbamate Complexes of Arsenic(III) 

Compound Structure Colour M.p.* (°C) 

Tris(diethyldiselenocarbamato)arsine As Yellow 205 (d) 

- 

Se 3 

Se 

Tris(dibenzyldiselenocarbamato)arsine As p: N(CH,Ph), Yellow 192-4 (d) 

Tris(piperidylselenocarbamato)arsine As 

eee 

Tris(diisobutyldiselenocarbamato)arsine As é CNBus Orange 157-9(d) 

Se 3 

Se 

LN Pale yellow 234 (d) 7 
Se 3 

* d= decomposed. 

28.6 ARSENIC-HALOGEN COMPOUNDS 

28.6.1 Three-coordinate Arsenic(III) Halides 

Various transient species containing arsenic in low CN with halogens have been recorded 
spectroscopically, e.g. AsI, from the photodissociation of AsI;.*” The only stable species is the 
red crystalline iodide, As I, (m.p. 260°C),*® which is decomposed by air or moisture. The 
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sub-iodide disproportionates when heated above 200°C (equation 14). 

300-350 °C 
3As,I, 4AsI, +2As (14) 

The arsenic trihalides have been shown by a variety of techniques (Table 9) to be pyramidal 
molecules in the gas phase. The X—As—X angles increase from X = F 96° to X =I 100°. The 
d(As—X) values increase with increase of temperature,’ and the X—As—xX angle changes 
in proportion. 

Table 9 Arsenic-Halogen Bond Lengths and Angles 

Compound d(As—xX) (A) d(As—E) (A) XN -AS—* (0) Ref. 

ASF,(g) 1.706 96.2 49 
MeAsF;(g) 1.74 96+4 50 

AsF.(g) 1.711 (ax) 49 

1.656 (eq) 

AsCl;(g) 2.161 98.4 51 

AsBr;(g) 2.324 99.8 52 
AsBr;(g), 373 K 2.324 99.64 53 

AsBr;(g), 466 K 2.328 99.59 

AsBr,(cryst) 2.36 97.7 54 

AsI,(g), 503 K DST 100.2 55 

AsI,(cryst) 2.591 (intramol) 99.67 56 
3.467 (intermol) 

KASF, 1.719 (av) 90.0 (av) 57 
[Sg]** [AsFe]> 1.67 (av), 171.4-178.8 58 

range 1.59-1.72 86.1-92.0 

AsF;-N(Me)SOF, 1.695 (av) (As-N) 1.985 174.3 59 

91.5 (av) 
S—N—As, 124 

M,(As,F,02) 1.739 (av) (As—O) 1.80 0—As—O, 84.9 (av) 60a 

(M = K, Rb, Cs) 

Me;N-AsCl, 2.385 (ax) (As—N) 2.286 96.1 (av) 60b 

2.187 (eq) N—As—Cl (ax), 178.7 
N—As—Cl (eq), 88.4 

[PPh,][As,SCl.] 2.71 (av) (Clp:) (As—S) 2.23 (av) 170 (av) 61 
2.32 (av) (ax) (Cl,) 93.9 (av) 
2.20 (av) (eq) (Cl,) Cl—As—S, 85-101 

As—S—As, 104.0 

[PPh,][As,Cl,]- 2.81 (av) (br) (As—S) 2.26 (av) 173 (av) 61 

C,H,Cl, 2.31 (av) (Cl) 90 (av) 
Cl—As—S, 84-95 
As—S—As, 93.5 

M,(As,F 90) 1.72 (av) (As—O) 1.72, 1.77 As—O—As, 136.5 (av) 62 
(M = K, Rb, Cs) 

[AsCl,][AsF.] (As—Cl) 2.00 Cl—As—Cl, 109.6 63 

(As—F) 1.72 F—As—F, 90 

[Me3AsBr]Br 2.15 (As—C) 1.99 64 

Me;AsCl, 2.45 (As—C) 1.93 64 

Ph,AsF, 1.834 (As—C) 1.93 F—As—F, 177.9 65 
C—As—C, 120.2 (av) 

[AsCl,]* [SbCl,] -- (As") 2.05 (av) (Sb—Cl) 2.36 Cl—AsY—Cl, 66 

AsCl, (As!) 2.075 (av) 109.5 (av 
Cl—As"""—Cl, 97, 106 

a 

Crystalline arsenic triiodide consists of discrete AsI; molecules, which are stacked such that 

the iodine atoms are hexagonally close packed. The arsenic atoms are octahedrally surrounded 

by iodine, but with the arsenic off-centre resulting in two sets of d(As—I) (Table 9); three 

bonds of 2.59 A and three of 3.47 A (cf. AsI; vapour, d(As—I) 2.56 A). Arsenic(III) triastatine 

has not yet (mid-1986) been reported, although it would be surprising if the synthesis has not 

been attempted. 

coc3-I* 
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28.6.2 Reactions of Arsenic(III) Halides 

Arsenic(III) halides are not salt-like compounds but typically non-metallic halides com- 

parable to, for example, GeCl, and SCl, besides their predecessors in Group 5, PX3. However 

AsCl, is not as reactive to nucleophilic attack as is PCI. 
Arsenic trichloride is a Lewis acid, shown by its formation of adducts with bases, e.g. 

Me3N:AsCl; (21), a trigonal bipyramid with a stereoactive lone pair on arsenic.” The 

d(As—N) is exceptionally long and may be considered to have some ionic character. 

Me 

SS nis 

Cl 

a 

Cl 

(Gi 

(21) 

28.6.3 Arsenic(III) Pseudohalides 

The three known examples of arsenic(III) pseudohalides are As(CN)3,°’ As(NCO)3™ and 
As(NCS);3;° the thiocyanate is unstable at room temperature. The structure of As(CN)3 (22) 
shows the CN group to be carbon bonded to form a pyramidal As(CN)3 unit. These pyramids 
are linked together by long As: - -N ‘bonds’ to form infinite chains. 

2.85A 
CN CN 1.88A 

Beis ----- AS Tea ot *---As———-CN 7 

CN CN 

(22) 

28.6.4 Arsenic(V) Halides 

28.6.4.1 Arsenic pentafluoride 

Arsenic pentafluoride (b.p. —52.8°C) is the only stable well-characterized arsenic(V) halide. 
Electron diffraction*? shows it to be a trigonal bipyramidal molecule, with equatorial d(/As—F) 
1.656 A and axial d(As—F) 1.711 A; °F NMR shows that the five fluorines are equivalent. The 
apparent inconsistency displayed by the two techniques is due to the differing time scales of the 
measured effects. On the slower NMR time scale the axial—equatorial bonds ‘rotate’ via a 
square pyramidal intermediate resulting in the observed equivalence (pseudorotation). 

Arsenic pentafluoride is a Lewis acid capable of forming adducts with basic molecules, e.g. 
(23), the adduct with N-methyl-S,S-difluorosulfoximine.*’ Neglecting the methyl group there is 
a mirror plane through F(ax),As,N,S,O. The methyl C atom lies ca. 0.05 A out of this plane; 

| 
F K yg gc 

ay 
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the d(As—N) of 1.985 A is longer than the normal d(As—N) (see Section 28.4.1), but the 
bond is shorter than that in the AsCl,;-NMe; adduct, d(As—N) 2.286 A. 

Arsenic pentafluoride, although outclassed as a ‘superacid’ component by SbFs, has still been 
widely used.” Arsenic pentafluoride is a powerful halide acceptor and this property has been 
utilized in stabilizing various cationic species, e.g. [ClO2]*[AsF.]~,”! [Ss]**[AsFe]z °° and 
[NS]*[AsF.]~.”” The arsenic in AsF¢ is octahedral, but this is often distorted by the cation field 
in the crystal unit cell. In the case of [Sg][AsFo]2 the average d(As—F) is 1.67 A, cf. KAsFs 
value of 1.72 A,°*” but the range of d(As—F) is 1.59-1.72 A in the four AsFs ions in the 
crystallographic unit cell. The preparation of several [AsF.]~ compounds, including the 
oxidizing agent nitrosyl hexafluoroarsenate [NO]*[AsF.]~, is described in detail in ‘Inorganic 
Synthesis’, volume 24 (1986). 

28.6.4.2 Arsenic pentachloride 

While both phosphorus and antimony pentachlorides are stable, AsCl; is unstable. This 
anomalous behaviour of arsenic is attributed to d-block contraction; the highest valencies of 
the p-block elements of the post 3d transition elements are, in general, unstable with respect to 
other members of their group. In the case of arsenic trichloride the lowering of the energy of 
the 4s orbital makes the promotion of the 4s” electrons, for further As—Cl bonds to form 
AsCl;, more difficult. The As—Cl bond strength per se in AsCl; is not thought to be the cause 
of the molecule’s instability.”*> Because of this inherent instability AsCl; was thought to be one 
of the so-called non-existent compounds, until the successful proof in 1976 by Seppelt.”* AsCl, 
in liquid chlorine was irradiated with UV light at —150°C to give AsCls, a pale yellow solid 
(m.p. ca. —50°C with decomposition) which was shown by Raman spectroscopy to have a 
trigonal bipyramidal structure (equation 15). 

—150°C, hv 

AsCl; + Cly AsCl. (15) 
—50°C 

28.6.4.3. Arsenic(V) mixed halides 

In the solid state AsCl,F3 is, in fact, [AsCl,]*[AsF.]~; the [AsCl,]* tetrahedron has 
d(As—Cl) of 2.00A and Cl—As—Cl of 109.3° and 109.8°, very near the ideal tetrahedral 

angles. The [AsF,]~ bond lengths vary, viz. 1.71, 1.68, 1.78 A, with F—As—F of 90.5° and 

89.5°. The arsenic centres in the polyhedra are between 4.84 and 6.03 A apart. 

When [AsChJ[AsFe] is pyrolyzed, the mixed halide AsCIF; is formed in preparative 

quantities.’”° IR studies indicate the chlorine to be in an equatorial position, as expected from 

its lower electronegativity. 
The chlorination of SbCl; in AsCl, solution at 80°C results in the crystallization of a mixed 

AsY-SbY chloride (equation 16). This has been shown by X-ray analysis® to be 

[AsCl,]*[SbCl.]~-AsCls. The AsCl, ‘solvate’ is slightly distorted, CI—As—Cl of 97° and 106° 

(cf. 98.5° in free AsCl;). The arsenic tetrahedron and the antimony octahedron are only slightly 

distorted from the ideal angles (Table 9). 

AsCl3 

SbCl, + AsCl, + Cl — AsCl,-SbCl;-AsCl, (16) 

28.6.4.4 Complex arsenic(V) chloride anions 

Although arsenic(V) chloride is unstable, the derivative anions are well known, though not 

as widely studied or used as the corresponding fluorides. In Cs3As,Clo the highly distorted 

AsCl, octahedron has two types of As—Cl bonds, d(As—Cl) at 2.25 and 2.75 A, the latter 

suggesting an almost ionic bond.””” ‘2 

In the thioarsenic halide anions [As,SCls]~ and [As2SCl.] the As atoms are bridged by S 

and Cl.® In the former the chlorine bridge forms an axial bond with each arsenic atom, which 

has trigonal pyramidal geometry (24). 

In [As,SCl,]*~ the arsenic atoms are bridged by two chlorines and the sulfur ligand; the 
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i i 25). The stereoview senic atoms are five-coordinate and have distorted octahedral geometry ( ‘Ss 

en the unit cell packing of [Ph4P][As,SCls] and the trigonal bipyramidal disposition of the 

arsenic ligands is well displayed (26). 

(24) (25) 

\ 2 acted ee, 
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28.6.4.5  Arsenic(V) oxyfluorides 

A number of oxygen-bridged arsenic(V) fluoride anions have been studied. In [As>F;)O}?~ 
two AsFs groups are bridged by oxygen with an As—O—As angle of 138° and d(As—O) 
1.75 A (av) (27). There are small changes in bond lengths and angles when the cation is 
changed (Table 10). 

F(2') F(5) 

© = in same plane 

(27) (AsaF\oO)* anion in Rb2(AsigFigO) 
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In the [As,F,O,]*~ anion® there are two bridging oxygens forming a four-membered 
Seige Os (28) with As—O—As of 96° and O—As—O of 84.9° (av), d(As—O) 1.82 A (av) 

able 10). 

F F 
F 177A F 

Ima, 
Ss 

175A 

oe eae i, F 

(28) 

Table 10 Crystallographic Data for Some [As,F,,O]*~ and [As,F,O,]*~ Derivatives 

Compound d(As—F)(A) — d[As(1)—0] (A) — d[As(2)—0] (A) As—O—As (°) 

Cs,[As,F,,0] 1.74 ‘se 1.68 138.8 
Rb,[As,F,,O]-H,O 1072 ae 1.73 136.1 
K,[As,F,,O]-H,O 1.70 1.76 gal 136.9 
Average 1.72 97 1.71 137.3 

O—As—O (A) 
Cs,[As,F,O,] 1.74 1.79 = 83.7 
Rb,[As,F,0,] 1.73 1.81 = 84.9 
K,[As,F,05] 1.74 1.81 _ 86.0 
Average 1.739 1.80 — 84.9 

28.7 BIOLOGICAL ASPECTS OF ARSENIC 

28.7.1 Toxicity of Arsenic 

Trivalent arsenic compounds are generally more toxic than the pentavalent compounds; the 
former compounds inactivate enzymes containing —SH groups. However, arsenate, AsO3-, is 
an analogue of phosphate, PO3”, and if present in the body acts as an uncoupler in the 
oxidation of glyceraldehyde 3-phosphate by forming the highly labile acyl arsenate, 1-arseno-3- 
phosphoglycerate.”° Because of its high toxicity the maximum acceptable concentration for an 
8h period has been set at 0.05 p.p.m. for arsine, AsH3.”” The lethal human dose is less than 
0.25 g As. 

In a notorious case in Manchester in 1900-1901 6000 people were affected by drinking beer 
containing 15p.p.m. arsenic; 70 people died as a result. The arsenic originated from sulfuric 
acid containing 1.4% arsenious acid, produced from As-containing iron pyrites. This sulfuric 
acid was used in a process to manufacture glucose for the brewers, and the glucose contained 
several hundred parts per million arsenic. 

28.7.2 Arsenic in the Environment 

Arsenic compounds occur naturally and ubiquitously in nature. The primary sources result 
from volcanic action and stream waters from arsenic rock strata. 

Severe local arsenic pollution can occur adjacent to industrial enterprises producing the 
various arsenicals used in timber preservation and as agricultural pesticides. Concern expressed 
by environmental groups has led to a reduction in the use of arsenicals in agriculture over the 
last decade, and this trend is likely to continue. Waste disposal is the main problem in 

industrial arsenic production and this problem has been responsible for closing several plants in 

Western Europe. 

28.7.3. Arsenic in Peace and War 

Earlier in this century the toxicity of arsenic was utilized in medicine and, later, in warfare. 

In 1909 Ehrlich developed salvarsan, the first effective antisyphilis agent and one of the first 
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systematically screened chemotherapeutic agents. While salvarsan was replaced in clinical use 

by the antibiotics in the 1940s, some specialist arsenical drugs, e.g. glycobiarsol (29), are still 

the treatment of choice for amoebic infections. 
Amongst the toxic gases, liquids and powders used in World War I there were a few 

arsenicals. Diphenylchloroarsine, PhzAsCl, and diphenylcyanoarsine, Ph,AsCN, were used as 

sternutators (irritants to nose and throat, inducing feeling of choking); 10-chloro-5,10- 

dihydrophenarsazine (30), an ‘improvement’ came ‘too late’ for use in World War I. Also ‘too 

late’ was the vesicant Lewisite, trans-CICH=CHAsCh. 

H 
N a, (ow HOCH.CONH( )As—OBi~0 AS 

OH Cl 

(29) (30) 

28.7.4 Arsenic in Life 

Until recently there was only one word to describe arsenic in relation to life and that was 
‘lethal’. However, recent work has revealed a new class of bioelements. Beside the bulk 

elements C, H, O, Ca, P, etc. and the trace elements such as Fe, Zn, Br, etc., a new group, the 

ultratrace elements, has been defined.’”* Among this new class of essential elements is arsenic. 
Arsenic deficiency signs in experimental animals (fed on rigorously arsenic free diets) include 
impairment of growth, reproductive and heart function.” The detailed role of ultramicrotrace 
elements is one of the challenges now being addressed by biochemists. It will not be without 
significance that certain lower marine life forms exhibit a high tolerance for arsenic: up to 
175 p.p.m. for prawns, and trimethylarsine has been detected as an off-flavour component of 
prawns.®° Arsenic is accumulated in crustacea mainly as the non-toxic arsenobetaine,” but this 
is not the source of the trimethylarsine. 

28.8 ANTIMONY 

Antimony, the fourth member of the pnictide family, is the only one to exhibit substantial 
natural isotope __ variability. The electronic — structure of antimony is 
1s72s?2p°3s73p°3d"°4s74p°4d°5s*5p?; the Group 5 outer electronic structure of 5s*5p* presages 
its main valencies of three and five. The CN in its compounds is variable, with six becoming 
much more common. Simple theory predicts 5p* bonding for Sb" compounds with pyramidal 
bonds at 90°. In fact three-coordinate antimony(III) compounds have variable angles, usually 
>90°, indicating a stereoactive lone pair and involving some s character in the p bonding. The 
trigonal pyramidal shape for SbX3 compounds has been shown frequently by X-ray crystal- 
lographic studies. Antimony(V) compounds usually involve sp*d-hybridized orbitals, resulting 
in trigonal bipyramidal geometry in its pentacoordinate complexes. In six-coordinate com- 
pounds sp*d* hybridization is generated, e.g. in SbFg. In ‘square pyramidal’ coordination a 
stereochemically active lone pair occupies an octrahedral axial position. 

28.9 ANTIMONY-GROUP 4 BONDS 

The chemistry of antimony is generally less well developed than that of arsenic and 
particularly in respect of Group 4 ligands. For the purposes of this discussion organoantimony 
compounds will be dealt with first and those of silicon, germanium, tin and lead will be taken 
together. 

28.9.1 Carbon Ligands 

The synthetic routes developed in arsenic chemistry usually also apply to antimony, but they 
have not been as fully investigated. A good outline of organoantimony chemistry has been 
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given by Wardell® and an excellent compilation of data and synthetic methods may be found in Gmelin (now in English).*° For German readers Houben-Weyl will prove useful.** 

28.9.1.1 Antimony (III) compounds 

Stibines, SbR3, are trigonal pyramidal molecules with C—Sb—C ~ 90°, but this angle is 
sensitive to electronic and steric factors, e.g. in Sb(CF3)3, d(Sb—C) is 2.202 A and C—Sb—C is 
100°. 

Trivinylstibine has been shown to be trigonal pyramidal by IR and Raman spectroscopy,*° 
and the bis(stibine) (Me,Sb),CH) has been shown®’ by NMR to be a mixture of structures with 
C, and C2, symmetries (31). The halostibine Ph,SbF*® is of interest because it exemplifies the 
tendency of antimony to increase its CN, in this case by bridging Sb- - -F bonds (32). Antimony 
adopts a trigonal bipyramidal geometry involving a stereoactive lone pair. 

CHe CH; CH, 

Sb CH; Sb Sb 

Sb 

ae CH; nue CH, Hs 8 

Cs Coy 

(31) 

222 Ae 217A 

r) Pa ( FL ie 

ee ae 3 
Te Ph 

J Pee 

(32) 

28.9.1.2 Antimony(V) organohalogen compounds 

Stibines may be halogenated by the use of X, or by a halogenating agent, e.g. trivinylstibine 
may be chlorinated using sulfuryl chloride (equation 17),®° and this may be fluorinated using 
potassium fluoride (equation 18). Both of these compounds are trigonal bipyramidal with 
apical halogens. Similarly (Me2Sb)2CH2, when chlorinated using SO2Cl, afforded the 
tetrachloro derivative, m.p. 175 °C.° 

(CH==CH),Sb —2> (CH,=CH),SbCl, (17) 

(CH,=CH),SbCl, ——> (CH,=CH),SbF, (18) 

The trigonal bipyramidal geometry around antimony (33) has been shown by X-ray analysis. 
Some bond lengths are given in Table 11; CI—Sb—C1I 176.75° (av), So—C—Sb 118.2° (rather 
large for a td angle about carbon). 
A halogen atom may be abstracted from haloorganoantimony(V) compounds to form a 

cation (equations 19 and 20),°°°? but note the reaction shown in equation (21).” The 
compound Me;SbCl,:SbCl; is non-ionic, and an X-ray study has shown the SbCl, moiety to be 
chlorine-bridged to three Me3SbCl, moieties, resulting in CNs of six and five, respectively. 

(CH,=CH),SbCl, + SbCl, —> [(CH,=CH),SbCI]*[SbC1,]~ (19) 

Me,SbCl, + SbCl, —> [Me,SbCI]*[SbCl.]~ (20) 



258 Arsenic, Antimony and Bismuth 

(33) (Me>Cl>Sb)> CH2 

Table 11 Bond Lengths and Angles for Some Organoantimony Compounds 

Compound d(Sb—C) (A) d(Sb—E)(A) C—Sb—C(°)  Other(°) Ref. 

Sb(CF3)3 2.202 — 100 — 85 

Sb. - 

ie 2.141 2.390(Cl) 100.2 — 89 

| 
lhe 

CH,(SbCl,Me,), 2.114 (CH) 2.479 (Cl) 90.1 (av) —_ 87 
2.109 (Me) 

Sb(SiH;)3" — 2.557 (Si) — 88.6" 95 

* d(Si—H) 1.394 A. ° Si-Sb—Si 

The tendency for antimony to achieve CN six is shown by the behaviour of 
organohaloantimony(V) compounds to substitution by oxo ligands. Jha et al.** have employed 
the bidentate ligands acetylacetone, 8-hydroxyquinoline, salicylaldehyde, o-hydroxy- 
acetophenone and 2-hydroxynaphthaldehyde HL (equation 22). 

C6H¢, MeOH 
a 
R=Ph, Me 

R,SbBr, + NaL R,;Sb(OMe)L + 2NaBr (22) 

The complexes produced have been assigned fac structures, e.g. (34). The increasing stability 
of higher coordination and valency of antimony is shown in the organotrihaloantimony(V) 
compounds R,SbCl; formed by the oxidative chlorination of monochlorostibines (equation 23). 
These compounds can be used to prepare pure dihalostibines by thermolysis (equation 24). In 
the case of Me2SbCl;, in solution the methyl groups are equatorial (C2, symmetry), but they 
become trans on reaction with NMe,Cl.”* 

R,SbCl, —> RSbCl, + RCI (24) 



Arsenic, Antimony and Bismuth 259 

(34) 

28.9.1.3 Other Group 4 ligands (Si, Ge, Sn and Pb) 

Silicon forms a series of compounds with antimony analogous to silane. Trisilylstibine, 
Sb(SiH3)3, has been shown to be pyramidal by electron diffraction.°° There was no evidence of 
bond angle widening, nor bond shortening, thus suggesting the absence of (p—d)a bonding. 
The silylstibines are prepared by conventional methods (equation 25). 

Li;Sb + 3Me;SiCl —~ (Me;Si)3Sb (88%) (25) 

The silylstibines may be used to prepare germylstibines (equation 26). 

3Et,GeH + (Et,Si),Sb —> 3Et,SiH + (Et,Ge),Sb (26) 

Stannylstibines are prepared”° by conventional routes (equation 27). 

3Ph;SnLi + SbCl, —~ (Ph;Sn),Sb + 3LiCl, (27) 

Tris(organoplumbyl)stibines have been prepared by condensing organolead chlorides with 
stibine (equation 28).°’ 

3Me;3PbCl + 3Et,N + SbH,; —~ (Me;Pb)3Sb + 3Et;NHCI (28) 

The general coordination chemistry of stibines as donors has been reviewed.°!**- 

28.10 ANTIMONY-GROUP 5 BONDS 

28.10.1 Nitrogen Ligands 

The chemistry of antimony and nitrogen is not as rich as that of arsenic and nitrogen. The 
N—Sb bond mainly exists in compounds where N is but one of a number of donor atoms. 
These compounds, where significant, will be dealt with under various other headings (mainly 
oxo and halogen ligands). Some Sb—N bond data are assembled in Table 12. 
Antimony trichloride does not react with dimethylamine to give dimethylaminostibines 

(compare arsenic trichloride). The more vigorous reagent Me2NLi, however, gives a good 
yield™™ of tris(dimethylamino)stibine, a colourless, air- and moisture-sensitive liquid (Table 13; 
equations 29 and 30’). 

SbCl, + 3LINMe, —> Sb(NMe,),+3LiCl, (>60%) (29) 

Me;Si_ 

Me;_,, SbCl, +1Me;SiNMeLi —> o>) SbMe;_,, (50-70%) (30) 
Me 

n 

The cyclic aminochlorostibine was synthesized by Wannagat and Schlingmann™ using milder 
conditions and triethylamine as HCl acceptor (equation 31). 

Scherer et al.!°> synthesized the novel bicyclic So—N—P ring system (35; equation 32). The 



260 Arsenic, Antimony and Bismuth 

Table 12 Structural Data for Antimony—Nitrogen Compounds 

Compound CN d(Sb—N)(A)  d(Sb—E) (A) N—Sb—N(°) N—Sb—E (°) Ref. 

Ph,Sb(NCO), 5 — _ = - 253 

Cl, 
Sb. 
i re@ 
N 

vo 6 2.23 2.17 (0) ne = 163 
Cl,Sb —N N. 2.299 (Cl) 

ee SbCl, 
O 

Ph 
N | Ph 

Pirenorys st 6 i a ae “ 255 
Lew oh 
eh 

(N,SbPh;),O 5 2.236 (ax) 1.985 (O) 139.8 178.3 (O) 256 

PhNH,-SbCl, 2.53 (ax) 2.52 (Cl, ax) — 166.3 (Cl) 257 

Ci¢6H3¢CIN,P2Sb 2.413 (ax) 2.492 (Cl, ax) — 147.2 (Cl) 258 
2.100 (eq) 
2.089 (eq) 

*Sb—O—Sb 

Table 13 Aminostibines 

Compound B.p. °C/Torr) M.p. (°C) Ref. 

Sb(NMe,), 55-61/5 a 100 
32-34/0.45 mm Hg 

Sb(NEt,); 59-62/0.02 ee 101 
Sb(NPr,); 107-111/0 oe 101 
Me,SbN(Me)SiMe, 44-46/1.0 — 102 
MeSb[N(Me)SiMe;]> 59-61/0.1 — 102 
Sb[N(Me)SiMe,], 78-79/0.1 9.11 102 
Bu5SbNMe, 25/0.3 —78 103 
Bu;SbN(SiMe;), 73-75/0.5 — 103 

Me,SiN(Et)SbN(Et)SiMe, 86/0.2 d2°/1.2944 104 

X-ray analysis showed the structure to be distorted trigonal bipyramidal about antimony with 
axial CL—Sb—N 147.2°. 

ae wh Me mae 
bC Me—Si—Si—Me oo Me—Si—Si—Me (31) 

N N N N 
ial be. Pg Os 

R R R Sb R 

Bu' 
xe ether 

2Bu'N=—=P + SbCl, =e? C,6H3.CIN,P2Sb (32) 

esi (35) SiMe, 

_Tris(dialkyl)stibines react with sulfur dioxide (equation 33), affording tetraalkylsulfurous 
diamides and an unidentified antimony/nitrogen compound. '®! 

Sb(NR.)3; +SO, —~ (R,N),SO + 1/n(R,NSbO), (33) 

There are in the literature some interesting features of antimony chemistry, but which need 
some crystallographic confirmation, for example the reaction (34). This implies a two- 
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(35) 

coordinate antimony.’ Another unusual reaction is shown in equation (35).!” 

R,Sb + R’SO,N, —> RSb=NSO,R’ (34) 

SbI, + RNH; ———> RNSbI (35) 

R= Pr, Bu, PhCH,, Ph 

28.10.2 Other Group 5 Ligands (P, Sb and Bi) 

Simple antimony—antimony compounds are known, but are less common than those with 
higher members of Group 5; the Sb—Sb bond energy is 142 kJ mol™', which is even weaker 
than the As—As value of 180 kJ mol~'. Several compounds R,SbSbR, (R = Me, CF;, Et, Bu’, 
Ph) are characterized, and all are air sensitive, although the recently prepared (CsHgSb). 
(Table 14) is air stable. This compound’® is an intensely coloured irridescent purple-blue by 
reflected light and red by transmitted light. X-Ray analysis revealed the molecular structure to 
be as expected, d(Sb—Sb) 2.835 A, but with a short intermolecular Sb- - -Sb distance, 3.625 A, 
which is much less than the calculated van der Waals’ distance of 4.40 A. The intermolecular 
Sb: - -Sb distance in Ph,Sb—SbPh, is 4.88 A.” The intermolecular chains and weak Sb: - -Sb 
bond are thought to be responsible for the unusual colouring. 

Breunig’” observed the unusual coupling reaction of tris(trimethylstannyl)stibine when 
oxidized by air (equation 36). 

(Me,Sn),;Sb ———~> (Me;Sn),Sb—Sb(SnMe;), + (Me3Sn),O (36) 

Antimony-element double bonds are still uncommon. Cowley et al.''° found the stability of 
P=E (E=P, As, Sb, Bi) falls down the group, i.e. P>As>Sb>Bi (equation 37; the Bi 
analogue could not be prepared). The dark orange solution of the P=Sb compound slowly 
decomposes to give RP—PR (R = mesityl), making isolation impossible. The arsenic analogue 
has been characterized by X-ray analysis.'‘' The *‘P NMR spectrum of the P=Sb compound 
exhibits an extremely deshielded signal (6 = 620.0 p.p.m.), among the lowest ever recorded. 

CH(SiMe;)> 

Bu' Bu' abe u _P=Sb 

pu Ph + CISbCH(SiMe,), PBU> ic (37) 
THF/0 °C Bu But 

Bu' 
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28.10.3 Antimony Catenation 

Compared to other members of Group 5 antimony displays a marked preference for 
polymeric structures over cyclic structures (equations 38 and 39"). Alkyl primary stibines 
break down at —78 °C to afford brown/black solids (equation 40). 

PhEH, + PhEI —> (PhE), + 6HI (38) 

E=P, As 

PhSbH, + PhSbl, —> (PhSb), + xHI (39) 
RSbH, —> (RSb), + H; (40) 

This clear preference for polymeric primary organostibine structures indicates this to be the 
thermodynamically stable state. Rheingold et al.'!* have produced a polymeric material 
(MeSb), by reacting MeSbH2 with Me,SiCl, at —78 °C in toluene. It is thought that the weak 
Sb—Sb bond and lower steric restrictions because of the size of the Sb atom, together with a 

lack of transannular stabilizing interactions, significantly favour chain formation over ring 
formation when alternative reaction pathways are available. 

28.10.4 Cyclic Antimony(III) Compounds 

Although antimony—antimony compounds tend to form as polymers rather than as cyclic 
structures, several cyclo-antimony(III) compounds have recently been characterized. Eller- 
mann and Veit'’* have synthesized the Sb3R, analogues of the well known three-membered 
arsenic ring compounds (equation 41). 

Sb 
MeC(CH,SbCl,); > Me{_|3s (41) 

Sb 
The four-membered Sb ring with bulky Bu' stabilizing groups, (SbBu'),, has been shown to 

have the all-trans structure (36).!!° 
Issleib_ and Balszuweit''® synthesized a yellow-orange compound thought to be 

(PhSb)s-CsH., and Breunig et al.''’ have succeeded in isolating (PhSb).-C,HsO> (37; equation 
42; Table 14). 

6PhSb(SiMe;), + 30, + C;H;0, —> (37) + 6(Me,Si),O (42) 

Bu' Bu 
Sb. | sb 
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Table 14 Sb—Sb Bond Lengths and Angles 

Compound d(Sb—Sb)(A) d(Sb—C)(A) Sb—Sb—Sb(°) Sb—Sb—C(°) Ref. 

Ph,SbSbPh, 2.837" = = = 90 
Me Me 

“a S 
Cos) 2.835 2.138 (av) = = 108 
XS BE 3.625" 
Me Me 

(SbBu'), 2.82 Dn 85 (av) 99 (av) 115 
(SbPh), 2.836-2.839 2:1622117 86.8-93.6 92.8-99.7 117 

* Intermolecular Sb - - - Sb distance. 

28.11 ANTIMONY-GROUP 6 LIGANDS 

28.11.1 Antimony(III) Compounds with Oxoacids 

Antimony(III) forms a variety of compounds with oxoacids, some with empirical formulae 
that may be written in the form of a metal salt, e.g. Sb.(HPO3;)3''® and Sb2(SO,)3,''? and others 
as ‘basic’ salts or mixed oxides, e.g. SbO(H2PO,)-H2,0'”° and Sb,O(SO,)2.'7* When the 
antimony lone pair is involved, the difference between pyramidal and trigonal bipyramidal 
geometry about Sb is a small change in position (Figure 1 and Table 15). Table 15 was 
compiled by Bovin’” and lists typical trigonal bipyramids at the top and typical pyramidal 
structures (tetrahedral with lone pair) at the bottom. The mean equatorial distance in the first 
seven compounds listed in Table 15 (Sb-1 and Sb-2) is 2.01 A and axial (Sb-3 and Sb-4) is 
2.22 A, with mean angles of 92.0° and 148.0°. 

(a) (b) 

Figure 1 The coordination polyhedra of antimony(III). (a) and (b) show idealized fourfold and threefold 

coordination, respectively. 

The structures of these oxoacid compounds can be complex, e.g. SbsO7(SO,)2,'* the 

structure of which consists of distorted tetrahedra (lone pair at the one corner) and d(Sb—O) 

of 1.994-2.207 A. In these units three different SbO; polyhedra share corners and edges to give 

cylindrical units with SO7” tetrahedra between the cylinders. In contrast, antimony(IIT) 

phosphite, Sb.(HPO;)3, is a fairly simple structure with Sb™ coordinated to four isolated 

HPO3- tetrahedra (38). The geometry about antimony 1s trigonal bipyramidal with 

O(ax)—Sb—O(ax) of 159.4°."* 



264 Arsenic, Antimony and Bismuth 

Table 15 Distances and Angles in Some Antimony(III)-Oxygen (Fluorine) Complexes 

Sb—O(F) bond distances (A) Angles (°) 

Compound* Sb—1 plat Sb—3 Sb—4 1—Sb—2 3—Sbh—4 Remarks 

~ 1.956 (18 1.993 (17) 2.162 (5) 2.162 (5) 96.1 (7) 142.9 (8) 4 oS 

che 1.983 ti0} 2.035 to} 2.181 (10) 2.181 (10) 87.9 (5) 164.8 (5) 

B-Sb,O, 2.032 (9) 2.032 (9) 2.218 (9) 2.218 (9) 87.9 (4) 148.1 (4) 

Sb(pyrogallate)-H,O 2.021 (8) 2.021 (8) 2.244 (4) 2.244 (4) 91.9 (5) 149.1 (1) 

a-Sb,0, 2.011 (33) 2.043 (38) 2.209 (42) 2.259 (33) 88 (1) 148 (1) 

Sb,0,(OH)2(NO3)2 2.019 (6) 2.020 (6) 2.236 (6) 2.265 (6) 98.3 (2) 141.6 (2) 

SbO(H,PO,)-H,O0 1.970 (8) 1.977 (8) 2.145 (9) 2.291 (10) 94.4 (3) 156.3 (3) f 

M-SbOF 2.006 (13 2.012 (13) 2.038 (13) 2.304 (15) 98.4 (5) 146.2 (4) 3=F 

Sb,0,(SO,4)2 1.994 oe 2.066 (11) 2.207 (18) 2.327 (14) 85.2 (5) 147.9 (5) 

SbNbO, 2.008 (9) 2.035 (9) 2.134 (9) 2.331 (9) 92.1 (4) 150.7 (4) 

Sb,0,(SO,4). 2.025 (10) 2.128 (12) 2.167 (15) 2.331 (13) 87.1(7) 141.1 (6) 

$b,0,(OH)CIO,:3H,O0 1.952 (9) 2.030 (9) 2.145 (9) 2.350 (9) 93.7 (4) 141.3 (3) a 

M-SbOF 1.952 (12) 1.987 (15) 2.062 (12) 2.364 (13) 89.9 (6) 144.0 (6) 1=F 

$b,0,(OH)CIO,:3H,O 1.952 (9) 2.009 (9) 2.085 (9) 2.378 (8) 91.2 (4) 144.5 (3) 

Sb,0,(SO,)2 2.011 (16) 2.014 (17) 2.154 (10) 2.382 (19) 94.0 (2) 146.8 (5) 

Sb,0,Cl, 1.902 (1) 2.061 (5) 2.144 (6) 2.469 (6) 91.8 (2) 139.0 (2) 

Sb,0,:2SO, 1.894 (5) 2.122 (10) 2.161 (10) 2.490 (11) 91.3 (4) 156.0 (3) 

Sb,0,OH)CIO,:3H,0 1.975 (9) 1.997 (8) 2.027 (8) 2.572 (10) 94.8 (4) 142.8 (3) 

Sb,0, (orthorhombic) 1.977 (7) 2.023 (4) 2.019 (6) 2.619 (6) 98.1 (2) 139.3 (2) 

Sb,O,1 1.935 (19) 1.978 (18) 2.091 (15) 2.782 (19) 94.6 (8) 148.0 (6) 

Sb,0,(OH)(NO3)2 1.942 (7) 2.067 (6) 2.052 (6) 2.745 (9) 82.9 (3) 152.7 (3) 

Sb,0,1 1.955 (17) 1.965 (18) 2.063 (14) 2.794 (17) 91.3 (7) 150.2 (6) 

Sb,0,Cl, 1.931 (6) 2.015 (5) 2.080 (6) 2.905 (3) 94.8 (3) 153.9 (2) iy 

Fe,Ti,SbO,,(OH) 2.006 (3) 2.009 (4) 2.006 (3) 2.918 (3) 92.5 (1) 155.4 (1) 

Sb,0,(cubic) 1.977 (1) 1.977 (1) 1.977 (1) 2.918 (2) 96.0 (3) 160.9 (9) 

Sb,O,1 1.962 (19) 1.988 (16) 2.001 (18) 2.988 (16) 94.1 (7) 134.3 (6) 

Sb,O71 1.959 (16) 1.961 (17) 2.024 (16) 3.042 (18) 89.4 (7) 149.2 (6) 

Sb,051 1.949 (17) 2.000 (19) 2.016 (17) 3.086 (17) 89.5 (7) 146.8 (6) 

*See ref. 122 for literature references. 

O 

0, \ 
86° Sb<> 

oF 
207 AahO 

(38) 

In the series Me3;Sb(X)OSb(X)Me;3 (X = N3, Cl, ClO,) trigonal bipyramidal structures were 

found with X and O in the axial positions. The variation of d(Sb—O) with X is given in Table 

16. 

Table 16 Axial Bond Lengths in (Me,SbX),0 

Electronegativity 
Compound d(Sb—O)(A) Axial group d(Sb—xX) (A) of X (Pauling) 

(Me3SbCi),0 1.907 Cl 2.628 3.0 
(Me3SbN3)20 1.872 N(N3) 2.344 3.0 
[Me,Sb(OCIO,)] 1.862 O (C104) 2.601 3.5 

28.11.2 Antimony Oxyhalides 

Antimony forms polymeric oxyhalides, and not metallic as in BiOCI. The fluoride, SbOF, has 
been prepared in two forms: ‘L’, with a ladder structure, and ‘M’, which has a layered 
structure. Both forms have a trigonal bipyramidal structure about antimony with three 
oxygens, one fluorine and one lone pair. Structural parameters are given in Table 15, from 
which it can be seen that L-SbOF heads the table as the nearest to an ideal fit for trigonal 
bipyramidal geometry. 

The oxychlorides SbOCI and Sb,O;Cl, have sheets of Sb—O layers, with chlorines between 
the layers. The SbOCI layer has one third of the Sb in SbO, and two thirds in SbO,Cl units. In 
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Sb,O5Cl, one half of the Sb is in SbO3 coordination and half in SbO,.'” Antimony oxoiodides, 
Sb30,1, SbgO1,1, and Sb;O,I, also have layered structures. 

28.11.3 Antimony(V) Oxide and Derivatives 

28.11.3.1 Antimony oxoacids and their salts 

Antimonic acid is poorly characterized and reported examples are hydrated Sb,O; of 
unknown structure. It is known in its salts, however, and these are of the two main types, 
based on either [Sb(OH).]~ or [SbO¢]”~ octahedra. The oxyions, e.g. [SbO,]}°~, do not exist 
per se. 

28.11.3.2 Antimonates containing [Sb(OH)s] ~ ions 

The X-ray crystal structures of sodium pyroantiomonate revealed that the salt should be 
written Na[Sb(OH).], and the silver salt is Ag[Sb(OH).]. This has led to the reformulation of 
the older notation (Table 17). 

Table 17 Revision of Antimonate Formulae 

Old formula New formula 

Na,H,Sb,07:5H,O Na[Sb(OH),] 

Mg(SbO3),:12H,O [Mg(H,0).][Sb(OH)¢], 
Cu(NH3)3(SbO3),°9H,O [Cu(NH3)3(H20)s][Sb(OH)«], 
LiSbO3-3H,O Li[Sb(OH).] 
HaF-SbOF;:H,O Na[SbF,(OH),] 

28.11.4 Sulfur Ligands 

28.11.4.1 Thioantimonates 

There are a large number of minerals and synthetic materials based on the antimony-sulfur 

bond. The structures are diverse and are based on trigonal pyramidal, tetragonal, trigonal 

bipyramidal (usually distorted) or octagonal units. Frequently several of these types of 

structural unit are used in one structure, e.g. Livingstonite, HgSb.,Ss, although cases of simple 

trigonal pyramidal structures are known, e.g. Samsonite, MnAg,Sb2Sc. 

28.11.4.2 Organosulfur ligands 

These molecules are usually formed by reacting antimony halides with an organosulfur 

compound (equations 43,'* 44’° and 45”°). 

CoH 
2SbCl, + 3Pb(SC,Cls)2 me Sb(SC,Cls)3 + 3PbCl, (43) 

(73%) 

SbF; + 3Me;SiBu' —— Sb(SBu'), + 3Me,SiF (44) 

(100%) 

34 NCS,Na + SbCl, ——> ( NCS, }] Sb + 3NaCl (45) 

Me Me 3 

In the case of ligands with larger bite, i.e. chains between the sulfur atoms, cyclic disulfides 

may result, for example 5-chloro-1-oxa-4,6-dithia-5-stibocene, ”” the structure of which consists 

of antimony in a distorted trigonal bipyramid with Cl and O in axial positions (39). A range of 

crystallographic data is contained in Table 18. 
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Table 18 Sulfur-Antimony Bond Lengths and Angles 

Compound (Sb—S) (A) (Sb—E) (A) Sb—S—E (°) Sb—S—E(°) S—E—S(°) Ref. 

(Et,NCS,),Sb 3 x (2.487-2.631) 118 128 

3 x (2.886-2.965) 

(Pr3;NCS,)4Sb 3 x 2.630 (av) 117.7 129 

3 x 2.815 (av) 

L des 3 x 2.607 (av) 120 130 

3 x 2.858 (av) 

(Ph,PS,),Sb 3 x 2.55 (av) Spex —Sb—Sjrase 92.5 (av) 131 

a 3 x (2.923-3.187) 

[(MeO),PS,],Sb 3 x 2.529 (av) 112.3 132 

3 x 3.005 (av) 

Sb(exa)(oxin)>, 3.155 (av) (Sb—N) 2.371 (av) O,,—Sb—E 85.9 x 4 (av) 124.4 133 

(Sb—O) 2.105 (basal) O,,—Sb—Name tigana 74-2 
(Sb—O) 2.018 (ax) 

[(Pr'O),PS,],Sb 3 x 2.523 (av) 1902 132 

3 x 3.015 (av) 

(EtOCS,),Sb 3 x 2.511 (av) 123.8 133 

distorted octahedron 3 x 3.002 (av) 

Compound (Sb—S) (A) (Sb—E) (A) E—Sb—E (°) Other (°) Ref. 

CH, 
CHig Wir 

Sa 

O SbCl (eq) 2.435 (av) (Sb—Cl) (ax) S—Sb—S 107.8 O—Sb—C] 152 127 

Ps a 2.448 
CH; (Sb: - - O) (ax) 

ae | ail 2.529 
distorted trig bipyr 

Ph,SbS(2,6-Me,C,H3) 2.439 (Sb—C) 2.145 (av) S—Sb—C : . C—Sb—C 94.1 134 

Ph,SbS 2.244 (Sb—C) 2.098 (av) S—Sb—C 112.4 (av) C—Sb—C 106.4 (av) 266 

(39) 

Antimony(III) complexes with bidentate sulfur ligands form an interesting series of structural 
types. In tris(diethyldithiocarbamate)antimony(III) the sulfur atoms fall into two groups. 
Firstly, there are three fac sulfurs with short d(Sb—S) 2.487-2.631 A bonds, one from each 
ligand, and then there are three longer bonds d(Sb—S) 2.886-2.965 A (40). There is a large 
gap in the coordination sphere and this has been ascribed’”* to a sterically active lone pair. 
There is a weak Sb: - -S 3.389 A interaction between molecules within van der Waals’ radii. 
Similar results have been obtained for Sb(S,CNPr3) and _ tris(1-pyrrolidinecarbo- 
dithioato)antimony(III).'*°"°° Hoskins et al.'*? used the bidentate EtOCS; to prepare 
analogous SbL; species, and found once again that there are three fac short Sb—S 2.511A 
bonds and three longer 3.002 A bonds. The triangles formed by each of these groups of three 
sulfur atoms (projected into a plane) are rotated at an angle of 41.6° relative to one another 
(41), (cf. ideal octahedral geometry of 60°). The thrust of the lone pair on Sb is considered to 
be in the direction through the centre of the triangle formed by the longer-bonded sulfurs, 
accounting for the ‘splaying out’ of that triangle when compared to the short- or primary- 
bonded sulfur atoms. The S—C—S angle is 123° (cf. (EtzgNCS2)3Sb S—C—S 118°) and this 
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subtle change in bite angle of the ligand may be a factor in the resulting distorted octahedral 
geometry rather than the pyramidal geometry of (Et,NCS2)3Sb. Hoskins et al.’* also 
adventitiously isolated the mixed ligand complex (O-ethylxanthato)bis(quinolin-8- 
olato)antimony(III), which is pentagonal bipyramidal about antimony (42). The oxygen atom 
of one of the hydroxyquinoline ligands is the apical donor with a short d(Sb—O) 2.018 A. The 
pyramidal structure is indicated by the angles the other ligand atoms make via antimony with 
this axial oxygen; average angle is 86° (ideal structure, 90°). 

(40) 

1239 

Ligand 4) 6°-this is not the S$(2)-Sb-S(1) 
b angle, which is 64.7° 

ker with 
Sb(PhCOS); the shorter bonds are with the sulfur, d (Sb—S) 2.493 A, and the wea 

ee Nae 7.802 A. Interestingly, the three oxygen atoms and the antimony are nearly 

coplanar (43). This gives a grossly distorted octahedral geometry which may be thought of as 

an extreme extension of the type of distortion in (EtOCS,)3Sb (41) at the threshold of 

tagonal bipyramidal geometry. we 

PeThe esas about ators in tris(diphenyldithiophosphinato)antimony(III) is pentagonal 

pyramidal (44) with the lone pair thought to be occupying one of the apical positions in a 
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e revealed by Russel et al.'*° for the 
1.132 have produced Sb{S,P(OR)2}3 

268 

pentagonal bipyramid. This is similar to the structur 

M;{Sb(C20,)3] complex (M=NHy, K; 45). Sowerby et a 

(equation 46). 

SbCl, + 3(NH,)S:P(OR); ——> Sb{S,P(OR),}; + 3NH.CI (46) 

R=Me, Et, Pr’, Bu’, Bu’, Bu® 

A projection of the [Sb(C20,)3]>- 
ion approximately perpendicular 
to the equatorial plane 

A perspective view of the 
[Sb(C20,4)3]> ion 

(45) 

X-Ray structures were produced for the Me (46) and Pr' (47) derivatives, both being 
described in terms of distorted octahedral geometry; the twist angles between the two planes of 
sulfur atoms are ca. 45° in both cases (ideal octahedral twist angle is 60°). 

& and 

planes are parallel S 
& = short bonds 

(46) ©& = tong bonds (47) 
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In a formal sense in these compounds with sulfur the central antimony atom has a total of 
seven pairs of electrons. The lone pair then has to occupy a capping position over a triangular 
face of the octahedron (48). The longer Sb—S bonds are then rationalized by the interaction of 
the lone pair with a group of three fac sulfur atoms, say x, y, z. However, it could equally well 
be argued that other geometric imperatives imposed, for example, by small bite ligands or 
inductive factors by adjacent atoms or groups, or the requirement to minimize intermolecular 
interaction in the crystal, are responsible. The balance of interactions and their relative 
importance has not yet been fully worked out. 

Some interest is being shown in some Sb—S compounds for their pharmacological effect. For 
example Alonzo et al.'*° have prepared SbL3-H,O (LH = L-cysteine), but the structure is not 
yet known). 

28.11.4.3 Organoantimony-sulfur compounds 

The known types are well reviewed in Gmelin up to ca. 1980, but some representatives will 
be mentioned here. 

Thioesters are prepared from stibonous esters (equation 47).'°’ Thiostibinous esters may be 
made from-the oxo compounds (equation 48).'°8 

EtOH, reflux MeSb(OEt), + 2EtSH ——“"_ MeSb(SEt), (47) 

b.p. 100 °C/13 mmHg 

(R,Sb),0 + 2R'SH => R,SbSR’ (48) 

These are compounds of pharmaceutical interest possessing bactericidal and fungicidal 
properties and finding use in, for example, paint formulations. 

28.11.5 Some Pentacoordinate Molecules 

Spiroarsoranes'*” (see p. 245) are distorted towards square pyramidal geometry, so it is 
surprising that 2-phenyl-4,4,4’4',5,5,5'5 ’-octamethyl-2,2'-spirobi(1,3,2)°-dioxastibolan is found 

to have a distorted trigonal bipyramidal geometry (49).'*° 

Me Me 
ae 

Mei sceay 

Me | O 198A O(ax)—Sb—O(ax) = 167° 
oN pas 

ioe Oe Me 
PH Jawa “< 

Se Me 

EON 
Me Me 

(49) 



270 Arsenic, Antimony and Bismuth 

Apical 
bond 

(50) (Phz SbO2CgHa4)o° HzO 

Perhaps the most remarkable five-coordinate compound is bis(triphenylantimony- 
catecholate)hydrate,'*? which displays six-coordinate octagonal geometry and square pyramidal 
geometry (Table 19). As seen in (50) one molecule of Ph3Sb(catecholate) is bonded to a water 
molecule; this bonding is very weak with d(Sb—O) 2.512 A, corresponding to a bond order of 
0.17. The oxygens are fac. The other molecule of the pair has a base of two carbons, d(Sb—C) 
2.143, 2.125 A, two oxygens and an apical d(Sb—C) 2.099 A. 

Table 19 Bond Lengths in Some Five-Coordinated SbY Compounds 

Compound Geometry* 

QncO ‘ 
ei Trigonal Sb—O(ax) 1.98 O(ax)}—Sb—O(ax) 167 
PP pyramidal Sb—O(eq) 1.95 
| O Sb—C(eq) 2.11 
Ph 

(Ph,SbO,C,H,)>"H,O (i) Octahedral Sb—C 2.140 (av) 
Sb—O 2.049 (chelate) 
Sb—O 2.512 (H,O) 

(ii) Square pyramidal Sb—C 2.099 (apical) 
Sb—C 2.143, 2.125 (base) 
Sb—O 2.060, 2.013 (base) 

“Bond lengths in A. 

28.12 ANTIMONY-HALOGEN COMPOUNDS 

28.12.1 Antimony(III) Halides 

The structure of SbX3 molecules is trigonal bipyramidal in the vapour phase (Table 20) and 
this symmetry is retained in the crystal state with some variations in bond lengths. In the case 
of the iodide the d(Sb—I) is 2.72 A (I—Sb—1 99°); the crystal consists of hexagonal close 
packed assemblies of iodine atoms with antimony in the octahedral interstices, but off-centre, 
giving two different d(Sb—I) distances of 2.87 and 3.32 A. 

Antimony(III) halides are chemically reactive, but less so than their phosphorus or arsenic 
analogues. Antimony(III) chloride forms a clear solution with water, and there is no evidence 
for Sb°* ions; dilution results in precipitation of insoluble oxychlorides of various compositions, 
e.g. SbOCI, SbsOsCl,, SbgO;;:Cl,. Some reactions of SbCl; are shown in Scheme 3. 
Antimony(III) fluoride is an important fluorinating agent. 

Antimony(III) halides are Lewis acids and will form adducts with Lewis bases. An example 
is provided by Lipka and Mootz,'? who prepared an adduct of diphenyl with SbCl, 
2SbC13-PhPh (51). A molecule of SbCl; is bonded to each of the biphenyl rings, but there are 
two differently bonded antimony atoms. One which forms the chain is six-coordinate: there are 
three chlorine atoms at a normal distance, 2.36 A (av), and two at the longer distances of 3.443 
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Table 20 Antimony—Halogen Bond Lengths 
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Compound d(Sb—x) (A) d(Sb—E) (A) E—Sb—X(°) E—X—Sb (°°) Ref. 

SbF, 1.92 87.3 142 
SbCI,(vap) 233 97.2 143 
SbCl, (crystal) 1 x 2.340 1x91 144 

2 X 2.368 2 X 95.7 
SbBr;(vap) 2.49 98 145 
SbBr,(crystal) 2.50 95 146 
SbI,(vap) 2.719 99.1 147 
SbI,(crystal) 3 X 2.686, 3 X 3.316 95.8 148 
SbCl1,(vap) 2.43 (ax) 267 

2.31 (eq) 
SbCl, (crystal) 2.34 (ax) 268 

2.29 (eq) 
[2SbC1,-Ph-Ph] 2 X 2.36 (av) Sb: -- Ph3.26 91-94 149 

2 X 3.45 (av) Sb--- Ph 3.08 : 
SbF, (tetramer) 2.025 (br) 2x 141 150 

1.81 (t) 2 x 170 
[SbF;-SO,] 1.85 151 
[SbF;-POCI,] 2:33 152 
[SbCl,-OC(H)NMe,] 2.34 153 
SbCl,:-PhNH, 2.516 (ax) 2.525 (ax) 1.663 154 

2.329 (av) (eq) 
(SbCIF,), 2.07 (br) (Sb—F) 155 

1.97 (t) (Sb—F) 
2.25 (av) (Sb—Cl) 

(SbCl,OMe), 2.328 (av) 2.05, 2.15 110.3 156 

[MeCO]*[SbF,]~ 1.851 (av) 89.9 (av) 157 
178 (ax) 

(Me,N)3(Sb,Bro-Br,) 3.043 (br) 174.0 (5) 158 
2.625 (t) 

(NH,)4(Sb'Br,)(SbY Bre) 2.795 (Sb™") 159 
2.564 (Sb) 

[XeF3]*[Sb.F,,]~ 2.01 (br) 160 
1.85 (av of rest) 

Fe(TPP)(FSbF,)-PhF 1.905 (br) 2.105 (Fe—F) 161 
1.844 (av of rest) 

(SbCI,N3)2 2.317 (av) 2.186 (av) 69.1 110.8 162 
(SbCI,NCO), 2.299 (av) 2.17 (O) 163 

2.23 (N) 

(Sb,F,)?* 2.07 (av) (br) 148 164 

Na(SbF)PO,-nH,O (n = 2-4) 1.923 165 

[SbCl;-L] 
: Ni(CO),SbCl, 

K,[SbCl,] aromatic ; 
H/C(L) 

2KCl Ni(CO), 

CA ar aes ES omen Sb(CN), 
R,Sb RMgX SbCl, e,SiCN 

LS Bare Sb(OSiR;)3 

organic 
bases Sb(OR), 

SbOCI Sb(NMe,); 

e.g. [SbCl;-PhNH,] 

Scheme 3 Representative reactions of antimony(III) chloride 



272 Arsenic, Antimony and Bismuth 

and 3.456 A; the phenyl ring is the sixth ligand. The other type of Sb only binds to one extra 

chlorine (3.442 A) and the other phenyl (3.08 A), resulting in pentacoordination. 

(51) 

Placing an NH group between the phenyl rings, i.e. diphenylamine, resulted in a similar 
structure, but because of the greater flexibility of the ligand the Sb- - -Ph distances for the two 
antimony atoms are approximately the same, 3.08 and 3.09 A (52). However, when the 
[PhNH,]*Cl~ salt is used as the ligand, a completely different structure resulted. Both 
antimony atoms are in the same environment of a distorted octahedron of six chlorine atoms, 
and the amine ion is a bridging position between chlorine atoms of the antimony—chlorine- 
bridged tubular chain (53). 

These adducts may be usefully compared to that formed by Scruton and Hulme’ in 
SbCl,-PhNH). In this case the bonding is with nitrogen and the structure is trigonal bipyramidal 
with N and Cl apical and two chlorines and the lone pair equatorial. The balance between the 
factors of the Lewis basicity of the amine versus that of the aromatic system together with 
crystal packing energies must be finely drawn in these systems. 

Antimony(III) halides are powerful halide acceptors and form complexes with, for example, 
monovalent halides to give a variety of interesting structures, e.g. (54)—(56). The tetramethyl- 
ammonium nonabromodiantimonate(III) dibromine is of interest since the crystal structure 
contains bromine molecules which bridge the [Sb,Bro]*~ anions (56).'°° 

Gillespie and coworkers’™ isolated a 1:1 adduct of SbF; and SbF; from a reaction mixture of 
SbF; and S,N, in liquid SO, the crystal structure of which shows it to be [Sb2F,]**[SbF,]z (57). 
Similar [SbF2]" cations have been described in M(SbF.)SO, (M=Rb,Cs)’® and 
K(SbF2)HPO,.’®” 
A crystallographically characterized species, [SbF]’*, has been described by Mattes and 

Holz.'® On mixing 0.1-0.3 M solutions of SbF; and MH>PO, the compounds shown in Scheme 
4 are isolated. Compound (I) is the same as that produced in K(SbF,)HPO, (above), but 
complexes (II) and (III) have the interesting structure (58). 

28.12.2 Antimony(V) Halides 

Two simple antimony(V) halides are known: SbF; (m.p. 8.3 °C, b.p. 141°C, d 3.11 gcm7? at 
20°C) and SbCl; (m.p. 40°C, b.p. 140°C, d 2.35 gcm™ at 21°C). The former is a syrupy 
viscous liquid (ca. 850 centipoise, 20°C, which is a similar value to glycerol), due probably to 
the polymeric chains of cis-bridged SbF, octahedra.‘ The viscosity is greatly reduced by the 
addition of small amounts of SbCl;, which breaks the So—F—Sb bridges. This is of industrial 
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(52) 

213 
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Cl 
b 

—Cl— 

< 
Cl-————C 

Cl cl— 
(54) a=2.64A; b =2.38 A; c =3.12 A; all angles ~ 90° 

(56) 

K(SbF)HPO, 
(I) KH,PO, 

SbF, MH#2F:, NH,(SbF)PO,-H,O 
(II) 

NaH,PO; 

Na(SbF)PO,:nH,O 

Scheme 4 

Arsenic, Antimony and Bismuth 

(55) a=2.58A; b =2.69A; c=2.36A 

Br 

SbF** 

SbF; 

SbF** 

(57) 

importance in processes such as the Swarts reactions. In the crystalline state SbF; is a tetramer, 
(59) .150 

A variety of mixed antimony(V) chloride/fluorides have been described, in the main arising 
from the fluorination of SbCl;; the product of fluorination is strongly dependent on the 
fluorinating agent. Bridging fluorides exist in the cyclic tetramer SbCI1,F, similar to the (SbFs), 
(59).'® One of the products from the HF reaction, SbCI;F2, is also a tetramer with bridging 
fluorine, d(Sb—F) 2.07 A.1*5 The other HF fluorination product, [SbCl,][Sb2Cl,Fo], contains 
the unit [CIF,Sb—F—SbF,C]], with a distorted octahedral geometry about antimony, So—F—Sb 
163°. 169 
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(59) 

Birchall and co-workers'*> found that the fluorination of SbClF gave a product best 
described as a tetramer of SbCl3;F, with partial replacement of the fluorine by chlorine and 
corresponding to the general formula Sb,Cl,2,,Fs-, (x =0-4). In the case where x=1 
(equation 49) the substitution results in a compound with a disordered crystal structure. 

SbCLF = Sb,Cl,3F, m.p. 45-54 °C (49) 
2 

One of the more notable features of antimony(V) halide chemistry is the tendency to achieve 
a CN of six, thus resulting in the facile formation of complex anions, particularly with halide 
donors (Table 21); the d(Sb—F) depends on the nature of the cation. Their structures are 
related to the F—Sb- - -F interactions between crystal structure units, which is dependent upon 
the potential field of the cation. 

This powerful halide-abstracting ability results in SbF; being the strongest Lewis acid with 
which HSO;F forms the strongest ‘superacid’, the so-called ‘magic acid’.”” The SbY halides are 
excellent Friedel-Crafts catalysts.*© 

Although XeF, is a poor F-donor, such is the strength of SbF; as a Lewis acid that reaction 
between them produces [XeF;]*[Sb2F,,]~ (60), but it should be noted that the nearest 
approach of an F atom of the anion to the cation is 2.50 Ale 

Care must be exercised in interpreting initial data when using SbF; to generate [SbF.]~ 
anions. An example from the recent literature is that of Fe(TPP)(FSbF;)-PhF.'®' It had been 
supposed, not unreasonably, that the SbF, moiety was an anion, but careful X-ray analysis 
shows that this moiety is, in fact, a ligand covalently bound to iron (61). 

COoc3-J 
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Table 21 X-Ray Crystal Data for M[SbF,] 

oh ee ee 

Compound Crystal type d(Sb—F)(A) Ref. 
perverts Bets cits. OES ah Mae Sibi a 

Li[SbF,] Rhombohedral 1.877 259 
Na[SbF,] Cubic (NaCl type) 1.78 260 

K[SbF.] Cubic (CsCl type) 1.77 261 

pyH[SbF,] Rhombohedral 1.87 262 

(61) View of Fe (TPP)(FSbF.): PhF showing the orientation of 
the hexafluoroantimonate ligand and the disposition of the 

fluorobenzene solvate, The porphinato core is in the plane 

of the paper. 

Antimony(V) chloride is also a reactive compound, readily chlorinating and oxidizing a wide 
variety of compounds. It has a trigonal bipyramidal structure in both the vapour and crystalline 
forms.'*® Substitution of one of the chlorines by a methoxy group results in an oxygen-bridged 
dimer (62).° Two interesting examples of SbCl; adduct with Lewis bases can be cited. 
Weber’”? first prepared SbCl;-SeOCl, in 1865, but its structure was only solved 100 years later 
(63).'”! Cyclooctasulfur monoxide is an unstable material, but in the orange SbCl; adduct (64), 
it is stabilized.’” 

28.12.3 Antimony Pseudohalides 

The pseudohalides are discussed in the halogen ligand section rather than in the nitrogen 
ligand section because in the majority of the examples studied the pseudohalide is the minor 
ligand, i.e. one among many—most studied are antimony halide pseudohalides. 

Antimony pentachloride reacts with alkali pseudohalides (equation 50). Addition of further 
KX results in dimer formation, [SbCl,X],. The crystal structure of [SbC1,N3]2 shows a distorted 
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CI (6) 
CI (13) 

1(12) 

(63) (62) 

(64) Molecular structure, bond lengths(pm) and torsional 

angles of Sg0-SbCl. 

octahedral environment about antimony (65).'? 

SbCl, + KX —> K[SbCI,X] 
X= CN, N3, NCO, NCS 

In the case of [SbCl,(NCO)]2, however, the material decomposes at 20°C to a trimer, 
[SbCL,(NCO)]3, which is a cyanuric acid derivative (66).'© 

(50) 

ye! 

Y ee | Cis 

Cl i Cl ne a v Cl 
Pos [ae Gea, sé @ 

Sees Va es 
Cl dN dy “a dl . Nec ] PReSh 

N Ca 
|| cy al 
N 

(65) (66) 

28.13 BIOLOGICAL ASPECTS OF ANTIMONY 

28.13.1 Toxicology 

Prudence requires that all antimony compounds should be treated with caution and, until 

proved otherwise, be considered toxic. While it is true that some studies have shown that, in 

the short term, antimony oxides may be considered non-hazardous, in the longer term they 
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have been shown to be carcinogenic in rats. Dusts from the ‘natural’ antimony oxides are more 

dangerous than chemically pure Sb,O3 because the minerals are often associated with arsenic 

and lead. 
‘Antimony spots’ are temporary pustular skin eruptions that afflict workers exposed to 

antimony compounds. Prolonged or acute exposure results in the build up of antimony in the 

tissues, especially in liver, kidney, adrenals and thyroid. Antimony(III) is considered to be 

more toxic than antimony(V) because it is relatively slowly excreted. Long term exposures (up 

to 28 years) have resulted in pneumoconiosis and emphysema, but even after a few months 

exposure (S-10mgm™*) to fumes from antimony smelting pathological symptoms were 

observed, e.g. rhinitis, pharyngitis and tracheitis.'” 
Antimony pentachloride, in a case of acute poisoning, caused severe pulmonary oedema in 

the three victims, two of whom died.'”> Antimony compounds form complexes with thiol 
groups (see Section 28.11.4), and in enzymes with thiol groups then these processes are 

blocked. 
Evidence is accumulating that antimony is teratogenic and carcinogenic; 30 ul dm~* cause 

mutations in Bacillus subtilis.!7° Antimony has also caused mutations in plants and animals.'”’ 
Antimony does not appear to be an essential ultratrace element and does not appear to 

undergo metabolic reactions analogous to those of arsenic; for example, no biomethylation of 
antimony has been detected.'”® Antimony trioxide is now suspected to be carcinogenic to 
humans. 

28.13.2 Pharmacology 

The hostility of antimony to life has been harnessed by chemical technology in a range of 
bactericides and fungicides, some of which were mentioned in Section 28.11.4. Since the advent 
of a rational chemotherapy a rich pharmacology based on antimony has developed. Because of 
the essential toxicity of antimony, its medical use is of necessity a trade off between the 
resistance of the patient and the pathogen to antimony poisoning. These drugs are not ‘magic 
bullets’. Nevertheless, the antimony drugs are still the most effective treatment for a number of 
diseases. The reduction in mortality from 95% to less than 5% in the case of Kala-Azar is due 
to antimony therapy. Some of the drugs are listed in Table 22. 

Table 22 Some Antimony Compounds Used in Medicine 

Compound Pathogen Human toxicity LD5o (mg kg’) Disease 

Antimony potassium tartrate Schistosoma japonicum Toxic 48.8 (mouse Schistosomiasis 

interperitoneal) (bilharziasis) 

Antimony(V) sodium tartrate Schistosoma japonicum Less toxic than K salt 257 (mouse intravenous) Schistosomiasis 

Sodium antimony(III)bispyro- Schistosoma haematobium 80 (rabbit intravenous) Schistosomiasis 

chatecol-3,5-disulfonate) 

(Stibophen) Schistosoma mansoni 320 (mouse subcutaneous) Leishmaniasis 

Antimony(III) sodium gluconate Less toxic than tartrates 172 (mouse intravenous) Schistosomiasis 

Sodium antimony(III) Schistosomiasis 

dimercaptosuccinate 

(Stibocaptate) 

‘Ethylstibamine”* Kala Azar Espudia 

Antimony(V) sodium gluconate Cutaneous leishmanias 

* A mixture of p-aminophenylstibonic acid, p-acetylaminophenylstibonic acid, antimonic(V) acid and diethylamine. 

The structure of crystalline tartar emetic, dipotassium di-y-( + )-tartrato(4)-bisantimony(III) 
trihydrate, was first elucidated by X-ray crystallography in China as the (+) salt by H.-C. 
Mu” and further refined by Jacobson and Gress'® as the (+) isomer by three dimensional 
X-ray and white radiation neutron diffraction. The structure of [Sb2{( + )-C4H20¢}2]?~ is shown 
in (67); the coordination about antimony is that of a highly distorted trigonal bipyramid. The 
axial oxygen atoms are of the carboxylate group and the equatorial is the hydroxyl oxygen (68). 
The bond lengthening between Sb—O(ax) and Sb—O(eq) is on average 0.17 A. Between the 
dimers there is a weak Sb—O interaction involving the uncoordinated carboxylate oxygen 
atom. The dimers are bound loosely to clusters of three water molecules, forming sheets. 
Potassium ions lie between the sheets holding them in place in the crystal. 
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(e ee 

1.40 A 78.3° 148, 5° 

101° 

equatorial axial bond 
bond 

(68) 

Finally, an antimony analogue of choline, HOCH,CH,NMesX~, has been synthesized 
(Scheme 5). The compound acted as a substrate for choline kinase. !®! 

Me;Sb + ICH,CH,OH 22+ Me,SbCH,CH,OH*I- 

|e exchange 

Me,SbCH,CH,OOMe*CI- <2 Me,SbCH,CH,OH*CI- 

Scheme 5 

28.14 BISMUTH 

Bismuth was established as an element in 1739 by a Mr Potts. It had been known since the 
Middle Ages, but had been thought to be a type of lead. It is the heaviest member of Group 5 
and has the electronic configuration [Xe]4f 1*5d"°6s”6p°. 

28.15 BISMUTH-GROUP 4 BONDS 

28.15.1 Carbon Ligands 

Tetraphenylbismuthonium diphenylbis(trifluoroacetato)bismuthate (equation 51)'®* contains 
a distorted tetrahedral cation and an anion (69), the structure of which has been interpreted in 
terms of a stereochemically active lone pair. This appears to be the only four-coordinate 
trigonal bipyramidal bismuth structure established to date; in antimony chemistry these types 
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form polymeric polyanionic structures. 

Et,O 

Ph,Bi + PhBi(CF,CO,), —2°> [Ph,Bi][Ph,Bi(CF;CO,),] (51) 

86% 

(69) 

X-Ray analysis has shown Ph3BiCl, to have a trigonal bipyramidal structure with axial 
chlorines.'** 8-Hydroxyquinoline can displace one chlorine to give Ph3Bi(8-HQ)CI, which also 
has a trigonal bipyramidal structure (70). The nucleophilic N interaction with bismuth, 
d(Bi—N) 2.807 A, causes the twisting of the two nearest phenyl rings. '*? 

28.15.2 Silicon, Germanium and Tin Ligands 

28.15.2.1 Silicon ligands 

The silicon—bismuth bond has been demonstrated in a number of compounds such as 
Bi(SiF3)3, a volatile crystalline compound'®** which decomposes on heating; it is air and 
moisture sensitive. Germanium—bismuth compounds can be prepared by the use of Bi(SiEts)3 
(equations 52 and 53).1®° 

165 °C 3Et,SiH + Et3BI “> (Et,Si),Bi + 3S,H, (52) 
33% 

(Et,Si);Bi + Et;GeH ——> (Et,Ge),Bi + Et,SiH (53) 
73% 
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The physical properties of some bismuth complexes containing Si, Ge and Sn ligands are 
listed in Table 23. 

Table 23 Some Physical Properties of Si-, Ge- and Sn-containing Bismuthines 

Compound B.p. (°C/Torr) M.p.* (°C) Density (gcm~*) Ref. 

(Et,Si);Bi 145-6/1 1.273 185 
(Ph,Si) Bi 216-218 (d) 186 
(Me,Ge),Bi 114-6/0.1 187 
(Et,Ge),Bi 167-8/2.5 1.586 188 
(Et,Ge),BiEt 132-6/2 188 
(Ph,Ge),Bi 225-7 186 
[(C.F;)sGe],BiEt 148-150 189 
(Et,Sn) Bi 160-170(d) 1.743 184 
(Ph,Sn);Bi 138-142 (d) 190 

* d= decomposed. 

28.15.2.2 Germanium ligands 

Germanium—bismuth compounds have been prepared by transmetallation reactions,'®*"!"! as 
shown in the previous section (28.15.2.1). 

Triethylbismuthine reacts with (C,F;);GeH to produce’®? mono- and di-substituted ger- 
manium compounds, but not the trisubstituted species. If disubstituted germanes are used, an 
interesting Bi,Ge; ring system is produced (Scheme 6). 

(C,F;)>Ge—BiEt 
(C.F;),GeH, + Et;Bi — > (ae ed a 

EtH 

H 
(C.F;)2Ge=BiEt 

H—Ge(C.F:); a 
Bi BiEt 

Go 2),GeH, as (Cel) ,GE papa) Gel C.F, )s, it PPO (CBG ye, Gel CF .)s 
— EtH ~ Sth 

BiEt BiEt 

[ew 

Bi 

Va 
(C.Fs)2Ge Ge(C,F;). Ge(C.Fs)2 

Sy 
Bi 

Scheme 6 

X-Ray analysis has shown the structure of [(CoFs)2Ge]sBiz to bea trigonal Ae boas (71) in 

which Bi has trigonal pyramidal geometry.” The average d(Bi-Ge) is 2.739 A and average 

angles are Ge—Bi—Ge 72.1° and Bi—Ge—Bi 93.9”. 

28.15.2.3 Tin ligands 

Tin bismuthines have been prepared in a similar manner to the germanium bismuthines 

(equation 54).18°19° The tin bismuthines decompose on heating and are air and moisture 

sensitive. They have, as yet, found little use. 

Et;Bi+ Me,SnH ——> (Me;Sn);Bi + C,H, (54) 
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71.58(4) 

73,.37(4) 

7219(4) 

28.16 BISMUTH-GROUP 5 BONDS 

28.16.1 Nitrogen Ligands 

There are a large number of compounds which contain bismuth—nitrogen bonds, but very 
few in which such bonding represents the main framework of the bonding. There does exist 
BiCl, coordination compounds such as the stable colourless [BiCl,;(NH3)3] or the unstable red 
[(BiCl;).(NH3)]. These compounds are described in more appropriate sections, except where a 
point about the Bi—N bond is being made. 

28.16.1.1 Bismuth(III) compounds 

A number of aminobismuthines have been described (Table 24) and are prepared by similar 
methods to the aminoarsines (equations 55 and 56).!°7-1% 

Me;Si Me;Si 

NLi + Me;_,,BiBr, ——~> ow BiMe,_,, (55) 

Me Me p 

a ‘ THF PB s 
BiCl, + 3LINR, —> 3LiCl+ Bi(NR,); (56) 

Table 24 Some Physical Properties of Alkylaminobismuthines 

Compound B.p. (°C/Torr) M.p. (°C) ioe Ref. 

(Me,N);Bi 46-49/0.16 40-40.5 194 
(Et,N) Bi 80-82/0.09 1.5322 194 
(Pr3N)3Bi 110-112/0.02 1.4086 194 

ja 

N] Bi 90-92/0.1 27-29 102 

Me” 3 

Me,Si 

N ] BiMe 70-71/0.1 102 

Me 2 

Me;Si 

N—BiMe, 31-32/0.1 102 

Me 
ee 
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The bismuth-nitrogen bonds in these compounds are labile and decomposition slowly occurs 
at room temperature; they may be stored at —78°C. Some reactions are shown in Scheme 7. 

PhNCS S\ 

acetic : 

, anhydride Bi(OAc), 

Bi(NR;); —heat_, Bi 

ae. Bi(O,CNR,), 
CS) : 

' Bi(S,CNR,), 

(R,NBiO), + (R,N),SO'! 

Scheme 7 Some reactions of alkylaminobismuthines 

The bismuth—azide bond has received some attention. The synthesis is often surprisingly 
facile (equation 57)."°° The organobismuthine azides are more unstable, but the azide group 
displaces an alkyl group from trialkylbismuthine (equation 58).1%° 

Bi(NO3)3(aq) + NaN;(aq) —~> BiON,; (57) 

Me;Bi+HN, —> Me,BiN; + CH, (58) 
(m.p. 150°C dec.) 

A series of mixed donor ligand complexes involving Bi—N bonds has been developed by 
Alonzo (equation 59).!%” 

NH ee 
Bi(CO;), +3 (qa OHs Bi (59) 

SH S | 
3 

28.16.1.2 Bismuth(V) compounds 

The nitrogen—bismuth bond in bismuth(V) compounds is usually found in organobismuth 
compounds, e.g. in the formation of Ph3Bi(N3)2, remarkably from aqueous solution, as white 
crytals, m.p. 95°C (dec.)'*® (equation 60). The material is metastable at room temperature, 
slowly decomposing. On heating the diazide decomposes into phenyl azide and the 
bismuth(III) azide (equation 61). Ph2BiN; is itself unstable with respect to Ph3Bi and continual 
heating results in formation of Ph3Bi. 

Ph,BiCl, + NaN(aq) ——> Ph,Bi(N;), + 2NaCl (60) 

Ph,Bi(N;),> ——> Ph,BiN; + PhN, (61) 

28.16.2 Other Group 5 Bonds 

Interpnictide bonding is not a well-developed field, with the exception of N—P compounds, 
although in recent years there have been notable achievements, such as the synthesis of 
RE=ER compounds. Developments in bismuth—pnictide bonding have not been as successful. 
However, it may confidently be predicted that analogous compounds will be developed in the 
near future. 
The remarkable five-membered ring (MoP2Bi.) was prepared by Stelzer et al. (equation 

199 62). ve 

P—BiMe 
MeBiCl, 

(OC),Mo(Me,PLi)> ———> (OC),Mo (62) 

P—BiMe 
Me; 

COCc3-J* 
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28.16.2.1 Bismuth—-bismuth bonding 

There are no well-characterized polymeric bismuth catenates, although a black ether- 

insoluble substance, described as (PhBi),, results from the reduction of phenylbismuth halides 

with LiAlH,.2” A polymeric bismuthine is thought to result from the decomposition of 

1,1'-bibismolane.”°! To date, bismuth catenation is limited to Bi, in the case of free molecules 

and to some complex anionic and cationic clusters. 

(i) Dibismuthines 

Tetrakis(trimethylsilyl)dibismuthine has a trans-staggered conformation, shown to good 

effect in the stereoview (72).2°? The intramolecular d(Bi—Bi) is 3.035 A and the intramolecular 
d(Bi- - -Bi) is 3.804 A. The Bi—Bi distance averages 2.68 A. The molecules are linked into 

chains in the crystal, allowing electronic excitations along the chain, accounting for the green 

metallic lustrous appearance of these crystals. The compound is red in the liquid state. 

(72) 

28.17 BISMUTH-GROUP 6 LIGANDS 

28.17.1 Oxygen Ligands 

Bismuth trioxide is a basic oxide and dissolves in mineral acids to give salts such as 
Bi,(SO4)3, Bi(NO3)2-SH2O and BiPO,. The hydroxide, Bi(OH)3, may be precipitated by the 
addition of a base; its composition is variable and compounds such as BiO(OH) have been 
described, although no structures have been confirmed. Before precipitation takes place 
complex cations are formed, and at one time it was thought that these were [Bi,(OH),2]°*, but 
it has subsequently been shown™ that the most common cation present is [BisO,(OH)4|°*. An 
X-ray crystal structure of Big0,(OH)4(NO3)¢-H2O has shown the six Bi atoms to be at the 
apices of an octahedron at non-bonding separations; the octahedron is face capped by O and 
OH, forming Bi—O—Bi bridges. A_ similar structure has been demonstrated for 
Big04(OH).4(ClO4)6-7H2O. The lone pairs on the bismuth atoms are directed away from the 
cage. Each bismuth is bonded to two equatorial oxygen atoms and two axial hydroxide oxygen 
atoms, resulting in a distorted trigonal bipyramidal structure about bismuth; the bismuth atoms 
are also weakly bonded to anions in the crystal lattice. 

28.17.2 Sulfur Ligands 

A truly remarkable bismuth—-sulfur compound was recently reported by Muller ef al. 
(equation 63).”°° The dark brown compound contains an anion which is essentially two S; rings 
joined by a spiro bismuth atom, and two of these bismuth groups are joined by an S, chain 
(73). This bismuth coordination polyhedron is a highly distorted square pyramid, the apex of 
which is the sulfur of the S¢ chain, d(Bi—S,pica!) 2.683 A (av) and d(Bi—S,,) 2.817 A. 

MeCN 

60% 

An eight-membered ring containing bismuth is formed by the condensation of diethoxybis- 
muthines with dithiols (Table 25).?° 
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Table 25 Bismuth—Sulfur Bond Lengths and Angles 

Compound d(Bi—S) (A) d(Bi—E) (A) Bond angles (°) Ref. 

i 2.581 (av) 2.25 (C) S—Bi—S 104 O Bi—Ph 
2 206 i 2.97 (O) C55 88.75 (av) 

Rb[Bi(NCS),] 2.785 (av) 2.74 (-- +N) S(ax)—Bi—S(ax) 158.2 207 
Isopropylxanthogenato- 2.66 (ax) 2.25 [C(eq)] (av) S(ax)—Bi—S(ax) 161.9 208 diphenylbismuthine 3.23 (ax) 
MeBi(S,CNEt,), 2 x (2.688) (av) 2.24 [C(apex)] (av) S—Bi—C 84.5, 95.1 209 

2 X (2.955) (av) 

bo ye Ce eB 

S aeee. 
(73) 

An X-ray study of 5-phenyl-1-oxa-4 ,6-dithia-5-bismocane revealed structure (74). The Bi—O 
interaction ensures the conformation shown, in the crystal at any rate. The bismuth 
coordination sphere is completed by intermolecular sulfur ligands (75) and the intermolecular 
stacking is shown in (76). 

C(3) 

(75) (74) c(6) C(7) 

In the case of ambidentate ligands such as thiocyanate, bismuth has a preference for the 
‘softer’ sulfur ligand. This is demonstrated in the X-ray study of Rb[Bi(NCS),].7°? Four SCN 
groups coordinate via sulfur, d(Bi—S) 2.785 A (av), in a trigonal bipyramidal arrangement, the 
lone pair occupying an equatorial site. The distortion is shown in the S(ax)—Bu—S(ax) angle 
of 158.2° (77). A weak interaction is suggested by the d(Bi- - -N) of 2.74 A. 

28.17.2.1 Organosulfur ligands 

The preference of bismuth for sulfur donor atoms is demonstrated by their method of 
synthesis. A frequent method used is to displace alkoxide groups by thio-alkyls or -aryls 
(equation 64). However, one of the problems in syntheses of thiobismuthines is a tendency in 
some cases to disproportionate, for example the reaction (65) does not occur; instead, the 
dithiobismuthine is obtained (equation 66).7‘° However, in the case of R groups with 
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(76) 

(77) The structure of RDEBi(SCN),1, projection along the (OO!) axis 
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a 1,3-diaza-2-yl heterocyclic structure, e.g. pyrimidin-2-yl, the monosulfide is obtained 
(equation 67). 

PhBi 

MeBi(OEt), + 2HSR — > MeBi(SR), + 2HOEt 

Me.BiBr + NaSR —*> Me,BiSR + NaBr 

Me,BiBr + NaSR —> Me;Bi+ MeBi(SR)> 

1 Lea 
Me,BiBr + ices i del Nas Me-BiS\y | 

Examples of (RS)3Bi, (RS)2BiR’ and RSBiR3 are given in Tables 26 and 27 together with 
some physical data. 

Table 26 Bis(organothio)bismuthines, RBi(SR’), 

Compound 

(SPh), 
p-MeC,H,Bi(SPh), 
p-CIC,H,Bi(SPh), 
«-Naphthy|Bi(SPh), 
MeB 

MeB 

MeB 

MeB 

i(SPh), 
i(SEt), 
i(SCH,Ph), 
i(SCH,CH,OH), 

a 
MeBi(SC__ i 

Ne 

_-S—CH, 
MeBi 

MeB 

PhBi 

PhBi 

PhBi 

if 
PhBi 

\ 

SCH, 
S 

4 

ee ‘s 
(SEt), 

(SCH,CH,OH), 
SCH: 

Table 27 Some Tris(organothio)bismuthines, (RS)3Bi 

Compound 

(PhS)3Bi 

(Bu'S),Bi 

(C,C1<S)3Bi 
(EtS),Bi 
(PhCH,S);Bi 
(HOCH,CH,S)3Bi 

* d = decomposed. 

Colour 

Yellow plates 

Yellow 

Yellow crystals 

Yellow crystals 

Yellow crystals 

Pale yellow crystals 

Yellow 

Yellow crystals 

Orange-red crystals 

Yellow crystals 

Large yellow crystals 

Pale-yellow crystals 

Pale-yellow crystals 

Colour 

Orange-red needles 

Deep-yellow crystals 

Deep-yellow crystals 

Pale-yellow crystals 

M.p. °C) 

170 

155 

170 

240 

131 

91 

90-92 

86 

156 

100 

185 

74 

90 

57 

137 

M.p.*(°C) 

90-91 
98 
150 (d) 

80-82 
88-90 
77 (d) 

211, 

211 

211 

211 

213 

213 

213 

213 

213 

213 

213 

212 

212 

212 

Ref. 

211 
212 

- 214 

215, 

212 

212 

212 

Ref. 

212 

212 

(64) 

(65) 

(66) 

(67) 
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Bidentate organosulfur ligands have been synthesized in a similar manner to the simple 
organosulfur compounds, e.g. equation (68). 

Ph,BiBr + Santee. — eration (68) 

Some examples of alkylxanthogenato and organodithiocarbamatobismuthines are given in 
Tables 28 and 29. The crystal structure of isopropylxanthogenatodiphenylbismuth has been 
solved (78).7°° The intermolecular sulfur ligand makes the bismuth coordination polyhedron a 
trigonal bipyramid (Table 25). In the case of one organo group on bismuth and two bidentate 
sulfur ligands, e.g. bis(diethylthiocarbamato)methylbismuthine,“’ a pentagonal pyramidal 
structure is adopted in the crystalline state. The compound is monomeric in benzene solution, 
but crystallizes as a dimer (79). The four basal sulfur ligands and the bismuth atom are 
approximately coplanar, with an apical methyl group (Table 25). It is assumed that the bismuth 
lone pair is trans to the methyl group. 

Cl4 
(78) (79) 

In the case of three bidentate sulfur ligands, e.g. [Bi(pedt);],-EtOH (pedt = 1- 
pyrrolidinecarbondithioate), more complex structures are formed. The dimer contains two 
differently coordinated bismuth atoms: one is trigonal prismatic with an extra position on a 
rectangular face and the other bismuth atom is pentagonal pyramidal. The overall molecular 
structure is (80).?”° 

Table 28 Some Bis(diorganodithiocarbamato)organobis- 

muthines, RBi(S,CNR3),7'© 
Sa es Ninna 6 

R R’ Colour M.p. (°C) SRR eee ee ee ek Ie (aN 
Me Me Pale yellow 185 
Me Et Bright yellow 141 
Me Piperidyl* Pale yellow 192 
Ph Me Yellow 219 
Ph Et Yellow 137 
Ph Piperidyl* Yellow 228 a ed ee ee ieee 

“ Piperidyl = R}. 



Table 29 Some Alkylxanthogenatodimethyl (or Phenyl) Bismu- 
thines, (R,BiS)C(=S)(OR’) 

Se Se 
R 

Me 

Me 

Me 

Me 

Me 

Me 

Ph 

Ph 

Ph 

Ph 

Ph 

Ph 
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R' 

Me 

Et 
Pie 
Br 
Bu" 
Bu’ 

Colour 

Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Colourless 
Colourless 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 

28.17.3. Selenium and Tellurium Ligands 

M.p. (°C) 

56 
99 
84 

107 
68 
78 
96 
77 
86 

135 
72 
90 

28.17.3.1_ Organobismuth-selenium and -tellurium bonds 

Ref. 

271 
271 
271 
271 
271 
271 
208 
208 
208 
208 
208 
208 

289 

Selenium—bismuth bonds are formed in the mutual cleavages of dibismuthines and 
diselenides (equation 69).7!° This particular compound is stable at —30°C, unlike the tellurium 
analogue. At room temperature the compound disproportionates to give the diseleno 
derivative (equation 70). Similar behaviour was noted in the analogous sulfur compounds 
(Section 28.17.2.1). 

Me,BiBiMe, rt Ph,Se, re Me,.BiSePh 

Me,BiSePh ——> Me,Bi+ MeBi(SePh), 

(69) 

(70) 
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28.18 BISMUTH-HALOGEN COMPOUNDS 

28.18.1 Bismuth(III) Halides 

28.18.1.1 Bismuth trifluoride 

Reference has been made to the similarity of Bi** to Y** and rare earth M** in properties 
and structures of their compounds. In this respect BiF; is a good example, since its structure is 
similar to that of YF3, being a nine-coordinate distorted tricapped trigonal prism with 
essentially ionic bonding.”!? But, the eight near neighbours are at 2.217-2.502 A, and the 
ninth fluorine ‘ligand’ is at 3.100 A, as determined by neutron diffraction;”!® BiF; is thus best 
described as eight-coordinate. There are indications, e.g. an anomalously large unit cell, that 
the lone pair is structurally active in BiF3. 

28.18.1.2 Bismuth trichloride 

In the gas phase BiCl; is a pyramidal molecule with d(Bi—Cl) 2.48 A and Cl—Bi—Cl 
100°.”° In the crystalline state there are five additional near neighbours giving a bicapped 
trigonal prism for the bismuth atom (Table 30). 

Bismuth trichloride readily forms addition compounds, e.g. BiCl,;(NH3)3, BiCl,(NO), 
BiCl;(NO2)2, BiCl,(NOCI). These complexes are stable in dry air, but the ligands are displaced 
by water. It dissolves in organic solvents such as ether, probably forming etherates, 
BiCl;(Et,O),. Complex halides such as Cs,Na(BiCl,) and (EtzNH2)(BiCl,) are known (Table 
30 

The ligand 3,4,5,6-tetrahydropyrimidine-2(1H)-thione (THPT) forms an S-bonded complex, 
BiCl;(THPT)3.*”° The crystal structure (81) shows a fac octahedron. Interestingly, with bismuth 
perchlorate Bi(ClO,)3(THPT); is formed. 

As is well known, simple stoichiometry of a compound is not a good guide to the 
coordination number of the central atom. This is well shown in (BiCl;)3-7tu (tu = thiourea), 
where bismuth is octahedrally coordinated to thiourea via the sulfur atom.”*° The structure was 
found to consist of bismuth cations and anions, [Bi,Clytu.]**[BiClstu]*~ (82). 

S(1) N(II) C2) 

C(22) N21) $(3) w 
C(13) 

NUZ) (14) 

¢(34) 

C(33) & 
(32) 

(81) 

t Cl 2+ 2- 

u tu 
tu Cl tu Cl Cl 
ieee blak 

ARR [es t u fe Cl 1S tu Cl Cl Cl 
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Table 30 Some Crystal Structure Data for the Bismuth Halides 

Compound d(Bi—x) (A) d(Bi—E) (A) Bond angles (°) Ref. 

Bi,,Cl,,  [BiCl.]?~ 2.617-3.100 221 
[Bi,Cl,]?~ 2.605-3.017 

BiCl,(vap) 2.48 Cl—Bi—Cl 100.0 220 
BiCl,(cryst) 2.50 Cl—Bi—Cl 84, 94 222 
Cs,Na[BiCl,] (reg octahed) 6 X 2.66 223 
[Et,NH,][BiCl,] 2 X 2.526 (t) (av) 224 
(BiCl,octahedra) 2 X 2.718 (1) (av) 

2 X 2.961 (u) (av) 
BiCl,-3THPT 2 x 2.737 (av) 3 x 2.799 (av) (S) Cl Bi—Cl 90.6-99.5 225 

S—Bi—S 74.3-84.0 
BiF, 8 X 2.217-2.502 219 
BiF, 4x 1.90 226 
(BiF, octahedra) DS DAM 

[NH,][BiF,] 9 x 2.19-2.86 227 
(BiF, polyhedron) 

Bi,,Br,,  [BiBr,]?~ 2.798-2.148 228 
[Bi,Br,]?~ 2.742-3.066 

a-BiBr, 3 X 2.66 229 
3 xX 3.32 

B-BiBr, 6 x 2.82 229 
BiBr,(vap) 2.63 Br—Bi—Br 100+ 4 220 
K,[Bi,Br,,]-4H,O 2.993 (uw) (av) Bi—Br—Bi 98.3-99.5 230 

2.805 (t) (av) 
[2-picH][BiBr,] 2.64(t) 231 
(BiBr, octahedra) 2.97-3.27(u) 

[Ph,P];[Bi,Bro] 2.74 (t) (av) Bi—Br—Bi 83.2 232 
(u3-BiBre) 3.046 (u) (av) 

[Et,NH,],[BiBre] 3 x 2.749 (Br’) Br'—Bi—Br’' ‘92.8 233 
(dist octah) 3 X 3.006 (Br”) Br’—Bi—Br” 89.6 

Cs,[BisBro] 2.713 (t) 234 
2.979 (u) 

Rb,[BiBr,] 6 X 2.849 (av) 235 
[He,(HgBr).As,][Bi,Br,o] 5 x 2.855 (BiBr,) Bi-- - Br 3.258 236 
(see text) 4x 2.777 (BiBrs) | Br—Hg 2.502 

2 X 2.970 (u-Br) 

Bil, (Bil, octahedra) 6 x 3.07 I—Bi—-I 90.0 237 
Cs,[BipIo] 2.923 (t) 238 
(face-sharing octahed) 3.249 (u) 

Rb, I(I;)(Bil,)(H,O), 3.073 (av) I-Bi—I 89.0-91.0 239 

28.18.1.3 Bismuth tribromide 

Bismuth tribromide is a pryramidal molecule with d(Bi—Br) 2.66 A. The golden-yellow 
crystalline BiBr3 occurs in two structural modifications (equation 71). Both modifications are 
monoclinic. The @-BiBr; is trigonal pyramidal with three near neighbours, 3 x 2.66 A, and 
three more distant bromine ligands, 3 x 3.32 A. Above 158 °C the structure is an AICI; type, 

i.e. polymeric with six bromine near neighbours, 6 x 2.82 A. Thus, BiBr; is the only Group 5 

trihalide which can assume both a molecular (@-BiBr3) and a polymeric (6-BiBr;) structure. 

a-BiBr,; ——= -BiBr, (71) 

The tribromide is prepared in a similar fashion to the chloride (Section 28.18.1.2), and it 

readily forms complexes. These may be simple octahedra BiBrs, e.g. in the case of 

[2-picH][BiBre], doubly bridged dimers as in the case of K4[Bi,Brio]:nH2O (83) and triply 
bridged dimers as in the case of [Ph,P][Bi.Bro] (84). 
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Br Br B 
au {Br 5S bseaiat 

Br Br Bi Bi 
B B Br Br B ee 
cele te! alt teks eon Fr ian alee ar 

Bi Bi Br—Bi—Br—Bi—Br Hg Br Br 
FS, A | mane . et Ite “3, a 

Br Br Br ‘ ; Br y. a 

(83) (84) (85) 

In the case of the singly bridged dimer anion [Bi,Br,,]°, a bromine ligand is ‘lost’ to the 
polymeric cation, forming [Hg7(HgBr)2As,]**[BizBrio]* (85).~*° The anion thus contains 
bismuth in octahedral and tetragonal pyramidal coordination, and is quite distinct from the 
[Bi,Brjo]*~ anion in K,[Bi2Brjo]-4H20. 

28.18.1.4 Bismuth triiodide 

The greenish-black crystals of Bil, are composed of a hexagonal close packed array of iodine 
atoms with bismuth atoms in the interstitial spaces, with six nearest neighbours at 3.07 A. It is 
prepared by heating the elements in stoichiometric quantities, and purified by subliming under 
reduced pressure. 

Bismuth triiodide forms similar complexes to its lighter congeners, e.g. KBil, and K;Bil,. 
The interesting compound RbsI(I;)(Bil.)(H2O)2 was formed adventitiously when preparing 
Rb;Bil, (Table 30).*%” 

28.18.2 Bismuth Pentafluoride 

The only stable bismuth(V) halide is BiF;, a white crystalline material, the structure’ of 
which consists of BiF. octahedra in infinite trans chains in the manner of a-UFs. It reacts 

explosively with water to form OF2, O3 and a brown solid (Bi oxyfluoride?) and it is a 
powerful fluorinating agent. 

Bismuth pentafluoride is a considerably weaker Lewis acid than is SbF, as is seen in the 
structure of the adduct formed with XeF, (86).7*” The antimony analogue is described as ionic, 
[XeF3]*[SbF.]~, on the basis of the ‘bridging’ fluorine ligand at d(Bi—F) 2.49A.7* In 
[XeF;][BiF,] the -F distance, d(Bi—F) 2.25 A, is shorter and clearly has much greater 
covalent character than that of the antimony analogue. 

(86) The CXeF3ICBiF,] structural unit 

28.19 BIOLOGICAL ASPECTS OF BISMUTH 

28.19.1 Pharmacology 

Bismuth and its compounds have traditionally been widely used in medicine and veterinary practice. Finely divided bismuth was injected intramuscularly as an aqueous suspension in the 
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treatment of syphilis and yaws. Its advantage was the slow absorption, possibly as a protein 
bound complex, giving continuous therapeutic action. The 1982 edition of ‘Martindale’ lists 18 
bismuth compounds used in medical practice,*** although most of these are not ‘drugs of 
choice’, and are mainly used out of traditional sentiment. This tradition has been summarized 
by Jaenicke.**° 

Trichlorotris(3-sulfanilamido-6-methoxypyridazine)bismuth(III) is a pharmaceutical which 
contains three nitrogen—bismuth bonds and three weak oxygen—bismuth links (87): d(Bi—Cl), 
2.529 A, is similar to that in other coordination compounds; d(Bi—N), 2.90 A, is longer than 
the sum of the covalent or ionic radii; d(Bi—O) is long at 3.09 A. The polyhedron has been 
described as a distorted octahedron (three chlorine, three nitrogen donors) with three extra 
positions occupied by the oxygen atoms. The oxygen and nitrogen atoms form a hexagon in a 
chair configuration (88).7” 

28.19.2 Toxicology 

Bismuth is the least toxic of the As, Sb, Bi triad, which is unusual, since toxicity normally 

increases down a group, as shown by elements to the left of bismuth, i.e. Pb, Tl, Hg. However, 

it must be emphasized that this is not to say that bismuth is not toxic and experimentalists 

should avoid contact and ingestion of its compounds. 
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Table 31 Toxicity of Bismuth Compounds 

Method of 
Compound Mammal — LDsg(mg kg ') LDL,(mg kg ') administration 

Bi metal Man 221 Not stated 

BiOCl Rat 22 Not stated 

Bi(NO3)3 Mouse 21 Intravenous 

Bi(NO3), Mouse 2500 Intraperitoneal 
Bi trisodiumthioglycollate Rabbit 21 Intravenous 
Bi potassium sodium tartrate Rabbit 55 Intravenous 
Bi tin oxide Mouse 178 Intravenous 
BiMe, Dog 233 Oral 

Dog 1 Intravenous 
BiPh, Dog 180 Intravenous 

The effects of acute bismuth intoxication include gastrointestinal disturbance, anorexia, 
headache, malaise, skin reactions, discolouration of the mucous membranes and mild 

jaundice.** ; 
There have been no fatalities in industry attributed to bismuth and it is regarded as relatively 

non-toxic for a heavy metal.*“° The toxic problems which have been recorded have in the main 
been iatrogenic illnesses. A characteristic blue-black line on the gums, the ‘bismuth line’, which 
may persist for years, is a feature of bismuth overdosage. Soluble salts are excreted via urine 
and may cause mild kidney damage. Less soluble salts may be excreted in the faeces, which 
may be black in colour due to the presence of bismuth sulfide. Table 31 contains some toxicity 
data. 
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29.1 INTRODUCTION 

Sulfur, selenium, tellurium and polonium constitute the heavier elements of group VIB of the 
periodic table and are sometimes referred to as the chalcogens, chalcogenins, chalcogenides or 
chalconides. Developments in the understanding and interest in the chemistry of these 
elements have been reviewed at appropriate intervals during the past 20 years. ® 

29.1.1 Bonding, Valence and Geometry 

The elements have six electrons in their valence shells and show essentially non-metallic 
covalent character except for polonium and, to a lesser extent, tellurium. Although they may 
complete the noble gas configuration by forming the chalcogenide ions S?~, Se?~ and Te? it is 
pertinent to note that these species only exist in the salts of the most electropositive elements. 
Indeed this divalent state involving two covalent bonds and two lone pairs of electrons is 
unstable for selenium and tellurium, especially the dihalides, and these species tend to 
disproportionate to quadrivalent compounds and the elemental state. The elements may also 
achieve the noble gas configuration by forming two electron pair bonds, e.g. hydrogen sulfide, 
sulfur dichloride and dimethyl sulfide, with the hydrides H2X decreasing in stability as the 
group VI element series is descended. The noble gas configuration may also be attained by the 
formation of ionic species with one bond and one negative charge, e.g. RS’, or three bonds 
and one positive charge, e.g. R3S*. 

In addition to the divalent species, the elements also form compounds in the formal 
oxidation state of IV involving two, three, four, five or six bonds. Although the quadrivalent 
polonium halides are thermally unstable and give the divalent compounds at relatively low 
temperatures, the quadrivalent state is generally stable for the heavier elements of group VIB 
particularly in the oxides, oxo acids and halides where, for example, the formation of the 

hexacoordinated anionic complexes of the type XHalg~ is increasingly favoured as group VIB is 
descended. Indeed, six is the characteristic coordination number for tellurium. 
The formation of compounds in the formal oxidation state of VI is well established for all 

four elements, for example, the sexivalent fluorides and the TeF3~ ion. However, oxidation to 
this highest valency state becomes progressively more difficult as group VIB is descended since 
the inert pair effect causes the elements to behave as though two of their valence electrons are 
absent. Some examples of the compounds formed by the group VIB elements and their 
stereochemistries are described in Table 1. 

299 
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Table 1 Compounds of Group VI Elements and their Stereochemistries 

ra a er re a hel Sa a ee ee 

Number 
Valence _ of bonds Geometry Examples 

II 2 Angular Me,S, H,Te, S,, 
3 Pyramidal Me,S* 
4 Square Te[SC(NH3)2],Cl, 

IV Z Angular SO, 
3 Pyramidal SF} , OSF,, SO}~, Me;TeBPh, 

Trigonal planar (SeO,), 
4 w-Trigonal bipyramidal SF,, RSF;, Me,TeCl, 

Tetrahedral Me,SO* 
5 w-Octahedral (square pyramidal) SeOCL py>, SF; , TeFs 
6 Octahedral SeBr2 , Polg~, TeBr~ 
il Distorted pentagonal bipyramidal TePh(S,CNEt,); 
8 Distorted octahedral Te(S,CNEt,), 

VI 3 Trigonal planar SO,(g), S(NCR) 
4 Tetrahedral SeO4 , SO; (s), SeO,Cl, 
5 Trigonal bipyramidal SOF, 
6 Octahedral RSF,, SeF,, Te(OH), 
8 (?) ? TeFg (?) 

Reproduced by permission from F. A. Cotton and G. Wilkinson, ‘Advanced Inorganic Chemistry’, 4th edn., 
Wiley-Interscience, New York, 1980. 

The accessibility of the elements from sulfur to polonium to higher oxidation states and 
coordination numbers, as compared with the four coordination and divalency of oxygen, is a 
reflection of the availability of d orbitals for the formation of o bonds. It is also notable that 
sulfur and selenium appear to use dz orbitals in the formation of multiple bonds. The strong 
tendency of sulfur to catenation, which gives rise to compounds with no oxygen, selenium, 
tellurium or polonium analogues must also be noted, although selenium rings and unbranched 
elemental chains of selenium and tellurium are an important feature of the chemistry of these 
elements, as is their tendency to form secondary bonds in crystalline solid compounds. 

29.1.2 Group Trends 

The greater differences between the chemistry of oxygen and sulfur, as compared with 
differences between the other group VIB elements, may be associated with a number of 
features including the lower electronegativities of the elements sulfur to polonium. This tends 
to lessen the ionic character of compounds which are analogous to those of oxygen, as well as 
alter the relative stabilities of some bonds and reduce the importance of hydrogen bonding. 

Although there are similarities between the chemistry of the chalcogenide elements, the 
properties of selenium and tellurium clearly lie between those of non-metallic sulfur and 
metallic polonium. The enhancement in metallic character as the group is descended is 
illustrated in the emergence of cationic properties by polonium, and marginally by tellurium, 
which are reflected in the ionic lattices of polonium(IV) oxide'and tellurium(IV) oxide and the 
formation of salts with strong acids. 

Finally it is worth noting that, unlike sulfur, selenium and tellurium, neither stable nor 
long-lived isotopes of polonium are known in nature. The only readily accessible isotope of 
polonium is polonium-210 which is the penultimate member of the radium decay series and 
which decays by a-emission with a half-life of 138.4 days. 

29.2 COORDINATION COMPOUNDS OF THE GROUP VIB ELEMENTS 

A review of the complexes of sulfur and tellurium? in 1964 was followed! by an extensive 
survey of the heavy chalcogen complexes in a comprehensive text on the chemistry of selenium, 
tellurium and polonium in 1966. The subject of coordination in organoselenium and 
organotellurium chemistry,’° together with the structural chemistry of complexes of selenium 
and tellurium with sulfur- and selenium-containing ligands,!! has received recent attention in 
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conference proceedings. The group VIB complexes may be conveniently considered within five 
categories:* the anionic halo complexes, the anionic complexes formed by oxo acids, and finally 
the oxygen, nitrogen and sulfur donor complexes. 

29.2.1 Halo Complexes 

The complexes of sulfur tetrafluoride with several inorganic fluorides were initially 
considered’* in terms of SF, acting as a Lewis base giving addition compounds formulated as 
donor—acceptor complexes of the type F,S-BF3. The stability of these types of compounds was 
found to decrease in the sequence SbF; > AsF; > IrF; > BF; > PF; > AsF3. Later investigations 
of these materials by IR spectroscopy” resulted in them being formulated as SF}BF;, 
suggesting that SF, acts as a fluoride ion lone-pair donor as opposed to a sulfur lone-pair 
donor. 

The electron acceptor properties of sulfur tetrafluoride are well illustrated by the formation 
of the stable 1:1 complex with pyridine, CsHsNSF,, which is thought to adopt pseudooc- 
tahedral or square pyramidal geometry, and the reaction of SF, with CsF at 125°C and Me,NF 
at —20°C to give'* CsSF; and [NMe,]*[SFs]~. The square pyramidal structure of the SF5 ion in 
CsSF; (Figure 1) was deduced from vibrational spectra.'° 

Figure 1 The structure of the SF5 ion in CsSF, (reproduced by permission from Inorg. Chem., 1972, 11, 1679) 

The fluorides of the heavier group VIB elements also form a significant grouping within the 
halo complexes category, for example the quadripositive elements form complexes of the type 
MXFs. For-selenium the alkali metal and thallous pentafluoroselenates(IV) are formed as white 
solids from the dissolution of the metal fluorides in selenium tetrafluoride, but dissociate quite 
readily at room temperature to the component fluorides.'’° The corresponding 
pentafluorotellurates(IV) were initially prepared’” by the addition of cesium fluoride to a 
solution of tellurium tetrafluoride in hydrogen fluoride and were isolated as colourless crystals 
which were formulated as CsTeF;. Other pentafluorotellurates(IV), described as 
NH,TeF;-H20, KTeF; and Ba(TeF;)2:2H2O, have been isolated from reactions of alkali metal 
fluoride and tellurium dioxide in hydrofluoric acid’® or selenium tetrafluoride.'? The square 
pyramidal geometry of the pentafluorotellurate(I[V) anion has been identified from IR and 
Raman spectroscopy,'® and by an X-ray structural determination of the potassium salt.”°. It is 
pertinent to note that although the solubility of polonium(IV) hydroxide increases with the 
concentration of solvent hydrofluoric acid, as might be expected if complex formation were 
occurring, no complexes have yet been isolated.”* 

The fluoro complex of tellurium with pyridine, [CsHsNH]TeFs, has been obtained” as a pale 
green solid by treatment of the pyridine complex TeF,:py with aqueous hydrofluoric acid, 
whilst a white modification has been reported™ to be isolated from a mixture of tellurium 

dioxide and pyridine in hydrofluoric acid. ti 

The nitronium salts of pentafluoroselenate(IV) and pentafiuorotellurate(IV) of composition 

NO,XF; have been prepared” from the reaction of selenium or tellurium dioxide with nitryl 

fluoride. 
Other pentahalo anions of group VIB elements have also been identified. For example, 

studies of solutions of selenium(IV) oxide and tellurium(IV) oxide in hydrobromic acid by 

Raman spectroscopy” have indicated the likely presence of the pentabromo anions, and in 

non-aqueous solutions there is some evidence that TeCls and TeBrs might be formed. 

Although a chloride of this type has been reported”® a more complex chloro compound 

(C,Hs)4NTeCli3, which was obtained from non-aqueous solution and examined by IR and 

Raman spectroscopy, has been described as [(C2Hs)4N*(TeCl3)3]""Cly. A series of halogeno 

complexes with urea of the type [CON2Hs]TeXs, where X= Cl, Br, I, have been prepared 

and the stability of the [TeX;]~ anion reported to increase from the chloro to the iodo 
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complex. Indeed, the chloro complexes were readily converted into the bromo and iodo 

complexes when treated with the appropriate acid. It is also pertinent to note that the 
vibrational spectra of the adduct TeCly-PCl; are consistent”® with the formulation PCl7TeCIs; , 
whereas those of TeCl,: AICI, are indicative of the formulation TeClj AICI7. 

It is interesting to note the compound HTel;-2oxin-10H,O, which has been reported”? to be 
isolated from a solution of oxine in hydroiodic acid containing tellurium. The instability 
constants for some tellurium halo complexes***! and the polonium iodo complexes,” including 
the POI5 species, have been reported. 

It is also interesting to note the reported**** formation of hydrogen halogeno acids of 
composition TeCl,-HCI-5H,O, TeBr,-HBr-5H20, and Tel,-HI-8H,O. The hygroscopic needle- 
shaped prismatic yellow chloride, red bromide and black iodide were found to lose the 
hydrogen halide when heated. It is also pertinent to note the identification of the oxide 
fluorides TeF,4-3TeO,-6H,O, TeFy-TeO,-2H,O and TeF,-TeO,-H,O0 and the proposed**** 
existence of the complex anion [TeO2F,]*~. In these respects it is also relevant to record that 
selenium tetrachloride and tellurium tetrachloride both form addition compounds with 
ammonia and several metal and non metal chlorides,’ whilst polonium tetrachloride is known!‘ 
to form complexes with nitrosyl chloride, tributyl phosphate and edta. 

Selenium oxychloride, SeOCl:, disssolves many metal chlorides, and a number of solvates, 
for example FeCl3;-2SeOCl,, have been reported.’ An addition compound of SeOCl, with 
pyridine, SeOCl,-2py, is also known* in which the coordination polyhedron around the central 
selenium atom is a tetragonal pyramid (Figure 2). In this structure two chlorine and two 
nitrogen atoms (from the pyridine) are bonded in the basal plane with atoms of the same kind 
in trans positions and oxygen atoms at the apex. A tendency to dimerization involving chlorine 
atoms to give a distorted octahedron around the selenium atoms is observed. It is also relevant 
to note that selenium dioxide forms addition compounds with hydrogen chloride and hydrogen 
bromide. 

Figure 2. The structure of the addition compound SeOCI,:2C;H;N (reproduced by permission from Acta Crystallogr., 
1959, 12, 638) 

Tellurium tetrabromide is amphoteric in fused arsenic tribromide, from which complex 
bromides such as [(Et)4N],2TeBre and ammine adducts such as TeBry:2PhNMe, have been 
obtained. Addition compounds with pyridine, tetramethylthiourea and piperazine have also 
been reported.***? Alkali metal salts such as TeBr4:2CsCl and the full brominated complexes 
of the type M.TeBr, and M2PoBr,g are also known. 

The tellurium dichlorobromide, TeCl,Br,, formed by reaction of bromine with tellurium 
dichloride gives a cream coloured addition compound, TeCl,Br2:2py, with pyridine in ether. 
The complex dissolves in hot concentrated hydrochloric acid, from which pale orange needles 
of (pyH)2TeCl,Br, separate on cooling. This compound, as well as the original pyridine 
complex, dissolves in hot concentrated hydrobromic acid and red needles of the 
hexabromotellurate(IV), (pyH).TeBre, crystallize on cooling. This is an example of the stability 
of the hexahalogen complexes (vide infra). 
A number of hexahalogenotellurates(IV) have been investigated. A few rather unstable 

hexafluoro complexes are known, for example the nitrosonium compounds of composition 
(NO). XF. have been obtained” from the reaction of nitrosulfuryl fluoride, NOSO.F, with selenium or tellurium tetrachloride. The selenium compound loses nitrosyl fluoride at room 
temperature to leave the pentafluoroselenate(IV), whereas the tellurium analogue remains 
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stable to 100°C. Although the pyridinium hexafluoro complex has been reported” to result 
from the treatment of tellurium dioxide with pyridine in concentrated hydrofluoric acid it must 
be recalled that (vide supra) the pentafluoro complex has been made!® from the same reaction 
mixture and that the existence of the hexafluoro complex is therefore a matter of some 
uncertainty. It is pertinent to note that the fluoro complexes are the least stable of the 
tellurium(IV) halide complexes.”” 

Tellurium hexafluoride itself has been found to form complexes with potassium, rubidium 
and cesium fluorides. The cesium compound has a stochiometry approaching Cs,TeF, and, in 
these types of complexes, the stability of the lattice appears to be inversely related to the 
polarizing power of the cation and the compounds are only stable in the solid state.*! Several 
heptafluorotellurates(VI) have been prepared from the reaction of tellurium with chlorine 
trifluoride in anhydrous hydrofluoric acid followed by addition of the metal fluoride.” 

Several hexachloro, hexabromo and hexaiodo complexes of the group VIB elements have 
been reported.’ For example, solutions of selenium tetrachloride in concentrated hydrochloric 
acid contain the hexachloro anion SeCl2~ from which the ammonium and alkai metal salts can 
be readily obtained with the cesium salts being the least soluble. The 
hexahalogenotellurates(IV), such as the chlorides, bromides and iodides of potassium, 
rubidium and cesium and the chlorides and bromides of ammonium and thallium, have 

received significant attention.' These complexes are generally prepared by precipitation of the 
complex salt from a solution of the chalcogen dioxide in the concentrated halogen acid. This 
reaction has also been found* to be very effective for the preparation of 
hexaiodoselenates(IV). Complexes of this type are generally of the form A,XY¢ in which the 
anions are octahedrally coordinated. The IR spectra of the selenium and tellurium hexahalog- 
eno anions have been reported.*? The tellurium-125 Méssbauer chemical isomer shifts, 
recorded™ from the hexahalogenotellurates(IV), have been found to be characteristic of the 
anion and independent of the cation. The data have been associated with the stereochemically 
inactive lone pair of non-bonding electrons which may be presumed to have considerable s 
electron character and to be highly contracted towards the tellurium nucleus. 

The stability of compounds containing [TeX,]* ions apparently depends to a considerable 
extent on the degree of polarization caused by the cation. Hence strongly polarizing hydrogen, 
lithium and sodium ions may be envisaged as making the [TeX,]?~ anion unstable and thereby 
mitigate against the isolation of either the free hexahalogeno acids or the lithium and sodium 
derivatives. 

It is pertinent to record that the differences in the properties of compounds of selenium and 
tellurium in hydrochloric acid solution and the formation of several types of complex ion by 

these elements are the basis of extraction and ion-exchange methods of separating selenium 

and tellurium.’ 

29.2.2 Pseudohalide Complexes 

The group VIB cyanides, thiocyanates and selenocyanates and their complexes with species 

such as thiourea have been described.'*5 For example, the tellurium dithiocyanate complex has 

been prepared* by treatment of tellurium dichloride or tellurium dibromide with ammonium 

thiocyanate. It seems that little information exists on the preparation of tellurocyanates and 

there is a sparsity of data on polonium derivatives. Indeed, the only known cyanide of 

polonium is probably a salt of the quadrivalent element.’ 

29.2.3 Oxo Acid Complexes 

The oxo acid complexes of the group VIB elements are largely restricted to those of 

tellurium and polonium and the information on these types of materials has not changed 

significantly in recent years. 

*Tellurium(IV) sulfate complexes of composition 2(2TeO2'SO3)-MHSO4-2H20 have been 

reported,” from which the anhydrous compounds were obtained by calcination. Carboxylic 

acids have also been found to form anionic complexes with tellurium(IV) and polonium(IV). 

For example, the silver salts of the citrato- and tartrato-tellurates(IV) have been described"’ as 

insoluble in water but soluble in nitric acid. 
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Studies of the solubility of polonium(IV) in formic, acetic, oxalic and tartaric acids have 

provided evidence of complex formation,” with the acetato complex emerging as more stable 

than the hexachloro anion. Other studies of the solubility of polonium(IV) hydroxide in 

carbonate” and nitrate solution, together with investigations”’ of the ion exchange behaviour 

of polonium(IV) at high nitrate ion concentration, have been discussed in terms of the 

formation of anionic complex species. 

29.2.4 Oxygen Donor Complexes 

There is a sparsity of information on oxygen donor complexes of the group VIB elements. 

Although sulfur tetrafluoride reacts with oxygen atoms in several species to give materials 

containing oxygen-sulfur bonds,® e.g. SF4(OSFs)2, the characterization of many of the species 

as genuine coordination compounds is difficult to assess. Selenium trioxide has been reported” 
to form 1:1 adducts with ether and dioxane. The 1:1 complex of tellurium tetrafluoride with 
dioxane has been examined® by IR spectroscopy and described as [(dioxane),TeF3]*[TeFs]-. 
The 1:1 complex of tellurium tetrachloride with pyridine N-oxide (PNO) has similarly been 
formulated® as [((PNO)2TeCl3]*[TeCls]~. 

Although tellurium tetrachloride has been reported® to form a 1:2 complex with acetamide, 
there appears to be little other information available on the complex. Similarly, the reported 
tributyl phosphate complex of polonium tetrachloride® has received little attention. The 
formation of a polonium(IV) perchlorate complex with tributyl phosphate has been suggested”’ 
in the solvent extraction of polonium from perchloric acid. ; 

29.2.5 Nitrogen Donor Complexes 

The study of sulfur—nitrogen compounds is currently a very active area of inorganic 
chemistry research with many new cyclic and acyclic compounds being synthesized which have 
unusual structures and bonding properties. Indeed, in many cases their description as 
coordination complexes is difficult to justify without further evidence on their bonding 
characteristics. The donor properties of nitrogen to sulfur have been referred to previously 
(Section 29.2.1), e.g. during the discussion of the 1:1 stable adduct between pyridine and sulfur 
tetrafluoride and the formation of [NMe,]*[SF;]~ from the reaction between Me4NF and SF,. 
It is also relevant to note that pyridine forms an adduct with sulfur trioxide. 

The selenium tetrachloride complex with pyridine, SeCl,-2py, has been discussed**® in terms 
of octahedral [SeCl;-2py]* ions in which the sixth position around selenium is occupied by a lone 
pair of electrons. It is therefore relevant to recall that the complex SeOCl,-2py”® (Section 29.2.1, 
Figure 2) may also be described as octahedral with the chlorine atoms and pyridine rings 
occupying trans positions and in which the oxygen atom is trans to the lone pair of electrons. It 
is also pertinent to note that SeCl,-2py is isomorphous with SnCl,:-2py, which also has a trans 
octahedral configuration, and that conductivity measurements” suggest that the complex reacts 
with the solvent or with impurities. Selenium monobromide dissolved in carbon disulfide has 
been reported™*' to form simple nitrogen donor complexes of composition SeBr2:2L with a 
variety of amines and heterocyclic bases. Although several of the nitrogen donor complexes of 
the chalcogen tetrahalides have compositions of the type MX,:2L, where L is a monodentate 
ligand, adducts of selenium or tellurium tetrachloride with four molecules of ammonia or two 
molecules of ethylenediamine which may involve six-coordination, e.g. [(SeClzen2)Cl,], are also 
well established. 

The pentahalo anions which are found in complexes with nitrogen (Section 29.2.1) deserve a 
little more comment. For example, both mono- and bi-dentate nitrogen donor complexes” of 
composition TeF,L and 2TeF,L have been described as [L,TeF3]*[TeF;]~ or 
[L'TeF3]*[TeFs]~. The conductivity data recorded™ from the analogous selenium and tellurium 
tetrachloride complexes suggest that they are 1:1 electrolytes in non-aqueous solvents and 
similar evidence recorded” from complexes of composition MY,-2L, in which the anion may 
be a simple halide ion, suggests that these are likely to be of a similar nature. Tellurium 
hexafluoride has been found® to form amine complexes of the type TeF,-2R3N which have 
been described as eight-coordinate species. 
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29.2.6 Sulfur and Selenium Donor Complexes 

Complexes of group VIB elements with sulfur or selenium donor atoms are mainly 
concerned with complexes of selenium(II), tellurium(II) and tellurium(IV). The structural 
chemistry of complexes of selenium and tellurium with sulfur- and selenium-containing ligands 
has been well reviewed in the recent past.1! 

During work on nucleophilic substitution at divalent sulfur,“ a series of tellurium 
derivatives with sulfur-containing ligands were prepared in a straightforward manner by 
addition of a warm aqueous solution of, for example, thiourea to tellurium dioxide dissolved in 
warm hydrochloric or hydrobromic acid, and which involved the reduction of tellurium(IV) to 
tellurium(I]). 
Two types of three-coordinate selenium(II) complexes, isolated as the triselenocyanate and 

the triselenourea salts, and which have essentially similar structures, have been identified.© 
Several three-coordinate tellurium(II) complexes have also been obtained®’ when one of the 
ligands has a very strong trans effect, for example a phenyl group, as in 
phenylbis(thiourea)tellurium(II) chloride. 

Several types of four-coordinate selenium(II) complexes with monodentate ligands have 
been identified. The isomorphous cis-dichloro- and cis-dibromo-bis(thiourea) selenium(II) 
complexes have recently been reported,” whilst the dimeric selenium triselenocyanate and 
trithiocyanate ions have been known for some time.”’* The distorted square planar 
coordination of the [SeBr2(tmtu)] complex’”’ and the selenium dithiocyanate and diselenocyan- 
ate complexes” is characteristic of the four-coordinate selenium(II) complexes with monoden- 
tate ligands. Numerous four-coordinate tellurium(II) complexes with monodentate ligands have . 
been reported,™ including a large number of square planar complexes with TeS,, TeS,S, and 
TeS, coordination spheres, some of which may be dimeric. The tellurium tris(ethylenethiourea) 
cation, [Te2(etu).]**, in the perchlorate salt (Figure 3) is illustrative” of the distorted square 
planar tellurium coordination in these types of complexes. A few square planar complexes with 
TeS.X, and TeSX; coordination spheres are also known.'? The IR and Raman spectra of the 
tellurium dichloride and dibromide complexes with thiourea have been reported and it appears 
that the Te-S bond in these compounds is relatively weak.”° 

Figure 3 The structure of hexakis(ethylenethiourea)ditellurium(II) perchlorate (reproduced by permission from 

Inorg. Chem., 1980, 19, 1050) 

Several four-coordinate selenium(II) complexes with bidentate ligands, all of which involve 

highly distorted square planar SeS, or SeSe, coordination spheres, and some tellurium 

analogues have been described." 
It is pertinent to note the preparation and structure” of the tris(ethylxanthato)tellurium(II) 

anion in its tetraethylammonium salt, EtsN*[Te(EtOCS,)3]” (Figure 4), in which the 

five-coordinate tellurium(II) is coordinated to three ethyl xanthate ligands, one of which is 

monodentate whilst the other two are anisobidentate. The resulting TeS; coordination sphere is 

pentagonal planar. 
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Figure 4 The structure of the tris(ethylxanthato)tellurium(II) anion in its tetraethylammonium salt (reproduced by 
permission from Aust. J. Chem., 1976, 29, 2337) 

Complexes of both selenium(IV) and tellurium(IV) with sulfur-containing ligands are known 
although the structural properties appear to have been determined only for the tellurium(IV) 
species. However, due to the smaller size of selenium(IV) and its poorer acceptor properties, 
as compared with tellurium(IV), its maximum coordination number appears to be six whilst it 
has been found to be eight for tellurium.”* Furthermore, the greater tendency of tellurium to 
form secondary bonds may cause the structures of similar selenium(IV) and tellurium(IV) 
compounds to be different.” It is also pertinent to note that the reduction of tellurium(IV) to 
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Figure 5 The structure of the monoclinic form of trans-tetrachlorobis(tetramethylthiourea)tellurium(IV) (reproduced 
by permission from Acta Chem. Scand., Ser. A, 1975, 29, 141) 
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tellurium(II) by sulfur- or selenium-containing ligands does not always occur when strong 
donor ligands are used.°°*! 
A few four- and five-coordinate tellurium(IV) complexes with sulfur- or selenium-containing 

ligands are known, but despite the data on the hexahalogenotellurates(IV) (vide supra), 
six-coordinate tellurium(IV) complexes with other ligands are relatively rare. The six- 
coordinate complexes generally have a TeX,S2 coordination sphere, with both cis and trans 
isomers, and are considerably distorted from perfect octahedral geometry. The structure® of 
the monoclinic form of trans-tetrachlorobis(tetramethylthiourea)tellurium(IV), [TeCl,(tmtu)>] 
(Figure 5) is illustrative of this common distortion from octahedral coordination which may be 
related to the stereochemical activity of the lone pair of electrons. 

Some seven- and eight-coordinate tellurium(IV) complexes with bidentate dialkyldithiocar- 
bamate ligands are known. The eight-coordinate complexes all have dodecahedral D2, 
structures in which each dodecahedron may be seen as two planar trapezoidal Te(R2NCS2)2 
groups fused at right angles at the central tellurium ligand. The structure® of tetrakis(4- 
morpholinecarbodithioato)tellurium(IV) (Figure 6) shows the central tellurium atoms to be 
bonded to all eight sulfur atoms in a slightly distorted dodecahedral configuration. 

Complexes of polonium with sulfur donor atoms appear to be less common, although there is 
some evidence that polonium is complexed by thiourea®™ and of the formation® of a volatile 
polonium diethyldithiocarbamate. 

Figure 6 Structure of tetrakis(4-morpholinecarbodithioato)tellurium(IV) (reproduced by permission from Acta Chem. 

Scand., Ser. A, 1975, 29, 185) 

29.3 BIOLOGICAL PROPERTIES 

The health hazards and toxicity of selenium and tellurium compounds have been known for 

some time.!2> Most selenium compounds are regarded as being toxic and great care has been 

recommended! for the handling of all selenides, organic selenium compounds and soluble 

selenites and selenates. Ingested selenides are reported’ to be only slowly released from the 

body and cause the subject to suffer offensive-smelling breath and perspiration for a long time. 

Tellurium compounds are also regarded as harmful, although they appear to be rapidly reduced 

in the body to elemental tellurium which is ultimately excreted in the form of unpleasant 

smelling organotellurium compounds. Polonium is far more dangerous than selenium or 

tellurium because of its radioactivity. It appears that all three elements are absorbed in the 

kidneys, spleen and liver which, in the case of polonium, become the subject of irreversible 

radiation damage. 

COc3-K 
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30.1 INTRODUCTION 

This chapter deals with coordination complexes formed by the elements of both the halogen 
and noble gas groups, groups VII and 0, of the periodic table. It is convenient and useful to 
consider these two sets of elements together, since they have many similarities arising from 
their high electronegativities as the central atoms in complexes, and hence with the rather 
restricted range of ligands which form such complexes, particularly in the case of the noble 
gases. Recently’ the statement has been made, ‘It is now widely accepted that noble gas 
chemistry, which in most cases means nothing but xenon chemistry, must be viewed in relation 
to the high valency state chemistry of the neighbour elements in the periodic system, especially 
iodine’.’ 

The general reviews available of the chemistry of the halogens*’*° and of the noble 
gases*’>> are usually concerned with the complete chemistry of the elements and deal with 
coordination complexes only as part of this chemistry. This is largely due to the difficulty of 
defining such complexes for these elements. Thus, on the most general definition, almost all 
compounds containing the central atom in a positive oxidation state could be included. This 
review will be selective, concentrating on the relationships between the elements of the two 
roups. 

E The halogens will be restricted to chlorine, bromine and iodine since fluorine, as the most 
electronegative element, does not function as the central atom in a complex and astatine has 
only short-lived, radioactive isotopes, so that very little of its coordination chemistry has been 
investigated.”° 

As stated above, noble gas chemistry is almost restricted to that of xenon, with a few krypton 
compounds of lower stability and with the chemistry of radon largely unexplored, due to the 
short half-lives of its isotopes. Two reviews’® give good coverage of more recent noble gas 
chemistry. 

311 
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30.2 OXIDATION STATES AND COORDINATION GEOMETRY 

For both groups of elements the normal oxidation states always differ by two. Thus the 
halogens form compounds with the odd positive oxidation states I, III, V and VII, while noble 

gases correspondingly exhibit the even oxidation states II, IV, VI and VIII. These oxidation 
states vary in their accessibility with different ligands and, as expected, the higher the oxidation 
state, the more electronegative the ligands needed for stabilization. Thus the only examples of 
nitrogen ligands bonded to a noble gas atom are found for xenon(II), and these only for a 
ligand with electron-withdrawing groups attached to the nitrogen atom. 

For the halogens the ease of attainment of the higher oxidation states increases as the group 
is descended from chlorine to iodine, and conversely the lower oxidation states become less 

accessible down the group. 
The coordination geometry of complexes of these elements is most usefully correlated by 

reference to the valence shell electron pair repulsion (VSEPR) theory.’ This bonding model, 
although based on a theoretically doubtful premise, is simple to apply and predicts correctly 
structures for most of the complexes considered. Only for coordination numbers greater than 
six does the model run into difficulties, as will be seen later for XeF, and [XeFg]*~. Since the 
structures predicted depend on the number of electron pairs, isostructural arrangements are 
found for corresponding, isoelectronic, neutral noble gas and anionic halogen species, and for 
cationic noble gas and neutral halogen species. Some examples of such relationships are shown 
in Table 1, where the various coordination geometries are listed. The diatomic interhalogens 
and isoelectronic noble gas cations have not been included. 

Table 1 Coordination Geometries Based on VSEPR Theory 

Valence 
shell Theoretical Number 

electrons arrangement of bonds Shape Examples 

8 Tetrahedron 2 Angular [BrF,]* 
10 =‘ Trigonal bipyramid 2 Linear XeF,, [ICl]~ 

3 T-shaped BrF;, [XeF;]* 
4 Distorted square [IF,]* 

pyramid 
12. Octahedron 4 Square planar XeF,, [IC1,]~ 

5 Square pyramid IF,, [XeF.]* 
6 Octahedral IF,]* 

14 ~— Pentagonal bipyramid? 6 Distorted octahedron XeF,, [BrF,]~ 
7 Pentagonal bipyramid IF, 

(fluxional) 
16 Square antiprism 7 aa [XeF,]~ 

or dodecahedron 8 _ 3] 
18 Tricapped trigonal 8 Square antiprism [XeF,]*~ 

prism? 

30.3 COORDINATION COMPOUNDS 

No strict definition of coordination compound will be followed for the compounds of these 
two groups, but coverage will be concentrated on those compounds where inter-group 
relationships are most obvious. In particular, the halogen oxides and derived oxo ions will not 
be considered. 

The order in which the ligands are discussed will deviate from that generally followed in this 
series. Complexes with halogen ligands cover such an extensive range of oxidation states and 
provide so many structural examples for other ligands that they will be considered first. They 
also provide the largest number of examples of coordination compounds for chlorine and 
bromine, and the only examples for krypton. Xenon forms some compounds with other 
ligands, almost all linked to oxygen, and halogen complexes of other ligands are mainly 
restricted to those of iodine, often with halogen ligands as part of the coordination sphere to 
enhance stability. 
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30.3.1 Halogen Ligands 

Coordination compounds containing halogen ligands (of which the great majority are 
fluorides) form the largest group of compounds for these elements. They are best considered as 
based on the neutral species, with cations and anions, which can be theoretically derived (and 
usually practically prepared) from the formal self-ionization of the neutral compound. 

Considering bromine trifluoride as an example, the self-ionization is shown in equation (1). 
Dissolution of fluoride acceptors, such as antimony pentafluoride, gives compounds formally 
containing the difluorobromine(III) cation, and correspondingly, dissolution of fluoride donors, 
such as potassium fluoride, gives compounds containing the tetrafluorobromate(III) anion. 

2BrF; =F [BrF,]* + [BrF,]~ (1) 

Although the formulation as ionic species appears to correlate well with the known crystal 
structures for the anionic complexes, the situation is much less clear for the cations, and 
secondary bonding® between the central atom of the cation and atoms of the anion is 
important. Thus in the structure of difluorobromine(III) hexafluoroantimonate(V) the bromine 
atom has two fluorine atom neighbours at 1.69 A and two more, from [SbF,]~ units, at 2.29 A, 
completing a distorted, square planar arrangement of fluorine atoms around the bromine 
atom. 

Similar fluorine bridging in the structure?° of trifluoroxenon(IV) hexafluorobismuthate(V) 
leads again to a distorted, square planar arrangement, with three fluorine atoms at 1.81, 1.92 
and 1.94 A from the xenon atom, and the fourth, from the [BiF,]~ unit, at 2.25 A. 

The interhalogens, noble gas fluorides and derived ions will be treated systematically. The 
diatomic interhalogens will not be discussed, but the isoelectronic [XeF]* and [KrF]* cations 
will be included due to their important secondary bonding to fluoride to form an asymmetric, 
two-coordinate arrangement.° 

30.3.1.1 Halogen(1) and noble gas(II) compounds 

These lowest oxidation states can be associated with a coordination number of two and a 
linear arrangement of the ligands about the central atom. On VSEPR theory these are 
10-electron species, with a trigonal bipyramidal arrangement of three lone pairs of electrons in 
equatorial positions and two halogen ligands in axial positions. 

The halogen compounds are the anions derived from the diatomic interhalogens, usually 

involving the same halogen, symmetrically bonded, as ligands, but, for example with [BrICl]”, 

the different I—Br (2.51 A) and I—CI (2.91 A) distances giving an asymmetric, linear ion.” 

Generally these anions are prepared by the interaction of the appropriate interhalogen 

compound with the appropriate halide, with reaction conditions tailored to the properties of 

reactants and products. 
The noble gas compounds include the two difluorides of xenon and krypton and the derived 

cations [XeF]* and [KrF]", if for these latter species the interaction with fluoride in the anion 

is included. The simplest example of this arrangement occurs in the ions [Xe,F3]* and [Kr.F;]", 

_ prepared by interaction of excess difluoride with an acceptor pentafluoride, which can best be 

' described as assemblies of two [NgF]* ions (Ng = Xe or Kr) with an F” anion between them, 

symmetrically placed’? for Xe, but possibly asymmetrically’? for Kr. This gives a linear 

arrangement for Ng and an angular coordination for the central F”. This asymmetric 

coordination by two fluorine ligands is also found in the structures of salts of the [XeF]* cation, 

investigated by X-ray crystallography,’*"° and is also indicated for corresponding [KrF]* 

salts from spectroscopic measurements.® Some representative examples of this coordination 

arrangement are given in Table 2. 

30.3.1.2 Halogen(III) and noble gas(IV) compounds 

The species considered for these oxidation states are associated with coordination numbers 

two, three and four. The corresponding geometrical arrangements are angular for two- 

coordination in the cationic halogen species, T-shaped for the three-coordinate interhalogens 

and cationic noble gas species, and square-planar for the anionic halogen complexes and the 

neutral noble gas fluorides. The situation is complicated by secondary bonding. Thus the 
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Table 2. Linear Two-coordinate Complexes 

A—xX (A) R—A—¥ () ~~ Ref: 

K*[ICI,]~ 2.55x2 180 17 
Cs*[IBr,]~ 2.62, 2.78 178 18 
Cs*[Brs] 2.440, 2.698 177.5 19 
[NH,]*[BrICl]~ 2.51(Br), 2.91 180 11 
XeF, 1.983 x 2 180 35 
[XeF]*[AsF,]~ 1.873, 2.212 179 14 
[XeF]*[RuF,]~ 1.87, 2.18 177 15 
[XeF]*[Sb,F,,]~ 1.84, 2.35 ~180 16 
[Xe,F,] *[AsFe]~ 1.90, 2.14 178 12 

angular cations for halogens and the T-shaped cations for noble gases can approach the square 
planar arrangement, as described earlier in this section. 
On VSEPR theory the angular cations are eight-electron species with a tetrahedral 

arrangement of two lone pairs of electrons and two halogen ligands. The T-shaped complexes 
are 10-electron species, with two lone pairs of electrons in equatorial positions and the halogen 
ligands in the remaining equatorial and the axial positions. The square planar arrangement is 
associated with 12-electron species, with two lone pairs trans to each other in an octahedral 

geometry. 
The triatomic cations are usually prepared from the corresponding interhalogen, by reaction 

with a halogen acceptor molecule. This is impossible for some of the more exotic species which 
have no interhalogen precursor. For example, the [Br3]* cation has been characterized” in 
[Br3]*[AsF.]~, formed from the interaction of arsenic pentafluoride and a bromine/bromine 
pentafluoride mixture and the [Cl,F]* cation results from the interaction of antimony 
pentafluoride with chlorine monofluoride.”' 

Secondary bonding interactions have been shown to give a distorted square planar 
arrangement for these ions and the variation of this interaction can be correlated with both the 
acceptor strength of the anion involved and the acceptor strength of the cationic species itself. 
Thus with the [SbF,]~ anion the interactions’ of [BrF,]* are stronger than those~ of [CIF,]*, 
and [ICl,]* shows” one of the shortest iodine to fluorine secondary bonds as yet reported 
(Table 3). 

Table 3 Angular Two-coordinate Halogen Complexes 

Average A—X (A) Average A---X (A) Ref. 

[CIF,]*[SbF,]~ 1.57 2.38 2 
[BrF,]*[SbF.|- 1.69 2.29 9 
[ICL] * [SbF] 2.268 2.650 23 
[IBr,]*[Sb,F,,]~ 2.423 2.81 24 
[I5]*[AsF]~ 2.665 3.04 25 
[IC1,]*[SbCl,]~ 2.31 2.92 26 

The T-shaped geometry is established for the trifluorides of chlorine and bromine in the 
vapour phase and for?’ solid CIF. In the solid state for? BrF; there is a Br---F contact at 
2.49 A, compared with the Br—F distances of 1.72, 1.84 and 1 35 A, which, although coplanar 
with the three bonds, is offset from the symmetrical square position. It can be considered as 
symmetrically placed above the centre of a triangular face, including the two lone pairs of 
electrons, of the trigonal bipyramidal arrangement. This interaction can be considered too 
weak to force a rearrangement to the pseudooctahedral form. In contrast, iodine trichloride2? 
achieves a close approach to the square planar arrangement by dimerization, and only the 
longer bridge distances lead to distortion (Table 4). 

Although the T-shaped [XeF;]* cation forms’? a coplanar, symmetric secondary bond with 
the [BiF,]~ ion, through a very strong contact (Bi---F=2.25 A), which results in a distorted 
square planar geometry, the [SbF,]~*° and [Sb2F,,]~*! anions interact more weakly to give the 
asymmetric arrangement described above for solid BrF3. 
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The square planar arrangement found in the anionic halogen complexes and in xenon 
tetrafluoride is usually regular, although small distortions have been attributed to the influence 
of the countercations in the halogen compounds. For example, in the compound [SCl3]*[ICl4]~ 
lengthening of I—Cl bonds*” can be correlated with the number of secondary bonds to sulfur 
formed by the particular chlorine atom (Table 4). 

Table 4 Planar Four-coordinate Complexes 

A—X (A) XK—A—X'(°) Ref. 

K*[BrF,]~ 1.89 x 4 90.9 x 2, 89.1 x2 33 
K*{ICl,] H,O 2.42, 2.47, 2.53, 2.60 89.2, 89.5, 90.6, 90.7 34 
[SCl,]*[IC1,]- 2.439, 2.469, 2.543, 2.603 88.0, 89.5, 91.1, 91.4 32 
XeF, 1.952 x 4 90.0 x 4 35 
Len 2.38 x 2, 2.70 x2 94, 84,912 29 

30.3.1.3 Halogen(V) and noble gas(VI) compounds 

Complexes for these oxidation states are restricted to fluorine ligands, and to xenon for the 
noble gases, with associated coordination numbers ranging from four to eight. The geometrical 
arrangements are distorted square pyramidal for four-coordination in the cationic halogen 
species, square pyramidal for the five-coordinate interhalogens and the cationic xenon species, 
and distorted octahedral for six-coordinate xenon hexafluoride. For the hexafluoroanions of the 
halogens, and the heptafluoroxenate(VI) ion, no crystallographic results are available, but the 
octafluoroxenate(VI) ion has been shown to have a square antiprismatic arrangement.*© 
VSEPR theory correlates the four-coordinate species with a 10-electron, trigonal bipyramidal 

arrangement of one lone pair of electrons in an equatorial position and four fluorine ligands. 
The square pyramidal complexes are based on a 12-electron arrangement with one lone pair of 
electrons. For higher numbers of valence-shell electrons, the VSEPR treatment is less 
satisfactory. The effect of the lone pair of electrons is certainly seen in the structure of 
monomeric XeF¢, but this is a fluxional molecule, and the geometry is therefore hard to define. 
The situation with [XeF,]*~ is difficult to rationalize in terms of VSEPR theory, since the 
square antiprismatic coordination is only slightly distorted, showing no clear position for the 
lone pair of electrons. 

The tetrafluorohalogen(V) cations are prepared by interaction of the parent fluoride with a 
good fluoride acceptor molecule, typically SbF;. The geometry in the solid state has been 

established for [BrF,]* in the [Sb2F,;]~ salt,*’ although the accuracy of the results is low, for 

[IF,]* in the [SbF,]~ salt,** which has a disordered arrangement, and for [IF4]* in the [Sb2.Fi,]~ 
salt.°° In the latter, the F—I—F angle between equatorial fluorine ligands is 92.4° and that 

between axial ligands is 160.3°, as expected from VESPR theory, but there are two pairs of 

secondary bonds averaging 2.56 and 2.87 A, grouped around the lone pair position. 

The halogen pentafiuorides and the [XeF;]* cation have a square pyramidal configuration 

and any weak secondary bonds are found below the base of the pyramid and situated to avoid 

the axial, lone pair position. These contacts are much more significant for the xenon 

compounds than for the interhalogens, where they are so weak as to be virtually indistinguish- 

able from normal intermolecular contacts, as seen in the structure of IF;.*° 

Salts of the [XeFs]* cation are synthesized by interaction of XeF, with fluoride acceptor 

molecules in the correct proportions. Excess XeF, will produce compounds containing the 

[Xe.F,,]* cation. For [XeFs]* in combination with [MF.]~ or [MF,]*~ anions there are either 

three*! or four }° secondary bonds, symmetrically arranged around the lone pair position, with 

Xe---F distances in the range 2.5-3.0 A. In solid XeF,, which exists as both tetramers, best 

represented as [(XeFs)*F ]4, and the corresponding hexamers,” the distances are 2.56 A in the 

hexamer and 2.23 and 2.60A in the tetramer. The [Xe2F1;]* cation can be represented as 

[XeFi ---F----XeF#] and in the [AuF,]~ salt** has an Xe---F™ distance of 2.23 A and a 

secondary Xe---F bond distance to [AuF.] of 2.64 A In comparison the overall average 

Xe—F bond distance in [XeFs]* compounds is 1.85 A. 

Compounds with six fluorine ligands have provided structural difficulties. Xenon hexafluoride 

exists as the monomer in the vapour state and has been shown largely by electron diffraction 

experiments to be non-octahedral, and also fluxional.* Although VSEPR theory might have 

COC3-K* 
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predicted a pentagonal bipyramidal arrangement, including the lone pair of electrons, the lone 

pair is thought to take up a position capping a face of the octahedron of fluorine ligands, and 

interchanging positions, by moving through the midpoint of an edge. The ions BrF¢ and IF, 

result from the interaction of the pentafluorides with alkai metal fluorides as fluoride 

donors,**“° but no definitive crystal structure has been determined. Spectroscopic results 

indicate a non-octahedral arrangement for the ions. of 1 

Interaction of XeF, with fluoride donors produces compounds formally containing [XeF7] 

and [XeF,]*~. The latter anion has been characterized*® in the compound [NO]}[XeFs]*, by 

X-ray crystallography. The Xe—F distances are in the range 1.95-2.10 A and the structural 

arrangement is a slightly distorted, square antiprism with no definite position for the lone pair 

of electrons. 

30.3.1.4 Halogen(VID) and noble gas(VIII) compounds 

Although in theory the Xe’ oxidation state might be attainable, no such compounds 
containing only fluorine ligands have yet been reported. The halogens are represented by 
iodine heptafluoride and its related [IF,]* cation and [IF,]~ anion. [CIF,]* and [BrF,]* cations 

have also been prepared, although lacking their neutral precursors, using the powerful oxidizing 
properties of platinum hexafluoride or the fluorokrypton(II) cation. Thus interaction of CIF; 
and PtF, in a sapphire reactor produces [CIF,]*[PtF.]*’* and warming a solution of 
[KrF] "[AsFo] or [Kr2F3]*[AsF,]~ in liquid BrF; or CIF; produces [BrF,]*** [AsF,]~ or the 
[CIF,]* salt.*”° 

The three hexafluorohalogen(VII) cations have been shown to have octahedral symmetry by 
spectroscopic methods. This undistorted octahedral geometry is predicted by VSEPR theory, 
since no lone pairs of electrons are involved. 

The heptafluoride has been reported not to have a pentagonal bipyramidal arrangement in 
the solid state,*? although the considerable difficulties involved in the crystal structure 
determination lead to less accurate results than could be desired.~ In the vapour state electron 
diffraction results?’ show that the pentagonal bipyramidal arrangement is present but the 
molecule is non-rigid, with deformation from Ds, symmetry, and this may account for the solid 
state structure. 

The octafluoroiodate(VII) ion has been reported** to result from the interaction of the 
heptafiuoride with the fluoride donors CsF or NOF, but its structure has not been determined. 

30.3.2 Carbon Ligands 

This section is concerned almost exclusively with halogen compounds, since although there is 
an extensive chemistry of halogens in higher oxidation states bonded to carbon in ligands, there 
is no well-characterized noble gas compound of this type. Mass spectrometer experiments 
involving in situ decay of organic iodides containing ‘°'I have given evidence for the existence 
of the C—'*'Xet bond,* but only one compound has been described on a macroscopic scale. 
The reaction of XeF, with CF; free radicals, generated in a plasma, produced a waxy, 
colourless solid,** which was more volatile than XeF,, and decomposed at room temperature 
with a half-life of 30 minutes. Handling difficulties and lack of a suitable solvent precluded 
conclusive identification of the compound. 
An extensive review” of the chemistry of halogen complexes containing carbon ligands, the 

‘hypervalent halogen compounds’, has been published recently. This is written from an organic 
chemical viewpoint and includes discussion of the organic chemistry involved in reactions of 
ary compounds. Only aspects directly related to coordination chemistry will be mentioned 
Bre, 
The review also discusses in detail the bonding in these compounds, in terms of 

hypercovalent bonds. The gross stereochemistry of these compounds will be related here to the 
previously described VSEPR model, sufficient for the present discussion. 

Although there are a few examples of iodine bonded only to carbon ligands, most complexes 
contain other, more electronegative ligands in the coordination sphere. There are few examples 
of chlorine and bromine complexes, and, as yet, no examples even with iodine of oxidation 
state VII. Most of these complexes, and especially the more stable examples, have aromatic 
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rather than aliphatic carbon ligands. Classification of these compounds has been in terms of the 
oxidation state of the halogen and the number of halogen-carbon bonds. 

30.3.2.1 Halogen(I) compounds 

This class of compound is represented by the dicyanoiodate(I) anion, involving a pseudo- 
halide rather than an alkyl or aryl ligand. The linear ion, with I—C distance of 2.302 A, has 
been characterized in the compound K[I(CN)2]CsHi2N.O2, resulting from reaction of an 
aqueous solution of KCN with an ethanolic solution of ICN. The diimino oxalic acid diethyl 
ester molecule apparently stabilizes the structure.~° 

30.3.2.2 Halogen(III) compounds 

This is the largest group of compounds and, although many examples have been prepared 
since the original report of phenyliodine(III) dichloride a century ago,*’ few crystal structures 
have been determined. The compounds have been classified as shown in Table 5. 

Table 5 Classification of Organohalogen(III) Compounds 

Number of ligands Type of ligands Example 

2 Two carbon PhBr(cyim)* 
2 One carbon, one heteroatom PhIO 

3 Three carbon Ph,I 
3 Two carbon, one heteroatom Ph,ICl 
3 One carbon, two heteroatom PhICI, 

* cyim = 3,4-dicyanoimidazolylide. 

The compounds with two carbon ligands are halonium ylides, with a formal positive charge 
on the halogen atom. On VESPR theory they are eight-electron species, with two lone pairs of 
electrons and an overall tetrahedral arrangement. The C—I—C angles determined are 97.8° in 
2-(o-chlorophenyliodonium) 4-nitro-6-chlorophenoxide™® and 98.7° in phenyliodonium 2,5- 
dicarboethoxy-3,4-dicyanocyclopentadienylide.°? The C—Br—C angle in the structure of the 
only bromine compound _ structurally characterized, phenylbromonium  3,4- 
dicyanoimidazolylide,© is 99.3°. When one carbon atom is replaced by a heteroatom (in 
practice a multiply bonded oxygen atom) a neutral species of the same stereochemical type 
results, since the oxygen ligand accounts for the extra pair of electrons in its multiple bond. 
These compounds are unstable with respect to disproportionation and have not been 
definitively characterized structurally. 

The compounds with three ligands should have the T-shaped stereochemistry characteristic 
of 10-electron species on VSEPR theory. For three carbon ligands, triphenyliodine, prepared 
from diphenyliodine(III) iodide and phenyllithium at —80°C in ether,°' decomposes at —10°C, 
and even more stable compounds, with cyclic structures involving the iodine atom,™ still 
decompose over relatively short periods. No crystal structures have been determined, although 
NMR studies support the structural assignment.” 

The diphenyliodine(III) halides have dimeric structures in the solid state,° directly 
comparable with that of ICI;.*? Thus, these compounds have a planar coordination of the 
iodine atom by two carbon and two bridging halogen atoms. This corresponds to the 
12-electron, octahedral arrangement. The I—Cl bonds in the chloride, of 3.085 A, are longer 
than those of 2.70A in the trichloride and presumably reflect the significance® of the ionic 
form {{Ph2I]*[Cl]~}2. 

The characteristic T-shaped coordination is found for compounds with one carbon and two 
heteroatom ligands. The simplest structure is that of phenyliodine(III) dichloride™ with I—Cl 
bond distances of 2.54 A and Cl—I—C angles of 86°. In general, in the other examples for 

which structures have been determined,” the corresponding angles are less than 90°. Secondary 

bonding is important in the overall packing of these compounds and has been fully analyzed for 

two examples.” 
Recent synthetic work has achieved the preparation of two important bromine(III) 
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compounds. The interaction of BrF3 and CoF;SiF3 produces” CoFsBrF2, a thermally stable, but 

reactive solid. Interaction of this compound with trifluoroacetic anhydride gives the stable 

carboxylate, C6FsBr(O2CCF3)2. The much more stable compound (1) results from treatment 

of the diol precursor with BrF;. This latter compound, which melts at 153-154 °C, is unreactive 

towards water, dilute hydrochloric acid and dilute sodium hydroxide. 

FC O—Br—O CF; 

F,C Cri 

Me 

(1) 

30.3.2.3 Halogen(V) compounds 

These compounds are much less common than the halogen(III) compounds and only 

examples with iodine have been isolated. They have been classified as shown in Table 6. There 

is a paucity of detailed structural information, with three significant crystal structures and NMR 

data on some fluoro derivatives. 

Table 6 Classification of Organohalogen(V) Compounds 

Number of ligands Type of ligands Example 

3 One carbon, two heteroatom PhIO, 

4 One carbon, three heteroatom PhIOF, 

4 Two carbon, two heteroatom Ph,IOF 

5 Two carbon, three heteroatom Ph,IF, 
5 One carbon, four heteroatom CF,IF, 

The three-ligand class is represented structurally by p-chlorophenyliodine(V) dioxide 
(p-chloroiodylbenzene) and the unsubstituted phenyl compound. VSEPR theory would predict 
pyramidal geometry for these compounds, with multiple bonds to oxygen, and this is found 
approximately® for the p-chloro compound, although the accuracy of the determination is low. 
The angles around iodine are 94, 95 and 103° for the two C—I—O and the O—I—O angles 
respectively. For the phenyl compound the corresponding angles are 91.1, 76.3 and 147.8° 
and the distortion in geometry is linked to the effect of the three strong secondary bonds to the 
iodine atom, which are grouped around the lone-pair position. 

Although there is little structural information on four-ligand compounds with two carbon 
ligands, the structure of ‘o-iodoxybenzoic acid’, CsH,CO2I(O)OH, provides data for the class 
with a single carbon ligand.”” The carboxylate oxygen forms a strong intermolecular bond to 
iodine of 2.324 A, to give an arrangement based on a trigonal bipyramid, with the bonds to 
carbon and the multiply bonded oxygen (I—O = 1.784 A) in equatorial positions, with the lone 
pair of electrons, and the intermolecular bond and the I—OH bond of 1.895A in axial 
positions. 

For the five-ligand compounds there are no crystallographic data. These compounds are 
expected to have square pyramidal coordination, based on a 12-electron arrangement. 
“°F NMR studies have provided some evidence in support of the square pyramidal arrange- 
ment. Thus diphenyliodine(V) trifluoride [diphenyl (difluoroiodosyl) fluoride] in nitromethane 
solution gives a spectrum consisting of two singlets, assigned to the fluorine atom opposite a 
phenyl ligand (more weakly bonded) and the two equivalent fluorine ligands opposite one 
another.” The lone pair is assumed to occupy the sixth coordination position opposite a phenyl 
group. Similarly” phenyliodine(V)tetrafluoride(tetrafluoroiodobenzene) shows just one singlet 
in its spectrum, corresponding to the four equivalent fluorine atoms. The corresponding 
trifluoromethyliodine(V) tetrafluoride” [(tetrafluoroiodo) trifluoromethane] has a spectrum 
typical of an A3X, spin system and shows F—C—I—F coupling, which is consistent with the 
square pyramidal arrangement. 
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30.3.3 Nitrogen Ligands 

The most significant aspect of chemistry in this section recently has been the characterization 
of the xenon-nitrogen bond. The carefully controlled reaction between XeF, and HN(SO,F), 
was reported to yield” the compounds FXeN(SO.F), for 1:1 proportions, and 
Xe[N(SO,F),], for 1:2 proportions, with elimination of HF. This has been confirmed by the 
subsequent X-ray crystallographic structure determination”’ of FXeN(SO,F), which shows a 
linear F—Xe—N arrangement with Xe—F and Xe—N distances of 1.967 and 2.200A 
respectively. Reaction of this compound with arsenic pentafluoride forms a bright yellow 
solid,’””’’ unstable at room temperature, which appears to be [(FO2S).NXe]*[AsF,.]~ and 
which decomposes under vacuum to form the pale yellow [{(FO2S)2NXe} F]*[AsF.]~, with the 
cation analogous to [Xe2F3]*. 

Halogen-nitrogen bonds are rather more common, although research in this area has not 
been extensive. Most compounds reported are halogen(I) cations, with a linear coordination 
geometry. Thus, dissolution of I,, IBr or ICI in pyridine leads”* to formation of [py2I]* cations, 
and the crystal structure determination” of the solid, empirically py(I,)2, formed from iodine in 
ethanol solution, has shown the presence of planar [py2I]* cations with Ij anions and I, 
molecules. The linear [N—I—N]* unit has an I—N distance of 2.16 A, the linear arrangement 
corresponding on VSEPR theory to a 10-electron species. 

This linear coordination, but with unequal I—N bonds, has been found in the compound 
(bipy)(IN3)2°° where the I—N(bipy) distance averages 2.44A and I—N(azide) averages 
2.17 A, reflecting the difference in the bonding to the two ligands. The two bromine(I) 
examples studied both show asymmetry of the N—Br—N linear system, although the two 
ligands are equivalent. Thus in bis(quinuclidine)bromine(I) tetrafluoroborate®! the Br—N 
distances are 2.120 and 2.156A and in bis(quinoline)bromine(I) perchlorate® they are 2.100 
and 2.165 A. The reason for the asymmetry is not obvious. 

Although the interaction of pyridine and CINO; has been reported® to yield the [py2Cl]* 
cation, there is as yet no crystallographic determination on a chlorine(I) compound. 

30.3.4 Oxygen Ligands 

Apart from the very few examples mentioned previously, oxygen is the only element other 
than fluorine to form bonds to xenon. For the halogens in positive oxidation states the oxides 
and oxoanions provide some of the most familiar compounds of these elements, with a very 
extensive chemistry, adequately reviewed elsewhere.” Similarly the oxides and oxoanions of 
xenon include the simplest examples of compounds of xenon(VIII), with the tetraoxide and the 
xenate(VIII) (perxenate) ion having the expected, undistorted tetrahedral and octahedral 
coordination arrangements respectively. In this chapter attention will be concentrated on 
ligands containing oxygen as the donor atom, rather than the multiply bonded oxide ligand 
itself. These are mainly oxoacid salts, with earlier work concentrating on such ligands as 
nitrates and perchlorates and more recent work on the more electronegative species such as the 
fluorosulfates and particularly the pentafluoroselenates(VI) and pentafluorotellurates(VI). It 
has been suggested that these latter ligands may be more electronegative than fluorine™ and 
the pentafluorotellurate(VI) gives the most thermally stable noble gas compounds of this type. 

In general, apart from those involving the more electronegative ligands, the compounds 
containing Xe—O bonds tend to have limited thermal stability and high chemical reactivity and 
often to involve explosions. Thus, relatively little crystallographic structure determination has 
been achieved and spectroscopic techniques have been used to show structural analogies to 
corresponding interhalogen compounds. 

30.3.4.1 Halogen(1) and noble gas(II) compounds 

By analogy with the halogen ligand compounds discussed previously, these oxidation states 
are associated with coordination number two and a linear arrangement of ligands about the 

central atom. The anionic halogen compounds have been little studied. An IR spectroscopic 

study® of the dinitrato-bromate(I) and -iodate(I) anions was concerned primarily with the 
denticity of the nitrate ligands, which was not unambiguously determined. Although 
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Ag[I(OCIO;)2] is among the products of the low temperature reaction® of I, with AgClO, it 
has not been obtained pure, and no spectroscopic results have been reported. 

More interest has been shown in the noble gas compounds, since the majority of these 

compounds have been prepared for this oxidation state. Compounds are derived from XeF, by 
substitution of one or both fluorine atoms. The order of stability based on the reported 
decomposition of the mono- and di-substituted species’ is OTeF; > OSeF; > OSO2F > 

OPO.F > OCIO; > OSO,CF3, OSO.Me, OCOCF;, OCOMe. The last four ligands lead to 

explosive products. 
The characteristic linear coordination of xenon has been verified crystallographically for two 

examples. The structure of FXeOSO,F shows”*’ a linear arrangement with Xe—F and Xe—O 
distances of 1.94A and 2.16A respectively. Although the structure determination® of 
Xe(OSeF;)2 shows a disordered arrangement, the O—Xe—O group is linear with an Xe—O 
distance of 2.12 A. 

The novel cation [(FXeO),SOF]* has been characterized crystallographically as the [AsF.]~ 
salt.8° The bridging fluorosulfate group is analogous to the bridging fluoride in the [Xe.F;]* 
cation. The Xe—F and Xe—O distances are 1.86 and 2.21 A respectively. 

30.3.4.2 Halogen(III) and noble gas(IV) compounds 

The halogen compounds are known for neutral, cationic and anionic species. These should 
be three, two and four coordinate, with T-shaped, angular and square planar coordination 
arrangements respectively. No crystallographic work has been reported on the simple species 
and the spectroscopic results are not always conclusive. 

Thus iodine(III) perchlorate” and bromine(III) and iodine(III) fluorosulfates*! are ap- 
parently polymeric in the solid state, although the degree of polymerization has not been 
established. The [Br(OSO,F)2|* and [I(OSO.F)2]* cations have been reported in combination 
with” [Sn(OSO2F).]*~ and*? [Au(OSO,F),]~ anions, and IR and Raman spectra support the 
formulation as ions, but do not give structural details. The spectra of the anionic species in” 
K[Br(OSO,F),], K[I(OSO2F),4], Cs[I(OCIO3)4]” and Rb[Br(OSeF;)4]** show features charac- 
teristic of the [BrO,] and [IO,] square planar units. 
A recent structure determination® has shown that the compound I(OSO,F),I has the 

characteristic T-shaped coordination with the I'"—I distance of 2.678 A in the equatorial 
position and two I—O axial distances of 2.09 and 2.26A with O—I—I angles of 91.0° and 
85.3°. A secondary I---O bond of 3.05 A completes a coordination similar to that in the 
[XeF3]* ion described earlier.*° The only noble gas compound of this class is Xe(OTeFs)., 
prepared from the interaction of XeF, and B(OTeFs);, for which the Raman spectrum supports 
the square planar arrangement.” 

30.3.4.3 Halogen(V) and noble gas(VI) compounds 

Although there are some examples of halogen(V) compounds containing oxygen ligands, 
together with fluoride or multiply bonded oxide, examples with five oxygen ligands are rare and 
often ill characterized. For example the interaction” of IF; with Me;Si(OMe) or Me2Si(OMe), 
produces the compounds IF(s_,,,(OMe), for n=1-4, with only tentative identification of 
I(OMe);. However, I(OTeF;); has been characterized** as well as the substituted species 
F,1(OTeFs)s_, for n = 1-4 and OI(OTeFs);. The pentakis(pentafluorotellurate) could not be 
prepared directly from IF; but resulted from the oxidation of I(OTeFs); with Xe(OTeF;). The 
mixed fluoro species were characterized by NMR spectroscopy, all having fluorine in the axial 
position of the square pyramidal arrangement. 

Pentafluorotellurate compounds of xenon(VI) similar to the iodine(V) compounds above 
have also been prepared.” Thus OXe(OTeF;)4 results from the interaction of OXeF, with 
B(OTeF;)3; and there is NMR evidence from a solution of the pentafluorotellurate in OXeF, 
for the species OXeF,,(OTeFs)4_,, for n = 1-3. The structures of these compounds are square 
pyramidal like the iodine compounds above, with the multiply bonded oxide in the apical 
position. Xe(OTeFs), has been prepared from XeFs using the versatile B(OTeF;)3 reagent at 
low temperatures. Although it decomposes above —10°C, powder X-ray diffraction has shown 
it to have a similar, but significantly different, unit cell to that of Te(OTeFs).."° From this 
difference, a distorted octahedral configuration for xenon has been inferred, by comparison 
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with the undistorted [TeO,] central unit in the tellurium compound,” and the lone pair appears 
to have some stereochemical effect. 

30.3.5 Sulfur and Selenium Ligands 

There are no examples of xenon bonded to sulfur or selenium and few for the halogens. The 
reported compounds involve the thiocyanate’ and selenocyanate’™ ligands acting as 
pseudohalides, in the anions I(SCN)z and I(SeCN)z, for which IR and Raman spectra show 
the thiocyanate to have a linear S—I—S arrangement but give no definitive results for the 
selenocyanate, and two examples with more complex thio ligands for which crystal structures 
have been determined. 

For the bis(thiourea) iodine(I) cation,’ in the iodide salt, there is a linear S—I—S 
arrangement with the I-—S_ distance of 2.629A. The complex cation!” 
[{(en)2Co(SCH2CH2NH;)}2I]°*, with the two octahedrally coordinated cobalt complexes 
Aire an S—I—S bridge, has an S—I—S angle of 173° and an I—S distance of 
2.619 A. 
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31.1 INTRODUCTION 

Titanium is a reasonably common element which has been known for over 170 years. The 

average titanium content of the earth’s crust is 0.63% by weight, which makes it the ninth most 
abundant element in the earth’s crust, 20 times more abundant than carbon, and only 

outranked by oxygen, silicon, aluminum, iron, magnesium, calcium, sodium and potassium. It 

is only really in this century that elemental titanium has developed any industrial potential, 
partly because of difficulties associated with its refinement. 

The element was first obtained pure in 1910 by Hunter’ via reduction of the tetrachloride 
with sodium. In 1925, van Arkel and de Boer* obtained a very pure form of the metal by 
dissociation of the tetraiodide. Nonetheless, the titanium metal industry really dates from the 
publication of the Kroll process’ in 1940, which involves reduction of the tetrachloride with 
magnesium. The principal properties of titanium which recommend it to metallurgists and 
engineers are its low density, strength and resistance to corrosion. 

The most important industrial use of titanium is in the form of the dioxide (rutile or anatase) 
as a white pigment in the paint industry. Its outstanding property is its capacity or covering 
power; this, with its relative chemical inertness, has resulted in its almost complete replacement 
of all other white pigments. Related uses arise in the paper, plastics, rubber, textile and 
vitreous enamel industries. 

31.1.1 Discovery 

Titanium was discovered in 1791 by William Gregor, an English clergyman and amateur 
chemist. He identified it in a black sand (now known to be ilmenite) sent to him for analysis 
from the Menacchan Valley in Cornwall. Four years later, the famous German chemist 
Klaproth rediscovered the element in the ore rutile, one form of titanium dioxide. He gave it 
the name titanium after the Titans who in Greek mythology were the sons of Earth. 

Titanium is widely distributed on the earth’s surface, and also occurs in the sun, in stars and 

in meteorites. In the earth’s crust the principal ores are ilmenite (FeTiO3) and rutile (TiO;). 
An important deposit of ilmenite occurs in the IImen mountains in Russia, from which the ore 
gets its name. Some other minerals are titanomagnetite [Fe30,(Ti)], ramsayite (lorenzenite) 
(Na,(TiO),Si,07), titanite (CaTiSiOs), lamprophyllite [(Ba, Sr, K)Na(Ti, Fe)TiSi(O, OH, 
F)o], benitoite [BaTi(Sis0.)], warwickite [(Mg, Fe)3;TiB2Os], osbornite (TiN) and perovskite 
(CaTiO;). Crystallographic details for all these have been tabulated.* 

31.1.2 Preparation of the Metal 

It is not possible to obtain titanium metal by the usual method of reduction of the dioxide 
with carbon, because a very stable carbide is formed. Moreover the metal is reactive towards 
nitrogen and oxygen at elevated temperatures, and hydrogen at 900°C only reduces TiO, as far 
as Ti305. Reduction of the dioxide with most reducing metals, e.g. Na, Al, Ca or Mg, seldom 
seems to yield a pure product; the most common contaminants, and in some cases the principal 
products, are lower oxides of titanium. Reduction of the tetrachloride is, therefore, the basis of 
the preferred methods. 
A successful laboratory method is reduction of the dioxide with an excess of calcium hydride 

in a molybdenum boat. The reaction is carried out at 900°C in a vacuum or in an atmosphere 
of hydrogen (equation 1). Most of the hydrogen present can be removed by heating the metal 
in a vacuum at 1100 °C. 

TiO, +2CaH, —> Ti+ 2CaO + 2H, (1) 
The first general method involved reduction of the tetrachloride with sodium (equation 2).' 
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The reaction, which is very exothermic, is carried out at 700-800 °C in a steel bomb under an 
inert atmosphere. The method, which requires very careful control of the temperature, is 
capable of yielding titanium with a purity of 99.9%. It is also possible to prepare the metal by 
hydrogen reduction® of the tetrachloride at approximately 2000 °C (equation 3). The difficulties 
of removing hydrogen from the metal, and the high temperatures required, make the method 
impracticable industrially. 

TiCl,+ 4Na — Ti+ 4NaCl (2) 

TiCl,+ 2H, — Ti+ 4HCl (3) 

Another important way of producing the metal is the Kroll process, in which magnesium is 
the reducing agent (equation 4). The magnesium is contained in a molybdenum-coated iron 
crucible in an atmosphere of argon at 850-950°C; the TiCl, is added drop by drop. Towards 
the end of the addition the temperature is slowly raised to a maximum of 1180°C, i.e. to 
slightly above the boiling point of magnesium. After cooling the crucible in argon, the 
magnesium and magnesium chloride are extracted with water and dilute HCl, alternatively, 
these materials may be removed by volatilization above 1000°C. The process is clearly 
expensive, because it involves the prior preparation of the tetrachloride from ilmenite or rutile, 
followed by fractionation of the TiCl, to remove any FeCl. 

TiCl, + 2Mg —> Ti+2MgCl (4) 
Extremely pure titanium can be made on the laboratory scale by the van Arkel—-de Boer 

method? in which Til,’ that has been carefully purified is vaporized and decomposed on a hot 
wire in a vacuum.® 

31.1.3 Properties of the Metal 

Titanium is dimorphic with a transformation temperature of 882+5°C. Below this 
temperature, the metal is hexagonal (De,—6/mmc, Z = 2)* with lattice parameters at 25 °C of 
a = 2.9504 A and c = 4.6833 A (a@ form).*? The second (8) form is cubic (O,—Jm3m, Z =2),° 
with the cell parameter! of 3.3065 A at 900°C. The two forms are isomorphous with the 
corresponding forms of zirconium. 

Titanium is a silvery, ductile metal with important industrial uses because it is less dense than 
iron, much stronger than aluminum and almost as corrosion resistant as platinum. Although it 
is unlikely ever to be as inexpensive as steel, its rare combination of properties make it ideal 
for a variety of uses, particularly in engines, aircraft frames, some marine equipment, in 

industrial plants and in laboratory equipment. Certain properties may be improved by alloying 
it with aluminum. 

The metal has an enormous affinity for dioxygen, dinitrogen and dihydrogen at elevated 
temperatures, but only in the case of dihydrogen is the absorption reversible. Moreover, 
titanium dust is explosive in air, and even the fresh surface of the metal will ignite 
spontaneously in dioxygen at 25 atm. Traces of oxygen or nitrogen render the metal very brittle 
and hence of little utility. The kinetics of oxidation of the metal in the range 850-1050 °C have 
been studied.!! It is not attacked by mineral acids in the cold or by hot aqueous alkali, but 
dissolves in HF, hot HCI, hot HNO; and hot concentrated H3PO,. It reacts with many metals 
and non-metals forming intermetallic or interstitial compounds, e.g. with Al, Sb, Be, Cr, Fe 
and B. 

31.1.3.1 Isotopes of titanium 

Titanium has five naturally occurring isotopes with mass numbers ranging from 46 to 50; 
their percentage isotopic abundances are given in Table 1, with the atomic masses of the 
individual nucleides. 

The atomic weight of titanium is 47.88 (IUPAC; 1971; based on °C= 12.000) and was 
originally determined” by the ratio TiCl,/4Ag and TiBr4/4Ag. Slight separation of the titanium 

isotopes is possible in the extraction of thiocyanic acid complexes of titanium by ether from 

aqueous sulfate solutions. The separation factors’ are *°Ti:*Ti= 1.006, *Ti:*°Ti = 1.008 and 
Ti: “Ti = 1.014. 
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Table 1 Nuclides of Titanium 

Nuclide % Isotopic mass Nuclear spin Half-life 

oT == 42.96850 = 0.6s 
el = 43.95957 ps 48.2 y* 
Ty — 44,95813 7/2 3.08 h 
cal BI 7.93 45.952633 oo — 
=i i 728 46.95176 5/2 — 
li, 73.94 47.947948 — — 
Ti 5.51 48.947867 TZ =. 
oT} 5.34 49.944789 2 = 
hs — 50.94662 oak 5.9 min 
LA fh <= a= = 12 min 

“Pp. E. Moreland and D. Heymann, J. Inorg. Nucl. Chem., 1965, 27, 493. 

31.1.4 General Properties of the Group IV Elements 

Titanium is the first member of the 3d transition series and has four valence electrons, 
3d*4s*. The most stable and most common oxidation state, +4, involves the loss of all these 

electrons. However, the element may also exist in a range of lower oxidation states, most 
importantly as Ti(III), (11), (0) and —(I). Zirconium shows a similar range of oxidation states, 
but the tervalent state is much less stable relative to the quadrivalent state than is the case with 
titanium. The chemistry of hafnium closely resembles that of zirconium; in fact, the two 
elements are amongst the most difficult to separate in the periodic table. 

The ionization energies of the group IV elements are given in Table 2, together with the sum 
of the first four ionization energies in each case. There is a clear alternation in the ionization 
energies on passing down the group, this being associated with the alternation in the screening 
constants and hence the effective nuclear charges (Z*) of the different atoms. In particular, the 
third member of a group (Ge in this case) first suffers the transition metal contraction 
associated with the poor screening of the underlying d’° shell, and the fifth member (Pb) first 
suffers the double contraction associated with the even poorer screening of the underlying f'* 
shell. Consequently, these elements have higher ionization energies than might otherwise have 
been expected. The elements in group IVA (Ti, Zr, Hf) have uniformly lower ionization 
energies than those of group IVB, and as a consequence it is believed that the former achieve 
high coordination numbers with greater facility than the latter. The radii of the elements show 
these alternations in inverse, as the ionization energy is inversely related to the radius. 

Table 2 Ionization Energies (eV) of Group IV Elements* 

ij L L ii nai 

re 11.256 24.376 47.871 64.476 147.98 
Si 8.149 16.34 33.46 45.13 103.8 
Ge 7.88 15.94 34.21 45.7 103.72 
Sn 7.342 14.628 30.49 40.72 93.18 
Pb 7.415 15.028 31.93 42.31 96.68 
Ti 6.82 13.57 27.47 43.24 91.10 
Zr 6.84 13.13 22.98 34.33 77.28 
Hf 7.00 14.90 23.20° 33.30° 78.40 

“C. E. Moore, Atomic Energy Levels, Circular No. 467, National Bureau of Standards, 
Washington, 1949, 1952, 1958 and appendices. 
P. F. A. Klinkenberg, T. A. M. van Kleef and P. E. Norman, Physica, 1961, 27, 151. 

The energy required for the removal of the four valence electrons of titanium is so high that 
the Ti” ion does not exist as such; nor do the Zr'Y and Hf!” ions. Titanium(IV) compounds 
are, in general, covalent and bear some resemblance to the corresponding compounds of Si, 
Ge, Sn and Pb, especially Sn (partly because of the similarities between the ionic and covalent 
radii of Ti and Sn). For instance TiO} (rutile) is isomorphous with SnO, (cassiterite), and both 
become yellow on heating; both TiCl, and SnCl, are colourless, distillable liquids which are 
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rapidly hydrolyzed; both behave as Lewis acids, forming a wide variety of addition compounds. 
Both SiCl, and GeCl, are less powerful acceptor molecules than TiCl, and SnCly. 

In the lower oxidation states the chemistry of titanium has little or no counterpart in the 
chemistries of the group IVB elements. The only lower oxidation state of these elements is 
two, for which the stability order is Ge<Sn<Pb. However, both zirconium(III) and 
hafnium(III) are similar to if less stable (towards oxidation) than titanium(III) and have 
comparable although less extensively investigated chemistries. 

The most common coordination number of titanium is six (recognized for all oxidation states 
of the metal), although compounds are known in which the coordination number is four, five, 
seven or eight. The common oxidation states of titanium with the associated coordination 
numbers and stereochemistries are summarized in Table 3. The properties of these molecules 
will be discussed in the appropriate sections. In brief, however, titanium compounds in the 
+III or lower oxidation states are readily oxidized to the +IV state. Furthermore, titanium 
compounds can usually be hydrolyzed to compounds containing Ti—O linkages. 

Table 3 Oxidation States and Stereochemistry of Titanium 

Oxidation Coordination 
State number Geometry Examples 

Tins 6 Octahedral [Ti(bipy)3]~ 
Ti° 6 Octahedral [Ti(bipy)] 
TE de 4 Dist. tetrahedral (n°-CsHs)2Ti(CO)> 

6 Octahedral TiCl, 
Ti peat 3 Planar Ti{N(SiMe;)}3 

5 Tbp TiBr,(NMe;)> 
6° Octahedral TiF?-, TiCl,(THF), 

eh eee he 4° Tetrahedral TiCl, 
Dist. tetrahedral (n°-C;H,)TiCl, 

5 Dist. tbp K,Ti,O, 
Square planar TiO(porphyrin) 

6* Octahedral TiF2, Ti(acac),Cl, 
7 ZrF3_ type [Ti(O,)F.]>~ 

Pentagonal bipyramidal Ti,(0x)3-10H,O 
8 Dist. dodecahedral TiCl,(diars), 

Ti(S,CNEt,), 

* Most common state. 

31.1.5 Sources of Information 

The main source of information on titanium and its chemistry remains the important review 

by Clark.'* References to phosphine and analogous complexes are contained in volumes by 

McAuliffe and Levason,'*!” and the update reviews which appear from time to time in 

Coordinated Chemistry Reviews.'**' In order to minimize the number of references quoted, 

much of the early chemistry is referred to in these review sources. 

31.2 NIROGEN LIGANDS 

31.2.1 Low Valent Titanium Complexes 

Although the coordination chemistry of titanium(IV), and to a much lesser extent 

titanium(III), has been investigated relatively well, few complexes are known in the lower 

oxidation states —IJ, —I, O, +I, +I, and all are almost invariably unstable to oxidation. 2 

Reduction of TiCl, with excess of dilithium 2,2'-bipyridyl in THF with excess bipyridyl gives 

Li[Ti(bipy)3]:3.7THF, as shown in equations (5) and (6). Further reduction to 

Li,[Ti(bipy)3]-5.7 is possible.” 

TiCl, + 2Li,bipy + bipy ———> [Ti(bipy),] + 4LiCl (5) 

TiCl, + 2.5Li,bipy + 0.5bipy ———> Li[Ti(bipy),]-3.7THF + 4LiC! (6) 
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The titanium(II) complexes are somewhat better understood. The deeply coloured 

TiX,(MeCN)> (X =Cl, Br) complexes react with other ligands to yield TiC, (L= C430, 

CsH1oO, py, +bipy, 4phen) and TiBr,(bipy), the new species reacting with water to liberate 

dihydrogen.”* Reaction of Na,TiCl, with NMe; results in oxidation of the halide and the 

formation of TiCl(NMe;)2.24 Dialkylamides of titanium(II) have been prepared* by the 

volatility-controlled disproportionation, as shown in equation (7). 

Ti! —— Ti8+ Ti’ (7) 

31.2.2 Titanium(III) Complexes 

31.2.2.1 Monodentate ligands 

Compounds of many stoichiometries are known, e.g. [TiL,]°*, [ML4X3] and [ML2X4]". A 
survey of the range of these compounds and their electronic spectral and magnetic properties is 
given in Clark’s review.'* Fowles et al. have isolated a range of titanium(III) iodide species: 
Til;L. (L=NMe3, a-picoline), Til;L; (L=py, a-picoline) and Til,(MeCN),, the last being 
assigned the formula [Til,(MeCN),]I. The magnetic properties of TiBr3(NMe;),’ and its single 
crystal X-ray structure have been studied,”* the latter showing it to be monomeric and basically 
trigonal bipyramidal. It is possible to use electronic spectroscopy to distinguish the pen- 
tacoordinate MX3L, (L = NMes, a@-picoline) species from the hexacoordinate MX3L; species, 
since the former have characteristic absorption bands in the near-IR,” whereas ESR 
spectroscopy has been used to show that the TiCl;(py)2. complex is dimeric and hexacoordinate 
via chloro bridges in pyridine at 77 K.*° 

The reactive Ti'—N complexes of the dialkylamides are useful synthetic reagents, readily 
reacting with protic reagents such as alcohols (to give alkoxides), unsaturated compounds such 
as isocyanates to yield ureido derivatives, or metal hydrides to give Ti—M-bonded 
compounds.** Rare three-coordination occurs in Ti{N(SiMe3)2}3.°' The He PE spectra of a 
number of three-coordinate metal amides M{N(SiMe3)2}3 (M= Sc, Ti, Cr, Fe, Ga, In) show 
that, whereas the d° scandium compound exhibits two bands at IE <9 eV (assigned to lone-pair 
orbitals), the spectra of the open-shell compounds are very similar, and it was concluded that 
bands corresponding to ionization from the metal 3d orbitals lie at IE > 9 eV, or are masked by 
bands due to ionization from nitrogen lone-pair orbitals (>8.1 eV). This was attributed to the 
strong —I effect of the ligand which, in contrast to compounds of the type V(NMez)4, is not 

counterbalanced by an N—M 1 interaction because of strong competing N—Si (p—d) a 
bonding. 

31.2.2.2 Bidentate and polydentate ligands 

The blue en and pn complexes have the formula [Ti(ligand)3]**, whereas for bipy and phen 
[TiCl,(ligand),|[TiCl,(ligand)] salts are obtained;'* the salts  [Til,(phen),]I and 
[Til,(bipy)2][Til.(bipy)] are also known.”© Whereas most transition metal complexes of 
tris(2-dimethylaminoethyl)amine (Megtren) normally involve all four nitrogens coordinated, in 
TiCl;(Megtren) only three amines are bound. With terpy all three nitrogens are bound in the 
octahedral monomeric TiCl;(terpy).7 

31.2.3. Magnetic Properties of Titanium(III) Complexes 

Nearly all titanium(III) complexes exhibit room temperature magnetic moments close to 
1.73 BM, and at lower temperatures the fall in value is related not only to the temperature but 
also to the asymmetry of the ligand field.'*”?7 Most complexes contain a ground term 77, split 
by ~S00cm~'; the orbital angular momentum is reduced by a factor k, which is usually 
0.65—0.95. The ESR signals of titanium(III) complexes are almost invariabl th in- 
value of 2.0023.1*7° ee y near the spin-only 
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31.2.4 Titanium(IV) Complexes 

31.2.4.1 Monodentate ligands 

There are a large number of complexes TiX, with monodentate nitrogen ligands. For TiF, 
both 1:2 and 1:1 complexes are known, the former being pseudooctahedral and the latter, 
because of the high Ti—F bond strength, are fluoro-bridge polymers.'* With TiCl, and TiBr, 
six-coordinate monomers are the commonest adducts, viz. TiX4L,. The area has been well 
reviewed.'* However, reactions between TiCl, and amines can, unlike reaction with oxygen 
donor ligands, give rise to TiCl; derivatives. 14 

More recent work will be described here. Adducts of TiOCl, with MeCN and NMe:3, for 
example, form TiOCI,L,, but with py the adduct TiOClpy.; forms. Only in the case of 
TiOCI,(a@-pic), and TiOCl,(NMes;). do IR spectra indicate the presence of a terminal Ti=O 
moiety (978 cm~*), the other complexes presumably having a Ti-O—Ti bridge (ca. 890 cm™), 
the other complexes presumably having a Ti—O—Ti bridge (ca. 890cm~'). The potentially 
bidentate o-allylaniline complexes only via the nitrogen in TiX,L (X=Cl, Br) to form 
pentacoordinate monomers; the hexacoordinate TiBr,L, is also known.2” 

Titanium(IV) chloride and bromide form TiX,(MexC=N—N=CMe,), in the presence of 
excess of acetone azine, but when the halides are in excess the products formed are 
(TiCl,)4(ligand), and TiBr,(ligand).** Stable azides [Ti(OPr'),(N3)2] and [TiCl(OPr'),(N3)] 
complexes are known; the azido group can be displaced by reaction with protic reagents and 
HN; is eliminated. The complexes also react with phosphines to form phosphiniminato 
complexes with N> elimination.*? Mono- and bis-azido complexes have been prepared as shown 
in equations (8) and (9).°? 

[TiCl(OCHMe,);] + Me3Si(N;) —> [TiCl(OCH,Me,),(N;)] + Me;SiOCHMe, (8) 
[TiCl(OCHMe.)3] + 2Me;Si(N;) —> [Ti(OCH,Me,),(N3)2] + MesSiOCHMe, + Me,SiCl_ (9) 

An X-ray study of [TiCl,(Ns3)2]*~ reveals that the azide groups occupy trans positions.° 
Electrolytic reduction of TiCl, in the presence of Nz in DMSO produces a 1:1TiCl;:N2 

complex.** Two previously reported products from [ReCl(N2)(PPhMe;)4] and TiCl; have been 
shown to be derived from TiCl,. [{ReClI(N2)(PPhMe,)4}.TiCl,] and [{ReCl(N2)(PPhMez),}- 
TiCl4(THF)] can be obtained from TiCl,, the former being the first fully characterized example of a 
trinuclear complex containing two bridging dinitrogen ligands. Titanium tetrachloride in excess 
reacts with [ReCl(N2)(PPhMez)4] in Et,O to yield [{ReCl(N2)PPhMez.),4}(Ti2zClsO)(Et,O)], which 
exhibits a very low v(N>) at 1622 cm7'.#” 

The X-ray crystal structure of the product of the reaction of TiCl, with N(SiMe3)3 shows it to 
contain planar four-membered (Ti—N), rings with planar geometry at N apparently with 
considerable a bonding in the rings. These are linked by chlorine bridges to give five-coordinate Ti 
atoms in approximately trigonal bipyramidal geometry.“ The reaction of 
TiCl, with an excess of Li[N(SiMe3)2] yields [TiCl{N(SiMe3)2}3]. The resistance to complete 
chlorine substitution suggests considerable steric crowding due to the bulky [N(SiMes3)2]~ ligands. 
Both X-ray crystallography and 'H NMR spectroscopy confirm this premise. In the solid state 
[TiCl{N(SiMe3)2}3] has crystallographically imposed C3; symmetry and a distorted tetrahedral 
geometry. The 'H NMR spectrum, which exhibits two equally intense resonances below the 
coalescence temperature of 34°C, has been interpreted in terms of restricted rotation about the 
Ti—N bonds. At low temperatures the three silylamide ligands remain equivalent, but the SiMe; 
groups proximal and distal to chlorine are non-equivalent.“ 

The TiF, and Pr',NH, Et,.NH, py or NMe; systems have been shown to be quite complex by 
Drago and coworkers.*° For example, in TiF,-rich solutions in acetone, high conductance has 
been explained by equation (10). 

3TiF, +R,NH — TiF,(R,NH)* + TiFs (10) 

31.2.4.2 Bidentate and polydentate ligands 

A number of dinitrile ligands (succinonitrile, glutaronitrile, adiponitrile) form TiCl,(ligand) 
complexes in which the nitriles bridge two titanium atoms.*° Reactions of CH2(NMez)2 or 
SiMe.(NMez)2 with TiCl, give both chelated TiCl,(ligand) complexes and TiCl;(NMez) 
species.*’ | 

The five-coordinate meso-tetraphenylporphyrinato complex [TiF(TPP)] has been synthesized 
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by reduction of [TiF,(TPP)] with zinc amalgam. Electrochemical reduction of [TiF,(TPP)]~, or 

chemical reduction with sodium anthracenide, gives [TiF,(TPP)]~. Consistent with its 

coordinative unsaturation, [TiF(TPP)] adds ligands L (L=THF, PBu;, pyridine, N- 

methylimidazole, or N-methylpyrrolidone) yielding [TiF(L)(TPP)], and adds F™ affording 

[TiF,(TPP)]~. All these Ti’ complexes have been characterized in solution by EPR 
spectroscopy; the unpaired electron is believed to reside in the 3d,, orbital. Oxidation of 
[TiF(TPP)] yields a mixture of [TiF,(TPP)] and the peroxo complex [Ti(O,)(TPP)]. EPR 
evidence suggests that this reaction proceeds via the dioxygen adduct [TiF(O2)(TPP)], as 
shown in equations (11) and (12), a species which could be formulated as a 
superoxotitanium(IV) complex but which appears to have a significant amount of peroxo 
porphyrin cation radical titanium(IV) character.* 

[TiF(TPP)] +O, == [TiF(O,)(TPP)] (11) 
[TiF(TPP)] + [TiF(O,)(TPP)] —> [TiF,(TPP)] + [Ti(O,)TPP)] (12) 

31.33 OXYGEN LIGANDS 

31.3.1 Titanium(II]) Complexes 

31.3.1.1 Electronic spectra 

As pointed out by Clark, the Ti(H,O)é* ion has an important historical connection with 
ligand field theory. In a perfect octahedral field of O, symmetry, the *D ground term of 
titanium(III) is split into a lower 77>, term and an upper *E, term. The broad, quite asymmetric 
band at ca. 20100cm™’ in the visible spectrum of Ti(H2O)é* arises from the *E, <—*Th, 
transition. The energy of this transition for a complex is a direct measure of the ligand field 
strength. The splitting of the 7E, term is a consequence of the Jahn-Teller effect. 

Table 4 is a compilation of some spectral parameters for six-coordinate titanium(III) 
complexes. There are only a few TiL@* complexes of neutral oxygen donor ligands. Addition of 
chloride to the purple Ti(H2O)é* solution in water causes a continuous shift of the *E, —*Th, 
band to lower energy, from 20 100 to almost 14 500 cm~’ and probably reflects the formation of 
such species as [TiCl(H2O);]**, [TiCl,(H2O),4]*, [TiCl;(H2O)s], etc. Moreover, the electronic 
spectra can give a hint to quite subtle structural information. This is illustrated for the 
compound NH,Ti(C,04)2:2H2O which exhibits the 7E —*T, band at 12 800 cm™’, pointing to a 
weak ligand field generated by bridging oxalate groups, (1). 
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Early workers assumed that alcohol ligands formed [TiL,]Cl; complexes, analogous to the 
hexaaqua species. However, electronic spectra have pointed to these complexes as being of the 
type [TiCl,L,4]Cl (Table 4). For THF, dioxane, DMF, MeCN and some other nitrogen ligands 
the [TiL3Cl;] complexes are known, but all of these are very unstable to oxidation. 

31.3,1.2 Monodentate and bidentate ligands 

Apart from the early interest in monodentate oxygen donors most subsequent work has been 
with bidentate systems, particularly the oxalates. However, one TiO3* system which has been 
studied is [Ti(urea),]I;, the structure having rigorous D; point symmetry and essentially linear 
arrays of iodide ions parallel to the crystallographic threefold axis. The Ti—O distance is 
2.014 A, and there are significant distortions of the coordination polyhedron from the idealized 
O;, symmetry and from the D3, model often assumed for trigonally distorted octahedral 
complexes. The three O—Ti—O angles are 90.5, 86.4 and 92.8-. The stability of this compound 
to aerial oxidation apparently arises from intramolecular hydrogen bonding involving the urea 
molecules and also hydrogen bonds involving the iodide ions.°° 

Fowles and co-workers have investigated the complexes KTi(ox)2:2H,O, NH,Ti(ox)2:2H,O 
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Table 4 Electronic Spectra of Six-coordinate Titanium(III) Complexes 
ee eS ee EG Oona SAT 

s F Splitting 
Complex Bie ATi VY) (cm~?) Method? Ref. 

ha Ee a ESR Tate ISR Nr el rae a ec 
K,Ti(CN)¢-2KCN 22 300 — 18 900 — 3400 A 1 
[Ti(H,O,]Cl, 20 100 (5.7) 17 000 (3.9) 3100 A 2) 
CsTi(SO,),- 12H,O 19 900 (4.2) 18 000 (2.2) 1900 C 3,4 
Ti Al,O,[77 K] 20 300 18 450 1850 C 5 
[Ti(OCN,H,)<]ls 17 550 (10) 16 000 (10) 1550 A,B,C 6 
[Ti(OC3H,N>)]I, 17 050 — 15 400 — 1650 B 7 
(NH,)3[TiF.] 19 000 — 15 100 — 3900 D 8 
Na,K[TiF,] 18 900 — 16 000 — 2900 D 8 
NaK,[TiF,]} 18 900 — 16 000 — 2800 D 8 
Bu3[Ti(NCS)<] 18 400 (51) asym — _ A,B 9 
a-TiCl, 13 800 — 12 000 (sh) 1800 B 10 
(PhN)3[TiCl,] 12 750 — 10 800 (sh) 1750 B 7 
(Li,K)3[TiCl,] 13 000 (3.3) 10 000 (2.4) 3000 E 11 
(PhN),[TiBr¢] 11 400 — 9650 — 1750 B 7 
[Ti(MeOH),CL]Cl 16 800 (4.3) 14 700 (3.8) 2100 A 2 
[Ti(EtOH),CLJCI 16 800(4.0) 14700 (3.5) 2100 A 2 
[TiPr'OH),CL]Cl 16 700 (9.1) asym — — A,B 12 
[Ti(BuSOH), C1 ]Cl 16 100 (9.1) asym — — A,B 12 
[Ti(C,H,,OH),CI,]Cl 16 100 (7.8) asym — — A,B 12 
[TiCl,-3MeCN] 17 100 (22) 14 700 (13) 2400 A,B 13 
[TiCl,-3EtCN) 17 200 — 14 700 — 2500 B 14 
[TiCl,-3n-PrCN] 17 200 — 14 700 — 2500 B 14 
[TiCl,-3C5H;N] 16 600 — asym — — A,B 15 
[TiCl,-3y-pic] 16 750 asym — _ A,B 15 
[TiCl,-3C,H,ON] 15 400 13 300 (sh) 2100 B 16 
[TiCl,:3C,H,O] 14 700 13 500 — 1200 B 13 
[TiCl,-3MeCOMe] 15 400 (37) 13 300 (28) 2100 A 13 
[TiCl,-3C,H,O,] 15 150 — 13 400 (sh) 1750 B 16 
[TiBr,-3MeCN] 16 300 (50) asym — — B 14,17 
[TiBr,-3C;HN] 16 000 — 14 500 — 1500 B 18 
[TiBr;-3y-pic] 16 000 (br) _ — B 8, 18, 17 
[TiBr,-3C,H,O,] 14 100 — 12500 (sh) 1600 B 17 
[TiBr,-3C5H,,NO] 14 250 — — B 17 
Et,N[TiCl,(MeCN)>] 15 050— 14 300 (sh) 750 B 10 
Et,N[TiBr,(MeCN),] 14 800 (sh) 12 750 — 2050 B 10 
(C5H,N)3[TiCL,Br,] 12 350 — 10 250 (sh) 2100 B 10 
[Ti,Cl,(NMe;)5] 17 700 — 10 300 — — D 
[KTi(Ox)>-2H,O] 12.800 ee 19 

A=solution absorption spectrum; B =diffuse reflectance spectrum; C=crystal transmission spectrum; D= 
transmission spectrum as KCl pellet; E = absorption spectrum of melt at 400 °C maximum; extinction coefficient in 
parentheses following the band maxima. 
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and Ti,(ox)3:10H,O (ox = oxalate).°! The crystal structure of the decahydrate, (2), contains a 

centrosymmetric dimer Ti(0x)3(H2O)¢ and also four non-bonded water molecules. Each metal 

atom is a seven-coordinate pentagonal bipyramid with two molecules in axial positions and one 

in an equatorial plane, together with one bridging and one non-bridging oxalate ligand. Further 

work on the anionic oxalato complexes of titanium(III) has led to the isolation of 

Cs[Ti(ox)2(H2O)s]‘2H,O, which contains a discrete anion involving again a pentagonal 

bipyramidal seven-coordinate titanium atom with two non-bridging oxalate chelating ligands in 

the equatorial plane and the three water molecules occupying the remaining equatorial site and 

the axial site.** Although good crystallographic data are not available for the K[Ti(ox)2]-2H2,O 

complex, an eight-coordination sphere has been proposed, (3). Magnetic measurements 

indicate, not surprisingly, that the bridging oxalate provides an effective path for magnetic 

exchange between the two titanium(III) atoms; for example in Ti,(ox)36H2O the intramolecu- 

lar exchange parameter is rather large, J = —60 cm7’.™* 

b 

(3) Proposed structure for [Ti(ox)2]; 

© Ti; O Oxygen; @ Carbon. 

Reaction of TiCl,(THF)3; with -diketones gives the dee ly coloured 

Ti(diketonate)Cl,(THF)2, the ESR spectra of which suggests structure (4).°°° These com- 

plexes react with LiCsH,CH,NMe2, LiCH2CsH,NMe2 and LiN(SiMe;)2 to give novel air- 

sensitive organometallic compounds, e.g. (5).°° The coordinated THF may readily be displaced 

by neutral ligands such as PMe; or bipy. Magnetic susceptibility measurements on TiCl,(THF)3 

and its thermal decomposition products TiCl,(THF)2 and TiCl,(THF) are consistent with 

monomeric structures for the first two compounds and a polymeric species for TiCl;(THF).*” 

Polymeric Ti(ligand); complexes of diisopropyl phosphate (dipp) and di-n-propyl phosphate 
(dnpp) have been compared to assess steric and inductive effects of alkyl substituents on the 
strength of the M—O bond in metal complexes with organophosphate ligands. In comparison 
with the dnpp complex, Ti(dipp)3 exhibits & lower v(Ti—O), lower ligand field parameters and 
a higher magnetic moment. These data point to a weaker Ti—O bond in the dipp complex 
which is attributable to the steric effect of the CHMe, substituents, since inductive effects of 
CHMe, and Pr groups are about the same. These complexes may have a linear, chain-like 
triply bridged --M(OP(R),0;-} structure.** 
The tridentate ether ligand diglyme forms [TiCl;{O(CH,CH,OMe),}] and crystals contain 

two molecules in the asymmetric unit. In both, the titanium(III) atoms are six-coordinate with 
a fac arrangement of ligands. The metals are bonded to three chlorine atoms (2.31-2.35 A) 
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and to the three oxygen atoms of the trioxanonane ligand (2.115-2.182 A) and the ligand 
conformation differs in the two molecules, being 66 in one and 6A in the other, (6).° 

D 

(6) 

31.3.2 Titanium(IV) Complexes 

31.3.2.1 Monodentate ligands 

(i) Alkoxides 

Perhaps the best studied group of titanium(IV) complexes is the alkoxides. The metal 
alkoxides generally have received a great deal of attention because of their ease of hydrolysis 
and reactivity with hydroxylic molecules, and their tendency to increase the coordination 
number of the metal which is opposed by the steric effect of the alkyl group. These properties 
result in materials, the characteristics of which range from polymeric solids to volatile liquids. 
The definitive review of this area is that by Bradley.© 

The original method of preparation involved reaction of the sodium alkoxide and titanium 
tetrachloride in the appropriate alcohol, as shown by equation (13). However, this is slow and 
only works for those alcohols which readily form sodium alkoxides. An improved method is 
shown by equation (14). If a proton-accepting reagent, such as ammonia, is not employed, 
however, the reaction proceeds only as far as the TiCl,(OR), derivative. 

TiCl,+4NaOR —> Ti(OR),+4NaCl (13) 
TiCl, + 4ROH + 4NH;, —> Ti(OR),+4NH,Cl (14) 

Compounds such as Ti(OMe), are usually insoluble polymers, although a soluble tetramer 
has been isolated, [Ti(OMe),], (7). This complex has the same M,O;.6 framework as Ti,(OEt)16 
and Ti,(OMe),(OEt),2. All of these frameworks are centrosymmetric and contain six- 
coordinate titanium in a group of four edge-sharing octahedra. Each tetrameric unit contains 
two triply bridging (Tiz0R), four doubly bridging (Ti,OR) and ten terminal alkoxy groups. 
There are two types of Ti atoms: two are coordinated by three bridging and three terminal 
oxygens and two are coordinated by two bridging and two terminal oxygens. Bradley™ had 
discussed the contributions from o and a bonding in this complex. There is another form of 
Ti(OMe),4, which is more insoluble and has a different X-ray powder diffraction pattern from 
the tetramer.*! Moreover, there are quite large differences in the IR spectra of both species. 
The insoluble form may well contain no triply bridged OMe groups and thus, of necessity, be 
more polymeric in nature. 
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For Ti(OEt), the same tetrameric structure obtains in the solid state. The Ti—O bond 

lengths reflect the nature of the coordinated oxygen atom, viz. Tiz;0Et (2.23 A), TisxOEt 

(2.03 A), TiOEt (1.77 A). This compound is very soluble in organic solvents and may be 
initially obtained as a supercooled liquid by vacuum distillation. However, over some months 
of standing at room temperature it solidifies to the tetrameric form. In solution it is probably 
predominantly trimeric. From ebullioscopic molecular weight measurements a whole series 
[Tiscr+1)O4x(OEt)ae+3)] (x =1,2,...,%) has been postulated for the hydrolysis products of 
Ti3(OEt),2. From solution, crystalline [Tis0,(OEt),6] (i.e. x = 1) has been obtained. 

As mentioned above, the ability of TiCl,_,(OR), to function as a Lewis acid decreases as n 
increases. Few adduct complexes of Ti(OR), are known, although Ti,(OEt)s-en, Ti2(OPr')s-en 
and Ti(OPr')4-en have been reported,'* but these complexes almost completely dissociate in 
solution. However, Ti(OPh),4 readily forms 1:1 adducts with PhOH, NH3;, NH,.Me, NHMez, 
NMe;, py, dioxane, PhNH2, Me2CO. These complexes have been the subject of a review.” 
The difference in the behaviour of the Ti(OPh), to the Ti(OR), (R = Me, Et) towards Lewis 
bases is undoubtedly related to the monomeric, and thus the coordinatively unsaturated, nature 
of the phenoxides in solution. 
A range of TiX4_,(OR), (R= alkyl, cycloalkyl, alkenyl, aryl; X = halogen; n = 1, 2, 3) are 

known and are best prepared by the direct reaction of the Ti(OR), complex with the correct 
molar ratio of the TiX, salt in an inert solvent such as benzene. The nature of the complexes 
depends upon the degree of replacement of the alkoxy groups by the halide, e.g. 
[TiCl,;(OBu)s]s, [TiCl,(OBu)2]2 and [TiCl,(OBu)]. Both TiCl,(OPh), and TiCl,(OEt), have 

been shown by X-ray crystallography to be trigonal bipyramidal via alkoxy bridges in the solid 
state, the former having Ti—O, (1.744 A), Ti—O,, (1.910, 2.122 A), Ti—Cl (2.209, 2.219 A)® 
and the latter Ti—O, (1.77 A), Ti—O,, (1.96 A) and Ti—Cl (2.19, 2.20 A).% Variable 
temperature ‘°C NMR studies of Ti(OR), (R=Et, Pr®, Bu”, Pr’, Bu’, Bu‘) suggest the 
coexistence of trimers and trimer aggregates for the straight chain alkoxides, and monomer-— 
dimer-—trimer equilibria for the branched chain derivatives. Recently, [Ti(Cp)(OPh)3] and 
[Ti(Cp)(OPh),Cl] have been reported. The X-ray crystal structure of Ti(OPh)4,-HOPh reveals 
it to be a dimer of octahedrally coordinated alkoxytitanium molecules (8).° 

° 
© 
O 

(8) A view of the dimer projected along the a axis 

There have been very few reports of alkoxy complexes derived from unsaturated alcohols. A 
vinoxytitanium derivative can be obtained from the reaction of tetraisopropoxytitanium and 
acetaldehyde (equation 15).° More recently, the dimer [Ti(OCH,CHCH;),] has been isolated 
from reaction (16). 

Ti(OCHMe,), +2MeCHO —> Ti(OCHCH;),(OCHMe;), + 2Me,CHOH (15) 
Ti(OCH,Me), + 4CH,CHCH,OH —> Ti(OCH;CHCH,), + 4Me,CHOH (16) 

(ii) Other monodentate ligands 

Titanium tetrachloride reacts with trimethylsilanol in the presence of ammonia (equation 
17). This complex is a colourless liquid, and the method can be used to produce complexes of 
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the general type Ti(OSiR3), and Ti(OSiR,,R3_,,)4. These complexes have received particular 
attention because the products of their hydrolysis have potential as polymers.” 

TiCl, + 4Me;SiOH + 4NH, —> Ti(OSiMe,),+ 4NH,Cl (17) 

The fact that trifluoromethanesulfonic acid is known to liberate HCl from sodium chloride 
suggested the reaction of CF3;SO3H with TiCl,. At 25°C this results in the formation of a 
hygroscopic lemon yellow solid TiCl,;(SO3CF;3). On heating in vacuo above 60°C this complex 
decomposes, as shown by equation (18), giving another lemon yellow solid which may also be 
prepared by the reaction of TiCl, with excess CF;SO3H at 25°C.’ No higher tri- 
fluoromethanesulfonate was isolated. Complexes containing the 2,2,2-trifluoroethoxy, 
OCH,CF3(OR;) are known, viz. TiCl(OR;)2, TiCl(OR;)3, Ti(OPrs)(OR¢)2 and 
Ti(OPr')3(OR,;).”” 

2TiCl,(SO,;CF;) —> TiCl, + TiCl,(SO,CF;)> (18) 

Reaction of a purple suspension of TiCl,; in THF with two mol equivalent of HMPA 
(HMPA = hexamethylphosphoramide) under argon resulted in the formation of a turquoise 
suspension attributed to TiCl,/HMPA)>. This suspension was stable to argon, but exposure to 
air or dioxygen caused the formation of a crystalline yellow solid, (9). This contains Ti'Y, and a 
Raman band at 970 cm“! is assigned to the O—O stretch.” 

(Me2N)sP. 

(Me,N),P Onc! 

% Cio Sl cl ee 
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P(NMe,); Pho~ “H~ oph 
(9) (10) 

Before leaving this section some special mention should be made of the interesting chemistr 

developed by Cole-Hamilton and Wilkinson on dichlorodiphenoxotitanium(IV) (Scheme 1),”* 

and interesting compounds such as (10) were isolated. 

H{Ti(OPh)2}; 

see | vv {Ti(OPh),}.(N.)H 

Tis(OPh),Cl, “+ {Ti(OPh),Cl.}2 > {Ti(OPh),C\(THF)2}2H 

ooo {Ti(OPh) Me}, Ti(OPh)(Me,SiCH;}> 

Tis(OPh),(SiMe,) 

vi 

{Ti;(OPh).}2 

Reactions of (Ti(OPh);Cl,), i, 2 g-atom of K under argon, toluene, 25°C; ii, excess of Na/Hg under N,, 

THF 25°C; iii, excess of NaBH,, THF, 25°C. iv, (Me3SiCH2)2Mg, diethyl ether, —10°C. v, Me3Mg, 

diethyl ether, —30°C. vi, Warm to 25 °C. vii, excess of Zn, toluene, 25°C. viii, 2 mole equiv. 

LiN(SiMe;),, petroleum, 25 °C. 

Scheme 1 

31.3.2.2 Bidentate ligands 

By far the greatest number of reports have been on the B-diketonate (cis B-diketone) 

complexes, and these provide a large series of types TiX;L, TiX,(LH), TiX.L,., [TiLs]*, 

TiOXL, [TiOL], (see Table 5 and structures 11-15). 
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Table 5 Some B-Diketonate Complexes of Titanium(IV) 

Complex xe Technique /comments Ref. 

TiCl,(acac) X-Ray, dimeric (11) 1 
TiX,(C,H,,03) X=Cl, Br, I ‘H NMR 2 
TiX,(acac) X =F, Cl, Br IR, X-ray, X= Cl, 

dimeric (12) 5 
TiX,(bzac) X =F, Cl, Br IR 3 
[Ti(acac)3][FeCl,] Mossbauer 4 
[{Ti(acac)},0]-CHCl, X-Ray, dimeric (13) 5 
TiX,(bzac) X=F, Cl, Br X-Ray powder 6 
TiX,(bzbz) X =F, Cl, Br °F NMR 6 
cis-TiX,(acac) X = OMe, OEt, OCH,CF;, OPr', OBu", OBu', Cl "HNMR 7 
cis-TiX,(Cg,H,O,), X =F, Cl, Br Monomeric 8 
TiX3;(Cs;H,O,) X= Cl, Br 8 
[Ti(C5H,O2)3]Y Y = FeCl,, SbCl, 8 
TiOCI(acac) Dimer in CHCl, 9 
[{TiO(acac)}] X-Ray, dimeric (14) 10 
[{TiO(acac)},]-2C,H,O, X-Ray, dimeric 10 
TiCl(OR)(acac) *H NMR 11 
Til,(acac), 50% cis, 40% trans, 10% Ti’ 12 
cis-TiX,(acac)> X=F, Cl, Br Bonding discussion 13 
Ti(C,.H,7O).(acac), X-Ray, (15) 14 
TiX,(acac), X=F, OEt Ligand-exchange equilibrium 15 
TiX,(acac), X= NCO, NCS *H NMR 16 

Serpone, P. H. Bird, D. G. Brickley and D. W. Thompson, J. Chem. Soc., Chem. Commun., 1972, 217. 
L. Allred and D. W. Thompson, Inorg. Chem., 1968, 7, 1196. 

Serpone, P. H. Bird, A. Somogyvari and D. G. Bickley, Inorg. Chem., 1977, 16, 2381. 
J. Woodruff, J. L. Marini and J. P. Fackler, Jr., Inorg. Chem., 1964, 3, 687. 
Watenpaugh and C. N. Caughlan, Inorg. Chem., 1967, 6, 963. 
Serpone and R. C. Fay, Inorg. Chem., 1967, 6, 1835. 
C. Bradley and C. E. Holloway, J. Chem. Soc. (A), 1969, 282. 
W. Thompson, W. A. Somers and M. O. Workman, Inorg. Chem., 1970, 9, 1252. 
E. Collis, J. Chem. Soc. (A), 1969, 1895. 

. D. Smith, C. N. Caughlan and J. A. Campbell, Inorg. Chem., 1972, 11, 2989. 
. W. Thompson, W. R. C. Munsey and T. V. Morris, Inorg. Chem., 1973, 12, 2190. 
. C. Fay and R. N. Lowry, Inorg. Chem., 1970, 9, 2048. 
.-H. Schmidtke and U. Voets, Inorg. Chem., 1981, 20, 2766. 

. P. H. Bird, A. R. Fraser and C. F. Lau, Inorg. Chem., 1973, 12, 1322. 
15. R. C. Fay and R. N. Lowry, Inorg. Chem., 1974, 13, 1309. 
16. A. F. Lindmark and R. C. Fay, Inorg. Chem., 1975, 14, 282. 
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(11) TiCl,(C;H,O,) (12) TiCl,(acac) 

Both bis-oxalato, [TiO(ox),],” and tris-oxalato, [Ti(ox)s]*-,”° complexes are known. It is 
also observed that 1,2-dimethoxyethane (DME) forms chelates TiX,(DME) (X =F, Cl).”” The 
nitrate group is also bidentate in anhydrous Ti(NO3)4. This complex crystallizes with four 
Ti(NO3), in each monoclinic unit cell of dimensions a= 7.80, b=13.57, c=10.34A, 
B = 125.0°, and space group P2;,/c. The structure, (16), consists of individual molecules in each 
of which four symmetrically bidentate nitrato groups are arranged according to D,, symmetry 
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Acetylacetonat < ‘onate 
Group 4 SS) 

i 
(13) {TiCl(acac),},0 (14) 

CS 
nok 

(15) 

in a flattened tetrahedral manner round the central titanium atom.”® The dimensions of the 
nitrato groups differ considerably from those of a typical nitrate ion, having average N—O 
distances of 1.292 A for bonds adjacent to the titanium atom and 1.185 A for the outer bonds. 
These indicate a high contribution of the bond structure (17) to the resonance form of the 
molecule, consistent with the unusually high IR stretching frequency, 1635 cm7?. | 
The reaction of titanium(IV) alkoxides with 2-methyl-2,4-pentanedione, pyrocatechol, 

salicyclic acid or P,P’-diphenylmethylenediphosphinic acid (LH2) yields chelates of type 
Ti(OR).L (R = Et, Pr’), but instead Ti(OC3H.O)2 and Ti(OR), are recovered. Replacement of 
the alkoxy groups in the pyrocatecholate derivatives gives the monomeric Ti(o- 
CsH,O2)(CsH702)2.”” The potentially bidentate but-3-en-1-ol forms TiCl;(OCH,CH2,CHCH,), 
which probably does not contain a Ti-alkene bond. With TiCl, and 4-methyoxybut-1-ene, a 
chloride-bridged dimer containing six-coordinate titanium, [TiCl,(MeOCH2,CH,CHCH,)|],, 
forms. 
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(16) (17) 

31.4 SULFUR LIGANDS 

31.4.1 Neutral Donors 

Sulfur complexes of titanium have been only poorly investigated but, nonetheless, there has 
been some interest in this area. Titanium(IV) must definitely be predicted to be a ‘hard’ acid, 
whereas titanium(III) might be expected to show intermediate ‘hard/soft’ behaviour. However, 
contrary to expectation, titanium(IV) has been shown to prefer sulfur to oxygen as a donor 
atom as evidenced by the existence of the Ti—S bonds in the 1,4-thiozen complexes 
TiX,(C4HgOS),.*" Indeed, titanium(IV) halides form stable adducts with a variety of 
thioethers. Even more puzzling is the fact that this ligand is both sulfur- and oxygen-bound in 
the titanium(III) derivative TiCl,(C,HsOS),.** Titanium(III) halides also form 1:2 adducts 
with dimethyl sulfide and tetrahydrothiophene, TiX3L,. The chloro complexes are probably 
dimeric with a direct Ti—Ti bond, whereas the bromo and iodo derivatives are likely to be 
six-coordinate halogen-bridged dimers.*' The bidentate 1,2-dimethylthioethane, 1,2- 
diethylthioethane, 1,2-diphenylthioethane and cis-dimethylthiomaleonitrile yield 1:1 adducts 
TiX,L (X =€1, Br).* 

31.4.2 Anionic Ligands 

Attempts to prepare mercaptide complexes of TiCl, by the use of either thiol and ammonia 
or sodium mercaptide have not proved successful (equation 19). However, by employing 
titanium dialkylamides as precursors substitution did occur (equation 20). The insoluble, 
non-volatile tetramercaptides usually had weakly bound thiol or amine associated with them, 
viz. Ti(SR’)4:(R’SH),(R2NH),. The tetramercaptides are thought to be six-coordinate 
polymers via mercaptide bridges. More controlled addition of ethanethiol or 1- 
methylethanethiol to Ti(NR), gave soluble compounds, e.g. Ti(NMez)3(SEt), Ti(NMe2)2(SEt)2, 
Ti(NMez)3(SPr') and Ti(NMez).(SPr')2.%* Titanium tetrachloride reacts with difluorodithio- 
phosphinic acid to give TiCl3(S2PF2) + HCl, but no TiCl,(S;PF2)2 could be isolated. 

TiCl, + 4RSH +4NH, —> Ti(SR),+4NH,Cl (19) 
Ti(NR,),+4RSH —> Ti(SR’),+4R,NH (R= Me, Et, Pr’, R’ = Me, Et) (20) 

There has been tremendous interest in metal complexes of 1,2-dithiolenes®* and 1,1- 
dithiolato®’ complexes, arising from both their industrial applications and the bonding in the 
complexes. The interest in dialkyldithiocarbamate complexes of titanium(IV) was initially 
because X-ray analysis of Ti(S;CNEt,), showed it to contain discrete eight-coordinate 
(dodecahedral) molecules. However, even seven-coordination has been shown®® to exist in 
TiCl(S,CNMez)3. Prior to this discovery the existence of seven-coordinate titanium(IV) was, 
apart from the oxo-bridged dinuclear peroxodipicolinato complex 
[TiOo.s(O2)(C;H304N)(H20)]z, not certain. However, Ti(tropolonate);Cl, Ti(oxine)3;Cl and 
TiCl,(triars) are thought to be seven-coordinate (see refs. quoted in ref. 89). Thus, Fay and 
co-workers” prepared complexes of the type Ti(S,CNR2),Cly_, (n =2, 3, 4; R= Me, Pr, Bui; 
or, when n=3, R=Et) by the reaction of TiCl, with anhydrous sodium, N,N- 
dialkyldithiocarbamates in refluxing CH,Cl, or benzene. A number of physical techniques 
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indicate that those complexes are monomeric non-electrolytes in which all of the dithiocarba- 
mate ligands are bidentate. Thus, titanium exhibits coordination numbers six, seven and eight 
when n=2, 3 and 4, respectively. Coordination number seven has been confirmed for 
TiCl(S,CNMez)3 (18) by X-ray diffraction; the molecule has a pentagonal bipyramidal structure 
with the chlorine atom in an axial position. Fay and co-workers” have examined the 
low-temperature 'H NMR of the eight-coordinate monothiocarbamate complexes Ti(R.mtc), 
(R = Et, Pr’), which exhibit four methyl resonances of approximately equal intensity, consistent 
with the dodecahedral mmmm-C,, stereoisomer found’! for Ti(Et,mtc), (19) by X-ray 
diffraction. This isomer has an all-cis structure with four sulfur atoms on one side of the 
coordination group and the four oxygen atoms on the other side. The dipole moment in 
benzene (4.49D) is in accord with the highly polar mmmm-C,, stereoisomer being the 
principal species in solution. Variable temperature NMR spectra afford evidence for two 
distinct kinetic processes: (1) a low-temperature process that involved metal-centred rearrange- 
ment, and (2) a high-temperature process that involves hindered rotation about the C—N bond 
in the ligand. Thus, this complex is sterically rigid on the NMR timescale. Both v(Ti—O), 
558cm7', and v(Ti—S), 313 cm7!, bands have been identified. 

(18) (19) 

During the period 1965-1975 the chemistry of the 1,2-dithiolene complexes of the transition 
metals was the subject of considerable study.°°°”°!°8 However, during this period of great 
activity few complexes of the early transition metals were reported aside from those of 
vanadium. The problem had much to do with synthetic procedures, since reaction of, say, the 
anhydrous metal chlorides with the dithiolene or its sodium salt did not prove successful. 
However, the use of metal dialkylamides” did result in clean reactions (e.g. equation 21). 

M(NR,), ot (6 Fi. x)NaHS,C,H;Me AF (x = 3)(HS).C;H;Me => Na,_,M(S,C;H3;Me) 

M=i-Zr, At: x =4 M=Nb, Ta; x =5 ; (21) 

Much of the interest in the bidentate sulfur donor ligands was the discovery that trigonal 
prismatic as well as octahedral coordination could occur. Thus, X-ray studies of Re(S2C,Phz); 
and V(S2C,Ph2)3 showed trigonal prismatic geometry. However, Gray and co-workers!” have 
concluded from electronic spectral measurements that Ti(mnt)*~ (mnt = maleonitriledithiolate) 
has a severely distorted octahedral structure. aie 

In order to gain some insight into the possible role of a bonding in eight-coordinate 
complexes involving four symmetrical bidentate ligands, the complexes of dithiobenzoic acid 
(dtbH) with titanium(IV) and vanadium(V) were examined. A range of complexes VO(dtb); 
and Ti(dtb),,Cl,_, (n = 2, 3, 4) were isolated and coordination numbers of six, seven and eight 
were assigned for the species containing two, three and four dtb ligands. By comparing the 

electronic spectra of these complexes with the known dithiocarboxylato and dithiocarbamato 

eight-coordinate species with d°, d’, d* configurations it was concluded that x bonding 

interactions of dtb with d° systems are much less effective than with d* and d” systems. 

COCc3-L 
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31.5 MIXED DONOR LIGANDS 

31.5.1 Schiff Base Ligands 

These ligands have been a constant source of interest for inorganic chemists. Both the 
bidentate type (20) (for which, for example, control of tetrahedral—square planar equilibria by 
the steric effect of the N-alkyl group has been studied in bis(chelate)nickel(II) complexes, and 
for which oxygen bridging has been observed in some N-methyl derivatives) and the 
tetradentate type (21) (since the backbone of the ligand, —Y—, can be varied giving either 
flexibility or rigidity) have been extensively studied. 

OH HO 

: Gena agen ee ffir ot ees 
in (Y) 

(20) (21) 

However, despite the potential of these ligands there has been very little work done on 
titanium systems. Bradley and co-workers'” were interested to see if four bidentate ligands 
could bind to titanium(IV) to give an eight-coordination species. They prepared their tetrakis 
derivatives using Bradley’s dialkylamide precursors, as shown in equation (22). The ‘H NMR 
spectrum (R=Et) in CDCl; solution exhibited broadened methylene, methyl and methine 
proton resonances at room temperature, which at low temperature split into double peaks 
suggesting an exchange between two types of ligand in equal proportions. This could mean an 
eight-coordinate tetrachelated species with a configuration containing the ligands in two 
distinguishable environments, or a six-coordinate complex containing two bidentate and two 
monodentate ligands. In the solid state, X-ray crystallography shows that the latter alternative 
(22) obtains. The fact that six-coordination occurs is not surprising, but that two of the Schiff 
base ligands coordinate as monodentate is wholly surprising. The adoption of the cis unidentate 
configuration recalls the similar behaviour in Ti(acac),(OR)2 complexes. '°? 

Ti(NMe), + 4HOC,H,CHNR —> Ti(OC.H,CHNR), + 4HNMe, 
R=Me, Et, Bu (22) 

(22) (23) 

Some complexes with tridentate ON donor Schiff base ligands form from the reaction of 
OTi(C1O,). with H,L in aqueous methanol. A structure containing four oxygens in the plane of 
the octahedron and trans axial azomethine groups has been assigned (23). There is no evidence 
for the TiO group (which is reported to occur in the IR spectrum at ca. 1280 cm~').1% 

Thus far we have seen that Schiff base ligands tend to promote six-coordination, but an 
unusual reaction has been found to occur between TiCl,(salen) and borohydride. No reduction 
at titanium is seen, but rather, addition of BHj to the imino function of the ligand occurs to 
give a dimeric seven-coordinate titanium(IV) compound, (24), containing amine—boranes as 
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donor groups. There is no IR band at ca. 1610-1630 cm™', confirming the reduction of the 
imino groups.'* Thus, there is here observed the sexidentate ligand (salen)(BH,)2 having an 
HNO, set of donor atoms. 

H 
jc lee H 

rail CHP 

N 
<<) 

O mAh 
4H 

(24) 

Cr) 

NCION 
| 

(25) 

Employing silyated quadridentate Schiff bases, e.g. O,O'-bis(trimethylsilyl)-N,N’'- 
ethylenebis(salicylideneimine),’®° a range of titanium(IV) complexes Ti(n°-CsH;)(salen)L (25; 
L=Cl, OMe, SMe, NMez, SnPhs, acac) have been prepared. 
Bowden and Ferguson'®’ have obtained a range of interesting complexes starting with 

TiCl,(THF); and potentially quadridentate Schiff bases. Species (26), a titanium(III) complex, 
initially green, slowly turns red (27) on stirring in THF. Complex (29) was obtained from the 
filtrate resulting from the isolation of (28). Partial hydrogenation of the Schiff base ligand has 
occurred. In this complex there occurs another example of a reduced imine function binding to 
titanium; however, no external reductant was used in producing this species. 

OH A Cb-orme Se 
1 1 

2 

N | C=N | yy 
piedvore CHOCH, H HO CHS CH? 

i Cl 

(26) (27) 
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Reduction of the titanium(III) species [TiCl,(salen)] with zinc dust in THF gives a deep blue 

solution from which dimeric [{Ti(salen)(THF)2}][ZnCl4] can be isolated. The reduced 

paramagnetism of this complex (Hem = 0.96 BM, 293 K) suggests a strong titanium—titanlum 

interaction (30a or 30b). However, treating this blue solution with pyridine leads to the 

isolation of the very air-sensitive [TiCl(salen)(py)]-THF, whose magnetic moment (Mer = 

1.79BM, 293K) corresponds to that expected for a d' system. X-Ray analysis of this 

complex (31) confirms the pseudooctahedral coordination around the metal, with salen in the 

equatorial plane and Cl and py mutually trans.'°” 

Lb L 
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(30a) (30b) 

31.5.2 Aminoacidate Ligands 

Recent interest in the peroxo complexes of the early transition metal has resulted in the 
report of the formation of orange 1:1 peroxo-titanium(IV) species from acidic perchlorate 
solutions of titanium(IV) and H,O2,'° and Schwarzenbach’s group have characterized’” a 
number of monomeric and dimeric peroxo-titanium(IV) complexes containing chelating 
ligands such as pyridine-2,6-dicarboxylate (dipic) and nitrilotriacetate (NTA). Wieghardt and 
coworkers!” have isolated [TiO(dipic)(OH2)]-3H2O, [TiO(IDA)(OH2)]-2H,0 (IDA= 
iminodiacetate) and Cs,[TiO(NTA)],-6H2O, which are thought to be precursors to 
Schwarzenbach’s species. The last complex is a tetramer, (32), containing four asymmetric 
t-oxo bridges, and the titanium atoms are in a distorted octahedral environment. All the above 
complexes react with H,O, in acid perchloric media to form 1:1 peroxo-titanium(IV) species. 
Schwarzenbach has isolated the potassium salt of the dipicolinic acid derivative of titanium(IV) 
in the presence of H2Oz2, viz. K,TizO5(dipic)2-SH2O. This dinuclear complex has C, symmetry, 
and the titanium atoms are coordinated approximately pentagonal bipyramidally sharing an 
apical u-oxygen, (33). In each bipyramid the peroxy group and the dipic ligand occupy the 
equatorial sites and the remaining apex is occupied by water. The Ti—O—Ti angle (178.1°) is 
not significantly different from 180°. The peroxy group, O(5)—O(6), is attached symmetrically 
to each titanium. The heptacoordination about titanium is similar to that found for other 
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transition metal peroxide complexes.'!? Three of the corners of the pentagon are occupied by 
the dipic ligand with angles N—Ti—O(3) and N—Ti—O(4) of 72.1+40.3°. The pentagon is 
distorted mainly because of the short O(5)—O(6) distance. The non-chelated binuclear 
peroxytitanium complex thus presumably has the composition [{Ti(O2)(H2O),4}.0]?*. The 
Ti—O(7) distance is very short (1.825 A) but agrees well with that found in the binuclear acac 
complex of titanium(IV).'’? The O(5)—O(6) distance of 1.453 A in the peroxy group is equal 
to the distance found by Busing and Levy in H,O,.14 
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(32) (a) Perspective view of the complex ([TiO(NTA)],)* anion; (b) and (c) atomic numbering schemes 
for the two crystallographically independent halves of the tetrameric anions. The open circles represent 
centres of symmetry. 

Distances in the complex Angles in the complex 

(33) 
The peroxy complex of titanium(IV), Ti(O.)(edta)?, has been used as part of an analytical 

method for either titanium(IV) or H2O2. More recently the structural nature of TiO(edta)*~ in 
solution and the reaction of TiO(edta)?~ with H,O, to form Ti(O2)(edta)*~ have been 
investigated over the pH range 2.0—-5.2. Two distinctly different primary coordination spheres 
in terms of spectral properties and reactivities towards H,O, are observed for TiO(edta) 
solutions in this pH range. As shown in Scheme 2, these are the aquated forms (A), 
TiO(edtaH,,)(H.O)”~*, having two coordinated carboxylates and two amines and one coordin- 
ated water, and the fully chelated forms (B), TiO(edtaH,,)”"-*, with three carboxylates and two 
amines coordinated to titanium(IV).‘’° 

31.5.3 Mixed Ligands Containing Sulfur Donors 

Clark and McAlees!?® have prepared a large number of pseudooctahedral complexes of 
methyltitanium trichloride with symmetrical and unsymmetrical bidentate ligands, (34). It is 
known that oxidation of MeTiCl, itself in a hydrocarbon solvent gives a product formulated as 
TiCl,OMe-TiCl,(OMe),2, and the oxidation of (34) gave the corresponding complexes of 
methoxytitanium trichloride TiClOMe(XCH,CH2Y) (X, Y= OMe, NMez, SMe). 
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McAlees!” has also examined some potentially terdentate tripod ligands MeC(X)(Y)(Z) 
(X = Y=Z=CH,OMe; X = Y = CH,OMe, Z = CH2SMe and CH,NMe2; X = CH,0Me, Y = 
CH.,SMe, Z = CH,NMe,). The precipitates obtained on mixing hexane solutions of equimolar 

quantities of titanium tetrachloride with these ligands consist of mixtures of products which 
may include the corresponding 1:1 complex, products in which oxygen—methyl cleavage has 
occurred to give a titanium alkoxide, and a 3:2 complex. However, the reaction in chloroform 
medium does give 1:1 products, as it appears that reactions leading to the other types of 
products take place much more slowly. Variable-temperature NMR shows that all four ligands 
act only as bidentates towards titanium and that exchange can take place between free and 
coordinated ligand atoms. The binding to titanium is stronger for nitrogen than for oxygen or 
sulfur, and oxygen coordination is preferred over sulfur when nitrogen is already bound, 
whereas sulfur binding is preferred to oxygen coordination when an oxygen is already bound. 
These observations led McAlees to reexamine the published data’’® on the analogous arsine 
complex TiCl,;MeC(CH2AsMe;)2. It had previously been concluded that all three arsenic 
atoms are coordinated since all the arsenic methyl groups resonate downfield from their 
resonance position in the free ligand. However, the reinvestigation suggests that one arsenic is 
uncoordinated.'!” 
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31.5.4 Other Oxygen-Nitrogen Systems 

A number of mixed monodentate ligands have been coordinated to titanium(III), viz. 
TiCl(L)(L’), TiCl,(L).(L') (L= THF, L’ = MeCN),’!° and some titanium(IV) alkoxy deriva- 
tives of 2-pyrrolidinone have been isolated: Ti(OR)3L, TiCl(OR).L, TiCl,(OR)2-LH, 
TiCl,(OR)2-2LH, TiCl,-LH and TiCl,-2LH.’”° The starting point for the preparation of the 
2-pyrrolidinone complexes is Ti(OR), (R= Et, Pr'), and thus these complexes represent the 
unusual example of a Ti—O bond being replaced by a Ti—N bond. Moreover, it was found 
possible to substitute NR» by pyrrolidinyl for, on reaction with Ti(OR)3(NR)2, HNR2 was 
evolved. The generalized reaction is shown by equation (23). 

XTi(OR)3 + (CH,);C(O)NH — (CH,);C(O)NTi(OR); + XH (23) 

(=LH) 
X=OR, NR;, Me, but not Cl 

Analogous to the work on dipicolinic acid reported in Section 31.5.2, a range of titanium(IV) 
peroxo complexes (35) have been prepared which encompass an oxygen-nitrogen anionic 
chelating ligand and  hexamethylphosphortriamide.’* The crystal structure of 
peroxobis(picolinato)(hexamethylphosphortriamide)titanium(IV) (36) reveals that it is another 
example of a deformed pentagonal pyramid similar to that found for (32). The equatorial 
positions are occupied by the nitrogen atoms of the pyridine-2-carboxylate groups, the oxygen 
of HMPT and the oxygen atoms of the peroxo group. The axial positions are occupied by one 
oxygen atom of each pyridine-2-carboxylate group. The peroxo group is, as usual, 7 bonded to 
the titanium and the Ti—O(8) and Ti—O(7) bonds are equivalent, and are in the range found 
by Schwarzenbach"! and by Guilard in a peroxotitanium(IV) porphyrin adduct.'”? However, 
the O—O bond is significantly shorter, 1.419 A, and thus the O—Ti—O angle is smaller, 45.2°. 
The nitrogen trans to the HMPT group (Ti—N, 2.207 A) is shorter than the Ti—N trans to 
the peroxo group (2.340 A). Of the complexes prepared, (35), all proved to be unusually 
stable and were reluctant to react with simple alkenes, allylic alcohols and cyclic ketones. 
Complex (35a) did react with  tetracyanoethylene (TCNE) to produce 
‘Ti(Oz)(TCNE)(CsH4NO2)2(HMPT)CH2Cl,’, but as the Ti—O, IR vibrations disappear the 
reaction is best viewed according to equation (24). 

Oe: ee NC CN 
2S ae ie Cacre Ee (24) 
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. Titanium tetrachloride reacts with 8-quinolinol (oxineH) in 1:2 mol ratio to form the adduct 

TiCl,(oxineH), from which two moles of HCI can be eliminated to produce TiCl,(oxine),. This 

compound is a member of a large group of compounds of general formula MX,(L)2 (M= Ti, 

Ge, Sn; X =F, Cl, Br, I; L= xine, acac, salen). The TiCl,(oxine), is only one member of this 

group, others being TiCl,(oxineH), TiCl,(oxineH),, TiCl(oxine); and TiCl,(oxine).’*° The 
crystal structure of TiCl,(oxine)2 shows it to be six-coordinate, (37), with cis chlorines (Ti—Cl, 

2.283 A), cis nitrogens (Ti—N =2.200 A) and trans oxygens (Ti—O = 1.888 A). From the 
reaction of TiCl,(oxine), with oxineH in the presence of NEt;, Ti(oxine), can be isolated. 

Ti(sal)4 (sal = salicyldehydato) and Ti(oxine),(sal)2 can be similarly prepared. The Ti(oxine), is 

probably eight-coordinate.'*°!”° 
Dimethylglyoxime, DMGH3, forms TiCl,(DMGH2), (7 = 1, 2) in light petroleum. Warming 

to 40°C results in the loss of HCl to give TiCl(DMGH). Benzil monoxime adducts, 

TiCl,(BMOH), (n =1, 2) can also be obtained. The dimethylglyoxime complexes decompose 

violently on heating, but the benzil monoxime species undergo a Beckmann fragmentation at 

120°C to give phenyl cyanide.’”” 

31.6 PHOSPHORUS, ARSENIC AND ANTIMONY COMPLEXES 

There are two major reference works to metal complexes containing these donor atoms. 

The chemistry of these donor ligands with titanium is sparse, and clearly there is much scope 

for exploitation in this area. 

16,17 
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(35) a: 

31.6.1 Titanium(II) Complexes 

Issleib and Weuschuh prepared Ti(PCy)2 by reaction of TiCl;-THF or TiCl,-2THF with 
LiPCy2. The dark brown product (Weg = 0.60 BM) was pyrophoric, was decomposed by water . 
and reacted with iodine in benzene to give Til,(PCy2)2 and Til3(PCy2)2.'* Although somewhat 
outside the scope of this treatise, an important organometallic complex has recently been 
prepared [(7°-CsHs)2Ti(PMe3)2].'!7? Monomeric titanocene, Cp2Ti, has always eluded isolation 
as a discrete compound, since in statu nascendi it immediately reacts to form bi- or 
multi-nuclear species. However, Cp2Ti(PMes)2, synthesized as shown by equation (25), makes 
accessible the Cp2Ti unit, since the two phosphine ligands may be replaced by a very large 
number of substrates under very mild conditions (CO, SPh, C,H,, C4sHg, dmpe, MeCN). The 
crystal structure of this complex, (38), indicates that two crystallographically independent 
molecules are present, but both molecules possess the same dimensions. The Ti—P distances 

(2.524, 2.527 A) are in excellent agreement with the recently reported (MeC;H,).Ti(dmpe).'*° 

Cp,TiCl + Mg + 2PMe,; ——> Cp,Ti(PMe;), + MgCl (25) 
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31.6.2 Titanium(III) Complexes 

When titanium and phosphorus are heated together in the presence of iodine Til, is formed, 
but rapidly decomposes. The elemental Ti thus created reacts rapidly with phosphorus to give 
either TiP or TiP, (depending on stoichiometry). Iodine is a catalyst in this sequence.'*! 

The first titanium(III) complex, TiCl,;(PEt;)-C»H,, was prepared by Chatt and Hayter,!*? but 
more recently monomeric TiCl3(PR3)2 (Rs = MeH2, Me2H, Mes, Et3) have been isolated from 
direct combination of the components in toluene at 85°C. At —20°C there is ESR evidence for 
TiCl;(PR3)3 species for solutions of TiCl; and 3PR; in toluene.'** The grey-green TiCl;(PEts)> 
is monomeric in solution, and by analogy, the red-brown complexes with the other phosphines 
are also assumed to be pentacoordinate. The weaker donors, PPh; and PCl;, do not complex 
with titanium(III). 

31.6.3 Titanium(IV) Complexes 

31.6.3.1 Monodentate ligands 

The isolation of TiCl,(PH3) was first reported in 1832;'%4 TiCl,(PH3)2 has also been 
prepared.’ A large number of TiCl,(PR3)2 complexes are now known,'*!” but only quite 
recently have TiBr,(PPh3) and TiBr,(PPh3)2 been prepared, the former having C3, symmetry 
and the latter a cis octahedral structure.'*° There is some evidence for the probable existence of 
binuclear species of the type Ti,Clg(PR3).’°'” Titanium tetrachloride reacts with Pt(PPhs),, 
(n =3, 4) to yield emerald green (TiCl,).Pt(TiCl,-PPh3)3, which, on heating in vacuo or 
treatment with more PPh3, produces Pt(TiCl,-PPh3)3. It is thought'*’ that the former species is 
pentacoordinate with two axial TiCl, and three equatorial TiCl,-PPh3; moieties bonded to 

platinum via the titanium atoms. 
Although TiCl, and AsPh3; were known to complex as early as 1924, the adduct TiCl,(AsPh;) 

has only been investigated relatively recently.'°'’ The reports of a bis adduct TiCl,(AsPhs), 
must be viewed with some suspicion.'** 

The reaction between SbPh; and TiCl, in dry benzene initially gives a deep violet solution 
and ultimately a gummy black solid. It is likely that reduction of TiCl, has occurred.’ 
Although there is a paucity of well-characterized arsine and stibine complexes, a surprisingly 
large number of patents have dealt with catalyst systems employing these compounds (Table 6) 
which often contain Lewis acids in addition to Lewis bases. The function of the Lewis acid is 
often not clearly delineated, but its presence has a pronounced effect on the catalytic activity as 
does the Lewis base. 

31.6.3.2 Bidentate ligands 

With 1,2-bis(diphenylarsino)ethane (dpae), TiCl, forms only a 2:3 complex [(TiCl4)2(dpae)s] 

although diphos forms 1:1 and 3:2 adducts.’*? Tetramethyldiphosphine and TiCl, react to form 
a deep red paramagnetic product of unknown composition, the paramagnetism suggesting that 

partial reduction to titanium(III) has occurred. With TiCl;(THF)s an insoluble, moisture- and 

air-sensitive complex (TiCl;)2.(Me2PPMez)3 is produced, for which structure (39) has been 

proposed. Tetraethyldiphosphine does not yield any isolable complex with TiCl;(THF)3.°” 

Investigations of the diars complexes of the titanium(IV) halides resulted in the first 

€OC3-L* 
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Table 6 Catalyst Systems Containing Titanium Salts'® 

Components 
Titanium Salt Group VB Other Use* 

TiCl, RAs Al P 
TiCl, RAs, R3Sb RAIX, I 
TiCl, Ph,As, Ph3Sb Et,Al r 
TiCl, Ph3As CaH, P 
TiCl, (CH,=CH),Sb Et,Al P 
TiCl, Et,Sb-2ZnCl, Et,Al P 
TiCl, Et,Sb-ZnCl, Et,Al P 
. R,As, R,Sb None xX 
TiCl, Et,Sb, Et,Bi None M 
TiCl, (C5H,3)3As NaAlEt, P 
z-Allylic compound RAs, Lewis acid P,O 
3TiCl,—AICl, R;As, R3Sb RAIX, P 
TiCl, Et,Sb LiAlH, A 
Ti(OBu"), Et,As, Et,Sb EtAlCl, A 
Ti halide R3As, R3Sb Na, Li, K, Mg, Zn A 

x RAs, R3Sb Na, Li, K, Al, Mg, Zn, Cu P 
Ti(BH,); Bu,Sb None P 
TiCl, Ph,BiH, (BuO),SbH None P 
TiCl,, (BuO),TiCl, R;As, R3Sb RAICI, P 

“P=monoalkene polymerization; O = monoalkene oligomerization; X = oxo process; D = alkadiene polymerization; M = methyl 
methacrylate polymerization; A = 1-alkene polymerization. 
Complex unspecified. 

“Halide, alkyl halide or acetylacetonate of Ti or Zr. 

cee 
Be aA 

X—Ti-P Pp=Ti-X 
we o 

Bi ey gaiX 
Ss, 

(39) 

examples of eight-coordination in the first transition series.1°!” In [TiCl,(diars),] the dodeca- 
hedron contains two diars forming an elongated tetrahedron and four chlorine atoms in a 
flattened tetrahedron with respect to the fourfold inversion axis, (40).'*° Although numerous 
attempts have been made to prepare similar complexes with a range of bidentate ligands, only 
those with the o-phenylene or similar backbone have proved successful. Thus 1,2- 
bis(dimethylarsino)-3-fluoro- or 4-fluoro-benzene form only the hexacoordinate TiCl,(ligand) 
complexes; presumably the fluorine-substituted ligands are poorer o donors. Eight- 
coordination is also not achieved with 1,2-bis(dimethylarsino)-3 ,3,4,4-tetrafluorocyclobutene 
(f4fars) or 1,2-bis(dimethylarsino)-3,3,4,4,5,5-hexafluorocyclopentene (f<fars), probably due to 
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the larger As—As ‘bite’ of the ligands, nor with rac-o-phenylenebis(phenylmethylarsine), due 
to steric hindrance. However, 1,8-bis(dimethylarsino)naphthalene, which has a short As—As 
separation, readily forms brown TiCl,(ligand),. These results reinforce earlier conclusions 
about the importance of steric factors in promoting eight-coordination, but also suggest that the 
electronic properties of the ligands are not negligible.’ 
A number of [TiX,(diars)] (X = Cl, Br), [(TiF,)2(diars)] and [Til,(diars),] are known.'°!” No 

authentic complexes of titanium(III) are known, save for [TiX3(diars)(H2O)] (X = Cl, Br). 

31.6.3.3 Multidentate ligands 

The triarsines (0-Me2AsC,H,)2AsMe and MeC(CH2AsMe3)3 are reported to form seven- 
coordinate adducts of type TiCl,L, on the basis that they are monomeric and non- 
electrolytes.'*? However, the complex of the latter ligand has been shown, by NMR studies of 
McAlees and coworkers,'!” to contain one unbound and two coordinated arsine groups. It is 
probable that both complexes are hexa-coordinate. Another triarsine, MeAs{(CH2)3AsMe>}>, 
is reported to form a series of complexes [TiFy]3-L, [TiCly]2-L, [TiBr4]-L and [Til;-L]I.‘* All 
need further characterization. 

Cyclophosphazenes (RNPX),, especially the diazadiphosphetidines (n=2), have been 
shown to be capable of acting both as bridging and chelating bidentates through the two 
phosphorus atoms. It is interesting to see that, once again, the supposed ‘hard’ acceptor TiCl, 
chooses to bind this multidentate ligand via the two phosphorus atoms in the cis configuration, 
(41).'*4 A v(Ti—P) band is assigned at 435 cm7’, very close to those found for [TiCl,(diphos)] 
(453, 414cm~"*). 

31.7 MACROCYCLIC LIGANDS 

31.7.1 Porphyrin Complexes 

Although it is just 50 years since Treibs obtained vanadyl deoxophylloerythroetioporphyrin, 

the major metalloporphyrin in petroleum and shales,'*° it is only relatively recently that Tsutsui 

obtained the first titanium porphyrin, (meso-DME)Ti=O.”° A review of this general area is 

available;'*” the nomenclature is given in Table 7. 

31.7.1.1 Titanium(III) complexes 

Reaction of (por)TiX, with zinc amalgam gives the reduced (por)TiX (por = TPP; X=F, Cl, 

I, SMe) and au hexa-coordinate [(por)TiF,]” and [(por)TiF(1-MeIm)] have also been 

synthesized.'*® For (TPP)Ti(OMe) (42), the Ti—N distances (2.12 A) are very close to those 

found in analogous titanium(IV) derivatives; in each case the Ti atom lies 0.62 A out of the 

plane of the ring.” When (TPP)TIF is exposed to dioxygen the reaction shown in equation 

(26) occurs, and a superoxide intermediate, (TPP)Ti(O2)F, is thought to exist, from ESR 

measurements. ‘8 

2(TPP)TiF +O, —> (TPP)TiF, + (TPP)Ti(O-) (26) 
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Table 7 Porphyrin Nomenclature 

Substituents 
Abbreviation Name 2 iF if 8 12 13 17 IB’ OB 9; 0 

Ie Porphine H H H H H H H H H 
OMP Gaanenyincikate Me Me Me Me Me Me Me Me H 
OEP Octaethylporphyrin Et Et, PEt SEt Et Et Et Et H 
TPP Tetraphenylporphyrin H H H H H H H H Ph 
TmTP Tetra-m-tolylporphyrin H H H H H H H H m-Tol 
TpTP Tetra-p-tolylporphyrin H H H H H He H H p-Tol 
Etio-I Etioporphyrin-I Me H Me H Me Pa Fad Me H 
meso-DME meso-Porphyrin dimethyl ester Me _ Et Me _ Et inherent uy Me H 

(42) 

31.7.1.2 Titanyl derivatives 

The (por)Ti=O species can be prepared either by the reaction of (acac)2TiO in phenol at 
180-240 °C, or TiCl, in a variety of solvents with the porphyrin. The characteristic v(Ti=O) 
occurs in the range 1050-950 cm™!. 
A number of crystal structures are known, viz. (OEP)TiO, (TPP)TiO, (OEPMe;)TiO, 

(43).""” For all these complexes titanium has four nitrogen donors and a double-bonded 
oxygen, resulting in a classical square pyramid. The information obtained from X-ray 
diffraction and EXAFS is in excellent agreement. 

31.7.1.3 Peroxotitanium(IV) derivatives 

Earlier it has been noted that there is a good deal of interest in peroxo derivatives of titanium(IV). It has been shown that (por)TiO can be converted to (por)Ti(O2) by reaction with either HO, or benzoyl peroxide.'®° The crystal structure of (OEP)Ti(O2) (44) reveals 
O—O = 1.445 A, characteristic of a peroxo moiety, and the Ti—O, moiety is generally the same as found in other peroxo complexes (Table 8). 
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Table 8 Crystallographic Data for some Titanium(IV) Peroxo Complexes 

Complex 

[H,O(dipic)Ti(O,)],0 
(H,0),(dipic)Ti(O2) 

triclinic 

(H0),(dipic)Ti(O.) 
orthorhombic 

[F,(dipic)Ti(O,)]”~ 
[{((NTA)Ti(O,)},0]*~ 

(OEP)Ti(O,) 

Ti—0(1) 

1.872(7) 
1.834(2) 
1.842(1) 
1.833(1) 
1.844 
1.846(4) 
1.892(2) 
1.897 
1.827(4) 

Ti—0(2) 

1.905(7) 
1.858(2) 
1.862(1) 

1.861(4) 
1.889(2) 
1.898 
1.822(4) 

0(1)—0(2) Ti—0(1)—0(2) 

1.45(1) 
1.464(2) 
1.469(1) 
1.458(2) 
1.477 
1.463(5) 
1.469(2) 
1.481 
1.445(5) 

67.50(6) 

66.56(2) 

67.3(2) 
67.02(6) 

66.5(2) 

0(1)—(02)—Ti 

67.78(6) 

66.2(2) 
67.26(6) 

66.9(2) 

0(1)—Ti—0(2) 

45.2(4) 
46.72(6) 

46.88(6) 

46.5(2) 
45.72(6) 

46.7(2) 
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Fluxional behaviour for (OEP)Ti(O2) and (TPP)Ti(O2) has been shown from 1H and °C 

NMR studies. At temperatures down to —S0°C the peroxo ligand undergoes fast exchange 

between two equivalent sites; the barrier to rotation of the peroxo ligand at the coalescence 

temperature is 43.9 + 2.1 kJ mol! for (TPP)Ti(O2). 

31.7.1.4 Titanium(I[V) dihalide derivatives 

Oxotitanium(IV) porphyrin complexes react with HX (X =F, Cl, Br) to yield (por)TiX2. 

The crystal structure of (TPP)TiBr2 (45) has been determined. 

(45) 

31.7.2 Phthalocyanine Derivatives 

Very few complexes have been examined. It is known that (Pc)TiCl can be converted to 
(Pc)TiO.'°* Dichloro(phthalocyaninato)titanium(IV) can be synthesized via equation (27). This 
reaction is a convenient one, inasmuch as the titanium(III) furnishes the electrons necessary to 
convert phthalonitrile to the phthalocyanine anion.’ 

2TiCl, + 4C,H,(CN), —> (Pc)TiCl, + TiCl, (27) 

31.8 GROUP IV DERIVATIVES 

Heintz'** has reported a dark blue octahedral complex cyanide of titanium(III), K;Ti(CN)., 
as well as a compound formulated as K;Ti(CN)sKCN. These complexes were isolated from 
aqueous solutions of TiCl,; and KCN under conditions that might be expected to produce only 
titanium(III) hydroxide. Nicholls et al.'°° have repeated these preparations and find the only 
product of these reactions to contain the dark-blue hydroxide, [Ti(OH)(H2O);]**. However, 
these workers have isolated the grey-green K;Ti(CN)x from the reaction of TiBr; and KCN in 
liquid ammonia; this species is probably a seven-coordinate K,Ti(CN)7-KCN moiety. 

Nicholls and Ryan have produced other complex cyanides of titanium: Rbs;Ti(CN)s, 
Cs,Ti(CN)7 and K3Ti(CN),.. The KsTi(CN)s, RbsTi(CN)g and Cs,Ti(CN), are believed to 
contain seven-coordinate titanium, while K;Ti(CN). is probably six-coordinate. A titanium(II) 
cyanide, K,;Ti(CN),4, was obtained by reduction of K;Ti(CN). with one equivalent of potassium 
in liquid ammonia.’*° The extremely reactive titanium(0) cyanide complex, K4Ti(CN),, is 
prepared by potassium reduction of a mixture of TiBr; and KCN in liquid ammonia. The 
Ti(CN)%~ is a powerful reducing agent, converting bipy into bipy~, leaving a brown residue of 
KTi(NH)2. Nicholls and co-workers have also produced evidence for the formation of 
Ti(CN)3.!°” 
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31.9 TITANIUM ALLOY HYDRIDES 

Titanium absorbs dihydrogen reversibly above 300°C to give, eventually, TiH2, which is a 
grey, air-stable powder. Complete desorption occurs at ca. 1000°C. A useful sourcebook is 
available.‘ 

There are usually quite large differences in stability among the protides, deuterides and 
tritides of a given metal or alloy. Recently, Tanska et al.’*’ decided to study a series of alloys 
formed between a single hydride-forming metal and a number of other metals which did not 
themselves form stable hydrides. Titanium was chosen as the constant constituent since it forms 
intermetallic compounds or solid solutions with almost every transition element, and many of 
these alloys are known to form hydrides. The particular interest was the periodic trend of the 
hydrogen isotope effect as a function of the transition metal alloyed with titanium. The 
titanium distribution coefficient was defined as in equation (28), and the results obtained are 
given in Table 9. To place into comparison alloys with stoichiometries other than 1:1, such as 
TiMo, and TiCrMn, the electron/atom (e/a) ratio may be plotted us. a, (Figure 1). All the 

_ alloys which show significant inverse isotope ratios fall in the range e/a 4.5—5.5. This is not too 
surprising, in that it is known that the heat of solution of dihydrogen is dependent on the 
electronic structure of the metal. 

a = (T/H)solid/(T/H) gas (28) 

Table 9 Tritium Isotope Effects 

Activity a 

Material Temperature balance (cpm of solid/ 
equilibrated Max H GG) (%) cpm of gas) Structure of alloy 

TiH, H, 350 105.4 0.67 
TiVH4 15 Hy, 0 40 93 1.18 
TiCrH, 35 Hy 92 40 88 1.54 X-Ray pattern similar 

to that of TiMo 

TIC é& Ps ce —20 90 2.01 foc MgCu, a = 6.943 A at high 
temp., hexagonal MgZn, 
a = 4,932, c=7.961A 

TiCr,H, 4g Hp 6 0 97 2.03 
TiCr3H, 76 Hy 91 =20 98 1.68 TiCr, + Cr 
TiCr3H, 36 Hy 94 0 100 159: 
TiCr3Hp 875 Hy 91 +20 95 1.69 
TiCrMnH, 39 Hy 93 —20 99 2.05 TiCr, pattern 

TiCrMnH, 2 H, 94 0 105 1.80 

Ti,MoH, 77 Isley 40 100.8 1.61 Solid solution bec 

TiMOH, 99 Hp 90 40 100 1.61 Solid solution 

TiMo,H, 1 Hy, 31 —20 96.8 1.87 Solid solution bec 

TiMnH, 9 H, >, 40 93 E37, 

FeTiH, ¢ H, 97 0 95 0.92 CsCl, a = 2.976 A, Elliott 438 

FeTiH, 69 H, 97 0 97 0.95 

eer BR ec oe 
Sue e i. 40 98 0.852 CsCl, a = 2.987 to 2.944 A 

TiNiH, 44 H, 50 40 99 0.74 CsCl, a = 3.013 to 3.015 A 

cpm solid 

e/a ratio 

Figure 1 Tritium—protium separation factors for alloys of varying electron-to-atom ratio 
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31.10 COMPLEX HALIDES 

For general properties of the halides and oxyhalides of titanium, reference to the work by 

Clark is recommended.'* The chemistry of the complex halides will be treated here. 

31.10.1 Complex Fluorides 

The most common form of complex fluoride is that of the TiF5 moiety. One method of 

preparation is to dissolve TiFy, and to add [NPr3H)]F and a stoichiometric amount of the 

donor; a second method involves adding a stoichiometric amount of [NPr°,H>],[TiF.] to a 

solution of TiF,L>.! In the '9F NMR spectra of the solutions made by the first method which 
did not form [TiF;L]~, a triplet appears at ca. —20 ppm with a coupling constant of between 43 
and 45 Hz, assigned to [Ti.F,,]* (46). The complexes [TiF;L]~ and [Ti2Fi,]’~ are listed in 
Table 10. 

F, oy 
F, Fs 

Fy F, F, F, 

r 
Fy z 

F, 
(46) 

Table 10 Formation of [TiF,]~-D and [Ti,F,,]*~ Related to some of the Physical Properties of the Donor Molecules 

Dipole Dielectric 
[TiF,]"-D  [Ti.F,,)~ | moment of constant of 

Donor Solvent formed formed donor* (D) donor” Dy (em ') 

H,O EtOH Yes No 1.85 78.5 5490 
MeOH MeOH Yes No 1.70 32.6 4420 
py MeCN Yes No 219 12.3 4390 
EtOH EtOH Yes No 1.69 24.3 4260 
SMe,O0 MeCN Yes No 3.96 47.6 4180 

CICH,CN 
Me,NC(O)H CICH,CN Yes No 3.82 37.6 3940 
(NH,),CO CICH,CN Yes Yes 
4-NCpy MeCN Yes Yes 
3-NCpy MeCN Yes Yes 
2-MeOpy MeCN No Yes 
2-Mepy MeCN No Yes 
MeO(CH,),0Me MeO(CH,),0Me No No 
Me,CO Me,CO No 2.88 20.7 
(MeCO),O CICH,CN No Yes 20.7(20) 
(Me,N),CS CICH,CN No Yes 
MeCN MeCN No Yes 3.92 37.5(20) 2600 
CICH,CN CICH,CN No Yes 
MeNO, MeNO, No No 3.46 35.9(20) 2260 
CHCl, CHCl, No No 1.01 4.8(20) 1940 

“In the gas phase; ID ~3.33 x 10° Cm (from ‘Handbook of Chemistry and Physics’, ed. R. C. Weast, Chemical Rubber Co., 
Cleveland, 1973). : 
In the liquid phase at 25°C, except where indicated in parentheses (from ‘Handbook of Analytical Chemistry’, ed. L. Meites, 

McGraw-Hill, New York, 1963). 

A procedure for the fluorination of 1 mm thick wafers of rutile has been developed by Wold 
and co-workers.'°' The products are TiO,_,F,, and the value of x is an essentially linear 
function of the fluorination temperature over the range 575-700 °C. For example, x = 0.002 for 
the preparation at 700°C. Samples with the smallest value of x exhibit the largest photocurrent 
on irradiation despite having the highest resistance. Under irradiation from a xenon arc source, 
rutile wafers fluorinated at 575 °C produced almost twice the photocurrent of rutile reduced at 
the optimum temperature (600 °C). 
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31.10.2 Complex Chlorides 

The TiCl2~ anion is believed to form when titanium(III) is fused in chloride melts, but it can 
be isolated from the direct reaction of TiCl; with an excess of anhydrous pyHCl or by the 
reaction of TiCl,(MeCN), with pyHCl in chloroform/acetonitrile. However, when EtsNCl and 
Et,NBr are used in the second method the expected hexahalogeno salts are not formed, but 
[TiCl,(MeCN)2] and (Et,N)[TiClsBr(MeCN).] were produced. The reaction of TiBr3py3 with 
liquid anhydrous hydrogen chloride gives the mixed (pyH)3[TiCl,Br.].‘° Thermal decomposi- 
tion of [TiCl,(MeCN),]~ gives [TiCl,]” species which are six-coordinate polymers and not 
tetrahedral.*® Vibrational spectra suggest that (Et4sN)TiCl; and (Et,N)TizCl, (47) have trigonal 
bipyramidal and chlorine-bridged structures, respectively; v(Ti—Cl) occurs at 324cm7’ for 
TiClgé-.** Kyber and Schramm’® have very usefully collated titanium—chlorine stretching 
frequency data (Table 11). The [TizCl,o]*~ (48) species are also known.‘ Adducts of the type 
(PCls),:mTiCl, (n, m=integer) have been known since 1867. Treatment of a PCI;-TiCl, 

solution with chlorine gas led to the complex PClI;-TiCl,. A more recent investigation has 
shown that the reaction of PCl; with TiCl, in POCI; gives [PCl4]2[TisCho] (48) and in SOC, 
gives [PCl,][TicClo] (47). These anions are unusual examples of face-shared bioctahedra 
containing transition metal ions in the formal oxidation state +4.'©’ The titanium(III) analogue 
of (47) Cs3TizCly is also known.'® Optical spectra show evidence for both titanium(III) and 
titanium(IT) in AlCl;-KCl melts (1.00 = X aia, 20.49) at temperatures 471-894 K and in the 
LiCI-KCI eutectic melt at 658-1185 K. Titanium(III) is found to be octahedrally coordinated in 
pure AICI,(1) and in AICI,—KCl melts with Xaiq,20.67, whilst octahedral-tetrahedral 
equilibria are established at lower AlCl; contents. Titanium(II) has octahedral coordination at 
compositions 1.002 Xaiq,290.51, but a disproportionation equilibrium is observed for 

X aici, < 0.60, culminating at Xaicj, = 0.49, where titanium(II) is unstable and the spectrum of 
titanium(III) in an octahedral—tetrahedral coordinated equilibrium is found.’® 
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Table 11 Titanium—Chlorine Vibrations for some Selected Compounds—a criterion for Coordination Number 

r(MCl) v(MCl) 
Compound Phase CN (A) Ref. (cm~') Symmetry Ref. 

TiCl, Gas sh 2.18 a 506vs (t,) Ty b 

TiCl,-NMe; Solid b) _- c 456s (e), 376s (e), G c 
344m (a,) 

TiCl,-2NMe, Solid 5 — d 387s, b, 330m, 254m D3,,? e 

TiBr3-2NMe; Solid 5 — d 323s (a), 238ms (e) Ds, e 

TiCl,:(2SMe;) Solid 5 — dif 390s, b, 232m, 280b Cis d 

TiCl,:2SC,H, Solid 5 — d, f 390s, 324m, 290m Cu d 
[Et,NH,]TiCl, Solid 5 — 385vs, 346vs, 212m, Ds,,? g 

170m (bending) 
[Et,.NH,].TiCl, Solid 6 ca. 2.34 i 325vs, b (t1,,) O, h 
(NH) TiCl, Aq.soln. 6 ca. 2.34 i 330 (v3), 193 (v4) O;, j 
[MeN]. TiCl, Solid 6 ca. 2.34 i 324vs (v3), 183m (v4) O, g 
[Et,N],TiCl, Solid 6 ca. 2.34 i 321vs (v3), 182m (v4) O, g 
TiCl,-2THF™ Solid 6 ca. 2.34 k 371s, 298m Cy k 
TiCl,:1,4-D™ Solid 6 ca. 2.34 k 389s, 340w Cy k 
TiCl,:2A™ Solid 6 ca. 2.34 k 387s, b, 318w Gas k 
TiCl,:2py™ Solid 6 ca. 2.34 k 368, 280 Cy k 
TiCl,:bipy™ Solid 6 — a 384s, 366sh, 307w Cy k 
TiCl,phen™ Solid 6 — — 379s, 356sh, 303w Gy k 
TiCl,-3THF Solid 6 — — 360s, 331s, 300m ae k 
TiCl,-3A Solid 6 — — 365s, ca.334m, b — k 
a-TiCl, Solid 6 ca. 3.6 1 289 (bridge) os k 
TiCl,-2B™ Solid 8 2.44 k 317 (b>), 325sh (e) Dog k 

* By electron diffraction: M. Lister and L. E. Sutton, Trans. Faraday Soc., 1941, 37, 393. 
°M. F. A. Dove, J. A. Creighton and L. A. Woodward, Spectrochim. Acta, 1962, 18, 267. 
“The IR spectra of the solid is identical with that in C,H, solution: I. R. Beattie and T. Gilson, J. Chem. Soc. 1965, 6596. 
Complex is monomeric in C,H,: G. W. A. Fowles and R. A. Hoodless, J. Chem. Soc., 1963, 33. 
; By X-ray diffraction, i.e. TICl,-2NMe, is isomorphous (powder pattern) to TiBr,-2NMe, for which a trans trigonal bipyramidal 
structure was found via a single crystal X-ray study: B. J. Russ and J. S. Wood, Chem. Commun., 1966, 745. 
°G. W. A. Fowles, T. E. Lester and R. A. Walton, J. Chem. Soc. (A), 1968, 198. 
‘Both complexes were considered to be five-coordinate because v,,(MCl) shifts to lower energy when the complexes dissolve in 
excess base; the first charge-transfer band in the UV spectrum of both complexes shifts to lower energy upon dissolving in excess 
base. These shifts are consistent with the presence of five-coordinate monomers in the solid state which dissolve in excess base as 
six-coordinate complexes. 
®J. A. Creighton and J. H. S. Green, J. Chem. Soc. (A), 1968, 808. 
"R. A. Walton and B. J. Brisdon, Spectrochim. Acta, Part A. 1967, 23, 2222. 
‘By X-ray diffraction, e.g., for Cs, TiCl, (2.35 A) and Rb,TiCl, (2.33 A): G. Engel, Z. Kristallogr., 1935, 90, 341. 
.D. M. Adams and D. C. Newton, J. Chem. Soc. (A), 1968, 2262. 
; R. J. H. Clark, Spectrochim. Acta, 1965, 21, 955. 

X-Ray diffraction: G. Natta, P. Corradini and G. Allegra, J. Polym. Sci., 1961, 51, 399. 
™ Abbreviations: THF, tetrahydrofuran; D, dioxane; A, acetonitrile; py, pyridine; bipy, 2,2’-bipyridyl; phen, o-phenanthroline; 
B, o-phenylenebis(dimethylarsine). For cis (C,,) complexes four v(MCI) are allowed in the IR spectra (2A, + B, + B,) whereas 
for trans (D,,,) complexes only one v(MCl) mode is allowed (£,,); these complexes are considered to have the cis (C,,,) structure. 

Schram and co-workers have produced a range of unusual titanium chloride species. 
Treatment of B2[NMe2], with a six-fold molar excess of TiCl, afforded {[Me2N],BCI}2{TiCl4}s3, 
small amounts of Me,NTiCl; and Me2NBCI-TizCl,.'”° The last complex contains coordinated 
dimethylamino moieties and the pentacoordinate structure (49) is proposed.’ Treatment of 
this compound with HCl produced {{Me2NH],BCl,}*{Ti,Cl;}~, and pyrolysis of this complex 
affords Me,NBCl, and {Me2zNH>}{Ti2Cl7}.'”? As well as IR criteria for coordination numbers 
(Table 11), Kyker and Schram have also proposed that charge-transfer spectra can also be used 
as an indication of coordination number (Table 12). 

Cl Cl 

Cl 

a TNMe, 

dL 2 
Cl NMe, > Cl 

(49) 
The reaction of TiCl, with Pt(PPhs), ( =3,4) was mentioned in Section 31.6.3.1, the 

product being (TiCl,)2Pt(TiCL,-PPhs);, from which Pt(TiCl,-PPh3); can be obtained by heating 
in vacuo or addition of further PPh3;.'°’ Schram has also isolated the Ti;Clj, ion in the 
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Table 12 Charge-transfer Spectral Data for some Selected Titanium(III) and 
Titanium(IV) Complexes — a Possible Criterion for Coordination Numbers 
ee 

Complex Phase CN _ Ref. Frequency (kK)? Ref. 
sa NS Re SERED ie TERE SES 2 RO ED 
eK Gas 4 Te? 35.65, 43.15 1 
TiCl,-NMe, Solid 5) 3 30.22, 46.05 4 
TiCl,-2NMe, Solid 5 5 30.0, 37.0, 44.9 6 
K,TiCl, Solid 6 7 23.4, 30.0, 34.5, 37.8sh, 7 

ca.43sh, 48.1 
«-TiCl, Solid 6 8 18.9, 27.5 9 
B-TiCl, Solid 6 8 24.12, 29.20, 38.20 10 
y-TiCl, Solid 6 8 19.00, 27.50 11 
TiCl,-2B° Solid 8 12 19.6 13 

*“1kK = 1000cm ’. 
B = o-phenylenebis(dimethylarsine). 

. D. S. Alderice, J. Mol. Spectrosc., 1965, 15, 509. 

. By electron diffraction: M. Lister and L. E. Sutton, Trans. Faraday Soc., 1965, 393. 

. Vibrational spectroscopy: I. R. Beattie and T. Gilson, J. Chem. Soc., 1965, 6559. 
. Data obtained in this work. 
. By X-ray diffraction; isomorphous to TiBr3-2N(CN;)3 which has been shown to have a trans 
trigonal bipyramidal structure via a single-crystal X-ray study: B. J. Russ and J. S. Wood, 
Chem. Commun., 1966, 745. 

6. M. W. Duckworth, G. W. A. Fowles and P. T. Green, J. Chem. Soc. (A), 1967, 1592. 
7. Via IR spectroscopy; B. J. Brisdon, Spectrochim. Acta. Part A, 1967, 23, 1969. 
8. Via X-ray diffraction; G. Natta, P. Corradini and G. Allegra, J. Polym. Sci., 1961, 51, 399. 
9. C. Dijkgraaf and J. P. G. Rousseau, Spectrochim. Acta, Part A, 1967, 23, 1267. 

10. R. J. H. Clark, J. Chem. Soc., 1964, 417. 
11. C. Dijkgraaf, Nature (London), 1964, 201, 1121. 
12. R. J. H. Clark, Spectrochim. Acta, 1964, 21, 955. 

13. R. J. H. Clark, J. Lewis and R. S. Nyholm, J. Chem. Soc., 1962, 2460. 

AP WNr 

[(Ph3P)3PtCl]*[TisCli:]~ salt. Little is known about the structure of this mixed oxidation state 
cluster anion; addition of TiCl, affords [(Ph3P)3PtCl]*[TisCl19]~ .*” 

31.10.3 Complex Bromides 

Concomitant with his work on the chloride system 
{{Me.N].BBr}.2{TiBr.}3, proposing the following type of coordination: 

Br,Ti <— N(Me),B(Br)(Me).N — TiBr, <— N(Me),.B(Br)(Me).N — TiBr, 

Treatment of TiBr, with B2[NMe.], produces B2Br2{NMe,]2-TiBr3, for which the dinuclear 
structure (50) is proposed.'”* Complexes M,[TiBrs(H2O)] (M = Cs, Rb, pyH) are known.'”° 

165,170,171 Schram has produced 
173 

Br Br 

Br Br 

Vio Ly at 
Ie a DAS / 

B B 
ONCt Bs | Br | Br~ \NMe, 

Br Br 

Me,N NMe, Br 
ae NG 

M 

(50) 

31.10.4 Complex Iodides 

It would be predicted that Tilg, analogous to Tixg"(X = Cl, Br), would not be a very stable 

complex, and because of the electronic spectra of the latter species, it would also be predicted 

that Til3~ would be black. When [Et,N],TiCl, is treated with liquid HI a very black material, 

resembling carbon, is produced. This material is very unstable in air and changes in colour to 

the dark red-brown of I; in the time required to pour it quickly from one container to another. 

The complex is unstable in almost all solvents; it was only possible to obtain the reflectance 

spectrum of [Et,N],Til, (Table 13). 
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Table 13. Electron-transfer Spectra of Tix” * 

TiC (25.0) [1300], (29.6) [~17 000], 31.8 [22 000], 43.8 [30 000] 
TiBr2- (17.7) [~700], (21.7) [~8 000], 24.9 [16 000], (27) [~12 000], 36.1 [20 000] 
[Et,N]Til, (9.5) [0.3], 12.1 [0.65], 14.3 [0.65], (18.7) [0.8], 23.2 [1.0] 

. : « . . . _ . 2— . 
*“ Wavenumbers in kilokaisers with shoulders in parentheses. For TiCk and TiBr, values in brackets are molar 
extinction coefficients and for [Et,N],Til, values are intensities relative to the strongest listed transition taken 
equal to 1.0. 

31.11 ZIEGLER-NATTA CATALYSIS 

Ziegler and Natta were jointly awarded the Nobel Prize for Chemistry in 1963. It was 
Ziegler'’’ who first showed that ethylene can be induced to polymerize under ambient 
conditions in the presence of a mixture of TiCl, and AIEt3, and Natta'’® demonstrated that by 
suitably modifying these catalysts stereoregular polymers of alkenes can be produced. Prior to 
these discoveries, the polymerization of ethylene involved high temperatures and pressures. 
The most likely mechanism is shown in Scheme 3,'”’ involving (i) replacement of a coordinated 
chloride by an ethyl group derived from AIEts; (ii) a vacant coordination site on the surface 
and an ethylene molecule becoming bound; (iii) ‘cis insertion’ as the ethylene migrates to the 
ethyl group; and (iv) another ethylene becoming bound at the vacant coordination site. 

Processes (ii) and (iii) are repeated. 

Cl Cl Cl 
is AlEt, soe CH, ee 

i 1 (i) “| (ii) at CH (ili) 

Gl | Cl 
Cl iC) 

- 

oe 
CH, ¢| 

(iv) eee 
wet 

cr | 
Ss), 

Scheme 3 

Quite apart from the economic advantage of being able to polymerize alkenes under ambient 
conditions, another advantage is that with propylene, for example, the polymerization is 
regular and not atactic. 

31.12 MISCELLANEOUS 

This chapter has been devoted to the coordination chemistry of titanium and has made no 
attempt to describe the more basic chemistry of this element. References to alloys, to the 
simple halides and oxyhalides, the oxides, sulfides, selenides, tellurides, nitrides, azides, 
phosphides, arsenides and antimonides are well reviewed by Clark,'™ and the recent text by 
Greenwood and Earnshaw'®? contains a good section on titanium. 
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364 Zirconium and Hafnium 

32.1 INTRODUCTION 

The coordination chemistry of zirconium and hafnium is dominated by oxidation state IV 

and by higher coordination numbers, especially coordination number eight. Oxidation states 

and coordination geometries are summarized in Table 1. 

Only a small number of zirconium(III) and hafnium(III) complexes are known. Nearly all of 

these are metal trihalide adducts with simple Lewis bases, and few are well characterized. Just 

one zirconium(III) complex has been characterized structurally by X-ray diffraction, the 

chlorine-bridged dimer [{ZrCl,(PBus)2}2]. Although a number of reduced halides and 

organometallic compounds are known in which zirconium or hafnium exhibits an oxidation 

state less than III, coordination compounds of these metals in the II, I or 0 oxidation states are 

unknown, except for a few rather poorly characterized Zr? and Hf® compounds, viz. 

[M(bipy)3], [M(phen)3] and M’Zr(CN); (M = Zr or Hf; M’ = K or Rb). 

The preference of zirconium(IV) and hafnium(IV) for higher coordination numbers follows 

from the relatively large size and high charge of the +4 ions. Because these ions have electronic 

configuration d°, there are no stereochemical preferences arising from a partly filled d shell. 

Consequently, Zr'Y and Hf'Y exhibit a great variety of coordination geometries. The three 

idealized coordination polyhedra for the most common coordination number, coordination 

number eight, are shown in Figure 1; polyhedral edges and vertices are labeled according to the 

nomenclature of Hoard and Silverton! and Porai-Koshits and Aslanov.” The eight vertices of 

the Dsq square antiprism are equivalent, while the D., dodecahedron has two sets of 

inequivalent vertices (A and B) and the C2, bicapped trigonal prism has three sets of vertices 

(M, N and the capping sites, C). In Table 1, and throughout this chapter, the stereochemistry 

of tetrakis chelate complexes is indicated by specifying the polyhedral edges that are spanned by 

the bidentate ligands. The most common stereoisomer for tetrakis chelates is the dodecahedral 

mmmam isomer. The square antiprismatic ssss isomer is less common, and the bicapped trigonal 

prismatic t,t;p2p2 stereoisomer and dodecahedral D,-gggg, Ss-gggg and abmg stereoisomers are 

rare. Of the three eight-coordination polyhedra, the dodecahedron is preferred. 

A survey of the ligands which coordinate to zirconium and hafnium indicates that complexes 
with metal-oxygen bonds are most abundant. Complexes with metal—halogen and metal— 
nitrogen bonds follow in decreasing order of abundance. The chemistries of zirconium and 
hafnium are closely similar, more similar than for any other pair of elements. Because of the 
lanthanide contraction, zirconium-—ligand and hafnium-—ligand bond lengths are nearly identi- 
cal. Based on a limited amount of thermochemical data, hafnium—ligand bonds appear to be 
slightly stronger than zirconium-—ligand bonds. 
Zirconium and hafnium complexes are highly fluxional. NMR studies indicate stereochemical 

font facile exchange of terminal and bridging ligands, and rapid intermolecular ligand 
exchange. 

This chapter reviews the literature up to approximately January 1984. Previous comprehen- 
sive reviews of the chemistry of zirconium and hafnium are available,*® and annual surveys of 
the inorganic and coordination chemistry of these elements have been published since 1981.7” 
The present treatment emphasizes the chemistry of discrete, isolable complexes, although some 
attention has been given to the extremely complex aqueous solution chemistry of Zr'Y and 
Hf'Y. In general, zirconium forms slightly more stable complexes in solution than does 
hafnium; stability constants may be found in standard compilations."°’* In cases where the 
structural chemistry of discrete complexes is closely related to that of chain, layer or extended 
three-dimensional structures, the discussion of the discrete complexes has been set in the 
broader context; the section on fluorometallate complexes is a case in point. Organometallic 
compounds of zirconium and hafnium" have been excluded almost entirely. 

32.2 ZIRCONIUM(0) AND HAFNIUM(0) 

32.2.1 Group IV Ligands 

Air- and moisture-sensitive complex cyanides of composition M5Zr(CN)s (M'=K or Rb) 
have been prepared by reaction at —50°C in anhydrous ammonia of zirconium(III) bromide 
with an excess of either KCN or RbCN. In the case of the reaction involving KCN, the 1:3 
distribution of zirconium between the gray, ammonia-insoluble KsZr(CN); and the soluble 
zirconium(IV) products is in accord with the disproportionation shown in equation (1). The 
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(a) (b) (c) 

Figure 1 Perspective views of (a) the D,, square antiprism, (b) the D,, dodecahedron and (c) the C,, bicapped 
trigonal prism 

magnetic moment of K;Zr(CN)s is 2.69 BM at room temperature and its ESR spectrum shows 
a signal with g = 1.986. The absence of free KCN in the product has been confirmed by X-ray 
powder diffraction. The IR spectrum of KsZr(CN)s; exhibits at least five bands in the C=N 
stretching region at 2195, 2173, 2112, 2097 and 2073 cm™’, suggesting a rather low symmetry 
structure.'° 

4ZrBr, + SKCN + 6NH; ——> K;Zr(CN),(s) + 3ZrBr;(NH2) + 3NH,Br (1) 

32.2.2 Nitrogen Ligands 

The tris(2,2'-bipyridyl) and tris(1,10-phenanthroline) complexes, [M(bipy)3] and [M(phen);] 
(M = Zr or Hf), can be synthesized in ~80% yield by sodium amalgam reduction of ZrCl, or 
HfCl, in THF solutions that contain a stoichiometric amount of the ligand. These compounds 
are dark colored, extremely air-sensitive, monomeric and diamagnetic in solution.’® [Zr(bipy)3] 
has also been prepared by using Li,(bipy) as the reducing agent. This procedure afforded 
copper-colored crystals that have an effective magnetic moment of 0.31BM.’’ Further 
reduction of [Zr(bipy)3] in THF gives Li[Zr(bipy)3]-4THF (dark violet crystals, weg = 1.70 BM) 
and Li,[Zr(bipy)3]-8THF (dark colored crystals, = 1.10 BM).’® The formal oxidation state 
of zirconium in the [Zr(bipy)3]"" (n=0,1 or 2) could be regarded as 0, —I or —Il, 
respectively; however, because of the likelihood of electron delocalization on to the aromatic 
ligands, there are the usual problems here in assigning formal oxidation states. 

32.3 ZIRCONIUM(III) AND HAFNIUM(IID 

The coordination chemistry of zirconium(III) is an ill-defined and relatively unexplored 
area.’? Only one magnetically dilute zirconium(III) complex has been _ isolated, 
[ZrCl,(tfars)]-MeCN [tfars = 1, 2-bis(dimethylarsino)-3,3,4,4-tetrafluorocyclobutene (CF )C>- 
(AsMe,),]”° and the first structurally characterized zirconium(III) complex [{ZrCl3;(PBu3)2}>] 
has just recently been reported.” The known zirconium(III) complexes and their physical 
properties are listed in Table 2. Even less is known about the coordination chemistry of 
hafnium(III). Just one complex, HfCls(py)s, has been reported.” 

32.3.1 Nitrogen Ligands 

The ammonia adduct ZrBr3(NH3). has been obtained as a dark brown crystalline solid upon 
treatment of ZrBr3 with liquid ammonia.» 

Fowles et al.*** have prepared a number of adducts of ZrX3 (X = Cl, Br or I) with pyridine, 
2,2'-bipyridyl, 1,10-phenanthroline and acetonitrile (Table 2). These highly colored, air- 
sensitive compounds have unusual stoichiometries and low magnetic moments. The metal-to- 
ligand ratio is 1:2 for ZrXa(py)2 (X=Cl, Br or I) and ZrBr;3(bipy)2, 1:1.5 for ZrX¢(bipy); 
(X= Cl or I) and Zr,Cl<(phen)3, and 1:2.5 for Zr,.X¢(MeCN)s (X = Cl, Br or I). The magnetic 
properties of these compounds suggest dinuclear or oligonuclear structures with some 
electronic interaction between neighboring Zr atoms. For example, halogen-bridged dimeric 
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structures, [(py)2X2ZrX,ZrX2(py)2] and [((MeCN)3X2ZrX,ZrX,(NCMe),], have been proposed 
for the pyridine and acetonitrile adducts. However, because the complexes are too insoluble 
for molecular weight measurements, structural proposals are necessarily speculative. Conduc- 
tance measurements (Table 2) indicate that the iodide complexes and Zr,Cl,(phen); behave as 
isd electrolytes in acetonitrile; species such as [Zrl,(py)2(MeCN),]*I-, 
[Zrl,(bipy)2]*[Zrl,(bipy)]~ and [ZrCl,(phen),]*[ZrCl,(phen)]~ may be formed. 

In a thesis, Wasmund” has reported the reduction of ZrCl, and HfCl, with alkali metals in 
pyridine to give MCl3;—pyridine adducts having stoichiometries ZrCl;(py)3 and HfCls(py)., 
respectively. The zirconium complex is weakly paramagnetic (W.¢ = 0.39 BM) and the hafnium 
compound is diamagnetic, but ESR spectra of both complexes in pyridine are said to indicate 
the existence of ‘a paramagnetic species of unknown character.’ 

Larsen and Henzler”® have described the preparation of ZrCl;(3,5-lutidine), and ZrCl3(2,4- 
lutidine), 21.3 by slow reaction of crystalline ZrCl; with benzene solutions of the appropriate 
lutidine at room temperature over periods of up to 30 days. These investigators view the 
lutidine adducts as intercalation compounds, in which the lutidine is inserted into the solid 
between the chains of ZrCl, octahedra present in crystalline ZrCl,. The frequencies of the 
v(Zr—Cl) IR band and visible absorption bands of the lutidine complexes (Table 2) are 
appreciably shifted from the values of 333 cm~' and 17 400 cm7’ found for ZrCl;. The magnetic 
susceptibilities of the complexes are nearly independent of temperature, but they are very 
dependent on field strength. It is interesting that the more sterically hindered 2,6-lutidine did 
not react with ZrCls. 

Olver and co-workers”®’ have studied the polarographic reduction of ZrCl, and HfCl, in 
acetonitrile with 0.1M [NEt,][ClO,] as the supporting electrolyte. Three plateaus were 
interpreted in terms of reduction to the III, II and metallic states. However, controlled 
potential electrolysis of ZrCl, led to soluble [ZrCl,]*~ ions and poorly characterized 
precipitates, and no evidence for stable concentrations of Zr'’ complexes could be found. 
Evidently, the Zr™ is rapidly oxidized by perchlorate, solvent or residual water. 

32.3.2 Phosphorus and Arsenic Ligands 

Dinuclear zirconium(III) complexes of the type [{ZrCl,(PR3)2}2] (R= Et, Pr or Bu) have 

been prepared in high yield by reduction of [ZrCl,(PR3)2] with one equivalent of sodium 

amalgam.”! The less soluble methyl derivative [{ZrCl3(PMe3)2}2] was obtained by photolysis of 
[Zr(CH,CMe3)2Cl(PMes)2]."2 Molecular weight measurements suggest that the 

[{ZrCl,(PR3)2}2] complexes undergo reversible phosphine dissociation according to equation 

(2), and 'H and *!P NMR spectra indicate that coordinated and free phosphine exchange at a 

rate on the order of the NMR time scale. NMR data are included in Table 2. A weak ESR 

signal for toluene solutions of [{ZrCl;(PR3)2}2] and free phosphine, which becomes more 

intense when excess phosphine is added, has been interpreted in terms of formation of the 

mononuclear complex [ZrCl,(PRs)3] (equation 3). [{ZrCl3(PBus)2}2] has a centrosymmetric 

chlorine-bridged structure (1), with distortions from regular octahedral geometry that include 

bending back of the four terminal Zr—Cl bonds away from the central Zr -Cl),Zr unit; 

(terminal Cl)—Zr—(terminal Cl) = 165.1°. The Zr—Zr bond length is 3.182(1) A, close to that 

in zirconium metal (3.1789 A) and somewhat longer than that in B-ZrCl; (3.07 A). Thus the 

Z1—Zr bond is long and presumably weak. Reactions of the [{ZrCls(PRs)2}2] complexes with 

ethylene, propylene and butadiene have been studied.” 

[ZrCl(PRs)4] <== [Zr:Cl,(PRs)s] + PRs (2) 

0.5[(ZeCl(PR,)2}2] == [ZrCh(PR,).] == [ZrCl(PR,)] (3) 

Cl 
PBu, 

‘n, Ww Y i »» 
r r 

viN.7\~ 

(1) 

Prolonged reaction of ZrCl, with 1,2-bis(dimethylarsino)3,3,4,4-tetrafluorocyclobutene, 

Bu;P 
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(CF2)2C2(AsMez)2 (tfars), in acetonitrile (sealed tube, eight days at 100°C, six months at room 
temperature) yields [ZrCl,(tfars)|:MeCN as a brown solid. A weak IR band at 2255 cm™' 
indicates that the acetonitrile is not coordinated to the metal. This compound is a 
nonelectrolyte in acetonitrile and exhibits a magnetic moment at room temperature of 
1.73 BM. It appears to be the first magnetically dilute zirconium(III) complex to have been 
reported.”° 

32.3.3 Oxygen Ligands 

No zirconium(III) complexes with oxygen donor ligands have b¢en isolated. However, the 
electronic absorption spectra of aqueous solutions of Zrl, have been interpreted in terms of the 
formation of aqua complexes (equation 4).”? The spectrum of a freshly prepared solution of 
Zr; exhibits a band at 24400 cm™’, which decays over a period of 40 minutes, and a shoulder 

at 22000cm™', which decays more rapidly. The 24400cm™' band has been assigned to 
[Zr(H2O).,]}°*, and the 22000 cm! shoulder has been attributed to an unstable intermediate 
iodo—aqua complex. If it is assumed that the absorption band of [Zr(H2O),]** is due to the 
*Th, > *E, ligand-field transition, the value of A is 24400 cm™'. This corresponds to a A value 
of 20300 cm~' for [Ti(H2O).]** *° and 17400 cm™! for the octahedral ZrCl, chromophore in 
zirconium(III) chloride.*° 

Zl, “> [ZrI,(H,O)._,]°-” 22> [Zr(H,0).* <> Zr'¥ (4) 
oxidation 

32.3.4 Halogen Ligands 

K,ZrF; has been mentioned by Ehrlich.*' It is described as a white solid which can be 
sublimed and which exhibits slight temperature-independent paramagnetism. 

Reduction of Zr'Y in ZrX4,-AlX¢ (X = Cl, Br or I) melts, with either zirconium or aluminum 
metal, yields soluble blue species. These species were not isolated, but they have been 
formulated as Zr(X,AIX,)3; complexes on the basis of their electronic spectra. Absorption 
bands at 17400 (X=Cl), 16000 (X=Br) and 14000cm™' (X=I) may be assigned to the 
°Tyg > °E, transition of Zr™ in an octahedral environment of halide ions. The solid 
zirconium(III) halides exhibit ligand-field bands at closely similar frequencies.*” 

32.4 ZIRCONIUM(IV) AND HAFNIUM(IV) 

32.4.1 Group IV Ligands 

32.4.1.1 Cyanides 

Very little is known about cyanide complexes of zirconium(IV) or hafnium(IV). Just one 
compound has been reported. [Hf(CN){N(SiMes)2}3] (m.p. 170-172°C dec.; v(CN) 
ey cm ) has been prepared by reaction of [HfCl{N(SiMe;3)2}3] with Me3SiCN in toluene at 
reflux. 

32.4.1.2 Tin-containing ligands 

Zr(SnPh3), has been obtained as a yellow solid (m.p. 70-73°C; sintering at 65°C) by 
reaction of Zr(NEt2)4 with four equivalents of Ph3SnH. The related compound containing nine 
metal atoms, (Ph3Sn);ZrSnPh2Zr(SnPh3)3, was prepared via the sequence of reactions in 
equations (5)-(7). The transamination with N-phenylformamide (equation 6) is necessary in 
order to prevent diethylamine-catalyzed decomposition of PhjSnH> in the next reaction step. 
After purification by chromatography, the product was obtained in 22% yield as a yellow solid which melted at 100°C (sintering at 85 °C).*4 

Zr(NEt,), + 3Ph;SnH — > (Ph,Sn),Zr(NEt,) + 3Et;NH (5) 
(Ph;Sn);Zr(NEt,) + HNPhC(O)H —> (Ph;Sn);ZrNPhC(O)H + Et;NH (6) 

2(Ph3Sn)sZtNPhC(O)H + Ph,SnH, —> (Ph;Sn);ZrSnPh,Zr(SnPh;); + 2HNPhC(O)H (7) 
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32.4.2 Nitrogen Ligands 

32.4.2.1 Ammonia and amines 

The reactions of ammonia and aliphatic amines with zirconium(IV) chloride and 
hexachlorozirconate(IV) salts have been reviewed by Fowles.** Early work on ammonia 
adducts of zirconium tetrahalides is summarized in the monograph by Blumenthal.*? Com- 
pounds of the type ZrCl,-nNHs3 (n = 8, 4 or 2)*° and ZrBr4-4NH3”’ were prepared more than 80 
years ago by reaction of the tetrahalides with gaseous ammonia. Thermal decomposition of 
ZrCl,-8NH; in argon gives stepwise formation of ZrCl4-6NH3, ZrCl4-4NH; and finally ZrCl,.*® 
Tensimetric studies indicate that the ZrCl,-8NH; obtained upon reaction of ZrCl, with liquid 
ammonia is a mixture of ZrCl,(NH2)-6NH3 and NH,Cl.*? The ammonolysis product can be 
freed of NH,Cl by washing with liquid ammonia, and the resulting ZrCl,(NH2)-nNH3 is 
converted to ZrCl;(NH>2)-NH3 by heating in vacuo at 100°C.*° The same ammonolysis products 
are obtained upon reaction of liquid ammonia with MZrCl, (M’ =NHg, Rb or Cs).*! The 
reaction of gaseous ZrCl, with ammonia at 300°C yields ZrCl,-2NH3, which has a cubic unit 

cell with a = 10.13 A.” 
Zirconium(IV) and hafnium(IV) halides form adducts with a variety of monodentate and 

polydentate amines. Typical complexes are listed in Table 3. In general, these compounds are 
air- and moisture-sensitive white solids (yellow when the halide is iodide), thermally stable and 
insoluble in most organic solvents. 

Table 3 Complexes of Zirconium(IV) and Hafnium(IV) Halides with Amines 

Complex? Physical method” Ref. 

cis-[ZrCl4(NMe3)9] IR, UV, NMR, x, M 1 
cis-[ZrBr,(NMe;3),] IR, UV, NMR, x 1 
trans-[Zt1,(NMe3)9] IR, UV, NMR, x 1 
cis-[HfCl,(NMe;)9] IR, NMR 2 
trans-[HfBr,(NMes)>] IR, NMR 3 

trans-[Hf1,(NMes),] IR, NMR 3 

ZrCl,(NEt,) 4 
ZrCl,{(Me,NCH,C;H,)Fe(CsHs)} IR 5 
[ZrCl,(Et,NCH,CN)] IR 6 
ZrCl,(NHR,), (R = Me, Et, Pr) 4 
MrBr,(en) il 

[MCl,(TMEDA)] IR 8 
[ZrBr,(TMEDA)] IR 8 
[ZrCl,{(NMe-)2SiMe,}] IR, NMR 9 

[HfCl,{(NMe,),SiMe,}] IR 9 
[MC1,{Ti(NMe,).}] IR 10 
MCI,:-Me,tren IR, NMR let 

Ce eee eS 

@mM=Zr or Hf. °IR=infrared spectrum; UV =electronic spectrum; NUR= ‘HNMR spectrum; 

4 = magnetic susceptibility, M = molecular weight. 

. J. Hughes and G. R. Willey, Inorg. Chim. Acta, 1976, 20, 137. 

R. Willey, Inorg. Chim. Acta, 1977, 21, L12. 
R. Wade and G. R. Willey, J. Less-Common Met., 1979, 68, 105. 

E. Drake and G. W. A. Fowles, J. Chem. Soc., 1960, 1498. 

C. Jain and R. Rivest, J. Inorg. Nucl. Chem., 1970, 32, 1579. 

C. Jain and R. Rivest, Inorg. Chem., 1967, 6, 467. 

J. Habeeb, F. F. Said and D. G. Tuck, Can. J. Chem., 1977, 55, 3882. 

C. Ray and A. D. Westland, Inorg. Chem., 1965, 4, 1501. 

R. Wade and G. R. Willey, J. Chem. Soc., Dalton Trans., 1981, 1264. 

R. Wade, M. G. H. Wallbridge and G. R. Willey, J. Chem. Soc., Dalton Trans., 1982, 271. 

R. Wade and G. R. Willey, Inorg. Nucl. Chem. Lett., 1978, 14, 363. PSee ny aAWaYNE 
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Tertiary amines yield MX,L. or MX,L complexes, depending on the steric bulk of the 

substituents on the nitrogen atom. Trimethylamine gives well-characterized monomeric 

[MX,(NMes)2] (M=Zr or Hf; X=Cl, Br or I) complexes that have been assigned an 

octahedral cis or trans structure on the basis of the number of v(M—X) bands in their IR 

spectra. On the other hand, 1:1 adducts were obtained upon reaction of ZrCl, with 

triethylamine, N,N-dimethylaminomethylferrgcene or diethylaminoacetonitrile. The IR 

spectrum of [ZrCl,(Et,NCH,CN)] and a molecular weight measurement on the analogous 

titanium complex suggest that Et.NCH,CN behaves as a bidentate ligand, coordinating to the 

metal through the amine nitrogen atom and the triple bond of the nitrile group. 

COC3-M 
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While zirconium(IV) chloride forms simple adducts with tertiary and secondary amines, 

aminolysis takes place with primary amines yielding amonobasic chlorides such as 

ZrCl.(NHMe) 2:NH2Me and ZrCl;(NHR):NH2R (R = Et, Pr or Bu).** The reactions of amines 

(A=Me3N, Et;3N, Me2.NH, Et,NH or EtNH,) with tht corresponding alkylammonium 

hexachlorozirconates [AH],[ZrCl.] have also been studied.** No reaction was observed with 

the tertiary amines; very slow aminolysis occurred with the secondary amines, and relatively 

rapid aminolysis of one Zr—Cl bond took place with ethylamine (equation 8). 

[EtNH,],[ZrCl,] + 2EtNH, —> [EtNHs],[ZrCl,(NHEt)] + [EtNH,]Cl (8) 

Diamines such as ethylenediamine, tetramethylethylene diamine and SiMe2(NMez)2 give 1:1 

adducts with zirconium(IV) and hafnium(IV) halides. The v(M—X) region of IR spectra of 

[MX,(TMEDA)] (X=Cl or Br) and [MCl,{(NMe2)2SiMe2}] complexes is consistent with an 

octahedral cis (C2, ) structure. The presence of two N-methyl resonances in ‘H NMR spectra of 

[ZrCl,{(NMe2)2SiMe}] suggests the presence of a non-planar ZrN>Si chelate ring; the two 

resonances coalesce to a broad singlet at 100°C owing to a rapid ring-inversion process. Pale 

yellow solid adducts, [MCl,{Ti(NMez2)4}] (M = Zr or Hf), have been prepared by displacement 

of trimethylamine from n-pentane suspensions of [MCl,(NMes3),]. IR spectra of the 

[MCL,{Ti(NMez)4}] complexes suggest an octahedral cis structure about zirconium or hafnium 

in which Ti(NMe2),4 behaves as a bidentate chelating ligand (2). 

C] Me, 

Cy, | eZ 
i 

\ Ry at | Yn” 
Cl Me, 

(2) 

The tripod ligand tris(2-dimethylaminoethyl)amine (Megtren) also displaces trimethylamine 

from [MCl,(NMes)2] yielding 1:1 adducts MCl,-Megtren (M = Zr or Hf). On the basis of IR 
and 'H NMR data these compounds have been formulated as [MCl,{Megtren}]Cl, salts in 
which Megtren behaves as a tetradentate ligand. Unfortunately, conductance studies proved 
unreliable. 

NMe, 

NMe, 

32.4.2.2 N-heterocyclic ligands 

Monodentate N-heterocyclic amines such as pyridine, substituted pyridines, benzoquinolines, 
imidazoles and indazoles, and bidentate amines such as 2,2’-bipyridyl and 1,10-phenanthroline 
react with zirconium(IV) and hafnium(IV) halides to give moisture-sensitive, diamagnetic 
adducts that are generally insoluble in most organic solvents. Typical complexes are listed in 
Table 4. They may be prepared by prolonged stirring of a solution of the ligand and a 
suspension of the metal halide in an inert solvent such as benzene or dichloromethane. 
Alternatively, the adducts may be precipitated by mixing solutions of the ligand and metal 
halide in a donor solvent such as acetonitrile, ether or ethyl acetate. 

Octahedral 1:2 adducts [MX,L,] are the usual products of the reaction of zirconium(IV) or 
hafnium(IV) halides with monodentate N-heterocyclic amines. However, there are exceptions. 
Both 1:2 and 1:3 adducts have been reported for X=Cl and L=pyridine; the MCl.(py)s3 
(M = Zr or Hf) complexes are converted to [MCl,(py)2] upon heating in vacuo for seven hours 
at 65-75 °C.* While 3,5-lutidine and 2,4-lutidine react with ZrX, (X = Cl, Br or I) to give the 
expected 1:2 adducts, the more sterically hindered 2,6-lutidine yields 1:1 adducts. IR and 
‘HNMR spectra of ZrCl,(2,6-lutidine) suggest that this complex may have a symmetrical, 
chlorine-bridged dimeric structure.** 5,6-Benzoquinoline also gives a 1:1 adduct with 
zirconium(IV) chloride, whereas 3,4-benzoquinoline yields the expected 1:2 complex. 

X-Ray structures of these complexes are not yet available. However, the [MX,L,] adducts 
have been assigned octahedral cis or trans structures on the basis of the number of 
metal—halogen stretching bands in IR spectra. cis-[MCl,L,] complexes exhibit two or more 
v(M—C]) bands in the region 275—360 cm~',*° while trans-[MCl,L,] compounds show a single 
v(M—C]) band at about 335-350 cm™'.* Both cis and trans isomers are observed (Table 4), 
and the preferred configuration is not easily rationalized in terms of the structure of the ligand. 
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Table 4 Complexes of Zirconium(IV) and Hafnium(IV) Halides with N-heterocyclic Ligands 
——— ee ee A ee ee ee eee ee eee EO el Te he 

Physical Structure 
Ligand Complex? method” (ligand donor atom) Ref. 

Pyridine [MCL,(py)>] P, IR, AH cis 1-7 
MCl,(py)s IR 4 

ane [ZrBr,(py).] P,IR 1, 2,4 
Picolines [ZrF,(4-MeC5H,N)>] 8 

[ZrCl,(n-MeC5H,N),] AH 7 
a (n =2, 3, 4) 

Lutidines [ZrX,(3,5-Me,C5H3N),] IR trans (X = Cl) 9 
(X= Cl, Br, I) 
[ZrX,(2,4-Me,C;H3N)>] IR trans (X = Cl) 9 
(X= Cl, Br, I) 
ZrX,(2,6-Me,C;HN) IR, NMR 9 
(X= Cl, Br, I) 
[ZrCl,(2,6-Me,C5H3N)>| AH 7 

3-Cyanopyridine [MC1,(3-NCC5H,N),] IR cis (pyridine N) 10 
2-Acetylpyridine [MC1,(2-MeCOC;H,N),] IR cis (pyridine N) 11 
Nicotinamide [ZrCl,(3-NH,COC.;H,N)>] IR cis (pyridine N) 12, 13 
3,4-Benzoquinoline [ZrCl,(C,3HoN)>] IR trans 14 
5,6-Benzoquinoline ZrCl,4(C,3HoN) IR 15 
imidazoles [MCL,L,] IR (unsaturated N) 16, 17 
Indazole [ZrCl,(Cj7H,N2)2] IR trans (pyrrole N) 18 
5-Aminoindazole [ZrCl,(C,;H,N3).] IR (pyrrole N) 19 
Pyrazine Z1rX,(C,H,N>)> IR, A 20 

(X= Cl, Br) 
2,2'-Bipyridyl [ZrF4(bipy)>] IR, A Dog 21 

MCL, (bipy); 5 IR, AH, x [MCI,(bipy)3][MCl.](?) 7,2 
[ZrBr,(bipy)] IR, A, x Cr, 3, 4, 22 

1,10-Phenanthroline [MC1,(phen)] IR, A, x 4, 22 
[ZrBr,(phen)] IR, x 4, 22 

*M=Zr or Hf. °P=dissociation pressure measurements; IR = infrared spectrum; AH = thermochemical data, NNR= ‘4H NMR 
spectrum; A = electrical conductance; y = magnetic susceptibility. 
1. H. J. Emeleus and G. S. Rao, J. Chem. Soc., 1958, 4245. 
2. G. S. Rao, Z. Anorg. Allg. Chem., 1960, 304, 176. 
3. I. R. Beattie and M. Webster, J. Chem. Soc., 1964, 3507. 
4. T. C. Ray and A. D. Westland, Inorg. Chem., 1965, 4, 1501. 
5. W. M. Graven and R. V. Peterson, J. Inorg. Nucl. Chem., 1969, 31, 1743. 

6. A. D. Westland and V. Uzelac, Can. J. Chem., 1970, 48, 2871. 
7. Ts. B. Konunova and M. F. Frunze, Russ. J. Inorg. Chem. (Engl. Transl.), 1973, 18, 951. 
8. E. L. Muetterties, J. Am. Chem. Soc., 1960, 82, 1082. 
9. E. M. Larsen and T. E. Henzler, Inorg. Chem., 1974, 13, 581. 

10. S. C. Jain, J. Inorg. Nucl. Chem., 1973, 35, 505. 
11. S. C. Jain, Labdev, Part A, 1970, 8, 169. 
12. R. C. Paul, H. Arora and S. L. Chadha, Inorg. Nucl. Chem. Lett., 1970, 6, 469. 
13. R. C. Paul, H. Arora and S. L. Chadha, Indian J. Chem., 1971, 9, 698. 
14. §. A. A. Zaidi, T. A. Khan and N. S. Neelam, Indian J. Chem., Sect A, 1979, 18, 461. 
15. §. A. A. Zaidi, T. A. Khan and N. S. Neelam, Indian J. Chem., Sect A, 1980, 19, 169. 
16. V. T. Panyushkin, A. D. Garnovskii, O. A. Osipov, A. L. Sinyavin and A. F. Pozharskii, J. Gen. Chem. USSR (Engl. Transl.), 

1967, 37, 292. 
. D. Garnovskii, V. T. Panyushkin, L. I. Kuznetsova, O. A: Osipov, V. I. Minkin and V. I. Martynov, J. Gen. Chem. USSR 
ngl. Transl.), 1968, 38, 1806. 

. S. Siddiqi, N. S. Neelam, T. A. Khan and S. A. A. Zaidi, Bull. Soc. Chim. Fr., 1980, 1-360. 
19. K. S. Siddiqi, N. S. Neelam, F. R. Zaidi and S. A. A. Zaidi, Croat. Chem. Acta, 1981, 54, 421. 
20. G. W. A. Fowles and R. A. Walton, J. Chem. Soc., 1964, 4330. 

21. R. J. H. Clark and W. Errington, J. Chem. Soc. (A), 1967, 258. 
22. G. W. A. Fowles and R. A. Walton, J. Less-Common Met., 1963, 5, 510. 
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IR spectra are also useful in identifying the ligand donor atom in the case of complexes that 

contain ambidentate or potentially bidentate ligands. Thus, 3-cyanopyridine, 2-acetylpyridine 

and nicotinamide behave as monodentate ligands in [MCI,L,] complexes, coordinating to the 

metal only through the pyridine nitrogen atom. Imidazoles bind to metal tetrachlorides at the 

unsaturated nitrogen atoms, while indazoles are attached at the pyrrole nitrogen atom. The 

absence of a band at 960 cm! in the IR spectra of ZrX,(pyrazine). (X = Cl or Br) complexes 

indicates that, at least in the solid. state, both pyrazine nitrogen atoms are coordinated. 

Evidently pyrazine bridges between two metal atoms. The molar conductance of a ~10°°M 

acetonitrile solution of ZrCl,(pyrazine), is close to that expected for a nonelectrolyte; the small 
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conductance observed may be due to slight dissociation (equation 9). Unfortunately, the low 

solubility of the ZrX,4(pyrazine), complexes precluded molecular weight measurements. 

ZrCl,(pyrazine), +MeCN == [ZrCl,(MeCN)(pyrazine),]* + Cl” (9) 

Zirconium(IV) fluoride reacts with 2,2'-bipyridyl to give [ZrF,(bipy)2], whereas 

zirconium(IV) and hafnium(IV) chlorides yield [MCl,(bipy)] or MCL(bipy):.s, depending on 

the stoichiometry of the reaction mixture. Only the 1:1 adduct [ZrBr,(bipy)] is known in the 

case of the bromide. [ZrF,(bipy)2] has been assigned an eight-coordinate structure on the basis 

of IR spectra and conductance measurements. This compound exhibits v(Zr—F) bands at 483 

and 504cm~?, consistent with the two IR-active Zr—F stretching modes (b2 + e) expected for a 

Doq dodecahedral structure.*° An ionic structure, [MCl(bipy)3][MCl.], has been suggested for 
the isomorphous MClL(bipy);; (M=Zr or Hf) complexes, but attempts to isolate the 

eight-coordinate cation by preparation of the perchlorate or tetrafluoroborate salts were 

unsuccessful.*© The v(M—X) region of IR spectra of the [MX,(bipy)] (M = Zr or Hf, X = Cl; 

M = Zr, X=Br) complexes is consistent with an octahedral cis (C2,) structure. The structure 

of the [MX,(phen)] analogues may be more complex since IR spectra of the [MCl,(phen)] 

complexes exhibit five v(M—Cl) bands.** Molar conductances of the [ZrX4L] (L=bipy or 
phen) complexes in acetonitrile are much less than expected for a 1:1 electrolyte, but slight 
dissociation in this solvent (equation 10) is indicated.*’ 

[ZrX,L] +MeCN == [ZrX;,L(MeCN)]* + X™ (10) 

Oxozirconium(IV) complexes of the type ZrOX,L, (L=pyridine, a-picoline, 2- 
aminopyridine, 2,4-lutidine, 2,6-lutidine or quinoline; n = 4 when X= Cl, Br, I or ClO4; n =2 
when X=NO; or NCS) have been reported.**°° The corresponding 2,2’-bipyridyl and 
1,10-phenanthroline complexes have stoichiometries ZrO(ClO4)2L3, ZrOX2L, (X = Cl, Br or I) 
and ZrOX,L (X= NO; or NCS). All of these compounds are monomeric nonelectrolytes in 
nitrobenzene except for the perchlorate derivatives, which behave as 1:2 electrolytes. The 
structures of these complexes are unknown. However, several conclusions have been drawn on 
the basis of IR studies: (i) the nitrate ligands are bidentate; (ii) the NCS ligands bond to 
zirconium through the nitrogen atom; and (iii) the perchlorate compounds contain uncoordin- 
ated ClO; ions. A weak IR band in the 900-980 cm™! region has been assigned to v(Zr=O),”° 
but the presence of the zirconyl group needs to be confirmed by X-ray diffraction since this 
species rarely occurs>’ >’ (see Section 32.4.4.1). 

Zirconium and hafnium cyanate, thiocyanate, and selenocyanate complexes that contain 
N-heterocyclic ligands are discussed in Sections 32.4.2.5.iii, 32.4.2.5.iv and 32.4.2.5.v. 

32.4.2.3 Hydrazine and nitro ligands 

The reaction of zirconium(IV) fluoride with excess anhydrous hydrazine yields the 1:2 
adduct ZrF,(N2H4)2, which loses one molecule of hydrazine at 230-245 °C. ZrF,(N2H4)2 and 
Z1F,4(N2H,) have been characterized by their IR spectra. 

Hydrazine and substituted-hydrazine complexes of the type ZrOX2(NH2NHR), (R = H, Me 
or Ph; X= Cl, Br, I, NCS or NO3) have been synthesized by addition of six equivalents of the 
hydrazine to an ethanol solution of the appropriate zirconyl salt. An IR band at ~970cm™! 
assigned to v(N—N) indicates the presence of bidentate chelating or bridging hydrazine 
ligands; these complexes may be polymeric since they are insoluble in common organic 
solvents.*° 

Substituted phenylhydrazido(1—) complexes [XCs;H,NHNH3]2[ZrCls_,(NHNHC,H4X),] 
(X= Cl, Br, I or NO); n =1, 2, 3, 4 or 6) are formed upon reaction in alcohol or dioxane of 
ZrCl, with XCsH,NHNH2 or the corresponding hydrazine hydrochloride. The thermal 
decomposition of these compounds has been studied.°”>? 
Nitro complexes [M(NO>)4(DMF),] (M = Zr or Hf) have been prepared by reaction of ZrCl, 

with four equiv. of AgNO, in dimethylformamide-acetonitrile. Addition of 2,2'-bipyridyl or 
1,10-phenanthroline to solutions of [M(NO2),(DMF).] yields the corresponding 
[M(NO2)4(bipy)] or [M(NO2)4(phen)] complexes. The reaction of [Zr(NO,),(DMF)2] with 
(NBu,)Br gives (NBug].[Zr(NO2).]. IR spectra of these complexes indicate that the nitro group 
is coordinated through the nitrogen atom.” 



Zirconium and Hafnium 375) 

32.4,2.4 Dialkylamido-, bis(trimethylsilylamido)- and bis(amido)-silane ligands 

(i) Dialkylamido ligands . 

Metal dialkylamides were reviewed by Bradley in 1972.°! A comprehensive list of all 
zirconium and hafnium amides reported prior to 1979 may be found in the book by Lappert et 
al. 

Dialkylamido complexes of the type M(NR2), (M = Zr or Hf; R= Me, Et, Pr, Bu, CHMe, 
or CH,CHMe2; R2= NCsHio, NCsHoMe or NC;HsMe2) may be prepared by reaction of the 
metal tetrachloride with the appropriate lithium dialkylamide (equation 11) or by transamina- 
tion between M(NR2)4 (R=Me or Et) and a higher boiling secondary amine (equation 
12).°° The transamination approach may also be used to prepare mixed ligand complexes 
such as [Zr(NMe2)2{N(CHMez)2}2] or [Zr(NEt2)3{N(CHMe,),}].° The M(NR2)4 complexes 
are moisture-sensitive, volatile liquids or low-melting solids that can be distilled or sublimed at 
~0.1 mmHg. Originally, some of these compounds were said to be green or blue,™ but it now 

_ appears that the pure compounds are generally colorless or yellow.°°® Molecular weight 
measurements in boiling benzene indicate that Zr(NMez), is partly polymerized; the degree of 
association is 1.22 in benzene, and 'H NMR studies in dichloromethane show that the degree of 
association increases with decreasing temperature.©© [Zr(NEt)4] is monomeric in boiling 
benzene, and complexes that contain higher amides are presumably monomeric as well. 

4MCl,+ 4LiNR, —> M(NR,),+ 4LiCl (11) 
M(NR,),+4R3NH — > M(NR’),+4R,.NH (12) 

He’ photoelectron spectra of [M(NR»)4] (M=Zr or Hf; R=Me or Et) have been 
recorded, and the lowest energy band has been assigned to ionization from molecular orbitals 
having nitrogen ‘lone pair’ character. Splitting of this band indicates that free rotation about 
the M—N bond is not occurring in these compounds.®’ Calorimetric measurements on 
alcoholysis reactions of [Zr(NR2)4] (R = Me or Et) and [Hf(NEt,),] have afforded the following 
values for the mean thermochemical bond energies (kJ mol~'): Zr—N, 377; Hf—N, 397.8% IR 
spectra of the [M(NRz2),4] complexes exhibit a single M—N stretching frequency (at 530- 
680 cm~*), consistent with the local T, symmetry of the MN, core.® 

Zirconium and hafnium dialkylamides are highly reactive compounds. They undergo (i) 
protolytic substitution reactions with reagents such as alcohols, cyclopentadiene and 
bis(trimethylsilyl)amine;* (ii) insertion reactions with CO2, CS, COS, nitriles, phenyl 
isocyanate, methyl isothiocyanate, carbodiimides and dimethyl acetylenedicarboxylate;” and 
(iii) addition reactions with metal carbonyls.”* These reactions are summarized with reference 
to Zr(NMez), in Scheme 1. 

Transamination between [Zr(NEt2),4] and primary amines does not give stable Zr(NHR), 
complexes; the reaction of [Zr(NEt2),] with RNH2 (R=Et, Pr, Bu or Ph) in hydrocarbon 
solvents at 0-5°C yields precipitates of composition Zr(NR)(NHR)2.”* The dinuclear t- 
butylimido derivatives [{M(NCMes3)(NMez2)2}2] (M= Zr or Hf) (3) have been prepared by 
heating a hexane solution of M(NMe2), under reflux with one equivalent of Mex;CNHb, 

followed by removal of the solvent and sublimation of the residue at 150°C in vacuo. The 
dimeric structure of (3) has been confirmed by an X-ray study of the zirconium complex. The 
geometry about the Zr atom is roughly tetrahedral, with the Zr—N bonds to the nearly planar 
dimethylamide ligands (average 2.060 A) and the symmetrically bridging t-butylimide ligands 
(average 2.066 A) being nearly identical. The molecule is centrosymmetric, and the Zr,N> ring 
is planar.” 

CMe, 

Be ye 
~ 

MeN Ny NMe, 

CMe, 

(3) 

Acylamido complexes of the type Zr(NHCOR),,(OCHMez)4_, (” = 1, 2, 3 or 4; R= Me, Ph 
or CsH,N) have been prepared in quantitative yield by reaction of Zr(OCHMez)4,HOCHMe, 

with stoichiometric amounts of acetamide, benzamide or nictotinamide. These compounds are 

insoluble in common organic solvents, nonvolatile and probably polymeric. IR spectra show 
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unperturbed v(C=0) vibrations, indicating that the NHCOR ligands coordinate through the 
nitrogen atom.’° 

Reaction of an excess of imidazole with tetrabenzylzirconium in THF at 52°C yields 
Zr(C3N2Hs)4 as a yellow crystalline solid.”” The pyrrolyl complex [Na(THF)¢].[Zr(7!-NCaHa)e] 
has been prepared by reaction of [ZrCl.(n-CsHs)2] with (pyrrolyl)sodium in THF at reflux 
temperature. The [Zr(n'-NC4H,).]* ion is octahedral (crystallographic point group symmetry 
3) with N—Zr—N bond angles near 90°. Short Zr—N bond lengths (2.198 A) and Zr—N— 
Gat n'-NC,H,) angles of 179° are indicative of considerable d,,—Px Character in the Zr—N 
onds. 

(ii) Bis(trimethylsilylamido) ligands 

Chlorobis(trimethylsilyl)amido complexes [MCI{N(SiMes3)2}3] and [MCI,{N(SiMe3)2}>] 
(M = Zr or Hf) have been prepared by reaction of the metal tetrachloride with a stoichiometric 
amount of lithium or sodium bis(trimethylsilyl)amide.””*’ The [MCI{N(SiMe3)2}3] complexes 
are surprisingly inert to substitution reactions; they do not react with dioxygen, water, dilute 
mineral acids, aqueous AgNO3, LiCH2SiMe3, LiBH, or excess Na[N(SiMe3)2]. However, they 
do react with methyllithium, yielding [M{N(SiMe3)2}3(Me)],” and [HfCl{N(SiMe3}3] is 
conveniently converted to [HfX{N(SiMes)2}3] (X = Br, I, N3 or CN) by reaction for 12 hours in 
refluxing toluene with the appropriate trimethylsilyl halide or pseudohalide (equation 13).*° 

[HfCl{N(SiMe;),}3] + MesSiX ——> [H£X{N(SiMe,).};] + Me,SiCl (13) 

The corresponding [MCl.{N(SiMe3)2}2] (M= Zr or Hf) complexes are considerably more 
reactive than the [MCI{N(SiMe;)2}3] analogues. The dichlorobis(silylamides) are air- and 
moisture-sensitive. They can be converted to [MCI(BH,){N(SiMe3)2}2] (M=Zr or Hf) and 
[HfCl(OSiMe3){N(SiMe3)2}2] derivatives, and they serve as starting materials for the prepara- 
tion of a variety of alkyl complexes of the type [M{N(SiMes)2}2R>2], [Hf{N(SiMe3)2}2RR’] and 
[HfC]{N(SiMe3)2}.R.3?°°? 

Physical and spectroscopic properties of the inorganic bis(trimethylsilylamido) complexes are 
listed in Table 5. These compounds are relatively low-melting, colorless or white crystalline 
solids; they have been characterized by IR, ‘H NMR and °C{'H} NMR spectroscopy. 

Table 5 Bis(trimethylsilylamido) Complexes of Zirconium(IV) and Hafnium(IV) 

Compound M.p. (°C) v(M—N)* ~~ -v(M—X)*> ‘HNMR? —s°C{'H} NMR® Ref. 

[ZrCl{N(SiMe,)>}5] 182-183 408, 400 348 0.67 6.15 1 
183-188 408, 400 349 0.38° 2 

[ZrCl,{N(SiMe3)o}5] 53-55 420 388 0.57 4.46 3 
[ZrCl\(BH,){N(SiMe;),}] 42-44 415 355 0.50 3 
[HfCl{N(SiMe;),}5] 180-181 404, 388 338 0.62 6.38 1 

186-189 397, 395 330 0.39° 2 
[HfBr{N(SiMe;),}3] 65-67 415, 372 230 ~0.5 4 
[Hfl{N(SiMe;)>}3] 92-96 415, 370 ~0.5 4 
[Hf(N;){N(SiMe;)>}5] 150 (dec.) 400, 385 355 ~0.5 4 
[Hf(CN){N(SiMe;)9}5] 170-172 (dec.) 395 295 ~0.5 4 
[HfCl,{N(SiMe;)>}>] 44-45 418 405 0.62 4.79 3 
[HfCl(BH,){N(SiMe3).}2] 55-57 0.54 3 
[HfCl(OSiMe,){N(SiMe3)2}2] 82-86 415, 383 350 0.50 5.10 5 

“IR frequencies (cm™'); X =halide, azide or cyanide. > 6 values relative to SiMe, for the N(SiMe;), group. In benzene unless 
indicated otherwise. “In toluene-dg. 
1. R. A. Andersen, Inorg. Chem., 1979, 18, 1724. 
2. C. Airoldi, D. C. Bradley, H. Chudzynska, M. B. Hursthouse, K. M. Abdul Malik and P. R. Raithby, J. Chem. Soc., Dalton 

Trans., 1980, 2010. 
3. R. A. Andersen, Inorg. Chem., 1979, 18, 2928. 
4. R. A. Andersen, Inorg. Nucl. Chem. Lett., 1980, 16, 31. 
5. R. A. Andersen, J. Organomet. Chem., 1980, 192, 189. 

X-Ray and NMR studies® of the [MCI{N(SiMes)2}3] (M = Zr or Hf) complexes indicate the 

presence of considerable steric crowding due to the bulky N(SiMes), ligands. In the solid state, 

these compounds have a distorted tetrahedral structure (4) of crystallographically imposed C3 

symmetry [Zr—Cl =2.394(2), Zr—N =2.070(3), Hf—Cl =2.436(5), Hf—N = 2.040(10) Al. 
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Crowding is evidenced by the CL-M—N angles being 10—13° less than the N—M—N angles, 

and by the M—N—Si angles proximal to Cl being 8—-10° less than the M—N—Si angles distal to 

Cl. 'H NMR spectra, which exhibit two equally intense resonances below the coalescence 

temperature of 4-5 °C, are consistent with structure (4), and the observed line broadening has 

been interpreted in terms of restricted rotation about the M—N bonds. The unusual stability of 

the [MCI{N(SiMe3)2}3] complexes is no doubt due to the steric bulk of the 

bis(trimethylsilyl)amide ligands, which protect the metal atom from attack by potential 

reactants. 

SiMe; SiMe, 

vw AN in SiMe, 

Zr 

Iva 

Me.si®’ sime, 
(4) 

Me;Si 

(iii) Bis(amido)silane ligands 

Reaction of zirconium or hafnium  tetrachlorides with the  lithium-substituted 
bis(amido)silanes Me2Si{N(Li)R}2, {SiMe2N(Li)Me},. or Y{SiMe2N(Li)Me}, yields the spiro- 
bicyclic amides (5)—(11).8**’ These compounds are colorless or light yellow, low-melting, 
volatile solids. They have been characterized by mass spectra, IR and Raman spectra, and ‘H 
and *°SiNMR spectra. An X-ray study of compound (5) has established a spirobicyclic 
structure of approximate Dj, symmetry with planar {ZrN,Si} rings (Zr—N=2.053 A, 
N—Zr—N bite angle = 77.9°).8° Compounds (9)—(11) are monomeric in freezing benzene.®’ 

R Me ti Me, 

N —Si 
ue SiMe, ~~ 

M pons Ly | Zr ey, 
SiMe, N NiM N—Si 

2 Me > Me Me, 

(5) M=Zr, R= CMe, (8) (9) Y =NMe 
(6) M= Zr, R= SiMe; (10) Y=O 
(7) M=Hf, R=SiMe, (11) Y= CH, 

The spirobicyclic compounds are cleaved by ZrCl, or HfCly, yielding the corresponding 
dichloro-monocyclic compounds (equations 14 and 15).***’ The dichloro compounds are 
oligomeric or polymeric; IR spectra suggest chlorine-bridged structures, and cryoscopic 
molecular weight measurements on ZrCl,{(NMeSiMe,).O} in benzene indicate a degree of 
association of ~4. 

[M{(NSiMe;),SiMe,},] +MCl, —> 2MClL{(NSiMe;),SiMe,} (14) 
(6) or (7) (M=Zr or Hf) 

[Zr{(NMeSiMe,)2Y}2] + ZrCl, —~> 2ZrCl,{(NMeSiMe,),Y} (15) 
(9), (10) or (11) (Y=NMe, O or CH,) 

32.4.2.5  Triazenes, azides, cyanates, thiocyanates, selenocyanates and related ligands 

(i) Triazenes 

The dark red tetrakis(1,3-diphenyltriazenido)zirconium(IV), [Zr(dpt).] (m.p. 230°C), has 
been prepared by reaction of ZrCl, and Ag(dpt) in diethyl ether.®® The analogous, orange 
1,3-dimethyltriazenido derivative, [Zr(dmt),] (m.p. 120°C), was synthesized from ZrCl, and 
pean ° Both compounds are monomeric in benzene and are presumably eight-coordinate 
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N 
Ne 

Zr we) 

N 
R 

4 

(12) R=Me or Ph 

(ii) Azides 

Highly explosive ZrCl3(N3) is obtained from the reaction of ZrCl, with iodine azide in 
dichloromethane (equation 16). IR spectra indicate that this compound is polymeric, having 
both azide and chlorine bridges. The reaction of ZrCl, with one and two equivalents of 
[PPh,][N3] yields the thermally and mechanically stable complexes [PPh,]2[{ZrCl,(N3)}2] and 
[PPh,4]2[ZrCl,(N3)2], respectively. [PPh,]2[{ZrCl,(N3)}2] contains centrosymmetric dimeric 
anions (13) in which the zirconium atoms are linked by the a-nitrogen atoms of the nearly 
linear azide groups; average bond lengths and angles are: Zr—Cl = 2.407 A, Zr—N = 2.203 A, 
N—Zr—N = 66.7°, Zr—N—Zr = 113.3°. IR spectra suggest that [ZrCl,(N3)2]*” has an oc- 
tahedral trans structure.” 

ZrCl, + IN; ——> ZrCl,(N;) + ICI (16) 

N 
i 

N 
Che "eI 

m,| \) ”,| \) 

r I 

PA | NVI) ~ 
Cl N a Cl 

N 
VA 

N 

(13) 

(iii) Cyanates 

Three kinds of cyanate complexes have been reported: (i) ZrCl,(NCO);”' (ii) 

[NEt,][M(NCO).] (M = Zr or Hf);” and (iii) M(OCN)sL, (M = Zr or Hf; L= DMSO, py, 

0.5bipy or 0.5phen).”? These compounds have been prepared from the metal tetrahalides by 

the reactions outlined in equations (17)-(21). 

CHCl, 
ZrCl, +IOCN —~——> ZrCl,(NCO) + ICI (17) 

MCI, + 2[NEt.][NCO] “SS*> [NEt,],.[MCL(NCO)2] (18) 

[NEt,][MCl,(NCO),] + 4AgNCO > [NEt,],[M(NCO).] + 4AgCl (19) 

MCI, + 2Pb(NCO), “=> M(OCN), + 2PbCI, (20) 

M(NCO),+2L —=> M(OCN),L, (21) 

An N-bonded attachment of the cyanate ligands in ZrCl;(NCO) and [M(NCO).]*~ has been 

established by vibrational spectra, which exhibit a shift of the v(C—O) mode to higher 

COC3-M* 
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frequency upon complex formation.’'’” IR spectra of the M(OCN)4L2 complexes suggest that 
the cyanate ligands in these compounds may be coordinated through the oxygen atom;”° 

however, this needs to be confirmed by structural studies. Conductance measurements show 

that the M(OCN),L, complexes dissociate according to equation (22) upon dissolution in 

DMF.”? 

M(OCN),L, + DMF — > [M(OCN),L,(DMF)]* + [NCO]- (22) 

(iv) Thiocyanates 

Two classes of salts containing complex thiocyanate anions have been isolated from aqueous 
solutions: (i) A2[M(NCS).]-nH.O0 (M= Zr or Hf; A=tetraalkylammonium or pyridinium 
cation)’* 8 and (ii) A[MO(NCS)3(H2O)]-H2O (A = NH, CsHsNH, K, Rb or Cs when M = Zr; 
A= Cs when M = Hf).?”'™ The related oxohafnium complexes, [C;H;NH][HfO(NCS);3(H2O)] 
and (C;sHsNH]3[(HfO)2(NCS),]-H2O, have also been reported.” All of these compounds 
exhibit a v(C—S) IR band at higher frequency (787-879 cm~*) than in KSCN (749 cm~‘), 
indicative of an N-bonded attachment of the thiocyanate ligands. The oxometal complexes 
display a characteristic band at 913-927 cm~' (M = Zr) or 934-940 cm~* (M = Hf), which is not 
present in spectra of the [CsH;sNH]2[M(NCS).] salts. This band may be due to the M=—O 
stretching mode” (see Section 32.4.4.1). 

Oxozirconium complexes of the type ZrO(NCS),L,, where L is an N or O donor ligand, are 
discussed in Sections 32.4.2.2, 32.4.2.3 and 32.4.4.1. 

The complexes [M(NCS),(DMF),] and K,[M(NCS);]-:.DMF (1 =6 when M=Zr; n=4 
when M = Hf) have been prepared by mixing saturated DMF solutions of KSCN and the metal 
tetrachloride. IR spectra indicate that the thiocyanate ligands are N-bonded and DMF is 
coordinated through the carbonyl oxygen atom in the eight-coordinate [M(NCS),(DMF).] 
complexes.'°' Related [M(NCS),(bipy)2.] and M(NCS),(phen); complexes have been 
reported,“ and the X-ray structure of [Zr(NCS),4(bipy).] has been determined.’ The 
structure (14) features an N-bonded attachment of the linear, monodentate thiocyanate ligands 
(Zr—NCS = 2.182 A) and a square antiprismatic coordination polyhedron of crystal- 
lographically imposed D, symmetry. The 2,2'-bipyridyl ligands (Zr—N = 2.412 A) span an 
opposite pair of lateral edges. The coordination polyhedron is slightly distorted in the direction 
of a Dj, dodecahedron; the corresponding dodecahedral stereoisomer would have the bipy 
ligands on the a edges and the NCS groups in the B sites. 

OW OW 

(14) 

In aqueous solution, zirconium(IV) and hafnium(IV) form complexes M(NCS)*~", where 
n = 1-8.'* Selective extraction of hafnium thiocyanate complexes from acidic aqueous solution 
by methyl isobutyl ketone is a widely used industrial method for the separation of zirconium 
and hafnium. Separation methods have been reviewed by Vinarov.1° 

(v) Selenocyanates 

Tan colored K,{M(NCSe).] (M = Zr or Hf) complexes have been prepared by extracting the 
metal tetrachlorides into an acetonitrile solution of KSeCN. IR spectra indicate an N-bonded 
attachment of the NCSe ligands.1% 

_ Treatment of a THF solution of K,[M(NCSe).] with 2,2’-bipyridyl or 1,10-phenanthroline 
yields the complexes M(NCSe),(bipy), and M(NCSe),(phen)3(THF) (M = Zr or Hf).!°7 Radial 
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distribution curves for the hafnium compounds based on X-ray powder data show maxima 
assigned to Hf:---Se at 4.8-4.85 A. These data are consistent with coordination of the NCSe 
ligand through the nitrogen atom. ' 

The reaction of ZrCl, with freshly prepared (SeCN), in CS, at —60°C yields the substitution 
product ZrCl,(NCSe) (equation 23). IR spectra suggest that the SeCN group acts as a bridging 
ligand, coordinating through the nitrogen and selenium atoms.'® 

ZrCl, + (SeCN), —— ZrCl3(NCSe) + ClSeCN (23) 

(vi) Halogenoids, interhalogen—halogenoids and interhalogenoids 

Zirconium(IV) chloride reacts with freshly prepared oxycyanogen (OCN), in dichloro- 
methane at —70°C to give the 1:1 adduct ZrCl,(NCO).. IR spectra suggest that the 
NCO—OUCN ligand is attached to the metal through the nitrogen atoms. The nitrogen atoms 
appear to occupy cis positions in the ZrCl,N, coordination group,but it is not known whether 
this compound is a monomer or a polymer.’™ 

Cyanogen iodide forms a 1:1 adduct with ZrCl, in which ICN is N-bonded; a dimeric C2, 

structure (15) has been proposed on the basis of IR and Raman spectra.'’° X-ray powder 
patterns show that the 1:2 adducts [MCl,(NCCl).] (M= Zr or Hf) are isostructural with 
[ZrCl4(NCMe),], and the v(C=N) and v(M—Cl) regions of IR spectra confirm an octahedral 
cis geometry. The [MCl,(NCC1)2] complexes lose one molecule of CICN at 95-125 °C to give 
MCIL,(NCCI) complexes, which are stable up to 190 °C.'1? 

Cl NCI 
Ny, | On, | ~\) 

4iN™ 
Cl Cl 

fea Cl Cl 

(15) 

Vibrational spectra indicate that ZrCl, adducts with S(CN)2 and Se(CN), adopt rather 
different structures. The 1:2 adduct [ZrCl,{S(CN)2}.] has been assigned an octahedral cis 
structure in which the S(CN), ligands are S-bonded. [ZrCl,{Se(CN)2}], a 1:1 adduct, appears 
to contain an N-bonded Se(CN), ligand, and a chelate structure (16) has been suggested.” 
However, oligomeric structures in which Se(CN), acts as an N-bonded bridging ligand may be 
more likely in view of the geometry of Se(CN)2."” 

Cl GC 
“Wy | ae NS 

bike mae 
Cl Cl N=C 

(16) 

32.4.2.6 Poly(pyrazolyl)borates 

Poly(pyrazolyl)borate complexes of the type [ZrCl;(RBPz3)] (R = H, CHMez, Bu or Pz) and 

[ZrCl;{HB(3, 5-Me2Pz)3}] have been prepared by reaction of sodium or potassium salts of the 

ligands (17) and (18) with two equivalents of ZrCl,.'"*"° Treatment of these complexes with 

one equivalent of KOCMe3 in toluene yields the mono-t-butoxide derivatives 

[ZrCl,(OCMe;3)(RBPz;)] and [ZrCl,(OCMes){HB(3,5-Me2Pz)3}]. The [ZrCl,(OCMes)(RBPzs)] 

complexes are fluxional on the NMR time scale (AG* =56+2kJ mol” for R= Bu), while the 

sterically more crowded [ZrCl,(OCMe;){HB(3,5-Me2Pz)3}] is stereochemically rigid at tem- 

peratures up to 140°C. These rearrangements appear to take place by a trigonal twist 

mechanism. !!° [ZrCl,(OCMes){HB(3,5-Me2Pz)3}] serves as the starting material for prepara- 

tion of stable alkyl derivatives [Zr(OCMe3)R2.{HB(3,5-Me2Pz)3}] (R=Me, CH,Ph or 

C=CMe).""* Di- and tri-t-butoxide derivatives [ZrCls_,(OCMes),,{HB(3,5-Me2Pz)3}] (m = 2 or 

3) have also been reported."!°""° 
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(xt) | or) 

(17) [RBPz;] (18) [HB(3,5-Me,Pz)3]~ 

Asslani et al.'!? have described the synthesis of the tetrakis(pyrazolyl)borate complexes 
[ZrCl(BPz,4)2], [ZrBr2(BPz4)2] and [Zr(BPz,4)4]. Analytical and ‘H NMR data were reported 
for these compounds, but Reger and Tarquini''’ have been unable to reproduce the NMR 
data. 

32.4.2.7 Nitriles 

Zirconium(IV) and hafnium(IV) chlorides and bromides form 1:2 adducts of the type 
[ZrX4(RCN),.] (R = Me, Et, Pr or Ph; X = Cl or Br) and [HfX4(MeCN),] (X = Cl or Br).""*' 
These complexes may be prepared by (i) direct reaction of the metal tetrahalide with an excess 
of the nitrile!?°!*? or (ii) electrochemical oxidation of zirconium or hafnium metal in the 
presence of a solution of chlorine or bromine in acetonitrile.'’* The adducts are moisture- 
sensitive, white solids, insoluble in nonpolar solvents, but soluble in acetonitrile. In the later 

solvent, [ZrBr4(MeCN), behaves as a nonelectrolyte.'” 
IR (4000-180cm~') and Raman (4000-10cm™') spectra of [MCl,(MeCN),] and 

(MCl,(CD3CN).] (M = Zr or Hf) have been reported, and normal coordinate calculations have 
been performed using a modified Urey—Bradley force field. Four v(M—Cl) frequencies were 
observed in the region 375-310 cm™', consistent with an octahedral cis structure.'** A shift of 
the v(C=N) band to higher frequencies upon complexation seems to be characteristic of 
coordination through the lone pair of electrons on the nitrile nitrogen atom.’7”!*! UV spectra 
of the [ZrX,(RCN)2] (R = Me or Et; X= Cl or Br) complexes exhibit intense bands that have 
been attributed to halogen— metal and nitrile— metal charge-transfer transitions. !*” 

IR spectra suggest different structures for the ZrCl, complexes with diethylcyanamide and 
diethylaminoacetonitrile. [ZrCl,(Et,.NCN)2] is a typical octahedral cis complex in which 
Et,NCN coordinates through the nitrile nitrogen atom.’* However, in [ZrCl,(Et)NCH2CN)], a 
1:1 adduct that exhibits an 80cm~’ shift of v(C==N) to lower frequency upon complexation, 
Et,NCH2CN appears to behave as a bidentate ligand, coordinating to zirconium through the 
amine nitrogen atom and the triple bond of the nitrile group.’ IR spectra of 
ZrCl4{(NCCH2C;H,)Fe(CsHs)} indicate that cyanomethylferrocene coordinates to zirconium 
through the nitrile nitrogen atom.' 

The dinitrile complexes [ZrCl4(NCCH2CN)2] and ZrCl,{NC(CH2),CN} (n =4 or 8) were 
obtained as white solids from the reaction of excess nitrile with a suspension of ZrCl, in 
dichloromethane. These complexes exhibit high-frequency shifts of v(C=N) upon complexa- 
tion, characteristic of coordination through the nitrile nitrogen atoms. The 
ZrCl4{ NC(CHz),CN} adducts were formulated as chelate compounds or coordination poly- 
mers, while [ZrCl4(NCCH2CN),] is an ordinary 1:2 adduct in which chelation is precluded by 
the short length of the chain between the two nitrile groups.'** The IR spectrum of the pale 
yellow phthalonitrile adduct [ZrCl,{CsH4(CN)2}2] suggests that phthalonitrile behaves as a 
monodentate ligand.!”° 

32.4.2.8 Ureas 

A few zirconium tetrahalide adducts with urea and its derivatives have been reported. 
Known compounds include —_ [ZrF,{(Me2N),CO}],"° — [ZrCl,{(H2N)xCO},]*_— and 
[ZrCl,{RC(O)NHC(O)NH>}] (R = Me or Ph).'°? IR studies indicate that urea coordinates to 
zirconium through the carbonyl oxygen atom.'*' The acylureas coordinate through both oxygen 
atoms, giving a chelate structure. !°2 
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32.4.3. Phosphorus and Arsenic Ligands 

32.4.3.1 Ligands containing only P or As donor atoms 

Zirconium and hafnium tetrahalides form six-, seven- and eight-coordinate adducts with 
polydentate phosphine and arsine ligands. The 1:1 adducts [MX,(dppe)] and [MX,(dpae)] 
(M=Zr, X=Cl or Br; M=Hf, X=Cl; dppe=Ph,PCH,CH,PPh,, dpae= 
Ph,AsCH,CH2AsPhz) have been prepared in benzene media. IR spectra of the [MCl,(dppe)] 
complexes exhibit four v(M—Cl) modes in the 353-278cm™' region, consistent with a 
six-coordinate octahedral structure.* 

Eight-coordinate 1:2 adducts [MX,(diars)2] (M = Zr or Hf; X = Cl or Br) are obtained from 
the reaction of the metal tetrahalides with o-phenylenebis(dimethylarsine).'°*34 These com- 
pounds are isomorphous with the corresponding titanium complex [TiCl,(diars)2], which has a 
Dy q dodecahedral structure with the chlorine atoms in the B sites and the bidentate diarsine 
ligands spanning the polyhedral a edges.'*° The analogous [ZrCl,(dmpe).] (dmpe = 
Me2PCH2CH2PMe,) complex has been reported recently. '*° 

Reaction of the tritertiary arsine ligand methylbis(3-dimethylarsinopropyl)arsine, 
MeAs{(CH2)3AsMe>}, (tas), with ZrBr, in acetonitrile yields the 1:1 complex [ZrBr,(tas)], 
which is believed to be seven-coordinate on the basis of IR and conductance evidence. The 
methyl rocking modes at 890 and 852 cm™’ in the complex are at higher frequencies than in the 
free ligand, consistent with a tridentate attachment of the arsine ligand, and the molar 
conductance of a 107*M solution of [ZrBr,(tas)] in nitrobenzene indicates little dissociation of 
bromide ions. However, conductance studies in nitrobenzene, nitromethane, acetone and 
acetonitrile indicate increasing dissociation upon dilution (equation 24).'%’ 

[ZrBr,(tas)] + solvent = [ZrBr;(tas)(solvent)]* + Br- (24) 

Zirconium(IV) chloride reacts with P(NCO); in benzene and with P(CN)3 in benzene— 
diethyl ether to give the substitution products ZrCl,{P(NCO).} and ZrCl3{P(CN)2}, respec- 
tively (equation 25). These compounds have been obtained as somewhat impure, very 
hygroscopic solids. On the basis of IR evidence, the P(NCO)2 and P(CN), ligands are believed 
to be coordinated through the phosphorus atom.'*® 

ZrCl, + PX; ——> ZrCl,(PX,) + CIX (25) 

(X = CN or NCO) 

32.4,3.2 Ligands containing mixed donor atoms 

The reaction of LiN(SiMe,CH,PR2). with either ZrCl, or HfCl, yields 

[MCI,{N(SiMe2CH>PRz2)2}2] (M = Zr or Hf; R=Me or Ph) as colorless, air- and moisture- 

sensitive crystalline solids. 1H and *!P{*H} NMR spectra of these complexes are consistent with 

a chiral, octahedral structure (19) in which the bulky N(SiMe2CH»PRz2), ligands are bidentate, 

with the two uncoordinated SiMe,CH2PR, groups being disposed to opposite sides of the 

equatorial plane. Structure (19), of approximate C2 symmetry, has been established for 

[ZrCl,{N(SiMezCH2PMez)2}2] by a single-crystal X-ray study; averaged bond distances are 

Z1—P = 2.798, Zr—N = 2.096 and Zr—Cl = 2.460 A.” 
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(19) R’ = SiMe,CH,PR, 

The [MCl,{N(SiMe,CH2PR2)2}>] complexes are unreactive towards nucleophiles. However, 
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[HfCl,{N(SiMe,CH2PMez)2}2] disproportionates in the presence of excess HfCl,, yielding the 

‘mono’ amide complex [HfCl;{N(SiMe,CH2PMe}2}-HfCl4],, which can be converted to the 

monomeric complex [Hf(BH4)3{N(SiMe2CH2PMe,)2}] and [Hf(BH,)4] upon reaction with 

excess LiBH,. Treatment of [Hf(BH,)3{N(SiMezCH,PMez,).}] with Lewis bases (NEt; or 
PMe;) generates the dinuclear trihydride [{Hf[N(SiMe2xCH2PMez)2]}2(H)3(BHa)s].'*° 

32.4.4 Oxygen Ligands 

32.4.4.1 Water, hydroxide and oxide 

The extremely complicated aqueous solution chemistry of Zr'Y and Hf"Y has been reviewed 
by Larsen,* Solovkin and Tsvetkova,”' and Clearfield.°* Zirconium(IV) and hafnium(IV) ions 
undergo extensive hydrolysis, and the predominant solution species are polynuclear, even in 
dilute (>10~*-10-*M) solutions of high acidity (1-2M). Spectrophotometric,'! 
ultracentrifugation,'**""** and light scattering’ studies point to trinuclear and tetranuclear 
hydrolysis products; complexes such as [M3(OH),]** and [M4(OH)s]** have been suggested. 
The mononuclear ions M‘** are predominant solution species only at trace metal ion 
concentrations (<~10~*M). A recent potentiometric determination of hydrolysis constants, 
K,, = [M(OH)**][H*]/[M**], for Zr** and Hf** in perchlorate media ({H*]=0.5—4M) 
confirms that Zr** (K, =0.28+0.05) is more strongly hydrolyzed than Hf** (K, =0.08+ 
0.03). 4° 
a evidence for the existence of tetranuclear hydroxo complexes comes from X-ray 

diffraction studies of the zirconyl halides, ZrOX,-8H,O (X =Cl or Br).'*”!** These isomor- 
phous compounds contain the [Zr4(OH)g(H2O),.]°* cation (Figure 2) in which four Zr atoms at 
the corners of a slightly puckered square are connected by double hydroxo bridges. Each 
zirconium atom is attached, in addition, to four water molecules, giving an eight coordination 
polyhedron best described as a distorted dodecahedron. Averaged Zr—O bond distances are 
Zrt—OH, = 2.272 and Zr—OH = 2.142 A.'*8 Subsequent studies!*?°° of X-ray scattering from 
concentrated aqueous solutions of zirconium(IV) and hafnium(IV) halides and zirconium(IV) 
perchlorate are consistent with a predominant tetranuclear solution species, 
[M.(OH)s(H20),6]®* (M= Zr or Hf), with a structure similar to that of the cation in the 
crystalline zirconyl halides. 

@O(OH ) 

© 0(f,0) 
Ovudr 

Figure 2 Structure of the [Zr,(OH),(H,O),.]** cation 

"HNMR spectra of zirconyl perchlorate in water—acetone mixtures at —70°C indicate that 
Zr'Y has an average hydration number of ~four.!®! This is in accord with [Zr4(OH)s(H20))6]** 
if it is assumed that only the bound water molecules are observed; the lack of an NUR signal 
for the hydroxy protons could be due to rapid proton exchange. 
Raman spectra of acidic aqueous solutions of MOCl,-8H,O (M=Zr or Hf) have been 

examined in an effort to detect the zirconyl and hafnyl ions, M—O?+. No evidence for a 
v(M=O) Raman band in the region 800-1000 cm~! was found.'52-54 A broad IR band 
centered at ~1000 cm™' is observed in the multiple attenuated internal reflectance spectrum of 
a concentrated ZrOCl, solution.'** However, this band shifts to lower frequency upon 
deuteriation, indicating that the solution species contains hydroxo bridges, and not zirconyl 
groups. Bands due to 6(ZrOH) in the 910-1030 cm“ region of the IR spectrum of crystalline 
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ZrOCl,-8H,O exhibit similar isotopic shifts in the deuteriated analogue.'**15> Raman spectra of 
2.5 M ZrOCl, in SM HCl show a polarized band at 580 cm™!, a depolarized band at 450 cm7! 
and a shoulder at ~420cm™*. The former two bands are assigned to totally symmetric and 
non-totally symmetric v(Zr—OH) vibrations of the [Zr,(OH)3(H2O),6]8* ion, and the 420 cm7! 
band is tentatively assigned to a v(Zr—OH,) vibration. Upon addition of NaOH, the 420 cm! 
band decreases in intensity and a new band appears at ~530.cm7', probably due to v(Zr—OH) 
vibrations involving terminal hydroxyl groups of a more highly hydrolyzed species such as 
[Zr4(OH)s(OH)4(H20),2]** : it 

When perchloric acid solutions of Zr'Y are diluted from [Zr'Y] ~ 10-7 M to [Zr'Y] < 10-* M 
and the HClO, concentration is increased from 0.5M to 2-4M, [Zr4(OH)g(H20O),6]®* is 
converted to the mononuclear ion, presumably [Zr(H2O),]**. The kinetics of this process, 
abbreviated Zr,— Zr, follow the simple rate law ky[H*][Zr4]; at ionic strength 2.0M 
(NaClO,): ky(25°C) = 0.95 x 10°7M~'s7', AH*=55.2kJmol™!, and AS*=-—117+ 
8JK~!mol!. Acids HX, such as H3PO,, H»C,O, and HF, also induce Zr,— Zr conversion, 
giving the rate law ky[H*][Zr4] + kux{HX][Zr4].1° 
X-Ray diffraction studies have established the presence of coordinated water molecules and 

bridging hydroxo ligands in normal and basic Zr (Hf) salts and in certain neutral and anionic 
complexes. Water- and hydroxo-containing compounds that consist of discrete complexes are 
listed in Table 6. Averaged metal—oxygen bond lengths to coordinated water molecules and 
bridging hydroxo ligands are in the ranges 2.20-2.29 and 2.10-2.14 A, respectively. Structures 
of these complexes, mostly dodecahedral, are discussed in later sections dealing with the other 
ligands. 

Table 6 Structural Data for Aqua and Hydroxo Complexes of Zirconium(IV) and Hafnium(IV) 

Coordination Averaged bond lengths (A) 
Structural formula polyhedron* Zr—OH, Zr—OH Ref. 

[Zr,(OH) (HO) .6]Clg-12H,O DD PUGH 2.142 1 
Na,[Hf(SO,),(H2O),] DD 2.26 2 
[NH,],[Hf(SO,),(H,O),]-2H,O DD 2.196 3 
Na,{Hf(SO,);(H2O)] 2.28 4 
a-[(H,O),(SO,)Zr(SO,).Z1r(SO,4)(H,O),]-2H,O DD 2.21 5 
B-[(H,O),4(SO,)Zr(SO,).Z1r(SO,)(H,O),4]:2H,O DD 2.24 6 
[(H,O),(SO,)Zr(SO,)2Zr(SO,)(H2O),]-6H,O DD 223 7 

K,[(H2O) (SO,4).Z1(SO4)2Z1(SO4)2(H20)2] DD 2.29 8 
BTP 222 9 

K,[(CO3)3;Zr(OH).Zr(CO3)3]-6H,O DD 2.10 10 
[NH,]<[(CO3)3Z1r(OH)2Zr(CO3)3]-4H,O DD Qe 11 
[H,O),F3ZrF,ZrF3(H,O)3] DD 2.283 12 
[NMe,],[(H,O)F,Z1F,ZrF,(H,0)] PBP 2.271 13 
[Zr(edta)(H,O),]-2H,O DD 2:27 14 

* DD = dodecahedron; BTP = bicapped trigonal prism; PBP = pentagonal bipyramid. 
1. T. C. W. Mak, Can. J. Chem., 1968, 46, 3491. 
2. D. L. Rogachev, L. M. Dikareva, V. Ya. Kuznetsov and G. G. Sadikov, J. Struct. Chem. (Engl. Transl.), 1981, 22, 470. 

3. D. L. Rogachev, L. M. Dikareva, V. Ya. Kuznetsov, V. V. Fomenko and M. A. Porai-Koshits, J. Struct. Chem. (Engl. Transl.), 

1982, 23, 765. 
Ae Dig. Rogachev, V. Ya. Kuznetsov, L. M. Dikareva, G. G. Sadikov and M. A. Porai-Koshits, J. Struct. Chem. (Engl. Transl.), 

980, 21, 118. : 
J. Bear and W. G. Mumme, Acta Crystallogr., Sect. B, 1969, 25, 1566. 

J. Bear and W. G. Mumme, Acta Crystallogr., Sect. B, 1969, 25, 1572. 

J. Bear and W. G. Mumme, Acta Crystallogr., Sect. B, 1969, 25, 1558. 

. W. G. Mumme, Acta Crystallogr., Sect. B, 1971, 27, 1373. 

9. M. A. Porai-Koshits, V. I. Sokol and V. N. Vorotnikova, J. Struct. Chem. (Engl. Transl.), 1972, 13, 815. 

10. Yu. E. Gorbunova, V. G. Kuznetsov and E. S. Kovaleva, J. Struct. Chem. (Engl. Transl.), 1968, 9, 815. 

11. A. Clearfield, Inorg. Chim. Acta, 1970, 4, 166. 

12. F. Gabela, B. Kojic-Prodic, M. Sljukic and Z. Ruzic-Toros, A¢ta Crystallogr., Sect. B, 1977, 33, 3733. 

13. R. L. Davidovich, M. A. Medkov, V. B. Timchenko and B. V. Bukvetskii, Bull. Acad. Sci. USSR, Div. Chem. Sci., 1983, 2181. 

14. A. I. Pozhidaev, M. A. Porai-Koshits and T. N. Polynova, J. Struct. Chem. (Engl. Transl.), 1974, 15, 548. 

1 
gd Bells 
a5: 
balled 

Very little X-ray data is available for zirconium or hafnium complexes that contain OXO 

ligands. The only X-ray evidence for the existence of the zirconyl or hafnyl group, M=O**, 

comes from a structural study of K,ZrO3.'°’ This compound contains chains of ZrO; oe 

pyramids that share basal edges. The Zr—O distance to the apical oxygen atom (1.92 ) is 

appreciably shorter than the sum of ionic radii (2.20 A), the sum of the covalent radii (2.22 A) 
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and the Zr—O distances to the four basal, bridging oxygen atoms (2.13 A). In his 1973 review 

of the structural chemistry of zirconium compounds, MacDermott” identifies the apical Zr—O 

bond in K,ZrO; as the only probable example of a zirconium—oxygen double bond yet 
reported. He adds, ‘There is no doubt that the ‘zirconyl’ group as a persistent species in 
solution is mythical.’ 

Planalp and Anderson’ have recently reported the structure of [{ZrME[N(SiMes)2]2}20], 
a centrosymmetric oxo-bridged dinuclear complex having a linear Zr-—O—Zr bridge and a short 
Zr—O bond distance (1.950(1) A). -Oxo compounds of the type [{MX(n-CsHs)2}20] 
(M=Zr or Hf; X=Cl, Me or SPh) are common in organometallic chemistry.’ These 
compounds exhibit a characteristic IR band associated with the M—O—M unit at ~750- 
800 cm~! and M—O bond distances in the neighborhood of 1.95 A. The Zr—O bond lengths 
(average 1.959(3) A) in the cyclic trinuclear complex [{ZrO(n-CsHs)2}3] are similar to those in 
the dinuclear complexes, indicative of an appreciable amount of zirconium—oxygen da—pz 
bonding.'°? 
Numerous attempts have been made to identify the zirconyl or hafnyl group in solid 

compounds on the basis of vibrational spectroscopy. Barraclough, Lewis and Nyholm’ found 
that compounds known to have an M=O bond exhibit a strong, sharp IR band in the region 
900-1100 cm~! while polymers with an —M—O—M—O-— chain structure give a broad band at 
somewhat lower frequency. Kharitonov and Zaitsev’®' suggested the range ~800—-1000 cm™! 
for v(Zr=O) and v(Hf =O), and noted that 6(MOH) deformation modes can give rise to 
strong bands in the same region. Thus, study of deuteriated compounds is necessary in order to 
avoid incorrect assignments. A case in point is ZrOCl,-4H,O. This compound exhibits a sharp 

IR band at 918cm™’, assigned to v(Zr==O) by Spasibenko and Goroshchenko.'® However, 
Powers and Gray’** showed that the 918 cm~’ band is displaced to 697 cm~! in the spectrum of 
ZrOCl,-4D,0, and therefore it cannot be assigned to the zirconyl group. 

The IR spectrum of anhydrous ZrOCh, prepared by reaction of ZrCl, with ClO, exhibits an 
intense band at 877 cm™' and a broad band at 538 cm~!. The 877 cm7! band was assigned to the 
ZrO** cation, and the 538cm7' band to the —Zr—O—Zr—OW— chain of a polymeric 
{ZrOClz},, anion.'® The same bands have been observed in the IR spectrum of an amorphous 
form of anhydrous ZrOCl, obtained from the reaction of ZrCl, with Sb,O;.1% On the other 
hand, anhydrous ZrOCl, prepared by (i) thermal decomposition of Zr,OCls-4MeCN’® or (ii) 
partial dehydration of ZrOCl,-8H2O with thionyl chloride followed by heating in vacuo at 
200 °C’ showed no bands that could be assigned to the zirconyl group. 

Several oxochloro complexes of zirconium have been reported. These compounds are listed 
in Table 7 along with frequencies of IR bands that have been assigned to zirconium—oxygen 
stretching modes. The acetonitrile and dioxane adducts of Zr OCI, [Zr,OClg}*~— and 
[Zr,OCl]*~ are believed to contain Zr—O—Zr bridging units. The strong, sharp band at 
1104 cm™? in the spectrum of Zr,OCl,-4POCI, has been cited as evidence for a Zr=O group, 
and both Zr—O groups and —Zr—O—Zr—O— chains have been suggested for 
(CsHs;NH)2ZrOCk. 

Table 7 Zirconium—Oxygen Stretching Frequencies for Oxo—Chloro 

Complexes of Zirconium(IV) 

Compound v(ZrO) (cm~') Ref. 
a a ee oe 

Zr,O0Cl,-4MeCN 800 1 
Zr,0Cl,:-5C,H,0, 740 1 
Zr,OCl,:-4POCI, 1104 1 
[NO],[Zr,OClg] 605, 584 2 
[NEt,]4[Zr,0C1,o] 750 3 
(C;H;NH),ZrOCl,? 1000, 770 4 
Se ee eee eee 
“Isolated from methanol. Another form of (CsH;NH)ZrOCl,, isolated from 
carbon tetrachloride, shows a v(ZrO) band at ~920cm_ (ref. 5). 
1. A. Feltz, Z. Anorg. Allg. Chem., 1965, 335, 304. 
2. H. Prinz, K. Dehnicke and U. Miiller, Z. Anorg. Allg. Chem., 1982, 448, 49. 
3. A. Feltz, Z. Anorg. Allg. Chem., 1968, 358, 21. 
4. G. M. Toptygina, I. B. Barskaya and I. Z. Babievskaya, Russ. J. Inorg. 

Chem. (Engl. Transl.), 1972, 17, 1104. 
5. G. M. Toptygina, I. B. Barskaya and I. Z. Babievskaya, Russ. J. Inorg. 

Chem. (Engl. Transl.), 1971, 16, 686. 
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Kharitonov and coworkers have presented IR evidence for the existence of the M=O group 
in two classes of zirconyl (hafnyl) compounds: (i) oxyfluorides such as ZrOF,, KZrOF;-2H,0, 
Zr4Fi003, HfOF,, HfsFisO and HfyFy20,;'°7 (ii) _~—s isothiocyanates ~~ such __as 
A[ZrO(NCS)3(H20)]-H2O0 (A =NHy, CsHsNH, K, Rb or Cs), A[HfO(NCS)3(H2O)]-H,O 
(A =Cs;HsNH or Cs) and [CsHsNH]3[(HfO)2(NCS),]-H,O.°! However, Selbin®? has been 
unable to duplicate the oxyfluoride work and Clearfield>* has suggested that the intense, but 
rather broad, IR band reported for the oxyfluorides in the region 833-896 cm7! could be 
assigned to an M—O—M vibration instead of an M=O mode. The isothiocyanate complexes 
display a sharp, rather intense band at 913-927 cm™’ (M = Zr) or 934-940 cm™! (M = Hf),29 
and this has been confirmed by Selbin®* for A[ZrO(NCS)3(H2O)]-H,O (A =Cs or NMea,). 
However, the corresponding deuteriated compounds have not been studied, and therefore it is 
possible that the 913-927 and 934-940 cm~* band arises from a 6(MOH) vibration rather than 
a v(M=O) mode." Lipatova and Semenova'® have reported that this band disappears when 
Cs[MO(NCS);3(H20)]-H2O0 (M= Zr or Hf) is dissolved in acetone, and reappears when the 
solvent is evaporated. This observation was interpreted in terms of a reversible hydrolysis of 
the M=O group of the solid compound, giving an M(OH), moiety in solution. The mode of 
attachment of the oxygen atom in the A[MO(NCS)3(H,O)]-H,O complexes remains uncertain, 
and X-ray studies are needed to establish the structure of these compounds. 
The zirconyl group has also been said to be present in oxo zirconium(IV) complexes of the 

type [ZrOX,L,] (X= Cl, Br, NO; or NCS), [ZrOL,]L, and [ZrOL¢][ClO4]2, where L is an 
oxygen donor ligand such as diphenyl sulfoxide,’®’” tetramethylene sulfoxide,'”! pyridine 
N-oxide,'’* 2-methylpyridine N-oxide,'”? 2,6-lutidine N-oxide,’ triphenylphosphine oxide!”4 
or hexamethylphosphoramide'”> and in the analogous 2,2’-bipyridine 1,1'-dioxide complexes 
[ZrOX,(bipyO2)]|-2H2O (X=Cl, Br, NO; or NCS), [ZrO(bipyO2),]I,-2H,O and 
[ZrO(bipyO>]3[ClO4]2-2H,O.''”” In general, the chloro, bromo, nitrato and isothiocyanato 
complexes are monomeric nonelectrolytes in ionizing organic solvents, while the iodide and 
perchlorate compounds behave as 1:2 electrolytes. IR spectra of these compounds show that 
(i) the nitrate ligands are bidentate, (ii) the NCS ligands are attached to zirconium through the 
nitrogen atom, and (iii) the perchlorate compounds contain uncoordinated ClO; ions. A weak 
IR band in the 900-980 cm™! region has been assigned to the v(Zr=O) mode, but the low 
intensity of this band argues against such an assignment. On the other hand, the molecular 
weight and conductance data are consistent with mononuclear structures that contain a Zr=O 
group. Unfortunately, no X-ray structural data are available. Other compounds of unknown 
structure that may possibly contain a Zr—O group include oxozirconium(IV) complexes with 
N-heterocyclic ligands (Section 32.4.2.2), tridentate Schiff bases (Section 32.4.9.1.i1) and 
1,10-phenanthroline mono-N-oxide (Section 32.4.9.3). 

Previous reviewers °!~>* have maintained a healthy skepticism concerning the existence of the 
Zr=O7* and Hf=O7* ions. There is no evidence for the existence of these species in aqueous 
solution and IR evidence for the presence of ZrO and Hf—O groups in solid compounds is 
equivocal. These structural units appear to be rare, and only X-ray studies can provide really 
convincing evidence for their existence. 

Relatively insoluble, high-melting oxometal complexes are likely to have polymeric 
structures based on —M—O—M—O chains. IR bands assignable to v(Zr—O—Zr) vibrations 

suggest structures of this type for ZrO(O2CR)2nRCO,H (R=Me, Et, Pr, CH2Cl or Ph),’” 

ZrO(O,SeCsH4X)2 (X=4-Cl, 3-Cl or 3-Br), and ZrO(OSeCsH,-3-NO2)2°2H20.°" The 

carboxylato complexes exhibit a broad band of medium intensity in the 800-865 cm’ region, 

and the benzeneseleninato complexes show a medium or strong band at 739-750 cm"’. 

32.4.4.2 Peroxide and hydroperoxide 

A variety of peroxo and hydroperoxo complexes of zirconium(IV) and hafnium(IV) have 

been isolated from aqueous or aqueous methanolic hydrogen peroxide solutions that contain 

additional ligands such as sulfate, oxalate or fluoride. Examples of recently reported complexes 

are listed in Table 8 along with characteristic vibrational frequencies and the pH employed in 

the aqueous preparations. Earlier work on peroxo compounds has been reviewed by Connor 

and Ebsworth’®° and by Larsen.° —s 
The peroxo complexes are white solids, soluble in mineral acids, but insoluble in common 

organic solvents. They are relatively stable at room temperature, however, they lose active 

oxygen at elevated temperatures. Several of the compounds in Table 8 were isolated with 
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Table 8 IR and Raman Data and Synthesis Conditions (pH) for Peroxo and Hydroperoxo Complexes of 

Zirconium(IV) and Hafnium(IV) 

v(O—0) Vae(MO>) v,(MO;) 
Compound (cm™') (cm ) (cm -) pH Ref. 

[Zr,(O,),(SO,)(H,O),]-(4-6)H,O IR 865m, 840vw 0.2-0.3 1 
R 872s, 840s 

[Zr(O,)(C,0,)(H,0),]-(3-4)H,0 IR 862m 600s 500w 0.2-0.3 2,3 
R 867s 495s 

[NH,]s(Zr(O,)Fs] IR 839w 480s, bd 555w 7 4 
K,Zr,(O,),F¢"(4-5)H,O IR 840 5, 6 
(NH,)3Zr2(O})2F,-(0.6-2)H,O IR 850m 600s 7 
K,Zr,(O,),F,-(0.6-2)H,O IR 840m 590s 5,7 

: R 850s 536m 
Rb,Zr,(O,),F,-(0.6-2)H,O IR 850m 590s 7 

R 850s 536m 

Cs,Zr(O3),F,-(0.6-2)H,O IR 850m 600s 7 
R 850s 538m 

Zr(O3)F,:2H,O IR 870vw 2-3 8 

R 867vs, 846s 500m 

(NH,)3Z1,(O).F, IR 862w 6-7 8 

R 565s 
K,Zr,(O,).F, IR 840vw, 845vw 5-6 8 

R 861m, 840vs 528m 

[NH,]3[ZrF,(0,H)] IR 844m 627 8 

R 837vs 

[NH,]3[HfF,(O2H)] 7-8 8 
K,ZrF,(O,H) IR 835m 5-6 8 

R 838vs 

K,HfF,(O,H) IR 840m 7 8 
SS ee a ee a i ee ets as, Qe Woe Fuerte ty 

V. Jere and G. D. Gupta, J. Inorg. Nucl. Chem., 1970, 32, 537. 

D. Gupta and G. V. Jere, Indian J. Chem., 1968, 6, 54. 

D. Gupta and G. V. Jere, Indian J. Chem., 1972, 10, 102. 

P. Griffith and T. D. Wickins, J. Chem. Soc. (A), 1968, 397. 

T. Santhamma and G. V. Jere, Synth. React. Inorg. Metal-Org. Chem., 1977, 7, 413. 
V. Jere, G. D. Gupta, V. Raman and M. T. Santhamma, Indian J. Chem., Sect. A, 1978, 16, 435. 
V. Jere and M. T. Santhamma, Inorg. Chim. Acta, 1977, 24, 57. 
O. Gerasimova, Yu. Ya. Kharitonov, S. A. Polishchuk and L. M. Avkhutskii, Sov. J. Coord. Chem. (Engl. Transl.), 1981, 7, 267. 
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variable amounts of lattice-held water of crystallization. The distinction between lattice-held 
and coordinated water molecules was made on the basis of thermogravimetric analysis. These 
complexes exhibit characteristic IR and Raman bands in the regions 840-880 and 500—600 cm~! 
(Table 8). The band at 840-880 cm™', observed in both IR and Raman spectra, has been 
assigned to the O—O stretching mode of the bidentate peroxo ligand in the triangularly linked 
MO, group (20)."**7** Two bands in the 500-600cm™' region have been attributed to the 
symmetric and asymmetric metal—oxygen stretching vibrations, v,(MO2) and v..(MO>), 
although this assignment is somewhat uncertain for the peroxofiuoro complexes owing to the 
presence of v(M—F) modes in the same frequency region. !81-185 

Y 

M 

- 
(20) 

Jere and Gupta'** have reported two v(O—O) bands for [Zr2(O2)3(SO4)(H2O),]-(4-6)H>O, 
a band at ~870cm™"’, fairly strong in both IR and Raman spectra, which has been assigned to a 
triangularly linked bidentate peroxo ligand, and a band at 840 cm~', strong in the Raman 
spectrum but very weak in the IR, which was attributed to a bridging peroxo group. In 
principle, one should be able to distinguish these two modes of attachment since v(O—O) of a triangular MO, group is both IR and Raman active, while v(O—O) of an M—O—O—M group is active in the Raman spectrum but inactive (C; symmetry) or only weakly allowed (Cz symmetry) in the IR spectrum. However, Gerasimova et al.'®° have noted that v(O—O) of a 
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triangular MO, group may also be very weak in the IR, and thus distinguishing the two modes 
of peroxide attachment may be problematic. 

Structures have been suggested for some of the peroxo complexes on the basis of the 
vibrational spectra.'**"** However, no X-ray structures are yet available. 

The hydroperoxo complexes K,MF;(O2H) (M= Zr or Hf) may be distinguished from the 
peroxo complexes on the basis of a unique IR band of moderate intensity at ~1450 cm~!. This 
band has been assigned to 6(O2H).'*° X-Ray powder patterns indicate that [NH4];[MF.(O.H)] 
and [NH4]3[MF;] (M = Zr or Hf) are isostructural. Since [MF7]°~ has a pentagonal bipyramidal 
structure, the [MF,(O,H)] ions may be assigned an analogous seven-coordinate structure, with 
the O.H™ group behaving as a monodentate ligand.'®° 

32.4.4.3  Alkoxides, trialkysilyloxides and aryloxides 

Metal alkoxides have been extensively reviewed by Bradley®!8*'88 and by Mehrotra.'8°! 
Zirconium and hafnium tetraalkoxides may be prepared by (i) reaction of alcohols with the 
anhydrous metal chlorides or pyridinium hexachlorometallates in the presence of ammonia 
(equations 26 and 27), (ii) alcoholysis or alcohol interchange (equation 28), (iii) transesterifica- 
tions (equation 29) or (iv) reaction of alcohols with metal dialkylamides or metal acetylaceton- 
ates (equations 30 and 31). A preferred method for preparation of many M(OR), (M = Zr or 
Hf) compounds in a high state of purity involves alcoholysis of M(OCHMez)4; HOCHMe, in 
benzene solution; the isopropanol solvate can be purified by recrystallization from isopropanol, 
and the isopropanol produced in the alcoholysis is conveniently removed by fractional 
distillation of the benzene-isopropanol azeotrope. This approach, however, is inefficient for 
synthesis of the t-butoxides because of the small (~0.2°C) difference in boiling points for 
isopropanol and ¢t-butanol. The t-butoxides are better prepared from the tetrakis(diethylamide) 
(equation 30) or by transesterification between M(OCHMe;)4- HOCHMe, and t-butyl acetate. 

MCL, + 4ROH + 4NH; —~> M(OR),+4NH,Cl (26) 

[C,H;NH],[MCl,] + 4ROH + 6NH, —> M(OR),+6NH,Cl + 2C;H.N (27) 

M(OR),+4R’OH —> M(OR’),+4ROH (28) 

M(OR),+4MeCOOR’ — > M(OR’),+4MeCOOR (29) 

Zr(NEt,), + 4Me;COH ——> Zr(OCMe;), + 4Et,.NH (30) 

Zr(acac),+4ROH —— Zr(OR),+ 4Hacac (31) 

The reaction of alcohols with ZrCl, in the absence of ammonia yields chloride alkoxides 
ZrCl,(OR):nROH and ZrCl,(OR)2:7ROH. Mixed alkoxides such as Zr(OR)(OCMes)3 and 
Zr(OR)2(OCMes)2 (R = Me or Et) have been obtained from alcoholysis reactions between (i) 
Zr(OR), and t-butanol or (ii) Zr(OCMe;3), and ROH. The monomethoxy complex is dimeric, 
[{Zr(OMe)(OCMes)3}2], and probably has a methoxy-bridged structure. _ 

Boiling points and molecular association data for the tetraalkoxides are listed in Table 9. The 
methoxides are insoluble, polymeric solids of low volatility; Zr(OQMe), sublimes in a molecular 
still at 280°C. Ti(OMe), is a tetramer, but the structures of Zr(OMe), and Hf(OMe), 
remain unknown. Most of the other tetraalkoxides are volatile liquids, which are soluble in 

organic solvents. Two forms of zirconium isopropoxide (liquid b.p. 160 °C/0.1 mmHg and 
crystalline m.p. 135°C) have been described."? For tetraalkoxides that contain the same 
number of carbon atoms, the boiling point and the degree of association (n) in boiling benzene 
decrease with increasing branching of the alkyl chain. Thus, in the case of the eight isomeric 
zirconium amyloxides, the primary amyloxides have values of n in the range 3.7—2.4, while the 
secondary amyloxides are dimers and the tertiary amyloxide Z1(OCMe2Et), is a monomer. The 
tertiary alkoxides are monomeric because steric hindrance prevents alkoxide bridging, which 
causes oligomerization of the primary and secondary alkoxides. Careful vapor pressure 
measurements on M(OCMe;),4 and M(OCMe-Et), have shown that volatility increases as M 
varies in the order Ti< Zr < Hf; the increase in volatility with increasing molecular weight has 
been attributed to an entropy effect.'°'°* Ti(OCMe,Et), and Hf(OCMe,Et), have been 
separated by gas chromatography, but attempts to separate Zr(OCMe,Et), and Hf(OCMez2Et), 
were unsuccessful.'?° i. 

4H NMR spectra of the trimeric isopropoxides M(OCHMez)4 (M = Zr or Hf) indicate rapid 
exchange of terminal and bridging isopropoxide groups; HNMR spectra of mixtures of 
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Table 9 Boiling Points and Degree of Association for Zirconium(IV) and Hafnium(IV) Alkoxides and 

Trialkylsilyloxides 

B.p. B.p. , 

Compound (°C/mmHg) n® Ref. Compound (°(C/mmHg) M.p. n Ref. 

Zr(OMe), 280° 1 Hf(OMe), 2 
Zr(OEt), 180-—200/0.1 3.6 “se Hf(OEt), 180-200/0.1 2 

Zr(OPr), 208/0.1 3 : 
Zr(OCHMe;), 160/0.1 3.0,3.6° 4,5 Hf(OCHMe,), 170/0.35 SSNs 
Zr(OBu), 243/0.1 3.4 3 
Zr(OCHMeEt), 164/0.1 2.5 4 
Zr(OCMe;), 89.1/5.0 1.0 6 Hf(OCMe;), 90/6.5. 
Zr(OCH,CH,CH,CH,Me), —276/0.1 3.2 3 Zr(OSiMe;), 135/0.1 182 20 412 
Zr(OCH,CH,CHMe,), 247/0.1 3.3 7 
Zr(OCH,CHM€eEt), 238/0.1 3.7 7 
Zr(OCH,CMe;), 188/0.2 2.4 7 
Zr(OCHEt;), 181/0.1 2.0 4 
Zr(OCHMePr), 178/0.1 2.0 4 
Zr(OCHMeCHMe,), 176/0.1 2.0 4 
Zr(OCMe, Et), 95/0.1 1.0 7 Hf(OCMe,Et), 92/0.1 
Zr(OCHMeBu), 190/0.1 4 Zr(OSiMe,Et), 105/0.1 105 1.2 12 

Zr(OCHMeCMe;), 128/0.1 1.0 4 
Zr(OCMeEt,), 171.4/5.0 1.0 6 Zr(OSiMcEt,), 120/0.1 30 «10 ~=«=12 
Zr(OCMe,Pr), 161.6/5.0 6 Zr(OSiMe,Pr), 103/0.05 COscew ld: Bok? 
Zr(OCMe,CHMe,), 133/0.1 6 Zr(OSiMe,CHMe;), 110/0.1 10 12 
Zr(OCHPr,), 163/0.1 1.0 4 
Zr{OCH(CHMe,)>}, 158/0.1 1.0 4 
Zr(OCEt,) 180/0.4 1.0 6 Zr(OSiEt,), 147/0.1 Lorie 
Zr(OCMe,CMe;), 168/0.5 6 

Zr(OCMeEtCHMe,), 194/0.7 6 
Zr(OCH,CF3), 146/0.8 3.0 8 
Zr{OCH(CF;)}4 110/0.8 1.8 9,10 Hf{OCH(CF3)>}4 10 
Zr(OCMe,CCl,), 1.0 1 
eS ee ee eee ee eee ee eee ee eee ee. ee 

“Degree of association, in boiling benzene unless indicated otherwise. °Sublimes. ‘In freezing benzene. 
. C. Bradley and M. M. Factor, Nature (London), 1959, 184, 55. 

. C. Bradley, R. C. Mehrotra and W. Wardlaw, J. Chem. Soc., 1953, 1634. 

. C. Bradley, R. C. Mehrotra, J. D. Swanwick and W. Wardlaw, J. Chem. Soc., 1953, 2025. 

. C. Bradley, R. C. Mehrotra and W. Wardlaw, J. Chem. Soc., 1952, 5020. 

. C. Bradley and C. E. Holloway, J. Chem. Soc. (A), 1968, 1316. 
. C. Bradley, R. C. Mehrotra and W. Wardlaw, J. Chem. Soc., 1952, 4204. 

. C. Bradley, R. C. Mehrotra and W. Wardlaw, J. Chem. Soc., 1952, 2027. 

N. Kapoor and R. C. Mehrotra, Chem. Ind. (London), 1966, 1034. 
N. Kapoor, R. N. Kapoor and R. C. Mehrotra, Chem. Ind. (London), 1968, 1314. 

. S. Mazdiyasni, B. J. Schaper and L. M. Brown, Inorg. Chem., 1971, 10, 889. 
. C. Bradley, R. N. P. Sinha and W. Wardlaw, J. Chem. Soc., 1958, 4651. 

. C. Bradley and I. M. Thomas, J. Chem. Soc., 1959, 3404. 
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M(OCMes), and t-butanol evidence rapid intermolecular exchange of t-butoxide ligands.1%° IR 
spectra of zirconium and hafnium tetraalkoxides exhibit a strong v(C—O) band near 1000 cm7! 
and one or more v(M—O) bands in the region 520-590 cm~!.!97:!°8 Calorimetric measurements 
have afforded the following values for mean thermochemical bond energies (kJ mol~') in 
Zr(OCHMez), and Hf(OCHMe;),4: Zr—O, 552; Hf—O, 573.8 No X-ray structural data are 
available for the tetraalkoxides except for a preliminary report of a study of the isopropanol 
solvates M(OCHMe>)4-HOCHMe, (M = Zr or Hf). These complexes have a dimeric structure 
in which two MO, octahedra share an edge.!” 

Zirconium and hafnium tetraalkoxides are highly reactive compounds. They react with 
water, alcohols, silanols, hydrogen halides, acetyl halides, certain Lewis bases, aryl isocyanates 
and other metal alkoxides. With chelating hydroxylic compounds HL, such as B-diketones, 
carboxylic acids and Schiff bases, they give complexes of the type ML,(OR),4_,; these reactions 
are discussed in the sections dealing with the chelating ligand. 

Partial hydrolysis of zirconium alkoxides yields polymeric oxozirconium alkoxides such as 
Zr304(OR), (R=Et or CMes;), Zr,0;(OCHMe>). and Zr203(OCMe3)2-4HOCMe, 322 
complete hydrolysis gives hydrated zirconium dioxide. An X-ray study” of an oxo zirconium 
methoxide hydrolysis product has_ shown that the crystals contain molecules of 
[Zr;30g(OMe)36]. This complex has a 3m(D3qa) structure (Figure 3) consisting of a cubic close 
packed arrangement of 13 Zr atoms, three above and three below a plane of seven. The central 
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Zr atom is surrounded by a slightly distorted cube of eight oxygen atoms (at 2.19 and 2.23 A), 
each of which is attached to three of the other Zr atoms. The 12 peripheral Zr atoms are 
seven-coordinate, being bonded to two bridging oxygen atoms (at 2.15-2.19 A), four bridging 
methoxide ligands (at 2.12-2.21 A) and one terminal methoxide ligand (at 2.00 and 2.03 A). 
An alternate route to oxozirconium alkoxides is the reaction of alcohols with 
ZrOClp-2MeCO>H in the presence of piperidine. This approach has been used to prepare 
compounds of the type ZrO(OR)2-nROH and ZrOCl(OR)-nROH (R=Me, Et, CHMe, or 
CMe;; n = 0.5-2.0.7% 

Figure 3 The arrangement of zirconium atoms (solid circles) and oxygen atoms (open circles) in molecules of 
[Zr,30,(OMe)3.]; O(2) and O(3) are bridging oxygen atoms while the other oxygen atoms are part of methoxide 

groups (reproduced by permission from ref. 202) 

The synthetic utility of alcoholysis reactions of Zr(OCHMe2)4,;HOCHMe, has been 
mentioned already. Additional examples are the preparation of glycoxides of the type 
Zr{O(CR2),O} (OCHMez)2, Zr{O(CR2),O}2 and Zr{O(CR2),O}{O(CR,),OH}, (R=H or 
Me)*™* and N-methylaminoalkoxides of the type Zr(OR),,(OCHMe>)4_» (R = CH,CH,NHMe, 
CH2CH,NMe, or CHMeCH2NMe2; n=1, 2, 3 or 4) from stoichiometric amounts of 
ZrO(OCHMe,)4-HOCHMe, and the appropriate glycol or aminoalcohol. The N- 
methylaminoalkoxides are monomeric in boiling benzene except for 
Z1(OCH,CH2;NHMe),,(OCHMez)4_,, (1 =1 or 2), which are dimeric. 

Silanolysis of Zr(OR), (R=CHMe, or CMe;3) (equation 32) gives the corresponding 
trialkylsilyloxides Zr(OSiR3), (Table 9). These compounds are colorless liquids or white solids 
that can be distilled or sublimed under reduced pressure. They are less susceptible to hydrolysis 
and possess greater thermal stability than the corresponding t-alkoxides. It is interesting to note 
that the trialkylsilyloxides are slightly more associated than the t-alkoxides, presumably 
because steric effects of the R3SiO group are smaller that those of the R3;CO group; 
Zr(OSiMes), is a dimer in boiling benzene. 

Zr(OR),+4RJSiOH —> Zr(OSiR;),+4ROH (32) 

Halide alkoxides ZrX,(OR)4-, (X=Cl or Br) are formed in reactions of zirconium 
alkoxides with hydrogen halides or acetyl halides. Thus Zr(OCHMe?)4-HOCHMe; reacts with 
acetyl chloride in 1:1, 1:2 and 1:3 mole ratios yielding isopropyl acetate and 
ZrCl(OCHMe?2)3; HOCHMe2, ZrCl,(OCHMe2)2;xHOCHMe, and ZrCl,(OCHMe;), respec- 
tively. When an excess of acetyl chloride is used, the product is ZrCl4-2MeCO,CHMe,.*° 

Relatively few coordination compounds are known in which zirconium or hafnium alkoxides 
bond to Lewis bases. Zirconium isopropoxide forms 1:1 adducts with isopropanol, pyridine, 
hydrazine and ethylenediamine, but it does not bond to donors such as diethyl ether, 
dimethylamine, triethylamine, 2,2’-bipyridyl or thiourea.*”’*°* Halogen substitution in the 
alkoxide ligand appears to increase the Lewis acid character; thus Zr(OCH2CCI;),4 forms a 1:2 
adduct with acetone. Chloride alkoxides ZrCl,(OR)4_, (7 =1, 2 or 3) and ZrOClI(OR) are 
better Lewis acids than the corresponding Zr(OR), and ZrO(OR), compounds. 
ZrOCl(OCHMe>;)2-2HOCHMe, reacts in dichloromethane with a variety of Lewis bases 
yielding adducts of the type ZrOCl (OCHMe;)-L (L = py, bipy, quinoline, DMF, dimethylace- 
tamide or phthalimide) and ZrOCI(OCHMez)-3DMSO, whereas the corresponding dialkoxides 
ZrO(OR),-ROH (R = Me, Et or CHMe,) failed to react.” Dit: 

Zirconium tetraalkoxides Zr(OR), (R=Pr, CHMe, or CMes3) react with stoichiometric 
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amounts of phenyl or naphthyl isocyanate to give the insertion products 

Zr{NR'C(O)OR},(OR)4-n (R’ = Ph or CioH7; n = 1, 2, 3 or 4).7° 
Reaction of zirconium and hafnium alkoxides with alkali metal, alkaline earth metal, 

aluminum and gallium alkoxides yields bimetallic alkoxides of the type: M’Zr(OCMes3)s, 
M’M2(OR), and M3M;(OR),4 (M’=alkali metal; M=Zr or Hf; R=alkyl); 
M"{M2(OCHMez)o}2 and M"M3(OCHMez;);4 (M" = Mg, Ca, Sr or Ba); M”M(OCHMe?), and 
M’’M(OCHMe;)i0 (M” = Al or Ga).'8*!” The bimetallic alkoxides are volatile, covalent 
compounds that can be sublimed or distilled under reduced pressure. Most of these compounds 
are monomeric in boiling benzene, though some tend to dimerize. Structures have been 
suggested on the basis of molecular weight data, 'HNMR spectra, and the products of 
alcoholysis reactions, but no X-ray structural data are yet available. A recent study of solubility 
in the Al(OCHMe2)3;—Zr(OCHMe,),-L (L = THF or HOCHMez;) system has confirmed the 
existence of AlZr(OCHMe),, but failed to provide evidence for Al,Zr(OCHMe;),0.”' The 
existence of bimetallic alkoxides M"Zr3(OCHMez),5-3HOCHMe, has been established in the 
M"(OCHMe;)3—Zr(OCHMe?)4a—-HOCHMe; (M” = Y or La) systems.7’”79 
Compounds of composition [CsHsNH].[MCl,(OMe).] (M=Zr or Hf), [CsHsNH]2- 

[ZrCl,(OEt)] and [CsHsNH],[ZrCl,(OEt),4] have been prepared by reaction of the metal 
tetrachlorides with methanol or ethanol in the presence of pyridine." 

The reaction of ZrCl, with Li(tritox) in diethyl ether yields [ZrCl3(tritox)2-Li(OEt,)2], where 
tritox is the sterically bulky tri-t-butylmethoxide ligand, (Me3;C);CO. An X-ray study of this 
compound revealed trigonal bipyramidal coordination about the zirconium atom, with the two 
tritox ligands in equatorial sites and three chlorine atoms in the remaining sites. The equatorial 
chlorine atom and one of the axial chlorine atoms bridge to the lithium atom, which is also 
attached to two diethyl ether molecules. The Zr—O bond lengths (average 1.895 A) are 
exceptionally short and the Zr—O—C angles (average 169°) are nearly linear, indicative of 
strong pa—dz bonding. It has been suggested that the neutral (Me3C)3CO- ligand may function 
as a five-electron donor, like a cyclopentadienyl group. Extraction of [ZrCl,(tritox)2-Li(OEt,)2] 
with hexane yields ZrCl,(tritox)2, which can be converted to ZrMe,(tritox), by reaction with 
MeLi. 

Conductometric titration of ZrCl, with KOPh in nitrobenzene indicates the formation of 
Zr(OPh)4, ZrCl;(OPh) and ZrCl,(OPh)2, which have been isolated and characterized by 
chemical analysis. The Lewis acidity of Zr(OPh), and ZrCl,(OPh), has been demonstrated by 
isolation of adducts with py, bipy, phen and their N-oxides.”*© 

ZrCl, and HfCl, react with LiOAr (OAr = 2,6-di-t-butylphenoxide) in benzene or diethyl 
ether to give the aryloxide complexes [MCI(OAr)3] (M = Zr or Hf). Attempts to prepare the 
corresponding MCI,(OAr), compounds were unsuccessful. [HfCl(OAr)3] has a sterically 
congested, tetrahedral structure with bond distances Hf—Cl = 2.365(1) A, Hf—O = 1.938(3), 
1.925(2) and 1.917(3) A, and Hf -O—C bond angles in the range 152—159°. Low-temperature 
“H NMR spectra exhibit inequivalent t-butyl groups proximal and distal to the chlorine atom 
owing to a slowing at ~ —60 °C of rotation about the Hf—O—Ar bonds. Because the sterically 
bulky t-butyl groups tend to protect the metal atom from nucleophilic attack, the [MCI(OAr)s3] 
complexes are not easily alkylated though [HfCl(OAr)3;] does react with MeLi to give 
[HfMe(OAr)3].71” 

32.4.4.4 B-Ketoenolates, tropolonates, catecholates and quinones; ethers, aldehydes, 
ketones and esters 

(i) B-Ketoenolates 

Tetrakis(acetylacetonato) complexes of zirconium and hafnium were reported in 190418 and 
1926,°!” respectively, and a large number of f-diketonate derivatives have been described 
subsequently (Table 10). These compounds are of the type [M(dik)4], [M(dik)3X], [M(dik)2X>], 
M(dik)X; and [M(dik);]Y (dik = B-diketonate anion; X= Cl, Br, I, NO3, or alkoxide; 
Y = [FeCl], [AuCl,], 3[PtCl.] or 3[Zr(SO,)s]). Additional B-diketonate compounds include the 
anionic complex [NEt,][Zr(bzbz)F,] (bzbz=dibenzoylmethanate)° and the 1:1 ZrCl- 
diketone adducts [ZrCl,(MeCOCR,COMe)] (R=H or Me).”4?22 Early work on zirconium 
and hafnium f-diketonates has been reviewed by Larsen,> Bradley and Thornton,° Fackler2? 
and Mehrotra et al.*”* 

The following methods have been employed for preparation of zirconium and hafnium 
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_ B-diketonates, and the application of these methods to specific compounds is documented in 
Table 10: (A) reaction of a hydrated metal salt and the B-diketone in aqueous or nonaqueous 
media, often in the presence of a base such as carbonate or triethylamine; (B) extraction of a 
hydrochloric acid solution of the metal ion with a benzene solution of the diketone; (C) 
reaction of a metal tetrahalide with the diketone (or diketonate anion) in an organic solvent at 
reflux (equation 33); (D) exchange of diketonate ligands between a metal diketonate and a less 
volatile B-diketone (e.g. equation 34); (E) reaction of a metal alkoxide with a stoichiometric 
amount of the diketone in benzene at reflux (e.g. equation 35); (F) ligand exchange between 
metal complexes, e.g. M(dik), and MX, (equation 36) or M(dik), and M(dik),X, (equation 37); 
(G) conversion of [M(dik),4] to [M(dik)3Cl] by reaction with acetyl chloride. The physical 
methods that have been used to characterize zirconium and hafnium diketonates are also listed 
in Table 10. 

MX, +nHdik —> [M(dik),X,_,] + nHX (33) 
(n =2, 3 or 4) 

[Zr(acac),] + 4Hbzbz —2-5-—> [Zr(bzbz),] + 4H(acac) (34) 

Z1(OCHMe,),-HOCHMe, + nHdik —““—> Zr(dik),(OCHMe;),_,, + (" + 1)HOCHMe, 

(n = 1, 2, 3 or 4) (35) 

3[Zr(acac),] + Zrl, —“*> 4[Zr(acac)sI] (36) 

C6He 
[Zr(acac),] + [Zr(acac),(NOs),] ——_—> 2[Zr(acac)3(NO3)] (37) 

(a) Tetrakis(diketonates), [M (dik),]. X-Ray crystal structures have been reported for 
[Zr(acac)4]*?° and [Zr(bzbz),].?“° Both complexes have an eight-coordinate square antiprismatic 
structure (Figure 4) in which the bidentate B-diketonate ligands span s edges of the antiprism 
to give the D,-ssss stereoisomer. The antiprism is slightly distorted, in the direction of a C2, 

bicapped trigonal prism in the case of [Zr(bzbz),], and in the direction of a D,, dodecahedron 
in the case of [Zr(acac),4]. These distortions have been analyzed in some detail by Chun et al.””° 
The Zr—O bonds in [Zr(bzbz),] fall into two symmetry-inequivalent sets in accord with the 
idealized D, symmetry of the coordination group. The Zr—O bonds to the ‘outer’ sites (1, 3, 6 
and 8 in Figure 4) (average 2.153 A) are significantly shorter than the bonds to the ‘inner’ sites 
(average 2.192 A). The averaged length of all eight Zr—O bonds in [Zr(bzbz),] (2.172 A) is 
0.026. less than the averaged Zr—O bond length in [Zr(acac)4] (2.198 A). X-ray powder 
patterns have shown that [Hf(acac),] is isostructural with [Zr(acac)4], and time differential 
perturbed angular correlation measurements on [Hf(acac),] are consistent with a D2-ssss square 
antiprismatic structure.””” 

(a) (b) 

Figure 4 Structures of (a)  tetrakis(1,3-diphenyl-1,3-propanedionato)zirconium(IV) and (b) tetrakis(2,4- 

pentanedionato)zirconium(IV). Dimensions of the coordination polyhedra are averaged in accord with approximate 

D,-222 symmetry. Distortions of the square antiprisms involve slight folding of the quadrilateral faces about the 

indicated face diagonals (reproduced by permission from reference 226) 
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1H and 9F NMR spectra of Zr'Y and Hf'Y tetrakis(6-diketonates) have been investigated in 

CHCIF; solution at temperatures down to —170 °C, and several complexes have been identified 

which become stereochemically rigid on the NMR time scale at temperatures in the range at 

to —170°C.”8 Spectra of [Zr(acac),4] and [Hf(acac),4] in the slow-exchange limit exhibit two 

methyl proton resonances of equal intensity, consistent with the D)-ssss stereoisomer found in 

the solid state. °F spectra of [Zr(tfacac),] (tfacac = MeCOCHCOCF:;) show that more than 

one geometric isomer is present in solution. The kinetics of intramolecular rearrangement of 

several of these complexes have been studied by NMR line-shape analysis; kinetic data are 

summarized in Table 11. Tetrakis(diketonates) are highly fluxional; for [Zr(acac)4], the 

extrapolated rate constant at 25 °C for exchange of methyl groups between the two inequivaleat 

sites of the D,-ssss stereoisomer is 4.7 x 10°s~ and the rearrangement barrier AH* is only 

17 kJ mol™?. 

Table 11 Kinetic Data for Methyl or t-Butyl Group Exchange in Zr'Y B-Diketonate Complexes* 

[Zr(acac),]” [Zr(dmh),}° [Zr(acac),(NO3)2]” 

TC) —145 —116 —144 
kagaats7}) 4.7 x 10° 1.7 x 10° 1.4 x 10° 
k_1asec is) 2.0 x 10? 6.8 2.9 x 107 
AG* (—125 °C) (kJ mol” ') 28.94 0.3 33.14 0.1 28.54 0.2 
AH* (kJ mol” *) TZ le 23.0 £9271 18.8+ 1.3 
AS* (J mol! K~') ~78.2 + 10.5 —67.8412.1 —63.6 + 10.5 
E, (kJ mol‘) 18.44 1.3 24.34 2.1 20.14 1.3 
log A 8.8+ 0.6 9.4+ 0.6 9.5+ 0.5 

“In CHCIF, solution. 5 Methyl group exchange. ‘t-Butyl group exchange; dmh = MeCOCHCOCMe;. 

Intermolecular exchange of f-diketonate ligands is also a rapid process. Ligand exchange 
between [M(acac)4] and [M(tfacac),] (M= Zr or Hf) is fast on the "HNMR time scale at 
temperatures above ~70°C.*”? 'H and '7F NMR spectra of [Zr(acac),4]-[Zr(tfacac)4] mixtures 
indicate the presence in solution of all five [Zr(acac),(tfacac),_,] (n=0, 1, 2, 3 or 4) 
complexes, with the mixed-ligand complexes being favored at the expense of the parent 
complexes.””?°° It is interesting to note that equilibrium constants K,, for formation of the 
mixed-ligand complexes (equation 38) depend strongly on the difference in the degree of 
fluorination of the two diketonate ligands dik and dik’. Thus, observed values of K,, for the 
[Zr(acac),4]-[Zr(bzbz),4] system are slightly less than the statistical values for random scrambling 
of ligands (K;=K3;=4; K2.=6), while values of K, for the [Zr(acac),]-[Zr(hfacac)4] and 
[Zr(dpm)4]-[Zr(hfacac),4] (dpm = Me; CCOCHCOCMes) systems are ~10°—10° times the statis- 
tical values.’ Values of K,, for the [Zr(acac)4]-[Zr(tfacac))4] system are intermediate, ~4—7 
times the statistical values. In the [Zr(acac),4]-[Zr(tfacac),4] system, deviations from random 
scrambling of ligands are due to entropy effects,°° while in the [Zr(acac)s]-[Zr(hfacac),] 
system, enthalpy effects are the principal causes of the nonstatistical behavior.7*! Minacheva 
and Brainina*’ have reported the isolation of a number of mixed-ligand complexes, including 
[M(acac)2(bzbz).] (M = Zr or Hf). 

7 (M(dik).] x =." [M(dik’),] wt [M(dik),, (dik’),_,.] (38) 

(n = 1, 2 or 3) 

The kinetics of ligand exchange between [M(dik),] (M = Zr or Hf; dik = acac or tfacac) and 
the corresponding free B-diketones have been studied by Adams and Larsen.” [Zr(acac)4] 
exchanges ligands with a polystyrene resin functionalized with acetylacetonate groups to give a 
polymer-bound zirconium complex.”*4 

[M(acac),4] (M = Zr or Hf) complexes react with N-bromosuccinimide yielding the 3-bromo- 
2,4-pentanedionate derivatives [M(acac)(3-Bracac)3] and [M(3-Bracac)4]; the products depend 
on the reaction conditions and often are isolated as succinimide adducts.%> [Zr(bzac).] 
(bzac = MeCOCHCOPh) and [Zr(bzbz),] are not brominated under the same reaction 
conditions. The reaction of bromine with [M(acac),] results in both electrophilic substitution on 
the chelate ring and replacement of two acetylacetonate ligands; the products M(3- 
Bracac),Br2:nH,O (n =1 or 2) were isolated as hydrates due to the presence of traces of 
moisture.”*° Only ligand replacement occurs in reactions of bromine with [M(bzbz),4]; products 
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are [M(bzbz).Br2] (M = Zr or Hf) and [Zr(bzbz)3Br].”°” With iodine, [Zr(acac)4] forms a 1:1 
charge-transfer complex, which has been studied in solution by spectrophotometric methods.?*® 
IR studies indicate extensive hydrogen bonding between [Zr(acac),4] and CDCl; in CCl, 
solution, presumably involving the acetylacetonate oxygen atoms.”°? 
Many [M(dik),] complexes are volatile, especially those that contain fluorinated diketonate 

ligands. Mass spectra and gas chromatographic behavior of several of these complexes have 
been studied (see Table 10). Isenhour and coworkers™“®**4! have employed fluorinated 
diketonates in mass spectrometric procedures for determination of Zr and Zr/Hf ratios in 
geological samples. The most intense peak in mass spectra of [M(dik),] complexes is 
[M(dik)3]*. Sievers et al.** have used gas chromatography of metal trifluoroacetylacetonates to 
separate Zr from Al, Cr and Rh. However, attempts to separate [Zr(tfacac),] and [Hf(tfacac),4] 
by gas chromatography were unsuccessful. Zirconium and hafnium can be separated by solvent 
extraction procedures that employ fluorinated diketones.'° [M(dik),4] (M=Zr or Hf; dik = 
acac, dpm, tfacac or hfacac) have been used as volatile source materials for chemical vapor 
deposition of thin films of the metal oxides.*4°*“4 

(b) Tris(diketonates), [M(dik)3;X]|. Known compounds of this type have X = halide, nitrate 
or alkoxide. The methods used to prepare these complexes are indicated in Table 10. 

IR and Raman spectra, dipole moment data, and molecular weight and conductance 
measurements point to seven-coordinate structures for the halo complexes [M(acac)3X] 
(M = Zr or Hf, X=Cl or Br; M= Zr, X=I). The vibrational spectra exhibit metal—halogen 
stretching bands (Table 12) and indicate that all of the carbonyl groups are coordinated.*° 
Dipole moments of ~5-6 D in benzene solution are in good agreement with the values 
expected for a seven-coordinate structure.**° The [M(acac)sX] (X =Cl or Br) complexes are 
monomeric nonelectrolytes in ionizing solvents,*’*** but [Zr(acac)3I] is ~10% dissociated in 
1,2-dichloroethane and ~26% dissociated in nitrobenzene.**’ The dissociated species of 
[Zr(acac)3I] in 1,2-dichloroethane are markedly stabilized by tetrahydrofuran, probably due to 
coordination by the THF (equation 39). Crystallization of [Zr(acac)3I] from THF yields a 
Zr(acac)3I-THF adduct, which loses THF upon heating for 5h at 80°C in vacuo. 

[Zr(acac)3I] + THF <= [Zr(acac),;(THF)]* + 1I- (39) 

Table 12 Selected IR and Raman Vibrational Frequencies (cm ') for M(acac),, M(acac),X and M(acac),X, (X= Cl, 

Br or I) 

I EEE EEE ————————E——E——ee 

Compound v,(C=+O) Vqs(C=+O) v,(M—O) V,;(M—O) v(M—X) 

Zr(acac),4 IR 1591 1397 421 

R a 441p” 416 
Hf(acac),4 IR 1592 1397 422 

R a 446p 417dp” 
Zr(acac)3Cl IR 1581, 1568 1381 449 432 314 

R a 448p 431 

Zr(acac)3Br IR 1580, 1566 1381 449 434 164 
R a 449p ~430 

Zr(acac)3I IR 1562 1380 452 438 93 

Hf(acac)3Cl IR 1579, 1570 1387 454 432 293 

R a 452p 433 ~296 

Hf(acac),Br IR 1574, 1565 1386 454 433 166 

R a 452p ~430 

Zr(acac) Cl, IR 1575, 1555 1338 460 450 335, 325 

R a 458p ~450 338p 

Zr(acac),Br IR 1570, 1551 1333 460 450 213 

R a 459p ~450 212p 

Hf(acac),Cl, IR 1579, 1556 1341 463 446 322, 313 

R a 462p ~444 323p 

Hf(acac),Br IR 1576, 1553 1337 463 447 207 

baa? R a 460p ~445 208p 

Die to! iE eee 

* This region obscured by solvent absorption. : p = polarized; dp = depolarized. 
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A seven-coordinate structure for [Zr(acac)3Cl] has been confirmed by X-ray diffraction.7”” 
This complex has distorted pentagonal bipyramidal geometry with the chlorine atom in an axial 
position (Zr—Cl = 2.472(6) A). The ‘axial Zr—O bond is ~0.06 A shorter than the averaged 
length (2.14 A) for the five, quite uniform equatorial Zr—O bonds. Because of close O---O 
contacts in the equatorial plane, the pentagonal girdle of oxygen atoms is appreciably 
puckered. In solution, [Zr(acac);Cl] is stereochemically nonrigid on the NMR time scale at 
temperatures down to —130°C.”*” 

It is interesting to note that [Zr(acac)3Cl] can be recrystallized unchanged from hot 
acetylacetone.~? An NMR study”*’ has shown that substitution of the chlorine atom is very 
slow under anhydrous conditions; heating [Zr(acac)3;Cl] with neat acetylacetone for 24h at 
80°C yields a product which is only ~20% [Zr(acac),]. In the presence of water, [Zr(acac)3Cl] 
is readily converted to [Zr(acac)4],*°°”°' evidently due to preliminary hydrolysis of the Zr—Cl 
bond. In anhydrous media, the ease of complete substitution is dependent on the nature of the 
diketone; certain aryl-*** and trifluoromethyl-substituted** diketones readily react with ZrCl, 
to give the tetrakis(diketonates). 

The dibenzoylmethanate complex [Zr(bzbz);Cl] reacts with iron(III) chloride, gold(III) 
chloride or chloroplatinic acid in chloroform or glacial acetic acid yielding [Zr(bzbz)3]Y 
(Y =[FeCl,], [AuCl,] or 0.5[PtCl,]).74%7°° [Hf(bzbz)3][FeCl] is also known. The tetrachloro- 
ferrate and tetrachloroaurate salts behave as 1:1 electrolytes in nitromethane or nitrobenzene. 

IR spectra of the 3-cyano-2,4-pentanedionate complex (Zr(3-CNacac)3Cl suggest that one of 
the three cyano groups is coordinated to a second Zr atom, thus increasing the coordination 
number of zirconium to eight. Coordination of one of the cyano groups also occurs in the 
dichloro complex Zr(3-CNacac) Cl,.74 

Several [M(dik);(NO3)] complexes are known (Table 10). [Zr(acac)3(NO3)] has an eight- 
coordinate structure in which the bidentate nitrate ligand spans an a edge and the three 
acetylacetonate ligands span b, m and g edges, respectively, of a distorted D,, dodecahedron. 
This unusual abmg ligand wrapping pattern (Figure 5) is preferred over the commonly 
observed mmmm wrapping pattern because the bite of the acetylacetonate ligand is too large to 
permit two acac ligands to be located on the same trapezoid of a ZrO, dodecahedron. The acac 
ligand bite shows significant variation with the type of polyhedral edge it spans: 
m(2.618(2) A) < g(2.689(2) A) < b(2.786(2) A). Zr—O bonds to the acac ligands (average 
2.141(1) A) are systematically shorter than Zr—O bonds to the nitrate ligands (average 
2.366(2) A).?°> In solution, [Zr(acac)3(NO3)] is a monomeric nonelectrolyte which is stereo- 
chemically nonrigid on the NMR time scale at temperatures down to at least —144 °C.228:255 
The monoalkoxy complexes [Zr(dik);(OR)] (Table 10) are monomeric in solution and 
presumably are seven-coordinate. 

Oo, 
Figure 5 Ligand wrapping pattern in [Zr(acac),(NO;)]. The ligands are labeled a, b, m or g according to the 

dodecahedral edge which the ligand spans (reproduced by permission from ref. 255) 

(c) Bis(diketonates), [M(dik).X>]. The best characterized compounds in this class (Table 
10) are [M(acac),X2] (M = Zr or Hf; X=Cl or Br) and [Zr(acac)2(NO3)2]. The [M(acac)2X.] 
complexes are monomeric nonelectrolytes in nitrobenzene.24” In benzene solution, they possess 
dipole moments of ~8D.”° Vibrational spectra of the [M(acac),X,] complexes exhibit 
coincident metal—ligand stretching bands in IR and Raman spectra (Table 12), and the baGe So bea rio two v(M—Cl) IR bands.*° These data point to an octahedral cis structure. In vibrational spectra of the series of compounds [M(acac).X>], [M(acac 
[M(acac)4] (Table 12), the v(M—O) and v(M—x) ane Sy fone aie 
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frequency, and the v(C+-O) bands show corresponding shifts to higher frequency, as the 
coordination number of the metal increases from six to seven to eight. The [M(acac)2X2] 
complexes are highly fluxional in solution; a single time-averaged methyl proton resonance was 
observed for [Zr(acac)2Clz] at temperatures down to —130°C.*4’ X-Ray powder patterns 
indicate that the [Zr(acac)2X.] and [Hf(acac),X,] complexes which contain the same halogen 
are isomorphous. 

[Zr(acac)2Cl,] reacts with two equivalents of PhMgBr, two equivalents of PhLi or one 
equivalent of PhaM (M= Mg, Cd or Hg) in THF at low temperatures yielding Zr(acac)2CIPh. 
This compound was formulated as a chlorine-bridged dimer, but no molecular weight data were 
reported.° Treatment of [Zr(acac)Cl,] with four equivalents of PhLi results in phenyl 
substitution of the chelate ring (equation 40). 

[Zr(acac)2Cl,] + 3PhLi ——~ Zr(3-Phacac),ClPh + LiCl + 2LiH (40) 

[Zr(acac)2(NO3)2] has an eight-coordinate structure in which bidentate acetylacetonate and 
bidentate nitrate ligands span the m edges of distorted D,, dodecahedron.**’ The observed 
stereoisomer is the C.-mmmm isomer having one acetylacetonate ligand and one nitrate ligand 
on each BAAB trapezoid. Averaged Zr—O bond distances are Zr—O(acac) = 2.096 A and 
Zr—O(nitrate) = 2.295 A. Within a particular chelate ring, Zr—O bond lengths involving 
dodecahedral A sites exceed those involving B sites by 0.015-0.051 A (5o-170) and these 
differences appear to be propagated in the C—O and N—O bond lengths in the ligands. 
[Zr(acac)2(NO3)2] is a monomeric nonelectrolyte in solution, and retention of coordination 
number eight is suggested by the similarity of solid-state and solution-state IR spectra. 
1H NMR spectra in CHCIF, solution’ indicate that [Zr(acac),(NO3)2] becomes stereochemi- 
cally rigid on the NMR time scale at temperatures below —144°C, and the spectra in the 
slow-exchange limit are consistent with the C2-mmmm structure found in the solid state. 
Kinetic data for exchange of acetylacetonate methyl groups between the two inequivalent sites 
of the C.-mmmm stereoisomer are included in Table 11. 

(d) Mono(diketonates), M(dik)X3. A few M(dik)Cl,; complexes (Table 10) have been 
isolated as 1:1 adducts with THF following ligand exchange reactions between [M(dik),4] and 
MCI, in THF.°®°? Several Zr(dik)(OCHMe,)3 compounds have been prepared by reaction of 
equimolar amounts of Zr(OCHMe2)4-HOCHMe, and the B-diketone. The complexes that 
contain fluorinated diketonate ligands (Table 10) appear to be monomeric” and presumably 
five-coordinate, while those that contain acac, bzac or bzbz ligands have a tendency to 

dimerize.”© A structure having six-coordinate zirconium and two isopropoxy bridges has been 
suggested for the dimer. Reaction of Zr(acac)((OCHMe,)3; with ¢-butanol affords 
Zr(acac)(OCMes)3, which has only a small tendency to dimerize. 

(e) Miscellaneous -diketonates and related compounds. Heterocyclic  tetrakis(B- 

diketonates) of the type Zr(dik),(OCHMez)4_,, where dik is the anion of a 4-acyl-3-methyl-1- 

phenyl-2-pyrazol-5-one (21) and n=1, 2, 3 or 4, have been prepared by reaction of 

stoichiometric amounts of Zr(OCHMe2),;-HOCHMe, and the pyrazolone in benzene at 

reflux.22 These compounds are monomeric in boiling benzene, except for the 

Z1(dik)(OCHMe); complexes, which tend to dimerize. The Zr(dik),(OCHMez)4—n complexes 

exchange alkoxide ligands with t-butanol yielding the corresponding Zr(dik),,(OCMes)4-n 

complexes, and they undergo insertion reactions with phenyl isocyanate giving 

Zr(dik),,{NPhC(O)OCHMe?}4-, (n=1, 2 or 3). Additional synthetic routes have been 

reported for preparation of [Zr(dik)4], where dik is the anion of (21; R = Ph or CF;).7°» 

R 

= Me H 

N Ng 
SN’ 
Ph 

(21) R= Me, Et, Ph, 3-CIC,H, 
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Tetrakis(salicylaldehydato)zirconium(IV), tetrakis(3-methoxysalicylaldehydato)zirconium- 

(IV) and tetrakis(ethyl acetoacetato)zirconium(IV) have been synthesized by reaction of 

[Zr(acac)4] with — salicylaldehyde, 3-methoxysalicylaldehyde or ethyl acetoacetate, 

respectively.2© The reaction of ZrCl, with salicylaldehyde in diethyl ether gives the addition 

compound ZrCl4-2{2-OCsH,CHO} at -15°C, and the substitution product [Zr{2- 

OC.HiCHO};Ch] at reflux = temperature.’ — Salicylaldehyde _ reacts with 

Zr(OCHMe,)4;HOCHMe, in benzene at ambient temperature yielding Zr{2- 

OC,H,CHO},,(OCHMe,)4-» (n =1 or 2). When these reactions are carried out in refluxing 

benzene, the products undergo Meerwein—Ponndorf reduction yielding compounds such as 

Zr2{2-OCsH,CH2O0 {2-OCsH4CHO}(OCHMez)s and Z12{2-OC6H4CH20}3(2-OCeHa- 

CHO}(OCHMe,).7°” Several f-keto ester complexes have been synthesized from 

Z1(OCHMez)4HOCHMe; these include Zr(PhCOCHCO,Et),(OCHMez)4_, (1 =1, 2, 3 or 

4)! and [Zr(MeCOCHCO,Me);(OCHMe,)].”°° The reaction of Zr(OCHMe?)4HOCHMe, 

with bis(acetoacetates), MeCOCH,CO(CH2),02CCH2COMe (n=2, 4 or 5) yields oligo- 

nuclear products.” 
Neutral bis-chelate complexes of the type [{fac-(OC)3Re(MeCO)s3}2Zr] and [{fac- 

(OC);Re(MeCO),(RCO)}.Hf] (R = Me, CHMe, or PhCHz) have been prepared by reaction of 

[RC(O)Re(CO)s;] with MeLi in THF, followed by addition of a THF solution of ZrCl, or 

HfCl,. The [fac-(OC);Re(MeCO);]*~ dianion is the formal, metalla analogue of the tri- 

acetylmethanate anion. The Zr and Hf complexes were obtained in rather poor yields as pale 

yellow air-sensitive solids. IR and 'H NMR spectra are consistent with tridentate coordination 

(22) of the triacetylmetallate ligands.””° 

Me 

C—O 

fac-(OC);Re ee M 

R 

C—O 

Me 2 

(22) 

(ii) Tropolonates 

Tetrakis(tropolonato) complexes [MT,] (M = Zr or Hf; T = C;H;O2) have been prepared by 
reaction of tropolone with (i) ZrCl, or HfCl, in chloroform,”” or (ii) a Zr'Y or Hf"¥ salt in 50% 
water—methanol.?”* The [MT,] complexes tend to form solvates when crystallized from polar 
organic solvents. X-Ray diffraction studies of [ZrT,]-2.25CHCI,7” and [HfT,]-DMF?” have 
established that both crystals contain eight-coordinate [MT,] complexes. The bidentate 
tropolonate ligands span the m edges of a D2, dodecahedron. As is often observed in 
dodecahedral complexes, averaged bond lengths to the dodecahedral A sites are slightly longer 
than averaged bond lengths to the B sites (Zr—O, = 2.194, Zr—Ox = 2.174, Hf—O, = 2.188, 
Hf—Ox = 2.176 A). A very strong band at 288.0cm7! in the IR spectrum of [%ZrT,], which 
shifts to 283.9cm™* in [**ZrT,], has been assigned to Zr—O stretching; the corresponding 
v(Hf—O) mode in [HfT,] is at 245cm~'.?” Quadrupole coupling parameters for [HfT.], 
obtained from time differential perturbed angular correlation measurements, have been 
interpreted in terms of a square antiprismatic or dodecahedral structure of D, symmetry.*”>?”° 
However, more recent measurements on [HfT,], [HfT4]-CHCl3 and [HfT,]-DMF?” have shown 
that the quadrupole coupling parameters are strongly influenced by intermolecular interactions 
pees a reed dipolar solvent molecules. 

studies of the corresponding a@-, B- and y-isopropyl-tropolonato complexes, 
[M(CioH1102)4] (M = Zr or Hf)?” indicate that these cceapitiiee nie hte tonal eee 
on the NMR time scale at —85 to —100°C. The [M(CioH1102)4] complexes and the free ligand 
undergo intermolecular ligand exchange at elevated temperatures; the approximate rates for 
[M(y-CioH1102)4] (M= Zr or Hf) are 50s~* at 140°C in tetrachloroethane. These ligand- 
exchange rates are slower than those for analogous B-diketonate complexes.**? 
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(iii) Catecholates and quinones 

Colorless crystals of Na,[Hf(O2CsH,4)4]:21H2O have been isolated following addition of an 
O,-free aqueous solution of hafnium tetrachloride to an O,-free alkaline solution of catechol. 
The crystals contain discrete eight-coordinate [Hf(OC,H,),]*~ anions having 4 site symmetry. 
The coordination polyhedron is a D,, dodecahedron, and the bidentate catecholate ligands 
span the m polyhedral edges; Hf—O, = 2.220(3) and Hf—Os = 2.194(3) A.2” 

The [Hf(O2C.H,)3]’~ anion has been prepared in THF by reaction of [Hf(NEt,)4] with one 
equivalent of catechol and two equivalents of the sodium salt NaOC,H,OH. The complex was 
isolated from acetonitrile—ether as [NEt4].[Hf(O2CsH,)3], which behaves as a 2:1 electro- 
lyte in acetonitrile and exhibits a ligand-to-metal charge-transfer band at 33900 cm7!.2° 
Aqueous solutions that contain zirconyl chloride, catechol and excess ammonia yield precip- 
itates of composition (NH4)Zr(OH)(O2C,H4)2, [NH4]2[Zr(O2CsH,)s] or [NH,}.[Zr(O2C.H,)s]- 
C.H4(OH)2:1.5H,0, depending on the catechol/Zr'Y ratio in the initial solution.”8! Anhydrous 
ZrCl, reacts with molten catechol yielding a colorless crystalline powder of composition 
H2Zr(O2C.H4)3. Related compounds of the type ZrL,(amine), (L = C;zHgO2, CyH,202 or 
CioH.O2; amine = Etz;N, Et,.NH or CsH;N) have been prepared by reaction in methanol of 
ZrCl, with 2,2’-dihydroxybiphenyl, 2,2’-dihydroxybinaphthyl, or 1,8-dihydroxynaphthalene 
followed by addition of the appropriate amine. The amine-free compound Zr(C,,H,O>)2 is 
obtained by reaction of ZrCl, with molten 2,2’-dihydroxybiphenyl.”* 

Formation of zirconium and hafnium complexes with polyhydroxyaromatic compounds in 
aqueous solution has been studied by potentiometric, spectrophotometric and ion exchange 
methods. Much of this work has been reviewed by Larsen.” A potentiometric and light- 
scattering study of the zirconium(I[V)-Tiron (Tiron=disodium 1,2-dihydroxybenzene-3,5- 
disulfonate) system provides evidence for mixed hydroxo-Tiron chelates at Tiron/Zr'” ratios 
less than 2.5, but at higher Tiron/Zr'Y ratios the unhydrolyzed complexes [Zr2Ls]'?~ and 
[ZrL,]'*" (L=tetranegative anion of 1,2-dihydroxybenzene-3,5-disulfonic acid) are 
present.78?- 

Quinones such as alizarirl red (1,2-dihydroxyanthraquinone-3-sulfonate) and chloroanilic 
acid have long been used as analytical reagents for spectrophotometric determination of 
zirconium.**8° These reagents form 1:1 complexes with Zr'Y in strongly acidic solu- 
tions.**’ **° The binding site in alizarin red S has been a matter of some controversy,***?™ but 
it now appears, on the basis of voltametric and spectrophotometric evidence, that Zr'Y 
coordinates to alizarin red S through the two adjacent phenolic oxygen atoms.78*:”® 

(iv) Ethers, aldehydes, ketones and esters 

Zirconium and hafnium tetrahalides react with ethers, aldehydes, ketones and esters in 
solvents such as carbon tetrachloride, dichloromethane, benzene, acetyl chloride or liquid 
sulfur dioxide to give moisture-sensitive solid adducts of the type MX,L and [MX,L,] (Table 
13). The more common 1:2 adducts are obtained when two equivalents or an excess of the 
Lewis base is used, while synthesis of the 1:1 adducts generally requires strict adherence to 1:1 
stoichiometry. Procedures for preparation of [MCI,(THF)2] (M=Zr or Hf) have been 
published in Inorganic Syntheses.*°' The adducts are thermally stable at room temperature but 
decompose at elevated temperatures. They are insoluble in most organic solvents, though they 
show some solubility in benzene and in nitrobenzene in which they behave as’nonelectrolytes. 
Complex formation is accompanied by characteristic changes in the v(C—O—C) frequency of 
the ethers and the v(C=O) frequency of the aldehydes, ketones and esters; the IR bands due 
to these modes are shifted to lower frequency in the adducts. 
Many of the 1:2 adducts have been assigned an octahedral cis structure on the basis of dipole 

moment data???” (Table 13), and this has been confirmed for [ZrCl,(MeCO,Et).] by IR 
spectroscopy.””° On the other hand, [HfCl,(THF)2]?” and [ZrCl,L,] [L = naphthaldehyde*™ or 
coumarin*”’ (23)] have been assigned an octahedral trans structure on the basis of the number 
of v(M—O) and/or v(M—Cl) bands in IR spectra. 

OL 

eke 
(23) 

O 

COC3-N 
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Table 13 Complexes of Zirconium(IV) and Hafnium(IV) Halides with Ethers, Aldehydes, Ketones and Esters 

b 
—AH Physical 

Complex M.p. (°C) u"(D) (kJ mol” *) method* Ref. 

Ether complexes 

ZrCl4(Me,0) IR 1 

[ZrCl,(Me,0),] 148-153 IR 5 Ng 
[HfCl,(Me,0),] 160-165 (dec.) IR 2 
cis-[ZrCl,(Et,O),] 87-93, 95 4.87 IR pa 
[HfC1,(Et,O),] 105-108 IR 2 
[ZrCl,(THF),] 170-171 (dec.) 141 IR, NMR 4-6 
[ZrBr,(THF),] 151 NMR 5 
trans-[HfCl,(THF),] 187 148 IR, NMR 4,5,7 
ZrCl,(1,4-dioxane) 220 (dec.) ; IR 2,8 

cis-[ZrCl,(1,4-dioxane).} 5.94 9 

HfCl,(1,4-dioxane) 260 (dec.) IR 2 

Aldehyde complexes 

[ZrCl,(PhCHO),] 79 10 
trans-[ZrCl,(naphthaldehyde),] 250 IR,M,A 11 

[ZrCl,(furanaldehyde),] IR,A 11 

cis-[ZrCl,{1,2-C,H,(CHO),}] 250 IR, A 11 

Ketone complexes 

ZrCl,(Me,CO) h IR 12 
cis-[ZrCl,(Me,CO)>] 113-115", 125° 6.63”, 7.67° IR, A 2,3,9, 13 
[HfC1,(Me,CO),] 131-134 IR 2 
[ZrCl,(MeCOPh),] 250 IR,A 13 
[ZrCl,(PhCOPh),] IR,A 13 
[ZrCl,(MeCOCN),] 200 IR 14 
[HfCl,(MeCOCN),] 200 IR 14 
[ZrCl,(benzanthrone),] >300 IR 15 
[ZrBr,(benzanthrone),] >325 IR 15 
[ZrCl,(anthrone),] >325 IR 15 
[ZrCl,(10-nitroanthrone),] 251 IR 15 
[ZrCl1,(10-benzalanthrone),] 266-267 IR 15 
cis-[ZrCl,(MeCOCMe,COMe)] 163-166 IR, NMR 16 

Ester complexes 

[ZrCl,(HCO,Me),] 75-77 IR 2 
[HfC1,(HCO,Me),] 82-84 IR 2 
ZrCl,(HCO,Et) 94 4.15 86 17, 18 
ZrBr,(HCO,Et) 108 4.50 82 M 18, 19 
cis-[ZrCl,(HCO,Et),] 7.63 100 M 18, 20, 21 
cis-[ZrBr,(HCO,Et),] 7.85 105 M 18, 19 
cis-[Zr1,(HCO,Et),] 4.24 2 
ZrCl,(HCO,CHMe,) 4.18 17,23 
HfCl,(HCO,CHMe,) 23 
cis-[ZrCl,(HCO,CHMe,),] 7.76 20 
ZrCl,(MeCO,Et) 170 3.89 86 IR 17, 18 
ZrBr4(MeCO,Et) 164 3.15 80 M 18, 19 
Zrl,(MeCO,Et) 3.17 22 
cis-[ZrCl,(MeCO,Et),] 6.75 100 IR,M 18, 20, 21, 24 
cis-[ZrBr,(MeCO,Et),] 3.40 98 M 18, 19 
cis-[Zr1,(MeCO,Et),] 3.49 M 22 
ZrCl,(MeCO,CHMe;,) 129 3.85 17 
cis-[ZrCl,(MeCO,CHMe,),] 6.73 20 
cis-[ZrBr,(MeCO,CHMe,),] S97 19 
cis-[Zr1,(MeCO,CHMe,),] 3.93 22 
cis-[ZrCl,(MeCO,CH,CHMe,),] 6.74 20 
cis-[ZrBr,(MeCO,CH,CHMe,)»] 4.21 19 
cis-[Zr1,(MeCO,CH,CHMe,),] 4.23 2 
cis-[ZrCl,(MeCO,CH,Ph),] 6.54 20 
ZrCl,(PrCO,Et) 163 3.53 86 17, 18 
ZrBr,(PrCO,Et) 157 Shey 84 18,19 
cis-[ZrCl,(PrCO,Et),] 5.23 99 M 18, 20, 21 
cis-[ZrBr,(PrCO,Et),] 3.80 97 18, 19 
cis [Zr1,(PrCO,Et),] 3.07 oy) 
[ZrCl,(PhCO,Me),] 

115 M 25, 26 [HfCl,(PhCO,Me),] 
101 M 25, 26 [ZrCl,(PhCO,Et),] 
118 M 25, 26 
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Table 13 (continued) 
ee et he Se 

—AH? Physical 
Complex M.p. (°C) u*(D) (kJ mol *) method® Ref. 

[HfCl,(PhCO,Et),] 108 M 25, 26 
[ZrCl,(PhCO,Ph),] 38 M 25 
ZrCl,(NCCH,CO,Et) 180 (dec.) IR 27 
trans-[ZrCl,(coumarin),] 137-138 IR, A 28 
ZrCl,{(CO,Et),} 7.52 IR,M,A 29, 30 
ZrBr,{CO,Et)>} IR,M,A 29 
ZrCl,{CH,(CO,Et),} 9.21 IR,M,A 29, 30 
ZrBr,{CH,(CO,Et),} IR, M, A 29 
ZrX4{[(CH),CO,Et])} IR,M,A 29 
(X = Cl, Br; n = 1, 2) 
{ZrX4}2{[(CH,),CO,Et],} IR,M,A 29 
(X= Cl, Br; n = 1, 2) 
[ZrCl,{1, 2-C,H,(CO,Et),}] 16 M 31 
[HfCl,{1,2-C,H,(CO,Et),}] 74 M 31 
eee 

* Dipole moment in benzene solution at 20°C. °AH is the enthalpy of the reaction in equation (42). “IR =infrared spectrum; 
NMR = HNMR spectrum; M = molecular weight; A = electrical conductance. 
1. G. Rossmy and H. Stamm, Liebigs Ann. Chem., 1958, 618, 59. 

2. W. M. Graven and R. V. Peterson, J. Inorg. Nucl. Chem., 1969, 31, 1743. 
3. O. A. Osipov and Yu. B. Kletenik, J. Gen. Chem. USSR (Engl. Transl.), 1961, 31, 2285. 
4. L. E. Manzer, Inorg. Synth., 1982, 21, 135. 

5. F. M. Chung and A. D. Westland, Can. J. Chem., 1969, 47, 195. 

6. A. D. Westland and V. Uzelac, Can. J. Chem., 1970, 48, 2871. 
7. S. R. Wade and G. R. Willey, J. Less-Common Met., 1979, 68, 105. 
8. E. C. Alyea and E. G. Torrible, Can. J. Chem., 1965, 43, 3468. 
9. O. A. Osipov, V. I. Minkin and V. A. Kogan, Russ. J. Phys. Chem. (Engl. Transl.), 1962, 36, 468. 

10. M. H. Dilke and E. D. Eley, J. Chem. Soc., 1949, 2601. 

11. R. C. Paul, H. R. Singal and S. L. Chadha, Indian J. Chem., 1971, 9, 995. 
12. P. T. Joseph and W. B. Blumenthal, J. Org. Chem., 1959, 24, 1371. 
13. R. C. Paul and S. L. Chadha, J. Inorg. Nucl. Chem., 1969, 31, 1679. 
14. S. C. Jain and B. P. Hajela, Indian J. Chem., 1974, 12, 843. 
15. R. C. Paul, R. Parkash and S. S. Sandhu, J. Inorg. Nucl. Chem., 1966, 28, 1907. 
16. A. L. Allred and D. W. Thompson, Inorg. Chem., 1968, 7, 1196. 
17. Yu. B. Kletenik, O. A. Osipov and E. E. Kravtsov, Russ. J. Inorg. Chem. (Engl. Transl.), 1959, 29, 13. 
18. O. A. Osipov and Yu. B. Kletenik, Russ. J. Inorg. Chem. (Engl. Transl.), 1960, 5, 1076. 
19. Yu. B. Kletenik and O. A. Osipov, J. Gen. Chem. USSR (Engl. Transl.), 1959, 29, 1398. 
20. O. A. Osipov and Yu. B. Kletenik, J. Gen. Chem. USSR (Engl. Transl.), 1957, 27, 2953. 
21. O. A. Osipov and Yu. B. Kletenik, J. Gen. Chem. USSR (Engl. Transl.), 1959, 29, 1351. 
22. O. A. Osipov and Yu. B. Kletenik, J. Gen. Chem. USSR (Engl. Transl.), 1959, 29, 2085. 
23. Yu. A. Lysenko and L. I. Khokhlova, Russ. J. Inorg. Chem. (Engl. Transl.), 1974, 19, 690. 
24. M. F. Lappert, J. Chem. Soc., 1962, 542. 
25. W. S. Hummers, S. Y. Tyree, Jr. and S. Yolles, J. Am. Chem. Soc., 1952, 74, 139. 
26. F. W. Chapman, W. S. Hummers, S. Y. Tyree and S. Yolles, J. Am. Chem. Soc., 1952, 74, 5277. 
27. S. C. Jain and R. Rivest, Can. J. Chem., 1964, 42, 1079. 
28. R. C. Paul and S. L. Chadha, Indian J. Chem., 1970, 8, 739. 
29. K. C. Malhotra and S. M. Sehgal, Indian J. Chem., 1975, 13, 599. 

30. O. A. Osipov, V. M. Artemova, V. A. Kogan and Yu. A. Lysenko, J. Gen. Chem. USSR (Engl. Transl.), 1962, 32, 1354. 
31. R. V. Moore and S. Y. Tyree, J. Am. Chem. Soc., 1954, 76, 5253. 

IR spectra also provide information about the coordination site in these adducts. In 
[ZrCl,L,] (L = furanaldehyde*®™ or coumarin*”), only the carbonyl oxygen atom is attached to 
the Zr atom. All three carbonyl groups, and none of the nitrile groups, appear to be 
coordinated in the pyruvonitrile complexes [MCl,(MeCOCN);] (M = Zr or Hf), suggesting that 
these compounds are seven-coordinate.°” Among the compounds in Table 13, the 
[MCL,(MeCOCN);] complexes are the only 1:3 adducts to have been reported. IR spectra 
indicate that both the carbonyl oxygen atom and the nitrile nitrogen atom are coordinated in 
the 1:1 ethyl cyanoacetate adduct, ZrCl,(NCCH2CO>Et). A structure having a six-membered 
chelate ring has been suggested,*” but because of the geometry of the ligand, a polymeric 
structure with ethylcyanoacetate bridges seems more likely. 

Not all of the compounds listed in Table 13 have been isolated in the solid state. The 
existence of some of the ester adducts has been inferred from electric polarization and 
cryoscopic molecular weight measurements on 1:1 and 1:2 stoichiometric mixtures of the 
metal tetrahalide and the ester in benzene solution. The concentration dependence of the 
polarizations and molecular weights****’*™ indicates that the 1:1 complexes tend to dimerize 
in the more concentrated solutions and the 1:2 complexes tend to dissociate (equation 41) in 
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the more dilute solutions. Dissociation of the [ZrX4(RCO,R’)2] complexes increases as X 

varies in the order Cl<Br<I. Thus, estimated equilibrium constants for dissociation of the 

[ZrX4(MeCO-Et),] complexes according to equation (41) are ~5 x 10~* (K=Cl), 2x 10-7 

(X = Br) and 3.5 x 107! (X= 1). Dimerization of the [ZrX,(RCO2R’] complexes increases as XxX 

varies in the reverse order (I<Br<Cl). The ease of dissociation of the [ZrX,(RCO2R’)2] 

complexes also depends on the size of the R group. Thus, the ethyl formates [ZrX4(HCO,Et)2] 

(X=Cl or Br; 1 =7.63 and 7.85D, respectively) are hardly dissociated, while the ethyl 

butyrates [ZrX,(PrCO,Et).] (X=Br or I; apparent 4 =3.80 and 3.07D, respectively) are 

essentially completely dissociated to [ZrX4(PrCO2Et)] and PrCO,Et. These dissociation 

reactions complicate interpretation of the dipole moment data in Table 13. The polarization 

and molecular weight measurements provide no evidence for dissociation of the 1:1 complexes, 

and they indicate that the 1:2 complexes do not bind additional ester molecules in the presence 

of an excess of the ester. 

[ZrX,(RCO,R’))] <= [ZrX,(RCO,R’)] + RCO,R’ (41) 

Table 13 includes heats of formation for some of the adducts; values of AH, determined 

calorimetrically, refer to equation (42). In formation of the ZrX,(RCO,Et), (R =H, Me or Pr, 
n=1 or 2) complexes, AH for addition of the first ester molecule is much larger than AH for 
addition of the second ester molecule,*” consistent with the ease of dissociation of the 1:2 
complexes. 

MX,(s) +nL(l) — > MX,L,(s or 1) (42) 

(n =1 or 2) 

Also included in Table 13 are zirconium and hafnium tetrahalide adducts with diethers, 

dialdehydes, diketones and diesters. 1,4-Dioxane gives both 1:1 and 1:2 adducts; the 1:1 
complexes may be polymeric.’”°°°° Phthalaldehyde, 3,3-dimethylacetylacetone, and diethyl 
phthalate yield 1:1 adducts with MCI, (M = Zr or Hf); IR and molecular weight data suggest 
that these complexes have an octahedral cis structure in which the Lewis base behaves as a 
chelating ligand. ZrX, (X=Cl or Br) form 1:1 adducts with diethyl oxalate and diethyl 
malonate and both 1:1 and 2:1 (i.e. {ZrX4}.{diester}) adducts with diethyl succinate and 
diethyl adipate.*”’ Apparently conflicting molecular weight data have been reported for the 1:1 
complexes”°’*** and the structure of these compounds remains uncertain. 

32.4.4.5 Oxoanions as ligands 

(i) Nitrate 

Anhydrous zirconium(IV) nitrate has been prepared by reaction of ZrCl, with liquid 
dinitrogen pentoxide at 30°C (equation 43). This compound is a covalent, hygroscopic, 
colorless crystalline solid which sublimes at 100°C in vacuo and is extremely soluble in polar 
organic solvents.*” IR and Raman spectra of [Zr(NO3)4] have been interpreted?” in terms of 
the eight-coordinate, D.4-dodecahedral mmmm structure that has been established by X-ray 
diffraction for [Ti(NO3),]°"’ and [Sn(NOs),].** Nitrogen—oxygen stretching bands in the 
1576-1650, 1223-1280 and 986-1028 cm™' regions have been assigned to v(N=O), vas(NO>) 
and v.(NOz), respectively. The v(N=O) and v,,(NO2) modes arise from splitting of the v3 (E’) 
mode of the Ds, [NO3]~ ion, and the large difference between the frequencies of these two 
modes is consistent with bidentate coordination of the nitrate ligands.*‘? Hafnium(IV) nitrate 
has been prepared by reaction of hydrated hafnium nitrate with liquid N.O;. Sublimation of the 
reaction product at 100°C in vacuo afforded the addition complex Hf(NO3)4:N>O05.3!4 

ZrCl, ar 4N,0, Sara [Zr(NO3),] Fe 4NO,Cl (43) 

_The reaction of [NMe,]2[MCl.] (M = Zr or Hf) with N2O, in acetonitrile at room temperature 
yields white, moisture-sensitive hexanitrato complexes [NMea]o[M(NO3)¢].2!5 A similar reac- 
tion between Cs,[ZrCl¢] and liquid NO; gives a mixture of CsNO; and [Zr(NO3)4]. The 
[NMe,],[M(NO3)6] complexes are thermally unstable, slowly evolving nitrogen oxides at 130°C 
(M=Zr) or 230°C (M=Hf). They exhibit v/N—O) IR bands in the regions 1517-1600, 
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1269-1294 and 981-1021 cm™'. The splitting between the bands arising from the v3 (E’) mode 
of [NO;]~ is substantial, though not as large as for [Zr(NO3)4]. The [NMe,]}o[M(NO3)6] 
complexes probably contain monodentate nitrate ligands, but their structures have not yet been 
determined. 

Quite large splittings of the v3(E’) mode have been observed for the hydrated tetranitrates 
M(NOs),(H20)4 (M=Zr or Hf)'3!6 and the basic _ nitrates MO(NO;)2(H2O),, 
MO(NO3)2(H20)g, M203(NO3)2(H20)s; (M = Zr or Hf)" and Zr(OH)(NO3)3(H2O)3,1% in- 
dicative of strong nitrate coordination; however, the mode of attachment of the nitrate ligands 
is unknown. Bidentate attachment has been proposed for the [ZrO(NO3).L,] (L=N- 
heterocyclic or O-donor ligand) complexes mentioned in Sections 32.4.2.2 and 32.4.4.1, and 
this has been established by X-ray diffraction for the B-diketonate complexes 
[Zr(acac)3(NO3)]*°° and [Zr(acac)2(NO3)2]*°” discussed in Section 32.4.4.4.i. 

(ii) Dichlorophosphate 

Dichlorophosphates of the type ZrCl3;(O2PCl,)-POCI; and MOCI(O>PCl,)-POCI; (M = Zr or 
Hf) have been synthesized by reaction of the metal tetrachlorides with dichlorine monoxide in 
POCI, (equations 44 and 45). IR and Raman spectral studies suggest that ZrCl3;(O2PCl,)-POCI 
has a centrosymmetric dimeric structure (24), while the very insoluble MOCI(O,PCI,)-POCI; 
compounds are assumed to have an oxo-bridged polymeric structure.>?8 

ZrCl, + 2POCI, + ClO ——> ZrCl,(O,PCl,):-POCI + 2Cl, (44) 
ZrCl, + 2POCI; + 2ClLO —> MOCI(O,PCl,)-POCI, + 4Cl, (45) 

(iii) Sulfate, fluorosulfate and selenate 

Zirconium(IV) and hafnium(IV) form a plethora of crystalline sulfates. The normal sulfates 
include five anhydrous phases, four monohydrates, a tetrahydrate, three pentahydrates and a 
heptahydrate. The structural relationships and transformations among these compounds have 
been reviewed by Bear and Mumme.*!”**° Of the normal zirconium sulfates whose structures 
have been determined thus far, only a-Zr(SO,4)2(H20)s,~' B-Zr(SO,)2(H20)s°” and 
Zt(SO4)2(H2O);** contain discrete complexes. All three of these compounds contain the 
centrosymmetric dinuclear [Zr2(SO,),4(H2O)s] molecule in which each Zr atom is dodeca- 
hedrally coordinated by one bidentate chelating sulfate ligand, two bridging sulfate ligands and 
four water molecules; Zr—O bond lengths are in the ranges 2.16-2.28 A (chelating sulfate), 
2.06-2.18 A (bridging sulfate), and 2.16-2.27A (water). Zr(SO4)4(H20)4,°"* a 
Zr(SO4)2(H20)*" and y-Zr(SO,4)2(H2O)*”° have layer structures, while anhydrous a- 
Z1(SO,)2°”’**8 has an extended three-dimensional structure. The Zr atom exhibits square 
antiprismatic eight-coordination in the tetrahydrate and tetragonal base-trigonal base seven- 
coordination in the monohydrates and the anhydrous sulfate. The sulfate ligands in these 
compounds are variously bidentate chelating, bidentate bridging, tridentate bridging or 
tetradentate bridging. X-Ray data indicate that the corresponding hafnium sulfates’*’ are 
isostructural with the zirconium compounds. 

Basic zirconium sulfates*® are unlikely to contain discrete complexes. Zr(OH) ,SO,°*° and 
Z12(OH),(SO4)3(H2O)4*2! have three-dimensional framework structures that feature hydroxo 
and sulfato bridges. 
Numerous complex sulfates of the type M:M(SO,)3(H2O),, M4M(SO,)4(H20), and 
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MéM(SO,)s(H20), (M'=Na, K, Rb, Cs, or NH4; M=Zr or Hf) have been isolated from 

aqueous sulfuric acid solutions,” °° and related oxalato-, carbonato- and fluoro-containing 
mixed-ligand complexes such as (NH4)2Zr(C20O,4)(SO4)2(H2O)s,°**_ (NH4)6Zr2(CO3)6(SO4)- 
(H20).,°"! M3ZrF2(SO4)2(H2O), and M3ZrF4(SO,4)(H2O), (M’=K, Rb, Cs or NH4)*** have 
also been reported. Recent X-ray studies have shown that the complex sulfates can have mono- 
nuclear, dinuclear or polynuclear structures. The tetrasulfato complexes Na,[Hf(SO4)4(H20)2)° 
and [NHg]4[Hf(SO4)4(H2O)2]:-2H,O™ contain discrete mononuclear anions in which the Hf 
atom is dodecahedrally coordinated by eight oxygen atoms from two bidentate sulfate ligands, 
two monodentate sulfate ligands and two water molecules. In the pentasulfato complex 
Nag{Hf(SO,);(H2O)],**° the Hf atom is attached to two bidentate sulfate groups, three 
monodentate sulfate groups and one water molecule; the geometry of the HfOg, coordination 
group in this complex does not closely approximate that of any of the common eight- 
coordination polyhedra. Hf—O bond distances in these complexes are in the ranges 
2.15-2.33 A (bidentate sulfate), 2.07-2.17 A (monodentate sulfate) and 2.18-2.33 A (water). 
The trisulfato complex K,Zr(SO4)3(H2O), contains centrosymmetric [Zr2(SO4)6(H2O),4]*" anions 
in which the eight-coordinate Zr atoms are held together by two bidentate bridging sulfate 
ligands; the ZrOg coordination polyhedron has been variously described as dodecahedral*” or 
bicapped trigonal prismatic.**” Still another type of structure has been found for the 
isostructural complexes NazM(SO,)3(H2O)3; (M = Zr*® or Hf**’). In these compounds the 
metal atom is attached to two water molecules, two bidentate chelating sulfate ligands, and two 
bidentate bridging sulfate ligands, giving infinite spiral chains in which the repeating unit is 
[M(SO,)3(H2O0)2|*. The chains are held together by Na* cations and water molecules. 
Cs ,Hf(SO4)3(H2O)2*°° has a similar chain structure. 

Cation exchange, solvent extraction and Raman spectroscopic studies of highly acidic 
zirconium sulfate solutions suggest that these solutions contain a mixture of solution species 
having from one to four sulfate ligands per Zr atom.'***°! The sulfato—zirconium complexes 
appear to be somewhat more stable than the analogous hafnium complexes.**! 

Zirconium(IV)  fluorosulfates Zr(SO3F)4,, ZrO(SO3F)2, Zr(O2CMe)2(SO3F). and 
Zr(O2CMe)3(SO3F) have been prepared by reaction of fluorosulfuric acid with Zr(O CCF), 
anhydrous ZrOCl, or Zr(O2,CMe),4. IR spectra suggest that the fluorosulfate ligands are 
bidentate in the first three compounds and tridentate (C3, symmetry) in Zr(O,CMe)3(SO3F). 
All four compounds are good Lewis acids and form complexes with pyridine, 2,2'-bipyridyl and 
triphenylphosphine oxide.**? 

Mixed-ligand selenato complexes of the type K,MF,(SeO,)2(H2O)3, K2MF2(SOx,)- 
(SeO,)(H2O); and M3M>F,(SeO,)(H20)3 (M=Zr or Hf; M’=K or Rb) have been iso- 
lated from aqueous selenic acid solutions. Possible polymeric and dimeric structures have been 
proposed for these compounds on the basis of IR spectra.*°>*4 

(iv) Molybdate 

Alkali metal zirconium and hafnium molybdates have been isolated from high-temperature 
melts, and X-ray structures of representative compounds have been determined. The 
isostructural Ks[M(MoO,)6] (M= Zr or Hf) complexes*** contain discrete [M(MoO,).]*~ 
anions that are linked together by K* cations. The Zr (Hf) atoms are octahedrally coordinated 
by six oxygen atoms (mean Zr—O = 2.08, mean Hf—O = 2.05 A) which are corner-shared with 
six MoO, tetrahedra. Csg[Zr(MoO,)6]°°° crystallizes in a different space group but contains the 
same complex anions (mean Zr—O = 2.11 A). In the structure of Cs:Hf(MoO,)s,2°” each Hf 
atom is again surrounded octahedrally by six MoO, tetrahedra. However, the molybdate 
groups bridge between adjacent Hf atoms giving infinite columns of HfO, octahedra and MoO, 
tetrahedra with repeating unit [Hf(MoO,)3]?~. 

(v) Perchlorate 

Anhydrous zirconium(IV) and hafnium(IV) perchlorates have been prepared by reaction of 
ZrCl, or HfCl, with a solution of Cl,O, in anhydrous perchloric acid at —10°C.358-359 
[Zr(ClO4)4] (m.p. 95.5-96.0°C) and [Hf(C1O,)4] (m.p. 104.5-105.0°C) are volatile, hygro- 
scopic, colorless crystalline solids. The vapor pressure of [Zr(C1O,)4] varies from 0.8 mmHg at 
25°C to 210.8mmHg at 95.7°C,>© while that of the even more volatile [Hf(ClO,)4] ranges 
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from 2.2mmHg at 30.5°C to 37.9mmHg at 60.9°C.**! Above 100°C, the [M(C10,)4] 
complexes decompose to MO(C1O,)2 (M = Zr or Hf). IR and Raman spectra of [Zr(ClO,)4]*° 
and [Hf(C1O,)4]*°’ have been interpreted in terms of an eight-coordinate structure that contains 
bidentate chelating perchlorate ligands. A large frequency difference between the terminal and 
bridging v(Cl—O) bands indicates a considerable amount of covalent character in the 
metal—perchlorate bonds. IR spectra of gaseous [M(CIO,)4] (M= Zr or Hf) are not 
significantly different from spectra of crystalline [M(C1O,)a], indicating no significant change in 
molecular structure upon vaporization. 

[Zr(ClO4)4] and [Hf(ClO,)4] react with cesium or rubidium perchlorates in HC1O,-Cl,O, 
yielding (perchlorato)metallates of the type Cs,[Zr(ClO,)s+n] (n=1, 2, 3 or 4),3% 
Cs,,[Hf(ClO4)a+n] (2 =1, 2 or 3)°° and Rb,[Hf(ClO,)4+n] (1 =1 or 2).°? IR spectra suggest 
that, as m increases, the number of bidentate perchlorate ligands decreases and the number of 
monodentate perchlorate groups increases, thus maintaining a coordination number of eight for 
the metal atom. 

32.4.4.6 Carboxylates, carbamates, carbonates and oxalates 

(i) Carboxylates 

Zirconium carboxylates have long been known,° but these compounds are still not very well 
characterized and no X-ray structural data are available. Known compounds include normal 
carboxylates M(O,CR),, mixed-ligand compounds Zr(O2CR),,X4_, (X = Cl or OCHMe,) and 
a variety of basic carboxylates such as MO(O2CR).(H2O),, Zr(OH)3(O2CR), Zr,O(O2CR)¢ and 
M,20(OH)(O2CR);(H20), (M = Zr or Hf). 

The following normal carboxylates have been prepared by reaction of ZrCl, or HfCl, with an 
excess of hot, anhydrous carboxylic acid: Zr(O.CR), (R=H, Me, Et, Pr, CHMe2, C,5Hs:, 
C,7H3s, CH.Ph, Ph, CH,Cl, CHCl, or CC) et and M(O,CCF3),4 (M = Zr Or Hh?” 

Temperature control appears to be an important factor in these syntheses since intermediate 
products are obtained at low temperatures and thermal decomposition occurs at high 
temperatures. Thus Ludwig and Schwartz*™ reported that the reaction of ZrCl, with RCO>H at 
—15 °C in carbon tetrachloride yields the addition compounds ZrCl,(RCO2H), (R = Et, Pr or 
CHMe;). In xylene solution, the reaction products are the mixed-ligand complexes 
Zr(O2CR)2Cl(RCO2H), at 60-65 °C, and the tetrakis(carboxylates) Zr(O.CR), (R = Me, Et, 
Pr or CHMe,) at 125°C. Paul et al.*® have synthesized Zr(O,CR), (R= Me, Et, CH,Cl, 
CHCl, or CCl;) by heating at reflux a mixture of ZrCl, and an excess of the pure carboxylic 
acid under reduced pressure at temperatures below 80°C. If the reactants are allowed to reflux 
at 1 atm pressure, the thermal decomposition products ZrO(O2CR), are obtained. 

Brainina et al.3”? have prepared Zr{O,C(CH2),X}4 (n =4, 5, 6, 11, 15 or 17 when X=H; 
n=10 when X=Cl) from Zr(acac), and the fatty acid (equation 46), the acetylacetone being 
removed by heating the reaction mixture in a stream of dry dinitrogen at reduced pressure. A 
similar approach has been employed for synthesis of M(O2CR), (M= Zr or Hf; R= Pr, Ph, 
4-CsH,NO2, Or 4-CsH,NH2).*” a 

Zr(acac),+4RCO,H —> Zr(O,CR), + 4Hacac (46) 

The tetrakis(carboxylates) rapidly hydrolyze in moist air and thermally decompose to 
oxocarboxylato compounds at elevated temperatures. They are nonelectrolytes in nitrobenzene 
and acetonitrile. Because of their insolubility in most organic solvents, they have been assumed 
to be polymeric,**° and this is supported by molecular weight data for M(O2CPr),4 (M = Zr or 
Hf).?”* On the other hand, more recent molecular weight measurements on Zr(O,CMe), in 
antimony(III) chloride,*°’ Zr(O2CEt), in propionic acid, and Zr(O.CPr), and 
Zr(O,CCHMe), in the corresponding butyric acids and in carbon tetrachloride*®® indicate that 
all four compounds are monomeric. Moreover, IR spectra of Zr(O2CMe),4, which exhibit 
Vas(CO2) and v,(CO,) bands at 1540 and 1455cm™’, respectively, suggest that the acetate 
ligands are chelating rather than bridging.*”* Therefore, the tetrakis(carboxylates) may be 
discrete eight-coordinate chelate complexes; this needs to be confirmed by X-ray diffraction. 
Z1(O2CCCl3)4 behaves as a Lewis acid, forming Zr(O2CCCl3)4L, adducts with pyridine, 
pyridine N-oxide and triphenylphosphine oxide.*” a 

Mixed-ligand compounds of the type Zr(OQ,CCH>Ph),Cl_, (n=2 or 3) and 
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Zr(O2CR),(OCHMe?)4—n (R = CisHs; or C17H35; 2 = 1 or 2)°* have been prepared by reaction 
of stoichiometric amounts of the carboxylic acid with ZrCl, or Zr(OCHMez2)4-HOCHMe,, 
respectively. Similar reactions of Zr(OCHMe2)4-HOCHMe, with furan-2-carboxylic acid, 
indole-3-acetic acid or indole-3-butyric acid yield the heterocyclic carboxylato complexes 
Zr(O2CR),,(OCHMez)4-n (R = C4H30, CoHgN or CisHi2N; n = 1, 2 or 3); IR spectra of these 
complexes exhibit an 80-120cm™' separation between the v,;(CO2) and v,(CO2) bands, 
suggesting a symmetrical bidentate attachment of the carboxylate ligands.*” The reaction of 
Zr(OCHMe;2)4- HOCHMe, with fatty acids present in excess in refluxing benzene yields the 
basic carboxylates Z1z0(O2CR)¢6 (R = CoH jo, C,,Hp3, CisH31 Or C17H3s).* ’ 

Basic carboxylates are generally obtained from reactions of MOCI,-8H,0 (M= Zr or Hf) 
with carboxylic acids or acyl chlorides.'”***°**? Compounds of the type MO(O,CEt)2(H20) 
and M,0(OH)(O2CR)-;(H2O), (R=H or Me; n=1 or 2) have been studied extensively by 
Russian workers,**!*°° and some, as yet unconfirmed, tetranuclear and octanuclear structures 
have been proposed on the basis of IR and molecular weight data. Dicarboxylic acids 
precipitate Zr'Y from aqueous zirconyl chloride solutions at pH 2-3 yielding polymeric 
complexes of composition Zr(OH)3(O0,CCH=CHCO>H), Zr(OH)3(O2CC;H,CO2H) and 
Zr(OH)3{O2C(CH2)nCO2H} (n — oF 2 or 4) 28778 

Amino acid complexes of the type [M,(OH)s(O2CCHRNHs3)s|Xs:12H,O (M= Zr or Hf; 
R=H or Me; X=Cl, Br or NO3) have been prepared in aqueous solution from glycine or 
a-alanine and the appropriate zirconyl (hafnyl) salt. IR and X-ray photoelectron spectra 
indicate that (i) the amino acid ligands are in the zwitterionic form, ~Ox.CHRNH3, and are 
coordinated through the carboxylate oxygen atoms, and (ii) the X~ ions are not coordinated. 
The tetrameric structure of [Zr4(OH)s(H2O).6]Cls-12H2O is assumed to be preserved in the 
amino acid complexes.*°? 3% 

(ii) Carbamates 

Tetrakis(N, N-dimethylcarbamato)zirconium(IV), an air- and moisture-sensitive white crys- 
talline solid, has been prepared by reaction of CO, with Zr(NMe2), in toluene.” This 
compound is monomeric in benzene, and IR studies indicate that the carbamato ligands are 
bidentate. An eight-coordinate dodecahedral structure like that found for the analogous 
monothiocarbamato complex [Zr(SOCNEt),4] (Section 32.4.5.2) is likely. 'H NMR spectra of 
[Zr(O,CNMez)4] at —120°C in 1:1 dichloromethane—Freon 11 exhibit only a single methyl 
resonance. In the absence of accidental degeneracy, this observation would indicate that 
[Zr(O2CNMez),] is stereochemically nonrigid at —120°C. 

(iii) Carbonates 

Carbonato complexes of the type K,[M(CO3)4]-nH2O, [C(NHz)s3]4[M(CO3)4]-H2O and 
[Co(NH3)6]4[Zr(CO3)4]3-11H2O (M = Zr or Hf; n =2 or 6) have been isolated from aqueous 
solutions that contain MOCI,-8H2O and appropriate carbonate salts.°°°°°* The potassium and 
guanidinium salts exhibit molar conductances in aqueous solution that are close to the value 
expected for a 4:1 electrolyte.’ IR spectra show strong bands in the regions 1580-1620, 
1280-1360 and 1012-1060 cm~* due to stretching vibrations of bidentate carbonato ligands.>°° 
The [M(CO3),]*~ ions are assumed*°>*> to have an eight-coordinate dodecahedral structure 
like that of [Zr(C2O4)4]*~ (Section 32.4.4.6.iv). 
_ IR and conductance data also suggest the likelihood of mononuclear eight-coordinate anions 
in the mixed-ligand complexes [C(NH?2)3]6[Zr(CO3)4(C2O,4)]-1.5H20, [C(NH2)s]e[Zr(CO3)3- 
(C,0,4)2]-7H20, Ke[Zr(CO3)(C204)4]-7.5H20,°”° [NH,]4[Zr(CO3)2F4]**" and K,[M(COs)- 
(C,04)2F2]-5H20 (M = Zr or Hf).*** In the [Zr(CO3),(C2O4)s-n]® (n =1, 3 or 4) complexes, 
some of the ligands are bidentate and some are monodentate; IR spectra indicate that the 
carbonato—metal chelate rings are more stable than the oxalato—metal chelate rings. 

Pospelova and Zaitsev**’ have reported a series of basic carbonato complexes of zirconium 
in which the metal-to-carbonate ratio varies from 1:1 to 1:3. Typical compositions 
are: M,,Zr20(OH)6_,(CO3),(H20), (n =2, 35 4 or 6) and M4Zr20(CO3)s(H20), (M' =Na, 
K, NH, C(NHp)3, etc.) Analogous carbonato-oxalato complexes such as 
MsZ1r20(CO3)n(C204)6—n(H2O), (n = 2 or 4) are also known.2% IR studies have shown that the 
basic carbonato complexes contain bidentate carbonate ligands,>°> but only the 1:3 complexes 
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of composition KsZr,O(CO3).(H2O)7 and (NH4)sZr,O(CO3)6(H2O)5 have been characterized 
Structurally by X-ray diffraction.*”*°* These complexes, properly formulated as 
K,[Zr2(OH)2(COs)6]-6H2O and [NHa]«[Zr2(OH)2(CO3)6]-4H2O, both contain a centrosym- 
metric dimeric anion (Figure 6) in which each Zr atom is dodecahedrally coordinated by two 
bridging hydroxo groups (Zr—O =2.07-2.13A) and three bidentate carbonate ligands 
(Zr—O = 2.16-2.29 A). The two dodecahedra share an m edge, and the carbonate ligands span 
the remaining six m edges. Analogous hafnium complexes, K.[Hf2(OH)2(CO3)6]-6H2O and 
[C(NH2)s]6[Hf,(OH)2(CO3).]-2H2O, have been reported by Dervin et al.3% 

ols 

Ol? 
O16 

Figure 6 Structure of the centrosymmetric anion in [NH,].[Zr.(OH)2(CO3)¢]-4H,O (reproduced by permission from 
ref. 398) 

(iv) Oxalates 

Oxalato complexes of zirconium have been known for many years.*°? The best charac- 
terized is the [Zr(C,O,4)4]*” ion, which has been isolated in alkali, alkaline earth,4°4 
cadmium and lead*” salts. High-yield procedures for preparation of K4[M(C,O,)4]:5H2O 
(M = Zr or Hf) have appeared in Jnorganic Syntheses.* The preparations involve addition of 
an aqueous solution of MOCI,-8H,O to a solution containing potassium oxalate and oxalic 
acid, followed by addition of ethanol to precipitate the product. X-Ray studies of the 
isostructural Na,[M(C20O,)4]°3H2O (M=Zr or Hf) salts? and the isostructural 
K,[M(C20.4)4]‘5H2O (M = Zr or Hf) salts*°**°° have shown that the [M(C,O,),]*~ ion has a 
slightly distorted D2, dodecahedral structure in which the virtually flat, bidentate oxalate 
ligands span the m polyhedral edges. Averaged metal—oxygen bond lengths (Table 14) to the 
dodecahedral A sites are 1.6—2.9% longer than those to the B sites. Perturbed angular 
correlation measurements of the electric field gradient at the metal site in M,[Hf(C.O,)4]-1H2O 
(M’=Na, K, Rb, Cs, or NH.) complexes indicate significant ligand— metal a bonding 
involving the oxygen atoms in the dodecahedral B sites and the metal d,2_,2 orbital.“ 
Metal—oxygen stretching bands in IR spectra of K,[Zr(C,O,)4]‘SH2O (321.5cm™~*) and 
K,[Hf(C,0,4)4]-5H2O (280 cm~*) have been assigned on the basis of metal isotopic substitution 
studies [v(°’Zr—O) = 324.0cm™!; v(**Zr—O) = 316.6cm™’].*” The lability of [M(C,0,)4]*~ 
(M = Zr or Hf) complexes with respect to ligand exchange has been demonstrated by studies of 
aqueous solutions of K,[M(C20.z)4]‘SH2O and “C-labeled oxalic acid; complete exchange of 
oxalate ligands occurs within the few minutes required to complete the experiment.** 

Tris(oxalato) and pentakis(oxalato) complexes of the type M3Zr(C,0,4)3-H2O (M’ = NH, or 
K), (NH4)3H3Zr(C2O4)5:n H2O and (NH4)6Zr(C20,4)5-nH2O have also been reported.*”? (NH4)¢- 
Zr(Cz04)s:nH2O was obtained by passing ammonia over the acid salt (NH4)3H3Zr(C,O04)5-nH2O. 
The other compounds were isolated from aqueous and/or alcoholic solutions of zirconyl chloride 
that contain various amounts of H,C,O, or [HC,0,]~. The M3Zr(C,0,)3-nH2O salts are 2:1 
electrolytes,*”’ and IR spectra indicate that all of the oxalate ligands are bidentate.*” It has 
been suggested, based on the structure of [Zr(C,O,),]*~, that the tris(oxalato) complexes 
contain an eight-coordinate [Zr(C,O,)3(H2O)2|* anion.“ In addition to the IR bands 
characteristic of bidentate oxalate ligands, (NH4)6Zr(C2O4)s:n H2O shows a band at ~1600cm™’, 

COC3-N* 
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Table 14 Averaged Metal—Oxygen Bond Lengths (A) in Tetrakis(oxalato) Complexes of Zirconium(IV) 

and Hafnium(IV) 

Compound M—O M—O, M—Oy, M—O,/M—O, Ref. 

Na,[Zr(C,0,4)4]-3H,O 2.199 2.230 2.168 1.029 1 
K,[Zr(C,0,)4]‘SH,0 2.193 2.210 2.176 1.016 2 
K,[Hf(C,0,)4]-SH,O 2.190 2.209 2.171 1.018 a 

1. G. L. Glen, J. V. Silverton and J. L. Hoard, Inorg. Chem., 1963, 2, 250. 

2. B. Kojic-Prodic, Z. Ruzic-Toros and M. Sljukic, Acta Crystallogr., Sect. B, 1978, 34, 2001. 
3. D. Tranqui, P. Boyer, J. Laugier and P. Vulliet, Acta Crystallogr., Sect. B, 1977, 33, 3126. 

which has been assigned to the v,,(CO2) mode of ‘uncombined CO,’ groups. A structure for 
[Zr(C,O,4)s]®” having three bidentate and two monodentate oxalate ligands is favored.*” 
Mixed-ligand sulfato-oxalato and carbonato-oxalato complexes were mentioned in Sections 

32.4.4.5.iii and 32.4.4.6.iii. A variety of fluoro-oxalato complexes have also been reported. 
Typical compositions are: M4jM(C,04)3F2.(H20),, _M3M(C20,4)2F3(H2O)3, .MsZr(C,0s,)- 
F.(H2O), », MoZr2(C,04)Fe(H20)4 and Ky4M4(C204)sF20(H20)2 (M’ = alkali metal; M = Zr or 
BH see 
Aeron and coworkers*'?*'* have prepared basic oxalates such as M3ZrO(C,0,).:nH,O 

(M’=K, NHg, or 0.5 Ba) and M’Zr(OH)3(C,0,):nH2O (M’ =Na, K, NHg, or 0.5 Ba) and 
have suggested that these complexes may have tetranuclear structures based on the 
{Zr4(OH)s*} unit found in [Zr4(OH)s(H2O),6]Cls-12H,O. In recent years, divalent metal 
zirconyl oxalates have been of interest as precursors for the preparation of ceramic materials; 
M"ZrO(C,0,4)2°»H2O complexes decompose at elevated temperatures yielding metal zirconates 
M"ZrO; (M” = alkaline earth, Zn, Cd or Pb).*1>-416 

32.4.4.7 Aliphatic and aromatic hydroxy acids 

a-Hydroxycarboxylic acids RR’C(OH)CO2H such as glycolic (R= R’' =H), lactic (R=H; 
R'= Me), malic (R= H; R’ = CH,CO,H), tartaric (R = H; R’ = CH(OH)CO,H), trihydroxy- 
glutaric (R = H, R'= CH(OH)CH(OH)CO,H), and citric (R = R’ = CH,CO>H) acids form stable 
complexes with Zr'Y and Hf"Y, even in strongly acidic solutions.*!”+” The greater complexing 
ability of the hydroxy acids relative to that of the corresponding carboxylic acids is attributed to 
the formation of five-membered chelate rings (25). A recent study by Hala and Londyn*!? 
indicates that Hf’ in 1.0-3.0MHCIO, media forms 1:1 and 1:2 complexes with glycolic, 
tartaric and citric acids and 1:1, 1:2, and 1:3 complexes with lactic and malic acids. The 
stability of the 1:1 complex increases in the order tartrate < malate < glycolate < citrate < 
lactate. Earlier, Ryabchikov et al.*!”*"* found that the Hf'Y complexes are somewhat less stable 
than the Zr'Y analogues. 

O ZO 

he me 
Dy ice BR: 

H 
(25) 

Hydroxo(glycolato) complexes of composition M20(OH)2(CH2OHCO,)4-nH,O and 
M(OH)(CH,0OHCO,)3-nH,O (M=Zr or Hf; n = 3-7) have been isolated by mixing 1M 
solutions of MOCI,-8H2O and glycolic acid in 1:1, 1:2, 1:3 and 1:4 molar ratios.*”° IR spectra 
indicate that the carboxylate and hydroxyl oxygen atoms are attached to the metal atom, but 
the detailed structures of these compounds are unknown. The lactato complexes 
Zr(MeCHOHCO,), and Zr(OH)(MeCHOHCO,), have been obtained from 3-5 MHCI 
solutions; Zr((/MeCHOHCO,), is very easily hydrolyzed.‘2! 
Ermakov et al.*? have isolated compounds of composition Zr(C,H,O,)-2H,O and 

Zr(CsH,O7)-3H20 from 0.5M ZrOCl, solutions that were treated with one equivalent of 
tartaric acid or trihydroxyglutaric acid, respectively. A similar experiment with citric acid gave 
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a mixture of Zr(CsH,O7)-4H2O and Zr(OH)4(CsH,O7)-2H,O. IR studies of the tartrate and 
citrate complexes suggest that complex formation involves the carboxylate and the hydroxyl 
groups and is accompanied by loss of the hydroxy protons. 

Mandelic acid and its derivatives have long been used as analytical reagents for determina- 
tion of zirconium and hafnium.” The tetrakis(mandelates) M{(+)-PhCHOHCO,}, are 
precipitated when a solution of (+)-mandelic acid is added to a hot (80-90°C) 5M 
hydrochloric acid solution of the metal oxychloride. Larsen and Homeier*2! have proposed that 
the M{(+)-PhCHOHCO,}, complexes have a polymeric structure in which eight-coordinate 
metal atoms are linked by (+) pairs of bridging mandelate ligands (26). The stability of this 
structure was attributed to short, double-minimum hydrogen bonds involving the hydroxyl 
protons and the carboxylate oxygen atoms, and it was suggested that these hydrogen bonds can 
only form when a (+) pair of ligands is present in the bridge. Evidence for this 
polymeric structure includes: (i) the very low solubility and lack of volatility of the 
M{(+)-PhCHOHCOO)}, complexes, (ii) the presence of broad v(O—H::-O) IR bands 

_ centered at 2600, 2300 and 1850 cm™’, and (iii) the fact that the tetrakis(mandelato)-complexes 
could only be prepared when the ligand was (+)-mandelate; attempts to prepare 
Zr{(+)-PhCHOHCHO,}, and Zr{(—)-PhCHOHCO,}, yielded basic mandelates Zr(OH),- 
(PhCHOHCO,),_,. The presence of broad, low-frequency v(O—H-:-O) bands in IR spectra of 
M{(+)-PhCHOHCO,}, (M = Zr or Hf) has been confirmed by Karlysheva et al.,*”> although 
these workers have suggested a monomeric tetrakis(chelate) structure. 
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(26) L = PhCHOHCO; 

M{(+)-PhCHOHCO,}, precipitates dissolve in solutions of weak bases such as ammonia, 
organic amines and sodium bicarbonate. The dissolution reaction is consistent with enhanced 
acidity of the OH groups in a chelate structure and has been attributed by Hahn and 
coworkers***-**° to salt formation, e.g. equation (47). Larsen and Homier,*? however, have 
questioned the identity of Hahn’s reaction products and have suggested that the dissolution 
reaction involves attack by bases on the hydrogen bonds of a polymeric structure. 

M{+-PhCHOHCO,},+4NH,; —> [NH,].[M{+-PhCH(O)CO,},] (47) 

The reaction of mandelic acid with ZrCl, in acetonitrile yields a mixture of [Zr{(+)- 
PhCHOHCO,};Cl] and [Zr{(+)-PhCHOHCO,},].** The latter soluble product is believed to 
be a monomeric, seven-coordinate isomer of the polymeric tetrakis(mandelate) obtained in 
aqueous media; it exhibits an IR band at 1700cm™’, which is attributed to v(C=O) of a 
monodentate mandelate ligand. 

Mandelic acid reacts with Zr(OCHMez2),;-HOCHMe, in refluxing benzene to give 

Zr{PhCH(O)CO2}(OCHMez)2, Zr(PhCHOHCO,){PhCH(O)CO2}(OCHMe,) or Zr(PhCHO- 
HCO,),, depending on the stoichiometry of the reaction mixture. Zr(PhCHOHCO;)- 
{PhCH(O)CO,}(OCHMez) loses isopropanol when heated under reduced pressure, yielding 
Zr{PhCH(O)CO,},, and is converted to Zr(PhCHOHCO-,),(OCHMe,). when treated with 
isopropanol in benzene. Reaction of Zr(PhCHOHCO,){PhCH(O)CO,}(OCHMe,) with 
1-butanol in refluxing benzene gives the butoxide derivative Zr(PhCHOHCO,){PhCH(O)CO;>}- 
OBu).*”° ‘tad ae 
: haley between salicylic acid and Zr(OCHMe.),,HOCHMe, in benzene yield similar 
products; Zr(2-OCs;H,CO,)(OCHMe,),, Zr(2-HOC,H,CO>)(2-OC.;H,CO,)(OCHMe,), Zr(2- 
OC;H,CO,), and Zr(2-HOC;H,CO,)2(2-OC,H,CO2) have been isolated, depending on the 
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reaction temperature and the stoichiometry of the reaction mixture. The reaction of 

Zr(OCHMe>)4: HOCHMe, with excess methyl salicylate gives the tetrakis complex Zr(2- 

OC,H,CO.Me),.*”” In aqueous media, salicylic acid and its derivatives precipitate Zue Wine 

form of basic salicylates.°°*?*,4”? 
The reactions of Zr(OCHMe,)4:-HOCHMe; with the B-hydroxy esters PhCR(OH)CH,CO2Et 

(R =H or Me) and CsHio(OH)CH2CO-Et in 1:1, 1:2, 1:3 and 1:4 molar ratios in benzene at 

reflux afford monomeric, viscous liquid complexes of the type (27) and (28). IR spectra and 

molecular weight measurements indicate that the Zr atom has a coordination number of five, 

six, seven or eight when n is 1, 2, 3 or 4, respectively. The complexes that contain OCHMe, 

groups can be converted to the corresponding t-butoxide derivatives by reaction of (27) and 

(28) (n = 1, 2 or 3) with Me;COH in benzene at reflux.**? Chloro(hydroxyester) complexes of 

the type Zr{MeCH(O)CO,Et}.Ch, Zr{PhCH(O)CO2Me},Ch and Zr(2-OCs5H,CO2Me),,Cla—n 

(n =2 or 3) have been known for many years." 

: fo 
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(27) n=1, 2, 3 or 4 (28) n=1, 2, 3 0r 4 

32.4.4.8 Sulfoxides, selenoxides, amides, N-oxides, P-oxides and related ligands 

Zirconium(IV) and hafnium(IV) halides react with sulfoxides, selenoxides, amides, N- 
oxides, P-oxides and related ligands to give moisture-sensitive solid adducts that are generally 
insoluble in common organic solvents. Typical examples are listed in Table 15. Use of two 
equivalents or an excess of Lewis base ordinarily yields octahedral 1:2 adducts [MX,L,], some 

of which have been assigned cis or trans configurations on the basis of the number of 
metal—halogen stretching bands in vibrational spectra. For example, IR and Raman spectra 
and normal coordinate calculations**! have established a cis structure for [MCl,(POCIs)2] 
(M = Zr or Hf) complexes, which exhibit four v(M—Cl) modes in the region 370-305 cm7?. 
A few 1:1 adducts have been reported. For example, thermal decomposition of [MClL2] 

(M = Zr or Hf; L= POCI or POFCI,) under reduced pressure yields solid MCI,L complexes** 
that have been shown to be monomeric in nitrobenzene when L = POCI.*** Vapor pressure 
measurements in the ZrCl,-POCI, system have shown that [ZrCl,(POCI,)] exists in the gas 
phase as well.*** On the other hand, the thionyl chloride adduct [{ZrCl,(SOCI,)},] is a 
centrosymmetric dimer (29) in which each Zr atom is octahedrally coordinated by two bridging 
chlorine atoms (at 2.58+0.01 A), three terminal chlorine atoms (at 2.34+0.02 A) and the 
thionyl chloride oxygen atom (at 2.273(13) A).*° Phthalimide forms a 1:1 adduct with ZrCly, 
which is a monomeric nonelectrolyte in nitrobenzene but which may be polymeric in the solid 
state since IR spectra suggest that both carbonyl groups are coordinated to the metal.**° 

Cl OSCl, 
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(29) 

The reactions of zirconium and hafnium tetrahalides with an excess of dimethyl sulfoxide or 
a primary amide yield MX,L, compounds having values of n as large as 10 (see Table 15). IR 
studies of MCl4(DMSO),**” and ZrCl4(HCONH>)4“* indicate the presence of both coordin- 
ated and noncoordinated Lewis base ligands; the formamide complex has been formulated as 
[ZrCl,(HCONH)2)2]-2HCONH). On the other hand, IR spectra of the 2,6-lutidine N-oxide 
complex [ZrCl,(2,6-Me,CsH3NO)3] suggest that all three N-oxide ligands are attached to a 
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Table 15 Complexes of Zirconium(IV) and Hafnium(IV) Halides with Sulfoxides, Selenoxides, 

Amides, N-Oxides, P-Oxides and Related Ligands 
et ee 

Physical 
Complex* method” Ref. 
ee a ee 

Sulfoxide and selenoxide complexes 
cis-[ZrF,(DMSO),] IR 152 
ZrCl,(DMSO),, (n = 2, 3, 8, 9) IR, AH, A 3-5 
HfClL,(DMSO),, (n = 2, 8, 9) IR, AH 3-5 
MBr,(DMSO),, (n = 2, 10) IR, AH 3,4 
[ZrCl,(Ph,SeO),] IR 6 

[{ZrCl,(SOCI,)}.] XD 7 
[ZrCl,(SeOCl,)>] 8 

Amide and related complexes 
ZrCl,(HCONH,),, (n = 4, 8, 10) IR 9 
ZrCl,(MeCONH,), 9 
ZrF,(DMF) 1 
[MC1,(DME),] IR 9, 10 
[ZrBr,(DMF)>] NMR rst 
[ZrCl,(MeCONMe,)>] 9 
[ZrCl,(NCCH,CONH,),] IR,M,A 12 
[ZrCl,(1-methyl-2-pyrrolidinone),| IR 13 
trans -[ZrCl,(antipyrine),] IR 14 
trans-[ZrCl,(4-aminoantipyrine),| IR 14 
ZrCl,(phthalimide) IR,M,A 15 

N-Oxide and related complexes 
[ZrCl,(Me,NO),] IR 16 
[ZrF,(4-XC;H,NO),] (X = NO,, Cl, H, Me, OMe) IR 17 
[ZrCl,(2,6-Me,C;H,NO) | IR 18 
cis-[HfCl,(2,6-Me,C;H3,NO),| IR 18 
cis-[ZrCl,(benzofuroxane),] IR,R 19 

P-Oxide and related complexes 
[ZrCl,(R3PO),] (R = Me, Bu, CH,Ph, Ph) IR 16, 20, 21 
[ZrCl,{R,P(O)(OR’)},] (R, R’ = alkyl or aryl) IR, A 21 
[ZrCl,{RP(O)(OR’)>},] (R, R’ = alkyl or aryl) IR, A 21 
[ZrCl,{(RO)3PO},] (R = Me, Et, Bu) IR, A 21 
[ZrCl,{R,P(O)H},] (R = alkyl or aryl) IR 22 
ZrCl,({Ph,P(O)CH,}.P(O)R) (R = Ph, OEt, OH) IR, A 23 
[MClL,(POCI,)] XD, M, P 24-27 
MCL,(POF,,Cl,_,,) (n = 1, 2, 3) 24 
cis-[MC1,(POCI,) 9] XD, IR, R, M, P 24-29 
[MCl1,(POFCI,),] 24 
MCI1,{PO(NCS);}> XD,IR 30 
trans-[ZrCl,{PO(NMe,)3}>] IR, A 31 
[ZrBr,{PO(NMe,)3}>] TR, A 31 
Zr1,{PO(NMe,)3} IR 31 

*M=Zr or Hf. °IR = infrared spectrum; R = Raman spectrum; NMR = ‘HNMR spectrum; AH = thermochemical 
data; M = molecular weight; A = electrical conductance; XD = X-ray diffraction; P = vapor pressure measurements. 
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seven-coordinate Zr atom.** It is interesting to note that the reaction of excess 2,6-lutidine 
N-oxide with ZrCl, yields a 1:3 complex, while the analogous reaction with HfCl, gives the 1:2 
adduct cis-[HfC1,(2 ,6-Me2C;H3NO)>] 

Formation of the adducts in Table 15 is accompanied by characteristic low-frequency shifts in 
the IR bands of ligand vibrations that involve stretching of bonds to the oxygen atom; typical 
low-frequency shifts upon coordination to MCl, (M = Zr or Hf) are ~100cm™~' for v(SO) in 
DMSO,*” ~60cm™ for v(SeO) in Ph,SeO,“? ~15cm™' for v(C=O) in DMF’ and 
115-155cm7' for v(P=O) in phosphine oxides, phosphinates, phosphonates and 
phosphates.**! These data indicate that the Lewis bases are coordinated through the oxygen 
atom. Coordination through the carbonyl oxygen atom in [ZrBr,(DMF),] is supported by the 
presence of two methyl resonances in the “HNMR spectrum.“” The C=N group is not 
coordinated in the cyanoacetamide complex [ZrCl4(NCCH2CONH))2]; this compound is a 
monomeric nonelectrolyte in nitrobenzene, and IR spectra are consistent with six coordination, 
the NCCH,CONH,; being attached to zirconium through the carbonyl oxygen atom.**? 

Several lines of evidence suggest that the Lewis acid strength of zirconium and hafnium 
tetrahalides toward oxygen donor ligands increases in the order ZrX,4 < HfX,: (i) metal—oxygen 
stretching force constants in cis-[MCl,(POCIs),] are 0.344 mdyn A~! (M = Zr) and 0.434 mdyn 
A (M=Hf);*” (ii) AH°s9, values (kJ mol~') for conversion of MCl,(POCI;)2(s) to 
MCL,(POCI;)(s) and POCI,(g) are 67 + 8 for M= Zr and 88 + 8 for M=Hf;™ and (iii) AH og 
values (kJ mol”) for formation of MX,(DMSO),(s) from MX,(g) and 2DMSO(g) are: —379 
(MX, = ZrCl,), —392 (HfCl,), —367 (ZrBr4), —399 (HfBr,).**° 

Oxozirconium(IV) complexes of the type [ZrOX,L,] (KX = Cl, Br, NO3 or NCS), [ZrOL,]L 
and [ZrOL¢][ClO.]2, where L is sulfoxide, N-oxide or P-oxide, have been discussed in Section 
32.4.4.1. In all of these compounds, the Lewis base is coordinated to the metal through the 
oxygen atom. Additional complexes of this type include [ZrO(DMSO).][ClO4],->n» DMSO (n =0 
or 2)*°447 and [ZrOL¢][ClO.]2 (L = pyridine N-oxide or quinoline N-oxide) .“*+4° 

Paul et al.*°° have prepared amide complexes of the type ZrOCl,(HCONH2), and ZrOClL, 
(L= DMF, MeCONH2, MeCONHMe, MeCONHPh, MeCONMep, or PhCONH,) by addition 
of the amide to an acetone solution of anhydrous ZrOCl,. Kharitonov et al.**! have isolated 
DMF complexes of composition MOCI,(DMF).(H2O)., _MO(OH)(NO;3)(DMF), 
M(SOqz)2(DMF),4 and MO(SO,4)(DMF)(H20) (M = Zr or Hf) from DMF solutions of hydrated 
zirconium and hafnium salts; they have suggested mononuclear, tetranuclear and polynuclear 
structures for some of these compounds on the basis of IR spectra. Savant et al.*°? have 
reported ZrO(antipyrine)3(ClO,4)2 and Zr(antipyrine)s(ClO4)4; these complexes are electrolytes 
in PhNO,, MeNO, and DMSO, with the extent of dissociation depending on the solvent. For 
all of these compounds, IR spectra indicate that the amide or antipyrine ligand is coordinated 
through the carbonyl oxygen atom. 
MOCI,-8H,0 (M= Zr or Hf) and ZrO(ClO,)2-8H2O react with the potentially tridentate 

phosphine oxide, phosphinate and phosphinic acid ligands L = {Ph,P(O)CH>},P(O)R (R = Ph, 
OEt or OH) _ yielding complexes of composition M(OH),LCI(H2O); and 
Zr(OH)2L(ClO4)2(H20)s, respectively. The perchlorate compounds are electrolytes in PhNO;, 
while the chloro complexes are nonelectrolytes. Reaction of ZrCl, with L gives the ZrCl,(L) 
complexes (Table 15), which are also nonelectrolytes in PhNO,. Low-frequency shifts of 
60-90 cm~* in v(P=O) upon complex formation indicate that the phosphorus ligands are 
coordinated through the phosphoryl oxygen atoms.*°* Phosphine oxides and organic phos- 
phates, particularly tri-n-octylphosphine oxide and tri-n-butyl phosphate, are important 
complexing agents in solvent extraction procedures for separation of zirconium and hafnium 
from other metals.” 
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32.4.4.9 Hydroxamates, cupferron and related oxygen ligands 

N-Benzoyl-N-phenylhydroxylamine and cupferron (the ammonium salt of N-nitroso-N- 
phenylhydroxylamine) have long been used as analytical reagents for gravimetric determination 
of zirconium.**° Addition of these reagents to moderately acidic aqueous solutions of Zr'Y or 
Hf'” precipitates the tetrakis chelates (30) and (31). Bhatt and Agrawal** have prepared 
{Zr{ON(Ph)COPh},] at pH 5.5, but Karlysheva and Sheka**> report that basic cupferrates of 
variable composition are obtained if the acid concentration is less than 1N. 
[M{ON(Ph)COPh},] (M = Zr or Hf) complexes have also been isolated from benzene solution 
following extraction of Zr'Y or Hf'Y from 1-3 M HClO, or 1-5M HCI; extraction from 
6-9 M HCI affords the chloro complexes [M{ON(Ph)COPh}3Cl].**° 

Oe On 

M ‘ M } 

see er 
Oficon ph f: 9 Ph], 

(30) M=Zr or Hf (31) M=Zr or Hf 

An X-ray structural determination**’ has shown that [Hf{ON(Ph)COPh},] (30; M = Hf) 
exists in the solid state as the unusual S,-gggg dodecahedral stereoisomer. Because the four g 
edges spanned by the ligands (average 2.527 A) are appreciably shorter than the other four g 
edges (2.869 A), the BAAB trapezoids of the dodecahedron are somewhat twisted; the ligating 
oxygen atoms are displaced from the mean trapezoidal planes by 0.08-0.20A. The PhCO 
oxygen atoms occupy the dodecahedral A sites and the PhNO oxygen atoms take the B sites, in 
accord with Orgel’s rule for d° complexes.**** As expected, the averaged Hf—O, bond 
distance (2.258 i is longer than the Hf—Og distance (2.116 A), but the ratio Hf—O,/Hf—Ox, 
(1.067) is unusually large. 

Zirconium(IV) cupferrate (31; M = Zr) exists in the solid state as the more usual D.4-mmmm 
dodecahedral stereoisomer.*®” In this structure, the PhNO oxygen atoms are located in the A 
sites and the nitroso oxygen atoms are found in the B sites; averaged bond lengths are 
Z1r—O, = 2.168 A, Zr—Og = 2.212 A, Zr—O,/Zr—Oy = 0.980. If the PhNO oxygen atom 
carries more of the ligand’s negative charge than the nitroso oxygen atom, this structure would 
appear to be a violation of Orgel’s rule. However, the two N—O bond lengths within the 
chelate ring are equal (1.30 A), suggesting that the charge on the two oxygen atoms may not be 
significantly different. 

The difference in ligand wrapping pattern for [Hf{ON(Ph)COPh},] and [Zr{ON(Ph)NO}u,] is 
interesting. Tranqui et al.*°’ have noted the close interpenetration of adjacent molecules in the 
crystal structure of [Hf{ON(Ph)COPh},] and have suggested that the molecular structure may 
be influenced by crystal packing effects. Another factor that may be of importance is a 
difference in the normalized bites of the hydroxamate and cupferrate ligands, 1.155 in (30; 
M = Hf) and 1.108 in (31; M = Zr); the D.~—mmmm wrapping pattern becomes less stable as 
the normalized bite of the ligand increases.** 

Time differential perturbed angular correlation (TDPAC) measurements on the solid 
compounds (30; M = Hf) and (31; M = Hf) have been interpreted’’’ in terms of two different 
hafnium environments, a conclusion which is not in accord with the X-ray crystal 
structures.4°7*© A more recent TDPAC study*” provides information about 2 bonding 
involving the hafnium d,2_,2 orbital and the oxygen atoms in the dodecahedral B sites. The 
charge transferred into d,2_,2 has been estimated to be ~20% of the overall charge donated by 
the ligands in (30; M=Hf) and ~16% in (31; M=Hf). The overall charge donated by the 
ligands into the metal valence orbitals is in the range —0.7 to —1.2 e; thus the Hf—O bonds are 

still quite highly ionic. 
Mixed-ligand hydroxamato complexes of the type Zr(ONHCOR),(OCHMez)4_, (R = Ph or 

CH,Ph; n = 1, 2, 3 or 4) have been prepared by reaction of the appropriate hydroxamic acid 

with Zr(OCHMe2)4;HOCHMe, in benzene at reflux; the value of nm depends on the 

stoichiometry of the reaction mixture.** Zirconium(IV) alkyls ZrR2Cl, (R = CH2SiMe;) or 

ZrR, (R = CH,SiMe3 or CH2CMes3) react with nitric oxide to give the six- or eight-coordinate 

N-alkyl-N-nitrosohydroxylaminato complexes [Zr(ONRNO),Cl] or [Zr(ONRNO),, 
respectively.“ 

Zirconium(IV) forms a tetrakis chelate with the hydroxamate-related 1-oxy-2-pyridonate 
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ligand (32); the chloroform solvate Zr(CsH4NOz)4-CHCl; was isolated from chloroform— 

ethanol.*®° 

(32) 

32.4.4.10 Miscellaneous oxygen donor ligands 

The diethylammonium salt of the tris(tetraphenyldisiloxanediolato)zirconate(IV) anion (33) 

has been obtained in very low yield from the reaction of [Zr(NEt,)4] with diphenylsilanediol in 

THF. The ligand results, under the basic reaction conditions, from condensation of two 

Ph,Si(OH), molecules. Anion (33) has an octahedral tris-chelate structure with a twist angle 

(46.9°) that indicates some distortion towards trigonal prismatic geometry.*° 

Ph,\ ]* 
O—i 

2 
Z O 

O—Si 
Ph, /s 

(33) 

Tetrakis(perfluoroalkanesulfonates) Zr(ReSO3)4 (Re = CF3 or CFs) have been prepared by 
reaction of ZrCl, with an excess of the perfluoroalkanesulfonic acid.*°’ The mode of 
attachment of the perfluoroalkanesulfonate ligands is unknown. 

Bis(benzeneseleninato)oxozirconium(IV) complexes, ZrO(O2SeCsH4X)2 (X = 4-Cl, 3-Cl or 
3-Br) and ZrO(O2SeC,sH,4-3-NO2)2;2H2O have been synthesized in aqueous solution by 
reaction of a 1:4 molar ratio of Zr(NO3;),4 and the sodium salt of the ligand. IR spectra indicate 
an O,O’-bidentate attachment of the O2SeC,H,X ligands and an oxo-bridged polymeric 
structure. The presence of just one v(Zr—O—2Zr) IR band (739-750 cm~') and two v(Zr—O) 
bands for the bonds to the O,SeC,H,X ligands (405-504 cm~') suggests an octahedral trans 
environment for the Zr atom.'” 

Zr(acac), reacts with four equivalents of diphenylphosphinic acid at 300°C yielding 
Zr{OP(O)Ph2}4, which is dimeric at 100°C in 1,2-dichlorobenzene. IR spectra of this 
compound exhibit v(P=O) bands due to coordinated and uncoordinated P=O groups, 
suggesting the presence of bridging and monodentate diphenylphosphinate ligands. 
Zr{OP(O)Ph2}4 has remarkable thermal stability, not melting up to 490°C. A polymeric, 
diphenylphosphinate-bridged compound ZrCl,{OP(O)Ph2}. has been obtained by reaction of 
ZrCl, with two equivalents of diphenylphosphinic acid in n-butanol.*® Di-n-butylphosphates of 
the type Zr(NO3)2{OP(O)(OBu).}{HOPO(OBu),},, (n = 0, 2 or 4) are also known.*° 

32.4.5 Sulfur Ligands 

32.4.5.1 Thiolates and thioethers 

Only one zirconium thiolate coordination compound is known; the blue Zr(SPh), has been 
prepared by reaction of ZrCl, with Al(SPh)3(Et,0).*” The dithiolates Zr(SCH>CH,S)- 
(OCHMe?). and Zr(SCH,CH,S), have been obtained as white solids from the reaction of 
stoichiometric amounts of Zr(OCHMez)4; HOCHMe; and ethanedithiol in benzene at reflux.*”! 

The following metal halide—-thioether adducts have been reported: [ZrCl,(Me2S)2],*” 
[MCL(THT)2] and [ZrBr,(THT),] (M=Zr or Hf; THT=tetrahydrothiophene),‘” 
[ZrCl4(MeSCH,CH2SMe),]** and ZrCl,(1,4-oxathiane).°° These relatively insoluble com- 
pounds are generally prepared by prolonged stirring of a mixture of the metal halide and the 
thioether in an inert solvent such as benzene or cyclohexane. 

Thermochemical measurements’? indicate that [ZrBr4(THT)2] is less stable than 
[ZrCl,(THT)2], presumably because of steric hindrance. Although [ZrCl,(THF),] and 
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[HfCL,(THF),] exhibit closely similar heats of adduct formation, [HfCl,(THT).] is more stable 
than (ZrCl,(THT).], indicating that Hf'Y has more class b character than Zr'Y. 

IR spectra show that the conformation of 1,2-dimethylthioethane changes from pre- 
dominantly trans to gauche on formation of [ZrCl4(MeSCH,CH2SMe),].47* This is consistent 
with an eight-coordinate structure in which MeSCH,CH)SMe coordinates through both sulfur 
atoms. A high coordination number for zirconium is also indicated by the low frequencies of 
the v(Zr—Cl) and v(Zr—S) IR bands, 305 and 275 cm™, respectively. In the six-coordinate, 
probably polymeric compound ZrCl,(1,4-oxathiane),°°% v(Zr—Cl) is at 345cm7!. The IR 
spectra indicate that 1,4-oxathiane is in the chair form and both the sulfur and the oxygen 
atoms are coordinated to zirconium atoms. 

32.4.5.2 Dithiocarbamates and monothiocarbamates 

Eight-coordinate N,N-dialkyldithiocarbamato complexes [Zr(S,CNRz2)4] (R= Me, Et, Pr) 
have been prepared by reaction of [Zr(NR2)4] with CS, in cyclohexane.” The isopropyl 
derivative [Zr{S,CN(CHMe,)2},4] was obtained from the reaction of ZrCl, with 
Na{S2CN(CHMez),} in the presence of triethyl phosphite.*”? [Zr(S,CNEt,)4] is isomorphous 
with [Ti(S,CNEt,)4], which has been shown by X-ray diffraction to have a D g-mmmm 

dodecahedral structure.*”° The mass spectrum of [Zr(S:CNEtz),4] exhibits a peak for the parent 
ion; the base peak is [Zr(S,CNEt,)3]*.*”” Low-temperature 'H, °C and '*F NMR spectra of 
[Zr(S2CNR2)4] (R = Et or Pr), [Zr{S,CN(Me)(Pr)}4] and [Zr{S,CN(Me)(C.F;)}4] indicate that 
these complexes undergo very rapid intramolecular rearrangement. No evidence of stereoiso- 
mers or inequivalence of A-site and B-site N-alkyl groups was observed at temperatures down 
to —140°C.*’*-*” Intermolecular ligand exchange between [Zr(S2CNPr2)4] and [Ti(S2CNPr2)a] 
is slow on the NMR time scale at 80°C.*” 

Variable temperature ‘HNMR spectra of [Zr{S,CN(CHMez)2},4] (34) show that the 
isopropyl groups are inequivalent owing to hindered rotation about the C—N single bonds. 
Rate constants for this process range from 20s~' at —25.0°C to 670s "' at 21.0°C; 
AH? = 45 +1kJ mol“! and AS* = —39 +5 J mol™! deg™’.*”° 

H 

Five-, six-, seven- and eight-coordinate complexes of the type [M(SxCNRR’),,Cli_,,] (1 = 1, 

2, 3 or 4; M=Zr or Hf; R= Et, R’ = 3-C.H,Me; R =H, R’ = cyclopentyl or cycloheptyl) have 

been synthesized by reaction of stoichiometric amounts of MCI, and anhydrous Na(S,CNRR’) 

in dichloromethane at reflux. These complexes are monomeric nonelectrolytes in solution, and 

IR spectra indicate a bidentate attachment of the dithiocarbamate ligands.**°**’ The same 

ligands react with aqueous solutions of MOCI, (M=Zr or Hf) to give compounds of 

composition MO(S,CNRR’)2:2H2O; these complexes contain bidentate dithiocarbamate lig- 

ands, but their structures are unknown.*®” Six-coordinate complexes, [Zr(SxCNRz2)2(OPh)2] and 

[Zr(SsCNRR’).(OPh)2] (R= Me, Et or CHMe2; R’ = cyclohexyl), shave been prepared from 

Z1(OPh),Cl, and Na(S,CNRz2) or Na(S,CNRR’) in THF at reflux. : £4 . 

ZrX, (X=F or Cl) reacts with the sodium salt of piperazine-1,4-dicarbodithioate to give 

complexes of composition Z1F,{SxCN(CH2CH2)2NC(S)SH}2 and Z12Cl¢{S2CN(CH2CH2)2- 

NCS,} respectively.**** On the basis of IR evidence, the fluoride complex has been assigned 

an octahedral trans structure in which one CS; group is bidentate while the other CS group is 

attached to a proton.*** IR spectra indicate that the piperazine-1,4-dicarbodithiolate behaves as 

a tetradentate ligand in the chloride complex.*” Ok 

Two recent papers on [(n-CsHs)M(S2CNMey)3] (M= Zire Ot Hf) and [(n- 

C;Hs)2ZrCl(SxCNRz2)] (R = Me or Et)**’ are mentioned in passing to provide an entry into the 

current literature on organo-zirconium and -hafnium dithiocarbamato complexes. 

The moisture-sensitive monothiocarbamato complexes [Zr(SOCNR2),4] (R=Me, Et or 
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CHMe,) may be prepared by reaction of ZrCl, with Na(SOCNR,) in dry acetonitrile.*** 
[Zr(SOCNMe,),4] has also been synthesized by insertion of carbonyl sulfide into the Zr—N 
bonds of [Zr(NMez)4].”° An X-ray study**’ has established that [Zr(SOCNEt),] exists in the 
solid state as the dodecahedral stereoisomer that has an mmmm ligand wrapping pattern and a 
Cy, arrangement of the sulfur and oxygen atoms. This isomer is one of six possible 

stereoisomers having the mmmm ligand wrapping pattern (Figure 7). In the C2, isomer, two of 
the sulfur atoms occupy A sites and two occupy B sites so as to give a highly polar all-cis 
arrangement with the four sulfur atoms clustered on one side of the coordination polyhedron; 
Zr—S, = 2.689(1), Zr—Sp = 2.669(1), Zr—O, = 2.200(2), Zr—Opg = 2.180(2) A. The dipole 
moment of [Zr(SOCNEt,),] (3.61 + 0.16 D) is relatively large, indicating that the C2, isomer is 
the predominant solution species as well.*** This isomer may be stabilized by a trans effect;**? 
one of the two D>,4 stereoisomers (Figure 7) would have been expected on the basis of Orgel’s 
Cds 3 
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Figure 7 Schematic representation of the six possible dodecahedral stereoisomers of a [Zr(SOCNR,),] complex. The 
two mutually perpendicular trapezoids of the D,, dodecahedron are outlined, and the A- and B-site occupancy of the 

sulfur and oxygen atoms is shown (reproduced by permission from ref. 488) 

The low-temperature 'H NMR spectrum of [Zr(SOCNMe;),] can be interpreted in terms of 
four overlapping methyl resonances, a spectrum consistent with that expected for the C>, 
stereoisomer. Variable-temperature 'H NMR spectra*” exhibit evidence of two distinct kinetic 
processes: (i) a low-temperature process (LTP) that involves metal-centered rearrangement 
and (ii) a high-temperature process (HTP) that involves rotation about the C-+:N partial double 
bond in the monothiocarbamate ligand. Coalescence temperatures for the LTP and HTP are 
—53.5 and +78.2°C, respectively. Activation parameters (kJ mol~' or J mol~! deg~') are: 
AG*(—53.5 °C) = 47.1+0.2, AH*=40+1, and AS*=—3445 for the LTP; AG*(78.2 °C) = 
82.74 0.5, AH*=99+5, and AS*= 47+ 15 for the HTP. The greater stereochemical rigidity 
of [Zr(SOCNMe,)4] in comparison with [Ti(SOCNMe,),] and analogous [M(S2CNR2)a] 
(M=Ti or Zr) complexes is evidence for a polytopal rearrangement mechanism for the 
metal-centered process. 

32.4.5.3 Dithiolenes and related ligands 

The tris(dithiolene) complexes [M(S2CsH3R)3]*-> (M= Zr, R=H; M=Zr or Hf. R= Me) 
have been synthesized in THF solution by reaction of the metal diethylamide with a mixture of 
benzene-1,2-dithiol (or toluene-3,4-dithiol) and its sodium salt (equation 48). The complexes 
were isolated as moisture-sensitive, red or orange [NEty].[M(S2CsH3R)s] salts following addition of (NEt,)Br to the THF solution of the sodium salt. The [NEt,],.[M(S2C.H3R)3] complexes exhibit a strong v(M—S) IR band at 311-321 cm~', and they show an intense ligand (,)— metal (d,2_,2, d,,) charge-transfer transition in electronic spectra at 20 000-27 800 cm™!. 
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"H and °C NMR spectra of [NEts]o[Zr(S2Cs-H3Me)s] gave only a single, sharp (time-averaged?) 
methyl resonance. Polarographic reduction of [Zr(S2CsH3Me)3]*- in MeCN was highly 
irreversible.*?! 

[M(NEt,),] + 2NaHS,C,H3R + (HS),C.H;R ——> Na,[M(S,C,H,R);] + 4HNEt, (48) 
_ The [Zr(S2CsH,)3}°~ anion in [NMeg].[Zr(S.CsH,)3] has a structure (Figure 8) that is 
intermediate between octahedral and trigonal prismatic; the trigonal twist angle is 37°. 
Averaged distances are Zr—S =2.543, S---S (intraligand) = 3.265, S---S (interligand) = 
3.584 A. The averaged S—C bond length (1.765 A) is close to that expected for an S—C single 
bond, indicating that [Zr(S,CsH,)3]?~ is best formulated as a dithiolatozirconium(IV) complex. 
It is interesting to note that the isoelectronic complexes [Nb(S.C.H,4)3]” and [Mo(S,C.H,)3] are 
trigonal prismatic. The change in geometry as the metal d-orbital energies decrease in the 
series Zr'Y >NbY >Mo¥! has been rationalized in terms of increasing ligand (z,)— metal 
(d,2_y2, d,y)a bonding.* 

Figure 8 A perspective view of the [Zr(S,C,H,)3]”" anion. The complex is located on a crystallographic twofold axis 

Tris(o-mercaptophenolato) complexes, [NEt,]2.[M(SOC,H,)3] (M = Zr or Hf),78° have been 
prepared by a method similar to that used for the analogous dithiolates. A compound of 
composition Zr(SOCs.H4)(HSOC,H,)2 has been obtained from the reaction of ZrCl, with three 
equivalents of o-mercaptophenol.*”? 

32.4.5.4 Other sulfur donor ligands 

Reaction of Na{S,P(OEt)2} with ZrCly in toluene affords the 
tetrakis(diethyldithiophosphate) [Zr{S,P(OEt),},4].4°* An X-ray study*®> has established that 
the corresponding diisopropyl derivative [Zr{S,P(OCHMe,)2},4] has an eight-coordinate 
Doa-mmmm dodecahedral structure, with Zr—S, =2.746(3) and Zr—Sp = 2.653(3) A. This 
structure is somewhat surprising*®! in view of the rather large S---S bite (3.178(5) A) of the 
dithiophosphate ligand; the normalized bite is 1.177 A. 

Zirconium and hafnium tetrachlorides form 1:1 and 1:2 adducts with thiourea. IR spectra 
indicate that the 1:1 adducts contain terminal and bridging chlorine atoms and S-bonded 
thiourea ligands. A chlorine-bridged dimeric structure [{H2N)2CS}C]l,;MClLMCI,{SC(NH2)>}] 
has been proposed.*”° The IR spectra and calorimetric measurements suggest that only one 
thiourea ligand is coordinated to the metal in the 1:2 adducts; the second ligand appears to be 
attached to the complex via hydrogen bonds.*7®*”” 

The reaction of ZrCl, with triphenylphosphine sulfide in benzene at reflux affords a 1:1 
adduct, which has been assigned a m2-chlorine-bridged structure on the basis of molecular 
weight, conductance and IR data.“ An insoluble red-brown thiophene adduct of composition 
ZrCl,(C,4H,S)2 has been obtained by prolonged shaking of a 4:1 mixture of thiophene and 
ZrCl, in benzene.?”” 

32.4.6 Selenium Ligands 

The reaction of ZrCl, with Al(SePh); in ether—benzene yields the phenylselenolate 
Z1(SePh), as a turquoise, microcrystalline product.*” 
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32.4.7 Halogens as Ligands 

32.4.7.1 Tetrahalides 

Zirconium(IV) and hafnium(IV) halides are high-melting crystalline solids, which do not 

contain discrete complexes. a-ZrF,°” and B-ZrF,°' have extended three-dimensional struc- 

tures in whch ZrF, dodecahedra (aw form) or square antiprisms (8 form) are linked together by 

sharing fluorine atoms. Crystalline ZrCl, consists of infinite zigzag chains of ZrCl, octahedra 

which share non-opposite edges; ZrBr,, HfCl, and HfBr, are isostructural with ZrCl,.°° In 

zirconium(IV) iodide, Zrl, octahedra share non-opposite edges so as to give a helical chain 

structure with an identity period of six octahedra.*”’ Hafnium(IV) iodide has yet another type 
of chain structure in which sharing of non-opposite edges of Hfl, octahedra results in folded 

chains with an identity period of four octahedra.°™ Much useful information on the preparation 
and properties of zirconium(IV) and hafnium(IV) halides may be found in previous reviews’® 
and in the monograph by Canterford and Colton.°” 

In the gas phase, the tetrahalides exist as monomeric regular tetrahedral molecules. This has 
been established by electron diffraction and vibrational spectroscopy. Bond lengths and 
vibrational frequencies are listed in Table 16. Force constants for M—X bond stretching are 
slightly larger for the hafnium tetrahalides than for the zirconium analogues; the force 
constants decrease appreciably as X varies in the order Cl> Br >I.°° 

Table 16 Bond Lengths (A) and Vibrational Frequencies* (cm~') in Gaseous Zirconium(IV) and Hafnium(IV) 

Halides 

Compound Bond length Vv, (a) V>(e) v3 (t,) V4 (to) Ref. 

ZiF, 1.902(4) 633 (ED)? 185 (ED) 668 (IR) 187 (ED) 1-3 
HfF, 1.909(5) 659 (ED) 187 (ED) 645 (IR) 179 (ED) 1-3 
ZrCl, D2) 377 98 418 113 3-8 

2332(2) 380.5 423 (IR) 
421 (IR) 

HfCl, 2.316(S) 382 101.2 390 112 3. 3, 6,9 
2.33(2) 393 (IR) 

ZrBr, 2.465(4) Pipla)s) 60 315 72 6, 10 
HfBr, 2.450(4) 235.5 63 273 71 6, 10 
Zr, 2.660(10) 158 43 254 55 6, 10 
HfL, 2.662(8) 158 55 224 63 6, 10 

* Raman frequencies, unless indicated otherwise. ” Calculated from electron diffraction data and the V3 (t>) IR frequency. 
1. V. M. Petrov, G. V. Girichev, N. I. Giricheva, O. K. Shaposhnikova and E. Z. Zasorin, J. Struct. Chem. (Engl. Transl.), 1979, 20, 

110. 

2. G. V. Girichev, N. I. Giricheva and T. N. Malysheva, Russ. J. Phys. Chem. (Engl. Transl.), 1982, 56, 1120. 
3. A. Biichler, J. B. Berkowitz-Mattuck and D. H. Dugre, J. Chem. Phys., 1961, 34, 2202. 
4. M. Kimura, K. Kimura, M. Aoki and S. Shibata, Bull. Chem. Soc. Jpn., 1956, 29, 95. 

5. V. P. Spiridonov, P. A. Akishin and V. I. Tsirel’nikov, J. Struct. Chem. (Engl. Transl.), 1962, 3, 311. 
6. R. J. H. Clark, B. K. Hunter and D. M. Rippon, Inorg. Chem., 1972, 11, 56. 

7. W. Brockner and A. F, Demiray, J. Raman Spectrosc., 1978, 7, 330. 
8. J. K. Wilmshurst, J. Mol. Spectrosc., 1960, 5, 343. 

9. G. V. Girichev, V. M. Petrov, N. I. Giricheva, A. N. Utkin and V. N. Petrova, J. Struct. Chem. (Engl. Transl.), 1981, 22, 694. 
0. G. V. Girichev, E. Z. Zasorin, N. I. Giricheva, K. S. Krasnov and V. P. Spiridonov, J. Struct. Chem. (Engl. Transl.), 1977, 18, 34. i 

Metal tetrahalide adducts with Lewis bases (cf. Tables 3, 4, 13, 15 and 23) are discussed in 
other sections. The tetrafluorides form stable hydrates MF,(H2O),, (n =1 or 3), in contrast to 
the other tetrahalides which react with water to give oxyhalides. It is interesting to note that 
ZrF,(H2O)3 and HfF,(H2O)3 have rather different structures. The zirconium compound? 
consists of discrete, centrosymmetric [Zr2Fs(H2O).] complexes in which two dodecahedral 
ZrF;(H2O)3 units are joined by sharing an F---F m edge. The three water molecules 
(Zr—O = 2.263-2.323 A) and a bridging fluorine atom (Zr—F = 2.214 A) occupy the dodeca- 
hedral A sites, while the other bridging fluorine atom (Zr—F = 2.118 A) and the three terminal 
fluorines (Zr—F = 1.996-2.032 A) take the B sites. Occupation of the B sites by the better 
x-donor ligand is in accord with Orgel’s rule.*°***? In the hafnium compound,°® HfF.(H2O), 
units share two F---F polyhedral edges giving a chain structure with repeating unit HfF,(H20),; 
the uncoordinated water molecule is held between the chains by hydrogen bonds. The 
monohydrate ZrF,(H,O) has a three-dimensional network structure? in which Z1F,.(H20), 
panier share six corners (four fluorine atoms and two water molecules) with six adjacent 
odecahedra. 
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32.4.7.2 Fluorometallates 

Zirconium and hafnium form a vast array of complex fluorides, M.M,F., where M is Zr or 
Hf, and M’ is an alkali, alkaline earth, divalent transition metal, or lanthanide cation, or the 
conjugate acid of a nitrogen base. The number of fluorine atoms per Zr (Hf) atom is commonly 
eight, seven, six or five, but non-integral ratios are also found, as in Na3Zr.F,,, NasZ1Fj3, 
Peete RbsZr4F2, and Na,Zr¢F3;. The variety of alkali fluorometallates is illustrated in 
able 17. 

Table 17 Alkali Fluorometallates 
Ore EN RE EA De 

Compound Alkali cation (M') 
a  P 

M,Zr1F, Gr 
M3ZrF, eine Na,>> Ke® NH,;’"° Rb,>?! Cs}2-13 

M3ZrF, Gee Na,*>> Keo NH,, 7-9 Rb,” Cseie Ti'4* 

M'ZIF, Na,? Keg NEY ?15:16 Cs, 12-13 TI” 

M’ZrF.-H,O Na,° K,° NH,,'*!° Rb,> Cs° 
M3ZrF,, Na,’ K° 
M:Z15F,3 Nass Ke 
M3Zr4F 19 Li,” Na? 
MsZr,F>, Rb’8 
M}Z1.F3, Na,>4 K® 
M3HfF, Na,”!? K,??2° NH,,”! Rb,”? Cs}8 

M3 HEF, Na,*!? K,,19:20:22 NH {21,23 Rb,” Cs, 13:20.24 TI!4 

M’HfF, Na,*?? Kee NH, 223 Cs" Ti’ 

M’HfF,-H,O K,--Rb,” Gs” 
MSHf,F,3 Na* 
MSHE.F3, Na* 

———— a ea ee 

. Yu. M. Korenev and A. V. Novoselova, Inorg. Mater. (Engl. Transl.), 1965, 1, 546. 

. R. E. Thoma, H. Insley, H. A. Friedman and G. M. Hebert, J. Nucl. Mater., 1968, 27, 166. 

. C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore and R. E. Thoma, J. Phys. Chem., 1958, 62, 
665. 

4. I. D. Ratnikova, A. A. Kosorukov, Yu. M. Korenev and A. V. Novoselova, Russ. J. Inorg. Chem. 
(Engl. Transl.), 1975, 20, 782. 

5. I. V. Tananaev and L. S. Guzeeva, Russ. J. Inorg. Chem. (Engl. Transl.), 1966, 11, 590. 
6. A. V. Novoselova, Yu. M. Korenev and Yu. P. Simanov, Dokl. Chem. (Engl. Transl.), 1961, 139, 

771. 

7. H. M. Haendler, C. M. Wheeler, Jr. and D. W. Robinson, J. Am. Chem. Soc., 1952, 74, 2352. 
8. B. Gaudreau, Rev. Chim. Min., 1965, 2, 1. 

9. H. Hull and A. G. Turnbull, J. Inorg. Nucl. Chem., 1967, 29, 951. 

10. H. M. Haendler, F. A. Johnson and D. S. Crocket, J. Am. Chem. Soc., 1958, 80, 2662. 
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11. D. S. Crocket and H. M. Haendler, J. Am. Chem. Soc., 1960, 32, 4158. 

12. G. D. Robbins, R. E. Thoma and H. Insley, J. Inorg. Nucl..Chem., 1965, 27, 559. 

13. A. A. Kosorukov, V. Ya. Frenkel’, Yu. M. Korenev and A. V. Novoselova, Russ. J. Inorg. Chem. 
(Engl. Transl.), 1973, 18, 1025. 

14. H. Bode and G. Teufer, Z. Anorg. Allg. Chem., 1956, 283, 18. 

15. H. M. Haendler and D. W. Robinson, J. Am. Chem. Soc., 1953, 75, 3846. 

16. H. Hull and A. G. Turnbull, J. Inorg. Nucl. Chem., 1967, 29, 2903. 

17. D. Avignant, I. Mansouri, R. Chevalier and J. C. Cousseins, J. Solid State Chem., 1981, 38, 121. 
18. G. Brunton, Acta Crystallogr., Sect. B, 1971, 27, 1944. 

19. I. N. Sheiko, V. T. Mal’tsev and G. A. Bukhalova, Sov. Progr. Chem., 1966, 32, 978. 
20. I. V. Tananaev and L. S. Guzeeva, Russ. J. Inorg. Chem. (Engl. Transl.), 1966, 11, 587. 
21. B. Gaudreau, C.R. Hebd. Seances Acad. Sci., Ser. C, 1966, 263, 67. 
22. A. A. Opalovskii, T. F. Gudimovich, M. Kh. Akhmadeev and L. D. Ishkova, Russ. J. Inorg. 

Chem., 1982, 27, 664. : 

23. N. P. Sazhin, B. V. Shchepochkin and G. A. Yagodin, Bull. Acad. Sci. USSR, Div. Chem. Sci., 

1965, 1097. 
24. A. A. Opalovskii, T. F. Gudimovich, N. Kh. Akhmadeev and L. D. Ishkova, Russ. J. Inorg. 

Chem. (Engl. Transl.), 1983, 28, 1065. 

Table 18 summarizes structural data for fluorozirconates whose structures have been 
determined by diffraction methods. In some cases, the analogous fluorohafnates are known to 
be isomorphous with the fluorozirconates. The compounds are grouped according to the 
coordination number of the Zr atom (six, seven or eight); individual structures are discussed in 
the following sections. In general, there is no simple relation between structure and stoichi- 
ometry. Fluorine bridging between Zr atoms is common, resulting in oligonuclear, chain, layer 
and extended three-dimensional structures in which the coordination number of the metal 
exceeds that expected on the basis of the simplest formula. A variety of coordination polyhedra 
have been found in fluorozirconate structures; the more common ones are the octahedron for 
coordination number six, the pentagonal bipyramid and C2, monocapped trigonal prism for 
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coordination number seven, and the D2, dodecahedron, D,g square antiprism, and C>, 
bicapped trigonal prism for coordination number eight. Averaged Zr—F bond lengths (Table 
18) are in the ranges 1.98—2.04, 2.04—-2.08 and 2.10—2.13 A for coordination numbers six, seven 
and eight, respectively. In compounds that contain Zr—F—Zr bridges, the averaged Zr—F 
(bridging) bond length is as much as 0.1 A larger than these values, and the averaged Zr1—F 
(terminal) bond length is correspondingly smaller. The following discrete anions have been 
characterized structurally: [ZrF,J*~, [ZrF)]}>-, [ZrFs]*~, [ZroFy]*~, [ZroFio(H20)2]?-, 
[Zr2F,3]°~, [ZroFi4]°~ and [ZrgF24]*-. 

Table 18 Structural Data for Complex Fluorozirconates 

Average Zr—F 

Compound Structural description* bond length (A) Ref. 

Coordination number 6 

Li,[ZrF,] Isolated [ZrF,]” octahedra 2.016 1 
Rb,[ZrF,] Isolated [ZrF,]° octahedra 2.04 2 
Cs,[ZrF,] Isolated [ZrF,]— octahedra 2.04 2 

[Cu(H,O),][ZrF.] [ZrF,]" octahedra 1.996 3 
FeZrF, Three-dimensional network; ZrF, and FeF, octahedra _1.991 (cubic) - 

share corners 1.995 (trigonal) 

CuZrF, Three-dimensional network; ZrF, and CuF, octahedra _ 1.995 (cubic) 5 

share corners 

SmZiF, Three-dimensional network; ZrF, octahedra and SmF, 2.006 6 
polyhedra share corners 

Coordination number 7 

[NH,]3[ZrF,] Isolated [ZrF,]" PBP; dynamically disordered 2.02 7,8 
[H,NC,H,NH3]3[ZrF,],-2H,O Isolated [ZrF,]° CTP 2.059 9 
[NMe,]2[Z1,F9(H20),] Centrosymmetric dimer; two ZrF,(H,O) PBPs share an 2.045 10 

equatorial F---F edge 

[H3NC,H,NH3],[Zr,F,] Centrosymmetric dimer; two ZrF, PBPs share an 2.062 11 
equatorial edge 

K,[Cu(H,O),][Zr,F,>] Centrosymmetric dimer; two ZrF, PBPs share an 2.063 12 
equatorial edge 

a-BaZiF, Centrosymmetric [Zr,F,,]° ; two ZrF, CTPs share an 2.082 13 
edge 

Na,[Zr5F,3] C,,, symmetry; two ZrF, CTPs share the capping site 2.06 14 
y-Na,ZrF, ZrF, irregular polyhedra share two F atoms 2.065 15 

Coordination number 8 

Li,[BeF,][ZrF,] Isolated [ZrF,]* DD 2.10 16 
[Cu(H,O),],[ZrF.] Isolated [ZrF,]*° SAP 2.103 17 
[Cu(H,O),][Cu,(H,O),9][Zr5F,4] Centrosymmetric dimer; two ZrF, SAPs share an s edge 2.109 18 

2.105 19 
K,ZrF, Chain structure; ZrF, DDs share m edges 2.114 20 
MnZrF,:5H,O0 Chain structure; ZrF, DDs share a edges 2.12 21, 22 
B-BaZrF, Chain structure; ZrF, DDs share a edges 2.126 23 
PbZrF, Isostructural with B-BaZrF, 2.10 24 
(NjH,)ZrF, Zigzag chain structure; ZrF, BTPs share t, edges 2.12 25 
TIZrF, Layers of (ZrF; ),,; ZrF, BTPs share edges and corners 2.112 26 
Mn,ZrF,-6H,O Layer structure; ZrF, SAPs and MnF,(H,O), PBPs share 2.11 27 

F---F edges 
Cd,ZrF,-6H,O Isostructural with Mn,ZrF,-6H,O 2.114 28 
Na,ZI,F3, Three-dimensional network; ZrF, SAPs share corners 2.113 29 

and edges 

Coordination numbers 6, 7 and 8 
Rb.Zr,F>, Cross-linked structure containing: 30 

ZrF, octahedra 1.98 
ZrF, polyhedra (CO/PBP) 2.06 
Zr1F, polyhedra (CO/PBP) 2.08 
ZrF, irregular antiprisms 2.13 — ree eee eee 

“PBP = pentagonal bipyramid; CTP = C,, monocapped trigonal prism; CO = monocapped octahedron; DD = dodecahedron; SAP = 
Square antiprism; BTP = bicapped trigonal prism. 
1. G. Brunton, Acta Crystallogr., Sect. B, 1973, 29, 2294. 
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9 

(i) Alkali metal salts 

Alkali fluorometallates may be obtained by crystallization of MF,—M’F melts (M = Zr or 
Hf; M’ =alkali metal), or by reaction of a suitable Zr'Y or Hf!’ compound with an alkali 
fluoride in hydrofluoric acid, water, acetic acid or methanol. References to the preparation of 
specific compounds are given in Table 17. oes 

Phase equilibria in MF,—M'F systems are rather complex, and polymorphism is common. 
For example, the following compounds have been identified in the ZrF,-NaF system: NaZrF;, 
Na3Z1r2F11, Na3Zr4Fi9, Na7Zre6F31, two polymorphic forms of Na3ZrF7 and NasZr2F,3, and at 
least three polymorphs of Na2ZrF,.°!?* 
From aqueous MF,—M’F systems, the usual products are M;MF,, M3MF, or M’MF;-H,O 

depending on the stoichiometry of the reaction mixture. The hexa- and penta-fluorometallates 
can be recrystallized from water, but crystallization of the heptafluorometallates requires the 
presence of excess alkali fluoride. For the aqueous MF,—CsF system, the highest fluorometal- 
late obtained, even in the presence of excess CsF, is Cs,MF,.°'%°'* Synthesis of the cesium 
heptafluorometallates Cs3;MF;, is accomplished by crystallization of a 1:3 MF,—CsF melt. The 
pentafluorozirconate that crystallizes from aqueous ZrF;—NH,F—HF solutions depends on 
temperature and the concentration of HF; at 20°C and HF concentrations less than 5 wt%, 
(NH,)ZrF;-H2O is obtained, while at higher HF concentrations or at elevated temperatures, 

anhydrous (NH,)ZrFs is formed.* (NH,)ZrF; may also be prepared by thermolysis of 
(NH,)3ZrF,°'°°"7 and by reaction of (NH4).ZrF. with XeF,.°'* Other routes to anhydrous 
fluorometallates include (i) reaction of HfF, with M’F in anhydrous acetic acid,” (ii) 
reaction of ZrBr4 with M’F in methanol®!*” and (iii) reaction of ZrO, or HfO, with NH,F at 
130 °C 517,523 

The thermodynamic properties of ammonium fluorozirconates have been determine 
from heat of solution measurements; values of AH? (kJ mol~') at 298K are —3386+43 for 
(NH4)3Z1F,, —2918+3 for a-(NH4)2ZrFs, —2217+3 for (NH4)ZrFs; and —2728+3 for 
(NH4)ZrFs-H,O. The heat of dehydration for the pentafluorozirconate (equation 49) is 
544+2kJmol7', and the equilibrium water vapor pressure associated with this reaction is 
16.1mmHg at 20°C. These values indicate very weak bonding of the water. Thermal 
decomposition of ammonium fluorozirconates*“ occurs in a stepwise manner, with the 
decomposition temperatures depending on pressure; the steps in equation (50) have been 
identified at 1 atm pressure. 

(NH,)ZrF;:H,O(s) ered (NH,)Z1F.(s) + H,O(g) (49) 

(NH,);ZrF, 25> (NH,),ZrF, ~S> (NH,)ZrF; “S“S> ZrF, (50) 

d>15.516 
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Raman spectra of aqueous solutions of (NH4)3HfF, and (NH4).HfF,°” are identical (v; 589, 
vs 230cm~'), and are similar to spectra of crystalline Cs;MF, (M = Zr or Hf) salts, which are 

known to contain [MF,]?~ anions. Therefore, [HfF;]’~ dissociates in solution into [HfF,]’~ and 
F-. Paper chromatographic studies°*° have shown that [ZrF,]’~ is similarly dissociated. Raman > 
spectra of ZrO, and HfO, in 5M HF indicate that the [MF,]*~ anions are the predominant 
species in solution.!° 

‘°F NMR spectra of 1M aqueous solutions of (NH4)2ZrF, and (NH4),HfF,°” exhibit a 
single, rather broad resonance (line width ~8 Hz for [ZrF,]*~ and ~40 Hz for [HfF.]*~), which 
broadens and shifts upfield upon addition of excess F~. These observations have been 
interpreted in terms of rapid fluoride exchange, probably proceeding via an [MF;]*~ 
intermediate. For a solution 0.25 M in [ZrF,]*~ and 1.5 M in F~, which gave a ‘°F linewidth of 
1550 Hz, the average lifetime of a fluorine nucleus in the [ZrF,]’~ and F~ sites was estimated to 
be ~1.4 x 1075s. The °'Zr NMR spectrum of (NH4)2ZrF, in D,0°%’ also consists of a single, 
broad line (minimum linewidth 50 Hz); no Zr—F coupling is observed, in accord with rapid 
fluoride exchange. 

Because K>HfF, is ~1.7 times more soluble in water than K,ZrF,,°~° zirconium and hafnium 

can be separated by fractional crystallization of the hexafluorometallates. This approach is used 
on an industrial scale in the USSR.**° Conductance measurements on aqueous solutions of 
MSMEF, (M’'=K, Rb, or Cs) indicate very little hydrolysis of the [MF,]*~ ions.°*? Alkaline 
hydrolysis of potassium and ammonium fluorozirconates yields crystalline M’ZrF3;(OH),-H,O 
complexes, which are easily dehydrated to M’ZrF3(OH)>.°*” 

The coordination number of the Zr (Hf) atom in the crystalline hexafluorometallates varies 
from six to eight depending on the alkali cation. LizZrF,°*' and the isomorphous rubidium and 
cesium salts Mj3MF,>* contain the octahedral [MF,]?~ anion. The Zr atom in y-Na2ZrFg is 
surrounded by an irregular polyhedron of seven fluorine atoms, two of which are bridging.°** 
The isomorphous K,MF, salts** contain chain anions which are built up from MEFs, 
dodecahedra that share opposite m edges, i.e. all four bridging fluorine atoms are located on 
one trapezoid of the dodecahedron (Zr—F terminal = 2.038, 2.077; Zr—F bridging = 2.111, 
2.231 A).°*4 Still another structure (space group Pmma) is adopted by the isomorphous 
(NH4)2MF, and Tl,MF, salts. In these compounds, the Zr (Hf) atom may have a pentagonal 
bipyramidal environment; however, the locations of the fluorine atoms are not well defined by 
the X-ray data.>** 

The isomorphous, cubic heptafluorometallates (NH4)3;MF, and K3ZrF, contain dynamically 
disordered [MF,]*~ ions. Both capped octahedral°*> and pentagonal bipyramidal°** models 
have been suggested, and the latter is supported by single-crystal X-ray and neutron diffraction 
studies of (NH4)3ZrF7.°*’°** The averaged Zr—F bond length in (NH4)3ZrF, (2.02 A) appears 
to be a bit too short in comparison with Zr—F bond lengths in other seven-coordinate 
structures (Table 18). The sodium salts Na3MF; crystallize in the tetragonal system (space 
group 1[4/mmm) and are also dynamically disordered; the Zr(Hf) atom appears to be 
surrounded by a cube of F-atom sites, one of which is vacant.°*? The dynamics of F-atom 
motion in alkali heptafluorometallates have been studied by '7F NMR spectroscopy**?*! and 
by perturbed angular correlation measurements.**?>? 

The coordination environment of the Zr atom in Li,ZrF, is unknown, but the [ZrFs]*~ anion 
has been found in LisBeZrF,2. This compound, which is obtained from a Lif-—BeF.—ZrF, 
melt of stoichiometric composition, contains tetrahedral [BeF,]’~ and dodecahedral [ZrF]*~ 
anions (Zr—F, = 2.16, Zr—Fp = 2.05 A).°“* Eight-coordinate Zr atoms are also found in the 
pentafluorozirconate TIZrFs. In this compound, ZrFs bicapped trigonal prisms share one edge 
and four corners so as to give (ZrF;), layers that are held together by Tl* cations.>*° 

The sodium salt NasZr2F,; contains [Zr2F,3}>~ anions of C2, symmetry in which two ZrF, 
monocapped trigonal prisms share the F atom that occupies the capping site (Zr—F 
terminal = 2.00-2.10, Zr—F bridging = 2.10 A).5* 

RbsZr4F2; has a complex cross-linked chain structure that contains four crystallographically 
independent Zr atoms having three different coordination numbers. The structure is built up 
from edge- and/or corner-shared ZrF, octahedra, ZrFs irregular antiprisms and two independ- 
ent ZrF, polyhedra.**’ Application of the dihedral angle criteria of Muetterties and 
Guggenberger”** indicates that both ZrF, polyhedra are midway between a capped octahedron 
and a pentagonal bipyramid. 

Na7Zr6F3; contains octahedral arrays of six ZrFs square antiprisms which share corners in 
such a way as to give ZrsF3¢ units. These units in turn share external edges with six neighboring 
Zr6F36 units, giving an extended three-dimensional anion with formula (ZreF$o )n- The ‘extra’ 

528 
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F™ ion is located within the cuboctahedral cavity surrounded by the six ZrFg square 
antiprisms.°”? 

Mixed-ligand fluorometallates that contain peroxide, sulfate, selenate, carbonate or oxalate 
ligands are discussed in Sections 32.4.4.2, 32.4.4.5.iii, 32.4.4.6.iii and 32.4.4.6.iv. 

(ii) Hydrazinium, alkylammonium and guanidinium salts 

Hydrazinium(2+) salts, (NxHs)MF. and (N2H.)3M2Fi4 (M = Zr or Hf), have been isolated 
from hydrofluoric acid solutions of the metal oxides and hydrazinium(2+) fluoride.°5°55! 
(N2H.)ZrF, contains infinite zigzag chains of ZrFs bicapped trigonal prisms which share the two 
t, edges on the quadrilateral face.°? The reaction of (N,H.)MF. with XeF, at room 
temperature yields thermally unstable compounds nXeF,-MF, (n <6) which decompose in 
vacuo at room temperature to white, moisture-sensitive solids of composition KeF-MF4. 
Vibrational spectra suggest that these compounds contain [XeF;]* cations and polymeric 
(MF;), anions.’ A hydrazinium(1+) salt of composition (N2Hs)3Zr4Fjo-3H,O has been 
prepared by reaction of ZrF, and hydrazinium(1+) fluoride in aqueous solution.*° 

Large, colorless, prismatic crystals of [NMe4].[ZroFio(H2O),] have been isolated from dilute 
HF solutions of ZrF,(H,O)3 and tetramethylammonium fluoride. The [Zr2F,9(H2O),|*~ anion 
is a centrosymmetric dimer in which two ZrF,(H2O) pentagonal bipyramids share an equatorial 
F---F edge (Zr—F terminal = 1.972-1.997; Zr—F bridging =2.143, 2.184A); the water 
molecule occupies an equatorial site (Zr—O = 2.271 A). The following metal-ligand stretching 
bands are observed in the IR spectrum: v(Zr—F terminal) 520, 480, 420; v(Zr—F bridging) 
325; v(Zr—O) 385 cm~'.°** The hexafluorometallates [NEt,].[MF.]-2H2O have been prepared 
by direct electrochemical oxidation of zirconium or hafnium anodes in PhCN solutions that 
contain [NEt,]F-3HF.*°° 

The ethylenediammonium fluorozirconates (H3NC,H,NH;)(ZrFs)2°H2O, 
(H3NC,H,NH;)ZrF, and (H3NC,H,NH3)3(ZrF7)2‘°2H,O have been prepared in aqueous 
solution by reaction of various molar ratios of (H3NC,H,NH3)F2-HF and H,ZrF,-2H,O. The 
presence of v(Zr—F terminal) and v(Zr—F bridging) in the 600-380 cm~’ region of IR spectra 
of the pentafluorozirconate indicates that this compound probably contains polymeric (ZrF;),, 
anions.>°° Crystals of (H;NC,H,NH3)ZrF, contain centrosymmetric [Zr,F,.]*~ ions in which 
two pentagonal bipyramidal ZrF, groups share a common equatorial edge (Zr—F terminal = 
1.960-2.073; Zr—F bridging = 2.146, 2.154 A),°>’ while (H;NC,H4NH3)3(ZrF7)2:2H2O con- 
tains two crystallographically independent monocapped trigonal prismatic [ZrF,]*~ ions.°°® 

The following guanidinium and aminoguanidinium fluorozirconates have been isolated from 
aqueous media and have been characterized by IR spectroscopy and X-ray diffraction: 
(CN3H¢)2Z1F 6, (CN3H¢)3Z1F-7, (CN,H7)2ZrF¢, (CN,4Hs)ZrF,:0.5H2O and (CN,Hs)ZrF,:H2O. 

The IR and X-ray studies indicate the presence of [ZrF,]?~ in (CN4H7)2ZrFo, [Zr2Fi2.]*~ in 
(CN3H6)2ZrF, and [Zr4F24]®” ions in (CN4Hg)ZrF,-0.5H,O. Comparison of IR spectra of 
(CN3H¢)3ZrF7 and (CN4Hs)ZrFs-H2O with spectra of compounds of known structure suggests 
that the former compound contains [ZrF;]*~ ions while the latter probably contains (ZrF@), 
chain anions like those in K,ZrF,. Thermal decomposition of the (CN,Hgs)ZrF.-nH.,O 
compounds involves loss of water at 100-120 °C and elimination of HF at 130-190 °C; the latter 
process yields the pentafluorozirconate (CN4H7)ZrFs.°°° 

(iii) Divalent metal fluorometallates 

Several types of divalent transition metal fluorometallate hydrates have been obtained by 
slow, room-temperature evaporation of aqueous HF solutions of MO, or MF, (M = Zr or Hf) 
and the divalent metal fluoride M’F,. A 1:1 molar ratio of M’F, and MO) gives well-formed 
crystals of M’MF,:6H,O (M” = Fe, Co, Ni or Zn), MnMF.-5H2O or CuMF.-4H20, while a 2:1 
ratio of M’F, and MF, in water, slightly acidified with HF, yields crystals of Mj3MF,-12H,O 
(M” = Co, Ni, Cu or Zn). From HF solutions of CdF, and MOz, crystals of Cd2MFg-6H2O are 

obtained, regardless of the molar ratio of CdF, and MO,.°°* ‘ 

The M”MF,:6H,O compounds are isostructural with FeSiFs-6H2O (space group R3m), which 

is known to contain octahedral [Fe(H2O),]** and [SiF.]*~ ions in a slightly distorted CsCl 

structure.°°° The structure of CuZrF.-4H,O consists of square planar [Cu(H2O),]’* and 
octahedral [ZrF,]?~ ions (Zr—F = 1.982-2.007 A), which are arranged in_ infinite 
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-+-[ZrFe]?~-+-[Cu(H20),}?*+-[ZrFe]°"*** chains. Thus the coordination polyhedron about cop- 

per is a tetragonally distorted octahedron, with two rather long (2.246 A) trans Cu---F 

interactions.° The structure of MnZrF,:5H,O contains infinite chains of ZrF, dodecahedra, 

which are threaded on the twofold (c) axis of the monoclinic crystal (Figure 9). Each ZrFs 

dodecahedron shares the two a edges with neighboring ZrF, dodecahedra and shares two B 

vertices with two MnF,(H2O), octahedra. An additional uncoordinated water molecule is 

present in the lattice. Averaged bond lengths are Zr—F, = 2.21 and Zr—Fz = 2.03 Aer 

c 

ai 
Figure 9 Projection of part of the structure of MnZrF,-SH,O on the ac plane showing ZrF, dodecahedra and 

MnF,(H,O), octahedra 

The isostructural octafluorozirconates M3ZrFs:-6H,O (M” = Mn or Cd) have a layer structure 
in which ZrFg square antiprisms and M"F,(H2O)3 pentagonal bipyramids are linked together by 
sharing F---F polyhedral edges.*®°°® On the other hand, Cu2ZrFs-12H2O contains isolated 
square antiprismatic [ZrFs]*~ anions and [Cu(H2O).]** cations.°°” 

The heptafluorozirconate Cu3(ZrF7)2°16H2O, isolated from 40% hydrofluoric acid, contains 
[Cu(H20).]?*, [Cu2(H2O)10]**, and [Zr2F,4]° ions, which are held together by a three- 
dimensional network of hydrogen bonds. The [Zr2F,4]®°” ion is a centrosymmetric dimer in 
which two ZrFg, square antiprisms are joined together by sharing an s polyhedral edge (Zr—F 
terminal = 2.048-2.107; Zr—F  bridging=2.171, 2.185 A).°°® The structure of 
K,Cu(ZrF.)2°6H2O consists of K*, [Cu(H2O),]**, and centrosymmetric [ZrF,.]*~ ions. In 
[Zr.F1.]*", two ZrF, pentagonal bipyramids share an equatorial edge (Zr—F terminal = 1.967- 
2.064; Zr—F bridging = 2.156, 2.161 A).°” 

Anhydrous alkaline earth and transition metal hexafluorometallates M’MF, are generally 
prepared from M’F, and MF, by crystallization of a melt or by prolonged annealing of the 
metal fluorides. Most of these compounds exist in two polymorphic forms, depending on the 
temperature. The low temperature (a) form of BaZrF, contains centrosymmetric [Zr2F,2|*~ 
anions in which two ZrF, monocapped trigonal prisms share the F---F edge that joins the 
capping site to an adjacent vertex (Zr—F terminal = 1.999-2.079; Zr—F bridging = 2.155, 
2.254 A).°”! The structure of the high-temperature (8) form of BaZrF, contains infinite chains 
of a-edge-shared ZrFg dodecahedra, similar to the chains in MnZrF,:5H,O (Figure 9); bond 
lengths in B-BaZrF, are Zr—F, = 2.242 and Zr—Fy = 2.010 AS? a@-SrZrF., a-EuZrF,, and 

PbZrF, are isostructural with B-BaZrF,; a single-crystal study of the lead compound gave 
Zr—F, = 2.19 and Zr—Fx = 2.00 A.*” In studies of phase equilibria for the SrF,>-MF, (M = Zr 
or Hf) systems, the compounds a@- and B-Sr2MFx, and Sr3MFio have been identified in addition 
to a- and B-SrMF,.°” 
M’MF, (M”= Mn, Fe, Co, Ni or Cu) exist in several crystalline forms, the most common 

being a high-temperature, cubic ordered ReO; structure and a low-temperature, trigonal 
LiSbF, structure. Both modifications consist of octahedra which share corners in three 
dimensions and which are centered alternately by M” or M.°’>°”’ The isostructural lanthanide 
fluorometallates LnMF;°”8 also have an extended three-dimensional structure; an X-ray study 

of SmZrF,°” has shown that the structure is built on corner sharing of ZrF, octahedra and 
irregular SmFx, polyhedra. 
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(iv) Vibrational spectra of fluorometallates 

The vibrational spectra of alkali fluorometallates have been examined in considerable detail. 
In the hexafluorometallates Li,ZrF, and M3MF, (M’ = Rb or Cs; M = Zr or Hf) the octahedral 
[MF,.]*~ anion occupies a site of D3, symmetry,-*1°*? and consequently the triply degenerate 
normal modes [V3 (tix), V4 (tin), Vs (tog) and V6 (t2,) in O,] are split into a and e components. 
Vibrational frequencies (Table 19) have been assigned on the basis of polarized Raman*8*! 
and polarized IR reflectance™’ spectra of single crystals, and assignments have been confirmed 
by normal coordinate analyses. 

Table 19 Vibrational Frequencies for Solid Alkali Hexafluorometallates 

v1 V2 V3 V4 V5 V6 
Compound 1, Ce ey a>, ey a>, a1, bg ey Ref. 

Li,ZrF, 585 580 (?) 560 498 246 187 303 251 1 
Rb,ZrF, 589 537 522 240 192 258 244 2 
Cs,ZrF, 579 585 (?) 535 502 229 190 245 233 142 (?) 1 
Cs,HfF, 572 498 490 217 187 257 247 2 

L. M. Toth and J. B. Bates, Spectrochim. Acta, Part A, 1974, 30, 1095. 
I. W. Forrest and A. P. Lane, Inorg. Chem., 1976, 15, 265. 

iv 
2 

Far IR spectra of solid K,.MF,., (NH,)3ZrF7, (NH4)2ZrF., (NH,4)ZrF; and (NH,)ZrF;-H,O 
exhibit broad band systems in the region 550-150 cm™!. These spectra are more complex and 
less well defined than spectra of [MF,]?~. The broad bands have been attributed to 
metal—fluorine vibrations of complex anions of low site symmetry.*®”°® The close similarity 
between the spectra of (NH,)ZrF; and (NH,)ZrF;-H,O in the Zr—F stretching region strongly 
suggests that the water molecule is not attached to the Zr atom.°® 

Attempts have been made to correlate the frequency of the Raman-active symmetric 
stretching mode of crystalline fluorozirconates of known structure with the coordination 
number of the Zr atom.***°® The data in Table 20 show that, for the alkali metal salts, 
v,(Z1—F) decreases with increasing coordination number, although the interpretation of this 
trend is complicated by fluorine-bridging in the seven- and eight-coordinate compounds. No 
correlation exists when all of the data are considered; values of v,(Zr—F) for the isostructural 
eight-coordinate B-BaZrF,, PbZrF, and a-SrZrF, vary considerably among themselves and are 
more similar to v,(Zr—F) frequencies for the six- and seven coordinate fluorozirconates of 
alkali metals. Raman spectra of Lif —-NaF—ZrF, melts have been examined, and composition- 
dependent systematic variations in Raman frequencies have been interpreted in terms of an 
equilibrium distribution of [ZrFs]*~, [ZF], [ZrF 6)” and possibly species in which the Zr 
atom has a coordination number less than six.° 

Table 20 Coordination Numbers of the Zirconium Atom and v, (Zr—F) 

Raman Frequencies for Crystalline Fluorozirconates 

Coordination v, (Zr—F) 
number Compound (cm~') Ref. 

6 Li,ZrF, 585 Ue 
Rb,ZrF, 589 2 
Cs,ZrF¢ 579 2 

7 Na,ZrF, 556 1 
a-BaZrF, 560 3 

8 K,Z1F, 525 1 
Na,Zr.F3; 548 1 
B-BaZrF, 562 3 
PbZrF, 567 3 
a-SrZrF¢ 578 3 

1. L. M. Toth, A. S. Quist and G. E. Boyd, J. Phys. Chem., 1973, 77, 1384. 
2. I. W. Forrest and A. P. Lane, Inorg. Chem., 1976, 15, 265. 
3. Y. Kawamoto and F. Sakaguchi, Bull. Chem. Soc. Jpn., 1983, 56, 2138. 
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An IR spectral criterion for identification of dinuclear anions having pentagonal bipyramidal 

coordination about zirconium has been proposed by Davidovich et al.°°* These workers have 

noted that the [ZroF2]*~ anion in [H3NC,H4NHs]2[Zr2F 12] and [CN3H6]4[Zr2Fi2] and the 

[Zr2F1o(H2O),|*~ anion in [NMe«]2[Zr2F10(H20)2] exhibit an intense v(Zr—F bridging) band in 

the 300-400cm~! region and a characteristic triplet of v(Zr—F terminal) bands in the 

400-600 cm~! region; the central band of this triplet, located at 470-490 cm~', is more intense 

than the other two. 

32.4.7.3. Chlorometallates, bromometallates and iodometallates 

In contrast to the great variety of fluorometallates, nearly all of the known chloro-, bromo- 

and iodo-metallates are salts that contain the simple, octahedral [MX,]*- anion. The best 

characterized alkali metal salts are listed in Table 21. The hexachloro complexes M3MCl, may 

be prepared (i) by fusing a stoichiometric mixture of M’Cl and MCl, at elevated 

temperatures, °*°”*” (ii) by heating M'Cl in the presence of MCI, vapor at ~1 atm pressure***> 
or (iii) by reaction of stoichiometric amounts of M’Cl and MCl, or MOCI,-8H,0 in 

concentrated hydrochloric acid saturated with hydrogen chloride gas.**°°°°" The recently 

reported M3MX¢ (X = Br or I) complexes were obtained by fusing or sintering a stoichiometric 

mixture of M’X and MX,. Analogous ammonium salts (NH4)2MCl, have been isolated from 

hydrochloric acid solutions of NH,Cl and MOCI,-8H20.°””" 

Table 21 Physical Properties of Alkali Hexachloro, Hexabromo and Hexaiodo Complexes of Zirconium(IV) and 

Hafnium(IV) 

AH; (298 K) 
Compound Mp. (°C) AH,; (kJ mol” *) Ta (OC) AH (kJ mol *) (kJ mol’) a° (A) 

Li,ZrCl, 535° 39+7' 5017 
Li,HfCl, 557° 37+5' 513° 
Na,ZrCl, 646° 17+5° 6347 -32+2° —1835+ 4* 
Na,HfCl, 660° —46+3° —1857 + 12° 
K,ZrCl, 799° 23+8' 8317 — ide oe —1932 + 4* 10.082(3)° 
K,HfCl, 808° —96 + 3° —1957 + 12* 10.036(3)’ 
Rb,ZrCl, 768° 9047 10.178(4)” 
Rb, HfCl, 795° 
Cs,ZrCl, 809° 7342" 1040° -145+2* —1992+ 4° 10.407(5)° 
Cs,HfCl, 826° 953° 10.395(4)” 
K,ZrBr¢ 59457 —1603 +6" 10.62(1) "7 
KHfBr, 10.58(1) "7 
Cs,ZrBre —116+2" —1665+3"7 10.91(1)'7 
Cs,HfBr, —167+ 4" —1793"? 10.91(1)"* 
K,Zrl, 674° 
Rb,Zrl, 737" 
Cs,Zrl, 788° 11.613(3)° 
Cs,Hfl, 11.609(3)"° 

*Enthalpy of fusion. Decomposition temperature at which the equilibrium pressure of MCI,(g) reaches latm. “Enthalpy of the 
complexing reaction: 2M’X(s) + MX,(s)— M3MX,(s). * Cubic lattice parameter. 
1. J. E. Dutrizac and S. N. Flengas, Can. J. Chem., 1967, 45, 2313. 
2. D. A. Asvestas, P. Pint and S. N. Flengas, Can. J. Chem., 1977, 55, 1154. 
3. R. L. Lister and S. N. Flengas, Can. J. Chem., 1964, 42, 1102. 

4. P. Gelbman and A. D. Westland, J. Chem. Soc., Dalton Trans., 1975, 1598. 

5. I. S. Morozov and S. In’-Chzhu, Russ. J. Inorg. Chem. (Engl. Transl.), 1959, 4, 307. 
6 
7 

8 
9 

. G. J. Kipouros and S. N. Flengas, Can. J. Chem., 1978, 56, 1549. 

. G. J. Kipouros and S. N. Flengas, Can. J. Chem., 1983, 61, 2183. 

. G. M. Toptygina and I. B. Barskaya, Russ. J. Inorg. Chem. (Engl. Transl.), 1965, 10, 1226. 

. G. Engel, Z. Kristallogr., Kristallgeom., Kristallphys., Kristallchem., 1935, 90, 341. 
10. I. B. Barskaya and G. M. Toptygina, Russ. J. Inorg. Chem. (Engl. Transl.), 1967, 12, 14. 
11. A. S. Kucharski and S. N. Flengas, Can. J. Chem., 1974, 52, 946. 
12. R. Makhija and A. D. Westland, J. Chem. Soc., Dalton Trans., 1977, 1707. 
13. V. V. Chibrikin, A. V. Nevzorov, Z. B. Mukhmetshina, V. P. Seleznev and G. A. Yagodin, Russ. J. Inorg. Chem. (Engl. Transl.), 

1981, 26, 1216. 
14. V. V. Chibrikin, Yu. V. Shabaev, Z. B. Mukhametshina, V. P. Seleznev and G. A. Yagodin, Russ. J. Inorg. Chem. (Engl. 

Transl.), 1981, 26, 1376. 
15. D. Sinram, C. Brendel and B. Krebs, Inorg. Chim. Acta, 1982, 64, L131. 
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The M2MX. compounds are moisture-sensitive, high-melting, white (X = Cl or Br) or yellow 
(X=I) crystalline solids that decompose at elevated temperatures to solid M’X and gaseous 
MX,. The thermal stability of the Mj;MCl; compounds, as measured by the decomposition 
temperature 7j.. (Table 21), increases with increasing size of the alkali cation. Values of AH, 
the enthalpy of the complexing reaction in equation (51), indicate that [HfCl,]?~ is slightly 
more stable than [ZrCl,]*~, but [HfBr¢]?~ is ap reciably more stable than [ZrBr,]*~, thus 
illustrating the enhanced class b character of Hf'’. The thermodynamic data in Table 21 and 
data for related Nb'Y and Sn'Y complexes suggest that halogen px— metal da bonding is 
important in [ZrX,]*~ and [HfX.]*- complexes.°875% 

2M'X(s) + MX,(s) —> M3MX,(s) (51) 

X-Ray powder patterns indicate that M3MCl, (M’=K, Rb, Cs, or NHj4),°! M3MBr, 
(M’ = K or Cs),°”* and Cs,MI,°” have the cubic KPtCl, structure (space group Fm3m), which 
contains regular octahedral anions. The powder data afford Zr—Cl bond lengths of 2.44(10) A 
for Rb,ZrCl, and 2.45(10) A for Cs,ZrCl,.°°* An averaged Hf—Cl bond length of 2.446 A in 
the octahedral [HfCl]* ion has been obtained from a_ single-crystal study of 
Bi*[Big*][HfClg-];.°° The Hf—I distance in Cs,Hfls is 2.829(2) A.°% Interestingly, the 
Na,MCl, complexes are not cubic; X-ray powder data for Na,HfCl, have been indexed 
assuming a tetragonal cell with a = 15.99 and c = 13.21 A. 

Quite a number of hexachlorozirconates and some hexachlorohafnates, hexabromozirconates 
and hexabromohafnates of nitrogen bases have been reported. These compounds are of the 
type AMX. (A = R4N, R3NH, R2NH2, RNH; or Cs;H;NH; R = alkyl or aryl). They may be 
prepared by (i) reaction of MX, with a substituted ammonium halide in thionyl chloride,*””>” 
acetyl chloride,” benzoyl chloride®” or acetonitrile; (ii) reaction of [MX4(EtCN)] with 
the ammonium halide in chloroform;™ or (iii) reaction of MX, with an amine in ethanol 
saturated with hydrogen chloride gas.****° [NEt,],[MBre] complexes have been obtained by 
electrochemical oxidation of zirconium or hafnium metal in the presence of bromine and 
[NEt,]Br in benzene; however, analogous oxidation in the presence of chlorine and [NPr,]Cl in 
thionyl chloride gave the pentachlorometallates [NPr4][MCIs].‘!® [CsHsNH],[ZrCl.] reacts with 
NaOEt in ethanol at reflux yielding the substitution product [Cs;H;NH],[ZrCl,(OEt)]. 
Aminolysis reactions of alkylammonium hexachlorozirconates were mentioned in Section 
32.4.2.1. 

Vibrational spectra of Cs.(MCl,],°°? [NEta]o[MXo],°°""° and [EtzNH2]2[MX.]© (X = Cl or 
Br) have been reported. Raman (v;, v2 and vs) and IR (v3 and v4) bands have been assigned 
and force constants determined. Frequencies for the NEt7 salts, taken from the most complete 
study to date,” are listed in Table 22. Far IR spectra of M)Zrl, (M’ = Li, Na, K, Rb or Cs) 
display a strong band in the region 195-175 cm™'; the analogous M3HfI, complexes exhibit a 
similar band at 165-145 cm7’.®’ Electronic spectra of [Et,NH2].[ZrX.] (X = Cl or Br) have 
been recorded, and UV bands have been assigned to halogen pa— metal d charge-transfer 
transitions.“ 

Table 22 Vibrational Spectral Data for Solid [NEt,],[MX.] (X = Cl or Br) Complexes’ 

Compound V1 (412) V2 (eg) V3 (tig) V4 (ti) V5 (tig) 

[NEt,],[ZrCl,] 321s 250w, sh 293s 152s 151s 
[NEt,]>[HfCl.] 326s 257w, sh 275s 145s 156s 
[NEt,],[ZrBre] 194s 144w, sh 223s 106m 99s 
[NEt,],[HfBr.] 197s 142w, sh 189s 102m 101s 

1. W. van Bronswyk, R. J. H. Clark and L. Maresca, Inorg. Chem., 1969, 8, 1395. 

Other hexachlorometallates that have been characterized by vibrational spectroscopy include 

[SbPh,]}.[ZrCl,],°* [NO].[MCl.] (M = Zr or Hit), = and [SCls]2[ZrCl.].°" The [NO}.[MCl.] 

complexes were prepared by treating a concentrated solution of the metal tetrachloride in 

thionyl chloride at 0°C with NOCI gas; their IR and Raman spectra exhibit the bands expected 

for [MCI,]*~ and show a strong v(NO*) band at 2191-2199 cm™'. [SCls],[ZrCl.] was obtained 

by reaction of sulfur, chlorine and ZrCl, in a sealed tube; Raman frequencies of [ZrCl,]*~ in 

this compound were identified at 324 (v1), 258 (v2) and 154.cm (vs). 
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Raman spectra of ZrCl,-PCls mixtures reveal the presence of at least one chlorozirconate 

species in addition to [ZrCl.]*~. The new Raman frequencies have been attributed to trigonal 

bipyramidal [ZrCls]~, which is formed as a result of the equilibrium in equation (52).°" IR 

evidence for the presence of solvated [ZrCl;]~ in acetonitrile solutions of ZrCl, and [NEt,]Cl 

has been presented by Olver and Bessette,” and [NEt,][ZrCl;(MeCN)] has been isolated from 

acetonitrile by Feltz.°!? This compound loses acetonitrile in vacuo at 90°C yielding 

[NEt,][ZrCls]. 

[ZrCl.?- + [PCL]* <== [ZrCl,]~ + PCls (52) 

The reaction of ZrCl, with t-butyl chloride and phosphorus(III) chloride in carbon disulfide 

gives [Me3CPCl3][Zr2Clo] as a moisture-sensitive, insoluble solid. IR and Raman spectra of the 

anion are consistent with a D3, structure in which two ZrCl, octahedra share a common face; 

v(Zr—Cl terminal) 350-387, v(Zr—Cl bridging) 240-315 cm7?.°” 

32.4.8 Hydroborates and Hydrides as Ligands 

Zirconium(IV) and hafnium(IV) tetrakis(tetrahydroborates) M(BHg)4 are of interest as 

extremely volatile, covalent complexes that contain tridentate BH; ligands and exhibit rapid 

intramolecular exchange of bridging and terminal hydrogen atoms.°'*° These compounds 
were prepared initially from NaMF; (M = Zr or Hf) and excess Al(BH,)3 (equation 53),°° but 
they are obtained more conveniently from the reaction of the anhydrous metal tetrachloride 

with excess lithium tetrahydroborate (equation 54), either in the solid state®’”°* or in the 
presence of a small amount of diethyl ether.” 

NaMF; + 2Al(BH,); —> M(BH,), + 2AIF,(BH,) + NaF (53) 

MCI, + 4LiBH, —> M(BH,),+4LiCl (54) 

Z1(BH,)4 and Hf(BH,), have very similar properties. Both are low-melting (m.p. 29°C), 
colorless crystalline solids that exhibit a vapor pressure of 15 mmHg at 25 °C. They are highly 
reactive, spontaneously inflaming in dry air, detonating on contact with water, and slowly 
decomposing with liberation of hydrogen gas on standing at 25°C. The solid complexes are 
very soluble in nonpolar solvents. 

The chemical reactions of M(BH,), complexes have received very little attention. Both 
compounds behave as Lewis acids in reactions with tetraalkylammonium and lithium 
tetrahydroborates, yielding [(CsH.7)3NPr][M(BHg);], [NBu,][M(BH,);] and LiM(BH,);.°° 
Zr(BH,)4 reacts with LiAlH, in ether to give Zr(AlH,4)4, an unstable white solid, which 
decomposes within several hours at room temperature to a pyrophoric black solid.®’” 

Tridentate coordination of the BH; ligand in M(BH4)4 complexes was first established by a 
low-temperature (—160°C) single-crystal X-ray study of Zr(BH4)4.? A very recent single- 
crystal neutron diffraction study (at —163°C) of the isostructural Hf(BH,), analogue® has 
afforded accurate positions for the bridging hydrogen atoms. The regular tetrahedral Hf(BH,), 
molecule (Figure 10) occupies a site of crystallographic 43m(T,) symmetry, and the BH; 
ligands adopt the conformation in which the Hf—H bonds to one BH; ligand are staggered 
with respect to the Hf—B bonds to the other three BH ligands. Bond lengths are 
Hf—B = 2.281(8), Hf—H, = 2.130(9), B—H, = 1.235(10) and B—H; = 1.150(19) A, where H, 
and H, denote the bridging and terminal hydrogen atoms, respectively. An electron diffraction 
study? has afforded the following bond lengths for the gaseous Zr(BH4)4 molecule: 
Zr—B = 2.308 + 0.010, Zr—H, = 2.21 + 0.04, B—H, = 1.27 + 0.05 and B—H, = 1.18 + 0.12 A. 
The electron diffraction data suggest that the gaseous molecule may have only T symmetry, 
with the tridentate BH; ligands being rotated out of the exactly staggered conformation 
(Figure 10) by an averaged torsion angle of 22°. 

IR and Raman spectra of Zr(BH,), and Hf(BH,), have been assigned in terms of both T, 
and T models,***’ and assignments have been supported by deuterium isotopic substitution 
studies*”*”” and normal coordinate analyses.**” The vibrational spectra have not provided 
unequivocal evidence for a choice between these two closely related point groups. However, 
the spectra strongly support a tridentate attachment of the BH; ligands.°!>»° Characteristic IR 
and Raman bands for Zr(BH,), and Hf(BH,)4 occur in the following frequency regions: 
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Figure 10 The structure of Hf(BH,), (reproduced by permission from ref. 622) 

v(B—H,) 2560-2580, v(B—H,) 2100-2200, bridge deformation 1200-1300 and v(M—BH,) 
480-560 cm~’. The Raman studies®° and normal coordinate analyses©°’ suggest that direct 
metal—boron bonding interactions may be important. 

He(I) and He(II) photoelectron spectra of M(BH,)4 (M = Zr or Hf) have been reported. 
Assignments were made on the basis of qualitative molecular-orbital models™!** and an 
LCAO-HFS(Xq) calculation on Zr(BH,),4.°” 

‘H and 'B NMR spectra of M(BH4), (M= Zr or Hf)°!8*3° and °'Zr NMR spectra of 
Zr(BH,)4°°° at 25°C indicate the equivalence of all of the hydrogen atoms owing to rapid 
intramolecular exchange between the bridging and terminal positions. 'H and “'B spectra of the 
zirconium and hafnium compounds are closely similar. The 'H spectra consist of a quartet of 
equally intense lines due to spin-spin splitting by boron-11 (I=3; J(*'B—H) = 90 Hz), with 
some additional weaker lines due to splitting by boron-10 (J = 3; J(‘°B—H) = 30 Hz). The "“B 
spectra exhibit a 1:4:6:4:1 quintet (J("-B—H)=90Hz). The inner nine lines of the 
anticipated 17-line spectrum have been observed in the ‘!B-decoupled *!Zr spectrum of 
Z1(BH,),4; the averaged coupling constant J(Zr—H) is 28 Hz. 

On cooling solutions of M(BH,),4 to —80°C, the 'H resonance lines are markedly broadened. 
This effect was originally attributed to a slowing of the rate process that exchanges hydrogen 
atoms between the bridging and terminal sites.°* However, it was later shown that the 
observed line-shape changes are due to quadrupolar effects and that the hydrogen-atom 
exchange rate is still rapid (probably > 10*s~') at —80°C.°° 

Variable temperature, solid-state ‘H NMR studies of M(BH,),®” have provided evidence for 
two intramolecular motional processes. The higher temperature process has been assigned to 
exchange of bridging and terminal hydrogen atoms; for M= Zr, E,=21.8+1.3 and AG* 
(—73 °C) = 30.5 kJ mol7’; for M= Hf, E, = 35.1+1.3 and AG* (—59 °C) = 33.9 kJ mol~’. The 
lower temperature process has been interpreted in terms of rotation of the BH; ligands about 
the threefold (M—B—H,) axis; for M=Zr, E,=22.6+0.8 and AG*(—149°C)= 
18.0 kJ mol~!; for M= Hf, E, = 19.2 + 0.8 and AG* (—140°C) = 19.2 kJ mol’. 

The methyltrihydroborato complex Zr(BH3Me), has been prepared by reaction of ZrCl, and 
LiBH3Me in chlorobenzene. It has a tetrahedral structure, like Zr(BH,),, with tridentate 
attachment of the BH3Me™ ligands (Zr—B =2.335(3), average Zr—H,=2.06, average 
B—H, = 1.14 A).°8 

The mixed-ligand complexes [MCI(BH,){N(SiMes)2}2.] (M=Zr or Hf) and 
[Hf(BH,)3{N(SiMexCH2PMez)2}] were mentioned in Sections 32.4.2.4.ii and 32.4.3.2 respec- 
tively. IR and ‘H NMR studies of the [MCI(BH,){N(SiMe3)2}2] complexes indicate that the 
BH, ligand is tridentate and exchange of bridging and terminal hydrogen atoms is fast on the 
NMR time scale at —80°C.®! On the other hand, [Hf(BH,)3{N(SiMe2CH2PMez2)2}] contains 
bidentate BH; ligands as evidenced by two v(B—H,) (2470 and 2420 cm~*) and two v(B—H,) 
(2110 and 1950cm7*) IR bands. 'H and ''B NMR spectra of this complex indicate rapid 
exchange of inequivalent BHz ligands as well as rapid exchange of bridging and terminal 

hydrogen atoms.**° 
Treatment of [Hf(BH,)3{N(SiMe2CH2PMez)2}] with Lewis bases (NEt; or PMes) yields the 

dinuclear trihydride [{Hf[N(SiMexCH2PMe,)2]}2(H)3(BH4)3]. This complex is fluxional; H and 

selectively decoupled *1P NMR spectra show the presence of three equivalent hydrides coupled 

to four equivalent phosphorus nuclei.'*° 
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32.4.9 Mixed Donor Atom Ligands 

32.4.9.1 Open polydentate ligands 

Zirconium(IV) forms a rather large number of complexes with ONO- and ONS-tridentate 
Schiff base ligands, ONNO- and SNNS-tetradentate Schiff base ligands, and related species 
such as diacyl hydrazines. Relatively few hafnium analogues have been reported thus far. 

(i) ONO- and ONS-Tridentate Schiff base ligands 

Zr(OCHMe?2)4; HOCHMe; reacts in benzene at reflux with a variety of dibasic tridentate 
Schiff bases HL in 1:1 and 1:2 mole ratios to give complexes of the type Zr(OCHMez).(L) 
and Zr(L)>, respectively. The Schiff bases that undergo these reactions include aldimines and 
ketamines derived from carbonyl compounds and hydroxyalkyl amines (35)? or mercap- 
toalkyl amines (36), azines (37), semicarbazones (38),* thiosemicarbazones (39), and 
Schiff bases derived from S-alkyldithiocarbazates (40); one example of each type of ligand is 
shown in (35)—(40). The carbonyl compounds from which these Schiff base ligands are derived 
are commonly _ salicylaldehyde, 2-hydroxy-1-naphthaldehyde, acetylacetone oor 2- 
hydroxyacetophenone. With but a few exceptions, the Zr(L), complexes are monomeric in 
solution, while the Zr(OCHMe;),(L) analogues are dimeric. IR spectra indicate that (L)*~ 
behaves as an ONO- or ONS-tridentate ligand, and six-coordinate structures have been 
suggested, for example (41) and (42). The Zr(OCHMez2).(L) complexes undergo alkoxide 
exchange reactions with alcohols such as t-butanol, 2-methylpentane-2,4-diol (CgH,4O2), or 
benzene-1,2-diol (CsH.O2) yielding the [Zr(OCMes)(L)], [Zr(CsHi202)(L)] and 
[Zr(CsH,O2)(L)] derivatives, respectively; these complexes are monomeric in solution and 
presumably five-coordinate. 

OH : Qo —=i E 
yj 

HO \ 
—=N EH y=N H N 

fuuwteesl, Me N= H NH; 
(35) H,L; R=H or Me, E=O Me (38) H,L; E=O 
(36) H,L; R=H or Me, E=S (37) HLL (39) HL; E=S 

OH 

=N S Oy, | ae O,,| eOv, | N 

H N Y ( Zr "Zi. My i ) 
if nN” | No n® | Yo” | No 

SMe peeey 0) On. 
(40) H,L (41) (42) R=CHMe, 

Mixed-ligand complexes [Zr(L)(L’)] that contain dinegative anions of two different ONO- 
tridentate Schiff base ligands have been prepared in benzene at reflux by reaction of a 1:1:1 
mole ratio of Zr(OCHMe2)4;5HOCHMe2, H2L and H>L’.” Several [ Zr(L)2], 
[{Zr(OCHMez).(L)}o], [Zr(C6Hi202)(L)] and [Zr(CsH,O2)(L)] complexes that contain the 
dinegative anions of ONS-tridentate Schiff bases have been synthesized from 
benzothiazolines.™® 

The reaction of Hf(OCHMe2)4-HOCHMe, with stoichiometric amounts of the S- 
methyldithiocarbazate (40) or the dibasic benzoyl hydrazones (43) yields analogous hafnium 
complexes Hf(L)2 and Hf(OCHMez;),(L).?°° Only the disubstitution products HfCl,(L) could 
be obtained from the reaction of HfCl, with (40) or (43). The HfCl,(L) complexes are 
moisture-sensitive, insoluble, yellow solids and are probably polymeric.®!% On the other 
hand, a monomeric trigonal bipyramidal structure with trans chlorine atoms has been suggested 
for thiosemicarbazone complexes of the type ZrCl,(L); these compounds exhibit a single 
v(Zr—Cl) IR band at ~290 cm~'.°? Unfortunately, both the HfCl,(L) and ZrCl,(L) complexes 
are too insoluble for molecular weight measurements. 
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(43) HL; R=H or Me 

Zirconyl chloride (or acetate) reacts in methanol at reflux with tridentate Schiff bases 
prepared by condensation of substituted salicylaldehydes with ethanolamine,®* o0- 
hydroxybenzylamine,®° o-aminobenzyl alcohol®® or  salicylhydrazide®’ to give 1:2 
metal: ligand complexes of the type [ZrO(HL).]. IR spectra indicate that the Schiff bases 
rbehave as monobasic ONO- tridentate ligands; for example, (35) coordinates to zirconium 
through the phenolate oxygen, azomethine nitrogen and hydroxylic oxygen atoms. The 
complexes are monomeric nonelectrolytes in solution, and they exhibit a medium intensity IR 
band in the region 880-945 cm™', which has been attributed to v(Zr=O). If these compounds 
do contain a Zr—=O group, the Zr atom would be seven coordinate. 

Dibasic tridentate Schiff bases derived from salicylaldehydes and 2-aminobenzoic acid®® or 
1-amino-2-mercaptobenzene®”’ react with aqueous zirconium nitrate to give monomeric 
complexes of the type [Zr(OH).(L)(H2O)]. IR spectra of these compounds support an ONO- 
or ONS-tridentate attachment of the (L)?~ ligands. 

(ii) ONNO- and SNNS-Tetradentate Schiff base ligands 

The eight-coordinate complex [Zr(dsp)2], where (dsp)*~ is the dianion of the tetradentate 
Schiff base (44), has been prepared by condensation of tetrakis(salicylaldehydato)zircon- 
ium(IV) [Zr(sal),4] with o-phenylenediamine, and its structure has been determined by X-ray 
diffraction.*° This complex has a dodecahedral coordination polyhedron with nitrogen atoms 
in the A sites and oxygen atoms in the B sites. The tetradentate ligands span the mam 
polyhedral edges, and the trapezoidal planes are very nearly perpendicular (dihedral 
angle = 89.2°). The Zr—N bonds (mean 2.43 A) are appreciably longer than the Zr—O bonds 
(mean 2.10 A). The corresponding [Zr(dspeb)2] complex, where (dspeb)*~ is the dianion of 
(45), is of interest as a possible starting material for synthesis of coordination polymers. A 
glossy red polymer of approximate molecular weight 20 000-40 000 has been prepared by 
condensation of [Zr(sal)4] and 1,2,4,5-tetraaminobenzene.™ 

OH H 

R 

(44) H,dsp; R=H 
(45) H,dspeb; R = CO,Et 

The reaction of Zr(OCHMe2)4;HOCHMe, with dibasic ONNO-tetradentate Schiff base 
ligands derived from diaminoalkanes and salicylaldehyde, 2-hydroxy-1-naphthaldehyde, acetyl- 
acetone or 2-hydroxyacetophenone yields dimeric [{Zr(OCHMez).(L)}2] and monomeric 
[Zr(L)2] complexes,” analogous to the ONO-tridentate Schiff base complexes discussed in the 
previous section. Monomeric [Zr(OCHMe;)2(L)] and [Zr(L)2] complexes, where (L)*~ is the 
dianion of the SNNS-tetradentate Schiff bases (46) have been prepared from 
Zr(OCHMe;)4;HOCHMe, and the appropriate benzothiazoline.“* A few compounds of 
composition ZrCl,(L)**?* and ZrO(L)(H,0)3;°° have been synthesized in methanol by 
reaction of ONNO-tetradentate Schiff bases and zirconyl chloride. 

CcOoc3-0 
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SH HS 

(46) H,L; R=H or Me 

(iii) Diacyl hydrazines 

With diacyl hydrazines, zirconium tetrafluoride and tetrachloride form 2:1, 1:1 and 
1:2 adducts of the type (ZrF,),,RCONHNHCOR’) (R=4-C;HsN, R’=Me or Ph), 
Z1F,(RCONHNHCOR’) (R=R’=H or Me; R=Me, R’=Ph),%? and ZrCh- 
(MeCONHNHCOPh),.® In addition, zirconium tetrachloride undergoes substitution reactions 
yielding ZrCl,(RCONNCOR’) (R=R’=H, Me or Ph; R=Me, R’=Ph; R=4-C5H.N, 
R’=Me or Ph).%-%® All of these compounds may be polymeric since they have high 
decomposition temperatures and are insoluble in common organic solvents. IR spectra suggest 
that the diacyl hydrazines function as ONNO-tetradentate ligands. 

32.4.9.2 Aminopolycarboxylates 

Zirconium(IV) and hafnium(IV) form numerous stable chelate complexes with the anions of 
aminopolycarboxylic acids. Among the compounds that have been isolated in the solid state are 
K,[Zr(nta)2], [M(edta)(H2O)2]-2H,O°”° and H[Zr(dtpa)]-3H,O®’ (M=Zr or Hf; nta= 
nitrilotriacetate; edta = ethylenediaminetetraacetate; dtpa = diethylenetriaminepentaacetate). 
These compounds are prepared by concentration of hot, acidic aqueous solutions that contain 
stoichiometric amounts of an M'Y salt and the chelating ligand. Solid complexes of the type 
M’Hf(OH)(edta)-2H,0 and M’Hf(OH)(cdta)‘2H,O (M’=Na or NH4g; cdta=1,2- 
cyclohexanediaminetetraacetate) are also known.°” 

Eight-coordinate dodecahedral structures have been established for [Zr(nta)2]?~°* and 
[Zr(edta)(H,O).]®”* by single-crystal X-ray studies. [Zr(nta),|]*— exhibits a ligand wrapping 
pattern (Figure 11) in which the two nitrogen atoms occupy dodecahedral A sites, in accord 
with Orgel’s rule; the three glycinate groups of each tetradentate nta ligand span a, g and m 
polyhedral edges. In comparison with cubic, square antiprismatic, and other dodecahedral 
stereoisomers, the observed stereoisomer is ideally suited for minimizing nonbonded repulsions 
and chelate-ring strain. Zr—O bonds to the dodecahedral A sites (2.251(7) A) are significantly 
longer than Zr—O bonds to the B sites (2.124(9), 2.136(8) A), and the Zr—N bonds are 
extraordinarily long (2.439(9) A). In [Zr(edta)(H2O)] (Figure 11), the two nitrogen atoms and 
the water molecules occupy the dodecahedral A sites, while the four oxygen atoms of the 
hexadentate edta ligands take the B sites, again in accord with Orgel’s rule (Zr—N = 2.43(2); 
Zi—O =2.12(2), 2.14(2); Zr—OHy =2.27(2) A). 

(a) (b) 

Figure 11 Ligand wrapping pattern in (a) [Zr(nta)]°~ and (b) [Zr(edta)(H,O),]. Primed and unprimed symbols are 
related by the indicated crystallographic twofold axes 
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The existence of a wide variety of zirconium(IV)-aminopolycarboxylate complexes in 
solution was established by the potentiometric titration studies of Intorre and Martell .°7>°” 
This work and related solution studies have been reviewed by Larsen. Zirconium(IV) forms 
1:1 and 1:2 complexes with tetradentate aminopolycarboxylates, 1:1 complexes with 
hexadentate and octadentate aminopolycarboxylates, and mixed ligand complexes with 
aminopolycarboxylates and various bidentate ligands, for example 1:1:1 Zr—edta—Tiron and 
1:1:2 Zr—nta-Tiron complexes (Tiron = 1,2-dihydroxybenzene-3,5-disulfonate). The stoichi- 
ometries of these complexes are consistent with the tendency of zirconium to achieve a 
coordination number of eight. 

"H NMR spectra of the 1:1 Zr—edta and Hf-edta complexes in the pH range 1-3.5 exhibit 
an AB pattern for the inequivalent glycinate protons and a single resonance for the ethylene 
protons.°’*°” The spectra are not as complex as might have been expected on the basis of the 
low (C2) symmetry of the dodecahedral [Zr(edta)(H2O),] molecule; evidently the inequivalent 
glycinate groups undergo rapid exchange, but the rate of Zr—N bond rupture is slow on the 
NMR time scale. Changes in the NMR spectra above pH 3.5 have been interpreted in terms of 
hydrolysis and polymerization. 
Thermodynamic parameters for formation of M(edta) and M(nta)* (M=Zr or Hf) from 

M** and (edta)*~ or (nta)?>~ have been determined at 15, 25 and 35°C from calorimetric 
measurements. ©? Results for Zr(edta) at 25°C are AG° = —187.2+0.3kJ mol7!, AH°= 
—2.6+0.6kJ mol’ and AS° = 618.8 + 2.5 J mol! deg™!. The large positive entropy change is 
associated with the effects of dehydration of the highly charged reacting ions. 

32,.4.9.3 NO-, NS- and OS-bidentate ligands 

Zirconium(IV) and hafnium(IV) halides from a variety of 1:1 and 1:2 adducts with NO- and 
NS-bidentate ligands (Table 23). These compounds are generally prepared by mixing solutions 
or suspensions of the components in a polar organic solvent at room temperature. They are 
moisture-sensitive, white or yellow solids, insoluble in most organic solvents. Structures of the 
adducts have not been established; however the mode of coordination of the ligands is 
suggested by frequency shifts in characteristic IR bands upon complexation. Most of the ligands 
in Table 23 behave as NO- or NS-bidentate ligands, but 8-quinolinol and the N- 
arylsalicylaldimines appear to coordinate only through the nitrogen atom. IR spectra suggest 
that only one of the two benzaldehyde thiosemicarbazone ligands is attached to the metal in 
MC1,(PhCH=NNHCSNH,), (M = Zr or Hf). Coordination of the hydroxylic oxygen atom of 
3- and 4-aminophenol in the 1:4 adducts MCl,(H2NC;H,OH), is uncertain. 
Anhydrous zirconyl chloride forms insoluble, yellow 1:2 adducts, ZrOCl,(2- 

HOC;H,CH==NC,H,R)2 (R=H, 4-Me, 4-Cl or 4-OMe), with N-arylsalicylaldimines. Five- 
coordinate structures in which the salicylaldimines behave as N-bonded monodentate ligands 
have been suggested on the basis of IR spectra.** 

The reaction of ZrCl, with two equivalents of ethanolamine or diethanolamine in ethyl 
acetate yields the substitution products ZrCl,(OC,H,NH2)2 or ZrCl,(OC,H,NHC,H,OH),, 
respectively, while the analogous reaction with triethanolamine gives the 1:4 adduct 
ZrCl,{N(C2H,OH)3}4. IR spectra indicate that (OC,H,NH2) behaves as an NO-bidentate 
ligand. 
“The following moisture-sensitive substitution products have been prepared by prolonged 

heating (in refluxing chloroform, THF or dichloromethane) of stoichiometric amounts of ZrCl, 

or HfCl, and benzoyl hydrazine, 4-pyridinecarboxylic acid hydrazide, benzoylhydrazones or 
Schiff bases derived from S-methyldithiocarbazate: ZrCl,(PhCONNH)),°% ZrCl;(4- 

NC;H,CONNH;), HfCl,(L) and HfCl,(L), (L= RR’C=NNC(O)Ph or RR’C=NNC(S)- 

SMe).°1? IR spectra indicate that these ligands act as monobasic NO- or NS-bidentate 
ligands, forming five-membered chelate rings upon complexation. The complexes are insoluble 

in most organic solvents, and they may be polymeric. The N-phenylsalicylaldiminato derivative 

ZrCl,(2-OCs;H,CH=NPh),. has been synthesized by condensation of aniline and 

dichlorobis(salicylaldehydato)zirconium(IV).%° 
ZrCl, and HfCl, react with 8-quinolinol (eight equivalents) in THF at reflux or in the absence 

of solvent at 140°C to give the hydrolytically and thermally stable, isomorphous tetrakis 

chelates [M(8-O-quin)«] (M=Zr or Hf). These compounds can be sublimed at 

~350 °C/0.05 mmHg.©’ Precipitation of Zr'Y from aqueous solutions with 8-quinolinol often 

gives products of variable composition, but pure [Zr(8-O-quin),}] can be obtained from hot 



438 Zirconium and Hafnium 

Table 23 Complexes of Zirconium(IV) and Hafnium(IV) Halides with NO- and NS-Bidentate Ligands 

Vite 9 ecu kd a ete!) 3) eet a: ae oa ee eee 

Ligand Complex* Ligand donor atom(s) Ref. 

Semicarbazide [MCl,(H,NNHCONH,)] O and hydrazine pri-amino N 1 

Thiosemicarbazide [MCl,(H,NNHCSNH,)] S and hydrazine pri-amino N He 

Acetone thiosemicarbazone [MCl,(Me,C=NNHCSNH,)] S and azomethine N 3 

Benzaldehyde thiosemicarbazone (MCl,(PhCH=NNHCSNH,)] S and azomethine N 4 
MC1,(PhCH=NNHCSNH,), S and azomethine N 4 

Benzoyl hydrazine ZrF,(PhCONHNH,), O and pri-amino N 5 

ZrCl,4(PhCONHNH,), O and pri-amino N 6 

4-Pyridinecarboxylic acid ZrF,(4-NC;H,CONHNH,) O and pri-amino N 7 

hydrazide 
Aminopyrine [ZrCl,(C,3H,7N30)] O and dimethylamino N 8 

2-Pyrazine carboxamide [ZrCl,4(C3;H7N,0)] O and pyrazine N 9 

8-Quinolinol ZrF,(8-HO-quin) N 10 
MC1,(8-HO-quin), N 10 

N-Arylsalicylaldimines MCL, (2-HOC,H,CH=NC,H,R), Azomethine N 11 

(R =H, 4-Me, 4-NO,) 
Aminophenols MC1,(2-H,NC,H,OH), O and N 12, 13 

MCL,(3-H,NC,H,OH), N, O(?) 12, 13 

MC1,(4-H,NC,H,OH), N, O(?) 12, 13 

*M=Zr or Hf. 
1. Ts. B. Konunova, A. Yu. Tsivadze, A. N. Smirnov and S. A. Kudritskaya, Russ. J. Inorg. Chem. (Engl. Transl.), 1982, 27, 807. 
2. Ts. B. Konunova, A. V. Ablov, S. A. Kudritskaya and V. D. Brega, Sov. J. Coord. Chem. (Engl. Transl.), 1976, 2, 589. 

3. Ts. B. Konunova, A. Yu. Tsivadze, A. N. Smirnov and S. A. Kudritskaya, Russ. J. Inorg. Chem. (Engl. Transl.), 1983, 28, 1282. 

4. Ts. B. Konunova, A. V. Ablov, S. A. Kudritskaya and V. D. Brega, Sov. J. Coord. Chem. (Engl. Transl.), 1979, 5, 658. 
5. R. C. Aggarwal, B. N. Yadav and T. Prasad, Indian J. Chem., 1972, 10, 671. 
6. R. C. Aggarwal, B. N. Yadav and T. Prasad, J. Inorg. Nucl. Chem., 1973, 35, 653. 
7. R. C. Aggarwal, T. Prasad and B. N. Yadav, J. Inorg. Nucl. Chem., 1975, 37, 899. 
8. B. P. Hajela and S. C. Jain, Indian J. Chem., Sect. A, 1982, 21, 530. 
9. S.C. Jain, M. S. Gill and G. S. Rao, J. Indian Chem. Soc., 1976, 53, 537. 

10. M. J. Frazer and B. Rimmer, J. Chem. Soc. (A), 1968, 2273. 
11. V. A. Kogan, V. P. Sokolov and O. A. Osipov, Russ. J. Inorg. Chem. (Engl. Transl.), 1968, 13, 1195. 
12. Ts. B. Konunova, T. N. Popova, Z. P. Burnasheva and V. D. Brega, Sov. J. Coord. Chem. (Engl. Transl.), 1978, 4, 341. 
13. Ts. B. Konunova, T. N. Popova, Z. P. Burnasheva and V. D. Brega, Sov. J. Coord. Chem. (Engl. Transl.), 1977, 3, 278. 

solutions that contain an excess of oxalate.®* The structure of [Zr(8-O-quin).] is dodecahedral 
with the nitrogen atoms in the A sites and oxygen atoms in the B sites, in accord with Orgel’s 
tule (Zr—N = 2.405(8), Zr—O =2.106(6) A). The molecule adopts the rather uncommon 
D.-gggg ligand wrapping pattern, presumably to avoid steric crowding of o-hydrogen atoms 
along the a edges of the more common D,,-mmmm stereoisomer.™? 

Tetrakis(N-ethylsalicylaldiminato)zirconium(IV) [Zr(2-OC;H,CH=NEt),] has a closely re- 
lated dodecahedral structure with nitrogen atoms in the A sites and oxygen atoms in the B 
sites, but in this case the bidentate ligands span the g edges so as to give the very rare S.-gggg 
stereoisomer. The Zr—N bond length (2.539(9) A) is extraordinarily long, and the Zr—O bond 
length (2.055(7) A) is unusually short. [Zr(2-OC;H,CH=NEt),] and the N-isopropyl and 
N-t-butyl analogues were prepared by reaction of the appropriate salicylaldimine with 
Zr (NMez),4 : id 

The N,N-diethylhydroxylamido(1—) complex [Zr(ONEt2)4] has been prepared from 
Zr(OCHMe?)4-HOCHMe, and excess Et,NOH. An X-ray study of the analogous titanium(IV) 
compound shows that the complex exists as the expected dodecahedral D,,-mmmm 
stereoisomer with nitrogen atoms in the A sites and oxygen atoms in the B sites. Coalescence of 
the NMR resonances of the diastereotopic methylene protons of [Zr(ONEt2),] at 42°C 
indicates rapid cleavage of the Zr—N bonds (AG* = 69 + 6 kJ mol’). 
Numerous NO-bidentate Schiff base complexes and a few NS-bidentate Schiff base 

complexes of the type M(OCHMe,),4_,(L), (M=Zr or Hf; n=1, 2, 3 or 4) have been 
synthesized by reaction of stoichiometric amounts of M(OCHMe;)4-HOCHMe, and the Schiff 
base (HL) in refluxing benzene. The known zirconium complexes contain ligands such as 
N-arylsalicylaldimines, N-arylnaphthylaldimines®*°*? and N-(2-pyridyl)salicylaldimine.©*> 
In some cases, only two or three of the isopropoxy groups could be replaced by the Schiff base 
ligand. The Zr(OCHMe,)(L)3; and Zr(L), complexes are monomeric in solution, but 
association, presumably involving isopropoxy bridges, is sometimes observed for the 
Z1(OCHMe,);(L) and Zr(OCHMe,).(L). complexes. Benzoyl hydrazone and S- 
methyldithiocarbazate Schiff base complexes of hafnium, Hf(OCHMe,),4_,{RCH= 
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NNC(O)Ph},, and Hf(OCHMe?)4_,,{RCH=NNC(S)SMe}, (R=Ph or C,H30), have been 
reported by Verma et al.%?°° 

Oxozirconium(IV) N-arylsalicylaldiminato complexes of composition ZrOCl(L) and ZrO(L)2 
(L = 2-OC,HsCH=NAr) have been prepared by reaction of 1:1 and 1:2 mole ratios of 
ZrOCl,-8H2O and the Schiff base in MeOH-Et,O. The ZrOCI(L) complexes can also be 
obtained from a 1:1:1 molar mixture of ZrOCl-8H,O, salicylaldehyde and aromatic amine.°” 

Treatment of a hot methanol solution of appropriate zirconyl salts with 1,10-phenanthroline 
mono-N-oxide (phenNO) yields the oxozirconium(IV) complexes [ZrO(phenNO)X,] (X = Cl, 
Br, NO; or NCS), [ZrO(phenNO),]I, or [ZrO(phenNO);][ClO,],.°’ These compounds are 
analogues of the 2,2’-bipyridine-1,1'-dioxide complexes discussed in Section 32.4.4.1. 

Insertion of phenyl isocyanate or methyl isothiocyanate into the metal-nitrogen bonds of 
M(NMe,), gives the tetrakis (NO- or NS-bidentate) chelates [M{NPhC(O)NMe,},4] (M = Zr or 
Hf) or [Zr{NMeC(S)NMe,},].”2 Analogous insertion into the Zr—C bonds of Zr(CH>Ph), 
yields [Zr{NPhC(O)CH2Ph},] or [Zr{NMeC(S)CH,Ph}.,],° while insertion of phenyl or 
naphthyl isocyanate into the Zr—O bonds of zirconium alkoxides gives 
Zr{NR’'C(O)OR},(OR)s_, (R’ = Ph or CyoH7; R = Pr, CHMe; or CMe3; n = 1, 2, 3 or 4).?!° 
A few complexes have been reported in which zirconium(IV) or hafnium(IV) is attached to 

an OS-donor bidentate ligand. Alkyl thioglycolates, Zr(OQCHMez2).(L) and Zr(L)2 (L= 
[SCH=C(OR)O]*?-; R=Me or Et), have been synthesized from stoichiometric amounts of 
Zr(OCHMez2), and the alkyl thioglycolate, H,L. The isopropoxy groups of Zr(OCHMe;).(L) 
are replaced by t-butoxy groups when the isopropoxy complex is heated under reflux with an 
excess of Me3;COH in benzene. Molecular weight measurementts and IR spectra indicate that 
the Zr(OR).(L) complexes have alkoxy-bridged dimeric structures.’ Related 
Z1(OCHMe;)2(L) and Zr(L)2 (L= [SCH,CH2O]*" , [SCH,CH,CO,]?~ Or [2-SCsH4CO,]*- ) 

complexes have been reported.*”’° Reactions of stoichiometric amounts of zirconium 
isopropoxide and 2-mercaptopropionic acid yield Zr(OCHMe)(L)(HL) and Zr(L)>.*” 

Tetrakis(thioacetylacetonato)zirconium(IV) [Zr(Sacac),] has been prepared by reaction of 
stoichiometric amounts of ZrCl, and Na(Sacac) in dichloromethane. [Zr(Sacac),4] has a square 
antiprismatic structure (47) in which the ligands span the s polyhedral edges in such a way as to 
cluster the sulfur atoms in all-cis positions. The observed C>-ssss stereoisomer is distorted in 

the direction of the dodecahedral C,-mmgg and bicapped trigonal prismatic C1-tt;p2p2 
stereoisomers. Consistent with the former distortion, the averaged Zr—O and Zr—S bond 

lengths fall into two classes (Zr—O, =2.185, Zr—Og = 2.132, Zr—Sa =2.724, Zr—Sp = 

2.665 A).7 

The sulfur atoms are also clustered in all-cis positions in the t,t;p2p2 bicapped trigonal 

prismatic structure of tetrakis(N-methyl-p-thiotolylhydroxamato)hafnium(IV) [Hf{MeC.H,- 

C(S)N(O)Me},]. Averaged metal-ligand bond distances are Hf—O=2.150 and Hf—S= 

2.678 A.” 
Monothiocarbamato complexes are discussed in Section 32.4.5.2. 

32.4.10 Multidentate Macrocyclic Ligands 

32.4.10.1 Porphyrins 

Octaethylporphinato complexes of the type [M(OEP)(O2CMe)2] (M = Zr or Bf) have been 

prepared by reaction of H,OEP and [M(acac),] in molten phenol at 210-240°C followed by 

crystallization from pyridine—acetic acid—water mixtures. The complexes have been charac- 

terized by IR and mass spectra”*’™ and by electronic absorption and emission spectra.” They 

have an eight-coordinate square antiprismatic structure (48) in which the four porphinato 

nitrogen atoms occupy the coordination sites on one square face and the two bidentate acetate 
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ligands span s edges on the opposite (rectangular) face. Bond lengths in the hafnium complex 

of Cx symmetry are Hf—O =2.278(3), Hf—Nj = 2.266(5) and Hf—N; =2.248(3) A; the 

zirconium and hafnium complexes are nearly isodimensional.’”° 

The red-violet mixed-ligand complex [Zr(OEP)(acac)(OPh)] has been isolated from the 
reaction of H,OEP and [Zr(acac)4] in molten phenol, and has been converted to bis(A- 
diketonato) derivatives [Zr(OEP)(dik)] (dik = acac or bzbz) by reaction with an excess of the 
B-diketone in boiling pyridine. The hafnium analogues [Hf(OEP)(dik),] (dik = acac or bzbz) 
were prepared from the B-diketone and [Hf(OEP)(O,CMe)2]. 'H NMR spectra of the 
[M(OEP)(bzbz)2] complexes at 0°C (M = Zr) or —40°C (M = Hf) exhibit two triplets and two 
quartets for the porphinato ethyl groups, consistent with a C2, structure like (48).’”” 

The meso-tetraphenylporphyrin complex [Zr(TPP)Cl,.] has been prepared by reaction of 
H,TPP with ZrCl, in boiling benzonitrile. The electronic spectrum of [Zr(TPP)Cl,] and the 
facile kinetics of TPP dissociation in acidic media suggest that the zirconium atom lies 
considerably out of the plane of the TPP ligand with both chlorine atoms being located on the 
same side of the TPP plane.” 

32.4.10.2 Phthalocyanines 

The bluish chlorophthalocyanine complexes [M(PcCl)CL] (M=Zr or Hf; PcCl= 
[C3.H:sCINg]*) have been synthesized by reaction of the metal tetrachlorides with o- 
phthalonitrile at 280 °C (equation 55).’”” Treatment of the [M(PcCl)Cl,] complexes with boilin 
acetic acid gives the dichroic red-violet/dark blue acetato analogues [M(PcCl)(O.CMe),],” 
while treatment of the [M(PcCl)2] complexes with ethanol and then warm water yields the blue 
hydroxo derivatives M(PcCl)(OH)2:2H,0.”° These complexes exhibit enormous thermal 
stability. [Zr(PcCl)(O2CMe)2] can be sublimed in high vacuum at 500°C.” [Hf(Pc),] 
(Pc = [C3,Hi6Ng]*) sublimes at 540-560 °C and does not decompose until ~686 °C.7! 

ZrCl, + 4C5H,N, —> [Zr(PcCl)Cl] + HCI (55) 

32.4,10.3 Other polyaza macrocycles 

ZrOCl,-8H20 reacts with 2,6-dipicolinoyl dihydrazine (H2dpdh) yielding a 1:1 complex that 
has been formulated as ZrO(dpdh)(H2O)2 or Zr(OH)2(dpdh)(H2O) (49). The free NH groups 
of compound (49) condense with the carbonyl groups of 6-diketones affording compounds (50) 
that are believed to contain 12-membered macrocyclic rings.”! 
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33.1 GENERAL INTRODUCTION 

The element was recognized in 1831, when N. G. Sefstrém was able to isolate and characterize 
the oxide; the name vanadium was derived from Vanadis, a goddess in Scandinavian 
mythology. The beautiful colours of vanadium compounds had been observed as early as 1801, 
by A. M. del Rio in his experiments with a new element he called erythronium because of the 
red colour after treatment with acid.’ 

Some tribulations in the experimental work and the variety of colours observed in early 
vanadium chemistry can now be explained as due to the formation of various coordination 
compounds, early symptoms of a rich and challenging chemistry. 

There are vanadium compounds with formal oxidation states from —3 up to +5 with the 
exception of —2. Under ordinary conditions, the most stable states are +4 and +S. Suitable 
sources of information for the early chemistry of vanadium are Mellor’s* and Sidgwick’s* 
books. More recent work is covered by several reviews.*° 

The coordination chemistry of vanadium is strongly influenced by the oxidizing/reducing 
properties of the metallic centre, and the chemistry of vanadium ions in aqueous solution is 
limited to oxidation states +2, +3, +4 and +5, although V?* can reduce water. Redox 
potentials are given in Table 1 and an E vs. pH diagram is shown in Figure 1. 

The oxidation state —3 has been observed only in organometallic compounds, and until now 
there have been no reports of compounds with oxidation state —2, although there is no reason 
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Table 1 Standard Potentials of Vanadium Couples in Aqueous Solutions at 25°C 
eS HI SR POR Lee treed «lyase 

Standard potentials (V) in 
Strongly acid Weakly acid Neutral and 

Couple solutions solutions basic solutions rt NOE SNOT V_yIV va #2 1.000 0.723 0.991 
ve 0.337 0.481 0.542 
Me a —0i255 —0.082 —0.486 
v"- S118} Sig —0.820 
———— ee 

Data from Y. Israel and L. Meites, in ‘Standard Potentials in Aqueous Solution’, ed. A. J. 
Bard, R. Parsons and J. Jordan, Dekker, New York, 1985. 

EAW) 

Figure 1 Potential versus pH diagram for the vanadium—water system at 25 °C. The dashed lines indicate the domains 
of relative predominance of the dissolved forms of the metal, but the various dissolved forms for each oxidation state 
are not explicit. The solid lines correspond to saturated solutions with a total vanadium concentration of 0.51 gdm~>. 
The long dashed lines correspond to oxidation and reduction of water (for E° values of 1.23 and 0.00 V respectively) 
(adapted from E. Deltombe, N. Zoubov and M. Pourbaix, in ‘Atlas d’Equilibres Electrochimiques’, ed. M. Pourbaix, 

Gauthier-Villars, Paris, 1963) 

to believe that such compounds cannot exist. Coordination compounds with formal oxidation 
states from —1 up to +2 are usually octahedral; for some it is not possible to ascertain a formal 
oxidation state as the bonding scheme may alternatively be explained by coordination of the 
reduced ligand. The ability of V7* to reduce water and the instability of most of the complexes 
in these low oxidation states explains the small number of compounds. On the other hand, the 
reducing properties of vanadium(II) ions and their complexes have been used in many 
preparative methods, and among such reactions, the dinitrogen reduction deserves special 

attention. 
Although many vanadium(III) complexes are unstable towards air, there are quite a few 

compounds in this oxidation state, most with octahedral geometry. However, remarkable 
seven-coordinate complexes were also characterized. 

High concentration of vanadium in the blood of some tunicates has been a long-standing 
problem of biochemistry. That vanadium(III) ions are part of the respiratory pigment has been 
ruled out recently. The efficient mechanism used to concentrate vanadium from sea water is 
now understood but the utility of vanadium for these living organisms is still an intriguing 
question. 

The +4 oxidation state is the most stable under ordinary conditions and the majority of 
vanadium(IV) compounds contain the VO** unit (vanadyl ion), which can persist through a 
variety of reactions. Its complexes typically have square pyramidal or bipyramidal geometry 
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with the vanadyl oxygen apical and the V atom lying above the plane defined by the equatorial 

ligands. Trigonal bipyramidal complexes are also known. : 

The VO?* entity bonds most effectively to the more electronegative atoms, e.g. F, Cl, O, N 

(and also S and P). 
Many vanadyl complexes are not air stable and generally they can be easily hydrolyzed 

and/or oxidized to the +5 oxidation state. oy 

Table 2 gives examples of the coordination geometry adopted by each oxidation state. 

Table 2 Oxidation States and Stereochemistries of Vanadium Complexes 

a SS 

Oxidation Coordination 
state number Stereochemistry Examples 

Fina es a lei Re ne alate t DR e Aen A ns EE Re 

—3 6 (Et,N)2[(Ph3Sn) V(CO).] 
| Monocapped octahedral (Et,N)[(Ph3Sn),V(CO).] 

-1 6 Octahedral [V(bipy)3]~ 

0 6 Octahedral [V(bipy)3] 

1 6 Octahedral [V(bipy)3]* 

Low but 
not defined 6 Trigonal prismatic [V(S,C,Ph,)3] 7 

2 6 Octahedral [V(CN).]*, [V(H20).]°* 
3 3 Planar [V{N(SiMe;3)2}3] 

4 Tetrahedral [VCl.]~ 
5 Trigonal bipyramidal trans-[VC1,(NMes),] 
6 Octahedral [V(H,O),}°*, [V(C,0,)3]}>~ 
t Pentagonal bipyramidal K,[V(CN) ]-2H,O 

4 4 Tetrahedral [VCl,] 
5 Trigonal bipyramidal [VOCL(NMe:;).] 

Square pyramidal [VO(acac),], [VS(acac).] 
6 Octahedral [VO(acac),(dioxane)], 

[V(catecholate),]*- , [V(acac),Cl,] 
8 Dodecahedral [V(MeCS,),], [VCl,(diars),] 

5 4 Tetrahedral [VOCI,], 
[V(Me,SiO),(adamantylimido)] 

5 Trigonal bipyramidal VF; (g), VCI; (g) 
Square pyramidal [VOF,]~ 

6 Octahedral [VO(OMe),], [VO,(0x),]*-, 
[VOCI,(benzonitrile),] 

1 Pentagonal bipyramidal [VO(NO;)3(MeCN)], 

[V(dipic)(H,NO)(NO)(H,0)]~ 
8 Dodecahedral [V(O3)4]*~ 

Many vanadium(V) compounds are oxo complexes containing the VO** or the VO** entity, 
and the cis geometry in dioxo complexes has been confirmed by structure determinations. A 
great number of oxo complexes containing halides, alkoxides, peroxide, hydroxamates and 
aminocarboxylate have been characterized. The oxidation of ligands by vanadium(V) prevents 
the isolation of a larger number of complexes. On the other hand, the oxidizing properties of 
vanadium(V) compounds are useful for many preparative reactions, namely for the catalysis of 
oxidations. Important examples are catalysts used for the oxidation of SO, to SO; in the 
industrial production of sulfuric acid, and there is great concern over the presence of small 
concentrations of vanadium in fuels (coal and petroleum) because of this ability of vanadium to 
catalyze the oxidation of sulfur dioxide. 

Some similarities between vanadate and phosphate explain the biological activity of the 
metal in the oxidation state +5. The most remarkable example is the strong inhibition of the 
Na* pump (Na*, K*-ATPase). This and other problems in the bioinorganic chemistry of 
vanadium are likely to continue as areas of active research. 

The great recent development in electrochemical techniques will certainly be helpful for the 
study of redox processes of a metal which can occur in so many oxidation states. Multinuclear 
NMR spectrometers will allow increased use of *'V resonance as a routine method for the 
characterization of complexes in solution. Other recent developments are the study of 
polynuclear complexes, metal clusters (homo and hetero-nuclear) and mixed valence com- 
plexes, and it can be anticipated that these topics will soon become important areas of 
vanadium coordination chemistry, although the isolation of compounds with such complex 
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Structures is again symptomatic of the difficulties that may be found in the chemistry of this 
metal. 

33.2 LOW OXIDATION STATES (BELOW +2) 

33.2.1 Introduction 

The low oxidation states (from —3 to +1) are less usual; ligands in these complexes are those 
capable of stabilizing low oxidation states of other metals. 

The derivatives of the pentacarbonylvanadate(-III) ion have the lowest formal oxidation 
state known for vanadium. Solutions of [Na(diglyme),][V(CO),] are reduced by sodium to 
[V(CO)s]}°~. Various salts were isolated by using the alkali iodide or onium halide;'® Rb* and 
Cs* salts are rather thermally stable. [V(CO),}>- with R;3EX (R = alkyl or aryl; E=Sn, Pb; 
X= halide) leads to [(R3E)V(CO)s]*- and [(R3Sn)2V(CO)s]~. The IR spectra of crystalline 
(Et,N)[(Ph3Sn)2V(CO)s] and its solutions are inconsistent with a pentagonal bipyramidal 
geometry and X-ray methods showed"! that the anion structure is approximately a monocapped 
octahedron: the Sn—V lengths are 2.757(3) and 2.785(3) A with ZSnVSn 13729() 2s Ene 
corresponding compounds with oxidation number —2 have not been isolated. 

33.2.2 Cyanide Complexes 

VBr3, potassium and potassium cyanide react in liquid ammonia.’? The brown product, 
K,V(CN)2:0.5NH3, was paramagnetic (1.86BM) and extremely pyrophoric. v(CN) at 
1905 cm’ is consistent with a low oxidation state; the UV reflectance spectrum was recorded: 
45.0, 36.0 sh, 28.0 sh, 20.0 br (cm™! x 10°). 

33.2.3 Nitrogen Ligands 

33.2.3.1 Bipyridyl, o-phenanthroline and terpyridyl 

Complexes with formal oxidation states from +2 to —3 were reported by Herzog and 
co-workers in classic experiments; those for the bipyridyl complexes are in Scheme 1. Solutions 
of [V(bipy)s]I, in 50% methanol on reduction by magnesium or zinc yield [V(bipy)s3].~ This 
had “eg = 1.9 BM and a two-dimensional X-ray study’ indicated that the nitrogen atoms were 
at the corners of a distorted octahedron with V—N 2.10 + 0.03 A and ZNVN 73.6 + 1.5°. ESR 
spectra’ also suggested trigonal symmetry and an electronic structure analogous to that for 
[VS¢CsPh¢] (Section 33.2.5). 

[V(bipy)s]I. 

Zn or Mg, methanol ; 7 3 f 

[Vibipy)s}°* ===> [Vibipy)s]" se Nas[V(bipy),]-7THF 
of Ij in py 

Phenyl isocyanide 

1 equivalent of I, in py 

[V(bipy)s] 
[V(bipy)3]* 

water, benzene 
le ether Li[V(bipy)3]:-4THF 

: 2+ 4 IV(bi 0 black diamagnetic [V(bipy)s]°* + [V(bipy)s] crystals 

Scheme 1 Preparation and interconversions of bipy complexes in low oxidation states 
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Solutions of [V(bipy)3]* can be obtained by partial oxidation of [V(bipy)3] with iodine but 
the solid obtained with empirical formula [V(bipy);3]I-4py was suggested’® to be a mixed crystal 
of the similar compounds of vanadium(0) and vanadium(II). Nas3[V(bipy)3]‘-7THF was 
obtained” on reducing the tris(bipy) complex with sodium. This air-sensitive compound has 
lee = 2.76 BM. The corresponding tris(phenanthroline) complexes were obtained’* on reducing 
a [V(phen)s]I, solution in THF with Ligbenzophenone to [V(phen)3] which could be reoxidized 
with two equivalents of I, back to [V(phen)3]**. Further reduction of [V(phen)3] with 
Li,benzophenone led to [V(phen)3]~ and Li[V(phen)3]-3.STHF was isolated. Similarly, black 
[V(terpy)2] was isolated when [V(terpy)2|I, was reduced with magnesium or LiAIH,.’? 

The reduction of VCl; by sodium amalgam in the presence of a suitable ligand has been 
proposed” as an improved method for the preparation of several zerovalent complexes 
VL; (L = 2,2’-dipyridyl disulfide, 2,2’-dipyridylamine, di-t-butyldiimine). The magnetic mo- 
ments were 1.82, 1.71 and 1.79BM. Such similarity of magnetic properties is in favour of 
similar bonding. An alternative description considers that the electrons of the reduced species 
are located in 2* orbitals of the ligand. Reduced forms of bipy (bipy” and bipy*~) are known. 

The UV-vis spectra of [V(bipy)3] were interpreted’ as indicating the existence of partially 
reduced ligand (bipy~ or bipy~) at least in the excited states, but were also interpreted as 
indicating V° bonded to neutral bipy. By comparing IR spectra of [V(bipy)3]? (z =2+, 0) and 
Li(bipy), [V(bipy)3] should be considered”? as a complex of the reduced ligand bipy~ or a 
complex of collectively reduced ligands.”* 

The ESR spectrum of [VL] [L = benzilbis(N-phenylimine)] shows” hyperfine splitting due 
to *'V, corresponding to a d° low-spin configuration with 80-90% of the charge of the unpaired 
electron at the metal. 

Polarography and cyclic voltammetry” of [V(bipy)3]’ (z =2+, 1+, 0, 1—, 2—, 3—) gave Ei, 
values of —0.8, —1.01, —1.11, —1.55 and -—2.23V for these five steps, and smaller 
polarographic waves at —2.10 and —2.6 V were attributed to the reduction of free bipy. From 
comparison of the E,,2 values for the bipy complexes with those for 4,4'-dimethyl-2,2'-bipy and 
5,5'-dimethyl-2,2’-bipy, the electron added (or removed) in the reactions of [V(L)3]* (z =2+, 
1+, 0) was at to, orbitals.*° On the other hand, for V(bipy)3/V(bipy); and V(bipy); /V(bipy)3~ 
the added electron would occupy orbitals with a predominant 2* character. However, 
[V(bipy)3] is diamagnetic, and an intermediate character has been proposed for it. 

33.2.3.2 Nitrosyl 

Using [Co(X)(NO)s]2 as a nitrosylating agent, Rehder and co-workers synthesized various 
nitrosyl and dinitrosyl complexes as depicted in Scheme 2.””* An extensive study of >" V NMR 
of solutions of nitrosylvanadium species has been published.2”7 THF molecules in cis- 
[V(NO).(THF)4] are easily replaced by other L leading to cis-[V(NO).(THF)4_,L,JX 
(L = several ligands such as py, phen, MeCN, OPEts, thiophene, acetone; n =2 to 4; X= Cl, 
Br, I). For L=CNR (R=cyclohexyl, Pr’, Bu'), [VX(NO).L3] are also formed and the 
presence of coordinated X was established’’ by the normal halogen dependence (Cl < Br <I) 
of °’V shielding in *'V NMR. 

[VX(NO)(THF).]X — 

[CoX(NO)9]2 [VH(CO).(dppe)] ————> [V(NO)(CO);(dppe)] “ate [V(NO),(THF),]X 

dppe = Ph,PCH,CH,PPh, 
X =Cl, Br, I 
L=CNR, amines, phosphines [V(NO).(THF)3(dppe)]X 

[V(NO),(THF).-,L,]X 

Scheme 2 Preparation of dinitrosyl complexes 
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A cyanonitrosyl complex, K3[V(NO)(CN)s]:2H2O, was obtained”? from VO3~ and CN™ in 
alkaline medium using hydroxylamine as the source of NO. Its structure®’ is tetragonally 
distorted octahedral: the mean V—C distance is 2.17 A, there is a short V—N bond (1.66 A) 
and the VCN and VNO linkages are almost linear. By conducting nitrosylation in H2S,*! 
K,[V(NO)(CN)¢]-H2O was isolated and K,[V(NO)(CN).]-4KOH-3H,0O studied by diffraction.*? 
[V(CN).(NO)]*~ has approximately pentagonal bipyramidal geometry with the nitrosyl group 
axial. The mean V—C bond length is 2.15 A and the V—N bond length is 1.68 A. These 
complexes have been used to prepare K,[V(NO)(CN),L] from K,['V(NO)(CN)o] with L = bipy 
or phen® and [V(NO),(L),]* derivatives from K3[V(NO)(CN)s].° 

Using an excess of hydroxylamine in the reductive nitrosylation of VO2~ forms the dinitrosyl 
anion [V(NO).(CN),]*", and on treatment with bipy (or phen), complexes of formula 
[V(NO).(CN)2L]-H20 were isolated.*° 

Magnetic moments (ueg¢=1.5 and 1.6BM for bipy and phen derivatives) confirmed the 
existence of one unpaired electron and ESR (no *'V—*N or °!V—*°C superhyperfine splitting) 
indicated that it is located in a metal orbital. Two strong v(N—O) bands at 1650 and 1520 cm™! 
confirm the cis NO groups. 
A brown polynuclear dichlorotrinitrosylvanadium(—I) was isolated*® from a solution of 

[VCl,] in carbon tetrachloride by reaction with dry NO, and Beck and co-workers reported*’ 
that the same product was obtained from [V(CO).] with NOCI. A trigonal bipyramidal 
arrangement with terminal and bridging chloro ligands was proposed for this compound 
[V(NO)3Cl],, which reacts with solvents losing NO and forming mononitrosyls [V(NO)L4Cly] 
(L=MeCN, Ph3PO, 4phen). Herberhold and Trampisch*® used sodium amalgam or zinc 
powder to prepare [V(NO)L,Cl], (L=acetonitrile, methyl isonicotinate) and 
[V(NO),(Bu'NC),]JPF.. IR and °'V NMR indicate that a single cis dinitrosyl species is the 
intermediate. The extensive work with °'V NMR is summarized in Figure 2. 

[v(No)... ]? 

[V(NO)(CO),_,L,]° ee 

[Vx,(NO)L,]° O 

[CpV(No)eL] (O] [NIJs,[P.¢ J 
[VX(NO)sL3-p)(CNR),]~ eel 2 3U 

[V(NO)o( THF )4- pL 7] X spllifP} 

[V(NO) 9 THF) L 3]X 

[V(NO) Lg ] Lo] Is] cP 

[VClo(NO)3] dl 
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Figure 2. ~'V NMR shift ranges of nitrosyl vanadium complexes. Ligand abbreviations: N = NR;, NCR, O & OCR,, 

OR,, OPR3; P= PR3, As = AsR3, Sb = SbR;, E=P, As, Sb; S=SR,; X=Cl, Br, I, PF. (a) J V shielding increases 

from left to right; shift values are measured taking VOCI, as standard. (b) I= [V(nitrilotripropanolato)(NO)L] " 

(L=O ligand); II = [V(dipicolinato)(NO)(ONH)(H,O)]; III = [V(CN)4(NO)(ONH,)] ~. (c) L=P, As or CO. (d) 

L=O ligand or acetonitrile. (e) L=THF or acetonitrile. (f) I and II are respectively the di- and mono-nitrosyl 

derivatives formed in acetonitrile solution; III, resonance measured in CD;NO), solution (data taken from refs. 27 and 

33,.2.3,.3 Dinitrogen complexes 

Complexes of vanadium(0) with dinitrogen were obtained by co-condensations. [V(N2)6] has 

been prepared? in frozen matrices; this formulation was based on the similarity of IR and 

UV-vis spectra with the corresponding [V(CO).]. By increasin the vanadium concentration, 

changes in the IR were explained as due to a dimer, [V2(N2)12].°” Dinitrogen is acting as a weak 

ligand compared with CO, i.e. a poorer o donor and a poorer acceptor.” 
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33.2.4 Phosphorus Ligands 

The dropwise addition of sodium naphthalenide to THF containing vanadium trichloride and 

1,2-bis(dimethylphosphino)ethane (dmpe) causes changes of colours suggesting a stepwise 

reduction from +2 to 0. Brown [V(dmpe)s] was isolated" (uw. = 2.10 BM) and IR data suggest 

octahedral coordination. The same complex was synthesized by a metal vapour technique.” 

The ESR was that expected and the unit cell is cubic with a = 11.041(3) A. 

[EtsN][V(PF3)s] was prepared*** by UV irradiation of [Na(diglyme)2][V(CO)c] in diglyme 

saturated with PF, and studied*® by multinuclear (°F, **P, ~'V) NMR. The well-resolved 

spectra confirmed a (non-ideal) cubic geometry for the complex and V—PF; is weaker than 

vV—Co. 
Other V—P bonds may be found in phosphinehydrido complexes. The heptacoordinate 

[V(H)(PF3).] was prepared*’ from [V(PF3).] on heating with phosphoric acid. Reaction of a 

THF slurry of [V2(u-Cl)3(THF)6]2Zn2Cl, with PMePh, followed by addition of LiBH, yielded a 

dark red air-sensitive material, a Zn.V2 aggregate with a V—V double bond and hydrogen 

bridging V to Zn atoms (Figure 3).*° 

Figure 3 Structure of the phosphinohydrido complex V,Zn,H,(BH,)2(PMePh,),. The V—V distance of 2.400(2) A 

was interpreted as corresponding to a double bond“ 

33.2.5 Tris(dithiolene) and Tris(diselenolene) Complexes 

‘Dithiolene complexes’ was the name suggested by McCleverty*’ for complexes of unsatur- 
ated 1,2-dithiols without implying any particular ligand structure or valence formalism. The 
dithiolene complexes described differ from the vanadium(III) dithiolates (Section 33.4.6) 
reported by three independent groups.* 

The charge at the vanadium in the usual dithiolene complexes may be estimated*? as less 
than 2, and these complexes are therefore included in the section on low valence states. 
Various tris(dithiolene) complexes have been isolated and one-electron oxireductions studied 
by polarographic and voltammetric techniques. Table 3 summarizes methods of preparation 
and electrochemical behaviour. Schrauzer and co-workers” correlated electrochemical data 
with Taft’s constants: the observed linear correlation reflected the ligand z orbital origin of the 
orbitals involved in the redox process. 

[V(S2C,Ph2)3] is trigonal prismatic, slightly distorted by a trigonal twist of 8.5°.°? 
[V(S2C,Ph2)3]> was also trigonal prismatic as its electronic spectrum is similar to the 
isoelectronic [Cr(S2C,Ph2)3],°' which was isomorphous’ with  [V(S,C,Ph,)s3]. 
(Me,N)2[V(S2C2(CN)2)3] was studied by diffraction® and a structure between octahedral and 
trigonal prismatic was proposed for the anion [V(S2C,(CN),)3]*~. 

The C=C stretching frequencies of the S,C,Ph, and S,C,H2 complexes increase with the 

negative charge of the complexes, i.e. the sulfur ligands become more ‘dithiolate’ in 
character.’ The dithiolene complexes have several intense transitions in the visible, whose 
assignment is not yet complete. Using previous work as well as the resonance-Raman spectra 
for [V(S2C2Phz)3]°"~ and [V(S2C2(CN),)3]*-, a set of assignments was produced (Figure 4).>4 

The ESR of [V{S,C,(CN)2}3]?> doped in single crystals of isomorphous 
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Table 3. Preparation and Electrochemical Studies of Tris(dithiolene) and Tris(diselenolene) Complexes a a ee ee 

Method of preparation of E42 values 
isolated solid complex Formula Z R (V) Ref. a 

[V(S,C,R2)3]* —2 H 

On 22e 1 
Na,S,C,H, 

=" 1 2 

+0.25* 
Na,S,C,H, + VO(acac), 0 ae ; 

=32 GN 
—0.49° 

Na,S,C,(CN), + VCl, 2 om ; 
+0.66° 4 

(z = —2 complex) + [Mo{S,C,(CF;),}3] —1 5 

-3 CF; 

é —1.10¢ 
Na(diglyme) + [V(CO),] + S:C,(CF3)» —2 5 

+0.47," +0.08° 5 
[AsPh,][V(CO)g] + S,C,(CF3)2 =1 5 

0 

Isolation as (NEt,).[V(S,C,Ph,)s] — 2 Phi 3 
-0.71° 5 

(Benzoin + P,S,9) + (VCl; + Et,NBr) = 5 
2 +0.30° 5 

(z = —1 complex) + iodine 0 5 

—2 p-MeC,H, 

—0.745? 1 
Acyloin + P,S;) method eal 3 

+0.323? 1 
0 

—2  p-MeOC,H, 
—0.783* 1 

Acyloin + P,S;) method =i 3 

+0.260* 1 
0 

[V(S.CsH3R)3]* -3 
=0.12° 5 

Na,(S,C,H,) ap VCl, —2 5 

= Seeevie 
—0.18° 5 

Na,S.C,H3Me + VC, —2 5 

[V(Se,C,(CFs)2)3)]*_ —3 6 
—1.05° 6 

(z = —1 complex) + [AsPh,]Cl —2 6 
+0.07° 6 

Se,C,(CF3)2 + [AsPh,][V(CO).] al 6 

* Potentials measured in DMF solutions vs. Ag/AgCl electrode in an aqueous 0.10 M LiCl solution.® 
Potentials measured in acetonitrile solutions at room temperature vs. an aqueous calomel electrode saturated with NaCl.° 

“The difference in potentials measured with techniques (a) and (b) was estimated as ~0.03 V, i.e. potentials in DMF may be estimated 
by adding 0.03 V to the corresponding values measured in acetonitrile. 
Potentials measured in CH,Cl, vs. saturated calomel electrode. 

D. C. Olson, V. P. Mayweg and G. N. Schrauzer, J. Am. Chem. Soc., 1966, 88, 4876. 
G. N. Schrauzer, V. P. Mayweg and W. Heinrich, Chem. Ind. (London), 1965, 1464. 
G. N. Schrauzer and V. P. Mayweg, J. Am. Chem. Soc., 1966, 88, 3235. 

. Davison, N. Edelstein, R. H. Holm and A. H. Maki, J. Am. Chem. Soc., 1964, 86; 2799. 

. Davison, N. Edelstein, R. H. Holm and A. H. Maki, Inorg. Chem., 1965, 4, 55. 
. Davison and E. T. Shawl, Inorg. Chem., 1970, 9, 1820. Ne COS Ee >>Prp> 

[AsPh,].[Mo{S2C,(CN)2}3] was fitted by an axially symmetric spin Hamiltonian with g) = 
2.000, g, = 1.974, A, =10G and A, = —100G, interpreted in terms of a *A, ground state in D; 
symmetry.”? The unpaired electron has predominantly metal d,2 character. A molecular orbital 
scheme (Figure 4) was proposed for the dithiolene complexes.*° This scheme has been used in 
the discussion of ESR results,*? and electronic and resonance-Raman spectra.** 

Tris(diselenolene) complexes derived from Se2C,(CF3)2 have been prepared by similar 
methods.°° 
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Figure 4 Electronic configurations of vanadium tris(1,2-dithiolene) complexes (from ref. 54, based on the scheme in 

ref. 55) 

33.2.6 Hydrido Complexes 

Hydridophosphino complexes have been described previously (Section 33.2.4). The bond 

dissociation energy of 209 kJ mol~' has been measured?’ by ion beam mass spectrometry using 

the reaction in equation (1). The bond energies between V~* and other atoms were compared 

with the corresponding carbon bonds: the energy of the bond to vanadium is about one half 
that of the corresponding carbon bond. 

Vv’ +H, — VH‘*+H (1) 

33.3 VANADIUM(ID 

33.3.1 Introduction 

The small number of vanadium(II) compounds may be explained by (i) difficulties in keeping 
the compounds (they are very often easily oxidizable) and (ii) difficulties in characterization 
(because of contamination by higher oxidation state(s)). Although the easy oxidation may be 
inconvenient in the isolation and handling of compounds of vanadium(II), there are many 
examples of applications of vanadium(II) as a reducing agent for a large variety of both organic 
and inorganic species (see Section 33.3.8), usually behaving as a one-electron reducing agent. 

Vanadium(II) compounds are usually prepared by reduction of acidic solutions of higher 
oxidation states. The usual geometry is octahedral and the electronic spectra often show three 
d-—d spin-allowed bands. These spectra, as well as those of tetrahedral and linear complexes, 
have been reviewed.°® For this d°* configuration, a spin-only magnetic moment of 3.87 BM is 
expected. Slow substitution can be predicted for vanadium(II) complexes but such reactions are 
not as slow as those for the isoelectronic Cr™ ions. 

33.3.2 Cyanides and Isocyanides 

A solution of VCl; reduced with zinc and added to saturated KCN gave yellow ree | 
The structure is almost a regular octahedron with V—C having a mean value of 2.161(4) 
and C—N a mean value of 1.153(7) A, comparable to other cyano complexes of vanadium. The 
value 3.78 BM® for the room temperature magnetic moment is consistent with vanadium(II) 
and the spectrum showed® two d-d bands at 22.3x10° and 27.7x10°cm7!. A purple 
powder K,V(CN), was obtained by reaction of K;V(CN),-0.5NH; with NH,CN in liquid 
ammonia. Its low magnetic moment (3.2 BM) and high v(CN) were due to a polymeric 
cyanide-bridged structure. 
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[V(CNBu'),]** has been prepared by reduction of V(CNBu');Cl; or oxidation of [V(CO).]~ in 
the presence of an excess of t-butyl isocyanide. In red [V(CNBu').][V(CO).]2,° the octahedral 
cation has V—C 2.10(1) A comparable to 2.161(4) A for the hexacyanide. 

33.3.3 Nitrogen Ligands 

33.3.3.1 Ammonia and amines 

Vanadium(II) chloride does not react with liquid ammonia at —33 °C, but at room 
temperature, it reacts slowly giving purplish brown V(NH3)5 4Cl, 9 with a magnetic moment of 
3.70 BM.* [V(NH3).]Br2 was isolated® from solutions of [V(H2O).]Br> in ethanol by bubbling 
dry NHs3, or by condensing ammonia on to the hexahydrate. The magnetic moment is ~3.9 BM 
and the powder photograph has been indexed in terms of a face-centered cubic unit cell of side 
10.5 A, isomorphous with [Ni(NH3)6]Br2. The three bands in the diffuse reflectance spectrum 
(32 000, 21200 and 14800cm™') have been interpreted in terms of octahedral symmetry. 
Methylamine and VCl, in a Carius tube at 160°C formed purple-brown V(MeNH)).Ch.™ 
Complexes [VL3]X, (L= en, 1,2-diaminopropane, 1,3-diaminopropane; X = Cl, Br, I) and 

[V(dien)2]X_ were prepared by mixing ethanolic solutions of amine and of vanadium(II) halide. 
The magnetic moments (3.66-3.91 BM) and electronic spectra were typical of octahedral 
vanadium(II) and there was no halogen coordination.© 

33,3.3.2 N-heterocyclic ligands 

Vanadium(II) alcoholates in ethanol® or hydrated vanadium(II) halides in n-butanol were 
used to prepare complexes [VL.6]X2 and [VL4X] (L = pyrazole, imidazole, dimethylimidazole, 
1-methylimidazole, 2-methylimidazole, benzimidazole and isoquinoline; X=Cl, Br, I). 
[V(benzimidazole),Cl,]-0.5butanol has been obtained®’ and the reflectance spectrum was 
consistent with an essentially octahedral environment. The magnetic moment (2.41 BM at 
298 K decreasing with temperature) also suggests a polymeric structure. On heating the green 
V(1-methylimidazole)sCl, under vacuum, violet compounds formulated as V(1- 
methylimidazole),,Cl, (n = 4, 5) were obtained. 

(i) Polypyrazolyl ligands 

Mani and co-workers® synthesized complexes of polypyrazolylborates H,,B(pz)4_, (n= 
0, 1, 2) with vanadium(II). For n =0 or 1, [VL,] were obtained with electronic spectra (and 
magnetic moments) consistent with an octahedral geometry and HB(pz)3 and B(pz)4 as 
tridentate ligands. For n =2, K[V(H2B(pz)2)3]-EtOH was isolated: the anion has a slightly 
distorted octahedral geometry with a mean V—N of 2.169(19) A The isoelectronic poly(1- 
pyrazolyl)methane ligands have been used to synthesize vanadium(II) complexes.*” The 
potentially bidentate ligands HC(pz)2 and H2C(Mepz)2 react with vanadium(II) salts giving 
different stoichiometries, depending on the coordinating power of the anions: VL,X2(L= 
H,C(pz)2, X = Cl, Br, I, NSC; L= H2C(Mezpz)2, X = Br, NCS) and [VL,CHY (L = H2C(pz)., 
Y= BPh,; L= H,C(Mezpz)., Y= PF¢, BPhy,). 

They were octahedral with the exception of [V(H2C(Mezpz)2)2Cl]Y¥ (Y = PF. or BPhy): these 
two have moments of 3.82—3.83 BM, virtually independent of temperature, and are monomeric 
and five-coordinate. The potentially tridentate HC(pz)3; formed [VL2]Y2 (Y =Br, PF.) and 
V V(NCS).], with octahedral coordination. 

aia ey danse (shown in Figure 5 and abbreviated as tpea) have 

been characterized. Complexes [V(NCS).L] (L=tpea, R=H,” Me’’) possess a slightly 

distorted octahedral geometry, the complex [VCIL]BPh, (L=tpea, R= H) (Wee = 3.54 BM at 

295 K and 2.93 at 90 K) has a polymeric structure with bridging chlorine atoms. 

(ii) Pyridine and related ligands 

Vv [V(CO)¢]2 precipitated by adding solid [V(CO)<] to a toluene solution containing an 
ane oy pyridine. By dissolving it in CH,Clh, an _ isocarbonyl-bridged complex 
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Figure 5 General formula of the tris(1-pyrazolylethyl)amine ligands 

[V(py)a][ V(CO)6]2 is formed.” [VL«][V(CO).], (L=- or y-picoline) were obtained by 

reaction of V(CO). and the ligand in benzene.” Pg 

V(py)4Cl, has a trans structure with a mean V—N of 2.189 A.” On heating it at 170 °C under 

vacuum, red-brown V(py)2Cl. was detected and finally V(py)Cl, is formed. The formulae of 

complexes with pyridine, B-picoline and y-picoline are listed in Table 4 with magnetic moments 

and thermal decomposition data. 

Table 4 Complexes of Vanadium(II) with Pyridine and Picolines 

Thermal decomposition 
Leg (BM) Temperature 

Compound (300/90 K) Product range (K) AH (kJ mol~*) 

V(py)4Cl 3.85/3.73 V(py)2Cl 435-470 OT +2 
V(py)2Cl, V(py)CL 475-575 59+1 
V(py)4Br2 3.92/3.75 V(py).Br, 430-475 104+2 
V(py)2Br V(py)Br, 505-550 7144 
V(py)alo V(py).I, 340-425 120+2 
V(B-pic)4Cl 3.91/3.86 V(B-pic),Cl, 410-470 13522 
V(B-pic)2Cl, VCl 495-555 70+3 
V(B-pic),Br, 3.84/3.78 V(B-pic),Br, 420-500 166 +4 
V(B-pic).Br, 3.41/2.28 V(B-pic)Br, 505-550 71+4 
V(y-pic)4Br, V(y-pic)Br, 450-560 200 + 10 
V(y-pic)4l. 3.94/3.85 VL 470-567 19442 

Data taken from M. M. Khamar, L. F. Larkworthy, K. C. Patel, D. J. Phillips and G. Beech, Aust. J. Chem., 1974, 27, 41. 

Complexes like [V(L)s3]I, (L=bipy, phen) and [V(terpy)2|I, (already mentioned as starting 
materials for low-valent compounds) were isolated from solutions of VSO, by adding the 
corresponding ligand and iodide. The spectrum of V(bipy)3(ClO,4)2 shows”! three bands due to 
d—d transitions with much metal-to-ligand charge-transfer character. The fine structure was due 
to vibrational interactions, evidence for electron delocalization within the excited states. 
[V(aminoquinoline)3]X2-2H,O (X= Cl, Br, I) were synthesized® and showed spectra resem- 
bling those of the bipy complex. 

Pyridine (and derivative) complexes [VL4(NCS)2] have been isolated from aqueous ethanol; 
IR spectra indicated trans structures. On the other hand, [VL.(NCS)2] with L = phen or bipy 
exhibit split CN absorptions suggestive of cis structures.”° 

33.3.3.3 Isothiocyanates 

K,[V(NCS),]-EtOH was prepared from VSO, solution in the presence of an excess of 
potassium thiocyanate,” and other counterions (NMe7, NEt?, Hpy*) have been reported.” 
Thiocyanato groups are N-bonded and the moments are near the spin-only value. The 
electronic spectra have been interpreted on the basis of an octahedral d* ion although the 
splitting observed in the v, band makes the assignment uncertain. On the other hand, X-ray 
powder photographs showed” that [NEt,]4[V(NCS).] is isomorphous with the nickel complex, 
suggesting an octahedral geometry. In aqueous solutions, [V(H2O).]** reacts with the NCS~ 
ion;”* the results from the thermodynamic and kinetic studies of this equilibrium have been 
summarized in Table 5. 

33,3.3.4 Acetonitrile 

The [V(NCMe)«]** ion was first obtained’ in a solid [V(NCMe)¢][V(CO)¢], as a product of 
the disproportionation of [V(CO).]. More recently, the structure of the 
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Table 5 Data on the Complexation of Vanadium(II) with Thiocyanate in Water at 25°C 
a 

Ref. a a ee 
Composition of the complex?* 

V(H,0)** + NCS” 2 V(H,O),NCS* 1 

Thermodynamic data 

K =21+3,°27+8° Oe 
AH = 22+3kJ mol”, AS = 46+ 13J K~! mol"! Ac 

Kinetic data 

Forward reaction Reverse reaction 

(M“*s~*) @') 

k 22.3153 1.06 + 0.09 a 
15+2 1.4+0.2 38 

AH™ (kJ mol~*) 66.6 + 1.6 62.7+2.6 2 
AS* (J K~' mol7') 4.9+5.4 —35.04+9.4 2 
AV™* (cm? mol?) —2.1+0.8 -11.5+0.9 2 

Mechanism of reaction and estimated volume changes (cm? mol~*) 
aoe a5} 

[V(H,O).]** = [V(H,O),,NCS]* —> 
+NCS~ 

H,O-. 4111.5 : 

{Sen CH0)s} —  [V(H,0);NCS] 2 
+H,O 

* Job’s , method of continuous variations. "From kinetic data. ‘From spectrophotometric 
data. “Ionic strength 0.5M (LiCIO,). “Ionic strength 0.84M (LiC10,). * Stopped flow 
method. * Temperature jump method, 24°C, ionic strength 1M ClO, /Cl” medium. 

1. J. M. Malin and J. H. Swinehart, Inorg. Chem., 1968, 7, 250. 

2. P. J. Nichols, Y. Ducommun and A. E. Merbach, Inorg. Chem., 1983, 22, 3993. 
3. W. Kruse and D. Thusius, Inorg. Chem., 1968, 7, 464. 

hexakis(acetonitrile)vanadium(II) ion has been determined” in [V(NCMe).][ZnCl,] obtained 
from the reduction of VCl; with ZnEt, in acetonitrile. The vanadium is surrounded by the six 

acetonitrile nitrogen atoms in near octahedral geometry (with mean V—N of 2.11 A) and the 
VNC bond angle (173.4° av.) shows a slight deviation from linearity. 

33.3.4 Phosphines 

Bis(triethylphosphine)vanadium(II) chloride may be prepared by the zinc reduction of 
VCI3(PEts)2 or from ‘VCl,(THF),’ upon addition of triethylphosphine. The solid has a low value 
of 1.98 BM consistent with a polymeric structure and u.¢ remained unchanged in benzene; 
cryoscopy in benzene showed a dimer.® The spectra of such solutions contain three d—d 
transition bands at 10040 (e = 21), 15 120 (¢ = 19) and 22 500 cm (¢ = 30). 
[V2(u-Cl)3(THF).]2[Zn2Cl.] was used to synthesize other dinuclear compounds with bridging 

chlorine atoms, bridging diphosphine ligands and bidentate tetrahydroborates: [V(u-Cl)(u- 
diphos)BH,], —_ (diphos = bis(diphenylphosphino)methane®’ _ Or bis(dimethylphosphino- 
methane®’). The structures of these two were very similar; the bisdimethylphosphine complex is 
represented in Figure 6. The V—V distances (respectively 3.112(3) A and 3.124(2) A) are too 
long to suggest any significant metal-metal bonding. 

Using 1,2-bis(dimethylphosphino)ethane (dmpe) mononuclear trans-VX,(dmpe)2 (X = Cl or 
Me) were obtained® and the trans structure of the dichloro complex was confirmed: the mean 
V—Cl and V—P were 2.44 and 2.50 A respectively. 

33.3.5 Oxygen Ligands 

33.3.5.1 Water 

A hydrolysis constant of 107’ has been assumed™ from the colour changes in VCl, titrated 
with base, and a pK value of 6.49 was determined from pH measurements in solutions of 
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(a) 

Figure 6 Structure of the phosphine complexes. (a) The complex with bis(dimethylphosphino)methane. A similar 

structure is found in the corresponding complex with bis(diphenylphosphino)methane.*? (b) The complex with 

bis(diphenylphosphino)ethane*? 

VSO,.®° Polarography suggested dimeric species.*° Baes and Mesmer*’ criticized the value for 
the hydrolysis constant, since it is difficult to avoid oxidation of the metal by water. 

Contamination with higher oxidation states would lead to high values of the constant. 

Molecular orbital studies** of hexahydrated divalent metals show that pK > 10 comparable to 
manganese(II) ions should be expected. Exchange in [V(H2O),]°* has been studied by 
170 NMR:®? k2%3=87+4s~', AH* =61.8+0.7kJ mol™!, AS* = —0.4+1.9Jmol-'K~ and 
AV* =—4.1+0.1cm? mol.~! This negative volume of activation was evidence of an associative 
interchange mechanism. 

On reducing V2Os in sulfuric acid by electrolysis, sodium amalgam or zinc, [V(H2O).]SO« 
may be isolated, isomorphous with zinc sulfate. Tutton’s salts are double sulfates 
M.[V(H20).](SO.)2 (M = NH, eae Rb‘, Cs*); in (NH4)2[ V(H20).](SO4)2, the [V(H20).]?* 

have mean V—O of 2.15 A. 
Several hydrated halides have been prepared®’ by dissolving V2O; in acid (hydrochloric, 

hydrobromic or hydroiodic) and reducing by. electrolysis: [V(H2O).]X.(X=Br or J), 
[V(H2O)4X2] (X = Cl, Br or I) and [V(H2O)2X2] (X = Cl or Br). The hexa- and tetra-hydrates 
are magnetically dilute, with moments near the spin-only value and invariant with temperature. 
On the other hand, the dihydrates have moments which indicate a polymeric structure. 

33.3.5.2 Alcohols and ethers 

Green [V(MeOH).][V(CO)6],2 was prepared by reacting methanol with [V(CO),].” 
Vanadium(II) chloride methanolates were prepared by electrolytic reduction of VCl; in 
methanol.” The hexasolvated vanadium(II) complex was converted to tetrakis and bis 
methanolates by careful heating. [VCl.(MeOH),] has weg lower than the spin-only value and a 
polymeric structure (with Cl bridges) may be assumed.” In [V(MeOH),]Ch, the VO, unit has 
almost ideal octahedral geometry with average V—O 2.132(3) A.® The electronic spectrum 
confirms a slightly weaker field for methanol compared to water. An alternative route™ for 
vanadium(II) alcoholate synthesis involved treatment of ethanolic solutions of hydrated 
vanadium(II) salts with triethyl orthoformate. Several solids were isolated (VBr2-6EtOH, 
VCl,-4EtOH, VCl,:2EtOH). 

The V" cation in [V(THF)4][V(CO).]. was shown to have octahedral coordination:* four 
THF molecules are in a planar array with V—O 2.170 A. The axial positions are occupied by 
oxygen atoms of the two hexacarbonylvanadate(—I) anions with V—O(CO) 2.079 A. 

33,3,.5.3 B-Diketones 

A basic solution with a large excess of acetylacetone is strong blue. Complexes have been 
studied (log 6, = 5.383, log B2 = 10.189, log B3 = 14.704). A potential of —1.0 V us. SHE was 
measured for the reduction of the V™ tris complex.** Mixed complexes V(L)2(py)2 (L = acac, 
trifluoroacetylacetonato or dibenzoylmethanato) isolated from solutions containing VSO, and 
the appropriate ligand”’ show intense absorption in the region 700-300 nm. 
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(33.3.5.4 Oxalate and carbonate 

V(C,0,):2H2O may be obtained”? from VCl, solution and sodium oxalate or oxalic acid; its 
thermal decomposition under a CO, atmosphere (~3000 bar) was shown” to occur at 
262 +2°C and by 280°C the conversion into VO; is complete. The vanadium(II) carbonate 
was prepared from a VSO, aqueous solution and Na2CO3.” Amorphous VCO;3-2H,O was 
isolated. When this was heated in CO, (~3500 bar), the water content was lowered and 
crystalline products were obtained. 

33.3.6 Halides 

A compound obtained from reduction of VCl; by zinc metal in THF was shown to be 
[V2(u-Cl)3(THF)6]2[Zn2(u-Cl),Cl4]. Its structure has been determined at —105°C! and 
—160 °C’ avoiding the extensive and detrimental disorder in the THF ligands. Figure 7 shows 
the [V2(u-Cl)3(THF).]* ion. At —105 °C, the mean V—Cl and V—O distances are 2.478(3) and 
2.147(7) A. The V—V (2.99 A) corresponds to some interaction, and antiferromagnetic 
behaviour was observed with an exchange integral —J=75cm7!. The visible spectra in 
dichloromethane with a few drops of THF show a strong sharp doublet at ca. 25000 em 4 
assigned as a double spin-flip transition of the coupled pair of V+ ions. 

Figure 7 Structure of the [V(u-Cl);(THF).]* cation???” 

Vanadium(II) dihalides and complex halides are prepared by high temperature dry routes. 
The preparation, structure and properties were reviewed.'” Blue crystals of VF, have a 
rutile-type structure: the V—F distances (2.073 and 2.092 A) are near the sum of the ionic 
radii.‘°*-°° Complex fluorides MVF3 (M = Na, K or Rb) have been obtained from VF, and the 
appropriate fluoride by heating at 1200°C and separating the crystals by means of a 
microscope’ or heating at 800°C and treating the crystals with dilute acid solution.'”” NaVF; 
has a distorted perovskite-ty e structure?°°!"” and KVF3; and RbVF; have a cubic structure of 
the ideal perovskite type."°’ By replacing some V** ions by V°** in KVF3, new compounds 
having the general formula K, Vi V\",F3 or K,VF3 may be isolated,’°®' with structures similar 
to the potassium tungsten bronzes. 

VCl, can be prepared by such methods as reduction of VCl; with hydrogen at 675 °C,""° or 
the mixing of stoichiometric quantities of VCl; and V powder in a quartz tube under vacuum 
and slowly heating to 800 °C.'" Crystals have a CdI,-type structure.’ 

Using dry high temperature procedures, several complexes have been isolated: KVC 
CsVCl;,°2!!3 NH,VCI;!"4 and TIVCl3.'"* RbVCI; has been obtained by careful dehydration of 
RbVCI;-6H,O.'5 All these have CsNiCl;-type structures®'!*"!° with a slightly distorted 
octahedron of chloride ions. 

VBr, can be prepared by reduction of VBr; with hydrogen'’® and VI, by reaction of 
stoichiometric amounts of the elements at 160°C.'!° The diiodide may form black crystals by 
using an excess of iodine but red crystals are obtained by sublimation at 750°C with vanadium 
in excess.!!”? The dibromide!!* and the red form of vanadium diiodide’’’ have structures of the 
CdI, type while the black form of VI, exhibits a CdBr2-type structure.’ The complexes 
CsVBr;'!3 and CsVI3,'!° prepared by heating stoichiometric amounts of dihalide and the Cs 
halide at 700°C in sealed quartz tubes, have structures similar to the chloride complexes (i.e. 

| 98,113 
35 

6 

COC3-P 
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CsNiCl;-type). Table 6 summarizes results on electronic spectra. The three spin-allowed 
transitions are usually observed and extensive vibrational contribution has been observed in 
single crystal spectra.!”°!?! Intense spin-forbidden transitions may also be observed'”” due to 
exchange interactions in the solid phase. The diiodide’”**4 and the complex halides'*? show 
trigonal distortion. 5 

Table 6 The Absorption Spectra of Vanadium Dihalides and Complex Halides 

Compound v,(cm~') v> (cm~') v3 (cm~*) Dq(cm™) B(cm') __ Ref. 

VF, 10 300 16 450 1030 687 1 

VCl, 9200 14 270 22 220 920 615 2 

. 8980 13 920 21 840 800 755 3 

KVCl, 1010 640 4 

Reval} 7300 to 9700 13 200 to 14.900 21 900 to 25 600 1029 5 

CsVCl, 950 640 6 

VBr, 8600 13 330 20 330 860 530 Ys 

CsVBr; 870 625 6 

VI, 7870 12 270 18 920 790 510 Zz 

7870 12 280 20 330 787 540 7 

CsVI, 7700 12 000 18 700 770 $15 8 

790 590 6 

1. M. W. Shafer, Mater. Res. Bull., 1969, 4, 905; B value calculated in C. Cros, Rev. Inorg. Chem., 1979, 1, 163. 
2. W. E. Smith, J. Chem. Soc., Dalton Trans., 1972, 1634. 
3. S. S. Kim, S. A. Reed and J. W. Stout, Inorg. Chem., 1970, 9, 1584. 
4. W. E. Smith, J. Chem. Soc. (A), 1969, 2677. 
5. C. Cros, Rev. Inorg. Chem., 1979, 1, 163. 

6. A. Hauser and H. U. Giidel, Chem. Phys. Lett., 1981, 82, 72. 
7. W. van Erk and C. Haas, Phys. Stat. Solidi B, 1975, 71, 537. 

8. G. L. McPherson, L. J. Sindel, H. F. Quarls, C. B. Frederik and C. Doumit, Inorg. Chem., 1975, 14, 1831. 

The magnetic properties have been studied by means of magnetic susceptibility and specific 
heat measurements; some results are in Table 7. In VF, there are strong exchange interactions 
(antiferromagnetic) between the vanadium atoms.'*!*° In the lamellar dihalides (VCl, VBr2 
and VI,), the predominant interactions take place between atoms in the same plane. There are 
relatively strong antiferromagnetic interactions at low temperature, which decrease from the 
chloride to the iodide."’* In the complex fluorides there are strong antiferromagnetic 
interactions due to superexchange couplings between the vanadium ions. The vanadium(II) 
complex halides of the CsNiCl,; type (chloride, bromide and iodide) do not obey the 
Curie-Weiss law. The molar susceptibilities are weak and increase significantly from chloride 
to iodide. The strongly negative antiferromagnetic interactions in these halides result from 
either direct t2,—trg or superexchange t2_—trg—tog and e,—s—e, coupling. 117-176 

Table 7 Magnetic Moments and Curie-Weiss Law Parameters of 

Vanadium(II) Dihalides and Complex Halides 

Halide Mexp (BM) Cexp (em* mol™! K) @(K) Ref. 

VF, 3.79 1.79 —90 1 

NaVF;, 3.70 1.72 —52.5 2 

3.82 1.82 —59 3 

KVF, 3.94 1.94 —220 2 

RbVF, 3.93 1.93 —190 2 

VCl, 3.96 1.96 —437 4 

VBr, 4.07 2.07 —335 4 

VIL 4.07 2.07 —143 4 

1. C. Cros, R. Feurer and M. Pouchard, J. Fluorine Chem., 1975, 5, 457. 
2. C. Cros, R. Feurer and M. Pouchard, Mater. Res. Bull., 1976, 11, 117. 
3. R. W. Williamson and W. O. J. Boo, Inorg. Chem., 1977, 16, 646. 
4. M. Niel, C. Cros, G. Le Flem, M. Pouchard and P. Hagenmuller, Nouv. J. 

Chim., 1977, 1, 127; Physica B + C (Amsterdam), 1977, 86-88B, 702. 



Vanadium 469 

33.3.7 Macrocyclic Ligands 

By reacting the appropriate halide with the ligand in anhydrous DMF, VLX,(L= 
Me,[14]aneN,, X = Cl; L=Me,[14]aneN,, X = Cl, Br, I) were obtained.!2” All have moments 
close to spin-only, the reflectance spectra can be interpreted assuming a tetragonally distorted 
octahedral structure, and the IR spectra confirm that the ligands adopt a planar arrangement of 
the four nitrogen atoms, the halides occupying the trans axial positions. 

The chemistry of vanadium porphyrins has been reviewed.’*8 Reduction of dihalogeno- 
vanadium(IV) porphyrins produced the corresponding vanadium(II) complexes trans- 
[V(por)L,] (por=OEP, TPP, TpTP, TmTP; L=THF, PPhMe;). The structures of 
[V(OEP)(THF).] and [V(OEP)(PPhMe,).] have been determined.!”? In both, the vanadium is 
in the plane defined by the four porphyrin nitrogens and V—N are 2.051(4)A in 
[V(OEP)(PPhMe,),] and 2.046(4) A in [V(OEP)(THF),]. V—O in the THF complex is 
2.174(4) A and the V—P bond in the phosphine complex is 2.523(1) A, comparable with 
lengths of V—O in other THF complexes (Sections 33.3.5.2 and 33.3.6) and V—P in 
complexes with diphosphine ligands (Section 33.3.4). 

33.3.8 Vanadium(II) as Reducing Agent 

Vanadium(II) has been the reducing agent for a large variety of organic and inorganic 
substrates and both aqueous and nonaqueous solutions have been used. The solutions of 
vanadium(II) can be conveniently obtained by electrolysis (Section 33.3.5), from reduction of 
V.O; with zinc metal’*® and by reduction of VCl; with lithium tetrahydroaluminate in 
anhydrous THF.'*? 

The reduction of organic compounds by low valent metals has been reviewed!” and Table 8 
shows examples for vanadium(II). Vanadium acts as a one-electron reducing agent and usually 
the reactions involve the formation of organic radicals. For instance,'*? [VCl,(py)4] was rapidly 
oxidized by several aryl and alkyl halides RX to vanadium(III) and an almost quantitative yield 
of R—R obtained. Initial attack on the V" complex by the aralkyl halide via an outer-sphere 
mechanism probably forms a radical which rapidly reacts with a further V" yielding an aralkyl 
vanadium(III) intermediate. The coupled products are formed by oxidation of this by another 
molecule of RX. The reduction of organic radicals has also been studied: the rapid reduction of 
methyl radical by vanadium(II) was observed’* in the reaction of V7* with hydrogen peroxide 
and Me,SO: methane (~25% based on the amount of H2O2) was formed with traces of ethane 
(<2%). The formation of methane was assumed to occur according to Scheme 3. 

The oxidation of hexaaquavanadium(II) by aliphatic radicals has been studied by kinetic 
competition based on the homolytic decomposition of organopentaaquachromium(III) 
cations.'*° [V(H2O).]** is oxidized to V** by organic radicals such as -CMe,OH or -CHMeOEt 
with formation of Me,.CHOH and Et,O respectively. The rate constants measured for the 
reactions were 2.1 x 10° (3.6 x 10* in 92% DO) and 5.9 x 10*M~‘s~'. Two mechanisms have 
been suggested: '3*:!°5 either the formation of a seven-coordinate organovanadium intermediate 
or the direct abstraction of a hydrogen atom from a water molecule coordinated to a 
vanadium(II) ion. 

33,3.8.1 The reduction of Nz and related compounds 

Shilov and collaborators discovered’** considerable yields of hydrazine and ammonia when 
dinitrogen reacts with a suspension of freshly prepared V" and Mg™ hydroxides. The 
magnesium is essential and yields of hydrazine and ammonia depend on temperature, pH, 

dinitrogen pressure and solvent (Scheme 4). The system has been used to reduce acetylene to 

ethylene and ethylene to ethane.'’’ Shilov and collaborators assumed a multinuclear structure 

for the centre where N, reduction occurs and suggested the mechanism shown in Scheme 5. 

An alternative explanation by Schrauzer and collaborators’**’*? assumes mononuclear 
vanadium(II) as a two-electron reductant: dinitrogen would be reduced in a first step to N3-. 

N, and hydrazine would be obtained by disproportionation of NH, (diazene), inside the 

Mg(OH), lattice, which would protect the diazene from rapid decomposition to the elements. 

On reducing acetylene in deuterated media, the resulting ethylene was exclusively cis.'*” 
Solutions of vanadium(II) complexes of catechol (1,2-dihydroxybenzene) can reduce 
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Table 8 Examples of Reductions of Organic Compounds by Vanadium(II) Ions 

Vanadium reagent Organic reagent Product Ref. 

V(OH), or V(catecholate)3 Acetylene or ethylene Ethylene and ethane 1 
V(CIO4)> Aliphatic radicals Aliphatic compounds 2 
VCl, Aryl azides Amines 3 
VCl, Oximes Ketones 4 
VSO, Nitro aromatics Arylamines be 
VCl, Alcohols Dimers 6 

Aldehydes and aromatic aldehydes Hydrobenzoins 7 
Quinones Hydroquinones 8 
Benzils Benzoins 8 

Maleic or fumaric acid Succinic acid 9 
V(C1O4)> a-Keto acids Tartaric acid derivatives 10 
VCl, Sulfoxides Sulfides 11 
V(py)4Cl Aralkyl halides Biaralkyls 12 
VCl, a-Bromo or chloro ketones Ketones 13 
V(C1O4)> Mercaptoacetic acid Succinic acid 14 
V(acac)> Epoxides Alkenes 15 
VCl, Tropyl cation Dimer 16 

L. A. Nikonova, S. A. Isaeva, N. I. Pershikova and A. E. Shilov, J. Mol. Catal., 1975, 1, 367 and references therein; G. N. 

Schrauzer and M. R. Palmer, J. Am. Chem. Soc., 1981, 103, 2659 and references therein. 

J.-T. Chen and J. H. Espenson, Jnorg. Chem., 1983, 22, 1651. 
T.-L. Ho, M. Henninger and G. A. Olah, Synthesis, 1976, 815. 
G. A. Olah, M. Arvanaghi and G. K. Surya Prakash, Synthesis, 1980, 220. 
P. C. Banerjee, J. Indian Chem. Soc., 1942, 19, 30. 

J. B. Conant and A. W. Sloan, J. Am. Chem. Soc., 1925, 47, 572; J. B. Conant, L. F. Small and B. S. Taylor, J. Am. Chem. Soc., 
1925, 47, 1959; L. H. Slaugh and J. H. Raley, Tetrahedron, 1964, 20, 1005. 
J. B. Conant and H. B. Cutter, J. Am. Chem. Soc., 1926, 48, 1016. 

T.-L. Ho and G. A. Olah, Synthesis, 1976, 815. 
. E. Vrachnou-Astra, P. Sakellaridis and D. Katakis, J. Am. Chem. Soc., 1970, 92, 811. 

. N. Katsaros, E. Vrachnou-Astra, J. Konstantatos and C. I. Stassinopoulou, Tetrahedron Lett., 1979, 44, 4319; J. Konstantatos, E. 
Vrachnou-Astra, N. Katsaros and D. Katakis, J. Am. Chem. Soc., 1980, 102, 3035. 

. G. A. Olah, G. K. Surya Prakash and T.-L. Ho, Synthesis, 1976, 810. 

. T. A. Cooper, J. Am. Chem. Soc., 1973, 95, 4158. 

. T.-L. Ho and G. A. Olah, Synthesis, 1976, 807. 
J. Konstantatos, G. Kalatzis, E. Vrachnou-Astra and D. Katakis, Inorg. Chem., 1983, 22, 1924. 
Y. Hayasi and J. Schwartz, Inorg. Chem., 1981, 20, 3473. 
G. A. Olah and T.-L. Ho, Synthesis, 1976, 798; M. Pomerantz, G. L. Combs, Jr. and R. Fink, J. Org. Chem., 1980, 45, 143. 

v?+ +H,O, —> V°*+OH-+OH™ 

V?+ +CH;+H* — Vv°**+CH, 

Scheme 3 Mechanism of formation of methane in the reaction of V7* with hydrogen peroxide and DMSO 

6V(OH), +N; +6H,O0 —> 6V(OH), + 2NH; 

Scheme 4 Dinitrogen reduction by vanadium(II) hydroxide 

O Oo Nise 

a PRR Ne v a vee vs 7 th yu H20 NLH, 

Ot Bavgzp O 0” ~O-Mg—0% “o 

Scheme 5 Mechanism suggested for the reduction of dinitrogen by the suspension of freshly prepared V" and Mg” 
hydroxide 
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dinitrogen to ammonia in the pH range 8.5-13.5.'*° There is parallel reduction of solvent with 
dihydrogen evolution. The yield of NH; increases with the dinitrogen pressure up to 75% of 
the reducing agent: the other 25% are used in the simultaneous reduction of the solvent. In the 
limit, the stoichiometry of the reaction is as shown in equation (2), which is remarkable as the 
same stoichiometry is found in the biological fixation of dinitrogen (catalyzed by nitrogenase). 
This vanadium system has other similarities with the biological systems: (i) carbon monoxide is 
also reduced™? and inhibits the formation of ammonia but not of dihydrogen; (ii) acetylene 
is reduced to ethylene, and cis-deuteroethylene is obtained from C,D,;'* (iii) if the reaction is 
stopped, there is an intermediate from which hydrazine can be obtained by acid. 

8V** +N,+8H,0 —> 8V** + 2NH;+ H,+80OH™ "Q) 

av) 

oa Jk VOPIN,] + kV}? (3) 

A spectrophotometric method was used to study’* the rate equation (3). The first term 
corresponds to the reduction of dinitrogen to ammonia and the second to the reduction of the 
protons of solvent to H. 

The stoichiometry (equation 2) requires eight electrons transferred from vanadium(II) ions 
to dinitrogen atoms (six electrons) and hydrogen atoms (two electrons) and this kinetic 
equation (3) was interpreted as evidence for a polynuclear structure of the transition state 
during the reduction of dinitrogen. An alternative mechanism was suggested.'*° 

For several aw,qw-dicarboxylates and polymeric carboxylates the highest yield of hydrazine 
was found for —O,C(CH;),CO.— with n =5 or 6.1*° 

The most important contributions to studies of these reactions came from the groups of 
Schrauzer’*’ and Shilov;'*® there has been a long controversy about the mechanism. 

Aprotic media containing vanadium as the reducing species have also been proposed for 
dinitrogen reduction. Combinations of [VO(acac)2] with organometallic compounds (EtMgBr, 
Bu"Li, Bu5Al) react with dinitrogen.‘ On reacting VCl, in THF with Mg under Nb, 
nitrogen-containing complexes were found and it was suggested that the reduction occured via 
Scheme 6.'°° The reducing species is divalent. However, for [VCl3] or [VCl.] in THF with an 
excess of Li(naphthalenide)'*'? and Li,(naphthalenide),’°? ESR experiments suggested that 
V! or V° may be responsible. [VCl,] with Mg under dinitrogen gave a reaction similar to that 
with [VCl3].°°° After the dinitrogen fixation, the atmosphere was replaced by carbon dioxide 
and one molecule was fixed per vanadium: [(THF)3;Cl.Mg,OV(NCO)] precipitated.’°* The 
reaction of trimethylchlorosilane with lithium in THF in the presence of VCl; under an N2 

atmosphere leads to tris(triethylsilyl)amine.'°° 

{V}.+N, == {VN2V} 

V,N.Mg,Cl,(THF), 

{VN2V} “E> {VN2V} => or 
VNMgCl(THF) 

Mg 
Scheme 6 Mechanism suggested for the reduction of dinitrogen by VCl, and Mg in THF 

33.3.8.2 The reduction of H,O, H,O, and O; 

V(OH), is a strong reducing agent and freshly prepared V(OH)2 reacts with water with 

dihydrogen evolution. In acidic solution, reduction of water may be induced by UV 

radiation.'28 From solutions containing complexes with catechol there is evolution of 

dihydrogen with simultaneous oxidation of the metal to vanadium(III). The reaction is first 

order in vanadium(II) and autocatalytic (Scheme 7).'*° 

ve : 
Vv" (pyrocat) +H* — cal LESS inn 

——> V'’(pyrocat) +H, 

V'’(pyrocat) + V'"(pyrocat), —> 2V'"(pyrocat) 

Scheme 7 Mechanism suggested for the reduction of water by Vv“ pyrocathecolate complexes 
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Dihydrogen evolves from vanadium(II)-cysteine at pH 6.0-9.5. This reduction is first order 

in V" and independent of pH in the range 7.5—8.5. If cysteamine or cysteine methyl ester is 

used, dihydrogen is still evolved. The reaction with serine is 1000 times slower than with 

cysteine even though the half wave potentials are comparable.’° This reaction may be 

explained by a hydride pathway similar to that proposed for catechol complexes or alternatively 

Scheme 8. 

ast 

Ht +H-—V'¥(cys), ——> H+ V'¥(cys), 

V"(cys)m + V'¥(cys), ——> 2V'"(cyS)n 

Scheme 8 Alternative mechanism suggested for the reduction of water by V" cysteinato complexes 

The reduction of H,O, was studied'*” by stopped flow confirming evidence for a one-electron 

path.!*® A Fenton-type mechanism is likely.'** 
The reaction with oxygen was studied’*’ by stopped flow; the results and mechanism are in 

Scheme 9. 
leer V2+, ks~3.7*103 M~1s-1 2 

=2 Sess + 
v7* +0, k3=2x10" M__s7 (V-O,)?* see AV ee) 

—V2+, k_5~20s—! 

A= 1005-[fr,0 Jhon ane 

VO** + HO, 2V0** 

Scheme 9 Kinetics and mechanism of oxidation of vanadium(II) by molecular oxygen 

A polymeric Schiff base complex gave reversible dioxygen addition:**? the oxygen could be 
liberated in vacuum and above 200°C. 

33.3.8.3 The reduction of metal complexes 

There are examples of outer and inner sphere mechanisms.’ Many cobalt(III) complexes 
have been substrates. For halogenopentaamminecobalt(III), the rate constants (kp=3.95, 
kq=10.2, kp, = 30.0, kj =127M~'s~') show a systematic trend.'°’ Comparisons with the 
outer-sphere reductant hexaammineruthenium(II) (kgu)'” or with Cr(bipy)3* (kc,)'*' show 
linear correlation (equations 4 and 5). 

log ky = 0.89 log kp, — 0.64 (4) 

log ky = 1.18 log kc, — 6.1 (5) 

The reduction of carboxylatopentamminecobalt(III) complexes by vanadium(II) is pre- 
dominantly inner-sphere.’ From [Co(en)(C2O4)2]~ and [Co(C2O4)3}>-, V(C204)~ and V°* 
ions are primary products. For N-bonded glycinato- and  -alaninato-penta- 
amminecobalt(III), there is an intermediate with V" attached to the unprotonated carboxylate 
group. 

The reduction of diamminebis(dimethylglyoximato)cobalt(III) is a substitution-controlled 
inner-sphere process while the monohalogeno complexes (amminebromo and amminechloro) 
react by an outer-sphere mechanism.’® The activation entropies are —46.0 + 1.7, —129.7+1.7 
and —137.7+1.7JK~' mol". In the cationic cobaloximes [Co(HDMG),L,]* (L=EtNHb, 
PhNH2, py or 3,5-Me2py), a plot of AG* vs. E,,. illustrates progression from inner- to 
outer-sphere mechanism (Figure 8). [Co(HDMG).(NH3)X] (KX = Nz, NCS) have AS* values of 
—73.0 + 3.0 and 48.6+4.0J K™! mol7?.1°” 

Several azidoammines react via inner-sphere pathways, except trans-Co(NH3)4(H2O)(N; )** 
(k ~ 100 M7‘ s~?),1% 
Some reactions with cobalt(III) complexes show autocatalysis by the unbound ligand 

released during the primary reaction,’® via reduction to a radical, Lig-, which reduces another 
cobalt(III) and regenerates the ligand (Scheme 10). 

Tris(picolinato)vanadate(II) reduces [Co(edta)]~, [Co(NHs).]**, [Co(en)3}>* and 
[Co(sep)]** (sep=sepulchrate) with second-order rate constants of 7.7Xx10*, 8.0 x 10°, 
8.2 x 10° and 8.4 x 10°.'”? ky, =3.1 x 10°M71s7? for self exchange of V(pic)%/~,!”° eight orders 
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AG* at 25°C 
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Figure 8 Free energy for the V**(aq) reduction of cobaloximes [Co(HDMG),LL’] compared with their polarographic 
reduction 

k 

Lig + V?* == Lig- + V** 
-1 

Lig: + Co" complex —2> Lig + Co" complex 

Scheme 10 Mechanism of the autocatalysis observed in the reduction of cobalt(III) complexes by vanadium(II) 

of magnitude larger than for [V(H2O),]**”* but comparable to [V(bipy)3]°*?*; a more difficult 
rearrangement is associated with electron transfer for [V(H20O).]?**. 

The reduction of platinum(IV) complexes involves two one-equivalent changes Pt'Y > 
Pt™'— Pt"; the first step is rate-determining. Second-order rate constants with vanadium(II) 
(ky) and with hexaammineruthenium(II) (Kru) show linear correlation (equation 6).'”" 

log Mey — 0.89 log Kru x 1.68 (6) 

A wide variety of microorganisms synthesize powerful iron(III) chelators (siderophores). 
Their reduction (ferroxamine B, ferrichrome and ferrichrome A) has been studied.'” 

33.3.9 Biological Dinitrogen Fixation 

The isolation of a vanadium nitrogenase suggests that vanadium may have a more important 
role in the nitrogen cycle than was recognized.'”* This vanadium enzyme may have similarities 
with the chemical systems described in Section 33.3.8.1. 

33.4 VANADIUM(ID 

33.4.1 Introduction 

Vanadium(III) compounds are usually prepared from VY or V'Y by electrolytic reduction; 

many complexes were prepared using VCI; as starting material. Usually, vanadium(III) 

complexes are unstable towards air or moisture and have to be prepared under an inert 

atmosphere. Many have octahedral coordination and their electronic spectra are typical of 

d’ ions with three spin-allowed d-—d transitions: 

Vi = Tag (F) —— °Ty F) 
v2 = Tig (P) —— *T F) 
V3= Ap, (F) <— °Ti, (F). 
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Usually, the third band is not observed as it is weak and frequently masked by 

charge-transfer transitions. 

33.4.2 Cyanide and Isocyanide 

Several procedures for the preparation of cyanide complexes have been reported. The 

heptacyanovanadate(III) ion has been shown to be a pentagonal bipyramid from a crystal- 
lographic study of KsV(CN),:2H,0.!7!75 The averaged V—C distance is 2.15(1) A, and there 
is no significant difference between the equatorial and the axial V—C distances. The 
coordination number seven is unusual in complexes of monodentate ligands. The crystal field 
stabilization energy cannot explain the pentagonal bipyramidal geometry as a cubic configura- 
tion has a nearly equivalent stabilization energy.'”° 

The observed structure has been rationalized in terms of the ‘nine-orbital’ or the 
‘18-electron’ rule.'”> The two electrons of the paramagnetic [V(CN)7]* ion (Weg = 2.8 BM) will 
occupy two degenerate orbitals of the metal (3d,, and 3d,,) and the seven orbitals of the 
ligands containing the donated electrons achieve the ‘nine orbitals’ of the rare gas krypton. A 
molecular orbital treatment of this species also suggested large interactions between orbitals on 
adjacent equatorial ligands not encountered in octahedral symmetry.’”’ 
A monohydrate™ of K4[V(CN),] and the preparation of the anhydrous material have also 

been reported.'”® The geometry of the anions in all cases has been suggested to be the same.'” 
The IR spectrum of the dihydrate shows two bands (2100 and 2070 cm~') similar to those in 
solution (2104 and 2027cm™~'). Therefore the anion in solution must be [V(CN),]*” with a 
pentagonal bipyramidal geometry. Attempted studies’”?'®® of the ESR spectrum have been 
unsuccessful due to the disproportionation products: [VO(CN)s;]*>~ and [V(CN).]*~. 

The energy ordering of the 3d metal orbitals is d,,, d,,<d,2_y2, dy <d, predicted in a 
crystal field approach'*’ or by a molecular orbital treatment.’ K4[V(CN),]-2H,O in a Nujol 
mull at liquid nitrogen temperature shows'® three absorption bands at 20600, 22800 and 
28 600 cm~',’®! assigned as °*A3—> 3E3, *A5— 3E,[(e7)(e5)] and *A5— 7A‘[(e7)(a})]. 

VCl, treated with Bu'NC produces mer-[VCl;(CNBu')3]. The structure was determined by 
X-ray diffraction.'*? The 'HNMR spectra in CDCl, showed that the free ligand exchanges 
more rapidly with the isocyanide trans to chloride than with the trans isocyanide groups. 
Therefore, the kinetic trans effect of chloride ion is larger than that of isocyanide. 

33.4.3 Nitrogen Ligands 

33.4.3.1 Ammonia, amines and amides 

On reaction of ammonia with vanadium(III) halides there is ammonolysis of one V—X 
bond. The amidohalides VX,(NH2)-nNH3 (X = Cl®?®° or Br,'83:184 » = 4-5) have an ammonia 
content that depends on the temperature. A similar compound V(NCS)2(NH2)-4NH; has been 
prepared from V(NCS); in THF with NH3.'® These amidohalides are polymeric.°!® 
VC; with primary amines gave similar derivatives containing one coordinated amide and one 

or more molecules of amine,“ but ethylenediamine'**'*” and propylenediamine!® give 
[V(L)3]Cl; (L=en, pn). These are isomorphous with the chromium(III) complexes; the 
chlorine atoms are ionic, and the cations are tris-bidentate. 

Tetrahedral blue-black compounds [VL4](SCN)3; (L=en or Me,en) were prepared'®* from 
K3[V(NCS).] and their electronic spectra are comparable to other tetrahedral vanadium(III) 
complexes with substituted pyridines (see Section 33.4.3.2). 

VCl,(NMe3)2__reacts in benzene with lithium  bis(trimethylsilyljamide to give 
[V{N(SiMes)}s].’®” Similarity of spectroscopic properties led to the suggestion of a trigonal 
structure similar to that of the iron(III) complex." The complex is paramagnetic (Ueg= 
2.38BM) but shows no electron paramagnetic resonance. Bands at 19200, 15900 and 
12 000 cm~* have been assigned to d—d transitions.'”! 
On reacting vanadium(IV) chloride or vanadium(III) bromide with trimethylamine 

VX3(NMes)2 (X = Cl or Br) were obtained.’ The driving force for the reduction of [VCl,] is 
the formation of VCl;(NMe;).' This chocolate brown compound has been isolated from the 
solution remaining after extraction of the pink-mauve [VCl3(NMe3).] whose structure has been 
determined and as shown in Figure 9 is a trigonal bipyramid.!™ 
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Figure 9 Structure of [VCI,(NMe;),]'** 

The electronic spectra of these bipyramidal species are more complex than the related 
octahedral chromophores and two characteristic spin-allowed bands are predicted in the near 
IR_ region: *Aj—%A{,°A3 and °A4}—°E" respectively at 4900 and 7100cm™! in 
[VCl;(NMes3)2].’”° In benzene, it decomposes irreversibly to V2Cl6(NMe)3 with a second-order 
rate constant of 0.01661 mol~'s~’."°° The IR spectrum shows V-—Cl terminal and bridging 
bands and the magnetic moment (2.55 BM) is significantly smaller than for a magnetically 
dilute vanadium(III) complex. 

33.4.3.2 N-heterocyclic ligands 

Complexes V(L)Cl:2EtOH (LH = guanine)’”’ and V(LH)L,CI-EtOH (LH=purine or 
adenine)’*® have been isolated after refluxing VCl; with the ligand in a mixture of ethanol and 
triethyl orthoformate. 

VCl3(py)3 has been prepared’®’’*? and binding energies measured by ESCA:?” 514.1 (for 
V 2p*” level), 196.7 (for Cl2s) and 398.0 eV (for N 1s). On reacting K3[V(NCS).] in PriOH 
with pyridine or alkylpyridines, tetrahedral blue-black compounds [VL,4](SCN)3 have been 
isolated although they were unstable,'®® forming the corresponding octahedral complexes by 
liberating amine on rearrangement. Their spectra have been studied.” For example, 
[V(py)4](NCS)s has three bands at 9500, 16200 and 25000cm™’ assigned as *A,—>°y, 
‘A,— *T,; (F) and *A,—°T, (P). 
A similar preparative procedure was used to isolate tetrahedral complexes of bidentate 

donors (L=bipy or phen) [VL,](SCN)3. However, complexes of vanadium(III) chloride or 
bromide with these same bidentate donors have stoichiometries depending on conditions.'” 
With excess of bipy or phen, complexes [VX2L,]X were obtained. In EtOH or in MeCN two 
series of complexes were isolated:*” VCI,LL’ (L=bipy or phen; L’= EtOH or MeCN) and 
[VClL,]* +[VCLL]~. In the reaction of vanadium(III) with phenanthroline***’ or 
bipyridine*™ there is evidence for extensive hydrolysis. Spectrophotometry was used to 
estimate the equilibrium constant (K., = 0.43) for the reaction in equation (7).*°° 

V(OH)** + 2phenH* == [V(OH)(phen),]** + 2H* (7) 

For [V] >2 x 107*M, an increase in absorptivity indicates dimerization. The nature of the 
dimer has been discussed.*™ 

33.4.3.3 Thiocyanate, selenocyanate and azide 

From spectrophotometry, the formation constant of V(NCS)** is ~10*.*°° Complexes 
containing [V(NCS),]>- have been isolated and the structure of K3[V(NCS)¢]-12H,O deter- 
mined by X-ray diffraction,’ confirming that thiocyanate coordinates via the N atom (the 
mean V—N distance in this complex is 2.044(2) A). 
When VCI,; in acetonitrile reacts with ammonium thiocyanate, a progressive exchange 

occurs.2°7 Complexes with various stoichiometries were isolated: VCl,(NCS)-3MeCN, 
VCI(NCS)-3MeCN, V(NCS)3-SMeCN and Ct,[V(NCS).]:2MeCN (Ct=K*, NHi, pyH*, 

coc3-p* 
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piperidinium, Ph,P*, MePh3;As* or Me3S*). Similar complexes containing bromide and 
thiocyanate were also isolated as well as a mixed complex of NCS” and NCSe™ formulated as 
M[V(NCS)3(NCSe)3]:-2MeCN (M=Kt or Na*). Complexes Cts[V(NCSe),.] (Ct = Ph4As*, 
Me,N*, EtsN* or K*) have also been prepared.” 

Several azido species have been detected in acetonitrile: V(N3)’*, V(N3)3 and V(N3)@_.7”° 
(Bu4N)3[V(N3)o] has been isolated.”°* As expected for octahedral V™, the magnetic moments 
are slightly lower than spin-only values and there is a marked temperature dependence at low 
temperatures." 

33.4.3.4 Nitriles 

Anhydrous vanadium trichloride or tribromide reacts with acetonitrile to yield green or 
red-brown solutions. Complexes [VX3(MeCN)3] (X=Cl or Br) crystallize with varying 
amounts of acetonitrile in the lattice,”!* where the IR spectra show the free (2253.5 cm™*) and 
coordinated (2292 cm’) acetonitrile. 

In acetonitrile, vanadium trichloride reacts with large organic chlorides to yield cream-yellow 
complexes of the type Ct[VCl,(MeCN),] (Ct=Et,N*, MePh3As* or Ph,As*). Bromide- 
containing complexes have also been _ isolated: (Et,N)[VBrs(MeCN),] and 
(EtsN)[VCI;Br(MeCN),]. The acetonitrile molecules of (Ph,As)[VCl4(MeCN),] may be 
removed at 100°C under vacuum.”!’ Acrylonitrile and propionitrile complexes have been 
described.*!* 

33.4.3.5 Silazanes 

Hexamethylcyclotrisilazane, (Me,SiNH)3, and octamethylcyclotetrasilazane, (Me zSiNH), 
(shown in Figure 10 and abbreviated as HMT and OMT respectively), form octahedral 
complexes. VCl; reacted with HMT in THF to form VCI,;(HMT),7° which dissolves in 
dichloromethane giving a nonconducting solution. The ligand is terdentate and two V—Cl 
bands (at 358 and 326cm™') confirm the facial geometry for the chlorine atoms. On reacting 
[VCl,(THF)3] with OMT in benzene [(VCl3).(OMT)(THF),] was obtained,?!© with both 
coordinated and uncoordinated NH groups and with bridging chlorine atoms. 

(a) (b) 

Figure 10 Formulae of silazanes: (a) hexamethylcyclotrisilazane (HMT), (b) octamethylcyclotetrasilazane (OMT) 

33.4.4 Phosphines and Arsines 

VCl; reacted with Et;P or Pr3P in THF to form trigonal bipyramidal [VCI,L,].”2” 
[VCl;(Me,PCH2CH2PMe,)(THF)] was prepared by reaction of [VCl3(THF)3] with ligand.?!8 
Five-coordinate [VCl;(PMePh,),] has been synthesized from [VCl,(THF)3] and phosphine 
upon reflux in benzene.*”” X-Ray diffraction has shown that the crystalline solid contains two 
independent but nearly identical molecules, each of them trigonal bipyramidal (Figure 11).?719 

On refluxing in THF, VCl; reacted with triarsines to yield red-brown complexes [VCl,(TAS)] 
(TAS = bis(dimethylarsinophenyl)methylarsine or 1,1,1-tris(dimethylarsinomethyl)ethane).”” 
These are non-electrolytes, and the ligand is terdentate. Both have a facial structure. 
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Figure 11 Structure of [VCI,(PMePh,),]. The V—CI distance to the underlined atom (2.17 A) is shorter than the 
average of the other V—CI bonds (2.25 A). Another distortion of the trigonal bipyramid is the observed P—V—P 

bending (166.6°). The small difference in V—P bond lengths (2.547 and 2.525 A) has no chemical significance?! 

33.4.5 Oxygen Ligands 

33.4.5.1 Aqua species, OH 

The characterization of [V(H2O).]** has been done on the cesium alum CsV(SO,)2-12H,O7”! 
and on [V(H2O).](HsO2)(CF3SO3)4;7* the VO. unit has an octahedral geometry. When 
hydrogen atoms of the coordinated water molecules are considered, the symmetry is lowered 
from O, to D3z. Two remarkable features are underlined in Figure 12: (i) the water molecules 
are nearly flat, i.e. for each coordinated water the vanadium centre, the oxygen and the two 
hydrogen atoms are lying in the same plane; (ii) the six hydrogen atoms of three mutually cis 
water molecules are essentially coplanar (the deviations from the mean plane are less than 
0.1 A with an average absolute deviation of 0.056 A). 

oO ze 

(a) (b) 

Figure 12 Structure of the [V(H,O),]°* ion. The oxygen atoms are octahedrally coordinated with an average vV—O 
distance of 1.995(4) A. (a) The ion viewed down the C; axis; (b) a view perpendicular to the C; axis 

In the IR spectrum of the cesium alum, two bands were assigned to antisymmetric 

metal-ligand stretch v3 (532 cm7!) and antisymmetric metal-ligand bend v, (607 cm~"),*”* and 

in the oriented single-crystal Raman spectrum, the totally symmetric stretching mode of the 

cation occurs at 525 cm7’.?# ae) 

The electronic spectra of the cesium alum and of vanadium(III) in perchloric acid solutions 

are very similar (v;=17 800 and v2=25700cm™*) and it was concluded that vanadium(III) 

existed as the hexaaqua ion in such solutions.”° The coordination number six was confirmed 

by NMR.”° Water exchange has been studied by 17Q NMR spectroscopy as a function of 

temperature (255-413K) and pressure (up to 250MPa):*” kex=(5.0+0.3) x 10°s"" (at 

298K),  AH*=(49.4+0.8)kJmol"?,  AS*=—(28+2)JK™'mol’,  AV*™=-(8.9+ 

4)cm? mol“! and the compressibility coefficient of activation Ap* = —(1.1 £0.3) x 

10-2 cm? mol~! MPa™". 
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Table 9 Data on Hydrolysis and Oxoreduction of Vanadium(III) 

Reaction Ref. 

V(H,0)3* > V(H,O);(OH)?* + H* log B = —3.07 + 0.03 1 
2V(H,O)2* > V2(H;O),9(OH), + 2H* log B = —3.94 + 0.02 1 
2V(H,O)2* > V,(H,O),(OH), + 3H* log B = —7.87 + 0.09 1 
voO?* + 4H, + Ht > ‘v?"? log B = 6.192 + 0.004 1 

E., = 366.3+0.3mV 
V(H,O)3* +e > V(H,0)2* E14. = —475 mV (us. SCE) 2 

AS° = 155J K~! mol! 

1. F. Brito and J. M. Goncalves, An. Quim., 1982, 78, 104; solutions 3M in KCI at 25 °C with total 

vanadium concentration in the range 0.006—0.160 M and 0<A <0.85. 
2. E. L. Yee, R. J. Cave, K. L. Guyer, P. D. Tyma and M. J. Weaver, J. Am. Chem. Soc., 1979, 

101, 1131; solution 0.2 M LiClO, (pH 1-1.8) at 25°C. 

The hydrolysis has been studied by potentiometric’ and spectrophotometric*” techniques 
and below pH 3.2 may be described by the reactions and equilibrium constants of Table 9. 

The magnetic susceptibilities of solutions of hydrolysis products were consistent with the 
binuclear complex in such solutions having a double hydroxide bridge [V(OH)2V]** rather than 
an oxo bridge [V—O—V]**.7°° 

The solids from systems VX; + MX + HX + H,O (X=Cl, Br; M=K, NHg, Rb, Cs) depend 

on the concentration of the halide and on the temperature during precipitation.” 
There was evidence for the existence of green [V(H2O)4X.]* in [V(H2O)4X,2]X-2H,O 

(X = ee Br), Rb[VC1L(H,0),4]Cl.:-2H,0 and Cs.[V(H20)4X2|X3-nH2O (X — Br, i= a: >, Cl, 

n =0). The red [VCI;(H2O)]*~ may be found in M,[VCI;,(H2O)] (M = Cs, Rb, K, NH4) prepared 
by dehydration of the corresponding double salts containing the [VCI,(H2O),]* ion. The 
structure of ¢trans-[V(H2O)4X2]* has been confirmed by X-ray diffraction § in 
[V(H20)4X2]X-2H2O (X=Br or Cl),** Cs.[V(H2O)4X.]X3 (X=Br or Cl)? and 
Cs3[VCl(H20).4]Cly.7* The low temperature crystal electronic and IR spectra of 
Cs3[ VCI,(H2O),]-Cl, have been reported.7*4 

33.4,.5.2 Dioxygen 

Dioxygen oxidizes VCl; or VCl(salen) to vanadium(IV) with the intermediate formation of 
dioxygen adducts,”*° with equilibrium constants of the order of 10°; they are involved in the 
catalysis of oxygenation of 3,5-di-t-butylpyrocatechol.”°° 

33.4.5.3, Alcohols and ethers 

VCl; reacted with several alcohols to form [VCl,(ROH),]Cl or [VCl;(ROH)3] depending on 
the preparation and on the alcohol.” The complexes dissolved in parent alcohol behave as 1:1 
electrolytes; electronic spectra are consistent with the [VCl(ROH),]* ion. The IR spectra 
show two V—CI frequencies and a cis geometry has been suggested.?*’ The fluorescence and 
photochemistry of the charge-transfer band in alcoholic solutions have been reported.”°8 
THF and 1,2-dimethoxyethane react with VX; (X=Cl or Br) to form [VX3(THF) ] and 

VX3°1.5C4,H 903.7 

A trans structure proposed for [VCl;(THF)3] from the IR spectrum was confirmed by X-ray 
diffraction." The dimethoxyethane complex loses dimethoxyethane on heating to give 
VX3°C4Hi002. Both complexes of dimethoxyethane were polymeric.?*? 

33.4.5.4 B-Ketoenolates and catecholate 

For vanadium(III) B-diketonates the recommended preparation is reduction with the 
dithionite of compounds such as oxovanadium(IV) sulfate, vanadium(V) oxide or ammonium 
vanadate followed by the addition of the B-diketone in alcohol.2“° 

[V(acac)3] crystallizes in two forms.”*! The vanadium atom is surrounded by an octahedron 
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of oxygen atoms with V—O lengths of 1.979 and 1.982 A for the a and B forms. There is a 
slight trigonal distortion of these octahedra: the intraring OVO angles are 88.0 and 87.3° 
respectively. 

The d-—d transitions in the electronic spectrum (~18200 and 21700cm~! in solution in 
ethanol) are difficult to locate as they occur as shoulders on a strong charge-transfer band.” 
Molecular orbital calculations were used in the interpretation of the spectra of [V(acac)3];74 
charge-transfer and Rydberg transitions may contribute at energies higher than 40000- 
50000 cm~*. The He-I photoelectron spectra of [V{(CF3CO),CH}3] have been studied to 
elucidate the energies of the metal d and ligand orbitals.*“* Based on core binding energies,*° 
the metal d orbitals are not involved in bonding. 
Raman spectra of [V(acac)3] suggest that the contributions of dative 2 bonding should be 

small.*“° In IR spectra, the shifts of v(M—O) bands were related to the electronic effects of the 
substituents.**” 
NMR techniques are suitable for the study of solutions containing vanadium(III) complexes. 

Ligand exchange is catalyzed by acids and inhibited by bases.*48 The facial and meridional 
isomers of complexes with unsymmetrically substituted ligands (e.g. 1,1,1-trifluoro- 
acetylacetone) could be detected.*? The same technique was used in the study of the 
stereochemistry and rearrangement of tris(6-diketonato) complexes”? as well as those of the 
related ligands dehydroacetic acid, methyl acetoacetate and ethyl acetopyruvate.”’ In many 
systems, measured fac/mer ratios were smaller than the statistical 1:3. The rearrangement 
(isomerization) in a number of diketonate complexes is intramolecular, but the NMR data are 
consistent with twisting or bond rupture.” However, a bond breaking mechanism should be 
catalyzed by acid and such catalysis was not observed. 

The $-diketonates are usually thermally stable and may be fused or volatilized with little or 
no decomposition. These complexes were tested by gas-liquid chromatography without 
evidence for on-column degradation.” However, some retention of fluorodiketonato com- 
plexes was due to reaction in the stationary phase or with active sites.’ The sublimation 
enthalpy of tris(trifluoroacetylacetonate)vanadium(II) is 118 + 2kJ mol and the evaporation 
enthalpy is 77.8 + 0.8 kJ mol'.”°* At 300-470 °C there is decomposition of [V(acac)3]; acetone, 
CO and CO, are the products.” 

K,[V(catecholate)3]-1.5H2O has been synthesized from VCl; and catechol in ammonia 
solution, on adding a solution of KOH. The vanadium is surrounded by six oxygen atoms of 
catecholate ions: the average WV—O bond length is 2.013(9)A.%° A tris(o- 
semiquinone)vanadium(III) complex’®’ from V(CO).> and quinone was better formulated as 
bis(catecholate)(o-semiquinone)vanadium(V).*°° 

33.4.5.5  Oxoanions 

Several complexes [V(OR,P=O)s3],, [V{O(RO)R’P=O};3]. and [V{O(RO),P=O}:3], 
(R = alkyl or aryl) were prepared from VCl; and phosphinates (R.(RO)P=O),”* phosphon- 
ates (R(RO),P=O)*» and phosphate alkyl esters ((RO);P=O).*” 

Tris(organoseleninate) complexes have been synthesized and, in DMF or nitromethane, are 

non-conducting.**! The ligands act as bidentate O,O’-seleninate and the complexes have an 
octahedral configuration with D; symmetry. 

The electronic spectrum of vanadium(III) ions in concentrated sulfuric acid with Amax at 

13 600 (€ =7.8), 21800 (e =11) and 29000sh cm~* has been interpreted as due to octahedral 

coordination.2~” The solid methyl sulfate V(MeSO,); has been isolated (Ug = 2.68 BM) as well 

as complexes of methyl sulfate containing three molecules of pyridine and one or two 

molecules of bipy.”° 
Sodium sulfinates NaRSO, (R=Me, Ph or MeC,H,) reacted in ethanol with VCl; and 

tris(O,O'-sulfinato) complexes were obtained.** The IR spectra are consistent with the 

sulfinato ions as bidentate. The electronic spectra show two d—d transitions: v, in the range 

14 700-14 930 cm™! and v2 = 22 990 cm™?. 

33.4.5.6 Carboxylic acids 

There have been several reports on monocarboxylate complexes although different formulae 

and various structures have been produced. After boiling VCl; with anhydrous formic acid, a 
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solid V(O,CH)3:HCO>H was isolated and at 180°C green [V(O,CH);3] was obtained.” VCl; 
and acetic acid under reflux gave a solid V3(OH)(O2CMe)s or H[V30(O2CMe)s].*° Later, a 
different formulation was proposed, [V30(O2CMe);(HOCMe)],,, i.e. a polymeric structure 
with a bridging acetate joining the [V;0(O2Me).] clusters. 
[V30(O2CCH,Cl)6(H2O)3]ClO4-3H2O contains the planar V30 group and there is no 

metal-metal bonding in this oxo-centered cluster.” 
There was an earlier claim for the synthesis of [V2(O2CR).] (R = Me or Ph) using vanadium 

diboride as starting material (equation 8). 

2VB,+6RCO,H — > V.(O;CR),+ 3H, + 4B (8) 

[VCl,(THF)3] and sodium benzoate in dichloromethane produced _— green 
[V303(THF)(O2CPh).], characterized by X-ray diffraction.” 

It is likely that the oxidation to vanadium(IV) occurred during the crystallization, with 
intermediate trimeric vanadium(III) benzoate complexes. 

Another example of a complicated polynuclear complex is an octanuclear basic benzoate 
containing four vanadium(IIJ) and four zinc(II) atoms: [VZnO(O2CPh)3(THF)]|4-2THF.*” The 
_ structure shows that the distances between these four vanadium atoms are just below 

and therefore some V—V bonding may occur. 
Values for the formation constants of [V(C,O,)]* and [V(C,O,)2]” were respectively 

1.6 x 10’ and 3.5 x 10’”.*”! By irradiation of these solutions at 254 nm, there is a photodecom- 
position of the oxalate sensitized by the oxalato vanadium(III) complex; the resulting products 
were equimolar amounts of CO and CO >. K3[V(C,0,4)3]-3H2O can be easily crystallized from 
aqueous solutions containing ammonium vanadium alum and potassium oxalate. The measured 
magnetic moment is 2.78 BM and this compound obeys the Curie law quite closely.*”* The 
thermal decomposition has been studied.””° 

By adding the resolving ions (+)-[Co(en)3]** and (—)-[Rh(en)3]}** to solutions of the labile 
[V(C,O,)3]}°>~ ion, the diastereoisomeric salts [M(en)3][V(C2O,4)3] (M=Co or Rh) have been 
isolated and the CD spectra were measured as dispersions in CsCl discs.7”* The ORD and CD 
spectra of solutions containing [V(C2O,)3]>~ could be observed by adding (+)-cinchonine 
hydrochloride.*”” Although [V(C,O,)3]*~ is labile, partial resolution occurs. The structure of 
the trans -diaquabis(oxalato)vanadate(III) ion has been determined in 
Cs[V(C204)2(H20)2]-4H2O and (MeNH3)[V(C204)2(H20).]-4.5H20.?”° In both, the oxalate 

groups are coplanar, with V—O bond lengths of 2.005(2) and 2.017(4) A respectively. 
K,[V(malonate),] may be prepared by a procedure similar to that of the trisoxalato 

complex.*”" The kinetics of ligand exchange have been studied by NMR line broadening:?” 
kx =50s~* at 70°C. 

c 
3 

33.4.5.7 Hydroxy acids 

Vanadium(III) and tartaric acid (H4t) in aqueous solution form 1:1 and 1:2 complexes with 
various degrees of protonation:*”* V(H>t)*, V(Hot)z, V(Ht)°, V(Ht)3- and V(Ht)$~. The 
formation constants of complexes 1:1, 1:2 and 1:3 were estimated by NMR relaxation in 
solutions containing vanadium(III) and lactic (6; = 1.1 x 10°, B; =2.0 x 10* and B; = 1.8 x 10°) 
or mandelic acids (6, = 1.2 x 10’, 6, =2.2 x 10* and B;=1.5 x 10°).?”? The reactions between 
vanadium(III) and salicylic, p-aminosalicylic and 5-nitrosalicylic have been studied.7®° 

33.4.5.8 Dimethyl sulfoxide and amides 

Dimethyl sulfoxide saturated with SO, reacts with vanadium! or V,0,282 to form 
[V(DMSO).](S207)3/2 which loses DMSO up to 170°C giving V(S20-7)32. DMSO coordinates 
through oxygen while the disulfate is present as an anion.7® Earlier work reported the 
[V(DMSO),]** perchlorate.?** 
Vanadium was allowed to react with bromine in DMF; V(DMF).(Br3)3-0.3(DMF) was 

isolated,**° for which 10Dq = 17300 cm7!. 
[V(urea).]I; crystallizes from a solution of the sulfate on adding potassium iodide. The 

oxygen atoms of the urea molecules form an octahedron twisted 7° about the three-fold axis 
with V—O lengths of 1.98 A.7*° The magnetic susceptibility of the iodide and perchlorate salts 
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of [V(urea).}°* ion and the magnetic anisotropy of the iodide have been measured. The 
electronic spectrum of the perchlorate has been reinterpreted.78’ 

33.4.6 Sulfur Ligands 

33.4.6.1 Thioethers 

Vanadium trichloride or tribromide reacts with thioethers giving [VX3L,] (X=Cl or Br; 
L= SMe, tetrahydrothiophene or SEt,).78*78° The complex with di-n-propyl sulfide could not 
be isolated.** These compounds are oxidized very easily. Solubility, molecular weights and 
conductance show that they are monomeric and non-ionic. Dipole moments, IR and electronic 
spectra are consistent with trans trigonal bipyramidal structures. 

The similarity of properties for [VX3-(SEt.)2] in solution or solid indicates that the solid is 
also five-coordinate bipyramidal.”°” 

33.4.6.2 Dithiocarbamates 

[V(S2CNR2)3] (R=Me, Et, Pr" or Bu’) were obtained by oxidation of VBr-6H2O with 
diethylammonium dialkyldithiocarbamates in anaerobic ethanol/triethyl orthoformate.?” 
Complexes [VL3] and [VCIL,] of cyclic substituted dithiocarbamates L (L = piperidino, 
morpholino, thiomorpholino and N-methylpiperazino) were reported;””! their properties are 
consistent with bidentate dithiocarbamate. 

The diethyldithiocarbamato complex is isomorphous with the iron(III) complex and must 
have an approximate octahedral symmetry. As expected for octahedral vanadium(III), two 
bands (v,; and v2) appeared in the diffuse reflectance spectra. [V(S2CNRR’)3] (RR’ = MePh or 
BzBz) were prepared from VC, and a sodium or lithium salt of the dithiocarbamate; IR 
spectra in CS, confirm the tris(bidentate chelate) coordination. By NMR,” two processes can 
be observed for [V(SxCNMePh)s3] in CD Cl: cis—trans isomerization causing line broadening 
between —89 and —61 °C and metal-centred optical inversion without cis—trans isomerization 
causing broadening below —97 °C. 

33.4.6.3  Dithiolate and dithiophosphinates 

Although dithiolene complexes have been known for some time (see Section 33.2.5), the first 
‘pure’ dithiolate complexes of vanadium have only recently been characterized.*® Structures of 
(Et4N)2[V2(SCH2CH.2S)a], (Ph4P)2[ V2(SCH2CH2S),] and (Ph,P)2[V2(SCH2CH2S),4]-4MeOH 

were published almost simultaneously. The three independent reports agree on the structure of 

the [V>(SCH,CH)S),]*~ ion (Figure 13). The vanadium atoms are bridged by the four S atoms 

of two dithiolate ions and the V—V distance (2.60 + 0.02 A) suggests metal-metal bonding, 

confirmed by the observed diamagnetic behaviour. 

Figure 13 Structure of [V,(edt),]°~ with selected bond distances and angles 
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Dithiophosphinate complexes [V(S2PX2)3] (X =F, CF3, Me, Ph, OEt) were reported?’ and 

the structure where X = OEt has been determined. The six sulfur atoms form a trigonally 

distorted octahedron around vanadium with the average V—S distance 2.45 + 0.02 A. Visible 

spectra (in CH2Cl or an oriented crystal) show four bands: a charge-transfer band is observed 

at 22700 and 23300cm~! in the solution and crystal. The others at 12820, 18080 and 

26 400 cm™! (13 200, 18 400 and 26 400 in the crystal) are the expected transitions for octahedral 
vu. 

33.4.7 Halides 

Several solvated vanadium(III) halides have been described in the previous sections and 

those with water, alcohol, acetonitrile or THF have been useful starting materials for the 

synthesis of vanadium(III) complexes. 
A great number of anionic complexes containing four, five or six halide ions have been 

characterized. However, in aqueous solutions containing V"' ions and F~, the potentiometric 
technique using a fluoride selective electrode has shown no indication of any complex other 
than VF** (stability constant: log 6 = 5.00 + 0.03 at 25°C in 1.0 M NaClO, solution).*”° 

Salts of hexafluorovanadate can be obtained by high temperature techniques or from 
solutions containing hydrofluoric acid. For instance, X-ray patterns and DTA were used for the 
characterization of 17 double fluorides obtained by solid state reactions in the systems 
VF; + MF (M =Li, Na, K, Rb, Cs, Tl) and seven double fluorides in the systems VF3 + MF, 
(M = Ca, Sr, Ba, Pb),?°° and the lattice constants”””°* and magnetic properties” of A27B[VF.] 
(A, B=Cs, Rb, TI, K, Na, Li) were also reported. The structure of the high temperature B 
phase of Li;VF,¢ has been determined and compared with the cryolite-type stable a form. The 
vanadium atoms have an octahedral coordination.”” 

K;VF, can be obtained by reacting VO; and KI with hydrofluoric acid on a steam bath*™ or 
by heating at 800°C powdered vanadium and potassium hydrogen fluoride; the magnetic 
moment at 20°C was 2.79 BM.*° X-Ray powder data have been given for its three solid 
forms.*°! Predicted transition energies*°* were compared with those observed at 10 200, 14 800 
and 23 250 cm7*.3 

The standard enthalpy of formation of K;VF,(c) is —3026 kJ mol~'.°% The calculated ligand 
field stabilization has been compared with those of the elements from scandium to gallium. The 
ligand field effect has also been discussed for the IR spectrum of [Cr(NH3).][VF.] and 
isomorphous [Cr(NH3)6][MF.] (M = Sc, Ti, Cr, Mn or Fe).*°° 

Hydrazinium fluorovanadates (N2H;)3VF.6°”° and (N2H.) VF;*” and their thermal decomposi- 
tion were reported.*”* 

(NH4)3VFe can be crystallized from VF3-3H,O and ammonium fluoride in water.*” It has a 
moment of 2.79 BM*”* and on reaction with XeF, forms a VY complex with coordination of 
more than six fluoride ions.*”? On thermal decomposition the final product is VF; at ~450°C. 
There was no intermediate formation of NH,VF, but a method for the preparation of this has 
been reported.*”° 

Several studies appeared on the phase transitions at 135, 413 and 482K in the 
perovskite-type RbVF4, in which vanadium is octahedrally coordinated. In Rb[ VF,(H2O)>] the 
water molecules are trans and hydrogen bonds form chains of VF,O2 octahedra.*'* Complexes 
M.2VF;-H.0 (M=K, Rb, Cs) were precipitated from solutions containing VF3;-3H,O, HF and 
KF, and on heating in vacuum, M,VF; (M=K, Rb, Cs) formed.*"* 

The chloride complexes have also been prepared with various stoichiometries. Green 
MVC1,-6H,0 (M=K, Rb, Cs) precipitated from cold solutions (—30 to —10°C) of VCl, and 
MCI saturated with HCl.*° From such solutions at high temperature (100-120°C) red 
M,VCl;-H20 (M = K, Rb, Cs) are obtained.*!° 

In both solid compounds (containing large cations each as Ph4P*, Ph,As*) and in solutions 
[VCl,]~ has distorted tetrahedral symmetry as suggested by spectra in benzene:*!’ 8300 and 
9250cm™' assigned as *A,—>°E, 10000cm™! as *A,—>°A and 15030cm7! (¢€=260) as 
°A,— °T; (P). X-Ray powder patterns show the tetrachlorovanadates to be isomorphous with 
other known tetrahedral MCI, species and IR data suggest a distorted tetrahedral symmetry.*!® 
Magnetic data show antiferromagnetic interaction of the vanadium atoms; these magnetically 
dilute species are completely different from (NEt,)VCl, which is similar to (NEts)3V2Clo. 
Therefore a polymeric structure was suggested for (NEt,)VCl, with octahedral vanadium. Its 
electronic spectrum is very different from the tetrahedral complexes,*!* consistent with a 
distorted octahedral geometry. 

311,312 
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_Cs3V2Clo was prepared by heating a stoichiometric mixture of VCl; and-CsCl.22° The 
similarity of the powder pattern to that of the corresponding Cr complex suggests similar 
structures: V,Cl3~ consists of octahedra sharing a trigonal face. The moment at 300K 
(2.74 BM) is consistent with little metal-metal interaction. 

Green crystals of Ct.VBrs-SH2O (Ct = Rb, Cs, Hpy) were prepared in hydrobromic acid?! 
and, on thermal decomposition, successively dehydrated via Ct.VBr;-3H,O and Ct,VBr;-H,O 
to the corresponding anhydrous Ct,VBr; (Ct = Rb, Cs, Hpy). 

33.4.8 Mixed Donor Atom Ligands 

33.4.8.1 Schiff bases 

By allowing salen to react with anhydrous VCl, in pyridine under high purity nitrogen, a 
brown solid formulated as [VCl(salen)(py)] precipitated.7° The geometry is probably oc- 
tahedral with Cl” and py trans.*?* Conductance showed it to be a 1:1 electrolyte. Oxidation 
with O, resulted in the corresponding VO?* compound, [VO(salen)(py)], via a dioxygen 
adduct (Section 33.4.5.2). Complexes with ligands (1) and (2) and with the structurally related 
(3) have been prepared by adding the THF adduct of VCIl; to solutions of the corresponding 
ligands, with subsequent addition of potassium t-butoxide or in the presence of 
triethylamine.***? They are red-brown monomers [VCI(SB)] (SB = Schiff bases (1-3). IR 
indicates coordination by phenolic oxygen and azomethine nitrogen and the visible spectra and 
magnetic moments (2.5—2.7 BM) are consistent with pseudooctahedral V"'.°”? Oxidation of 
[VCl(SB)] (SB =1) by O, produces the VO?* compound.*” If TIBF, is added to [VCI(SB)] 
(SB=3) in acetone, TIC] precipitates and an orange solid is isolated, formulated as 
[V(SB)(acetone)]BF, from displacement of chloride by O-coordinated acetone.*” This needs 
confirmation. 

eee 
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In one synthesis of [V(acen)Cl(THF)] (4), a THF suspension of Nazacen is allowed to react 

with [VCI;(THF)3].°24 A second method involves reductive deoxygenation of [VO(acen)] 

(equation 9); once [VO(acen)] has been synthesized, it is a straightforward procedure. 

reflux in 
THF [VO(acen)] + TiCl,(THF); roa? (4) (9) 

The chloride in (4) can be easily replaced and several derivatives [V(acen)(X)(L)] (X = OPh, 

SPh, NCS~; L = solvent molecule, e.g. THF, py) have been prepared.» Complex (4) has been 

used for synthesis of organometallic derivatives.*° The structures of several (X= Cl” (4), 

OPh~ (5) and NCS~ (6)) have been determined, and consist of discrete molecules containing 

the same [V(acen)(THF)] unit. The coordination geometry can be described as a square 

bipyramid whose equatorial plane is formed by the N20, atoms of the tetradentate ligand, with 

oxygen from THF at one apex, the other apex being occupied by Cl”, O from OPh™ or N from 

NCS~ (Scheme 11). The N2O, core is not exactly planar, and the V atom is displaced out of the 

N,O, ‘plane’ towards X (0.143, 0.151 and 0.082 A for 4, 5 and 6). 

Complex (7) may be either monomeric or dimeric (as observed for formally five-coordinate 

Vil in [V(acen)(CH2Ph)]2).>° 
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n 

(5) (6) (7) 

Scheme 11 

When reaction (9) is started at room temperature for a few minutes, then cooled to —30°C 
and later to —70°C, a different complex (8) may be isolated, whose structure consists of 
binuclear [V'¥(Cl)(acen)O{TiCl,(THF),}] in which an O atom bridges the [VClI(acen)] and 
TiCl;(THF), units.°2* The V—CI distance (2.352 A) is similar to that of (4). For the bridging O 
atom, d(V—O)(1.937 A) is longer than in other u-oxo vanadium complexes.*™ 

N7~O 

a—{ “vo —nieirt) 
e ae 

(8) 

33.4.8.2 Amino acids 

Simple and mixed complexes of V'" with aspartic and glutamic acids and with methionine 
have been reported**° although their elemental analysis cannot be considered entirely 
satisfactory. These green, water soluble compounds were prepared from VCI; solutions 
(normally obtained in situ by reduction of V.O; by Zn), addition of the amino acid(s) and 
precipitation with acetone. Complexes with L-Ser, L-Thr and t-Leu have been isolated and 
studied by IR, UV-vis, CD and thermogravimetric measurements.*”’ The location of v(V—Cl) 
bands in the region 350-395 cm™', the magnetic moments and other considerations led to 
formulations VCl(Ser)2-H20 (Meg = 2.79 BM), VC1,(Thr)(ThrOH)-2H,O0 and 
VCl,(Leu)(LeuOH):3H2O (weg = 2.31 and 2.39BM, respectively), with polymeric structures 
(note that low eq values can result from VO** impurities).*” [VCl3(Gly)3]°** and [V(H-Had)s] 
(H-Had = N-formyl-N-hydroxylglycine**’) have also been prepared. Further structural studies 
are needed. 

Preparation of complexes with amino acids in the pH range 4-7 is difficult as V™ is partially 
hydrolyzed and can be easily oxidized. This also makes solution studies difficult. At low pH 
(1.5-3) complexes [VL(H20)s;]** are believed to form,**”**' with, at higher pH, [V(Gly)2] and 
[V(Glu)2]~ (pH ca. 3.5 and 4—4.5, respectively).*** From potentiometry, log , of 8.8, 8.4 and 
9.0 and log Bz of 15.4, 14.8 and 16.3 were determined for Ser, Thr and Leu. With cysteine, 
complexation of V"" is faster than that of V" by three orders of magnitude (same pH).!%° 
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Enthalpies of activation are comparable but entropies differ. The maximum number of ligands 
is two, and the formation constants determined (equation 10) were B, = 10"? and Bs =A0o aie 

V"?(aq) + nNH;CH(CO;)CH,SH <2 [V(NH,CH(CO;)CH,S),] + 2nH* (10) 

33.4.8.3 Complexones 

Complexes of NTA formulated as [V(NTA)(H20)2]-5H,O and Cs;[V(NTA),] have been 
prepared.**? The pK, of the coordinated water molecule in the former is 6.2. Although 
Css[V(NTA),] exhibits no tendency to form hydroxo complexes in aqueous solution, the 
second NTA*” is markedly more weakly bound than the first (log 8; = 13.4 and log B, = 22.1 at 
20°C and J=0.1M). 

Schwarzenbach et al.*** prepared Na[V(edta)]-4H2O by reduction of the VO?*+ complex with 
sodium amalgam and determined the formation constant of [V(edta]~ as 102°. The formation 
constant for reaction (11) in Scheme 12 (L=edta*” and n=2) was 10**. In the V!™ dimer 
(Hzen)[V(Hnhet)],-2H2O, the anion (9) displays several uncommon features.°°5 Each V"™ was 
seven-coordinate, having a distorted pentagonal bipyramidal configuration. The bridging atoms 
are the alkoxy oxygens formed by deprotonation of the N-hydroxyethyl functionality of the 
parent nhet*~ ligand (nhet?~ = N-(hydroxyethyl)ethylenediaminetriacetate). The V—V distance 
is 3.296 A and the angles of the {V0} core (VOV = 108°; OVO = 72°) suggest little strain is 
present. 
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The binuclear complex (9) may be produced from monomeric [V(nhet)] by two paths: (i) by 
combination of two molecules of [V(nhet)(OH)]~ or [V(nhet)(OH)]~ and [V(nhet)(H,O)],>*° 
or (ii) by a cross-redox reaction between [V'’O(nhet)]” and [V"(nhet)]~ (see also Section 
33.5.9.3).°°7°°S The unusually intense spectral features of [V"V'’O(nhet),]*~ originate in oxo 
bridging between V™ and V"" in the cross reaction.*°° > This intermediate has a short lifetime 
(~25 ms), but it is unusually long by comparison with other inner-sphere systems. 
The cross-redox reaction discussed above and formation of the V' dimers has also been 

reported in the case of the edta complexes. Scheme 12 summarizes part of the equilibria 
proposed to explain potentiometric and spectroscopic data at t=25°C and J =0.20M in 
NaClO,.*°° 38 The polarographic behaviour of V™ complexes of edta and ‘analogous’ ligands 
has also been studied.**” 

[VL(H,0)]'"" +H,O = [VL(OH)]"" + H;0* (11) 

2[VL(H.0)]'-" +2H,O =22 [V"™ dimer] + 2H,0* (12) 

2[VL(OH)]"" = [V" dimer] + H,O (13) 

If L=edta* then n=2, pk, = 10.16, pKp=16.71 and pK,=—3.62; if L= Hedta®>” then n=1, pK, =6.4, 

pKp = 9.05 and pK, = —3.7° 

Scheme 12 

Reaction (14) has been studied.*°** The equilibrium constant Kr is of the order 10~" so 
that comparable concentrations of the reactant and product coexist at pH ~5. The reaction 

goes to completion at higher pH values (5.4—7.1) and is quantitative in the reverse direction at 

pH 2.5-4.0, where mixtures of the Fe" and V'" complexes are stable in the absence of Op. 

[Fe'(edta)]” + [V"(edta)]~ => [Fe!(edta)]*~ + [V'YO(edta)}>- + 2H* (14) 



486 Vanadium 

In the redox reaction between [Ti(nhet)(H.O)] and [VO(nhet)]~, a binuclear species 

containing Ti!Y and V" appears by a substitution after the electron transfer step.*** The orange 
[Ti!YV'(nhet).] forms in the pH range 2.5-7.5, and can also be generated by combination of 
[V(nhet)(H2O)] and [TiO(nhet)]~. 

33.4.9 Vanadium in Tunicates 

The sea squirts or tunicates are fascinating marine creatures, their name being derived from 
the tunic made of cellulosic material that surrounds the body of the animal. In 1911, Henze 
discovered vanadium in the blood of Phallusia mammillata C.**’ He later found the same with 
other ascidians (a class of tunicates). In vanadium-accumulating species, most vanadium is 
located in the vacuoles—vanadophores—of certain types of blood cells—the vanadocytes. The 
concentration in the vanadophore can be as high as ~1M and this value must be compared 
with concentrations of the order of 2 x 10~°M for vanadium in sea water.** Kustin et al. have 
reviewed the work done to understand the efficient accumulation and the possible biological 
roles of the metal.**° 

Although local concentrations of the metal may be very high, isolation is difficult due to the 
sizes of the vanadophores (2 um) and the vanadocytes (8 um). It was thought that vanadium 
was bound to a protein named hemovanadin*” but later it was found that this was an artefact 
during hemolysis and isolation. Proton NMR spectra of living blood cells show that the 
vanadium(III) concentration range of the vanadophores is sharply limited and the spectra were 
consistent with a labile vanadium(III) aqua complex.**’ X-Ray absorption spectroscopy of the 
vanadocytes has shown that only a small amount (<10%) of the vanadium is present as VO** 
in the vanadocyte and that the vanadium(III) ions are surrounded by a single shell of six 
oxygen atoms at an average distance of 1.99 A, ruling out N ligands such as porphyrin or 
imidazole.*** The combined NMR and EXAFS were consistent with vanadophores containing a 
simple vanadium(III) aqua complex probably with another small oxygen ligand like sulfate that 
exists in high concentration in the vanadocyte. ESR confirmed the existence of concentrations 
of vanadium(IV) of the order of 10~? M,**’ compared with the estimated total of vanadium in 
the vanadophore (1.4M). Again, the data were consistent with most vanadium existing as 
V(SO4)(H20)4-5*. 

For the vanadophore region, the sulfate concentration has been estimated to be of the order 
of 1.3 M and pH ~2.*” With no evidence for a stable complex within the vanadocyte, Figure 14 
depicts an interesting mechanism proposed for vanadium and sulfate accumulation.*°° Anionic 
vanadium(V) (as HVO7") and sulfate ions enter the cell. Provided that within the vanadophore 
there is a strong reducing agent, vanadium can be reduced to vanadium(IV) and 
vanadium(III), cationic at the low pH in the vanadophore. If the vanadophore membrane is 
permeable to anions but not cations, the reduced vanadium remains trapped. 

HVO> + 2H” 4s i 2- 4 6H + 3S0Q,; (or HVO;{ ) 

SOs” (or HVOZ ) 
as counterions 

’ 
¢ 

HVO2” + reducing agent - foe va 
2 

Vanadophore membrane 

Figure 14 Mechanism of vanadium accumulation in the vanadophore assuming a membrane permeable only to anions 

Recently, a reducing blood pigment named tunichrome B-1 (10) was isolated from the 
tunicate Ascidia nigra L. and characterized.*! It has a structure derived from three 
ER ABER cae units and the trihydroxyphenyl group is suitable for reducing 

e metal. 
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The uses of the metal for the living creature have been the subject of much speculation but 
the possibility that vanadium(III) is involved in oxygen transport has been ruled out 
experimentally.” The role of the high concentrations of vanadium in tunicates remains 
tantalizing. 

33.5 VANADIUM(IV) 

33.5.1 Introduction 

This oxidation state is the most stable under ordinary conditions.*°? Important compounds 
contain the VO?* unit (vanadyl(IV) ion or oxovanadium(IV) ion), which can persist through a 
variety of reactions and is considered the most stable oxycation of the first row transition 
ions.*°* It forms stable anionic, cationic and neutral complexes with all types of ligands, and has 
one coordination position occupied by the vanadyl oxygen (Figure 15). 

Figure 15 Square bipyramidal geometry of vanadyl(IV) complexes; more common ranges of bond lengths (A) are 

indicated. The V atom lies above the plane of the four L ligands 

The complexes typically have square pyramidal (11) or bipyramidal structure (12) with 

vanadyl oxygen apical, the vanadium atom lying 0.035—0.055 A above the plane defined by the 

equatorial ligands.*°* There have been reports of five-coordinate ‘trigonal bipyramidal’ 

complexes (13) with structures determined by X-ray diffraction techniques. 
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Only three general reviews on vanadium(IV) complexes have been given;*°***’ others deal 
with subnormal magnetic complexes,*** ESR spin probes,*** vanadium(IV) halides,° optical 
spectra and phosphorus donor ligands,**? vanadium porphyrins’ and annual reviews for 1979, 
1980 and 1981. 
Many publications discuss ordering of molecular orbitals based on ESR or optical spectra. 

Although assignment of the bands has been a matter of controversy,*°°*”°” most interpret 
them in terms of the energy level scheme proposed by Balhausen and Gray (Figure 16).*™ 
Although developed for VO(H,O)s* (assuming C4, symmetry), it has been applied to other 
complexes. Its universality has been questioned because the order of orbitals will probably vary 
from complex to complex and will depend on symmetry. In this model, the unpaired electron 
resides in a largely nonbonding d,, orbital (the z axis is taken as the vanadyl bond) with lobes 
pointing between the equatorial ligands; ESR measurements are generally consistent with 
this.*°* The interaction of d,,,d,, with the ligand may be a acceptor in character and the 
relative order of the B, and E orbitals could be inverted.*”* Usually three optical bands 
are observed in the visible,*°° assigned (C4, symmetry) to (I)*B,(d,,)—°*E (d,z,dyz); 
(II)*Bo (dy) —> 7B, (d,2-2); and (III)?B, (d,,)—> 7A; (d,2) (or a charge-transfer transition). For 
some complexes four bands are observed, possibly arising from splitting of the d,,,d,, levels in 
low symmetry (Figure 16c) and band III is often obscured by intense absorption tailing in from 
the UV. Transition III(d,,—> d,2) may be at 125-200 nm.*”?”° However, it will most likely be 
at 330-400 nm if not obscured by charge transfer. This is discussed by Lever*® and further 
evidence is given by weak bands at ~360 nm in the CD spectra of complexes with (R)-lactate*”” 
and (S)-peida®”’ (peida = N-[1-(2-pyridyl)ethyl] iminodiacetate). 
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Figure 16 (a) Molecular orbital scheme for [VO(H,0)5*] (C4, symmetry) according to Balhausen and Gray;*™ (b), 
(c) splitting of the vanadium d levels (b,, e and b, considered mainly as V orbitals) 

Mabbs and co-workers studied the single crystal polarized spectra of pentacoordinate VO2* 
compounds at 298 and 5 K and of poly(dimethylsiloxane) mulls of six VO?* compounds (five- 
and six-coordinate complexes).*” Ligand-field strengths ranged from that of cyanide to that of 
bromide. Transitions I and II were assigned to 3d, — 3d,2_,2 and to 3d,, —>3d,z,3d,;. Spectra 
of six-, five- and four-coordinate compounds of vanadium(IV), e.g. [VCl_]}?~, [VCl,]*-[VCl5]~ 
and VCl,, are in Lever’s textbook.>® 

According to the Ballhausen and Gray model,*™ the vanadium—oxygen bond is triple and it 
has been explicitly considered as such by several authors.37°378 In most textbooks and 
publications, including this one, the structures of oxovanadium(IV) compounds are reported 
with a double bond between vanadium and oxygen. 
ESR spectroscopy is a particularly useful technique as it provides information on the 

stereochemistry, ligand type and degree of covalency of VY complexes. The fundamental ESR 
properties of VO** complexes have been reviewed.*™* Petrakis and co-workers have shown that 
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the ESR spectra of various vanadyl complexes yield Ao (isotropic hyperfine splitting constant) 
and go (isotropic g) values in reasonably well-defined ranges characteristic of the types of 
metal—ligand bonds, i.e. go increases and Ag decreases in the series VOO,, VON2O2, VOS,O>, 

VON,, VOS,.°”? ENDOR studies of complexes randomly oriented in a matrix can provide 
valuable data.*°° °° The hyperfine and quadrupole tensor components of ligand nuclei identify 
ligands and give more insight than that provided by ESR studies alone. 

The V=O stretching frequency is an important characteristic of oxovanadium(IV) com- 
plexes, generally observed at 985 + 50cm7'.*?°° It is quite sensitive to the nature of the 
ligands. Donors that increase the electron density of the metal reduce its acceptor properties 
towards O, the V—O multiple bond character and the stretching frequency. For complexes 
VOL2*, v(V=O) falls in the order L=H,0>NCS” > CN” > DMSO ~ F ; this series bears 
no obvious relation to the spectrochemical and nephelauxetic series.*° 

Although most oxovanadium(IV) complexes are blue, some Schiff base complexes may vary 
from yellow to maroon. Earlier suggestions that such colours, together with reductions in the 
V—O frequencies from 950-1000 to 800-850cm™', indicate polymerization or 
VO:--VO--- VO interaction are erroneous. Even for coordination environments which are 
very similar, the V=O lengths may be very different, the vanadyl oxygens being exposed to the 
influence of the neighbouring molecules in the crystal.*** 
VO** bonds most effectively to electronegative atoms, e.g. F, Cl, O and N, and bonds to S 

and P are also known.** Fluoro and oxygen complexes are specially stable. Complexes with 
oxygen donors follow the expanded Irving—Williams series:*°* VO?* > Cu** > Ni?* > Co?* > 
Fe?* >Mn?*. The presence of one or two nitrogen donors places VO?* lower in the series. 

Vanadyl compounds hydrolyze much more easily than any other metal chelates of the first 
transition series, and in some conditions the vanadyl 1:1 chelates prefer combination with 
hydroxyl to a second ligand molecule.**° Unless otherwise stated formation constants B,,, 
presented in this review correspond to the reaction shown in equation (15). 

2VO" + yL+ 2H" == (VOL. Box “Ore (1s) 

33.5.2 Group IV Ligands 

Most complexes of vanadium(IV) with group IV ligands are normally organometallic 

compounds, which have been reviewed.” 
In cyanide complexes, several bonding modes are available but CN” will show more basic 

character when coordinating through the carbon lone pair.**° No stable cyanide complexes exist 

in acid solution, but complexes M3[ VO(CN);] (M = EtsN*, Me,N* or Cs*) have been isolated; 

apparently the large cation provides the necessary crystal stability. They are prepared from 

aqueous VOSO, and NaCN (6M) on addition of salts of the corresponding counterion. 

v(V=O) was in the range 952-956 cm™* (with a shoulder at 965-968 ene). 

An old compound, K,V(CN).,°8° was reformulated as K,[VO(CN)s],°” based on a band at 

935 cm~! assigned to v(V=O). Mabbs and co-workers assigned v(V=O) at 930 Cit as which 

probably reflects high electron density in the vanadium from the CN’ ;*®° ESR studies of 

[VO(CN)3-] anion indicate significant covalency.*°° UV-visible spectra of solutions containing 

VO2* and cyanide do not support the existence of V(CN)é.°' ‘ 

33.5.3 Nitrogen Ligands 

33,5.3.1 Ammonia and aliphatic amines 

Complexes [VOCIL,,] (L = monodentate or bidentate neutral ligand; n = 1, 2 or 3) are made 

by methods including controlled hydrolysis of vanadium(IV) chloride adducts,**°** controlled 

oxidation of vanadium(III) chloride adducts,**°*° reaction of ligand with aqueous 

VOC), 3% 3” with VOCL,°°79? VOBr3*“"! or with VOCI,(MeOH); in methanol.*° Methods 

for the related Ct,[VOCI,] (Ct=monopositive cation) include reaction of [VOCI,(diox)s] 

(diox = 1,4-dioxane) with CtCl in liquid SO>,*°?4 thermal decomposition of hydrates or 

ethanenitrile adducts,**” reaction of VOCI,(MeCN).(diox)o.; with CtCl in ethanenitrile*°? 

and direct reaction between VOCI, and CtCl in CHCl;.*°° A general synthetic procedure for 
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[VOCLL,,] and Ct,[VOCI,] is more reproducible and gives fewer problems from solvolysis and 
thermolysis.*°° The method consists of ligand displacements in solutions of [VOCI,(MeCN)z] 
(very simple to prepare on a large scale) in THF or ethanenitrile according to equations (16) 
and (17). [VOCI(Me3N).] was prepared by this method and bands at 404 and 383 cm~' were 
assigned to v(V—Cl).*”° Two strong IR bands in [VOCI,L,] indicate geometry of type (13);*” 
when there is only one v(V—Cl) band, the geometry is of type (11). For VOBr2L,,””" one class 
gives two strong v(V—Br) stretches (the higher in the region 360-340 cm~'); the other shows 
only one v(V—Br), 340-320 cm™". 

VOCI,(MeCN), —aarcrmecn? VOCLL, (16) 

VOCI,(MeCN), =SS> Ct.[VOCI,] (17) 

Wood and co-workers prepared [VOCI,(Me3N),] by reduction of VOCI; with Me3N under 
strictly anhydrous conditions.*”* After redissolution in trimethylamine, blue crystals suitable for 
X-ray work formed. The geometry around the vanadium atom is trigonal bipyramidal (13) (see 
Figure 17), probably due to steric effects of the bulky Me3N. Several similar compounds have 
been prepared by reduction of VOCI, with the appropriate amine (see Table 10). With 
methylamine, the reduction is slower than with the others; the silvery grey product is probably 
polymeric. A compound formulated as VOCI,-SNH; had a room temperature moment of 
1.62 BM and obeyed the Curie—Weiss law with @ = 60 K.*"! 

1:S0=2705 
ES 

ae 
‘ae 
12.16-2.28 

Figure 17 A perspective view of [VOCI,(Me3N),]. The bond lengths are in A. The angles in the equatorial plane are 
120° 

Table 10 WVOCI,-n(amine) Complexes 

v(V=0) pw  v(V—Cl) 
Amine (cm~') (BM) (cm7') Ref. 

NMe; (n = 2) 990 1.73 404, 383 $52; 

NHMe, (n = 2) 1000 1.68 £ 

NH,Me (n = 4) 972 Bey 1 

1. K. L. Baker, D. A. Edwards, G. W. A. Fowles and R. G. Williams, 

J. Inorg. Nucl. Chem., 1967, 29, 1881. 

2. J. Cave, P. R. Dixon and K. R. Seddon, Jnorg. Chim. Acta, 1978, 30, 
349, 

The tetrahalides [VX4] are Lewis acids and produce adducts with a variety of donors, namely 
aliphatic amines or amides. The common coordination number is six, although this and the 
precise geometry have not often been determined. VCl, reacts with amines and, in rigorously 
anhydrous conditions, gives satisfactory products like WCl,NHMe2, VCl.(NHMe),.-4NH>Me, 
VCI,NMe; and VCl;:-2NMe;3.*!* A compound formulated VCl,-2EtNH> has been obtained in a 
vapor-phase reaction;*'> VCl,:2L (L= MeCN, PhCH,CN, EtCN) have been prepared,® and 
VCl,(dibenzylamine),.*"* An adduct formulated VCl«(MeCOCN), was prepared by reaction of 
VCl, with an excess of ligand in petrol.*’? With VCl, in excess, (VCl4).(MeCOCN); was 
obtained. With benzoyl cyanide, only (VCl4).(PhCOCN)3 was obtained pure. IR spectra 
Suggest nitrogen coordination. VCl, normally forms 1:2 adducts with unidentate ligands. 
Octahedral as well as tetragonal structures have been proposed. Solutions of such adducts are 
not common, but [VCl,(RCN)2] give brown solutions in benzene and molecular-weight 
measurements indicate extensive dissociation.° [VF,NH3] (probably polymeric, with ui{ = 
1.83 BM) readily gives a brown aqueous solution.*!® 
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The chloride of [VCl,] may be substituted by amide. With primary and secondary amines at 
room temperature, aminolysis stops at the dichlorodiamides. The ammonia-insoluble, pre- 
sumably polymeric [V(NH2)2Cl,] dissolves in NH,Cl in liquid NH3; complex anions are 
formed.° The green VCI,(RHN) -4RH,N (R= Me, Et, Pr", Bu’), insoluble in benzene and the 
parent amines, are probably polymeric.*’**!” They release two molecules of amine at 60°C, 
leaving purple [VCl,(RHN) :2RH,N]. Products from secondary amines [VCl,(R2N)2] (R = Me, 
Et, Pr") are more soluble and molecular weights in benzene indicated a mixture of monomer 
and dimer.*!” 

Complete replacement of halogen can be achieved using lithium dialkylamides. 
[VCI(Et,N)s]""* and the dark green liquid [V(Et,N),] have been obtained as well as 
[V(Me2N),].*"**!° [V(Et,N).4] obeys the Curie-Weiss law with small 0: Meg = 1.71 BM. ESR 
and absorption spectra are consistent with monomeric [V(Et,N)4].“"? The metal—nitrogen bond 
in these complexes is sensitive to protic reagents HL (where L=OH, OR, OSiR3;, halide, 
HNR, NR:, SR, CsH;, C=CR, etc.) and this has been put to synthetic use, originally by 
Bradley and Thomas,*”°*” who prepared vanadium(IV) alkoxides and trialkylsilyloxides 
(equation 18). 

V(R.N),+yHL —> VL,(R.N),_, +yNHR, (18) 
; i, CHCl3, ~0°C d 

Ae a “Slight ii, vacuum dry, CaCl VEX: (amine), o 
excess) 

The complex of tetrakis(aminomethyl)methane was studied by ESR at 77 K*”? and the triplet 
state spectrum at ~1500G, due to AM, =2, interpreted assuming dimeric oxovanadium(IV) 
with V—V of 5.7 A. 

From the reaction (equation 19) of anilines and naphthylamines, [VCl,L,] were 
obtained,*!**** and with diamines (14)—(16), compounds VCL,L’ result. They are hygroscopic, 
insoluble in CHCl;, CCly, benzene and nitrobenzene and slightly soluble in acetone and 
dioxane. 

. NH, NH NH, NH, 
Me Me NH, 

NH, 

(14) (15) (16) 

Ethylenediamine oxovanadium(IV) complexes in water have been reported*° and dark 
brown ‘[V(en)3]F,’ has been prepared by adding VF; to the diamine at low temperature.*”° 

Further studies are required to sort out whether the fluorides really are only counterions. 
VOSO,:5H2O with 1,4,7-triazacyclononane (9-aneN3) (1:1) in H,O at '50°C yields blue 

acidic solutions (equation 20), from which a blue perchlorate was precipitated, by NaClO,. 
With Nal, a blue iodide was obtained for which v(V—=O) was at 950 cm7';*”° absorptions at 
1210, 1140 and 1030 cm~’ were assigned to p-sulfato. 
Attempts to recrystallize (17) from aqueous solutions resulted in the release of sulfate and 

formation of species (18) (equation 21). Upon addition of NaClO,, NaBr or Nal, grey salts of 
(18) were obtained. From the temperature dependence of ym, J = —177 cm“, indicating strong 
antiferromagnetic coupling of the two V'Y; v(V=O) = 950cm7', and a new band at 540 cm7! 
was assigned to v(V—O) of the w-hydroxo bridges. The crystal and molecular structure of the 
bromide of (18) consists of discrete binuclear cations with the V'Y centres in a distorted 
octahedral environment. The V(u-OH)2V four-membered ring is planar and V:--V is 
3.033 A. The oxo groups are mutually trans; VO is 1.603 A, much shorter than the V—OH 
bond lengths of ~1.96 We The vanadyl O atoms influence the trans V—N bond (~0.15 A longer 
than the equatorial V—N distances). ; 

For the dimer (18), at 200 K, the ESR powder spectrum shows an intense central signal and a 
strong half-field absorption.*’ Below 200K, well-resolved hyperfine structure appears. The 
hyperfine constant for the half-field transition, 84 G, is approximately half of the A, value for 

the monomers. From single crystal ESR,*”’ the exchange integral J,, .2,2~—410cm"', 
compared to the value from magnetic susceptibility: J, ,2-,2~ 354 cm™'.*° 
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33.5.3.2 N-heterocyclic ligands 

Adducts of VO(acac), with pyridines have been extensively studied (see Section 33.5.5.4.ii). 
Adducts VOF,:py“® and VOCL;L, with L=py, PhN=NPh, pyrrole, pyrazine, 2,6- 
dimethylpyrazine, bipy and phen have been discussed.° A [VCl,L2] complex (L = carbazole) 
has been reported.*!* Again, the rule is the formation of 1:2 adducts with monodentate 
nitrogen donors and 1:1 adducts with bidentate donors. IR and solubility data have been used 
to decide whether bidentate ligands are chelated or bridging. 

The stoichiometry of products from VOCI,:-3MeOH with aliphatic and heterocyclic nitrogen 
donors*” depends on pK,, bulk of the ligand and the reaction conditions (see also Section 
33.5.5.3). The ligands included N-heterocyclic and other nitrogen bases (e.g. Et,.NH, EtsN and 
N,N,N',N'-tetramethyl-1,2-diaminoethane). The complexes isolated have the stoichiometries 
VOCh:xL (x =2 and 3), VOClh-xL-yMeOH (x =1,2; y=1,2), VOCL-B, 2VOCI,-3B’, 
(LH)[VOCI,(OMe)], (BH2)[VOCL(OMe)],, (B’H)[VOCI,(OMe)], | VO(OMe),2-2LHCI, 
VO(OMe)>....:BH2Clh, VOCI(OMe)-xL (x = 1 and 2) and VOCI(OMe)-2L-L’-HCI where L and 
L’ are monodentate (ligands), and B and B’ are bidentate chelating and bridging ligands 
respectively. VOCI,-xL, VOCI,-B and (Ct).[ VOC] (Ct = Hpy*, L=py (x =2, 3), bipy and 
phen) have been prepared by the general procedure in equations (16) and (17). When 
(LH)[VOCI,(OMe)] (L=2,6-lutidine or N,N-dimethylaniline, bulky ligands with low pK, 
values) react with py, a simple adduct VOCI,-2py forms. In contrast, reactions of complexes 
where the base has a high pK, (e.g. EtsN) give VOCI(OMe)-2py-LHCI.*” 
VOF, combines readily with water or fluoride. It has less tendency to combine with nitrogen 

or sulfur, but many complexes of these donors and oxygen donors were easily prepared by 
reaction (22).4° The products containing N-heterocyclic donors are listed in Table 11, with 
some properties. 

EtOH 

VOF,H,O + nL ——> VOF,(L),(H2O),, (22) 

n=l1or2,m=Oorl 

Table 11 Some Vanadium(IV) Complexes Containing N-heterocyclic Ligands 

v(V=O) or v(V—Cl)? Leg 
Complex (cm7') (BM) Ref. 

[VOF,(phen)] 968 (964, 928) 1.71 (306 K) 13 
[VOCI,(phen)]° 366° 4 
[VOCI(phen),]Cl 982 (960, 908) 132 
[VOBr(phen),]Br-H,O 981, 984 (908) ed 
[VOSO,(phen)]} 978 1 
[VOSO,(phen),] 960 (923, 911, 900) 12 
[VO(phen),](ClO,), 987 $32 
2 x [VO(NCS),(phen), 5]° 973 (863) 2 
[VO(NCS),.(BuOH)(phen)] 5 
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Table 11 (continued) 
en eB 8g Do eerRe ti oe 

v(V=O) or v(V—Cl)? re 
Complex (cm7') ) (BM) Ref. ek ge eg 

[VO(oxalate)(phen)] 989 (959) 12 [VO(malonate)(phen)]-H,O 981 (972) 1.63 6 
[VO(malonate)(phen)]-3H,O 980 (973) 1.81 6 
[VO(lut)(phen)] 1.86 ii 
[VO(coll)(phen)]} 1.82 7 
[VO(imda)(phen)] il 
[VO(chel)(phen)] 1.84 7 
[VCL,(phen),] 8 
[VBr,(phen)] 8 
[VClphen] 4 
Oren 9 
VOF,(bipy)] 968 (957, 949) 1.71 (306 K 1-3 
[VOCL,(bipy)]° 371? 4 
[VOCI(bipy),]Cl 1 
[VOBr(bipy),]Br-H,O 1 

[VO(SO,)(bipy)] 979 2 
[VO(bipy),](C1O,)2 979 (923) 12 
2 x [VO(NCS),(bipy), <]° 977 (967) 1,2 
[VO(oxalate)(bipy)] 979 1.2, 
[VO(malonate)(bipy)]-2H,O 981 (973) 1.69 6 
[VO(maleate)(bipy)]-HO 980 (975) 1.85 6 
[VO(bipy),] (PF¢)2 980 10 
[VO(bipy)(lut)] 1.83 7 
[VO(bipy)(coll)] 1.84 i) 
[VOF,(py)2] 1.70 (306 K) 3 
[VCL,(bipy)] 
[VOCI,-2py] 373° 11, 12 
[VOCL-3py] 13 
[VOCL,-Spy] (?) 12 
(Hpy)2[VOCI1,] (blue) o399).2 3565 11 
(Hpy)2[ VOC1,] (green) 345° 11 

[VO(NCS),(py)2] 14 
[VOBr,(py)>] 940, 334? 1.61 il) 
[VOBr,(py)3] 965, 959, 307,° 2578 1.69 15 
[VOBr,(bipy)] 876, 355,” 345 sh? 1.68 15 
[VOBr,(quin),] 1012, 993 (?), 342,* 3078 1.63 15 
[VOF,(4-pic)>] 1.71 (306 K) 3 
[VOF,(2,6-lut),] 1.74 (306 K) 3 
[VOF,(4,6-lut),] 1.73 (306 K) 3 
[VO(benz),H,O]SO, 1.63 (308 K) 16 
[VO(benz),H,O] 17 
[VO(Hgubenz)H,O]SO, 1.50 (303 K) 16 
[VO(gubenz),] 1.59 (308 K) 16 
[VO(benzc),]-H,O 1.60 (306 K) 16 
[VO(benzt),H,O] 17 

H,lut = pyridine-2,6-dicarboxylic acid; H,coll = pyridine-2,4,6-tricarboxylic acid; imda = iminodiacetic acid; 
H,chel = 4-hydroxypyridine-2,6-dicarboxylic acid; quin=quinoline; benz=benzimidazole; Hgubenz =2- 
guanidinobenzimidazole; Hbenzc = benzimidazole-2-carboxylic acid; Hbenzt = 1H-benzotriazole 
“Numbers with a superscript ‘a’ correspond to v(V—Cl) stretching frequencies; all the others were assigned 
as vanadyl IR bands. 
Complexes with a cis structure. 

“From conductance measurements in nitrobenzene and IR spectroscopy, Selbin and Holmes suggested 
the formulation [VO(NCS)(AA),j[VO(NCS),(AA)] (AA = phen or bipy). 
1. J. Selbin and L. H. Holmes, Jr., J. Inorg. Nucl. Chem., 1962, 24, 1111. 
2. J. Selbin, L. H. Holmes, Jr. and S. P. McGlynn, J. Inorg. Nucl. Chem., 1963, 25, 1359. 

3. M. C. Chakravorti and A. R. Sarkar, J. Inorg. Nucl. Chem., 1978, 40, 139. 
4. R. J. H. Clark, J. Chem. Soc., 1963, 1377. 
5. V. P. R. Rao, D. Satyanarayana and Y. Anjaneyulu, Proc. Chem. Symp,2nd, 1970, 1, 151 (Chem. 

Abstr., 1972, 76, 158 9387). 
6. J. Sala-Pala and J. E. Guerchais, Bull. Soc. Chim. Fr., 1971, 2444. 
7. R. L. Dutta and §. Ghosh, J. Inorg. Nucl. Chem., 1966, 28, 247. 
8.. A. Jezierski and J. B. Raynor, J. Chem. Soc., Dalton Trans., 1981, 1. 
9. W. W. Brandt, F. P. Dwyer and E. C. Cyarfas, Chem. Rev., 1954, 54, 959. 

10. J. Selbin, H. R. Manning and G. Cessac, J. Inorg. Nucl. Chem., 1963, 25, 1253. 
11. J. Cave, P. R. Dixon and K. R. Seddon, Inorg. Chim. Acta, 1978, 30, 349. 

12. J. Meyer and W. Taube, Z. Anorg. Allg. Chem., 1935, 222, 167. 
13. H. Funk, W. Weiss and M. Zeising, Z. Anorg. Allg. Chem., 1958, 296, 36. 
14. G. H. Ayres and L. E. Scroggie, Anal. Chim. Acta, 1962, 26, 470. 
15. P. Nicholls and K. R. Seddon, J. Chem. Soc., Dalton Trans., 1973, 2751. 
16. R. L. Dutta and S. Lahiry, J. Indian Chem. Soc., 1964, 41, 62. 
17. R. L. Dutta and S. Lahiry, Sci. Cult. (Calcutta), 1960, 26, 139. 
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At room temperature, the reaction (equation 16) between Hpy-Cl and [VOCI,(MeCN)z] in 

MeCN gives the expected green (Hpy)2[VOCI,] with spectra similar to other square pyramidal 

Ct,[VOCI,] compounds.“” However, at —30°C, a blue compound of identical composition 

forms, with different diffuse reflectance typical of a trigonal bipyramidal structure. The 

compound undergoes temperature-dependent (C>, <> C,4,) reversible transformation like that 

of (Et4sN)2[VOBr,) (Section 33.5.8.1, equations 52).*” The C4, green form is the stable isomer 
at room temperature and the blue form is stable at room temperature for only a few days. 

Polycrystalline [VOBr.2(py)2] and [VOCI,(MeCN),] give single-line ESR spectra as does 
(Hpy)2[ VOC], while the spectrum of (EtsN)2[VOCI,] shows fine structure.” In nonaqueous 
solvents at room temperature, ESR spectra of [VOX,L,] show the occurrence of ligand 
dissociation and displacement; for example, the following reaction shown in equation (23) 
occurs.*”? Even in non-coordinating solvents, then, the electronic spectra of [VOX L,] may be 

open to doubt in the absence of a careful study of the species present in solution. [VOBr2L,,] 
have been prepared by reduction of VOBr; (see Table 11).*°’ The reactions liberate Br, when 
1:2 ratios of VOBr; to ligand are used, so cyclohexene was used as solvent. 

toluene 

VOBr,(py); ——= VOBr,(py)2 + py (23) 

Solutions from the reactions of [VO(L)SO,], [VO(L)2SO,] (L=bipy or phen) and 
[VO(bzim),]** (bzim = benzimidazol-2-olate) with SOCI, or SOBr gave similar ESR spectra 
after several hours at reflux. The deoxygenated vanadium(IV) compounds formed (see 
Section 33.5.5.7) are almost certainly cis-dihalogeno dichelates because of steric hindrance due 
to the a protons of the chelates.‘ 

Imidazole (im) (19) complexing oxovanadium(IV) has been studied by ESR and proton and 
nitrogen ENDOR spectra.**? Changes in orientation of the im plane, imposed by geometric 
constraints of multidentate ligands, such as in histidine (20), are reflected in the proton as well 
as the nitrogen ENDOR spectra. Four im ligands are bound to VO** and are oriented in a 
similar fashion, all making the same angle with the equatorial plane. 

é: H CO.H 

HN Y HN SS CH,—¢_CO,H N\\—cH—-CH 

=n =n, NH, \LNH HCCeieeay 
I 

(19) (20) (21) 

33.5.3.3 Hydrazine and related ligands 

[VOX,L,4] (X=Cl, Br, I; L=N2H,, PhRNHNH>2, Me2NNH2) exhibit subnormal moments 
(1.26—-1.36 BM) and may be polymeric but further structural studies are needed.*?! VO?* and 
2,6-dipicolinoyl dihydrazine (DPH) (23) give [VO(DPH).] and [VO(DPH)X,] (K=CI- or 
3807") (cf. Section 33.5.9.4.i).“? They react with B-diketones according to Scheme 13. The 
B-diketones were acac, Prac (R= Et, R’=Me) and Bzac (R= Ph, R’ = Me). (25) is obtained 
when VOCI, is added to the condensation product of DPH and acac (Scheme 14). VO?*+ 
induces the cyclization; this template effect is ‘kinetic’.“** Complexes of (26) and (27) have 
been prepared,** for use in treatment of arteriosclerosis and to lower blood pressure. 

—_— 

=e 
1 roe =O 

VO(DPH) 
i | “) 

or + B-diketone EIOH + MeCO2H, ee 

VO(DPX)X, san ene I = \ 

2 

H, 

(22) 
Scheme 13 
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C + acac C 

Me /ee J O 

(24) ae 
Scheme 14 (25) 

NHNH, NHNH, 
SN SN 

| | 
ZN uN 

NHNH, 
(26) (27) 

33.5.3.4 Thiocyanate 

Thiocyanato oxovanadium(IV) complexes have been extensively studied. Table 12 sum- 
marizes the isolated complexes containing NCS~. In the thiocyanato thiourea complexes, IR 
shows that all ligands are coordinated through nitrogen.** The thiocyanato complexes 
(Ct)2[ VO(NCS),4(H20)]-4H2O (Ct=K*, NH7) have been studied by X-ray techniques.**° 
Prepared by the addition of the appropriate thiocyanate to aqueous VOSOu,, the complex is 
extracted with ethyl acetate. The geometry around the vanadium is shown in Figure 18. The 
NCS” coordinates as isothiocyanate and the structure may be regarded as chains of anions 
linked by the two ammonium ions via the vanadyl oxygen and one water. The bond distance to 
the axial H,O in [VO(NCS),(H2O)]*~ (2.22 A) is shorter than in [VO(H,O)]**(2.4 A).3%° 
Probably the stronger ligand NCS” weakens V=O sufficiently to allow a stronger trans 
attachment by H,O. v(V=O) values support this idea, with values of 982 and 963 cm7’ for the 
thiocyanato complex and 1000 and 975 cm™' for the aqua ion.*°8 

Table 12 Some Vanadium(IV) Complexes Containing NCS” as a Ligand 

v(V=O) Ley 

Complex (cm7') (BM) Ref. 

(Et,N)3[VO(NCS)5] 997, 979 1 

(Me,4N)3[VO(NCS)5] 987, 979 1 
K,[ VO(NCS)] 982, 969 2 

(Me,N)[VO(NCS),(H20)] 3 

(NH,)2[ VO(NCS),(H,0)]-4H,O 1003, 975 E72 4 
K,[VO(NCS),(H,O)]-4H,O 4 
KVO(NCS);(1.5EtOH) 5 

(Ph,As)[VO(NCS),] 3 
VO(NCS),(2-dioxane) 5 

[VO(NCS),(py)2]-py 5 
VO(NCS),{(Me,N)3PO} 6 

VO(NCS),(L)2 7 

(L = tu, p-Clptu, p-Brptu, dptu, dcytu)’ 1.70-1.76 

(VO)(NCS),(phen), 5 973, 963 1 

(VO)(NCS),(bipy),.5 977, 967 1 

[VO(Apacac)NCS]NCS? 8 

[VO(NCS),(9-aneN3)] 950 1.63 9 

*tu=thiourea; p-Clptu=p-chlorophenylthiourea; p-Brptu= p-bromophenylthiourea; dbtu= 1,3-dibenzyl- 

thiourea; dcytu = 1,3-dicyclohexylthiourea; Apacac = 2-pyN=C(Me)CHC(Me)}—Npy-2; 9-aneN, = 1,4,7-triaza- 

cyclononane. 
_ J. Selbin and L. H. Holmes, Jr., J. Inorg. Nucl. Chem., 1962, 24, 1111. 

_ J. Selbin and L. H. Holmes, Jr., J. Inorg. Nucl. Chem., 1963, 25, 1359. 

. D. Collison, B. Gahan, C. D. Garner and F. E. Mabbs, J. Chem. Soc., Dalton Trans., 1980, 667. 

. A.C. Hazell, J. Chem. Soc., 1963, 5745. 
. J. Selbin, Chem. Rev., 1965, 65, 153. 
. M. Ziegler, H. Winkler and L. Ziegeler, Naturwissenschaften, 1965, §2, 302. 

. A. H. Jamkhandi and A. S. R. Murty, Curr. Sci., 1980, 49, 615. 

. V. R. Rana, D. P. Singh and M. P. Teotia, Transition Met. Chem. (Weinheim, Ger.), 1981, 6, 189. 

. K. Wieghardt, U. Bossek, K. Volckmar, W. Swiridoff and J. Weiss, Inorg. Chem., 1984, 23, 1387. 
OMANADAUKNAWNH 
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Figure 18 Geometry and internuclear distances (A) in the complex (NH,)[VO(NCS),(H,O)]-4H,0*° 

Smith and Martell tabulate stability constants (log 110 = 3.32 and log B19 = 3.68, at 25 °C)*”” 
and Che and Kustin determined the rate constant for NCS~ complexation (k;~1 x 

10°M-!s~!, at 25°C and J=0.05 M KNO;).*** Thiocyanate complexes have high formation 
constants, and find use for photometric determination of vanadium.**°°?“* 

33.5.3.5 Nitriles 

The exchange of ligands having different 2 donor/acceptor properties with [VOCI,(MeCN)>] 
and [VO(DMSO),](ClO4)2 was studied by ESR in MeCN;**” coordinated MeCN could be 
substituted readily but large excesses of fairly strong donors (e.g. DMSO) were required to 
substitute the chlorine atoms. VOBr; and acetonitrile in cyclohexene give [VOBr,(MeCN)3]; 
with pyridinium bromide in_ acetonitrile (Hpy)[VOBr3(MeCN).] is obtained. 
[VOF.(MeCN)(H2O)] was prepared by the procedure described in Section 33.5.3.2 for 
[VOF,L,,].*”° 

For malonodinitrile (maldn) and _ succinodinitrile (sucdn), WO(maldn)SO,:2H,O and 
VO(sucdn)SO,:2H,O were prepared according to reaction (24).? 

maldn 

VOSO,+ or =2“> complex (24) 
sucdn 

33.5.3.6 Biguanide and related ligands 

Complexes of biguanide and substituted derivatives (big = R'R7>C(=NH)NHC(=NH)NH,_) 
formulated as [VO(big)2(H2O)] have been prepared from VOSO, and an excess of biguanide in 
alkaline solution.** The bluish green to light green crystalline products (see Table 13) are 
hydrolyzed by water. Room temperature moments are near the spin-only value. Syamal studied 
the ESR, IR and electronic spectra of polycrystalline complexes of biguanide, several 
dibiguanide derivatives and of o-methyl-1-amidinourea (Table 13). The pure samples 
exhibited a single line at g ~ 1.97 but magnetic dilution in the corresponding diamagnetic Ni” 
complexes resolved the hyperfine splitting, an axial spectrum (eight parallel and eight 
perpendicular lines) being obtained. The low values of v(V==O)(~940cm~') are consistent 
with the presence of strong out-of-plane d,—p, bonding. The electronic spectra were recorded 
in mulls and bands at ~590, 430 and 400 nm were assigned to bands I, II and III (see Figure 

16b).’* Complexes of guanylalkylureas appear as silky bluish green to rose-violet precipitates 
(Table 13). They were formulated as [VO(gua)2] complexes involving nitrogen coordination.*° 

33.5.4 Phosphorus and Arsenic Ligands 

Only a few non-organometallic complexes with V—P bonds have been studied. The first 
oxovanadium(IV) phosphine complexes obtained pure were the green compounds 
VOX,:L:-H,0 (X = re Br; L= Ph,PCH,CH>PPhz,) and VOBr,:L’:-H,0 (i a Ph,PCH,PPh.),**’ 

prepared from VOCI, or VOBr, in carefully degassed solvents. In spite of precautions, some 
phosphine oxide compounds were formed. Table 14 summarizes some properties. 
[VOBr,(Ph3P)2] was prepared by substitution in THF from [VOBr.(MeCN);].*7 
ESR spectra of powdered [VOCI,(Ph3P)2] show some fine structure.“” Spectra for VOCI, 



Table 13 Some Oxovanadium(IV) Biguanide, Guanylurea and Dibiguanide Complexes 
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Ligand (H,,L) Formulation bog Gonna Ref. 

n=1 
Biguanide VO(L),(H,0) NS 1.97, 87 12, N-Methylbiguanide > 1.62 1 
N-Ethylbiguanide VO(L), 1.45 1 
N,N-Dimethylbiguanide VO(L), 1.60 1 
N-(n-Hexyl)biguanide VO(L),(H,0O) 1.81 1 
N,N-Ethylenedibiguanide VO(L)(H,0)-0.5H,O 1.94 1 

(R' =H and R?= (CH,).biguanide) 
N, N-Hexamethylenedibiguanide VO(L)(H,0)-1.5H,O 1.50 1 

(R’ =H and R? = (CH,),biguanide) 
Guanylmethylurea VO(L), 1.67 3 
Guanylethylurea VO(L), 1.68 3 
Guanylbutylurea VO(L), 1.67 3 
Guanylethoxyethylurea VO(L), — 3 
Guanylbutoxyethylurea VO(L)> 1.69 3 
n=2 

o-Methyl-1-amidinourea VO(omau),(H,O) — 1.97, 87 2 
Ethylenedibiguanide VO(endibig)(H,O) — 1.97, 88 2 
Trimethylenedibiguanide VO(tdibig)(H,O) — 1.97, 88 2 
Tetramethylenedibiguanide VO(ttdibig)(H,O) -- 1.97, 87 2 
Hexamethylenedibiguanide VO(hxdibig)(H,O) — 1.97, 87 2 
Piperazinedibiguanide VO(pipdibig)(H,,0) — 1.97, 87 2 

* Ay in 10 *cm * units. 
1. P. Ray, Chem. Rev., 1961, 61, 313. 
2. R. L. Dutta and S. Lahiry, J. Indian Chem. Soc., 1963, 40, 863. 
3. A. Syamal, Indian J. Pure Appl. Phys., 1983, 21, 130. 

Table 14 Phosphine Complexes of Oxovanadium(IV) 

Lin v(V=0) v(V—X) 
[VOX,L,] (cm7') (cm~*) Ref. 

n=1, X=Cl~ 
Ph,PCH,CH,PPh, 1003 1 
Ph,PCH,PPh, 1000 394 12 
n=2,X=Cl- 
Ph3P 412, 356 2 
Ph,MeP 409, 360 p) 
n=1, X=Br- 

Ph,PCH,CH,PPh, 992 lg 
n=2; X=Br™ 

Ph,P 988 347s, 313m 3 

1. J. Selbin and G. Vigee, J. Inorg. Nucl. Chem., 1968, 30, 1644. 

2. J. Cave, P. R. Dixon and K. R. Seddon, Inorg. Chim. Acta, 1978, 30, 
L349. 

3. D. Nicholls and K. R. Seddon, J. Chem. Soc. (A), 1973, 2751. 

solubilized in toluene by an excess of phosphine R3P show that each of the eight lines of the 
1v!V nucleus is split into a 1:2:1 triplet.“* This structure can be attributed to two equivalent 
phosphorus nuclei and was thus ascribed to [VOCI,(R3P)2]. Varying the bulk of R, the spectra 
show increasing line width with increasing molecular volume and it was suggested that the 
trigonal bipyramid is the more probable configuration for [VOCI,(RsP)2]. This agrees with a 
suggestion that [VOCI,L,] with trigonal bipyramidal structure should give two strong v(V—Cl) 
IR-active bands;*” in fact these were observed for [VOCI,L,] (L = Ph3P and Ph2MeP; Table 
14). As in [VOX2L,] where L is a nitrogen ligand, ESR spectra with phosphines in 
non-aqueous solvents provide evidence for the occurrence of ligand dissociation and 
displacement.“ For example, reaction (25) proceeds even in non-coordinating solvents and 
this again emphasizes the need for examination of species in solution when interpreting the 
electronic spectra (and other properties) of [VOX L,] complexes. 

VOBr,(Ph;P), ===? VOBr,(THF), + 2Ph3P (25) 
Ph3P 
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A dicyclohexylphosphide (Cy2P) complex, [Li(DME)][V(Cy2P)4] (DME =1,2- 
dimethoxyethane) was isolated by the addition of a THF solution of LiCy2P to a suspension of 
a vanadium halide THF adduct at ~80°C, addition of DME and cooling to —30°C.*” The 
detailed structure was not determined; oxidation with [Cp.Fe](BF,) gives the thermally 
unstable [V(Cy2P)a]. 

The first compound with arsenic donors was orange [VCl,(diars),].*°° With the similar ligand 
detars (28), brown-black [VCl,(detars)] was obtained;**! with tritertiary arsines (29) and (30) 
[VCI,L] were obtained.*** The complexes were prepared by adding the arsines to VCl, in CCl; 
extreme care must be taken to avoid formation of the vanadyl species. Hydrolysis of (28) forms 
no complexes with definite composition, unlike the case of bipy and phen which form 
[VOCI,L].*? However, with (29) and (30), similar VO** complexes were obtained by 
hydrolysis,*°* but were not well characterized. [VCl,(detars)] has eg ~ 1.76 BM (~293 K) and 
IR and solubility suggest that detars acts as a bidentate chelate (not a bridge).© A dodecahedral 
structure with bidentate arsines was suggested® for [VCl,(diars),] as it is isostructural with the 
corresponding titanium complex. When diars reacts with VCl, the only product is the 
eight-coordinate [VCl,(diars)2], while with detars Clark**’ reported that [VCI,L] is obtained 
and in no circumstances was another molecule added to the six-coordinate complex. The 
tritertiary arsines (29) and (30) in [VCI,L] were originally considered terdentate;** thus V'Y 
would be seven-coordinate. Further structural studiés are needed. 

AsEt, _-CH2AsMe, 
AsEt MeC—CH,AsMe, 

: Me,As AsMe, CH.AsMe, 

a 
Me 

(28) (29) (30) 

Attempts to prepare [VOCI,L,] (L=Ph3As and Ph3Sb) were unsuccessful and only the 
As-containing compound (Ph,As)2[VOCI,4] was obtained.*” The ESR and the single v(V—Cl) 
band (346 cm~') suggest a square pyramidal structure.*” 

33.5.5 Oxygen Ligands 

33.5.5.1 Oxovanadium(IV) in aqueous solutions 

(i) The vanadyl ion. Rate of exchange 

In moderately acidic solutions, oxovanadium(IV) exists as VO?* (or VO(H2O)3*) commonly 
called ‘vanadyl ion’ (Figure 19). The four water molecules of the tetragonal bipyramid have 
long residence time (see Table 15), and the axial water exchanges rapidly with the solvent. The 
‘labilization’ of the trans water has been explained as a result of 2 bonding.*** Water exchange 
is slow compared to other doubly charged ions.*”° The high charge of vanadium is important 
sas only in the formation of the vanadyl group but also in the coordination of the water 
molecules. 

Figure 19 Schematic representation of [VO(H,O)3*] and average internuclear distances (A) from electron spin echo 
modulation (ESEM), electron nuclear double resonance (ENDOR) and X-ray diffraction studies*? 

Proton and deuteron relaxation show that relatively slow hydrogen exchange occurs in 
neutral Solutions. The exchange is, however, acid catalyzed. Rivkind interpreted increased 
spin-spin relaxation rate with increasing acidity as due to protonated vanadyl and estimated 
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Table 15 Residence Times and Rate of Exchange of Water Molecules and Oxygen 

Coordinated to VO7* at 25°C 

‘Type’ of water Residence Rate of 
molecule time exchange Method 

(Figure 15) (s) (s-') used Ref. 

253,495 1.35: x 107? S03 ”ONMR se 
(equatorial) 
6 (axial) ~10°-" =< 10" "ONMR ie 

1 <20 a 
1(0°C) ty ~ 400 min 29XA0F* F” precipitation 

and 
H,O sampling 3 

1. J. Reuben and D. Fiat, Inorg. Chem., 1967, 6, 579. 

2. K. Wiithrich and R. E. Connick, Inorg. Chem., 1967, 6, 583. 
3. R. K. Murmann, Inorg. Chim. Acta, 1977, 25, L43. 

the constant 6, =[WOH**]/({[VO?*][H*]).*°° However, the similarity of the activation para- 
meters for the proton-catalyzed proton exchange of VO** and that of Ni** and Cr** is a strong 
argument against Rivkind’s interpretation.*°’ The hydrogen lifetime in the first coordination 
shell of VO** ions is determined by chemical exchange of the equatorial water.*°**? Nagypél 
et al. studied equilibrium (26) by spectrophotometric methods at constant [ClO;] (6M) and 
interpreted NMR relaxation at 2.5 and 100 MHz taking into account both chemical environ- 
ments and reaction pathways.“ The UV spectrum of solutions cannot be explained by 
protonation of the vanadyl oxygen: the protonation site is a coordinated water, contrary to 
Rivkind’s interpretation. The protonation constant for reaction (26) is 0.23 +0.05. Variations 
in absorption spectra have also been explained through anation by the acid (including 
ClO; *). For high acid concentrations, V'Y may be oxidized. Ballhausen and Gray explained 
the resistance of VO** to protonation in terms of the M.O. bonding scheme.*™ 

VO*+ +H* =—— VOH*t (26) 

Considering values in Table 15 and other kinetic data, Nishizawa and Saito classified the 
rates of substitutions into five categories (Figure 20): (1) very rapid apical substitution, (2) 
fairly rapid intramolecular rearrangement from apical to basal, (3) rather slow direct basal 
substitution, (4) slow chelate formation of a bidentate ligand coordinated as a unidentate and 
(5) very slow exchange of the oxo ligand. According to this view, regioselectivity between trans 

(apical) and cis (basal) sites on substitution reaches 10.4? 

RC H1085* 

| 

lay > 10's"! 

Figure 20 Different substitution rates at various coordination sites of oxovanadium(IV) ion (see text), with 

approximate first-order rate constants at room temperature 

(ii) Hydrolysis in solution 

From potentiometry, calorimetry (Table 16) and ESR spectroscopy,“°**® there is agreement 

about the species in moderately acidic solutions. On the other hand, the nature of species 

present-in neutral or basic solutions is still controversial. a 

In moderately acid solutions, oxovanadium(IV) exists mainly as [VO(H20)5]**. As pH 

COoc3-Q 



500 Vanadium 

Table 16 Hydrolysis of Oxovanadium(IV) at 25°C 

EEE 

Medium log By log Boz log B12 log Bz, Ref. 
a ee 

NaClO, (3 M) —6.0 —6.88 — — 1 

NaClO, (3 M) cd, —6.90 — — 2 

NaClO, (3 M) -6.1 —6.91 —10.05 _— 3 

NaCloO, (3 M) —5.67 —6.67 — — 4 

NaCloO, (1 M) —6.07 —6.59 — — 5 

KNO; (0.1 M) —5.44 7.18 — — 6 
LiClO, (0.1 M) —5.04 —6.72 — — 7 

KCI (3 M) —6.4 —7.45 —10.00 — 8 
MgSO, (1 M)* — Ea es, —_— S519 9 

Temperature is probably 25 °C. 
. F. J. C. Rossotti and H. S. Rossotti, Acta Chem. Scand., 1955, 9, 1177. 

. F. Brito, An. Quim., 1966, 62B, 123. 

. F. Brito, An. Quim., 1966, 62B, 193. 

. R. P. Henry, P. C. H. Mitchell and J. E. Prue, J. Chem. Soc., Dalton Trans., 1973, 1156. 

. I. Fébyn and I. Nagypdl, Inorg. Chim. Acta, 1982, 62, 193. 
. M. M. Taqui Khan and A. E. Martell, J. Am. Chem. Soc., 1968, 90, 6011. 
. A. Komura, M. Hayashi and H. Imanaga, Bull. Chem. Soc. Jpn., 1977, 50, 2927. 
. S. Mateo and F. Brito, An. Quim., 1971, 68, 37. 
. A. Diaz, Dr. Ph. Thesis, Facultad de Ciencias, UCU, Caracas, 1966. 

increases (but pH <4), evidence for the formation of [VO(OH)]* and [(VO).(OH),]** is 
strong. Table 16 summarizes the relevant constants (f,, is defined according to equation 27). 

[(VO),,(OH),"”] 
[vO**)"[H"*f 

OWMAIDNPSPWNHE F 

nVO** +pH,O @ (VO),(OH)?"’+pH* 8, = (27) 

Oxovanadium(IV) is amphoteric but only a few quantitative studies exist on vanadium(IV) in 
neutral or basic solutions. Ducret explained his observations by the existence at pH = 8-9 of 
[(VO).(OH);]~.*% Britton and Welford*® also suggested [(VO),(OH)10]*” to explain titration 
in basic solutions and Lingane and Meites*® interpreted polarographic data in terms of 
[(VO).(OH).]?~ and [(VO),(OH)10]?~. Ostrowetsky also assumed the formation of 
[(VO)(OH) 9] in neutral and basic solutions and obtained brown reddish crystals, 
(NH4)2V4Oo.*”° Chasteen remarked that species in the pH range 7-11 are ESR silent*’’ and 
suggested that polymeric [VO(OH)3], exist at pH ~ 7.*° 

Virtually all amphoteric oxides are converted to monomeric anions in sufficiently strong basic 
media. Rieger and co-workers studied strongly basic oxovanadium(IV) solutions by ESR, 
optical and Raman spectroscopy.*’”” Raman absorption at 987 cm‘ confirms the presence of 
the vanadyl group in solution, and from ESR spectra and titration, the authors concluded that 
vanadium(IV) exists as a monomer [VO(OH);]~ for pH = 12. 

In Figures 21(a) and 21(b), speciations of solutions with two different total oxovanadium(IV) 
concentrations are presented assuming that the predominant soluble species in the pH range 
ca. 6-11 is [((VO)(OH);]~. Further research is required to sort out the species and equilibria 
existing in neutral and basic solutions. 

Keer < [vo*][oH-]” 
SE ema, 

(VO),(OH)- = = 2 5 VO(OH), _ 
I 

Vo (oH); (VOLAOHs 
70 

% 5O 

1 

| 

| 

1 

| 

30 VO(OH)" \ 

- \ AX 
4 

pH pH 

(a) (b) 

Figure 21 Speciation in oxovanadium(IV) aqueous solutions: (a) Cyg=10°°M and (b) Cy g=2%x10-°M. 
Formation constants B,,, 62. and B25 are those reported by Komura et al. for 0.1 M LiClO, and 25°C.**’ For pH=5 
these speciations should only be used as a guide in order to give an idea of what may probably be the relative 
importance of the total concentrations of species [(VO),(OH); ],, and [(VO),(OH)¢],,. For pH = 12 apparently only 
[VO(OH); } predominates. Note that the ratio C,,onomeric? Cpolymeric increases as the Cy decreases and that in (b) 

K,, =[VO7*][OH}’ in the pH region ca. 4-8. In the calculations B,, was assumed to be 1 x 107'8 
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(iii) Redox behaviour of oxovanadium(IV) solutions 

Because of the multiple and slow equilibria, the elucidation of all the species present and the 
hydrolysis and redox equilibria is a difficult task. Redox behaviour of oxovanadium(IV) will not 
be discussed here: detailed information is given by Pourbaix,** Hepler and co-workers,” 
‘Gmelins Handbuch’*’’ or Baes and Mesmer.®” 

The most important half-cell reactions are shown in equations (28) and (29).476 
Oxovanadium(IV) can be oxidized by O,, more easily as pH increases; in acidic solutions, the 
blue VO** solutions are stable to air. Air oxidation in alkaline solutions (0.006-—3.8 M NaOH) 
is rapid at 15°C.*”’ The initial rate is proportional to [OH]. Fe™ catalyzes the reaction while 
Cr" inhibits it. With [V] > 0.002 M, the rate is controlled by diffusion of oxygen. When VO2* 
is chelated, oxidation may be considerably retarded and—as a rule—the more stable the 
complexes, the more pronounced this ‘retardation effect’. However, in 1:1 solutions of 
oxovanadium(IV) and tartrate at pH ~ 8, the oxidation is rapid.4”* The dissolved oxygen was 
depleted within a few seconds. 

VO; (aq) +2H* +e° == VO*t(aq)+H,O E°=1.00V (28) 

VO**(aq) +2H* +e == V**(aq)+H,O E°=0.359V (29) 

A study of several VO**—complexone—aqua complexes with a few outer-sphere oxidants 
proved the importance of an equatorial HO or OH™ ligand.*”? The products certainly have a 
hexacoordinate cis-dioxo structure. Presumably the aqua ligand can change into a new oxo 
ligand without changing its site, and the other donors are retained without rearrangement or 
partial dissociation. Further, significant regioselectivity exists:4” cis-oxo-hydroxo complexes 
are much more rapidly converted into cis-dioxo complexes (VY compounds) than cis-oxo-aqua 
complexes or those without hydroxo or aqua cis to the vanadyl oxygen. 

(iv) Mixed-valence species 

Ostrowetsky studied solutions containing VY and V'Y and concluded:**' (i) at pH=10, no 
mixed-valence complex forms; (ii) at 8S pH $10, one forms with a V'Y/VY ratio of 2, and at 
least six vanadium atoms; a solid, Nas[V3V4"O,5H], was isolated; (iii) at 4S pH 6.5, six 
different mixed-valence complexes form but only those with V'Y/VY ratios of 3/7 and 7/3 are 
stable; (iv) a compound containing eight VY and two V'Y transforms into the more stable 7/3 
compound in a few minutes; (v) all these compounds contain a Vio group in the molecule. 
Deep violet crystalline [Et,N],[V;O,,H2] was prepared from CHCl, (or similar) solutions 

containing [VO(acac),], EtsNCl and [Cu(acac),].°°?** Why it forms is not understood. It was 
formulated as [EtsN]4[V3 V5"O2sH,]. Two types of mixed-valence vanadium compounds are 
known: the very inert bronzes and the aqueous decavanadates. This compound appears 
intermediary, somehow related to both types.*®* Its colour, hardness and metallic lustre are 
similar to the bronzes. Yet it is soluble in water, producing a green solution with a spectrum 
similar to one of the 7/3 decavanadates described by Ostrowetsky.**! Robin and Day also 
discuss the formation of the stable 7/3 species proposed by Ostrowetsky and assume that all 
these anions almost certainly retain the Vj9Q2. skeleton.*” 

33.5.5.2 Peroxide ligand 

Orange-red oxoperoxovanadates(IV) (Ct)[VO(O2)F(H20)2] (Ct=NHz, K* Rb*, Cs*) 
were synthesized from (Ct)[VOF,] with HzO, in the molar ratio 1:12 (pH ~ 4)."™ Insoluble in 
common organic solvents, they decompose in water. Redox titrations indicate the presence of 
03- coordinated to the V!Y of VO?*. The wi are 1.70-1.75 BM and the optical spectra 
showed three absorptions at ca. 476 (or lower), 565 and 855 nm, the first obscured by strong 
charge transfer.“** v(V=O) of compounds (Ct)[VO(O2)F(H2O)2] was in the range 950- 
970 cm™?. 
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33.5.5.3 Alcohols 

Alcohols and phenols cleave two bonds of VCl, forming dichloroalkoxides. Those formed by 
aliphatic alcohols are dark green and dimeric in boiling benzene.° At 150°C (0.1 mmHg) they 
yield [V2OCI;(OR)s3]. The t-butyl and t-amyl alkoxide chlorides are made by alcohol exchange 
on the isopropoxides.° [VCl.(OR)2-ROH], where R=n- or t-butyl, give well-resolved ESR 
spectra with g,, = 1.95.**° While alkali metal alkoxides do not usually effect complete cleavage 
of V—Cl bonds, pale blue [V(OSiPh3)4] may be obtained in the reaction of VCl, with sodium 
triphenylsilanolate.**° The liquid analogue [V(OSiEt;),] forms from [V(NEt2)4] and triethylsil- 
anol in benzene.*”° 

Complete replacement of the halogen atoms in VCl, can be achieved using lithium 
dialkylamides. As described in Section 33.4.3.1.1, VCl, with LiNEt, gives the dark green liquid 
[V(NEt,)4]. This and [V(NMez),] react vigorously with alcohols to give moisture-sensitive 
tetraalkoxides [V(OR),].**° Molecular weight measurements in benzene show that the tertiary 
alkoxide complexes are monomeric liquids, the secondary are predominantly monomeric and 
the primary are associated.**’ An eight-line partially resolved ESR spectrum was obtained with 
pure V(OBu'), at 303 K.*8”-*!? The ESR parameters from room temperature**’ and frozen 
solutions*”°-4** indicate distorted Dz symmetry with a d,2_,2 ground state; the compound is 
magnetically dilute with .¢= 1.69 BM independent of temperature. Solid vanadium tetra- 
methoxide gave a very broad ESR spectrum. The results are consistent with a trimeric species 
[V3(OMe),.]. It shows significant temperature variation of .4.*'? Dimeric [V2(OEt)] also gave 
a broad ESR spectrum consistent with an orbital singlet ground state with magnetic dipole 
interaction. NMef and NH# salts of [VCl;(OR)]*~ (R = Me, Et, Pr”, Bu”) gave Men values near 
the spin-only value for a d' system with negligible temperature variation. 
VOCI,-3MeOH may be prepared when VCl, reacts with MeOH*” (cf. Section 33.5.3.2). 

Several other complexes [VO(L),,(X),,] where L is a relatively strongly bound ligand (e. &. Cia) 
and X is alkoxide or alcohol have been included in early reviews,°%°>7°° e.g. 
[NMe,][VOCL,(EtOH)]. Some are discussed in other sections according to the nature of L. 
Glycerol inhibits V'Y oxidation in alkaline solutions and prevents precipitation in the whole pH 
range. Absorption spectra indicate coordination of glycerol.*” 

The stability constants with ascorbic (31) and 5,6-O,O'-isopropylideneascorbic acids (32) 
have been estimated and are almost independent of the nature of the ligands,*?* which are 
unidentate, the hydroxyl groups in the lactone ring being involved in the coordination. A 
vanadyl ascorbate has been synthesized, formulated [VO(Cs;H;O,OH)]-2H,0.* 

33.5.5.4 Catecholate, polyketonate, hydroxyaldehydate and hydroxyketonate ligands 

(i) Catecholates 

Aromatic polyalcohols act as strong coordinating agents and Table 17 summarizes reported 
formation constants. The complexes are quite stable; this behaviour has been used for the 
qualitative and quantitative determination of vanadium (e.g. refs. 494 and 495). At pH 3-4, an 
initial vanadyl catechol complex slowly converts to a tris complex.**° In fact complexes with 1:3 
metal—ligand stoichiometry have been isolated (see below), but since in the equilibrium (30) no 
protons are consumed or liberated, [VO(cat),]’*~ and [V(cat)3]*~ are not distinguishable by 
potentiometric studies. 

VO(cat)>, +H,cat — = V(cat);' +H,O (30) 

HO_OH 

HO OH O CH—CH, 
= 2 a OH OH 

ol \-cucH.on Nr aes 
ies.) | brat <8e 

OH Me Me HOS SO3H 
(31) (32) (33) 

Bu' 

OH OH 

HO,S OH Bu‘ OH 

(34) (35) 
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Table 17 Formation Constants Bxyz of Oxovanadium(IV) Complexes with Aromatic Polyalcohols 
a i eI es eT 
Ligand LogBi19 Log Bix LogBy-, Log By» Medium Ref. gE 
Catechol 15.76 29.42 — — 25 °C, 0.06 M NaClO, 1 

(1,2-dihydroxybenzene) 16.85 31.48 — — 35 °C, 0.2 M NaClO, 7 
16.69 30.787 10.837 — 25°C, [=0 3 
17.7 33,5 -—- — 20°C, 0.1M KNO, 4,5 

1,2-Dihydroxybenzene- 
4-sulfonic acid 16.7 S12 — — 20°C, 0.1M KNO, 4,5 

1,2-Dihydroxybenzene- 16.8 Si — — 20°C, 0.1M KNO, 4,5 
3,5-Disulfonic acid 

(Tiron) 16.74 32.79 10.44 25.18 25 °C, 0.1M KNO, 5,6 
Pyrogallol 15.0 28.7 — — 20°C, 0.1M KNO, 4 

15.15 28.57 — — 35 °C, 0.2M NaClO, 2 
(33) 17.6 — 6.0° — 5 7/ 
(34) 17.31 32.66 — — 25°C, 1=0 8 
2,5-Dihydroxy-1,4- 

benzoquinone (= H,D) — IAN DRE — — 25°C, and /=1.0M 9 
3,6-Dibromo-H,D — 18.98° — — (acetate) 9 
3,6-Dichloro-H,D — 18.829 — — 
ee eee 

“The constants were reported in terms of H,L. They were converted to B,yz using the pK, values for J = 0.1 M KNO,. 
The value corresponds to [VO(L)]/([VO(OH)L][H‘]). 

«The values correspond to 6, studied in the pH range 5-7. 
The value corresponds to B,, studied in the pH range 6.5-8.5. 

1. R. Trujillo, F. Brito and J. Cabrera, An. Fis. Quim., 1956, 52B, 589. 

2. G. M. Husain and P. K. Bhattacharya, J. Indian Chem. Soc., 1969, 46, 875. 

3. R. P. Henry, P. C. H. Mitchell and J. E. Prue, J. Chem. Soc., Dalton Trans., 1973, 1156. 

4. J. Zelinka and M. BartuSek, Collect. Czech. Chem. Commun., 1971, 36, 2615. 
5. R. M. Smith and A. E. Martell, ‘Critical Stability Constants’, Plenum, New York, 1976. 
6. G. E. Mont and A. E. Martell, J. Am. Chem. Soc., 1966, 88, 1387. 
7. S. Chaberek, Jr., R. L. Gustafson, R. C. Courtney and A. E. Martell, J. Am. Chem. Soc., 1959, 81, 515. 

8. H. J. L. Lajunen and S. Parhi, Finn. Chem. Lett., 1979, 140 (Chem. Abstr., 1979, 91, 217 742g). 
9. J. F. Verchere and J. M. Poirier, J. Inorg. Nucl. Chem., 1980, 42, 1514. 

Although 1:2 complexes may be isolated, formation of 1:3 complexes and displacement of 
the vanadyl oxygen seem to be favoured. This effect is probably due to the exceptional 
chelating ability of 1,2-dihydroxybenzenes which appear particularly good o and a donors, an 
effect that stabilizes metal and ligand without a change in formal change. An interesting 
comparison can be made for K3[V™(cat)s],“°’ (EtsNH)2[V'¥(cat)3]*°° and Na[V’(DTBcat)3]**° 
(cat = CsH,03-, H,DTBcat = 35); d(V—O),, are 2.013, 1.942 and 1.91 A, and the ionic radii 
are 0.78, 0.72 and 0.68 A, respectively. 
From equation (30), whether a tris chelate is formed depends on the donor ability of the 

ligand. Several vanadium(IV) complexes with 1,2-dihydroxybenzenes formed from solutions of 
the ligand, VOSO, and thallium(I) acetate.’ The compounds are of two types: (1) 
TL[V(RCsH302)s] (R =e H, 3-Me, 4-Me, 3-MeO) and (II) TL[VO(RC.H302)2] (R a CHO). 

The crystal and molecular structures of (Ets;NH)2[V(cat);]:MeCN (37) and 
K,[VO(cat)2]-EtOH:H20 (36) were determined. Complex (36) has a square pyramidal 
geometry; d(V=O) = 1.616 A (longer than usual in complexes with geometry of type (41)) 
and d(V—O(cat)) = 1.956 A. Complex (37) has an approximately octahedral coordination 
geometry. (Et3NH)2[VO(L)2]-2MeOH (L=35 and 37) were prepared by displacement using 
[VO(acac)2] and adding the appropriate catechol.°® A similar method was used for 
Na,[VO(DTBcat),] (38).° Its absorption spectrum in CH,Cl, is dominated by intense change 
transfer which results in a bronze-coloured solution. When one equivalent of SOCI, is added to 

one of (38) in CH2Cl,, the solution immediately changes to blue. The resulting blue 

Na,[VCI,(DTBcat),] (39) can also be formed by the same procedure as for the synthesis of 
(38), but with VCl,(acac), in place of [VO(acac)2]. 

In contrast with catechol*9®°°!° and norepinephrine™’ complexes where V'Y seems to be 
the stable oxidation state, V'" and V'Y DTBcat complexes are oxidized to VY by protic 
solvents.°° However, observation of V'Y ESR does not necessarily imply complete reduction of 
VY by catechol;”© either partial reduction or even adventitious V'" could yield a similar result. 
Redox chemistry of vanadium-—catechol systems is complicated; References 256, 497 and 

499-508 discuss this subject in detail. In complexes, the metal centre may be in the +5, +4, +3 

(and +2) formal oxidation state and quinones complex in three localized electronic forms: 
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catecholate, semiquinolate and quinolate. A complex containing mixed charged ligands, 

[VYO(DTBSQ)(DTBcat)]}, (DTBSQ= semiquinonate of 35), has been characterized structu- 

rally and the formation of [V(Cl,SQ)(Cl,Q)2]*”” (Cl,Q = tetrachloroquinonato and Cl4SQ = 
tetrachlorosemiquinonato) has also been suggested. 

(ii) B-Diketonato ligands 

In addition to the very stable, commercially available, crystalline blue-green [VO(acac),], 

several other [VO(f-diketonato),] complexes have been prepared;*”°” they vary from yellow 
to green and brown. The i values are in the range 1.71-1.76 BM and normally decrease 

slightly in the range 300-380 K.° 
[VO(acac),] may be prepared by several methods (e.g. by one-electron reduction of VY by 

ethanol or mixing the diketone with VOSO,) and its crystal and molecular structure has been 

determined.*!! It consists of discrete molecules of [VO(acac)2] in which vanadium presents a 
nearly square pyramidal geometry (Figure 22). Some internuclear distances are in Table 18. 

The crystal structure of [VO(bzac),] (bzac = 1-phenyl-1,3-butanedionato) has also been 

determined.*!”* The ligands are arranged in a square pyramidal geometry with a cis 

configuration and each phenyl ring is nearly coplanar with its chelate ring. Some distances are 

in Table 18. IR and Raman spectra of [VO(acac)2] were studied.*’? 

Figure 22 Perspective view of VO(acac), molecule.*"’ Internuclear distances are given in Table 18 

Table 18 Internuclear Distances for Several Oxovanadium(IV) B-Diketonato Complexes 

Internuclear distances (A) 
Compound vV—O(1) V—O(2) V—O(3) vV—O(4) vV—O(5) V—xX Ref. 

[VO(acac)9] 1.56 1.97 1.96 1.96 1.98 ut 1 
Log! 1.974 1.955 1.962 1.983 _— 2 

[VO(bzac),] 1.612 1.952 1.986 1.982 1.946 —_ 3 
[VO(acac),(4-Phpy)] 1.58 a a a a a 4 
[VO(acac),(dioxane)] 1.62 ~1.99 ~1.99 ~d.99 ~1.99 a = 

“Not reported. 
1. R. P. Dodge, D. H. Templeton and A. Zalkin, J. Chem. Phys., 1961, 35, 55. 
2. P. K. Hon, R. L. Belford and C. E. Pfluger, J. Chem. Phys., 1965, 43, 3111. 

3. P. K. Hon, R. L. Belford and C. E. Pfluger, J. Chem. Phys., 1965, 43, 1323. 
4. M. R. Caira, J. M. Haigh and L. R. Nassimbeni, Jnorg. Nucl. Chem. Lett., 1972, 8, 109. 
5. K. Dichmann, G. Hamer, S. C. Nyburg and W. F. Reynolds, Chem. Commun., 1970, 1295. 

In many solvents, particularly water and alcohols, [VO(B-diketonato idi 
by atmospheric O2,°’’ but very ade with H,O,.%°° cael pr edinpeet 

The constant for reaction (31) for B-diketones in tautomeric keto (HK) and enol (HE) 
forms, can be partitioned between Kx and Kg (reactions 32 and 33). At equilibrium, equations 
(34) and (35) hold, and values obtained are given in Table 19.>!* Kinetics showed that the 
reaction occurs through the enol form by parallel acid-independent and inverse-acid paths 
(Scheme 15).°"4 

VO} +HL = VO(L)*+H* (31) 
2+ K VO**+HK == VO(E)*+H* (32) 

K 

VO**+HE == VO(E)*+H* (33) 
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Cetiey acl 

Kuk Ky cay 
[HE] _ Kx 
[HK] Kz (35) 

Table 19 Equilibrium Constants for Formation of Mono-f-diketone 

Complexes of VO** in Aqueous Solution at 25°C 

ESR Seat E22 Shc A a Oc RR PC VES Gh ee 

K,* Kx’ K;* log Biro =: log Bi 20 Ref. 

acac> 0.55 0.67 3.14 8.7 15.8 1.2 
tfacac? 0.32 O32) 973/05 — = 1 
tftacac? 0.11 0.11 10.39 == = 1 
bzac*® — — — 10.5 20.5 3 
ee eee ee 

tfacac = 1,1,1-trifluoropentane-2,4-dione; tftacac = 4,4,4-trifluoro-1-(2-thienyl)- 
butane-1,3-dione. 
., Constants K,, Kx and K;, are defined by equations (31)-(33). 
Except for log B19, B29, 1 = 1.0 M NaClO,. 

“T=0.1M. 
1. M. J. Hynes and B. D. O’Regan, J. Chem. Soc., Dalton Trans., 1980, 7. 
2. R. Trujillo and F. Brito, Anal. Fis. Quim., 1956, 52B, 407. 
3. N. V. Melchakova, N. A. Krasnyanskaya and V. M. Peshkova, J. Anal. Chem. 

USSR (Engl. Transl.), 1970, 25, 1756. 

ka 

VO** +HE = VO?*+E° +H?* 

ei alle 
K 

VO(HE)’* == VO(E)* + lee 

Scheme 15 

In dichloroethane the ligand exchange of [VO(acac).] with Hacac [*C] occurs without side 
reactions and the rate may be expressed by R = k[VO(acac).][Hacac], where [Hacac] is the 
concentration of the free acac in enol form.>? 

Electrochemistry of [VO(acac)2] in DMSO has been studied by cyclic voltammetry and 
controlled-potential coulometry at a platinum electrode.°’® [VO(acac),] is irreversibly reduced 
by one electron at —1.9 V us. SCE (saturated calomel electrode) to a stable V™ product. In the 
presence of an excess of ligand, [VO(acac).] is reduced by two electrons to [V(acac)3]~ with the 
V"" species mentioned above and [V(acac)3] as intermediates. The one-electron oxidation of 
[VO(acac)] at +0.81 V us. SCE gives a V~ product. 

The room temperature ESR spectrum of [VO(acac).] in toluene consists of the eight lines 
expected for an atom of spin 4, with g = 1.971 and an average coupling constant of 120 G.°’”°18 
In frozen (77 K) toluene solution, molecular tumbling ceases, different molecular axes of the 
axially symmetric [VO(acac),] are oriented along the applied field and the spectrum splits into 
two overlapping eight-line spectra. The single crystal spectra of cis-[VO(bzac)2] show 
anomalous fine structure.°!” 

Solvent effects and adduct formation of [VO(acac)2] and other [VO(6-diketonato),] 
complexes have been studied by several methods**'*°°??°°? and in coordinating solvents 
[VO(acac)s] is known to add a sixth ligand according to equation (36). Older reports include a 
spectrophotometric and calorimetric study of [VO(acac),] and [VO(tfacac)2] adducts.°? With 
[VO(acac),] in nitrobenzene, the enthalpy change for reaction (36) ranges from 44.3 kJ mol”? 
for n-decylamine to 24.3 kJ mol’ for methanol. Equilibrium constants K were between 1000 
and ~0.6. [VO(acac),] is not a sensitive indicator of relative base strength.°?? For [VO(acac)s], 
Ao decreases by ~3 G (and gp increases by ~0.0004) as amine adducts are formed.°” 

VO(acac), + ligand == VO(acac),(ligand) (36) 

Equilibrium constants for reaction (36) have been estimated from spectrophotometry. In 
some studies, visible spectra of solutions containing [VO(acac),] at constant concentration and 
base in variable concentration show an isosbestic point, which suggests but does not prove that 
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there are only two absorbing species. However, in all cases the results were interpreted 
according to equation (36). 

Table 20 summarizes results from several spectroscopic equilibrium studies of adduct 
formation [VO(acac),].°7°°32- 54 

In early work, solvent effects were explained by coordination at the vacant axial position. 
This was questioned by Guzy et al. who measured spectra of [VO(acac),] in numerous solvents 
and pointed out that, especially for hydrogen-bonding solvents, there might be interaction with 
vanadyl oxygen.**! Selbin concluded that for alcohols (and CHCl; and CH,Cl,), the H-bonding 
effect is greater with the vanadyl oxygen than with the acac oxygens.*°? The interaction of 
[VO(acac)2] with solvents has been measured by the *'V hyperfine coupling in mixtures of 
ethanol and CCl, as a function of solvent composition.*”° 

IR studies with pyridine derivatives**>°** showed the existence of adducts with the sixth 
ligand bound cis rather than trans to the oxygen; an X-ray study of the 4-phenylpyridine (Phpy) 
adduct confirmed this (Figure 23a).°°’ Interaction of ligands (solvent or a dissolved molecule) 
with [VO(acac).] may involve (i) coordination in a sixth position trans to the vanadyl oxygen, 
(ii) coordination in a sixth position cis to the vanadyl oxygen, and (iii) hydrogen bonding to the 
oxygen (or atoms of the ligand). 

While type (ii) was observed with the 4-phenylpyridine adduct, interaction of type (i) exists 
between [VO(acac).] and 1,4-dioxane (diox) or 4-picoline. With diox, a substantial change in 
the v(V=O) stretch is observed when it is added to [VO(acac),] in CHCI,** but only small 
effects for the visible spectra in nitrobenzene.*’ In the complex [VO(acac),(diox)], from 
X-ray analysis, the oxygen atoms of diox are coordinated trans to the vanadyl oxygen (Figure 
23b).°°? The crystal structure of [VO(acac),(4-picoline)] consists of discrete molecules with 
4-picoline in the trans position and a very short V=O of 1.557(17) A.” 

(b) (c) 

(a) 

Figure 23 Schematic representation of the molecular structure of (a) [VO(acac),(4-phenylpyridine)],°”” (b) 

[VO(acac),(1,4-dioxane)]}°*? (a dioxane molecule bridges two [VO(acac),] groups) and (c) [VO(OMe)(acac)],.°°? Some 

internuclear distances are included in Table 18 

Besides the structure of [VO(acac)2(Phpy)}°*’ and IR evidence,**°°*° ENDOR studies (see 

Section 33.5.1) suggest formation of cis adducts and/or the existence of cis and trans isomers. 

For [VO(acac),] with methanol and substituted pyridines in frozen CHCl;/toluene solutions, 

there must be a well-defined binding site for CHCls, most likely via a hydrogen bond to the 

vanadyl oxygen, and methanol is at the vacant axial position. For [VO(acac)z] and substituted 

pyridines in CHCl;, complexation induced constant shifts of 31+ 3 cm and/or 51+3cm 

(Table 21)°* attributed to cis (31cm~" shift) and/or trans (51 cm™* shift) adducts. However, 

the IR of solid [VO(acac),(substituted py)] (Table 22) were interpreted on the reverse 

assumption that cis coordination produces the larger shift of v(V=O). Kirsk and van 

Willigen consider that the group of pyridines that coordinate in the cis position induces a larger 

shift in v(V=O);*2” accepting this, they find a good correlation between the solution IR data?” 

and their own ENDOR. In a number of instances, the isomer that is present in the solid state 

may not predominate in liquid®*> and frozen solution. Other investigations emphasize subtle 

factors controlling equilibrium between different conformation.**°°?!°"" For example, Mannix 

and Zipp studied the visible spectra of [VO(acacX)2] (X= Cl or Br) in several solvents with a 

coc3-Q* 
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wide range of donor properties and obtained a linear relationship between the energy 

differences of the first two visible bands, D,,, and the solvent donor number.**” However, the 

[VO(acacX)2] compounds were found to be poorer acceptors than [VO(acac)2]; this is 

surprising. 

Table 21. v(V=O) (cm~*) in Solutions Contain- 

ing [VO(acac),] and Substituted Pyridines (1:5) 

in CHCl, at Room Temperature 

v(V=O) bands and 
Substituent relative intensity 

No adduct 1003 
3-CN 975 
4-CN 951 <975 
3-Cl 955 ~972 
3-Br 955 ~974 
3-CHO 953 >972 
4-Br 953 >969 
4-Cl 953 >969 
4-CHO 953 >971 
3-OH 950 

H 955 
3-Me 953 
4-Me 954 >971 
3-NH, 952 
4-NH, 949 
2-Me 954 ~975 

J. J. R. Fratisto da Silva and R. Wootton, Chem. 
Commun., 1969, 421. 

Table 22 v(V=O) (cm'') of 

[VO(acac),L] (L = Substituted 

Pyridines) 

Substituent v(V=0O) 

No adduct 999 
4-CO,Et 955 
4-COPh 957 
4-Ph 955 
3,5-Me, 959 
4-Et 959 
3-NH, 959 
4-Bu' 962 
4-NMe, 953 
4-NH, 958 
4-CN 974 
H 973 

4-Pr® 971 
4-Me 971 
3,4-Me, 975 

M. R. Caira, J. M. Haigh and L. R. 
Nassimbeni, J. Inorg. Nucl. Chem., 1972, 
34, 3171. 

A rather different study of the kinetics of decomposition of solid complexes of 
[VO(dbm),(L)] (dbm = dibenzoylmethanato, L=py and several methyl-, dimethyl- and 
amino-pyridines) used differential scanning calorimetry (DSC).**! Using the temperature that 
corresponds to the loss of the molecule L in equation (37), a linear relationship was found 
between it and the basicity of L, except for 4-amino- and 4-methyl-pyridine. 

VO(dbm),L —> VO(dbm), +L (37) 

In the coordination of 4-picoline N-oxide (MPNO) to a series of [VO(B-diketonato),] 
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complexes, IR spectra and equilibrium constants for adduct formation followed the order: 
titacac > tfacac > dbm > bzac > acac > dpm (dipivaloylmethanato). A similar order was found 
with several other neutral bases.°** For [VO(acac)2], the MPNO coordinates trans but for 
[VO(bzac).] and others the coordination is cis. A similar trend was found in compounds 
[VO(B-diketonato).(L)] with acac or tfacac and L= py, phen, a- and B-naphthoquinoline (a- 
and f-nq).** [VO(acac).(phen)]:2MeOH was prepared from an excess of phen with 
[VO(acac).] in methanol. The same reaction in CH,Cl, results in V'Y oxidation and 
[VO.(acac)(phen)] is obtained,“ while [VO(tfacac),(phen)] is produced in both solvents if the 
starting material is [VO(tfacac),]. In the two [VO(f-diketonato).(phen)] complexes, phen was 
said to be unidentate and a cis octahedral structure was proposed for [VO(tfacac)2(L)] 
complexes (L = py, phen, a-nq, B-nq).* 

Early publications on [VO(8-diketonato),] have been reviewed.**° More recently, complexes 
with. benzoyl m-nitroacetanilide, benzoyl acetanilide** and 1,1'-(1,3-phenylene)-bis(butane- 
1,3-dione*® have been synthesized. Other [VO(6-dik),] adducts have been isolated, for 
example [VO(acac)2] adducts with a series of pyridine N-oxides*’ and several pyridine 
carboxamides,**® and [VO(bzac),] adducts with pyridine, methylamine, isoquinoline and 
4-picoline.**? Equilibrium constants of 1:1 and 2:1 adducts of pyrazine with [VO(tfacac),] have 
been determined (equation 38).°°° In the 2:1 complex, the pyrazine bridge between two 
equatorial sites of adjacent vanadium atoms promotes a weak exchange interaction. The 
nitroxide radical 2,2,6,6-tetramethylpiperidinyl N-oxide also forms an adduct with 
[VO(hfacac),] in which there is a strong interaction between the electrons on the metal and 
nitroxide.*° 

K=1.5x106 K=2x 10° 
VO(tfacac).pz VO(tfacac), + pz [{VO(tfacac).},pz] (38) 

Oxidation of alkenes, sulfides, sulfoxides and amines by alkyl hydroperoxides (ROOH) is 
catalyzed by [VO(acac)] (equations 39-42),°°? and mechanisms involving association of 
ROOH with [VO(acac)2] forming VY compounds have been suggested.*°? The reactions of 
phenoxyl, iminoxyl, nitroxyl, peroxyl and alkoxyl radicals with [VO(acac),] in solution were 
studied by kinetic ESR spectroscopy” and the net reaction was found to be catalytic reduction 
of the radical, probably also involving initial formation of a VY compound. 

O wa 3 Ye 
eet ROOH Y%% Tae +ROH (39) 

if —S—+ROOH **5 —S—+ROH (40) 
O 
| vo2z+ SS —S—+ROOH YS °sO,+ROH (41) 

a 
rigs +ROOH Y2% ae + ROH (42) 

The reaction in alcoholic medium of a B-diketone, a base and VOCI, in 1:2:1 molar ratios 

leads to compounds [VO(alkoxy)(6-diketonato)],.°°° This is an interesting result since 

[VO(B-diketonato),] form if the reaction with the same species is carried out in molar ratios of 

2:2:1 or 1:1:1. Therefore, the stoichiometry in which the reagents are mixed will drive the 

reaction towards one product or the other. This behaviour was rationalized assuming Scheme 

16 where an intermediate [VO(OH)L] (not isolated) forms and is irreversibly transformed to 

the corresponding [VO(OR)L] compound. 

VOCL +HCl+20H> =———= VO(OH)L === }VOCI, + }VOL, + OH” 
ROH 
-H,0 

VO(OR)L —> [VO(OR)L], 

Scheme 16 

Several complexes [VO(OR)2(6-dik)], were prepared including [VO(OMe)(acac)],; for its 

crystal structure,*° see Figure 23(c).° It consists of dimeric units with a chair-like 
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arrangement and the geometry around the vanadium atom was best described as tetragonal 
bipyramidal. The vanadium lies 0.60 A above the plane of two B-diketone oxygens and two 
bridging alkoxy oxygen atoms. The wt is 1.80 BM, i.e. magnetic exchange is much greater in 
the Cu" analogues. V—V is 3.102 A. Although the compositions, homogeneity and molecular 
weights of the polymers obtained using [VO(OR)(f-dik)], complexes as Ziegler—Natta 
catalysts are almost the same as those obtained using the commercial catalysts [V(acac)3] and 
[VOCIs], the latter show higher activities. 
A few [VO(OMe)(f-diketonato)], and [VO(L)], complexes (L = polydentate O-coordinating 

ligands) also have a high catalytic activity for the oxygenation of catechols (namely 
3,5-di-t-butyl-1,2-dihydroxybenzene)°™* and this reaction was considered similar to the one 
catalyzed by pyrocatechase. 
A different group includes vanadium'Y hexacoordinate complexes with no vanadyl bond. 

Complexes [VO(L),,] (L = tetradentate or two bidentate ligands) react under mild conditions 
with SOCl or SOBr, producing [V(L),,Cl.] or [V(L),,Br2] hexacoordinate V'Y complexes.*” 
The same deoxygenation can be accomplished in dioxane by PCl;, which is even more reactive 
than SOCI,.°°° Complexes [V(f-diketonato)X,] (X=Cl, Br) have been studied with acac, 
bzac, dbm, tfacac: cis and trans isomers may form, in relative abundances which are solvent 
dependent. In non-polar solvent, the abundance of the trans-dichloro isomer decreases in the 
order tfacac > acac > bzac > dbm.*”’ All these dark compounds are rapidly hydrolyzed in air to 
vanadyl complexes. 

(iii) Hydroxyaldehydato and hydroxyketonato ligands 

Several VO** salicylaldehydato (and derivative) complexes [VO(L).] have been prepared 
although practically no work is recent. The early work has been reviewed**>*>”" and includes 
salicylaldehyde (Hsal) and the derivatives S-Cl-, 5-Br-, 3,5-Br2-, 3,5-Cl-, 4-phenyl- and 
4-amino-salicylaldehyde. The oxovanadium(IV) complex of 6-hydroxynaphthaldehyde was also 
reported.*°®°°? More recent studies include the synthesis of compounds formulated as [VO(L).] 
with L=(46; R=3-MeO, 5-Cl),*°7°°8 (47), 3,7-dimethyl-7-hydroxyoctan-1-al© and 4,6- 
dihydroxycoumaran-3-one (40).°°' IR spectra of the last suggests that coordination involves the 
3- and 4-oxygen atoms. No magnetic data are given and v(V—=O) = 965 cm™?. 

0. 

o- «(CN 
7 8 tog 2 O O — 6 O 

HO 1 / Me, Me, 

5 2 N 

O H 0 Me, Me, Me, Me, iF 

(40) ; (41) (42) (43) 

Oo oO 
| 

SS 

N OH OH 

0 CHO 
44) (45) (46) (47) 

x 

After mixing for a few hours a solution of (42) in CHCl, with a solution of VOSO, (pH 3) in 
H,O under Nz, a chelate with the B-ketoaldehyde (41), formulated as [VOL,], was obtained 
from the organic phase.*°? ESR showed Ao = 105 G. Similarly formulated complexes with the 
nitroxides (43) and (44) were observed in solution. [VO(tropolonato),] (tropolone = 45) and 
the deoxygenated compounds obtained by reaction with SOCI, and SOBr, (Section 33.5.5.4.ii), 
[VX.(tropolone),] (X=Cl, Br), have been studied.*? A trigonal prismatic structure is 
proposed with the chelate ligands occupying two vertical edges. 
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33.5.5.5 Oxoanions as ligands 

(i) Sulfate 

Hydrated sulfates VOSO,:xH,O are one of the most common starting materials for the 
preparation of oxovanadium(IV) compounds. Several forms have been characterized; some are 
in Table 23, which shows that V=O is 1.58-1.59 A and is longer in a- and B-VOSO, where the 
VO** group is involved in - - -V=O- - -V=O- - - chains; the HO molecules are either free or 
coordinated to the vanadium atom and the oxygens of VO, octahedra belong to water 
molecules, to SO, groups or to other VO, octahedra. 

Table 23 Anhydrous and Hydrated Forms of Vanadyl Sulfates VOSO,-xH,O: X-Ray Diffraction Data 

V—O internuclear distances (A) 

Vanadyl Equatorial Axial 
x oxygen oxygens oxygen Type of vanadium environment Ref. 

0 (6 form) 1.594 2.056, 2.005 2.284 Three-dimensional network with 1 
(unstable) 2.05, 2.016 chains of VO, distorted octahedra 

connected pairwise by an SO, 
group via corner sharing 

0 (@ form) 1.63 2.04? (x 4) 2.47 A VO, octahedron has four SO, 2 
tetrahedra in the equatorial plane 

horn O. 0 

elt OR OWD 7a Noi GE OA PE 
DAN aes acelin 3 

OH, O O 
OH, Sens O PS ee 

yim SS Bik No 

(48) 
ee ee 

9 ae a Ho | “A _ 08 
2 i 3 1.576 2.033, 2.048 2.280 wo Ny js PA or 4,5 

2.003°, 2.001 se1us0F 0 

~~ 
eos 

(49) 
O 

H,O. || -O—SO, ; 

5 1.591 2.048, 2.037 2.223 Vo 
2.035, 1.983* ve | H,O OH, z 

5 1.584 2.008, 2.019 2.181 OH, 
2.006, 1.994 

(50) 

eae 2 OH, 

5 (6 form) 1.591 2.031, 2.031 2.218 Dsiles 8 
unstable) 2.018, 2.018 “LOZ 
6 1,586...» 2.023; 2.021 2.029 a 2 9 

2.160, 2.004 2 
(51) 

> Selena na sets ne nn eae 

2 Oxygen atoms of SO, groups. 
15 © Kcnepaard our RE Tengo, Acta Chem. Scand., 1965, 19, 1906. 

2. J. M. Longo and R. J. Arnott, J. Solid State Chem., 1970, 1, 394. 

3. G. Ladwig, Z..Anorg. Allg. Chem., 1969, 364, 225. 

4. F. Théobald and J. Galy, Acta Crystallogr., Sect. B, 1973, 29, 2732. 

5. M. Tachez and F. Théobald, Acta Crystallogr., Sect. B, 1980, 36, 2873. 

6. C. J. Ballhausen, B. F. Djurinskij and K. J. Watson, J. Am. Chem. Soc., 1968, 90, 3305. 

7. M. Tachez, F. Théobald, K. J. Watson and R. Mercier, Acta Crystallogr., Sect. B, 1979, 35, 1545. 

8. M. Tachez and F. Théobald, Acta Crystallogr., Sect. B, 1980, 36, 1757. 

9. M. Tachez and F. Théobald, Acta Crystallogr., Sect. B, 1980, 36, 249. 
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Neutron powder data on VOSO,:3D,0 improved the location of hydrogen in the 
structure.°° In 2VOSO,:H2SO,, X-ray techniques show VO, octahedra linked by monodentate 
SO, tetrahedra into polymeric [VOSO,].. layers joined together by sulfuric acid molecules.™ 
Several (VO),H(SO,)3 hydrates have been reported.*°”* 
Oxovanadium(IV) sulfate solutions were studied by Ducret who concluded that [VO(SO,)] 

and [VO(SO,).|?~ form and reported [VOSO,]/([VO7*][SO7Z]) = 63.*% Others obtained 
2.4x 107.°° Pressure jump relaxation techniques on VOSO, solutions were explained 
according to equation (43): K = (3.0 + 0.5) x 107.°© Grigor’eva studied vanadium(IV) solutions 
over a wide range of H,SO, and SOZ concentrations.° 

k= 10° VO(H,0)SO,] + [VOSO. VO* +SO2- === VO(H,0)SO, == VOSO, Kal VOCLO)S0 + NOEOd (43) 

bs [vo**][SOz"] fast (outer sphere (inner sphere 
complex) complex) 

(ii) Phosphoric acids 

There are many old reports of solid vanadyl phosphates.*°° Complex formation in aqueous 
acidic (pH=3) vanadyl phosphate solutions was explained by formation of [VOHPO,], 
[HVO(HPO,)2]~ and [VO(HPO,)2]?~.° Orthophosphate coordinates as bidentate HPOZ-. 
The most important is [VOHPO,]. The formation of 1:3 complexes was considered unlikely. 
These*® and spectrophotometric results*® include a total of five monomeric species and were 
later discussed on the basis of Scheme 17.°”? [VO(H2PO,)2] is dominant in 1M HPO; solution 
at pH2,°” and the rate of loss of H,PO; was determined from *1P NMR. Aquation and 
anation rate constants at 25°C were estimated to be 2.5x10*s"! and 2x 10° mol7's“?, 
respectively. The anation rate constant indicates that coordinated water in [VO(H2PO,)]* is 
more labile than the equatorial HO molecules in the complex VO(H20)3*. 

VO**+H,PO; =—= VO(H2PO,)* 

VO(H,2PO,)* +H,PO; =—= VO(H2PO,), 

VO(H2PO,)" == VO(HPO,) + H* 

VO(H,PO,), == VO(H,PO,)(HPO,)~ + H* 

VO(H,PO,)(HPO,)> == VO(HPO,);” + H* 

Scheme 17 

The 22-line ESR spectra of oxovanadium(IV) pyrophosphate (5<pH<6) suggested a 
pyrophosphate trimer.’’”” Nag(VO)3(P207)3:18H2O had u = 3.6 BM and its solution ESR also 
exhibits a 22-line signal. Osmometry supported the trimeric nature.*”? Addition of base to its 
solution causes a decrease in the intensity of the ESR and at pH=11 no signal was detected. 
The explanation assumed (i) at pH7-8, disproportionation of trimer to monomeric 
[VO(P20,)2]®~ and an anionic species [(VO).(OH)10]°~ and (ii) at pH 9.5—10.5, base hydrolysis 
of the monomeric complex to [(VO)4(OH),0]*~.*” 

In vanadium phosphorus oxides, the oxidation state and the phosphorus: vanadium ratio can 
be varied. They act as heterogeneous catalysts in the oxidation of n-butane and n-butene to 
maleic anhydride.*’**”° The best catalysts have vanadium in the +4 state and a P:V ratio of 
~1. Understanding mechanisms requires crystal structures. That of [(VO) P20] is built of 
double chains of VO; octahedra that share edges across the chain.>”’ Pyrophosphates link the 
double chains into a three-dimensional network by sharing oxygen corners with vanadium. This 
compound forms at 400°C from [(VO),H,P20.], was studied by several techniques*”>>”° and 
characterized as VO(HPO,)-0.5H,0.°” Vanadyl hydrogen phosphate layers stacked along the 
c axis are held together by H bonding. The layers contain face-sharing VO, octahedra; one 
face-shared O atom is from an HO molecule that bridges the two vanadyl groups. The four 
remaining O atoms of each octahedron are shared with phosphate tetrahedra. Each 
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tetrahedron has three oxygens shared with vanadium and one OH group. (VO),P,O, contains 
double chains of VY) cations, and VO(HPO,)-0.5H2O contains isolated V?””—VY) dimers.5”5 

(iii) Perchlorate—oxovanadium(IV) solutions and salts 

Solutions of the perchlorate have been prepared by several methods (e.g. ref. 357a, p. 250): 
(i) precipitate VO. in the absence of O, and dissolve the solid with perchloric acid;°”? (ii) start 
with VOSO, and precipitate with Ba(ClO,),;°° (iii) reduce V‘Y) compounds, e.g. reduce 
NH,VO; with HCl and KI and precipitate halides with AgClO,;* (iv) reduce a slurry of VO; 
in perchloric acid at a platinum cathode.**’ SO, has also been used.°® Oxovanadium(IV) in 
stock solutions has been determined mainly by oxidation by KMnO, but several have used 
spectrophotometry."™ Frausto da Silva and co-workers used titrations of 1:1 VO** and 
edta,*””°8 Tapscott and Belford titrated 1:2 vanadyl perchlorate—sodium oxalate* and 
others*®**°8> used Gran’s method.*°° 

The blue, very hygroscopic [VO(H2O)s](C10.)2 has been shown to involve no ClO; 
coordination in solution or solid°®’ and has u = 1.70 BM*®’ (see also ref. 357a, p. 250). It is 
easier to get solids with ligands other than water, for example [VO(DMSO),]-(ClO,)2.°>° 

Benali—Baitich studied spectra of VO?*-perchloric acid (0 < [HCIO,] < 13.3 M).*© For high 
acid concentrations, V'Y is oxidized; others observed rapid oxidation in solutions containing 

~2.2 M NaClO, for pH =2.5.°°* From the visible spectra, ClO; coordinates.*°' However, such 
changes may arise from VOH* (see Section 33.5.5.1.i), not ClO; coordination.*” 

(iv) Nitrate-oxovanadium(IV) solutions 

Although dilute solutions of nitrate may be prepared, the instability of concentrated 
solutions and the reaction of HNO; with VO** have been reported.*®?°** Oxidation of VOSO, 
in acid at 80°C by nitrate is rapid, after a long induction which resembles an autocatalytic 
reaction.>*” 

(v) Miscellaneous anions 

A few sulfite, arsenate, selenite and selenate compounds were reported**>**’ but should be 
reinvestigated. VO?* forms a deep purple complex with phosphotungstic acid,°® in contrast 
with the yellow complex with VY. Spectrophotometrically, the formation constant is 1.3 x 10°. 

The kinetics with 12-tungstovanadophosphates were analogous to those with 12- 

molybdotungstophosphates.** 

33.5.5.6 Carboxylates 

(i) Monocarboxylates 

Table 24 summarizes most known VO(RCO?). complexes. The magnetic properties of 

formate hydrates differ from those of higher carboxylates. wig values are normally 1.45- 

1.80 BM and these complexes obey the Curie-Weiss law.*°* A magnetically normal hydrated 

formate, VO(HCO,),:H,0, is known*” and the compound K[VO(HCO;).] consists of infinite 

zigzag chains in which the V atoms are linked in an axial—equatorial manner by formate bridges 

(Figure 24).°°7 The geometry is pseudo-octahedral, the V atom lying 0.27A out of the 

equatorial plane. wey = 1.79 BM, indicating little or no magnetic interaction between the V 

atoms. Formation constant studies have been performed.**°”* 
Subnormal magnetic oxovanadium(IV) complexes that include this type of ligand have been 

reviewed by Syamal (Table 24).°°* v(V=O) values appear ~100cm™ lower than commonly 

found. Vanadyl acetate and halogenoacetates VO(CH3-,X,CO2)2, (n = 1, 2, 3, X=Cl or Br) 

are characterized by one v(V=O) at 895+5cm™’, by very low we (Table 24) and by 

antiferromagnetic spin-spin interactions. These results have been interpreted on the basis of a 

polymeric structure (52).°°*°* The same characteristics and interactions exist in many 

complexes of other aliphatic and aromatic carboxylic acids.*°8 [VO(salnpn)],°” polymeric with 
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Table 24 Vanadyl Monocarboxylate Complexes VO(RCO,), 

Ligand Meg v(V=O) (cm~') Ligand by 
(R in RCO;Z) (BM) 300 K 100 K Ref. (R in RCOZ) (BM) Ref. 

H (sesquihydrate) 1.70 1 CH,Cl 1.16 1 
H (monohydrate) 1.65 1 0.93 4 
H (hemihydrate) 1.45 1 CHCl, 1.16 1 
Me 1.24 902 891 Pe 1.20 4 

1.19 1 CCl, 1.20 1 

Et 1.24 893 885 3 1.24 4 
1.20 1 CH,Br EZ) a 

Pr® 1.29 891 883 3 CHBr, 1.25 4 
1.20 1 CBr, 1.02 4 

Pr 1.33 891 883 3 Me(CH;3)16 —_— 5 

123 1 Me(CH,),CH=CH(CH,), — 5 

Bu" 121 1 PhCH=CH 1.30 1 
Bu* 1.23 893 884 3 Ph,CH 1.18 1 

1.26 1 m-CIC,H, 133 1 3 
Bu‘ 122 1 o-IC,H, 1.25 3 
Me(CH;),4 1:25 1 

Me(CH,)<; 1,23 1 
Me(CH3). 125 1 

Me(CH,), 125 1 
Ph 1.38 1 

1:32 893 886 3 

PhCH, ns 1 

1.19 893 886 3 

1. V. T. Kalinnikov, V. V. Zelentsov, O. N. Kuz’micheva and T. G. Aminov, Russ. J. Inorg. Chem. (Engl. Transl.), 1970, 15, 341. 
2. A. T. Casey and J. R. Thackeray, Aust. J. Chem., 1969, 22, 2549. 
3. A. T. Casey, B. S. Morris, E. Sinn and J. R. Thackeray, Aust. J. Chem., 1972, 25, 1195. 
4. J. P. Walter, D. Dartiguenave and Y. Dartiguenave, J. Inorg. Nucl. Chem., 1973, 35, 3207. 
5. S. Prasad and K. N. Upadhyaya, J. Indian Chem. Soc., 1961, 38, 163. 

Oro = 

(b) 

(a) 

Figure 24 Schematic representation of the molecular structure of (a) the anion of K,[VO(HCO,),] showing the polymeric structure®”’ and (b) the [(VO),(CO;),(OH)]>~ anion. Some internuclear distances space 

07 \™ \ a 

(A e 
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V—=O:---V=O: - - interactions (see Figure 30), has small ferromagnetic interaction in contrast 
to that in polymeric [VO(MeCO,),]. 
ESR studies on [VO(MeCO,),] and its adducts with ethanol, acetic acid, phen, bipy and 

2-picoline have been reported: Different monocarboxylate compounds have been pre- 
pared (Table 25). 

Table 25 Monocarboxylate Compounds of Vanadium(IV) with Molecular Structures Determined by X-Ray 

Diffraction Studies 

Internuclear distances (A) 
Equatorial 

Vanadyl Oxygen monocarboxylate 
Basic units oxygen (trans) oxygens Ref. 

K,[VO(HCO,),] (polymeric) 1.598 2212 2.018 (av) 1 
[V3;03(PhCO,),(THF)] 1.626 2.186 (THF) 1.978 (av) 2 

(oxo-centred) 1.582 2.344 2.002 (av) 
1.568 2.452 1.980 (av) 

Na,[(VO).(CF3CO,),(THF),(H>O).] 1.951 2.290 (THF) 2.004 (av) 3 
(cyclic centrosymmetric units) (v(V=O) = 981 cm~*) 

1. T. R. Gilson, I. M. Thom-Postlethwaite and M. Webster, J. Chem. Soc., Dalton Trans., 1986, 895. 

2. F. A. Cotton, G. E. Lewis and G. N. Mott, Inorg. Chem., 1982, 21, 3127. 

3. F. A. Cotton, G. E. Lewis and G. N. Mott, Inorg. Chem., 1983, 22, 1825. 

Revision of early work®”’ on carbonato complexes formulated the violet NH# salt obtained at 
pH ~3.5 as Vi202gH14(CO3)g(NH4)10°23H2O and the purple K* salt obtained at pH ~8.5 as 
V12028H4(CO3)gK10:16H20.% v(V=O) occurs at 950 cm™ in both and v(V—O—V) at 525 and 
515 cm~' for the NH? and K* salts.% Deep violet crystals of the NHj salt made by reacting 
VOCIL, with NH,HCO; under CO, had the formula (NH4);[(VO)6(CO3)4(OH)o]-10H,O.™ 
The anion (Figure 24b) consists of crown-shaped hexanuclear aggregates consolidated by 
bridging hydroxo and carbonato groups, the latter functioning in a uw. mode as well as in the 
more common pl. mode. The six V atoms, each octahedral, are within 0.07 A of their mean 
plane in a pseudo-hexagonal arrangement. 

(ii) Polycarboxylates 

Oxovanadium(IV) forms stable complexes with polycarboxylic acids and many formation 
constants have been determined, including mixed complexes (Section 33.5.10). Potentiometry 
and NMR led to analysis of the paramagnetic contribution to relaxation as a function of 
[VO?*], [VO(oxal)] and [VO(oxal).}’~ for the oxalate system and [VO7*], [VO(Hmalon)]*, 
[VO(malon)] and [VO(malon),]?~ for the malonate system.*** Table 26 summarizes their rate 
constants. Proton exchange rate constants are higher than those for the free ion (k= 

1.7 x 105 s~1,584 6.2 x 10-4571, 8 x 10*s7!© and 1.8 x 10°s~!™). Similar faster exchange 
was found in other systems and may be explained assuming that the coordination of the ligand 
weakens the VO—OH, bond, increasing the exchange rate of the water molecule, reflected 
also in the proton exchange. The surprising proton exchange rate for [VOL,]*~ was explained 
by an intramolecular rearrangement (53 <> 54).°** 

Table 26 First-order Rate Constants of the Proton Exchange 

Between the Bulk Water and the Different Paramagnetic 

Species (J = 1M NaClO, and T = 25°C) 

Species KX 105652) 

[VO(oxalate)] 1.85 
[VO(oxalate),]”~ 2.30 
[VO(malonate)] 1.85 
[VO(malonate),]*~ HSS 
[VO(Hmalonate)]* 1.43 

I. Nagypél and I. Faby4n, Inorg. Chim. Acta, 1982, 61, 109. 
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(53) 

Che and Kustin studied complexation;**® results for oxalic and malonic acids are in Table 27. 
From previous relaxation data’ and their own results, they concluded that the rate constants 
are more consistent with a ‘normal’ dissociative pathway if VOL formation from [VO(OH)]* is 
assumed. 

Table 27 Forward Rate Constants for Vanadyl Complexation 

(J =0.5 M KNO, and T = 25°C) 

Ligand k, x 107? (mol s~’) Ref. 

Malonate ~20 1 

2.18 zZ 
Oxalate ~40 1 

~1? 2: 

* Including [VO(OH)"] in the overall reaction mechanism. 
1. H. Hoffmann and W. Ulbricht, Ber. Bunsenges. Phys. Chem., 1972, 76, 

1052. 
2. T. H. Che and K. Kustin, Inorg. Chem., 1980, 19, 2275. 

Many formation constants involve polycarboxylates; Table 28 summarizes the data. Nagypél 
and Fabian’s report on the oxalic and malonic systems seems the most complete as hydrolysis 
of both metal ion and complexes has been included.*** A concentration distribution of the 
complexes in the malonic system is shown in Figure 25. The order of basicities is 
succinic > citraconic > itaconic > maleic > malonic acid and log Bi; should follow the same 
order. However, from Table 28, the order of stabilities is citraconic > malonic > maleic > 
itaconic > succinic acid.%® 

100 

80 

60 

So 

Figure 25 Speciation in oxovanadium(IV) + malonic acid solutions calculated assuming Nagypal et al.°** formation 
constants (J = 1.0M NaClO, and 25 °C) for Cyo = 0.02 M and C,,4)/Cyo = 2.0 

Many solids have been isolated and Table 29 summarizes most. Solid oxalate complexes have 
been prepared from vanadium(IV) salts and from V,Os. They form readily and are mainly of 
two types: (M)2[VO(oxal)2]:xH,O and (M)2[(VO)2(oxal)3]-xH20. VO(malon):-4H,O and 
VO(maleate)-2H,O were prepared from vanadyl hydroxide, and bis malonate and maleate 
complexes have been synthesized from vanadium(IV) and vanadium(V) salts. Several 
mixed-ligand complexes containing polycarboxylates as one ligand have also been prepared 
(see Section 33.5.10). 
Complexes with succinate, glutarate and adipate have subnormal magnetic properties that indicate V---V_ interactions.*°$ Oxalato, malonato and maleato 1:1 complexes appear 

monomeric as indicated by v(V=O) and uty, and ease of formation, stability constants and decrease in v(V=O) follow the order: oxalate > malonate > maleate. For the 1:2 complexes 
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Table 28 Formation Constants B,,, of Oxovanadium(IV) Polycarboxylate Complexes 
ee as Oe a Es eta ort oN etheg) egettind 

Ligand (H,,L) Log Bi10 Log B20 Log Bi Log Bus Log By21 Ref. 

Malonic acid 5.59 9.48 6.20 0.52 2.56 ile 
S48} 8.85 — — = a} 
6.10 10.60 — — — 3° 

3.80 — — — as 43 
Oxalic acid 6.45 11.78 as = — me 

4.65 9.35 — 1.07 —_— 5° 
f 12.0 —_ as) —_— 6 
—~ 9.76 — — — 7 
— 9.76 — — a gp 

Maleic acid 5.19 = ei 24 les 3° 

4.41 _ — —0.33 — Sh? 
Diglycollic acid 4.05 6.68 — — 2s gi 

3.94 6.43 —_ —_— — 9) 
3.84 6.26 a — a ox 
4.06 6.70 — — = 9! 

: 5.01 — — — — 10™ 
Dithiodiacetic acid 3.96 6.78 = a = gi 

3.82 6.48 — — — 9 
3.66 6.28 —_ — — 9x 
3.98 6.81 = — — 9! 

Glutaric acid 3.18 —_ — — — ites 
Succinic acid 3.65 — — — —_— 3° 

: 3.66 — — = a 55 
Adipic acid 3.48 — — —_ — BY 
Itaconic acid 3.91 — — — —_— 35 
Citraconic acid 6.33 —_ — — = 3° 
Thiodiacetic acid : 3.14 — — — _ 10™ 
Ethylenedithioacetic acid" 2.68 — — —_ — 11™ 
Phthalic acid — 12S 

*I1=1MNaClO, and T=25°C. *T=1 MNaClO, and T=20°C. “I=0.1MNaClO, and T=30°C. *T=20. “I= 
0.1MKNO, and T=30°C. ‘Evidence for formation. ®/=0.5M NaClO, and T=18°C. "1=0.05M NaClO, and T= 
18°C. ‘1=0.1MNaCIO, and T=25°C. }J=0.2MNaCIO, and T=25°C. “J=0.3M and T=25°C. '1=0.1MNaClO, and 
T=35°C. ™1=0.5M and T=25°C. "Comparing the stabilities of the glutaric, thiodiacetic and ethylenedithiodiacetic acids, Napoli 
(ref. 11) referred to the basicity of the ligand computing log B,,./log 8,2 and concluded that sulfur is probably also involved in the 
coordination of the ethylenedithiodiacetate ion. ° Room temperature ESR spectra of aqueous VO** -phthalic acid (H,Pta) solutions 
at pH <5 were interpreted by McBride (ref. 12) in terms of VO"* and [VO(Pta)] only. 
1. I. Nagyp4l and I. Fabian, Inorg. Chim. Acta, 1982, 61, 109. 
2. A. A. Ivakin, E. M. Voronova and L. V. Chaschina, Russ. J. Inorg. Chem. (Engl. Transl.), 1970, 15, 1839. 

. K. J. Narasimhulu and V. V. Seshaiah, Indian J. Chem., Sect. A, 1980, 19, 1027. 
P. K. Bhattacharya and S. N. Banerji, Curr. Sci., 1960, 29, 147. 

. S. P. Singh and J. P. Tandon, Acta Chim. Acad. Sci. Hung., 1974, 80, 425. 
L. P. Ducret, Ann. Chim. (Paris), 1951, $12, 6, 705. 

. R. Trujillo and F. Torres, An. Fis. Quim., 1956, 52B, 157. 

. R. Trujillo, F. Torres and J. Ascanio, An. Fis. Quim., 1956, 52B, 669. 

. R. K. Baweja, S. N. Dubey and D. M. Puri, J. Indian Chem. Soc., 1980, 57, 244. 
10. A. Napoli, J. Inorg. Nucl. Chem., 1973, 35, 3360. 

11. A. Napoli, Monatsh. Chem., 1981, 112, 1347. 
12. M. B. McBride, Soil Sci. Soc. Am. J., 1980, 44, 495. 

the stability and bond strength (as indicated by v(V=O)) follow the same order.°"° The ease of 
dissociation follows the inverse order. 

(NH,)[VO(oxal),(H,O)]-H,O has been studied by X-ray diffraction and involves the 

equatorial coordination of one water molecule (see Figure 26a).°!* (Hpy)[VO(oxal)(F)(H20).2] 
is monomeric with a  pseudo-octahedral geometry (see Figure 26b). re) 

(H,Tmen)[VO(malon)2(H2O)]-2H20, the vanadium is octahedrally coordinated to four malo- 

nato oxygens, to vanadyl oxygens and to a water molecule (trans to V=O).°'* Comparison with 

[VOCI,(tmn),] (tmn = N,N,N’',N'-tetramethylurea) suggests that a weak extended exchange 

interaction of magnitude comparable to the nuclear hyperfine splitting is responsible for the 

_ ESR. : 

33.5.5.7 Hydroxycarboxylates 

(i) Tartrate 

Salts of oxovanadium(IV) tartrate anions have been prepared, e.g. by reduction of V2O; with 

an excess of either the optically active or racemic acid followed by addition of MOH.** 
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Table 29 Oxovanadium(IV) Polycarboxylic Acid Complexes 

a 

Complex uty ° (BM) v(V=0O)? (cm~') Ref. 
ee ee Oe 

VO(oxal):nH,O (n = 2, 3 or 4) 1.71-1.73 986-988 i; 2 
[VO(oxal)(DMSO),] 1.74 986 3 
[VO(oxal)(antipyrine),] 174 980 3 
VO(oxal)-H,oxal-3H,O _ 973, 988 4 
4 x VO(oxal):H,oxal-H,O ~ _ 5 

(Hpy)[VO(oxal)(F)(H,0),] ae i 6 
(Hmorph)[VO(oxal)(H,O)] 1.83 7 
(NH,)[VO(oxal)(F)(H,0),] 1.82 7 
K,[VO(oxal)(F).(H,O)]-H,O 1.82 7 
(NH,)3[VO(oxal)(F)3]:H,O 1.82 7 
(Ct),[VO(oxal),.]-xH,0 1.91-1.99 [940-980] 8 

(Ct= Li, Rb*, Cs*, Hpy, 
$H,en, Hmorph) 

(Me,N),[(VO).(oxal)3]-3.5H,O 1.23 [940-980] 8 
(2-Hpicoline)[(VO),(oxal).]-6H,O 1.14 [940-980] 8 
[Co(NH3)¢]2[(VO)(oxal);]-SH,O 125 [940-980] 8 
(NH,4)2[VO(oxal).(H20)]-H,O —— a 9 
(Ct)[(VO),(oxal)3]-7H,O 1.65-1.70 990-1000 3, 10-13 

(n =0, 4, 6 or 8.5 and Ct =NHj, 
Na‘ or K*) 

(NH,)2[(VO),(oxal),]-2H,O agp 988, 976 10, 12 
VO(malon)-4H,O 1.78 990 14 
(Ct).[VO(malon),]-nH,O (n = 0-5; 1.72-1.87 967-988 12, 15-17 
Ct=H*, NH7, Na‘, K*, Rb’, 
Ger Wh ets Cn yee, 
Ba**, KTH") 

(H,tmen)[VO(malon),(H,O)]-H,O 18 
VO(maleate)-2H,O 172 1000 14 
(NH,).[VO(maleate),]-3H,O 0.72 1003 16 
[VO(succinate)] 122 — 15 
[VO(glutarate)] 1.29 — 15 
[VO(adipate)] 14.23 — 15 

S H,tmen = N,N,N’, N’-tetramethylethylenediamidium,; Hmorph = morpholinium. 

° When the line of the table corresponds to more than one complex, the values presented for ui, and v(V=O) are the lowest and 
highest reported in the original publications. For many compounds no data are available. 

. D.N. Sathyanarayana and C. C. Patel, J. Inorg. Nucl. Chem., 1965, 27, 297. 

. K. C. Satapathy, R. Parmar and B. Sahoo, Indian J. Chem., 1963, 1, 402. 

. D. N. Sathyanarayana and C. C. Patel, J. Inorg. Nucl. Chem., 1966, 28, 2277. 

. J. Selbin and L. H. Holmes, Jr., J. Inorg. Nucl. Chem., 1962, 24, 1111. 
. Gmelins Handbuch der Anorganischen Chemie, 8. Auflage, Vanadium, Teil B, Lieferung 1, 1967, p. 349. 
. A. J. Edwards, D. R. Slim, J. Sala-Pala and J. E. Guerchais, Bull. Soc. Chim. Fr., 1975, 2015. 

. A. K. Sengupta, B. B. Bhaumik and R. K. Chattopadhyay, Indian J. Chem., Sect. A, 1980, 19, 914. 

. B. B. Bhaumik and R. K. Chattopadhyay, Indian J. Chem., Sect. A, 1981, 20, 417. 

. R. E. Oughtred, E. S. Raper and H. M. M. Shearer, Acta Crystallogr., Sect. B, 1976, 32, 82. 
10. D. N. Sathyanarayana and C. C. Patel, J. Inorg. Nucl. Chem., 1965, 27, 2549. 
11. J. Selbin, L. H. Holmes, Jr. and S. P. McGlynn, J. Inorg. Nucl. Chem., 1963, 25, 1359. 
12. C. G. Barraclough, J. Lewis and R. S. Nyholm, J. Chem. Soc., 1959, 3552. 
13. Gmelins Handbuch der Anorganischen Chemie, 8. Aufilage, Vanadium, Teil B, Lieferung 2, 1967, pp. 408 and 441. 
14. D. N. Sathyanarayana and C. C. Patel, Bull. Chem. Soc. Jpn., 1967, 40, 794. 
15. V. T. Kalinnikov, V. V. Zelentsov, O. N. Kuz’micheva and T. G. Aminov, Russ. J. Inorg. Chem. (Engl. Transl.), 1970, 15, 341. 
16. D. N. Sathyanarayana and C. C. Patel, Indian J. Chem., 1968, 6, 523. 
17. Ref. 13, pp. 408, 441, 475, 491, 499, 517, 523, 530, 551. 
18. D. Collison, B. Gahan and F. E. Mabbs, J. Chem. Soc., Dalton Trans., 1983, 1705. 
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Figure 26 Perspective diagrams of the complex anions (a) [VO(oxal),(H,O)]*~ ®* and (b) [VO(F)(oxal)(H,O),]~ ;°? 
interatomic distances are in A. In (b) the H,O and F™ are distributed in a ‘disordered fashion’ and the 1.75 A distance 

may be considered an average of the distances expected for a V—F bond (1.9 A) and a V=O bond (1.6 A) 
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According to M (Na*, K*, NHi, NMej, Rb*, Ba**, NEt?), M,,[(VO)2{( + )-tart} {(— )- 
tart}]-xH,O or M,,[(VO)2{(+ )- or (— )-tart}2]-xH.O have been obtained.*®**° Several methyl 
tartrate derivatives have been used as ligands and compounds isolated. Table 30 summarizes 
products. The (+, +) [or (—, —)] isomer requires a trans configuration about vanadyl and 
the + a cis configuration. Compounds include (NH4)4[(VO)2{(+ )-tart}2]-H.0,°° 
Na,[(VO).{( + )-tart} {( — )-tart}]-12H,O,°° (NEt,)[(VO)2{( + )-tart}{(— )-tart}]-8H,O (V—V 
distance = 3.895 A), | Na,[(VO) {( + )-dmt} {(— )-dmt} ]-xH20 (v= 6,0" 12°") “and 
Na,[(VO)2{( + )-threo-mmt}{(— )-threo-mmt}]-14H,0.°" The geometries of the dimeric an- 
ions are those of Figure 27 and only slight changes occur with the counterion. . | 

Table 30 Some Oxovanadium(IV) Tartrate Compounds - 

Band maxima (um)? 
II Compound* v(V=O) or ue (300 K) I Il 

Na,[(VO)>{(+)-tart} {(—)-tart}]-12H,O 1.72 BM 1.33 1.88 2.34 
Na,[(VO),{(+)-tart},]-6H,O 925 cm™', 1.75 BM 1.10 1.70, 1.95 2.51 
(NH,)2[(VO),{(+)-tart},]-2H,O 1.20 1.70, 1.96 2.55 
Na,[(VO).{(+)-mmt} {(—)-mmt}]-14H,O 924 m7! 1.39 1.90 2.36 
Na,[VO).{(+)-mmt} {(—)-mmt}]-10H,O 1.40 1.90 2.38 
Na,[(VO),{(+)-mmt},]-8H,O 1.10 1.65, 1.87 2.43 
Na,[(VO),{(+)-dmt} {(—)-dmt}]-12H,O 939 cm7! 1.20 1.75 2.74 
Na,[(VO),{(+)-dmt} {(—)-dmt}]-6H,O 937 cm™! 1.26 1.88 2.70 
Na,[(VO),{(+)-dmt},]-14H,O 1.06 1.72, 1.89 252 
Na,|(VO),{(+)-dmt},]-12H,O 1.10 1.72, 1.90 2.45 
Ba,[(VO),{(+)-dmt},]-12H,O 924 cm! 1.13 eral eee 2.58 

“tart = tartrate’ anion, mmt = monomethyltartrate” anion (threo isomer) and dmt = dimethyltartrate* anion. 
° Positions of band maxima in visible spectra of solid complex salts as Nujol mulls. 
1. S. K. Hahs, R. B. Ortega, R. E. Tapscott, C. F. Campana and B. Morosin, Inorg. Chem., 1982, 21, 664. 

Figure 27 Schematic representation of [(VO),(tart),]*~ units in tartrate complexes. Internuclear distances are given 

for (a) (NH,)4[(VO)>{(+)-tart},]-H,O° and (b) Na,[(VO),{(+)-tart} {(—)-tart}]-12H,O 

ESR suggested that the methyl-substituted dimers exhibit a shortened V—V distance." In 

Na,[(VO)2{( + )-dmt}{(— )-dmt}]-12H,O the V—V distance is 3.429A and the Yanadium 

distance to the basal plane is 0.394 A, 0.60 and 0.13 A shorter than for (+ )-tartrate*~. 

Tartaric acid is dibasic (Hptart), carboxyl protons being ionized by pH5. The hydroxyl 

groups are not ionized (pK.3 ~ 14 and pKa4 ~ 15 .6).° The formation constants of (+ )-, (-)-, 

(+ )- and meso-tartaric acids with VO** confirm binuclear complexes of optically active and, to 

a lesser extent, meso acids with VO?*.°? 

Electronic and CD spectra of the solid and solutions of oxovanadium(IV) ( + )-tartrate are 

identical, as are their IR spectra,’ good evidence that the dimeric species in solution is the 

same as that found in the crystals. An unusually well-defined triplet state ESR has been 

recorded for liquid and frozen solutions.” 
. | 

Racemic and optically active solutions behave differently, with large stereoselective 
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effects.’ The reaction corresponding to equation (44) has K = 16°” and a reaction enthalpy of 

(6.9 + 0.4) x 10° J mol7!.°8- The kinetics were also studied.” 

3[(VO)2{( + )-tart}.]*~ + 3[(VO)2{(— )-tart},]*" == [(VO)2{(+)-tart}{(—)-tart}]™ (44) 

(ii) Other hydroxycarboxylate ligands 

Hydroxycarboxylate systems have been extensively studied. Solution spectra of most vo?* 
complexes contain, at most, three bands in the visible region that may be assigned to d—d 
transitions; however, alkaline solutions of most a-hydroxycarboxylates exhibit four bands*®° 
ascribed to a reduced symmetry of the ligand field by trans coordination of two strongly bound 
ionized hydroxyl oxygens*”* (perhaps accompanied by distortion towards a trigonal bipyramidal 
geometry).~° Table 31 summarizes part of the reported spectra: in several cases, the four 
bands suggest that a-hydroxycarboxylato complexes have trans coordination. In 
Na(EtsN)[VO(benzilato),]-2PrOH, vanadium is five-coordinate and distorted square pyrami- 
dal, and the bidentate ligands are mutually trans.“° The solution, single crystal and 
polycrystalline optical spectra exhibit four bands similar to those of the trans-vanadyl—( + )- 
tartrate system (Table 31). 

Table 31 Spectral Bands Observed in Optical Spectra of Oxovanadium(IV) Hydroxycarboxylates in Aqueous 

Solution 

A/nm (€/1 mol~! cm7*) 
Ligand pH I IIA IIB III Ref. 

(+)-Tartrate ~8 737 (25.4) 536 (25.4) 421 (52.9) 1 
(+)-Tartrate ~8 902 (22.6) 590 (22.4) 533 (27.7) 399 (46.4) 1 
Benzilate 8.5 847 (31) 599 (26) 541 (27) 417 (36) 1 
Mandelate 8.5 826 599 535 413 1 

Lactate Si] 813 599 529 407 1 
Malate Si] 815 608 530 410 1 
Citrate >9 715 671 555 2 

8 1052 649 V/A 2 

1. Collected in R. M. Holland and R. E. Tapscott, J. Coord. Chem., 1981, 11, 17. 
2. B. M. Nikolova and G. S. Nikolov, J. Inorg. Nucl. Chem., 1967, 29, 1013. 

Complexes with (R)-lactate have been studied by ESR®’ and CD.°**°.**? Lactate is near water 
in the spectrochemical series and its low pK, helps reduce error due to hydrolysis and 
oxidation. Table 32 summarizes the data. The pK, of the R—OH is quite high (especially for 
the aliphatic acids). Many have considered coordination in VO?* hydroxycarboxylate to 
involve the COz and OH groups and assumed the dissociation of the OH. As structures (55) 
and (56) or (57) and (58) are not pH-metrically distinguishable, if the pKQ™ is not known, 
other techniques must establish the species present. 

O O : O ni O ‘ \ ] 00C-R—0H eos ite Py ier: ait 
of SONA C=O pea C=0 ae Cc=—0 

i ra oO / HO D wee 

(55) (56) (57) (58) 

From ESR, for (R)-lactic acid (Hplact), five species were required: [VO(Hlact)]*, 
[VO(Hlact)2],, [VO(lact)], [VO(lact)(Hlact)]~ and [VO(lact),]*~; for glycolic acid (Hoglyc): 
[VO(glyc)] and [VO(glyc),]*".°°* Another ESR study assumed only [VO(glyc),]?~ formation.©° 

With salicylic acid (H,SA) and 5-sulfosalicylic acid (H,SSA), titrations have been 
interpreted in terms of coordination with CO,H and OH ionized, although the pK, values of 
the OH groups are high (pK?"~11.4 for HSSA~ and 213 for HSA).%? ESR spectra of 
solutions containing salicylic acid (H,SA) at pH=S5 were interpreted in terms of VO, 
[VO(SA)] and [VO(SA),}?~ species.** A different model involves VO?*+, [VO(HSA)*] and 
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Hees (see Table 32).°° Early reports include (Ct)2[VO(SA)2]-3H2O (Ct = K*, NHj and 
Ca?*) and Tl,[VO(SA),].?°°”” 
DMF solutions of chelates of 1-hydroxycyclohexanecarboxylate and mandelate exhibit the 

half field ESR at ~1500 G due to AM =2 (g ~4),*°8 as does aqueous VO** citrate at pH 6-9, 
indicating V---V_ interactions.°° [(VO),(citrato),]‘4H,O has iy =1.51BM, like 
VO(trihydroxyglutarato)-0.5H,O (ut¥ = 1.57 BM).°” Dimeric 2:2 complexes with citrate and 
malate explain proton relaxation in the pH range 3—-10;°** comparative dialysis and spectropho- 
tometry at pH 2-7 suggested the existence of 1:3, 1:2, 1:1 and polymeric 1:1 species.®” Early 
reports include (Ct),[(VO)2(citrato).|-nH.O (Ct=Na*, K*, NH7 with n=12, 6 and 0 
respectively) .*°’ 

(NH4)2[VO(benzilato).], (NH4)2[VO(fsa)(OH)2H,O] and (NH4)2[VO(fsa)2]-2H2O (fsa = 3- 
formylsalicylato) have wtf 1.67-1.73 BM,™° as well as [VO(3,5-dinitro)SA),]-2H,0.™% Some 
of these have high antimicrobial activity.°° 

The effect of exchange of lactic, mandelic and sulfosalicylic acids on the relaxation of 
solvent protons gave rate constants (k) of exchange from 1.73 to 0.701 mol~' s~'.™ Kinetics of 
complex formation with mandelic (HMDA) and vanillomandelic acids (HVMDA) gave rate 
constants (1.09 x 10° and 1.13 x 10’ mol~'s~' for MDA~ and VMDA_) consistent with a 
dissociative (Eigen) mechanism.**® As in the case of oxalic and malonic acids (Section 
33.5.5.5.ii; Table 27), species with coordinated hydroxyl are labilized. 

33.5.5.8 Other oxygen ligands 

(i) Sulfoxides 

Complexes with DMSO as one of several ligands have been reported frequently and early 
ones include [VO(X).(DMSO)3] where X=4SO%-, Cl-, Br~ *°”? and [VO(L).(DMSO)] 
where L is a bidentate ligand (e.g. acac).*°° [VOBr2(DPSO)3] (DPSO = diphenyl sulfoxide) and 
[VO(DMSO);|Br. were prepared by the reaction of VOBr; with the sulfoxides in 
cyclohexene.*”' [VOCI,(DMSO)3] and [VOCI(DPSO);] were prepared by the method in 
equation (16);*°° two V—Cl IR-active bands were observed for both compounds (353, 321 cm™! 
and 312, 282 cm~’, respectively), suggesting a trigonal bipyramidal (13) structure. For adducts 
of VOX, (X=Cl, 4SO%-) with aromatic and aliphatic sulfoxides, the sulfoxide groups are 
coordinated through the oxygen.“ In [VO(DMSO)5|(ClO,)2, d(V=O) = 1.591, d(V— 
O(equatorial)) = 2.034 (av) and d(V—O(axial)) = 2.18 A.28’5 ‘Adducts’ of VOBr> and VOL, 
with DMSO and DMF have been isolated; in [VO(DMSO)]I, the distances are slightly shorter 
(ca. 0.01 A) than in [VO(DMSO);](C10,)>.%° 

(ii) N-Oxides and related ligands 

[VO(CsHsNO)s](ClO4)2, [VOCI,(Ph3PO),], [VO(Ph3PO),], [VO(Ph3AsO),4](C1O4)2 and 

[VOCI,(DMSO),] have been prepared by the reaction of VCl;-6H,O with the ligand in 
ethanol.“ Perchlorates are obtained if LiClO, is added. In [VOCL(Ph3PO),], vanadium is 
pentacoordinate with the Ph3PO ligands trans; their O atoms and two Cl atoms comprise the 
base of a square pyramid completed by an apical multiply bonded O atom.™’ Internuclear 
distances are as follows: d(V—=O) = 1.584, d(V—O) = 1.986 and 2.002, and d(V—Cl) = 2.312 
and 2.304 A. This and [VOCI,(hmpa)2] (hmpa = hexamethylphosphoramide) have also been 
prepared by equation (16) and have only one IR-active V—ClI band each at 384 and 385 cm™?. 
Seddon’s suggestion would imply square pyramidal structures.*°? However, the structure 
determined by X-ray is based on a distorted trigonal bipyramid.“* In [VOC1,(dimp)] 
(dimp = Pr;MePO), v(V—Cl) is at 431 cm7!.%? 
From the single crystal ESR of [VOCI,(Ph3PO),], no magnetic exchange interactions exist; 

the PT consists of eight lines from interaction of the electron with the nuclear spin of *V 
(1 = 4). In poly(dimethylsiloxane) mulls of [VOCI,(Ph3PO),] and [VOCI,(hmpa)9], optical 
bands were assigned according to a crystal field orbital splitting different from that of Ballhausen 
and Gray (Section 33.5.1, Figure 16).°™ 
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(iii) Miscellaneous oxygen ligands 

Complexes with N,N,N’,N’-tetramethylurea (tmu) have been extensively studied. In [VOCI,(tmu)], the vanadium is pentacoordinate and Square pyramidal (see Figure 28).°! The 
single crystal ESR of [VOX,(tmu),] (X =Br, Cl) gave unusual fine structure at 170-120K, 
which was interpreted in terms of an electronic exchange interaction, within a two-dimensional 
layer.°'* ESR for [VO(pftc),] (pftc = perfluoropinacolate) and the deoxygenated [VCI,(pftc),] 
obtained by its reaction with SOCI,*”° suggests a trigonal prismatic structure for [VCl,(pftc),]. 
The reaction between VCl;-3THF and three equivalents of 2-hydroxy-6-methylpyridine 
(Hmhp; 59) in CHCl, in air produces bright blue [V20.Cl,(u-Hmhp) ] (60) characterized by 
crystallography, ESR (g = 1.976) and IR,°? in the region 1000+50cm~!. The structure 
consists of discrete dinuclear units. 

Figure 28 Molecular structure of [VOCI,(tetramethylurea),]. Some internuclear distances (in A) are indicated®! 

Se . 5 O 2 O Me\._/0H cy, A ee ole 

(59) o IR 4 ie 
ae fe) 4 

(60) 

Several complexes which contain halogen ligands (with and without the vanadyl bond) with 
oxygen donors such as diethyl ether, MeOCH2CH2OMe, benzaldehyde, benzophenone, THF, 

dioxane and pyridine N-oxide derivatives are included in ‘Gmelins Handbuch’.*” [VOF,L,] 
complexes** (equation 22) include [VOF,L,] with L=urea and formamide (fmd) and 
[VOF,(H2O)L] with L = DMF and dioxane. 

33.5.6 Sulfur Ligands 

33.5.6.1 Thiovanadyl complexes 

The first complexes of the thiovanadyl ion, VS**, were made by the reaction of [VO(salen)] 
or [VO(acen)] (H,salen = N, N’-ethylenebis(salicylideneamine), _Hpacen = N,N'- 
ethylenebis(acetylacetonylideneamine)) with the powerful oxophile BS: ia CHCl, with 
rigorous exclusion of oxygen and moisture (equations 45 and 46).°*°* The magenta 
[VS(salen)] is relatively stable to oxidation or hydrolysis and shows no colour change in air for 
months, although it then smells of H,S and IR shows the presence of V=O. In sharp contrast, 
on swirling in air a solution in CH2Cl, it quickly changed to green, forming [VO(salen)] 
quantitatively with the liberation of H2S.°* The magenta [VS(acen)] is also relatively stable 
but — in contrast to [VS(salen)]— solutions in organic solvents are decomposed to [VO(acen)] 
only after a few hours of exposure to the atmosphere. IR of (61) and (62) showed no V—O 
stretch, and new medium-to-strong bands at 543 (61) and 556cm™ (62), were assigned to 
v(V=S). (61) and (62) exhibit eight-line isotropic solution ESR; g and A decrease in 
magnitude on substitution of oxygen by sulfur, consistent with greater covalency in the VS 
bond.** [VS(acen)] has square pyramidal geometry with the sulfur atom at the apex and the 
coordinated atoms of acen comprising the basal plane.’ V=S was 2.061 A, shorter than V—S 
single bonds (Section 33.5.6.2 and 33.5.6.3). The vanadyl analogue (Figure 32, p. 536) also has 



524 Vanadium 

ay pyramidal geometry around the V atom; the difference between V=S and V=O is 
0.47 A. ; 

CH2Cly hexane 
VO(salen) + B.S, rs a VS(salen) (45) 

(61) 

VO(acen) + BS; Pree = —— VS(acen) (46) 

(62) 

By allowing a slurry of (PPh4)Na[VO(edt)2]-2EtOH (edt?~ = ethane-1,2-dithiolate) in MeCN 
to react with (Me;3Si).S, orange-brown crystals were obtained.®° They contain [VS(edt)2]*~, 
whose structure is essentially identical with [VO(edt)2]?~ (see Section 33.5.6.3). The difference 
between V=O and V=S is 0.462 A. 

In (NMe,)Na[VO(edt)2]-2EtOH, v(V=O) was at 930 cm! and the V=O distance (1.625 A) 
is rather long but is similar to that in [VO(pdt),]?~ (pdt = propane-1,3-dithiolate) (1.628A).°° 
On O/S substitution, the band at 930cm~' disappears and a strong, sharp band at 502 cm™ 
appears, v(V==S). This change (428 cm’) is similar to that between VE(acen) and VE(salen) 
(E =O, 8S), paralleling changes in V=E bond length. 

Electrochemical oxidations of [VS(acen)] and [VO(acen)] are reversible at 0.45 and 0.66 V 
us. SCE, with one electron involved.®”’ In contrast to [VO(acen)]*, which is quite stable, the 
[VS(acen)]* product readily reacts with residual water and is converted to [VO(acen)]* and 
HS. Vanadyl complexes with O/N-based ligands have oxidation potentials in the range 
0.6-1.1 V.°"°°°’ The potential for [VO(edt).]*— is more negative by ~1V.%° On O/S 
substitution, the potential becomes even more negative by 0.27 V, behaviour also present in 
VE(acen) (E= O, S) (~0.26 V). Again the basal ligands govern the absolute magnitude of a 
property whereas changes in O/S substitution are essentially constant.°° 
By treatment with (Me3Si)2S the conversion of [VO(edt),]?~ to [VS(edt).]*— gave an 

intermediate [V(OSiMe3)(edt)2]~ as the PPh? salt.°°8 It contains a discrete, square pyramidal 
V'V with d(V—O) = 1.761 A, mean d(V—S) = 2.322 A and a V—O—Si angle of 140.8°. 

Changes in ESR and electronic absorption from [VO(edt),]*— to [VS(edt).]*~ are similar to 
those in the series [VE(acen)] and [VE(salen)] (E = O, S).°* The spectroscopic results for the 
[VE(edt)2]*~ complexes have been interpreted assuming a d,2_,2 ground state.®® 

33,.5.6.2 CS2-based and related ligands 

(i) Dithiocarboxylates | 

The interesting reaction of oxovanadium(IV) with dithiocarboxylates RCS; cleaves the 
vanadyl bond, in water or ethanol, with formation of stable [V(RCSS),4]. When pure, they are 
not air-sensitive.*' They are insoluble in polar solvents and generally soluble in nonpolar ones; 
however, the solutions decompose rapidly. Various stereochemistries are possible but 
molecular weights, IR, electronic and ESR spectra are consistent with eight-coordinate 
geometry,°"°* with d,i_,2 lowest-lying (D., symmetry). Several [V(dithiocarboxylato).] 
complexes have vanadium coordinated to eight sulfur atoms with a dodecahedral geo- 
metry.°°°°°-$°° The V—S distances are of two kinds and for [V(MeCS,),], nonequivalent atoms 
have (i) a regular or (ii) a distorted dodecahedral configuration. Some data are in Table 33. 

(ii) Dithiocarbamates 

Dithiocarbamato (dtc) complexes are prepared by mixing VOSO, and the ligand in 
water—ethanol solutions. Some of the isolated complexes are in Table 34; they are susceptible 
to air oxidation, especially in solution, and are generally monomeric. 

[VO(Et,NCS,)2] has discrete molecules with five-coordinate Square pyramids, with the 
oxygen at the apex with d(V=O) = 1.59 A.© The vanadium atom lies approximately 0.75 A 
above the ‘plane’ of the four sulfur atoms and the average V—S distance is 2.402 A, shorter 
than for most vanadium dithiolate complexes; IR, electronic and ESR spectra are consistent 
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Table 33 Some Properties and X-Ray Data of [V(dithiocarboxylato),] Complexes 

V—S average internuclear 
Rin Mog distances (A) v(V—S) 

[V(RCSS),] Colour (BM)? V—S, V—S, (cm7*) Ref. 

1 Me Red-brown 1.74° 2.50 2.46 as 12 
7 Ph Red 1.70-1.79 23 2.47 a= 3,4 
3 PhCH, Red 1.71 2.56 2.45 —_ 3 
4 p-MeC,H, Red 1.69-1.75 gt off eu 1 
5 C;HgN*° Red-brown — — _— 460 5 

“The magnetic behaviour of compounds 1-4 in the temperature range 77-300 K was studied (ref. 2), but the authors considered that 
ferromagnetic impurities, undetectable by chemical analysis, are the origin of part of the anomalous behaviour of some of the 
complexes. 
» Determined by the Faraday method. 
© Hacda, 2-amino-1-cyclopentenedithiocarboxylate. 

. O. Piovesana and C. Furlani, Chem. Commun., 1971, 256. 

. O. Piovesana and G. Cappuccilli, Inorg. Chem., 1972, 11, 1543. 
. N. Bonamico, G. Dessy, V. Fares and L. Scaramuzza, J. Chem. Soc., Dalton Trans., 1974, 1258. 
. M. Bonamico, G. Dessy, V. Fares, P. Porta and L. Scaramuzza, Chem. Commun., 1971, 365. 

. R. D. Bereman and J. R. Dorfman, Polyhedron, 1983, 2, 1013. APWNPH 

Table 34. Oxovanadium(IV) Dithiocarbamate Complexes [VO(dtc),] 

R in RCSS~, or R', R" v(V=O) rie 
in R'R"NCSS (cm~') (BM) Ref. 

1 Me 982 1.69 see 
2 Et 984 1.73 14 

3 C- 992 1.74 £5.25 

4 Pr 995 1.77 285 

5 < N— 985 [1.56] 3,6,7 

6 Oo N= 985 = i 

Na 

7 S Rt 945 [1.75] 7 

eae 

8 MeN es 965 an 7 

9 Et, Ph 970 a 3,6 
10 Me, Cy Fos: , a= 4 6 

11 Cy, Cy | 968 = 3,6 
12 H, erlapen 940 1.70-1.72 8 
13 H, cycloheptyl 942 1.70-1.72 8 

salen opel AE Sgt! 2% 

N 

SS 

16 | | Ue ~985 —_— 5 

N 
| 

1. B. J. McCormick, Inorg. Nucl. Chem. Lett., 1967, 3, 293. 

2. B. J. McCormick, Inorg. Chem., 1968, 7, 1965. 

3. G. Vigee and J. Selbin, J. Inorg. Nucl. Chem., 1969, 31, 3187. 

4. D. C. Bradley, I. F. Rendall and K. D. Sales, J. Chem. Soc., Dalton Trans., 1973, 2228. 

5. R. D. Bereman and D. Nalewajek, J. Inorg. Nucl. Chem., 1978, 40, 1313. 

6. J. Selbin, Coord. Chem., Proc. John C. Bailar, Jr., Symp., 1969, 248. splay 

7. F. Forghieri, G. Graziosi, C. Petri and G. Tosi, Transition Met. Chem. (Weinheim, Ger.), 1983, 

i) . 372. 
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with a square pyramidal structure for other [VO(dtc),] complexes. The structures are 

undoubtedly similar to [VO(acac)2] (Figure 22) and so it is not surprising that adducts form in 

solution®*? and in the solid state.° The tendency of [VO(dtc)2] to bind a sixth ligand is 
lower than for [VO(acac),] and no correlation between v(V=O) and the ligands seems to 

exist. The studies are more difficult than with [VO(acac)2] owing to the sensitivity to oxygen. 

Although some [V(dtc)4] complexes have been isolated,°’’ oxovanadium(IV) compounds are 

usually obtained by the direct reaction of oxovanadium(IV) salts with dtc bases. Several 

[V(dtc),4] complexes have also been prepared by insertion of CS; into V—N bonds of vanadium 
tetraamides (equation 47).*!9°” 

cyclohexane 

V(NR3), + 4CS, V(R,NCS,), (47) 
(oxygen-free conditions) 

Table 35 shows some of the [V(dtc)4] complexes prepared. Compounds 2-7 in Table 35 were 
prepared from VOSO, and in some cases in the presence of water. This therefore is one more 
example where the vanadyl bond is broken; others include SOCl, (and SOBr2), catechols and 
dithiocarboxylates (these forming eight-coordinate complexes). However, [V(dtc),] complexes 
are not stable towards conversion back to vanadyl. Thus, these ligands seem to be intermediate 
in behaviour between dithiocarboxylates and other dithiocarbamates; this probably reflects 
z-bonding capabilities.°’' ESR spectra of compounds 4-7 (Table 35) show well-resolved 
hyperfine structure and the rather low A, and A, values (~117 and ~37 x 10~* cm“’) indicate 
both a significantly covalent system and an eight-coordinate geometry.®’! The ESR spectra of 
[VO(dtc).] complexes with the same ligands show much higher A, and A, values (~151 and 
~49 x 10-*cm7').°” In addition to the reaction of [V(Et,NCS,)4] with oxygen producing 
vanadium(V) (equation 48), two other reactions may occur upon heating (equations 49 and 
50 672 

) 2V(Et,NCS,),+O, —> 2VO(Et,NCS,); + (EtNCS,), (48) 

V(Et,NCS,), —~> V(Et,NCS,); + 4(Et,NCS,)> (49) 

VO(Et,NCS,); —~> VO(Et,NCS,), + }(Et,NCS;)> (50) 

Table 35 Some [V(dithiocarbamato),] Complexes 

8 ea 
R in RCSS isotropic Colour (BM) Solvent Ref. 

1 Me,N — Brown 1.72 = 1 
2 Et,N 1.9758 C,H, 2,3 
3 (PhCH,),N =: Red-brown 1.68 CHCI/C,H,/H,O 4 

4 ee 1.973,21.976°  Red-brown —  MeCN/H,O 5 
af 

5 Gee 1.979", 1.976° Red-brown — MeCN/H,O 5 
N 
| 

6 Gir 1.976,?, 1.979° Red-brown — MeCN/H,O 5 
N 
| 

7 1,975,°1.980°  Red-brown —  MeCN/H,O 5 

“In toluene solution. ° In CH,Cl, solution. “CS, insertion reaction into [V(NMe).,]. 
1. E. C. Alyea and D. C. Bradley, J. Chem. Soc. (A), 1969, 2330. 
2. D. C. Bradley, I. F. Rendell and K. D. Sales, J. Chem. Soc., Dalton Trans., 1973, 2228. 
3. M. B. Dehkordy, B. Crociani, M. Nicolini and R. L. Richards, J. Organomet. Chem., 1979, 181, 69. 
4. G, Soundararajan and M. Subbaiyan, Indian J. Chem., Sect. A, 1983, 22, 454. 
5. R. D. Bereman and D. Nalewajek, J. Inorg. Nucl. Chem., 1978, 40, 1309. 

Treatment of tris(tricaprylylmethylammonium)tetrathiovanadate(V) solution with solid 
tetraisobutylthiuram causes an immediate change from violet to brown. Yellow-brown crystals 
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were obtained and characterization showed that a dimer (63) formed via induced internal redox (equation 51).°” 

2VS; + 2(Bu;NCS,). —> V,(-S,),(BuiNCS,), + S2- (51) 
(63) 

(63) consists of discrete dimers where the V atoms are bridged by two symmettry-related 
u-n?-So ligands, forming an M,(u-n?-S2)2 core, the octahedral coordination of vanadium being 
completed by two bidentate dithiocarbamates.* d(V—S)=2.405 (av) and d(V—V) = 
2.851 A;°* the V—V distance and the observed diamagnetism are consistent with a V—V 
bond. 

(iii) Dithiophosphate and related ligands 

ESR spectra of complexes of dithiophosphate (dtpo, P(OR),SS~), dithiophosphinate (dtpi, 
PR2SS~), PR’(OR)SS~ and dithioarsinate are of particular interest since they exhibit 
appreciable phosphorus-31 superhyperfine splitting which arises from V—P interactions over 
distances of about 3 A or more. For example, in solutions containing (64), phosphorus causes 
the vanadium hyperfine lines to be further split into three components, intensitities 1:2:1. A 
total of 24 lines are predicted; however, owing to overlap, only 17 were observed.°7>°® With 
the cyclohexanol (R’O) ethyl (R) derivative, 23 of the expected lines are resolved whereas only 
17 are for the corresponding cyclohexanol phenyl complex (65).~’ The superhyperfine 
splittings have been attributed to direct transannular V—P interactions involving mainly the 
3d,2_y2 vanadium orbital and 3s (and 3p) phosphorus orbitals.°”°*”? Wasson and co-workers” 
studied [VO{S,PR(OR’)}.] and discussed [VO(dtpo),] and [VO(dtpi),].°%° The general 
trend of the phosphorus superhyperfine splitting constants is S,P(OR), > (S2PR(OR’) > S:PR>. 
The ESR of [VO(S2PCy2)2],°’° [VO(dtc)2], [VO(dtpi)2] and [VO(dtc)(dtpo)] have been 
reported,*°*! as has coordination of py, DMF and hexamethylphosphoramide to _five- 
coordinate [VO(S,PMe,)], [VO(S2PPh2)] and [VO{S,P(OEt),}], using hyperfine interactions 
between *'V and *?P. 

O Os R 

a ee oa PRG 2S SS OP RO Ss 5 OR: 
(64) (65) 

Most solid compounds (see Table 36) were prepared with VOSO, as starting material 
(VOCI,; for the fluoro complex) and can be kept indefinitely under nitrogen or vacuum. The 
ethoxy, fluoro and trifluoromethyl complexes are rapidly decomposed by air. [VO(S2PMe>)2] 
consists of monomeric square pyramidal chelate complexes.°”” However, the clearly different 
properties of the F- and Me-substituted complexes, with anomalously high weg (~2.0 BM) and 
v(V=O) at 860-870 cm™', suggest V---V interactions. In solution, the 860-870 cm™" bands 
disappear and uty are close to 1.75 BM, indicating absence of magnetic exchange. The inverse 
dependence of susceptibility on field strength (H), and the slight increase of Meg with decrease 
in temperature suggest ferromagnetic interaction.*°® However, molecular weights suggest a 
monomeric nature and no half-field ESR spectrum was observed. trata Pee 

The compound [VO(dtas),],°°° prepared by the reaction of VOCI, with dimethyldithioarsin- 
ate (dtas), has v(V=O)=986cm™ and the electronic spectrum is similar to those for 
[VO(dtc)2] and [VO(dtpi)2] complexes. Its isotropic ESR spectrum shows at least 27 discernible 
lines, from interaction with at least one ”As atom. 

[VO(dpd),] (Hdpd = (EtO),P(O)NHCSSH) has been reported.°* 

(iv) Xanthates 

Xanthato compounds have been prepared by the addition of aqueous VOSO, to a solution of 
the ligand at 08°C 585 green products precipitate and were recrystallized from CH2Clh, CHCl; 
or n-hexane (or mixtures). Some properties are in Table 37. They were studied by electronic 
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Table 36 Some [VO(dithiophosphinate),] and [VO(dithiophosphate),] Complexes 

Rin og *  @(K) from v(V=o)° 
[VO(S,PR>)4] (BM)* Curie-Weiss law* (cm~*) Ref. 

EtO 1.66 0.7 960 s 1 
Me LigZ =—1.5 991s 1 
Ph 1.76 =5,1 998 s 1 
F 2.25 17 1025 w, br, 860s | 
CF, aS 10 1020 w, br, 870 ms 1 
Cy ws m. v(V—S) = 325 (?) 2 

“With no TIP corrections. ” v(V=O) is indicated unless otherwise stated. 
1. R. G. Cavell, E. D. Day, W. Byers and P. M. Watkins, Inorg. Chem., 1972, 11, 1591. 

2. H. J. Stoklosa, G. L. Seebach and J. R. Wasson, J. Phys. Chem., 1974, 78, 962. 
| 

spectroscopy, thermogravimetry and differential thermogravimetry. [VO(Pr'OCSS),] with 
pyridine and piperidine produces the last compounds in Table 37, which are diamagnetic and 
have no visible band. These vanadium(V) compounds result from oxidation during the long 
reflux times used to prepare them. In fact, in most reactions with long reflux times, oxidation 
can be avoided only by taking extreme care to avoid O, participation, or in the presence of 
reducing agents.°8°.°°” 

Table 37 Some [VO(xanthate),] Compounds 

v(V=0) v(V—S) weg 
Complex (cm~') (cm~') (BM) 

[VO(EtOCSS),] 1020, 990 sh 370 1.62 
[VO(Pr'OCss),] 1010, 980 sh 385 1.68 
[VO(Bu'OCSs),] 970, 930 sh 370 1.66 
[VO(i-C;H,,OCSS)9] 1030, 970 sh 390 1.67 
[VO(C,H,OCSS),] 980 340 1.63 
[VO(Pr'OCSS)(py)2]-SH,O 950 380 Diamagnetic 
[VO(Pr'OCSS)(pip)>]-SH,O 1000 380 Diamagnetic 

* pip = piperidine. 
A. D. Villarejo, A. Doadrio, R. Lozano and V. Ragel, An. Quim., 1981, 77, 50. 

33.5.6.3 Dithiolates 

By mixing stoichiometric amounts of VOSO,4-5H,0 and NaS,CCN:3DME at 20-50°C for 
~1.5h an olive green maleonitrile dithiolate (mnt) (Ph3PMe)2[VO(mnt).] was obtained.©® If 
heated for 3-Sh at about 80°C, deoxygenation occurs and [V(mnt)3]*~ forms. The vanadyl 
complex is monomeric and v(V=O) = 963cm™~'. In M(1,2-dithiolate);, the more oxidized 
species usually have a trigonal prismatic coordination, whereas highly reduced species possess 
near octahedral structures.*? A detailed ESR study of magnetically dilute oriented crystals 
(with diamagnetic hosts, (Ph4P).[Mo(mnt)3] for [V(mnt)3]*~ and (MePPh;)2[TiO(C,0,4)2] for 
[VO(mnt),]*~) led for the vanadyl complex to a scheme d,2-y2<dy2, dyz<dy<dz (db 
ground state).**° Kwik and Stiefel”? also studied the ESR spectrum of [V(mnt)3]*~ doped in 
crystals of (PhsAs)2{[Mo(mnt)3]. While the experimental results agree, the interpretations 
differ. A third assignment differs again.°° 

(Ct).[V(mnt)3] (Ct=Me,N*, EtsN*, BuyN*, PhsN*, Ph3PMet, Ph4As*) have been pre- 
pared from VOCI3,°”*-°! and in (Me,N)2[V(mnt)3] the six sulfur atoms are around the 
vanadium at an average distance of 2.36 + 0.01 A (Figure 29a), in distorted D3, symmetry.°* 

Reaction of [VO(acac)2] ethanolic solutions containing an excess of sodium ethane-1,2- 
dithiolate (Na,edt) under inert atmosphere yields deep green solutions. NMe,Cl slowly deposits 
green prisms of (NMe,)Na[VO(edt),]:2EtOH (Figure 29b);°? the vanadium is square 
pyramidal with d(V=O) = 1.625 A and d(V—S) =2.378 A (av). The V atom lies 0.668 A 
above the sulfurs. (NMe,)Na[VO(edt)2] in DMSO exhibits rather similar g, and g, (1.981 and 
1.984) and relatively small values of A, and A, (133 and 42 x 10-*cm7) when compared with 
[VO(acac),] for example. This suggests significant interactions between the sulfur lone pairs d t . 692 2- = = ba . . . . . vO(edbg d_ orbitals. [VO(pdt),]’" (pdt = propane-1,3-dithiolate) is similar to 
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Figure 29 Molecular structure of (a) the [V(mnt)]3~ anion®* (the cyano groups are not included) and (b) the 
[VO(SCH,CH,S)3~] anion®” 

33.5.6.4 Other S-containing ligands 

Early publications include the vapor-phase reaction of VCl, with thiophene to yield 
VCl,-C4H,S.°° Reduction of VOCI; by sulfides has long been known and fairly pure 
[VOCIL,] (L = Me2S and Et,S) complexes have been obtained.3” 

[VOC1(tmtu),] (tmtu = tetramethylthiourea) had v(V=O) =990cm-!.2° In [VOF,(tu)2] 
(tu = thiourea), prepared by the method in equation (22), the IR indicates a V—S bond*2® in 
contrast with [VO(NCS)21] (L=tu or N-substituted thioureas), with nitrogen bonding (see -- 
also Table 12). 

33.5.7 Selenium Ligands 

Early reports include 1:1 [VCl,] adducts with MeSe(CH2)3SeMe and PriSeMe, purple-grey 
decomposing at 114 and 130°C. 
From iterative extended Hiickel molecular orbital (EHMO) calculations, [VX]’* (X=S, Se; 

n=0, 1, 2) ions and their tetrachloro complexes [VXCl,]”~ (m = 4, 3, 2) decrease in stability 
O>S>Se and with increasing charge of the anion.®° The [VXCLJ°- and [VXCLJ* 
complexes are expected to be $= 3 systems while [VXCl.]>~ species are expected to be 
diamagnetic.°° 

33.5.8 Halogen Ligands 

Only complexes [VOX,]?~” and [VX,,]*~” will be included. Gmelins Handbuch discusses 
work in this area up to 1967.°°74 

33.5.8.1 Oxovanadium([V) Complexes 

Stability of the VO?* complexes will decrease F~ >> Cl” > Br- > I-, with complexes formed 
by the three heavier halides being weak. Fluoride and chloride have been studied in aqueous 
solutions.°° 8 For fluoride, the following stability constants have been determined (at 20°C 
and J=1M NaClO,): B; =2.0 x 10°, B2=3.7 x 10°, B3=1.3 x 10’ and B,=6 x 107, much 
stronger than chloride (6,;~1M~'). The fluoride complexes are more stable than those of 
Cu*t, Zn?* and Ni** but are weaker than the UO3* complexes.®’ VOF, is known as well as 
some hydrated forms VOF,-xH,0.*>4*8 Fluoro complexes have been mainly studied with 
alkali and ammonium ions**° and stoichiometries [VOF3]~, [VOF,]*~, [VOF;]*-, [V20.F,]>~ 
and [V20.F.(H2O)2] have been reported.’ The basic structural units are [VOF;]*~ 
octahedra, found isolated in (Ct)3[VOF;]7°-7 and [M(NH3).][VOFs],°? connected in infinite 
chains linked by cis-bridging F atoms in K,[VOF,]” and (NH,).[VOF,]™ or to complex 
chains in {Cs[VOF3]}2-H2O,’” where two VOF; octahedra are linked via an F—F edge; the 
V—F distances span the range 1.881-2.205 A and V=O (1.583 and 1.595 A) are shorter than 
in [VOF,(H2O)]*~ (d(V=O) = 1.602 and d(V—O(trans)) = 2.268 A).”© In Cs3[V202F7], the 
anion consists of two octahedra sharing a face.”°’ In (NMe4)2[V202F(H20),], dimeric units of 
[V202F.(H2O)2]?~ are linked in chains by short hydrogen bonds, V—F distances ranging from 
1.894 to 2.173A.%® d(V—V)=3.292 and d(V—OH,)=2.074A. Blue crystalline 
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(NH;)[VOF;] has been synthesized from V2Os and an excess of hydrazine hydrate in aqueous 

HF.” The hydrazine hydrate not only acts as a reducing agent but also provides the NH 

cation. The Ct(Na*, K* and NHf) salts were prepared by metathesis between (N2H;)[VOFs] 

and CtF. Their wi are in the range of 1.51-1.53 BM.”° Spin-Hamiltonian parameters are in 

Table 38. 

Table 38 Spin-Hamiltonian Parameters for Vanadyl Complexes 

a 

A\ Ay 
Complex ra g, (x 107* cm~') Ref. 

[VO(H,0).]** 1.993 1.981 182.8 72.0 1 
[VOF;] * 1.937 1.978 177.2 68.5 2 
[VOF,]*~ ° 1.932 1.973 182.0 66.7 3 
[VOF,]°~ ° 1.937 1.977 178.5 64.0 4 
[VOcl,}? 4 1.948 1.979 168.8 62.8 5 
VOC. © 1.945 1.985 173.0 63.8 6 

5 

iVvOoGn 1.959 1.984 172.0 70.7 7 
ee 

* Aqueous solutions of (NjH;)[VOF;] at 100 K. 
(VOF,]’ in single crystals of (NH,),SbFs. 
“[VOF.] _ in single crystals of (NH,),AIF,. 
“TVOCLJ]°” in single crystals of (NH,) SbCl. 
i [voci.]* (or [VO(Cl,)(H,0)]” 2) in single crystals of (NH,)2[In(Cl;)(H,O)]. 
‘ Bthanenitrile solution of (Ph,As),[VOCI,] at 138 K. 
1. C. J. Ballhausen and H. B. Gray, Inorg. Chem., 1962, 1, 111. 
2. M. K. Chandhuri, S. K. Ghosh and J. Subramanian, /norg. Chem., 1984, 23, 4439. 

3. K. K. Sunil and M. T. Rogers, Inorg. Chem., 1981, 20, 3283. 
4. P. T. Manoharan and M. T. Rogers, J. Chem. Phys., 1968, 49, 3912. 
5. J. M. Flowers, J. C. Hempel, W. E. Hatfield and D. H. Dearman, J. Chem. Phys., 1973, 58, 

1479. 
. K. DeArmond, B. B. Garrett and H. S. Gutowsky, J. Chem. Phys., 1965, 42, 1019. 
. K. R. Seddon, Report 1980, EOARD-TR-80-13 (from Gov. Rep. Announce. Index (U.S.), 

1980, 80 (26), 5628; Chem. Abstr., 1981, 94, 112 126t). 

6 
7 

Low v(V=O) values are expected for fluoride complexes. In fact, in (NMe4)2[V202F6(H20)2] 
the v(V—O) was at 968cm™' (980cm™' Raman); in (NH4)3[VOF;] it was at 937 and 
947 cm7!,288 in Ni[VOF4]-7H2O at 950 cm~',’”” in (Ct)[VOF3] (Ct = N2H?, NH7, Na*, K*) at 
970-980 cm™!,” while in (M(NH3)6)[VOF;] (M=Cr, Co or Rh) v(V=O) was at 907- 
913 cm~!.©? v(V==O) in hexamminemetal(III) pentafluorooxovanadates(IV) reflected multiple 
hydrogen bonds.°” 

Simple (Ct)2[VOCI,] are green (hydrates may have other colours) and are extremely air and 
moisture sensitive, due to the ease with which V—Cl bonds are hydrolyzed. In many 
(Ct)2[ VOC], [VOCL]*~ probably has a square pyramidal structure as they present only one 
strong IR-active band (v(V—Cl) = 340-350 cm~')*” (Sections 33.5.3.1 and 33.5.3.2) and the 
ESR spectra of [VOCI,]?~ and [VOCIs]*" have been interpreted according to this (Table 38). 
(Ct)[VOCI3] have also been reported.” 
Oxobromovanadates(IV) were first characterized in 1973, of the types (Ct)[VOBrs], 

(Ct)2[VOBr4] and (Ct);[VOBrs] as well as several [VOBr.] adducts.4%“°! Most [VOBr.] 
adducts were included in a special report.’'’ Normally, the oxobromovanadates(IV) are 
prepared by reduction of VOBr; by bromides in acetonitrile and/or nitromethane. When VY is 
reduced by Br’, free bromine is liberated and unless conditions are carefully regulated, 
perbromides form, giving pre arative difficulties.“°° Generally, v(V—F) have been assigned in 
the region 460-520 cm *,°?:7:7°8 _y(V—Cl) bands in the region 340-400 cm7! *° and v(V—Br) 
in the region 320-360 cm~’.*7"! The adducts reveal the trend for v(V=O): anionic > five- 
coordinate > six-coordinate > bidentate.’' The far IR of (NEt,)2[VOBr,4] shows a complete and 
reversible transformation within the temperature range —30 to 35°C, due to a reversible 
equilibrium (equation 52) between two forms of [VOBr4]*~, a C4, form being stable at room 
temperature with v(V—Br) at 296cm™', a C>, form being stable at lower temperatures with 
two v(V—Br) bands at 274 and 325cm™~’.*” A similar transformation has been suggested for 
[VOF,]~ 7° as well as for [VOCI,}*~ (Section 33.5.3.2). 

2- yee 

ir Br if 
O=V. — V. (52) 

Se 
| wns. Br” “< Br 
Br Br Br 

C3 (—30 — CZ (35 °C) 
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Anhydrous VOI, has not yet been prepared and most reports of iodides of VY are not firmly 
based. I” can reduce vanadium(IV). 

33.5.8.2 Vanadium(IV) complexes 

Potassium hexafluorovanadate(IV) can be prepared from [VF,] and KF in selenium 
tetrafluoride(III)** or by fluorination of K,VF; for example. K*, Rb* and Cs* salts obey the 
Curie-Weiss law with high values of 0. [VF,] reacts with py and NH; forming [VF,L], probably 
fluorine-bridged polymers.*'° 

Chloro complexes of V'Y have been reported ([VCls]~, [VCl.]?~, [VCl,]}>~ and [VCl,]*~),”* 
but the last two at least need to be confirmed. In the reaction of PCl; with VOCI; in hot POCI, 

or CH,Cl, and of [VOCI] with PCl; in AsCl; or POCI;, (PCI7)[VCl;]~ may be precipitated.’* 
The anion is trigonal bipyramidal and exhibits weak, presumably d—d transitions at 6200, 8100 
and 16000 cm7’.’!° By the reaction of [VCl,] or its ethyl cyanide adduct with alkylammonium 
chloride, (Ct)2[VCl] (Ct* =Et;NH* and Et,NH}) may be isolated.”!° Other salts were 
prepared by the reaction of SOCI, with (Ct)2[VOCI,].”1” [VCl,] may form adducts with oxygen, 
sulfur, selenium, nitrogen, phosphorus and arsenic donors.*7!*”*° With unidentate ligands, 1:2 
complexes are normal (e.g. with S(CN)2 or Se(CN),).’!° Thermal decomposition often results 
in V'" compounds.°® With bidentate ligands, 1:1 complexes normally form.® Besides additions, 
another method has been used. [VO(chelate).] complexes react with SOC, PCI; and SOBr 
producing [VX,(chelate),] (X=Cl or Br) hexacoordinate V'Y complexes**°>’”! where the 
two halide ligands may add either cis or trans (cf. Section 33.5.5.4.1i, where the chelate is acac, 
or to other sections according to the chelate ligand involved, e.g. salen, oxine, etc.). 

33.5.9 Mixed Donor Atom Ligands 

33.5.9.1 Schiff base ligands 

No general review has been published since 1967.7" Reviews by Syamal*** and others’”* 
cover only part of the published work on oxovanadium(IV) Schiff base complexes. 

(i) Vanadium(IV) complexes with Schiff bases derived from the reaction of diamines and 

salicylaldehyde and derivatives 

The complexes with Schiff bases (SBs) derived from diamines and salicylaldehydes (66) or 
B-diketones (67) normally have a 1:1 stoichiometry. 

é RY a why 
R O 

ps HC 
Uf ere eae C=N NEC =N N= 

va \ / Ys ee i | 

fe CCH ee H.C-CH 
R’ 2 R R 

(66) (67) 

[VO(salnpn)] (66; R'= R? = R=H; n =3), prepared simply by mixing vanadyl salts and the 

SB, even in the presence of DMSO or py, as sparingly soluble yellow-orange needles, consists 

of molecules packed so that the vanadyl oxygen of one occupies the sixth position of the V in a 

neighbour.” The result is an infinite chain of molecules about a two-fold screw axis (Figure 

30). d(V=O) (1.633 A) is one of the longest reported to date, consistent with v(V—O) = 

854 cm~!, and the bridging character of the vanadyl oxygen. 

The magnetic moment was 1.78 BM at 295 K and it obeys the Curie-Weiss law over the 

range 95-295 K with 6 = —7 K.°°°? Other authors conclude that not only do magnetic spin-spin 

COC3-R 
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Figure 30 (a) A view of [VO(salnpn)] molecule with some internuclear distances (in A);’> (b) schematic 
representation of the chain structure 

interactions exist in this compound but also that a small ferromagnetic interaction is indeed 
found. 

Because the vanadyl ion is lopsided, its chelates have the possibility of forming a greater 
number of isomers than monatomic ions. For example, for an N,O-coordinating chelate (e.g. 
glycine), two enantiomers, (68a) and (69a), may form (S = solvent). 

Se): le a a) = (OT 

(68a) (69a) as PS 

In the case of dissymmetric SB (66), VO7* has the possibility of forming twice the number of 
isomers for each R or S configuration of the diamine chain (Scheme 18). For example, in the 
case of [VO(sal(S)pn)], where sal(S)pn is the SB derived from Hsal and (S)-( + )-propane-1,2- 
diamine, the preferred conformation does not always depend on the absolute configuration of 
the diamine; structure (70) represents the favoured form since it involves the least steric 
interaction between the vanadyl oxygen and the (S)-pn methyl group.’**”*> The actual situation 
existing in solution is probably an equilibrium of the isomers with a predominance of the A 
conformation since the barrier for ring interconversion from A to 6 is small.”* In some 
complexes, as in [VO(sal(SS)chxn)] ((SS)chxn = (S,S)-( + )-cyclohexane-1,2-diamine), the 
ligand is stereospecifically coordinated so that the chelate ring is locked in a 6 conformation. 
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Dissymmetry may occur if the ligand adopts a preferred flattened tetrahedral geometry about 
the metal ion. CD spectra of [VO(sal(S)pn)] and [VO(sal(SS)chxn)] exhibit evidence of A (71) 
and A (72) configurations.”* From CD spectra, for complexes with tetradentate SBs,’° the 
geometry around VO?" has a slight pseudotetrahedral distortion. 

(71) (72) 

Many investigations have involved vanadyl complexes of type (66) ,°?°?”?>”° particularly with 
1,2-diamines. In the solid state wt values are normally near the spin-only value.’*:7”’ 
Complexes of SB (73) are five-coordinate in solution and normally show no tendency to 

coordinate a basic ligand to form six-coordinate compounds.”° The formation of adducts 
depends on the chelate ring, as in (70). With electronegative groups in the aromatic ring, e.g. 
5-NO,salen (73; R'=R*=H, R=5-NO)), electronic and CD spectra show hexacoordinate 
adducts, and solid adducts were obtained with py and DMSO.’ 

Expansion of the ‘central chelate ring’ in tetradentate (66) from n=2 to n=3 favours 
six-coordinate species, as [VO(salnpn)] (Figure 30).’° 

Complexes (66; R =H and n =2) were five-coordinate square pyramidal monomers; in py, 
six-coordinate species form.’ Compound (66; R'= R?=R=H,), polymeric in the solid state 
(Figure 30), was considered to break down to five-coordinate monomers in CHCl, and 
six-coordinate in py. Changes in the spectrum of (66; R'=R*=R=H, n=9) in CHCl; on 
dilution indicate that the complexes with n=4 are not monomers. Compounds (66; 
R= 3-MeO) were five-coordinate monomers except when R'= R? and n =3.°°’ Compounds 
(66; R = 5-Cl) tend to be polymeric solids. Complexes with (74) appear monomeric in the solid 
state except when n = 3.°° 
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For (66; R'= R* =H, R=3-MeO), the changes in the ordering of d orbitals as n varies are 

schematically represented in Figure 31. Complexes with (75; R’=Me or Ph) have been 

reported.””*"”°° ja yeu 
Alkylation of the thiocarbonyl sulfur of thiosemicarbazone derivatives induces not only 

complexation through the terminal amino group but also enough acidic character for it to 
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Figure 31 Changes in the ordering of the oxovanadium(IV) d arbitals proposed for complexes with Schiff bases (66) 
with R' = R?=H and R=5-MeO*” (not to scale) 

function as a monoacidic ligand.”*! In the presence of VO** (and Ni**, Cu’*) salts, these 
ligands are capable of condensing at the terminal amino nitrogen atom through another 
aldehyde or ketone producing quadridentate ligands and forming (76). In (76) and similar 
Ni2*+ and Cu?*+ complexes (R=H, NHy, Na, K), the set of coordinating atoms and the 
geometry appear similar to those with (73).”*”°° The VO** compounds react with alkyl 
iodides producing complexes with R= Me, Et, Pr. Their electronic spectra in pyridine differ 
from the spectra in CHCl;;”*° a decrease in intensity with parallel decrease of the ESR shows 
that VO?* is oxidized to vanadium(V),”*° surprising compared with examples of VY complexes 
being reduced to V'Y *85-°8*-°87 and even to V"' compounds.’”° Other oxidations in the presence 
of py are in Table 37. 
When [VO(salen)], only slightly soluble in THF, acetone and acetonitrile, is added to 

NaBPh, in these solvents, a green solution is produced from which the sodium cation complex 
(77) crystallizes as a light green solid, stable in air (equation 53).”°’ [VO(saloph)] (saloph = 
N,N'-(o-phenylene)bis(salicylidenimine)) gives ({(VO(saloph)],Na)BPh,.”’ Compound (77) 
contains Na* trapped in a coordination cage provided by six oxygen atoms. In 
([VO(salen)],Na)BPhy, all the oxygens of [VO(salen)] are involved in coordination to the Na”, 
giving a cationic polymeric structure. The geometry around Na” is pseudo-octahedral; the six 
oxygens are provided by four different [VO(salen)] units: two vanadyl O at an average of 
2.368 A and two pairs of O from salen units at an average of 2.405A. Vanadium is 
five-coordinate square pyramidal and is 0.606 A above the plane of the O2N> atoms of the salen 
unit. The mean V=O is 1.584 A. 

Na*BPh, + 2VO(salen) —> [{VO(salen)},Na]BPh, (53) 

(77) 

Treatment of a basic aqueous solution of EHPG (EHPG = ethylenebis(o-hydroxyphenyl 
glycine), protonated and deprotonated forms will not be specified) with VOSO, afforded light 
blue (NH4)[VO(EHPG)]:H,O-EtOH;”*8 the VO** is bonded to five atoms of the EHPG*~ 
ligand with one amine nitrogen, one phenolate oxygen and two carboxylate oxygens 
coordinated equatorial and an amine nitrogen coordinated trans to the vanadyl oxygen. In 
contrast, VOSO, and EHPG in aqueous ethanol yield a neutral dark blue product charac- 
terized as the VY complex [VYO(EHPG)],”***! stable as a solid. On allowing warm solutions 
to stand, green [VO(salen)] forms.**8** This corresponds to an oxidative decarboxylation in 
which two molecules of CO, are lost. The reaction, rapid in DMF, proceeds slowly in alcohols 

with [VYO(EHGS)] (EHGS = N,N'-ethylene((o-hydroxyphenyl)glycine)) as monodecarboxy- 
lated intermediate, isolated as the sodium salt Na[VO(EHGS)]-1.5H,O-MeOH, which may be 
prepared by exhaustive electrolysis of the VY analogue. It is six-coordinate with the two 
nitrogens and phenolic oxygen binding equatorial and an oxygen of carboxylate trans to the 
vanadyl oxygen.”**’ The final product of decarboxylation is formed by discrete molecules of 
[VO(salen)];" all aspects of the structure agree with those for ({[VO(salen)],Na)BPh, 
(77).’*’ The electrochemistry of [V'’O(EHPG)]~ and meso-[V’O(EHPG)] has been studied by 
cyclic voltammetry.”*! 

In [VO(EHPG)]~, [VO(EHGS)]~ and [VO(salen)], v(V=O) correlates well with axial 
(V=O) and equatorial bond lengths.” 
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Complexes with SBs of general formula (78) form by adding a VOCI, solution to a solution containing the appropriate derivative and substituted ethylenediamine, followed by the addition of NaMeCO, and heating under reflux for 10-60 min.’ According to the nature of R and R’, two types may be obtained: (i) complexes [VO(XsalenN(R)R’).] in which the vanadium is linked to two SBs, and (ii) complexes [VO(Xsal)(XsalenN(R)R’)] in which the vanadium is linked to only one SB and to a salicylaldehyde molecule. When the R and R’ groups have an electron-releasing effect, the B nitrogen becomes a strong donor, the SB acts as a tridentate ligand, and six-coordinate mixed-ligand complexes of type (ii) form. However, 
while with Ni**, the bidentate ligand is an SB, with VO?* it is a sal~ ion; this occurs even if the 
reaction is carried out using stoichiometric amounts of preformed SB (78) and the vanadyl salt. ° Type (i) complexes are green, and monomeric, with structure (79); the pyridine readily adds to 
vanadium in solution.” In type (ii) complexes, the vanadium is coordinatively saturated and 
the electronic spectra in inert solvents and in py are very similar; this and other observations 
led to a proposed structure (80).7* 
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(78) (79) (80) 

(i) Vanadium(IV) complexes with Schiff bases derived from the reaction of diamines and 
B-diketones 

Several complexes with Schiff bases derived from the reaction of B-diketones and diamines 
(67) have been prepared and many publications on them have appeared.°23-725-74-748 Almost all 
are monomeric (no V- - -V interactions) and five-coordinate square pyramidal, as in (67). This 
structure has been confirmed in [VO(acen)] (acen = 67; R'= R?=Me, R= X=H). 

Complexes (67) are often prepared by chelate exchange (equation 54), using [VO(acac),] as 
the starting product. In the case of H,tfen (tfen = 67; R’=CF3;, R?=R=X=H) this yields 
[VO(acen)], and [VO(tfen)] was obtained starting with [VO(tfacac)»] instead of [VO(acac)].74° 
The complexes may be recrystallized from benzene, CHCl, etc., but, as in the case of (66), 
solvates are often obtained. 

VO(acac), + B-diketone-diamine — VO(B-diketone-diamine) + 2acac (54) 

The separation of the four possible isomers of [VO(acpn)] (67; R’= R?=R=Me, X=H) 
SA, Sd, RA, Rd (compare with Scheme 18) was claimed.’4*:’4 The O,N, chromophore is not 
planar but has a slight tetrahedral distortion and the CD spectra suggest that the corresponding 
chirality has A absolute configuration for diamines of S or S,S absolute configuration.” 

In [VO(acen)], the geometry around the vanadium is square pyramidal (see Figure 32),”4°74” 
but 6-ketimine VO7* complexes do not readily add a ligand to form six-coordinate complexes, 
except if electron-withdrawing groups are attached to the acac portion of the SB. For example, 
Cotton effects appear in the d-—d transition of [VO(tfen)] in the presence of (— )-1-phenyl-1- 
aminoethane in acetonitrile,’ and, also, though a solid [VO(tfen)]-DMSO adduct forms, the 
sulfoxide is lost on standing overnight in the air. 

In (67; R'=R*=Me, R=H) with X=Br green or yellow complexes were obtained, 
according to the solvent used, with v(V—=O) at ca. 980 and 900cm™', respectively.”8 When 
X=Cl, only the green-type complex may be obtained. The authors assume five-coordinate 
square pyramidal geometry for the green complexes and a chain _ structure 
-+-V=O---V=O-:-:.-, similar to [VO(salnpn)], for the yellow complex. Solid adducts were 
isolated with 1-methylimidazole. itt 

Allowing [VO(acen)] to react with SOCh, [VCl,(acen)] was isolated,’*? which is soluble in 
acetone, DMSO and CH,2Cl. This is less stable as a solid than [VCl,(salen)] but its 
decomposition product from reaction with air is not [VO(acen)]. 
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Figure 32 The molecular structure of [VO(acen)].”*” Some internuclear distances are indicated. The ‘en’ portion of 

the ligand assumes a configuration approximately halfway between gauche and eclipsed. The V atom is 0.58 A above 

the plane of the SB coordinating atoms 

(iii) Bidentate Schiff bases 

Most of the compounds with SBs expected to have structure of type (81) or (82) are in Table 

39. Compounds 1-6 of this table were included in Gmelins Handbuch.*”’ Preparation consists 

simply in adding an aqueous-alcoholic (EtOH or MeOH) solution of the corresponding amine 
and NaMeCO, to an alcoholic solution of VOCI, (or VOSO,) and the salicylaldehyde 
derivative. The complexes are often purified by recrystallization from ethanol. Compounds 
7-13 are brownish grey-green and complexes 14-21 are green;”*° they are soluble in CHCI; and 
CH,Cl, but less soluble in methanol, ethanol and benzene. These complexes show electronic 

spectra in pyridine which are different from the spectra of the same complexes in the solid state 
and in CHCl; this indicates, in pyridine, six-coordinate solvates.”°° 

ie oleae st PS 
RR N N= 

(81) (82) 

For several SB complexes ranging from yellow to green and maroon (22-30 in Table 39), 
poor solubility with failure to obtain six-coordinate species initially suggested a polymer.’”* 
However, they are soluble in hydrocarbons, and cryoscopy in benzene suggests a monomeric 
nature. For yellow bis(N-(4-chlorophenyl)salicylideneiminato)oxovanadium(IV) (22 in Table 
39, v(V=O) =885cm7'), the unit cell comprises monomers of C, symmetry and the 
coordination was distorted trigonal bipyramidal (13). The three oxygens and vanadium are in 
the equatorial plane and the two nitrogen donors axial. V=O (1.615 A) is longer than normal. 

Syamal and Kale’*!-’*? reinvestigated previous reports’?”"”>*°> where a dimeric structure was 
proposed for compounds 33-36 in Table 39 and concluded that all exhibit moments in the 
range 1.73-1.75 BM at 295K and obey the Curie-Weiss law with 6 = 0-4K, indicating the 
absence of magnetic ordering in the temperature range 83-296 K. Osmometry indicates a 
monomeric nature. ESR spectra in CHCl; give the ‘normal’ eight-line spectra with g = 1.98 
and no triplet state spectra (AM, = +2 transition) were detected around 1600 G. On the basis 
of this evidence, complexes with SBs (81) and (82) with R = Ph are monomers and have square 
pyramidal structures. Although the compounds are not strictly the same, this conclusion 
disagrees in part with the work of Pasquali et al.”*' where a distorted trigonal bipyramidal 
structure was established for compound 22 in Table 39. 

Oxovanadium(IV) complexes with SBs derived from Hsal or substituted Hsal and 2-amino- 
ethanethiol (83) and 3-aminothiophenol (84) were reported by Syamal”*7® and some 
properties are summarized in Table 40. The corresponding ligands with oxygen atoms instead 
of sulfur form tridentate complexes with antiferromagnetic properties (see Section 33.5.9.1.iv). 
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Table 39 Oxovanadium(IV) Complexes VO(SB), with Schiff Bases of Type (81) 
re oe Ai In ge od eB 

337 

Meg v(V=O 
Xx R Colour (BM) oie ) ; Ref. 

1 5-Cl H 1 
2 3,5-Cl, H 1 
3 5-Br H 1.78 2 
4 H Me Brown 3 
5 H Ph Greenish yellow dS 988 3-5 
6 5-Br Ph 1.74 986 2-5 

U H Et Grey brown 6 
8 H Pr Green 6 
9 H Pr' Green 6 

10 H Bu Green lagi 975, 895* Ong 
11 H Bu* Green 6 
12 H Bu' Green 6 
13 H Cy Green 6 

14 3-MeO Me Green 6 
tS) 3-MeO Et Green 6 
16 3-MeO Pr Green 6 
17 3-MeO Pr’ Green 6 
18 3-MeO Bu Green 6 
19 3-MeO Bu* Green 6 
20 3-MeO Bu’ Green 6 
21 3-MeO Cy Green 6 

22 H C,.H,Cl-4 Golden yellow 1.81 885 7 
23 H C,H, Cl-3 Yellow green — 940 7 
24 H C.H,NO,-4 Light green 1.76 875 7 
25 H CsH,NO,-3 Light green 1.66 980 7 
26 H C.H,OMe-4 Yellow green 970 U 
27 H PhCH, Green 1.76 992 i 
28 H C;H,OMe-2 Yellow green 970 7 
29 H C,>H. Beige maroon 970, 985* 7 
30 H 16H33 Beige maroon 975, 985? 7 

31 H C.H,Cl-4 Greenish yellow 1.67 1028 (?) 8 
32 H C35H,OMe-4 Greenish yellow 8 
33 H C;H,SO,NH,-4 Greenish yellow 1.54 8 

1.70 9 
34 5-Cl Ph Greenish yellow eS) 984 ye Syste! 

35 5,6-Benzo Ph Greenish yellow 1.54 978 8, 10 
1.69 9 

36 5,6-Benzo C,H, Cl-4 Greenish yellow 1.54 8 
Si] 5,6-Benzo Cs5H,OMe-4 Greenish yellow ile 8 
38 4-OH C.H,Cl-4 Greenish yellow 1.68 990 8 
39 4-OH Cs5H,OMe-4 1.70 994 8 

40 5,6-Benzo C,H,Cl-4 te 9 

41 H Cs3H4Me-2 Cinnamon 11 
42 H CsH,Me-3 Brown 11 
43 H Cs5H,Me-4 Cinnamon 11 
44 H C.H3Me,-2,3 Cinnamon 11 
45 H C.5H3Me,-2,4 Cinnamon 11 
46 H C.H.Me;-2,4,6 Greenish yellow 11 
47 H C.H,OMe-3 Green 11 
48 H C,H,OH-4 Green 11 
49 H C.H,Br-4 Yellowish green 11 

“In CS,. I 
1 
2 
3. L. Sacconi and U. Campigli, Inorg. Chem., 1966, 5, 606. 
4. A. Syamal and K. S. Kale, Curr. Sci., 1977, 46, 258. 
5. A. Syamal and K. S. Kale, J. Mol. Struct., 1977, 38, 195. 
6. S. Yamada and Y. Kuge, Bull. Chem. Soc. Jpn., 1969, 42, 152. 
7. M. Pasquali, F. Marchetti, C. Floriani and S. Merlino, J. Chem. Soc., Dalton Trans., 1977, 139. 
8. R. L. Dutta and G. P. Sengupta, J. Indian Chem. Soc., 1971, 48, 34. 
9. A. Syamal, Bull. Chem. Soc. Jpn., 1977, 50, 557. 
0. S. I. Gusev, V. I. Kumov and E. V. Sokolova, J. Anal. Chem. USSR (Engl. Transl.), 1960, 15, 205. 

1. V. A. Kogan, L. E. Lempert, O. A. Osipov, G. V. Nemirov and A. N. Nyrkova, Zh. Neorg. Khim., 1967, 12, 1400 (Chem. Abstr., 
1967, 67, 60 501g). 
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However, (83) and (84) behave as bidentate monobasic ligands and form complexes 

[VO(SB),]; a square pyramidal structure was suggested with coordination through the oxygen 

atom and nitrogen of the azomethine group. The [VO(SB),2] complex with (83; R = H) was also 

studied by IR and cyclic voltammetry.’””’ Although the presence of the protonated SH group 

could not be confirmed, the coordination probably involves N and O donors. Schiff bases (85) 

may behave as tridentate ONS ligands forming VOL-nH,O complexes (Section 33.5.9.1.iv); 

however, if heated, these SBs are capable of cyclization and may then form [VO(SB),] with 

(86) bidentate.” 

R’ HO_] 
R = SH HO R’ NF 
ool ae oe aan 

[ry tae R “i els 
OH C=N ZA ae ; 

y, 
H H 

(83) (84) (85) (86) 

Table 40 Some Oxovanadium(IV) Complexes Derived from Salicylaldehyde or Substituted Salicylalde- 

hyde with 2-Aminoethanethiol (83), 3-Aminothiophenol (84) or 2-Aminothiophenol (86) (on reflux) 

Schiff base (83)' Schiff base (84)? Schiff base (86)° 
Be =0 V(V=0) ug SS UV(V=0) Up v(V=0) 
(BM) (cm™~") (BM) (cm~*) (BM) (cm~*) 

H 1.71 980 173 970 R, R’, R’=H 1.86 914 

5-Cl i sf 980 1.72 980 R=C1;R’, R’=H 1.86 900 

5-Br 1.72 980 74 980 R=NO,;R’, R”’=H 1.76 910 (900) 

5-MeO lage) 975 R’=NO,;R, R"=H 1.69 920 

4-MeO 172, 970 1.74 980 R"=Cl; R, R'=H 1.78 895 

3-MeO LES 970 

5-NO, 172 950 LiGyAl 940 

2-OH 5 2 985 73 980 

1. A. Syamal, Transition Met. Chem. (Weinheim, Ger.), 1978, 3, 259. 

2. A. Syamal, Transition Met. Chem. (Weinheim, Ger.), 1978, 3, 297. 

3. C. C. Lee, A. Syamal and L. J. Theriot, Inorg. Chem., 1971, 10, 1669. 

(iv) Tridentate Schiff bases 

With bidentate SBs, monomeric [VO(SB).] complexes are normally formed. On the 
contrary, with tridentate dibasic SBs, dimeric species often form. It appears that the dibasic 
character of the ligands forces the VO** ion to dimerize leading to anomalous magnetic 
properties. Proposed structures have not been verified owing to their non-crystalline nature. 
Insolubility precluded molecular weight determinations and ESR and electronic spectral studies 
have been carried out in the solid state only. 

Solutions containing VO** and dinegative, tridentate ligands of the type "O—N—O™ are 
easily oxidized to the corresponding VY complexes and possibly V'Y complexes are stable only 
if insoluble. Evidence for dimeric structures based on single-temperature subnormal magnetic 
moments should be treated with caution, as small amounts of a V'Y contaminant in a VY 
complex may be the cause of the observed magnetic susceptibility. 

Complexes with the tridentate dibasic SBs (87)—(90) have subnormal magnetic properties. 
Part of the published work on these type of complexes was reviewed by Syamal*°* and 
Casellato et al.”” and many of the reported compounds are included in Table 41. They are 
normally obtained by mixing alcoholic (MeOH or EtOH) solutions of the appropriate SB, 
often prepared in situ, and an alcoholic solution of a vanadyl salt. Zelentsov first characterized 
such complexes,” prepared from SB (87) derived from Hsal or substituted Hsal and 
o-aminophenol. Ginsberg et al. prepared these as well as some others and studied the magnetic 
properties in detail from 1.4 to 300 K.”* The moments of the complexes (with the exception of 
R=NO), R’ = NO;) decrease considerably as the temperature is lowered and the temperature 
dependence of the susceptibility is characteristic of intramolecular antiferromagnetic exchange. 
The authors suggested a dimeric structure (91) and calculated the exchange integral, J, 
according to the Bleaney—-Bowers equation,’ concluding that substituents at R and R’ 
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positions influence J in a different manner in oxovanadium(IV) and copper(II) complexes of 
the same ligands.’ This was attributed to a difference in the exchange mechanism operating in 
VO’* complexes resulting from the orbitals containing the unpaired electron not having the 
same symmetry. A tetrametallic structure (92) with V=O- --V interaction was proposed for 
complex 5 in Table 41 to explain its higher J value and IR spectra. 

Ro3 mR R’ R 

ea cee 5 1 1 5 

6 C=N 6 CN 

We Vi 
H yriat 

(87) (88) 

R’ R R’ R 

C=N=CH. C=N 
vi ye 

H H 
(89) (90) 

R ' R 
|] Os O Rare ota, 2 —- 2 SOU Y H 

H O ae é NS ye O 
Vee NP . | 6 CaN, Oe oo 

Rr po Wed | AWN ie 

O mes peed O i 06 aN 

a cao a (92) RR 

(91) (93) 

The complex with R=NO,, R'’=H (7 in Table 41) has only a small TIP (temperature 
independent paramagnetism) term and does not follow the single—triplet susceptibility curve; 
the spins are completely coupled and only the diamagnetic single state (S =0) is populated. 
The IR spectrum provides no evidence for bridging through the vanadyl oxygen and the 
complex probably has a different structure.” The complex with R = R’ = 5-NO, (9) obeys the 
Curie—Weiss law with 6=1.4K and u=1.62 BM and the authors suggest a five-coordinate 
monomer in which a molecule of solvent occupies a coordination position.’™ 

On treatment of (91; R= R’ =H) with a strong chelating agent, such as phen, the dimer is 
broken, with the formation of a mononuclear mixed-ligand complex [VO(SB)(phen)].’° The 
dimeric structure is also broken on treatment of complex (91; R = H, R’ =5-Cl) with pyridine; 
a monopyridine adduct forms which obeys the Curie-Weiss law with 6=2K and wey = 
1.75 BM.’® 

Syamal reported the ESR spectrum of complex (91; R = R’ = H) in polycrystalline solids; it 
exhibits a single-line spectrum with g,, = 1.99 at room temperature and 77 K, with no half-field 
band or hyperfine splitting.*°° 

Subnormal VO?* complexes (93) of SBs derived from 2-hydroxynaphthaldehyde and 
o-aminophenol and some substituted derivatives have also been obtained.” The ESR spectra 
of the complexes (93; R= R’ = R"=H; R=Cl, R’ = R"” =H) in polycrystalline solids at room 
temperature exhibit two parallel lines, two perpendicular lines and a broad line around 1600 G 
due to the AM,=2 transition. At 77K, both high- and low-field spectra exhibit hyperfine 
splittings. Several complexes of type (93) were also studied by Carlisle et al. (Table 41, 
27-34).7© 7°" v(V=O) values of complexes (93) lie in the range 955-1000cm™’ and the 
compounds exhibit only one d-d band in the region 620-700nm. As in the case of (91; 
R=R’' =H), on treatment of compound (93; R = R' = R”=H) with phen the dimer is broken 
and a mixed-ligand complex is obtained.’© 

Coc3-R* 
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Table 41. Oxovanadium(IV) Complexes with Tridentate Schiff Bases (87)—(90) 

nd eT 

R 

Schiff bases (87) 
1 H 

Mog 
R' (BM) 

lJ v(V=0) 
(cm~') (cm~*) casita ilies, Mimehidediihaneactioec as hci ha MM reese a <5 Mer \erate PBR RIOE ET 

Ref. 

H 1.48 125 990 iba 

2 H 5-Me 1.46 118 993 2 

3 H 5-Cl 1.54 90 992 2 

4 H 5-Br 1.50 115 991 Lz 

5 H 5-NO, 1.30 218 900 (1010) 2 

6 5-Cl H 1.47 120 1000, 989 2 

q 5-NO, H —- 2 

8 5-Cl 5-Cl 1.52 132 983, 993 7 
9 5-NO,* 5-NO," 999 2 

10 H 5-Clmonopyridinate iy 978 Z 

11 5-NO, 5-Br 1 

Schiff bases (88) 
12 H H 152 126 3,4 
13 H 5-Cl 1.18 245 3,4 
14 H 5-Br 1.43 198 910-985 3,4 
15 H 3-MeO 1.57 121 3,4 
16 H 3-EtO 1.42 201 3,4 

Schiff bases (89) 
17 H H a1 298 910 5:6 
18 H 5-Cl 1.19 266 900 5,6 
19 H 5-Br 1.18 264 910 5,6 
20 H 4-MeO £23 241 910 5,6 
21 H 3, 5-Cl, ist 307 900 5,6 
22 H hydrox® 1.10 274 910 5,6 

Schiff bases (90) 
23 H 5-Cl? 1.29 1005, 995 . 
24 H 5-Br 1.34 900 ti 
25 H 5-NO, 127 914, 904 7 
26 H hydrox 1:52 960 7 

V”” Schiff base complexes (93) 
R R' R" 

2H, H H H 1.54° 151 1000 8 
1.84, 1.78 9,10 

28 Cl H H 1.44, 1.51 182 990 8, 10 
29 NO, H H 1.34, 1.60° 201 955 8, 10 
30 H H NO, ‘bed li 989 9 
31 H H Cl 1.48 990 9 
32 NO, H NO, 1.70,° 1.65° 992 9,10 
33 H NO, H 1.49, 1.44 9,10 
34 Ph H H 1.46, 1.47 9,10 7 

Unless otherwise indicated, complexes are of anhydrous [VOL], type. 
“Formulated as [VOL]-0.5H,0-EtOH. "Formulated as [VO(L)(H,O)]. ‘Formulated as [VOL]-EtOH. ‘Formulated as 
[VOL]-H,O. “hydrox = 2-hydroxy-1-naphthaldehyde. 
1. V. V. Zelentsov, Dokl. Akad. Nauk SSSR, 1961, 139, 1110. 

P. Ginsberg, E. Koubek and H. J. Williams, Jnorg. Chem., 1966, 5, 1656. 

Syamal and K. S. Kale, /ndian J. Chem. Sect. A, 1980, 19, 225. 

Syamal, K. S. Kale and S. Banerjeee, J. Indian Chem. Soc., 1979, 56, 320. 
Syamal and K. S. Kale, J. Indian Chem. Soc., 1978, 55, 606. 

Syamal and K. S. Kale, Jnorg. Chem., 1979, 18, 992. 

C. Lee, A. Syamal and L. J. Theriot, Inorg. Chem., 1971, 10, 1669. 
Syamal and L. J. Theriot, J. Coord. Chem., 1973, 2, 193. 

O. Carlisle, D. A. Crutchfield and M. D. McKnight, J. Chem. Soc., Dalton Trans., 1973, 1703. 

O. Carlisle and D. A. Crutchfield, Inorg. Nucl. Chem. Lett., 1972, 8, 443. SO RPNIAARYN 0) OP > mm & = 

With (88) and (89), several VO** complexes were prepared (Table 41).”°*77! High melting 
or decomposition temperatures (>250 °C) and insolubility in common noncoordinating solvents 
suggest a dimeric or polymeric nature. v(V—=O) occurs at 910-985 cm~' for complexes of (88) 
and at 900-910cm™' for those of (89); this argues against the presence of a 
-+-V=O---V=O:-:- chain structure. IR suggests a phenolic oxygen bridge in (89) 
complexes’” and enolic oxygen bridges in (88) complexes.’’”’ wi values of the complexes are 
remarkably less than the spin-only value (Table 41) and the magnetic moments decrease 
significantly as the temperature is lowered, suggesting antiferromagnetic exchange interaction 
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of neighbouring VO** ions. The ground state is 5 = 0 (singlet state) and the complexes exhibit 
no dependence on the magnetic field strength. 

The J values of the VO** complexes with (89) are higher than those with (88); this suggests 
that in complexes with (88) and (89), bridging does not involve the phenolic O atoms of Hsal. 
If this was the case one should expect similar J values in the two series of complexes” since 
the electronic environment in the chelate ring would be the same. 

Complexes with (90) involving ONS coordination apparently similar to the ONO coordina- 
tion in (87) were reported (Table 41).”° v(V=O) lies in the range 900-1005 cm~! and some 
exhibit splitting of the V—O band. mt? values are in the range 1.27-1.52BM and the 
temperature dependence indicates exchange-coupled antiferromagnetism. A dimeric oxygen- 
bridged structure, similar to (91), which provides an appropriate symmetry for the 3d,, orbitals 
to overlap and form a strong o V—V bond, was suggested.” 

The synthesis and characterization of VO** complexes of hydrazones (94) and (95) derived 
from benzoylhydrazine and o-hydroxy aromatic aldehydes and ketones were also reported’”* 
and molecular weight determinations, IR, electronic spectra and magnetic properties were 
explained assuming a dimeric structure (96) with each unit having a five-coordinate square 
pyramidal geometry. 

| | ie a i‘ C=N_N—C 
C=NEN = G ee Ce ee OH 

(94) (95) 

(96) 

Oxovanadium(IV) complexes with (97) and (98) derived from alkyl aminoalcohols and Hsal 
or o-hydroxyacetophenone (and substituted derivatives), respectively, have been prepared as 
well as VO** complexes with (99) derived from 2-hydrazinoethanol and Hsal and substituted 
Hsal. Most of these and some properties are summarized in Table 42. Generally the complexes 
were prepared by adding an alcoholic solution of the SB, either previously obtained as a solid 
or prepared in situ, to alcoholic vanadyl acetate. The mixture is normally refluxed for several 
hours and the precipitates are collected by filtration; as they are not soluble they are not 
recrystallized. 
Compounds obtained with SBs (97)-(99) have been formulated as [VOL], compounds with 

structure (100). This is based on magnetic properties and IR spectra. They have 
subnormal wi and the dependence of ym" on temperature is characteristic of antiferromag- 
netic exchange. For at least some (15-23 in Table 42), it was reported” that the complexes 
exhibit no dependence of 77" on magnetic field strength, indicating absence of ferromagnetic 
interaction. ESR studies on polycrystalline samples at room temperature normally give gay 
~1.99 and the half-field spectrum corresponding to the AM, = 2 is often observed. At 77 K, the 
high-field spectra often exhibit hyperfine splittings similar to those observed in VO*™ tartrates 
Section 33.5.5.7.1). 
The spectra of eye with the tridentate SBs (97)-(99) generally exhibit three ligand 

field bands: (i) ca. 715-770, (ii) ca. 625 and (iii) ca. 500-550 nm, assigned to d—d transitions 
according to the Vanquickenborne and McGlynn MO scheme,” which corresponds to an 
ordering of levels as in the Ballhausen and Gray model (Figure 16a): d,y<d,z, dy, <d,2_y2< 
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Table 42 Oxovanadium(IV) Complexes with Schiff Bases (97)—(99)* 
Se 

a vl v(V=0) € m 
R R' (BM) (cm~*) (cm~') Colour Ref. 

1 (CH,)> H 1.42 Brown 1 

1.06 2 

1.41 Aly 971 3 

2 (CH,)s3 H 1.36 Green 2 

Les3 141 970 2S 

5 (CH,); 5-MeO ila la 398 998 Yellow green 3 

4 (CH;)> 5-Cl 1.26 330 995 Brown 3 

3. (CH;)> 5-Br ie27 321 987 Brown me 

6 (CH)> 5-NO, 1.19 339 916 Reddish brown 3 

i (CH,)> 3-NO, 0.94 486 995 Green 3 

8 (CH;), 3-MeO 0.89 519 976, 995 Grey 3 
9 (CH); 5-Cl 1.52 153 980 Green 3 

10 (CH,)3 5-Br 1.48 166 968 Green 3 
11 (CH,)3 5-NO, 1.34 294 880 Yellow 3 
12 (CH,)3 3-NO, 1.54 147 963 Green 3 

13 (CH,)s 5-MeO 1.58 rT 963 Green 

14 (CH,)3 3-MeO 1.54 137 974, 986 Green 3 
0.87 2 

15 CH,C(Me)H H 1.01 369 a 

16 CH,C(Me)H 5-Cl 0.88 470 4 

17 CH,C(Me)H 3,5-Cl, 0.81 450 965-995 4 

18 CH,C(Me)H 5-Br 0.98 350 4 

19 CH,C(Me)H 3-MeO 0.83 385 - 

20 CH,C(Me)H hydrox” 1:27 — 4 

21% (CH), H 1.40 380 5 

22% (CH,)3 H 1.50 350 965-985 5 

23= CH,C(Me)H H 1.40 380 5 

24+ (CH,), H 1.32 970 : 
25%: (CH), 5-Cl 1.28 980 6 

26+ (CH,)> 5-Br i / 970 

27+ (CH,), 5-NO, 139( \ Pre 970 : 
287 (CH,)> 3-EtO 1.30 960 6 

29+ (CH,), hydrox? 1.39 970 

* Complexes with Schiff bases of type (98) are indicated with an asterisk (*), those with Schiff bases of type (99) by a dagger (7). 
: hydrox = 2-hydroxynaphthaldehyde. 

1. S. N. Poddar, K. Dey, J. Haldar and S. C. Nathsarkar, J. Indian Chem. Soc., 1970, 47, 743. 

2. Y. Kuge and S. Yamada, Bull. Chem. Soc. Jpn., 1970, 43, 3972. 
3. A. Syamal, E. F. Carey and L. J. Theriot, Inorg. Chem., 1973, 12, 245. 
4. A. Syamal and K. S. Kale, Indian J. Chem., Sect. A, 1977, 15, 431. 

5. A. Syamal and K. S. Kale, Indian J. Chem., Sect. A, 1980, 19, 486. 

6. A. Syamal, S. Ahmed and O. P. Singhal, Transition Met. Chem. (Weinheim, Ger.), 1983, 8, 156. 
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(97) (98) (99) (100) 

d,2.° Some of these bands are not well developed and this gave rise to ambiguity in their 
assignment. No band characteristic of VO**—-VO** interaction has been observed in complexes 
with these SBs. 

In Table 42, in complexes with SBs (97)—(99), the |J| values of compounds with n =2 (n in 
R=(CH)p),,) are larger than with n =3. This suggests that the antiferromagnetic exchange 
interaction is stronger with n = 2, and this has been attributed to the difference in the chelate 
ring (five- or six-membered).’” For n = 2, the J values also depend appreciably on the nature 
and position of the Hsal substituent; for n=3, they are relatively insensitive to ring 
substituents.*°° 
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In an early publication, Zelentsov reported the preparation of a complex with subnormal 
magnetic properties (ue = 0.87 BM) with the SB (101).”” The compound was prepared from 
dibenzoylmethane and o-aminophenol. The VO2+ complex with (102) has also been shown to 
be involved in antiferromagnetic exchange with J=—139cm~!. Revenko and Gerbeleu 
prepared several VO** complexes of (103) derived from Hsal and thiosemicarbazide which 
were reported to involve ONS coordination.’”* The measured yt were 1.27, 1.21 and 1.33 BM 
for R’ = H, Cl and Br, respectively. The complexes are not anhydrous and a dimeric structure 
(104) was proposed. 

OH, 
4 OF a. 

‘a A Zunalea OH SH ( 

See ers ee ee. 
rs S aN R Sonn NH, dion 3 O 

Ph H + OH; 

(101) (102) (103) (104) 

Several complexes were prepared with (105; R’=H or Me). All decompose above 300°C 
and are insoluble in common nonpolar solvents. ptf values, in the range 1.32—1.58 BM, 
Suggest exchange-coupled antiferromagnetism. The authors formulated the complexes as 
[VO(SB)(Cl)], and proposed a dimeric structure (106) but report no y%3" temperature 
dependence results. In the IR, v(V=O) and v(V—Cl) were in the range 975-985 and 
360-385 cm~*.”” Electronic spectra in Nujol mulls had three bands: (i) ~395—412, (ii) 640-670 
and (iii) 745-800 nm. Structure (106) is probably not correct. 

cl 

R’ Nigar eC dino : oe 2, 
eee ete Q ol NI | CMMEAOMOIOU] teens 
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cl H 
(105) (106) (107) (108) 

Several VO** complexes with (107) and (108) derived from dibenzoylmethane or pyrrole-2- 
carboxyaldehyde and several amines (taurine, anthranilic acids, B-alanine) were formulated as 
[VO(SB)(H20).];”°° 3 it was proposed that these SBs behave as tridentate ligands and assume 
a monomeric structure on the basis of wi and ebulliometric measurements in dioxane. A 

pyridine adduct [VO(PE)(py)2] was also obtained where PE is the SB (108; R—O= 
CH,CH,SO; ).”® 

Benzoylhydrazine and [VO(acac).] react in methanol under dry N2 to produce violet 
[V(abh)2] where abh is the dianion of acetylacetone benzoylhydrazone (109; R=H).”™ In air, 
a smaller yield of [V(abh),] is obtained, with VY complexes containing abh. The violet complex 
has ut4 = 1.87 BM and the ESR shows the ‘normal’ eight peaks with g = 1.972; the structure 
has trigonal prismatic coordination in which the tridentate abh ligand forms both five- and 
six-membered chelate rings (110). Depending on the relative amounts of the reactants, chelate 
exchange between [VO(acac)2] and Schiff bases (109) provides (i) complexes with subnormal 

ute, probably dimeric, if a 1:1 stoichiometry is used, and (ii) vanadium bis complexes, in 

which abstraction of vanadyl oxygen occurs, if 1:2 [VO(acac)2]:SB stoichiometry is used.” 

Complexes with SBs from Hsal and @-amino acids (glycine, L- and pi-alanine, L-methionine, 

L-valine, t-leucine, L- and pi-phenylalanine) were prepared and characterized.’ The 

complexes are bluish-grey and there is no appreciable interaction between V atoms. The 

compounds were [VO(SB)(H20)] (111), confirmed in an X-ray study of (111; R= Me, L-Ala 

derivative).”8”7 v(V=O) was at ~1000 cm™'; the compounds are not soluble in noncoordinating 
solvents, but when dissolved in py v(V=O) shifts to ~970cm™’; several orange py adducts 

(112) were isolated.° Complexes (111) have electronic spectra that resemble those of 
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Ne 

R N—N C—O- 

in = ace diy 4) 
fy the H 

(110) 

[VO(acac),] and were considered as having a square pyramidal structure, although a trigonal 
bipyramidal structure was not precluded.” Detailed IR studies of [VO(sal-Gly)(H2O)] were 
reported. 788789 

In complexes (111), one water molecule occupies a coordination position and ‘prevents’ the 
dimerization of the compounds. Dimers were obtained on dissolving the monomer (111) in 
absolute methanol, when equilibrium (ii) in Scheme 19 takes place. The dimeric nature of the 
isolated complexes’””’ is supported by the marked differences from the mononuclear complexes, 
by the low ut obtained and by molecular weights; v(V—=O) was around 980 cm~'. From dry 
methanol the orange products are the vanadium(V) complexes (114) (probably dimeric); the 
oxidizing agent seems to be dissolved O2.°*° In wet methanol, complexes (115) were obtained 
as red needles. Further evidence for VY arises from the fact that on treating (115) or (114) with 
a reducing agent (e.g. NaSH-xH20O), bluish-grey complexes (111) are regenerated. Reaction of 
(115) with py gives (112), corroborating other repcrts of the reducing action of pyridine on 
vanadium(V).°” 

Dimeric oxovanadium(IV) complexes (NBu,)[(VO)(SB)],-1H2O have also been prepared 
with the SB from salicylaldehyde and L, D,L-serine and L-cysteine.””! Magnetic moments are 
1.1-1.4 BM, higher than for the dimeric SB derived from the L-amino acids: Ala, Val, Leu, 
Met or Phe (0.5—0.8 BM) which are probably best described as VY complexes (114).’”° 

Green complexes [VO(SB)(H2O)], where H2SB =2-hydroxynaphthylidene amino acids, 
react with py or phen to form [VO(SB)(py)2] or [VO(SB)(phen)], which exhibit ut near the 
spin-only value.” In methanol, these gave brown solutions from which the monomeric brown 
VY complexes [VO(OMe)(SB)(MeOH)] were isolated. The treatment of these brown 
complexes with CH,Cl, followed by n-hexane gave green precipitates of [VO(OH)(SB)]2;’"© in 
CHCl, the complexes are dimers. 

(v) Other polydentate Schiff bases 

Several polydentate SBs may act as binucleating ligands; see Section 33.5.12.1. Only a few 
miscellaneous polydentate SBs will be included here. A complex with the SB obtained in the 
reaction of two moles of benzoyl hydrazide with acetylacetone had v(V—=O) = 995 cm“’, 
ut =1.7BM and was monomeric square pyramidal (117).”* A few complexes with the 
ethylenediamine derivatives of 2,2'-dihydroxychalcones (118) were prepared in ethanol.” The 
stoichiometry is 1:1 and the atoms involved in the coordination were two deprotonated 
oxygens and two nitrogen atoms. v(V=O) (970-985 cm~") and uty (1.73-1.83 BM) suggest a 
monomer; however, molecular weights in nitrobenzene suggest a dimer. 

Ph O Ph 

agora ai ()cnmcr¢-f Ne ‘A ‘y EN als aa ne 

stent arth = g 

(117) (118) ee 

33.5.9.2 Amino acids 

The eg uilibria: in solutions containing amino acids have been studied by different 
methods.***°!-"*-®°5 Relatively high pH is necessary to achieve an appropriate free ligand 
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concentration for complex formation. At pH = 4, however, hydrolysis of VO** takes place and 
oxidation to VY may also be significant. Hydrolysis of VO?* in the pH range 5-12 is not well 
understood (see Section 33.5.5.1.1ii). 

For the glycine system, models I and II in Table 43 have been suggested.**’ But (cf. Section 
33.5.5.1.ii), for pH=5 other VO** hydrolysis products should be included.**°** For the 
L-alanine system (certainly similar to glycine), results were explained according to model III 
included in Table 43. [VO(HAlaO)?*] (119) must be included to explain the CD spectra. The 
inclusion of (124) gives a better fit of the data. 

Table 43 Species Included in Equilibrium Models proposed for the Oxovanadium(IV)—Glycine and —L-Alanine 

Systems at 25°C with High Ligand/Metal Ratios 

L-Alanine (2.2 M NaNO, solutions)” 

Model III 

Gillard, Pessoa and Vilas-Boas”’ 

Glycine (1 M NaClO, solutions) 

Model II Model I 

Fabyan and Nagypal” Tomiyasu and Gordon’ . 

H,AlaO*, HAlaO, AlaO™ 

[vo**], [VO(OH)}", ((VO),(OH),]"*, 
[(VO),(OH)s]," (and [VO(OH); }) 

H,GlyO*, HGlyO, GlyO™ 

[vo**], [VO(OH)]*, [(VO),(OH),}"* 

H,GlyO*, HGlyO, GlyO™ 

[vo**}, [VO(OH)]*, [(VO),(OH),}"* 

[VO(HGlyO)]** (119) [VO(HGlyO)]** [VO(HAlaO)]** 
[VO(GlyO)]" (120) [VO(GlyO)]* [VO(HAIaO),}** (124) 
[VOGlyO]* (121) [VO(GlyO)(HGlyO)]* (123) [VO(AlaO) *] 
[VO(GlyO),] (122) [VO(GlyO),] [VO(AlaO)(HAlaO)}* 

[VO(GlyO)(OH)] [VO(AlaO),] 
[(VO),(GlyO),(OH)] [VO(AlaO),(OH)] - 
[(VO)(GlyO),(OH)] [(VO),(AlaO),(OH),] 
[VO(GlyO)(OH),] [(VO)(AlaO)(OH)] = (?) 

[VO(AlaO)(OH),] — F, 

[(VO),(AlaO),(OH)3] 
[(VO),(AlaO),(OH)], 

[(VO),(GlyO),(OH)3] 
[(VO),(GlyO),(OH),] 
[(VO),(Gly)(OH)], 

* A value of n of 1 was ‘arbitrarily’ assumed. ” The presence of these species was assumed in order to get an acceptabie fit of the 
experimental data. “The existence of these species cannot be definitely precluded but their inclusion is not necessary to explain the 
experimental results for pH < 8.0. 
1. H. Tomiyasu and G. Gordon, J. Coord. Chem., 1973, 3, 47. 

2. I. Fabyan and I. Nagypal, Inorg. Chim. Acta, 1982, 62, 193. 
3. R. D. Gillard, J. C. Pessoa and L. Vilas-Boas, Comunicacao C31.9, 5° Encontro Nacional de Quimica, Porto 1982. 
4. R. D. Gillard, J. C. Pessoa and L. Vilas-Boas, Comunicagéo PAS4, 6° Encontro Nacional de Quimica, Aveiro 1983. 

H,O O NH; H,O O H,0 O NH, O 
A NC] Pree VY 
ae ! : | iLO 6 py: HO” | Ny 1.0 | on, ere 
OH, OH, *” OH; H, OH,H, 
(119) (120) (121) (122) 

O f O + O = 
‘. YP H; ae 2 NH, (Be 

NO Sou, HO a Ne <4 NS Nu, 
H, OH, 2 H; 

(123) (124) (125) 

The kinetics of processes involving glycinato-VO** are summarized in Table 44. Only one 
species is formed from the addition of F~ ion to a [VO(GlyO).] solution (equation 55; 
calculated K = 17 mol’), with structure (125).8° From 9 

the exchange reaction (56), which is first order in F-. 
Cysteine reduces vanadium(V);8° the kinetics have been studied.8% VO**—cysteine com- 

pounds form in the reduction of vanadium(V) with an excess of cysteine® and a Chinese 
publication reports K[VO(HCysO)(H20)]SO, and cis- and trans-K2[VO(CysO),] (H2CysO = 

_ cysteine), and ESR as a function of pH.® 

F NMR, relaxation is controlled by 

A purple complex from a 5:1 mixture of cysteine 
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Table 44 Some Kinetic Data for the Oxovanadium(IV)—System at 25 °C 

Rates of reaction for VO** substitution reactions! 
Reaction Method used k at 25°C (s"*) 

[VO(HGlyO)]** formation Stopped flow 123x103? 
[VO(HGlyO)]?* dissociation Calculated 4.6 x 107 
HGlyO exchange on [VO(HGlyO)]** NMR? <5 10° 
HGlyO exchange on [VO(GlyO),] NMR? 3.6 x 10° 
Ring closure of [VO(HGlyO)]?* Stopped flow, 35 

temperature jump 

First-order rate constants of the proton exchange between bulk water and the different paramagnetic species 
assumed in Model II? (Table 43) 

[VO(GlyO)]* (1.04 0.5) x 10°s7! 
[VO(GlyO),] (1.240.1) x 10°s~? 

[VO(HGlyO)]** (3.5+0.3) x 10°s"! 
[VO(GlyO)(GlyOH)]* (4.1+0.3) x 10°s"! 
[VO(GlyO),(OH)]~ (1.6 + 0.03) x 10° s~! 

* Second-order rate constant (mol * sh » Process considered to be zero order in glycine. 
1. H. Tomiyasu, K. Dreyer and G. Gordon, Inorg. Chem., 1972, 11, 2409. 

2. H. Tomiyasu and G. Gordon, Inorg. Chem., 1976, 15, 870. 

3. I. Fabydn and I. Nagyp4l, Inorg. Chim. Acta, 1982, 62, 193. 

VO(GlyO),+F == VOF(GlyO)GlyO- (55) 

VOF(GlyO)GlyO- + *F <= VO*F(GlyO)GlyO- + F- (56) 

methyl ester and VOSO, in borate buffer stirred in air for 5-6 hours showed a typical isotropic 
eight-line ESR spectrum and a second component in the ESR, IR and Raman.*”’ The two 
species were considered to be the trans and cis isomers (126) and (127) but further work is 
needed. The reduction of A;,. for histidine and sulfhydryl side chain residues is large enough to 
be of diagnostic utility for VO** protein labelling studies.” 

St. Ne gain 8s 
{ Nv | | Ny 

pe te aaa MeO.C\y~ y/ CO.Me 
H, H, H, 

(126) (127) 

Van Willigen and co-workers reported an ENDOR study of frozen solutions containing 

VO2* and histidine (20), carnosine (21) and imidazole (19) (cf. Section 33.5.3.2).*°? The 

complex formed between VO** and an excess of histidine in aqueous solutions of pH ~7 

showed no axial HO lines. Coordination involved the N-3 nitrogen atom of the im ring of 

histidine, giving a structure in which the cation is shielded from water. According to the 

ENDOR spectra,**? the geometry of the VO**-im moiety in the [VO(im),]’* and VO** 

carnosine complexes is similar but a distinct structure appears to exist for the VO7* histidine 

complex. 

33,5.9.3_ Complexones 

pH titrations show that in solutions containing VO** and ttha (triethylenetetramine- 

hexaacetic acid) (2:1), only one major complex is formed in the pH range ca. srt aie The 

ESR spectrum was attributed to a binuclear chelate.” Na,[(VO)2ttha]-10H2O is composed of 

discrete [(VO),ttha]?~ units and the V atom is octahedrally coordinated to the oxo ligand and 

three O and two N atoms of the ttha ligand (Figure 33a). The V atom is displaced 0.39A 

towards the oxo ligand. The molecular structure of the solid gives no explanation for the ESR 

spectrum observed. Reduction of O2 with dinuclear [V#"O(ttha)]?~ may produce [V™",V’"] 

and/or [V'Y,V'¥] complexes.” 
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(b) 

Figure 33 Schematic representation of the molecular structure of (a) Na,{(VO),ttha]-10H,O*° and (b) 
[VO(pmida)(H,O)]-2H,0*" 

In [VO(pmida)(H2O)]:2H,O (pmida= N-(2-pyridylmethyl)iminodiacetic acid), vanadium 
deviates by 0.39 A from the equatorial plane of two cis carboxylate oxygens, a water molecule 
and the pyridine nitrogen (see Figure 33b).°"* 

The structures of [VO(S-peida)(H2O)]-2H2O (128), Na[V203(S-peida)2]-NaClO,4-H2O (129) 
and Li[VO,(S-peida)]-2MeOH. (130) (S-peida = (S)-((1-(2-pyridyl)ethyl)imino)diacetic acid) 
were also determined (Figure 34).°’? In the mixed-valence binuclear ion (129), two octahedra 
share the equatorial oxo ligand. In the O=V,—O,—Vp,=O segment, the V—O,—V angle is 

~180° and the V,—O, bond (1.875 A) differs from the V;—O, bond (1.763 A). Furthermore, 
the volumes of the octahedra around V, and Vz are close to those of the V'Y and VY 
complexes, (128) and (129) respectively. This and other features indicate that V4 and Vz are 
quadri- and quinque-valent. 

Other compounds containing the V203* core, H[V203(pmida).]-4H,O and 
K,[V.016(bdta)4]-27H2O (btda = butanediaminetetraacetate), were prepared and their molecu- 
lar structures were determined.*!* Both also contain V,03* with both terminal O atoms cis to 
the bridge but trans to each other. Contrary to (129), no systematic variation in bond lengths 
around the two V atoms was detected. The [V.0O,.(btda),4]’~ anion exhibits a quite unusual 
structure. It is organized around a central tetrahedral VYO, group from which four 
mixed-valence binuclear groups spread, each containing the V2Oz3 core. The mixed-valence 
groups are linked together by the four bdta ligands.*’* Contrary to [V2O3(pmida),]~, the two V 
atoms are in different environments. As in (129), V'Y is more displaced than VY with respect to 
the equatorial plane. 

In the spectra of [V203(pmida).]~ and [V2O;(nta)2]*-, a new band around 1000nm was 
assigned to the intervalence transition.*’* The spectrum of [VoO,6(btda)4]’~ is the same in 
solution and in the solid.*'? The band at 900 and a shoulder at 1020 nm corresponded to two 
components of the intervalence band. 

Mixed-valence species containing V" and V'Y bridged by an oxygen atom were intermediate 
in electron transfer between [V(Hedta)]~ and [VO(Hedta)]~, and [V(edta)]*- and 
[VO(edta)]*~.*"° Similarly bridged species were assumed in the reaction of [V(H2O).]?* with 
a Vanadium(III) dimeric complexes are the reaction products (see Section 

4.9.3). 
Compounds [VOL,] (L=ida and idpa; see Table 45) involved addition of VOSO, to the 

barium salt of the complexones. IR spectra suggest both coordinated and noncoordinated 
carboxyl groups and structure (131; R = H) was proposed.*!® 

Complexes of polyaminocarboxylic acids (132)—(134) were investigated by Felcman and 
Fratisto da Silva.*”’ Their results and other data are in Table 45. Log Kyo, values are almost 
equal to the values for Ni" and a linear correlation (log Kyox us. log Kyi) exists. 

Fraisto da Silva and co-workers proposed structure (131; R=OH) for the species 
predominant in the pH range 4-7, which corresponds to the structure normally assumed for 
‘amavadin’ which occurs in the toadstool Amanita muscaria.>””>”8 

Edta, egta and dtpa (diethylenetriaminepentaacetic acid) all form 1:1 chelates and give rise 
to a broadened ESR signal.®” 
When equimolar solutions of [V'YO(nta)(H2O)]~ and [VYO,(nta)]?~ are mixed, a deep blue 

appears and the product was obtained crystalline as the Na* and NH? salts. 
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Figure 34 The molecular structure of (a) [VO(S-peida)(H,O)] (128), (b) [VO,(S-peida)]~ (129) and (c) [V,0,(S- 
peida),]~ (130). Internuclear distances are in A®!2 

HOC Me 

ft 
R 1 

ORY. R 
O Me 
Pee 7 FECOaH 

N R—N 
wakes’ O X R? R! R° CH,CO,H 
cH CHCO,H | | Se Bik 
le ie HO,CCCNHCH,CH,NHCCO,H NXN 

Mé 2 >CG.H R FE i; VW 
R R HO;CCH, CH,COH . 

(131) (132) (133) (134) 

(NH,)3[V203(nta)2]-3H2O is a binuclear species containing the V.O3* core.*!7*!8 Near IR and 
electronic spectra of the solution and of the crystals indicated the establishment of an 
equilibrium (equation 57) with K=20mol~'. The binuclear complex gives very large 
extinctions in the visible and near IR region, and ESR spectroscopy also indicates an almost 
equal distribution of unpaired electrons around the two vanadium atoms. The two vanadium 
ions are equivalent, both in the crystalline state and in solution. 

O 
I| || 

V'’O(nta)(H,O)” + VYO,(nta)*> = = (nta)V—O—V(nta) + H,O (57) 

Saito and coworkers prepared the cis-aquaoxovanadium(IV) complex 
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Na,[VO(pida)(H2O)]-3.5H20 (pida*~ = ((phosphonomethyl)imino)diacetate), which under- 
goes protonation at the phosphonate oxygen with pK,,=3.8 and deprotonation from the 
coordinated water with pK,, = 8.4.°”° All kinetic parameters were considered consistent with a 
hydrogen-bonded aqua ligand in [VO(pida)(H,O)]?~ having an intermediate character 
between aqua and hydroxo ligands. 

33.5.9.4 Other polydentate ligands 

(i) Polydentate ligands involving nitrogen and oxygen coordination 

Several complexes with pyridinecarboxylic acid derivatives were isolated. Two forms of 
VO** lutidinato tetrahydrate were obtained. One is green and orthorhombic (see Figure 35), 
the other is blue and triclinic. Both have a square pyramid of O donors around V'Y and 

820 nitrogen coordination in the sixth position. 

Figure 35 Perspective view of the green (orthorhombic) form of [VO(lut)(H,O)]-2H,O (H)lut = lutidinic acid). The 
V atom is six-coordinate in a distorted octahedral site which closely approximates C,, symmetry; the remaining two 
water molecules (w) link the chelate molecules by hydrogen bonding. Some other internuclear distances are 

V—O(carboxylate) = 2.017 and V—O(water) = 2.027 A 

With the hydrazides (135)-(137) from lutidinic acid, monomeric compounds were 

obtained*®? by reaction (58). For all complexes, the IR spectra suggest that the ligands 

(135)—(137) are pentadentate. 

VOSO, VOLX, 
water—ethanol 

or +hydrazides (L) a or (58) 

VOC, water—acetone VOL 

(135)-(137) 

TeORE yHn=cu{ NHn=cH{ 

C=O C=O C=O HO 

\ \ he (ae l oN 

NHNH, NHN=cH{ NHN=cH{ 

(135) (136) (137) 

The stability constants®* for the 8-hydroxyquinoline (oxine) complexes have been ques- 

tioned owing to the ease with which the V'Y complexes undergo oxidation, even by 

atmospheric O,.°°°” However, adducts [VO(oxine)2L] (L = py or other nitrogen bases) were 

more stable towards oxidation. The V'Y oxine complex gradually turns magenta black when 

extracted into a nonpolar solvent, indicating formation of the VY oxine complex in air, but in 
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the presence of a nitrogen base (e.g. py), the extract remains yellow. The adducts can be 

schematically represented as in equation (59). 

VO(oxine), + base =< VO(oxine),(base) (59) 

VO(OMe)(oxine), MeOH 

or + VO(oxine), +OH> —— [(VYO)(oxine),O(V'YO)(oxine),]° + or (60) 

VO(OH)(oxine), H,O 

An equimolar mixture of [VO(OMe)(oxine),], [VO(oxine)2] and base in methanol results in 
the binuclear complex (equation 60). Likewise, an equimolar mixture of [VO(OH)(oxine)2], 
[VO(oxine),] and base in methanol yields the same product.* This V'Y-V dimer was isolated 
as the tetra-n-butylammonium salt. 

Early solid complexes include [VO(oxine),], [VO(oxine),py] and [VO(5,7-X,oxine)2] (X= 
Br, I).*’ [VOX(oxine)] (X = Cl, Br, OH) were also prepared with magnetic moments depend- 
ent on temperature.** On the contrary, for brown [VO(oxine)2], prepared from VOSO, in 
aqueous solution,**” wt is near the spin-only value and v(V=O) = 979 cm~*.°”° These values 
indicate a monomeric structure and this was confirmed for its 2-methyl derivative by X-ray 
diffraction (Figure 36).°7* 

Figure 36 A perspective view of the molecular structure of [VO(2-methyl-8-quinolinolato),] with some internuclear 
distances (in A)** 

Attempts to prepare adducts directly from [VO(oxine).] (138) were unsuccessful and a 
trigonal bipyramidal structure was suggested for this compound as for [VO(2-Me-oxine)>| 
(139).°*° The [VO(oxine),X] compounds were prepared by addition of VOSO, to an aqueous 
solution containing 8-hydroxyquinoline and the base X. For the adducts [VO(oxine)2X], a 
correlation was found between v(V=O) and the pK, of the X ligand, except with bases with 
substituents where steric hindrance may be operating, and no evidence was obtained for the 
existence of both cis and trans isomers, unlike the case of [VO(acac).] adducts (Section 
33.5.5.4.ii). For the tris complexes [VO(oxine)3]~, an octahedral structure in which one oxine 
ligand is unidentate and bonded to V was proposed.*”° 

[VO(oxine)2] (138) and [VO(oxine)2py]:CeH. (140), prepared by a ligand displacement 
reaction (equation 61), had v(V=O)=963 and 945cm~* and ueg=1.75 and 1.64BM, 
respectively. When 8-quinolinol is replaced by 2-methyl-8-quinolinol in reaction (61), [VO(2- 
Me-oxine),] is obtained, with v(V=O) = 970 cm~*. Complexes (138) and (140) react readily 
with O, and a diamagnetic dinuclear u-oxo V* species [(oxine),—OV—O—VO(oxine),] is 
produced.*”° Nitrobenzene and 2-nitrosobiphenyl also react in a similar manner in THF giving 
the same complex. With p-benzoquinone a dinuclear diamagnetic VY complex 
[(oxine),0 VOCsH,OVO(oxine),] is obtained. 

VO(acac), + 2Hoxine = VO(oxine), + 2Hacac (61) 
6776 

The preparation of [VCl,(oxine),] by the reaction of [VO(oxine)] with SOC1 in benzene or 
in 1,4-dioxane with PCI; (Section 33.5.5.4.ii) was found to be much easier than from [VCl,]>*° 
as it proceeds at room temperature in a few minutes. 

Early publications with N,O donor ligands include oxovanadium(IV) and (V) complexes with 
a large number of substituted hydroxytriazenes.*”**”? The vanadyl complexes are of the [VOL] 
type with wey = 1.6-2.1BM and cryoscopic measurements in freezing benzene suggest a 
monomeric nature. In basic medium containing pyridine, 2-picoline or aniline, the complexes 
are oxidized and produce diamagnetic VY complexes formulated as [VO LX] compounds. 

Several complexes with hydroxyoximes (especially aromatic) have been prepared. Typically, 
an ethanolic solution of ligand is added to a sclution of a vanadyl salt, the pH and temperature 
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are adjusted and the solid precipitates. Most complexes are of [VOL,] t di i ype and include ligands 
L with HL = 2-hydroxybenzaldoxime®**! and derivatives,®°° several aii draryelky GheAGne 
oximes and derivatives (141) ,*°? *°8 salicylaldoxime (142) ,831:839 2-hydroxynaphthaldoxime®*°*° 
and o-vanillin oxime (143).*° 

R OMe 

ca. a@ er N N N eS Z 
se OH cm OH os On 
Me H H 

(141) (142) (143) 

Other complexes with N,O donor ligands include the dimeric compound (144) and 
monomeric (145).**" The ESR spectra of the vanadyl dimer (144) in frozen DMSO and DMF 
exhibited only zero-field splitting and the V—V distance estimated from this was 8.66 A. 

T T 
a Tee 

Me C HASH Cs oC Me 
WN pics S ie nee us Me : Me 

O O Me =O Me 

Oe Nv | a |) en 

we —S wee SS Vz / aK : \ ae ei fo Nag 
Gc C Cc (e 

SS 
Mee! eee “aH af Thee Me ig) 

| 
ter C—Me ar H (145) 

O 

(144) 

[VOL,] (HL =salicylaldehyde hydrazone (salhy) and _ salicylaldehyde phenylhydrazone 
(salpheny)) are monomeric (uty = 1.76 and 1.74 BM).**”°*? Reaction of SOCI, in DMF gave 
the corresponding deoxygenated [VCI,L,].** ui values are 1.78 and 1.79 BM for L = salhy 
and salpheny, respectively, suggesting a d’ configuration but [VCl,(salhy)] in DMF at 77K 
gives no ESR signal.**° As in the case of the porphyrinato vanadium(IV) dihalide, the absence 
of an ESR spectrum was attributed to a degenerate ground state.**? The reaction of 
[VOCL(salhy)2] with several nitrogen bases such as aniline, 1,4-diaminobenzene, aminopyri- 
dine and adenine proceeds according to equation (62).°* 

VCIL, + 2Hamine —— VL,(amine), + 2HCl (62) 

(L = salicylaldehyde hydrazone and salicylaldehyde phenyl hydrazone) 

Complexes with thiocarbohydrazones (146; R= H, Me, OMe, Cl) have been prepared in an 
ethanolic medium.*“ They have 1:1 stoichiometry, and wy are 1.73-1.94 BM; v(V=O) was 
at 980 cm7?. . 

Oxovanadium(IV) complexes have also been prepared with the carbohydrazones and 
thiocarbohydrazones formed in the condensation of carbohydrazide or thiocarbohydrazide with 
benzaldehyde, o-nitrobenzaldehyde, anisaldehyde, cinnamaldehyde, acetophenone and 2- 
acetylpyridine.**° wt values are 1.68-1.72BM and v(V=O) is at 960-980cm™*. The 
compounds, [VO(L)2(H20)] (147), were suggested to be of structure (12) (p. 487).°*° 

(ii) Polydentate ligands involving oxygen, sulfur and/or nitrogen coordination 

A complex with 8-mercaptoquinoline [VO(thiooxine),] is magnetically dilute.8?°°° 
Complexes with Cl and Br derivatives of 8-mercaptoquinoline have also been reported.*°’ In 
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S R'—_C=N—NH—C—NH—N=C—R’ 
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(146) cs (147) X=OorS 

[VO(QT)2] (HOT = 148), with mi =1.85BM, coordination involves sulfur (as S~*) and 
nitrogen. 
Hodge et al. synthesized complexes containing the N,S and O,S bidentate ligands 

(149)—(152).*7 These were of [VOL,] type with a square pyramidal geometry (except 
[VO(pto)2]) (pto = 152); all attempts to prepare N,N-dialkyl-2-aminoethanethiol VO** com- 
plexes failed. [VO(pto)2py] appears more stable than [VO(abt)2py], and may exist as a mixture 
of cis and trans isomers (in relation to the oxo group). The reaction of [VO(abt)2py] with a 
variety of 4-substituted pyridine N-oxides, where the steric factor is expected to be 
approximately constant, resulted in a systematic change in the visible spectra, and the changes 
correlated with the Hammett o values of the bases.**’ 

O 
|| 
ci UH SNH; eae 
“N | 3 N-O 
Le NH.CH.CH,SH C,.N>;NHCH.CH.SH Z SH eh 

INT INS (149) Haet (150) Hdaet (151) Habt (152) Hpto 

(148) 

With 3-hydroxyquinazoline-4(3H)-thiones (HQ) (Scheme 20; Z=S, Y=NOH), the ESR 
spectra were explained assuming equilibria (63).**° Compounds isolated, [VOQ)], involved 
sulfur and oxygen atoms in a square pyramidal geometry. 

yO". —-> YOO! ——>. VOO,-+ ZHt (63) 

Precipitation 
in situ for some 

a, R, when complex- 
No modification X : ation occurs 
of spectra by wet UR (Me or Ph) 
substitution Nie 
with Br Y. 

™ x a Complexation 
Zz _only for Y = NOH, 

* not for NH, NNH2, 
OorS 

Complexation for Z=S, 
not for Z=O 

Scheme 20 

Bozis and McCormick prepared several green complexes with monothio-B-diketones 
(153)-(155), formulated as monomeric square pyramidal [VOL,].**° With (156) and (157), the 
complexes have a golden yellow colour, diffuse reflectance spectra differ from those with 
(153)-(155) and v(V=O) was at 868 and 876cm™ for [VO(ttmbs),] and [VO(nebas).], 
respectively.*°° The solid complexes probably have a structure that involves —V—O—V— 
bridging, as found for [VO(salnpn)] (Figure 30). 

Early reports on tetrasulfur tetranitride (SsN,=L) suggest the formation of [VCL.L] 
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MeC=CHCPh PhC=CHCPh PhC=CHCOEt 
| II | I| | II 
SH O SH aGeG) SH. .O 

(153) Hbas (154) Hdbms (155) Hebas 

PO Nea Ot ee oe 

SH) *:Q SH O 
(156) Hnebas (157) Httmbs 

adducts. °°? More recently, it was found that S,N, reacts with excess of VCl, in CHCl, forming 
a mixture of VCI,(S.N3) and S,N>:VCl,. Sublimation at 110°C gives black needles 
[VCI,(S2N3)], chlorine-bridged dimers linked by additional weak V—N interactions to form 
polymeric chains (Figure 37).** Thus, only nitrogen coordination is involved. The six- 
membered VNSNSN ring is planar. 

Figure 37 Three-dimer section of the polymeric chain of the compound [VCI,(S,N;)].%? The longer V—N 
‘interactions’ which link the dimers are indicated 

33.5.10 Mixed-ligand Complexes 

Strictly speaking, all oxovanadium(IV) complexes should be considered of mixed-ligand 
type. Of course, such criteria have not been used and this section concerns complexes with at 
least two different chelating ligands. 

The overall reaction for the formation of a 1:1:1 mixed-ligand chelate in aqueous solution 
may be written as in equation (64) where A” is considered the ‘primary ligand’ and L the 
‘secondary ligand’. Ternary complexes will form only if complex [VOAL]?-”~” is more stable 
than the binary complexes of VO?* with A” or L”~. Table 46 summarizes most of the data 
available. For a given primary ligand, the relative stabilities of [VOAL] follow the order of the 
relative basicities of the secondary ligand, although steric factors might also be operating in 
some cases; steric interference increases with the increasing size of the ligand and invariably 
decreases the stability of the chelate.©3:°76,8? 89> 

VO" + A* e+ Lt. VOALCI" 5” (64) 
[VOAL] 

Byoat = [vo ][A™ IL] (65) 

Early mixed-ligand complexes [VO(A)(L)]*°° * with A potentially tridentate (or bidentate) 
(lutidinic, chelidamic, collidinic, iminodiacetic and oxalic acids) and L a bidentate ligand 
(phen, bipy, acac, glycine, oxine, salicylaldoxime and others) appear to be monomeric and 
were prepared from the parents [VO(A)(X)(H2O)], where X is a monodentate ligand (H20, 
py, 2-picoline, aniline, etc.), by displacement. One such, [VO(ida)(bipy)]-2H20O, consists of 
monomeric units with two loosely bound water molecules of crystallization. The geometry 
around V is octahedral (d(V=O) = 1.596 A). Several [VO(A)(L)], A being the anions of 
oxalic, malonic and maleic acids and L= phen, were prepared from [VO(A)(H20),].°° The 
ease of preparation follows the order: oxalate > malonate > maleate. 



556 Vanadium 

Table 46 Stability Constants Byo,, of Some Mixed-Ligand Chelates of Oxovanadium(IV)* 
eS ee 

H,A A,,L Log Byoar Ref. H,,A HmL LogByoa_ Ref. 
a cc OA ition Nee 1 Sd 

Oxalic acid Phthalic 9.70 1 Picolinic acid Oxalic 10.40 2 

Maleic 10.56 1 Phthalic 9.48 2 

SA 17.87 1 Maleic 10.53 2 

SSA 15.83 1 SA 18.63 3 

HQSA 14.45 1 SSA 16.44 3 

Anthranilic acid Oxalic 9.29 4 Hippuric acid SA 14.78 5 

Malonic 10.62 4 SSA 13.54 5 

Phthalic 9.40 4 HOSA 12.55 5 

Maleic 10.24 4 
SA 10.62 4 
SSA 9.83 4 

HOSA Phthalic 13.88 6 Catechol® Succinic 8.68 8 

Maleic 15.96 6 Adipic 8.24 8 

SA 23124 6 Itaconic 9.15 8 

SSA 21.22 6 Phthalic 8.79 8 

Tiron 26.04 ‘A 3,5-DinitrosoSA 12.61 8 

Chromotropic 26.36 i! SSA 23.16 8 

Pyridine- Oxalic 12.83 9 bipy*® Oxalic 8.88 11 

2-aldoxime Phthalic 12.63 9 Malonic 11.34 11 

Maleic 13.65 9 Phthalic 10.97 11 
SA 21.63 10 Maleic 11.44 11 
SSA 19.52 10 Glycolic 23.26 11 
HQSA 18.73 10 SA 27.78 11 

SSA 22.93 11 

phen SA 19.92 12 bipy SA 18.51 12 

SSA 18.12 12 SSA 16.87 12 
HQSA 16.75 12 

phen® oCA 19.22 13 bipy* oCA 18.53 13 
mCA 18.90 13 mCA 18.17 13 
pCA 18.18 13 pCA 18.36 13 

Succinic acid® Malonic 8.70 14 Iminodiacetic Oxalic 7.66 15 
Phthalic 8.34 14 __—acid* Malonic 11.85 15 
SSA 11.29 14 SA 18.35 15 
3,5-DinitrosoSA 9.40 14 SSA 18.35 15 

Mandelic 17.52 15 
Adipic acid® Malonic 9.68 14 Glycolic 17.96 15 

SSA 11.67 14 
3,5-DinitrosoSA 9.36 14 

Itaconic acid® SSA 11.39 14 
3,5-DinitroSA 9.68 14 

SSA? 3,5-DinitroSA 11.86 14 
4-HydroxySA 30.05 14 

3,5-DinitrosoSA* 4-HydroxySA 14.30 14 

* Unless otherwise stated, the B,o,; values were determined in 0.1 M KNO,j solutions at T = 30°C by pH-potentiometric titrations. 
SA, SSA and HQSA = salicylic, 5-sulfosalicylic and 8-hydroxy-quinoline-5-sulfonic acids, respectively; oCA, mCA and pCA =2- 

hydroxy-n-methylbenzoic acid (n =3, 4 and 5, respectively). 
“Values determined in 0.1 M KNO, solutions at T = 35 °C. 
Values determined in 0.1 M NaClO, solutions at T = 30°C. 

“Values determined in 0.1 M KNO,j solutions at T = 25°C. 
1. S. P. Singh and J. P. Tandon, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1974, 22, 725. 
2. S. P. Singh and J. P. Tandon, Acta Chim. Acad. Sci. Hung., 1975, 84, 419. 

3. H. S. Verma, S. P. Singh and J. P. Tandon, Talanta, 1979, 26, 982. 
4. A. K. Jain and G. K. Chaturvedi, J. Indian Chem. Soc., 1979, 56, 850. 
5. H. S. Verma, B. P. Singh and S. P. Singh, J. Indian Chem. Soc., 1981, 58, 315. 
6. S. P. Singh and J. P. Tandon, Monatsh. Chem., 1975, 106, 271. 

7. §. P. Singh and J. P. Tandon, Acta Chim. Acad. Sci. Hung., 1976, 88, 335. 
8. R. G. Deshpande, D. N. Shelke and D. V. Jahagirdar, Indian J. Chem., Sect. A, 1977, 15, 320. 
9. S. P. Singh, H. S. Verma and J. P. Tandon, J. Indian Chem. Soc., 1978, 55, 539. 

10. S. P. Singh, H. S. Verma and J. P. Tandon, J. Inorg. Nucl. Chem., 1979, 41, 587. 
11. A. K. Jain, V. Kumari and G. K. Chaturvedi, J. Indian Chem. Soc., 1978, 55, 1251. 

12. M. M. Islam, R. S. Singh and B. G. Bhat, Indian J. Chem., Sect. A, 1982, 21, 751. 
13. M. M. Islam, R. S. Singh and B. G. Bhat, Trans. SAEST, 1983, 18, 32. 
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Compounds [VO(acac)(2-aminobenzoato)]-nH,O (n = 0 or 1) were prepared with rather low 
ex (1.49 and 1.34 BM for n = 1 and 0).**! In CHCl;, the ESR spectrum shows splitting of A, 
into A, and A, components ascribed to asymmetry of the ligands.*' In [VO(oxine)(2- 
aminobenzoato)|-nH2O (n = 0 or 1), a ty value of 1.33 BM was reported for n = 1.8 

33.5.11 Multidentate Macrocyclic Nitrogen Ligands 

33.5.11.1 Porphyrins 

Much interest in environmental vanadium stems from its presence in fossil fuels, largely as 
porphyrins and related compounds which pose problems in refining and burning of high- 
vanadium-content fuels. The metal porphyrins in crude oils and oil shales have been 
extensively studied since their discovery by Treibs, who postulated that the principal compound 
in geological samples is vanadyl deoxophylloerythroetioporphyrin (DPEP) and developed a 
detailed scheme to show that this compound was formed from chlorophyll.°-°* Based on 
Treibs’ observations, metal porphyrins in crude oils show their biological origin. The literature 
is extensive and will be very briefly covered. Although the geoporphyrin system is more 
complex than Treibs’ original scheme,®® vanadyl porphyrins found in crude oils and bitumens 
are believed to be the end product of the diagenesis of chlorophyll. The vanadyl analogue of 
chlorophyll, [VO(DPEP)] (158), provides some insight into some of chlorophyll’s properties, 
including its resistance to oxidation.°°° XANES/EXAFS experiments on pulverized coal gave 
arguments discounting the presence of vanadyl porphyrins.*°’° More recently, the identifica- 
tion, including X-ray structure, of a vanadyl porphyrin isolated from a geological sample 
unlikely to have been chemically altered by the extraction procedure was reported.®® 
Further, using asphaltenic fractions, from EXAFS, XANS, ESR and UV-vis spectroscopy 
vanadium is predominantly porphyrinic.®”° Several chemical and structural studies of vanadium 
porphyrins emphasize low valent metalloporphyrins and related systems with sulfur and 
selenium.’ Two general methods can be used to prepare vanadyl porphyrins: (1) using 
VO(acac), in phenol at reflux temperatures, or (2) using VCl, or VCl; in various solvents. In 
boiling quinoline, 100% incorporation is obtained in 2h for meso-tetraphenylporphyrin (TPP) 
and octaethylporphyrin (OEP).°71°” 
ESR has been used to characterize vanadium compounds in crude oil.*°*°”? In ESR spectra 

of [VO(TTP)], extrahyperfine structure from interactions with N atoms was detected in CS 
and CHCl, glasses and the splitting constants Aj, A\ were calculated (2.9+0.05 and 
2.8 + 0.05 G).°”’ 

In [VO(DPEP)] (158), the four nitrogens are coplanar and the vanadium lies 0.48 A out of 

plane.8’* In [VO(OEP)] i) (OEP = 2,3,7,8,12,13,17,18-octaethylporphyrinato), the four 

V—N distances average 2.10 A, the same as for [VO(DPEP)] (excepting V—N(c)).°” The 

vanadium is 0.543 A from the mean plane of the four N atoms, in the range 0.48-0.72 A 

predicted by EHMO alculations.*’”° For [VO(TTP)] (160), [VO(ETP)] (161) and 

[VO(ETP).](H2Q) (162) (ETP = etioporphyrin and H,Q = 1,4-dihydroxybenzene) (Figure 38), 

the vanadium is five-coordinate.*””? One interesting feature in (162) is the hydrogen bond 

between the quinol (H,Q) and the VO group. The O---O distance is 2.82A and the 

vV=O---O and C—O: --O angles are 159.3 and 118.9°. 

(159) 

EXAFS with [VO(OEP)] and [VO(DPEP)] gave V=O and V—N bond lengths almost equal 
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Figure 38 Schematic representation of the molecular structures of (a) [VWO(TPP)], (b) [VO(ETP)] and (c) 
[VO(ETP)],(H,Q) (side view).®”’ The VO bond distances are 1.625, 1.599 and 1.614 A, respectively, and the 
vanadium ‘N, plane’ distances are 0.53, 0.49 and 0.51 A, ay ios The V—N bond lengths are all in the range 

2.04-2.09 

to the X-ray results,°”* showing that this is a useful tool for investigating the coordination 
sphere of metalloporphyrins; it is often difficult to obtain good quality crystals. 

In solution, vanadyl porphyrins [VOP] can form adducts [VOPX] in the presence of a large 
excess of X (X = py or piperidine) but the equilibrium constants are rather small.°’”? **! 

For vanadyl uroporphyrin’, spectra in alkaline medium are different from those in organic 
solvents or crystalline.**? If a six-coordinate dihydroxide species [V(OH),UroP] really forms, it 
would be the first example of a deoxygenated V'Y complex bound to two OH™ groups. 
However, the arguments presented leave the possibility of [VO(OH)UroP]~ in alkaline 
solution.°* 

The action of SOX, or COX, (X=Cl or Br) on several VO** porphyrins gives the 
dihalogenovanadium(IV) porphyrins.**° These are extremely reactive and act as precursors in 
the synthesis of low-valent porphyrins. [VBr,(OEP)] was studied by EXAFS and the two Br 
atoms were coordinated trans. In reactions of porphyrins with halides MX,, (TiC, SnCh, 
AICl;, AlBr; and also SbCl; and SOCI;), deoxygenation of the vanadyl occurs, octahedral 
[VX,P] being formed.*** In the intermediate stage, the authors suggest the formation of a 
bimetallic complex of vanadium porphyrin with halide. In air, the products are dihalogen 
complexes of V'Y with mono- and di-cation porphyrin ligands. All are entirely converted to the 
original [VOP] when small amounts of water are added. 

Reduction by zinc amalgam of a dry and oxygen-free THF solution containing [VCl,(TPTP)] 
(TPTP = meso-tetra-p-tolylporphyrinato) and addition of elemental sulfur yields 
[VS(TPTP)].°° Similar thiovanadyl complexes were prepared with OEP, TPP and TMTP 
(TMTP = meso-tetra-m-tolylporphyrinato). Analytical results and mass spectra agree with the 
formulation [VS(por)], and v(V=S) was at 550-565 cm™! (see Section 33.5.6.1). FT-EXAFS 
of [VO(OEP)] and [VS(OEP)] were recorded and the difference FT spectrum yielded 
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approximate values for the interatomic distances: V—=O ~ 1.6 and V=S ~ 2.06 + 0.02 A, which 
"agrees with 2.061 A for [VS(acen)].°? 

A convenient procedure for the isolation of selenovanadium(IV) porphyrins has been 
reported and involves the use of Cp,TiSes (instead of elemental selenium) (Scheme 21).8°>-8%° 
The IR spectra exhibit a medium-to-strong band at 434-447cm™’ assigned to v(V=Se). 
EXAFS with VSe(OEP) suggests that the V—Se bond is ~2.19 A and that the V atom is 
~0.47 A above the plane of the four nitrogen ligands. !”8 

Se VS(TPTP) 

V"(TPTP)(THF)>2 = cp,tise, 

THF ~> VSe(TPTP) 

Zn amalgam 

VCl,(TPTP) 
THF, 24h 

Scheme 21 

33.5.11.2 Phthalocyanines 

The VO** phthalocyanine [VO(pc)] has been the subject of patents as it is useful in 
photoelectrophoretic and xerographic imaging.*®’ It can exist in at least three solid phases*** 
and the structure of so-called phase II was determined.®*° It is composed of sheets of parallel 
and overlapping [VO(pc)] molecules and no discrete dimer pair exists. The vanadium is 
five-coordinate and square pyramidal, and is 0.575 A above the ‘plane’ of the four nitrogens. 
The Spies distances do not differ significantly with a mean of 2.026 A; the V=O distance is 
1.580 A. 
ESR measurements of aqueous solutions of the VO?* complex of 4,4'4,”,4”- 

tetrasulfophthalocyanine (tspc) show that it is polymeric.®”° In dilute solutions (107° M), the 
dimeric form predominates and higher polymers increase with concentration.**! The formation 
of adducts prevents polymerization and in solutions containing DMF most of the chelate is 
dimeric with a V—V distance of ~4.5 A. 

33.5.11.3 Tetraaza[14]Jannulenes and other macrocycles 

Complexes with the tetradentate tetraaza[14]annulenes (163) and (164) (= HL), studied by 
spectroscopy,°”” were formulated as [VOL], probably similar to the complexes with porphyrins. 
v(V=O) was at 967 and 940cm™' for (163) and (164). In the ESCA spectra, the nitrogen 
donors are equivalent.8”” 

—N N= 

ee en eee H No oeN 
N ON Voy 

(163) (164) 

The tetramethyltetraaza[14Jannulene (165) reacts with vanadyl acetate to yield (166) similar 

to complexes of (163) and (164).° It was the starting material for several reactions shown in 

Scheme 22, and exhibits a reversible one-electron oxidation wave at +0.245 V (us. SCE) but 

reacts irreversibly with mild oxidants (O2, Ag”, Ce** or I) to yield (167). With Et;N, (167) 

yielded a complex with properties ieee to (166) but which mass spectral data indicate is a 

dimer. Structure (170) was proposed. 

Reaction of a6 oa Saal HCl deoxygenates the vo** compound, forming (168).°°° 

Its ESR parameters are those expected for the substitution by two chloride ligands. (168) with 

H,S and base yielded the y euaeess analogue of (166) for which v(V==S) was at 545 cm™. 

Hydrolysis of (169) regenerates (166). 

‘On area ene to react with di(am)sar (172) for 3 days under Nz, a deep red-brown 

developed.** After separation (by cation exchange chromatography) of the red-brown 

product, its crystalline chloride was converted into the dithionate [V'’(di(amH)sar- 
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els pa Coral whose geometry is close to trigonal prismatic with V—N in the range 
2.06-2.10A. It has wey =1.80BM and is stable in the pH range 1-10. Spectroscopic 
techniques have been used to study the V'Y di(am)sar complex? and other macrocyclic 
complexes.”* 

NH NH 
Vaps TEs, 

H,N NH NH NH, 

NH NH 

a tloakb 
(172) di(am)sar 

33.5.12 Polynuclear Complexes 

33.5.12.1 Binucleating and compartmental ligands 

Mononuclear VO** and heterodinuclear VO?* complexes (with Cu**, Ni2*+, Mn?*, Zn’, 
Pd** as the second metal ion) have been reviewed.*” In this section, we shall mainly discuss 
more recent work. Many complexes were with Schiff bases from the reaction of B-triketones or 
B-ketophenols with ethylenediamine. One important aim has been to compare the magnetic, 
spectral and chemical properties for the metal ion M, in [M,(diken)] and M, in 
[M,(diketonato),], with the corresponding properties in the binuclear complexes formed (see 
equation 66). 

R’” 

Noa Oe oO 
eM 

GOs oO +0 (66) 

R’ ING Sule ah 

M,(diken) M,(diketonato), 

In mononuclear complexes with ligands of type (173), VO** has a strong preference for the 
O.O, environment as clearly demonstrated by the single crystal molecular structure determina- 

tions with [VO(H2baaen)] (174; R = (CH2)2, R’ = Me, R” = Ph),*°*?°*°° [VO(Hadaaen)] (174; 
R=(CH))2, R’=R”’=Me)*’ and [VO(H2daanpn)]-CHCl; (174, R=(CH2)3, R’=R"= 
Me).°”” In the case of ligands (178; R=Me, Et), the outside 0,0 donor set shows a low 
tendency to coordinate and VO"t coordinates in the N,O> site as was found for the Ni’* 

complex.°8 

R’ cour 
NH OW{L0 
NH O~ ~O 
R’ ees: R’ 

(174) 

Me a Me Zt Ph 
Neu O ‘ : NaosOelly 
SNiL + VO(acetate) —. CN Nn (67) 

NO ate acme 
Rea rie e2 Mel J Ph 

Ph 
(176) (175) 

To prepare pure heterobinuclear complexes, it is important to minimize the possibility of 

producing homobinuclear chelates and to avoid the problem of the metal ions changing 

positions, i.e. positional isomers. [Ni(H,baaen)] (175) was the starting material for binuclear 

complexes including [NiVO(baeen)] (176).°°° As Ni2* in (175) has a relatively strong selectivity 
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to N,Op, it can be easily prepared as a pure mononuclear N20; positional isomer and used for 

the synthesis of binuclear complexes (equation 67). In (176), the Ni**, coordinated in a square 

planar geometry, is diamagnetic with the entire paramagnetism arising from VO*1 ST ee 

values at 297 and 77K are 1.71 and 1.73BM.* The vanadium is 0.616 A above the 0,0, 

‘plane’ in a square pyramidal geometry; the Ni—V distance is relatively short (2.991 A). 

[CuVO(daaen)]-H2O (179) and [NiVO(daaen)]-H,O came from the parent Cu and Ni 

complexes by a reaction similar to equation (67), and [(VO),(baaen)] from 

[VO(H2baaen)]-Me.CO.™ The crystal structures of (179) and of the mononuclear VO?* 

complexes [VO(H2daaen)] and [VO(H2daanpn)] were determined (Figure 39).°°7 Cu—V 

distance in (179) is 2.985 A and [VO(H2daaen)] crystallizes in two forms (monoclinic and 

triclinic), but the corresponding molecular structures are indistinguishable. The molecular 

structure of [(VO),(daaen)], only a small proportion of the molecules in the structure of 

[VO(H2daaen)], was proposed and is shown in Figure 39(d);*”’ one important feature is that 

both vanadyl bonds point in the same direction and thus the vanadium atoms are probably in 

good positions for relatively strong V- - - V interaction. 

Figure 39 The molecular structure of (a) [VO(H,daaen)], (b) [VO(H,daanpn)], (c) [CuVO(daaen)]-H,O (179) and 

(d) [(VO),(daaen)]. In all four molecules, the vanadium atom is coordinated in a square pyramidal geometry and is 
displaced above the 0,0, ‘plane’ by ca. 0.56 A (for (d), no data are given)**’ 

As mentioned above, in the heterobinuclear preparations the presence of both mono- and 
homobi-nuclear VO?* complexes was detected;**’ two alternative explanations were suggested: 
(i) any HCI present in the CHC, used for recrystallizing could strip the metals from the ligand 
and allow subsequent incorporation of VO** into the outer compartment; (ii) during the 
synthesis, the mechanism depicted in Scheme 23 could take place. These observations suggest 
that in solutions of the heterobinuclear complexes, several species are probably present and the 
product isolated is a function of the insolubility of the individual species. 
When VOCI, was reacted with the £,6-triketones 1,5-bis(p-methoxyphenyl)1,3,5- 

pentanetrione (H,dmba), 1,5-diphenyl-1,3,5-pentanetrione (H2dba), 2,4,6-heptanetrione 
(H2daa) or the B-diketophenols 2-acetoacetylphenol (H,aap) and 2-benzoylacetylphenol 
(H2bap) in the presence of 2 moles of LiOH, mononuclear complexes were normally 
obtained.’ With cations other than VO?", e.g. Ni?* and Co**, binuclear complexes were the 
usual result. With ketophenols, mononuclear chelates can be obtained but are only stable at 
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Scheme 23 

low temperatures. With the exception of [VO(Hbap).(OH)], which is yellow and diamagnetic 
(it is a VY compound), wi values of the complexes obtained (in the range 1.65-1.73 BM) are 
those expected for magnetically dilute VO?* complexes. 

While attempts to prepare heterobinuclear complexes starting from the mononuclear 
chelates were unsuccessful, green or red oxovanadium(IV) homobinuclear complexes may be 
obtained (depending on the reaction conditions) with ligands dba and dmba, while only one 
type of complex is obtained with all other ligands. The main difference in the IR spectra is that 
the green compounds show only one v(V==O) at 985-990 cm™~', while the red ones have an 
additional strong band at 890-900 cm~' suggesting V—=O- - - V=O interactions.” The ut¢ of 
the binuclear complexes are lower than the spin-only values except for [(VO)2(bap),OH]; 

Ut¢ = 1.98 BM, suggesting the presence of a VOY and a VO" in the molecule.” The authors 
also report results of polymerization tests with these VO** complexes as Ziegler—Natta 
catalysts. The features of the copolymer obtained are similar to those from widely used 
industrial catalysts but while the mononuclear complexes showed catalytic activities comparable 
to those of [V(acac)3] and [VOCI,], dinuclear compounds show much lower activities. 

The complex [(VO).(dana)2] (dana = 1,5-bis(p-methoxyphenyl)-1,3,5-pentanetrionato) was 
prepared and temperature dependent yy measurements show antiferromagnetic behaviour with 
J = —80cm7!.* The |J| value is much lower than with [M,(dana)2(py)2] (M = Co, Cu) and this 
probably results from a different spatial orientation of the exchanging electrons: if the unpaired 
electron is considered to be initially in a d,, orbital, a direct metal-metal interaction may be 
possible; as the V—V distance is large (ca. 3.0-3.2 A; V atoms are probably 0.5-0.6 A out of 
the plane and possibly one above and one below the ligand plane””’), one would expect a weak 
exchange for the direct V—V interaction. 
A VO?* complex with the compartmental ligand (177) was obtained by the dropwise 

addition of a VOSO, solution to an aqueous acetone solution containing LiOH and the 
ligand.” The complex is monomeric and the coordination involves the four O atoms. With 
Ni?* and Cu?* both mononuclear Positional isomers N,O, and O20, may be prepared 
according to conditions, but with VO** only the O20, positional isomer is obtained. 

From the reaction between isophthalaldehyde (Hfsal) and substituted derivatives and 
aminophenol in boiling methanol, the ligand Hsfsal(ap)2 (180) may be obtained, which in its 
trianionic form may act as a binucleating agent. Several VO** complexes with SBs (180; 
R’'=Me and R variable) were studied by Okawa et al. and were formulated as 

coc3-s 
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[(VO)2{fsal(ap)2}(OMe)] with a structure (181).°%* v(V=O) of the complexes is at about 
990 cm! except for (181; R = NO) for which v(V=O) = 900cm7’. All the ESR spectra are 
comparable and show bands at about 3200 and 1600 G. From magnetic susceptibility data, the 
|J| values were obtained and increase with the increasing order of electron-withdrawing abilities 
of the substituent R. Since direct coupling between d,, orbitals seems to be the determining 
factor for the spin-exchange interaction in the binuclear VO** complexes, one may expect that 
the overlapping of these orbitals will increase in the order R'=Me>H>C1; in fact the |J| 
values increase in the same order.’ 

Oxovanadium(IV) complexes with SBs (182; n = 1, 2, 4) were prepared and formulated as 
[((VO)2(SB)(H20)2] having coordinating sites at the azomethine nitrogen and enolic and 
phenolic O atoms.” wt values are in the range 1.62—1.70 BM, close to the spin-only value, 
but ym measurements as a function of temperature were not performed. 

HT H 

Oar NH ACER) GN Echters: 

Cy poe La O O | 
OH HOW 

(182) 

Selbin and Ganguly obtained complex (183) with R'= R* = R®=H by reacting [VO(salen)] 
and a Cu" halide. The wi¢ of 1.69-1.90 BM per complex molecule was considered as 
indicating the presence of strong antiferromagnetic interaction between the Cu?* and VO?+ 
ions. However, Okawa and Kida®”’ argue that the large g value determined from ESR 
measurements is not compatible with the low wey and prepared Selbin’s compounds and four 
other new complexes (R’, R* or R= Me, X =Br or Cl). They obtained much lower wtf than 
the values reported by Selbin and from x measurements at several temperatures” concluded 
that most of these compounds are diamagnetic, the paramagnetism being attributed to a 
paramagnetic impurity such as monomeric Cu** and VO** complexes. In order to explain the 
diamagnetism of the present complexes in terms of the antiferromagnetic spin-exchange 
interaction between VO?* and Cu’*, one would have to consider a strong spin pairing between 
the two metal ions and this seems unlikely since their ground state configurations, (d,,)' for 
VO** and (d,2_,2)' for Cu’*, are not appropriate for strong interaction (see also Section 
33.5.12.2). A different explanation, suggested by Okawa and Kida for the diamagnetism of 
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complexes (183) is that they are composed of VY and Cul, and thus the metal ions have no 
unpaired electrons at all. 

R2 H 

ae rie 
I I 

ny Se ae ‘ sar ees Cu(Cl0,) a 4)2 

N RG eae mash ve ™o 

C C 
Ro ne 

a 

x (s4) /; 
(183) X=Cl, Br 

Selbin and Ganguly also reported the preparation of the heterotrinuclear complex (184) with 
a ex value of 3.93BM,”° and the authors infer the absence of magnetic exchange in the 
complex although one would expect a value of only 3.0BM if this were the case. Orbital 
contribution, especially from the Cu atom, may be a partial explanation, but magnetic 
exchange is also probably involved.*** 

Polynuclear complexes with more than two metal ions have been prepared with polyketone 
ligands but no such complexes have been reported with VO**. With the tetraketone 
1,1'-(2,6-pyridyl)-bis-1,3-butanedione (H2L), several polynuclear complexes have been pre- 
pared including [(VO).(L)2] for which wi = 1.21 BM was obtained.°8 

33,.5.12.2 Heteropolynuclear complexes 

Studies involving heteropolynuclear complexes containing V'Y have been discussed through- 
out this review. Magnetic interactions (VO**-VO?* and VO?*-Cu’*) have been mentioned. 
A study comparing the interaction in Cu?*—Cu**, VO?*—VO?* and Cu**—VO7* pairs through 
the same oxalato bridging ligand was reported.’ Two new bimetallic complexes were 
synthesized, namely [(acac)VO(C,0,)VO(acac)]-4H,O and [(tmen)Cu(C,04) VO(C,0,)]-3H2O 
(tmen = N,N, N',N'-tetramethylethylenediamine) and the crystal and molecular structure of 
[(tmen)(H,O0)Cu(C,0,4)Cu(H2O)(tmen)](ClO4)2 was determined (Figure 40). The energy gaps 
arising from the intramolecular interaction, determined from magnetic data, are 385.4, 5.75 
and <lcm™ in the CuCu, VOVO and CuVO compounds, respectively. The authors 
rationalized the results according to an orbital model in which the ‘magnetic orbitals’ are 
defined as the singly occupied molecular orbitals for each monomeric fragment (®yo and ®c,), 
made up by the metal centre surrounded by the nearest neighbour ligands. The ‘magnetic 
orbital’ ®yo around VO?* in the VOO; chromophore, schematized in Figure 40(c), transforms 
as a’ (referring to C, site symmetry) and is delocalized towards the oxygen atoms of the bridge 
with 2a metal—oxygen overlaps. Since the a overlaps are weaker than the o ones, the 
delocalization towards the bridge is less pronounced in ®yo than in ®q,. In the VOVO 
compound the interaction between the two ‘magnetic orbitals’ is weaker than in the CuCu 
compound since the delocalization of ®yo towards the nearest neighbour oxygen atom is less 
pronounced. In the CuVO compound the two magnetic orbitals are strictly orthogonal but as 
they do not give any region of strong overlap density this explains why the triplet and singlet 
states are found to be almost degenerate. 
A rather different situation is found in the complex [CuVO{(fsa)2en}(MeOH)] (185) where 

(fsa)zen*~ denotes the binucleating ligand derived from the SB N,N'-(2-hydroxy-3- 
carboxybenzylidene)-1,2-diaminoethane. The crystal structure is made up of heterobinuclear 
units (Figure 41a) with the MeOH molecule weakly bound to the Cu atom.”!®?"! The thermal 
variation of y., shows that upon cooling from 300K to around 50K, xT increases and this 
clearly demonstrates that the triplet state (S = 1) is actually the lowest in energy. Thus, the 
intramolecular coupling is ferromagnetic and the separation between the triplet and singlet 
states was found to be 118 cm“. The nature of the intramolecular interaction was explained by 
the orthogonality of the ‘magnetic orbitals’ ®c, and Pyo, centred on the Cu** and VO** ions 
(see Figure 41b). The overlap integral of ®c, and ®yo is identically zero and this means that 
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(c) 

Figure 40 Schematic structures proposed for (a)  [(acac)VO(C,O,)VO(acac)]-4H,O and (b) 

[(tmen)(H,O)Cu(C,0,) VO(C,0,)]-3H,0° (only the structure of [(tmen)(H,O)Cu(C,0,)Cu(tmen)(H,0)] was 

determined by X-ray diffraction); (c) schematic representation of the ‘magnetic orbital ®yq’ in the VOO, 
chromophore” 

there is no interaction between the orbitals favouring the pairing of electrons on a molecular 

orbital of low energy. In order to explain why J is so large, the authors emphasize that the 

entire molecular symmetry is important in deciding the nature of the coupling and not only the 

local symmetry for each A—O—B linkage.*"’ In the Cu**-VO** pair, the strict orthogonality 
which leads to ferromagnetic interaction occurs only if the phases at both bridging oxygen 

atoms are taken into account. 

(c) 

Figure 41 (a) schematic representation of the molecular structure of [CuVO((fsa),en)(MeOH)] (185);?"" (b) relative 
symmetries of the ‘magnetic orbitals’;°'' (c) schematic representation of the geometry around VO?" in the trinuclear 

cation [VO(CuHAPen),]** (186)?"* 

Copper complexes can act as bidentate ligands towards transition metal ions.*'”°? On mixing 
a solution of CuHAPen in CHCl; (CuHAPen = N,WN'-ethylenebis(o-hydroxyacetophenone- 
iminato)copper(II)) with an ethanol solution of VO(ClO,), a precipitate formed. After 
recrystallization from nitroethane the compound [VO(CuHAPen),](ClO,)2-3H,O-4EtNO, 
(186) was obtained and its crystal structure determined.”'* The two CuHAPen complex ligands 
bind to a central hexacoordinate VO** occupying nonequivalent positions in a distorted 
octahedron forming a dipositive trinuclear cation (see Figure 41c). The V atom lies 0.38A 
above the ‘equatorial plane’. The Cu(1)—V, Cu(2)—V and Cu(1)—Cu(2) distances are 3.132, 
3.015 and 4.558 A, respectively. The temperature dependence of yx of (186) was studied in the 
range 4.2-300 K;?"* the ground state of the trinuclear cation is a spin doublet, with the quartet 
separated by ~3cm™’, and a second doublet at ~85cm7' (=J)2). The large ferromagnetic 
constant J,2 is associated with the coupling between Cu-2 and V, based (i) on comparisons with 
other similar copper complexes and with (185) and (ii) on the geometry of the Cu—V bridges 
and the symmetry of the ‘magnetic orbitals’ of Cu-1, Cu-2 and V. 
Oxovanadium(IV) complexes were also prepared by the reaction of the phosphonate anions 

(187) and (189) with [VO(acac)2] (equations 68 and 69), and the products were characterized 
by elemental analysis and mass spectra.”’° In contrast to the reaction of (187) with [VO(acac))] 
which gives (188) with wey = 2.03 BM, in the reaction of (189) only one acac ligand is displaced 
by the organometallic chelate. 

Allowing TiCl;(THF)3; and [VO(acen)] to react in THF at room temperature, a reductive 
deoxygenation of the VO** occurs and a red solid precipitates, characterized as [V™- 
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2CsHsNi { - + VO(acac), —> C.H.Ni { V * NiC;H, (68) 
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(189) (190) 

(acen)(Cl)(THF)] (4) (Section 33.4.8.1).°!° However, if the reaction is carried out at low 
temperature (ca. —70°C), a red crystalline solid precipitates which was shown to be the 
bimetallic vanadium(IV)-titanium(IV) -oxo complex [(Cl)(acen)VOTi(Cl)3(THF),]. This is 
paramagnetic, with one unpaired electron and is probably an intermediate in the reductive 
deoxygenation of [VO(acen)] to yield (4). X-Ray data show that the u-O atom bridges the 
[V(Cl)(acen)] and [Ti(Cl)3(THF)2] units with a rather long V—O bridging distance: 1.937 A (or 
1.973 A?); the Cl is coordinated trans to the y-O and the V atom lies approximately in the 
plane of ‘the NO, core of the acen ligand, its displacement from it being 0.042 A towards 
chlorine. 

33.5.13 Naturally Occurring Ligands 

This subject covers a wide range of compounds and many of them have been included in 
previous sections. Most investigations concerning complex formation between VO?* and 
proteins have been carried out with VO?* acting as a physicochemical marker of the binding 
sites. In recent years, there has been growing interest in employing VO** in protein studies 
because of its chemical and spectroscopic properties. Vanadyl forms hundreds of stable 
complexes with almost all kinds of ligands; thus, it may coordinate with the functional groups 
encountered in proteins. Since vanadium(IV) complexes are d' systems, the interpretation of 
optical spectra is relatively simple. Further, oxovanadium(IV) has one position occupied by the 
vanadyl oxygen and the IR stretching frequency of the VO bond can be used as an additional 
probe of metal-binding sites in crystalline proteins where the VO** concentration is sufficiently 
large. 
As vanadyl complexes consistently give sharp ESR spectra both in frozen and room 

temperature solutions and *'V is nearly 100% abundant, ESR is particularly useful and there 
has been a growing interest in employing VO** as an ESR spin probe. ENDOR studies have 
also been performed and future work using this technique and electron spin echo (ESE) will 
possibly be of great value in giving an insight into VO** binding site structure. The use of 
VO** as an ESR spin probe was reviewed by Chasteen.*** A few studies have appeared since, 
e.g. ESR studies of the VO** apoferritin complex*!* and the VO?*-S-adenosylmethionine 
synthetase interaction,”!® a CD, ESR and acid-base study of VO** binding to bleomycin,” 
and redox kinetics and complexation of V'Y and VY with serum proteins.” Some equilibria in 
solution, likely coordination geometries and ligand contributions to the observed hyperfine 
splitting Ao were also discussed.’”” 

Since the discovery by Cantley et al. that vanadate is a powerful and allosteric inhibitor of 
Na*,K+-ATPase,”! vanadium began to interest biochemists; and Chasteen has reviewed work 
published up to 1983.4”! Particularly interesting new studies involve vanadium peroxidases” 
and nitrogenases.””” 
Waltermann et al. studied the nonenzymatic hydrolysis of ATP by VO** and VO** coupled 
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with H,O, and concluded that oxidation of V'Y to VY is an important factor in enhancement of 

ATP hydrolysis. The authors also observed that ATP protects the VO** from oxidation by 

HO, and from ESR spectra they concluded that binding occurs between VO?* and ATP in 

aqueous solution. Sakurai et al. studied the formation of complexes between ATP and VO?* by 

potentiometric titrations, optical and ESR spectra and by *'P and *C NMR spectrometry.””?°~* 

They concluded that as pH increases three different complexes form and proposed detailed 

coordination geometries for each of them. At acidic and neutral pH, two different 1:1 species 

predominate and in alkaline solutions a green 2:1 complex forms. The authors argue that *'P 

and 3C NMR are very effective for determining coordination sites in compounds containing 

organic phosphate and that the detailed structures for the ATP-VO** complexes can thus be 

determined.” 
Complexes formulated as [VOCI,(HL)] [HL = purine (191), adenine (192) and guanine 

(193)] were prepared by refluxing the ligand and VOCI, mixtures in ethanol-triethyl 

orthoformate.””>"? Characterization was based on elemental analysis and spectral and 
magnetic studies. In the visible spectra (Nujol mulls) the d—d transitions were at ~695, ~500 

and ~430nm, and in the IR, v(V=O) was assigned at ~1005cm™'; wiy ~1.7BM. These 

VOCI, adducts are said to be polymeric with a linear, chain-like structure (194) involving single 

bridges of bidentate ligands between adjacent VO7* ions, the bridging probably being through 

N-7 and N-9 of imidazole.°°* This suggestion is based on IR evidence and by comparison 
with the molecular structure of [Cu(HL)(H2O)4](SO4)-2H2O (HL = 191).”” 

O H NH, 
LA S_-N? NZ N vate N ft 

oak a ? bvali > yaa 
ia N y 8 Ween 1b 
(191) (192) (193) (194) 

Several VO?* complexes with nucleotides have been prepared by the addition of aqueous 
VOSO, to an aqueous solution of the nucleotide.”* The compounds were formulated as 
[VOL]-nH,O with a suggested polymeric structure. As in the case of the complexes with the 
purines (191)-(193), further work is needed to sort out the molecular structure of these 
compounds. 

Amavadin, a natural compound which occurs in the toadstool Amanita muscaria has been 
said to be a 1:2 VO?* complex of Hidpa (131; R = OH).378:816929-954.948.949 Fravisto da Silva and 
co-workers studied the formation of complexes of VO** with ligands of type (132) by pH 
potentiometric methods and concluded that with a ligand-to-metal ratio of 2, only 1:1 
complexes form (see Table 45) except for the N-hydroxy derivatives (132; R=OH). With 
these ligands (e.g. Hidpa), the pK, associated with the N group drops ~10000 times and at 
pH ~7 the 2:1 complexes predominate. However, the formation constants calculated?”*°? 
seem low to explain the existence of amavadin in the toadstool and its ‘intact’ isolation after 
several extraction and chromatographic procedures, and further studies are needed to establish 
the detailed structure of amavadin and understand why VO?* binds N-hydroxyiminodiacetate 
ligands so strongly. Different formation constants have recently been estimated.** 

Several studies have concerned interaction of VO** with soil humic and fulvic acids. Strongly 
complexed VO** occurs naturally in the organic fractions isolated both from lignite and ball 
clay”® and from soil.”°%*’ Since the ESR spectra of VO** provide information on the 
environment of the metal, much can be learned about the interactions between vanadium and 
fulvic and humic acids using VO7* as a paramagnetic probe, and several studies have appeared 
with VO?* synthetically introduced to probe the metal-binding sites of these materials.°3*-** 
The ESR parameters indicate that in most cases the ligands are oxygen donors, probably from 
carboxylate and phenolate groups. Nitrogen coordination has also been suggested”** but, as 
noted by Chasteen,*** catechol coordination complexes have VO?* ESR parameters which are 
comparable to those obtained with nitrogen chelates. McBride™’ studied the influence of pH 
and metal ion content on VO**-fulvic acid interactions and concluded that very low pH values 
prevent VO** from bonding with fulvic acid and that insignificant quantities of free VO?* 
remain in solution at pH values of 4 or higher. Very high pH caused all the VO7* associated 
with fulvic acid to be oxidized except for a very small quantity apparently strongly bound to 
four nitrogen ligands, possibly porphyrin. 
VO** bound to wet humic acids exhibits a rigid limit ESR spectrum indicative of a highly 
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immobilized probe ion.” The ESR parameters suggest that bonding is mainly ionic. Room 
temperature solution ESR spectra of VO** complexes with podzol fulvic acid exhibit reduced 
intensity due to VO**-VO?* magnetic dipole interactions within the same fulvic acid 
molecule” and VO?* binding facilitates aggregation of fulvic acid to form a soluble polymeric 
system. 
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Niobium (formerly called columbium) and tantalum, when compared with the neighboring 
early transition metals, are seen to share with titanium and zirconium an affinity for dioxygen 
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and a reluctance to be reduced, but to differ from them in their much stronger tendency to 
form metal-metal bonds and in their rich cluster chemistry. With molybdenum and tungsten 
they share a propensity to yield oxo species and an ability to give multiple bonds with 
non-metals, as in carbenes, alkylidenes, nitrenes, etc., and to form Mg-based clusters, although 
these are mainly of the [M.Xs]?* type for molybdenum and of the [M¢X,2]?* type for niobium 
or tantalum. Carbonyls are generally much less stable for the group V than for the group VI 
metals. Roughly, it may be said that niobium and tantalum have chemistries more comparable 
to those of titanium and zirconium in their higher oxidation states, but closer to those of 
molybdenum and tungsten in their lower ones. 

Compared to vanadium, the higher oxidation states are much more frequently and the lower 
ones much less frequently encountered in niobium and tantalum. Niobium and tantalum are 
also much more prone to extended metal-metal bonding in their lower oxidation states; 
V.-based clusters, for example, remain undiscovered. Little resemblance is found to the group 
VB elements phosphorus and arsenic. 

The chemistry of niobium and tantalum ranges from oxidation state +V to —III, but with no 
species of oxidation state —II presently known (Table 1). The largest number of molecular 
compounds, by far, is found for oxidation state V. The very reactive pentahalides provide the 
most convenient entry to the molecular chemistry of these metals. 

Table 1 Oxidation States and Common Stereochemistries of Nb and Ta Compounds 

Oxidation Coordination 
state number Idealized geometry Examples 

MY 4 Tetrahedron [NbO,]°- , [NbO{N(SiMes),}5] 
5 Trigonal bipyramid [Ta(NEt,)<] 

Square-based pyramid [Nb(NMe,);], [NbOCL,], [NbSCI,(Ph3PS)] 
6 Octahedron [M>X1o], [MOX3], [NbAICi,], 

[Nb(OMe)s],, [MCI,(OR),], 
Trigonal prism [M(S,C,H,)3]_ 

7 Pentagonal bipyramid [NbO(C,0,)3]°- , [NbO(R,dtc),], 
[MS(R,dtc),], [NbOF.]°~, [M(O,)Fs]>~ 

Capped trigonal prism MF,|*~ 
8 Bicapped trigonal prism [TaF,]°, [Ta(PS,)S>] 

Dodecahedron [MCl,(diars).]*, [M(O,),]°~, : 
[M(O,)3(phen)]", [M(O2)2(C,0,)a}°~ 

9 ? [{NbCI,(Cp)2}20] 
10 v [MCI,(OxH)s] 

M!Y 4 Do, tetrahedron [Nb(NR,),] 
5 Trigonal bipyramid [MH,(OSiBu;),], 
6 Octahedron [MbX, 
7 Pentagonal bipyramid NbF,]° ; 
8 Dodecahedron [Nb{S,P(OR),}4I], [NbCl,(diars),] 

Square antiprism [Nb(dpm),], [TaCl,(dmpe),], 

[Nb,Cl,(PhPMe,)4(u-Cl),] 
9 ? [Nb(acac),(dioxane)] 

M™ 6 Octahedron [NbCl,(py)3], [Nb2Xo]*-, 
[M,CL,L,(u-Cl)2] rs 

7 Pentagonal bipyramid [Ta(PMe;)3(7?-CH,PMe,)(77-CHPMe,)], 
[TaH(PPh.),(dmpe),] 

8 Dodecahedron (solid) [Nb(CN),]°~ 
Square antiprism (solution) 

M™ 6 Octahedron [MCl,(PMe;)4] 
8 Dodecahedron [TaH,Cl,(PMes;)4] 

Square antiprism [TaH,Cl,(dmpe),] 

M! 5 Pentagonal bipyramid [TaL,R(C,H,)2] 

6 > [M(n*-C,H.)2(n°-Meally!)] c 
dl Capped octahedron [TaH(CO),(dmpe),], [Ta(CO)3(PMes),] 

Capped trigonal prism [TaX(CO),(dmpe),], [MCl(CO)3(PMe3)3] 
‘Four-legged pianostool’ [Nb(CO),(Cp)] 

M° 6 Octahedron [M(dmpe)s] 
Sandwich [M(arene)>] 

M! 6 Octahedron [M(CO).,]~ 

Mn SS ? [M(CO) 
6 2 [M(CO),(Cp)]? 

a ee a ie ees ee 
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Until recently little attention was paid to oxidation states lower than III, with the exception 

of the octahedral clusters of type [M6X12]?*, which are predominant in aqueous solutions. 

Preparation of molecular compounds in these oxidation states was for a long time more or less 

accidental unless cyclopentadienyl groups were present. This lack of development is mainly due 

to the paucity until recently of suitable precursors (halides or carbonyls), as well as to the high 

sensitivity to dioxygen and to moisture of products in such intermediate oxidation states as 

+III. Chemical reduction of pentavalent or tetravalent derivatives under strictly controlled 

conditions has since proven able to provide convenient starting materials for developing the 

chemistry of niobium and tantalum in their lower oxidation states. Powerful reductants such as 
sodium amalgam or naphthalenide are required for access to oxidation states lower than III. 
The least -documented chemistry of the formally positive oxidation states of these metals is that 
of oxidation state +I. 
Among the most valuable starting materials now available for access to oxidation states IV to 

II are the tetrahalides and some of their more soluble molecular adducts such as 
[NbCl,(THF)2], [NbCl,(MeCN)2]‘MeCN and [MCl,(dmpe)2], adducts of the trihalides, in 
particular [M2Cl.(PR3)4], and their derived hydrides, [M2Cl.L3] (L=SMe2, THT) and 
[MCl,(dmpe).]. Pentavalent alkylidenes also offer attractive entries into the chemistry of 
oxidation states +III and +I. 

Oxidation state —I is mainly represented by [M(CO),]~ and [M(PF3).]~. The first 
compounds isolated with a metal in the —III oxidation state were Cs;[M(CO)s] and 
Cs,[M(CO)3(Cp)] with M = Nb or Ta. 

Niobium and tantalum compounds form adducts with virtually all types of neutral and 
anionic donors. The coordination chemistry of the higher halides is widely developed, and their 
activity as Friedel-Crafts catalysts is another manifestation of their Lewis acidity. The strong 
acceptor capacity of the high valent metal compounds tends to favor the formation of dimers, 
and sometimes of higher condensation products, which competes with coordination with other 
donor molecules. Numerous simple anionic or heteropolyanionic species, but little cationic 
chemistry, and no simple metal salts, are known. 

Specific to the lower oxidation states is the tendency to metal bonding found in various 
arrangements, including isolated dimers (with single or double metal-metal bonds), polymers 
with M—M---M—M.¥--- bond alternation, triangular M3 units, and, the most abundant, 
octahedral Mg-derived clusters. These clusters, with non-integral oxidation states ranging from 
+2.67 for [M6Xi2]?* to +1.67 for [Nb¢Is]?* exhibit complex redox chemistry that may be used 
in photocatalysis. 

Being among the largest early transition metals, niobium and tantalum can easily 
accommodate high coordination numbers. Although coordination number six is the most 
frequent, stable compounds with coordination numbers of seven (especially in the lower 
oxidation states), eight, nine and even ten are found; in contrast, coordination numbers below 
five are extremely rare. The rate relatively large metal radii also account for the less tight 
coordination sphere, and hence for the stereodynamic character often encountered in the 
complexes. 

Reactions other than Lewis acid—base associations/dissociations are frequently observed with 
donor molecules, leading notably to solvolysis, oxygen or sulfur abstraction, insertion reactions 
and carbon-carbon coupling reactions. The tendency to form metal—element multiple bonds is 
remarkable; in this respect the activation of dinitrogen by tantalum or niobium is unique. The 
formation and chemistry of constrained reactive metallacycles open another promising 
fast-developing area, on the frontier with organometallic chemistry. 

Owing to lanthanide contraction, niobium and tantalum have virtually identical atomic radii 
(1.47 A) and close ionization energies (Nb 6.67, Ta 7.3 eV), and usually display very similar 
chemical behavior. Some definite differences can however be noted; these can usually be traced 
to the lower sensitivity of tantalum to reduction and to its higher affinity for dioxygen. The 
tantalum—element multiple bonds are usually stabler, while MsXg arrangements are so far 
known only for niobium. 
The **Nb nucleus has 100% abundance, J = 9/2, and the third highest sensitivity (after 1H 

and "’F and before *’Al) in NMR; the use of this technique is therefore likely to expand. '!Ta 
(99.9877%), I = 7/2, is less promising in view of its much lower sensitivity and its tenfold larger 
quadrupolar coupling. The magnetic moment in the Nb'Y derivatives usually ranges between 
1.6 and 1BM (the spin only value expected for d’ compounds being 1.73 BM). The magnetic 
moments of Ta Y are usually lower than 1 BM as a result, at least in part, of a larger spin-orbit 
coupling (A = 750 cm~* for Nb** and 1400 cm! for Ta**). The magnetic susceptibilities usually 
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exhibit a Curie law dependence upon reciprocal temperature, which strongly supports an 
orbital singlet ground state well separated from the next excited state. Typical isotropic ESR 
spectra display 10 lines for niobium and eight lines for tantalum derivatives, the line width 
being larger for the latter, probably owing to non-resolved quadrupolar coupling. The g values 
of the niobium compounds are closer to 2 than are those of tantalum, which is no surprise as 
the latter has a higher spin-orbit coupling constant. Magnetic data on the other oxidation 
states are still scarce. 

This review intends to cover essentially the molecular non-organometallic chemistry of 
niobium and tantalum. When organometallic compounds are mentioned, it is in principle only 
in so far as they are involved in some coordination process. The literature has been covered to 
the end of 1983; thanks to their authors, a few more recent preprints were able to be analyzed. 
Emphasis is given to the more recent material. Some of the presently most active areas such as 
those involving multiple bonding, dinitrogen activation and nitrenes are highlighted by 
subtitles. Earlier reviews on the subject are those of Fairbrother (1967), Kepert (1972), 
Walton (1972),? Gmelin (1973),* Brown (1973)° and Mehrotra (1976).° The first review of the 
chemistry of the d’ metal compounds of early transition metals was published by Bereman in 
1972.’ For the organometallic chemistry of these elements see Labinger (1982).® 

The following abbreviations and conventions will be used throughout this chapter: A: cation; 
Z: anion, M=Nb, Ta; M’ #Nb, Ta; X: halogen; X and Y’: halogens when mixed; Y = §S, Se, 
Te; E=N, P, As, Sb or Bi; LL = bidentate; ax: axial; eq: equatorial; b: bridging; t: terminal. 
Ligands: bzac: benzoylacetone; bipyO,: bipyridyl N,N‘-dioxide; cat: catechol; Cp’: n°-CsRs; 
dbmH: dibenzoylmethane; DEF: diethylformamide; DMA: dimethylacetamide; dpac: 1,2- 
bis(diphenylarsino)ethane; dmpe: 1,2-bis(dimethylphosphino)ethane; dpmH:  dipivaloyl- 
methane; dth: 2,5-dithiahexane; edta: ethylenediaminetetraacetate; oxH: 8-quinolinol (8- 
hydroxyquinoline); pic: picoline; pyO: pyridine N-oxide; R,dtc: dialkyldithiocarbamate; SB: 
Schiff’s base; T: tropolone; THP: tetrahydropyran; THT: tetrahydrothiophene; TPO: triph- 
enylphosphine oxide; triars: triarsine; TU: thiourea. 

34.2 OXIDATION STATE +V 

34.2.1 Pentahalides 

The pentahalides of niobium and tantalum are predominantly covalent. Their volatility 
decreases from the fluorides to the iodides. Nb and Ta belong to the few elements which form 
stable pentaiodides. Selected physical and thermodynamic properties for the halides are listed 
in Table 2. All are sensitive to moist air, water or hydroxylic solvents. 

Table 2 Selected Thermodynamic Properties for the Pentahalides*” 

M.p. B.p Density* Viscosity’ Conductivity 

(°C) (°C) (g cm~*) (cP) (mho) AH form Ve hy AH us AAs ASjorm Ne ASsub 

[NbF;] 79 234 2.6995 91.41 1.63x 10> -1810 60 94°75 Waleed 97s ume —a 2D. 
[TaF.] 97 229 3.8800 70.31 1.56x 1075 -1902 54 0G 190318 4 ee 
[NbCI,] 203.4 247.4 2.75 0.921 2.2x10°7 —796 63:55) (89% 38 245 101.5 180° 
[TaCl,] 215.9 232.9 3.68 1.003 3.0x 1077 _ —857 55 85.4© 41.5 - 248 108  172.6° 

oi = 556. 93:5. 1ald6... 197305 oy lod, OS 
os —5989 61.5 106 45.5 305 99.5 184 
os, EOIN th ees Me eS As Sal pice 
= 22032775.5 (wis aa ee 

[NbBr.] 254 365 
[TaBrs] 256 344 

TSU Uae aaa homes 
[Tal.] 496 543 

*From D. Brown, ‘Comprehensive Inorganic Chemistry’, ed. J. C. Bailar, Jr.. H. J. Emeléus, R. Nyholm, and A. F. 
Trotman-Dickenson, Pergamon, Oxford, 1973, p. 553, unless specified. 
> AH values: kJ mol '; AS values: Jmol K _ ; all values measured at 298 K. 

* At m.p. 
4A. D. Westland, Can. J. Chem., 1979, 57, 2665. 
© A. D. Westland and D. Lal, Can. J. Chem., 1972, 50, 1604. 

34,2.1.1 Pentafluorides 

The pentafluorides are best prepared by direct fluorination of the metals at 250°C.” 

Alternative methods include reactions of the metals with HF, CIF; or BrF3, or SnF. They have 
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also been prepared from MCI; and HF or ZnF2. The synthesis of high purity NbF; by 

competitive Lewis acid-base reactions between [SbFs] and [MF,]” in HF has also been 
reported.” 

The MF; molecules crystallize as tetramers in which the metal atoms are approximately 

octahedrally surrounded by fluorine atoms, and are linked together by linear bridging fluorine 

atoms (M—F,: 2.06 A; M—F;: 1.77 A)."° It was suggested, on the basis of the high viscosity of 
the melts and the high Trouton constants, that this polymerization state is retained in the 
liquid.* Molecular weight data in the vapor, obtained through mass spectrometry and vapor 
density measurements, were interpreted to imply the simultaneous presence of monomeric, 
dimeric and trimeric species.‘ ’*? However, a different model, which assumes mixtures of 
monomers and tetramers, has since been reported to fit the vapor density data better.* 
Electron diffraction investigations also showed that the gaseous MF; molecules are associated 
at lower temperatures;' thus, at the nozzle temperature of about 45°C, TaF; was found to be 
mostly trimeric (Ta—F,: 2.062(2) to 2.076(3) A; Ta—F,: 1.81(6) to 1.894(6) A).'° The molten 
pentafluorides possess measurable electrical conductivities that were attributed to slight (<1%) 
self-ionization. 

34.2.1.2 Pentachlorides 

The pentachlorides have been prepared by a variety of methods,”* chief of which are the 
direct chlorination of the metal and the action of chlorinating agents on the pentoxides. 

The crystal structure of NbCl; consists of Nb2Clio dimers (NbB—Cl,: 2.56 A; Nb—Cl,: 2.25 
and 2.30 Aj? TaCl; was presumed to have the same structure; TaCl; and NbCl; form a 
complete series of mixed crystals. The dimeric structure of M2Clio was confirmed by IR and 

Raman spectroscopy, and normal coordinate analyses were performed.'®° Raman spectroscopy 
shows a gradual dissociation of TazClj to monomeric TaCl; between 220 and 350°C."’ 
Halogen and metal NOR transitions of M2Xi9 (M= *Nb, '®’Ta; X =*°Cl, *'Br, 171) indicate 
that coordination about M becomes closer to octahedral symmetry as the halogen is varied 
from Cl to Br and I. Terminal halogen atom resonances were reported to indicate M—X z 
bonding.’® MX; appears to remain dimeric in non-complexing solvents,’* while monomeric 
adducts are formed in donor solvents. In the vapor state MCI; is monomeric, with a trigonal 
bipyramidal structure. 

Despite the drastic solvent limitations, polarographic data could be obtained for MCI; in 
non-aqueous solvents (NbY/Nb’Y: E° = —0.52 V; Nb'Y/Nb!: E° = —0.88 V; TaY/Tal™!: E°= 
—0.88 V in MeCN). Data on molten salts are also available for both metals.’ The reduction of 
Nb’ in aqueous concentrated HCI solutions proceeds through Nb'Y, which disproportionates to 
NbY and Nb" (assumed to be [NbCI]*~). The Nb'Y species may be stabilized by addition of 
ethylene glycol. Further reduction to Nb" has been suggested.* 

34.2.1.3 Pentabromides 

The orange-yellow NbBrs and yellow TaBrs are prepared in the same way as the 
pentachlorides.**:’? NbBrs has also been obtained by halogen exchange between NbCl, and 
BBr; at room temperature. 

a-MBr; is isomorphous with NbCl; and consists of M2Brio dimers.1 When NbBr; was mixed 
with sulfur in a closed tube, crystals of a new modification, B-NbBr;, which show a 
one-dimensional disorder, were isolated.*° B-NbBr; is isostructural with Tal; and consists of 
layers of Nb2Brjo molecules (NbD—Br,: 2.462(2) and 2.403(3) A); the bromine atoms have a 
hexagonal-close-packed arrangement. Electron diffraction studies showed that the gaseous 
bromides consist of trigonal bipyramids.* 

34.2.1.4 Pentaiodides 

MIs species contrast in their preparation and properties with the other pentahalides, and 
differ from one another.’ Tal; is stable to at least 500-600 °C, and can be sublimed under 
vacuum, while NbI; must be prepared and sublimed in the presence of an excess pressure of 
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iodine vapor; when heated under vacuum, it loses iodine at temperatures as low as 200°C, and 
is the most air sensitive of these halides. | 

Tals; consists of iodine atoms in a hexagonal-close-packed arrangement in which 2/5 of the 
octahedral holes are randomly occupied by tantalum atoms.2! The TajI,o molecules are 
arranged in layers (Ta—I,: 2.932 A; Ta—I,,: 2.704 A; Ta—I.,: 2.619 A). Triclinic NbIs; is 
isostructural with B-UCI,.” 

34,2.1.5 Mixed pentahalides 

MCLF was obtained by the action of AsF; on the [MCI;(PCI;)] adducts in AsCl;.>7? The 
compounds are tetrameric, with bridging fluorines (M—F: 2.10-2.11 A; M—CI: 2.26-2.31 A). 
A series of mixed [M,Cl,F2_,] derivatives was isolated.***> Reactions of mixtures of AlBr; 
and All; with Ta,O; have been reported to yield [TaBr,I] and [TaBrl,].° 

Crystalline [NbAICl,] was prepared directly from Al,Cls and Nb2Cl,o:° the crystal structure 
consists of an AlCl, tetrahedron sharing an edge with an NbCl, octahedron (Nb—Cl,,: 
2.288(1) A; Nb—Cl.,: 2.210(1) A; Nb—Cl,: 2.643(1) A). Raman spectra of SbCI;—NbCl; 
mixtures were interpreted in terms of formation of the [NbSbCl,o] dimer.””* The interaction of 
MCI; with chlorides of other elements has been described; TaCl; was reported to exhibit no 
chlorinating ability, and NbCI, to chlorinate only SnCl,.”° 

34,2.1.6 Applications of the pentahalides 

MF; and MCI, are strongly electrophilic, and catalyze Friedel-Crafts type reactions, as first 
shown by Fairbrother.*? The alkylation of aromatic compounds* and of alkenes*” was 
reported. Among the group of extremely strong acid catalysts, the HF/TaF; system has 
interesting characteristics. It is very stable to reduction, especially by hydrogen and organic 
ions, and this has been exploited in the selective acid-catalyzed isomerization and hydro- 
genolysis of cycloalkanes.** It is also a liquid phase hydrogenation catalyst for aromatics,***° 
alkylaromatics and heteroaromatics.*° Synthesis of high polymers with simple NbY and TaY 
halides as catalysts has been reported;*?’“° disubstituted alkynes which, owing to steric 
hindrance, cannot be polymerized by Ziegler—Natta type catalysts were polymerized, whereas 
monosubstituted alkynes selectively gave cyclotrimers. 

34.2.2 Halo Adducts 

34,2.2.1 Anionic halo complexes 

(i) Anionic fluoro complexes 

Several species, including [MF.]~, [MF ]’~, [MFs]?~, [MFo]*~ and [M2Fii]", have been 
detected in HF solutions of the metals, using a selective fluoride ion electrode,*** or by 

19— NMR studies.*”+“* These complexes can be extracted by organic solvents; IR showed that 
solutions of trioctylamine in To or CCl, extract MY from 1-12 M HF solutions as [MF.].*” 
MF; forms double salts with most ionic fluorides (Table 3). These can be obtained by direct 

mixing of the constituents in the molten state, or more usually by addition of an ionic fluoride 

to a solution of M,O; in aqueous HF. Oxofluoro species were also formed; as expected, this 

occurred more readily for Nb than for Ta. Thus the addition of the appropriate metal 

carbonate to MO; solutions in HF yielded [NbOFs]*~ and [TaF;]~? salts. 
The structure of K,[NbF;] was first determined by X-ray diffraction,” then confirmed by 

neutron diffraction.~° The niobium atom is at the center of a slightly distorted capped trigonal 

prism of six fluorine atoms, the seventh capping one of the rectangular faces of the prism 

(Nb—F: 1.940-1.978 A); the same structure is found for K2[TaF7]. The [TaFs]°~ ion consists of 

a square antiprism.~’ The standard heats of crystallization of A2[MF;] were evaluated from the 

heats of dissolution of the complexes in 3M H»,SO, (2970kJ mol’ for (NH4)2[TaF7] to 

—3215 kJ mol! for K,[TaF;]).>* The fused salt baths that are used in electrolytic production of 

the metals were shown to consist mainly of [MF,]?~ and [MES Pao 

(NH,)(HF2)** reacts exothermically with powdered Nb and Ta with intermediate formation 
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Table 3 Fluorometallates 

Anion Cation Ref. 

[MF.]~ Lit Na’ aK 1 
Rb*, Cst, TI*, (NH,)* 2 
Cu?* 

3 

(N2H.)** 4 

| weinn pie 

MeN. bay“ n7-NMe 5,6 

Ph Ph 

[MF,’- —_Li*, Na*, K*, (NH,)* 1,7,8 
RE", Csy 9 

Mn**sCo**, Nit; Za** ,Ca* 10 
(N,H,)** 4 

[MF,]*~ Li*, Na*, K*, (NH,)* 1,4 
Ba2* 

8 

(NjH,)** 4 

1. D. Bizot and M. Malek-Zadeh, Rev. Chim. Miner., 1974, 11, 710. 

2. F. Fairbrother, ‘Halides of Niobium and Tantalum’, in ‘Halogen 
Chemistry’, ed. V. Gutmann, Academic, London, 1967, p. 123. 

3. A. C. Baxter, J. H. Cameron, A. McAuley, F. M. McLaren and J. 

M. Winfield, J. Fluorine Chem., 1977, 10, 289. 
4. B. Frlec and M. Vilhar, J. Inorg. Nucl. Chem., 1971, 33, 4069. 

5. I. A. Arapova, N. Bausova and V. A. Zhilyaev, Chem. Abstr., 
1977, 87, 15 314. 

6. V. K. Akimov, A. I. Busev and U. A. Murachashvili, Zh. Neorg. 
Khim., 1971, 16, 680. 

7. L. K. Marinina, E. G. Rakov, B. V. Gromov and O. V. Markina, 

Zh. Fiz. Khim., 1971, 45, 1592. 
8. A. I. Nikolaev, V. Ya. Kuznetsov and A. G. Babkin, Zh. Neorg. 

Khim., 1977, 22, 2380. 
9. D. Bizot, J. Fluorine Chem., 1978, 11, 497. 

10. R. L. Davidovich, T. F. Levchishina, T. A. Kaidalova and V. I. 
Sergienko, J. Less-Common Met., 1972, 27, 35. 

| 

of metal hydrides to yield (NH,)2[MF,]. Fluoride ion transfer reactions to the MF; Lewis acids 
were found to occur quite readily (Table 4). 

The [MF;(SeF,)] adducts are isostructural; the structure of the niobium compound, solved by 
X-ray diffraction, led to the ionic formulation [SeF3][NbF.].*° Strong bridging was found to 
occur between the ions, with four formulae units linked together in such a way that the Se and 
Nb atoms alternate at the corners of a distorted cube. The atomic arrangement found for 
[(NbF;)2(SeF,)]°’ indicated the ionic structure [SeF3][Nb2F,,]. 

The Lewis acidity of BF; and SbF; towards F~ was found to be higher than that of TaF; and 
NbF; (Table 4). [NbF;(SbF;)] consists of an endless zigzag chain arrangement with alternating 
Sb and Nb atoms linked by cis-bridging fluorines.** Both metal atoms show a distorted 
octahedral coordination by F atoms consistent with a substantial contribution from the ionic 
[NbF,][SbF.] form; four Nb—F distances were found at 1.81 A and two at 2.17A. 

While K[MoF,] was found to donate fluorine to MF;, the '"F NMR spectra measured on 
solutions of [MF,]~ and MoFs indicated the formation of [M2Fi:]~” and [MoMF,,]~.* The 
[NbTaF,:]~ heteroanion was prepared from [NbF,]~ and TaF;.% The (O2)[M2F,,;] salts®! were 
obtained by heating the powdered metals with an F,/O, mixture at 300-500°C. When an 
pas of eb was allowed to react with these salts, (NO)[MF.] and (NO).[MF;] were formed 
equation 1). 

(O.)[M2F,,] + 2NOF —> 2(NO)[MF,] + O, + 0.5F, 
(NO)[NbF,] + NOF —> (NO),[{NbF,] (1) 

MF; was Teported to combine with brown solutions of iodine in IF; to give intense blue 
paramagnetic solutions, but only in the case of Ta was a stable solid of composition I[TaF.] 
isolated.” KrF,, when allowed to react with NF; in the presence of NbF; in HF soluti 
(NF,)[NbF,].© P 5 solution, gave 
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Table 4 F Transfer Reactions Between Fluorides 

OL SEE a PSP Pg 

Fluoride 
interacting 
with MF, Compounds and comments Ref. a he om pe ityy OY 4s ery ey 

SeF, [SeF3][MF,] X-Ray structure 1 
[SeF3][M2F;1] X-Ray structure 2 

CIOF, (C1O,F)[MF.] X-Ray powder data 3 
10,F, [MF,(1O,F,)] Oxygen-bridged polymers 4 
XeF, (XeF)[MF,] Xe-—F-—M bridges (Raman) 5,6 

(XeF)[MF;,] °Nb NOR 7 
(Xe,F;)[MF,] 11% dissociation at m.p. 8 

XeF, (XeF5)[MF,] X-Ray powder data 9 
(Xe,F, ,)[MF.] 10 

KrF, (KrF)[MF,], (KrF)[M2F,,], (Kr,F3)[MF,] 11 BF, [BF] + [MF,]” <[BF,]” + [MF] °F NMR 12,113 
[MF] + [MF,]~ [M.F,,]~ °F NMR 
[BF,] +[BF,] <s[B,F,]~ 19 NMR 

SbF, [NbF,][SbF,] X-Ray structure, °F NNR 14, 15 
CS2 

[MoF.]~ [MoF,]” + [MF,] ——> [MoF.] + [MF.]~ 16 

CS2 

[WF.]~ 2[WF.] + 2[TaFs] ——> [WF,] + [TaF,]~ + [TaWF,o]~ 

UF,O [(MF;)3(UF,O)] Small ionic contribution from 17 
[UF,O][MF.][M2F 11] 

1. A. J. Edwards and G. R. Jones, J. Chem. Soc. (A), 1970, 1891. 

2. A. J. Edwards and G. R. Jones, J. Chem. Soc. (A), 1970, 1491. 

3. R. Bougon, T. Bui Huy, A. Cadet, P. Charpin and R. Rousson, Inorg. Chem., 1974, 13, 690. 
4. R. J. Gillespie and J. P. Krasznai, Inorg. Chem., 1977, 16, 1384. 

5. B. Frlec and J. H. Holloway, J. Chem. Soc., Dalton Trans., 1975, 535. 
6. R. J. Gillespie and B. Landa, Inorg. Chem., 1973, 12, 1383. 

7. J. C. Fuggle, D. A. Tong, D. W. A. Sharp, J. M. Winfield and J. H. Holloway, J. Chem. Soc., Dalton Trans., 1974, 205. 
8. J. Fawcett, B. Frlec and J. H. Holloway, J. Fluorine Chem., 1976, 8, 505. 
9. B. Zemva and J. Slivnik, J. Fluorine Chem., 1976, 8, 369. 

10. J. Aubert and G. H. Cady, Inorg. Chem., 1970, 9, 2600. 
11. B. Friec and J. H. Holloway, Inorg. Chem., 1976, 15, 1263. 

12. M. E. Ignatov, E. G. I’in and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 1979, 245, 604. 
13. S. Brownstein, J. Inorg. Nucl. Chem., 1973, 35, 3567. 
14. A. J. Edwards, J. Chem. Soc., Dalton Trans., 1972, 2325. 

15. P. A. W. Dean and R. J. Gillespie, Can. J. Chem., 1971, 49, 1736. 
16. S. Brownstein, Can. J. Chem., 1973, 51, 2530. 

17. J. H. Holloway, D. Laycolk and R. Bougon, J. Chem. Soc., Dalton Trans., 1983, 2303. 

(ii) Anionic complexes of the higher halogens 

MCI; and MBrs show much less affinity for Cl” or Br~ than does MF; for F~. MCl, when 
allowed to react with AC] (A=NH/7, alkali metal) in closed systems at ca. 300°C gave 
A[MCI,].% © The Ta derivatives are thermally more stable than those of Nb.”” (NH4)[TaCl.] 
was also obtained through the reaction of CINH2 with MCI; in CCly.° The [MX;5(RCN)] 
adducts (X = Cl, Br), when allowed to react with (NEt,)X, afforded (NEt,)[MX.].° The °°Nb 
spectra measured on MeCN solutions of MX; (X = Cl, Br) indicate the presence of [NbX,]~. 
Passing HX’ through these solutions gave the [NbX¢]~ anions (X’ = F or Cl).° [MCl,]~ can be 
extracted from 10M HCI solutions in chloroform by amines.®”° Reactions of K[HB(Mezpz)s] 
with MCI; yielded the interesting new compounds [MCl,][HB(Me2pz)3] and 
[HB(Me,2pz)s;BH][NbCI,];”" the structure of the novel dibora cation was established. 
Halogen transfer reactions were observed in the Bu'Cl+RPCl,+MCl; (R=Cl or Me) 

systems, yielding complexes of type (Bu'RPCI)[MCl.].’7 The compounds (EPh,)[MX.] (E =P, 
As) were obtained from the reaction of MX; (X = Cl, Br) with (EPh4)X in CHCl, solution.’ 
The [MCI,(PCl;)] adducts are ionic and consist of discrete tetrahedral (PCl,)* cations and 
octahedral [MCl,]~ anions.”” A 1:1 mixture of NbCl; and GaCl, was reported to react in the 
melt to give molecular [NbGaClg] built of an octahedron and tetrahedron sharing an edge.”° 

The X-ray powder patterns of A[MX,.] (A=Na, K, Rb, Cs, TI)” showed the low 
temperature modifications, with the exception of K[NbCl.], to be isotypic with Cs[WCl,], and 
the high temperature forms to crystallize in a cubic-face-centered arrangement. The Raman 
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spectra were taken to indicate O, symmetry of the [MCI,]~ ions (A = Li, Na, K, Rb, Cs, 4), 

while other authors interpreted the spectra measured on K[NbCl,] and Na[TaCl«] as supporting 

a formulation such as K2[Nb2Clio]Cl. with isolated edge-sharing bioctahedra.© The electron 

transfer spectra of (EtsN)[MX.] (X = Cl, Br) were investigated.» : 

The structures of A[NbCl] (A =(PCl4)*,”° (PPh4)* ”), of (PPh4)[NbBre],”* of A[TaClc] 
(A = (PCl,)*,”> [HB(Me2pz)3BH]* 7!) and of [TaBr,(diars)2][TaBre]*° have been reported. The 

metal displays octahedral coordination, with M—CI distances ranging from 2.29 to 2.37 A and 

M—Br distances from 2.48 to 2.51 A. 

(iii) Mixed halo complexes 

MeCN solutions containing MCI,*! or MBr;** and HF in a ratio of ca. 1:3 were found by 
19°F NMR to contain the [MF.]~, [MF;X]~, cis- and trans-[MF4,X2]~, mer-[MF3X3]~, and cis- 
and trans-[MF,X,4]~ ions. The °*Nb NMR spectra of mixtures of NbCl; and NbBrs in MeCN 
show the presence of all seven possible mixed halides [NbCI,Bre_.]” with close to random 

halogen distributions.® 
Solutions of mixed anions containing three halides were prepared.** Of the 46 possible 

octahedral [MF,Cl,Br,]~ complex anions, the formation in solution of 38 tantalum complexes, 
of which 22 were bromochlorofluoro species, was recognized. The redistribution of the halides 
did not occur randomly, and the differences in free energy changes, AG = AG.xp — AGyandom; 
showed that the stability of the fluorochloro complexes decreases in the series: trans- 
[TaF,Cl.]~ = trans-[TaF2Cl,4|~ = [TaF;Cl]~ > fac-[TaF3Cl;]~ > cis-[TaF,Cl,~ > cis -[TaF2Cl,]~ = 

mer-[TaF3Cls]~ .*° 

34,2.2.2 Neutral adducts of the pentahalides 

Characteristic of the Lewis acid behavior of MX; are their reactions with donor molecules. 

Differences are found, however, between the reactions of MF; and those of the other 
pentahalides. For example, NbCl; reacts with L= DMSO or HMPA to give [NbOCI;L)], and 
the reaction of TaCl; with py under appropriate conditions gives [TaCl,(py)2], while MF; reacts 
with DMSO and py to give [MFSL,,] complexes (n = 1, 2). NbCl; behaves both as a softer and 
as a weaker Lewis acid than TaCl,; with respect to ethers and sulfides, for example.*° The 
acceptor power of [NbCl;_,Me,] decreases with x.°”** 

The pentahalides form stable 1:1 adducts with a variety of donors. These are octahedral 
monomeric non-electrolytes, except for the adduct of TaF; with PBu;,°° which was shown by 
NMR to be the ionic [TaF,(PBu3).]F. NMR has been thoroughly used to study their structures 
in solution, as well as their relative stabilities and dynamic behavior. Relative stability scales 
for adducts with nitriles, dialkyl chalcogenides®*”! and phosphine oxides®**? have been 
established. The stability of the nitrile and phosphine oxide adducts was found to be controlled 
by inductive factors, while it was concluded that steric factors were determinant in the ether 
and sulfide adducts. The ligand exchange (equation 2) was reported to take place through a 
dissociative mechanism for L=RCN and OPR;,°” while an associative mechanism was 
postulated for L=Me2Y (Y=S, Se, Te)” in non-coordinating solvents. The exchange rates 
obey the sequences MCI; << MBrs for the dissociative mechanism, and MF; > MCI; > MBr; for 
the associative one.”’” NMR studies of [TaCl,(dppe)(Cp’)] showed exchange between the free 
and monodentate dppe. The rates of intramolecular exchange between equatorial and axial 
fluorine atoms in [MF;L]° have been evaluated by "NMR for L=OMe, and 
OP(NMez)3-,(OMe),, where n = 0-3. NOR spectra have been measured for [MCI;L], where 
L=nitriles, ethers and phosphine oxides.** The electron transfer spectra of MX; adducts of 
several series of ligands (nitriles, dialkyl chalcogenides, phosphoryl and thiophosphory] ligands, 
phosphines)” have been reported. Intermolecular charge transfer spectra indicate that MCI, 
interacts with aromatic hydrocarbons;'™ the equilibrium constants showed these interactions, 
however, to be very weak. The donor capacity of the solvent towards NbCl; was reported to 
decrease in the order: Me,.NCOH > MeCN > RCOOR’ > RCOR’ > R,O = C,H,0, > C,H,.2™ 

[MCI,L]+L* <= [MCLL*]+L 
L=RCN, OPR;,Me,Y (Y=S, Se, Te) (2) 
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[MX;L,] has also been isolated for many O, S, N, P and As donors. The MF; derivatives 
consist of ionic [MF,L,][MF.] in solution, while molecular structures with seven-coordinate 
metals appear to be equally likely in the solid state.!°!°? The analogous chlorides and 
bromides seem to be essentially molecular. 

(i) Oxygen donors 

ME; reacts with aliphatic ethers to yield volatile adducts of the [MF;(OR.)] type; DMSO 
forms the bis adducts [MF;(DMSO),]. MCl; and MBrs form numerous [MX;(ether)] adducts. 
Abstraction of oxygen from the ethers occurs at around 100°C to produce oxo trihalides and 
alkyl halides.’ The ability of crown ethers to coordinate and reduce MCI; has been explored;!™ 
[(MCl;)2L] and [MCI;L] were isolated with L = dibenzo-18-crown-16, 18-crown-6 and 15- 
crown-5. NMR data indicate that these compounds disproportionate. 

MCl;, MBr; and acetophenone or benzophenone yield 1:1 complexes.’ TaCl;, when 
allowed to react with ethyl methyl ketone or diethyl ketone in a 1:1 molar ratio, gave 1:1 
adducts, whereas oxygen abstraction occurred in the case of NbCl,, resulting in the formation 
of [(NbCl,)20(R2CO),];1° with excess ketone, [MOCI3;(R,CO),] was obtained in both cases. 
Ketone complexes [NbCI;L] were, however, isolated from benzene solutions.’”’ The reactions 
of [MCl;_,Me,] (x =1, 2) with bulky ketones yielded [MCl;_,Me,(RR’CO)] for R=R’= 
cyclohexyl; R=Me, R’=Bu'; R=Me, R’=neopentyl, while addition of the methylmetal 
group to the carbonyl was found to occur with less bulky ketones and with benzaldehyde.’ 
Dialkyl esters RCOOR’ were allowed to react with NbCI;’” to yield 1:1 and 2:1 complexes; 
the former, partially ionic in solution, were formulated as [NbCL,(-RCOOR’),][NbCl.]. 

In the [MX;L,] adducts formed with amides (X=Cl, n=1,3,4; X=Br, n=1, 3; 
L=RCONH>, R=H, Me or Ph), the amide is bonded to the metal through its oxygen only.'”° 
Urea complexes [MX;L]'"’ (X = Cl, Br) have been prepared from MX; and tetramethylurea in 
CH.Cl,; coordination was shown by IR to be through oxygen only. On the other hand, 
oxathiane and oxaselenane gave [NbCI,(C,HsOY)] (Y = S, Se) in which, on the basis of IR and 
NMR data, they were proposed to be S- or Se-bonded, and not O-bonded, to the metal. 

(ii) Adducts of phosphine or arsine oxides, sulfides and selenides 

MEF; forms [MF;L] and [M2F,oL] complexes with phosphoryl ligands.”*"’”"!° In the dimeric 
compounds, the ligand is cis to the bridging fluorine.’** With PSX; and PSeX;, molecular 
pseudooctahedral [MF;L] complexes were obtained in which the ligands are bound to the metal 

through S or Se.'!* Atmospheric oxygen reacts with [MF;(SPX3)] or [MF;(SePX;3)] to give 
[MF;(OPX;)] along with sulfur or selenium precipitates.‘* Oxygen coordination took place 

when MF; was allowed to react with R,P(O)SR to give [MF;L] and [M2FioL].'!’ A thione-thiol 
rearrangement was observed when thiophosphoric esters (EtO)2P(S)OMe were added to a 

solution of TaFs,'!° resulting in the formation of [TaFs;{OP(OEt),SMe}]; in the presence of 

traces of oxygen [TaF;{OP(OEt),OMe}] was also detected. The same rearrangement occurred 

in a solution of TaF; and Ph,P(S)OEt, but at slower rates, so that both [TaF;{SP(OEt)Ph}] 

and [TaF;{OP(SEt)Ph2}] complexes could be identified along with (in the presence of ait) 

[TaFs{OP(OEt)Pho}]. Solutions of TaF; and PBu; yielded [TaF;(OPBu;)] upon aging.® 

°F NMR showed that equimolar solutions of MF; and of R3AsY (Y=O, S; R=Bu, Ph) 

contain molecular [MF;L] together with ionic [MF4L2][MFe] compounds.'!® The following 

donor capacities towards TaFs; were derived from !9F NMR chemical shifts: Rz;AsO > R3PO > 

R3AsS = R5PS. 
Phosphine oxide complexes [MCls(RsPO)] (R = Ph, Me, NMez)!"7"" and [MCls(R2R'PO)] 

(R=Ph; R’=Bz) have been prepared. Nb” forms an oxochloro adduct in the presence of 

excess OPPh;.!"!2° When conducted in a non-basic solvent in the absence of MeCN, the action 

of HMPA on Nb>Chio led to oxygen abstraction and formation of [NbOCI;(HMPA),],'*” while 

the 1:1 adduct [NbCI;(HMPA)] formed exclusively when a mixture of MeCN and CH2Cl, was 

used as solvent, indicating the initial formation of a stable monomeric six-coordinate adduct 

[NbCI;(MeCN)]. The O-coordinated [MCI;(OPCI;)] adducts are monomeric in benzene but 

dissociate in nitromethane.!2! The existence of the niobium adduct in the gas phase has also 

been established.!22 The enthalpy of formation of the crystalline adduct from its components 

COC3-T 
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was evaluated.!?> TaCl; and NbCl; were found to react readily with triphenylphosphole oxide 
to yield 1:1 adducts.'** : 
MX;L (X=Cl, Br; L=SPPh3 and SePPh;) was obtained; the formation of 2:1 complexes 

was not observed with these ligands. The pentabromides, but not the pentachlorides, gave 1:1 
complexes with Ph,P(S)CH2P(S)Php.'”° 

(iii) Sulfur, selenium and tellurium donors 

[MX;L] complexes (X =F, L=SMe2, SEtn; X= Cl, L=SMe2, SEtz, SPr2, SC4Hs, SCsHi0, 
SC4HgO, SeC4HgO; X = Br, L=SMe2, SEt2, SC4Hg, SCsHio, SC4Hg) were easily prepared; 
they could all be either distilled or sublimed unchanged, except for [NbBr;(SEt2)], which 
decomposed on heating. Alternatively, the ether ligands of [MCI;(OEt,)] and [MCI;(OPrz)] 
were readily replaced by their sulfide analog, while [MCI;(OMe2)] remained unaffected by 
SMe. IR, Raman and NMR studies of the complexes formed with ambidentate O,S ligands 
showed bonding to occur via sulfur exclusively and the complexes to be mononuclear. With 
SMe; and SC,Hg evidence was found for [NbX;L,] adducts.’ 

In [NbCl;(dth)], the dth = MeSCH,CH2SMe ligand was shown by IR to be in the gauche 
chelating form. Bidentate ligands having bulky end groups, e.g. Bu'SCH,CH,Bu' and 
PhSCH,CH,SPh, adopt a trans conformation and bridge the two metal atoms in the [(MCI,;).L] 
adducts isolated.'*° Reactions of MCI, with cyclic polysulfides yield dimeric complexes in which 
the two MCI, units are bridged by the ligand; such [(MCI;),L] complexes were isolated with 
L=1,4-dithiane’*’ and various S, and S¢ cyclic polysulfides.'? A 1:1 complex [TaCl;L] was, 
however, obtained with 1,3,5-trithiane.'*’ The structure of [(NbCls)2(CioH20S4)] (Figure 1) 
shows that the ligand exists with the most unusual ‘inside out’ conformation.!”?:'°° MCI; yielded 
S-coordinated 1:1 complexes when allowed to react with tetramethylthiourea.’’! A sulfur 
abstraction reaction occurred however when the reaction was followed by exposure to an 
intense light source, leading to [(Me2N)2CCI][NbSCl]. 

| 
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Figure 1 Molecular structure of [(NbCl;).(C,9H9S4)] (reproduced from ref. 128 with permission) 
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NbCl; and TaCl; were found to form 1:1 adducts with MeNCS and MeSCN;13!-!22 the 
presence of both S- and N-bonded isomers was assumed on the basis of IR. Sulfur abstraction 
reactions occurred when TaCl; was allowed to react with PhNCS, to yield [TaSCl,(PhNCCL)]. 
Reactions of [MCls_,.Me,] (x=1,2) with MeSCN afforded [MCl,Me(MeSCN)] and 
[MCl;Me,(MeSCN)],°? which consist of mixtures of N- and S-bonded isomers. 

(iv) Nitrogen donors 

Niobium and tantalum halides form adducts with various nitrogen donor ligands including 
aliphatic and aromatic amines; nitriles, Schiff’s bases and imidazoles (Table 5). The reactions of 
MX; with pyridine and related ligands such as bipy or phen depend critically on the reaction 
conditions. With py at low temperature MX; (X = Cl, Br) yielded 1:1 adducts that are rapidly 
reduced to [MX,(py)2] on increasing the temperature, with formation of 1-(4- 
pyridyl)pyridinium halide. Similarly, bipy and phen reduced the metal in MeCN to oxidation 
state +IV and formed monoadducts of type [MX,(bipy)] at room temperature, while at 0°C 
the same reactions yielded [NbCI;(bipy)(MeCN)] and [TaXs(bipy)(MeCN)] (X=Cl or Br). 
NbBrs and Tal; formed [MX;(bipy)2], which were formulated as the eight-coordinate 
[MX,(bipy)2]X.* Reduction of the metal can however be prevented, even at room temperature, 
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Table 5 Complexes Formed by MX, with Nitrogen Donors 

Ligand Compounds and comments Ref. 

Amines 
NH.R (R= H, Et) [NbF.L,] 1) 
NHEt, [NbF-L], [MCI;L]; from C,H, 15 293 
NR, (R= Me, Et) [NbF5L] 1D 

[NbCI,(NEt,)(MeCN)]; from MeCN 4 

Aromatic amines 

py [NbX;(py)]; rapidly reduced to [NbX,(py).] 
[TaX;(py)], [TaXs(py)2]; X= Cl, Br 1 

bipy [MX,(bipy)] M=Nb; X=F, Cl, Br; M=Ta; X=Cl, Br 5 
[MX,(bipy)2]X; X = Br, I 1 
[TaCl,Me;(bipy)]; X-ray structure 6 

terpy [MX.(terpy)]; X = Cl, M=Nb; X=Br; M=Nb, Ta 7 

[Ta,Cl,o(terpy)] , 
phen [TaCl,(phen)]; ionic 8 

Nitriles 
RCN [MF.(MeCN)], [MF,(MeCN),][MF.] 9, 10 

[MCl;(RCN)]; R = Me, CD3, Et 2 
R=H, X-ray structure 13 
[MBr.(MeCN)] 14 
[MX;(CH,=CHCN)]; X = Br, Cl 15 
[MCI,(PhCN)], [MCl,Me(PhCN)], [TaCl,Me(CH,—CHCN)] 16 
[NbCl,Me,(CH,ICN)], [NbCl,Me,(CH,CICN)], 
[NbCl,Me,(CH,—=CHCN)] 
[MCI,(RCN)]; R = Me, Bu‘, CH,F, CH,Cl, CHI, Ph, C;H,Cl 17 
(relative stabilities; L exchange) - 

Dinitriles 
CN(CH,),,CN [MX;L]; n =1-4, X=Cl, Br 18 

[(MX;)2L] 19 

Schiff's bases 
».4 [NbCI;L], [NbCI,L,], [NbCI,L.]; 20 

R=H, 4-NO,, 3-NO,; X = OH, H; R’ =H, 4’-Me, 
X Y___R’  4’-Br, 4’-NO,, 3'-NO,, 4’-I; Y=H, OH 

N 
R wy, 

X =H, Me, Br, I, NO, 21 
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Table 5 (Continued) 

Ligand Compounds and comments Ref. 

R=H, 4-Me, 4-OMe, 4-Cl, 4-Br, 4-NO,, 3-Me, 22 
Ne R_ 3-NO,, 3-OMe, 2-Cl, 2-OMe, 2,4,6-Br, 2,4,6-Me 

UN QOH = [MxX,(oxH),,]; 7 =2, 4, 6, 8 or 10; X= Cl, Br 23, 24 

SY 

oxH 

Imidazoles 
3,5-Dimethylpyrazole 

Benzimidazole [NbCI,L,,] n =1, 2, 3 25 

Benzothiazole 
Benzazole 
R-benzimidazoles [NbC1,L,] 

R=2-Me, 2-Et, 2-Ph, 2-(0-OHC,H,) 26 
R = 2-(o-aminopheny]l), 2-(6-pyridy!) 27 
i 

. D. L. Kepert, ‘The Early Transition Metals’, Academic, London, 1972. 

. E.G. IPin, M. M. Ershova, M. A. Glushkova and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 1978, 243, 1459. 

Yu. A. Buslaev, M. M. Ershova and M. A. Glushkova, Koord. Khim., 1979, 5, 532. 
Yu. A. Buslaev, M. A. Glushkova, N. A. Chumaevslii, M. M. Ershova and L. V. Kumelevskaya, Koord. Chim., 1982, 

8, 457. 
5. C. Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
6. M. G. B. Drew and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1973, 1830. 
7. B. Begolli, V. Valjak, V. Allegretti and V. Katovic, J. Inorg. Nucl. Chem., 1981, 43, 2785. 

8. L. A. Ugalava, N. I. Pirtskhalava, V. A. Kogan, A. S. Egorov and A. O. Osipov, Chem. Abstr., 1975, 83, 184 471. 
9. K. C. Moss, J. Chem. Soc. (A), 1970, 1224. 

10. J. A. S. Howell and K. C. Moss, J. Chem. Soc. (A), 1971, 2483. 
11. D. L. Kepert and R. S. Nyholm, J. Chem. Soc., 1965, 2871. 
12. G. A. Ozin and R. Walton, J. Chem. Soc. (A), 1970, 2236. 
13. C. Chavant, G. Constant, Y. Jeannin and R. Morancho, Acta Crystallogr., Sect. B, 1975, 31, 1823. 

14. D. Brown, G. W. A. Fowles and R. A. Walton, Inorg. Synth., 1970, 12, 225. 
15. G. W. A. Fowles and K. F. Gadd, J. Chem. Soc. (A), 1970, 2232. 
16. J. D. Wilkins, J. Organomet. Chem., 1975, 92, 27. 
17. A. Merbach and J. C. Biinzli, Helv. Chim. Acta, 1971, 54, 2543. 
18. M. S. Gill, H. S. Ahuja and G. S. Rao, Inorg. Chim. Acta, 1973, 7, 359. 

19. M. S. Gill, H. S. Ahuja and G. S. Rao, J. Inorg. Nucl. Chem., 1974, 36, 3731. 
20. L. V. Surpina, O. A. Osipov and V. A. Kogan, Zh. Neorg. Khim., 1971, 16, 685. 
21. L. V. Surpina, G. F. Litovchencko, S. M. Artamonova, A. D. Garnovskii and O. A. Osipov, Zh. Obshch. Khim., 1978, 

48, 1830. 
22. L. A. Ugulava, N. I. Pirtskhalava, V. A. Kogan, A. S. Egorov and O. A. Osipov, Zh. Obshch. Khim., 1975, 45, 1575. 

23. M. J. Frazer, B. G. Gillespie, M. Goldstein and L. I. B. Haines, J. Chem. Soc. (A), 1970, 703. 
24. A. V. Leshchenko and O. A. Osipov, Zh. Obshch. Khim., 1977, 47, 2581. 
25. L. V. Surpina, A. D. Garnovskii, Yu. A. Kolodyazhnyi and O. A. Osipov, Zh. Obshch. Khim., 1971, 41, 2279. 
26. N. S. Biradar, T. R. Goudar and V. H. Kulkarni, J. Inorg. Nucl. Chem., 1974, 36, 1181. 

27. N. S. Biradar and T. R. Goudar, J. Inorg. Nucl. Chem., 1977, 39, 358. 

when the reaction is conducted in dry benzene;'** a series of isomorphous heptacoordinate 
compounds of type [MX;(bipy)] have thus been obtained. 

The structure of [TaCl,Me;3(bipy)]'*° shows tantalum to have distorted capped trigonal 
prismatic environment, with one chlorine atom in the capping position (Ta—Cl: 2.54(1) A); the 
nitrogen atoms (Ta—N: 2.29(2) A), one chlorine and one methyl group form the capped 
quadrilateral face, with two methyl groups (Ta—C: 2.24(4) and 2.16(6) A) occupying the 
remaining edge. 

Reactions of MX; (X=Cl, Br) with 2,2’,2’-terpyridyl’** yielded the poorly soluble and 
moisture sensitive [MBr;(terpy)], [NbCl;(terpy)] and [TaClio(terpy)]. IR data suggest that all 
three pyridyl groups are coordinated. 

Alkanenitriles readily gave 1:1 and 2:1 adducts with MF;;1°7" the 2:1 adducts are ionic 
and should be formulated as [MF,L4][MF¢], while the 1:1 adducts are neutral [MF;L]. The 
penta-chlorides, -bromides and -iodides afforded the monomolecular [MX;(RCN)] (Table 5).*°8 

In [NbCl;(HCN)],** the niobium atom is octahedrally surrounded by five chlorines and by 
the nitrogen atom of HCN; the Nb—ClI bond trans to nitrogen is the shortest (2.243(1) as 
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compared to an average 2.313(1) A for the other Nb—CI distances); the N=C distance of 
1.090(4) A is shorter than in free HCN. The reactions of [MCIs_,Me,] (x = 1-3) with nitriles 
yield simple 1:1 adducts (Table 5), except for the formation of a small quantity of insertion 
product in the reaction of [TaCl,Me] with CCI,CN.'*° 

Complexes of MX; with dinitriles CN(CH2),,CN (n = 1-4) have been prepared.'*!:4” Both 
[MXsL] and [MX;L,] have been isolated in the case of malonitrile, succinonitrile and 
glutaronitrile, whereas only [(MX;)2L] formed with adiponitrile. In the case of succinonitrile 
and glutaronitrile, trans conformers have been assigned to the 2:1 adducts, while a gauche 
conformation was assumed in 1:1 complexes; the more stable gauche-—trans—gauche 
conformation for adiponitrile was proposed in its 1:2 adducts. 

The reactions of 8-quinolinol (oxH) with NbX; (X = Cl, Br) produced [MX;(oxH),,] (n =2, 
4, 5, 6 or 10).'**'“ The interaction of NbCl; with Schiff’s bases led to isolation of crystalline, 
sparingly soluble compounds having 1:1, 2:1 and 3:1 stoichiometries (Table 5); the ligands act 
as monodentates through the azomethine nitrogen atom. NbCl; was reported to form 4:1 
adducts with substituted imidazoles,'**'*’ which are 1:1 electrolytes in DMF. IR data indicate 
that coordination takes place through the unsaturated nitrogen of the imidazole ring in an 
eight-coordinated [NbCl,L,]* cation. 

TaCl; and S,N, were reported to form [TaCl;(S4N,)],'*°! the S,N, group being bonded to 
the metal through one of its nitrogen atoms (Figure 2). 

Cl 

Shoe een 2.22 a S 
N oN 

cl N \ 

Cl : N 

/ 
Ne 

Figure 2. Molecular structure of [TaCl,(S,N,)] (reproduced from ref. 149 with permission) 

Complexes [NbCILL]CI, where L=RNHCSNHpy, were obtained;'° their IR spectra 

indicate bidentate behavior of L via sulfur and the heterocyclic nitrogen; they exhibit 

semiconductor properties. Similar behavior and properties were reported for the adducts 

formed with N,N’-diaryl-substituted formamidino-N"-aryl-substituted carbamides and 

thiocarbamides. 

(v) Phosphorus and arsenic donors 

The group Vb triphenyls form [NbCI,(EPh3)] (E=N, P, As, Sb or Bi) in carbon 

tetrachloride, n-hexane or cyclohexane, while [(NbCls).(EPh3)] was obtained in benzene. 

Table 6 illustrates the tendency toward increasing coordination numbers in the series 

PPh; < PPh,Me < P(OPh); < PMe2Ph ~ dppe<dmpe, which follows the decrease in the 

ligand’s cone angle 
Addition of diars to MCI; immediately precipitated the isomorphous red [NbCl;(diars)] and 

yellow [TaCl,(diars)];'°! being diamagnetic, they were reported to be seven-coordinate. X-Ray 

structure determinations,'*2 however, indicated the presence of [TaCl,(diars)2][TaCls(OEt)], 

[NbCl,(diars),][NbOCI,] and [NbC1,(diars)2][NbCI;02], with an eight-coordinate dodecahedral 

cation. Similarly the compound first formulated as [TaBrs(diars)] was shown to be 

[TaBr,(diars)][TaBre];°° the cation is a crystallographically imposed dodecahedron, (Ta—Br: 

2.583(10); Ta—As: 2.765(1) A). Fluorinated ditertiary arsines afforded [MX,(diarsine)] 

(X = Cl, Br), for which the exact formulation could not be established. 
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Table 6 Complexes with Phosphorus and Arsenic donors 

2 tig (£~[ = 2) LIV lJ Jo epee Se) ee 

Compounds Comments 
nn ee ULE EEEEESROERER! 

With monodentates 

= Ss 

[MCI,(PPh;)] Obtained from CCl,, n-hexane, cyclohexane 1,2 

[MCI,(AsPh3)] phage 

[(NbCI;).(EPh3)] E=P or As; obtained from benzene 1 

[TaCl,(PMe3)] Unstable at room temperature 3 

[TaCl.(PPr3)] Stable only at —60°C in solution 3 

[MCI,(PBu;)] Obtained from CCl, 2 

[MCl,(PMe2Ph),] [MCI,(PMe>Ph)] also present in solution 4 

[NbCI;{P(OPh);}>] 4 
[NbCl,Me{P(NMe;)3}] 5 

[NbCl,_,Me,(PPh;)] x=1-3 5,6,7 

[TaCl,(PMes)(Cp)] 8 
[TaCl,{P(OMe)3}(Cp)] 8 

With bidentates 
[MCI,(dppe)] Seven-coordinate compound 9 
[MCI,(dmpe)] Seven-coordinate compound 4 
[MCI,(dpae)] Seven-coordinate compound 4 
[MCI,_,Me,(dppm)] x=3 4 
[MCI,_,Me,(dppe)] x =1-3 5; 6.7 

[NbBr,Me(dppe)] 5 
[TaCl,(dppe)(Cp)] Monodentate phosphine 8 
[TaBr,(diars),][TaBrg] X-Ray structure 10 
[MCL,(diars)>]* X-Ray structure 11 
[MX.(diarsine) ]* Either seven-coordinate, or mixed 12 

six—eight-coordinate ionic formulation 

F, 
FE. EF AsMe, 

Die eC Aso F,AsMe, FF.’ AsMe, AsMe, 

1. D. L. Kepert, ‘The Early Transition Metals’, Academic, London, 1972. 
2. M. A. Glushkova, M. M. Ershova, N. A. Ovchinnikova.and Yu. A. Buslaev, Zh. Neorg. Khim., 1972, 17, 

147. 

3. M. Valloton and A. E. Merbach, Helv. Chim. Acta, 1975, 58, 2272. 

4. G. Jamieson and W. E. Lindsell, Inorg. Chim. Acta, 1978, 28, 113. 

5. C. Santini-Scampucci and J. G. Riess, J. Chem. Soc., Dalton Trans., 1973, 2436. 
6. G. W. A. Fowles, D. A. Rice and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1972, 2313. 

7. G. W. A. Fowles, D. A. Rice and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1974, 1080. 

8. R. D. Sanner, S. T. Carter and W. J. Bruton, Jr., J. Organomet. Chem., 1982, 240, 157. 
. J. D. Wilkins, J. Inorg. Nucl. Chem., 1975, 37, 2095. 

10. M. G. B. Drew, A. P. Wolters and J. D. Wilkins, Acta Crystallogr., Sect. B, 1975, 31, 324. 

11. J. C. Dewan, D. L. Kepert, C. L. Raston and A. H. White, J. Chem. Soc., Dalton Trans., 1975, 2031. 

. D. L. Kepert and K. R. Trigwell, Aust. J. Chem., 1976, 29, 433. 

34.2.3 Solvolysis Products of the Pentahalides 

34,2.3.1 Alkoxides 

(i) Synthesis 

Equation (3) represents the reactions of MCI; with alcohols and phenols. They can be driven 
to completion by using ammonia as proton acceptor in the case of primary and secondary 
alcohols (Table 7).‘°*-!°° [Ta(OBu')s] was obtained in the presence of pyridine, while under the 
same conditions NbCl; yielded [NbO(OBu')3]. [Nb(OBu'‘)s] could, however, be prepared from 
[Nb(NR2)s].1°” 

MCI, +3ROH — > [MC1(OR)3] + 3HCl 

MCI, + SPhOH —> [M(OPh),] + SHCI (3) 

Transesterification reactions have been extensively used for the preparation of further 
alkoxides.°*"® Mixed alkoxides [M(OR)s-.(OR’),] were obtained from the same alcoholysis 
reactions.'*'©’ Exchange reactions between [Nb(OEt);] or [Nb(OPr')s] and organic acetates 
have also been exploited for the preparation of higher alkoxides. 

Trialkylsiloxo derivatives were prepared by the reaction of the pentaethoxides with 
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Table 7 Pentaalkoxides M(OR), 

a 

R Comments Ref. ee Ue ie beets ieee ve I eh el 
Me Dimeric both in the solid and in solution a2 

"H NMR: dynamic intramolecular exchange 3455 
Solvation studies 6 
X-Ray structure 7 

Et, Pr, Bu, n-pentyl Dimeric in benzene; monomeric in alcohol 1523 
Bu‘, Pr’ 8,9 
CH,CF, Dimeric in benzene 1 
SiR, 8, 11 
MeCH=CHCH, Dimeric in benzene 12 
CH,—CHC(Me),— Monomeric in benzene 13 
CH,—CHCH, Dimeric in benzene 14 
MeCH=CHCH(Me) Average association in benzene: 1.5 15 
CH,=CHCH,(Me) Monomeric in benzene 16 
MeCH—CHCH(Et) Monomeric in benzene 2 i 
(Ph),;CH=CHCH, Monomeric in benzene 18 
Ph Dimeric in benzene 19 
Naphthyl Dimeric in benzene 19 
eee 

1. D. C. Bradley, B. N. Chakravarty and W. Wardlaw, J. Chem. Soc., 1956, 2381. 
2. D. C. Bradley, W. Wardlaw and A. Whitley, J. Chem. Soc., 1955, 726. 
3. D. C. Bradley and C. E. Holloway, J. Chem. Soc. (A), 1968, 219. 
4. J. G. Riess and L. G. Pfalzgraf, Bull. Soc. Chim. Fr., 1968, 2401. 

5. L. G. Pfalzgraf and J. G. Riess, Bull. Soc. Chim. Fr., 1968, 4348. 
6. J. G. Riess and L. G. Hubert-Pfalzgraf, J. Chim. Phys. Phys. Chim. Biol., 1973, 70, 646. 
7. A. A. Pinkerton, D. Schwarzenbach, L. G. Hubert- -Pfalzgraf and J. G. Riess" Inorg. Chem., 1976, 15, 1196. 
8. I. M. Thomas, Can, J. Chem., 1961, 39, 1386. 
9. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1964, 7, 98. 

10. P. N. Kapoor and R. C. Mehrotra, Chem. Ind. (London), 1966, 1034. 
11. D. C. Bradley and I. M. Thomas, Chem. Ind. (London), 1958, 1231. 
12. S. C. Goel and R. C. Mehrotra, Z. Anorg. Allg. Chem., 1978, 440, 281. 
13. S. C. Goel, V. K. Singh and R. C. Mehrotra, Z. Anorg. Allg. Chem., 1978, 447, 253. 
14. P. N. Kapoor, S. K. Mehrotra, R. C. Mehrotra, R. B. King and K. C. Nainan, Inorg. Chim. Acta, 1975, L, 

PARE 

15. S. C. Goel, V. K. Singh and R. C. Mehrotra, Synth. React. Inorg. Metal-Org. Chem., 1979, 9, 459. 
16. S. C. Goel and R. C. Mehrotra, Synth. React. Inorg. Metal-Org. Chem., 1981, 11, 35. 
17. S. C. Goel, Synth. React. Inorg. Metal-Org. Chem., 1983, 13, 725. 

18. S. C. Goel, S. K. Mehrotra and R. C. Mehrotra, Synth. React. Inorg. Metal-Org. Chem., 1977, 7, 519. 
19. K. C. Malhotra and R. C. Martin, J. Organomet. Chem., 1982, 239, 159. 

trialkylsilanols,*°* or trialkylsilyl acetates, or by that of dialkylamides with triethylsilanol.1°’ 
Mixed alkoxo-siloxo derivatives were obtained when M(OEt); was allowed to react with 
Me;SiOAc in various molar ratios.‘ 

Double alkoxides with alkali metals A[M(OR)c] (Table 8) were formed from the reaction of 
the pentaalkoxides with alkali metal alkoxides.° The double alkoxides of Mg, Ca, Sr and Ba 
with Nb and Ta have been synthesized in the presence of MgCl, as a catalyst. 169 Refluxing 
M(OPr'); and A(OPr'); (A = Al or Ga) in isopropyl alcohol afforded double isopropoxides of 
the type [MA(OPr’)s] and [MA2(OPr')1:]’”. [NbTa(OMe)10] appears to be the first mixed 
transition metal alkoxide isolated.’”* NMR showed it to be in dynamic equilibrium with the 
symmetrical M2(OMe),0 dimers in solution, with close to random distribution of the three 
species. 

(ii) Structural aspects 

Nb(OMe)s appears to be the only one of these pentaalkoxides whose structure has been 
solved.!”2 It revealed the presence of two crystallographically different dimers with distinct 
conformations in the unit cell. Both are centrosymmetric and consist of two approximately 
octahedral units with a shared edge, but with either a cis or a trans arrangement of the terminal 
methoxo groups on each metal atom with respect to the equatorial plane (Figure 3). 

The volatility of the alkoxides increases, and their molecular complexity decreases, with 
increased ramification of the alkyl chains (Tables 7 and 8). Variations observed in the degree of 
association in different solvents were assigned to the donor capacity of the solvent rather than 
to differences in dielectric constants.'°*!*° The mean dissociation energies of the M—OR bonds 
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Table 8 Double and Mixed Alkoxides 

Compounds Comments Ref. 

[NbTa(OMe),o] Dynamic equilibrium with [Nb,(OMe),,] and 1 
[Ta,(OMe),9] in solution 

A[M(OR)g] _ A=Li, Na, K Z 

Mg[Nb,(OPr’),2] 3 
[MA(OPr')g] A=Al or Ga 4 
[MA,(OPr'’),;] A=AlI or Ga 
[M(OEt)(OR),] Molecular complexity: 5 

R= Pr: 2.05 (Ta) 
R= Bu: 1.96 
R=Pr': 1.93 
R = pentyl: 1.15 (Ta); 1.13 (Nb) 

[M(OBu')(OR),] Molecular complexity: 5 
R = Me, 2.05 (Nb); 2.07 (Ta) 
R = Et: 2.02 (Nb); 2.03 (Ta) 
R= Pr: 1.15 (Nb); 1.21 (Ta) 

[M(OEt)s_,(OSiMe;),] x=1-4 6 

1. L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chem., 1975, 14, 2854. 
2. R. C. Mehrotra, A. K. Rai, P. N. Kapoor and R. Bohra, Inorg. Chim. Acta, 1976, 16, 237. 

3. S. Govil, P. N. Kapoor and R. C. Mehrotra, J. Inorg. Nucl. Chem., 1976, 38, 172. 

4. §. Govil, P. N. Kapoor and R. C. Mehrotra, Inorg. Chim. Acta, 1975, 15, 43. 

5. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 354. 

6. R. C. Mehrotra and P. N. Kapoor, J. Indian Chem. Soc., 1967, 44, 345. 

were estimated to be 429+10 and 440+12kJmol™' for the Nb and Ta alkoxides 
respectively.'”° 

Proton NMR studies have shown that M(OR); species (R= Me, Et, Bu, Pr)®1’*7”8 have 
dimeric bioctahedral structures in solution, and that the bridging and the two distinct types of 
terminal groups rapidly exchange positions. When R=Me the terminal—terminal alkoxide 
exchange was found to occur at a significantly faster rate than the terminal—bridging alkoxide 
exchange; hence these proceed through distinct mechanisms. The activation energy (£,) for the 
intramolecular scrambling of terminal and bridging alkoxo groups was found to be fairly 
constant (42 to 50 kJ mol~'), while the activation free energy AG* increased by small amounts 
as the degree of chain-branching in the alkoxo ligand increased.’”? The presence of a 
monomer-—dimer equilibrium was proven in the case of the pentaisopropoxides and the 
enthalpy of dissociation of the dimer was evaluated.'”®> The monomeric t-butoxides showed a 
rapid intramolecular exchange down to —90°C. Alcohol interchange was slower with dimeric 
species than with monomeric ones. 

\ 
Bi \ 0 2 

—_—~_ 8 On’y), | D0 
Me ® 2(> & 

poate % om 
Fr ®; 

ba tear ak MA lls 
Me Me 

Figure 3. Molecular structure of [Nb,(OMe),] (reproduced from ref. 172 with permission) 

Low temperature 'H NMR of [Nb2(OMe),0] in a variety of solvents has revealed significant 
variations of the chemical shifts, different for the various non-equivalent methoxo sites, 
particularly where bulky polar solvents are concerned; these were interpreted in terms of 
preferential solvation.‘”° 

(iii) Chemical properties 

-M(OR)s species do not readily form coordination complexes but prefer to autoassociate into 
dimers, trimers, etc. The coordination chemistry of M(OMe)s has been investigated by low 
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temperature NMR, and rationalized in terms of frontier orbitals and charge distribution on 
both the ligand and alkoxide.17°!7*1* 

The electro-attractive alkoxo groups render metal alkoxides very sensitive to nucleophilic 
attack.® They are extremely susceptible to hydrolysis, which under controlled conditions yields 
oxo alkoxides; they require strictly anhydrous conditions of handling. 
M(OR)s reacts with B-diketones, thio-B-diketones, B-keto esters and B-hydroxy esters 

(Table 9). Only three of the five OR groups could be replaced by these bidentate monoanionic 

O OH ligands. Surprisingly, the reaction of tropolone (HT) with Nb(OEt); was reported to 
yield [Nb(OEt)T,],‘® whose structure remains unknown. 
A more versatile behavior was observed with dianionic HO OH ligands (Table 9): diols act 

as bidentates,'®°'®’ while a-hydroxycarboxylic acids behave as monodentate monoanionic 
ligands, e.g. in cinnamates,'®® or as bidentate dianionic ligands'®!”° in alkoxycarboxylates. In 
the case of catechol, ionic species were shown to exist in solution for both metals, but were 
isolated for tantalum only.’*! The bidentate monoanionic diphenylphosphinate ligand can 
replace from one to three alkoxo groups in Ta(OMe)s to yield low molecular weight polymers 
(Table 9).'% 

The alkoxo groups on Nb’ and Ta’ are not readily replaced by nitrogen ligands. Thus, with 
one equivalent of ethanolamine only the hydroxylic group was substituted.'°*!* Substitution by 
the amino group could however be forced by using a two- or three-fold excess of ethanolamine. 
Diethanolamine behaved as a tridentate trianionic ligand, while triethanolamine yielded 
metallatranes. The oximates and oxyaminates of Nb and Ta have been isolated.'8°-19>!"8 The 
reactions of M(OR)s with both monofunctional bidentate and bifunctional tridentate Schiff’s 
bases have been studied (Table 10).'°*? 

Insertion of unsaturated isocyanates into the M—O bond of M(OR); has _ been 
reported®™> to give mono- to penta-substituted products (equation 4). No insertion into the 
Nb—O bond was observed with phenyl] isothiocyanate. 

[M(OR),] +xPhNCO —> [M(OR);_.{N(Ph)COOR},] (4) 

M(OMe)s; undergoes peroxidation*® on treatment with H,O2. The use of labelled H,O2 
indicated the fixation of the labeled oxygen between M and OMe. 

M(OEt)s, when allowed to react with MeCOX (X=Cl, Br)” in 1:1, 1:2 and 1:3 molar 
ratios, formed [MX(OEt),], [MX2OEt)3] and [MX;(OEt),./MeCOOEt)], respectively; molar 
ratios of 1:4 or higher yielded [MX,(OEt)(MeCOOEt)], while the reaction with acetyl 

bromide afforded [MOBr3(MeCOOEt)]. Nb(OPh)s, when refluxed with excess acetyl bromide, 

gave [NbBrs(MeCOOPh)].'** Redistribution reactions were shown to occur between Tals and 
[Ta(OPh);] in MeCN, and [Tal,(OPh)(MeCN)] crystallized out. Attempts to synthesize mixed 
[NbI;_.(OR),] derivatives from similar reactions have so far failed.*”* 

34.2,3.2 Halide alkoxides and related compounds 

(i) Halide alkoxides 

Direct reaction of MCl; with ROH yielded the mixed halide alkoxides [MCI,(OR)s_x] 

(R= Me or Et, x =2 or 3;° R= MeOCH,CHp, x = 2; R= Ph, x =1; R= B-naphthyl, x = 2; 

R =anthranyl, x =2;72° R=CHF,CF,CH:, x = 3°). Stepwise alcoholysis of MX; in CCl, 

afforded [MX,(OR)s_»] (x =0-4 when X=Cl, R= Ph or naphthyl; x =1 or 2 for X=Br 

and R=Ph?!?). The reactions of M(OR)s with acetyl halides afforded easy access to 

[MX,(OEt)s_»] (X= Cl, Br; x =1 or 27”) and to [Tal(OPh),].** Substitution of chlorine for a 

third or a fourth alkoxo group proceeded with coordination of the corresponding ester to the 

metal, while substitution by a fourth bromine resulted in the formation of oxo derivatives. 

Treatment of TaCl; with an excess of LiOAr (OAr = 2,6-di-t-butylphenoxide) in benzene led to 

[TaCl,(OAr),].7!° TaCls, when allowed to react with the chelating ether MeOCH,CH,OMe, 

gave [TaCl4(OCH,CH20Me)], through cleavage of an alkyl-oxygen bond. Neopentylidene 

complexes of the type [TaX3(CHCMes)(PRs)2] reacted with [WO(OBu')4] to yield 

[TaX3(OBu'),]2.7> Alkoxo fluorides were synthesized from the appropriate chloro methoxide 

with KF, or by the reaction of M(OEt)s with MFs.° 
Treatment of the halide alkoxides with (NEt,)Cl afforded crystalline 

(NEt,)[MCI,(OR)o-x].2"° With 1:2 molar ratios, the oxo derivative (NEts)a[NbOCIs] was 

Coc3-T* 
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Table 9 Reactions of the Alkoxides with O-containing Reagents 

Reagent Compounds and comments Ref. 

B-Diketones: R'C(O)CH,C(O)R" 

Monomeric species in boiling benzene 
acacH {M(OR),_,(acac),]; x = 1-3; R=Et, Bu' 1 
bzacH [M(OR)._,(bzac),]; x = 1-3; R=Et, Bu' ‘ 2 
R' = Me, R"=p-CIC,H, [M(OR) ;_,(Clbzac),]; x = 1-3; R=Et, Bu 3,4 
ClbzacH 5 
R’ = Me, R"”=p-FC,H, [M(OR)<_,(Fbzac),]; x = 1-3; R= Et, Bu 3,4 
FbzacH . 
R' =CF;, R" = thenoyl M[(OR) ;_,L,]; x = 1-3; R=Et, Bu 3,4 

Thio-B-diketones: R'C(S)CH,C(O)R"(HL) 
R’=Me, Ph and R"=Ph,Me M[(OR),L]; R= Me, Et, Pr’; R’ =R”=Me, Ph; 5 

B-Keto esters: MeC(O)CH,COOR'(HL) 

R'=Me, Et [Ta(OR),_,L,], x = 1-3; R=Et, Bu'; 6,7 

B-Hydroxy esters (HL) 

OH M[(OR),_,L,]; x = 1-3; R= Et, Bu' 8 

CH,CO,Et 

fe es 

ioesliamsiaets #1 

Tropolone (HT) [Nb(OEt)T,] 9 
[NbT,]*; X-ray structure 10 

Diols (HL) 

Propane-1 ,2-diol [M(OEt),;_>,L,]; x =1, 2; dimeric compounds 
Propane-1,3-diol [ML,(HL)]: monomeric and dimeric species in solution 5 Go 2 
Butane-2,3-diol 

Hexane-1,6-diol [M,Ls] 
Pinacol 

Catechol (H,L) 

[Ta(OR)3L]; K[Ta(OR),L]; K[Ta(OR),L,]; 2 
K,[Ta(OR)L,] 

a-Hydroxycarboxylic acids (H,L) 

Lactic, mandelic or [M(OR)s_>,L,]; x = 1-2, monomeric; [ML,(HL)] 13 
salicyclic acids 

Benzylic acid [M(OR);_>,L,], x = 1-2, dimeric 14 
trans-Cinnamic acid or [M(OR)._,L,]; x = 1-3; 15 

dihydrocinnamic acid monodentate cinnamate 
[OPPh,O]~ [Ta(OMe),_,(OPPh,O),]; x = 1-3 16 

153 
16. 

a aa PYNPOSOOSCMNAAMHPWNE 
PPrPYDAAPY PARADA YD PH 

~ . N. Kapoor and R. C. Mehrotra, J. Less-Common Met., 1965, 8, 339. 
. Gut, H. Buser and E. Schmid, Helv. Chim. Acta, 1965, 48, 878. 
. K. Narula, R. R. Goyal and R. N. Kapoor, Synth. React. Inorg. Metal-Org. Chem., 1983, 13, 1. 
. K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, Synth. React. Inorg. Metal-Org. Chem., 1983, 13, 887. 
. K. Kanjolia and V. D. Gupta, Inorg. Nucl. Chem. Lett., 1980, 16, 449. 
. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1964, 7, 453. 
. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1964, 7, 176. 
. K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor. Transition Met. Chem., 1982, 7, 325. 

. Mehrotra, R. N. Kapoor, J. Uttamchandani and A. M. Bhandri, Inorg. Chim. Acta, 1977, 22, 15. 
R. Davis and F. W. B. Einstein, Inorg. Chem., 1975, 14, 3030. 

. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 237. 

. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1965, 8, 419. 
takash and R. N. Kapoor, Inorg. Chim. Acta, 1971, 5, 372. 
K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, J. Indian Chem. Soc., 1982, 59, 195. 

. K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, Transition Met. Chem., 1983, 8, 195. 
H. D. Gillman, J. Inorg. Nucl. Chem., 1975, 37, 1909. 

K 

Cc 
Cc 
1s 
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Table 10 Reactions of the Alkoxides with Schiff’s Bases 

Schiff’s base Compounds and comments Ref. 

jan 

[M(OPr))5—24L-x] 1,233; 4 
CR=NR = 1: hexacoordinated monomer it dl 

x = 2: solution equilibrium between hepta- 
coordinated monomer and octacoordinated 

(R=H, Me; R’ dimer (OPr'bridges) 
= CH,CH,OH, CH,CH(OH)Me) 

OH 

es 

(R=H, Me; Z=0O,S) 

CH=NNC(Z)NH, 
OH 

feeter’ [ML,(HL)] octacoordinate monomer 

(Z=0, S) 

OH IM(OR)-.L | Re Pr aus ae) 5 
poner [ML,(HL)] 

OH HO 

(R=H, Me) 

CH=NN=CH ; 

HO 

Sas eS [M(OPr'),L] heptacoordinated monomer 6 

(R = Me, Ph) 

SH [Nb(OPr')L,] solution equilibrium 7 
a oe between monomer and dimer 

RR’C=NN=C [Nb,Ls] 

SCH,Ph 

(R = PhOH, R’ = H; R= MeCOCH,, R’ = Me) 

AL 
OH [M(OPr'),,L,] x = 1-5 8,9 

CHNR Monomeric hexacoordinated 
(x = 1) or heptacoordinated 

(R = 0-toluidine, aniline or 2-pyridyl) (¥ =2) species in boiling benzene 

CH=NR 

— OH 

ZA 
PhCN=NR 
(R=CH,CH,OH, CH,CH(Me)OH, PhOH) 

1. P. Prashar and J. P. Tandon, Z. Naturforsch., Teil B, 1971, 36, 11. 
2. P. Prashar and J. P. Tandon, Bull. Chem. Soc. Jpn., 1970, 43, 1244. 
3. M. N. Mookerjee, R. V. Singh and J. P. Tandon, Ann. Soc. Sci. Bruxelles, Ser. 1, 1980, 94, 207. 
4. M.N. Mookerjee, R. V. Singh and J. P. Tandon, Indian J. Chem., 1981, 20, 246. 
5. M. N. Mookerjee, R. V. Singh and J. P. Tandon, Gazz. Chim. Iral., 1981, 111, 109. 
6. J. P. Tandon, S. R. Gupta and R. N. Prasad, Acta Chim. Acad. Sci. Hung., 1975, 86, 33 (Chem. Abstr., 1975, 83, 171 946). 
7. M. N. Mookerjee, R. V. Singh and J. P. Tandon, Synth. React. Inorg. Metal-Org. Chem., 1982, 12, 621. 
8. S. R. Gupta and J. P. Tandon, Ann. Soc. Sci. Bruxelles, Ser. 1, 1974, 88, 251. 
9, J. Uttamchandani, S. K. Mehrotra, A. M. Bhandari and R. N. Kapoor, Transition Met. Chem., 1976, 1, 249. 
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formed. The reaction between (NEts)[MCl.] and methanol yielded (NEt,)[MCl,(OMe)2], while 

(NEt,)[TaCl,(OCH2CH2OMe)._.] (x =4, 5) was obtained with 2-methoxyethanol.”” NaOEt 

and pyHCl, when allowed to react with [NbCI,(OEt)] and [NbCI(OEt),], yielded 

Na[NbCl;(OEt)], Na[NbCL,(OEt),], (pyH)[NbOCI,] and Na[Nb(OEt).].° The thermal decom- 

position of [NbCI,(OMe);]*”’ in an argon or oxygen atmosphere gave Nb2Os and ethylene as 
the main products. 

The !°F and °Nb NMR spectra of MF;/M(OEt); or M(OEt)s/HF mixtures established the 
formation of neutral, anionic and cationic complexes.7!* 7! 

The structure of [TaCl;(OCH,CH,OMe),|** showed the metal atom to have an octahedral 

environment, one ligand being bidentate and the other monodentate, with three different 

Ta—O bond lengths (1.80(3) A for the monodentate; 1.91(3) and 2.23 A for the chelating 
ligand). 

(ii) Adducts of the halide alkoxides and related compounds 

The halide alkoxides behave as Lewis acids; they react with O, S, N and P donor ligands to 

give the adducts listed in Table 11. Haloalkoxo adducts of the type MX3(OR)L were obtained 
in anhydrous alcohol.””*:?* Unexpectedly, [NbCl;(OR)2(HMPA)] was also obtained from the 
reaction of [Nb(OR)3Cl,], with HMPA in CH,Cl, or Et,0.””° Mixing of M(OR)s; and MX; in 
MeCN gave [NbCI(OEt)4(MeCN)],° [NbBr4(OR)(MeCN)],7’* where R=Me, Et, Pr, Bu, 
CH2Me3, CMes, [NbIs_.(OR)(MeCN)], where x =0-4 and R=Me, Et, Pr, Ph, and 
[Tal,(OR)(MeCN)], where R = Et, Ph.” [NbCI,(OEt)2.(MeCOOEt)] was isolated by allowing 
MeCOCI to react with [NbCI,(OEt)3], and further afforded [NbCl,(OEt)2(py)] by addition of 
pyridine.””” These adducts are moisture sensitive, monomeric and predominantly non-ionic. 
The crystal of [NbCl;(OPr').(HMPA)] is built up of the meridional isomer.”” The same isomer 
was always predominant in fresh solutions, while oxo species were detected in aged solutions. 

MCI, when allowed to react with N-arylsalicylaldimines [(salR)H] in methanol or ethanol?” 
afforded [MCI,(OR)3(salR)H], in which the neutral Schiff’s base behaves as a unidentate ligand 
bound through the oxygen atom. When chlorophenoxo derivatives were allowed to react with 
(salR)H, [MCl,_,(OPh),(salR)] (x = 1-4) was obtained.” When MCI, was treated in CCl, 
with a slight excess of monoanionic HL or dianionic HL’ Schiff's bases derived from 
salicylaldehyde, vanillin, p-phenylazoaniline or p-aminodiphenylamine, [NbCI;L,], [NbCI;L’] 
and [NbCIL3]*% were obtained, in which Nb is heptacoordinated. The mass spectra and 
fragmentation paths of [MCI(OR),L] were examined.” 

Halide—8-quinolinol adducts [MX;50xH),,] lose HX upon heating:'*? [MX,(ox)s_,] complexes 
(x = 1-4) were prepared for all combinations of M, X and x except for [NbBr,(ox)s3]. 
[MBr(ox),4] complexes were found to be 1:1 electrolytes, while conductance measurements and 
IR indicated the others to be non-electrolytes, with metal coordination numbers of nine, eight, 
seven and six for x =1 to 4. Complexation of NbCl; by 1,6-dihydroxyphenazine yielded a 
brown insoluble linear coordination polymer formulated as [M2Cls(Cj2H.N2O>),,].7° With 
bidentate hydroxy esters (HL), MCI; gave [MCls_,L,] (x = 1, 2).774 
Complexes of the type [MX,(OR),_,(6-diket)], where X=Cl or Br, R=Me or Et, 

B-diket = acac, bzac (Table 11), have been obtained from MX; and the fB-diketones in the 
parent alcohol as solvent. Chlorophenoxo niobium and tantalum derivatives react with benzoin 
(HL) to yield [MCI(OPh)3L] and [MCI1,(OPh),L] in which L acts as a chelating ligand,” while 
MCI; were found to form [MCI,L] and [MCI3L,] with benzoin.*** The preparation of relatively 
stable NbY complexes containing N,N-dialkyldithiocarbamate ligands (R2dtc) has been 
reported; the structure of [NbCl(OMe),(Et2dtc),]*** shows the metal’s environment to be a 
pentagonal bipyramid with the halide and four sulfur atoms forming a plane containing the 
metal; the two OMe groups occupy the apical sites. 

(iii) Halide carboxylates and related compounds 

Chlorocarboxylato complexes were obtained from the reaction of TaCl; with RCOOH;7*> 
dimeric [MCl,(RCOO)], compounds were isolated for R = H, Me, Et, Pr, Pr’, But, CF3, while 
[TaCl,(Bu'COO),] was the only compound obtained with two carboxylato groups. Both types 
of compound were proposed to have sevenfold coordination. The reaction of NbCl; with 
dicarboxylic acids**® gave [NbCl,{X(COO),}], where X = (CH2), (n = 0-4), CH(OH)CH(OH) 
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Table 11 Adducts of the Halide Alkoxides 

a Ra le a lla 

Compounds Comments Ref. 

[NbCl;(OR),(phen)]} R=Me, Et, Pr, Bu 1 
[MCI,(OEt).(PPh;)] 2 
[MX3(OR),L] X= Cl, Br; R= Me, Et; L= OPPh;, OAsPh3, HMPA, OSPh, 3 
[NbC1,(OPr'),(HMPA)] X-Ray structure 4 
[NbCl,(OEt),(MeCN)] 5 
[NbCI,(OEt)2(py)] 5 
[MC1,(OPh).L] L=OPCl1,, OPPh;, HMPA, pyO 6 
[MC1,(OR),{(salR')H}] R= Me, Et; R’ = Ph, p-MeC,H, 7 
[MCL,(OPh)L]} L=py, a@-pic 8 

L=OPCl,, OPPh,, HMPA, pyO 6 
L=a-, B- and y-picO, HCONHMe, DMF, 9 
MeCONHMe, MeCONMe, 
L=MePhCO, Ph,CO 10 

[MCI(OMe),(acac)] 11 
[NbX(OMe),(Et,dtc)] X= Cl, Br; X-ray structure 12 
[MCI(OPh),L] HL = benzoin 17 
[MCI(OPh),(sal)] salH = salicylaldehyde 13 
[MX.,(OR),(acac)] X=Cl, Br; R= Me, Et 14 
[MX,(OMe).(bzac)] 14 
[MCL,(OMe),L] HL = salicylaldehyde, acetoacetanilide, benzoylacetanilide, 15 

2-hydroxyacetophenone, O-hydroxybenzophenone, 
benzoylacetophenone 

[MCI1,(OPh),L] HL = benzoin 17 

[MCI,(OPh),(sal)] 13 
[MCI1,(OR),L] R= Me, Et; HL =2,4-pentaline, salicyaldehyde 16 
[MCI1,(OPh)(sal)] 13 
[MC1,(OPh),_.L] HL = benzoin 

1. K. M. Sharma and S. K. Anand, J. Inst. Chem. (India), 1979, 51, 208 (Chem. Abstr., 1980, 92, 156 979). 
2. M. A. Glushkova, M. M. Ershova, N. A. Ovchinnikova and Yu. A. Buslaev, Zh. Neorg. Khim., 1972, 17, 147. 

3. K. Behzadi and A. Thompson, J. Less-Common Met., 1977, 56, 9. 
4. L. G. Hubert-Pfalzgraf, A. A. Pinkerton and J. G. Riess, Inorg. Chem., 1978, 17, 663. 
5. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 348. 
6. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, Transition Met. Chem., 1982, 7, 14. 
7. K. Yamanouchi and S. Yamada, Inorg. Chim. Acta, 1976, 18, 201. 
8. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, J. Indian Chem. Soc., 1980, 57, 868. 
9. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, Natl. Acad. Sci. Lett. (India), 1979, 2, 175 (Chem. Abstr., 1980, 92, 68 793). 

10. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, Acta Cienc. Indica (Ser. Chem.), 1980, 6, 236 (Chem. Abstr., 1981, 95, 
53 985). 

11. R. Gut, H. Buser and E. Schmid, Helv. Chim. Acta, 1965, 94, 878. 
12. J. W. Moncrief, D. C. Pantaleo and N. E. Smith, Inorg. Nucl. Chem. Lett.; 1971, 7, 255. 
13. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, J. Indian Chem. Soc., 1979, 56, 754. 
14. C. Djordjevic and V. Katovic, J. Inorg. Nucl. Chem., 1963, 25, 1099. 
15. A. Syamal, D. H. Fricks, D. C. Pantaleo, P. G. King and R. C. Johnson, J. Less-Common Met., 1969, 19, 141. 

16. D. Stefanovic, J. Stambolija and V. Katovic, Org. Mass Spectrom., 1973, 7, 1357. 
17. K. C. Malhotra, U. K. Banerjee and S. C. Chaudhry, Indian J. Chem., Sect. A, 1978, 16, 987. 

and o-C,H,. ”FNMR data on solutions of [MF] and (CF;COO)~ indicated that 

[TaF;(CF;COO)]~ and [TaF,(CF;COO),]~ had formed’*’ with monodentate trifluoroacetate; a 
cis structure was assigned to the dicarboxylato derivative. 

Reactions between MCI; and hydrogen phosphonates (HL = (RO),P(O)H; R=Et, Pr’, Bu, 

Ph) afforded [MCI;_,L,] (x = 1-3), which were reported to be polymeric through —O—P—O 

bridges.® NbX; when allowed to react with Na[S,P(OR)2] (R=Me, Et, cyclohexyl) gave 
[Nb(OMe)2Cl{S2P(OR)2}2];7°°_ recrystallization from the appropropriate alcohol afforded 
complexes having other alkoxo groups. The reaction of dithiophosphates with TaXs did not 

afford the analogous tantalum derivatives. 

34,2.3.3 Thiolato and dithiocarbamato derivatives 

Dithioalkoxo- and dithiophenoxo-niobium(V) trichlorides [MCl,(SR)2] were obtained from 

NbCl, and thiols and benzenethiol respectively. The synthesis of tris(benzenedithiolato) 

complexes was accomplished by reaction of the appropriate metal amide with a mixture of the 

dithiol and its sodium salt in THF. The structures of (AsPh,)[M(S2CH,)3]**** showed the 
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metal to be surrounded by six sulfur atoms in a close to trigonal prismatic coordination, with 

the dithiolene ligands radiating from the metal in the usual ‘paddle-wheel’ arrangement (Figure 

4). The coordination sphere of [Nb(SCH,CH,S)3]~ is midway between trigonal prismatic and 

octahedral.”* 

Figure 4 Structure of [Nb(S,C,H,)3]” (reproduced from ref. 243 with permission) 

The trinuclear [Ta(Cp)(u-SMe)2Pt(u-SMe)2Ta(Cp)2]?~ anion was obtained by reaction of 
[Ta(SMe)(Cp)2] and [PtCl,(PhCN),].*“* The X-ray diffraction analysis” showed the arrange- 
ment around the Pt atom to be an almost regular tetrahedron, a situation hitherto unknown for 
Pt". The compound was therefore assumed to formally contain TaY and Pt®, although the short 
Pt—Ta contacts of 2.788(7) and 2.809(8) A are indicative of metal-metal bonds. 

[Ta(R2dtc);], where (R2dtc) = (S,CNR2)~, were reported to result from insertion of CS, into 
Ta(NR,)s; in the case of niobium, the final product was [Nb(R2dtc),].“° [Ta(Rodtc)s]**” and 
[MX,(R2dtc)s_,] (x = 1-3) have been obtained in the reaction between MCI; and Na(R2dtc) in 
oxygen free solvents, while [MX(OR),(R2dtc)2] was formed in alcohol.”*? [Nb2Br3(R2dtc);] was 
isolated from NbBrs in benzene.*” Niobium, in acidic media in the presence of ClO; ions, was 
found to form [Nb(R2dtc)4](ClO,) with pyrrolidine- and hexamethylene-dithiocarbamates.**? 
[Nb(Rodtc)Me(Cp)z](Rodtc) was obtained when [NbMe2(Cp).] was allowed to react with 
R,NC(S)SC(S)NR>.?” 

In all these air sensitive complexes the dithiocarbamate ligand is bidentate through the sulfur 
atoms. The [MX,(Ro2dtc)s_,] adducts were found to be ionic, hence must be formulated as 
[M(Rodtc)4JX, [{Nb(Rodtc)3}.Cls]Cl and [M(Rodtc)4][MX.].“°? The structures of 
[Ta(SxCNMez)4]* in the Cl *? and [TaCl,]~ *** salts showed the eight-coordinate 
[Ta(R2dtc),]* cation to be at the center of a D,q dodecahedron, the bidentate ligand spanning 
the AB edges. Surprisingly, this cation is stereochemically rigid on the NMR time scale and 
appears to be the first eight-coordinate chelate for which this is observed. 

34.2.3.4 Amido derivatives 

Several reviews have dealt with the chemistry of transition metal—nitrogen derivatives,” 
including compounds with metal—nitrogen multiple bonds,*®°? especially those encountered in 
high oxidation states. 

Solvolysis of MCl; by ammonia was studied as early as 1924, but the products were not 
conclusively characterized.” 7°! Halo monoalkylamides*” and dialkyl amides were prepared. 
The monoalkylamides undergo facile a-H abstraction reactions to nitrenes, especially when 
labile substitutents are present (Section 34.2.3.5); dialkylamides (Table 12) have been 
extensively studied by Bradley.***° 

(i) Synthesis and structure 

Homoleptic NbY and TaY dialkylamides have been obtained (equation 5).?°? Extensive 
reduction, increasing with the length of the alkyl chain, was observed with niobium, the 
predominant products then being [Nb(NR2)4] (R= Et, Pr", Bu"; Section 34.3.5.4). Oxidation 
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Table 12 Niobium(V) and Tantalum(V) Dialkylamides 

ees 

Compound Comments Ref. 
ee ee eee ee Sen ie “ee eared gin) 
[MF;_,(NEt,),] (x = 1, 2) Insoluble 1 
[MF;_,(NEt,),L] Isolated for L = py, y-pic, unstable for L= MeCN, OEt, 1 
[TaCl,(NMe,),]> Impure, contaminated by [TaCl,(NMe,)3], 4 
[MX3(NR,)2(NHR,)] X-Ray structure for [TaCl,(NMe,).(NHMe,)] Va, Sth 
(X= Cl, Br; R= Me, Et) 

[TaCl,(NMe,)3]> X-Ray structure, unstable towards redistribution 4 
[TaCl,(NMe,)3L] Isolated for L= Me,NH, 

observed in solution for L= py, y-pic 
[M(NMe,)5] X-Ray structure, M=Nb tetragonal pyramid; PES 5) 6:7 

M = Ta: isomorphous with the niobium analog 
[Ta(NR,)s] (R = Et, Pr”) R= Et, trigonal bipyramid 5,8 
[Ta(NMe,),(NHMe,)] Observed in solution 9 
[M(NMeBu).] 5 
[Nb(NC5H,)s] X-Ray structure, tetragonal pyramid 5,6 

[Nb(NMe,)s_.(NEt,),] 5 
(x =2,3 

[Ta(NMe,).Me;(Cp’)] Unstable, evolution to nitrene at room temperature 10 
[Ta(NMe,).Me;] 11 

1. J. C. Fuggle, D. W. A. Sharp and J. M. Winfield, J. Chem. Soc., Dalton Trans., 1972, 1766. 

2. P. J. H. Carnell and G. W. A. Fowles, J. Less-Common Met., 1962, 4, 40; G. W. A. Fowles and C. M. Pleass, J. Chem. 
Soc., 1957, 2078. 

3. P. J. H. Carnell and G. W. A. Fowles, J. Chem. Soc. (A), 1959, 4113. 
4. M. H. Chisholm, J. C. Huffman and L. S. Tan, Inorg. Chem., 1981, 20, 1859. 

5. D. C. Bradley and I. M. Thomas, Proc. Chem. Soc., 1959, 225; Can. J. Chem., 1962, 40, 449, 1355; D. C. Bradley and 
M. H. Gitlitz, J. Chem. Soc. (A), 1969, 980. 

6. C. E. Heath and M. B. Hursthouse, J. Chem. Soc., Chem. Commun., 1971, 143. 
7. M. H. Chisholm, A. H. Cowley and M. Lattman, J. Am. Chem. Soc., 1980, 102, 46. 
8. R. J. Smallwood, Ph.D. Thesis, London, 1975. 

9. M. H. Chisholm and M. W. Extine, J. Am. Chem. Soc., 1977, 99, 792. 

10. J. M. Mayer, C. J. Curtis and J. E. Bercaw, J. Am. Chem. Soc., 1983, 105, 2651. 
11. C. Santini-Scampucci and G. Wilkinson, J. Chem. Soc., Dalton Trans., 1976, 807. 

state +V was retained for tantalum, and either the amides [Ta(NR2)s;] or the mixed nitrene 
amides [Ta(NR)(NR2)3] (R= Et, Pr®; Section 34.2.3.5) were isolated. 

MCI, + SLINR, —> [M(NR;).] + 5LiCl 
R= Me, Et, Pr", Bu” (5) 

The coordination polyhedron of the dialkylamides is largely determined by the steric 
requirements of the NR» groups and by their ability to form o and a bonds.”*° Even the NMe, 
group is sterically demanding, and the homoleptic Nb and Ta amides are all monomers. 
Dimeric halogen-bridged structures were observed for mixed dialkylamido compounds, as, for 
example, in [TaCl,(NMez)3]2. For pentacoordinated d° compounds, a trigonal bipyramidal 
geometry is expected to be the most stable.” [Ta(NEt,)s] indeed exhibits this geometry,”°° but 
[Nb(NMez)s] (Figure 5) and [Nb(NCs;Hio)s] approach a square pyramidal geometry.*°’ 
Although all nitrogen atoms have approximately planar geometry, only the axial Nb—N bond 
appears to have some z character on the basis of its shorter length (single Nb—N bond lengths 
are expected to be in the 2.04 to 2.08 A range); the planarity found for nitrogen has been 
interpreted to result from the rather tight packing of the ligands around the metal. [M(NMez)s] 
species were found by photoelectron spectrometry to be isomorphous in the vapor phase, but 
their exact geometry has not been established.” 

Mixed halodialkylamido derivatives are accessible by several methods.**° The 
chlorodimethylamidotantalum(V) derivatives have received special attention from Chisholm 
and coworkers.” Reaction of the pentachloride with an excess of dimethylamine provided 
[TaCl,(NHMe,)] as the major product (85%), accompanied by [TaCl,(NMez);(NHMez)] (6%) 
and by a dinuclear oxo derivative [{TaCl(NMe2).(NHMez)}.0] (2%), whose origin is 
undetermined. A common feature of these products is their fairly strong Ta—N bond. 
Metathesis reactions between [Ta(NMez)s5] and Me3SiCl led to close to random distributions of 
the halodialkylamido complexes, from which [TaCl,(NMez)s]2 was easily isolated from pentane 
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Me Me 

Figure 5 Coordination polyhedron of [Nb(NMe;)] (reproduced from ref. 267 with permission) 

and a mixture of [FaCl,(NMez2)3]2 and [TaCl,(NMez)2]2 from toluene solutions. The dimeric 
[TaCl,(NMez)3]2 is readily cleaved by nitrogen donors to form [TaCl,(NMez)3L] adducts 
(L=Me2NH, y-pic). Attempts to isolate [TaCl(NMez)4] were unsuccessful. 
The structures of [TaCl;(NMe2).(NHMe,)] and [TaCl,(NMe2)3], have been solved.?”° 

Tantalum adopts a distorted octahedral geometry in all structures. The central TaCl,N; core of 
the trichloro adduct has a meridional arrangement of the chlorine atoms with cis 
dimethylamido ligands. The two Ta—NMe, bonds are comparable in length (1.958 A av.), and 
much shorter than the Ta—NHMe, distance (2.370(6) A). The centrosymmetric dimeric 
structure of [TaCl,(NMez)s]2 ee two fac-TaN,Cl, arrangements with bridging chlorines 
(Ta—Cl,: 2.586(1) and 2.635(2) A). The amido TaNC, units are all planar. This, together with 
the short Ta—N distances and the close to 90° dihedral planes between these units, provides 
evidence for strong Ta—N d,—p, bonding. The Me,N ligand in each of these molecules was 
considered as a four-electron donor (07 + 27), leading to 18- or 16-electron valence shells in 
[TaCl,(NMe2)3]}. and [TaCl,(NMe2).(NHMez)], respectively. A fac-TaN3 arrangement is a 
common feature of all these structures, as ligands having a strong trans influence tend to prefer 
a mutual cis configuration, irrespective of their 2 acceptor or a donor properties.7”’ A cis 
arrangement of the dimethylamido groups was therefore assumed for [TaCl,(NMez2).]. and 
[TaCl,(NMe2)3(NHMe,)] 

Pentavalent silylamido derivatives are limited to Ta, as reduction occurs with Nb.?”””> The 
bulkiness of the [N(SiMes3)2]~ ligand precluded complete chlorine substitution as well as 
formation of dimers. [TaCl;{N(SiMez)2}2] has a trigonal bipyramidal structure with short 
equatorial Ta—N bonds (1.930 A av.). 

The first hydrazido(—1) compounds, [M2Cls;HNNRR’).] (R=Ph, R’=H or Me) and 
[TaCl;(HNNHPh).(H,NNHPh)], were obtained from the reaction of the pentachlorides with 
the hydrazines.””* Spectroscopic data on [TaCl;(HNNHPh),(H2NNHPh)] are consistent with an 
equilibrium between neutral and ionic structures, as also observed for molybdenum hydrazido 
derivatives. 

(ii) Reactivity 

Niobium and tantalum dialkylamides can easily undergo substitution or insertion reactions, 
as well as C—H activation. Substitution reactions have been used to obtain dialkylamides”™ or 
dithiolenes.””” Aminolysis reactions, for instance, were assumed to occur via a simple 
associative mechanism (equation 6).?”° 

R:N—H 
M—NR, + NHR; ==> ode <=> M—NR; + HNR, (6) 

M—NR, 

The M—N bond is susceptible to insertion reactions, the Ta—N being even more reactive 
than the Ta—C bond; thus in [Ta(NMez2)2Mes3], insertion of CS, was found to occur only in the 
former bond.””’ Insertion of CO, CS, and COS in [M(NR;)s] has been observed 278278 In the 
case of niobium, the insertion of CS, was accompanied by reduction, giving [NB(S,CNR,),] 
(Section 34.3.5.3.i).7” The N,N-dialkylcarbamato ligand, O,CNRo2, is much less prone to 
oxidation and the pentavalent state was retained for both niobium and tantalum. The synthesis 
of monothiocarbamates is limited to [Ta(OSCNMe,)s].7” 
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The mechanism of the CO, exchange and insertion reactions has been extensively studied on 
[M(NMez)s] using kinetic and labeling experiments. The insertion is catalyzed by amines 
(equations 7 and 8). It is rapid and quantitative, and proceeds through [M(NMe,);_,L,] 
intermediates, the Ta derivatives being more stable than those of Nb.2”2 None of the mixed 
Species is favored. [M(NMe2),(O2CNMe,)3] formed for both metals, but could be isolated only 
for tantalum. The formation of [M(NMez2);(O2CNMe;),] was not observed. 

HNMe, + CO, <= HO,CNMe, (7) 

MNMe,+LH == ML+HNMe, (8) 

L= O,CNMe, 

The coordination spheres of [M(O2CNMe2);] and [Ta(NMe2)2(O02CNMe,)3] contain both 
mono- and bi-dentate dialkylcarbamato ligands. The magnitudes of the Av(!#C-°C) and 
Av(*°O-"*0) (AO) shifts in the IR were rationalized by assuming that v(O2CN) is mainly 
C=N in character for a bidentate ligand (A’*O <5 cm~), while a significant contribution from 
the C=O moiety is observed for a monodentate ligand (A8O ca. 20 cm~?), 
X-Ray diffraction data for [Nb(O,CNMez)s]”* show that niobium is eight coordinated, with 

three bidentate and two monodentate cis (Me,NCO,)~ ligands; The NbOs moiety does not 
correspond to any idealized MXg polyhedron. The Nb—O bond distances are much shorter for 
the monodentate (av. Nb—O =1.91(2) A) than for the bidentate ligands, the latter being 
asymmetrically bonded (av. Nb—O = 2.08(4) and 2.19(2) A). In [Ta(NMez)2(O,CNMe,)3]?& 
the metal’s coordination polyhedron can be described as a distorted pentagonal bipyramid with 
two bidentate carbamato ligands in the equatorial plane and one monodentate ligand in an 
axial site. This geometry is particularly propitious to Ta—N a bonding (Ta—N: 1.970 A av.), 
to attain a saturated valence shell configuration, which accounts for the kinetic and 
thermodynamic stability of the compound. It should be noted that the bite of the carbamato 
ligand (2.15(5) A) compares with that of NO3 in [Ti(NO3),] and is considerably smaller than 
that of the dithiocarbamato ligand (2.84(3) A), which may explain why oxidation state +V is 
maintained for niobium. 

In solution these compounds are highly fluxional. Whereas the methyl groups are all 
stereochemically inequivalent in solid [Nb(OxCNMez);], they appear equivalent in solution, 
even at —80°C, on the *C NMR time scale. The mono- and bi-dentate carbamato substituents 
can, however, be distinguished in solution by IR. A facile exchange between coordinated and 
uncoordinated oxygens of the monodentate carbamato ligand was also observed in 
[Ta(NMe,).(O2CNMez)3]. Hindered rotation about the Ta—N linkage was detected at —95°C 
by °C NMR.”° 

Although cyclometallation reactions have seldom been observed with d° metal compounds, 
intramolecular metallation involving early transition metal dialkylamides with formation of 
azametallacyclopropane, which occurs by 6 H abstraction, has been reported.”*! 
On distillation, [Ta(NEt2)5] undergoes substantial decomposition (equation 9) to give 

ethyliminoethyl(C, N)tris(diethylamido)tantalum (1) and _ ethylimidotris(dimethylamido)tan- 
talum (2).7°*“8? The IR and NMR data of the methine carbon of (1) [°C: 6=64p.p.m., 
J(C-H) = 147 Hz (d)] indicate a notable C—N double bond character. Compound (1) reacts 
easily with methyl isocyanate, according to equation (10). The metallacycle (1) was shown to 
be an intermediate in the formation, above 100 °C, of the ethylimido complex (2) and ethylene. 
The reaction is first order with respect to the azametallacycle; the activation parameters were 
evaluated. The formation of ethylimino (C,N) groups (3) appears to be a general feature in the 
thermolysis of ‘overcrowded’ early transition metal diethylamido derivatives. It has also been 
observed for niobium, together with [Nb(NEt2),4] as the major product. A similar three- 
membered metallacycle could not be isolated in the case of [Ta(NMez)s], but was presumed to 
form as an intermediate in the facile and reversible incorporation of deuterium from 7HNMe, 
into the methyl groups (equation 11). The intermediate azametallacyclopropane (4) can 
apparently be trapped by terminal alkenes, resulting in the catalytic aminomethylation of the 
alkenes (Scheme 1). [Ta(NMez);] was recovered unchanged after the reaction, while the 
niobium analog was reduced to an as yet unidentified active species with evolution of methane. 

Hydrogen abstraction reactions from the (NR2)” ligand have been observed even at room 
temperature (equation 12).** With diisopropylamidolithium, the reaction is more complex; the 
only product isolated (~10%) was the unusual methylene- and hydride-bridged compound (7; 
equation 13). Labeling experiments gave evidence that the hydride originates from the 
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[Ta(NEt,);] > a) >Ta(NEt,); | + [Ta(NEt)(NEt,);] + Et,NH (9) 
MeCH 

(1) 22% (2) 31% 

a 

| >Ta(NEt,),| +MeN=C=O — een Fa(NEt)s (10) 
MeCH Cc 

wll i‘: Me 
(1) 

NEt 
Vd 

ae 
CHMe 

(3) 

(CD,),ND ——Seese> (Me)(CH,D)NH (11) 

MeHN | _NMe; 

Me,NH NMe, 

Me,NH 

sens 

CH, 
NMe; (4) 

7~R 

Me,NH 

Scheme 1 

diisopropylamide. It was suggested that the formation of a Ta—N bond is prevented by the 
steric bulk of the NPr' group; hydride donation then becomes competitive. These spontaneous 
or thermally induced reactions may all be viewed as unimolecular 6 hydrogen abstraction or 
elimination reactions. With monoalkylamides, a@ hydrogen transfer processes appear to be 
more facile than 6 hydrogen migrations, and open a route to nitrenes (equation 14). The rate 
of the hydrogen transfer process depends on the nature of the group (OR, NR2, CR3) bonded 
to tantalum; caution should be used in extrapolating the observed rate order, since it is based 
on compounds with the TaMe3(Cp’) moiety. 

[TaCIMe,(Cp’)] + LINRR’ 77 [Ta(NR’R)Me,(Cp’)] 
5 (5) -CH, [se (12) 

5p! = C;Mes; R = Me; R’ = Me or Pr” 8) taMex(Cp’ n>-Cp' = CsMe;; R = Me; R’ = Me or Pr | >TaMe,(Cp’) 
CH, 

(6) 
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LiN(CHMe}), [TaCIMe;Cp’)] —“S**22_, [(Cp’)Me,Ta(u-CH,)(u-H);TaMe,(Cp’)] (13) 
(5) (7) 

[TaCIMe,(Cp’)] + LiNHR ——> [Ta(NHR)Me,(Cp’)] —> [Ta(NR)Me,(Cp’)]+CH, (14) 
(5) 

R=Me, Bu’, CH,CMe; 

34.2.3.5 Nitrenes 

Coordinated nitrenes RN*~ have been thoroughly investigated in recent years?®°®° owing to 
their formal similarity to carbenes and to their potential importance, e.g. as catalysts in the 
Haber ammonia process. Theoretical studies have suggested that imido ligands may also prove 
effective in promoting alkene metathesis.”°’ 

(i) Synthesis and structure 

The first tantalum nitrene was obtained in 1959 by thermolysis of [Ta(NEt,)];.7°8 This class of 
compounds is presently accessible by several routes, including hydrogen abstraction from the 
mono- or di-alkylamides, reaction of metallacarbenes with organic imines, oxidation of low 
valent species by organic azides, or reductive coupling of nitriles (Table 13). The tantalum 
derivatives are usually stabler than those of niobium. 

As stated above, a H abstraction is favored with respect to B H transfer, and the unstable 
monoalkylamides are converted to nitrenes. [Ta(NBu')(NMez)3] (8) has been prepared by two 

Table 13 Niobium(V) and Tantalum(V) Nitrene Derivatives (without Cyclopentadienyl Ligands) 

Compounds Comments Ref. 

[M(NR)X;L,] SN NMR; X-Ray structure for mer-[Ta(NPh)CI,(PEt,)(THF)] 253 
(R= Me, Bu‘, Ph; X=Cl, Br; L= THF 
R = Ph, NSiMe,; L = THF, PR;) 
[Ta(NMe)C1,] Analytical data only 4 
[M(NPh)Cl,(SMe,)], X-Ray structure, M=M and N=N; metathesis 5 
[Ta(NPh)Np3(THF)] Stable with respect to neopentylidene formation 1 
[Ta(NBu')Cl,X(NH,Bu')], X-Ray structures; for related compounds see Scheme 2 6 
(X = NHBu', OEt) 

[Ta(NSiMe,)Cl(CHCMe;3)(PMe;).] 1 
[M(NR)(NR3)3] X-Ray structure for [Ta(NBu')(NMe,),], linear 7, 8,9 
(M=Nb, Ta; R= Bu‘; R= Me; Ta=NC required by symmetry; 
R= Bu; Rj = BuMe; : alternate synthesis 
M=Ta; R=R’=Et, Pr) 

[Ta(NBu‘)(NMe,)(OCPh,NMe,),] No further insertion of Ph,CO 7 
[M(NBu‘)(O,CNMe,)3] 7 
[M(NBu')(R,dtc)s] X-Ray structure for [Nb(Np-tolyl)(Et,dtc)s]; 10 
M=Ta; R=Bu'; R’ = Me, Et M=Nb, various R and R’, see equation (17) 

[Nb(NPh),Cl(dmpe)] 5 

1. S. M. Rocklage and R. R. Shrock, J. Am. Chem. Soc., 1980, 102, 7808; 1982, 104, 3077. 
2. M. R. Churchill and H. J. Wasserman, Inorg. Chem., 1982, 21, 223. 
3. J. R. Dilworth, S. J. Harrison, R. A. Henderson and D. R. M. Walton, J. Chem. Soc., Chem. Commun., 1984, 176. 
4. P. J. H. Carnell and G. W. A. Fowles, J. Less-Common Met., 1962, 4, 40. 
5. L. G. Hubert-Pfalzgraf and G. Aharonian, Inorg. Chim. Acta, 1985, 100, L22; F. A. Cotton, §. A. Duraj and W. J. Roth, J. Am. 

Chem. Soc., 1984, 106, 4749. 
6. T. C. Jones, A. J. Nielson and C. E. F. Rickard, J. Chem. Soc., Chem. Commun., 1984, 205. 
7. W. A. Nugent and R. L. Harlow, J. Chem. Soc., Chem. Commun., 1978, 579; W. A. Nugent, Inorg. Chem., 1983, 22, 965. 
8. D. C. Bradley and I. M. Thomas, Proc. Chem. Soc., 1959, 225; Can. J. Chem., 1962, 40, 449, 1355. 
9. D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969, 980. 

10. L. S. Tan, G. V. Goeden and B. L. Haymore, Inorg. Chem., 1983, 22, 1744. 



614 Niobium and Tantalum 

routes (equations 15 and 16).”*° Base-promoted deprotonation reactions of primary amido 
groups have also been used (Scheme 2).“° 

[Ta(NMe,);] + Bu.NH, ——> [Ta(NBu')(NMe,)3] + 2Me.NH (15) 

(8) 

TaCl, + LiNHBu' + 4LINMe, —> [Ta(NBu')(NMe,);] + Me,NH + 5LiCl (16) 
(8) 

Me3SiNHBu' [M(NBu')Cl,(PMe;)2] + PMe3-HCl 

|rse 

M; Clo oe |} —MesSiNHBu TM (NBu')Cl,(NH;Bu')], + 2Me;SiCl 

3PMe, 

Bu'NH, 

|___sount [M(NBu')Cl,(NHBu')(NH,Bu’)], 
(9) M=Ta 

Scheme 2 

The structure of [TaCl(NBu‘)(NHBu')(NH.2Bu')(u — Cl)], (9) was shown to be dimeric with 
nearly symmetrical, long chloro bridges (Figure 6). Compound (9) is remarkable as imido, 
amido and amino ligands are present simultaneously on the same metal. Also of interest is the 
very short Ta—N(amido) bond and the large corresponding TaNC bond angle. The 
lengthening of the Ta—Cl bond trans to it has been considered as a confirmation of significant 
zt contribution to the Ta—N(amido) bond. A close intermolecular approach to the metal 
(Ta---H—N: 2.0A), resulting in pseudo seven-coordination, was observed for amido 
protons; a two-electron three-centered bond has been suggested. 

But 

HoN(1)' 

103.2 
\) 

N 

Cl HoN(1) 

Figure 6 Molecular structure of [TaCl(NBu')(NHBu')(NH,Bu')]; (9) (reproduced from ref. 290 with permission) 

More complicated sequences involving successive substitutions of the chlorine on the metal 
have also been used successfully to obtain nitrenes (equation 17).?! A comparable approach 
led to the first Nb hydrazido(—2) compounds: [Nb(NNR,)(R3dtc)3] (R2 = Me; PhMe; R’ = Me 
or Et) and [Nb{NN(CH2)5}(Etdtc).]. 

NbCI; + 3RNH, + 3Me,Si(Rdtc) ——> [Nb(NR)(R:dtc)3] + 3Me;SiCl + 2RNH,Cl 

R=Me, Pr’, Bu’, Bu’, Ph, p-tolyl, p-NC,H,OMe, R’'=Et; (17) 

R = Bu', p-tolyl, p-CsH,OMe, R’=Me 

Metatheses between neopentylidene complexes and organic imines are an attractive simple 
general and selective entry to alkylimido compounds.?” The experimental results can be 
rationalized by the formation of an intermediate with an MC,N ring (equation 18). They also 
provide a straightforward route to m-dinitrogen compounds, using PhCH=NN=CHPh 
(Section 34.2.3.6). Alkenylimides were prepared by nucleophilic attack of nitriles on the a 



Niobium and Tantalum 615 

carbon of alkylidenes (equation 19). A similar reaction with acetonitrile was used to trap the 
unstable [TaCl(CHCMe3)(CH2CMes)2] at —78 °C.? 

CMe, 

=CHoe M ak. ins Ui aioe Ratan VENT (18) 

N 
R 

(Me3;CCH,),;M=N 

[M(=CHCMe;)(CH,CMe;)3] “> _C=CHCMe; (19) 
M=Ta; R= Me, Ph R 

M=Nb; R= Me 

Oxidative addition of organic azides to low valent species, mainly in oxidation state +III, 
was found to be a general method for obtaining pentavalent mono- or di-nuclear nitrene 
derivatives.*”* Applied to Nb' compounds, it led to the first dinitréne compound. 

Niobium(III) and tantalum(III) adducts with sulfur or nitrile ligands undergo remarkable 
reactions involving reductive coupling of nitriles and oxidation of the metal to pentavalent 
nitrenes.”?>?9°?97 [Ta,Cl6(THT)3] (10) (THT = C,HgS) can serve as a convenient source of 
Ta"; its reaction (equation 20) with nitriles is rapid and quantitative. As the reaction was not 
observed with pivalonitrile or benzonitrile, it appears to be sensitive to steric hindrance. 
[TazCl6(THF)2(u-CsH4N2)] (11; Figure 7)?’ and the [Nb2Clg(MeCN)2(u-CsH4N2)|* anions 
(12)? are centrosymmetric with octahedral arrangements around the metal atoms. Most 
remarkable is the new bridging 1,2-dimethyl-1,2-diimodoethylene ligand, which derives from 
two MeCN molecules by a process formally represented in equation (21). The Ta—N and 
Nb—N bond distances (1.75(1) A for both 11 and 12) imply a close to triple bond character (a 
distance of 1.70 A is expected for an M=N bond). The MNC arrangements are essentially 
linear, the organic skeleton being planar with a trans configuration. The central C—C distances 
are slightly longer than the standard C=C distance of 1.335 A. A notable lengthening, of ca. 
0.20 A, is seen in (11) for the Ta—O distance trans to the multiple Ta—N bond. 

R 

L,Cl,Ta—=NC 
RCN S 

((THT)Cl,Ta(y-Cl)(u-THT)TaCl,(THT)] 4“> _CN=TaChLa (20) 

(10) R 

L=RCN; R=Me, Et, Pr”, Bu' 

Me N N: 
| il eee 
C+C— C=C (21) 

N Me mee 

y 

Cl 
Me 

Cl 
Cl ees eae <= / 

LP 119.7 (78.7 | 
| Spee 2.356 (6) To N 1.41(1) eG J Cl 

cl Z 
Me 

ee 

| Saco 

Figure 7 X-Ray structure of [Ta,Cl,(THF)(u-C.H,N>)] (11) (reproduced from ref. 297 with permission) 
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X-Ray data are also available for monomeric nitrene derivatives such as [Ta(NBu‘)(NMez)s] 

(8),7° [Ta(NPh)Cl,(PEt;)(THF)] (13)? and [Nb(p-NCsH4Me)(Etzdtc)3] (14).””’ M—N bonds 
compare well with those reported above, and the MNC angles are close to 180°, in all but (14) 
in which the metal is heptacoordinated. The metal—nitrene bond was therefore described as an 
M=NR triple bond, and the imido ligand as a four-electron donor. The oxo and organoimido 
ligands are isoelectronic. The Nb==NR bond in (14) is indeed just 0.04 A longer—the expected 
difference in radii between N and O—than the oxo bond (1.74(1) A) in [NbO(Et,dtc)s]. These 
observations are consistent with those made for tantalum on [TaO(NPr)3]*° and 
[Ta(NBu')(NMez)s].7” 

All these compounds have high thermal stability, and are more soluble than their oxo 
analogs. They show a vibration around 1350cm~' in the IR, which shifts to lower frequency 
upon °N labeling (Av("4N-*N) = 22 cm~').”°?"* This fairly high energy absorption, whose 
frequency is only slightly affected by the ancillary ligands, has been interpreted as a 
combination of the M—N and N—C stretching modes.”*! '"N NMR data have been reported 
for both TaY and Ta™ nitrenes, the latter appearing at higher fields.*”” In the ‘'H NMR, the key 
feature is a downfield shift of ca. 1 p.p.m. of the hydrogen on the a carbon of the NR group.” 
The °C chemical shift difference, A= 6C, — 6Cg, was used as a probe for evaluating the 
electron density on nitrogen.*” 

(ii) Reactivity 

Information on the chemical reactivity of these nitrenes is limited; the NR groups are tightly 
bound to the pentavalent metal and not readily displaced. 

The Ta’ nitrenes formed by reductive coupling of acetonitrile appear to be relatively 
resistant to protic attack.””° [M(NR)(R3dtc)3] undergoes reversible protonation by strong acids, 
but the site of attack, as well as the reaction products, could not be determined.”*! It is of 
interest that hydrogenation of [Ta(NR)Me.(Cp’)] afforded the imido hydrides 
[TaH.(NR)L(Cp’)] (15) and not the amide complexes, even in the presence of an excess of 
phosphine (equation 22).7%* Compounds (15) appear to be, with the Re” derivatives 
[ReH(NR)CI,(PPh3)2] and [ReH(NR)CI(OR’)(PPh3)2], the only mononuclear transition metal 
imide hydride complexes described so far. Their hydrogens are ‘hydridic’; they reduce acetone 
to the isopropoxo group (equation 23). This reaction and the metathesis of imidochloride 
derivatives by alkaline reagents””’ constitute alternatives for producing imido alkoxides. The 
action of alcohols removes the imido ligand (equation 24). Ta(OR)s was obtained in high yields 
from [Ta(NPr)(NPr2)s], although the NR group is more resistant to alcohols than the NR> 
group. 

H2(~4 atm) 
[Ta(NR)Me,(Cp’)] +L —2—--> [TaH,(NR)L(Cp’)] + 2CH, (22) 

(15) 

R= Bu', CH,CMe,;; L=PMe;, PPhMe, 

[TaH,(NR)L(Cp’)] + 20=CMe, —— [Ta(NR)(OCHCMe,)(Cp’)] + L (23) 

(15) 

R=Bu', CH,CMe,; L=PMe;, PPhMe, 

[TaH,(NR)L(Cp’)] +MeOH ——> [Ta(OMe),(Cp’)] + RNH> +L (24) 

(15) L=PMe, 

The various Nb and Ta nitrenes were converted to oxo derivatives by an excess of carboxylic 
compounds.**"°° This seems characteristic of the nucleophilic reactivity of nitrenes, but water 
is sometimes required (equation 25). 

H,O 

[M(NBu')(Me,dtc),] + PhCHOC [M(O)(Me,dtc);] + Bu'N=CHPh (25) 
dry 

Apart from the reactivity involving the NR group, the above compounds display the 
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reactivity of their ancillary ligands. Compound (8) undergoes the typical reactions of the NR, 
ligands with electrophiles (ROH, RCO, CO:, CS, or RI). The insertion observed with ketones 
(equation 26) is noteworthy, both for its reversibility and for its sensitivity to steric 
restrictions.’ Alkoxo substituents allow the reactions of an alkylidene ligand to give 
metathesis products with alkenes.’ An _ imidoalkylidene analog [Ta(NSiMe;)Cl- 
(CHCMe3)(PMes)2] reacted with ethylene to give rearrangement but no metathesis products.? 

OCPh,NMe, 
[Bu!N=Ta(NMe,)3]. ——— > Bu'N=Ta—OCPh:NMe, (26) 

(8) NMe, [J excess 

[Bu'N=Ta(O,CNMe,)s] 

34.2.3.6 Dinitrogen activation 

The reaction of niobium and tantalum derivatives in low oxidation states with N>2 led to 
[{NbBu(Cp)2}2(N2)(O2)] (equation 27),*° [{NbCl(dmpe)2}2(u-N2)” (equation 28) and 
[Nb2Cl,(BuP)3(N2)] (equation 29),° which were only poorly characterized owing to their low 
stability. IR investigations of the interaction between the terminal N, ligand of trans- 
[ReCl(N2)(PhPMé,),] and a number of acceptor transition: metal halides showed that NbCl; 
produces the greatest shift of the N2 stretching frequency (292cm™’), but the nature of the 
polynuclear species formed was not reported.*°° The development of this exciting area is 
mainly due to Schrock and coworkers, who were able to obtain stable tantalum p-N2 
compounds in high yields, by reducing neopentylidene complexes in the presence of N2 at 
normal pressure (equation 30).7°?°” 

[NbCl(Cp)2] + BuLi =izx> [{NbBu(Cp)2}2(N2)(O2)] (27) 

[NbCL,(dmpe)2] + Mg (excess) =paam> [{NbCI(dmpe)2}2(u-N2)] + 3/2MgCl, (28) 

CH,Cl, 
2NbCl, + 3PBu; + Mg (excess) ea iat [Nb.Cl,(PBu3)3(N2)] + MgCl (29) 

N2 [{TaCl(CHCMe;)(PMes)}2(u-N2)] 

(16) 
2Na/Hg 

[TaCl,(CHCMe;)(PMes;),] (30) 

Ar 
[TaCl(CHCMe;)(PMes)a] 

The structure of [{Ta(CHCMe3)(CH2CMes)(PMes)2}2(U-N2)] (17) revealed an unusually 

high activation of the N> ligand, with formation of a close to linear Ta(u-N2)Ta bridge, 

formulated as a Ta=N—N=Ta system.” This ‘diimido’ character is confirmed by the fact that 

similar compounds are accessible in high yields by reaction of tantalum or niobium alkylidenes 

with a diimine reagent, PhCH=NN=CHPh (equation 31).”””°°* The molecular structure of the 

centrosymmetric [{TaCl3(PBz3)(THF)}2(u-N2)] (19) is depicted in Figure 8. The u-N2 ligand is 

the sole bridge between the two metals, which present distorted octahedral environments with 

a meridional arrangement of the chlorine atoms.*” The Ta—N bonds (1.796(5) A) are much 

2 cis, mer-[MCl,(CHCMe;)(THF).] —Spren=crichie, > Oe aes 

~om 2B 
(31) 

[{TaCl,(PBzs)(THF)}2(u-N2)] 
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shorter than the usual TaY—N single bond (ca. 1.97 A), and close to the Ta=N distance of 
1.765(5) A found in [Ta(NPh)CI,(PEts)(THF)] (13).7”* It is also notable that in the alkylidene 
(17), the Ta—N bonds (av. 1.839(8) A) are shorter than the Ta—=C bonds (av. 1.935(9) A). 
These data support the description of the Ta—N linkages in (17) and (19) as double bonds. The 
N—N bond length of 1.282(6) A in (19) is significantly longer than in free dinitrogen (N=N: 
1.0976 A), suggesting a bond order between one (N—N ~ 1.45 A) and two (N=N ~ 1.24 A). 
The production of such p-dinitrogen compounds with M=N—N=M units could become a 
common feature in niobium and tantalum chemistry (Table 14). 

PBzz 

Cl Cl Cl 

a 
™ 

2.308(4) y x 1.796(5) 

SZ 0 Ta Naa N To i) far ty 
97.5 

Cl Cl Cl 

PBz3 

Figure 8 Molecular structure of [{TaCl,(PBz3)(THF)}.(B-N2)] (19) (reproduced from ref. 309 with permission) 

These u-N2 complexes contain the longest most ‘activated’ N2 groups reported to date for 
simple M,N, systems (longer N—N bonds, ca. 1.35 A, are known for complexes such as 
[{(PhLi)sNi}2(N2)(Et.O)z]2 and related species, but in which N> interacts with more than two 
metallic centers *!°). They contrast sharply with the u-N, complexes reported for group IVA 
metals, where these bridges are almost linear and relatively short (N—N bonds ranging from 
1.15 to 1.18 A for [{M'(N2)(Cp’)2}2(u-N2)] (M’ = Ti®!"* or Zr"), the corresponding metal— 
nitrogen bonds being relatively long (2.00 to 2.09 A). 

If one considers the metal to be TaY, the Ta=N bond then implies a combination of ligand 
to metal o and a donation from a formal N3~ ligand, with unit N—N bond order. The 
experimental N—N bond lengths suggest bond orders between 1 and 2, consistent with 
donation of electrons from the 2* 2p orbitals of N3~ into the empty d orbitals of TaY.*”° This 
description also accounts for the eclipsed conformation of the equatorial ligands in (19), 
although the staggered one should be the more favored sterically.*” 
Compounds (17) and (19) are formally 14-electron species. By contrast, the u-dinitrogen 

complexes [{M’(N2)(Cp’)2}2(n-N2)] (M' =Ti, Zr) are respectively 16-electron and 18-electron 
species, and the low oxidation state of the metal is preserved. The spectroscopic data also 
illustrate the differences between the tantalum and these Ti” or Zr" y-dinitrogen compounds. 
The *°N spectrum of (16) shows a singlet at 414 p.p.m.,*” a chemical shift comparable to that 

Table 14 Niobium and Tantalum y-Dinitrogen Compounds 

Compounds Comments Ref. 

[{MCI,(THF),}.(u-N,)] Insoluble for M = Ta fr 2s 
[{TaCl,L,},(u-N>)] v(Ta—N;) = 855 cm™'; trans—mer isomer i,'2 
(L=PEt,, PhPMe,, PhPEt,, PPr3) 

[{TaCl,(PBz,)(THF)},(u-N,)] X-Ray structure, linear Ta=NN=Ta linkage 2,4 

[{M(CH,CMe;)3(THF)}2(u-N>)] 2 
[{Ta(OBu'),(THF)}.(u-N2)] 2 
[{M(Et,dtc)3}.N>] Fluxional 3 
Aiur rie mr dati SN NMR = 414 p.p.m. (NH) 1,5 

= e3 

[{Ta(CH,CMe,;)(CHCMe,)L,}.(u-N,)] X-Ray structure linear, Ta=NN=Ta linkage, 1,6 
= PMe;) trigonal bipyramidal coordination 

1. S. M. Rocklage and R. R. Schrock, J. Am. Chem. Soc., 1980, 102, 7809. 
2. S. M. Rocklage and R. R. Schrock, J. Am. Chem. Soc., 1982, 104, 3077. 
3. J. R. Dilworth, S. J. Harrison, R. A. Henderson and D. R. M. Walton, Chem. Commun., 1984, p. 176. 
4. M. R. Churchill and H. J. Wasserman, Inorg. Chem., 1982, 21, 218. 
5. S. M. Rocklage, H. W. Turner, J. D. Fellmann and R. R. Schrock, Oganometallics, 1982, 1, 703. 
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found in imido compounds such as [Ta(NPh)Cl,(THF)2] (6 = 350-370 p.p.m.), but different 
from the 679 p.p.m. observed for the bridging dinitrogen in [{Zr(N2)(Cp’)}2(u-N2)].21!” °N 
labeling experiments have established that the Ta—N—N=Ta group is characterized by an 
absorption around 845 cm! in the IR. This description of the Ta=N—N=Ta bridge is also 
supported by the reactivity of these u-N2 adducts, which behave as imido complexes. Thus the 
addition of an excess of acetone produced dimethylketazine, MexC—=N—N=CMe). Several 
uu-N2 complexes also reacted readily with excess HCI to give hydrazine (as N.H,-2HCl) only; 
no ammonia was detected.79730308 

34,2.3.7 Azides (Table 15) 

Both neutral and ionic niobium and tantalum chloride azides are known. The neutral azides 
[MN3Cl,]2 were obtained from MCI, and CIN3.°!* They both explode spontaneously, although 
the tantalum derivative is somewhat stabler. The more stable ionic [MN3Xs]~ (X=Cl, Br) 
species were synthesized from the hexahalometallates(V) and iodoazide or from the pen- 
tahalides and phosphonium or arsonium azides.”*7°° 

Table 15 Azido and Phosphineiminato compounds 

Compounds Comments Ref. 

(a) Azido compounds 

[MCL.N3], MCI, + CIN; or NaN;; explosive; 1 
X-ray structure for M=Ta 

(PPh,)[MX5N3] MX, + N3PPh,; non-explosive; X-ray structure 2S 
(X = Cl, Br) for M=Nb and X = Cl (disorder of the azido group) 

(AsPh,)[TaCl,N3] 2, 
(Et,N)[NbCI;N3] NbCI, + Et,NN,; non-explosive; analysis only 4 

[Ta{N(SiR3)2}2(N3)s] [TaCl,{N(SiMes),},] + Me3SiN3 5 

(b) Phosphaneiminato compounds 

[MCL,(NPPh;)], X-Ray structure for both M=Nb and Ta 6,7 
(PPh,)[MX;(NPPh3)] 3). 0 
(X = Cl, Br) 

(AsPh,)[NbCI,(NAsPh;)] Photochemical synthesis 3 
(PPh,)[TaCl,(NPPh;).] TaCl,N, + PPh; X-ray structure, trans isomer 6 
[(NHPPh,)TaCl,(NPPh3)] Proton abstraction from the solvent (C,H,Cl,) 7 

by [TaCl,][TaCl,(NPPh;)9] 

1. J. Strahle, Z. Anorg. Allg. Chem., 1974, 405, 139. 
2. R. Dubgen, U. Muller, F. Weller and K. Dehnicke, Z. Anorg. Allg. Chem., 1980, 471, 89. 
3. U. Muller, R. Dubgen and K. Dehnicke, Z. Anorg. Allg. Chem., 1981, 473, 115. 
4. M. Kasper, R. D. Bereman, Inorg. Nucl. Chem. Lett., 1974, 10, 443. 

5. R. A. Andersen, Inorg. Nucl. Chem. Lett., 1980, 16, 31. 
6. H. Bezler and J. Strahle, Z. Naturforsch., Teil B, 1979, 34, 1199. 
7. H. Bezler and J. Strahle, Z. Naturforsch., Teil B, 1983, 38, 317. 

The structures of [TaN3Cly],*? and (PPh,)[NbN3Cls]’* have been determined. Two 

independent dimeric molecules, of Cy, and D., symmetry, were found for the former with 

azido groups bridging the two metals in a slightly asymmetric manner, in a dimer of C2, 

symmetry (Figure 9). The (Ta—y-N), rings are planar, and the Ta—N linkages are all longer 

than expected for single bonds (2.08 A). The azido compounds are characterized by stretching 

frequencies around 2100 [v.s(N3)], 1350 [v.(Ns)] and 420 [v(M—N)] cm~? in the IR. 

Both the neutral and the ionic azides undergo reactions analogous to the Staudinger 

reaction, giving compounds containing the phosphineiminato M—N=P group (equation 

32)313314 The reaction between [TaN3Cl], and PPh; provided [TaCl,(NPPhs)}, and 

[TaCL,(NPPh3)(NHPPh;)].°’* The latter was suggested to result from the reaction of the 

initially formed [TaCl,][TaCl,(NPPhs)2] salt with the solvent C,HsCh. As a result of the higher 

stability of the tantalum azides, the reactions with [TaN3Xs]" must be activated photochemi- 

cally. Attempts to extend the Staudinger reaction to AsPh3; were successful only with 

[NbN;Cls]~.’ 

[NbN;Cl.]> + 2PPh,; ——> [NbCL,(NPPh;)}, + 2N2 (32) 
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Figure 9 X-Ray structure of the [TaCl,N;], dimer of C,, symmetry (reproduced from ref. 312 with permission) 

oXy= L15(3) Cia 
—~ : mo N Cl 

Centrosymmetric dimers with terminal phosphineiminato groups were found in the solid for 
[MCl,(NPPh;)], (Figure 10).*'**!* The asymmetry of the bridge was interpreted as resulting 
from the strong trans effect (0.34 A for M=Ta) of the phosphineiminato ligand, which also 
leads to a very long Ta—Cl bridge. The PNM sequence is linear, and the distances consistent 
with P=N and M=N double bonds. The Ta—N bond is longer (1.97A) in trans- 
[TaCl,(NPPh3)2]~, while the N—P distance is only 1.56 A and the TaNP arrangement is slightly 
bent (162°). Thus the Ta—N linkage exhibits almost single bond character, probably as a result 
of the unfavorable trans position of the phosphineiminato groups.*!® Although no X-ray data 
are presently available for the arsineiminato [NbCI;(NAsPh3)]~ compound, the IR data suggest 
a lower a character of the As=N bond with respect to the P=N bond. 

x 

XX ©, 350c 9. a Ch es “26/3, KO 
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Figure 10 Structure of the phosphineiminato complex [TaCl,(NPPh;)], (reproduced from ref. 313 with permission) 

34,2.3.8 Nitrides (Table 16) 

The obtention of nitrides by thermal decomposition of the azides was only successful for the 
synthesis of [MNBr,4]*~ from [MN;Br;]~. Thermolysis of MX; with ammonium salts afforded a 
more general access to nitride halides in oxidation state V, or IV if higher temperatures were 
used.**°°?” Oxo nitrides were obtained if moisture was admitted during the process.2"8 

The only well-characterized nitrides are [TaNBrio]”” 316 and the oxo nitrides MON.2!8 The 
structure of the former is similar to that of [Ta,OF,0]*~ (Section 34.2.6.1.i), with a symmetrical 
linear TaNTa arrangement and a Ta—N bond length (1.849(2) A) consistent with double bond 
character. The ligands cis to the bridge are eclipsed; the lengthening of the axial Ta—Br bond 
(0.18 A) reflects a strong trans effect. A polymeric ribbon type structure with nitrido and halo 
bridges has been assumed for all nitride halides [MNX2], (X =F, Cl, Br).*!°3”° Their stability 
decreases from the fluoride to the bromide, as does the bond order of the M=N linkage, as 
reflected for instance by the diminution of the Nb=N frequency in the IR from 800 for KX =F 
to 720cm™' for X = Br. 

34.2.3.9 Miscellaneous 

(i) Porphyrin and related complexes 

_ Porphyrin derivatives of NbY and TaY were first reported in 1972 and have since aroused 
increasing interest. Fluoride complexes MF3L were obtained from MCI, and the oc- 
taethylporphyrin in the presence of HF (L=OEP).*2!322 Niobium chloride and bromide 
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Table 16 Pentavalent Niobium and Tantalum Nitrides 

Se ea eR eo 
Compounds Comments Ref. 

(NH,)3[M2NBr,o] NH,Br + NH,MBr, at 400°C; X-ray structure 1 
(PPh,).[MNBr,] Decomposition of [MBr5N3]~, v(M==N) ~ 900 cm7! 2 
[(TaNCL),,] TaCl; + NH,Cl at 350°C; polymeric (ribbons) 3 
[(NbNX,),,] (X=F, Cl, Br) NbX;+NH,X at 210°C (X= Cl, Br); NbNCI, + F, at room temperature 4 
[MON] (NH,)[MCl,] heated in the presence of water or MOCI, + NH;; 5 

X-ray structure, heptacoordination 
[Ta3Ns] TaCl,; + NH,Cl at 850°C, X-ray structure 
I ES SAD OL STG Rg 

1. K. P. Frank, J. Strihle and J. Weidlein, Z. Naturforsch., Teil B, 1980, 35, 300; M. Hérner, K. P. Frank and J. Strahle, Z. 
Naturforsch., Teil B, 1986, 41, 423. 

2. R. Dubgen, U. Muller, F. Weller and K. Dehnicke, Z. Anorg. Allg. Chem., 1980, 471, 89. 
3. M. A. Glushkova, M. M. Ershova and Y. A. Buslaev, Russ. J. Inorg. Chem. (Engl. Transl.), 1965, 10, 1290. 
4. E. M. Shustorovich, J. Struct. Chem. (Engl. Transl.), 1962, 3, 204; S. M. Sinitsyna, Russ. J. Inorg. Chem. (Engl. Transl.), 1977, 22, 

402. 
5. W. Weishaupt and J. Strahle, Z. Anorg. Allg. Chem., 1977, 429, 261. 
6. J. Strahle, Z. Anorg. Allg. Chem., 1973, 402, 47. 

lon 

complexes have been prepared by treatment of [NB2O3L,] with dry gaseous HX for L= TPP 
(meso-tetraphenylporphyrinato), TMTP (meso-tetra-m-tolylporphyrinato) and TPTP (meso- 
tetra-p-tolylporphyrinato).°"*_ The kinetics of the solvoprotolytic dissociation of 
[NbCl;(TPP)~] in MeCOOH/H.2SO, mixtures have been studied.37> 

The reaction of porphyrins with NbCl; afforded after hydrolysis the [Nb.O3L,] dimers,??° 
with L=OEP, TPP, TPTP and OMP (octamethylporphyrinato). An unusual geometry was 
found for these dimers, as illustrated in Figure 11 in the case of L= TPP.*2”*° The Nb atoms 
are heptacoordinated with the two Nb—TPP units linked together through three u-oxo bridges; 
Nb atoms lie 1.00 A from the 4N planes of the porphyrinato ligands. The geometry of this 
d°-d° [(NbL)203] compound was rationalized in terms of optimal Nb—O zz interactions.33 

Figure 11 Coordination polyhedron of [Nb,(TPP),O;] (reproduced from ref. 330 with permission) 

Bubbling HF through solutions of the [Nb2OsL7] dimer in anhydrous benzene afforded 
[NbOFL] (L=OEP, TPP, OMP, TPTP).*7!%** The structure with L= OEP showed a cis 
geometry on the six-coordinate niobium. The metal—macrocycle distance of 0.905 A is shorter 
than in seven-coordinated complexes, probably as a result of decreased steric hindrance 
(Nb=O: 1.7620(6) A; Nb—F: 1.888 A). Addition of HI to [Nb203(OEP)2] in'CH,Cl, solutions 
yielded [NbOI;(OEP)], which on heating under vacuum liberated iodine and [NbOI(OEP)]. 
[NbO(TPP)(acac)] was prepared by reaction of [Nb2O03(TPP)2] with excess acacH.? 

Recrystallization of [NbzOsL4] from acetic acid gave [NbOL(MeCOO)(MeCOOH)] (L= 
OEP, TPP, TPTP and OMP).*” The structure of the L= TPP derivative”? showed the 
niobium atom to be seven-coordinated by the four nitrogen atoms of the porphyrin and by the 
three oxygen atoms, which are cis to each other; the metal is displaced by 0.99(2) A from the 
porphyrinato plane towards the oxygens. A high resolution NMR _ study of 
[NbOL(MeCOO)(MeCOOH)] and [Nb,03(OEP),] revealed the anisochrony of the methylenic 
protons of the porphyrin, induced by the out-of-plane position of the metal atom. ; 

The redox chemistry of [NbO(TPP)(MeCOO)] was investigated by means of cyclic 
voltammetry and controlled potential electrolysis; the reduction of NbY to Nb™ was found to 
occur prior to the reduction of the ligand. The redox potentials were measured for the 
[NbYO(TPP)(MeCOO)]/[Nb'YO(TPP)]/[Nb™(TPP)]*/[Nb"(TPP)] systems and found to be 
—0.94, 1.1 and —1.48 V respectively.*** 
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Irreversible oxygenation of the low valent [NbX,L] porphyrins by O yielded [Nb(O2)X2L] 

which, from ESR and IR data, was described as a superoxide.*” 

Phthalonitrile and phthalocyaninedilithium react with MX; to yield [MX3(PC)].**”*°° The 

reaction between [TaCl,Mes] and Nasalen yielded [Ta(salen)Mes].7”” 

(ii) Pyrazolylborate derivatives 

Tantalum pyrazolylborate derivatives [TaClIMe3{HB(pz)3}] (20) and [TaClMe3{HB(3,5- 

Mezpz)2}] (21) (pz=pyrazolyl) have been reported and characterized by X-ray and NMR 

studies.*°’ Complex (21) adopts a capped octahedral structure in the solid with a close contact 

between tantalum and one hydrogen, which was described as a three-centered B—H—Ta 

bond, filling the seventh coordination site (Figure 12). The Ta—B distance is short (2.90(1) A: 

usual M’ ——-—B distances are ca. 3.8 A) probably as a consequence of extreme puckering of 

the six-membered ring. A methyl group is found to cap the face formed by C(5), C(6) and 

Cl(4); there are two geometrical isomers (one chiral) in the crystal. The existence of the 

Ta—H—B interaction was also shown by IR (v(B—-H) = 2013, 2070 cm™’) and by **B NMR in 
solution, where it is preserved up to at least 110°C. Dynamic behavior, which equilibrates the 

three isomers present in solution, was observed. 
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Figure 12 Molecular structure of one isomer of [TaClMe3,{H,B(3,5-Mepz).}] (21) (reproduced from ref. 337 with 
permission) 

Reactions of K{[HB(Mepz)3] with MCl; in equimolar proportions yielded 
[MCl,{HB(Mezpz)3}] and [HB(Me2pz)3;BH][MCl.].”" The presence of the novel dibora cation 
was confirmed by X-ray diffraction in the case ot tantalum. Acid-catalyzed cleavage of 
B—N(pyrazolyl) bonds also’ takes place and_ generates, for instance, 
[NbCl{HB(Me2pz)3}(Me2pz)3] with pyrazolate ligands. Reactions between NbCl; and 
K[HB(pz)3] and K[{H,B(pz)2] have led to ready reduction to Nb!Y products (Section 
34.3.5.4.iii); the Nb” salts K[NbCls{HB(pz)3}] and K[NbCl;{H2B(pz)2}] could however be 
isolated from low temperature reactions.*° 

(iii) Nitrogen-containing insertion products (Table 17) 

Reactions of [MCl;_,Me,] (x =1, 2 or 3) with heterocumulenes have led to insertions into 
the M—C bond.® N,N’-Dialkylacetamidinato derivatives*® were obtained (equation 33). 
N-Acetamides or N-thioacetamides*® were formed with isocyanates or isothiocyanates, 
respectively (equation 34). The rate of insertion varied in the order [MCl,Me] > [MCl;Me,] > 
[MCl,Mes], following the established order of acceptor properties of the methylmetal chlorides, 
the isocyanates being more reactive than the isothiocyanates. Hexa- or hepta-coordinated 
species were obtained. 

Pr 

Nao 
[MClMe,] + 2Pr'N=C=NPr' —> ClMeM{ CMe (33) 

N’ 
Pr 

2 
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Table 17 Niobium and Tantalum Nitrogen-containing Insertion Products (Acetamidinato, Acetamido, Thioacetamido 
and Nitrosohydroxylaminato Derivativea) 

a EE ee re be AE Oe ee & 

Compounds Comments Ref. 

[MCI,X’{NRC(Me)NR}] Six coordinated 1 
(R= Pr’, Cy, p-tolyl; X’ = Cl, Me) 

[MCI,Me,{NRC(Me)NR}] Six coordinated, Me probably cis 1 
(R= Pr’, Cy; M=Ta; R = p-tolyl) 

[TaCl,X'{NRC(Me)NR},] X-Ray structures: pentagonal bipyramid for 1-253 
(R= Pr’, Cy, X'=Cl, Me; X' = Cl, R= Pr’ (orthorhombic and triclinic) 
R= p-tolyl, X’ = Me) 

[MCI,X’{NRC(O)Me},] Bidentate acetamide, X’ = Me unstable for M = Nb 4 
(R= Me, Ph; X’ = Cl, Me) 

[TaCl,{NMeC(O)Me},] Probably seven coordinated 4 
[MCL,{NRC(S)Me}] M=Nb, R=Me; M=Ta, R=Ph 5 
[TaCl,Me{NRC(S)Me}] Disproportionate rapidly for M = Nb 5 
(R= Me, Ph) 

[NbCl,{NMeC(S)Me},] X-Ray structure: pentagonal bipyramid 5,6 
[MCI1,X' {ON(Me)NO},] M= Ta, X’ = Me; X-ray structure: pentagonal bipyramid 7 

(X’ = Cl, Me; X’= OMe, M=Ta) 
[NbMe,{ON(Me)NO},] Eight coordinated 8 
[TaMe,{ON(Me)NO},], 8 
[Nb(O){ON(Me)NO}(Cp),],, Final product from [NbMe,(Cp).] + NO 8 

1. J. D. Wilkins, J. Organomet. Chem., 1975, 80, 349. 
2. M. G. B. Drew and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1974, 1579, 1973; 1975, 2611. 
3. M. G. B. Drew and J. D. Wilkins, Acta Crystallogr., Sect. B, 1975, 31, 177, 2642. 
4. J. D. Wilkins, J. Organomet. Chem., 1974, 67, 269. 

5. J. D. Wilkins, J. Organomet. Chem., 1974, 65, 383. 
6. M. G. B. Drew and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1974, 198. 
7. J. D. Wilkins and M. G. B. Drew, J. Organomet. Chem., 1974, 69, 111. 

8. A. R. Middleton and G. Wilkinson, J. Chem. Soc., Dalton Trans., 1980, 1888. 

Me 

me 
[MCl,Me,] + 2MeNCX —> CIM Me (34) 

X=OorS 4 4 

The coordination polyhedron of the metal in its N,N-dialkylacetamidinato derivatives is 
generally a distorted pentagonal bipyramid with two chlorines in_ the apical 
positions.[TaClMe{CyNC(Me)NCy}.] adopts a different geometry, with one bidentate ligand 
in equatorial sites, while the other spans axial and equatiorial positions, thus maximizing the 
intramolecular distances between the cyclohexyl group.**! oe 

Comparable insertions occurred when methylmetal derivatives were exposed to NO, yielding 
N-alkyl-N-nitrosohydroxylaminato compounds (equation 35).*” Nitric oxide may however also 
behave as an oxidant, and the reactions are sometimes more complicated (Section 34.2.6.3).°*° 

Con 
[MCl,Me,]+NO —>ChM{ | (35) 

o<NMe 
2 

34.2.4 Pseudohalo Derivatives 

34.2.4.1 Cyanides and isocyanides 

NbCl; and HCN yielded [NbCl,(CN)(Et,0)] in EtO and [NbCI;(HCN)] in CCl. The 

addition of NEt3 to the latter afforded (HNEt;)[NbCI;(CN)]; the corresponding bromo 

plex was also obtained.*“4 ; 

aewiaicntde complex of NbY or TaY appears to have been reported. The insertion of 

isocyanides into M—C bonds of [TaCl,Mes3]**° and into the M—X_ bonds of MX; has 

however been described. [MX,{CX(NR)}(RNC)] was isolated (R = Me, Bu’). In the case of 

R=Me,* further insertion occurred, yielding © [MCl3{CCI(NMe)}].-(MeNC). 
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[TaBr.{Br(NMe)}3(MeNC)] could even be obtained by the reaction of Ta2Brio with excess 

MeNC in CH.CL; in Et,O, -the same reactants afforded an oxo species, 

[TaOBr.{CBr(NMe)}(MeNC)].*”” 
The monoinserted compounds [MX4{CX(NMe)}(MeNC)] reacted with PPh; to form, 

through a second insertion, [MX3{CX(NMe)}2(PPhs)].**° [TaBrs{Cbr(NMe)}(dppe)]Br was 

prepared directly from [TaBrs(dppe)] and MeNC. Attempts to induce further insertion under 

the action of phosphines when R = Bu! instead of Me resulted in the displacement of the 

terminal isocyanide ligand to yield [MX4{CX(NBu')}L], where L=PPh;, PMe2Ph, PMePhp, 
dpp e. 347 

34.2.4.2 Thio- and seleno-cyanates (Table 18) 

The synthesis of M(NCS); complexes was first effected by allowing KSCN to react with TaCls 

in MeOH.**8 They were isolated from MeCN solutions as A[M(NCS)«(MeCN)]. Complexes of 
the type [MCI,(NCS);_,L] (x = 0-4) were obtained on varying the KSCN/MCI; stiochiometry 

in MeCN or Et,O. [TaXsL] (X =NCS or NCSe) formed with L = bipy or phen. [NbzChio{- 

CyH,(SCN),}] was obtained from Nb2Cljo and the organic thiocyanate in CCl,.%” “Nb NMR 
data on MeCN solutions of NbCl; in the presence of KSCN*® were taken to indicate the 
presence of [Nb(NCS),Xs_x]” (X = Cl or Br) and [Nb(NCS),]*~. 

Table 18 Isothio- and Isoseleno-cyanides 

Compounds Comments Ref. 

A[M(NCS).] A=Li, Na, K, NH,, AsPh, 1-4 

A[M(NCSe)g] A=K, AsPh, 5 

[MCL,(NCS);_,S] x =1-4; S= MeCN, Et,O ja a 

[M(NCS)-], 5 
[Ta(NCS);L], [Ta(NCSe)(bipy)]  L=py, bipy 8 
[M(NCS).(OR)3(bipy)] R= Me, Et; octacoordinated dimer 
[M(NCS).(OR),(dbm)] R=Me, Et, Pr, Pr’, Bu, Bu’ 10 

X-Ray structure (R = Et): hexacoordination 11 
[M(NCS)(OR);(dbm)] R=Me, Et, Pr’ ; 10 

X-Ray structure (R = Pr’): hexacoordination 12 

1. H. Béhland and E. Tiede, J. Less-Common Met., 1967, 13, 224. 
2. T. M. Brown and G. F. Knox, J. Am. Chem. Soc., 1967, 89, 5296. 

3. G. F. Knox and T. M: Brown, Inorg. Chem., 1969, 8, 1401. 
4. G. F. Knox and T. M. Brown, Inorg. Synth., 1971, 13, 226. 

5. T. M. Brown and E. Zenker, J. Less-Common Met., 1971, 25, 397. 

6. H. Bohland and E. Zenker, J. Less-Common Met., 1968, 14, 397. 
7. H. Bohland, E. Tiede and E. Zenker, J. Less-Common Met., 1968, 15, 89. 
8. J. N. Smith and T. M. Brown, Inorg. Chem., 1972 11, 2697. 
9. N. Vuletic and C. Djordjevic, J. Chem. Soc., Dalton Trans., 1972, 2322. 

10. R. Kergoat, M.-C. Senechal-Tocquer, J. E. Guerchais and F. Dahan, Bull. Soc. Chim. Fr., 1976, 1203. 

11. F. Dahan, R. Kergoat, M.-C. Tocquer and J. E. Guerchais, Acta Crystallogr., Sect. B, 1976, 32, 1038. 
12. F. Dahan, R. Kergoat, M.-C. Senechal-Tocquer and J. E. Guerchais, J. Chem. Soc., Dalton Trans., 1976, 

2202. 

Alkoxoisothiocyanato complexes [M(NCS)2(OR)2(dbm)] or [M(NCS)(OR)3(dbm)] have 
been synthesized from NbCl;, KSCN and dibenzoylmethane (dbmH) in the appropriate 
alcohol.**! The [M(NCS)2(OR)3(bipy)] adducts were obtained from [MCl,(OR)s].> 

[M2(NCS)10] reacts with ammonia and with primary and secondary aliphatic amines to yield 
[M(NCS)(NH2)2(NH)]2, [M(NCS)3(NHBu)2(H2NBu)] or [M(NCS)3(NEt,).(HNEt,)].*°? Simi- 

lar reactions with [M(NCS);(MeCN)] afforded, through aminolytic cleavage of the M—NCS 
bonds, | [M(NCS){NC(NH2)Me},{MeC(NH)NH>}], | and [M(NCS)3{NC(NHBu)Me} 
{MeC(NH)NHBu}] complexes.*°? 
The isothiocyanate groups are N bonded, in agreement with the hard and soft acid—base 

model. The structures of [Nb(NCS),(OEt)2(dbm)}*°° and [Nb(NCS)(OPr')3(dbm)]>°° showed 
the niobium atom to be located at the center of a distorted octahedron (Nb—N: 2.088(5) 
2.101(5) and 2.176(7) A respectively). 

Bonding of the thiocyanate ligand through its sulfur atom has however been proposed*’ on 
the basis of _*NbNMR __ investigations of acetonitrile solutions _ containing 
[Nb(NCS),(SCN),Cle—(e+y)]7; [Nb(SCN)¢]~, the first example of a homoleptic complex in 
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which the thiocyanate ion is S bonded to a class a metal ion, was shown to be present in these 
solutions at concentrations comparable to those of [Nb(NCS)<]~. 

34.2.5 Oxo, Thio and Seleno Halides 

34.2.5.1 Oxo halides 

The synthetic routes available for the preparation of the known oxyhalides, listed in Table 
19, range from the halogenation of the oxides to the carefully controlled reaction of the halides 
with dioxygen. 

Table 19 Anhydrous Oxo Halides of Niobium(V) and Tantalum(V) 

Fluorides Chlorides Bromides Iodides 

[NbOF;] [TaOF;] [NbOC1,] [TaOCl,] [NbOBr,] [TaOBr;] [NbOI,] —_ 

as aoe Fe a,03Cl, ms =, aaa ae 
[NbO,F] [TaO,F] [NbO,Cl] [TaO,Cl] — [TaO,Br] [NbO,I]  [TaO,]] 
[Nb30,F] [Ta;0,F]  [Nb30,Cl] — — — — — 

[Nb;0,.F] ~ ~ - - - - - 
[Nb;/O..F] _ - - ~ - - = 
[Nb;:077F] _ ~ - - — — — 

(i) Oxo fluorides 

MOF;, in contrast to the other oxo trihalides, has not been fully characterized but merely 
described as an intermediate formed during the hydrolysis of MF;, or the thermal decomposi- 
tion at 600°C or above of MO,F.*°® The IR on the vapor above NbO>F at 600-800 °C shows a 
strong band at 1030 cm™', which was assigned to the v(NbO) stretching vibration of NbOF;; on 
cooling this species was reported to decompose into NbO,F and NbFs.**? 
NbO,F and TaO,F were obtained by allowing the oxides to react with HF or F,.*** They 

show an ReO; type structure in which the fluorine and oxygen atoms are randomly distributed 

in octahedral positions around the metal atoms.*® The thermal decomposition of TaO2F was 

reported to result in the formation of gaseous TaF; and TaOF; and in the release of solid 

Ta;0,F and Ta,Os.7°8 
Nb;07F and Nb;O,,F were prepared by heating mixtures of Nb2O; and NbO.F in sealed 

platinum tubes at 800°C. Nb3O,F crystallized in the orthorhombic system*’ with the U3O, 

structure type.*” 

(ii) Oxo chlorides, bromides and iodides 

Of the known oxo halides (Table 19), NbOCI, is the most extensively studied, partly because 

it forms during the preparation of NbCl; from which, owing to their similar volatilities, it is 

extremely difficult to separate. NbOCI; can however be conveniently prepared by the reaction 

of oxygen on NbCl; at 300-500 °C, or of anhydrous Nb,O; with an excess of NbCl; vapor.* The 

activation energy of 93.5 kJ mol~! found for the formation of NbOCI; from solid Nb2O; and 

molten NbCl; is relatively low, and this redistribution has been shown to be mainly diffusion 

controlled.3© Partial hydrolysis of NbCl; by H,'8O has been utilized to prepare Nb*OCI;.°“ 

NbOCI, was also formed when NbCI;—R,O adducts were heated, as well as from the reaction 

of NbCl; with oxygen-containing ligands such as sulfoxides, phosphine oxides or arsine oxides.* 

Similar reactions were observed with substituted halides. 

The structure of NbOCI, consists of chains of dimeric Nb2Cl, units linked together by 

bridging oxygen atoms, the coordination around each niobium being approximately 

octahedral.? A strong band at 770 cm™? in the IR was attributed to the Nb—O—Nb stretching 

vibration. The Raman spectra of gaseous NbOCI; was shown to be consistent with a 

monomeric C4 molecule, and the vibration found at 997 cm™ is characteristic of an Nb=O 

double bond. 



626 Niobium and Tantalum 

TaOCl; has been much less extensively studied. Unlike NbOCI, it can apparently not be 

prepared by partial hydrolysis of TaCls.° 
Disporportionation of MOCI; at 300—400 °C yielded MO,CI and MCI,.2 Nb3;07Cl has been 

prepared from Nb2O; and NbOCI; at 600°C; its structure shows octahedrally coordinated 

metal atoms. A tantalum analog has been mentioned. 

NbOBr; was obtained by methods analogous to those used for NbOCI;.*” A broad complex 

absorption around 740 cm~! in the IR, characteristic of Nb—O—Nb chains, and in the NOR 

two groups of lines with markedly different frequencies, indicating the presence of both 

terminal and bridging bromine atoms, attest that the structure of NbOBr; is analogous to that 

of NbOCI;. TaOBr; and TaO,Br have also been obtained.” 

NbOI, was conveniently prepared by the reaction of Nb,O; with NbI;, or from a mixture of 

niobium and iodine.* It decomposes to NbOI,. MO,I has been obtained as red needles by 

heating a 1:2:6 molar ratio of M:M2Os:I, at ca. 500 °C.’ By contrast with the oxo triiodides, 

they are air stable. 

34.2.5.2 Thio and seleno halides and their complexes 

The thio and seleno derivatives reported so far for NbY and Ta” appear to be limited to the 
[M.S17]*-,°% [MY4]>- (Y=S or Se),°*”? [NbOS,]}* * and [NbO,S,}" °° anions (Section 
34.2.8.2.i), to [MYX3] species and to some of their adducts and derivatives. 

The thio and seleno halides [MYX3] were prepared by the reaction of Sb2Y3 with MCI; at 
room temperature in CS,.7”° MSCI, was formed when BS; was allowed to react with MCls.7”* 
MYX:3, with Y=S, Se, and X=Cl, Br, were obtained through thermal decomposition of 
MY>2X>. 

[NbSX;3(THT),] was formed from NbSX; and THT in solution; a crystal structure (X = Br)*”* 
showed the Nb atom to be six-coordinated (Nb=S: 2.09 A). The reaction between NbSCI, and 
Ph3PS afforded a 1:1 adduct?”*?”> whose unit cell contains two identical five-coordinate 
monomers and a centrosymmetric six-coordinate dimer with halogen bridges, the coexistence 
of which is rather unusual. The niobium atom is displaced from the plane formed by the three 
chlorine and the ligand’s sulfur atoms toward the sulfido sulfur atom (0.533 A monomer, 
0.397 A dimer); this displacement is larger than in NbOCI,; adducts. [TaSCl3(PhNCCI,)] was 
obtained, as the result of sulfur abstraction, when TazCl,o was allowed to react with PhNCS.*? 
It was reported to react with alkali metal thiocyanates to give [TaSCli,(NCS)3_.(PhNCCL,)] 
(x =1 or 2) and [TaS(NCS)4(PhNCCI,)]~.°”° [MS(Et,dtc)3]”*? was isolated from the reaction of 
MCI, and NaS,CNEt, in non-aqueous solvents. The Ta compound*”’ is monomeric with seven 
sulfur atoms bound to Ta at the corners of a distorted pentagonal bipyramid (Ta=S: 2.181 A). 

34.2.6 Complexes of the Oxo Halides 

34,2.6.1 Anionic oxohalo complexes 

({) Oxofluoro anions 

Oxofluoro complexes are formed much more readily for niobium than for tantalum. This 
difference, indeed, is the basis of the classical method of separation of the two metals. When, 
for example, a 2-3% HF solution of the oxides is concentrated, K,TaF, precipitates first and 
K,(NbOF;)-H;O only later.* 

(a) [MOF ]?-. Guanidinium oxohexafluoroniobate was synthesized by adding CN3H,F to a 
solution of Nb,O; in HF.*” The crystals consist of [NbOF,]>~ and guanidinium ions linked 
together into chains through NH-:-F hydrogen bonds. The structure determination for 
a-Na3[NbOF,]°” shows niobium to be located at the center of a slightly distorted pentagonal 
bipyramid and displaced from the equatorial plane toward the oxygen atom (Nb—F,,: 
2.016-2.050(3) A; Nb—F,,: 2.084(3) A; Nb=O: (1.738(3) A). : 

(b) [MOK]*~. Oxofluoroniobates A[MOFs] (A = Mn, Co, Ni, Cu, Zn, Cd) were obtained 
from Nb2Os, HF and the carbonates of the bivalent metals; in the same conditions Ta,O, gave 
fluorotantalates.** The strength of the M=O bond depends on the nature of the counterion, as 
illustrated by the Nb=O bond strength constants shown in Table 20. In the hydrazinium salt 
the [NbOF;]’~ anion has a distorted octahedral configuration (Nb=O: 1.75 A).3®° 

(c) [MzOFo]*~. The formation of [Ta,OF,9]*~ from [TaF,]~ and Et,NOH was proposed to 
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Table 20 Calculated Nb=O bond strength in A[NbOF,]! 

A Mn Co Ni Cu Zn Cd Rb 

kx 108(NA7?) 7.24 7.31 6.87 6.78 7.36 Peal 6.50? 

1. R. L. Davidovich, T. F. Levchishina, T. A. Kaidalova and V. I. Sergienko, J. Less-Common 
Met., 1972, 27, 35. 

2. L. Surendra, D. N. Sathyanarayana and G. V. Jere, J. Fluorine Chem., 1983, 23, 115. 

proceed through an intermediate hydroxo compound [TaF;OH]~ followed by a condensation 
reaction.**' Its X-ray analysis**? showed the two tantalum atoms to be bridged by an oxygen 
atom, the overall symmetry being approximately D,,. The linearity of the M—O—M bridge 
(M—O = 1.875 A) may be interpreted as resulting from z-bonding interactions between 
tantalum and oxygen. This is further supported by the high value of v,,=880cm~! and low 
value of v, = 270 cm found for v(Ta—O—Ta) in the IR and Raman spectra.2*! 

(d) [MOF]. [NbOF,]~ was first obtained in 1866 by C. Marignac, by adding NH.F to an 
HF solution of Nb2Os.' It contains No—O—Nb bridges.383 

(e) Miscellaneous. (NEt,)4[TasO<F12] was obtained by hydrolysis of (NEt,).[(TaFs)2O].3*4 
The anion has an adamantane type Ta4O, skeleton comparable to that of P,O,, each metal 
atom being further coordinated by three fluorine atoms in a fac octahedral arrangement (Figure 
13). ‘°F NMR data indicated the presence of the [Nb202F5]* [NbOF;]?~, [NbOF,]*-, 
[TaOF,]>- and [Ta,03F7]*" anions in aqueous solutions.**"** The stepwise formation 
constants of the [NbOF,]°-” complexes with 2<x <6, which exist in solution for a range of 
concentrations in acid, metal and fluoride ion, were also determined.*! 

Ta 
\2 

9 

4 189 oes 

O 

Tan Ta ~J Ta 0 

ce) - 

Figure 13 The Ta,O, skeleton of [Ta,F,.0,] (reproduced from ref. 384 with permission) 

(ii) Oxo anions of the higher halides 

(a) [MOX;}*- (X =Cl, Br). NbCl;, NbOCI; and Nb2O; dissolve in concentrated HCl, from 
which A,[MOCI;] salts (A =NH?) were obtained by addition of an excess of ACI.2!%3893° 
A,[NbOCI;] salts also formed as intermediates during the oxygenation of A[NbCl.] (A=K, 
Rb, Cs).°°? A,[TaOCl.] was prepared by heating the appropriate hexachlorometallate(V) with 
a stoichiometric amount of Sb,O3 in chlorine or under vacuum.*® Analytical methods for 
extracting niobium(V) from HCI solutions involve the use of A = amines,” salicylhydroxamic 
acid’”° or benzohydroxamic acid;*”° the substances entering the organic phase were shown to be 
(AH).[NbOCI,]. (AsPh,)2[NbOCI;] was formed in the reaction of NbOCI; with (AsPh,)Cl.°*” 
The structure shows an octahedral arrangement for [NbOCI;]?~ with a very long Nb=O 
distance of 1.97A. Nb.O; forms oxobromo complexes A,[NbOBrs] (A = Rb, Cs) in concen- 
trated HBr solutions of the alkali metal bromides.° 

(b) [Ta2Cl,O}’— and related species. The compound (PMe3Ph)2[Ta2ClipO] was obtained 
‘serendipitously’ by passing oxygen through a toluene suspension of TaCl, in the presence of 
PMe-2Ph and Na/Hg amalgam.*” The structure revealed a linear Tay—O—Ta” unit (Ta—O: 
1.880(1) A) comparable to that found in the [F;Ta—O—TaF;]*~ ion (Section 34.2.6.1.i).* 
(PPh,)2[Ta2Clj)O] was prepared from NO[TaOCl,] and PPh,Cl. [{TaCl(NMez)2- 
(HNMe,)}20], where three chlorine atoms on each tantalum of the parent [Ta2Cl,9O]*~ ion are 
replaced by nitrogen atoms, was obtained as a minor product (2%) from the reaction of 

TaCl; and HNMe>.’”? The central Ta—O—Ta bonds are almost equal (Ta—O: _1,928(6) 
and 1.917(6) A) and significantly longer than those found in [CisTa—O—Cls] and 

CcOC3-U 
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(FsTa—O—TaF]?~ (1.880 and 1.875(1) A respectively). The Ta—Cl bonds trans to the 

NMe, groups are longer than in the decachloro anions, which can be accounted for by the 

stronger tendency of these groups, as compared to bridging oxygen, to be involved in 7 

bonding to the metal. 
(c) [M2Cl,O}~. [{TaCl.(Cp’)}2(u-Cl)s]2[TazCloO).]*° was isolated as a by-product in the 

reaction of [SnBu3(CsMes)] with TaCls. (C,CIPh4)2[Nb2CloO], ** was obtained from NbCls and 

PhC=CPh in the presence of water. The M—O—M bridges are asymmetrical in both 

[M2Cl,O]3- anions, as are the two central chlorine bridges that link the two [M,Cl,O] units 

together (Figure 14). Cl Cl 

m Cl \ Cl 
| 2.483 (2) 

‘ Cl a pe EW ate, te 9 sg 

vA 082(8) 6 ae WA WA *: As 
12228 yp eR OE yp —cr cl 

ff 174 FP cl Cl 

Cl Cl 
Cl Cl 

Cl Cl 

Cl Cl \ cl \ Cl 

cl cl Lea eee A cl 
2.30(1) Acntia 1.76(2) Me vA if 

Cl Ta O Tassa6 Cl 
J t y, WY 672(9) 

ci 178.4 cj a 

Cl Cl 

Figure 14 The [M,Cl,O]3 anions (reproduced from refs. 400 and 401 with permission) 

(d) [MOCI,]~ and [MO,Cl,]*-. A[MOCL] (A = alkali metal) salts were obtained by heating 
the appropriate hexachlorometallate(V) with the stoichiometric amount of Sb2O; in chlorine or 
under vacuum.*”° (NO)[NbOCL] was prepared from NOCI and NbOCI;. [NbOCIL,](pyH)**™ 
and (R3;NH)[NbOCL]* were precipitated from HCl solutions of NbCl; or NbOCI; and the 
appropriate amine; IR indicated the presence of —NbONbONb— chains. 

The addition of diars to NbCI; in dry CCl, caused the precipitation of NbCI,(diars); attempts 
to recrystallize it yielded [NbCl,(diars))2][NbOCI,] and [NbCL1,(diars)2],[NbO2Cl3]. [NbOCL,.]~ 
is basically a square pyramid with the oxygen at the apex (Nb=O: 1.70(2) A); one of the 
Nb—Cl bonds is outstandingly long (2.438(4) A) with the chlorine atom pointing to the sixth 
potential coordination site of the metal of a neighboring [NbOCI,4]~ anion, with a very short 
contact of 3.011(6) A. 

(e) [MO,Cl,]~. Compounds of composition A[TaO.Cl(H20)], where A=K, Rb, Cs or 
NH,, were isolated by saturating solutions of TaCl; and of the alkali or ammonium chloride 
with HCI.“°° The IR absorptions found in the 830-875 cm~' region were assigened to tantanyl 
groups joined by asymmetrical Ta=O—Ta bridges. Under the same conditions, NbCl; led to 
A2[NbOCI.] (see above). 

34,2.6.2 Neutral adducts of the oxo halides and related compounds 

Numerous 1:1 and 1:2 adducts are known for MOX3, but few for NbOF;, and none yet for 
NbOI;. The adducts of the oxo trihalides of NbY and to a lesser extent of TaY were often 
obtained from the pentahalides through oxygen abstraction from the ligand or the solvent. 
Others were prepared directly from the oxo trihalides. 

(i) Oxygen, sulfur and selenium donors 

Oxygen was abstracted from phosphine oxides, phosphonates,*” arsine oxides and sulfoxides 
by MXs as well as by [MX,Me] (X=Cl, Br),“°° and more easily by the Nb than by the Ta 
derivatives, to yield MOX; adducts (equation 36; Table 21). IR indicated the following 
sequence for the metal’s acceptor character: MCI; > MOCI, > MOCI,Me. NMR showed that in 
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the presence of an excess of oxo ligand [NbCl,Me], is first and rapidly converted to the 1:1 
adduct [NbCl,MeL]; the oxygen vs. chlorine exchange then occurs at a slower rate, which 
ae in the case of phosphoryl ligands, on the a character of the phosphoryl bond (Table 

MX; + 30=E — > [MOX,(O=E),] + ECl, 
E=PR,, AsR;,SR,; X=Cl, Br 9) 

Table 21 Typical Adducts of MOX, with Oxygen Donors 

L Compounds Comments Ref. 

HMPA [MOCI,L,] X-Ray structure (M = Nb) 1-4 
[OP(NMe,)>],0 [MOCI,LL] Monomeric 23 
[OP(C,H,X)3] [MOCILL,] X =H, p-NMe,, p-OMe, p-Me, pa, p-Br, m-Cl, m-NO, 5-7 

[NbOF3L,] Av(P—O) x = 1168 + 7.60% cm™ 
(OAsPh3) [MOX;L,] X=F, M=Nb; X=Cl, Br, M=Nb, Ta 4,6,7 
diars [MOX,LL] v(Nb—O): 967 cm™* (K = Cl); 951 cm™* (X = Br) 

[(MCL,LL),O] v(Nb—O—Nb): 765 cm7? 
OSR, [NbOX,L,] X=F, Cl; R=Me, Ph 7,9, 10 

Ph ( \Ph [MOCI,L] 
11 

K\ 
Ph ‘S 

1. L. G. Hubert-Pfalzgraf and A. A. Pinkerton, Inorg. Chem., 1977, 16, 1895. 
2. R. J. Dorschner, J. Inorg. Nucl. Chem., 1972, 34, 2665. 
3. L. G. Hubert-Pfalzgraf, R. C. Muller, M. Postel and J. G. Riess, Inorg. Chem., 1976, 15, 40. 
4. D. Brown, J. F. Easey and J. G. H. Du Preez, J. Chem. Soc. (A), 1966, 258. 
5. E. G. Amarskii, A. A. Shvets and O. A. Osipov, Zh. Obshch. Khim., 1975, 45, 898. 
6. D. B. Copley, F. Fairbrother and A. Thompson, J. Less-Common Met., 1965, 8, 256. 
7. J. Sala-Pala, J. Y. Calves and J. E. Guerchais, J. Inorg. Nucl. Chem., 1975, 37, 1294. 

8. R. J. H. Clark, D. L. Kepert and R. S. Nyholm, J. Chem. Soc., 1965, 2877. 
9. D. B. Copley, F. Fairbrother, K. H. Grundy and A. Thompson, J. Less-Common Met., 1964, 6, 407. 

10. J. G. Riess, R. C. Muller and M. Postel, Inorg. Chem., 1974, 8, 1802. 
11. D. Budd, R. Churchman, D. G. Holah, A. N. Hughes and B. C. Hui, Can. J. Chem., 1972, 50, 1008. 

Table 22 Dependence of the Oxygen vs. Chlorine Exchange Reaction Rate 

upon the a Character of the P=O Bond* 

a 

v(P=O) Reaction time 

L Pax' character (cm ‘) in CH,Cl, (min) 
Cee a. chests, 21. eeu laend uth casera A Phat ees hae A SLANE LEAL RS mk 

OPMe, 0 1182 30 

HMPA 0.2 1210 30 

O[OP(NMe,).]2 —_ 1230 30 

OPPh, 0.370 1195 180 

OP(OMe)(NMe;), 0.390 1220 60 
OP(OMe),(NMe,) 0.77 1260 180 
OP(OMe), 1.079 1278 
Ee eee ee 

From C. Santini-Scampucci and J. G. Riess, J. Chem. Soc., Dalton Trans., 1974, 1433. 

No apparent reaction after 6 months in CHCl. 

Although the P=O bond is weaker in the phosphole oxides (TPPO) than in Ph3;PO, only 

traces of [NbOCI,(TPPO)] were obtained from NbCls and excess phosphole.’”* Furthermore, 

oxygen was picked up at phosphorus and not at the metal, to form [NbX;(TPPO)], when NbX; 

was allowed to react with TPPSe in a non-rigorously-oxygen-free atmosphere. 

(ii) Nitrogen donors (Table 23) 

Niobium and tantalum oxo halides react with amines in stoichiometric amounts to form 

polymeric 1/1 materials containing MOMO chains. Monomolecular [MOX;3(NR3)2] derivatives 

were obtained in the presence of excess amine.*°°40%4”) 
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Table 23 Nitrogen Donor Adducts of MOX, 

L Compounds Comments Ref. 

OH {MOCI,L,] R=Me, Et 1 

Hau 

H R 

RC,H,N=CHC,H,R’ {[MOCI,L] R=H; R’' =H, p-Br, p-NO,, m-NO,, 0-OH 2 

[MOCI,L,] R=o0-OH; R’ =H, p-Br, p-NO2, p-NMe, 

RCN [MOCI,L,] X-Ray structure (M = Nb; R= Me) 3 

bipy [NbOX,L] X=Cl, Br 4-7 

[Nb,OCI,L4] 4 
[Ta,OCl,gL4] 4 

phen [NbOBr,L] 7 
NR, [NbOX,L],, X = Cl, Br; R= Me, Et, Bu, octyl 8-11 

[NbOX3L,] R=Me, Et, Bu 10 

NPh(Et), [NbOX,L],, 12 

a SS 
| [NbOX,L],, R=Me, Ph 12 

\ ZR 
N 

NHEt,; NH,Bu [NbOCI,L],, 11 

1. K. Yamanouchi and S. Yamada, Inorg. Chim. Acta, 1976, 18, 201. 

2. A. V. Leshchenko, L. V. Orlova, A. D. Garnovskii and O. A. Osipov, Zh. Obshch. Khim., 1969, 39, 1843. 

3. C. Chavant, J. C. Daran, Y. Jeannin, G. Constant and R. Morancho, Acta Crystallogr., Sect. B, 1975, 31, 1828. 

4. C. Djordjevic and V. Katovic, Chem. Commun., 1966, 224. 
5. D. Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
6. V. Katovic and C. Djordjevic, Inorg. Chem., 1970, 9, 1720. 
7. N. Bmicevic and C. Djordjevic, J. Less-Common Met., 1967, 13, 470. 

8. S. M. Sinitsyna, T. M. Gorlova, V. F. Chistyakov, Zh. Neorg. Khim., 1973, 18, 2114. 
9. S. M. Sinitsyna, V. G. Khlebodarov and M. A. Bukhtereva, Z. Neorg. Khim., 1974, 19, 1532. 

10. S. M. Sinitsyna, V. I. Sinyagin and Yu. A. Buslaev, Izv. Akad. Nauk SSSR, Neorg. Mater., 1969, 5, 605. 
11. Yu. A. Buslaev, S. M. Sinitsyna, V. I. Sinyagin and M. A. Polikarpova, Zh. Neorg. Khim., 1970, 15, 2324. 
12. A. V. Leshchenko, V. T. Panyushkin, A. D. Garnovskii and O. A. Osipov, Zh. Neorg. Khim., 1966, 11, 2156. 

Reactions of bipy with MX; and NbOCI, ‘3412414 yielded [MX;(bipy)] and 
[NbOCI,(bipy)] in benzene, while mixtures formulated as [NbOCI;(bipy)][NbCI;(bipy)] and 
[TaOCl,(bipy)]|[TaCls(bipy)]; were isolated in ether. Solutions of NbCl; and bipy in alcohols 
containing a small, controlled amount of water yielded [NbOCI,(OR)(bipy)]. 
A series of monomeric, six-coordinate niobium(V) adducts with neutral Schiff’s bases was 

synthesized from NbOCI, *1° or NbOCI3(OPPhs)2.7”” 

(iii) Structures 

In spite of the large number of oxo trihalide adducts reported, there is still little structural 
information available on them. X-Ray diffraction studies are limited to those of 
[NbOCI,(MeCN),],“° [NbOCI,(HMPA),]*"° and [NbOCI;(OPCIs)]4.77° [NbOCI;(HMPA),] is 
monomeric in the solid (Figure 15) and in solution. In the solid the metal is octahedrally 
surrounded; the two HMPA ligands are cis to each other, one of them being trans to the oxo 
bond; the same isomer always predominates in solution. The Nb—=O distance is comparable to 
that found in [NbOCI3;(MeCN),] (1.68(2) A); the lesser steric requirement of the MeCN ligands 
allows for a larger distortion of the coordination polyhedron and for shorter Nb—Cl bonds. A 
considerable trans effect was found for the metal—ligand bonds in both the HMPA and the 
MeCN adducts. In solution [NbOCI;(HMPA).] undergoes drastic changes and gives complex 
solvent dependent mixtures, as depicted in Scheme 3. All the species in solution are in dynamic 
equilibrium on the NMR time-scale. By evaporation the initial crystalline trans isomer of 
[NbOCI,(HMPA),] was integrally recovered. Similar solution behavior was observed for 
[NbOCI;(DMSO),], [NbOCI;(OMPA)], [NbOCI,(OEt)(HMPA).] and [NbOCI,Me(HMPA),].*8 
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Figure 15 Coordination polyhedron of [NbOCI,(HMPA),] (reproduced from ref. 410 with permission) 

NbOC1,-2L (72%) 

Cl Cl O 
_ NbOC1,-L(MeCN) (19%) Cl/\O CYL Cl / \Cl 

2 isomers in equilibrium + free ligand 3 4 LO>Cl SS L vc SL L ¢ => NbOCl,-3L 
| O cl oe 
B 

60% (7% tor) 
L=HMPA 

Scheme 3 

The oxygen-bridged tetrameric Nb,O, unit in [NbOCI;(OPCI;)], °° is almost planar with two 
different values for the Nb—O distances in agreement with a (—Nb—O—-), structure. 

34,2.6.3 Miscellaneous oxygen abstraction reaction products 

Oxygen abstraction reactions from alcohols, ketones, acyl halides and other oxygen- 
containing compounds by MCI; or related derivatives also afforded a route to relatively simple 
complexes of the oxo halides (Table 24). Thus Nb2Clio was found to abstract oxygen from 
higher ketones to yield, after hydrolysis, alkanes, chloroalkanes or arylalkanes.*"4 

Table 24 Typical Oxygen Abstraction Reactions 

O species Reactions Compounds Ref. 

RCOX (X = Cl, Br) Nb(OR’), + RCOX (excess) [NbOX;(RCOOR’)] 1 
Et,O NbCl, + NbCI,(Et,O) + 2bipy [Nb,OCI,(bipy).] 2 

3TaCl; + TaCl,(Et,O) + 4bipy [Ta,OCl,,(bipy),] 2 
Me,CO NbCI,Me, + 2Me,CO [NbOCi,(OCMe;)] 3 
RR’CO(R=R’ = Et; MCI, + RR’CO [{MCL,(RR’CO)},0] 4 
R=Me, R’=Et) MCI, + RR’CO (excess) [MOCIL,(RR'CO),] 4 

1. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 348. 

2. C. Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
3. J. D. Wilkins, J. Organomet. Chem., 1974, 80, 357. 
4. M. S. Gill, H. S. Ahuja and G. S. Rao, J. Indian Chem. Soc., 1978, 55, 875. 

Oxygen abstraction from SOCI,-H,O by [NbCl,(RCp)(R’Cp)] led to a series of new 
[NbOCI(Cp)(Cp’)] compounds.*” This reaction, which allowed the synthesis of dia- 
stereoisomeric pairs of optically active species, could be reversed upon heating (Scheme 4). 

The unexpected formation of [NbOCI(Cp)2] as a by-product in the synthesis of 
[NbCl3(Cp),]*!® can probably be attributed to the presence of traces of oxygen or moisture. 
When [NbCl(Cp)2] was allowed to react with oxygen, [NbOCI(Cp)2}°*?4” or 
[{NbCI,(Cp)2}20]*”" was obtained. The latter compound shows anticancer activity, lower than 
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SOCI)H20 
[Nb'YCI,(Cp)2] [NbYOCI(Cp)2] 

soc 

Scheme 4 

that of [NbCI,(Cp),] but paralleled by a significant reduction of the toxic side-effects. The ionic 

[{NbCI(Cp)2}20][BF,]*” derivative was obtained from [NbCI,(Cp)2] by oxygen abstraction 

from water and addition of HBF,; its No—O—Nb bridge is significantly non-linear (169°) but 

the Nb—O bonds (1.88(1) A) are relatively short, indicating a certain degree of bonding.*” 

The reaction between [NbMe,(Cp),] and an excess of NO proceeded via a nitrosyl adduct, 

probably with a bent MNO arrangement (v(NO): 1670 cm~') and gave a methyloxo derivative 

which further inserted NO (equation 37).*” 

[NbMe,(Cp),] —S2-> [NbMe,(Cp).(NO)] => 

(37) 
NMe 

ne Me(Cp),] ——> [Nb(O)Me(Cp).] “2 [NbO(ONMeNO)(Cp)z]. 

O 

Catalytic oxidation cycles involving the niobium oxide cations NbO* and NbO? in the gas 
phase have been reported.*” 

34.2.7 Solvolysis Products of the Oxo Trihalides 

34.2.7.1 From Oxygen Compounds 

(i) Oxoalkoxo compounds (Table 25) 

Synthetic routes to well-characterized NbY and TaY oxoalkoxides remain surprisingly scarce. 
The direct alkoxylation of MOX; is far from providing a general route to these compounds. 
The alternative exchange of oxygen us. chlorine between [NbCl,(OR)s3]2 and an oxo ligand 
often results in redistribution products. 

The controlled hydrolysis of MCI; or [Ta(OR)s]2 (R= Et, SiMe3) led to polymeric oxo 
alkoxides. On the other hand the hydrolysis of [NbCl,(OR)s]2 in the presence of bipyridyl led 
to [NbOCI,(OR)(bipy)] (R = Et, Pr') adducts.'**°*!? An X-ray structure for R = Et showed a 
distorted coordination octahedron, with the two chlorine atoms trans to each other (Nb—=O: 
1.71(3) A). The Nb—OR bond is only 0.16A longer than the Nb=O oxo bond, and was 
presumed to have considerable double bond character, which is also consistent with the very 
open NbOC bond angle of 149°. 

MCI; when allowed to react with acidic aqueous solutions of tropolone (HT) gave the 
tetrakis(tropolonate) cations [MT,]*. Hydrolysis of the niobium derivative afforded 
[NbOT3];*~ an oxygen-labeling experiment established that the oxo atom is abstracted from 
the displaced tropolone molecule. 
N-Benzoylphenylhydroxylamine (BPHA) reacts with Nb.O; in bioling acidic aqueous 

solutions to yield a monomeric seven-coordinated niobium compound [NbO(BPHA);].**° The 
hydroxylamine ligand could be displaced by tropolone or 8-quinolinol, and the rate- 
determining step was shown to be associative (equation 38).*?’ Oxoniobium and tantalum(V) 
8-quinolinolates have also been reported. The optimal conditions for the formation and 
extraction of the [NbO(C,H,O2)s]°~ ion formed in the niobium(V)—pyrocatechol system, have 
been investigated.*78 

[NbO(BPHA),] === [NbO(BPHA),(HL)] —> products (38) 
L=HT, oxH 

(ii) Oxo-B-diketonato derivatives 

The action of acetylacetone on MOX3; (X=Cl, Br) was reported to yield 
[NbOX,(acac)],""*“? while the analogous TaY compounds were not formed. Ionic B- 
diketonates [NbOCI,(RCOCHCOR’)]~ were obtained from oxotetrachloroaquaniobates.*° 
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Table 25 Oxoalkoxo Derivatives 

a ee EE EE AE RE ES A Ee ae ee rtd See ee 

Compounds Comments Ref. 

[NbOC1,(OR)bipy)] R=Et, Pr; monomeric 1,4 
[NbOCL,(OMe)(HMPA),] Solutions consist of complex mixtures of 5 

monomeric species in dynamic equilibrium 
[NbOCI,(OMe)(MeOH)], Dimeric (Nb—O—Nb) compound 6 
[TaOCl,(OMe)(DMSO),] Monomeric; NMR: various monomeric 7 

isomers in dynamic equilibrium 
[NbOCI(OCH,CCI;),(DMSO),] Monomeric; NMR: various monomeric y 

isomers in dynamic equilibrium 
[Nb,O,C1,(OEt),(bipy)2(H,O),] M—O—M bridges 8 
[Ta,O,,Cl,(OEt).(bipy)2(H2O),0] M—O—M bridges 8 
[NbO(OCH,CF;)3(MeCN)], Dimeric; NMR: dynamic equilibrium between 6 

pi-alkoxo and -oxo isomers 
[NbO(OEt)3], Dimeric, pentacoordinated Nb 6 
[NbO(OMe)(OC,H,CHO),], Nb—O—Nb 6 
[NbO(OMe).(OC,H,CHO)(MeCN)} NMR: various monomeric hexacoordinated 6 

species in dynamic equilibrium 
[NbO(OR)s], [Nb,O(OR)s] R=Bu' 9 
[TaO,,(OSiMe3)5_>,], Polymeric compounds (Ta—O—Ta) 10 
[NbOT3] HT = tropolone 11 
[NbO(BPHA)s] BPHA = [PhC(O)N(O)Ph]-; monomer 12 
[MO(ox)3(0xH)] oxH = 8-hydroxyquinoline 13 
[NbO(cat),]°~, H[NbO(cat),] cat = catechol 14 

1. C. Djordjevic and V. Katovic, Chem. Commun., 1966, 224. 
2. C. Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
3. V. Katovic and C. Djordjevic, Inorg. Chem., 1970, 9, 1720. 
4. B. Kamenar and C. K. Prout, J. Chem. Soc. (A), 1970, 2379. 
5. L. G. Hubert-Pfalzgraf, R. Muller, M. Postel and J. G. Riess, Inorg. Chem., 1976, 15, 40. 

6. L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chim. Acta, 1980, 41, 111. 
7. L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chim. Acta, 1981, 47, 7. 
8. C. Djordjevic and V. Katovic, J. Less-Common Met., 1970, 21, 325. 
9. D. C. Bradley, B. N. Charkravarty and W. Wardlaw, J. Chem. Soc., 1956, 4439. 

10. D. C. Bradley and C. Prevedoroudemas, J. Chem. Soc. (A), 1966, 1139. 
11. E. L. Muetterties and C. W. Alegranti, J. Am. Chem. Soc., 1969, 91, 4420. 
12. F. I. Lobanov, V. M. Fes’kova and I. M. Gibalo, Zh. Neorg. Khim., 1971, 16, 776. 

13. H. A. Szymanski and J. H. Archibald, J. Am. Chem. Soc., 1958, 80, 1811. 
14. F. I. Lobanov, O. D. Savrova and I. M. Gibalo, Zh. Neorg. Khim., 1973., 18, 408. 

Their solutions consisted of mixtures of the three possible monomeric octahedral isomers; these 
are rapidly interconverting on the NMR time-scale through an intramolecular mechanism.**! 
The crystal structure of the [NBOCI;{C,H3;SC(O)CHC(O)CF;3}]~ ion established that the 
isomer present in the solid state has the thenoyl groups trans to the Nb=O bond.*” The 
niobium atom displays a distorted octahedral arrangement, and is displaced toward the oxo 
oxygen by 0.295 A (Nb=O: 1.70(3) A). Of the two chelate Nb—O distances, 2.044(34) and 
2.285(3) ie the longer is trans to the oxo group. 

(ii) Oxocarboxylato 

Oxocarboxylato derivatives were shown to form by treatment of NbX; or Nb(OR)s with an 
excess of carboxylic acids”>-49>-4*4 or anhydrides**° (equations 39a and 39b). 

[MCl;], + 4RCOOH — > 2[MOCI,(RCOO)] + 4HCl + 2RCOCI (39a) 

M=Ta; R=H, Me, Et, Pr’, Bu' 

M=Nb; R=Me, Et, Pr’, Bu‘, CH,Cl, CH,F, Ph 

[M(OEt);] +4RCOOH —~ [MO(RCOO),] + RCOOEt + 4EtOH (39b) 

M=Nb,Ta; R=Me, Et, Pr 

The reaction of niobioporphyrin [Nb2O3(TPP)2] with acetic acid gave [NbO(TPP)(MeCOO)] 

in which the metal is seven-coordinated and lies within a polyhedron of symmetry close to C,, 
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with a square based defined by the four nitrogen atoms of the pyrrole rings and a nearly 

parallel triangular base formed by the three oxygen atoms (Figure 16)" 
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Figure 16 Structure of [NbO(TPP)(MeCOO)] (reproduced from ref. 339 with permission) 

Ascorbic acid with niobium(V) in acid solution forms an intensely colored complex 

[NbO(OH).(CsH7O.)], which was used for the spectrophotometric determination of Nb.*° 

Malato complexes of niobium(V) were obtained from aqueous racemic malic acid solutions of 

Nb,O;.*3? Niobic and tantalic acids dissolve in solutions of oxalic acid,’ and mono-, bis- or 

tris-oxalatooxo niobium(V) compounds were reported to exist in these solutions, depending on 

H and_ concentrations.** X-Ray diffraction studies on [NbO(C,O,)3) 47“ 
[NbO(C,0,)2(OH)(H20)]?- “? and [NbO(C,0,)2(H2O)2]" “* have shown niobium to be 
seven-coordinated. The oxo atom is at one of the apices of a pentagonal bipyramid and the 

metal is displaced toward the oxo atom by 0.18, 0.21 and 0.245 A (Nb=O: 1.71, 1.66 and 

1.69 A respectively). The water molecules in [NbO(C,0,)2(H2O)2]" exchange with oxygen 

donors; mixed ligand complexes with sulfoxides,° phosphine and arsine oxides**° have been 
reported. Mixed complexes with the 4-(2-pyridylazo)resorcinol (PAR) N donor ligand are used 
in analytical chemistry.**”*** 

Oxohalooxalato niobium anions [NbO(C,0,).F2]*>" “? and [NbO(C,0,)3Br]*" *° have been 
obtained from the parent tris(oxotrioxalato) anion. Complexation of the oxalato ligand as a 
bis(bidentate) bridge in [Nb.O2X.(C.O,)|>- (X =F, Cl, Br) has been established on the basis 
of IR. 

The solubility of TazO; in aqueous oxalic acid solutions is much lower than that of Nb2O; 

and the resulting solutions are more complex owing to the presence of polymeric species.*? 

34,2.7.2 From sulfur compounds 

[NbO(R,dtc)3] has been prepared for R = ethyl**?-4°*, cyclopentyl and cycloheptyl.*°> All are 
monomers, with sulfur-bonded dithiocarbamates. The structure of the N-diethyl derivative*® 
showed the niobium atom at the center of a pentagonal bipyramid with the oxygen at one of 
the apices. Two of the chelating ligands lie approximately in the equatorial plane, while the 
third spans an axial and an equatorial site. The axial M—S distance (2.753(4) A) is longer than 
the equatorial ones (2.472.598 A). The metal atom lies above the best plane passing through 
the equatorial sulfur atoms on the side of the oxygen (Nb=O: 1.74(1) A). 

34,2.7.3 From nitrogen compounds: oxo amides and oxo isothiocyanates 

The aminolysis of NbOCI, * or NbOBr;*© by an excess of primary amine was shown to 
affect only one of the halogen atoms, to give [NbOX,(NHR)]. Excess of secondary amines with 
short alkyl chains displaces two bromine atoms. With increasing chain length, the tendency of a 
second halide atom to be substituted decreases and the second molecule of amine rather 
coordinates to the initial aminolysis product to yield [NbOX,(NR2)(NHR2)]. Trialkylamines 
gave the addition products [NbOX3(NR;)]. Monomeric [NbO{N(SiMe3)2}] was obtained from 
NbC1L,(THF),.*°8 
[NbO(NCS)]?~ salts were precipitated from acidic solutions of NbY with excess thiocyanate.*? 

The structure**’ of its (Ph,As)* salt showed the metal to be at the center of 
a distorted octahedron (Nb=O: 1.70 A), and to be displaced by 0.21 A out of the nitrogen’s 
plane toward the oxygen. The Nb—N bond trans to the oxo ligand is longer (2.27 A) than the 
others (2.03 to 2.16 A). 
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Addition of heterocyclic nitrogen bases to acid solutions of Nb and KSCN gave the mixed 
monomeric complexes listed in Table 26. [TaOCl;(MeCN),] and [TaSCl;(PhNCCI,)] react with 
alkali metal thiocyanates in MeCN to yield [TaOCl,_,(NCS), (MeCN),], A[TaO(NCS)4], 
[TaSCls_.(NCS),(PhNCCI,)] or A[TaS(NCS),(PhNCCI)] (x =1-3; A=NH4y, K, Na).2” 
[NbO(NCS);L], where L is Cg6HioO or CoH,40, was isolated from NbCl, and KNCS solutions 
in acetone. 

Table 26 Mixed Oxo-Isothiocyanato complexes 

Compounds Medium v(Nb=0) (cm~') 

(HA)[NbO(NCS),(OH)H,0)}* H,SO, 914 
(HA)[NbOCI,(NCS),(H,0)]* HC! 922 
(HDMP)[NbOCI,(NCS)(H,0)]° HC! 935 
(HColl)(NbO(NCS),(Coll)|° H,SO, 938 

> = phen. 
DMP = 2,3-dimethylphen. 

“ Coll = (S)-collidine. 

1. From F. N. Lobanov, V. M. Zatonskaya and I. M. Gibalo, Zh. Neorg. Khim., 1980, 

25, 3003. 

34.2.8 Oxide- and Sulfide-derived Compounds 

34,2.8.1 Oxides and peroxides 

The ultimate products of the oxidation of the metals are the pentoxides. Reduction of M,O; 
by H, yields MO, and MO. These are beyond the scope of this chapter. Numerous 
orthometallates [MO,]*-, metametallates [MO3]~ and polymetallates are known; their chem- 
istry is reviewed in Chapter 38. 

(i) Peroxo acids and salts 

Orthoperoxometallates As[M(Oz)4] precepitate from alkaline solutions of niobates or 
tantalates on additon of H,O,.*°'*°’ The four O2 groups are linked side-on to the metal in 
[M(O,)4]°-, which releases oxygen progressively in mild conditions, and explosively at 80 °C.*°*° 
The [Nb(O2),]*~ ion has nearly D2z symmetry; the M—O distances range from 1.99 to 2.07 Ne 
and the O—O mean distance is 1.50 A.*° 
On treatment with H,SO,, the orthoperoxo salts gave the corresponding acids HMO. 

The niobium derivative was formulated as [Nb.02(O2)2.(OH).2]-xH2O on the basis of IR data.‘ 
Metaperoxo salts AMO; (A=Na, K, Rb, Cs) have also been obtained.!*”3 Oxidation of the 

coordinated O3- moiety: by Ce!'Y or OH radicals yielded complexes of NbY of type 
[Nb(O,)(OH),] containing the O7 radical ion, as evidenced by EPR.*”*4° 

461,469-472 

(ii) Peroxo complexes 

The di- and tri-peroxo compounds (Table 27), in which the metal is bound to the 

oxalato,‘”°47” phen,*”® or edta ligands, were prepared from alkali metal niobates or 
tantalates(V) in hydrogen peroxide solutions. [Nb(O2)sphen]~ is to date the only example of a 

triperoxo complex authenticated by X-ray crystallography (Figure 17). The metal, at the center 

of a distorted dodecahedron, is located 0.34 A above the mean plane containing two peroxo 

groups and one nitrogen atom, on the same side as the third peroxo group. In 

[Nb(O2)2(C2O4)2]°~,“*1 the two peroxo groups are cis, which is unusual (O—O mean distance 
1.48 A); the coordination polyhedron is a distorted dodecahedron. 

Ccoc3-u* 
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Table 27  Di- and Tri-peroxo Complexes 

Compounds Comments Ref. 

A3[Nb(O,)3(C20,)] A =NH,, K, Rb, Cs 1 

A,[Nb(O2)2(C,0,4)2] A=NH,, K, Rb, Cs; X-ray structure (NH,) 2S 

A3[M(O,)3(edta)] A= K, NH, 4 

K,[Nb(O,)3(phen)] X-Ray structure 5 

1. R.N. Shchelokov, E. N. Traggeim, M. A. Michnik and K. I. Petrov, Russ. J. Inorg. Chem. (Engl. 

Transl.), 1972, 17, 1270. 
2. J. E. Guerchais and B. Spinner, Bull. Soc. Chim. Fr., 1965, 1122. 
3. G. Mathern and R. Weiss, Acta Crystallogr., Sect. B, 1971, 27, 1572. 
4. N. Vuletic, E. Preic and C. Djordjevic, Z. Anorg. Allg. Chem., 1979, 450, 67. 
5. G. Mathern and R. Weiss, Acta Crystallogr., Sect. B, 1971, 27, 1582. 
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Figure 17 Structure of the [Nb(O,),(phen)]” anion (reproduced from G. Mathern and R. Weiss, Acta Crystallogr., 

Sect. B, 1971, 27, 1582 with permission) 

(iii) Peroxohalo derivatives (Table 28) 

Peroxofluoro complex anions [Nb(O2)F.]*>~, [M(O2)F;]*~, [M(O2)FsL]~, [M(O2)2F4}*-, 
[M(O>).F3]?~ and [Ta3(O2)3OF;3(H2O)]|° were reported. Their structures often proved difficult 
to solve, due to disorder in the crystal and to facile decomposition of the peroxo moiety. The 
structure of the [M(O2)F;]?~ anion has been repeatedly investigated; pentagonal bipyramidal 
arrangements have been found with the peroxo group in the equatorial plane (O—O: 
1.45-1.47 A for M = Nb; 1.389-1.443 A for M=Ta at 170K). 

The [Ta(O,)F,(CsH;NO)]~ anion also exhibits a seven-coordinate tantalum atom at the 
center of a pentagonal bipyramid, the two apical positions being occupied by fluorine (O—O: 
1.43-1.67 A). Salts of [M(O2)2F4]>~ were isolated and characterized by IR; a disordered 
structure has been reported for [Ta(O2)2F,]°~. [Ta3(O2)3OF13]®° consists of [Ta(O2)2Fs]?~ and 
of p-oxo-bridged [Ta2O(O,)2Fs]*” anions in the same unit cell, with very different O—O 
distances in the various peroxo groups. The Ta—O—tTa bridge in the dimeric anion is 
asymmetrical (Figure 18). 
A series of [M(O2)F3(diket)]~ complexes has been prepared by the reaction of B-diketones 

with [M(O2)F,(H2O)]~. ‘H and °F NMR spectra indicate that the products exist as a mixture 
of geometrical isomers in MeCN. The reaction of oxalic acid with [Nb(O,)F,(H2O)]~ yielded 
[Nb2(O2)2F6(C2O4)]*~. A bridging oxalato group and a coordination number of seven for the 
metal were proposed. [M(O2)F3(phen)], [M20(O2)F,(bipy)2] and [M(O2)F3(OAsPh3)2] were 
obtained when the neutral ligands were allowed to react with [M(O2)F,(H2O)]~. 
A few peroxochloro derivatives of the [M(O2)Cls]*~ °°? and [M(O2)Cl,(H20)]~ **! anions are 

known. Addition of B-diketones to solutions of the latter afforded [Nb(O2)Cl3(diket)]~; the 
stereorigidity of these heptacoordinated species in solution was assigned to the bidentate 
peroxo moiety.*7* 

[NbCl,(RCp)2] (R = H, Me) complexes react with H,O2, affording [Nb(O2)Cl(RCp),]. In the 
complex with R = H the two oxygen atoms (O—O: 1.47(1) A) and the chlorine atom are in the 
plane which bisects the Nb(Cp). bent sandwich system; the coordination around niobium is 
thus pseudotetrahedral. In the presence of H202, [Nb(O2)Cl(Cp)2] catalytically converts 
cyclohexene to its epoxide. 



Niobium and Tantalum 637 

Table 28 Peroxo Halo Derivatives 

Compounds Comments Ref. 

A,[M(O,)Fs] A=Na, K, NH,, oxH, 1 
X-Ray structure 2-6 

A3[M(O2)2F4] A=Na, K, NH, 1 
X-Ray structure 7 

A[M(O,)F,L] L=H,0, 2-MepyO; 19F NMR 8-9 

X-Ray structure (A = NEt,) 10 
K,[Ta3(O,),0F,3(H,O)] X-Ray structure: [Ta(O,)F;]~ and 12 

[{Ta(O,)F,},O]*~ in the same cell 
A.[M(O,)2F3] 11 
(NEt,)[M(O,)F;(RCOCHCOR’)] R=R’'=Me; R=R’=Ph; R= Ph, R’=CF, 8-9 

R=(C,H,S, R’ = CF,; R= R’ =CF;, 
(NEt,)[{Nb(O,)F3},(C,O,) Heptacoordinated Nb; bridging oxalato 9 
A,[Nb(O,)C1.] A=K, Rb, Cs, NH, 13, 14 

(NEt,)[M(O,)Cl,(H,O)] NMR: stereorigidity 15 
(NEt,)[M(O,)Cl,(RCOCHCOR’)] Heptacoordinated 15 
[M(O,)F3L,] L=OAsPh;; L, = phen 16 

[M,O(O,),F,(bipy).] M—O—M bridges 16 

[Nb(O2)Cl(Cp)2] X-Ray structure 17 

1. N. Vuletic and C. Djordjevic, J. Less-Common Met., 1976, 45, 85. 
2. R. Stomberg, Acta Chem. Scand., Ser. A, 1981, 35, 489. 
3. R. Stomberg, Acta Chem. Scand., Ser. A, 1981, 35, 389. 
4. R. Stomberg, Acta Chem. Scand., Ser. A, 1982, 36, 423. 
5. R. Stomberg, Acta Chem. Scand., Ser. A, 1982, 36, 101. 
6. R. Stomberg, Acta Chem. Scand., Ser. A, 1983, 37, 523. 
7. R. Schmidt, G. Pausewang and W. Massa, Z. Anorg. Allg. Chem., 1982, 488, 108. 

8. J. Y. Calves and J. E. Guerchais, J. Fluorine Chem., 1974, 4, 47. 
9. J. Y. Calves and J. E. Guerchais, J. Less-Common Met., 1973, 32, 155. 

10. J. C. Dewan, A. J. Edwards, J. Y. Calves and J. E. Guerchais, J. Chem. Soc., Dalton Trans., 1977, 981. 
11. Yu. A. Buslaev, E. G. Ilyin, V. D. Kopanev and V. P. Tarasov, Zh. Strukt. Khim., 1972, 13, 930. 
12. W. Massa and G. Pausewang, Z. Anorg. Allg. Chem., 1979, 456, 169. 
13. J. E. Guerchais, B. Spinner and R. Rohmer, Bull. Soc. Chim. Fr., 1965, 55. 
14. J. Dehand, J. E. Guerchais and R. Rohmer, Bull. Soc. Chim. Fr., 1966, 346. 
15. J. Y. Calves, J. E. Guerchais, R. Kergoat and N. Kheddar, Inorg. Chim. Acta, 1979, 33, 95. 
16. J. Y. Calves, J. Sala-Pala, J. E. Guerchais, A. J. Edwards and D. R. Slim, Bull. Soc. Chim. Fr., 1975, 517. 
17. J. Sala-Pala, J. Roue and J. E. Guerchais, J. Mol. Catal., 1980, 7, 141. 
18. I. Bkouche-Waksman, C. Bois, J. Sala-Pala and J. E. Guerchais, J. Organomet. Chem., 1980, 195, 307. 
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Figure 18 Structure [Ta,(O,),;OF,;(H,O)]* showing the [Ta(O,)F;]”~ and [Ta,O(O,)F,]*~ anions (reproduced from 

W. Massa and G. Pausewang, Z. Anorg. Allg. Chem., 1979, 456, 169 with permission) 
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34.2.8.2 Sulfides, selenides and related compounds 

[MY,]°- (Y=S or Se)*” and [NbOS,]*- ** are known only as insoluble salts synthesized 

from the elements at high temperatures; [NbO,S,]*- *° was obtained from strongly basic 

solutions of Nb.O; saturated with H2S. The salts (NEt4)4[McSi7],° sensitive to O2 and H,0O, 

were prepared from [M(OEt)s], (Me3Si)2S and EtyNCl (1:6:3) in MeCN. Single crystal X-ray 

analysis (Figure 19) revealed 10 non-planar MS, rhombs in convex fusion forming a 

crown-shaped M,Sio cage. Each metal atom is additionally bonded to a terminal S atom and to 

the bridging S atom inside the cage, thus achieving pentagonal seven-coordination for top 

M(1), and tetragonal six-coordination for the other metal atoms. 

wn t 

2.196(4) 
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Figure 19 Structures of [M,S,7]* (reproduced from ref. 366 with permission) 

. NbY and TaY complexes with the S, and Se; ligands, formally similar to O2, appear to be 
limited to bis(cyclopentadienyl) complexes. The reaction of [NbCl,(OH)(Cp)2] with H2S in 
methanol, in the presence of ionic halides or pseudohalides (KCI, KBr, NH,I, KSCN), 
afforded the monomeric [Nb(S2)X(Cp)2] (X = Cl, Br, I, SCN) complexes.*!* When X = Cl or 
Br, a second compound of the same formula was obtained and assumed to be polymeric with 
disulfide bridging groups. Surprisingly, when X =SCN, a cyano complex, [Nb(S2)CN(Cp)2], 
was formed. [NbMe.(Cp)2] was reported to be oxidized by Sg to yield [Nb(S2)Me(Cp),].* 
Similar procedures with [Nb(n'-Cp)2(Cp)2], [NbH(CH2==CHEt)(Cp)2] and [TaMe2(Cp)2] gave 
the [M(S.)R(Cp)2] complexes, where R = n'-Cp, Bu and Me, respectively.*®° The reaction of 
[NbMe.(Cp).] with red selenium afforded [Nb(Se2)Me(Cp)2].*° [Nb(S2){SP(S)(OR)2}(Cp)2] 
complexes (R= Me, Et, Pr’, Bu‘) were obtained from [NbCl,(Cp)2] and P,S;o.*8’ The R= Et 
and Pr’ derivatives were reported to form from Sg, and [Nb{SP(S)(OR)2}2(Cp)2].>* The 
structures of [Nb(S2)X(Cp)2] were solved for X = Cl,*8? CN*? and Me**? (S—S: 2.03(1) A). 
[Nb(S.)Me(Cp)2] was shown to transfer sulfur to a phosphine.*®° 

34.2.8.3 Other oxygen- or sulfur-substituted metal compounds 

(i) Sulfates 

The interest in sulfates arises mainly from the development of processes using sulfuric acid in 
the treatment of mineral concentrates. MCI; reacts with SO3 in SO2Cl, to form the insoluble 
[Nb2O(SO,)4] and [Ta2(SO4)s], respectively. Whereas [Nb2O(SO,)4], [Nb2O2(SO,)s], 
[Nb203(SO4)2] and [Nb,O,(SO,)] could be isolated from the Nb2O;-SO3-H,O system, only 
[Ta,(SO,)s] and [TazO,(SO4)(H2O)] were obtained in the case of TaY.! The hydrated oxo 
sulfates [Taz03(SO4)2(H2O),,] (n =3, 4 or 5) were also reported. In H,SO4, M2O; and MOCI, 
form H[MO(HSOQO,),], while MX; gives H[M(HSO,),].“%* The more soluble NH,,! Na,*®° 
Cs*8°,487 and Rb*88 double sulfates have also been described. 

(ii) Nitrates, phosphates, arsenates and related compounds 

The reaction between MCI; and liquid N2O; resulted in the moisture sensitive 
tris(nitrato)oxo compounds [MO(NO3)3]." The (NMe4)[NbO(NO3)4] complexes were prepared 
by addition of liquid NOs to the appropriate hexachloro complexes with covalently bonded 
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nitrato groups. Solvated polymeric nitratodioxides, [MO NO3], were obtained from MCI; and 
NO, in ionizing solvents. 

Metaphosphates, [MOPO,] or [M20;(P20;)], have been reported. Single crystals of 
NbOPO, were prepared by heating together H3PO, and Nb,2Os in a gold capsule at 600°C 
under 1800 bar.*? A compound of composition [Nb,O2;P] was obtained by a similar procedure 
at 750°C under 2000 bar.“*° [TaOPO,(H20)], [TaOPO,], [TaOAsO,] and [TasAsO,5] are also 
known.*! The orthophosphates [M3(PO,)s] were prepared by reaction of excess H3PO, with 
MX; in the molten state.! 
NbOPO, has tetragonal symmetry, and its structure is made up of chains of corner-sharing 

NbO, octahedra with non-equivalent Nb—O bonds (1.78 and 2.32 A), linked together by PO, 
tetrahedra. In the hydrated crystalline niobium phosphates, the individual NbO, octahedra are 
no longer connected to each other, and display a layer structure capable of hosting various 
molecules such as H,O*??-493 or H3PO,.*”* 

NbCl; and TaCl; abstract oxygen from diisopropylmethylphosphonate to yield polymeric 
complexes [Mo(IMP)3], (IMP = isopropoxymethylphosphonate),*”’ which contain M==O 
groups and both chelating and bridging phosphonato groups. 

The methylphosphinates [M,O(MePO3),] precipitate when methylphosphinic acid and the 
pentachlorides are heated together.’ [Ta(OR)s_,(Ph2PO>),] (x =1-3) were prepared from 
Ta(OR); and Ph,P(O)OH as low molecular weight polymers. The polymeric oxides 
[TaO2(Ph2PO)],, [TazO3(Ph2PO)2], and [TaO(Ph2PO);], have been obtained by suspending 
the methoxide or ethoxide in boiling water. 

The sodium salts of dialkyldithiophosphate (ddtp) react with NbX; (X=Cl or Br) in 
methanol to yield [MX(OMe).(ddtp).]; recrystallization from the appropriate alcohol afforded 
[MX(OR),(ddtp),].77° The P—S stretching vibrations in the IR around 600-750 cm~’ suggest 
that the ligands coordinate through both sulfur atoms. The surprising formation of the 
diamagnetic [Nb(S2){SP(S)(OR)2}(Cp)2] from P4Sjo and [NbCl,(Cp)2] in ROH illustrates the 
ease with which Nb!” is oxidized in such complexes;**’ the dialkyldithiophosphate ligand 
appears to be monodentate; the origin of the S2 group is as yet not understood. 

The reactions of F,PS,H with MCI; gave the chloro(difluorophosphinato) complexes 
[MCI3(S2PF2)2],“?° in which both SPF 7 ligands are bidentate. 

34.2.9 Miscellaneous Metal—Element Derivatives 

Zwitterionic four-membered PN,Nb heterocycles were obtained in the reaction of n°- 
phosphorus-nitrogen ylides with NbCI; according to equation (40).*°° 

NR, NR, 

RN=P +NbCl,’ — X2P—-N=R 40) 
“SNR ca sy 

R—N—=NbCl, 
R = SiMe, 

In the course of an investigation of the Ta/P/S system, formation of a compound of overall 

composition TaPS. was noted.*” Its structure showed each tantalum atom to have eight nearest 

sulfur neighbors arranged in a bicapped triangular prism. Two such prisms, sharing a common 

face, form Ta2S;2 units; these are linked together by PS, tetrahedra into endless chains. The 

compound can be formally considered as containing two cations, Ta°* and P°*, and two anions, 

(S>)*- and S?-, and can be formulated as [Ta(PS,)Sz]. paca 
Compounds containing Nb—Zn or Ta—Zn bonds have been obtained by the reaction of 

[MH;3(Cp)2] with [Zn(Cp)z]. The structures of [NbH2(Cp)2Zn(Cp)] and [TaH(Cp’)2{Zn(Cp)}2] 

were determined.*” The reaction of [NbH3(Cp),] with HgX2 afforded the first complexes with 

Nb—Hg bonds;°” Nite P)ag=2CNEts).| has been characterized by X-ray diffraction analysis 
(Nb—Hg: mean 2.790 A). 

34.3 OXIDATION STATE +IV 

34.3.1 Tetrahalides 

The niobium and tantalum tetrahalides are all known, except TaF,, whose non-existence is 

consistent with the fact that [TaFs;], should be the least reducible halide of the group VA 
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elements:!*° They are dark solids, obtainable by reduction of the pentahalides by H2, Al, Nb 
or Ta at high temperatures. The most popular preparation involves the thermal gradient 
method, with a metal as reductant. NblI, is easily obtained on heating NbI; to 300°C.* The 
reduction of Tal; is slower, and an easier way to prepare Tal, is to allow Tal; to react with an 
excess of pyridine, giving [Tal,(py)2] which, upon heating, loses the ligand.*°? NbI, and Tal, 
are trimorphic and dimorphic, depending on the synthetic procedure. All tetrahalides except 
NbF, disproportionate thermally. These reactions may be suppressed by maintaining a 
sufficiently high partial pressure of the pentahalides during the high temperature synthesis. 

NbF, is a paramagnetic solid in which the Nb atoms lie at the center of octahedra that share 
four corners in an infinite sheet structure.” The other tetrahalides are essentially diamagnetic, 
and often orthorhombic. NbCl,°” and NbI,°™% form one-dimensional polymers consisting of 
trans edge-sharing polyoctahedra, with very weak interchain coupling. These [Nb2X,4(u-X),]. 
polymers exhibit bond alternation (Figure 20), with metal-metal pairs. Powder data suggest 
that NbBr, and TaX, (X=Cl, Br, I) are isomorphous with NbCl, and a-Nbly. NbBry is 
extremely sensitive to moist air, while NbCl, is relatively air stable. 
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Figure 20 Section of the linear chain of (Nb,Cl,),, showing the bond alternation (reproduced from ref. 503 with 
permission) 

Recent interest in low dimensional conducting materials has led to various experimental and 
theoretical studies on NbX,.°°°°° Their structure, with two types of metal-bridging halide 
bonds on unequal lengths alternating along the chain, is responsible for their semiconducting 
properties. Their electrical conductivities increase sharply with temperature or pressure, and 
NbI, was shown to exhibit metallic behavior under high pressure.*” The activation energy for 
conduction decreases from NbCl, to NbI,, despite the increase in metal—metal distance. This 
trend has been accounted for by a diminution of the valence band and band gap energies (~0.1 
and 1.0eV in NbCl,; ~0.3 and 0.8 eV in Nbly). 

34.3.2 Halo Complexes 

34.3.2.1 Halometallates(IV) 

The hexahalometallates obtained by electroreduction of NbXg or from MX, have been 
isolated as their alkali or tetraalkylammonium salts A2[MX,] (M= Nb, X=Cl, A=K, Rb, Cs, 
NH,; X=Br, EtsN, A=Cs and M=Ta, X=Cl).’° Their thermal stability, higher for 
tantalum, is in marked contrast with that of the corresponding neutral tetrahalides (AA $og in 
the —1614 to —1719kJ mol~’ range, compared to —694kJ mol~! for NbCl,).°°* K,[NbF;] is 
isostructural with K3[|NbOF,] and (NH4)3[ZrF,]; it approaches Ds, symmetry.>!° 

34,3,2.2 Neutral adducts of tetrahalides 

(i) Synthesis 

Numerous adducts of MX, with nitrogen, phosphorus, arsenic, oxygen and sulfur donors 
have been obtained, mainly for niobium with X = Cl or Br’ (Tables 29-33). The absence of 
MF, adducts, except for [NbF,(py)2],°"' may be due less to their instability than to a lack of 
Pig sete An ill-defined fluoro trichloride complex, [NbCI;F(MeCN), 65], has also been 
reported. 
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These adducts were synthesized by extraction of solid [M2Xs],, by the ligand, or by reduction 
of MX; (X=Cl, Br, I) with an excess of ligand. Such reductions occur most readily with 
monodentate, or, even better, with bidentate or heterocyclic nitrogen donors (equation 
41),°°°1° although it was also observed with macrocyclic ethers, phosphines*”? and diarsines.°!4 
Longer reaction times or higher temperatures are required with the tantalum pentahalides. As 
a result, the adducts of Nb'Y and Ta’Y with nitrogen donors (nitriles and heterocycles) are 
predominant (Table 29). Partial solvolysis of NbX, was often observed with aliphatic amines 
(Et,NH, en, etc.) and their adducts are confined to [NbCl,(NEt;)],. Adducts with nitriles are 
limited to [NbCl,(RCN)2] (R=Me, Ph) and acrylonitrile [MX,(C:H3N).] (X=Cl, Br) 
adducts.°® Adducts with various phosphines have been isolated (Table 30), while the adducts 
with arsenic donors are limited to those of the bidentate o-phenylenebisdimethylarsine (diars) 
and related ligands (Table 31). A few mixed ligand adducts have also been reported. 

2NbBr; + 7py ——> [NbBr.(py)2] + pyH*Br” + (py)2*Br 
NbI; + 3py —— [Nbl,(py)2] + pyl, ae 

The complexes with group VIB donors are collected in Table 32. No TaX, adducts with 
monodentate oxygen donors have so far been isolated, probably as a consequence of the strong 
O abstraction properties of Ta'Y; the reaction between TaCl, and dioxane led, for instance, to 
[TaOCl,(diox),].°*” Such reactions are less favored for Nb'Y and require powerful oxo ligands 
such as DMSO;°” they are not observed with dry DMF.*!? [NbCL,(THF),] is of interest 
because of the lability of the THF molecules, which makes it a useful starting material in Nb'Y 
chemistry.°!? So far, only crown ethers have been able to achieve O' complexation of TaCl,, 
providing [(TaCl,)2(18-CRW-6)].°'? Sulfide adducts are listed in Table 33. 

Table 29 Adducts of Tetrahalides with Amines 

Compounds Comments Ref. 

[NbF,(py)2] Trans isomer (IR) 1 

[NbC1,(Rpy).]* R=H isolated, powder X-ray data; Daan 
R#H not isolated, ESR evidence, trans isomer 
X=Cl, w = 1.37 or 1.53 BM 

[NbX,(py)] Powder X-ray data; 2,4 
(X = Br, I) X = Br interconvertible green and red isomers; 

X =I, unstable in solution (I; + Nb™?) 
[TaX,(py)2] X-Ray powder data, X = Cl trans isomer; PaaS) 
(X = Cl, Br, I) X =I loses py on heating 

[MX,(y-pic)2] X=Cl, M=Nby=1.18 BM; M=Ta pw = 0.77 BM 6,4 
(X = Cl, Br) 

[MX,(LL)] M=Nb, X=Cl, LL= bipy: ionic in MeCN; 5, 6,7 
(X =Cl, Br; LL = bipy, o-phen) LL =o-phen, X= Cl, M=Nb p = 1.38 BM; 

M=Ta pu = 0.67 BM 
[MCL,(terpy)] Seven coordinate species we 8 

[NbCl,(terpy)(py)3] Tridentate terpy, free py; reduction to Nb 8 
(E° = —0.51 V) by cyclic voltammetry 

[M.Br,(terpy)] Electrolyte in Me,CO 8 
[NbCI,(NEt,)], Diagmagnetic 9 

[NbX4(N2H12C.)]” Partial reduction 9 

(X = Cl, Br, I) 

* Rpy = 3-RC.H,N (R = Me, Et, NHp, Br); 4-RC;H,N (R = Me, Et, Ph, NHz). 

i C,H,.N2 = N,N,N’ ,N’-tetramethylethylenediamine. 

._ F. E. Dickson, R. A. Hayden and W. G. Fateley, Spectrochim. Acta, Part A, 1969, 25, 1875. 

. E. McCarley, B. G. Hughes, J. C. Boatman and B. A. Torp, Adv. Chem. Ser., 1963, 37, 243; R. E. McCarley and B. A. Torp, 

org. Chem., 1963, 2, 540. 3 

. P. Johnson, J. Wilkinski and R. D. Bereman, J. Inorg. Nucl. Chem., 1973, 35, 2365. 

. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 405. 
. E. McCarley and J. C. Boatman, Inorg. Chem., 1963, 2, 547. 

. Allbutt, K. Feenan and G. W. A. Fowles, J. Less-Common Met., 1964, 6, 299. 

_W. A. Fowles, D. J. Tidmarsh and R. A. Walton, Inorg. Chem., 1969, 8, 631. 

. Begolli, V. Valjak, V. Allegretti and V. Katovic, J. Inorg. Nucl. Chem., 1981, 47, 2785. 

. T. Brown and G. S. Newton, Inorg. Chem., 1966, 5, 1117. 
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Table 30 Adducts of Niobium and Tantalum Tetrahalides with Phosphorus Donors 

Compounds Comments Ref. 

[MCl,(PEts)>] M = Ta, X-ray structure: trans isomer; 12,3 
M=Nb unstable at room temperature 

[TaX,(PMe>Ph),](X = Cl, Br) X-Ray structure: cis isomer, X = Br, C—H activation of P—CH, 4,2, 13 

[NbCl,(PEtPh,).] X-Ray structure: trans isomer . 1 
[NbCI1,(PR3)2] _ Not isolated, ESR data (trans isomer) 5 
(R= Bu’, Bu’) 

[TaCl,(PMe3)3] X-Ray structure, capped octahedron (C3, symmetry) is 
[Nb zCl,(PR3)4(u-Cl)4] X-Ray structures, monomer-dimer equilibrium in solution 1,6 

(R; = Me3, MezPh) 
[Nb,Cl,(PR3),] Diamagnetic, soluble species, unstable with respect to Nb"! 7 
(R= Cy, x =4, 3; 

R= Buy x= 3,2) 
[Nb,Cl,(PR3)s3], Diamagnetic, insoluble 8 

(R = Ph, Bz) 
[NbClL,(PPh;)(MeCN).] Analysis only 9 
[NbCL,(PBu3)(THF)} Not isolated, ESR, data (trans geometry) 10 
[NbCl,(dppe)] Analysis only 9 
[MCl,(dmpe)>] M=Ta; X-ray structure, approximate square antiprism 3 
[NbCl1,(depe).] 11,12 

1. F. A. Cotton, S. A. Duraj and W. J. Roth, Inorg. Chem., 1984, 23, 3592. 
2. F. A. Cotton, S. A. Duraj and W. J. Roth, Jnorg. Chem., 1984, 23, 4046. 
3. L. E. Manzer, Inorg. Chem., 1977, 16, 525. 
4. L. G. Hubert-Pfalzgraf, M. Tsunoda and J. G. Riess, Inorg. Chim. Acta, 1981, 52, 231. 
5. G. Labauze, E. Samuel and J. Livage, Inorg. Chem., 1980, 19, 1384. 

6. F. A. Cotton and W. J. Roth, Inorg. Chem., 1984, 23, 945. 

7. J. L. Morangais and L. G. Hubert-Pfalzgraf, Transition Met. Chem., 1984, 9, 130. 
8. D. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 405. 
9. R. Gut and W. Perron, J. Less-Common Met., 1972, 26, 369. 

10. E. Samuel, G. Labauze and J. Livage, Nouv. J. Chim., 1977, 1, 93. 
11. S. Datta and S. S. Wreford, Inorg. Chem., 1977, 16, 1134. 
12. F. A. Cotton, L. R. Falvello and R. C. Najjar, Inorg. Chem., 1983, 22, 770. 
13. N. Hovnanian, Ph.D. Thesis, University of Nice, 1986. 

Table 31 Tetrahalide Adducts with Bidentate Arsines 

Compounds Comments Ref. 

[NbX,(diars).] X-Ray structure for X = Cl (dodecahedron), 15293 
(X = Cl, Br, I) iodide not isomorphous (u = 1.8 BM; X = Cl, I) 

{TaCl,(diars),] Elusive, impure material, X-ray powder data P 
[TaCl,(diars)],, Low magnetic moment (u = 0.4 BM) 2 
[NbX,(Etdiars),] X= Br or I, partially dissociated in MeCN 2 
(X= Cl, Br, ID) and completely in py 

[TaCl,(Etdiars)],, Diamagnetic 2 
[NbCl1,(Rdiars),] R=Me,F Ze 
[NbC1,(naars),]* Dodecahedron (UV) 4 

* naars = 1,8-bis(dimethylarsino)naphthalene 

J. H. Clark, D. L. Kepert, J. Lewis and R. S. Nyholm, J. Chem. Soc. (A), 1965, 2865. 
L. Deutscher and D. L. Kepert, Inorg. Chem., 1970, 9, 2305. 

L. Kepert, B. W. Skelton and A. H. White, J. Chem. Soc., Dalton Trans., 1981, 652. 
jt 

i, 
2. R. 
3. D. 
4. D. L. Kepert and K. R. Trignell, Aust. J. Chem., 1975, 28, 1245. 

(ii) Structure 

The solubility of the MX, adducts is generally poor, but increases from the chlorides to the 
iodides. In contrast to the tetrahalides themselves, most of their adducts are monomeric and 
paramagnetic. Characterization by ESR was sometimes achieved. The absence of notable 
paramagnetism was usually taken to support the existence of oligomeric or polymeric 
structures. X-Ray data remain scarce, other than for a number of phosphine adducts. 

With monodentate ligands, paramagnetic pseudooctahedral diadducts [MX,L,] of D4, or Cr, 
symmetry are most frequently formed. X-Ray structure determinations are available on 
trans-[MCl,(PEts)2], _ cis-[TaCl4(PMePh),],°° _cis-[NbBr4(MeCN),]°2! and cis-[NbCl,- 
(MeCN),]-MeCN.** The stereochemistry of most [MX,L,] compounds has however been 



Niobium and Tantalum 

Table 32 Tetrahalide Adducts with Oxygen Donors 

643 

Compounds Comments Ref. 

[NbX,(O,C,Hg,).] Dioxane monodentate, cis stereochemistry in the 152 
(X = Cl, Br) solid (IR), trans in solution (ESR) 

[NbX,(THF),] THF very labile, cis stereochemistry in the ae 
(X = Cl, Br) solid (IR), trans in solution (ESR) 

[NbX,(THP),] Cis stereochemistry in the solid (IR), 1 
(X = Cl, Br) X=Cl; w=1.54BM 

[NbCL,(DME)] Not isolated, ESR evidence 2D 
[NbX,(DMF),] Trans isomer, X = Br ionization to 4,2 
(X = Cl, Br) [NbBr,_,,,(DMF),,]’* in solution 

[NbI,(DMF),] Extensive ionization to [NbI4_,,,(DMEF),,]’"~ 4 
even in the solid 

[NbC1,(DEF),] Not isolated, ESR evidence (trans) 2 
[NbCl,(DMA),] Not isolated, ESR evidence (trans) 2 
[NbCL,(HMPA)] Not isolated, ESR evidence (g) = 1.8910, (A) = 183G 2 
[NbCl,(HMPA),] Not isolated, ESR evidence (trans) (g) = 1.8869,7 2 

(A) = 199.9 Ga? 
[(NbC1,)3(18-CRW-6),] Diamagnetic 5 
.[ENbC1,)3(15-CRW-5),] Diamagnetic §) 
[(NbC1,),(15-CRW-S)] Diamagnetic 5 
[(TaCl,)2(18-CRW-6)] Diamagnetic 5 

* Estimated assuming A , and g, are the same for the mono and bis adducts. 

1. G. W. A. Fowles, D. J. Tidmarsh and R. A. Walton, Inorg. Chem., 1969, 8, 631. 

2. D. P. Johnson and R. D. Bereman, J. Inorg. Nucl. Chem., 1972, 34, 2957. 

3. L. E. Manzer, Inorg. Chem., 1977, 16, 525. 
4. K. Kirksey and J. B. Hamilton, Inorg. Chem., 1972, 11, 1945. 
5. L. G. Hubert-Pfalzgraf and M. Tsunoda, Inorg. Chim. Acta, 1980, 38, 43. 

Table 33 Tetrahalide Adducts with Sulfur Donors 

Compounds Comments Ref. 

[NbX,(SR,)] Cis isomer probable, unstable with respect iL 
(X= Cl, Br, I; R= Me) to the monoadducts 

[NbX,(SR.)]> Dimer—monomer equilibrium in C,H, iy 
(X = Cl, Br, I; R= Me, Et) 

[TaX,(SMe,).] Cis isomer (IR) 1 
(X = Cl, Br) 

[NbCL,(THT),] Cis isomer (IR) 12 
[NbBr,(THT),] Two products (@ and f) of different solubilities 1 

and structures 
[TaX,(THT),] Cis isomer (IR) i 
(X = Cl, Br) 

[NbX,(dth),] ESR for X = Cl, Br (dodecahedron) 3,4 
(X = Cl, Br, I) 

[NbC1,(dth)] [NbCl,] + [NbCL,(dth),] (very low yield) 3 
six-coordinated metal 

[NbC1,(TU),] S-bonded, soluble and extremely air sensitive 5 
[NbI,(TU)s] S-bonded, as [Nb(TU)53I,]I in MeCN 5 

. G. W. A. Fowles, D. J. Tidmarsh and R. A. Walton, J. Inorg. Nucl. Chem., 1969, 31, 2373. 

. J. B. Hamilton and R. E. McCarley, Inorg. Chem., 1970, 9, 1333. 

. J. B. Hamilton and R. E. McCarley, Inorg. Chem., 1970, 9, 1339. 

. B. L. Wilson and J. B. Hamilton, Inorg. Nucl. Chem. Lett., 1976, 12, 59. 

. D. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 405. ALWN Ee 

deduced from IR or ESR data. Distorted d’ octahedral MX,L, complexes generally exhibit 

g>g. except for [NbCl.]’~, where all ligands have similar electron-donating properties. The 

hyperfine coupling parameters decrease with increasing ligand basicity (Table 34). 

A few monoadducts have been reported for Nb'Y. These are favored by bulky ligands; thus 

tetrahydrothiophene formed diadducts with NbCl,, while the bulkier methyl and ethyl sulfides 

provided monoadducts and unstable diadducts.°*? Monoadducts were also obtained with 

HMPA, NEt; and PBu3; they are only slightly paramagnetic, and halogen-bridged bioctahedral 

structures with M—M bonds have therefore been postulated. The monoadducts are stabler for 

the chlorides than for the iodides, illustrating the importance of M—M bonding. 
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Table 34 ESR Data for Nb'Y and Ta’” Derivatives (Frozen Solutions) 

Compounds (g) 8) 81 (Adm Ay Ax Qyp" Comments Ref. 

[NbCl,]*~ 1.892 1.919 1.951 177 — — — — 152 
[NbOCI,(H,O)]*~ —-:1.894 1.916 1.883 179 277 131 — Silent at room temperature 3 
[NbO(acac),] 1.906 1.903 1.964 159 249 108 — Cy,, symmetry 4 
[NbC1,(THF),] 1.892 1.913 1.894 177 270 122 — Cis isomer 3 
[NbCl,(y-pic)>] 1.945 1.924 1.955 183 269 139 — Trans isomer 5 
[NbCl,(PEt;)9] 1.927 1.959 1.912 141 218 103 23.6 Trans isomer 6 
[TaCl,(PEt,),] 1.740 1.831 1.695 211 285 175 25 Trans isomer 6 
[NbC1,(dth),] 1.997 1.931 2.029 138 187 112 — Dodecahedron (D,,) 7 
[NbBr,(dth),] 2.008 1.990 2.018 131 187 101 — Dodecahedron (D,,) 7 
[Nb(CN),]*~ 1.984 1.969 1.991 101 151 76  — Solid: dodecahedron (D,,) 8 

1.984 2.002 1.976 99 62 117 — Solution: square antiprism (D,,) 8 
[Nb(NEt,)4] 1.952 1.923 1.966 107 201 60  — D,, distortion of the tetrahedron 9 

“Hyperfine splittings in gauss. 

1. S. Maniv, W. Low and A. Gabay, Phys. Lett. A., 1969, 29, 536. 
. M. Lardon and H. H. Gunthard, J. Chem. Phys., 1966, 44, 2010. 

. D. P. Johnson and R. D. Bereman, J. Inorg. Nucl. Chem., 1972, 34, 2957 and 679. 

. I. F. Gainullin, N. S. Garifyanov and B. M. Kozyrev, Dokl. Akad. Nauk SSSR, 1968, 180, 858 (Chem. Abstr., 1968, 72 714). 
. P. Johnson, J. Wilinski and R. D. Bereman, J. Inorg. Nucl. Chem., 1973, 35, 2365. 

— 

D 
E. Samuel, G. Labauze and J. Livage, Nouv. J. Chim., 1977, 1, 93. 
B. L. Wilson and J. B. Hamilton, Inorg. Nucl. Chem. Lett., 1976, 12, 59. 
P. M. Kiernan and W. P. Griffith, J. Chem. Soc., Dalton Trans., 1975, 2489. 

2 
5 
4 
5 
6 
iu 
8 
9. D. C. Bradley and M. H. Chisholm, J. Chem. Soc. (A), 1971, 1511. 

The systematic study of the phosphine adducts of MCI, offered a series of [MCl,(PR3),] 
compounds. Of particular interest are the dinuclear [Nb2Clg(PR3)4] (R3 = Me3, Me2Ph), which 
display two square antiprismatic [NbCl,(PR3)2] units sharing a square Cl, face (Figure 21).°* 
Strongly basic phosphines such as PBu§ or PCy; also favor metal-metal interactions to give 
soluble dinuclear [Nb2Clg(PBu$)2] and [Nb2Clg(PR3)3] (R = Bu‘, Cy) complexes.** The latter 
stoichiometry is rather unusual, and triply-chloride-bridged structures, comparable to those 
found in [Nb,Cl,}*~ *” or [Nb2Cl;(CO)x),°”° have been assumed. Tantalum is apparently less 
prone to adopt dinuclear structures, and the seven-coordinate [TaCl,(PMe3)3] (a capped 
octahedron of C3, symmetry) and cis-[TaCl,(PhPMe,),] have been obtained. 

wage. SZ ie 

Figure 21 Drawing of the central core of the [Nb,Cl,(PPhMe,),] molecule (reproduced from ref. 524 with permission) 

Multidentate ligands tend to stabilize higher coordination numbers, generally giving 
monomeric paramagnetic structures, although distorted octahedral complexes were obtained 
with some bidentate ligands such as bipy and phen. Heptacoordination is seldom encountered 
with bidentates, but occurs in [MCL,(terpy)]. Octacoordination is more common, as illustrated 
by the formation of [MCl,(dmpe),],”"? [NbX,4(dth)2]°*” and [NbX,(diars),] (X = Cl, Br, I),°78 in 
which the coordination polyhedra were assumed to be dodecahedral on the basis of UV or ESR 
data. It has been found that usually g, >g, for an archimedian antiprism, while 8, <g. fora 
triangular dodecahedron (Table 34). The latter geometry was established by X-ray diffraction 
for [NbCl,(diars),],°*° while [TaCl,(dmpe)2]°° was found to be a square antiprism. The 
bidentate o-phenylenebisdimethylarsine displays a different behavior, since only the monoad- 
duct [TaClL,(diars)] was found to be stable, but its structure remains unknown. The 
[MCl,(dmpe)2] (22) complexes have been widely used as precursors to lower oxidation states. 
The tetrahalide adducts are stable to disproportionation, except for “TaX4(MeCN),’ (X = Cl 

Et ae gives TaY and Ta™ species, the latter undergoing reductive coupling with MeCN. 
ese observations corroborate the results obtained i : i coi acidinoeaetaene. through polarography in MeCN; TaCl, is 

Spontaneous reduction to niobium(III) was observed for the crowded dinuclear PCy; and 
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PBu§ adducts. Reduction to undefined products was also noted for [Nbl,(py)2]°° and 
[NbX,(LL)], where LL = N,N,N’, N'-tetramethylethylenediamine.**” 
A poorly characterized borohydride derivative [Nb(BH,)2Cl(MeCN),] has been reported.**? 

34.3.3 Pseudohalo Complexes (Table 35) 

A number of stable niobium(IV) isothiocyanates and less stable isoselenocyanates are 
known. Rigorous exclusion of water is required to avoid the formation of selenium during the 
synthesis of the latter.°*4 

Table 35 Niobium!’ Pseudohalide Derivatives 

Compounds Comments Ref. 

(a) Thiocyanates and selenocyanates 

A,[Nb(NCS).] N-bonded in the solid (IR) 1 
(A=K, AsPh,) 

K,[Nb(NCSe),] N-bonded in the solid, unstable thermally, 2 
dissociation in dilute MeCN solution 

[Nb(NCS),(py)2] Trans isomer (IR) 3 
[Nb(NCS),(LL),] X-Ray structure for LL = bipy (square antiprism), 3,4 

(LL = bipy, dmbipy)* air stable : 
[Nb(NCSe),(LL),] N-bonded in the solid (IR), air stable 3 

(LL = bipy, dmbipy)* 
[NbCI(NCS),],, Not fully characterized, probably dinuclear 5 

via NCS bridges 
[Nb(SCN).(Cp).] Isolated, ESR 6 
[NbCl(SCN)(Cp),] Not isolated, ESR evidence 6 

(b) Cyanides 

A,[Nb(CN)g]-xH,O X-Ray structure for A=K, (D,, dodecahedron); 7, 8,9 
(A =Na, x =4; D,q in solution (ESR); stable in aqueous 
A=K, Cs, x =2; solution only in the dark 

A= Ti, PrNH, x = 0) 
[NbCI,(CN)(MeCN),],, Not fully characterized 5 
[Nb(CN).(Cp).] Isolated, ESR 6 
[NbC1(CN)(Cp).] Not isolated, ESR evidence 6 

(c) Cyanates 

[Nb(CNO),Cl],, Not fully characterized, N-bonded (IR) 5 

[Nb(CNO),(Cp).] Isolated, ESR 6 
EE EE! 

4 dmbipy = 4,4’-dimethyl-2,2’-bipyridyl. 

1. T. M. Brown and G. F. Knox, J. Am. Chem. Soc., 1967, 89, 5296; G. F. Knox and T. M. Brown, Inorg. Chem., 1969, 

8, 1401. 
2. T. M. Brown and B. L. Bush, J. Less-Common Met., 1971, 25, 397. 

3. J. N. Smith and T. M. Brown, Inorg. Chem., 1972, 11, 2697. 

4. E. J. Peterson, R. B. Von Dreele and T. M. Brown, Inorg. Chem., 1976, 15, 309. 

5. D. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 413. 

6. C. P. Stewart and A. L. Porte, J. Chem., Dalton Trans., 1973, 722. 

7. P. M. Kierman, J. F. Gibson and W. P. Griffith, J. Chem. Soc., Chem. Commun. 1973, 816. 

8. P. M. Kierman and W. P. Griffith, J. Chem. Soc., Dalton Trans., 1975, 2489. 

9. M. Laing, G. Gafner, W. P. Griffith and P. M. Kierman, Inorg. Chim. Acta, 1979, 33, L119. 

Neutral six- or eight-coordinated adducts were obtained by allowing [Nb(NCS).]?~_ or 

[Nb(NCSe).]?~ to react with pyridine or bipyridyl, respectively. An alternative route to the 

paramagnetic pyridine adducts is the reduction of [Nb(NCS).]" by the ligand. 

[Nb(NCS),(bipy)2] adopts a nearly perfect D4q square antiprismatic structure, with the 

bidentate ligand bridging the square faces.>°> N coordination has generally been established for 

the ambidentate thiocyanate ligand in the solid. 

Paramagnetic Nb!” octacyanide anions have been isolated as alkali metal or tetraalkylam- 

monium salts. K4[Nb(CN)g] has been obtained in low yield by air- or hydrogen-peroxide- 

oxidation of Ks[Nb(CN)s] prepared by electrolytic reduction of NbCl; in an MeOH-KCN 

medium.°°° K,[Nb(CN)s]:2H2O disproportionated photolytically to restore the Nb" derivative. 

The [Nb(CN)s]*~ anion is dodecahedral in the solid; all Nb—C distances are equal 
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(2.255 A).°?”7 ESR, IR and Raman spectroscopies support a configurational change from Doa 
symmetry in the solid to D,qg (antiprism) in solution. 

The known cyanato compounds are summarized in Table 35. 

34.3.4 Oxo, Thio and Seleno Halides 

34,3,.4.1 Oxo halides and oxo compounds 

Apart from the fluorides, all six MOX, compounds have been reported.’*° Attempts to 
prepare NbOF, yielded a single phase between the stoichiometric limits NbO.F and 
[NbO, 2sFi.75] (average metal oxidation state of 4.25), with an ReOs type structure, and it was 
concluded that NbOF, does not exist. 

The oxo halides are generally obtained through high temperature reduction of M2Os by the 
metal in the presence of the halogen. NbOI, may also be prepared by decomposition of NbOI;3. 
They are diamagnetic, stable in air as well as thermally, and the structure of NbOCI, is closely 
related to that of NbCl,. 

Some Nb!Y oxohalo anions have been identified (Table 36), but only the slightly 
paramagnetic dioxofluoroniobate salts A[NbO.F] (A=Li, Na, K) were _ isolated. 
[NbOCL,(L)]*~ (L = H2O or EtOH) and [NbOCI,]?~ were prepared by reduction of MX; by Zn 
in aqueous HCl; they result from the hydrolysis of [NbCl,]*~, and have been characterized in 
situ by ESR. Extraction with acetylacetone yielded [NbO(acac).], whose structure is related to 
that of [VO(acac),].°°8 

Table 36 Nb!Y Oxo Halide Derivatives 

Compounds Comments Ref. 

A[NbO,F] NbO, + excess AF (600-800 °C) 1 
(A = Li, Na, K) 

[NbOF,]*~ Not isolated, ESR data 2 
[NbOCI,L]*~ Not isolated, ESR data 2,3 
(L=H,0, EtOH) 

[NbOCI,]°— Not isolated, unstable [Cl"]<12N, ESR 3 
[NbO(acac).] Not isolated, NbCl; + Zn + HCl, acacH, ESR 2 
[NbOCI,(dpm)],, Isolated, Nb(dpm), + Cl, in oxygen free CCl,, 4 

not fully characterized 
[Nb,OC1,(OEt),(THF),] X-Ray structure, metathesis, from Nb™ 
[NbOCI,(MeCN),(NO)] Isolated, hydrolysis of [NbCl,(MeCN),(NO)], 

not fully characterized 
nm 

. W. Ruedorff and D. Krug, Z. Anorg. Allg. Chem., 1964, 329, 211. 

. J. F. Gainullin, N. S. Garifyanov and B. M. Kozyrev, Dokl. Akad. Nauk. SSSR, 1968, 180, 858 (Chem. Abstr., 
1968, 69, 72 714). 

. D. P. Johnson and R. D. Bereman, J. Inorg. Nucl. Chem., 1972, 34, 679 and 2957. 

. G. Podolsky, Diss. Abs. B, 1973, 33, 5199 (Chem. Abstr., 1973, 79, 487 845). 
. F, A. Cotton, M. P. Diebold and W. J. Roth, Inorg. Chem., 1985, 24, 3509. 
‘ Norre be wk M. A. Glushkova and N. A. Ovchinnikova, Koord. Khim., 1975, 1, 319 (Chem. Abstr., 1975, 

I ; 

Ne 

Ankh Ww 

Neutral adducts are limited to the oxo porphyrin derivatives (Section 34.3.5.4.i1) and to the 
uncharacterized [NbOCI,(NO)(MeCN),] obtained by hydrolysis of [NbCL,(NO)(MeCN),].539 
This high stability of the MOX; (X =Cl, Br) adducts toward reduction probably hinders easy 
access to such M'Y adducts. The reduction of NbSX; (X = Cl, Br), on the contrary, allowed the 
development of sub-thiohalide coordination chemistry. 

34.3.4.2 Thio, seleno and telluro halides 

The sulfido, seleno and telluro halides of the transition metals have been reviewed 
recently.°**°°*? Numerous Nb'Y chalcogenide halides have been reported. For tantalum, only 
[Ta(S2)Cl,] and [Ta(S2),nCl,] (m = 1-3, n= 1-4), of unknown structure, obtained from TaCl, 
and Sg, have so far been reported.>*? 

[Nb(Y)2X2] (Y =S or Se, X=Cl, Br, I) was prepared from the elements at 400-500 °C by chemical transport reactions. The obtention of pure [Nb(Y)2I2] required an excess of iodine, 
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and it must be stored under a pressure of NbI, even at room temperature. The chlorine 
derivatives are also available (equations 42-43). A similar reaction between tantalum and S.Cl, 
led to impure TaS3. [Nb2(Y)2Bre] (Y = Se, Te)! and [Nb,(Te)2I«] were obtained by heating the 
elements to 780 °C. 

3Nb + 10Y + 2NbCI, —*" s SNby,Cl, (42) 

Y =S, Se 

Nb+S,Cl, —°".. NbS.CL (43) 

The isomorphous [Nb(Y2)X2] compounds are monoclinic™*5° at room temperature and 
triclinic at low temperature. The structure of [Nb(S,)Cl,], (Figure 22) exhibits the pairwise 
connection of two niobium atoms by metal-metal bonds specific of most of the Nb!Y halides. 
The molecules contain cage-shaped Nb2(Y2), units of approximate D>», symmetry consisting of a 
pair of Nb atoms lying perpendicular to the plane of the two Y, groups. The Y—Y distances in 
Nb(Y2)Cl] (Y =S, Se) correspond to single bonds, and the structures may be described as 
z[Nb2(Y2)2Xg). The occurrence of metal pairs explains their diamagnetic and semiconducting 
properties. The IR and Raman spectra of [Nb(S2)X.] (X=Cl, Br, I) have been extensively 
studied.°*° The vibrations of the S, groups, at 588cm™! for [Nb(S2)Cl], decrease from the 
chloride to the iodide; they are higher than those of the thioniobyl group. 

Cl 7 

Woe mS 2.000 S ge 

Cl x ea was Cl 

262 \ 7114) —~S bere 
b N N 

7 42 N 

wai ea ack ae 4 | SK 

va Cl Cl ~ 
he Cte Te 

Figure 22 Drawing showing the *[Nb,(S3)Cl,,.] structure of NbS,Cl, (reproduced from ref. 545 with permission) 

[Nb2(¥Y2)X.] is best described as chains of type %[Nb2(Y2)X4X4p] with short Nb—Nb and 
Y—Y distances. The Nb, and Y> pairs (Nb—Nb: 2.832(4); Se—Se: 2.305 A for [Nb2(Se2)Bre]) 
interact to form a quasitetrahedral cluster. The structural and magnetic properties support the 
formal oxidation states Nb** and Y‘~.°*’ 

Isotypic compounds of stoichiometry [Nb3SesX7] (X = Cl, Br) have been obtained from the 
corresponding [Nb(Se2)X2] derivatives and NbCl, in the case of the chlorine compounds, or in 
the case of bromine by decomposition of [Nb(Se2)Br,] in the presence of [NbSeBr;].°*° The 
structure of [Nb3SesCl,] (Figure 23) shows two types of niobium atoms; Nb(1) which form 
pairs, while Nb(2) is isolated. Similarly, the atoms Se(1) and Se(2) form an Se group (2.30 A) 
corresponding to a single bond, while Se(3) is coordinated to one metal atom only, at a 
remarkably short distance, which suggests the existence of a selenoniobyl group. X-Ray and 
ESCA data established that [Nb3Se;Cl,] is a mixed valence compound that should be 
formulated as [Nb}YNbY(Se2)2SeCl,], Nb(2) being in oxidation state + V. The overall structure 
consists of chains of composition [Nb}”(Se2)2Cls] to which side chains [NbYSeCl] are attached. 
Semiconducting behavior was found for this compound. 

34.3.4.3 Adducts of the thio and seleno halides 

A synthesis of [NbSCI,] from a solid state reaction between NbCl, and Sb,S;3 at 200°C has 

been claimed,’ but attempts to reproduce it were unsuccessful.°* By contrast, the reaction 

between NbX, (X=Cl, Br) and Sb,S; in MeCN at 50°C easily provided adducts of type 

[NbSX.(MeCN),]2 as highly air sensitive solids. The chlorine adducts were obtained as brown 

or green materials, depending on the number of MeCN groups. They are the only adducts of 

NbSX, that have been obtained directly from tetravalent metal derivatives. The dimers have 

D., symmetry; the niobium atoms are bridged by two sulfur atoms (Nb—S: 2.338(8)- 
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Figure 23 Section of the structure of the mixed valence Bes oe Chee (reproduced from ref. 548 with 
permission 

2.349(7) A), and bear two chlorine atoms in apical and two acetonitrile ligands in equatorial 
positions. The octahedral environment of the metal is distorted as a result of niobium—niobium 
interactions (2.862(2)-2.872(3) A). 

[Nb2S3X4(THT),4] (X=Cl, Br) results from a complex disproportionation in neat THT 
(equations 44 and 45), two S*~ ions being formally oxidized to (S,)*~. Sulfur abstraction 
reactions from [NbSBr;] have also been suggested.*”” Reactions between [NbSCI;] and THT, 
and those between [NbSX;] (X = Cl, Br) and Me.S follow similar patterns. Analog studies with 
[TaSX3] and THT gave no evidence for Ta'Y compounds. Crystal structure determination led to 
the formulation [Nb2X,(THT).4(u-S)(u-S2)] of approximate C2, symmetry (Figure 24), the most 
salient feature being the Nb(u-S)Nb(u-S.) ring. The Nb—Nb distances suggest a single bond; 
the three sulfur atoms form isosceles triangles (3.78(1), 3.76(1) and 2.01(1) A). The S—S 
distances are slightly shorter than in ionic (S2)*. No significant trans effect was observed. 

[NbSBr,] + 2THT —> [NbSBr,(THT),] (44) 

[NbSBr,(THT),] —> [Nb,S;Br,(THT),] + [NbBr.(THT),] (45) 

x > 
Soe Sis s on 3. 
Ne Te SY 1 

Br——Nb—28309) __np__p, 
2.607(5) 

SIS ny SSN 4 S s*v S 2.01(1) Lend 

Figure 24 Molecular structure of [(THT),Br,Nb(u-S)(u-S,)NbBr,(THT),] (reproduced from ref. 373 with 
permission) 

Attempts to synthesize selenium analogs of [NbSX,(MeCN),], from [NbSeBr,] led to 
reduction of the metal and formation of a tetranuclear cluster (equation 46). Formally two Se?~ 
ions form an (Se2)?~ ion with concomitant release of two electrons, which reduce two Nb!¥ to 
Nb™ atoms, and formation of the mixed valence tetramer.*° The latter (Figure 25) is best 
described as consisting of a central (MeCN)2Br.Nb(u-Se2)(u-Se)NbBr,(MeCN), fragment 
linked by long bromide bridges to two fac-NbBr; units. Se(3) is bound to all three metal atoms. 
No metal-metal interaction is found between the two Nb™ centers, as also observed for 
[NbCl;(PhC=CPh)], (Section 34.4.2.2.ii). The sample was ESR silent down to —196°C, and 
diamagnetic, which was considered to be consistent with the two Nb™ atoms’ being in an 
approximately C3, environment and having a low-lying doubly occupied dz? orbital, while the 
two Nb'Y atoms exhibit a metal-metal interaction. 

4[NbBr,(MeCN),] + Sb.Se; MES > [Nb,Br,o(Se2)(Se)(MeCN),] + 2SbBr; (46) 

(23) 
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Figure 25 Molecular structure of [Nb,Brjo(Se2)(Se)(MeCN),] (23) (reproduced from ref. 550 with permission) 

34.3.5 Solvolysis of the Tetrahalides 

34,3.5.1 Alkoxides (Table 37) 

Several Nb'Y alkoxo compounds have been obtained, by miscellaneous methods, but were 
often only poorly characterized. A series of salts containing the [NbCI,(OR)]*— anion 
(R=Me, Et, Pr’) has been prepared by electrolytic reduction of NbCl; in saturated 
HCI-ROH solutions.’ A different experimental treatment of the initial electrolytic solution led 
to the diamagnetic [NbCI(OEt)spy]2, which was further converted to the extremely moisture- 
and oxidation-sensitive diamagnetic [Nb(OEt),],, (Scheme 5). 

Table 37 

Compounds* 

A,[NbCI,(OR)] 
(R= Me, Et, Pr, A= quiH, pyH; 
R= Me, A =picH, Et,NH; 
R=Me, Et, A= Me,N) 

K[Nb,(OMe)] 
[Nb(OEt),], 
[Nb(Rado),] 
(R=H, OMe) 

[M,Cl,(OR).(L)2] 
(M=Nb, R= OEt, L=py, EtOH; 
M=Ta, R=OPr’, L= y-pic) 

Nb,Cl,(OMe),(MeOH), 

[Nb,Cl,(OEt),(bipy)] 
[NbCI,(OR)(bipy)] 
(R= Me, Et, Bu’, Pr) 

[NbCI,(OMe).(MeOH).] 

[Nb,Cl,(0-cat),(THF)2] 
[Nb,Cl,(0-cat);(MeCN)]. 

Niobium(IV) and Tantalum(IV) Alkoxides 

Comments 

Electrolytic reduction of ROH-HCI-NbCl,, 
addition of ACI, A= Me,N alternate synthesis: 
solvolysis of NbCl,(MeCN) 

[NbCl,(MeCN),, MeCN] + KOMe, analysis only 
Sublimable, diamagnetic 
Alcoholysis of [Nb(NEt,),], monomeric; R = OMe 

adduct 0:5Et,NH, diamagnetic in the solid 
M=Nb electrolytic reduction, diamagnetic; 

X-ray structure for L = EtOH diamagnetic 

X-Ray structure, metathesis from Nb™ 
Electrolytic reduction 
[Nb,Cl,(OR),] + Libipy; unidentified Nb"™ 

species if excess Libipy 
[NbCl,(MeCN),, MeCN] + MeOH, analysis only 
Diamagnetic 
Diamagnetic 

Ref. 

ib 7 

nk Ww 

4,6 

\o coo 4) 

NAW 

Qui = quinuclidine; ado = adamanto 
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A. D. Wentworth and C. H. Brubaker, Inorg. Chem., 1963, 2, 551. 
A. D. Wentworth and C. H. Brubaker, Inorg. Chem., 1962, 1, 971. 
Gut and W. Perron, J. Less-Common Met., 1972, 26, 369. 
A. D. Wentworth and C. H. Brubaker, Inorg. Chem., 1964, 3, 47. 

Bochmann, G. Wilkinson, G. B. Young, M. B. Hursthouse and K. M. A. Malik, J. Chem. Soc., Dalton Trans., 1980, 901. 

G. Hubert-Pfalzgraf and P. Laurent, to be published. 
A. Cotton, M. P. Diebold and W. J. Roth, Inorg. Chem., 1985, 24, 3509. 

Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
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[NbCI(OEt);(py)2] —Hon? [Nb(OEt).] 

re ae 

(pyH).[NbCl,(OEt)] 

Scheme 5 

The synthesis of M(OEt), shows that, contrary to previous observations, tetravalent 

alkoxides are stable in the presence of alcohol, at least for a short time. The alcoholysis of 
[Nb(NR2)4] usually led to [Nb(OR’)s],” but oxidation state +IV was retained with bulky 
alcohols, e.g. for tetra(1-adamanto)niobium and tetra(1-adamantylmethoxo)niobium, illustrat- 
ing the close dependence of the metal’s oxidation state on steric requirements. [Nb(1-ado).] 
was reported to be monomeric, but the absence of ESR signals down to —150 °C, as well as its 
reluctance to form complexes (Me2NH, PMe3, THT) is puzzling.*°' Dinuclear and tetranuclear 
diamagnetic niobium chlorocatecholates have also been obtained. The Ta'Y alkoxides are 
limited to some diamagnetic chloro alkoxide adducts. 

34.3.5.2 B-Diketonates, carboxylates and related chelates 

NbCl, reacts with a variety of B-ketoenols or oximes in the presence of a base to give 
moderately soluble eight-coordinate tetrakischelates (Table 38). These have one unpaired 
electron and are not isostructural with the related Zr and Hf compounds. Dodecahedral 
structures have generally been proposed on the basis of UV or ESR data.*°* However, the 
larger bite of the dipivaloylmethane ligand (b = 1.28 A) allows the stabilization of a square 
antiprism. [Nb(dpm),4] corresponds to an idealized D,(1111) isomer, and was the first example 
of this geometry to be reported.*°? Evidence for nine-coordination was found in 
[Nb(acac),4(dioxane)].°°’ TaCl, generally reacts by abstraction of oxygen, and tetrakischelated 
compounds are limited to [Ta(dbm),]. Some chloro-f-diketonato compounds, which result 
from reactions conducted in the absence of base, are also described. [TaCl,(dpm),4] was 
derived from the tantalum(III) adduct [Ta2Cl.(-pic)4].°“ 

Table 38 Tetravalent B-Diketonates and Related Chelates 

Compounds Comments Ref. 

[Nb(acac),] ESR (dodecahedron), no complexation with THF 1,2 
[Nb(B-diket),dioxane] B-Diket = acac, bzac, monodentate dioxane in 1 

the solid (nine coordination), for bzac free 
dioxane in solution 

[Nb(dpm),] X-Ray structure, square antiprism 3,4 
[M(dbm),] M=Nb, ESR (dodecahedron); 1 

M = Ta, not isomorphous, low pu (0.53 BM) 
[NbCl,(B-diket),] B-Diket = acac, dbm; analysis only; dpm: X-ray 13,6 
[TaCl,(dpm),]> Diamagnetic, soluble, obtained from Ta’ 7 
[Nb(LL),] LL = benzoyltrifluoroacetone (bta), 1 

tetrathenoyltrifluoroacetone (tta) 
[NbT,],, Polymeric (u = 0.74 BM) 1 
[NbCIT;],, Polymeric, ionic species in MeCN 1 

[Nb(8-hdq),] 1 

1. D. L. Kepert and R. L. Deutscher, Inorg. Chim. Acta, 1970, 4, 645. 
2. R. L. Deutscher and D. L. Kepert, Chem. Commun., 1969, 121. 

3. T. J. Pinnavaia, G. Podolski and P. W. Godding, J. Chem. Soc., Chem. Commun., 1973, 242. 
4. T. J. Pinnavaia, B. L. Barnett, G. Podolski and A. Tulinsky, J. Am. Chem. Soc., 1975, 97, 2712. 
5. R. Gut and W. Perron, J. Less-Common Met., 1972, 26, 369. 
6. F. A. Cotton, M. P. Diebold and W. J. Roth, Polyhedron, 1985, 4, 1485. 

7. J. L. Morangais, L. G. Hubert-Pfalzgraf and P. Laurent, Inorg. Chim. Acta, 1983, 71, 119. 

The O dealkylation reactions often observed between carboxylic acids and group VA halides 
could be controlled by the use of bulky substituted acids. Stepwise substitution and oxidation of 
[Nb(BH,)(Cp)2] via [Nb(O,CBu')(Cp),] and [Nb(O,CBu')(Cp),] thus provided [Nb(O2CBu'),] 
in good yield.*> The latter is paramagnetic, the metal being octacoordinated. It is a rare 
example of a monomeric Nb'’ compound soluble in non-polar hydrocarbons, and may 
therefore constitute an interesting starting material for Nb!Y chemistry, but its reactivity does 
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Figure 26 Molecular geometry of [{(Cp)Nb(u-0,CH)}3(u-OH),(u3-O)]. The nature of “4 groups is not known with 
certainty (reproduced from ref. 556 with permission) 

not seem to have been investigated. [Nb(O2CCR3)2(Cp)2] (R =F, Ph) was formed in similar 
reactions. The only Ta’Y carboxylate known is the diamagnetic [{ TazCl,(O2CBu'),}2Bu'CO,H]. 
A trinuclear compound [{Nb(O2CH)(Cp)}3(OH)2(O)2] was isolated from the reaction 

between [Nb(CO)3PPh3)(Cp)] and HCOOH, which involves decarboxylation of the formate 
group.°*° It has an almost regular triangular structure (Figure 26) with Nb ——-— Nb distances 
close to the usual single Nb—Nb bond length, but the magnetic properties (one unpaired 
ceron and the large angles around the bridging oxygen argue against direct metal—metal 
onding. 

34.3.5.3 Thiolato and related derivatives 

The dialkylthiocarbamates (Table 39) were initially made by insertion of CS, into the M—N 
bond of [M(NR2)s], which, in the case of niobium, proceeds with reduction to Nb!Y and 

Table 39 Tetravalent Dialkyldithiocarbamates and Related Compounds 

Compounds Comments Ref. 

(a) Dithiocarbamates 

[Nb(S,CNR,)4] Insertion of CS, into the NoY—NR, bond (R = Me, Et) or 5 5,3) 
(R = Me, Et) metathesis of NbCl, (R = Et); octacoordinated (IR) 

[Nb{S,CN(CH.),4}4] Metathesis of NbCl,, octacoordinated (IR) 4 
[Nb,Br3(S,CNEt,)<] Electrolyte [Nb,Br,(S,CNEt,);]Br in MeNO, 3 
[NbCI(S,CNEt,),{C(Cl)NBu‘}.], 5 
[Nb(S;CNEt,)(Cp).]Z:H,O Metathesis of [NbCI,(Cp),], not fully characterized 6 

(Z = PF,, BPh,) 

(b) Dithiocarboxylates and dithiolates 

[Nb(S,CR),] Single crystal ESR studies, octacoordinated 7) 
(R= Me, Ph 

[Nb(S,C,H,)3]~_ Not isolated, ESR (trigonal prism) 
[M(S,C,H,)3]~— Polarographic evidence (M = Nb, E,,. = —0.38 V; 

M=Ta, E,,.=-—0.71 V) 
[NbCL(S.C,H,)]> Isolated, diamagnetic 10 

\© co 

.D Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969, 1152. 
a os Smith and T. M. Brown, Inorg. Nucl. Chem. Lett., 1970, 6, 44. 
.D Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 413. 
ae Oe Brown.and J. N. Smith, J. Chem. Soc., Dalton Trans., 1972, 1614. 
. M. Behnam-Dehkordy, B. Crociani, M. Nicolini and R. L. Richards, J. Organomet. Chem., 1979, 181, 69. 
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Amaudrut, J. E. Guerchais and J. Sala-Pala, J. Organomet. Chem., 1978, 157, C10. 
. Attanasio, C. Bellitto and A. Flamini, Inorg. Chem., 1980, 19, 3419. 
Stach, R. Kirmse, W. Dietzsch, I. N. Markov and V. K, Belyaeva, Z. Anorg. Allg. Chem., 1980, 466, 36. 

L. Martin and J. Takats, Inorg. Chem., 1975, 14, 73. 
G. Hubert-Pfalzgraf, to be published. SUOANANAWNPH rv 
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oxidation of the organic moiety to tetraalkylthiuran disulfides.?” In the case of tantalum, the 
pentavalent state is retained, and no. Ta'Y dithiocarbamates are presently known. IR has been 
used as a criterion for establishing the coordination mode of the dithiocarbamato ligand, which 
appears to act as a bidentate in all these compounds. Nb'Y dithiocarboxylates have been 
prepared, and were studied by single crystal ESR. Their geometries are intermediate between a 
triangular dodecahedron and a square antiprism.*°” 

Tris(maleonitriledithiolato)niobate [Nb(mnt)3]*~ (mnt =S,C,Hj-) has been obtained in 
solution by reduction of NbCl,; by Zn in an HCl—MeOH solution followed by in situ 
complexation of the Nb** species.°°* The ESR data ((g) = 1.988, (A) = 94.4 G) are consistent 
with a nearly trigonal prismatic arrangement. They exclude the formation of an oxo species 
such as [Nb(mnt),]*~ whose ESR parameters should compare with those of [NbO(acac),] 
({g) =1902, (A) = 142G). Polarographic results indicated that tris(dithiolene) NbY and TaY 
undergo one-electron transfers. [NbCl2(S2C¢H,4)]2 appears to be the only dithiolene adduct 
isolated so far. Compounds with thiolato groups are unstable, especially in solution, but may 
be stabilized as [M(SR)2(Cp)2] derivatives (M=Nb; R=Me, Pr, Ph;*°°? M=Ta, R=Me). 
Selenium analogs are known for niobium, and have been used as ligands toward Fe(NO)(CO) 
and Co(CO), moieties.°™ 

Tetrakis O,O'-dialkylthiophosphates have been obtained for niobium starting from oxidation 
states +V or +IV (Table 40). These chelates display a distorted dodecahedral geometry in the 
solid (X-ray) as well as in solution (ESR).°*' An unusual cation, [{Nb(Cp),}2(PS,)]*, in which 
a PS} moiety is doubly bridging the terminal NbCp, units, has been obtained from 
[NbCI,(Cp)2] and P,Sio. The metal has a distorted tetrahedral environment of approximate D», 
symmetry, while symmetry at phosphorus is reduced to C>,. 

Table 40 Niobium(IV) Thiophosphate Derivatives 

Compounds Comments Ref. 

[Nb{S,P(OR),} 4] X-Ray structure, ESR (dodecahedron) Bes 
(R= Et, Pr’) 

[Nb,X;{S,P(OEt).}5] Analysis only; [Nb,X,{S,P(OEt),}4] also 1 
(X= Cl, Br, I) compatible 

[NbCI,(S,PF,)] 3 
[Nb{S,P(OR)2}(Cp)2](PF.) ESR 4,5 
(R= Me, Et, Pr’) 

[{Nb(Cp).}2(u-PS,)](PF.) X-Ray structure 7 
[Nb{SP(S)(OR),}2(Cp)>] Monodentate thiophosphate 6 
(R=Et, Pr') 

1. R. N. McGinnis and J. B. Hamilton 9 /norg. Nucl. Chem. Lett., 1972, 8, 245. 
2. V. V. Tkachey, S. Shchepinov and L. O. Atovmyan, J. Struct. Chem. (Engl. Transl.), 1977, 18, 823. 
3. R. G. Cavell and A. R. Sanger, Inorg. Chem., 1972, 11, 2016. 
4. pa Viard, J. Sala-Pala, J. Amaudrut, J. E. Guerchais, C. Sanchez and J. Livage, Inorg. Chim. Acta, 1980, 

, 99. 
5. C. Sanchez, D. Vivien, J. Livage, J. Sala-Pala, B. Viard and J. E. Guerchais, J. Chem. Soc., Dalton 

Trans., 1981, 64. 
6. J. Sala-Pala, J. L. Migot, J. E. Guerchais, L. Le Gall and F. Grosjean, J. Organomet. Chem., 1983, 248, 

299 
7. B. Viard, J. Sala-Pala, J. E. Guerchais, R. Mercier and B. Douglade, to be published. 

34.3.5.4 Alkylamides and related compounds 

(i) Dialkylamides and dialkylphosphides 

A series of homoleptic Nb'Y dialkylamido compounds has been obtained as highly air 
sensitive liquids by spontaneous reduction of [Nb(NR2);] (R=Et, Pr, Bu"; Table 41). 
Aminolysis of either NbY or Nb‘ dialkylamides provided mixed species. The existence of 
quadrivalent tantalum dialkylamides is still questionable. [Ta(NEt,),] was reported to have 
been detected during the thermolysis of [Ta(NEt,)s],7© which led predominantly to the TaY 
nitrene (2; Section 34.2.3.4.ii), but other workers could not find any evidence for its formation 
in a similar experiment.*** [Ta(NMeBu).,] has been reported to be formed in the decomposition 
of the corresponding pentavalent dialkylamide. 

The monomeric, paramagnetic alkylamides constitute rare examples of magnetically dilute 
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Table 41 Niobium(IV) Alkylamides and Silylamides 

Compounds Comments Ref. 

[Nb(NR,),] Monomeric, ESR (g) <g,: D24 symmetry) Tey, 
(R= Et, Pr*, Bu’) 

[M(NMeBu’),] From thermolysis of [M(NMeBu")]; 
[Nb(NC5H,o)4] Analytical data only 
Ia is abel ta Analytical data only 1 

x=1, 

[Nb(NMe,)3(Cp)],, Diamagnetic, structure unknown 3 

1. D. C. Bradley and I. M. Thomas, Can. J. Chem., 1962, 40, 449. 
2. D. C. Bradley and M. H. Chisholm, J. Chem. Soc. (A), 1971, 1511. 
3. A. D. Jenkins, M. F. Lappert and R. C. Srivastava, J. Organomet. Chem., 1970, 23, 165. 

tetrahedral Nb'Y compounds. The ESR data (g, >g,; Table 34) are consistent with the 
unpaired electron residing in the d,2_,2 orbital in a field of Djg symmetry, with strong 
metal—nitrogen covalent character.”” 

The alkylamides should constitute valuable starting materials for the synthesis of other Nb'Y 
derivatives, but studies of their reactivity have so far been limited to some substitution (with 
ROH, R.2NH, RLi) and CS, insertion reactions. Compounds of type [Nb(NR2)4-.R,] (x =1, 2; 
R=Me, Et; R’ = Bu’, Np, Bu, Me3SiCH2) have proven useful for removing small amounts of 
oxygen from gases and as components of catalysts for the polymerization of ethylene.°™ 
Although solvolysis of NbX, by primary and secondary aliphatic amines has been shown to 
occur, no reaction products were identified.**? A product of puzzling formula, [NbCL(salen)], 
was formed by the reaction of NbCl, with N, N’-bis(salicylidene)ethylenediammine.°® 

The unstable neutral [Nb(PCy2),4] has recently been obtained through oxidation of an anionic 
Nb™ precursor [Nb(PCyz)4][Li(DME),].°° The spectral data were consistent with a distorted 
tetrahedral structure similar to that of [Mo(PCyz2),]. It is the first group Va member of a 
potentially large class of analogs of the dialkylphosphides. Mixed halodialkylphosphides were 
also obtained by oxidative addition of phosphines to M™ adducts.°™ 

(ii) Porphyrin and phthalocyanine adducts 

Zinc amalgam, or electrochemical reduction of porphyrinatoniobium(V) oxide acetates led 
to [Nb'YOL] (L=OEP, TPP, TPTP).*%° The [NbOLF]” anions have been obtained by 
controlled potential electrolysis of (i) the corresponding NbY oxo acetate in the presence of 

PF;, and (ii) the appropriate Nb‘ oxo fluoride. Reduction by zinc amalgam of [NbLX3] 

(X=Cl, Br) gave [Nb'YLX,];°”’ the ESR spectra of the six-coordinate complexes in frozen 
THF solution are consistent with trans coordination. 

Reaction between NbCl; and phthalonitrile in quinoline at 100°C led to [NbCI,(PC)] 

(PC = phthalocyanine); the metal is displaced by 0.98 A from the central CsNg core.*° 

(iii) Miscellaneous derivatives with M—N bonds 

A number of dinuclear, diamagnetic, but rather unstable Nb’Y poly(1-pyrazolyl)borates have 

been obtained from either NbCl; or NbCl, with [KH,B(pz)s-.] (x =1, 2).°38 [HB(pz)s] 

generally acted as a bidentate ligand. Bridging through the chlorine or the poly(1- 

pyrazolyl)borate anion was postulated. Formation of dinuclear species even with bulky ligands 

such as HB(pz)3, N(SiMes)2 or Cp * illustrates the tendency towards metal-metal bonding. 

The stronger reducing character of PhMeNNH, as compared to PhNHNH) gave, directly 

from NbY, diamagnetic [Nb2Cl,.(HNNMePh)2(MeCN),].*”* 
Nb!Y iminoethyl derivatives have been obtained by insertion of Bu‘NC into the Nb—CI bond 

of [NbCl,(THF)2] and substitution of the remaining chlorine. The products 
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[NbCl,{C(CI)NBu'}(CNBu')}, [NbCl,{C(CI)NBu'}(ox)}, and [NbCI{C(Cl)NBu'}(S,CNEt)}p 
are dinuclear, but only the last two are diamagnetic.°” 

Diamagnetic polymeric nitrides, [TaNBr],, ** and [NbNI],,,° have been obtained by high 
temperature thermolysis of MX; with ammonium salts. 

34.3.6 Chalcogenides 

The chalcogenides MY; and MY, (Y =S, Se) can be prepared by various methods, including 
heating the elements together, thermal decomposition of the [Nb(Y2)X.] halides, and action of 
CS, on the oxides at about 900-1300 °C.!°42 

The structures of [NbS3(py)] and NbSe3;°”° show trigonal prismatic chain arrangements in 
which the chalcogenide atoms form approximate isosceles triangles. It was suggested that they 
should formally be considered as [Nb'Y(Y?~){(Y2)?-}] (Y=S or Se), an idea which is 
supported by studies on the electronic structure of NbSe3.°”’ The presence of Nb—Nb pairs 
(3.04 A) in NbS; is responsible for the observed diamagnetism and semiconducting properties; 
by contrast no Nb—Nb pairs were found in NbSe3, which indeed exhibits metallic properties. 
The remarkable electrical properties of TaS; may also be explained by Ta—Ta pairing.°”” 
A number of nearly two-dimensional intercalates of formula [MY2(L),] (Y =S, Se; L=N 

donors; x =0.5 for L=py, Et,NH, EtsN, piperdine, etc.) with promising superconducting 
properties have been described.°’*? Niobium disulfide is an intercalation electrode in lithium 
batteries, whose effectiveness is close to that of titanium disulfide.°” 

34.3.7 Activation of small molecules 

The short-lived [MH2(Cp)2] and [TaH,(dmpe),] have been obtained from the MY hydrides 
using photogenerated t-butoxy radicals, and were characterized by low temperature ESR.*” 
On the other hand, thermally stable, well-defined dinuclear or mononuclear M'Y hydrides have 
been prepared by oxidative addition of H, to dinuclear M™ or mononuclear M"™ halide 
phosphine adducts, respectively. They constitute attractive entries to lower oxidation state 
compounds, and will be reviewed in Sections 34.4.3.1.i and 34.6.1.2.1. 

[TaHCl,(Cp")], (24) (Cp’=17°-CsMe,Et) reacts easily with CO (equation 47) to give 
[{Ta(Cl.(Cp")}2(u-H)(u-CHO)] (25).°”° Crossover experiments have established that the dimer 
(24) is not split by CO. X-Ray diffraction data show that the hydride and formyl ligands are 
bridging two skewed TaCl,(Cp”) fragments; the Ta—Ta distance was considered too long for a 
full single bond, but consistent with some interaction (Figure 27).°”? The C—O distance is 
unusually long; this activation is in agreement with its being cleft by PMe; (equation 48) to give 
(26) for which a Ta—Ta bonding has been proposed (2.992(1) A).°”° The formyl ligand of (25) 
is apparently stabilized by side-on bonding between the two metals, and (25) does not react 
readily with CO or Hy. It is, however, susceptible to electrophilic or nucleophilic attack; 
methanol is produced when excess aqueous HCl is added to (25) in protic solvents. 

[TaHCl,(Cp")], + CO “*"—**- [{TaHCl,(Cp")}.(CO)] 

(24) orc 
— > [{TaCl,(Cp")}.(u-H)(u-CHO)] (47) 

(25) 

[{TaCl,(Cp")}2(u-H)(u-CHO)] + PMe; —> [{TaCl,(Cp")}.(u-H)(u-O)(u-CHPMe;)] (48) 
(25) (26) 

1.50(1) B 
Cl % S05 

Shegber ea se accel On, 

a sae = ae “e 
cl cl 

Figure 27 Drawing of the structure of Bebe be AAU) 2)) (25) (reproduced from ref. 576 with 
permission 
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[TaHCl,(Cp")]}, (24) reacts rapidly with one and only one equivalent of acetonitrile to give 
[{TaCl,(Cp")(u-H)(u-Cl)(u-n'-N,n?-C,N-NCHMe)}TaCl(Cp”)] (27),5”2 whose molecular 
structure resembles those of (25) and (26). The TaCl,(Cp”) and TaCl(Cp”) fragments are 
asymmetrically triply bridged by a chloride ligand, a hydride ligand and the NCHMe ligand 
derived from acetonitrile by hydrogenation. Multiple bond character has been suggested for 
Ta(1)—N (1.901(8) A), but not for Ta(2)—N (2.059(8) A). 
_The paramagnetic [{Nb(Bu")(Cp)2}2(N2)(O2)] (equation 27) is the first example of 
simultaneous fixation of Nz and O by a niobium complex (v(N2) = 1740 cm~'). 

The reaction between NO and [NbCl,(MeCN),]-MeCN led to [NbCL,(NO)(MeCN),].* 
Ligand exchange reactions provided [NbCl,(NO)(MeCN)(LL)] (LL=bipy or phen), 
[NbCL,(NO)(MeCN)(DMF);] and [NbCl,(NO)(MeCN)(Ph,PO)], this last resulting from the 
oxidation of the PPh; ligand by NO. The diamagnetism of these products suggests polymeric 
Structures in the solid. The phenanthroline and dimethylformamide adducts behave as 
aa in solution. For the reaction between [NbMe,(Cp),] and excess NO, see Section 

34.4 OXIDATION STATE +IlI 

34.4.1 Survey 

The chemistry of niobium and tantalum in their lower oxidation states is expanding rapidly. 
The first structurally characterized molecular Nb™ derivative was reported in 1970,°*° while 
Nb" and Ta™ halide adducts were described in 1973°®° and 1978, respectively.°*! 

That this now fertile ground had long remained untilled is essentially attributable to the lack 
of convenient starting materials (in particular those without cyclopentadienyl ligands). Indeed, 
the stoichiometric trihalides MX; (X=Cl, Br) are only incidental compositions in homoge- 
neous phases.’ They can be obtained by reduction of the pentahalides by the metal, or, in 
the case of tantalum, by disproportionation of the tetrahalides. Reduction to the trichloride can 
be used as a means of separating tantalum from niobium. Stoichiometric NbI; appears as a 
residue in the thermal decomposition of the higher iodides; it is also the main product of the 
reaction of the metal with iodine at about 500°C. NblI, is, however, unstable and dispropor- 
tionates at 513°C to a-NbI, and Nb3Ig.>! 

The existence of trifluorides has been claimed, but the products isolated invariably contained 
oxygen, and the existence of pure MF; remains doubtful.°°* 

The ‘trihalides’ are thermally unstable, dark-colored, polymeric, unreactive solids, and their 
chemical properties have received little attention. 

34.4.2 Halo Adducts 

34,4,2.1 Anionic halo complexes 

The niobium(III) salts Cs;[Nb2Xo] (X = Cl, Br, I) and Rb3;[Nb2Bro] have been prepared by 
disproportionation reactions (equation 49). Other alkali metals gave rise to different reaction 

products.*2> There is as yet no evidence for the corresponding tantalum anions [Ta2Xo]*~. 
These salts were reported to be isotypic with Cs3[Cr2X,]. The magnetic susceptibility of 

Cs3[Nb2Xo] corresponds to two unpaired electrons (u = 2.68 BM, @ = —210°C, for X=Br), 

which was considered to be in agreement with a formal Nb=Nb double bond and a Ds, 

symmetry. 

3Nb;X, + 12AK —2"*. 4A,[Nb2X.] + Nb (49) 

A=Cs,Rb X=CI,Br,I 

The reaction between [Nb2Cl(THT)3] and Et,NCl in various stoichiometries provided the 

ionic (Et4N)2[Nb2Clg(THT)] and (Et4N)3[Nb2Clo].°8° : 
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34.4,2.2 Neutral adducts of the trihalides 

(i) Synthesis 

Activity in this area has stemmed from the discovery that reduction of MX; or their 

complexes to yield molecular M™ trihalide adducts can be achieved rather easily by using 
reductants such as sodium amalgam, sodium—potassium alloy and magnesium in the presence 
of ligands. 

The first report on this approach was on the synthesis of [Nb2X6(THT)3] (X = Cl, Br, I) by 
McCarley and Maas, using a one-electron procedure (equation 50).°*° The soluble Nb™ 
adducts formed were easily separated from the sodium derivative and isolated in high yields 
(60-70%). The tantalum analogues [Ta2X.(THT);] (10; X= Cl, Br) were similarly prepared, 
but from TaX;.°°! 

2[NbX,(THT),] + 2Na/Hg —“> [Nb,X,(THT);] + 2NaX + THT (50) 

X =Cl, Br, I 

Similar reducing procedures—the commonest using Na/Hg in toluene, or Mg in methylene 
chloride—were applied to the pentahalides in the presence of a large variety of monodentate 
ligands (Table 42). Dinuclear diamagnetic compounds of different stoichiometries, such as 
[M2Cl.(SMez2)3] (a) [M2X.(PhPMez).] (29; M= Nb, X= Cl; M= Ta, X= | ae 

[M2Cl6(PMes)4]°°7"°8* and [TazCl.(y-pic)4] (30)°°* were thus obtained in variable yields. 
[NbCl,(diox)2] was obtained by reduction of NbCl; with Mg in the presence of dioxane.*™ 
Side-reactions were often observed when oxygen donors were used. Reduction of NbCl; by Mg 
also occurred in the presence of THF, but no pure Nb™ trihalide adduct could be isolated, as a 
result of THF degradation reactions.°® 
The nature of the adducts formed with phosphines depends on the experimental procedure. 

The diamagnetic [TasCl,(PMes3)4] (31) was obtained through reduction of TaCl; by sodium 
amalgam in toluene,”®’ while the paramagnetic [TaCl3;(PMe3)3] was isolated when the reduction 
was achieved in diethyl ether in the presence of an excess of ligand, or by an exchange reaction 
from [Ta:Cl.(THT)3] at 60°C.° Alkylidene derivatives may also be converted to trivalent 
phosphine adducts (equations 51 and 52).°”° [TaCl3(PMe3)3] converts readily in solution to the 
dimer (31). Puzzling results were obtained when TaBrs was reduced by Mg in the presence of 
PhPMe.°*° A very clean one-step reduction of NbCl; was observed with diphenylacetylene, 
which acts both as the reductant and as the ligand (equation 53).°* 

CH, (3-4 atm) 2[NbC1,(CHCMe;)(PMe;),] —2=22*" , [Nb,Cl.(PMes)4] (51) 

[Tal,(CHCMe;)(PMe;).] “<-> [Tal;(C.H,)(PMes) aI (52) 
GH, (2 atm) | | PMe; 

To To 

mer-[Tal,(PMe;)3] 

CH2Cl, 
4NbCl, + 8PhC=CPh — > [NbCI,(PhC=CPh)], + 4t-PhCIC=CCIPh (53) 

15% 

Although some adducts with monodentate ligands, including [NbCIl,L3] (L=py, y-pic, 
3,5-Mespy)””* and [TaCls(PMes)3] have been obtained from [MzCl.L3] (L=SMe, or THT) 
through ligand exchange reactions, this procedure was mainly employed to prepare adducts 
with bidentate donors, yielding [M2Cl,(LL),] [LL =dppe,™ bipy, dto (dto = dithiaoctane)], 
[Nb2Cl.(LL)] [LL =diars, triars (triars = 1,1,1-tris(dimethylarsinomethyl)ethane)] and 
[Ta,Cl.(dmpe),].”°” The latter compound could not be prepared directly from TaCl; with Mg, 
since the reduction stopped at [TaCl,(dmpe),],°°’ while the use of Na/Hg offered 
[TaCl,(dmpe),],°°° without evidence for a Ta”! intermediate. Mixed ligand adducts such as 
[Ta,Cl.(SMe,) {P(NMez)3}] Pal [Nb4Cl12(SMe2)4(dppm) }>%° and [Nb4Cli2(PhPMe2).{MeN- 
(PF)2}}°”? were also obtained by the ligand exchange procedure. 
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Table 42 Neutral Adducts of the Niobium and Tantalum Trihalides with Monodentate Donors 

Compounds Comments Ref. 

resis! nee seed Bos beta for M=Nb, X=Br and M=Ta, 19253 
=Nb, X=Cl, Br, I; = Cl, Br; NQR 

M=Ta, X= Cl, Br) 
[M.Cl,(SMe,)3] X-Ray structure for M = Ta (Ta—Ta = 2.691(1) A) 4,5, 6,7 
[Ta,Cl,(SMe,){P(NMe,)3}>] X-Ray structure (Ta—Ta = 2.704(1) A) 8 
[NbCI,L;] ESR at room temperature: (g) = 2.04, 9 
(L=py, y-pic; 3,5-Me py) (A) =179.1G for L= y-pic 
ee ' Diamagnetic, dissociation in solution for L = y-pic 9,10 

L=py, y-pic 
[TaX,(PMe;)5] ESR active in frozen solution only: (g) = 1.92, (A) =240G; 11512 
(X= Cl, Br, I) unstable towards dimerization, oxidative addition of H, 

[M,Cl,(PR3)4] X-Ray structure for M = Ta; oxidative addition of H, 13, 14, 15 
(R; = Me;3, PhMe,) 

[NbBr3(PhPMe,)3] X-Ray structure 16 
[M.Cl,(PR3),] Activation of N,(1 atm) during the reductive synthesis 17 
(M=Nb, R=But, x =2; with Mg; [M,CI,(PCy;),] in solution by addition of PCy, 
R=Cy, x =3, 4; 

M=Ta, R=Cy, Bu’, x =3) 

[TaCl,L,(C,H,)] 11,18 
(L=PMe,, THF) 

[TaCl,LL'(C,H,)] L=L'=PhPMe,; L=PMe;, L’ = PhPMe, 18 
not isolated, identified by **P NMR 

1. R. E. McCarley and E. T. Maas, Inorg. Chem., 1973, 12, 1096. 

2. J. L. Templeton, W. C. Dorman, J. C. Clardy and R. E. McCarley, Inorg. Chem., 1978, 17, 1263. 
3. J. L. Templeton and R. E. McCarley, Inorg. Chem., 1978, 17, 2293. 
4. A. D. Allen and S. Naito, Can. J. Chem., 1976, 54, 2948. 

5. L. G. Hubert-Pfalzgraf, M. Tsunoda and J. G. Riess, Inorg. Chim. Acta, 1980, 41, 283. 
6. M. Tsunoda and L. G. Hubert-Pfalzgraf, Inorg. Synth., 1983, 21, 16. 
7. F. A. Cotton and R. C. Najjar, Inorg. Chem., 1981, 20, 2716. 
8. F. A. Cotton, L. R. Falvello and R. C. Najjar, Inorg. Chim. Acta, 1982, 63, 107. 
9. M. E. Clay and M. T. Brown, Inorg. Chim. Acta, 1982, 58, 1. 

10. J. L. Morangais, L. G. Hubert-Pfalzgraf and P. Laurent, Inorg. Chim. Acta, 1983, 71, 119. 

11. S. M. Rocklage, H. W. Turner, J. D. Fellmann and R. R. Schrock, Organometallics, 1982, 1, 703; H. W. Turner, R. R. Schrock, J. 
D. Fellmann and S. J. Holmes, J. Am. Chem. Soc., 1983, 105, 4942. 

12. J. R. Wilson, A. P. Sattelberger and J. C. Huffman, J. Am. Chem. Soc., 1982, 104, 858. 
13. A. P. Sattelberger, R. B. Wilson and J. C. Huffman, Jnorg. Chem., 1982, 21, 2392, 4179. 
14. L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chim. Acta, 1978, 29, L251. 

15. L. G. Hubert-Pfalzgraf, M. Tsunoda and J. G. Riess, Inorg. Chim. Acta, 1981, 52, 231; N. Hovnanian and L. G. Hubert-Pfalzgraf, 
to be published. 

16. F. A. Cotton, M. P. Diebold and W. J. Roth, Inorg. Chim. Acta, 1985, 105, 41. 
17. J. L. Morangais and L. G. Hubert-Pfalzgraf, Transition Met. Chem., 1984, 9, 130. 

18. S. M. Rocklage, J. D. Fellmann, G. A. Rupprecht, L. W. Messerle and R. R. Schrock, J. Am. Chem. Soc., 1981, 103, 1440. 

(ii) Structure and characterization 

The isolated monomeric trivalent adducts are limited to [NbCl,L3;] (L=py, y-pic), 
[TaX3(PMes)3] (X = Cl, Br, I) and [NbBr3(PhPMe,);]. The existence of magnetically dilute d? 
compounds was confirmed by magnetic susceptibility (u=2.03BM for [NbCl:(y-pic)s] at 

20°C), and ESR data.* The ESR signal of [TaCl;(PMes)3] could be detected only in frozen 
solutions, and "HNMR indicates a meridional arrangement of the PMe; ligands.*” 
[NbBr3(PhPMe,)s] is the only monomeric structurally characterized adduct.°”* 

The formation of diamagnetic compounds involving metal—metal bonding is more frequent. 

Four different geometries—for dinuclear and tetranuclear compounds—have so far been found 

by X-ray crystal studies. The metal center is generally heptacoordinated. The adducts with 

monodentate ligands were characterized by 'H or **P NMR techniques. Usually no ligand 

dissociation reactions were observed. The adducts formed with bidentate ligands are often of 

poor solubility. teh 

1H NMR data on the diamagnetic [M2XL3] (L=SMe2 or THT°****°) show one bridging 

neutral ligand for two terminal ones. Their crystal structures display confacial bioctahedra of 

C>, symmetry with one bridging sulfur atom trans to both terminal ones (Figure 28). The short 
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M—M distances (Nb—Nb: 2.728(5); Ta—Ta: 2.710(2) A) found for [{MBr2(THT)}(u-Br)2(u- 

THT){MBr,(THT)}] were considered to reflect strong M—M bonding,“ and to be in 

agreement with a formal double bond. The M—S, bonds are markedly shorter than the M—S, 

bonds; the S, atoms appear to be hindered from closer approach to the metal by the repulsion 

exerted by the four cis halogens in the plane (short S,—Br contact of 3.51 A in 

[Ta,Br6(THT)3]). An unusually close approach (3.30 A) of the two bridging bromines has been 

observed, and was explained, on the basis of MO considerations, by the stereochemical activity 

of the metal-metal z-bonding electrons. The low C2, symmetry of these [M2X.L3] adducts was 

considered to be responsible for their diamagnetic behavior, compared to the paramagnetic 

behavior of [Nb2Xo]*~. 

S Br \Z28 
SSG ee 

Bal 

hag & 2.710 (2) Se) 

Y 

Br S Br 

Figure 28 Molecular structure of [(THT)TaBr,(u-Br),(u-THT)TaBr,(THT)] (10) (reproduced from ref. 580 with 
permission) 

2 
S 

~~ 

w 

A thorough NOR study (*°Nb, *°Cl, **Br, '”’I) reflects the environmental difference between 
bridging and terminal halides. The latter resonate at lower frequencies, which was considered 
to mean that the relative amount of a bonding from halide to metal is much larger for X, than 
for > an 

A single crystal X-ray study of [TaxCl,{P(NMez)3}2(u-Cl)2(u-SMe2)], the only one available 
on a mixed ligand adduct in oxidation state +III, showed the structure to be related to that of 
[TazCl,4(SMe2)2( uu -Cl)2( U -SMe2)] : aes 

The isolation of [M2Cl,(PR3)3] (Table 42) shows that adducts of that stoichiometry can also 
be stabilized by crowded phosphines;™ their structure is probably related to that of [Nb2Cl9]?~ 
with triple chlorine bridges. 

The [M2Cl.L,4] stoichiometry is the most commonly encountered with phosphines, although it 
has also been observed for M=Ta and L=py, y-pic. X-Ray data are limited to (31), which 
consists of two somewhat distorted octahedra sharing a common edge (Figure 29). The short 
Ta—Ta distance and acute Ta—Cl,—Ta angle indicate strong metal-metal bonding. Con- 
siderable distortions involving the axial substituents and non-bonded H - - - Cl interactions are 
observed. The structure with axial and equatorial phosphines was reported to be favored for 
electronic reasons.*®’ According to the MO calculations of Hoffmann et al. for bridged M2110 
complexes,’ the ordering of the low-lying d-orbitals is o(a,) < 2(b1u) < 0*(a,) < 6(b3g) < 
1*(b2,) < o*(b3,,). This means a formal bond order of 2 for the d*—d? system. The *4P NMR of 
(31) offered a rare example of P—P coupling across a metal-metal bonded dimer (J(P- 
P') = +2.46 Hz). 

Pp 

Figure 29 Coordination polyhedron of: [TaCl,(PMe3)4(u-Cl)>] (31) (reproduced from ref. 587 with permission) 
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The adducts involving bidentate ligands are all of type [M2Cl,(LL).]. The structures of those 
with bidentate phosphines (M = Nb, LL = dppe;*” M = Ta, LL = dmpe*®) are related to that 
of (31), but with the chelate rings spanning two equatorial positions. The metal—metal 
distances ae consistent with either a double or a single bond (Nb—Nb: 2.712(2) A; Ta—Ta: 
2.710(1) A). 

In contrast to the diamagnetism—with small temperature independent paramagnetic 
contributions—of the adducts formed with monodentate ligands, those with bidentate ligands 
exhibit temperature dependent paramagnetism and produce easily observable ESR spectra 
even at room temperature.*’* Although the magnetic moments (0.54 to 0.87BM at room 
temperature for the niobium adducts) are lower than those generally observed for the 
tetravalent adducts, it has been suggested that the metals are only singly bonded, the 
magnetism being presumed to be lowered by spin-orbit coupling and/or antiferromagnetic 
interactions. A complex hyperfine structure was observed for the bipyridyl adducts. The IR data 
suggest that the bipy ligand is negatively charged with electron delocalization into the ligand 
ring system. 

"H NMR data on the niobium(IIT) adducts with triphos and triars established that these 
ligands behave as bidentates only.°® 

[NbCl,(PhC==CPh)],, the only structurally characterized tetranuclear compound (Figure 
30),°°? can be regarded as a centrosymmetric distorted double hexahedron with two missing 
corners. The Nb atoms are heptacoordinated, linked by two triply bridging chlorines, but do 
not exhibit metal-metal bonding. The alkyne C—C distances and C—C—C angle are 
consistent with its formulation as a metallacyclopropene (Section 34.4.3.2.i). 

Figure 30 Molecular structure of [NbCl,(PhC=CPh)], (reproduced from ref. 592 with permission) 

The trivalent adducts display a wide range of colors, but electronic absorption spectra have 

been reported only for [M2X6(THT)s] (X = Cl, Br), [Nb2I6(THT)s], (Et,N)2[Nb2Clg(THT)] and 

(Et4N)s[Nb2Clo];°°°” the magnitude of the extinction coefficients supports strong metal-metal 

interactions. The similarity between the spectra of [Nb2Cl.(THT)s] and (Et,N)2[Nb2Cls(THT)] 

incidates that the bridging THT ligand is retained. 

(iii) Reactivity 

Investigations on the reactivity of the M' trihalide derivatives have so far mainly been 

limited to that of [Ta,Cl6(PMes)4], [M2Cl«(PhPMez),], [Ta2Cle(y-pic)4] and [M2Cl6Ls] (L = 

SMe, or THT). Oxidative additions occur easily, and these compounds are therefore suitable 

precursors of MY and dinuclear MI!” derivatives. Metathesis reactions may lead to other 

trivalent derivatives. The dinuclear unit is generally retained, although condensation to 

tetranuclear species is sometimes observed. The only monomeric substitution products 

Ccoc3-V 
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reported so far, [Nb(NCS)3(py)3] and [Nb(Etzdtc);], derive from [NbCI;(py)3]. Chemical 
reduction of the chloro adducts appears difficult, and seems favored for monomeric M™ 
adducts (Section 34.6). Electrochemical reduction offers possible alternatives.™ 

34.4.3 Activation Reactions Involving Niobium(III) and Tantalum(III) Adducts 

34.4.3.1 Activation of small molecules 

(i) Dihydrogen and related molecules 

The reactivity of the red [TazCl4(PMe3)4(u-Cl)2] (31) is of interest, because it leads to Ta‘Y 
and Ta' compounds (Scheme 6). Complex (31) reacts cleanly with H2 under mild conditions to 
produce the air stable emerald green diamagnetic [Ta,Cl,(PMe3)4(u-H)2(u-Cl)2] (32), one of 
the very few compounds with a metal-metal bond bridged by four ligands (Ta—Ta: 
2.621(1) A). It is also the first example of direct interaction of H, with a metal-metal multiple 
bond 

The terminal and bridging groups are in a mutually staggered arrangement, and the 
coordination polyhedron about each tantalum is roughly a square antiprism. The equatorial 
phosphines, but not the axial ones, are chemically equivalent. The presence and location of the 
hydrides were established by spectroscopic techniques (64 = 8.5(m) p.p.m.; v(Ta—H—Ta) =~ 
1280cm~'). The Ta—Ta separation (2.621(1) A) is shorter than the Ta—Ta bond in the 
original Ta™ adduct. 
Compound (32) is the precursor of the air sensitive [Ta2Cl,(PMes3)4(u-H)2] (33), charac- 

terized by X-ray diffraction at —160°C. The TazCl,(PMe;3),4 substructure resembles that of the 
quadruply bonded dimers [M3Cl,(PMes3)4] (M’=Mo or W) with the ligands in eclipsed 
conformation and retention of the Ta=Ta bond (2.545(1) A). Rapid rotation of the end groups 
and/or bridging hydrides is required to account for the apparent magnetic equivalences in 'H 
and *!P NMR. Complex (33) offers a convenient entry into dinuclear Ta'Y chemistry. Its ether 
solutions react readily with H, HCI or Cl, to give the quadruply bridged Ta'Y compounds (34), 
(35) or (32) (Scheme 6). Alternative syntheses of [TazCl4L,(u-H)4] (34) are the hydrogenation 
of the [TaHCl,(CHCMe;)L;] alkylidene or the thermolysis of [TaH2Cl.(PMe3)4 (Section 
34.6.1.2.1, Scheme 9). 

[Ta,Cl,L4(u-H)2(u-Cl), nea [TaxCl.L.(u-Ch] “5 trans-[TaCl,L.(C.H,)] 
(32) (31) (60) 

cone [Peo je 
HCl, Et,O 

[Ta,Cl,L4(u-H),] [Ta,Cl,L,(u-H)3(u-Cl)] [TaCIL,(C,H,)] 

(33) 35 (35) [ons 

Ha(dam| 

TaCl(d (CoH, 

[Ta,Cl,L,(u-H)4] 
[TaCl(dmpe),(C3H,)] 

(34) 

Scheme 6 (L=PMe;) 

Compound (34) has an imposed D2, symmetry and a very short Ta—Ta length 
(2.511(2) A)—the shortest reported to date; the bridging hydrogens were located in the solid 
(Ta—H: 1.81(2) A). Unlike its tantalum(III) precursor (33), it is static on the NMR time-scale. 
According to the predictions of Hoffmann,” all the metal yu type orbitals are engaged in the 
Ta—H—Ta bonding, and a substantial rotational barrier arises from the overlap of orbitals of 
a symmetry. 

The oxidative addition of H, HCl and Cl, to the multiply bonded metal-metal complex (31) 
occurs without gross structural rearrangements, and has no equivalent in binuclear chemistry. 
Oxidative addition of H, under mild conditions with, formation of diamagnetic M!'Y hydrides 
appears to be a general feature for the dinuclear M™ adducts with monodentate phosphines. 
Bridging or terminal hydrides are found.*°’ [TazCl.(dmpe),] and [Nb2Cl,(dppe)2], however, are 
inert toward H2 even under severe conditions.**° Monomeric diamagnetic [TaH2Cl(PMes).] 
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(36), was obtained by reduction of Ta'Y monomeric hydride, resulting from the oxidative 
addition of Ta™ derivatives (Section 34.6.1.2.i). ' 

(ii) Dioxygen and dinitrogen 

Admission of oxygen into a solution obtained by reduction of TaCl; by two equivalents of 
Na/Hg in the presence of PMe>Ph led to the linear oxo derivative (PMe3Ph),[Cl;TaOTaCls] 
(Section 34.2.6.1.1i). 
Although [{TaCl3(PMe3)2}2(u-N2)] could be obtained via the ‘azine route’ (Section 34.2.3.6), 

this product did not form when [TaCl;(PMe;)3] was exposed to dinitrogen, even under 68 atm. 
The dimer (31) probably forms too rapidly from [TaCl,(PMes;)3], and does not react readily 
with dinitrogen.*”° 

Activation of Nz under mild conditions (25 °C, 1 atm) was observed during the reduction of 
the MCI; by magnesium (equation 29).** Unfortunately, the products were unstable and only a 
compound of empirical formula [Nb2Cl,(PBu§);N2] could be isolated. IR data (v(N2) ~ 
1720 cm~*) suggest a mode of bonding different from those found in Schrock’s compounds. 

34.4.3.2 Reactions with unsaturated substrates 

(i) Alkynes—three-membered metallacycles 

The tetrahydrothiophene adducts [M,Cl,(THT)3] (10) react with a variety or alkynes 
RC=CR’, but the result depends considerably on R and R’ (Scheme 7). With diphenyl- 
acetylene the initial product, presumed to be [TaCl,(THT).(PhC=CPh)], converted to 
(pyH)[TaCl,(py)(PhC=CPh)] by recrystallization in the presence of pyridine.~® The most 
remarkable feature of this seven-coordinate anion is the very strong symmetrical binding of 
tolan to Ta’. The Ta—C and C—C distances were interpreted to mean that the alkyne acts as 
a four-electron donor, or as a two-electron donor in a simple bent bond mode.” A 

comparable metallacyclopropane-TaY moiety was obtained when t-butylmethylacetylene was 
used, giving [TaCl,(THT)2(Bu'C=CMe),(u-Cl,)].°° Evidence for strong interaction with the 
alkyne is given by the substantial asymmetry of the chlorine bridges, the Ta—Cl(1) bond trans 
to the alkyne being the longest. The Ta—Ta distance of 4.144(1) A is too long to support any 
bonding interaction. Di-t-butylacetylene afforded [Ta,Cl,(THT)2(u-Cl)2(u-Bu'C=CBu')],°" 
whose structure derives from that of (10) with THF molecules in place of the terminal THT 
ligands and a bridging alkyne substituted for the THT bridge. The short metal-metal distance 
indicates the retention of the double bond. 

Adducts (10) catalyze the polymerization of substituted alkynes: into cyclic trimers for the 
primary alkynes RC=CH (R=Ph, Et, Pr’), into high polymers for the internal alkynes 
RC=CR’ (R= Ph, R’=Pr; R=Me, R’ = Bu’).°” Metallacyclopropene complexes might be 
the first step in cyclotrimerization. Quite different results were obtained by allowing the 
unusual alkyne Ph,PC=CPPh, to react with [Ta,Cl(SMez2)3].°° Two products were 

obtained: [Cl T’a—CH(PPh,)C(PPh,)=C(PPh,)CH(PPh,)—TaCl] (37) and [(Me2S)Cl- 
[PE eT 

Ta—=C(PPh,)C(PPh2)—=C(PPh2)Cl(PPh2)=TaCl3(SMez)] (38; Scheme 8). In these two centro- 

symmetric compounds, the starting alkyne has dimerized to form a four-carbon chain, which 

acts as a bridging ligand (equation 54), while the tantalum atom’s oxidation state has increased 

to +V. Each metal atom belongs to an unusual three-membered metallacycle, Ta—C—P for 

(37) and Ta=C—P for (38). In (37), one Cl” ligand is replaced by Me?S in a heptacoordinated 

environment. Complex (37) appears to contain the first example of an M—C—P ring reported 

for an early transition metal, while the ring with the Ta—C double bond of (38) is entirely 

unprecendented. 

Ph,PC <i wi: PPh, 

Ph,P CPPh, 

Comparable three-membered metallacycles were also obtained by oxidative addition of 

C—H bonds. Reduction of TaCl; by sodium sand in PMe; as a solvent afforded [Ta(PMes)3(n?- 

CH>PMe,)(n?-CHPMe,)] (39; 7% yield), whose structure (Figure 31) shows that C(1) is bonded 
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to only one hydrogen atom, which is coplanar with the Ta—C—P triangle, the whole group 
affording the first example of an M(n-CHPMe;) moiety. Complex (39) is an example of a 
seven-coordinate, pentagonal bipyramidal, 18-electron Ta™ compound.*! 
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Figure 31 Crystal structure of [Ta(PMe3);(n?-CH,PMe,)(n?-CHPMe,)] (39) (reproduced from ref. 614 with 
permission) 

(ii) Reactions with other unsaturated substrates 

Reductive coupling reactions with C—C bond formation of unsaturated ligands such as 
nitriles (Section 34.2.3.5.i), alkynes and isocyanides were often observed for the [M2Cl,.L3] 
(L= THT, SMe) adducts. Thus the reaction between (28) and an excess of t-butyl isocyanide 
led to binuclear and trinuclear products (Section 34.5.2.2; equation 55).°° In the dinuclear 
species (40), the bridging ligand arises from the cis coupling of two isocyanides (Figure 32). 
The average C—N distance (1.35(2) A), the C—C distances and the planarity at the nitrogen 
atoms suggest a delocalized a system with C—C and C—N bond orders higher than one. The 
molecule is fluxional. Oxidation state +IV for each niobium, or +III for one and +V for the 
other, may account for the observed diamagnetism. 

[Nb,Cl,(SMe,);] @““S> [Nb,Cl,(Bu'NC),(u-Bu'NCCNBu')] + [Nb;Cl,(Bu'NC)5] (55) 

(28) (40) 60% (41) 20% 

Figure 32 [Nb,Cl,(Bu'NC),(4-Bu'NCCNBu')] (40) (reproduced from ref. 615 with permission) 

34.4.4 Solvolysis Products of the Trihalides 

Products that formally derive from the trihalides by solvolysis have been obtained (i) by 

metathesis of M™ trichloride adducts; (ii) from reactions of [TaCl,(dmpe)2] (23); and (iii) by 
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reductive synthesis starting from MY compounds. The second and third procedures usually give 

mononuclear species, while di- or poly-nuclear compounds are generally obtained by solvolysis 

of M"™ adducts. 

34.4.4.1 Alkoxides and related compounds 

Diamagnetic [TasCl,(OR),], [TasClo(OR).(y-pic)2] (42; R= Pr’, Bu‘) and [TazCl,(OBu'),], 
have been obtained from [Ta2Cl,(y-pic)4] (30) and the lithium alkoxides.*°*°' Complex (42) 
may coordinate an additional molecule of y-picoline to give the paramagnetic [TaCl(OR)2(y- 
pic)3]. Reaction of (42) with excess acetone generated various pinacolates by reductive coupling 
of acetone. Carbon—carbon coupling was also observed with MeCO,C=CCO Me. 
[Nb.Cl;(OPr')(Pr'OH)] has been characterized by X-ray diffraction.°°? Monomeric chloro 
butoxides [TaCl,(OBu')(PMe3)2(C2H4)] and [MCl(OBu').(PMe3)2(C2H4)] were also shown to 
form by reduction of alkylidenes in ethylene metathesis experiments (equation 56).*” 

[TaCl,(OBu')(CHCMe;)(PMe;),] + C,H, —> [TaCl,(OBu')(PMe;).(C,H,)] 
+ Me,CCH=CHMe + Me,;CCH,CH=CH, (56) 

24% 65% 

The reaction between (28) and o-Cs;H,(OSiMes3)2 offered tetranuclear chloro catecholates 
[Nb,Clg(cat)2(SMe2)2] or [NbsCl,(cat)4(SMe2)2] depending on the atmosphere—Ar or NO— 
used. A diamagnetic complex [Nb(SQ)3] (SQ=semiquinone of 3,5-di-t-butyl-1,2- 
benzoquinone) of unknown structure has been synthesized from NbCl;.°'” Displacement of the 
alcoholic ligands from impure ‘NbCI3;(C,HsO)3’ by _ salicylaldehyde _ provided 
[Nb2Cl,(OCs;H,CHO),(THF).,].*® 

[TazCl,(dmpe)2(u-O)(u-SMe)], whose formula was established by X-ray diffraction, was 
isolated as a minor product in the preparation of [Ta,Cl(dmpe).]. By contrast with 
[TazCl,(dmpe)2(u-Cl)2], the chelating ligand spans axial and equatorial positions. The Ta—Ta 
distance (2.726(1) A) has been taken to support the assignment of oxidation state +III to the 
metal. 

34.4,4,2 B-Diketonates and carboxylates 

M" trihalide adducts display different types of behavior towards B-diketones. With nobium, 
a careful control of the reaction conditions allowed the isolation of the diamagnetic, dinuclear, 
soluble Nb™ chlorodiketonato complexes [Nb2Cls(dpm)s], [Nb2Cl;(dpm)(PhPMe,).] and 
[Nb,Cl,(acac)2(acacH).(PhPMe2)2].°'? No Ta™ chloro diketonates have so far been stabilized, 
even with the bulky dpmH ligand; oxidation to [TazCl,(dpm),4] was observed with (30), while 
oxygen abstraction reactions, with formation of [TaOCl,(dpm)]}, are favored for (29). A 
paramagnetic (u=1.39BM) compound formulated as [Ta(dbm)3] has been obtained by 
addition of Et;N and dbmH to the solution which results from refluxing TaCl, in MeCN. Its 
formulation is however questionable, because in these conditions [TazCl,(MeCN)2(u-C4H.N>)] 
would be expected to form instead of [TaCl;(MeCN)s]. 

Adducts [Nb302(O2CR)«(THF)3]* (R= Ph, Bu‘) have been prepared by allowing (28) to 
react with sodium carboxylates (Section 34.5.2.3). [Nb2Cl,(OAc)s(THF)] was obtained with 
NMe,OAc.*' The reaction between (30) and _ excess pivalic acid afforded 
[Ta,Cl,(Bu'CO,),4]-2Bu'CO.H as a diamagnetic soluble species. The reaction between 
TazCl6(SMez)3 and lithium pivolate gave Ta,Cl;(O2CBu')(SMe2)(THF),.™! A niobium trilactate 
has been isolated by adding lactic acid to the Nb™ species generated electrochemically from 
NbCl; in DMF-HCI1.°7 [Nb(O,CBu')(Cp)2] with an anomalously high v(CO,) coordination 
shift (347cm~*) has also been described, but chelating behavior was found by X-ray 
diffraction. 

34.4.4.3 Thiolates and dithiocarbamates 

The arenethiolates [M(SR)3] (R= phenyl or naphthyl) were easily obtained as monomeric 
soluble products by reductive elimination of organic disulfides from the pentathiolates 
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[M(SR)s].°°* The selenophenolates were formed by a similar procedure. Monomeric 
[Nb(Et,dtc)3] has been prepared (equation 57); dimerization was observed in non-polar 
solvents in the presence of dithiocarbamates.°”? Poorly characterized pyrrolidinedithiocarba- 
mate, [Nb(S,NC;Hs)3], has also been reported.°”° 

[NbCl,(py)3] + 3NaEt,dtc “S> [Nb(Et,dtc),] + 3NaCl + 3py (57) 

34,.4.4.4 Dialkylphosphides 

Attempts to obtain M'™ amido derivatives have apparently so far been restricted to the 
reactions between [Nb2Cl,(SMe2)3] or Nb2Cl,(PhPMe,), and LiN(SiMe3)2, but these reactions 
are of poor selectivity. Related M' dialkylphosphides are better known. A diamagnetic 
phosphido compound, [TaH(PPh2).(dmpe).], was formed from [TaCl,(dmpe),], apparently by 
hydrogen abstraction from the solvent (equation 58). It was the first structurally characterized 
example of a terminal phosphide, and consists of a pentagonal bipyramid, with apical PPh 
moieties. Salient features are the monodentate diphenylphosphido ligands and the tilting of 
two of their phenyl rings toward the hydride ion. The geometry about the diphenylphosphido 
centers is nearly trigonal planar, as often observed in the structurally related dialkylamides. 
The metal achieves a closed shell electronic configuration if the Ta—P(PPh2) bond orders are 
assumed to be 1.5. 
An ionic homoleptic Nb™ dialkylphosphide, [Li(DME),][Nb(PCyz2)4], has been obtained 

directly from NbCl;.°° Terminal phosphido groups, stabilized by interaction of two of the 
phosphorus atoms with lithium, have been postulated. 

[TaCl,(dmpe),] + 2KPPh,(dioxane), —=2> [TaH(PPh,).(dmpe),] + 2KCl + 2 dioxane (58) 

56% 

34.4.4.5 Nitrenes 

Ta! nitrenes have been prepared by reduction of Ta” nitrenes under argon (equation 59). 

The lability of the PMe; ligands allowed the production of [Ta(NPh)CIL3(alkene)] (alkene = 

ethylene or styrene). 
2Na/Hg 

[Ta(NR)CI,(THF),] —~—"—> trans-[Ta(NR)CIL.] (59) 
4L, Ar, THF 

R=Me, Bu‘, Ph L=PMe;, 0.5 dmpe 

A diimido Ta™ complex (43) analogous to the Ta” derivatives (Section 34.2.3.6) was formed 

by reduction of [TaCl;(PMes)2(C2H,)] (equation 60). Dissociation of the PMes ligand trans to 

the -N, unit was observed by NMR. 

tale waany-s 
trans-[TaCl,(PMe;)2(C2H,)] —gao-7hF> Lah Ne Ny ae (60) 

N2 (1 atm) “di U Cl 

(43) 
34.4.4.6 Organometallics 

A few salient results that have appeared since the publication of ‘Comprehensive 

Organometallic Chemistry’ have been collected here. | 

Low-valent tantalum—bromide-PhPMe, adducts undergo facile P—Me bond cleavage 

reactions spontaneously or in the presence of strong bases, giving tantalum o-methyl and 

tantalum methylphosphido derivatives.’ halen 

Smooth substitution of chlorine in [M2Cl.(PhPMez),] using Me3SnCp easily yielded 

[TaxCl,(PhPMe,)2(Cp)2], while the poorly soluble [Nb2Cls(PhPMez)3(Cp)], is favored for 

niobium, although the disubstituted compound may be obtained after long reaction times. The 

reaction of [TaCl,(dmpe),] with [NaCp(DME)] apparently proceeds through disproportiona- 

tion, giving [Ta(dmpe)(Cp)2]CI and [TaCl(dmpe)2(Cp)]Cl. s 
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[MX.(CO)3(Cp)] has been obtained by several routes.* Carbonylative reduction at atmos- 

pheric pressure of [MCl,(Cp)] was achieved (equation 61).°’ The tantalum derivative was 

obtained only as an impure material in poor yield (<10%). The niobium compound is a 

chlorine-bridged dimer (44).° [NbI,(CO)3(Cp)] (45) was prepared by oxidative addition of 

iodine to [Nb(CO)4(Cp)].° Its carbonyl groups can be removed under vacuum, resulting in a 

carbonyl free material that reversibly absorbs CO to give a compound suggested to be a dimer 

comparable to (44). Complex (45) could be converted quantitatively to [NbI.- 

(CO)(dmpe)(Cp)]. 

3[MCl,(Cp)] + 9CO + 2Al ——*> 3[MCI,(CO);(Cp)] + 2AICI, (61) 

(44) 

A thermally robust dihapto CO, complex was easily obtained according to equation (62).°” 
Complex (46) is the first authentic (X-ray diffraction) CO, complex of a hard oxophilic early 
transition element. The CO, (C—O bond lengths: 1.283(8) and 1.216(8) A) lies close to the 
alkyl group, but its orientation is such that its insertion into the metal—alkyl bond would 
produce the unfavored metallacarboxylate ester instead of a carboxylato complex. 

[NbCI(CH,SiMe;)(CpR)>] — [Nb(CH,SiMe;)(7?-CO,)(CpR),] + 

eer (46) 34% 

[Nb(CH,SiMe;)(CO)(CpR),] + [Nb(CH,SiMe3)(CO3;)(CpR)2] (62) 

R=Me 

[NbX(Cp)2L] (L=PMe2Ph, P(OMe)3;, PhC=CPh, PhC=CH for X=Cl or Br; L= 
HC=CH, CNCy, CNPh for X= Cl; L=CO for X=Br) has been obtained by reduction of 
[NbX,(Cp)2] with Na/Hg in the presence of the ligands;*°”**? the remarkable stability of the 
alkyne adducts contrasts with that of the derivatives with phosphorus donors. Formation of 
strong metal—alkyne bonds seems to be a common feature of the mono- and di- 
cyclopentadienyl derivatives. [NbX(Cp)2] were obtained for both X = Cl and X = Br,® but they 
display different behavior toward z-acid ligands. A dinuclear structure has been suggested for 
[NbBr(Cp).] on the basis of its inertness toward CO or PhPMep. 

34.4.5 Pseudohalo Derivatives 

The monomeric [NbCl;(py)3] has been used for the preparation of [Nb(NCS)3(py)3].°” 
K,[Nb(CN)s], obtained by electrosynthesis,*° is the only X-ray-characterized monomeric 
homoleptic Nb"' compound. A dodecahedral D,4, geometry with two sets of Nb—C distances 
was found in the solid.®° IR data suggest a change to a D4, geometry in solution. "C NMR 
data are compatible with either a D4, or a fluxional D., polyhedron. 

34.4.6 Miscellaneous 

34.4.6.1 Chemistry in aqueous solution: sulfato, oxalato and related compounds 

Reduction in aqueous solutions under argon of M” sulfato complexes by Zn in the presence 
of sulfuric acid for Nb, by zinc amalgam or electrolytically in the presence of an oxalate for Ta, 
provided K[Nb(SO,)2]-4H,0%° or Ks[Ta(C204)4] and [(PhCH2)3NH];[Ta(C,O,)4]-4H,O™” as 
diamagnetic, oxygen sensitive solids. A distorted dodecahedral geometry was assumed for the 
highly labile Ta™ oxalate. 

The redox potential of the NbY-Nb™ couple has been determined in 3N H,SO, (E’°~ 
—0.275 V).°°8 Its reducing power is comparable to that of Ti. Solutions of KINb(SO.),]-4H20 
are stable under CO, and were used for the titration of Cu”, Fe™, T™, Mo™!, VY and UY!.°9 
Strongly reducing behavior of the Nb’ solutions towards NO, giving ammonia, was also 
ped ae The reducing power of the TaY-Ta™ couple is close to that of the Cr°+(aq)/Cr*(aq) 
couple. 

The potassium disulfatoniobate(III) tetrahydrate was used as starting material for the 
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synthesis of [Nb(oxin)3] (oxin = oxinate) and of [Nb,O(PO,)2]-6H2O. The two products are 
weakly paramagnetic (u=0.76 and 0.68BM, respectively). [Nb(oxin)3] is quantitatively 
oxidized to [NbO(oxin)3] in air. Potentiometric titration of the phosphato derivative showed 
that it should be regarded as a_ niobyl phosphoniobate(III) of formula 
[NbYONb™(PO,)]-6H,0.%° 

34.4.6.2 Other products 

Chalcogeno halides NbYX (Y =S, Se; X =Br, I) were formed according to equation (63). 
Their structure contains Nb2(Y2)2 fragments and is best described as [Nb2(¥2)2Xe/2].°? 
Reduction of NbCl; with excess LiAIH, in Et,O at room temperature led to a product 
presumed to be [LiNb.(AIH,),].© 

700-800 °C Nb;X,+5Nb+8Y ————> 8NbYX (63) 
X=Br,I; Y=S,Se 

34.5 NON-INTEGRAL OXIDATION STATES 

34.5.1 Survey 

The lower halides of niobium and tantalum consist of tightly bound clusters of metal atoms, 
with metal-metal distances close to those found in the metal. They contain ions with average 
oxidation numbers between +III and-+I (Table 43). Their size depends on the valence electron 
concentrations (VEC) that are available on the metal atoms for M—M bonding, and on the 
halide-metal ratio.“* Several reviews have been devoted to the clusters of early transition 
metals.” 

Table 43 Various Niobium and Tantalum Clusters with Non-integral Oxidation States 

Average oxidation 
number of the metal Close-packed structures Cluster strucures 

3.00 [Cs;Nb,Xo](X = Cl, Br, I) — 
2.67 [Nb3;X,](X = Cl, Br, I) (M,X,)** 
2.50 [CsNb,X,,](X = Cl, Br) (M6X12)°* ( X=Cl, Br 
2.33 — M,X19)?* 
1.83 _ (Nb,I,)°* 
1.67 — (Nb,I,)** 

34.5.2 Triangular Clusters 

The triangular clusters, the simplest ones, have been obtained under a variety of conditions, 
including ligand exchange and metathesis reactions of molecular Nb™ derivatives. The three 
basic structural types“°—without, with one, and with two ws-ligands—are known, and 
compounds with seven or eight valence electrons on the M; core have been described. 

34,5.2.1 Binary halides 

Trimeric clusters of formula M3Xg (X =Cl, Br, I) are known for Nb but not for Ta.1°%* 
They were usually prepared by thermal decomposition of higher halides or by reduction of the 
pentahalides by niobium. The light green Nb3Clg and black Nb3Brg are the Nb rich limits of the 
homogeneous phases that extend over the composition ranges NbCl2.67 to NbCl313 and 
NbBrp.¢7 to NbBr;3 03. i ; 

Both the @ and B forms contain Nb; triangles, with metal-metal distances ranging from 2.81 
(for Nb3Clg) to 3.00 A (in B-NbsIg). In B-Nb3Brg, for instance, the niobium atoms are bridged 
by three bromine atoms located below the plane of the triangle, while a fourth is located above 

coc3-v* 
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the plane and bridges all three metal atoms.° The remaining halogen atoms are involved in 
intercluster bridging, and the structure is described as 2[(Nb3X4) | XoX3], where i and o 
stand for the halogen inside and outside the core, respectively.“© The metallic centers are 
crystallographically and chemically equivalent in all the Nb3X, compounds. The @ and f forms 
differ mainly in the arrangement of the successive layers of the X—Nb—X atoms. Only the B 
form of NbsIg, which is stable in air for several days, is stoichiometric.°”' Nb3Clg, B-Nb3Brg and 
B-Nb3Ig are paramagnetic. The low magnetic moment (1.95 BM at 573 K falling to 0.5 BM at 
90 K for Nb3Clg) indicates that there is some magnetic exchange between distinct Nb; clusters. 

The Nb; binary halides with seven electrons available for metal-metal bonding within the 
triangle are ‘electron poor’ clusters. A simplified MO scheme suggests that the HOMO and 
LUMO possess metal d character.“° One unpaired electron is expected to be present. The 
existence of a low-lying metal cluster orbital is also indicated by the electronic spectra. 

34.5.2.2 Adducts of the neutral halides 

The reactivity of the Nb3Xg clusters has received little attention as yet. The metal—metal 

bonds were however found to be susceptible to disruption, leading to dinuclear,*> 

tetranuclear™’ and hexanuclear species.~*® 
Several complexes of the M3Xg clusters have been obtained, generally during reduction 

procedures promoted by the ligands; thus, the reaction between [Nb2Cl,(SMez)3] and Bu'NC 
(equation 55) yielded [Nb3Clg(Bu'NC).] (41). The molecule has an approximate symmetry 
plane.*!° The Nb atoms define an isosceles triangle, with a bridging chlorine atom located 
below each edge and an unprecedented type of multiply bridging isocyanide ligands above the 
triangle (Figure 33). The short Nb(1)—Nb(2) distance suggests a two-electron bond, while the 
interpretation of the two larger Nb—Nb distances is more problematical. It is difficult to assign 
oxidation numbers unambiguously; ESR data at room temperature ((g) ~1.95 and (A) = 
130 G) are consistent with the unpaired electron localized on Nb(3). Two pairs of 2 electrons 
of the bridging Bu'NC ligand are probably involved in bonding with Nb(1) and Nb(2), while 
C(1) forms a strong donor bond to Nb(3). A formally similar situation is found for one of the 
CO ligands in [Nb3(CO)+(Cp)3] (47). 

Figure 33 Central core of the [Nb3Cl,(Bu'NC);] (41) molecule. Each Nb is surrounded by two Cl and one Bu'NC 
ligand (reproduced from ref. 615 with permission) 

A compound of formula [Nb3Clg(SMe2),(OEt,)], but of unknown structure, has been 
observed to form during the synthesis of [Nb2Cls(SMe2)3].°* Another, formulated as 
[TasBrg(SMez)2], resulted from a low yield reduction of TaBr,.°>° 

34.5.2.3 Solvolysis products 

Compounds of formula [M3X2BsL3], where B is a bridging anionic donor and L a neutral 
one, may be considered as formally derived from M3Xg adducts by solvolysis. The reduction of 
Nb’ in acid solutions has been used for its qualitative and quantitative determination, but the 
exact nature of the reduced species remains unknown. The red-brown salt obtained as early as 
1912 by _ reduction of NbY in aqueous H,SO, has been formulated as 
[K4(Hs02)][Nb302(SO.)6(H2O)3]-SH2O (48) on the basis of a recent X-ray structure 
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determination.’ Complex (48) has nearly D3, symmetry and is the first example of a cluster 
having bridging sulfate ligands (Figure 34). Its overall geometry, with two uw;-ligands, is 
reminiscent of the structural and coordination type [M3X2(O2CR).L3], mainly found for Mo 
and W. The [HsO.]* ion exhibits an O - -- H- - - O distance of 2.42(1) A, comparable to those 
found in other compounds containing the diaquahydrogen ion. The 5— charge of the cluster 
leads to a non-integral oxidation number of +3.66 for the metal atoms, and suggests that four 
electrons are involved in Nb—Nb bonding. According to MO calculations, the bond order 
should be 2/3, in agreement with the experimental M—M distance. 
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Figure 34 Structure of the [Nb,;0,(H,O),;(u-SO,),]° (48) anion. The distances reported correspond to average 

values (reproduced from ref. 651 with permission) 

The structurally related niobium complexes [Nb3;02(O2CR)(THF)3]* (Z = [NbOC1,(THF)]~ 
for R= Ph; Z=BPh; for R=Bu') have been prepared from [Nb2Cl«(SMe2)3] and sodium 
carboxylates.°”* The triangular array of Nb atoms (Nb—Nb: 2.824(3) A for R = Bu’) is capped 
by two oxygen atoms, bridged by six carboxylato ligands, and coordinated in the axial position 
by the THF molecules. Unlike (48), they are diamagnetic. [Nb3(u3-S)(u2-O)(NCS)o]° further 
illustrates the tendency of Nb to form oxo trinuclear species, and has been considered to derive 
from the green [Nb30,(H2O),]”* cation.©!> 

34,5.2.4 Clusters with the hexamethylbenzene ligand 

Trimetallic cations [M3(u-X)6(CsMe.)3]* (M=Nb, X=Cl, Br; M=Ta, X =Cl) have been 
obtained from hexamethylbenzene, aluminum powder, AICI; and MX; in the molten state.*:°? 
‘The same approach, applied to TaBrs, led to [TaBr2(C.Meg)],, where the metal is in the formal 
oxidation state +II. The diamagnetic [Nb2(u-Cl)«(CsMe,)]Cl has C3, symmetry. Each metal is 
coordinated in an approximately square planar fashion and bears an n°-C,Meé, ligand parallel 
to this plane. The Nb—Nb distances (3.334(6) A) are consistent with the three metals’ sharing 
two electrons.°° 

The [M3(u-X)6(CeMeg)3]* derivatives show an unusual, reversible redox behavior.°* Their 
oxidation by ammonium hexanitratocerate(IV) yields a species of stoichiometry 
[Nb3Cl6(CsMeg)3]?*, whose diamagnetic behavior implies dimerization to [NbgCli2(CeMes)«]**. 
This cluster is related to those of type [(M6X12)X6]%~© from which they derive by substitution 
of the six terminal halides by the CsMeg ligand acting formally as a two-electron donor. The 
oxidation reaction (equation 64), analogous to that of [(M6Cli2)Cl.]*~ to [(MeChiz)Cle]*~ 
(Section 34.5.4.1.iii), has been accomplished by Ce'Y, NBS, iodine and even air in acidic 
solutions. The water soluble hexanitratocerate(I[V) salt was converted to the insoluble 
[NbsCli2(CeMe)6JZ, (Z = PF5, BPh;, SCN~). The related tantalum chloride and niobium 
bromide clusters display comparable behavior, but their derivatives are generally less stable. 

2[Nb3Cl,(CsMee)3]* —“—> [NbeClia(CeMes)]** (64) 

The paramagnetic purple trimer JNb3(u-Cl)6(CoMes)s]°* could be stabilized when using the 
dimeric (TCNQ)3~ as counterion.®° It has m symmetry with two Nb—Nb distances of 3.327(2) 
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and 3.344(3) A. The overall structural arrangement is novel, and displays strongly bonded 
TCNQ dimers interacting with the CsMeg ligands in a zigzag chain. The nearly isotropic ESR 
spectra at room temperature (g = 1.996) are consistent with the unpaired electron residing on 
the niobium cluster. The polycrystalline conductivity data indicate a semiconductor behavior. 

All the hexamethylbenzene metal halide cluster cations exhibit characteristic electronic 
spectra which can be used for their identification in their green or brown solutions. Various 
attempts to obtain derivatives of [Nb3(u-Cl).(CsMes)3] under the action of donors or 
organometallic reagents failed. 

34.5.3 Tetranuclear Clusters 

The formation of [CsNb,X,,] (X = Cl, Br) and [RbNb,Cl,,] (equation 65) instead of A,MXg, 
A2M2Xo or AgMeXg illustrates the importance of the alkali metal cation in stabilizing a given 

cluster.’ These brown-black compounds are soluble only with decomposition. Their X-ray 
structures show the presence of planar Nb, clusters (Figure 35), and they can be described as 
(Nb,X¢) units linked together into chains by four and six X°° bridges. The holes between the 
chains are occupied by the alkali metal cations in a Cs2[(NbsX%)X32X2-] configuration. The 
structure is closely related to that of Nb3Xg. 

5Nb3X, + Nb+4AXK ——> 4ANbDX,, (65) 

A=Cs,Rb; X=CI,Br,I 

\ 

il—->——c4) 
Py 

\ / 
\ f 
Nee 
NL, 

CI(5) 

Figure 35 Drawing of the structure of CsM,Cl,, showing the five different chlorine environments (Nb(1)—NDb(1): 
2.84, Nb(1)—Nb(2): 2.95 A; (reproduced from ref. 647 with permission) 

In these clusters the metal has a formal oxidation state of 2.5, with 10 electrons available for 
M—M bonding in the Nb, group; the compounds are diamagnetic with a slight temperature 
independent paramagnetism. It is noticeable that Nb(1) and Nb(2) have different arrange- 
ana led to the proposal of different formal oxidation states: +II for Nb(1) and +III 
or : 

34.5.4 Octahedral Clusters 

_ The lowest halides, obtained under strongly reducing conditions or thermal disproportiona- 
tion of the higher halides, are NbgFi; and TagX,5 (X = Cl, Br, I), NbgXi4 (X = Cl, Br), TagX14 
(X= Br, I) and NbglI,;.1°°? Their oxidation numbers follow the expected trends: Ta > Nb and 
F>CI>Br>I, and Nbgl,; is the lowest niobium subhalide reported so far. All are based on 
octahedral (M6X12)?" (X= Cl, Br; q =2, 3, 4) or (MeX)?* (q =2, 3) units (Figure 36) as for 
Nbelii (Section 34.5.4.2). Although their chemistry has long been investigated—mainly in 
aqueous solutions—their formulation and structure, and those of their derivatives, have been 
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established only recently, or, in many cases, remain uncertain. The first evidence for the 
existence of the [M¢X,2|°* group is due to Vaughan et al., who in 1950 studied ethanolic 
solutions of some of these complexes by X-ray scattering.°° 
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Figure 36 Octahedral clusters: (a) the (MsXj2)*" core with additional centrifugal ligands L; (b) the (M.Xx)?* core 

Conflicting data, due to studies performed on mixtures of compounds in which different 
oxidation states were present (oxido—reduction processes occur easily, especially in the 
presence of air®’©”) are reported. 

The metals of the octahedral clusters can readily add a variety of ligands in ‘centrifugal’ 
positions, resulting in compounds of type [(M6Xi2) Y,L6_,]¢-” (X = Cl, Br; Y=F, Cl, Br, I, 
OH; L=neutral donor; n = oxidations state). In the description of such species, the central 
core containing the metal atoms will be represented in parentheses. 

34.5.4.1 Clusters based on the (MsX12)"' core 

(i) Neutral binary halides 

The first metal-cluster fluoride known, [(Nb.¢F,2)F3], was prepared by disproportionation of 
NbF, or by reduction of NbF; by Nb. The compounds of composition MsX,4 have been 
obtained by reduction of the higher halides by various metals, and Nb,Cl,, also by heating 
Nb3Clg. Phase diagram studies established that the only tantalum cluster iodide formed was 
Tagli4, whereas in the case of bromine both TasBr;4 and TasBr,5 formed. The compounds are 

dark, air stable solids; TasCl,, and Nb.Bri, dissolve in water and ethanol, and Nb,F,; and 
TasCl,s5 are unaffected by dilute mineral acids. 

Regular octahedra of metal atoms were found with rather short metal-metal distances 
(Table 44) for NbeFis and Ta¢sClis. NbeCli, and Ta¢l,, are isotypic and contain flattened 
octahedra, hence two types of centrifugal ligands. The strong equatorial Ta—Ta bonds of 
Tagl,4 are accompanied by a greater distortion of the Tas octahedron as compared to that of 
Nb, in Nb¢Cl,4. The regular O, symmetry usually given for isolated clusters is obviously an 
oversimplified view here. For the M¢X;,4 class of compounds, the three-dimensional network 

can be described as 3[(NbeClioCl5°)Cl33Cl%].° For Nb¢Fi; and TasClis additional intercluster 
bridging halogen atoms are bonded to each type of metal atom. 

(ii) Ionic halides [(MgX12)X6]*~ and hydrates with an (MgX.2)"* core 

(a) Synthesis and structure. The hydrates M¢X14°8H.0 (X=Cl, Br), being more soluble 
than the anhydrous lower halides, are useful starting materials for preparing subsequent 
derivatives.°° . 
The preparation of [MeX14]-8H2,O generally involves high temperature reactions, the 

(M,X12)** cation-containing products being extracted with boiling water and crystallized from 
aqueous HX. When the extraction was achieved with warm water, [M6Cli4]:9H2O was 

obtained. The first of these hydrates, [TagCl:4]-8H2O, was prepared as early as 1907, but at 
that time it was formulated as [TaCl,]:-2H2O. 

Harned’s method, which has long been used to obtain the ternary halides required for the 
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Table 44 Structural Data for Various Niobium and Tantalum Clusters of Type (M.X,2)?* 

Bond lengths (A) 
M—X M—X 

Compound Symmetry M—M bridging _ centrifugal Observations Ref. 

[(Nb6F,2)F3] Cubic 2.80 2.05 2.11 Regular octahedron 1 
[(Nb,¢Cl,2)Cl] Orthorhombic 2.96(basal) 2.40 2.58 Tetragonal distortion 2 

2.89(apex) (2.36-2.39) 3.04 
[(Nb,Cl,)Cl,]*” Monoclinic 2.92 2.48 2.61 Regular octahedron 3 
[(Nb,Cl,)Cl]*>  Trigonal rhombohedral 2.97 2.43 2.52 Regular octahedron + 
[(Nb,Cl,2)Cl]?~  Trigonal 3.02 2.42 2,46 Regular octahedron 5 
[(TagI,2)I,] Orthorhombic 2.80(basal) 2.75-2.83 Tetragonal distortion 6 

3.08(apex) 

1. H. Schafer, H. G. Von Schnering, K. J. Niehues and H. G. Niedervarenholz, J. Less-Common Met., 1966, 9, 95. 
2. A. Simon, H. G. Von Schnering, H. Wohrle and H. Schafer, Z. Anorg. Allg. Chem., 1965, 339, 155. 
3. A. Simon, H. G. Von Schnering and H. Schafer, Z. Anorg. Allg. Chem., 1968, 361, 235. 
4. F. W. Koknat and R. E. McCarley, Inorg. Chem., 1974, 13, 295. 

5. F. W. Koknat and R. E. McCarley, Inorg. Chem., 1972, 11, 812. 

6. D. Bauer, H. G. Von Schnering and H. Schafer, J. Less-Common Met., 1965, 8, 388. 

preparation of the hydrates, involves the reduction of the pentahalide by cadmium and 
formation of [Cd2(M¢X12)X6] (<20%).®! The high temperature disproportionation of Nb3Xg 
with an alkali halide (equation 66) or its reduction to A,4[(NbsXi2)X.] in the presence of 
niobium have also been proposed. A disadvantage of these methods is that they require Nb3Xg 
as a precursor. More efficient is the fast and quantitative comproportionation of niobium or 
tantalum whith their pentahalides in the presence of an alkali halide (equation 67).%* This 
synthesis is facilitated by the stabilization of the cluster through complexation into an 
[MsXis]* anion, and is particularly valuable for [Nb¢Bri4]‘8H2O. The selection of the 
appropriate alkali metal halide is essential for obtaining the [M¢X;s]*~ cluster, since the relative 
stabilities of [AJMX.], [A3M2Xo] (Section 34.4.2.1) and [AM,4X,,] (Section 34.5.3), which are 
competing with it, depend on the cation. For all compounds competing with [A,Nb¢Cljs], the 
sodium derivatives have markedly lower stabilities than those of the heavier alkali metals; NaCl 
was therefore generally selected as complexing agent when the NbCl;s derivatives were sought. 
For the less stable bromine derivatives, Na* was replaced by K*. 

SNb3Xg + 14AX —> 2A,[(Nb¢X12)Xo] + 3[A2NbX,] (66) 

A=Na,K; X=Cl,Br 

14MX; + 16M + 20AX “25> SA.[(M.Xi2)X] (67) 

A=Na,K; X=CI1,Br 

An undistorted octahedral symmetry has been established for the (Nb¢Cl,)** core in 
[K,NbeClis]. The structure of [Ta¢Cl,4]-7H,O shows that the compounds should be written as 
[(TagCl12)Clo(H20)4]-3H,0.°° The short centrifugal Ta—Cl distance of 2.35 A (2.50 for the 
Ta—Cl bridges) is accompanied by an elongation of the Ta, octahedron along this axis 
(Ta—Ta: 3.15 and 2.78 A). 

(b) Reactivity of the hydrates (Table 45). .The preparation of pure (MsX1)** (X = Cl, Br) 
complexes from aqueous solutions is not easy, as oxidation to (MsX12)°* readily occurs. The 
latter may be detected by the emergence of a band near 8000cm~!. Addition of reductants 
such as SnCl, or Cd to oxidized solutions caused a return of the familiar green color of 
(M6Xi2)**. The bromides are soluble in water and methanol, while the chlorides dissolve well 
only in methanol. Titration with NaOH precipitates [(MsX12)(OH),]-8H2O, which redissolves 
as [(M6X12)(OH),]*~ by further addition of NaOH.®? 

The (M¢Xj2)** clusters act as Lewis acids and a number of [(MsCli2)ClL4] complexes have 
been obtained, mainly with oxygen donors, including DMSO, DMF, OAsPh;, OPPh; and pyO. 
The more recently obtained phosphine complexes are the only examples of Nb or Ta hexameric 
clusters with neutral ligands without oxygen donors. Whereas bidentate ligands have been 
widely used to form derivatives of the molybdenum and tungsten (M¢Xg)?* clusters, only 
[(Nb¢Cl:2)Cl,(bipyO2)2] has been reported. Models showed that bipyO, is able to occupy two 
cis centrifugal positions, and the electronic spectrum of the complex was comparable to that of 
the adducts formed with monodentate ligands. 
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Table 45 Niobium and Tantalum Cluster Adducts Containing the [M.X,,]** Core 

ee a a Be eee 

Compound Comments Ref. a he 0 ie a ae es oe ee CO AC Me eed 
[(Nb.X12)X(H,O),]-nH,O n=4 extraction with H,O at 100°C; ESCA for X = Cl; D2 4on4 

(X =F, Cl, Br) n=5 and X=Cl, Br extraction with H,O at 70°C; 
X-ray powder data 

[(TagX42)X.(H,O),]-nH,O X-Ray structure for X = Cl, n =3: tetragonal PR EES) 
X=Cl, n=3, 4; X=Br, n=4) distortion; X-ray powder data 

[(Nb.Cli2) ¥2(H20),]-nH,0 6 
(Y = BF,, NO,, 1/2SO,) 

[(Nb.Cl,2)CLL,] L=DMSO, ESCA, no analysis 8 
(L= DMSO, DMF, Ph3AsO, PhsPO, L=4-ZC;H,NO, Z=Me,NO, MeO, Me, Cl, 7,9 
pyNO, 4-ZC;3H,NO) NO,, Br, UV study 

[(Nb,Cl,,)Br,(DMSO),] No analysis, only IR characterization 9,10 
[(NbgCl,2)(Cl1O,).(DMSO),]:2DMSO _No analysis 10 
[(Nb,Cl,2)Cl,(PR3)4] ESCA for R= Pr’, cyclic voltammetry 11 

(R3 = Et, Pr3, Et,Ph) 
[(M,Cl,2)CL[P(OR)3]4] Less soluble than the PR, derivatives 11 
(R= Me, Et) 

[(Ta,¢Cl,2)C1L,] 11 
(L= DMSO, PPr3) 

[(M.X12)(OH)2]-8H20 12 
(X= Cl, Br) 

[(M,Cl,2)(OH),]-6H,O-2MeOH Obtained by titration in HJO—MeOH,; less stable 13 
than the octahydrate X-ray powder data 

(Et,N)4[(Nb.Cl,2)X6] Polarography for X = Cl; X= Cl, Br, isolation of 1,9, 14 
X =F, Cl, Br) adducts with 2 ECOH 

A,[(Nb¢Cl,2)Cl,] X-Ray structure for A=K 2915 
(A =Li, Na, K, Cs, Me,N) 

Ba,[(Nb,Cl,2)(Cl,)] X-Ray powder data 16 

(picH)4[(Nb¢Cly2) I] 15 
Aal(MeX12)Xo] 2 
(M=Nb, Ta, X=Br, A=K; 
M=Ta, X=Cl, A=Na) 

(Ph,As)4[(Nb¢Cl,2)Cl,(OH)] 17 
H,[(Ta¢Cl,2)(CN),]:12H,O X-Ray structure; regular octahedron of Ta, 18 

G. Hughes, J. L. Meyer, P. B. Fleming and R. E. McCarley, Inorg. Chem., 1970, 9, 1343. 
W. Koknat, J. A. Parsons and A. Vongvusharintra, Inorg. Chem., 1974, 13, 1699. 

Spreckelmeyer, Z. Anorg. Allg. Chem., 1968, 358, 148. 
G. Converse and R. E. Carley, Inorg. Chem., 1970, 9, 1361. 
D. Burbank, Inorg. Chem., 1966, 5, 1491. 

. Boorman and B. P. Straughan, J. Chem. Soc. (A), 1966, 1515. 
A. Field and D. L. Kepert, J. Less-Common Met., 1967, 13, 378. 
A. Field, D. L. Kepert and D. Taylor, Inorg. Chim. Acta, 1970, 4, 113. 

D. 

SES SY EN Sale SS A. Best and R. A. Walton, Inorg. Chem., 1979, 18, 484. 
Fleming, J. L. Meyer, W. K. Grindstaff and R. E. McCarley, Inorg. Chem., 1970, 9, 1769. 
Klenworth and R. A. Walton, Inorg. Chem., 1981, 20, 1151. 
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12. Brnicevic and H. Schafer, Z. Anorg. Allg. Chem., 1978, 441, 219. 

13. Brnicevic and B. Kojic-Prodic, Z. Anorg. Allg. Chem., 1982, 489, 235. 
14. A. Mackay and R. F. Schneider, Inorg. Chem., 1967, 6, 549. 
15. Simon, H. G. Von Schnering and H. Schafer, Z. Anorg. Allg. Chem., 1968, 361, 235. 
16. Broll and H. Schafer, J. Less-Common Met., 1970, 22, 367. 
17. P. B. Fleming, T. A. Dougherty and R. E. McCarley, J. Am. Chem. Soc., 1967, 89, 159. 
18. S. S. Basson and J. G. Leipoldt, Transition Met. Chem., 1982, 7, 207. 

The inner halogens of the (M¢Xi2)?* core are relatively inert; no exchange was detected 
(within a +20% margin of error) between (Ta¢Cli2)?* and *Cl~ over 13 hours at room 
temperature.” No solvolysis reactions have been reported. The higher lability of the outer 
halogen atoms allowed the production of mixed halide clusters, for instance 
[(NbsCli2)X2(H20).4]-4H2O0 (X’ = Br, F). 

(iii) Oxidized clusters 

(a) Synthesis. In the solid state, [TagCl;4]-8H,O was found to undergo reversible oxidation 
by topotactic electron/proton transfer (equation 68). 

[(TacCl,2)Cl(H20),]-4H,O <= [(Ta,Cl,2)(OH),(H20),_,]-4H,O + xe7 + xH* (68) 
0<x S1.5 
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In aqueous solution the green diamagnetic (M¢X12)** is oxidized by air, I,, or Hg" to the 

paramagnetic yellow (McXi2)"*, and by two or more moles of strong oxidizing agents such as 

BrO?-, H,O>, Ch, Fe", Ce'Y or VO ions to the red-brown diamagnetic (MsX12)** (X = Cl, 

Br).%>° Oxidation is always faster for the chlorine than for the bromine derivatives. No 

redox chemistry is known so far for (Nb2Fi2)°* or (Tasl12)**, the latter being unstable in 

aqueous solution. Standard potentials have been measured (Table 46).°”” The instability of 
the niobium bromine clusters with respect to hydrolysis hindered the obtaining of E° values. 
Only the (TagCli2)?*/(TasCliz)** couple has found analytical applications. 

Table 46 Standard Potentials of Niobium 

and Tantalum (M,X,,)?* in Neutral Aqueous 

Solutions 

M 24 E(V)” UE) 

Nb Cl 0.83 j ag 

Ta Cl 0.49 0.83 

Ta Br 0.59 0.89 

*(MgX12)*/(MgXia)>—” (MgX12)°*/(MgX12) 

Oxidation of (M¢X12)** by dioxygen is slow in neutral solutions, but occurs rapidly in acidic 
or basic media (equations 69 and 70). Cyclic voltammetry data are available on the (TagBr,2)?* 
system in aqueous solutions.©? Controlled oxidation of [MsXi4]‘7H2O led to the hydrates 
[M¢X,5]-7H2O or [McHi«]-7H2O. Spontaneous reduction was observed for all the (M¢X12)** 
clusters except (TasBri2)** upon redissolution. The (M6Xi2)?* (q =3, 4) ions are also reduced 
to (M¢X12)?* species by Cr™ or V".%8 Examples of reduction by ligands seem to be limited to 
that of [NbsCl;]-7H2O by phosphines to give [(Nb¢Cl:2)Cl.(PR3)4] (R = Et, Pr*).°”° 

2(M,X12)** + 0.50, + 2H* —~> 2(M,X,2)** + H,O (69) 

2(M,6X12)°* + 0.50, + 100H7 —~> 2[(M.X12)(OH),]*” (70) 

X=Cl, Br 

Reversible redox processes were also observed in non-aqueous solutions. The behavior of 
[(M¢Cliz)Clo(PR3)4] (R = Et, Pr®) in CH2Cl, or MeCN was investigated by cyclic voltammetry, 
revealing several one-electron processes (equation 71). Chemical oxidation by NOPF, yielded 
[(M.¢Cli2)Clo(PPr3)4](PFe), (2 =1,2). The electron transfer is proposed to occur via 
M—Cl - - - + NO bridges. The monoanions [(M,¢Cl,2)Cl.(PR3)4]~ are formally derived from the 
previously unknown (Mg.Cl,2)* core. The stabilizing influence of the phosphine led to a redox 
chemistry which is more extentive than that in aqueous solutions. Attempts to obtain the 
monoanions by electrochemical or chemical reductions (Li, Mg, Na/Hg) failed. The average 
oxidation state of the metal in the monoanions remains higher than for (Nb¢lIs)?*. 

=> 

[(M.Cl2)Cl(PR;)4]) <== [(M.Ch2)CL(PR;)4] —= 

[(MChz)CL(PRs)4]* = [(McCh2)CL(PRs).)°* (71) 

Within the (M¢X12)?* (X = Cl, Br; gq = 2-4) cluster halides, the only series that cover all three 
oxidation states are the tantalum halide hydrates and the haloanions [(M¢X12)X.]%~®. The 
isolation of [(Ta¢gCliz)Clo(PR3)4](PFe), (7 = 1, 2) led to the first complete series of group VA 
cluster stabilized by an organic ligand. 

Polarographic measurements have also been performed on [(Nb¢Cl2)Cl]%— (gq =2, 3) in 
DMSO. While in aqueous solutions iodine causes a two-electron oxidation, only a one-electron 
oxidation was observed in DMSO. 
(b) Reactivity. The oxidation of the hydrates [M¢X14]-8H2O in ethanolic or aqueous HX, in 
the presence of a suitable counterion, was used to prepare anions of type [(MéX12)Xé]¢~°) 
(q =2, 3; equation 72).°*°” The species that have been isolated include (pyH)a[(M¢Cl12)Cl.] 



Niobium and Tantalum 675 

and (A)n[(MeX12) Xo] (X= Cl, Br; A= RN, PhyAs, etc.; Table 47). To obtain pure compounds 
containing the (TasX,2)°* unit, air must be rigorously excluded. 

(Ta,Br,2)** + xX ata 2Et,NX’ oe (Et,N2){(TasBri2)X¢] (72) 

X’ = Cl, Br 

The stability of the (M¢Xi2)4* compounds towards hydrolysis decreases in the order 
Ta>Nb, Cl>Br, and with increasing oxidation states. Evidence has been reported for partial 
replacement of the chlorines by hydroxo groups in [Nb¢Cl,s]-7H2O.°” 

Irradiation of (TagBr,2)?* in deaerated HCI solution led to (TagBr,2)>* and evolution of Hp. 
It was assumed that the key step involves a two-electron transfer from (Ta.Br,)*+ to a water 
molecule in the solvent cage, yielding (TasBr,2)** and H~, which is scavenged by H* 
generating H).°”° 
The mixed metal octahedral clusters (TasMoCl,)** and (Ta,sMo,Cl,2)** were obtained by 

reduction of TaCl;-MoCl; mixtures with aluminum in NaAICL—AICl, melts. Further 
reduction of (TasMoCl,2)** by zinc offered the +2 cluster. Spectroscopic and magnetic data 
indicate that [(TasMoCl;2)Cl,]?* and [(TasMo2Cha)Cle] are analogous to [(TagCl,2)Cl.]*~ 
(16M—M bonding electrons), and [(TasMoCl2)Cl*~ to [(TasClz)Cl]> (15 bonding 
electrons). 

(c) Structure. The influence of the oxidation state on the structure of (M¢X12)?* or 
(MsXis)%© can be evaluated from the comparison of X-ray data available on 
K,[(Nb.6Cli2)Cle], (Me.N)s[(NbeCliz) Cle] and (pyH)2[(Nb.Cl,2)Cl.]®”°, and, in the case of 

Table 47 Niobium and Tantalum Cluster Adducts Containing the (M,X,,)?* (q = 3, 4) Core 

Compound Comments Ref. 

(Mo X. 2) 

[(M,X,2)X3(H,O),]:nH,O X-Ray powder data 1233 
(X= Cl, Br; n =3, 4) 

[(M,Cl,2)Cl,(DMSO);3]-7 DMSO M=Nb, n =3, analysis; M=Ta, n =0, 4 
IR characterization only 

(R4N)3[(M,Cl,2) Cle] M=Nb, R=Me,N, X-ray structure and ESCA; 5,6,7,8 
(R= Me, Et) M=Nb, R=Et,N, polarography and ESR 

(Bu,N)3[(Nb.Cli2)I6] 2 

(PrNH3)3[(Nb.Br12)Cl.] 2 
(Et,N),[(Nb.Cl,2.)Cl;(DMSO)]DMSO Analysis 1 
(Ph,As).[(NbCl,2)Cl,(H,O) 5 
(Ph,As),[(Nb,Cl,2)Cl,(OH)(H,0)] = 1.46 BM 5 

(MX 12)** 
[(Nb¢Cliz)X4(EtOH)2] 9 

X=Cl, Br) 
[(TagX42)X4(H,O),]-nH,O [(TagCl,2)Cl,(OH),] is obtained by room 2,4 

X=Cln=7; X=Brn=3) temperature vacuum dehydration 

Aal(M.X12)X6] 2 
(M=Nb, X=X’, A= PrNH;; 
M=Ta X= X’=Cl A= Ph, As; 
X=Br, X’=Cl, A=Et,N) 

Ao[(MeCliz) Xe] X-Ray structure for M = Nb and A = pyH NOR for 10, 11 

(X=Cl, A=Et,N, pyH; M=Nb and A= Et,N 12,6 

X=Br A=Bu,N) 
H,[(Ta¢Cl,2)Cl.]-6H,O X-Ray structure; regular Ta, octahedron 13 
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W. Koknat and R. E. McCarley, Inorg. Chem., 1974, 13, 295. 
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tantalum, on H2[(Ta¢Cl,2)Cl.]-6H20° and H4[(TagCliz)(CN)o]:12H20.°” In an MeClig unit 

each metal is surrounded by an approximately square planar set of four bridging chlorine atoms 

Cl,. The metal is located slightly below this plane. One- and two-electron oxidations of, for 
instance, [NbsCl.s]*~ result in an increase of the Nb—Nb distances in two equal steps, from 
2.92 to 2.97 and to 3.02 A with retention of the octahedral symmetry (Table 44), which has 
been interpreted as meaning that the electrons are removed from bonding orbitals centered 
mainly on the Mg cluster. Since (NbeCli2)?* and (NbeCli2)** are diamagnetic, and since 
(Nb,Cl,2)°* shows a paramagnetism corresponding to one electron, these electrons appear to 
be removed from the same orbital. 

As anticipated, a significant shortening of the Nb—Cl bond occurs after oxidation. However, 
the terminal Nb—Cl, distances remain longer than that of Nb—Cl, or the covalent bond 
(2.35-2.40 A); even the strongest Nb—CI, bonds therefore appear relatively weak, which was 
attributed to the geometry of the Nb,Clg unit: upon oxidation, the niobium atom moves up 
below the plane of its four Cl, atoms, and becomes more accessible to Cl,. Apparently only the 
Nb—Cl, bonds benefit from the lowering in Nb—Nb bonding strength upon oxidation. 

[(TaeCliz)(CN)4]*~ consists of a regular Ta, octahedron with terminal cyanide ligands. The 
Ta—C and C—N distances are comparable to those found in normal cyanide complexes. Each 
nitrogen atom is hydrogen-bonded to two oxygen atoms. 

(d) Other characterizations. The (M¢X12)** clusters have been the subject of far-IR studies 
and normal coordinate analysis.°7'°’* ©? A uniform high shift (ca. 10 cm7') per unit increase in 
the charge of the cluster has been observed for the strong bands assigned to the M—X 
stretching modes. The M—M stretching vibration has been located around 140 cm™! or in the 
59 to 109 cm’ range, i.e. at much lower frequencies than for (Mo,Clg)?* (230 cm~'). The force 
constant for the M—M bonds in the niobium or tantalum cluster halides was estimated to be 
less than 3 x 10-°J A-?. 
ESCA spectra have been recorded on several ionic or neutral niobium and tantalum 

clusters.’ The C12p12,3 spectra generally exhibit three doublets, which were assigned to 
intracluster and intercluster bridging Cl, and to terminally bonded Cl, halogens. The binding 
energy order was found to be Cl, > Cl, with AE(Cl, — Cl,) between 1.4 and 2.1 eV, the lower 
values being characteristic of the hydrates. No discernible variations in the metal core 
electron-bonding energies of [(MsX12)X«]%~® clusters were observed upon oxidation. By 
contrast, an increase in the oxidation state in [(M6Cl12)Cl(PPr3)4](PF.), (” = 0-2) is paralleled 

by an increase in the metal core electron-bonding energies Nb3ds,. or Ta4f, These results in 

conjunction with the ESR spectra and the fact that the cyclic voltammetry data are quite 
unaffected by changes of the phosphines®’’ point to the HOMO of (M.Chz)%* ions’ being 
almost exclusively metal-based in character. 
NOR studies on (Me,N)2[(Nb¢Cliz)Cle] revealed only the Cl, resonance. It was suggested 

that the Cl, resonance may have occurred outside the observed range (3 to 33 MHz) as a result 
of a high ionic character of the Nb—CI, bonds. 

(iv) Bonding, electronic spectra and magnetism 

A bonding scheme for the (M.Xj2)?* clusters should account for the magnetic properties and 
observed electronic transitions. Several semiempirical MO calculations, for instance those of 
Cotton and Haas*’ based on the Mg group, or those of Robin and Kuebler®? on the (MsX12)** 
group, are available. A valence bond description has also been proposed.” 

The effects of both X and L on the bonding have also been considered; the energy level 
scheme closely resembles that of Cotton et al. Another model including both metal—metal and 
metal-—ligand interactions, with spin-orbit coupling introduced as a final perturbation, is 
available.®*° 
The observation that both the (M¢Xj2)** (16 electrons) and (MsX12)** (14 electrons) clusters 

are diamagnetic, and the magnetic moments found for the (M¢X12)°* (15 electrons) cluster 
(1.62 BM), show that the fifteenth and sixteenth electrons occupy a non-degenerate MO. The 
ESR spectra obtained on (Nb¢Cl,2)** (g = 1.95) display a complex splitting, with 49 detectable 
components. The isotropic hyperfine structure accounts for a single electron uniformly 
delocalized over six equivalent Nb atoms (55 components expected) and suggests that the 
HOMO is an M-M orbital, of type A symmetry. 
The absorption spectra of the (M¢Xj2)?* (X=Cl, Br; qg = 2-4) clusters, as well as those of 

(Nb¢Fi2)°* and (Tagl,2)**, have been measured over the range 4~50 kK :3-678,683 they are fairly 
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complex. The correspondence between the spectra of the niobium and tantalum complexes 
(e(Nb)/e(Ta) = 0.5-0.8) supports the absence of notable spin-orbit coupling influence. A 
compilation of detailed visible spectra on the solid state or in solution is available. Several 
tentative assignments have been presented.°4* 

Magnetic circular dichroism spectra’ and magnetic susceptibilities®’* have been 
measured. The (M,X12)** ions are paramagnetic, and [(MsX12)X6]°~ anions generally display 
simple Curie law behavior. The magnetic moments at room temperature are significantly larger 
than expected for one unpaired electron. Deviations from Curie law behavior were observed 
for M6Xi5 (M = Nb, X=F; M=Ta, X=Cl, Br) and for [(TagCl12)Cl3(H2O)3]-3H,O. The 
existence for the anhydrous halides of bridging halogens between cluster units could cause 
Curie-Weiss behavior via superexchange interactions. The origin of the same behavior for the 
hydrate remains unexplained. Large temperature independent paramagnetic susceptibilities 
were found for the diamagnetic clusters. The higher values for niobium than for the analogous 
tantalum compounds indicate a decrease in energy separation between the excited and the 
ground states for niobium. 

34.5.5 Clusters Based on the (M.Xs)** (q =2, 3) Core 

The group VA clusters containing the (M¢Xg)?* unit are limited to the niobium subiodides. 
NbglI1i is formed by thermal decomposition of Nb3Ig or by its reduction with niobium. 
Nb3Brg is not reduced under similar conditions. In contrast to the (MéXs)?* (M’ =Mo, W) 
clusters, which possess a formal oxidation state of 2 and a closed shell electronic configuration, 
(NbgIs)** has a non-integral oxidation state and an open shell electronic configuration. 
A salient feature of the structure of NbglI,; °°” is the pronounced orthorhombic distortion 

of the Nb, core with Nb—Nb distances ranging from 2.72 to 2.94 A, comparable in average to 
those found in the metal (2.86 A). In contrast to the (Nb¢X12)%* clusters, there are eight 
bridging halogen atoms, one above each face of the distorted octahedron (Figure 36b). The 
(NbgIg)°* clusters are joined together by sharing centrifugal iodine atoms, forming [(Nb¢l)I¢/2]. 

Nineteen valence electrons are available for the Nb,s framework. The magnetic susceptibility 
of Nb¢l1;, studied over the 5-863 K temperature range, suggests the presence of one and three 
unpaired electrons per cluster at low and high temperatures, respectively. 

Heating Nb,I,, with H, at 300°C under normal pressure yielded the remarkable hydride 

[Nb.HI,:]. Neutron diffraction investigations on [Nb.HI,,] and [Nb,DI,,] permitted the 
location of the hydrogen atom at the center of the cluster. The compound is diamagnetic below 
200K, but approaches the magnetic susceptibility of Nbel;, between 400 and 800K. A 
vibration was found at 1120 cm“ for the hydride in the cluster. 
A more reduced, moderately air stable cluster, [CsNbgl,,], containing the (Nb¢Ig)?* unit, was 

obtained by reaction of Nb¢I1; or of its precursor Nb3Ig with CsI in the presence of the metal 
(equations 73 and 74).°" It has Dsz symmetry and Nb—Nb distances of 2.835 A, comparable to 
those in Nb,lI,,. The distortions of the (Nb¢Is)?* (q =2,3) octahedra were attributed to 
different modes of packing and to strains at the bridging iodine atoms. Hydrogenation of 
[CsNbgl,,] at 400°C (1 atm) gave the isostructural hydride [CsNb,HI,,]. No hydrogenation was 
observed in comparable conditions for the (M¢X12)?~ clusters. 

10Nb,1,, te 6Nb + 11CsI > 11CsNb,li; (73) 

34.6 OXIDATION STATE +I 

Molecular compounds in which niobium or tantalum has a d° configuration are still very rare, 

and are mainly limited to adducts of monomeric dihalides with phosphorus donors 

[MCI,(dmpe),] and [MCI,(PMes)4]. Niobium aryloxo analogs have recently been described.’*** 

34.6.1 Dihalide Adducts 

34.611 Synthesis and structure 

The first member of this series, [TaCl,(dmpe),],°°° was reported in 1977; all the other 

compounds have been reported, since 1983, by Sattelberger.°*°** TaCls is reduced smoothly 
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by sodium amalgam in ether in the presence of PMe; to give the brown, air sensitive 

[TaCl,(PMe;),] (49) in a typical yield of 60% (equation 75). Excess phosphine is necessary to 

counter the tendency towards dimerization of the intermediate mer-[TaCl;(PMe3)3]. Once (31) 
is formed, it is no longer reduced. The reduction of NbCl; [NbCl,(PMes3)2] in similar 

conditions gave poor, but reproducible, yields of [NbCl,(PMe;)s], the Nb"' dimer 
[Nb2Cl,(PMe3)4(u-Cl)2] being the major product. 

EtjO 

TaCl, + 3Na/Hg + PMe; (excess) ——> [TaCl,(PMes)4] + 3NaCl (75) 

(49) 

The dmpe adducts have been obtained in high yields as brown sublimable thermally stable 
solids, soluble in hexane and other non-polar solvents (equation 76). Reduction of TaCls by 
one equivalent of sodium amalgam in the presence of dmpe in THF and benzene solvent gave 
[TaCl,(dmpe),], together with [TaCl,(dmpe).] when the THF:C.He ratio was higher than 
15%.°*° The Ta and Nb” dmpe complexes were also obtained quantitatively from 
[MCl,(PMe3)4]; there was no evidence for dinuclear products. [TaBr2(dmpe),] was identified by 
mass spectrometry as the major product of the reaction between [TaCl,(dmpe),] and an excess 
of LiMe containing LiBr. 

[MCl,(dmpe),] + 2Na/Hg —“> [MCI,(dmpe),] + 2NaCl (76) 

(22) (50) 

The products are paramagnetic (u=1.45 BM, for instance, for 49). Solutions of (49) in 
toluene are ESR silent at room temperature, and 'H NMR data suggest a trans octahedral 
geometry. This was confirmed by X-ray crystallography (D2, symmetry; Ta—Cl: 2.464(3) A, 
‘Tae 54502) A). 

Poorly characterized hexamethylbenzene adducts [Nb2Cl4(CsMeg¢)2] and [TaBr2(CsMe.)], 
formed in 9% and 51% yields, respectively, on application of the reducing Friedel—Crafts 
procedure to the pentahalides.* Short-lived M"™ species have also been generated by 
electrochemical reduction of [Nb2Cl,(PhPMe2)4]© or electrochemical oxidation of seven- 
coordinated M' complexes of types [MX(CO).(dmpe).] (M=Ta, X=Cl, Br, I, Me, H; 
M=Nb, X =Cl) or [TaCl(n*-C,Hgs)(dmpe).].° 

34.6.1.2 Reactivity of the dihalo adducts 

The paramagnetic 15-electron M" species react readily with H, or D2 (equations 77 and 78) 
to give paramagnetic, thermally stable M'Y 17-electron hydrides, except for 
[NbCl,(PMe;).].°8°°°* These inorganic radicals are the first isolated M'’ monomeric hydrides, 
as [TaH,(dmpe),] and [NbH2Cp>] were characterized only by low temperature ESR.*”> Ether 
solutions of [NbCI,(PMes)4] react with H,, but [Nb2Cl,(PMes3)4(u-H)4] was the only product 
isolated, even in the presence of excess ligand, and may arise from the rapid decomposition of 
transient [NbH2Cl,(PMe3),4]. Preliminary results show the potential of (51) as a starting 
material for preparing tantalum compounds in low oxidation states (Scheme 9), especially 
[TaHCl,(PMes),] . 

[MCI,(dmpe),] + X, = ES [MX,Cl,(dmpe).] (77) 
2h 

(50) 90% 

[TaCl,(PMe;),] st X =O [TaX,Cl,(PMes)4] (78) 
4h 

(49) (51) 75% 

X,=H),D,; X=H 

Strong terminal M—H stretching modes are found in these adducts. The magnetic moments 
are indicative of d’ complexes with orbitally non-degenerate ground states. ESR spectra are observed at room temperature ([NbH2Cl,(dmpe)]: (g) = 1.96, (A)n» = 109 G, (a)p=25.5G (a) = 11.1G). 
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[TaCIL,(CoH,)] 
+ [TaH,Cl(dmpe),] [TaCl(CO),L;] 

Loni le Boe ae sa dmpe 

[{TaH,CIL,}(u-N,)] <—— _ [TaH,CIL,]) ———“®"*___, [TaH,(BH,)L,] 
(36) ios 

fae 
Et,0 1 dmpe 

[TaClL,] —2" —. [TaH,CLL,] —_[Ta(CO);L.][Ta(CO),L] _[Ta(BH,)(CO),(ampe),] 
(49) (51) 

| s0-c.15 

{ 6f112 

[Ta,Cl,L,(u-H).] 

(34) 
Scheme 9 (L=PMe;) 

The tantalum(IV) hydrides [TaH2Cl,(PMe3),] (51) and [TaH,Cl.(dmpe),] (50) were charac- 
terized by low temperature X-ray crystallography.***°? Complex (51) adopts a distorted 
dodecahedral geometry in the solid state, while (50) is better described as a distorted square 
antiprismatic complex. The hydrogen atoms have been located. 

Reductive carbonylation of [NbCl,(PMes3),] or reduction of [TaCl,(dmpe),] (50) by vitride 
offered [NbCI(CO)3(PMe3)3] and a Ta’ aluminohydride adduct, respectively (Section 34.7). 

No divalent product derived from solvolysis of the dihalide adducts is yet known. The 
reactions of (50) with Cp” and PPh; show that replacement of chloride by ligands having 
stronger fields leads to species resembling organic radicals in reactivity, which rapidly 
disproportionate or abstract hydrogen atoms from the solvent. The Ta™! derivatives 
[Ta(dmpe)(Cp)2|Cl, [Ta(dmpe)2Cl(Cp)]Cl and [TaH(PPh2)2(dmpe)2] (Section 34.4.4) were 
obtained. No evidence for the [Ta(PPh2)2(dmpe),] intermediate was found by ESR. 

34.6.2 Miscellaneous 

Air stable materials of formula MPc (Pc = phthalocyanine) have been obtained from MCI, 
phthalonitrile and quinoline at 220°C.°* Nb" alanates [LiNb2(AIH,)s] and [LiNb(AIH4)s] were 
obtained from the low temperature reaction of NbCl; with excess LiAlH,. 2 

Reduction of (44) yielded a singly bonded Nb—Nb dimer (equation 79).°% 

cl q 53 qd 

[(Cp)(CO),NE “Nb(CO).(Cp)) — FE) eo Neca coin (79) 

Nad 
(44) 

34.7 OXIDATION STATE +I 

The number of authenticated niobium and tantalum coordination compounds in oxidation 

state +I is very limited. They were generally obtained through reduction of [MCl,(dmpe)s], 

[TaCl,(dmpe)] Or Nb(OC.H3Me,-3,5)2(dmpe)2.”°"* 

34.7.1 Phosphine Adducts 

Treatment of [TaCl,(dmpe),] with two equivalents of vitride offered [TaCl(CO)2(dmpe)2] 

(53) under CO, while a coordinatively unsaturated complex, [Ta{H,Al(OC,H,OMe),}(dmpe).] 
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(54), was obtained under an argon or ethylene atmosphere. It is the only structurally 
characterized non-carbonyl M' compound.™ 

Its molecular structure (Figure 37) consists of a centrosymmetric dimer with a bridging 
H,Al(OR)(u-OR)2Al(OR)Hz; entity. The Ta atoms are approximately square pyramidal, with 
the four phosphorus atoms forming the basal plane (Ta lies 0.64 A out of it). The relatively 
short Ta—Al distances are comparable to those found in other transition metal aluminum 
complexes (Ta—Al: 2.79-3.13 A). The hydrogen atoms have not been located, but were 
evidenced by chemical and spectroscopic techniques (IR: 1605, 1540cm™'; 6'HNMR: 
16.30 p.p.m.). The Ta—(u-H2)Al unit is relatively stable, and (54) is inert to carbon monoxide 
or trimethylamine. It is a poor catalyst in the isomerization of 1-pentene. Formation of 
complexes analogous to (54) may explain the low yields often obtained from alkoxoaluminohy- 
drides and metal halides. 

Me 

: Figure 37 Molecular structure of [Ta{H,Al(OC,H,OMe),}(dmpe),] (54) (the dotted lines indicate the less abundant 
(20%) structural form resulting from a different orientation of the Al,O, bridge) (reproduced from ref. 695 with 

permission) 

[{NbCI(dmpe),} (u-N2)] was formed through reduction of [NbCl4(dmpe),] (equation 28). 
Electrochemical reduction of [Nb2Cl<(PhPMe,).4] yielded a dimeric Nb! derivative. Compounds 
of empirical formula [Ta(py)](ClO.) and [Ta(Et,NH)](C1O,), generated by anodic dissolution, 
were also reported. 

34.7.2 Carbonyl Derivatives 

34.7.2.1 Non-cyclopentadienyl carbonyls 

The monomeric carbonyl complexes of d* M! isolated so far are mainly the seven- 
coordinated [MX(CO),(dmpe),] compounds (M=Nb, X=Cl, Br, N3;°” M=Ta, X= H, Cl 
Br, CN, Me, Et, Pr’); (53) has been obtained by reduction of [TaCl,(dmpe),] with one equivalent of sodium naphthalenide under CO; the other tantalum derivatives were generally 
SAS saab a erate Heil. to [Ta(CO),(dmpe).]~ formed in situ by reduction of (53; cheme , e€ miobium analogs were f i i 
NbCL(dmpe),).° g ormed by reductive carbonylation of 

The hydride (55), also obtained through carbonylation of [TaH;(dmpe i capped octahedral structure (A) established by as eee (igue a data show that bulkier ligands (X #H) all favor a capped trigonal prismatic geometry (B). Stable Seven-coordinated monomeric carbonyls [MCI(CO);(PMes)3] (56) could also be synthesized. The smooth reaction of (36) with CO offered [TaCl(CO)3(PMes)3] (equation 80). The niobium analogue of (36) is still unknown and [NbCI(CO)3(PMe3)3] was obtained by 
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[TaCl,(dmpe),] 

(50) 

fps, CO (1 atm) 

[TaCl(CO),(dmpe).] <—“_ [TaH(CO),,(dmpe),] 

(53) (55) 
HCl 

| NaNph 

[Ta(CO),(dmpe),Me] <“*. [Ta(CO),(dmpe),]) ———>—> (55) + [Ta(CF,CO,)(CO),(dmpe),] 

[x (X= Br, CN) 

[TaX(CO).(dmpe),] 

Scheme 10 (all reactions in THF, Nph = C,Hg) 

reductive carbonylation of [NbCl,(PMe;)4] (equation 81). Attempts to prepare (56) directly 
from NbCl;/PMe; mixtures by reductive carbonylation have been unsuccessful. These new 
carbonyls (sharp CO stretching modes at 1962, 1862 and 1845cm™~! for M=Ta) are 
diamagnetic, 18-electron monomers. They are stereochemically rigid in solution, as are also the 
[MX(CO).(dmpe),] adducts. Complex (56) (M = Ta) has an overall C, symmetry and is best 
described as a capped trigonal prism with the chlorine atom in the apical position, three 
phosphines and one carbonyl ligand constituting the capped quadrilateral face. 

(b) 

Figure 38 Coordination polyhedron found for the heptacoordinated species of type [MX(CO),(dmpe),]: X =H 
(structure a); X +H (structure b) 

[TaH,Cl(PMe,),] + 3CO >—S.-> [TaCl(CO),(PMe;)3] + PMe; + H (80) 

(36) (56) 80% 

[NbCI,(PMe;),] + 3CO +Na/Hg —2#8.—> [NbCI(CO),(PMe;)3] + PMe,;+NaCl (81) 

(56) 40% 

The reaction of [TaH2(BH,)(PMes),] in the presence of CO and PMe; led quantitatively to a 
salt [Ta(CO)3(PMes)4][Ta(CO)s(PMes)]. The cation has a capped octahedral geometry, one 
PMe; capping a trigonal Ta(CO)3 face.°”8 

Dinuclear carbonyl anions [M2(CO)sX3]" were obtained through a two-electron transfer to 
protons by treatment of [M(CO).]~ with HX (X = Cl, OAc, OMe) (equation 82).°”° The anion 
has C,, symmetry. The niobium atoms are heptacoordinated with four terminal carbonyl 
groups each and three bridging chlorides located at the vertices of an approximately equatorial 
triangle perpendicular to the metal-metal axis (non-bonded Nb ---—Nb distance: 3.63 A). 
The carbony] stretching vibrations are in agreement with the local C,, symmetry of the M(CO), 
moiety. 

(82) 2[M(CO).]” + 4HC] 22> [M,Cl,(CO),]” + 2H, + 2Cl- + 4CO 
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The [M2(CO)gCls]~ anions are the first halocarbonyl complexes (without other ligands in the 

coordination sphere) of group VA metals to be reported. They probably originate from the 

unstable HM(CO)< carbonyls. 

34.7.2.2 Cyclopentadienyl carbonyls 

The recent development of the synthesis of [Nb(CO)4(Cp)] by reductive carbonylation of 

[NbCl,(Cp)] (57) (i) by Zn in THF under CO (200 atm)°* with 27% yield; or (ii) by Na sand, 

in the presence of a Cu/AI alloy as a halogen acceptor, in benzene under CO (135 °C, 330 atm, 

90% yield)’°! has spawned a renaissance in its chemistry. Extension of the latter procedure to 

[TaCl,(Cp)] gave [Ta(CO),(Cp)] in 7% yield, the main products being chlorocarbonyl 

derivatives, isolated as n*-oxabutadiene Ta'Y compounds (equation 83). 

[TaCl,(Cp)] 23> [TaCl,(CO),(Cp)] =“ 5 a (83) 

Photolysis of (57) in the presence of phosphines yielded [Nb(CO).(LL)(Cp)] with LL = 
2PEt3, Ph2P(CH2),PPh, (n =1-5), Ph,PCH=CHPPh,, Ph,AsCH,CH,PPh, (arphos), and 
CsH4(AsPh2),PPh2.” The air sensitive tetrahaptocycloheptatriene and cyclooctatetraene 
complexes [(Cp)Nb(CO),(7*-C;Hg)] and [(Cp)Nb(CO).(n*-CgHs)] have also been obtained. 
The CgHsg ring is fluxional. 

Photolysis of (57) in the absence of additional ligands provided an unusual cluster, 
[Nb3(CO),(Cp)3], the sole carbonyl cluster of niobium reported to date (equation 84).%° Its 
quantitative declusterification to the parent carbonyl is also uncommon. X-Ray diffraction 
techniques revealed that one of the CO ligands acts as an n?(u3-C,u2-O) bridge symmetrically 
spanning a nearly equilateral triangle, and was proposed to act as a six-electron donor towards 
the three metal atoms. Its length (1.303(14) A) as compared to that of the terminal carbonyls 
(1.08-1.17 A) is also reflected by a long-wave shift of its v(CO) absorption in the IR 
(1330 cm~'). This 7?-(43-C,u2-O) ligand is mobile; a migratory process as well as its conversion 
from a six-electron to a four- or two-electron donor bridging Nb—=Nb double bonds were 
observed.” 

hv, hexane (—SCO 

[Nb(CO),(Cp)] ——_———=._ [Nb,(CO),(Cp)] (84) 
CO (20 atm), THF 

(57) (47) 

Photolysis of (57) in the presence of HS or MeSH produced [{Nb(CO)2(Cp)}.(u-S)2] (58), 
[{Nb(CO)2(Cp)}2(u-S)3] and [{Nb(CO)2(Cp)}2(u-SMez2)2] (59). Complexes (58) and (59) are 
isostructural with comparable Nb—Nb bond lengths (3.143(1) and 3.164(9) A) and NbSNb 
angles (~75°), but the introduction of a third sulfur atom leads to the opening of the bridge 
angle (up to 85°) and loss of the metal-metal bonding (3.555(1) A).”* Complex (57) afforded 
[Nb(CO)3I,(Cp)] by oxidative addition of iodine. It may therefore provide a useful entry to 
Nb™ chemistry.°°° The reaction between (57) and [{Cr(SBu‘)(Cp)}.S] provided the tetra- 
nuclear heterometallic cluster [NbCr3(u-S)4(Cp),].”°. 

34.7.3 Alkene and Diene Adducts 

Ta‘ adducts with ethylene have been obtained as highly air sensitive solids by reduction of 
the corresponding Ta™ compounds under argon (equation 85),7°" or by reductive elimination of 
H, from [TaH,CIL,] (Scheme 9). A similar procedure, but under dinitrogen, gave Ta” nitrenes 
(Section 34.2.3.6). The same Ta’ precursor (60) provided o alkyl derivatives (equation 86). 
Complex (63) catalyzes the selective dimerization of ethylene to 1-butene. 

trans,mer-[TaCl,L,(C,H,)] + 2Na/Hg —==> [TaCIL,(C,H,)] + 2NaCl (85) 

L = PMes, 0.5 dmpe L 

La L e. 
I. | a EtjO | Ul CoH, af 

Ta + 3EtMgBr —— Et—Ta rear es 4 LK (86) Val So pitay Re Ll 
Chr] 1 | 

(60) (61) 

L= PMe, 
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Butadiene d* complexes were obtained (i) from [NbCl,(dmpe).] and magnesium butadiene 
(equation 87);”°° (ii) by dimerization of ethylene using alkylidenes (equation 88);”” or (iii) by 
metal vapor techniques (equation 89), which yielded sublimable methylallyl derivatives.”® 
Compound (62) could not be prepared by Na/Hg reduction of (22) in the presence of 
butadiene. Compound (63) is also accessible from [TaH,CIL,] (Scheme 9). 

[NbCL,(dmpe),] + [Mg(THF)(C,H.)] —““> [NbCl(dmpe),(C,H.)] + MgCl, (87) 
(22) (62) 24% 

L (CHCMe Lal 
| ye CH, (2.7 atm) | we 

Cl—Ta —_—_ ||—Ta (88) 
| SS 50°C ye SC 

L ‘CHCMe; | L 

L=PM i = € 

: (63) 

Gay 

Matoms+ A242 44 Mt (89) 

WO 
Treatment of [TaCl,(dmpe)2] with sodium naphthalenide afforded [TaCl(dmpe)>(y*-C,oHs)] 

(64), which was reduced by further addition of sodium naphthalenide to unisolated 
Na[Ta(dmpe)2(7*-C,oHg)]. Protonation or methylation of this anion afforded the Ta! adduct 
[TaX(dmpe)2(n*-CioHg)] (X=H, Me). Related procedures gave the analogous 1,3- 
cyclohexadiene adduct [TaCl(dmpe).(n*-C.Hs)] in poor yields.” 

The molecular structure of (64) may be considered as a pentagonal bipyramid with the 
naphthalene, the chlorine and two phosphorus atoms in the pentagonal plane. It is structurally 
related to (53) by a 45° rotation of the naphthalene unit about the Ta—Cl vector. The 
temperature dependent ‘'H and *'P NMR spectra indicate that such a process is operative in 
solution. The structural parameters suggest that the a-accepting interaction is substantial; this 
is consistent with the inertness of the Ta—naphthalene unit toward substitution. 
An allyltetrakistrifluorophosphine Ta’ compound, unstable at room temperature, has also 

been obtained (equation 90). Attempts to substitute all the allyl groups under higher pressure 
led to metallic tantalum and propane.’?° 

2[Ta(n?-allyl)4] + 10PF; —““"> 2[Ta(PF;);(n?-allyl)] + 3C.Hio (90) 

34.8 OXIDATION STATE O 

Examples of derivatives of zerovalent niobium and tantalum are very rare. Cocondensation 
of vapors of the metals, generated by an electron gun furnace at 3000°C, operating at a 
positive potential with dmpe, gave excellent yields he 60%) of stable crystalline [M(dmpe)s], 
which displays a distorted octahedral geometry.”’’ Attempts to obtain the corresponding 
niobium compound by reduction of NbCl; with sodium naphthalenide at room temperature in 
the presence of an excess of dmpe failed and led to metal deposition.”’* By contrast, reduction 
of MX; by sodium amalgam in the presence of bipy or o-phen (LL) afforded the paramagnetic 
M(LL)3 adducts in ca. 80% yield.” 

Bis(arene) [M(7°-CsH3R3)2] niobium (R = H3, H2Me or 1,3,5-Mes), and less stable tantalum 

derivatives (R = H3) were prepared in a similar way.’’* They are extremely sensitive to oxygen, 
but relatively stable to water. The photoelectron spectra of the volatile bis(n°-arene) niobium 
display low values for the first ionization potentials (5.18-5.57eV), indicating that the 
compounds are electron rich. The IR spectra of [Nb(CsH3R3)2] (R = H, Me) in an argon matrix 
at 80 K are in agreement with a symmetrical sandwich structure. 

The ESR spectra of all zerovalent derivatives are consistent with the paramagnetism 
expected for 17-electron d° compounds with one unpaired electron ([Nb(n°-CsHsMe),]: 
(g) =1.992, (A) =45.9G). Cocondensation of Nb atoms with N2 in an Ar matrix gave 
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unusually numerous absorptions, some of which were assigned to Nb(N2) and to an Nb(N2)4 

complex of Ds, symmetry. [Nb(CO),(N2)y] species were similarly produced.’ 

34.9 OXIDATION STATES LOWER THAN 0 

Compounds containing niobium or tantalum in negative formal oxidation states —I and —III 

are mainly metal carbonyl anions. Although these are organometallic derivatives, the report of 

efficient procedures for the synthesis of [M(CO).]~ since the review of Labinger® merits 

mention, as it can be anticipated that these highly reduced and reactive species will be 

important precursors of a large variety of new coordination compounds and metal clusters. 

34.9.1 Oxidation State —I 

34.9.1.1 [M(CO).]~ 

Until recently, the synthesis of the yellow [M(CO).]~ required the reduction of Nb2Clio by 
Na or Na-K alloy in diglyme as solvent under a high pressure of CO (>360 atm), and only 
poor and non-reproducible yields (<14%) of the anions were obtained.”’© Several mild and 
efficient carbonylation procedures have now become available. The reductive carbonylation of 
MCI, using the Mg/Zn couple as reductant and pyridine as reactive solvent occurs at room 
temperature under one atmosphere of CO (yields ~48% and 35% for M=Nb and Ta 
respectively). The reduction is largely due to magnesium.”!” 

Treatment of MX; with alkali metal naphthalenide in DME at —60°C provides thermally 
unstable brown intermediates, assumed to be [M(CioHs)2] " or [M(1-MeC,oH7;)2], which react 
with CO (1 atm) to give [M(CO).]~ in 30-54% yields.”“* Carbonylation, using sodium in the 
presence of cyclooctatetraene in THF under CO (latm, 40°C), has also been reported, 
although its efficiency is low in the case of Ta (12%).”? Cyclooctatetraene complexes are 
thought to form as intermediates, but the mild carbonylation conditions compared to those of 
[Nb(COT)3]~ (SO atm, 100°C) suggest that a compound of different stoichiometry may be 
involved. ’7° 

The [M(CO).]~ anions were isolated with solvated sodium or organic cations as counterions. 
[Ni(phen);][Nb(CO)<.], has also been obtained.’* The unsolvated Na[Ta(CO),] is pyrophoric, 
and the Nb analog is light- and air-sensitive. 

The crystal structures of both (PPN)[M(CO),] derivatives have been determined.”!’ The 
coordination polyhedron is octahedral (Nb—C: 2.098(5) A; CNbC: 89.2(2)°). The PPN moiety 
is constrained to be centrosymmetric, and thus linear. These compounds correspond to the 
lowest oxidation state of niobium and tantalum for which structural data are available. A single 
v(CO) is found in the IR (1854 and 1852cm™’ for Nb and Ta respectively). Comparable 
spectra are observed for Na[M(CO).] in pyridine, but in solvents of lower dielectric constants 
such as tetrahydrofuran, additional bands attributed to distortion of the anion by the 
countercation are observed. [Nb(CO).]~ appears to be the most labile carbonyl of the group 
VA analogs. 

34.9.1.2 Other derivatives 

[Nb(PF3).]~ has been prepared by photolysis of [Nb(CO).]~ under PF; and studied by 
multinuclear NMR. The *Nb chemical shifts suggest weaker Nb-PF; than Nb-—CO 
interactions.’ 
A diamagnetic compound whose analysis corresponds to Li[Nb(bipy)3]-3.STHF was reported 

to form by reduction of NbCl; with Lizbipy. As bipy can behave as bipy-, and in the absence of 
any spectroscopic data, the metal’s oxidation state may still be questioned.7374 
Na[Ta(dmpe)2(CO),] was characterized by its derivatives only (Scheme 10). 

34.9.2 Oxidation State —III 

34,9,2.1 [M(CO)s]3~ and [HM(CO),] 2~ 
The pentacarbonylmetallate trianions of Nb and Ta are the first compounds to contain these 

elements in a formal oxidation state of —III; they appear to be the first transition metal 
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trianions isolated as analytically pure substances (equation 91).’° The unsolvated Na3[M(CO)s] 
are thermally unstable, but isolation was achieved as Cs;[M(CO)s] in 40-50% yields. These 
salts are shock sensitive, and their reactivity was mainly explored in solution. Addition of 
Ph3SnCl and NH,Cl provided [M(CO) ;(Ph3Sn)]*~ and [M(CO) (NH3)]~, which were isolated 
as their Et,N and Ph,As salts, respectively. The amine complexes are very labile and react 
readily with a variety of a acceptor ligands L, such as PR3, P(OR)3 and RNC, to provide 
[M(CO)sL]" in 50-80% yields. Addition of Ets,NBH, to M(CO)2 provided 
(Et4N)2[HM(CO),].°7°? 

NH3 liq 
Na[M(CO),] + 3Na —>3<> Na;{M(CO),] + 0.5Na,C,0O, (91) 

34,9,.2.2  [M(CO)3(Cp)]7— 

Treatment of [M(CO),(Cp)] with sodium in liquid ammonia at —78°C generates the 
corresponding pyrophoric Na2[M(CO);(Cp)] salts.” Exchange reactions offered the thermally 
very stable Cs,[M(CO)3(Cp)] (dec. >250°C). These dianions are the only established examples 
of transition metal complexes of formula [M(CO),(Cp)]?~. Reactions of [M(CO)3(Cp)]|*~ with 
weak Bronsted acids such as MeCN, Et,N* gave [MH(CO)3(Cp)]~, for which °7Nb NMR data 
are available.”” The [M(CO)3(Cp)]*~ dianions were also characterized by their triphenylstan- 
nyl derivatives (EtsN)[M(CO)3(SnPh3)(Cp)]. 

34.10 MIXED VALENCE COMPOUNDS 

The only well-established, structurally characterized mixed valence compounds are the 
niobium selenide derivatives Nb3SesClyY"Y and [(MeCN),Br2Nb(u-Se)2(u-Se)NbBr.- 
(MeCN),]'”"™ (Section 34.3.4). 

The niobyl phosphoniobate [NbYONb™(PO,).]-6H2O has been described in aqueous 
solution (Section 34.4.6.1). 

The reaction between NbCl; and LiAIH, in ether offered highly reactive, generally 
pyrophoric, lower valent niobium alanates [Nb(AIH,),] (1 <5). The mean oxidation state n 
decreases with increasing temperatures (equation 92). In the presence of an excess of LiAIH,, 
ionic derivatives were isolated: [LiNb2(AIH,)7] at —70°C, [LiNb2(AIH,);] at +25°C and 
[LiNb(AIH,)3] at +25°C. No structural data are however available on these compounds, of 
formal oxidation states 3.5 or 2.5, and their re-examination might prove rewarding. Unstable 
mixed valence M"—M"™ compounds have also been formed by pulsed radiolysis of dinuclear 
M"™ adducts.’ 

Et,O 5 = 

NbCl, + SLiAIH, —=— [Nb(AIH,),] + (5—7)AIH; + (+*)n, + 5LiCl (92) 

Dicyclopentadienyl derivatives in a formal oxidation state of 3.5 appear to be relatively 
common. A purple, paramagnetic compound with one unpaired electron (1.32 BM) for two Ta 
atoms was isolated and formulated as a dimer (65; equation 93).’”? A similar reaction did not 
yield the niobium analog, but violet or red-brown compounds were observed as intermediates 

in the reduction of [MX2(Cp)2] to [MX(Cp).] (X =Cl, Br). They could be isolated in good 
yields (~60%, Scheme 11).””° 

(65) 20% 

Structural studies are as yet limited by the lack of stability of these M'Y-M™ compounds, 

especially in polar solvents. Their formation was considered a consequence of the acidic 

character of the MX(Cp), entity, which achieves 18 electrons, and an alternative structure with 

[MX2(Cp)2] ——““##——> _[MX(Cp).] 

0.5 Na/Hg \THF (MX,(Cp)a] 
or 

0.5 NaNph 

[M.X3(Cp),] .M=Nb; X=Cl, Br 
(65) M=Ta; xX=Cl 

Scheme 11 
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only one bridging chlorine has been proposed. Reaction with AgClO, led to cationic 

complexes. 
Note: Since the chapter was completed, relevant papers concerning the chemistry of 

niobium and tantalum in various oxidation states with bulky anionic oxygen donors [2,6- 
dialkylaryloxo”*! or silox (BusSiO)”*] have appeared. Reviews concerning the analysis and 
classification of X-ray data of niobium’*’ and tantalum’ are also now available. 

34.11 REFERENCES 

1. F. Fairbrother, ‘The Chemistry of Niobium and Tantalum’, Elsevier, New York, 1967. 
2. D. L. Kepert, ‘The Early Transition Metals’, Academic, London, 1972. 
3. R. A. Walton, in ‘Progress in Inorganic Chemistry’, ed. S. J. Lippard, Wiley, New York, 1972, vol. 16. 
4. ‘Gmelin Handbuch der Anorganische Chemie’, Vanadium — Niobium— Tantalum, Springer Verlag, Berlin, 

1973. 
D. Brown, in ‘Comprehensive Inorganic Chemistry’, ed. J. C. Bailar, Jr., H. J. Emeléus, R. Nyholm and A. F. 

Trotman-Dickenson, Pergamon, Oxford, 1973, vol. 3. 
. R. C. Mehrotra, A. K. Rai, P. N. Kapoor and R. Bohra, Inorg. Chim. Acta, 1976, 16, 237. 

. D. A. Miller and R. D. Bereman, Coord. Chem. Rev., 1972-73, 9, 107. 

. J. A. Labinger, in ‘Comprehensive Organometallic Chemistry’, ed. G. Wilkinson, F. G. A. Stone and E. W. 
Abel, Pergamon, Oxford, 1982, vol. 3. 

9. T. A. O’Donnell and T. E. Peel, Inorg. Nucl. Chem. Lett., H. H. Hyman Memorial Volume, 1976. 
10. A. J. Edwards, J. Chem. Soc., 1964, 3714. 
11. V. P. Seleznev, E. G. Rakov and V. V. Mikulenok, Zh. Fiz. Khim., 1971, 45, 2941. 

12. L. E. Alexander, I. R. Beattie and P. J. Jones, J. Chem. Soc., Dalton Trans., 1972, 210. 

13. J. Fawcett, A. J. Hewitt, J. H. Holloway and M. A. Stephen, J. Chem. Soc., Dalton Trans., 1976, 2422. 
14. J. Fawcett, J. H. Holloway, R. D. Peacock and D. K. Russell, J. Fluorine Chem., 1982, 20, 9. 

15. J. Brunvoll, A. A. Ischenko, I. N. Maikshin, G. V. Romonov, V. B. Sokolov, V. P. Spirodonoy and T. G. 

Strand, Acta Chem. Scand., Ser. A, 1979, 33, 775. 

16. S. J. Cyvin, H. Hovdan and W. Brockner, J. Inorg. Nucl. Chem., 1975, 37, 1905. 

17. R. Huglen, F. W. Poulsen, G. Mamanton and G. M. Begun, Inorg. Chem., 1979, 18, 2551. 
18. P. A. Edwards and R. E. McCarley, Inorg. Chem., 1973, 12, 900. 
19. A. Leffler and P. Penque, Jnorg. Synth., 1970, 12, 187. 
20. U. Muller and P. Klingelhdfer, Z. Naturforsch., Teil B, 1983, 38, 559. 
21. U. Muller, Acta Crystallogr., Sect. B, 1979, 35, 3502. 
22. B. Krebs and D. Sinram, Z. Naturforsch., Teil B, 1980, 35, 12. 
23. L. Kolditz, C. Ktirschner and U. Calov, Z. Anorg. Allg. Chem., 1964, 329, 172. 
24. L. Kolditz and U. Calov, Z. Anorg. Allg. Chem., 1970, 376, 1. 
25. L. Kolditz, U. Calov and A. R. Grimmer, Z. Chem., 1970, 10, 35. 

26. B. Krebs, H. Janssen, N. J. Bjerrum, R. W. Berg and G. N. Papatheodorou, Inorg. Chem., 1984, 23, 164. 
27. W. Bues, F. Demiray and W. Brockner, Spectrochim. Acta, Part A, 1976, 32, 1623. 
28. W. Brockner and S. J. Cyvin, Monatsh. Chem., 1976, 107, 1369. 
29. N. D. Chikanov, Zh. Neorg. Khim., 1981, 26, 752. 

30. F. Fairbrother and W. C. Frith, J. Chem. Soc., 1951, 3051. 
31. M. Siskin and J. Porcelli, J. Am. Chem. Soc., 1974, 96, 3640. 
32. M. Siskin, J. Am. Chem. Soc., 1976, 98, 5413. 
33. M. Siskin, J. Am. Chem. Soc., 1978, 100, 1838. 
34. M. Siskin, J. Am. Chem. Soc., 1974, 96, 3641. 
35. J. Wristers, J. Am. Chem. Soc., 1975, 97, 4312. 
36. J. Wristers, J. Am. Chem. Soc., 1977, 99, 5051. 
37. J. A. K. Du Plessis, S. Afr. J. Chem., 1981, 34, 87. 

38. T. Masuda, T. Takahashi and T. Higashimura, J. Chem. Soc., Chem. Commun., 1982, 1297. 

39. T. Masuda, Y. X. Deng and T. Higashimura, Bull. Chem. Soc. Jpn., 1983, 56, 2798. 
40. T. Masuda, E. Isobe, T. Higashimura and K. Takada, J. Am. Chem. Soc., 1983, 105, 7473. 
41. J. E. Land and C. V. Osborne, J. Less-Common Met., 1972, 29, 147. 
42. E. W. Baumann, J. Inorg. Nucl. Chem., 1972, 34, 687. 
43. G. Neumann, Ark. Kemi, 1970, 32, 229. 
44. J. A. S. Howell and K. C. Moss, J. Chem. Soc. (A), 1971, 2481. 
45. N. A. Matwiyoff, L. B. Asprey and W. E. Wageman, Inorg. Chem., 1970, 9, 2014. 
46. R. Gut, Inorg. Nucl. Chem. Lett., 1976, 12, 149. 
47. I. M. Kutyrev, E. S. Stoyanov, V. V. Bagreev and Yu. A. Zolotov, Zh. Neorg. Khim., 1977, 22, 1043. 
48. R. L. Davidovich, T. F. Levchishina, T. A. Kaidalova and V. I. Sergienko, J. Less-Common Met., 1972, 27, 35. 
49. G. M. Brown and L. A. Walker, Acta Crystallogr., 1966, 20, 220. 

on 

conn 

50. J. L. Hoard, J. Am. Chem. Soc., 1939, 61, 1252. 
51. J. L. Hoard. W. J. Martin, M. E. Smith and J. F. Whitney, J. Am. Chem. Soc., 1954, 76, 3820. 
52. L. K. Marinina, E. G. Rakov, B. V. Gromov and O. V. Markina, ZA. Fiz. Khim., 1971, 45, 1592. 
Ss ee a Burkhalova, L. A. Kamenskaya, V. I. Konstantinov and A. M. Matveev, Zh. Neorg. Khim., 1981, 26, 

54. A. I. Agulyanskii, Zh. Neorg. Khim., 1980, 25, 2998. 
55. G. A. Yagodin, E. G. Rakov and N. A. Veleshko, ZA. Neorg. Khim., 1980, 25, 560. 
56. A. J. Edwards and G. R. Jones, J. Chem. Soc. (A), 1970, 1891. 
57. A. J. Edwards and G. R. Jones, J. Chem. Soc. (A), 1970, 1491. 



58 
59: 
60 
61 
62. 

63. 
64. 
65. 
66. 
67. 
68. 

69. 
70. 
Tile 
1%. 
13: 
74. 
75. 
76. 
Vike 
78. 
79: 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
Oe 
Pee 
93. 
94. 
95: 
96. 
97. 
98. 

Oa) 
100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 
(12% 
113. 

114. 
115. 

116. 
ila 
118. 
ius), 
120. 
121. 
122. 
123; 
124. 
125. 

Niobium and Tantalum 687 

A. J. Edwards, J. Chem. Soc., Dalton Trans., 1972, 2325. 
S. Brownstein, Can. J. Chem., 1973, 51, 2530. 
S. Brownstein, Inorg. Chem., 1973, 12, 584. 

J. E. Griffiths, W. A. Sunder and W. E. Falconer, Spectrochim. Acta, Part A, 1975, 31, 1207. 
R. D. W. Kemmitt, M. Murray, W. M. McRae, R. D. Peacock, M. C. R. Symons and T. A. O’Donnell, J. 
Chem. Soc. (A), 1968, 862. 

A. A. Artyukhov and S. S. Khoroshev, Koord. Khim., 1977, 3, 1478. 
E. Stumpp and G. Piltz, Z. Anorg. Allg. Chem., 1974, 409, 53. 
H. C. Gaebell, G. Meyer and R. Hoppe, Z. Anorg. Allg. Chem., 1982, 493, 65. 
D. R. Sadoway and S. N. Flengas, Can. J. Chem., 1978, 56, 2013. 
D. Brown, G. W. A. Fowles and R. A. Walton, Inorg. Synth., 1970, 12, 225. 
Yu. A. Buslaev, V. D. Kopanevy, S. M. Sinitsyna and V. G. Khlebodarov, Russ. J. Inorg. Chem. (Engl. Transl.), 
1973, 18, 1362. 
D. E. Davey, R. W. Catrall, T. J. Cardwell and R. J. Magee, J. Inorg. Nucl. Chem., 1978, 40, 1135. 
D. E. Davey, R. W. Catrall, T. J. Cardwell and R. J. Magee, J. Inorg. Nucl. Chem., 1978, 40, 1141. 
D. C. Bradley, M. B. Hursthouse, J. Newton and N. P. C. Walker, J. Chem. Soc., Chem. Commun., 1984, 188. 
J. I. Bullock, F. W. Parrett and N. J. Taylor, J. Chem. Soc., Dalton Trans., 1973, 522. 

R. Diibgen, U. Miiller, F. Weller and K. Dehnicke, Z. Anorg. Allg. Chem., 1980, 471, 89. 
U. Miller, R. Diibgen and K. Dehnicke, Z. Anorg. Allg. Chem., 1981, 473, 115. 
H. Preiss, Z. Anorg. Allg. Chem., 1971, 380, 56. 
G. Okon, Z. Anorg. Allg. Chem., 1980, 469, 68. 

E. M. Smirnova and V. M. Tsintsius, Zh. Neorg. Khim., 1971, 16, 566. 
M. Valloton and A. E. Merbach, Helv. Chim. Acta, 1974, 57, 2345. 

D. R. Sadoway and S. M. Flengas, Can. J. Chem., 1978, 56, 2538. 

M. G. B. Drew, A. P. Wolters and J. D. Wilkins, Acta Crystallogr., Sect. B, 1975, 31, 324. 

Yu. A. Buslaev, E. G. Il’in, S. N. Bainova and M. N. Krutkina, Dokl. Akad. Nauk SSSR, 1971, 196, 374. 

Yu. A. Buslaev, E. G. Il’in and M. N. Krutkina, Dokl. Akad. Nauk SSSR, 1971, 200, 1345. 

Yu. A. Buslaev, V. D. Kopanev and V. P. Tarasov, Chem. Commun., 1971, 1175. 

Yu. A. Buslaev, E. G. IV’in and M. N. Krutkina, Dokl. Akad. Nauk SSSR, 1971, 201, 99. 
Yu. A. Buslaev and E. G. IVin, J.. Fluorine Chem., 1974, 4, 271. 

A. Merbach and J. C. Biinzli, Helv. Chim. Acta, 1972, 55, 580. 
G. W. A. Fowles, D. A. Rice and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1972, 2313. 
G. W. A. Fowles, D. A. Rice and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1974, 1080. 

. G. IVin, M. E. Ignatov and Yu. A. Buslaev, Koord. Khim., 1979, 5, 949. 
. Merbach and J. C. Biinzli, Helv. Chem. Acta, 1971, 54, 2543. 
. Good and A. E. Merbach, Helv. Chim. Acta, 1974, 57, 1192. 

. C. Biinzli and A. E. Merbach, Helv. Chim. Acta, 1972, 55, 2867. 

.M 
. Me 
.M 

ies} 

. P. Favez, H. Rollier and A. E. Merbach, Helv. Chim. Acta, 1976, 59, 2383. 

rbach and J. C. Biinzli, Helv. Chim. Acta, 1972, 55, 1903. 
. P. Favez and A. E. Merbach, Helv. Chim. Acta, 1977, 60, 2695. 

. Good and A. E. Merbach, J. Chem. Soc., Chem. Commun., 1974, 163. 

. Good and A. E. Merbach, Inorg. Chem., 1975, 14, 1030. 
A. Kuz’min, S. I. Kuznetsov, S. M. Chizhikova, G. M. Denisova, G. N. Zviadadze and B. E. Dzevitskii, Zh.’ Fiz. 

Khim., 1979, 53, 155. 
M. Valloton and A. E. Merbach, Helv. Chim. Acta, 1975, 58,2272. 

P. R. Hammond and R. R. Lake, J. Chem. Soc. (A), 1971, 3800. 
L. V. Surpina, Yu. V. Kolodyazhnyi and O. A. Osipov, Zh. Neorg. Khim., 1973, 18, 2853. 
J. C. Fuggle, D. W. A. Sharp and J. M. Winfield, J. Fluorine Chem., 1972, 1, 427. 

K. C. Moss, J. Chem. Soc. (A), 1970, 1224. 

ARAPAAADyD 

L. G. Hubert-Pfalzgraf and M. Tsunoda, Inorg. Chim. Acta, 1980, 38, 43. 

M. S. Gill, H. S. Ahuja and G. S. Rao., J. Less-Common Met., 1970, 21, 447. 

M. S. Gill, H. S. Ahuja and G. S. Rao, J. Indian Chem. Soc., 1978, 55, 875. 

L. V. Surpina, Yu. V. Kolodyazhnyi and A. O. Osipov, Zh. Obshch. Khim., 1973, 43, 1165. 

J. D. Wilkins, J. Organomet. Chem., 1974, 80, 357. 

L. V. Surpina, Yu. V. Kolodyazhnyi and O. A. Osipov, Zh. Obshch. Khim., 1971, 41, 1420. 

J. R. Masaguer and M. R. Bermejo, Quim. Nova, 1973, 69, 1099. 

A. O. Baghlaf, K. Behzadi and A. Thompson, J. Less-Common Met., 1978, 61, 31. 

E. G. Il’in, M. E. Ignatov and Yu. A. Buslaev, Koord. Khim., 1977, 3, 46. 

E. G. IVin, M. E. Ignatov, L. S. Butorina, T. A. Mastryukova and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 

1977, 236, 609. 
E. G. IVin, M. E. Ignatov, A. A. Shuets and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 1978, 243, 1182. 

E. G. IVin, M. E. Ignatov, L. S. Butorina, T. A. Mastryukova and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 

1979, 248, 626. 
E. G. IVin, M. E. Ignatov and Yu. A. Buslaev, Dokl. Akad. Nauk SSSR, 1979, 247, 113. 

R. J. Dorschner, J. Inorg. Nucl. Chem., 1972, 34, 2665. 

J. R. Masaguer and J. Sordo, Acta Cient. Compostelana, 1971, 8, 115. 

J. R. Masaguer and J. Sordo, An. Quim., 1973, 69, 1263. 

D. Brown, J. F. Easey and J. G. H. Du Preez, J. Chem. Soc. (A), 1966, 258. 

Y. Gushiken, O. L. Alues, Y. Hase and Y. Kawano, J. Coord. Chem., 1977, 6, 179. 

A. V. Suvorov, A. M. German and N. P. Bondareva, Zh. Neorg. Khim., 1971, 16, 2413. 

I. L. Nadelyaev, A. V. Suvorov and Yu. V. Kondrat’ev, Zh. Obshch. Khim., 1976, 46, 1647. 

D. Budd, R. Churchman, D. G. Holah, A. N. Hughes and B. C. Hui, Can. J. Chem., 1972, 50, 1008. 

D. Brown, J. Hill and C. E. F. Rickard, J. Less-Common Met., 1970, 20, 57. 



688 Niobium and Tantalum 

126. S. G. Murray and F. R. Hartley, Chem. Rev., 1981, 81, 365. 
127. S. R. Wade and G. R. Willey, Inorg. Chim. Acta, 1983, 72, 201. 
128. R. E. De Simone and T. M. Tighe, J. Inorg. Nucl. Chem., 1976, 38, 1623. 
129. R. E. De Simone and M. D. Glick, J. Am. Chem. Soc., 1975, 97, 942. 
130. R. E. De Simone and M. D. Glick, J. Coord. Chem., 1976, bi tH 
131. H. Béhland and F. M. Schneider, Z. Chem., 1972, L, 63. 
132. H. Béhland and F. M. Schneider, Z. Chem., 1972, 12, 28. 
133. J. D. Wilkins, J. Organomet. Chem., 1974, 65, 383. 
134. C. Djordjevic and V. Katovic, J. Chem. Soc. (A), 1970, 3382. 
135. M. G. B. Drew and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1973, 1830. 
136. B. Begolli, V. Valjak, V. Allegretti and V. Katovic, J. Inorg. Nucl. Chem., 1981, 43, 2785. 
137. J. A. S. Howell and K. C. Moss, J. Chem. Soc. (A), 1971, 2483. 
138. G. A. Ozin and R. Walton, J. Chem. Soc. (A), 1970, 2236. 
139. C. Chavant, G. Constant, Y. Jeannin and R. Morancho, Acta Crystallogr., Sect. B, 1975, 31, 1823. 
140. G. W. A. Fowles, D. A. Rice and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1973, 961. 
141. M. S. Gill, H. S. Ahuja and G. S. Rao, Inorg. Chim. Acta, 1973, Ug aay: 
142. M. S. Gill, H. S. Ahuja and G. S. Rao, J. Inorg. Nucl. Chem., 1974, 36, 3731. 
143. M. J. Frazer, B. G. Gillespie, M. Goldstein and L. I. B. Haines. J. Chem. Soc. (A), 1970, 703. 

144. A. V. Leshchenko and O. A. Osipov, Zh. Obshch. Khim., 1977, 47, 2581. 
145. L. V. Surpina, A. D. Garnovskii, Yu. A. Kolodyazhnyi and O. A. Osipov, Zh. Obshch. Khim., 1971, 41, 2279. 
146. N. S. Biradar, T. R. Goudar and V. H. Kulkarni, J. Inorg. Nucl. Chem., 1974, 36, 1181. 
147. N. S. Biradar and T. R. Goudar, J. Inorg. Nucl. Chem., 1977, 39, 358. 
148. P. J. Ashley and E. G. Torrible, Can. J. Chem., 1969, 47, 2587. 
149. U. Thewalt and G. Albrecht, Z. Naturforsch, Teil B, 1982, 37, 1098. 
150. K. P. Srivastava, G. P. Srivastava and S. K. Arya, J. Electrochem. Soc. India, 1979, 28, 21 (Chem. Abstr., 1981, 

94, 113 649). 
151. R. J. H. Clark, D. L. Kepert and R. S. Nyholm, J Chem. Soc., 1965, 2877. 
152. J. C. Dewan, D. L. Kepert, C. L. Raston and A. H. White, J. Chem. Soc., Dalton Trans, 1975, 2031. 

153. D. L. Kepert and K. R. Trigwell, Aust. J. Chem., 1976, 29, 433. 
154. D. C. Bradley, B. N. Chakravarty and W. Wardlaw, J. Chem. Soc., 1956, 2381. 
155. D. C. Bradley, W. Wardlaw and A. Whitley, J. Chem. Soc., 1955, 726. 
156. P. N. Kapoor and R. C. Mehrotra, Chem. Ind. (London), 1966, 1034. 
157. I. M. Thomas, Can. J. Chem., 1961, 39, 1386. 
158. D. C. Bradley and I. M. Thomas, Chem. Ind. (London), 1958, 1231. 
159. S. C. Goel and R. C. Mehrotra, Z. Anorg. Allg. Chem., 1978, 440, 281. 
160. S. C. Goel, V. K. Singh and R. C. Mehrotra, Z. Anorg. Allg. Chem., 1978, 447, 253. 
161. P. N. Kapoor, S. K. Mehrotra, R. C. Mehrotra, R. B. King and K. C. ‘Naiman, Inorg. Chim. Acta, 1975, 12, 273. 
162. S. C. Goel, V. K. Singh and R. C. Mehrotra, Synth. React. Inorg. Metal-Org. Chem., 1979, 9, 459. 
163. S. C. Goel and R. C. Mehrotra, Synth. React. Inorg. Metal.-Org. Chem., 1981, 11, 35. 
164. S. C. Goel, S. K. Mehrotra and R. C. Mehrotra, Synth. React. Inorg. Metal.-Org. Chem., 1977, 7, 519. 
165. S. C. Goel, Synth. React. Inorg. Metal.-Org. Chem., 1983, 13, 725. 
166. R. C. Mehrotra and P. N. Kapoor, J. Less- Conunon Met., 1966, 10, 3540. 
167. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1964, 7, 98. 
168. R. C. Mehrotra and P. N. Kapppr, J. Indian Chem. Soc., 1967, 44, 345. 
169. S. Govil, P. N. Kapoor and R. C. Mehrotra, J. Inorg. Nucl. Chem., 1976, 38, 172. 
170. S. Govil, P. N. Kapoor and R. C. Mehrotra, Inorg. Chim. Acta, 1975, 15, 43. 
171. L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chem., 1975, 14, 2854. 
172. A. A. Pinkerton, D. Schwarzenbach, L. G. Hubert- -Pfalzgraf and J. G. Riess, Inorg. Chem., 1976, 15, 1196. 
173: Lele I. B. Rabinovich, B. I. Kozyrkin, B. A. Salamatin and K. V. Kir’yanov, Dokl. Akad. Nauk SSSR, 

174. J. G. Riess and L. G. Pfalzgraf, Bull. Soc. Chim. Fr., 1968, 2401. 
175. L. G. Pfalzgraf and J. G. Riess, Bull. Soc. Chim. Fr., 1968, 4348. 
176. J. G. Riess and L. G. Hubert-Pfalzgraf, J. Chim. Phys. Phys. Chim., 1973, 646. 
177. C. E. Holloway, J. Coord. Chem., 1972, 1, 253. 
178. D. C. Bradley and-C. E. Holloway, J. Chem. Soc. (A), 1968, 219. 
179. L. G. Hubert-Pfalzgraf and J. G. Riess, J. Chem. Soc., Dalton Trans, 1974, 585. 
180. L. G. Hubert-Pfalzgraf and J. G. Riess, Bull. Soc. Chim. Fr., 1973, 1201. 
181. L. G. Hubert-Pfalzgraf, J. Guion and J. G. Riess, Bull. Soc. ‘Chim. Fr., 1971, 3855. 
182. L. G. Hubert-Pfalzgraf, Inorg, Chim. Acta, 1975, 12, 229. 
183. K. C. Malhotra and R. C. Martin, J. Organomet. Chem., 1982, 239, 159. 
184. M. Schénherr, D. Hass and K. Banfeld, Z. Chem., 1975, 15, 66. 
185. S. K. Mehrotra, R. N. Kapoor, J. Uttamchandani and A. M. Bhandari, Inorg. Chim. Acta, 1977, 22, 15. 
186. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 237. 
187. R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1965, 8, 419. 
188. A. K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, Transition Met. Chem., 1983, 8, 195. 
189. S. Prakash and R. N. net Inorg. Chim. Acta, 1971, 5, 372. 
190. A. K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, J. Indian Chem. Soc., 1982, 59, 195. 
191. R. Gut, H. Buser and E. Schmid, Helv. Chim. Acta, 1965, 48, 878. 
192. H. D. Gillman, J. Inorg. Nucl. Chem., 1975, 37, 1909. 
193. R. C. Mehrotra and P. N. Kapoor, Indian J. Chem., 1967, 5, 505. 
194. R. C. Mehrotra and P. N. Kapoor, J. Indian Chem. "Soe. 1967, 44, 467. 
195. R. C. Mehrotra, A. K. Rai and R. Bohra, Z. Anorg. Allg. Chem., 1973, 399, 338. 
196. R. Bohra, A. K. Rai and R. C. Mehrotra, Indian J. Chem., 1974, 12, 855. 
197. R. Bohra, A. K. Rai and R. C. Mehrotra, Indian J. Chem., 1976, 14, 558. 



198. 
199. 
200. 
201. 
202. 

203. 
204. 
205. 
206. 
207. 
208. 
209. 
210. 
211. 
212. 
213. 

214. 
DLS: 
216. 
217. 
218. 
219. 
220. 
221. 
222. 
223. 

224. 
225. 
226. 
ails 
228. 
Japs) 
230. 
Dak: 
Don. 
233. 
234. 
235; 
236. 
237. 
238. 
239. 
240. 
241. 
242. 
243. 

244. 
245. 
246. 
247. 
248. 
249. 
250. 
Die 
252. 
253. 
254. 
255. 

256. 
257. 
258. 
259: 
260. 
261. 
262. 
263. 

265. 
266. 

DO07%aAQ 

Niobium and Tantalum 689 

A. Singh and R. C. Mehrotra, Indian J. Chem., 1975, 13, 1197. 
P. Prashar and J. P. Tandon, Z. Naturforsch., Teil B, 1971, 36, 11. 
M. N. Moorkerjee, R. V. Singh and J. P. Tandon, Gazz. Chim. Ital., 1981, 111, 109. 

J. Uttamchandani, S. K. Mehrotra, A. M. Bhandari and R. N. Kapoor, Transition Met. Chem., 1976, 1, 249. 
M. N. Mookerjee, R. V. Singh and J. P. Tandon, Ann. Soc. Sci. Bruxelles, Ser. 1, 1980, 94, 207 (Chem. Abstr., 
1981, 95, 72 333). 
M. N. Mookerjee, R. V. Singh and J. P. Tandon, Indian J. Chem., 1981, 20, 246. 
R. C. Mehrotra, A. K. Rai and R. Bohra, J. Inorg. Nucl. Chem., 1974, 36, 1887. 
R. Bohra, A. K. Rai and R. C. Mehrotra, Inorg. Chim. Acta, 1977, 25, L147. 
R. Dorschner, Bull. Soc. Chim. Fr., 1968, 2787. 

R. C. Mehrotra and P. N. Kapoor, J. Less-Common Met., 1966, 10, 348. 
M. Schénherr, Z. Chem., 1980, 20, 155. 
A. A. Jones and J. D. Wilkins, J. Inorg. Nucl. Chem., 1976, 38, 95. 
H. Funk and K. Niederlander, Ber. Bunsenges. Phys. Chem., 1928, 61, 249. 

K. C. Malhotra, G. Mathur, K. C. Mahajan and S. C. Chaudry, J. Indian Chem. Soc., 1982, 59, 922. 
M. Schonherr and J. Koellner, Z. Chem., 1978, 18, 36. 
L. Chamberlain, J. Keddington, I. P. Rothwell and J. C. Huffman, Organometallics, 1982, 1, 1538; I. P. 
Rothwell, Polyhedron, 1985, 4, 177. 
G. W. A. Fowles, D. A. Rice and R. J. Shanton, J. Chem. Soc., Dalton Trans., 1978, 1658. 
J. H. Wengrovius and R. R. Schrock, Organometallics, 1982, 1, 148. 
D. Brown and C. E. F. Rickard, J. Chem. Soc. (A), 1971, 81. 
H. Kodama and M. Goto, Z. Anorg. Allg. Chem., 1976, 421, 71. 
Yu. V. Kokunov, V. D. Kopanev, M. P. Gustyakova and Yu. A. Buslaev, Koord. Khim., 1977, 3, 1835. 

Yu. V. Kokunov, V. D. Kopanev, M. P. Gustyakova and Yu. A. Buslaev, Koord. Khim., 1976, 2, 605. 
Yu. A. Buslaev, Yu. V. Kokunov, V. D. Kopanev and M. P. Gustyakova, J. Inorg. Nucl. Chem., 1974, 36, 1569. 
H. Koeppel, M. Schoenherr and L. Kolditz, Z. Chem., 1971, 11, 28. 
M. G. B. Drew and J. D. Wilkins, Inorg. Nucl. Chem. Lett., 1974, 10, 549. 
K. C. Malhotra, U. K. Banerjee and S. C. Chaudry, Natl. Acad. Sci. Lett. (India), 1979, 2, 175 (Chem. Abstr., 
1980, 92, 68 793). 

. Behzadi and A. Thompson, J. Less-Common Met., 1977, 56, 9. 
G. Hubert-Pfalzgraf, A. A. Pinkerton and J. G. Riess, Inorg. Chem., 1978, 17, 663. 
Yamanouchi and S. Yamada, Inorg. Chim. Acta, 1976, 18, 201. 
C. Malhotra, U. K. Banerjee and S. C. Chaudry, J. Indian Chem. Soc., 1979, 56, 754. 
S. Biradar and V. H. Kulkarni, J. Less-Common Met., 1972, 26, 355. 
Stefanovic, J. Stambolija and V. Katovic, Org. Mass Spectrom., 1973, 7, 1357. 
C. Shivahare and M. Pushpa-Sharda, J. Indian Chem. Soc., 1982, 59, 242. 
K. Narula, B. Singh, P. N. Kapoor and R. N. Kapoor, Indian J. Chem., 1983, 22, 166. 
C. Malhotra, U. K. Banerjee and S. C. Chaudry, Indian J. Chem., Sect. A, 1978, 16, 987. 
C. Malhotra and S. C. Chaudry, Indian J. Chem., Sect. A, 1976, 14, 706. 

. W. Moncrief, D. C. Pantaleo and N. E. Smith, Inorg. Nucl. Chem. Lett., 1971, 7, 255. 
. Viard, A. Laarif, F. Theobald and J. Amaudrut, J. Chem. Res. (M), 1983, 2301. 

. K. Rastoji and S. N. Nigam, J. Inst. Chem. (India), 1979, 51, 62 (Chem. Abstr., 1980, 92, 76 624). 
. Brownstein, Can. J. Chem., 1978, 56, 343. 

. M. Puri and S. Singh, J. Indian. Chem. Soc., 1981, 58, 327. 

. C. Pantaleo and R. C. Johnson, Inorg. Chem., 1971, 10, 1298. 
. N. Nigam, M. K. Rastogi and R. K. Multani, Indian J. Chem., Sect. A, 1978, 16, 361. 

. J. Bennett, M. Cowie, J. L. Martin and T. Takats, J. Am. Chem. Soc., 1973, 95, 7504. 

. L. Martin and J. Takats, Inorg. Chem., 1975, 14, 1358. 

HRA DOUZARUR 

7 = COO Sw 
(a) M. Cowie and M. J. Bennett, Inorg. Chem., 1976, 15, 1589; (b) K. Tatsumi, Y. Sekiguchi, A. Nakamura, R. 
E. Cramer and J. J. Rupp, Angew. Chem., Int. Ed. Engl., 1986, 25, 86. 
J. C. Daran, K. Prout, A. De Cian, M. L. H. Green and N. J. Siganporia, J. Organomet. Chem., 1977, 136, C4. 

J. C. Daran, B. Meunier and K. Prout, Acta Crystallogr., Sect. B, 1979, 35, 1709. 

D. C. Bradley and M. H. Gilitz, Chem. Commun., 1965, 289. 

J. N. Smith and T. M. Brown, Inorg. Nucl. Chem. Lett., 1970, 6, 44. 

P. R. Heckley and D. G. Holah, Inorg. Nucl. Chem. Lett., 1970, 6, 865. 

P. R. Heckley, D. G. Holah and D. Brown, Can. J. Chem., 1971, 49, 1151. 

D. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 413. 

K. A. Uvarova, Yu. I. Usatenko, N. V. Melynikova and Zh. G. Klopova, Zh. Neorg. Khim., 1971, 16, 2137. 

J. Sala-Pala, J. L. Migot, J. E. Guerchais, L. Legall and F. a cane opitiais Chem., 1983, 248, 299. 

R. C. Fay, D. F. Lewis and J. R. Weir, J. Am. Chem. Soc., 1975, 97, ; 

D. F. Lewis and R. C. Fay, Inorg. Chem., 1976, 15, 2219; J. R. Weir and R. C. Fay, Inorg. Chem., 1986, 25, 2969. 

. F. Lappert, P. P. Power, A. R. Sanger and R. C. Srivastava, ‘Metal and Metalloid Amides’, Wiley, New 

ork, 1980. 

.C. Bradley and M. H. Chisholm, Acc. Chem. Res., 1976, 9, 273. 

_C. Bradley and M. H. Chisholm, Adv. Inorg. Chem. Radiochem., 1972, 15, 259. 

. Dehnicke and J. Strihle, Angew. Chem., Int. Ed. Engl., 1981, 20, 413. 

. Dehnicke and J. Strahle, Adv. Inorg. Chem. Radiochem., 1983, 26, 169. 

<< 

AROS 
_W. A. Fowles and F. H. Pollard, J. Chem. Soc., 1952, 4938. 

; . A. Fowles and C. M. Pleass, J. Chem. Soc., Dalton Trans., 1957, 2078. 

_J.H. Carnell and G. W. A. Fowles, J. Less-Common Met., 1962, 4, 40; J. Chem. Soc. (A), 1959, 4113. 

_C. Bradley and I. M. Thomas, Can. J. Chem., 1962, 40, 449, 1335. 

. C. Bradley and M. H. Gilitz, J. Chem. Soc. (A), 1969, 980. 

. C. Bradley and M. H. Chisholm, J. Chem. Soc., 1971, 1511. 

J. S. Wood, Prog. Inorg. Chem., 1972, 16, Phi fe 



690 Niobium and Tantalum 

267. 
268 
269. 
270 
ZT, 
Pie 
273 
274. 
Zid. 
276. 
Zi. 
278. 

PARE 
280. 
281. 
282. 
283. 
284. 
285. 
286. 
287. 
288. 
289. 

290. 
291. 
292. 
293. 
294. 
295. 
296. 
297. 
298. 
299: 
300. 
301. 

302. 

303. 
304. 
305. 
306. 
307. 
308. 

310. 
311. 

312. 
S135 
314. 
315. 
316. 
317. 
318. 
319. 

320. 
321. 
322. 

323. 
324. 
325. 
326. 
S27. 
328. 
329. 
330. 
S31: 
332. 

C. E. Heath and M. B. Hursthouse, J. Chem. Soc., Chem. Commun., 1971, 143. 

. M.H. Chisholm, A. H. Cowley and M. Lattman, a Am. Chem. Soc., 1980, 102, 42. 

J. C. Fuggle, D. W. A. Sharp and J. M. Winfield, J. Chem. Soc., Dalton Trans., 1972, 1766. 
; H. Chisholm, J. C. Huffman and L. S. Tan, Inorg. Chem., 1981, 20, 1859. 
T. G. Appleton, H. C. Clark and L. E. Manzer, Coord. Chem., 1973, 10, 335. 

C. Bradley, M. B. Hursthouse, K. M. Abdulmalik and G. B. Vuru, Inorg. Chim. Acta, 1980, 44, LS. 

: A. Andersen, Inorg. Chem., 1979, 18, 3622. 
J. L. Morangais, Thesis, Nice, 1983. 
J. L. Martin and J. Takats, Inorg. Chem., 1975, 14, 73. 

H. Chisholm and M. W. Extine, J. Am. Chem. ‘Soc., 1977, 99, 792. 
Santini-Scampucci and G. Wilkinson, J. Chem. Soc., Dalton Trans., 1976, 807. 
M. H. Chisholm and M. Extine, J. Chem. Soc., Chem. Commun., 1975, 438; (b) J. Am. Chem. Soc., 1977, 
782; (c) J. Am. Chem. Soc., 1975, 97, 1623. 

a 

Nas 

D. 
R. 

C; 

D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969, 1152. 
H. Chisholm, F. A. Cotton and M. W. Extine, Inorg. Chem., 1978, 17, 2000. 
A. Nugent, D. W. Ovenall and S. J. Holmes, Organometallics, 1983, 2, 161. 

Y. Takahashi, N. Onoyama, Y. Ishikawa, S. Motojima and K. Sugiyama, Chem. Lett., 1978, 525. 
Airoli, D. C. Bradley and G. Vuru, Transition Met. Chem., 1979, 4, 64. 
M. Mayer, C. J. Curtis and J. E. Bercaw, J. Am. Chem. Soc., 1983, 105, 2651. 
A. Nugent and B. L. Haymore, Coord. Chem. Rev., 1980, 31, 123. 

Cenini and G. La Monica, Inorg. Chim. Acta, 1976, 18, 279. 
K. Rappe and W. A. Goddard, J. Am. Chem. Soc., 1982, 104, 448. 
C. Bradley and I. M. Thomas, Proc. Chem. Soc., 1959, 225; 
A. Nugent and R. Harlow, J. Chem. Soc., Chem. Commun., 1978, 579; W. A. Nugent, Inorg. Chem., 1983, 

965. 

Me 

M. 

(a 
99, 

M. 
W. 

Cc. 
as 
W. 
sf 
A. 
DY, 
W. 
22; 
T. C. Jones, A. J. Nielson and C. E. F. Rickard, J. Chem. Soc., Chem. Commun., 1984, 205. 

S. Tan, G. V. Goeden and B. L. Haymore, Inorg. Chem., 1983, 22, 1744. 
M. Rocklage and R. R. Schrock, J. Am. Chem. Soc., 1982, 104, 3077. 
R. Schrock and J. D. Fellmann, J. Am. Chem. Soc., 1978, 100, 3359. 

L. G. Hubert-Pfalzgraf and G. Aharonian, Inorg. Chim. Acta, 1985, 100, L22. 
P. A. Finn, M. S. King, P. A. Kilty and R. E. McCarley, J. Am. Chem. Soc., 1975, 97, 220. 

A. Cotton and W. T. Hall, J. Am. Chem. Soc., 1979, 101, 5094. 

A. Cotton and W. T. Hall, Inorg. Chem., 1978, 17, 3525. 
R. Churchill and H. J. Wasserman, Inorg. Chem., 1982, 21, 223. 
M. Rocklage and R. R. Schrock, J. Am. Chem. Soc., 1980, 102, 7808. 

A. Nugent, R. J. McKinney, R. V. Kasowski and F. A. Van Catledje, Inorg. Chim. Acta, 1982, 65, L91. 
M. Rocklage, J. D. Fellmann, G. A. Rupprecht, L. N. Messerle and R. R. Schrock, J. Am. Chem. Soc., 1981, 
3, 1440. 
A. Lemenovskii, T. V. Baukova, E. G. Perevalova and A. N. Nesmeyanov, Izv. Akad. Nauk SSSR, Ser. 

him., 1976, 10, 2404. 
. J. Burt, G. J. Leigh and D. L. Hughes, J. Chem. Soc., Dalton Trans., 1981, 793. 
L. Morangais and L. G. Hubert-Pfalzgraf, Transition Met. Chem., 1984, 9, 130. 

Chatt, J. R. Dilworth, G. J. Leigh and R. L. Richards, Chem. Commun., 1970, 955. 
M. Rocklage, H. W. Turner, J. D. Fellmann and R. R. Schrock, Organometallics, 1982, 1, 703. 

. R. Churchill and H. J. Wasserman, Inorg. Chem., 1981, 20, 2899. 

H. W. Turner, J. D. Fellman, S. M. Rocklage and R. R. Schrock, J. Am. Chem. Soc., 1980, 102, 7809. 
. M. R. Churchill and H. J. Wasserman, Inorg. Chem., 1982, 21, 218. 
C. K. Kruger and Y. H. Tsay, Angew. Chem., Int. Ed. Engl., 1973, 12, 998. 
(a) R. D. Sanner, J. M. Manriquez, R. E. Marsh and J. E. Bercaw, J. Am. Chem. Soc., 1976, 98, 8351; (b) R. D. 
Sanner, D. Duggan, T. C. McKenzie, R. E. Marsh and J. E. Bercaw, J. Am. Chem. Soc., 1976, 98, 8358. 
J. Stréhle, Z. Anorg. Allg. Chem., 1974, 405, 139. 
H. Belzer and J. Strahle, Z. Naturforsch., Teil B, 1979, 34, 1199. 
H. Belzer and J. Strahle, Z. Naturforsch., Teil B, 1983, 38, 317. 
E. M. Shustorowich, M. A. Poraikoshits and Yu. A. Buslaev, Coord. Chem. Rev., 1975, 17, 1. 
K. P. Frank, J. Strahle and J. Weidlein, Z. Naturforsch, Teil B, 1980, 35, 300. 
S. M. Sintitsyna, Russ. J. Inorg. Chem. (Engl. Transl.), 1977, 22, 402. 
W. Weishaupt and J. Straéhle, Z. Anorg. Allg. Chem., 1977, 429, 261. 
M. A. Glushkova, M. M. Ershova and Yu. A. Buslaev, Russ. J. Inorg. Chem. (Engl. Transl.), 1965, 10, 1290; 
Izv. Akad. Nauk Neorg. Mater., 1967, 3, 1971. 
E. M. Shustorowich, J. Struct. Chem. (Engl. Trans!), 1962, 3, 204. 
J. W. Buchler and K. Rohbock, Inorg. Nucl. Chem. Lett., 1972, 8, 1073. 
eee L. K. Hanson, G. E. Khalil, J. W. Bucher, K. Rohbock and D. Dolphin, J. Am. Chem. Soc., 
1 142 
P. Richard and R. Guilard, J. Chem. Soc., Chem. Commun., 1983, 1454. 
M. L. H. Green and J. J. E. Moreau, Inorg. Chim. Acta, 1978, 31, L461. 
B. D. Berezin and T. N. Lomova, Zh. Neorg. Khim., 1981, 26, 379. 
R. Guilard, B. Flinniaux, B. Maume and P. Fournari, C.R. Hebd. Seances Acad. Sci., Ser. C, 1975, 281, 461. 
C. Lecomte, J. Protas and R. Guilard, C.R. Hebd. Seances Acad. Sci., Ser. C, 1976, 283, 397. 
J. F. Johnson and W. R. Scheidt, J. Am. Chem. Soc., 1977, 99, 294. 
J. F. Johnson and W. R. Scheidt, Inorg. Chem., 1978, 17, 1280. 
C. Lecomte, J. Protas, R. Guilard, B. Fliniaux and P. Fournari, J. Chem. Soc., Dalton Trans., 1979, 1306. 
K. Tatsumi and R. Hoffman, J. Am. Chem. Soc., 1981, 103, 3328. 
C. Lecomte, J. Protas, P. Richard, J. M. Barbe and R. Guilard, J. Chem. Soc., Dalton Trans., 1982, 247. 

S. 

S. 
10 

K 

Ie 

L. 
S. 
R. 

F. 
1g 
M. 

W. 

DY: 

R 

Ue 
S 
M 



333 
334 
335, 
336 

337: 
338. 
339) 
340. 
341. 
342. 
343. 
344. 
345. 
346. 
347. 
348. 
349. 
350. 

35s 
392: 
353: 
354. 
8555 
356. 
3508 
358. 
359: 

360. 
361. 
362. 
363. 
364. 
365. 
366. 
367. 
368. 
369. 
370. 
37 
372. 
375: 
374. 
Sey 
376. 
Siile 
378. 
379% 
380. 
381. 

382. 
383. 
384. 
385. 
386. 
387. 
388. 
389. 
390. 
391. 

392. 
B938 
394. 
B95: 

396 
397 
398 
399 

Niobium and Tantalum 691 

. C. Lecomte, J. Protas, R. Guilard, B. Fliniaux and P. Fournari, J. Chem. Soc., Chem. Commun., 1976, 434. 

. Y. Matsuda, S. Yamada, T. Goto and Y. Murakami, Bull. Chem. Soc. Jpn., 1981, 54, 452. 
. K. Varmuza, G. Maresch and A. Meller, Monatsh. Chem., 1974, 105, 327. 
. G. P. Shaposhnikov, V. F. Borodkin and M. I. Fedorov, Izv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol., 

1981, 24, 1485 (Chem. Abstr., 1982, 97, 30 632). 
D. L. Reger, C. A. Swift and L. Lebioda, J. Am. Chem. Soc., 1983, 105, 5343; Inorg. Chem., 1984, 23, 349. 
L. G. Hubert-Pfalzgraf and M. Tsunoda, Polyhedron, 1983, 2, 203. 
J. D. Wilkins, J. Organomet. Chem., 1974, 80, 349. 
J. D. Wilkins, J. Organomet. Chem., 1974, 67, 269; 65, 383. 
M. G. B. Drew and J. D. Wilkins, J. Chem. Soc., Dalton Trans., 1974, 1973. 
J. D. Wilkins and M. G. B. Drew, J. Organomet. Chem., 1974, 69, 111. 
A. R. Middleton and G. Wilkinson, J. Chem. Soc., Dalton Trans., 1980, 1888. 
G. Brauer and H. Walz, Z. Anorg. Allg. Chem., 1962, 319, 236. 
B. Crociani and R. L. Richards, J. Chem. Soc., Chem. Commun., 1973, 127. 

B. Crociani, M. Nicolini and R. L. Richards, J. Organomet. Chem., 1975, 101, C1. 
M. Behnam-Dahkordy, B. Crociani and R. L. Richards, J. Chem. Soc., Dalton Trans. 1977, 2015. 
J. Dehand, R. Dorschner and R. Rohmer, C.R. Hebd. Seances Acad. Sci., Ser. C, 1966, 262, 1882. 
H. A. Droll and A. Fregoso, Inorg. Chim. Acta, 1977, 24, L79. 

E. G. Il’yn V. P. Tarsov, M. M. Ershova, V. A. Ermakov, M. A. Glushkova and Yu. A. Buslaev, Koord. 
Khim., 1978, 4, 1370. 
R. Kergoat, M.-C. Senechal-Tocquer, J. E. Guerchais and F. Dahan, Bull. Soc. Chim. Fr., 1976, 1203. 
N. Vuletic and C. Djordjevic, J. Chem. Soc., Dalton Trans., 1972, 2322. 
H. Bohland and E. Harke, Z. Anorg. Allg. Chem., 1975, 413, 102. 
J. D. Wilkins, J. Organomet. Chem., 1974, 65, 383. 

F. Dahan, R. Kergoat, M.-C. Tocquer and J. E. Guerchais, Acta Crystallogr., Sect. B, 1976, 32, 1038. 

F. Dahan, R. Kergoat, M.-C. Senechal-Torquer and J. E. Guerchais, J. Chem. Soc., Dalton Trans., 1976, 2202. 
R. G. Kidd and H. G. Spinney, J. Am. Chem. Soc., 1981, 103, 4759. 
E. G. Rakov, K. N. Marushkin and A. S. Alikhanyan, Zh. Neorg. Khim., 1983, 28, 328. 
V. I. Yampolyskii, E. G. Rakov, V. A. Davydov, V. V. Mikulenok and A. A. Mal’tsev, Zh. Neorg. Khim., 
1974, 19, 2299. 

V. Frevell and H. W. Rinn, Acta Crystallogr., 1956, 9, 626. 

S. Vorres and J. Donohue, Acta Crystallogr., 1955, 8, 25. 
A. Wilhelmi, L. Jahnberg and S. Andersson, Acta Chem. Scand., 1970, 24, 1472. 

L. A. Nisel’son, K. V. Tret’yakova, S. M. Kireev and D. B. Drobot, Zh. Neorg. Khim., 1982, 27, 887. 
V. Katovic and C. Djordjevic, Inorg. Chem., 1970, 9, 1720. 

Yu. A. Buslaev, S. M. Sinitsyna, V. I. Sinyagin and M. A. Polikarpova, Zh. Neorg. Khim., 1970, 15, 2324. 
J. Sola, Y. Do, J. M. Berg and R. H. Holm, J. Am. Chem. Soc., 1983, 105, 7784. 

C. Crevecoeur, Acta Crystallogr., 1964, 17, 757. 
F. Hulliger, Helv. Phys. Acta, 1961, 34, 303. 

. Muller, M. J. F. Leroy and R. Rohmer, C.R. Hebd. Seances Acad. Sci., Ser. C, 1970, 270, 1458. 
W. A. Fowles, R. J. Hobson, D. A. Rice and K. J. Shanton, J. Chem. Soc., Chem. Commun., 1976, 552. 

. O. Baghlaf and A. Thompson, J. Less-Common Met., 1977, 53, 291. 

. Schaeffer and W. Beckmann, Z. Anorg. Allg. Chem., 1966, 347, 225. 
G. B. Drew, D. A. Rice and D. M. Williams, J. Chem. Soc., Dalton Trans., 1983, 2251. 
G. B. Drew, G. W. A. Fowles, R. J. Hobson and D. A. Rice, Inorg. Chim. Acta, 1976, 20, L35. 

G. B. Drew and R. J. Hobson, Inorg. Chim. Acta, 1983, 72, 233. 
Bohland and F. M. Schneider, Z. Anorg. Allg. Chem., 1972, 390, 53. 
J. Peterson, R. B. Von Dreele and T. M. Brown, Inorg. Chem., 1978, 17, 1410. 

I. Pakhomovy, T. A. Kaidolova and R. L. Davidovich, Zh. Neorg. Khim., 1974, 19, 1823. 
Stomberg, Acta Chem. Scand., Ser. A., 1983, 37, 453. 

Yu. E. Gorbunova, U. I. Pakhamov, V. G. Kuznetsov and E. S. Kovaleva, Zh. Strukt. Khim., 1972, 13, 165. 
J. Sala-Pala, J. Y. Calves, J. E. Guerchais, S. Brownstein, J. C. Dewan and A. J. Edwards, Can. J. Chem., 1978, 

56, 1545. 
J. C. Dewan, A. J. Edwards, J. Y. Calves and J. E. Guerchais, J. Chem. Soc., Dalton Trans, 1977, 978. 
V. I. Pakhomov, R. L. Davidovich, T. A. Kaidalova and T. F. Levchishina, Zh. Neorg. Khim., 1973, 18, 1240. 
J. Sala-Pala, J. E. Guerchais and A. J. Edwards, Angew. Chem., Int. Ed. Engl., 1982, 21, 870. 
Yu. A. Buslaev, E. G. Il’in, V. D. Kopanev and V. P. Tarasov, Zh. Struckt. Khim., 1972, 13, 930. 
Yu. A. Buslaev and E. G. II’in, Koord. Khim., 1975, 1, 451. 
Yu. A. Buslaev, E. G. Il’in, V. D. Kopanev and O. G. Gavrish, Izv. Akad. Nauk SSSR, Ser. Khim., 1971, 1139. 
Yu. A. Buslaev, V. D. Kopaney, S. M. Sinitsyna and V. G. Khlebodarov, Zh. Neorg. Khim., 1973, 18, 2567. 
R. F. Weinland and L. Storz, Z. Anorg. Allg. Chem., 1907, 54, 223. 
D. Brown, J. Chem. Soc., 1964, 4944. 
(a) J. Guerchais, B. Spinner and R. Rohmer, Bull. Soc. Chim. Fr., 1965, 55; (b) E. Wendling and R. Rohmer, 

Bull. Soc. Chim. Fr., 1967, 8. 
L. V. Surpina, A. V. Leschenko and O. A. Osipov, Zh. Obshch. Khim., 1970, 40, 1915. 
T. I. Beresneva, G. P. Gosteva and A. N. Ketov, Zh. Neorg. Khim., 1970, 15, 3274. 
N. A. Ivanov, I. P. Alimarin, I. M. Gibalo and G. F. Bebikh, Izv. Akad. Nauk SSSR, Ser. Khim., 1970, 2664. 

F. I. Lobanov, V. S. Voskov, I. M. Gibalo and V. F. Kramenef, Russ. J. Inorg. Chem. (Engl. Transl.), 1972, 117, 

1405. 
. I. M. Gibalo, V. S. Voskov and F. I. Lobanov, Zh. Anal. Khim., 1970, 25, 1918. 

. U. Miiller and I. Lorenz, Z. Anorg. Allg. Chem., 1980, 463, 110. 

. F. A. Cotton and R. C. Najjar, Inorg. Chem., 1981, 20, 1866. 

. K. Dehnicke and H. Prinz, Z. Anorg. Allg. Chem., 1982, 490, 171. 

L. 
K 
K 

A<MTESSIPOS 

COC3-W 



692 

400. 
401. 
402. 
403. 
404. 
405. 
406. 
407. 

408. 
409. 

410. 
411. 
412. 
413. 
414. 
415. 
416. 
417. 

418. 
419. 

420. 
421. 
422. 
423. 

424. 
425. 
426. 
427. 
428. 
429. 
430. 
431. 
432. 
433. 
434. 
435. 
436. 
437. 
438. 
439. 
440. 
441. 
442. 
443. 

445. 
446. 
447. 
448. 
449. 
450. 
451. 
452. 
453. 
454. 
455. 
456. 

457. 
458. 
459. 

460. 
461. 
462. 
463. 
464. 
465. 

= 

Niobium and Tantalum 

J. C. Green, C. P. Overton, K. Prout and J. M. Martin, J. Organomet. Chem., 1982, 241, C21. 
E. Hey, F. Weller and F. Dehnicke, Z. Anorg. Allg. Chem., 1983, 502, 45. 
A. I. Morozov and I. I. Leonova, Zh. Neorg. Khim., 1972, 17, 2128. 
M. Schonherr and L. Kolditz, Z. Chem., 1970, 10, 72. 
I. S. Morozov and N. Lipatova, Zh. Neorg. Khim., 1968, 13, 2128. 
M. Y. Mirza and S. Ahmed, J. Inorg. Nucl. Chem., 1981, 43, 1935. 
A. I. Morozov and I. I. Leonova, Russ. J. Inorg. Chem. (Engl. Transl.), 1972, 17, 1107. 
A. M. Karayannis, C. M. Mikulski, M. J. Stocko, L. L. Pytlewski and M. M. Labes, J. Less-Common Met., 

1970, 21, 195. 
C. Santini-Scampucci and J. G. Riess, J. Chem. Soc., Dalton Trans., 1974, 1433. 
(a) S. M. Sinitsyna, T. M. Gorlova and V. F. Chistyakov, Zh. Neorg. Khim., 1973, 18, 2114; (b) S. M. Sinitsyna, 
V. G. Khlebodarov and M. A. Bukhterva, Zh. Neorg. Khim., 1974, 19, 1532. 
S. M. Sinitsyna, V. I. Siniyagin and Yu. A. Buslaev, Izv. Akad. Nauk SSSR, Neorg. Mater., 1969, 5, 605. 
A. V. Leshchenko, B. T. Panyushkin, A. D. Garnovski and O. A. Osipov, Zh. Neorg. Khim., 1966, 11, 2156. 

C. Djordjevic and V. Katovic, Chem. Commun., 1966, 224. 

N. Brnicevic and C. Djordjevic, J. Less-Common Met., 1967, 13, 470. 
A. P. Bell and A. G. Wedd, J. Organomet. Chem., 1979, 181, 81. 

C. Chavant, J. C. Daran, Y. Jeannin, G. Constant and R. Morancho, Acta Crystallogr., Sect. B, 1975, 31, 1828. 
L. G. Hubert-Pfalzgraf and A. A. Pinkerton, Inorg. Chem., 1977, 16, 1895. 
(a) R. Broussier, J. D. Olivier and B. Gautheron, J. Organomet. Chem., 1983, 251, 307; (b) R. Broussier, H. 
Normand and B. Gautheron, J. Organomet. Chem., 1976, 120, C28; (c) J. Organomet. Chem., 1978, 155, 347; (d) 
Tetrahedron Lett., 1976, 4077. 

P. M. Treichel and G. W. Weber, J. Am. Chem. Soc., 1968, 90, 1753. 

D. A. Lemenovskii, T. V. Baukova, V. A. Knizhnikov, E. V. Perevalova and A. N. Nesmeyanov, Dokl. Akad. 
Nauk SSSR, 1976, 226, 585. 
D. A. Lemenovskii, T. V. Baukova and V. D. Fedin, J. Organomet. Chem., 1977, 132, C14. 
P. Kopf-Maier, M. Leitner and H. Kopf, J. Inorg. Nucl. Chem., 1980, 42, 1789. 

W. E. Douglas and M. L. H. Green, J. Chem. Soc., Dalton. Trans., 1972, 1796. 

K. Prout, T. S. Cameron, R. A. Forder, S. R. Critchley, B. Denton and G. V. Rees, Acta Crystallogr., Sect. B, 
1974, 30, 2290. 
M. M. Kappes and R. H. Staley, J. Am. Chem. Soc., 1981, 103, 1286. 

E. L. Muetterties and C. M. Wright, J. Am. Chem. Soc., 1965, 87, 4706. 
A. K. Majumdar and A. K. Mukherjee, Anal. Chim. Acta, 1958, 19, 23. 
R. C. Johnson and A. Syamal, J. Inorg. Nucl. Chem., 1971, 33, 2547. 

F. Fairbrother, N. Ahmed, K. Edgar and A. Thompson, J. Less-Common. Met., 1962, 4, 466. 
C. Djordjevic and V. Katovic, J. Inorg. Nucl. Chem., 1963, 25, 1099. 
R. Kergoat and J. E. Guerchais, J. Less-Common Met., 1975, 39, 91. 

J. Y. Calves, J. E. Guerchais, R. Kergoat and N. Kheddar, Jnorg. Chim. Acta, 1979, 33, 95. 
J. C. Daran, Y. Jeannin, J. E. Guerchais and R. Kergoat, Inorg. Chim. Acta, 1979, 33, 81. 
H. Funk and K. Niederlander, Ber. Bunsenges. Phys. Chem., 1929, 62, 1688. 

K. Andrianov, M. Filimonova and V. Sidorov, J. Organomet. Chem., 1977, 142, 31. 

B. Viard, M. Poulain, D. Grandjean and J. Amaudrut, J. Chem. Res. (S), 1983, 84. 
R. N. Gupta and B. K. Sen, J. Inorg. Nucl. Chem., 1975, 37, 1548. 
N. Brnicevic and C. Djordjevic, J. Less-Common Met., 1971, 23, 61. 

M. Muller and J. Dehand, Bull. Soc. Chim. Fr., 1971, 2837. 
M. Muller and J. Dehand, Bull. Soc. Chim. Fr., 1971, 2843. 

N. Kheddar and B. Spinner, Bull. Soc. Chim. Fr., 1972, 502. 

G. Mathern, R. Weiss and R. Rohmer, Chem. Commun., 1969, 70. 
G. Mathern and R. Weiss, Acta Crystallogr., Sect. B, 1971, 27, 1610. 

M. Galesic, B. Markovic, M. Herceg and M. Sljukic, J. Less-Common Met., 1971, 25, 234. 
B. Kojic-Prodic, R. Liminga and S. Scavnicar, Acta Crystallogr., Sect. B, 1973, 29, 864. 
N. Brnicevic and C. Djordjevic, J. Chem. Soc., Dalton Trans., 1974, 165. 
N. Brnicevic, J. Inorg. Nucl. Chem., 1975, 37, 719. 
F. I. Lobanov, G. K. Nurtaeva and I. M. Gibalo, Zh. Neorg. Khim., 1978, 23, 982. 
M. Siroki and C. Djordjevic, J. Less-Common Met., 1971, 23, 228. 
A. K. Sen Gupta and N. G. Mandal, J. Inorg. Nucl. Chem., 1977, 39, 821. 
J. F. Dietsch, M. Muller and J. Dehand, C.R. Hebd. Seances Acad. Sci., Ser. C, 1972, 272, 471. 
R. Kergoat and J. E. Guerchais, Z. Anorg. Allg. Chem., 1975, 416, 174. 
N. Brnicevic and C. Djordjevic, J. Less-Common Met., 1970, 21, 469. 
A. T. Casey, D. J. Mackey, R. L. Martin and A. H. White, Aust. J. Chem., 1972, 25, 477. 
B. Ilmaier and R. C. Johnson, J. Less-Common Met., 1971, 25, 323. 
S. Kumar and N. K. Kauskik, Gazz. Chim. Ital., 1981, 111, 57. 
J. C. Dewan, D. L. Kepert, C. L. Raston, D. Taylor, E. N. Maslen and A. H. White, J. Chem. Soc., Dalton 
Trans., 1973, 2082. : 
B. Kamenar and C. K. Prout, J. Chem. Soc. (A), 1970, 2379. 
L. G. Hubert-Pfalzgraf, G, Le Borgne and M. Tsunoda, to be published. 
(a) C. Djordjevic and B. Tamhina, Anal. Chem., 1968, 40, 1512; (b) B. Tamina and C. Djordjevic, Croat. Chem. 
Acta, 1975, 47, 79 (Chem. Abstr., 1976, 84, 68 884). 
G. B. Seifer, Yu. Ya. Kharitonov and Z. A. Tarasova, Izv. Akad. Nauk SSSR, Neorg. Mater., 1968, 4, 518. 
D. Driss, A. Tazairt and B. Spinner, C.R. Hebd. Seances Acad. Sci., Ser. C, 1973, 277, 945. 
J. E. Guerchais and R. Rohmer, C.R. Hebd. Seances Acad. Sci., 1964, 259, 1135. 
Jee Guerchais and R. Rohmer, C.R. Hebd. Seances Acad. Sci., 1964, 259, 2647. 
J. E. Guerchais, J. Dehand, M. P. Aufranc and R. Rohmer, C.R. Hebd. Seances Acad. Sci., 1965, 261, 2907. R. N. Shchelokov, E. N. Traggeim, M. A. Michnik and S. V. Morozova, Zh. Neorg. Khim., 1973, 18, 2104. 



466. 
467. 
468. 
469. 
470. 
471. 
472. 
473. 
474. 
475. 
476. 
477. 
478. 
479. 
480. 
481. 

482. 
483. 

484. 
485. 
486. 
487. 

488. 
489. 
490. 
491. 
492. 
493. 
494. 
495. 
496. 
497. 
498. 
499. 

500. 

501. 
502. 
503. 
504. 
505. 
506. 
507. 
508. 
509. 
510. 
Br 
512. 
513: 
514. 
SHS: 

516. 
Sis 
518. 
319. 
520. 
521% 
522; 
528% 
524. 
525% 
526. 
Sie 
528. 
529: 
530. 
331% 
532. 

Niobium and Tantalum 693 

G. Mathern and R. Weiss, Acta Crystallogr., Sect. B, 1971, 27, 1598. 
J. Fuchs and D. Lubkoll, Z. Naturforsch., Teil B, 1973, 28, 590. 

. V. Jere, L. Surendra and M. K. Gupta, Thermochim. Acta, 1983, 63, 229. 

. N. Latysh, A. S. Chernyak and T. E. Serebrennikova, Zh. Neorg. Khim., 1973, 18, 1014. 
P. Vasilyev and G. A. Zaitseva, Zh. Neorg. Khim., 1973, 18, 139. 

. P. Vasilyev, G. A. Zaitseva and V. G. Malakhova, Russ. J. Inorg. Chem., (Engl. Transl.), 1971, 16, 360. 
. P. Vasilyev, G. A. Zaitseva and V. G. Malakhova, Russ. J. Inorg. Chem. (Engl. Transl.), 1971, 16, 1144. 
A. Bogdanov, G. K. Yurchenko and O. V. Popov, Zh. Neorg. Khim., 1982, 27, 2143. 

A. Merkulov, V. M. Berdnikov, Yu. V. Gatilov and M. M. Bazhin, Zh. Neorg. Khim., 1972, 17, 3253. 
A. Merkulov and V. M. Berdnikov, Zh. Neorg. Khim., 1978, 23, 3250. 
N. Shchelokov, E. N. Traggeim, M. A. Michnik and K. I. Petrov, Zh. Neorg., Khim., 1972, 17, 2439. 
N. Shchelokov, E. N. Traggeim and M. A. Michnik, Chem. Abstr., 1976, 84, 25 283. 
Mathern, R. Weiss and R. Rohmer, Chem. Commun., 1970, 153. 

J. Amaudrut, J. E. Guerchais and J. Sala-Pala, J. Organomet. Chem., 1978, 157, C10. 
J. L. Migot, J. Sala-Pala and J. E. Guerchais, J. Organomet. Chem., 1983, 243, 427. 
B. Viard, J. Sala-Pala, J. Amaudrut, J. E. Guerchais, C. Sanchez and J. Livage, Inorg. Chim. Acta, 1980, 39, 

99. 
R. M. Roder, Diss. Abstr. Int. B, 1974, 34, 4866. 
R. Mercier, J. Douglade, J. Amaudrut, J. Sala-Pala and J. E. Guerchais, Acta Crystallogr., Sect. B, 1980, 36, 
2986. 
A. Bali and K. C. Malhotra, Aust. J. Chem., 1975, 28, 481. 
A. S. Chernyak and G. N. Latysh, Russ. J. Inorg. Chem. (Engl. Transl.), 1975, 20, 698. 
M. I. Andreeva, R. A. Popova and S. A. Kobycheva, Zh. Neorg. Khim., 1971, 16, 1036. 
A. S. Chernyak, T. N. Yas’ko, V. K. Karnaukhova, M. L. Shepot’ko and E. A. Rozhkova, Zh. Neorg. Khim., 
1982, 27, 2503. 
A. S. Chernyak, T. N. Yas’ko and T. F. Tikhonova, Zh. Neorg. Khim., 1981, 26, 1568. 
J. M. Longo and P. Kierkegaard, Acta Chem. Scand., 1966, 20, 72. 

R. S. Roth, A. D. Wadsley and S. Andersson, Acta Crystallogr., 1965, 18, 643. 
N. G. Chernorukov, N. P. Egorov, E. V. Shitova and Yu. Chigirinskii, Zh. Neorg. Khim., 1981, 26, 2714. 
N. G. Chernorukov, N. P. Egorov and I. R. Mochalova, Zh. Neorg. Khim., 1978, 23, 2931. 
G. I. Deulin, R. B. Dushin and V. N. Krylov, Zh. Neorg. Khim., 1979, 24, 2327. 

N 
R 
E 

anA Pr Pas <=2@ 

. G. Chernorukov, N. P. Egorov and V. F. Kutsepin, Zh. Neorg. Khim., 1979, 24, 1782. 

. G. Cavell and R. A. Sanger, Inorg. Chem., 1972, 11, 2016. 
. Niecke, R. Kréher and S. Pohl, Angew Chem., Int. Ed. Engl., 1977, 16, 864. 

. Jagner, E. Ljungstroem and A. Tullberg, Acta Crystallogr., Sect. B, 1980, 36, 2213. 
Yu. A. Ol’dekop and V. A. Knizhnikov, Zh. Obshch. Khim., 1981, 51, 1723. 
(a) P. H. M. Budzelaar, K. H. Den Haan, J. Boersma, G. J. M. Van Der Kerk and A. L. Spek, 

Organometallics, 1984, 3, 156; (b) P. H. M. Budzelaar, A. A. H. Van Der Zeijden, J. Boersma, G. J. M. Van 
Der Kerk, A. L. Spek and A. J. M. Duisenberg, Organometallics, 1984, 3, 159. 
R. Kergoat, M. M. Kubicki, J. E. Guerchais, N. C. Norman and A. G. Orpen, J. Chem. Soc., Dalton Trans., 

1982, 633. 
P. W. Seabaugh and J. D. Corbett, Inorg. Chem., 1965, 4, 176. 
R. E. McCarley and J. C. Boatman, Inorg. Chem., 1963, 2, 547. 
D. R. Taylor, J. C. Calabrese and E. M. Larsen, Inorg. Chem., 1977, 16, 721. 
L. F. Dahl and D. L. Wampler, Acta Crystallogr., 1958, 11, 615. 
M. H. Whangbo and M. J. Foshee, Inorg. Chem., 1981, 20, 113. 
S. S. Shaik and R. Bar, Inorg. Chem., 1983, 22, 735. 
H. Kawamura, I. Shiratani and K. Tachikawa, Phys. Lett. A, 1978, 65, 335. 
G. W. A. Fowles, T. D. Tidmarsh and R. A. Walton, Inorg. Chem., 1969, 8, 631. 

al and A. D. Westland, J. Chem. Soc., Dalton Trans., 1974, 2505. 

Nn 

L 
O. Gilpatrick and L. M. Toth, Inorg. Chem., 1974, 13, 2242. 
E. Dickson, R. A. Hayden and W. G. Fateley, Spectrochim. Acta, Sect. A, 1969, 25, 1875. 
Gut and W. Perron, J. Less-Common Met., 1972, 26, 369. 
G. Hubert-Pfalzgraf and M. Tsunoda, Inorg. Chim. Acta, 1980, 38, 43. 
H. Clark, D. L. Kepert, J. Lewis and R. S. Nyholm, J. Chem. Soc. (A), 1965, 2865. 

. E. McCarley and B. A. Torp, Inorg. Chem., 1963, 2, 540; M. Albutt, K. Feeman and G. W. Fowles, J. 

ess-Common Met., 1964, 6, 299. 
W. A. Fowles and K. F. Gadd, J. Chem. Soc. (A), 1970, 2233. 

. Kepert and D. L. Deutscher, Inorg. Chim. Acta, 1970, 4, 645. 
irskey and J. B. Hamilton, Inorg. Chem., 1972, 11, 1945. 

. Manzer, Inorg. Chem., 1977, 16, 525. 
. Cotton, §. A. Duraj and W. J. Roth, Inorg. Chem., 1984, 23, 4046. 

. Dougherty, Diss. Abstr. B, 1967, 28, 83. 
. Benton, M. G. B. Drew, R. J. Hobson and D. A. Rice, J. Chem. Soc., Dalton Trans., 1981, 1304. 

. Hamilton and R. E. McCarley, Inorg. Chem., 1970, 9, 1333. 
. Cotton and W. J. Roth, Inorg. Chem., 1984, 23, 945. 

Broll, H. G. Von Schnering and H. Schafer, J. Less-Common Met., 1970, 22, 243. 

Calderazzo, M. Castellani, G. Pampaloni and P. F. Zanazzi, J. Chem. Soc., Dalton Trans., 1985, 1989. 

B. Hamilton and R. E. McCarley, Inorg. Chem., 1970, 91, 1339. 

L. Deutscher and D. L. Kepert, Inorg. Chem., 1970, 9, 2305. 

L. Kepert, B. W. Skelton and A. H. White, J. Chem. Soc., Dalton Trans., 1981, 652. 

A. Cotton, L. R. Falvello and R. C. Najjar, Inorg. Chem., 1983, 22, 770. 

G 

aul 
. Ki 
.E 
A 

.A 
Ab 
B 
A 

. Gut, Helv. Chim. Acta, 1960, 43, 830. 

D 
L 
F. 
R 
L 
Je 
R 
is 
G 
R 
K 
jt, 
F. 
He 
A 
J. 
F. 
A 
F. 
J. 
R 
D 
F. 
R 
T. M. Brown and G. S. Newton, Inorg. Chem., 1966, 5, 1117. 



694 

SER) 
534. 
535% 
536. 
537. 
538. 
539. 
540. 
541. 
542. 
543. 
544. 
545. 
546. 

547. 
548. 
549. 

550. 
=p) 

Pye 
553. 
554. 
555; 
556. 

PETE 
558. 
559. 

560. 
561. 

562. 
563. 
564. 
565. 
566. 
567. 
568. 
569. 
570. 
571. 

D2: 
573. 

574. 
S75: 

576. 
ST. 
578. 
579. 

580. 
581. 
582. 

583. 
584. 
585. 
586. 

587. 

588. 
589. 

590. 
591. 

Niobium and Tantalum 

. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 405. 
. M. Brown and D. L. Bush, J. Less-Common Met., 1971, 25, 397. 
. J. Peterson, R. B. Von Dreele and T. M. Brown, Inorg. Chem., 1976, 15, 309. 

. M. Kierman and W. P. Griffith, J. Chem. Soc., Dalton Trans., 1975, 2489. 

._M. Kierman, J. F. Gibson and W. P. Griffith, J. Chem. Soc., Chem. Commun., 1973, 816. 

. F. Gainullin, N. S. Garifyanov and B. M. Kozyrev, Dokl. Akad. Nauk SSSR, 1968, 180, 858. 
u. A. Buslaev, M. A. Glushkova and N. A. Ovchinnikova, Koord. Khim., 1975, 1, 319. 

. A. Rice, Coord. Chem. Rev., 1978, 25, 199. 

SH WUMHO MeeuZzu 

OX 
. J. Atherton and J. H. Holloway, Adv. Inorg. Chem. Radiochem., 1979, 22, 171. 

. Fenner, A. Rabenau and G. Trageser, Adv. Inorg. Chem. Radiochem., 1980, 23, 329. 
. M. Sinitsyna, V. G. Khlebodarov and N. A. Bukhtera, Russ. J. Inorg. Chem., (Engl. Trans.), 1975, 20, 1267. 

. G. Von Schnering and W. Beckman, Z. Anorg. Allg. Chem., 1966, 347, 231. 

. Rijnsdorp, G. J. De Lange and G. A. Wiegers, J. Solid State Chem., 1979, 30, 365. 
C. Perrin-Billot, A. Perrin and J. Prigent, Chem. Commun., 1970, 676; C. Perrin, A. Perrin and P. Caillet, J. 
Chim. Phys., 1973, 105. 
H. F. Franzen, W. Honle and H. G. Von Schnering, Z. Anorg. Allg. Chem., 1983, 497, 13. 
J. Rijnsdorp and F. Jellinek, J. Solid State Chem., 1979, 28, 149. 
I. S. Morozov and N. P. Dergacheva, Otkritiya, Izobret. Prom. Obraztsy Tonvarnye Znaki, 1974, 51, 65 (Chem. 
Abstr., 1975, 82, 61 374). 
A. J. Benton, M. G. B. Drew and D. A. Rice, J. Chem. Soc., Chem. Commun., 1981, 1241. 

M. Bochmann, G. Wilkinson, G. B. Young, M. B. Hursthouse and K. M. A. Malik, J. Chem. Soc., Dalton 
Trans., 1980, 901. 
R. L. Deutscher and D. Kepert, Chem. Commun., 1969, 121. 

T. J. Pinnavaia, B. L. Barnett and G. Podolski, J. Am. Chem. Soc., 1975, 97, 2712. 
J. L. Morangais, L. G. Hubert-Pfalzgraf and P. Laurent, Inorg. Chim. Acta, 1983, 71, 119. 

A. A. Pasynskii, Yu. U. Skripkin and V. T. Kalinnikov, J. Organomet. Chem., 1978, 150, 51. 

V. T. Kallinnikov, A. A. Passynskii, G. M. Larin, V. M. Novotortsev, Yu. T. Struchkov, A. I. Gusev and N. I. 

Kirilova, J. Organomet. Chem., 1974, 74, 91. 
D. Attanasio, C. Belluto and A. Flamini, Jnorg. Chem., 1980, 19, 3419. 

J. Stach, R. Kirmse, W. Dietzsch, I. N. Marov and V. K. Belxaeva, Z. Anorg. Allg. Chem., 1980, 466, 36. 

M. J. Bunker, A. De Cian, M. L. H. Green, J. J. E. Moreau and N. Siganporia, J. Chem. Soc., Dalton Trans., 
1980, 2155. 
M. Sato and T. Yoshida, J. Organomet. Chem., 1975, 87, 217. 

V. U. Tkachev, S. Shchepinov and T. O. Atoumyan, J. Struct. Chem. (Engl. Transl.), 1977, 18, 823. R. N. 
McGinnis and J. B. Hamilton, Inorg. Nucl. Chem. Lett., 1972, 8, 245. 

E. Manzer, US Pat. 4042 610 (1975) (Chem. Abstr., 1977, 87, 184 686). 
. J. Machin and J. F. Sullivan, J. Less-Common Met., 1969, 19, 413. 
Hovnanian and L. G. Hubert-Pfalzgraf, to be published. 
T. Baker, P. J. Krusic, T. H. Tulip, J. C. Calabrese and S. S. Wreford, J. Am. Chem. Soc., 1983, 105, 6763. 
Guilard, P. Richard, M. El Borai and E. Laviron, J. Chem. Soc., Chem. Commun., 1980, 516. 
Ukei, Acta Crystallogr., Sect. B, 1982, 38, 1288. 

. D. Curtis and J. Real, Organometallics, 1985, 4, 940. 

. Behnam-Dehkordy, B. Crociani, M. Nicolini and R. L. Richards, J. Organomet. Chem., 1979, 181, 69. 
J. Rijnsdorp and J. F. Jellinek, J. Solid State Chem., 1978, 25, 325. 

J. L. Hodeau, M. Marezio, C. Roucau, C. Ayroles, A. Meerschaut, J. Rouxel and P. Monceau, J. Phys. Chim., 
1978, 11, 4117. 
A. Meerschaut, L. Guemas and J. Rouxel, C.R. Hebd. Seances Acad. Sci., 1980, 290, 215. 
R. Schoellhorn and A. Weiss, Z. Naturforsch., Teil B, 1973, 28, 172, 716; B. Bach and J. M. Thomas, J. Chem. 
Soc., Chem. Commun., 1972, 301; A. H. Thompson, Nature (London), 1974, 251, 1492. 
B. Di Pietro, M. Patriarca and B. Scrosati, Synth. Met., 1982, 5, 1. 
I. H. Elson, J. K. Kochi, U. Klabunde, L. E. Manzer, G. W. Parshall and F. N. Tebbe, J. Am. Chem. Soc., 
1974, 96, 7374. 

P. A. Belmonte, F. G. N. Cloke and R. R. Schrock, J. Am. Chem. Soc., 1983, 105, 2643. 
M. R. Churchill and H. J. Wasserman, Inorg. Chem., 1982, 21, 226. 

M. R. Churchill and W. J. Youngs, Inorg. Chem., 1981, 20, 382. 
M. R. Churchill, H. J. Wasserman, P. A. Belmonte and R. R. Schrock, Organometallics, 1982, 1, 559; M. R. 
Churchill and H. J. Wasserman, J. Organomet. Chem., 1983, 247, 175. 
R. E. McCarley and E. T. Maas, Inorg. Chem., 1973, 12, 1096. 
J. L. Templeton, W. C. Dorman, J. C. Clardy and R. E. McCarley, Inorg. Chem., 1978, 17, 1263. 
A a M. R. Torki, G. Demazeau and P. Hagenmiiller, C.R. Hebd. Seances Acad. Sci., Ser. C, 1971, 

» 1093. 
A. D. Allen and S. Naito, Can. J. Chem., 1976, 54, 2948. 
L. G. Hubert-Pfalzgraf, M. Tsunoda and J. G. Riess, Inorg. Chim. Acta, 1980, 41, 283. 
F. A. Cotton and R. C. Najjar, Inorg. Chem., 1981, 20, 1866. 
L. G. Hubert-Pfalzgraf and J. G. Riess, Inorg. Chim. Acta, 1978, 29, L251; L. G. Hubert-Pfalzgraf, M. Tsunoda 
and J. G. Riess, Inorg. Chim. Acta, 1981, 52, 231. 
a ee R. B. Wilson and J. C. Huffman, J. Am. Chem. Soc., 1980, 102, 7111; Inorg. Chem., 1982, 

; : 
M. L. Luetkens, W. L. Elcesser, J. C. Huffman and A. P. Sattelberger, Inorg. Chem., 1984, 23, 1718. 
P. Sobota and B. Jezowska-Trzebiatowska, Coord. Chem. Rev., 1978, 26, 71; P. Sobota, T. Pluzinski, B. 
Jezowska-Trzebiatowska and S. Rummel, J. Organomet. Chem., 1980, 185, 69. 
H. W. Turner, R. R. Schrock, J. D. Fellman and S. J. Holmes, J. Am. Chem. Soc., 1983, 105, 4942. 
F. A. Cotton, M. P. Diebold and W. J. Roth, Inorg. Chim. Acta, 1985, 105, 41. 

“Zz 

ade of.) 

SSAPPZOT 



592. 
593. 
594, 
595. 
596. 
Sh 
598. 
599. 
600. 
601. 
602. 
603. 
604. 
605. 
606. 
607. 

608. 
609. 
610. 
611. 
612. 
613. 
614. 
615. 

616. 

617. 

618. 
619. 
620. 
621. 

622. 
623. 

624. 
625. 
626. 
627. 

628. 
629. 
630. 
631. 
632. 
633. 
634. 
635. 
636. 
637. 
638. 
639. 
640. 
641. 

642. 
643. 
644. 
645. 
646. 
647. 
648. 
649, 

650. 
651. 

652. 
653. 
654. 

Niobium and Tantalum 695 

E. Hey, F. Weller and K. Dehnicke, Nature (London), 1983, 70, 41; Z. Anorg. Allg. Chem., 1984, 514, 25. M. E. Clay and M. T. Brown, Inorg. Chim. Acta, 1982, 58, 1. 
M. E. Clay and M. T. Brown, Inorg. Chim. Acta, 1983, 72, 75. 
F. A. Cotton, L. R. Falvello and R. C. Najjar, Inorg. Chem., 1983, 22, 375. 
S. Datta and S. S. Wreford, Inorg. Chem., 1977, 16, 1134. 
F. A. Cotton, L. R. Falvello and R. C. Najjar, Inorg. Chim. Acta, 1982, 63, 107. 
L. G. Hubert-Pfalzgraf, unpublished results. 
L. G. Hubert-Pfalzgraf, Inorg. Chim. Acta, 1983, 76, L233. 
J. L. Templeton and R. E. McCarley, Inorg. Chem., 1978, 17, 2293. 
S. Shaik, R. Hoffman, C. R. Fisell and R. H. Summerville, J. Am. Chem. Soc., 1980, 102, 4555. 
F. A. Cotton and W. J. Roth, Inorg. Chim. Acta, 1983, 71, 175. 
G. Aharonian and L.G. Hubert-Pfalzgraf, to be published. 
L. G. Hubert-Pfalzgraf, A. Chaloyard and N. E. Murr, Inorg. Chim. Acta, 1982, 65, L173. 
A. P. Sattelberger, R. B. Wilson and J. C. Huffman, Inorg. Chem., 1982, 21, 4179. 
J. R. Wilson, A. P. Sattelberger and J. C. Huffman, J. Am. Chem. Soc., 1982, 104, 858. 
A. P. Sattelberger, in ‘Towards the 21st Century’, ed. M. H. Chisholm, ACS Symposium Series, American 
Chemical Society, Washington, DC, 1983. 
F. A. Cotton and W. T. Hall, Inorg. Chem., 1980, 19, 2352. 
E. A. Robinson, J. Chem. Soc., Dalton Trans., 1981, 2373. 
F. A. Cotton and W. T. Hall, Inorg. Chem., 1981, 20, 1285. 
F. A. Cotton and W. T. Hall, Inorg. Chem., 1980, 19, 2354. 
F. A. Cotton and K. J. Karol, Macromolecules, 1981, 14, 233. 
F. A. Cotton, L. R. Falvello and R. C. Najjar, Organometallics, 1982, 1, 1640. 
V. C. Gibson, P. D. Grebenik and M. L. H. Green, J. Chem. Soc., Chem. Commun., 1983, 1101. 
F. A. Cotton and W. J. Roth, J. Am. Chem. Soc., 1983, 105, 3734; F. A. Cotton, S. A. Duraj and W. J. Roth, J. 
Am. Chem. Soc., 1984, 106, 6989; F. A. Cotton and W. J. Roth, Inorg. Chim. Acta, 1987, 126, 161. 
(a) P. Laurent and L. G. Hubert-Pfalzgraf, unpublished results; (b) F. A. Cotton, M. P. Diebold and W. J. Roth, 
Inorg. Chem., 1985, 24, 3509. ; 
A. V. Lobanov, G. A. Abakumov and G. A. Razuvaev, Dokl. Akad. Nauk SSSR, 1977, 235, 824 (Chem. Abstr., 
1977, 87, 126 509). 
F. A. Cotton and W. J. Roth, Inorg. Chem., 1983, 22, 868. 
L. G. Hubert-Pfalzgraf, M. Tsunoda and D. Katoch, Inorg. Chim. Acta, 1981, 51, 81. 
D. G. Blight, R. L. Deutscher and D. L. Kepert, J. Chem. Soc., Dalton Trans., 1972, 87. 

F. A. Cotton, S. A. Duraj and W. J. Roth, J. Am. Chem. Soc., 1984, 106, 3527; F. A. Cotton, M. P. Diebold, 
M. Matusz and W. J. Roth, Inorg. Chim. Acta, 1986, 112, 147. 

R. Bosselarr, B. G. Van Der Heyden and R. Mieras, Inorg. Nucl. Chem. Lett., 1971, 7, 1199. 

I. L. Eremenko, Yu. V. Skripkin, A. A. Pasynskii, V. T. Kalinnikov, Yu. T. Struchkov and G. G. Aleksandrov, 
J. Organomet. Chem., 1981, 220, 159. 

H. Funk and M. Hesselbarth, Z. Chem., 1966, 6, 227; K. Andra, Z. Anorg. Allg. Chem., 1970, 373, 209. 
H. Malissa and H. Kolbe-Rohde, Talanta, 1961, 8, 841. 

P. J. Domaille, B. M. Foxman, T. J. McNeese and S. S. Wreford, J. Am. Chem. Soc., 1980, 102, 4114. 
N. Hovnanian and L. G. Hubert-Pfalzgraf, J. Organomet. Chem., 1986, 299, C29; N. Hovnanian, Ph.D. Thesis, 
Universty of Nice, 1986. 
B. M. Foxman, T. M. McNeese and S. S. Wreford, Inorg. Chem., 1978, 17, 2311. 

A. M. Cardoso, R. J. H. Clarke and S. Moorhouse, J. Organomet. Chem., 1980, 186, 237. 

R. R. King and C. D. Hoff, J. Organomet. Chem., 1982, 225, 245. 
G. S. Bristow, P. B. Hitchcock and M. F. Lappert, J. Chem. Soc., Chem. Commun., 1981, 1145. 
R. Serrano and P. Royo, J. Organomet. Chem., 1983, 247, 33. 
L. Acedo, A. Otera and P. Royo, J. Organomet. Chem., 1983, 258, 181. 
G. Smith, R. R. Schrock, M. R. Churchill and W. J. Youngs, Inorg. Chem., 1981, 20, 387. 

M. B. Hursthouse, A. M. Galas, A. M. Soares and W. P. Griffith, J. Chem. Soc., Chem. Commun., 1980, 1167. 
N. Gupta and B. K. Sen, Z. Anorg. Allg. Chem., 1973, 398, 312. 
F. Hadjipanayoti-Stabaki and D. Katakis, J. Inorg. Nucl. Chem., 1977, 39, 995. 
N. Gupta and B. K. Sen, J. Inorg. Nucl. Chem., 1975, 37, 1044. 
K. Sen, R. Maity, R. N. Gupta and P. Bandyopadhyky, Anal. Chim. Acta, 1976, 81, 173. 
V. Saha, R. K. Maiti, R. N. Gupta and B. K. Sen, Indian J. Chem., Sect. A, 1977, 15, 43. 
E. Federov, V. K. Eustafev, S. D. Kirik and A. V. Mishchenko, Russ. J. Inorg. Chem. (Engl. Transl.), 1981, 
1447. 
Wiberg and H. Neumaier, Z. Anorg. Allg. Chem., 1965, 340, 189. 
L. Kepert and K. Vrieze, in ‘Halogen Chemistry’, ed. V. Gutman, 1967, vol. 3. 
Simon, Angew. Chem., Int. Ed. Engl., 1981, 20, 1. 

A. Muller, R. Jostes and F. A. Cotton, Angew. Chem., Int. Ed. Engl., 1980, 19, 875. 
A. Simon and H. G. Von Schnering, Z. Anorg. Allg. Chem., 1965, 339, 155. 
A. Broll, A. Simon, H. G. Von Schnering and H. Schafer, Z. Anorg. Allg. Chem., 1969, 367, 1. 
K. W. Koknat, J. A. Parsons and A. Vongvusharintra, Inorg. Chem., 1974, 13, 1699. 
W. A. Herrmann, H. Biersack, M. L. Ziegler, K. Weidenhammer, R. Siegel and D. Rehder, J. Am. Chem. Soc., 

1981, 103, 1692. 
G. W. A. Fowles, T. D. Tidmarsh and R. A. Walton, J. Inorg. Nucl. Chem., 1969, 31, 2373. 

(a) A: Bino, J. Am. Chem. Soc., 1980, 102, 7990; (b) F. A. Cotton, M. P. Diebold, R. Llusar and W. J. Roth, J. 
Chem. Soc., Chem. Commun., 1986, 1276. 
F. O. Fischer and F. Roéhrscheid, J. Organomet. Chem., 1966, 6, 53. 
M. R. Churchill and S. W. Y. Chang, J. Chem. Soc., Chem. Commun., 1974, 248. 
R. B. King, D. M. Braitsch and P. N. Kapoor, J. Am. Chem. Soc., 1975, 97, 60. 

R. 
D. 
R. 
B. 
A. 
Y, 

26, 
EB: 
D. 
A. 



696 

655. 

656. 
657. 
658. 
659. 
660. 
661. 
662. 
663. 
664. 
665. 
666. 
667. 
668. 
669. 
670. 
671. 
672. 
673. 
674. 
675. 
676. 
677. 
678. 
679. 
680. 
681. 
682. 
683. 
684. 
685. 
686. 
687. 
688. 
689. 
690. 
691. 
692. 

693. 
694. 
695. 
696. 
697. 
698. 
699. 
700. 

701. 

702. 
703. 
704. 
70S. 

706. 
707. 
708. 
709. 

710. 
TALE 

nae. 
TAS? 
714. 
715. 
716. 
717. 
718. 
719. 
720. 

Niobium and Tantalum 

S. Z. Goldberg, B. Spivack, G. Stanley, R. Eisenberg, D. M. Braitsch, J. S. Miller and M. Abkowitz, J. Am. 

Chem. Soc., 1977, 99, 110. 
. A. Vaughlan, J. H. Sturdivant and L. Pauling, J. Am. Chem. Soc., 1950, 72, 5477. 

H. Schafer, H. Plautz and H. Baumann, Z. Anorg. Allg. Chem., 1973, 401, 63. 
B. G. Hughes, J. L. Meyer, P. B. Fleming and R. E. McCarley, Inorg. Chem., 1970, 9, 1343. 

N. Brnicevic and H. Schafer, Z. Anorg. Allg. Chem., 1978, 441, 219. 
B. Spreckelmeyer, Z. Anorg. Allg. Chem., 1968, 358, 148. 
H. S. Harned, C. Pauling and R. B. Corey, J. Am. Chem. Soc., 1960, 82, 4815. 

R. B. Burbank, Inorg. Chem., 1966, 5, 1491. 
R. A. Field, D. L. Kepert and D. Taylor, Inorg. Chim. Acta, 1970, 4, 113. 

R. Schéllhorn, K. Wagner and H. Jonke, Angew. Chem., Int. Ed. Engl., 1981, 20, 109. 
R. J. Epenson, Inorg. Chem., 1968, 7, 636; R. J. Epenson and R. E. McCarley, Inorg. Chem., 1968, 7, 631. 
B. Spreckelmeyer and H. Schafer, J. Less-Common Met., 1967, 13, 127. 
R. E. McCarley, B. G. Hughes, F. A. Cotton and R. Zimmerman, Inorg. Chem., 1965, 4, 1491. 
J. P. Kuhn and R. E. McCarley, Inorg. Chem., 1965, 4, 1482. 
N. E, Cooke, T. Kuwana and J. Espenson, Inorg. Chem., 1971, 101, 1081. 

D. D. Klendworth and R. A. Walton, Inorg. Chem., 1981, 20, 1151. 

R. A. McKay and R. F. Schneider, Inorg. Chem., 1967, 6, 549; 1968, 7, 455. 
R. J. Allen and J. C. Sheldon, Aust. J. Chem., 1965, 18, 277. 
A 
ip 
B. 
OF 
S. 
P. 
P. 
R. 
S. 
F. 
M 
R. 
D 
B. 
jt 
A 

ro 

. Vogler and H. Kunkely, Inorg. Chem., 1984, 23, 1360. 

L. Meyer and R. E. McCarley, Inorg. Chem., 1978, 17, 1867. 
Spreckelmeyer and H. G. Von Schnering, Z. Anorg. Allg. Chem., 1971, 386, 27. 
B. Thaxton and R. A. Jacobson, Inorg. Chem., 1971, 10, 1460. 

S. Basson and J. G. Leipoldt, Transition Met. Chem., 1982, 7, 207. 
B. Fleming, J. L. Meyer, W. K. Grindstaff and R. E. McCarley, Inorg. Chem., 1970, 9, 1769. 
M. Boorman and B. P. Straughan, J. Chem. Soc. (A), 1966, 1515. 
Mattes, Z. Anorg. Allg. Chem., 1969, 346, 279. 
A. Best and R. A. Walton, Inorg. Chem., 1979, 18, 484. 
A. Cotton and T. E. Haas, Inorg. Chem., 1964, 3, 10. 

. B. Robin and N. A. Kuebler, Inorg. Chem., 1965, 4, 978. 
F. Schneider and R. A. McKay, J. Chem. Phys., 1968, 42, 843. 

. J. Robbins and A. J. Thomson, J. Chem. Soc., Dalton Trans., 1972, 2350. 

Speckelmeyer and H. Schafer, Z. Anorg. Allg. Chem., 1969, 365, 225. 
G. Converse, J. B. Hamilton and R. E. McCarley, Inorg. Chem., 1970, 9, 1366. 

. Simon, H. G. Von Schnering and H. Schafer, Z. Anorg. Allg. Chem., 1967, 355, 295. 
L. R. Bateman, J. F. Blount and L. F. Dahl, J. Am. Chem. Soc., 1966, 88, 1982. 
A. Simon, Z. Anorg. Allg. Chem., 1967, 355, 311. 
H. Imoto and J. D. Corbett, Inorg. Chem., 1980, 19, 1241. 
M. L. Luetkens, J. C. Huffman and A. P. Sattelberger, J. Am. Chem. Soc., 1983, 105, 4474; M. L. Luetkens, W. 
L. Elcesser, J. C. Huffman and A. P. Sattelberger, J. Chem. Soc., Chem. Commun., 1983, 1072. 

A. M. Bond, J. W. Bixler, E. Mocellin, S. Datta, E. J. James and S. S. Wreford, Inorg. Chem., 1980, 19, 1760. 
Yu. A. Buslaev, A. A. Kuznetsova and L. F. Goryachova, Inorg. Mater. (Engl. Transl.) 1967, 3, 1488. 
T. J. McNeese, S. S. Wreford and B. M. Foxman, J. Chem. Soc., Chem. Commun., 1978, 500. 
H. Schmidt and J. Noack, Angew. Chem., 1957, 69, 638. 
R. J. Burt and G. J. Leigh, J. Organomet. Chem., 1978, 148, C19. 
M. L. Luetkens, J. C. Huffman and A. P. Sattelberger, J. Am. Chem. Soc., 1985, 107, 3361. 
F. N. Tebbe, J. Am. Chem. Soc., 1973, 95, 5823. 
M. L. Luetkens, D. J. Santure, J. C. Huffman and A. P. Sattelberger, J. Chem. Soc., Chem. Commun., 1985, 
552. 
E. Guggolz, M. L. Ziegler, H. Biersack and W. A. Herrmann, J. Organomet. Chem., 1980, 194, 317; W. A. 
Herrmann and H. Biersack, Chem. Ber., 1979, 112, 3942. 

H. C. Bechtold and D. Rehder, J. Organomet. Chem., 1981, 206, 305. 
L. N. Lewis and K. G. Caulton, Inorg. Chem., 1980, 19, 3201. 
W. A. Herrmann, H. Biersack, M. L. Ziegler and B. Balbach, J. Organomet. Chem., 1981, 206, C33. 
A. A. Pasynskii, J. L. Eremenko, B. Orazsakhatov, V. T. Kalinnikov, G. G. Aleksandrov and Yu. T. 
Syruchkov, J. Organomet. Chem., 1981, 216, 211. 
S. S. Wreford and J. F. Whitney, Inorg. Chem., 1981, 20, 3918. 
J. D. Fellmann, G. A. Rupprecht and R. R. Schrock, J. Am. Chem. Soc., 1979, 101, 5099. 
P. R. Brown, F. G. N. Cloke and M. L. H. Green, J. Chem. Soc., Chem. Commun., 1980, 1126. 
J. O. Albright, S. Datta, B. Dezube, J. K. Kouba, D. S. M nick, S. S. Wreford and B. M. F Chem. Soc., 1979, 101, 611. of ri ponte A Oe 
T. Kruck and H. U. Hempel, Angew. Chem., 1971, 83, 437. 
F. G. N. Cloke, P. J. Fyne, V. C. Gibson, M. L. H. Green, M. J. Ledoux, R. N. Perutz, A. Dix, A. Gourdon 
and C. K. Prout, J. Organomet. Chem., 1984, 277, 61. 
J. Chatt and H. R. Watson, J. Chem. Soc. (A), 1962, 2545. 
J. Quirk and G. Wilkinson, Polyhedron, 1982, 1, 209. 
F. G. N. Cloke and M. L. H. Green, J. Chem. Soc., Dalton Trans., 1981, 1938. 
D. W. Green, R. V. Hodges and D. M. Gruen, Inorg. Chem., 1976, 15, 970. 
J. E. Ellis and A. Davidson, Inorg. Synth., 1976, 16, 68. 
F. Calderazzo, U. Englert, G. Pampaloni, G. Pelizzi and R. Zamboni, Inorg. Chem., 1983, 22, 1865. 
C. G. Dewey, J. E. Ellis, K. L. Fjare, K. M. Pfahl and G. F. P. Warnock, Organometallics, 1983, 2, 388 F. Calderazzo and G. Pampaloni, J. Organomet. Chem., 1983, 250, C33. ey L. J. Guggenberger and R. R. Schrock, J. Am. Chem. Soc., 1975, 97, 6693. 



1A 
22. 
723. 
724. 

725) 

726. 
q2ie 
728. 
729. 
730. 
731. 

732. 

133. 
734. 

Niobium and Tantalum 697 

F. Calderazzo, G. Pampaloni and G. Pelizzi, J. Organomet. Chem., 1982, 233, C41. 
D. Rehder, H. C. Bechthold and K. Paulsen, J. Magn. Reson., 1980, 40, 305. 
S. Herzog and E. Wulf, Z. Chem., 1966, 11, 434. | 
M. H. Chisholm, J. C. Huffman, I. P. Rothwell, P. G. Bradley, N. Kress and W. H. Woodruff, J. Am. Chem. 
Soc., 1981, 103, 4945. 
(a) G. F. P. Warnock, J. Sprague, K. L. Fjare and J. E. Ellis, J. Am. Chem. Soc., 1983, 105, 672; (b) G. P. F. 
Warnock and J. E. Ellis, J. Am. Chem. Soc., 1984, 106, 5016. 
K. M. Pfahl and J. E. Ellis, Organometallics, 1984, 3, 230. 
F. Naumann, K. Rehder and V. Park, J. Organomet. Chem., 1982, 240, 363. 
A. M. Koulkes-Pujo, B. Motais and L. G. Hubert-Pfalzgraf, J. Chem. Soc., Dalton Trans., 1986, 1741. 
J. Reed, Inorg. Chim. Acta, 1977, 21, L36. 

A. Antinolo, M. Fajardo, A. Otero and P. Royo, J. Organomet. Chem., 1982, 234, 309; 1983, 246, 269. 
(a) T. W. Coffindaffer, I. P. Rothwell, K. Folting, J. C. Huffman and W. E. Streib, J. Chem. Soc., Chem. 

Commun., 1985, 1519; (b) L. R. Chamberlain, I. P. Rothwell and J. C. Huffman, J. Am. Chem. Soc., 1986, 108, 
1502; (c) L. Chamberlain, I. P. Rothwell and J. C. Huffman, J. Chem. Soc., Chem. Commun., 1986, 1203. 
(a) R. E. La Pointe, P. T. Wolczanski and G. D. Van Duyne, Organometallics, 1985, 4, 1810; (b) R. E. La 
Pointe and P. T. Wolczanski, J. Am. Chem. Soc., 1986, 108, 3535; (c) R. E. La Pointe, P. T. Wolczanski and J. 
F. Mitchell, J. Am.. Chem. Soc., 1986, 108, 6382. 
C. E. Holloway and M. Melnik, J. Organomet. Chem., 1986, 303, 1. 
C. E. Holloway and M. Melnik, J. Organomet. Chem., 1986, 303, 38. 



_— 

on wil) aE 
, 

- : 

» Wied, 2 ahtiiae Paci ia Sead ‘tides % y 4 i seem 
~ FP. on : , Pa mee y le | ste Wi i 123 

(7045.1 ae ’ Br Sle «| a cal Wives ein ca ae + Ap nee, a i aid) eto hie *) hg: rabist 3 "rs wrk gests ‘ee. A = — : Aad, ne i Gt Scat altos) 

mea 72” Pas « f be = ‘Mag. 

RN Ey, cour rc iad ert kf 
as 64/97 (Oe ve. Cthalies | i i 

SF gilli J) Tai re ees ele ho G 

1% Serif} py ee Names > 2a) ise, i ‘ ys oa “- Ind “y y “i'd ai - 4 4 | tow SP abe or. aaa 1 WED 40h X, 2 in tn 

an a, MIO A Ang ad 
ae) 5? toe aes 1 peeoiel 

r in ne RAMOS, . 2008) inna 9 ‘i 
> ‘—_ - =: i 

a. § rn | 7 4 

© ihe DNA ae 
~, » « bees ye # 

- 6 

« 5 a 

: 4 

- 

re a 

4 ° oes y 

i + : 1a b 

v $ oP 

ao J 4s aou 

rl = Sf we: 

AG ; 7 
A 7: 7a 4 ia ‘ he 

_ : 7 ce ay | ’ oe ee 

b sz 
a ‘ i 

- 
= - + 

a ' ' ‘ —e 

2 : 5 

" ‘ 

ST he 

mi a Loe 

. ? i 

- a ’ ex 

r ve a 

pe: P 

ny. = a7 Urdoun, Xt 
- , : v7 

mat 7 Ie . ; A 
ire. : 

‘ Soin. Pen a. a: < 
a sons We oh PRY i 

; 1° a So ne Ue esa t 

ee ae ae Wet, Leva, Chews. b 
i wed nth, Chamaiiials 
es " 7 — 

+ ee 



35 

Chromium 
LESLIE F. LARKWORTHY and KEVIN B. NOLAN 
University of Surrey, Guildford, UK 

and 

PAUL O’BRIEN 
Queen Mary College, London, UK 

35.1 INTRODUCTION TO CHROMIUM COMPLEXES 

35.2 CHROMIUM(0) AND CHROMIUM(I) 
35.2.1 Group IV Ligands 

35.2.1.1 Cyanides 
35.2.1.2 Aryl and alkyl isocyanides 
35.2.1.3  Si-, Ge-, Sn- and Pb-containing ligands - 

35.2.2 Nitrogen Ligands 
35.2.2.1 Complexes of bi- or tri-dentate N heterocyclic ligands 
35.2.2.2 Nitrosyls and dinitrogen complexes 

35.2.3 Phosphorus Ligands 
35.2.3.1 Mixed complexes of dinitrogen and tertiary phosphines 
35.2.3.2 Fluorophosphine complexes 

35.2.4 Miscellaneous Chromium(0) Complexes 

35.3 CHROMIUM(II) 
35.3.1 General Synthetic Methods 

35.3.1.1 Chromium/(II) solutions 
35.3.1.2 Chromium(II) salts 

35.3.2 Group IV Ligands 
35.3.3 Nitrogen Ligands 

35.3.3.1 Ammines 
35.3.3.2 Bidentate saturated amines, ethylenediamine, propylenediamine, etc. 
35.3.3.3 Polydentate amines, diethylenetriamine, triethylenetetramine and facultative ligands 

35.3.3.4 N heterocyclic ligands 
35.3.3.5 Nitrosyls and hydrazine 
35.3.3.6 Dialkylamides and disilylamides 
35.3.3.7 Thiocyanates 
35.3.3.8 Polypyrazolylborates and carboranes 
35.3.3.9 Nitriles 

35.3.4 Phosphorus and Arsenic Ligands 
35.3.4.1  Mono- and bi-dentate P donor ligands 
35.3.4.2 0-Phenylenebis(dimethyldiarsine) 
35.3.4.3 Tetradentate ‘tripod’ ligands 

35.3.5. Oxygen Ligands 
35.3.5.1 Aqua complexes 
35,3.5.2 Alcohols, alkoxides and aryloxides 

35.3.5.3 B-Ketoenolates, tetrahydrofuran, ureas and biuret 

35.3.5.4 Oxo anions 
35.3.5.5 Carboxylato and other complexes containing Cr—Cr quadruple bonds 

35.3.5.6 Aliphatic and aromatic hydroxy acids 

35.3.5.7 Dimethyl sulfoxide, phosphine oxides and arsine oxides 

35.3.6 Sulfur Ligands 
35.3.6.1  Dithiocarbamates 
35.3.6.2 Ethane-1,2-dithiol 
35.3.6.3 Thioureas 

35.3.7 Halogens as Ligands 
35.3.7.1 Anhydrous halides 
35.3.7.2 Complex fluorides 
35.3.7.3 Complex chlorides, bromides and iodides 

35.3.8 Hydrogen and Hydrides as Ligands 

35.3.9 Mixed Donor Atom Ligands 
35.3.9.1 Complexes of B-ketoamines and Schiff’s bases 

coc3-w# 699 

701 

702 

703 
703 
704 
709 

709 

713 
713 
713 
714 
716 

716 

716 
716 
717 
718 
718 
718 
720 
721 
722 
729 
729 
729 
731 
732 

732 
732 
734 
734 

735, 
735, 
737 
738 
740 
740 
753 
733) 

754 
754 
755 
755 

755 
755 
756 
758 

766 

766 
766 



700 Chromium 

35.3.9.2 Amino acids 
35.3.9.3  Complexones 
35.3.9.4 Bidentate mixed donor atom ligands 

35.3.10 Multidentate Macrocyclic Ligands 
35.3.10.1 Planar (closed) macrocycles; porphyrins, corrins and phthalocyanines 
35.3.10.2 Other polyazamacrocycles 

35.3.11 Stereochemistry of Bivalent Chromium 

35.4 CHROMIUM(III) 
35.4.1 Group IV Ligands 

35.4.1.1 Cyanides 
35.4.1.2 Isocyanides 
35.4.1.3 Alkyls and aryls 

35.4.2 Nitrogen Ligands 
35.4.2.1 Ammonia 
35.4.2.2 Monodentate amines 
35.4.2.3 Ethylenediamine and related bidentate amines 
35.4.2.4 Open-chain polyamines 
35.4.2.5  N heterocyclic ligands 
35.4.2.6 Nitrosyl, thionitrosyl, azo, hydrazine, hydroxylamine and related ligands 
35.4.2.7 Amido ligands 
35.4.2.8 N-Thiocyanato, N-cyanato, N-selenocyanato, azido and related ligands 
35.4.2.9 Polypyrazolylborates 
35.4.2.10 Nitriles 
35.4.2.11 Oximes, biguanides, guanidines, N-coordinated ureas and amides 

35.4.3 Phosphorus, Arsenic and Antimony Ligands 

35.4.4. Oxygen Ligands 
35.4.4.1 Aqua complexes 
35.4.4.2 Polymeric hydroxy complexes 
35.4.4.3 Oxides and oxide hydroxides 
35.4.4.4 Other oxide systems 
35.4.4.5  Peroxides 
35.4.4.6 Alcohol and alkoxide complexes 
35.4.4.7 B-Ketoenolates and related ligands 
35.4.4.8 Catecholates, quinones, tetrahydrofuran and O-bonded urea 
35.4.4.9 Non-C oxo anions 
35.4.4.10 Carbon-containing oxo anions 
35.4.4.11 Hydroxy acids 
35.4.4.12 Sulfoxides, N-oxides and P-oxides 

35.4.5 Sulfur Ligands 
35.4.5.1 Thiolate, disulfido and thioether ligands 
35.4.5.2 Bidentate S donor ligands: dithiocarbamates, dithiophosphates, 1,1- and 1,2-dithiolates, etc. 
35.4.5.3 Thiourea 

35.4.6 Selenium and Tellurium Ligands 

35.4.7 Halogens as Ligands 
35.4.7.1 Simple halides CrX, 
35.4.7.2 [CrX,]~ and related anions 
35.4.7.3 [CrX,]?~ anions 
35.4.7.4 Dimeric structures 
35.4.7.5 Solution chemistry 

35.4.8 Mixed Donor Atom Ligands 
35.4.8.1 Schiff’s bases, B-ketoamines and related ligands 
35.4.8.2 Miscellaneous mixed donor atom ligands 
35.4.8.3 Amino acids 
35.4.8.4 Complexones: edta, pdta, nta and related ligands 

35.4.9 Multidentate Macrocyclic Ligands 
35.4.9.1 Porphyrins and corrins: oxidation states II to V 
35.4.9.2 Polyazamacrocycles: cyclam, tet a, tet b and related ligands 
35.4.9.3 Phthalocyanines 

35.5 CHROMIUM(IV) 

35.5.1 Anhydrous Halides and Complex Fluorides 

35.5.2 Chloro and Cyano Complexes 

35.5.3 Chromates(IV) and CrO, 

35.5.4 Alkyls, Alkoxides and Amides 
35.5.4.1 Alkyls 
35.5.4.2 Alkoxides 
35.5.4.3 Amides 

35.5.5 Porphyrins 

768 
768 
769 

770 
770 
770 

772 

772 
773 
773 
779 
779 

es 
780 
787 
789 

815 
823 
835 
837 
845 

849 

852 

856 
856 
857 
859 
859 
859 

861 
865 
867 
869 
873 
874 

876 
876 
883 
888 

889 

889 
889 
889 

890 
891 

892 
892 
897 

908 

911 
911 
918 
924 

927 

927 

927 

928 

928 

928 
930 

931 



Chromium 701 

35.6 CHROMIUM(V) 931 
35.6.1 Halogen Compounds 932 

35.6.1.1 Chromium(V) fluoride 932 
35.6.1.2 Chromyl(V) halides 933 
35.6.1.3 Oxohalochromates(V) and other derivatives of chromyl(V) halides 935 

35.6.2 Complexes of Oxide and Peroxide 936 
35.6.3 Complexes of Tertiary a-Hydroxy Carboxylates 936 
35.6.4 Porphyrins and Schiff’s Bases 938 

35.7 CHROMIUM(VI) 938 
35.7.1 Hexafluoride and Chromyl(V1) Halides 938 
35.7.2 Other Chromyl(VI) Compounds 940 
35.7.3 Chromium(VI) Oxy Compounds 941 

35.7.3.1 Chromium(VI) oxide 941 
35.7.3.2 Chromates, dichromates and polychromates 941 

35.7.4 Anionic Oxo Halides and Other Substituted Chromates 944 
35.7.5 Organoimidochromium(V1) Complexes 945 
35.7.6 Mixed Oxidation State (III and VI) Oxo Compounds 945 
35.7.7 Peroxo Complexes of Chromium(IV), (V) and (V1) 945 
35.7.8 Biological Effects of Chromate(V1) 947 

35.8 REFERENCES 948 

35.1 INTRODUCTION TO CHROMIUM COMPLEXES 

Chromium, molybdenum and tungsten are the transition metal members of group VI of the 
periodic table. Chromium has the outer electronic configuration 3d°4s' and forms compounds 
in oxidation states —II to +VI (Table 1). It differs in its chemistry from molybdenum and 
tungsten, which are alike because of their similar atomic and ionic radii. Most resemblances are 
in the 0 and I oxidation states, which are stabilized by -acceptor C,N heterocyclic and P donor 
ligands. The extensive organometallic chemistry of Cr, Mo and W is described in the 
companion series “Comprehensive Organometallic Chemistry’.’ 

Chromium(II) has extensive coordination chemistry provided the strongly reducing com- 
plexes are protected against aerial oxidation. Coordination numbers from three to seven are 
exhibited by chromium(II), although it is commonly six-coordinate, forming complexes which 
are high-spin (¢3,e; configuration) or, with strong-field ligands, low-spin (t3, configuration). 
Marked Jahn-Teller distortion of the octahedron (4 + 2 coordination), arising from the uneven 
filling of the d-orbitals, has been found for the d® (Cr**) and high-spin d* (Cr**) ions, and 
complexes of these ions are often isomorphous. The distortion leads to weak ferromagnetism in 
the halide-bridged structures of [NRH3]2[CrX,]. Examples of planar chromium(II) complexes 
(the limit of 4+ 2 coordination) are becoming more common, but none containing tetrahedral 
chromium(II) has been firmly established except the atypical complex [Cr(NO){N(SiMes)2}3]. 
There are similarities to molybdenum(II) in dinuclear complexes like the carboxylates, but the 
ionic nature of CrX, is very different from the covalent clusters of MoX). 

Complexes of chromium(III), the most stable and important oxidation state, continue to be 
discovered as the complexing ability of new ligands with the first transition series is 
investigated. There are now a few examples of coordination number greater than six. The 
coordination chemistry of chromium(III) far surpasses that of molybdenum(III) and 
tungsten(III). Octahedral chromium(III) complexes are kinetically inert and this, combined 
with ease of synthesis, is why so many have been isolated. Their magnetic moments are close to 
the spin-only value (¢3, configuration, 3.87 BM), except in the numerous hydroxo-bridged and 
other polynuclear species where antiferromagnetism produces lower, temperature-variable 
values. Chromium(III) complexes have well-characterized electronic spectra and extensive 
photochemistry. 

Chromium(IV) and chromium(V), previously encountered as the oxides and halides and as 
unstable intermediates in solution, are now represented by complexes of ligands stabilized by 
heavy substitution against oxidation by the metal ion, and oxo and nitrido derivatives. These 
remain unimportant oxidation states compared with molybdenum and tungsten. 
Chromium(VI) is powerfully oxidizing and is found in comparatively few but important 
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Table 1 Oxidation States and Stereochemistry of Chromium* 

Oxidation Coordination 
state number Stereochemistry Examples 

Cog 6 Octahedral Cr(bipy)3, Cr(PF3)., Cr(CNBu'), 

cyt 6 Octahedral [Cr(CNPh),]*, [Cr(bipy)s] 

Ob eer 3 Distorted ‘T’ Cr(OCBu$),-LiCl(THF), 
4 Planar Cr{N(SiMe3)2}2(THF),, 

Cr(acacen), [NEt,],[Cr(S2C,H,)2] 
Distorted tetrahedral Cr(NO){N(SiMe3)2}3, CrCl,(MeCN),? 

5 Trigonal bipyramidal [CrBr{N(CH,CH,NMe,)3}]", 
Cr,(S,CNEt,),4? 

Square pyramidal [Cr(NH;),H,O]** 
6 High-spin (distorted [Cr(en),]**, [CrCl,]7"~ 

octahedral) 
Low-spin (octahedral) [Cr(phen),]**, [Cr(CN).]*~ 
(Cr=Cr)** units [Cr {O,CMe) (FE O)ah 

[Cr,(2-(O), 6-Mepy)] 
7 Tetragonal base: [Cr(CNBu'),]** 

trigonal cap (4:3) 
Pentagonal bipyramidal CrH,{P(OMe)3}5 

cet. « 3 Trigonal planar Cr(NPr;)3 
4 Tetrahedral [CrcL]? 
5 Trigonal bipyramidal CrCl,(NMe;3)2 

6 Octahedral [Cr(NH3)6]°*, Cr(acac)s, 
[Cr(CNPh),]** 

T/ Pentagonal bipyramidal [CrC,H,N(CMeNNHCONH,).(H,O)2}°* 

ery. dt 4 Tetrahedral Cr(OBu'),, CrOf~, CrCl, 
5 Square pyramidal CrO(TPP) 
6 Octahedral [CrF,}°~ 
7 Pentagonal bipyramidal Cr(NH;)3(O2). 
8 Dodecahedral CrH,(PMe,CH,CH2PMe,)2 

Crd, 4 Tetrahedral CrOn. 
5 Square pyramidal [CrOCl,]", CrN(salen), 

[CrO(O,COCMeEt),]~ 
Trigonal bipyramidal CrF; 

6 Octahedral [CrOCl,]?~ 
eae 8 Dodecahedral [Cr(O2)4]°~ 

Cr’, d 4 Tetrahedral CrO2-, CrO,Cl,, Cr(NBu'),(OSiMe;), 
5 Pentagonal pyramidal CrO(O;).py 
6 Octahedral CrF,, [CrO,F,]>~ 
Z| Pentagonal bipyramidal CrO(O,),(bipy) 

‘ : . : . 1 
* There are many examples of organometallic compounds of chromium in oxidation states —II to III. 

compounds. These are usually oxo or oxo halide species. Besides chromates and dichromates, 
tri- and tetra-chromates are known, but compounds analogous to the isopoly- and heteropoly- 
molybdates and -tungstates, and the molybdenum and tungsten bronzes, are not formed by 
chromium. There are weak similarities to sulfur(VI). 

The industrial and biochemical importance of coordination compounds of chromium is 
described in Volume 6, and aspects of theoretical, mechanistic and solution chemistry are 
discussed in Volume 1 of this series. 

Earlier work on the coordination and general chemistry of chromium is described in several 
treatises:** there are reviews for the years 1979-1983,>° and a list of crystal structures to 
mid-1976 is available.’ Summaries of chromium chemistry have been provided in two recent 
textbooks.®” 

35.2 CHROMIUM(0) AND CHROMIUM(I) 

The extensive organometallic chemistry of chromium, i.e. the hexacarbonyl and its 
derivatives, organochromium compounds without carbonyl ligands, cyanide and isocyanide 
complexes, alkene, allyl, diene, cyclopentadiene and arene derivatives, and complexes of 
o-donor carbon ligands, has been recorded in Chapters 26.1 and 26.2 of Volume 3 of 
‘Comprehensive Organometallic Chemistry’.! In the present section, chromium complexes 
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mostly in oxidation states 0 and I are considered, although where the ligands are such that 
redox reactions lead to easy interconversion between oxidation states, complexes of other 
oxidation states have been included. 

35.2.1 Group IV Ligands 

35.2.1.1 Cyanides 

Homoleptic cyanochromium complexes are known in oxidation states 0 to III, examples 
being K,[Cr(CN).¢], Ks[Cr(CN)4], Ka[Cr(CN).¢] and K3[Cr(CN)¢]. In addition, there are the 
cyanonitrosyls K,[Cr(CN)s;NO] and K;[Cr(CN);NO], the chromium(IV) peroxo derivative 
K;[Cr(O2)2(CN)3] and mixed cyanoamine derivatives such as cis-[Cr(CN).(en),]I. All except 
the last, for which see Section 35.4.2.3, have been discussed in the companion series (Volume 
3, Section 26.1.3.2)." More recent research on chromium(III) cyano and cyanonitrosyl 
complexes is covered in Sections 35.4.1.1 and 35.4.2.6 and the present section is restricted to 
some recent work on chromium(II) and chromium(0) complexes. 

Attempts to isolate pure cyanochromium(II) complexes from the deep red solutions 
containing [Cr(CN).]*~ ions formed when chromium(II) acetate is added to aqueous potassium 
cyanide in excess, and in other ways, have not been very successful. Now, through careful 
control of concentration and of pH, the known but poorly characterized green crystalline 
hexacyanochromates(II) M,[Cr(CN).]-2H2O (where M = Na or K), the new dark green simple 
cyanide Cr(CN)2:2H20, and their anhydrous forms have been prepared pure (Scheme 1 and 
Table 2). 

K,(Na)[Cr(CN),]:2H;0 SX) Cy?*(aq) (PH~7) SSS Cr(CN),-2H,0| “ES Cr(CN), 
[ee 

vac. 

NH,4CN 
K,(Na)[Cr"(CN)6] srnap Ke(Na)[Cr°(CN)] Pair K,[Cr'(CN)] 

Scheme 1 

Table 2 Magnetic and Spectroscopic Data for Cyanochromium(II) and Cyanochromium(0) Complexes 

a 

Reflectance spectra 

Complex u223K (BM) v(CN)(cm™") 6(MCN)(cm™') v(MC) (cm7') (0m) 

Cr(CN),:2H,O 2.73 2182 520 — 37.4 8.5 

Dark green 2062 

Cr(CN), 2.79 2181 528 439 37.6 8.7 

Pale brown 
K,[Cr(CN).]-2H,O 3.14 PR 451 345 38.0 25.0 14.5 

reen 
KCHCN) 3.42 DIZ 451 345 48.4 37.0 26.0 

Green 2022 14.5 9.1 7.4 

Na,[Cr(CN).]:2H,O 3.30 2132 458 358 46.0 37.0 29.6 

Blue 2020 14.6 tka) 

Na,[Cr(CN)g] 3.48 2132 458 Sb5y// 47.6 36.5 26.0 

Blue 2020 9.1 7.8 

K,[Cr(CN).] diam. 2018, 1920 605 450 

Dark green 1800 535 

Na,{Cr(CN)<] diam. 2020 535 455 

Dark green 1920 
Sl = Tn D c 

The low-spin 13g configuration of these complexes gives rise to a °Tig ground term. 

Spin-allowed transitions to the °E,, *Tzg, *Aig and “Az, terms are possible, but no assignments 

have been made because of the breadth of the reflectance bands. The CN stretching 

frequencies of Cr(CN)2 and Cr(CN)2:2H2O suggest that the former contains bridging and the 

latter bridging and terminal cyano groups. The decahydrate Na,[Cr(CN)6]-10H2O has been 

prepared by reduction of Na3[Cr(CN).] with amalgamated aluminum sheet and its crystal 
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structure determined.'' Apparently, the decahydrate crystallizes but the dihydrate is the stable 
hase. 
In liquid ammonia, hexacyanochromates(II) can be reduced to the diamagnetic chromium(0) 

complexes M,[Cr(CN).] by the appropriate alkali metal. The K salt was earlier obtained by 
reduction of K3;[Cr(CN).]. Greater metal—ligand 2 bonding is presumably responsible for the 
lower CN stretching frequencies of Me[Cr(CN)«]. The potassium salt is oxidized to K3[Cr(CN)6] 
by ammonium cyanide in liquid ammonia (equation 1). 

2K,[Cr(CN).] + 6NH,CN —> 2K;[Cr(CN).] + 6KCN + 6NH; + 3H, (1) 

35.2.1.2 Aryl and alkyl isocyanides 

Only more recent investigations of organic isocyanide complexes of chromium are in this 
section, because general synthetic methods for metal isocyanide complexes, including mixed 
carbonyl isocyanides, and the nature of the metal—isocyanide bond are discussed in Sections 
27.1.3.2.2 and 26.1.2.5.2.ii of Volume 3 of ‘Comprehensive Organometallic Chemistry’.’ 
Organic isocyanides are a-bonding ligands like CO but are stronger o donors and weaker a 
acceptors. Chromium(0) complexes such as Cr(CNPh), are formally isoelectronic with 
Cr(CO)., but differ markedly in being sequentially oxidizable to Cr’, Cr” and Cr derivatives. 
These oxidation states were first observed in electrochemical studies (equations 2 to 4)'*"* but 
solids of all four oxidation states are known, so, unlike carbon monoxide, isocyanides, owing to 
their greater o-donor ability, form homoleptic complexes in normal as well as low oxidation 
states (Table 3 and Schemes 2-4). The earlier assignment of the E,,2 value of equation (2) (ca. 
—0.3V) to the half reaction Cr(CNPh)3/Cr(CNPh)¢ has been revised’> since attempts to 
reduce Cr(CNPh). were unsuccessful, and Cr(CNR)s would be one electron in excess of the 
18-electron configuration. 

Cr(CNAr), == Cr(CNAr)é + e7, Ei. ~ —0.3 V (versus SCE) (2) 

Cr(CNAr)f == Cr(CNAr)e* +e, Eip~0.2V (3) 

Cr(CNAn)?* == Cr(CNAn* +7, Exn~1V (4) 

Table 3. Complexes of Alkyl and Aryl Isocyanides 

Complex Comments Ref. 

Chromium(0) 

Alkyl isocyanides 

Cr(CNR), R=Bu', diamagnetic, ‘'H NMR, 6 1.40 p.p.m., v(CN) = 2100w, 1960s, 1-3 
Red-brown 1870s cm~!; R= Bu? 
Cr(CNC,H};)¢ Diamagnetic, v(CN) = 1871 cm™! 133 
Yellow-orange 

Aryl isocyanides 

Cr(CNC,H,R), R=H, 4-Me, 4-OMe, 4-Cl, 4-Br, 3-Cl, 3-Cl-2Me, 4-Cl-2-Me, 2,4-Me,, z 
Red or orange 2,5-Cl,, R = 2-Me, 3-Me, 4-NMe, 4-F, 3-OMe, 3-CF; from 5 

Cr,(O,CMe),(H,0),/EtOH or MeOH, and ArNC; diamagnetic; 
v(CN) = 1935-1993 cm~' (most intense peak); stable except R = 4- 
NMe,; R=H, octahedral, Cr—C, 1.938 A; C—N, 1.176 A; 
Cr—C—N, 173.7° 6 

Chromium (1) 

Aryl isocyanides 

[Cr(CNC,H,R),]PF, R =H, 2-Me, 4-Me, 4-OMe, 4-Cl; from Cr(CNC,H,R), + AgPF,; 3) 
Yellow to red R = 4-Me also from air + Cr(CNR), and NH,PF,; and 

[Cr(CNPh),]BPh, from Cr(CNPh)., I, and NaBPh,, 122° = 2.04- 
2.18 BM, v(CN) = 2060 cm! (most intense peak), R = 4-Me also 
from Cr**/EtOH, PhNC and KPF, 8 

[CONCH Mex2,6)6IPFs Prepared as above; v(CN) = 2051 cm! 9 
ellow 

[Cr(CNPh),]CF;SO, From Cr(CNPh), + AgCF3SO;, octahedral, Cr—C (av), 1.975 A; C_N, 10 
1.159 A, Cr—C—N, 178.7° 
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Table 3 (continued) 

a a a ee ea EI RES OTABICE 20 SUE A 

Complex Comments Ref. 

Chromium (II) 

Alkyl isocyanides 

[Cr(CNR),](PF,)2 R= Bu: v(CN) = 2180 cm7}; Me = 2.9 (Gouy), 2.87 BM (CH,CL), 11 
Pale yellow R=C,H,,: v(CN) = 2185 cm~*; 34 = 2.75 BM (CHC); R = Pri 12 
[Cr(CNR),](PF,)> R = Bu': v(CN) = 2160 cm“ '; diamagnetic (Gouy); 'H NMR, 6 1.64— 11 
Yellow 4.1 p.p.m. (dec., CDCl;); Cr—C, 1.966-2.016, C—N, 1.142-1.155 A 13 

R=C,H,,: v(CN) = 2150 cm“ '; diamagnetic, 'H NMR, 6 1.50, 
4.35— 1.4, 3.25, 1.4 p.p.m. (dec., CDCI,) 11 

Aryl isocyanides 

[Cr(CNC,H,R).](PF<)2 R =H, 2-Me, 4-Me, 4-OMe (maroon), 4-Cl; from Cr°(CNC,H,R), + 7 
Yellow 2AgPF,; v(CN) ~ 2150 cm“ !; 22°* = 3.05-3.14 BM, R = H, oc- 

tahedral, Cr—C(av), 2.014; C—N(av), 1.158 A; angular distortion of 10 
loneNc octahedron 
“‘[(Cr(CNC,H3Me,- From [Cr(CNC,H3Me,-2,6),](BF,)3 and air; v(CN) = 2147 cm™! 14 2,6)<|(BF,)>8H,0-HBF, 6H3Me>-2,6)6](BF4)s (CN) 

Orange 

Mixed-ligand complexes (alkyl isocyanides) 

trans-[Cr(CNR)4(PR3)2](PFs)., R= Bu, C.H,,; R’ = Et, Pr, Bu": fg = 2.6-2.9 BM (CH,CL,); 11 
: v(CN) = 2128-2150 cm™' (one band) 

cis-[Cr''(CNR),(dppe)](PF.)> R = But: eg = 2.69 BM, v(CN) = 2190, 2154 cm7!; R= CgHi;: Meg = 11 
eS 2.78 BM, v(CN) = 2197, 2162 cm™! 

cis-[Cr’ (CNR);(dppe) ](PF.)> R = Bu’; v(CN) = 2175, 2130, 2105, 2045sh cm~'; R = C,H: v(CN) = 11 
2186, 2131 cm™! 

Mixed-ligand complexes (aryl isocyanides) 

[CrCl(CNPh).]PF, Dec. to [Cr(CNPh),](PF,)2 on recrystallization; v(CN), 2129s, 2178w, 8 
Yellow green 2194w cm |; eg = 2.68 BM (CH,CL) 
trans-[CrCl(CNPh),(PR;)]PF, R=Et, Pr, Bu"; R3 = Et,Ph; v(CN) ~ 2112 cm7!; weg = 2.73-2.98 BM 8 
Orange to yellow 
[CrCl(CNPh);(dppe)]PF, v(CN) = 2144m, 2097s cm~?; Weg = 2.59 BM (CHCl) 8 
Orange red 
[Cr(CNPh),(dppm)](PF,)> v(CN) = 2170m, 2121s, 2080s cm™'; diamagnetic, stable in solution 8 
Orange 

Chromium(III) 

Aryl isocyanides 

[Cr(CNPh),](SbCI,); From Cr°(CNPh), and SbCl,; v(CN) = 2208 cm~! 14 
Purple Cr°* /Cr2* = 0.73 V? 9 

CH,CL, solvate, octahedral, Cr—C (av), 2.068; C—N, 1.141 A 10 
[Cr(CNC,H3Pr}-2,6).¢](SbCl,)3 From Cr(CNC,H;Pr}-2,6), and SbCl,; v(CN) = 2180 cm™! Cr°*/Cr?* = 14 
Blue AV 9 
[Cr(CNC,H3Me,-2,6).]X3 X = SbCl, (deep purple), prep. as above; v(CN) = 2188 cm™' X = BF, 14 

(maroon); from [Cr'(CNC.H3Me,-2,6).|BF, and NOBF,, v(CN) = 
2214 cm '; 424’ = 3.89 BM, Cr°*/Cr** = 0.82 V? 9 

* Formal potentials versus corrected AgCl/Ag in CH,Cl, with 0.1 M NBu,PF,. 

1. E. P. Kiindig and P. L. Timms, J. Chem. Soc., Dalton Trans., 1980, 991. 

2. J. Miiller and W. Holzinger, Z. Naturforsch., Teil B, 1978, 33, 1309. 
3. K. W. Chiu, C. G. Howard, G. Wilkinson, A. M. R. Galas and M. B. Hursthouse, Polyhedron, 1982, 1,803. 

4. L. Malatesta, Prog. Inorg. Chem., 1959, 1, 283. 
5. G. J. Essenmacher and P. M. Treichel, Jnorg. Chem., 1977, 16, 800. 

6. E. Ljungstrém, Acta Chem. Scand., Ser. A, 1978, 32, 47. 

7. P. M. Treichel and G. J. Essenmacher, Inorg. Chem., 1976, 15, 146. 
8. F. R. Lemke, D. E. Wigley and R. A. Walton, J. Organomet. Chem., 1983, 248, 321. 
9 A. Bohling, J. F. Evans and K. R. Mann, Inorg. Chem., 1982, 21, 3546. 
0. A. Bohling and K. R. Mann, Inorg. Chem., 1984, 23, 1426. 
ile S. Mialki, D. E. Wigley, T. E. Wood and R. A. Walton, Inorg. Chem., 1982, 21, 480. 
Pde E. Wigley and R. A. Walton, Organometallics, 1982, 1, 1322. 
3. J. C. Dewan, W. S. Mialki, R. A. Walton and S. J. Lippard, J. Am. Chem. Soc., 1982, 104, 133. 

4. A. Bohling and K. R. Mann, Inorg. Chem., 1983, 22, 1561. . 
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Some recent advances are the isolation of aryl isocyanide complexes of chromium(III) 
[Cr(CNAr).]X3, and six- and seven-coordinate alkyl isocyanide complexes of chromium(II) 
[Cr(CNR).,7]X2. All but the chromium(0) and the seven-coordinate chromium(II) complexes 
have less than 18 electrons in the valency shell. 

(i) Syntheses: oxidation state 0 

Hexakis(aryl isocyanide)chromium(0) complexes have been known since 1952 when they 
were described by Malatesta and co-workers.’® Alkyl isocyanide chromium(0) complexes were 
thought to be less stable than their aryl analogues, but this appears to be due mainly to a lack 
of suitable preparative methods because the complexes Cr(CNR). (R = Bu, But or Cs5Hj;) have 
now been obtained by the action of RNC in excess on Cr(CyoHg)2, Cro(CsHg)3,\” the 
chromium(IV) compound CrPri'* or, more conveniently, anhydrous chromium(III) acetate in 
THF in the presence of Na/Hg."” The cleavage of the quadruple metal-metal bond in 
[Cr2(O2CMe),] or the dihydrate by an excess of aryl isocyanide has long been standard’° for the 
synthesis of the aryl derivatives Cr(CNAr),. This reaction (equation 5) involves dispropor- 
tionation, although no Cr°* complexes have been isolated from the reaction mixture. It may be 
that the use of Na/Hg as for the alkyl isocyanide complexes would improve the overall yield by 
reducing the Cr°* species. The same reducing agent produces trans-[Cr(CNBu'),(dmpe),] from 
[CrCl,(dmpe)2] (Scheme 8). Many zerovalent aryl isocyanide complexes are now known (Table 
3). 

3[Cri(O,CMe),(H,O),] + 12CNAr —> 2Cr°(CNAr), + 4Cr°* + 12MeCO; + 6H,O (5) 

(ii) Syntheses: oxidation states I, II and III 

Air oxidation of chromium(0) aryl isocyanides will produce chromium(I) cations 
[Cr(CNAr).]*, but oxidation by stoichiometric amounts of AgPF, to give first the chromium(I) 
complexes [Cr(CNAr).]PF, and then the chromium(II) complexes [Cr(CNAr).](PF.)2 (Scheme 
2 and Table 3) is far more efficient.'**° Chromium(l) alkyl isocyanide complexes have not been 
reported except for a comment’? that Cr(CNBu'), oxidizes in air, presumably to 
[Cr(CNBu').]*. In addition to the series [Cr(CNAr).]PF., [Cr(CNPh).]BPh, has been 
isolated” so that the species thought to be [Cr(CNPh);]BPh, was probably mischaracterized. 
Solid complexes in oxidation states I and II are often stable, although decomposition occurs in 
solution. Irradiation of Cr(CNAr). in well-degassed CHCl, at 436nm causes oxidation to 
[Cr(CNAr).]* (Ar =2,6-Pr3CsH3), whereas on irradiation in pyridine with Ar=Ph photo- 
substitution produces Cr(CNPh)spy.”* 

Alkyl isocyanide chromium(II) complexes could not  be_ prepared from 
[Cr2(O2CMe)4(H20)2] or [Cr2(mhp),4] (mhpH =2-hydroxy-6-methylpyridine), but by the 
addition of alkyl isocyanides and KPF, to Cr** solutions from the reduction of CrCl;,-6H2O in 
ethanol with Zn/Hg, the homoleptic complexes [Cr(CNR).](PFe)2 (R= Bu‘ or CoH) are 
obtained (Scheme 4). However, with phenyl isocyanide, the mixed-ligand complex 
[CrCl(CNPh)s]PF, forms, apparently through its kinetic stability in the Cl” -containing medium 
since it decomposes to [Cr(CNPh).](PFs)2 in CHCl. All are paramagnetic, low-spin 
complexes (¢3, configuration). It seems that the reaction product is substituent- and medium- 
dependent because the same procedure with the more reducing 4-methylphenyl isocyanide 
yields the chromium(I) salt [Cr(CNCsH4Me-4)6]PF., and in the presence of Bu'NH2 phenyl 
isocyanide produces the chromium(0) complex Cr(CNPh)..* Also, the use of CrX, (X = Cl, 
Br) instead of the acetate in equation (5) produces crystalline orange-red [CrCl,(CNPh).] or 
olive brown [CrBr2(CNPh),]. These low-spin chromium(II) complexes are stable in air but 
structures have not been determined.” 

Partial replacement of isocyanide in [Cr(CNR)«](PFs)2 or [CrCl(CNPh)s]PF. by phosphines 

PR;, bis(diphenylphosphino)ethane (dppe) or bis(diphenylphosphino)methane (dppm) pro- 

vides two series of mixed-ligand complexes (Scheme 4).%** The complexes 
[Cr(CNR),(dppe)](PF.)2, which must be cis, have more complicated spectra in the v(CN) 

region than the complexes [Cr(CNR)4(PR3)2](PF.)2, which are therefore trans (Table 3). Nitric 

oxide reacts with [Cr(CNR)6«](PF.)2 to give [Cr(NO)(CNR)5](PFs)2 from which many mixed 
nitrosyl isocyanide complexes of Cr' and Cr° can be derived (Section 35.4.2.6). 
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The low-spin, diamagnetic complexes [Cr(CNR)7](PFs)2, which contain seven-coordinate 

cations (1; see also Table 95), result when neat RNC is added to [Cr(CNR)«](PFe)2.. The 

reducing ability of the ligands and perhaps steric effects prevent the formation of seven- 

coordinate cations from aryl isocyanides. 

7 
Bu' Ped 8 a 

ein 
BuN@ f- j ; K a Lee 3 

a < Bu' 
u 

(1) 

Chromium(III) complexes, of aryl isocyanides only, e.g. [Cr(CNPh).¢](SbCl,)3, have recently 
been prepared in good yield by oxidation of Cr° or Cr' isocyanides with an excess of SbCls or 

NOBF, (Schemes 2 and 3). Strong oxidizing agents are peng? because of the highly positive 
formal reduction potentials (equation 4 and Table 3). The Cr'” complexes are stable in the 
absence of water. On exposure to the atmosphere solid [Cr(CNCs;H3Me2-2,6)6](BF,)3 is slowly 
reduced, presumably by water vapour, to an orange Cr” complex (Table 3). Unlike typical Cr 
complexes, the isocyanide ligands are labile in polar non-aqueous solvents.” 

(iii) Spectroscopic and crystallographic results 

The general increase in the values of v(CN) as the metal’s oxidation state increases from 0 to 
III (Table 3) reflects the decrease in number of d electrons and the diminution in 2 donation to 
the ligand; the chromium(III) complexes have higher CN stretching frequencies even than the 
unbonded isocyanides (ca. 2130cm™'), suggesting a balance of o-donor and z-acceptor 
behaviour by the ligands. There is also crystallographic evidence” ** for d,—p, back-bonding, 
in that the Cr—C bonds shorten with decreasing oxidation state in the series [Cr(CNPh).]"* 
(n =0, 1, 2, 3) and in Cr(CNPh)@, compared with [Cr“(CNBu')7](PF.)2, where the difference 
in formal charge alone should have the opposite effect. There are parallel increases in C==N 
bond lengths (Table 4). 

Table 4 Bond Length Variation with Oxidation State in Hexaorganoisocyanide and 

Hexacyano Complexes 

Complex Configuration M—C (av) (A) C=N (av)(A) N—C(A) Ref. 

Cr(CNPh)¢. LS d° 1.938 1.176 1.388 1 
Cr(CNPh)¢ LS d° 1.975 1.159 1.397 1 
Cr(CNPh)é* LS d* 2.014 1.158 1.414 1 
Cr(CNPh)@* ad 2.068 1.141 1.396 a 
Mn(CNPh)¢ LS d® 1.901 1.162 1.411 1 
Cr(CN)é- LS d* 2.053 1.156 —_ 1 
Cr(CN)2- a 2.071 1.156 _— 1 
Cr(CNBu')3* LS d* 1.995 1.149 1.457 2 

1. D. A. Bohling and K. R. Mann, Inorg. Chem., 1984, 23, 1426. 

2. J. C. Dewan, W. S. Mialki, R. A. Walton and S. J. Lippard, J. Am. Chem. Soc., 1982, 104, 133. 

The Cr 2p3,2 binding energies (XPES) increase from Cr(CNPh). to [Cr(CNPh),]* to 
[Cr(CNR).]**, the values being 574.5, 575.3 and 576.7eV respectively.”?° The shake-up 
satellite structure associated with the N 1s and C 1s binding energies in these spectra most 
probably arises from M (d)—2* {CNAr(R)} excitations accompanying the primary 
photoemission. 
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(iv) Electrochemistry 

Electrochemical studies have established the three reversible one-electron transfers in 
equations (2) to (4).'*'>?? The electrochemical behaviour of a series of complexes 
[Cr(CNAr).](PF6), in which Ar is Ph, 4-Mes.NCsH,, 4-MeOC,Hy, 4-MeCsHy, 4-ClCsH,, 
2-MeC,Hy, 2,6-Me2CsH3 or 2,6-PriCsH3, has been studied by cyclic voltammetry in CH2Cl, 
and MeCN.” With para substituents, and some meta substituents,'* there is a linear relation 
between the formal potentials of equations (2) to (4) and the Hammett o, parameter, as 
expected from the usual operation of electronic effects. With ortho substituents this was true 
for the 0<>1+ couple (equation 2) and the o, parameter, but not for the 1+<2+ and 
2+ <>3+ couples (equations 3 and 4), particularly the latter. There were significant anodic 
potential shifts in the formal potentials beyond those expected from the o, values indicating 
destabilization of the higher oxidation state of a couple, particularly Cr°* in the 2+<3+ 
couple. The anodic shifts also increased with the number of ortho substituents. These effects 
are attributed to weakening of the Cr''—C bonds due to interligand repulsion among the 
substituents in the ortho-substituted complexes, a weakening also manifested through the 
appearance of new waves in certain media arising from substitution of ortho-substituted ligands 
by MeCN or ClO;.'* The photochemical behaviour of the ortho- and para-substituted 
complexes also differs markedly.” 

Comparison between the half-wave potentials (equations 2 to 4) of [Cr(CNR).](PFs)2, e.g. 
for R= Bu‘, —1.04, —0.28 and 0.84 V (versus SCE),” with those for [Cr(CNPh).](PF.)2, i.e. 
—0.35, 0.25 and 1.00 V,”° shows that alkyl and aryl isocyanides favour respectively the higher 
and the lower oxidation states as expected from the greater o-donor and weaker z-acceptor 
capabilities of the alkyl over the aryl isocyanides. Similarly, the phosphines in the mixed ligand 
complexes (Table 3),””* relative to isocyanide ligands, stabilize the Cr’ oxidation state. The 
great difference in the relative stabilities of Cr—C bonds in the cyano and phenyl isocyanide 
complexes is indicated by the magnitude of the shift (ca. 2.0V) between the 
Cr(CN)2-/Cr(CN)é- (—1.130 V) and the Cr(CNPh)*/Cr(CNPh)2* reduction potentials. 

(v) Tricyanomethide 

The pale blue tricyanomethide complex Cr[C(CN)3], has a magnetic moment of ca. 4.7 BM 

and is thought to be polymeric.*° 

35.2.1.3 Si-, Ge-, Sn- and Pb-containing ligands 

The yellow complex [NPra]o[Cr(GeCls)6] is formed in poor yield if Cr(C¢H¢)2 is refluxed in 

acetone with [NPr4][GeCls].° 

35.2.2 Nitrogen Ligands 

35.2.2.1 Complexes of bi- or tri-dentate N heterocyclic ligands 

Since complexes of 2,2’-bipyridyl and 1,10-phenanthroline with chromium in oxidation states 

I and 0 can be obtained by reduction (Scheme 64) of the chromium(II) complexes, these 

oxidation states will be considered together. Oxidation, as shown in Schemes 65 and 68 of 

Section 35.4.2.5, gives chromium(III) complexes, which are often best prepared in this way. 

Earlier work has been extensively reviewed, and few complexes of 2,2':6' ,2"-terpyridyl are 

known.22 A chromium(I) phthalocyanine derivative is mentioned in Section 35.4.9.3. 

(i) Syntheses 

Various methods to prepare tris(a-diimine) complexes of many metals in low oxidation 

states have been devised, mainly by Herzog and co-workers.** Those used for chromium 

complexes are illustrated in Schemes 5 and 6. Chromium(II) salts, anhydrous or hydrated, are 

the commonest starting materials. To these are added stoichiometric amounts of the diimine, 
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and the Cr complex is then reduced. When bipy is added to the acetate suspended in water, 

disproportionation into [Cr(bipy)3]° and [Cr(bipy)3]’* occurs. The use of the anhydrous acetate 

in THF with bipy or phen and Na/Hg seems to provide a more efficient route to the zerovalent 

complexes.* The complexes LiCr(bipy)3-4THF, NazCr(bipy)s-7THF, Na3Cr(bipy)3-7THF and 

Ca3Cr(bipy)3*7NH3, which are prepared from Cr(bipy)3 and as appropriate Li,bipy, Li or Na 

metal in THF, or Ca in liquid ammonia,™ are not included in Schemes 5 and 6. 

CrCl,(aq) ==" > [Cr"\(bipy);](C10,)2 *. [Cr'(bipy),]C1O, 
HCIOs black-violet indigo blue 

Cr!!(O;CMe),(H20), [Cr''(bipy);]Br2 
i Na| THF 

disproportionation 

[Cr°(bipy)] a 
black Na/Hg | THF 

peasy = bipy | or phen 

af ape bipy, THF. 

II eu h a Libi CrCl, 
Gr (O;CMe), bipy NH,(1) then ex py 

Cr(CO), or K,{[Cr(CN).] 

_ Scheme 5 

Cr(bipy)X> —— CrX,hydrate a [Cr(bipy)3]X, or 

or Cr(phen)X, X=Cl, Br, I [Cr(phen);]X,-2H,O 

= Cl IBr 
2 bipy | Me,CO 
X= 

[CrI,(bipy)2] 

2 bipy/ECOH ——Z "> [Cr(NCS),(bipy)2] or [Cr(NCS),(phen),]:H.O 
(or phen) brown 

Scheme 6 

(ii) Magnetic properties 

The mono(amine)chromium(II) complexes, CrCl,(bipy) etc., are high-spin (t3,e2), but show 
antiferromagnetic interaction presumably through halide-bridged structures.*° The bis- and the 
tris-(amine) chromium(II) complexes are low-spin (¢3,), as are all the terpy complexes and 
those of chromium in oxidation states below II (Table 5).***° That spin pairing takes place in 
chromium(II) on the coordination of a second bipy molecule is in agreement with the 
observation that the second stepwise stability constant is greater than the first: log K, ~ 4, 
log K, ~ 6.4, log K3 ~ 3.5 (H2O, ionic strength 0.3 M) (Table 39).°’ 

The ground term of low-spin Cr" is *7,, and incomplete quenching of the orbital contribution 
is expected to produce magnetic moments in excess of the spin-only value (2.83 BM) which are 
temperature-dependent. This is not generally found with the low-spin bipy, phen or terpy 
complexes (Table 5), and attempts to account for the small or zero temperature dependence 
theoretically in terms of spin-orbit coupling, distortion from octahedral symmetry, and 
electron delocalization have not been very successful especially at low temperatures (~50 K) 
where the experimental values do not drop as the theory predicts. This may be because there is 
greater deviation from cubic symmetry than the theory can accommodate.*© From further 
magnetochemical studies** and NMR measurements” it has been concluded that there is an 
appreciable trigonal component in the ligand field and relatively little delocalization of the 
unpaired electrons. The low-spin complexes [CrX,(diars)2] also have essentially temperature- 
independent moments.” 
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Table 5 Complexes of bipy, phen and terpy with Chromium(0), (I) and (II) (see Section 35.4.2.5 for Chromium(III) 
Complexes) 

ee Ee eee eee ee Se Sn ee 

Complex Comments Ref. 
EE Se Soe i Uae ee 

Chromium (0) complexes* 

BrliPY)s PLE RE 1-4 
ac Cr—N, 2.08 A, N—Cr—N, 74.7° 5 

ephen)s Diamagnetic 1,3,4 ac 9 ca 

Cr(terpy), Diamagnetic 1,3,4 
Chromium(I) complexes 

[Cr(bipy)3]X X=I, ClO4, weg = 2.07 BM 152 
Indigo blue ; 
[Cr(phen)3]X X=I, Clo, 152 
Chromium(II) complexes 

[Cr(bipy)3]X. X= Cl, Br, I, Br-4H,O (and below), f.¢=2.9-3.4 BM with 2,6 
Deep violet little temperature variation (300-90 K), similarly 

X = Br-2H,O, ClO, (300-20 K), X = Cl-H,O, Br-H,O: 7 

[Cr(phen),]X>-2H,O x, naan it Pica, : . Bias 2 =ULUl, DI, 1, '4> Hep AS ADOVE; 6-8 

Olive green X= Cl, Weg = 2.62 BM (MeOH) 

[CrL,(bipy),] uae = 3.35, weg = 3.32 BM 9 
[CrX,(bipy)>] X= OAC, bg = 3.01 BM; X= Cl, ug = 2.95 BM; also phen compound 1 
[Cr(NCS),(bipy).] bee =2.91, w2n* = 2.86 BM, v(CN) = 2082, 2070; 9 
Brown v(M—NCS) = 362, 347 cm! 
[Cr(NCS).(phen),]-H,O bee * = 3.07, w2g* = 3.06 BM, v(CN) = 2078, 2062: 9 
Brown — v(M—NCS) = 363, 335 cm7? 
[Cr(R,bipy)3]Cl,-H,O R, = 4,4'-Me>, Meg = 2.76 BM (MeOH); R, =5,5'-Me, 8, 10 
[Cr(R,phen)3]Cl,-xH,O Ro = api 2 x= . Peg = Rte anaes 8 

2 = 3,0-Me,, X = » Neg = .87B MeOH 

Ce bis) R,= H,4-Me; H,5-Me; 3.4-Me,; 4,5-Me,; or 4,6-Me,; all x =1 11 

1X,(bipy X=Cl, wer ~ = 4.19, wee = 3.60 BM, 0 = 45° 9,12 
aay ene X=Br, wen = 4.37, Meh = 3.75 BM, @ ~ 45° 

TX,(phen)]-H,O X=Cl, wer ~ = 4.57, wee = 3.90 BM, 0 ~ 60° 9 
: X =Br, wee = 4.54, 2h = 3.90 BM, 6 ~ 60° 

[Cr(OAc),(Pr'NH,),(bipy)] He = 2.83 BM, also phen compound 1 
[Cr(terpy)2]X> =1-H,0, ClO,, ug ~2.9 BM, almost temperature-invariant Tels 

“Some complexes of formal oxidation states lower than 0 have been reported: LiCr(bipy),;-4THF, Na,Cr(bipy),-7THF, 
Na,Cr(bipy),;-7THF and Ca3;Cr(bipy)3-7NH3; their magnetic moments are respectively ca. 1.83, 2.85, 3.85 and 2.46 BM." 

1. W. R. McWhinnie and J. D. Miller, Adv. Inorg. Chem. Radiochem., 1969, 12, 135. 
2. F. Hein and S. Herzog, in ‘Handbook of Preparative Inorganic Chemistry’, ed. G. Brauer, Academic, New York, 2nd edn., 1965, 

vol. 2, sect. 24. 

3. J. Quirk and G. Wilkinson, Polyhedron, 1982, 1, 209. 
4. H. Behrens and A. Miiller, Z. Anorg. Allg. Chem., 1965, 341, 124. 
5. G. Albrecht, Z. Chem., 1963, 3, 182. 
6. A. Earnshaw, L. F. Larkworthy, K. C. Patel, K. S. Patel, R. L. Carlin and E. G. Terezakis, J. Chem. Soc. (A), 1966, 511. 

7. P. M. Lutz, G. J. Long and W. A. Baker, Jr., Inorg. Chem., 1969, 8, 2529. 
8. G. N. La Mar and G. R. Van Hecke, J. Am. Chem. Soc., 1969, 91, 3442. 
9. A. Earnshaw, L. F. Larkworthy, K. C. Patel and B. J. Tucker, J. Chem. Soc., Dalton Trans., 1977, 2209. 

10. I. Fujita, T. Yazaki, Y. Torii and H. Kobayashi, Bull. Chem. Soc. Jpn., 1972, 45, 2156. 
11. G. N. La Mar and G. R. Van Hecke, Inorg. Chem., 1970, 9, 1546. 

12. H. Lux, L. Eberle and D. Sarre, Chem. Ber., 1964, 97, 503. 

13. S. Herzog and H. Aul, Z. Chem., 1966, 6, 382. 

(iii) Proton NMR studies of tris(bipy) and tris(phen) chelates 

Proton NMR spectroscopy has been used to investigate paramagnetic complexes of 

low-valent transition metal ions because the contact shifts provide information on the degree of 

covalency of the metal-ligand bond. The low-spin complexes [Cr(phen)s]Cl, and 

[Cr(bipy)3]Cl, and their methyl-substituted derivatives (Table 5), have been extensively 

investigated.°94142, Narrow, well-resolved 'H NMR spectra have been obtained from 
[Cr(Rophen);]°* (R =H; R,=4,7- and 5,6-dimethyl) and [Cr(Robipy)3]’** (R =H; R2=4,4’- 

dimethyl) and the shifts result from both L>M o and ML a charge transfer. The 2 bonding 

is not obvious in the tris chelates with symmetric ligands owing to near cancellation of two 

contributions of opposite sign.*! The relative -acceptor abilities of the differently substituted 
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ligands, and the orbital ground states of the complexes were elucidated only after some 

mixed-ligand chelates (obtained in solution only) had been investigated. The M— L delocal- 

ized a spin density is centred predominantly at the 4,7 positions of phen or 4,4’ positions in 

bipy. This facilitates the reducing ability of these chelates dnd is believed to be consistent with 

the stereoselective outer-sphere reduction of [Co(phen)s]°* by [Cr(phen)3]**: it is found that 

(+)-[Co(phen)3]°* yields (—)-[Cr(phen)3]** as the main product on reduction with racemic 

[Cr(phen)3]?*.*7 Anomalously broadened methyl resonances are ascribed to solvent (water) 

complex interactions at the 4,7 positions which involve hydrogen bonding to pockets of 

electron density on the ligand assisted by the a bonding. From spectral changes it was 

suggested* that bipy separated from [Cr(bipy)3]X2 (X = Cl, Br, I) in ethanol, but there are no 
NMR signals of the free ligand from solutions of these salts in dj;MeOH unless some is added. 

(iv) Electronic, ESR and IR spectra 

The electronic spectrum of Cr(bipy); resembles that of bipy” in the lower wavenumber 
region, but formulation of the complex in terms of integral oxidation states is unrealistic.**° 
According to an X-ray study, the molecule is trigonally distorted, the N—Cr—N angle being 
74.7 + 1.5°. The Cr—N distance is 2.08 A.* 

The ion [Cr(bipy)3]* in solution exhibits an ESR spectrum from which g = 1.9971 and the 
hyperfine splitting constant of **Cr, A“, is 20.4 x 10-*cm7’. There is further splitting of the 
°3Cr hyperfine lines due to the '*N nuclei of the ligands, which indicates strong o bonding.*’ Its 
electronic spectrum consists of charge-transfer and intraligand bands.*° 

Ligand-field theory gives a reasonable account of the energies but not the intensities of the 
bands between 12000 and 32000cm™! in the spectrum of [Cr(bipy)3]**, which are due to 
spin-allowed transitions of the low-spin d* configuration. There are also many charge-transfer 
or internal-ligand bands which are weakly perturbed by methyl substitution in bipy.** The 
assignment of formal oxidation states (II and III respectively) to the metal in [Cr(bipy)3]°* and 
[Cr(bipy)3]** (Section 35.4.2.5) is valid but not in complexes of lower overall charge.* From 
spectral ehanges in aqueous solution the mixed complex [Cr(bipy)2(4,4'-bipyH)(H20)}°* has 
been identified in rapid equilibrium with [Cr(bipy)3]** and the free ligands.* 

In the series [Cr(bipy)3]X3, [Cr(bipy)3]X2, [Cr(bipy)3]X, [Cr(bipy)3] the Cr—N stretching 
frequency varies little with oxidation state from III to 0. Since this implies small changes in 
bond strength with decreasing oxidation state and greater occupation of the bh, orbitals, it 
appears that increasing M— L a donation is offset by lower L— M o donation as the oxidation 
state is lowered. Some complexes were labelled with °°Cr or *°Cr to aid in the assignment of the 
two Cr—N stretching bands (Table 6).°° There are discrepancies with assignments for 
unlabelled complexes.°’ The splitting of the v(CN) band in the IR spectra of the complexes 
[Cr(NCS),(bipy)2] and [Cr(NCS)2(phen),] indicates cis configurations but this has not been 
confirmed crystallographically.*° 

Table 6 Far IR Spectra of the [Cr(bipy)3](C1O,),, Series (em~*) 

[Cr(bipy)s]}°* [Cr(bipy)3}"* [Cr(bipy)3]* [Cr(bipy)3]° Assignment 

385m 351s 371m 382m v(Cr—N) 
(Hidden) 359m 352m 357vw Ligand 
349m 343m 343m 308s v(Cr—N) 
226w 225m 228w 227w Ligand 
193vw 205w 

189w 195w 203s Ligand 
177w 175vw 179w 178w ' Ligand 

The absorption spectrum and first formation constant of [Cr(bipy)]?* have been determined 
spectrophotometrically in hexamethylphosphoramide (HMPA) (see also Table 39). Since 
log K, (4.61) is slightly larger in HMPA than in water, it is said that [Cr(bipy)(HMPA),]** is 
tetrahedral, although from the general chemistry of chromium(II) the ion would be expected to 
be in planar or distorted octahedral coordination. 
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(v) Electrochemistry 

Voltammetric investigations of chromium complexes of bipy, phen and terpy in MeCN and 
other solvents, as well as magnetic and other data above, show that the metal forms series of 
tris-(bipy) and -(phen) and bis(terpy) complexes related by reversible one-electron transfers in 
which the metal has formal oxidation states Ill, I, I, 0, —I (see also Section 35.4.2.5). Some 
half-wave potentials are given in Table 7.°° In aqueous solution complications occur because 
[Cr(bipy)3]°* undergoes catalyzed ligand exchange at the dropping mercury electrode to form 
[Cr(bipy)2(H2O),|°>*, which reduces more cathodically than the tris complex, to give 
[Cr(bipy)2(H20)2]**. The phen complexes and [CrCl,(bipy)]* behave similarly >*°> 

Table 7 Half-wave Potentials 

Complex DC AC 
couple polarography polarography 

(vy); OAy 

[Cr(terpy),] 
I— Il —0.110 —0.120 
IIl>I —0.516 = (E525 
I-0 —1.030 —1.035 
0— -I —1.95 R95 

[Cr(bipy)3] 
Iii— II —0.209 —0.200 
III —0.715 —0.710 
I>0 —1.28 —1.28 
0 -I —1.91 —1.89 

[Cr(phen)s] 
Ii— II —0.237 —0.228 
III —0.732 —0.838 
I>0 —1.29 —1.28 
0— -I 1579 Sih) 

“Versus Ag/AgCl saturated NaCl electrode. 

35.2.2.2 Nitrosyls and dinitrogen complexes 

Nitrosyls are included in Section 35.4.2.6 and dinitrogen complexes with the phosphorus 
donors immediately below. 

35.2.3 Phosphorus Ligands 

35.2.3.1 Mixed complexes of dinitrogen and tertiary phosphines 

There are few examples of complexes of chromium with molecular nitrogen, although 
molybdenum and tungsten form many such complexes.’ Unstable species. containing Cr—N> 
bonds produced by matrix isolation techniques have not been included.°° 

The chromium(0) complex [Cr(N2)2(PMes)4] is not well established because it decomposes at 
room temperature with liberation of PMe3 and N>. Since there are two IR absorption bands at 

1990 and 1918 cm™ [v(N==N)] it has been assigned a cis octahedral structure. The dark brown 
complex can be prepared from anhydrous CrCl; by Scheme 7 or directly from the reactants. 
There is no spectroscopic or structural information on the intermediates [Cr'Cl,;(PMe3)3] and 
[Cr™Cl,(PMes)s].”” : 

The systems CrCl,-Mg-THF and CrCl,-Mg-dppe-THF absorb nitrogen and some NH; and 
N2H, are produced on hydrolysis. The paramagnetic solids Cr2N2Mg.Cl4(THF)s (black) and 
[Cr(dppe)2]2N2 (brown), which are difficult to obtain reproducibly, have been isolated. 

The chromium(0) complex trans-[Cr(N2)2(dmpe)2] (2) has been prepared together with some 
incompletely characterized cis isomer from [CrCl,(dmpe)] according to Scheme 8, which also 
shows that its reactions all involve displacement of dinitrogen. The trans dinitrogen ligands are 
linear, and the N—N bond distance (1.122 A) is normal. The IR spectrum of the trans isomer 
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CrCl, —e2> [Cr"Cl,(PMes)s] pactticay? [Cr''Cla(PMes)s] 
brown violet from deep blue solution 

m.p. 144-147 °C m.p. 51°C 

PMe,| N> 
Mg | THF 

[Cr(CO),(PMes)s] =A [Cr(CO).(PMes).] ree [Cr(N>)2(PMe;),] 

dark brown 

dec. at r.t. 

Scheme 7 

has one band (N=N stretch) at 1932cm™' and the cis isomer bands at 1920 and 1895 cm“. 

Since the Cr—P distance (2.296 A) is shorter than in [CrMe2(dmpe)2} (2.345 A, Section 

35.3.4.1) there is significant metal—ligand back-bonding.° 

[1.1224 

trans-[Cr(C,H,4)2(dmpe)2] 2 re | 

cis-[Cr(n*-CsH)(dmpe),] <2 *— trans-[Cr°(Nz)(dmpe):] > [Cr'YH,(dmpe)s] 
or 

[Cr(PhC=CPh),(dmpe)] PhC=CPh Bull 
Na/Hg| THF a 

N, co 

CrCl,(THF) “> [CrCl,(dmpe).] “=> cis-[Cr(CO)(dmpe)2] 

rn LiMe Et,O CO |10 atm 

trans-[Cr(CNBu'),(dmpe)2] [Cr"Me.(dmpe)»] 

Scheme 8 

The cocondensation of chromium vapour and the phosphorus ligand is used to prepare 
[Cr(dmpe)3] and the trimethyl phosphite complex [Cr{P(OMe);3}.] (Table 8). The former has a 
distorted octahedral structure, and the latter forms a _ seven-coordinate hydride 
CrH2{P(OMe)3}; which, with other chromium(II) complexes of P donor ligands, is considered 
in Section 35.3.4. 

35.2.3.2 Fluorophosphine complexes 

The reaction of tris(z-allyl)chromium with the z-acceptor ligand PF; produces stable crystals 
of [Cr(PF3).] via [(C3Hs)3Cr(PF3)] (Scheme 9). At high pressure, only [Cr(PF3)¢] is isolated;® 
it can also be obtained by metal vapour synthesis,’ and its He(I) PE spectrum has been 
assigned.” 

Complexes of chelating aminodifluorophosphines Cr{(PF2)2NR}3 (R = Ph (m.p. 233 °C)® or 
Me (m.p. 182°C)™) can be prepared by UV irradiation of Cr(CO). with an excess of the ligand 
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Table 8 Tertiary Phosphine and Arsine Complexes of Chromium(0) Including Mixed 

Complexes with Dinitrogen 

Complex Comments Ref. 

trans-[Cr(N,)2(dmpe),] M.p. > 350°C, stable in solution to 90 °C, diamagnetic 1 
Red-orange NMR: 'H, 6 1.29 (PMe, and PCH,, s); *'P[/H], 6 

69.3 (PhH-d,, 25°C), v(N>), 1932 cm“? (hexane), 
2001 cm~' (Raman) Cr—N, 1.874, N—N, 1.122, 
Cr—P (av), 2.296 A, Cr—N—N, 178.2° 

[Cr(dmpe)s] [CrCl,(THF) 3], dmpe in THF + NaC,)H, or LiAlH,; 2) 
Yellow cocondensation of Cr and dmpe vapours, air- 3 

sensitive; distorted octahedron, Cr—P, 2.317 A, 
P—Cr—P (chelate ring), 76.5° 

[Cr{P(OMe)3}<] M.p. > 100 °C (dec.), cocondensation of Cr and 4 
Yellow P(OMe); vapours 
Cri), L? = dppm, dppe or Ph,As(CH,),AsPh,; from 5 

K,[Cr(CN),] and L? in NH,(1) at —60 °C 

1. J. E. Salt, G. S. Girolami, G. Wilkinson, M. Motevalli, M. Thornton-Pett and M. B. Hursthouse, J. 
Chem. Soc., Dalton Trans., 1985, 685. 

. J. Chatt and H. R. Watson, J. Chem. Soc., 1962, 2545. 

. F. G.N. Cloke, P. J. Fyne, M. L. H. Green, M. J. Ledoux, A. Gourdon and C. K. Prout, J. Organomet. 
Chem., 1980, 198, C69. 

4. S. D. Ittel, F. A. Van-Catledge and C. A. Tolman, Inorg. Chem., 1985, 24, 62. 

5. H. Behrens and A. Miller, Z. Anorg. Allg. Chem., 1965, 341, 124. 

WN 

Cr(CH,), SEPP, [(CuH,)sCr(PF:)] > [(Cr(PF,)6] + 1.5CsHio 
: dark green colourless 

m.p. 193°C 

Scheme 9 

in diethyl ether. Cocondensation of chromium vapour and MeN(PF2), also affords 

[Cr{(PF,)2NMe};].© Although the ligands have a small bite and must form four-membered 

chelate rings, the colourless complexes (3) are volatile and stable. In accordance with the 

formulation as zerovalent tris(bidentate) chelates, the ‘H and '*C NMR spectra each exhibit a 

single resonance from the three equivalent methyl groups, and there are intense molecular ions 

in the mass spectra. The strong P—F stretching absorptions are at 831 cm7' (R= Me) and 

865 cm~’ (R = Ph). 

R 
a 

; 
zr PF, 

pice =ipr: 

ro | | 
aia No 

cept 
F, 

(3) 

The cocondensation of chromium vapour with a 4:1 mixture of Me,NPF, and MeN(PF>)2 

forms the homoleptic chromium(0) derivative [Cr(PF,NMez2).] and the mixed ligand derivative 

[Cr(PF2NMe>)4{(PF2)2NMe}]. The former slowly decomposes when left in air, especially if in 

solution. This instability, compared with [Cr(CO).] or [Cr(PF3)<], is due to the steric hindrance 

of the six bulky monodentate ligands. The latter, with only four monodentate ligands and one 

bidentate ligand, can be sublimed and is considerably more stable. When prepared, it was 

contaminated with a little [Cr(PF,NMe2)2{(PF2)2NMe}.]. An X-ray determination of the 
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structure of [Cr(PF2,NMez)4{(PF2)2NMe}] shows the expected octahedral configuration dis- _ 
torted by the small bite of bidentate (PF,),.NMe (P—Cr—P = 66°); which relieves steric strain 
compared with Cr(PF,NMe,)s; no bond distances were supplied.° 

The stable zerovalent complexes [Cr(PF,OPr),] and [Cr{(PF(OMe).}.] can be obtained by 
UV irradiation of [Cr(CO).] in pentane in the presence of a slight excess of the ligand.°” 

35.2.4 Miscellaneous Chromium(0) Complexes 

Several chromium nitrosyls, and complexes of quinones which are members of redox series, 
can be considered to contain chromium(0) or chromium(I) (see Sections 35.4.2.6 and 35.4.4.8). 

35.3 CHROMIUM(ID 

Chromium(II) complexes, especially in solution, are very rapidly oxidized by air, and this 
restricted synthetic and other investigations until comparatively recently when efficient inert 
atmosphere boxes had been developed, and the use of Schlenk and similar techniques had 
become general.®® Solids show varying behaviour towards aerial oxidation; some are 
pyrophoric but a few are stable for days or longer. The need to use oxygen-free conditions 
should be assumed throughout the Cr" section. Few chromium(II) compounds, possibly the 
acetate and some anhydrous halides, are commercially available. Consequently, those wishing 
to investigate the coordination chemistry of chromium(II) must first prepare their starting 
materials. 

Chromium(II) has been extensively used in investigations of inner-sphere electron transfer 
because inert chromium(III) captures the ligands attacked by chromium(II).”° 

35.3.1 General Synthetic Methods 

Methods for the preparation of chromium(II) solutions and the isolation of solids for 
synthetic work are set out below. 

35.3.1.1 Chromium(II) solutions 

(i) Dissolution of chromium in acids 

The impure metal dissolves easily in mineral acids and in fluoroboric, sulfamic and 
trifluoromethylsulfonic acids to give Cr?* solutions, but oxidation of Cr°*+ by hydrogen ions 
(equation 6), E°(Cr°*, Cr’*) = —0.41 V) even in an inert atmosphere is catalyzed by the 
impurities and various ions.”' Indefinitely stable chromium(II) solutions can be obtained from 
the pure (electrolytic) metal (99.5% or better), although the reaction with acid may need to be 
initiated by heat and the inclusion of some metal previously attacked by acid. The use of an 
excess of metal, which can be filtered off, ensures that little acid remains. In near neutral 
solution the hydrogen potential is lowered and the Cr?* ion is stable. In alkaline conditions 
brown Cr(OH)2, which slowly reduces water, precipitates.’73 

Cr°*+H* —> Cr+ +34H, (6) 

(ii) Reduction of chromium(III) solutions 

The reduction of aqueous chromium(III) solutions can be carried out electrolytically or 
chemically with zinc amalgam, zinc and acid or a Jones reductor.? Electrolytic procedures can 
be cumbersome, and with chemical reductants contamination with other products can occur. 
Chromium metal and acid can be used to reduce chromium(III) salts, and this requires less of 
the metal than in the method described in Section 35.3.1.1.i. 
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(iii) Non-aqueous solutions 

The hydrated chloride, bromide and iodide (Table 9) are soluble in ethanol, butanol and 
other organic solvents, but in many systems traces of water cause oxidation, hydrolysis or 
failure to complex with weak donor ligands. Water can be avoided by dissolving the metal in 
THF, ethanol or diethyl ether through which hydrogen chloride is bubbled.4°’*> It is also 
possible to dissolve or suspend in organic solvents the anhydrous acetate or the halides CrX, 
(Table 9), and dehydration of the hydrated halides with 2,3-dimethoxypropane in ethanol, 
followed by vacuum removal of the liquid, produces mixed alcoholates suitable for use in 
water-free conditions.’° Triethyl orthoformate may be used similarly. 

Table 9 Preparations of Some Chromium(II) Compounds Used as Starting Materials 

Compound Preparation Ref. 

[Cr.(O,CMe),(H,O),] Cr?* (aq) + NaO,CMe; brown [Cr,(O,CMe),] on ied 
Dark red pumping at 100°C 
Cr,(O,CMe),:2MeCO,H Cr powder, anhydrous MeCO,H with some MeCOCl 3 
CrCl,-4H,O Cr + HCl, conc. solution, add Me,CO; *CrCl, by 4-6 
Blue thermal dehydration at 140 °C 
CrBr,:6H,O Cr+ HBr, conc. solution, add Me,CO; *CrBr, by 4-7 
Blue thermal dehydration at 120°C 
CrI,-6H,O Cr + HI, conc. solution; soluble org. solvents, 4-6 
Blue ‘CrI,’ on pumping at r.t.* 
Cr(Cl1O,),°6H,O Cr + HCIO,, conc. solution; soluble org. solvents, 4-6 
Blue solid decomposes under N,, internal 

oxidation/reduction 
[Cr(bipy)3](ClO,), known but probably dangerous 2,6 

to prepare ClO, salts of Cr™ cations generally 
CrSO,:5H,O Cr + H,SO,, add acetone; forms CrSO,-H,O and 2, 4-6 
Blue then CrSO, on heating, stable in air when dry 
[Cr(acac),] Cr,(O,CMe),(H,O), + acacH, H,O, reacts slowly 1 
Light yellow with H,O 
[CrCl,(MeCN),] Anhydrous? CrCl, (above) in ELOH + MeCN 6 
Pale blue 
[CrCl,(THF),] CrCl, extracted with THF 8 
Pale green 
[CrCl,(THF)} Cr + HCl(g) in THF 9 
White 
[CrBr,(THF),] Crystallized from CrBr, in THF 10 
Pale blue-green 
i 

* The anhydrous halides are also prepared by the methods in Section 35.3.7. 

. L. R. Ocone and B. P. Block, Inorg. Synth., 1966, 8, 125, 130. 

. D.N. Hume and H. W. Stone, J. Am. Chem. Soc., 1941, 63, 1197. 
H.-D. Hardt and G. Streit, Z. Anorg. Allg. Chem., 1970, 373, 97. 

. A. Earnshaw, L. F. Larkworthy and K. S. Patel, J. Chem. Soc., 1965, 3267. 

. H. Lux and G. Illmann, Chem. Ber., 1958, 91, 2143. 

. D.G. Holah and J. P. Fackler, Jr., Inorg. Synth., 1967, 10, 26. 

. M.A. Babar, L. F. Larkworthy and A. Yavari, J. Chem. Soc., Dalton Trans., 1981, 27. 

. R. J. Kern, J. Inorg. Nucl. Chem., 1962, 24, 1105. 

. L. F. Larkworthy and M. H. O. Nelson-Richardson, Chem. Ind. (London), 1974, 164. 

. D.E. Scaife, Aust. J. Chem., 1967, 20, 845. PR 

A method which gives a chromium(II)-substituted alkoxide ([Cr(OCBu3))-LiCl(THF)2], 

Section 35.3.5.2) directly from CrCl, is to add a solution of the alcohol previously treated with 

BuLi to a slurry of the halide in THF.” How the reduction to chromium(II) takes place has not 

been clarified. 

35.3.1.2 Chromium(I]) salts 

The poorly soluble acetate [Cr.(02CMe)4(H2O)2] can be crystallized from aqueous Crt 

solutions by the addition of sodium acetate. When dry it reacts slowly with oxygen and can be 

handled briefly in air, but the anhydrous acetate chars on exposure. 

The hydrates CrSO,-5H,O, CrCl.4H2O, CrBr2‘6H,O and Crl,-6H20O, and the anhydrous 

halides, all most easily isolated as in Table 9, are useful starting materials. Thermal 
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dehydration of halides can lead to hydrolysis, but this is not significant for preparative use of 

the anhydrous chromium(II) compounds. The iodide and perchlorate are difficult to obtain 

hydrated to a definite degree. On pumping CrI-6H20 loses its blue colour as water is removed, 

but the solid remains a chromium(II) species. The perchlorate should be used with extreme 

caution, if at all, because the juxtaposition of Cr?* as part of a complex cation containing an 

organic ligand and ClO; is intrinsically dangerous and not only impact but the accidental 

admission of air to the solid could cause an explosion. The use of BPhy, BF,, NH2SO3, PF. and 

CF;SO; salts has not yet been much exploited. 

Aqueous chromium(II) solutions have long been available as standard reducing agents in 

volumetric analysis.”* More recently, the use of chromium(II) salts as reducing agents in 

organic chemistry has been reviewed. Chromium(II) chloride, sulfate and perchlorate have 

been classified as powerful reducing agents whereas the acetate, a relatively insoluble salt, acts 

as a mild reducing agent in near neutral conditions. Chromium(II) ethylenediamine complexes 

have been used in dimethylformamide,” and transition metal chelates have been reduced by 

chromium(II) acetylacetonate in toluene and THF.*® Chromium(II) compounds also readily 

reduce various iron oxides.®*! These uses of chromium(II) compounds are likely to increase. 

Metals can be used as sacrificial anodes in the electrochemical synthesis of anhydrous salts 

and complexes. This method frequently produces chromium(III) complexes, but electrochemi- 

cal oxidation of chromium in a mixture of concentrated aqueous HBF, and acetonitrile yields 

[Cr(MeCN)«](BF,)2.°? 

35.3.2 Group IV Ligands 

Cyanide and organic isocyanide complexes of chromium(II) have been included with the 
lower oxidation states in Sections 35.2.1.1 and 35.2.1.2. 

35.3.3 Nitrogen Ligands 

35.3.3.1 Ammines 

(i) Syntheses 

A deep blue colour appears when concentrated solutions of ammonia and aqueous 
chromium(II) are mixed, but brown chromium(II) hydroxide separates before any ammine can 
be isolated.*’ Gaseous ammonia and solid CrCl, form CrCl,-nNH3 (n =2, 3, 5 and 6) and 
when ammonia is bubbled through ethanolic solutions of the hydrated halides pale blue, violet 
and then greyish precipitates successively appear corresponding to the formation of diammines, 
pentaammines and hexaammines (Table 10).* The hexaammines lose ammonia so readily (and 
reversibly) to form pentaammines that they must be sealed in ammonia gas. The easy loss of 
ammonia appears to be a ‘chemical’ effect of the Jahn-Teller distortion (see later). The 
tetraammine [Cr(NH3)4(H2O)|]SO, is obtained by bubbling ammonia through an ethanolic 
suspension of CrSO,:5H,0° and the diammines by heating the tetraammine or the 
pentaammines. 

_ (ii) Magnetic and spectroscopic properties and structures 

Chromium(II) complexes may be high- or low-spin (Figure 1), and the hexaammines and 
pentaammines are typical, high-spin Cr** compounds with effective magnetic moments close to 
the spin-only value (t3,e; configuration, .,=4.90BM). With these magnetically dilute 
complexes the experimental moments are temperature-independent (Table 10) so the Curie law 
is obeyed (8 =0°C). The diammines show weak antiferromagnetic interaction since the 
ae hve as the temperature is lowered and the Curie-Weiss law is followed 

The o antibonding effect, arising from the uneven occupancy of the d orbitals in high-spin 
chromium(II) complexes, has a marked effect (Jahn-Teller distortion) on the electronic spectra 
and structures. Chromium(II) has a °D free ion ground term and this is split in an octahedral 
(O,) ligand field as shown in Figure 2 to give a °E, ground term. The Jahn-Teller theorem 
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Table 10 Magnetic and Diffuse Reflectance Data of Ammines 

Meg Reflectance spectra* 
(BM) () (cm7') 

Complex 295 K 90K (°) V2 v1 

[CrCl,(NH3),] 4.57 4.05 40 17 000sh 14 000svb 11 300sh 
Pale blue 17 000sh 14 100svb 11 000sh 
[Cr(NH;)5]Cl, 4.77 4.74 0 17 800svb 
Violet 18 200s 14 500sh 11 400sh 
[Cr(NH;),]Cl, 4.85 4.78 0 16 000svb 8500m 
Grey 17 300svb 8500m 
[CrBr.(NH3).] 4.33 4.09 23 17 500sh 13 200s 9500sh 
Pale blue 17 400sh 13 700s 9500sh 
[Cr(NH;);]Br, 4.76 4.80 0 17 500svb 
Violet 18 200s 14 500sh 11 300sh 
[Cr(NH3)_]Br, 4.87 4.90 0 15 400sb 7500m 
Greenish-grey 15 700sb 7700m 
[Cr(NH;)5]I, 4.87 4.87 0 17 600s 12 800sh 
Violet 18 100s 14 000sh 11 200sh 
[Cr(NH3).]I, 4.88 4.91 0 15 200s 7600m 
Greenish-grey 15 400s 7800m 
[Cr(NH;)(SO,)] 4.69 4.26 32 14 000vb 
Pale blue 14 000s 11 500sh 9800sh 
[Cr(NH;),(H,O)|SO, 4.89 4.74 8 18 000vb 
Violet 18 400vb 15 000sh 

“Spectra at room and liquid nitrogen (second line) temperatures for each complex. 

T| 
+— a 

Benes: ipa Sees 

high-spin low-spin c 

Bs9= 4-90 BM 5972-83 BM 

Figure 1 Occupancy of d orbitals in octahedral chromium(II) complexes 

requires that in an orbitally degenerate, non-linear system, distortion will occur to remove the 

degeneracy, and this can take place in high-spin d* (and d°) systems by elongation or 

compression along an octahedral four-fold axis (Figure 2, tetragonal distortion, Dip). In solids, 

the Jahn-Teller distortion may be local to the coordination spheres of the individual Gt ions 

or there may be interactions between neighbouring ions affecting the whole lattice, and this 

cooperative Jahn-Teller effect has been reviewed (Section 35.3.7).*° 
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Figure 2 Energy levels of high-spin chromium(lII) in ligand fields of O, and D,,, symmetry 
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From Figure 2, one spin-allowed d-d transition is expected for a regular octahedral complex, 
and three such transitions for a tetragonally distorted complex. Experimentally, most high-spin 
chromium(II) complexes exhibit one absorption band (v2, the main band) with a weaker band 
or shoulder (v;, the distortion band) to lower wavenumber; v; is usually assigned to the 
"Big °Aig transition and v2 to superimposed °B;,—>°Bo,, °E, transitions. There are also 
examples where there is one very broad band due to the overlap of all three transitions and 
others where they are resolved. There are few single crystal spectroscopic studies of 
chromium(II) complexes. 

The spectra of the ammines follow the general patterns outlined above. From the magnetic 
and spectroscopic data, and X-ray powder comparisons with copper(II) complexes, the 
hexaammines and pentaammines have been assigned tetragonal octahedral and square 
pyramidal structures respectively, and the diammines anion-bridged six-coordinate structures 
(4). The tetraammine sulfate is square pyramidal, with coordinated water; other five- 
coordinate chromium(II) complexes are listed in Table 42. The acetates [Cr.(O,CMe)4(NHs3)2] 
and Cr(NH3)4(O2CMe), are discussed in Section 35.3.5.5. 

NH, 
por Hl a 

Tt 

rea x 
Cl | “ca 

NH, 

(4) 

35.3.3.2 Bidentate saturated amines, ethylenediamine, propylenediamine, etc. 

Although earlier attempts to isolate chromium(II) complexes of various bidentate amines 
from aqueous solutions produced chromium(III) complexes and hydrogen, the predominantly 
non-aqueous methods outlined in Scheme 10 provide complexes of ethylenediamine (en), 
1,2-diaminopropane (pn), 1,3-diaminopropane (tmd), 1,2-diamino-2-methylpropane (dmp), 
N,N-dimethylethylenediamine (NNdmn) and N,N’-dimethylethylenediamine (NN’dmn) 
(Table 11). In general, ethanol is a suitable solvent but with some amines it is necessary to 
dehydrate the halide with 2,2-dimethoxypropane (DMP) and dry the ethanol carefully to 
prevent hydrolysis and oxidation. 

[CrCl,(NN’dmn),] [CrCLL] [Cr(en)s]SO., [CrSO,(en),] 
[CrX,(NNdmn),] X = Br, I 

conc. CrSO,(aq), 
EtOH : then EtOH 

NNdmn or BON geen 

DMP, A 
‘CrX,-nMeOH’ <———~_ CrX-nH,O0 Sgr a [Cr(en),]JX, X=Cl, Br 

| [CrX,(en),] X=Br, I 
EtOH| L ae 

[CrX5L,] Cri, pn \ EtOH 
X=Cl, Br VA 

shoot) 
EtOH 

[CrI,L,] [Cr(pn)3]X2 
X=Cl, Br, I 

L=tmd or dmp 

Scheme 10 
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Table 11. Bidentate Saturated Amines 

ee Oe ee 

Reflectance spectra 

eg (BM) (cm~") 
Complex 300 k 90K @6(°) V2 v1 re EE 1 a et 

[Cr(en)3]Cl,-H,O Blue 4.84 4.85 0 16 000m 8300m 
[Cr(en);]Br, Blue 4.75 4.75 0 15 700m 8300m 
[Cr(en)3]SO, Light blue 4.87 4.85 0 16 800m 7800m 
[CrBr,(en),] Violet 4.74 4.71 0 17 900m 13 200w 
[CrL,(en).] Violet 4.73 4.73 0 18 200m 14 500sh 
[CrSO,(en),] Violet 4.80 4.56 10 17 700m 11 600w 
[Cr(pn)3]Cl,-2H,O Light blue 4.80 4.75 0 16 000s 7700s 
[Cr(pn);]Br,-H,O Blue 4.90 4.83 0 15 800s 7600s 
[Cr(pn) ]I, Blue 4.83 4.78 0 16 000s 7600s 
[CrCl,(tmd),] Violet 4.80 4.75 0 17 600s 12 600sh 
[CrBr,(tmd),] Violet 4.87 4.89 0 18 000s 14 200sh 
[Cr1,(tmd),] Mauve 4.80 4.83 0 18 300s 15 300sh 
[CrCl,(tmd)] Light blue 3.87 2.14 — 18 600sh 14 100s 
[CrCl,(dmp),] Violet 4775 4:55" "10 17 500s 
[CrBr,(dmp),] Purple AS marooe 12) 17 400s 
[CrI,(dmp),] Mauve 4.79 4.45 19 18 200s 
[CrCl,(dmp)] Light blue 402 267 — 18 600sh 13 400s 
[CrCl,(NN'dmn),] Mauve 4.81 4.80 0 16 900s 11 400sh 
[CrBr,(NNdmn),| Violet 4.82 4.81 0 17 700s 
[CrI,(NNdmn),] Purple 4.93 4.77 8 16 500s 

The [Cr(en)s]?* and [Cr(pn)3]** salts have reflectance spectra (Table 11) resembling those of 
the hexaammines, and the six N donor atoms are assumed to complete tetragonally distorted 
octahedra around the metal. Stability constant measurements (Table 39) have shown that the 
ions [Cr(en)(aq)]?* (Vmax = 18 300 cm™, ¢€ = 25 dm? mol™!cm™*) and [Cr(en),(aq)]?* (Wmax = 
17500 cm~', ¢ = 17 dm?’ mol~' cm“) exist in aqueous solution, but that, as in the copper(II) 
system, the third ethylenediamine molecule is only weakly bound, and care is needed to 
prevent loss of en from tris(amine) complexes in the preparations. Several bis(amine) 
complexes, e.g. [CrBr2(en)2], have been isolated, and these are assigned trans structures 
because of IR spectral resemblances to the corresponding copper(II) complexes. Since the 
spectrum of [Cr(SO,)(en),] also shows the presence of bidentate sulfate, this is assigned a trans 
octahedral structure with bridging anions. 

The pale blue tris(amine) complexes [Cr(pn)3]X3 separate readily from solutions containing 
an excess of the amine. Violet solutions form when 2:1 ratios of pn and metal halide are used, 
but pure bis(amine) complexes have not been obtained. On the other hand, the other bidentate 
amines give only the bis(amine) complexes [CrX2(tmd),], [CrX2(dmp),], [CrX.(NNdmn),] and 
[CrCl,(NN'dmn),] (Table 11), even from solutions containing an excess of amine. These are 
also given trans structures. The antiferromagnetic monoamine complexes [CrCl,(tmd)] and 
[CrCl,(dmp)] are believed to be chloride-bridged polymers. No crystallographic evidence is 
available. 

The bands v2 and vj, particularly the latter, move to higher wavenumber with weaker field 
axial ligands: I> Br >SO,> NH). This behaviour is characteristic of distorted systems.°”-8 

35.3.3.3 Polydentate amines, diethylenetriamine, triethylenetetramine and facultative 
ligands 

(i) Diethylenetriamine 

The ions [Cr(dien),]** and [Cr(dien)]** have been identified in aqueous solution by stability 
constant (Table 39) and other measurements: 2%?“ ~4.9 BM, Vmax = 17000 cm™’, ¢ = 39 dm? 
mol~! cm! [Cr(dien)2]?*; Vmax = 16 300 cm~’, € = 32 dm* mol~* cm~* [Cr(dien)(aq)]’*, but the 
solutions decompose on standing, and the solids [Cr(dien)2]X, and [CrX,(dien)] have been 
crystallized from alcoholic media. The bis(dien) complexes have similar magnetic moments and 
electronic spectra to the tris(en) complexes and so contain tetragonally distorted six-coordinate 
Cr?*. Unlike [Cr(en)s3]? ions, which lose en, the [Cr(dien),]’* ions maintain their integrity in 
solution in organic solvents. Halide-bridged binuclear structures have been suggested for the 
antiferromagnetic mono(dien) complexes (Table 12). 
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Table 12 Diethylenetriamine Complexes 

SS 

Meg Reflectance spectra 

(BM) 7) (cm~') 

Complex* 300K 90K (°) V2 v4 
pied er RR Reel + ee Se et See 

[Cr(dien),]Cl,-H,O 4.82 4.80 0 16 100 4 

[Cr(dien),|Br2 4.88 4.82 2 16 000 8600 ; 

[Cr(dien),]I, 4.84 4.84 0 16 100 
16 800 (e = 19)° 8800 (€ = 10)° 

[CrCl,(dien)] 4.38 3.39 $ 14 500vb 

[CrBr,(dien)] 4:26 3.30 . 14 500vb 

[CrI,(dien)] 4.28 3.74 ? 14 900vb 
nT 

* All complexes are blue. re 
Not measured below 10000cm . 
DMF, ein dm” mol cm. 
Jca.10cm. ,g=2. 
*Jca.4cm ', g=2. 

(ii) Triethylenetetramine 

From stability constant measurements (Table 39) the [Cr(trien)]** ion (Ueg~4.9 BM, 

Vmax = 16900 cm7!, ¢ = 46 dm? mol! cm™") exists in aqueous solution, but only incompletely 

characterized solids have been isolated.® 

(iii) Facultative ligands 

Chromium(II) forms the trigonal bipyramidal complex [CrBr(Megtren)]Br with the ‘tripod’ 

ligand tris(2-dimethylaminoethyl)amine (Megtren) (Section 35.3.4.3), and pyrazolyl-substituted 

ligands also form five-coordinate complex cations (Section 35.3.3.4.v; see also Table 42). 

35.3.3.4 N heterocyclic ligands 

(i) Pyridine and substituted pyridines 

Like other bivalent metals of the first transition series, chromium(II) forms many complexes 
with pyridine and substituted pyridines. These are mostly of the types [CrX2L,], in which 
X =Cl, Br and I, and [CrX,L,], where X = Cl, Br and occasionally I, but a few of the general 
formulae [CrX2(H2O)L,] and [Cr(py)s]X2 are known (Table 13). The complexes [CrX2L,] 
invariably obey the Curie-Weiss law, with large @ values, and this antiferromagnetic 
interaction is evidence for the halide-bridged structure (5), which is confirmed by the 
isomorphism of [CrX2(py)2] and [CuX2(py)2] (X = Cl, Br). 

Table 13. Complexes of Pyridine and Substituted Pyridines 

v(Cr—X) and Reflectance spectra® (cm~*) 
Complex Leg (BM) 6(°) v(Cr—N) (cm7') V2 v1 Ref. 

Pyridine 
[CrCl,(py)2] 4.84 (r.t.) — 322 v(Cr—Cl) 15 050 10 800 1-4 
Light green 4.62 (298 K) 40 281 v(Cr—N) 
[CrBr,(py)>] 4.81 (r.t.) _ 272) v(Cr—Br) 14300 10 300 2,4 
Light green v(Cr—N) 

[Cr(py).]Br. 4.94 (r.t.) — -— 17000 11 600 2 
Dark green 
[CrI,(py)4] 5.03 (r.t.) 17000 12 750 2 
Brown 4.98 (298 K) 0 3 
[Cr(py).]I, 5.03 (r.t.) _- .=— Cr, 12 100 2 
Dark green 

[CrC1,(H,0)2(py)2] 4.79 (292 K) a age 3 
[CrBra(H20)a(Py)2] 5.03 (298 K) 0 _ — 3 

reen 



Complex 

[CrI,(H,0),(py)2] 
Green 

Methylpyridines 

[CrCl,(3-Mepy),] 
Brown 

[CrBr,(3-Mepy),] 
Golden-brown 

[CrI,(3-Mepy),] 
Olive brown 

[CrCl,(4-Mepy).] 
Yellow-brown 

[CrBr,(4-Mepy).] 
Olive-yellow 

[CrI,(4-Mepy).] 
Olive-yellow 

[CrI,(H,O),(3-Mepy),] 
Green 

iCrI,(H,O)2(4-Mepy)2] 
Green 

[CrCl,(3-Mepy).] 
Light green 

[CrBr,(3-Mepy).] 
Light green 

[CrCl,(4-Mepy).] 
Blue-green 

[CrBr,(4-Mepy)>] 
Light green 

Halopyridines 

[CrCl,(3-Clpy)2] 
Light green 
[CrBr,(3-Clpy),] 
Green 
[CrI,(H,O),(3-Clpy)>] 
Olive green 

[CrCl,(3-Brpy)] 
Light green 
[CrBr,(3-Brpy)] 
Dark green 
[CrI,(H,O),(3-Brpy)>] 
Olive green 

[Cr,(3-Brpy),] 
Green 

[CrCl,(3-Ipy)2] 
Light green 
[CrBr,(3-Ipy)2] 
Bluish green 

[CrI,(3-Ipy)2] 
Green 
[CrCl,(3,5-Cl,py),] 
Light yellow 
[CrBr,(3,5-Cl.py)] 
Yellow 
[Crl,(3,5-Clopy)o] 
Dark yellow 

[CrI,(3,5-Cl,py) 4] 
Dark red 

Heg (BM) 

5.01 (298 K) 

300 K 86K 

4.79 4.74 

4.90 4.79 

4.86 4.87 

4.79 4.89 

4.93 4.86 

4.90 4.80 

4.88 4.80 

4.87 4.79 

4.62 4.01 

4.76 4.16 

4.70 4.09 

4.60 4.03 

295 K 90K 
4.08 3.65 

4.51 3.93 

4.80 4.85 

4.59 4.10 

4.59 4.11 

4.83 4.78 

4.61 4.13 

4.64 4.30 

4.69 4.30 

4.60 4.27 

4.71 4.06 

4.67 4.00 

4.69 4.33 

4.83 4.63 

Chromium 

Table 13 (continued) 

ea ee 

Reflectance spectra* (cm~') 
6 (°) 

0 

46 

42 

45 

41 

37 

48 

37 

37 

36 

22 

Py 

22 

53 

oy 

24 

11 

* Reflectance spectra at liquid nitrogen temperature. 

. H. Lux, L. Eberle and D. Sarre, Chem. Ber., 1964, 97, 503. 

v(Cr—xX) and 
v(Cr—N) (cm~') 

Ht v(Cr—N) 
280 
286 v(Cr—N) 

292 v(Cr—N) 

298 v(Cr—N) 

296 v(Cr—N) 

298 v(Cr—N) 

283sh v(Cr—N) 
278 v(Cr—N) 
275 v(Cr—N) 

320 v(Cr—Cl) 
282 v(Cr—N) 
282 v(Cr—N) 
272 v(Cr—Br) 
332 v(Cr—Cl) 
280 v(Cr—N) 
296 v(Cr—Br) 
271 v(Cr—N) 

310 v(Cr—Cl) 
272 v(Cr—N) 
274 v(Cr—N) 
260 v(Cr—Br) 
270 v(Cr—N) 

324 v(Cr—Cl) 
268 v(Cr—N) 
272 v(Cr—N) 
252 v(Cr—Br) 
265 v(Cr—N) 

264 v(Cr—N) 
238 v(Cr—I) 
324 v(Cr—Cl) 
260 v(Cr—N) 
282 v(Cr—Br) 
258 v(Cr—N) 
272 v(Cr—N) 
234 v(Cr—I) 
324 v(Cr—Cl) 
272 v(Cr—N) 
=o v(Cr—N) 

v(Cr—Br) 
262 v(Cr—N) 
250 v(Cr—I) 
270 v(Cr—N) 

. D. G. Holah and J. P. Fackler, Jr., Inorg. Chem., 1965, 4, 1112. 

. M. M. Khamar, L. F. Larkworthy and M. H. O. Nelson-Richardson, Inorg. Chim. Acta, 1978, 28, 245. 

1 
2 
3. A. Earnshaw, L. F. Larkworthy and K. S. Patel, Chem. Ind. (London), 1965, 1521. 
4 
5. M. M. Khamar, L. F. Larkworthy and D. J. Phillips, Inorg. Chim. Acta, 1979, 36, 223. 

COc3-x 

V2 

17 000sh 

17 500sh 

17 000sh 

17 000 

17 500sh 

16 600 

16 500 

14500 

14 200 

14 600 

14 200 

14 300 

13 800 

16 500 
12 000 
14 200 
12 150sh 
13 900 

16 300 
12 000 
13 500 

14 500 
12 600sh 
14 100 
12 000sh 
13 600 
12 100sh 
13 750 

13 600 

13 200 

15 200s,sh 

vy 

9800 

10 800 

11 800 

9700 

10 800 

12 000 

11 400 

11 800 

11 300sh 

11 000m 

11 700sh 

11 500sh 

10 700 

10 100 

10 700sh 

10 400sh 

10 400 

10 700sh 

10 600 

10 900 

10 400sh 

11 000sh 

9600 

9300 

8800 

7000 

We 

Ref. 

3 
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The complexes [CrX,L,4] and [CrX2(H2O)L,] are high-spin and magnetically dilute. The 
former are believed to have trans octahedral structures and there is some evidence that the 
latter have too.8°°° 

Some pyridine complexes, e.g. [CrCl.(py)2], have been prepared from the hydrated 
chromium(II) halide in aqueous solution, but it is more common to use solvents such as acetone, 
which is particularly useful for iodo complexes, and ethanol. In some cases it is necessary to 
recrystallize from dimethylformamide to remove water arising from the use of the hydrated 
halide. It is also sometimes necessary to control the amount of pyridine fairly closely, use cold 
solutions and wash with solvents containing small amounts of pyridine if the desired complex is 
to be obtained. Some complexes, e.g. [Cr(py)«|Br2 and [Cr(py).]l,, have been prepared by 
dissolving the bis- or tetrakis-amine complex in an excess of pyridine. These two complexes, 
which are isomorphous”' with [Cu(py).]Br2, are the only known hexakispyridine complexes of 
chromium(II), although more could probably be obtained with [BPh,]~ and similar anions. The 

* jodo complex [CrI,(3,5-Clpy)2] was prepared by warming the tetrakis(amine) in acetone so that 
it lost two chloropyridine molecules, and [CrI,(3-Brpy)2] was obtained by the use of 
2,2-dimethoxypropane in acetone. 

Attempts to isolate complex halides containing 2-methylpyridine produced blue substances, 
which could not be characterized.** Bridging iodide is less common than bridging chloride or 
bromide and the few chromium(II) iodo complexes, [CrI2(3-Brpy)2], [CrI2(3-Ipy)2] and 
[CrI,(3,5-Clpy)2], might be expected to be tetrahedral. However, because of their antifer- 
romagnetic behaviour, they are apparently linear polymers; tetrahedral monomers would be 
expected to have magnetic moments greater than 4.90 BM. The reflectance spectra of the iodo 
complexes are also similar to those of the corresponding bromides and chlorides and the molar 
absorbances are low (¢ ~ 30 dm? mol~! cm“! in ethanol). 

Bands in the far IR spectrum of [CrCl,(py)2] at 328 and 303cm™! were assigned™ to 
v(Cr—Cl), and a band at 219cm™' to v(Cr—N), but in a reinvestigation® rather different 
frequencies (322vs, 281s and 215s cm™') were found. The band at 322 cm~ has been assigned 
to v(Cr—C]) since it was absent from the spectrum of [CrBr2(py).]. Instead, the bromide has 
an intense, broad and asymmetric band at 272cm™’, and strong absorption rising to a 
maximum at 200cm~’. It has therefore been suggested that v(Cr—N) is at 281 cm™! in the 
chloride, the band at 272cm™* for the bromide contains superimposed v(Cr—N) and 
v(Cr—Br) absorptions, and the band near 200cm™' corresponds to 6(N—Cr—N). These 
spectra were recorded only to 200 cm™', but the assignments are confirmed by investigations of 
[CrX2(Mepy)2] (X = Cl, Br) and [CrX,(halo-py),] (X = Cl, Br, I), which show that v(Cr—Cl) is 
near 320cm™~'; v(Cr—Br) and v(Cr—N) sometimes overlap in the range 250-300 cm™!, and, 
from a few examples, v(Cr—I) is near 240cm~'. The v(Cr—N) vibrations are generally at 
lower frequencies in the halopyridine complexes because of the greater mass of the amines 
(Table 13).°7*? 

The far IR spectra of [CrX,(Mepy)4] (X = Cl, Br, I) do not differ significantly over the range 
400-70 cm~' except that the chlorides have two bands in the region of 136 cm~! which may be 
due to ‘long-bonded’ v(Cr—Cl) vibrations, i.e. in these complexes the halide ions lie along the 
elongated tetragonal axis. 

The reflectance spectra show the usual two band pattern of distorted six-coordinate, 
high-spin chromium(lII). 

The complexes [CrCl,(py)2] and [Cr(CF3;SO3)2(py)4] have been used in the preparation of 
macrocyclic complexes of Cr’ and Cr(NO) (Section 35.3.10.2 and Table 64). 
The chromium(II) ion is in an uncommon trans planar environment (6) in bis(2,6-dimethyl- 

pyridine )bis(trifluoroacetato)chromium(II), which is prepared by the reaction sequence in 
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Scheme 11. Each ligand is monodentate and the methyl groups of the 2,6-Mepy molecules 
above and below the CrO,N; plane block further coordination.® 
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NaBH, CF,CO,H Nie GrCl;, ———>  [(THF)Cr(BH,),]. ——> [(THF)Cr(O,CCF;)3], see, [Cr(O,CCF;),(2,6-Mepy)>] 

Scheme 11 

Thermal decomposition of [CrBr>(H2O)spy.] takes place”® according to reactions (7) to (9). 

[CrBr,(H,O),(py)2] (cryst.) ——> [CrBr,(py),] (cryst.) + 2H,O (g) (7) 
[CrBr,(py)2] (cryst.) —— [CrBr,(py)] (cryst.) + py (g) (8) 

[CrBr,(py)] (cryst.) ——> CrBr, (cryst.) + py (g) (9) 
[CrI,(py)4] was found to lose two pyridine molecules to give [CrI,(py).], with the loss of 

further pyridine not beginning until 237°C, but it was not possible to distinguish the stepwise 
loss of the remaining two ligands. 

The heat of reaction for the removal of 2H,O from [CrBr2(H2O)2(py).] (AH = 
117.5 kJ mol~*) is close to that for the removal of 2py from [CrI,(py).], suggesting H,O and 
pyridine form bonds of similar strength. 

Values of AH for the loss of two pyridine molecules from [CrX,(py)2] are 148.4, 132.1 and 
103.7 kJ mol~', for X= Cl, Br and I respectively. The value for [CrCl,(py),] is greater than 
those for [MCl,(py)2] where M=Mn through Cu. The chloride decomposes according to 
equations (8), (10) and (11). 

[CrCl,(py)] (cryst.) —> [CrCl,(py)2] (cryst.) + 3py (g) (10) 
[CrCl,(py)2] (cryst.) ——> CrCl, (cryst.) + 3py (g) (11) 

(ii) Nicotinic acid and saccharine 

Nicotinic acid (nic) forms a series of complexes [M"(nic)2(H2O),] in which it is N-bonded. 
The yellow, crystalline chromium(II) complex is prepared by running an aqueous Cr?* solution 
into a nicotinic acid solution under hydrogen. It is air-stable and the analyses were consistent 
with [Cr™(nic),(H2O);OH] or [Cr"(nic)2(H2O),], but the molecular structure (7) agrees with 
the chromium(III) formulation. The complex has a magnetic moment (3.1 BM) corresponding 
to low-spin chromium(II), which is unexpected since the complexes [CrX2(py),4] are high-spin 
(Section 35.3.3.4.i above), and two bipy or phen molecules are necessary to cause spin pairing 
(Section 35.2.2.1).* This complex was prepared in an investigation of chromium(III) nicotinic 
acid complexes related to the glucose tolerance factor (Section 35.4.8.3). The X-ray powder 
patterns and IR spectra of the complexes [M"(nic).(H2O),] in general are closely similar to 
those of the Cr! complex.” 

Saccharine forms a similar series of complexes [M"(C,H,NO;S),(H,O),]-2H,O. The 
chromium(III) complex is yellow and has a trans structure (8) analogous to that of 

* Found later to be contaminated with isomorphous Zn™ complex; Cr—N = 2.128, Cr—O, two at 2.039, two at 2.471 A 
(W. E. Broderick, M. R. Pressprich, U. Geiser, R. D. Willet and J. I. Legg, Inorg. Chem., 1986, 25, 3372). 
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[Cr(nic),(H2O),] (7), but with the effect of Jahn-Teller distortion apparent in the Cr—O 

distances (Table 34).”8 . 

(iii) Pyrazoles and imidazoles 

Complexes of imidazole (iz), N-methylimidazole (Nmiz), pyrazole (pz), 3,5-dimethyl- 
pyrazole (dmpz),”  3(5)-methylpyrazole (S5Mepz), 1-methylpyrazole (NMepz), 2- 

methylimidazole (2Meiz) and 1-ethylimidazole (NEtiz)'®' (9) have been prepared from ethanol 

or butanol by methods resembling those in Scheme 10. As with the analogous pyridine 

complexes, those of the general formula [CrX2L,4] are high-spin, tetragonally distorted, 
six-coordinate complexes, and those of the formula [CrX,L,] are also six-coordinate, but are 
antiferromagnetic halide-bridged polymers; 2-methylimidazole, however, forms cations which 
are probably square pyramidal: [CrX(2Meiz),]X (X=Cl, Br), [Cr(2Meiz);](BPh,). and 
[Cr(NCS)(2Meiz)2] (Table 14). In the last complex five-coordination (Table 42) is believed to 
be achieved through NCS bridges.The reduction of chromium(III)—imidazole complexes at the 
dropping mercury electrode has been studied (Section 35.4.2.5.iii). 

(9) X=N, Y =CH, imidazole 
X=CH, Y=N, pyrazole 

A pale blue-green complex [CrCl,(PMT)2] (u2™’“=4.55 BM) of pentamethylenetetrazole 
(PMT) has been obtained by the addition of solid PMT in excess to a solution of hydrated 
chromium(II) chloride in a 50% DMP/MeOH mixture.’ Pyrazines and Cr** give intensely 
coloured ‘pyrazine green’ products (Section 35.4.2.5.iv). 

(iv) Bidentate ligands: bipyridyls, phenanthrolines, 2-aminomethylpyridine, 8-amino- 
quinoline and adenine 

Chromium(II) complexes of bipyridyls, terpyridyl and the phenanthrolines have been 
discussed in Section 35.2.2.1. Complexes of the ligands 2-aminomethylpyridine (pic, 2-picolyl- 
amine) and 8-aminoquinoline (amq), which have one heterocyclic and one amino nitrogen 
donor atom, have been prepared by methods similar to those in Scheme 10. The bis(amine) 
complexes are typical high-spin, distorted octahedral complexes, and the mono(amine) 
complexes, from their antiferromagnetic behaviour and reflectance spectra, are six-coordinate, 
halide-bridged polymers (Table 15).’ No tris(amine) complexes could be prepared so the 
attempt to find spin isomeric systems in octahedral chromium(II) systems was unsuccessful 
({Cr(en)3]X2 are high-spin and [Cr(bipy)3]X3 and [CrX,(bipy)2] low-spin). 
Complexes of adenine (10; Ade) have been isolated by mixing the ligand in 2-methoxy- 

ethanol with chromium(II) halides in butanol. The low magnetic moments (Table 16)'™ 
indicate dinuclear species [Cr2X2(Ade);*] (Section 35.3.5.5), or polynuclear structures with 
bidentate adenine. 

(v) Bi-, tri- and tetra-dentate pyrazolyl-substituted ligands 

Chromium(II) complexes of the ligands 1,1'-methylenedipyrazole (11; H2Cpz,), 1,1’-methyl- 
enebis(3,5-dimethylpyrazole) (12; H,Cdmpzz), tris(1-pyrazolyl)methane (13; HCpzs),!° tris(1- 
pyrazolylethyl)amine (14; R=H, TPyEA)'°?” and tris(3,5-dimethyl-1-pyrazolylethyl)amine 
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Table 14 Complexes of Imidazoles and Pyrazoles 

a ee 

Ug (BM) Reflectance spectra (cm™') 
Complex PAE) RK 90 K V2 v4 Ref. aa 

[CrCl,(iz),] 4.87 4.86 17 500 13 300sh 1 
14 000 (e = 40)? 

Violet-purple 4.87 4.86 17 500 13 000sh 2 
[CrBr,(iz),] 4.85 — 19 200 16 600sh 1 

17 400 (e = 30)? 
Pale purple 4.84 4.87 19 300vb 16 400sh 2 
[CrI,(iz),] 4.78 4.77 19 000vb 2 
Violet 
[Cr(SO,)(iz)4] 4.77 4.75 17 200 12 400sh 2 
Blue-violet 
[CrCl,(pz),] 4.93 4.90 18 200 12 500sh 1 

12 500 (e = 49)? 
[CrBr,(pz),] 4.93 _- 18 500 13 300sh 1 

13 300 (e = 20)? 
[CrI,(pz),] 4.93 — 18 300 15 400sh 1 
[CrCl,(Nmiz),] eS eee ek 17700 13 300sh 1 
[CrBr,(Nmiz),] 4.90 4.88 17 700 14 000sh 1 
[CrI,(Nmiz),] 4.90068 — 17700 15 500sh 1 
[CrCl,(Nmiz),] 4.69 4.30 13 950 1 
[CrCl,(dmpz),] 4.48 3.65 15 000 8350sh 1 
[CrBr,(dmpz);] 4.95 4.95 15 000 1 
[CrCl,(pz).] 4.62 4.06 14 700 11 100 1 
[CrCl,(SMepz).] 4.81 — 17 400 12 100 3 
[CrBr,(SMepz),] 4.82 HS 17 550 12 900sh 3 
[CrI,(SMepz),] 4.84 —_— 17 850 15 050 3 
[CrCl,(2Meiz),] 4.80 — 16 950 2 

16 000 (€ = 40)? 
[CrBr(2Meiz),] 4.80 — 17 850 3 

17 400 (e = 50)? 
[Crl,(2Meiz),] 4.84 — 17 850 3 

17 550 (€ = 40)? 
[Cr(NCS),(2Meiz)>] 4.48 4.06 18 870 3 

(84 K) 
[Cr(2Meiz)<](BPh,)> gf pela ta 18 200 3 

18 000 (€ = 50)? 
[CrCl (NEtiz),] 4.22 3.84 16 700 12 100 3 
[CrBr,(NEtiz),] a0) BO 17 400 12 750sh 3 
[CrCl,(NMepz),.] 4.74 4.46 13 400 3 
[CrBr,(NMepz)3]-H,O 4.90 4.90 12 900 3 

* dm? mol} cm‘ in DMF. 

1. F. Mani and G. Scapacci, Inorg. Chim. Acta, 1976, 16, 163. 

2. L. F. Larkworthy and J. M. Tabatabai, Inorg. Chim. Acta, 1977, 21, 265. 

3. P. Dapporto and F. Mani, J. Chem. Res. (S), 1979, 374. 

Table 15 Magnetic and Reflectance Data for Complexes of 2-Aminomethylpyridine and 8-Aminoquinoline 

Meg (BM) Reflectance spectra (cm ') 
Complex 300 RK 90K 6(°) V> V1 

[CrCl,(pic)2]-H,0 Orange 4.86 4.82 2 22 400 13 000sh 
[CrBr,(pic)2] Orange 4.90 4.82 4 22 000 13 600 
[CrI,(pic)2] Orange 4.90 4.85 2 Be 21 800 13 800 
[CrCl,(pic)] Light green 4.45 3.70 J=6 cm 14 000vb 
[CrBr,(pic)] Green 4.40 3.46 J=9cm 13 600vb 
[CrCl,(amq),]-H,O Dark red 4.86 4.82 2 CT 13 500sh 
[CrBr,(amq).]-2H,O Red 4.91 4.87 2 CT 13 700sh 
[CrI,(amq),] Red 4.85 4.83 2 as CT 13 800sh 
[CrCl,(amq)]-H,O Greenish yellow 4.28 3.59 J=7cem CT 13 500sh 
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Table 16 Complexes of Adenine 

Complex Leg (BM) Reflectance spectra (cm~') 

CrCl,(Ade),-C;H,O, 1.63(295K)  1.11(103K) 19800 14300sh 10500sh 8000 
CrBr,(Ade),-C,;H,O, 1.49(286K) —_(0.75(85 K) 19050 14800sh 10000sh 7800 
CrI,(Ade),:0.5C,H,O, 1.44(296K) = 0.64(85 K) 19200 14300sh 9500sh 

(14; R=Me, MeTPyEA) have been isolated from non-aqueous solvents (Table 17). 1% 
From their electronic spectra, simple paramagnetic behaviour and_ stoichiometry 
[CrCl(H,Cdmpz)2|BF4, [CrX(H,Cdmpz,)2|BPh, and [CrX(H2Cdmpz,)2]X (X = Br, I) are 

thought to be five-coordinate. The spectra differ from those of distorted six-coordinate or square 
pyramidal chromium(II) complexes and, except for intensity differences, resemble those of 
other trigonal bipyramidal chromium(II) complexes. Conductance and solution spectra suggest 
that the trigonal bipyramidal cations are present in solution too. From similar evidence 
[CrX(MeTPyEA)]|BPh, (X = Br, NCS) contain square pyramidal cations.’ The blue complex 
[CrNCS(TPyEA)]BPh,, dissolved in acetone or acetonitrile, is oxidized very rapidly by air to 
give a _ green solution from which the w-oxo chromium(III) complex 
[{Cr(NCS)(TPyEA)}2O](BPhz), crystallizes (Section 35.4.2.5.iv)."°’ The remaining complexes 
are mostly high-spin six-coordinate complexes with temperature-independent magnetic mo- 
ments, but in a few, e.g. [CrCl,(H2Cpz,)] and [CrBr(TPyEA)]BPhy, the halide bridges needed 
to produce six-coordination lead to weak antiferromagnetism. 

Table 17 Complexes of Pyrazolyl-substituted Ligands 

Reflectance spectra 

Leg (BM) (cm~') 
Complex (298 4 (84 K) V> V1 

[Cr(HCpz;)>](BPh,)> Greenish grey 4.82 18 900 10 200w 
[CrCl,(H,Cpz,)] Greenish blue 4.45 3.60 13200 10 500sh 
[CrBr,(H,Cpz,).] Green 4.80 14 100 8200w 
[CrI,(H,Cpz,).] Lilac-grey 4.80 17 400 13 200sh 
[CrCl(H,Cpz,).JBPh, Green 4.42 3.80 14700 8600w 
[CrBr(H,Cpz,).]BPh, Greenish grey 4.14 3.15), 47200 11 600sh 
[CrBr(H,Cdmpz,),|Br Light blue 4.93 15 400 11 300 
[CrI(H,Cdmpz,)>]I Light blue 4.83 15 300 11 100 
[CrCl(H,Cdmpz,),|BF, Blue 4.80 4.85 17000 12 500 
[CrBr(H,Cdmpz,).|BPh, Blue 4.85 4.85 16000 12 500 
[CrI(H,Cdmpz,),|BPh, Blue 4.88 4.80 14700 11 100 
[CrBr(MeTPyEA)]BPh,-EtOH 4.83 4.80 14900 10 400? 
[Cr(NCS)(MeTPyEA)]BPh, 4.88 4.92 16 400 
[CrBr(TPyEA)]BPh, 4.77 4.54 16100 10 150 
[Cr(NCS)(TPyEA)]BPh, 4.74 4.42. v(CN) =2085cm™! a 

“In acetone 14 300 (¢ = 40 dm * mol‘ cm7'), 11 400sh cm~?. 
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35.3.3.5  Nitrosyls and hydrazine 

Nitrosyls are discussed in Section 35.4.2.6, and hydrazine is the only ligand of its type from 
which chromium(II) complexes have been prepared. 

(i) Hydrazine 

The pale blue complexes [CrX2(N2H,)2] (X = Cl, Br or I), which are reasonably stable to dry 
air, separate rapidly when an excess of hydrazine is added to an aqueous solution of the 
appropriate halide.” The chloride has also been prepared by the addition of hydrazine to a 
solution of [CrCl,(H2O)4]Cl reduced with Na/Hg.'° The complexes have been assigned the 
polymeric structure (15) because the IR spectra are almost identical to those of analogous 
complexes with crystallographically determined structures. The reflectance spectra (absorption 
bands at ca. 17 500s and 11 000m cm~*) are independent of the halide ion suggesting that these 
lie along the distortion axis, and the magnetic moments show little temperature variation, 
consistent with weak antiferromagnetic interaction arising from hydrazine rather than halide 
bridges. The reaction of CrF, with NH, gives unstable and impure [CrF,(N,H,)2].1"! 

N o NH,—H.N a NH —H, e | y 2H si Le 2 

re Cr 
va | a: y aur * 

ee ac Ta ee 16) 
(15) 

NH,— 

35.3.3.6 Dialkylamides and disilylamides 

The disproportionation of chromium(III) dialkylamides, e.g. [Cr(NEtz)s] into [Cr'Y(NEt,),] 
and [Cr"(NEtz)2], has been used to prepare several chromium(IV) dialkylamides (Section 
35.5.4.3) but pure chromium(II) dialkylamides have not been obtained by this procedure. In 
fact, detailed work is restricted to silylamide derivatives. The first, [Cr{N(SiMes3)2}.(THF)s], is 
trans planar (16), an uncommon stereochemistry (Table 41) for chromium(II); and it has a 
magnetic moment of 4.93 BM at 298 K.!” Other presumably planar complexes in which one or 
more THF molecules are replaced by other bases are exemplified in Scheme 12. Some solids, 
e.g. [Cr{N(SiMe3)2}2(Et2O)2], decompose even in an inert atmosphere, but solutions in organic 
solvents are stable for several weeks so dietherate solutions especially were used in other 
reactions. The compounds were characterized by analyses and reflectance spectra, and it was 
necessary to use carefully prepared anhydrous CrCl, in the preparations. The reflectance 
spectra were not assigned and no magnetic measurements were reported.’ 

Me;Si My poiMes 

on™ ya Ak~ 

! O—Cr—O \ 

Mes “SiMe, 
(16) 

The nitrosyl [Cr(NO){N(SiMes)2}3] is diamagnetic and has a pseudotetrahedral structure 
(135). It can be formally considered to contain Crt and NO* (v(NO) = 1698 cm™*) and is the 
only example of a crystallographically confirmed tetrahedral Cr" compound (Section 
35.4.2.6).! 

35.3.3.7 Thiocyanates 

The deep blue solutions produced on the addition of thiocyanates to aqueous Crs 

decompose on standing or concentration. Nevertheless, thiocyanato complexes can be 
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[NR,],[Cr(NCS).] [enH][Cr(NCS),] 

For Cat see Table 18 

Scheme 13 

crystallized if the cations are Na* (but not NH7, K*, Cs* or Ba’*) or various substituted 
ammonium ions (Scheme 13). 

The pentathiocyanato complex Na3[Cr(NCS);]-9-11H,O is thought from its magnetically 
dilute behaviour and IR and electronic spectra to contain N-bonded NCS groups in a square 
pyramid around the metal ion with a water molecule possibly in the sixth position. With 
organic cations, tetrathiocyanatochromium(II) salts crystallize, and several were isolated in two 
forms dependent upon the experimental procedure: NBuj, brown or blue; and with or without 
ethanol hexH*, NEt7 and NPr7. One of each pair of complexes, and all the complexes which 
were obtained in one form only, are antiferromagnetic since their magnetic moments are below 
the spin-only value and are temperature-dependent. Thiocyanato-bridged structures have been 
proposed and this is compatible with the complexity of the v(CN) absorptions and reflectance 
spectra. Dissolved in acetone, both NBuj salts and the NMef salt give high-spin magnetic 
moments showing that the low moments of the solids arise from intermolecular antiferromag- 
netism. Tetrahedral anions are excluded by the low extinction coefficients. Those which are 
magnetically dilute i.e. [hexH][Cr(NCS),4], [NEt,].[Cr(NCS),]-EtOH, [NPra]2[Cr(NCS).]- 
EtOH and brown [NBu,],[Cr(NCS),], probably have planar [Cr(NCS)4}°- anions with 
bridging prevented by the cations or coordinated EtOH molecules (Table 18).'* 

The tetragonally distorted ion [Cr(NCS).]*~ has been identified in molten KSCN,'* and a 
few mixed ligand complexes containing thiocyanate are known (Sections 35.2.2.1, 35.3.3.4 and 
35.3.10.2). Thiocyanate will displace H,O from [Cr,(O02CMe),4(H2O).] (p. 746). 
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Table 18. Thiocyanatochromates(II) 

Sa 
ee ee 

Reflectance spectra 
Leg (BM) IR spectra (cm™') (cm7') 

Complex 295K 90K 6(°) v(CN) v(CS) V2 Vy 

Na,[Cr(NCS),]-9-11H,O 4.5 4.5 0 2085 810w 16 800 
Deep lilac-blue *17 200 13 500sh Na,[Cr(NCS),]-Me,CO-6H,O 4.31 3.55 77 2118sh 810 — 
Pale blue 2085 724 
[enH,][Cr(NCS),] 4.24 3.36 80 2118 17700 
Grey-blue 2070sh 
[hexH],[Cr(NCS),]° 4.75 4.75 0 2090 16 800 12 000 
Blue 2050sh 
[hexH],[Cr(NCS),]-EtOH? 4.74 3.92 70 2080 17000 
Blue 2050sh “17 400 16 600sh 
[LH,][Cr(NCS),]° 4.29 SH) 90 2130sh, 2115 15 000 
Blue 2105, 2075 
[pyH],[Cr(NCS),] 3.78 3.36 35 2120sh Sa810 17 400 
Green-brown 2050 
[NMe,].[Cr(NCS),] 3.81 2.98 90 2095 810 16 700 
Pale blue 793 
[NEt,].[Cr(NCS),] 4.38 3.91 38 2080 18 000 
Mauve 
[NEt,],[Cr(NCS),]-EtOH 4.63 4.63 0 2080 17000 
Blue 
[NPr4].[Cr(NCS),] 4.47 3.47 82 2115 808 15 800 
Bright blue 2075 795sh 
[NPr4]2[Cr(NCS),]-EtOH 4.69 4.66 0 2060 826 19 200 
Mauve 
[NBu,].[Cr(NCS),] Brown 4.76 4.75 0 2075 18 000 15 000sh 

Blue 4.30 3.36 90 2126 812 14500 
2090sh 790sh 
2070 

NS SE EE eee eee 

» Liquid nitrogen temperature. 
hex = hexamine (hexamethylenetetramine). 

°“L= 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene. 

35.3.3.8 Polypyrazolylborates and carboranes 

On the addition of anhydrous CrBr, dissolved in warm ethanol to a warm solution of the 
[NEt,]* salt of the appropriate polypyrazolylborate (17) in the same solvent, crystals of the 
complexes [Cr{H,B(pz)s-,}2] (7 =0, 1 or 2 appear) (Table 19).1!° These are moderately 
air-stable, and the ethyl derivative [Cr{Et,B(pz)2}2]2, which was obtained from [Cr.(O2CMe,)a] 
and Na{Et,B(pz)2} in THF on which hexane was layered to induce crystallization, is stable to 
air.1’© An indazole (a 4,5-substituted pyrazole) derivative [Cr(H2B{4,5-(5-NO benzo)pz}>)2] is 
also known (Table 19). The isolation of [Cr{HB(pz)3}2] and [Cr{B(pz).}2] from aqueous 
solution’!” could not be repeated.’ 

al fevasiabeih 
n NZ 

(17) B(pz)s (n = 0), HB(pz)3 (n = 1), H2B(pz)2 (n = 2) 

The complexes [Cr{HB(pz)3}2] and [Cr{B(pz)4}2] are high-spin, with similar reflectance and 
solution spectra indicative of distorted octahedral structures, which implies that B(pz)z is 
acting as a tridentate ligand. Both [Cr{H,B(pz)2}2]"° and [Cr{Et,B(pz)2}2] (18)""° are planar, 
the latter with the Et groups positioned protectively over the Cr" atoms. This stereochemistry 
is unusual for Cr" (Table 41), and the extreme distortion is manifest in the reflectance 
spectrum of [Cr{H2B(pz)2}2], which has a band at 20500 cm™!, much further to high 
wavenumber than its less distorted six-coordinate analogues, and an ill-defined absorption at 
11 000 cm“. 

COC3-xX* 
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Table 19 Polypyrazolylborates 

Leg (BM) Reflectance spectra 
393 K Complex (cm~') Comment Ref. 

[Cr{B(pz)4}2] 4.90 17 500sh 11 000 Distorted 1 
Yellow 18 500 (33)* 12 000sh octahedral 

[Cr{HB(pz)3}] 4.75 17 700sh 10 700 Distorted 1 
Light green 18 100(24)* 10 500 octahedral 
[Cr{H,B(pz)2}>] 4.80 20 500 11 000w,br Square planar 1 

Orange-red Cr—N, 2.055, 2.069 A 
[Cr{Et,B(pz)>}.] a _ Square planar Zz 
Bright orange Cr—N, 2.058, 2.061 A 
[Cr(H,B {4,5-(5-NO,benzo)pz}»)2] 4.85 13 900 11 700w,br Distorted 3 

octahedral 

* ¢ (dm* mol ‘cm “‘, in dichloroethane). 

1, P. Dapporto, F. Mani and C. Mealli, Inorg. Chem., 1978, 17, 1323. 
2. F. A. Cotton and G. N. Mott, Inorg. Chem., 1983, 22, 1136. 
3. Z. A. Siddiqi, S. Khan and S. A. A. Zaidi, Synth. React. Inorg. Metal-Org. Chem., 1982, 12, 433. 
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(18) 

Magnetic data for the low-spin, air-stable chromium(II) metallocarborane sandwich'® 
compound [NEt,],[Cr(C2BioH12)2] have been compared with those for chromocene. 

35.3.3.9 Nitriles 

The acetonitrile complexes [CrX,(MeCN),] (X= Cl, Br or I) may be planar or tetrahedral 
monomers or halide-bridged polymers, and there is no clear evidence. The chloride and 
bromide are high-spin at room temperature, but variable temperature studies have not been 
carried out; the reflectance spectra are very similar, and typical of Cr" in six-coordination 
presumably achieved through bridging halide. The much higher wavenumber of the main band 
in the spectrum of [CrI,(MeCN),] must be due to greater distortion suggestive of a planar 
structure (Table 20)."° The addition of tetraalkylammonium halides to solutions of the 
chloride and bromide in acetonitrile and ethanol causes shoulders at ca. 10000cm™! to be 
replaced by moderately intense bands (¢ ~ 45 dm? mol‘ cm~"), which were thought to be due to 
the formation of distorted tetrahedral anions [CrX,]?~. In view of the results in Section 35.3.7.3 
it is likely that the changes are due to the formation of trans-|CrX,(solvent),|*~ species. 

The complexes [Cr(MeCN),](BF4)2 and [Cr(MeCN).](BF,)2 have been prepared electrolyti- 
cally (Table 20).® 

35.3.4 Phosphorus and Arsenic Ligands 

35.3.4.1 Mono- and bi-dentate P donor ligands 

Strongly basic aliphatic tertiary phosphines form blue solutions with CrX2 (X = Cl or Br) in 
benzene or xylene and it is believed that the equlibrium (12) is set up. 

[CrCl,(PR;)2] == [CrCl,(PR;)] + PR; (R = Et, Pr, Bu) (12) 
blue white 
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Table 20 Complexes of Acetonitrile and Chromium(II) Halides 

Complex Comments 

[CrCl,(MeCN),] CrCl, in EtOH + MeCN; 295K = 4.81 BM 
Pale blue Reflectance: 13 300, 9800sh (cm~*) 

MeCN soln: 13 200 (35),* 10 000sh 
[CrBr,(MeCN),] CrBr, extracted with hot MeCN; 22° = 4.85 BM 
Pale blue green Reflectance: 13200, 9600sh (cm *) 

MeCN soln: 11 800 (80),* 10 000sh 
[CrI,(MeCN),] CrI, in MeCN reduced with Zn/Hg 
Pale blue Reflectance: 16200, 10000sh 

MeCN soln: 15 400 (4),* 10 000 (1) 
[Cr(MeCN),](BF,)> Electrolysis with (sacrificial) Cr anode in 
Pink MeCN-HBF, (aq); bridging BF; ? 
[Cr(MeCN),](BF,)> Electrolysis with (sacrificial) Cr anode in 
Navy blue MeCN-HBF,-Et,O 

* (dm mol‘ cm’). 

The only solid isolated was white [CrCl,(PEts)],, and the system is difficult to handle.’ A 
related complex [CrCl,(PMe3)3] has been suggested as an intermediate (Section 35.2.3.1). 
Greater success has been achieved with PMe2Ph in hexane since the complexes 

[CrX2(PMe2Ph)2] have been prepared with good analyses and magnetic susceptibilities 
approximating to high-spin chromium(II).’”1 Polymers containing dppe and tetramethyldi- 
phosphine have been prepared from [CrCl,(MeCN),] or CrCl, (Scheme 14); these phosphines 
also combine with coordinatively unsaturated Cr" in a silica surface.'?* Chromium(II) surface 
compounds have catalytic activity and can be used for gas purification: etc.’ The complex 
[CrCl,{o-CsH,(PMez)2}2] has been formed electrochemically in MeCN but not isolated, and 
the Cr°*/Cr?* potential determined. '** 

(CrCl,(dppe)], <—“8—-._ CrCl,(MeCN), —~S£ + [CrCl,(dppe)o.s(Me2CO)], 
molten EtOH/Me,CO 

light blue (ca. 150°C) blue violet 

MeCN 

Me>PPMe, 
CrCl, ———> [CrCl,(Me,PPMe,)], [CrCl,(dppe)o.s(MeCN).]> ’ 

dark brown in solution 

Scheme 14 

The reactions of [CrCl,(dmpe)2], from which [Cr(N2)2(dmpe),] is prepared, are given in 
Scheme 8, Section 35.2.3.1. Included in Scheme 8 are the dimethyl compound, trans- 

[CrMe,(dmpe).] (19), which is an unusual Cr” alkyl (others are the diamagnetic, quadruply 

bonded species in Section 35.3.5.5), and the hydride [CrH,(dmpe),], which is the first example 

of eight-coordinate Cr'Y (Section 35.5). The tetrahydride is diamagnetic, and the coordinated 

hydrogen appears as a binomial quintet in the ‘H NMR spectrum, in agreement with a 

dodecahedral structure.*° 
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The chromium(II) hydride [CrH,{P(OMe);}5] is fluxional and the seven-coordinate structure 

(20) is likely from an analysis of the *P and "H NMR spectra (Table it Pres 
Some mixed ligand complexes with organic isocyanides are given in Table 3. 

Table 21 Complexes of Chromium(II) and (IV) with P Donor Ligands* 

Complex Comments Ref. 

Chromium(lII) 
[CrX,(PMe,Ph).] From CrX, (X = Cl, Br) and PMe,Ph in hexane, high-spin 1 

Blue green 
[CrMe.(dmpe).] M.p. 195 °C (dec.), weg = 2.7 BM, Vcou(CrMe), 2780 cm", 2 

Red-orange NMR, 'H: 6 0.9 (PCH3, s, W,2 = 260 Hz), —28.6 (PMez, s, 
W,/2 = 310 Hz) (PhH-d,, 25 °C), Cr—C, 2.168; Cr—P, 2.342 
and 2.349 A, isomorphous with [Cr(Nz2)2(dmpe),] 

[CrCl,(dmpe)>] M.p. 270°C (dec.), 14 = 2.76 BM (soln.) NMR, “H: 6 —13.1 Zz 
Yellow-green (PCH,, s, Wi = 240 Hz), —33.5 (PMe>, s, Wi. = 310 Hz) 

(PhH-d,, 25 °C) 
[CrClL,(dppe)] Also [CrCl,(dppe) .5(Me,CO)], [CrCl,(dppe)o.s(MeCN),] and 3 

[CrCl,(Me,PPMe,)], Scheme 14 
[CrH,{P(OMe);3}<] [Cr{P(OMe) },] in Cs;H,2 or toluene and H, at 1 atm, seven- 4 
Off-white coordinate, (20) 

Chromium(UIV ) 
[CrH,(dmpe)>] M.p. 130°C (dec.), diamagnetic, NMR, 'H: 6 1.23 (PMe, and 2 
Yellow PCH,, s), —6.91 (Cr—H quintet, Jp_,, = 56.1 Hz); *"P{*H}: 6 

78.8 (PhH-d,, 25°C), v(Cr—H), 1757m, 1725s, 1701m cm’, 
Dya pone geometry: Cr—P (av), 2.255, Cr—H (av), 
1.57 

* For chromium(III) complexes see Section 35.4.3. 

1. W. Seidel and P. Schol, Z. Chem., 1978, 18, 106. 
2. G. S. Girolami, J. E. Salt, G. Wilkinson, M. Thornton-Pett and M. B. Hursthouse, J. Am. Chem. Soc., 1983, 105, 

5954; J. E. Salt, G. S. Girolami, G. Wilkinson, M. Motevalli, M. Thornton-Pett and M. B. Hursthouse, J. Chem. 
Soc., Dalton Trans., 1985, 685; G. S. Girolani, G. Wilkinson, A. M. R. Galas, M. Thornton-Pett and M. B. 

Hursthouse, J. Chem. Soc., Dalton Trans., 1985, 1339. 
3. J. Ellermann, K. Hagen and H. L. Krauss, Z. Anorg. Allg. Chem., 1982, 487, 130. 
4. S. D. Ittel, F. A. Van-Catledge and C. A. Tolman, Inorg. Chem., 1985, 24, 62. 

35.3.4.2 0-Phenylenebis(dimethylarsine) 

Diarsine forms the low-spin, trans octahedral chromium(III) complexes [CrX.(diars)2] 
(X= Cl, Br, I); the magnetic moments are in the range 2.85 to 2.99 BM and independent of 
temperature (84-298 K). Reflectance spectra have been recorded, but no assignments made.” 

35.3.4.3 Tetradentate ‘tripod’ ligands 

A few five-coordinate complex cations, apparently of trigonal bipyramidal stereochemistry, 
are known. These contain coordinated halide and a tripod-like quadridentate ligand, which can 
be a P, mixed P,N or N donor: [CrX{P(CH2CH2PPh2)3}]*, [CrX{P(2-CsH4PPh2)3}]*, 
[CrX(N{CH2CH2P(C.H);)2}3)]*, [CrX{N(CH2CH2PPh,)3} ae [CrBr{N(CH.CH,PPh,)- 

(CH,CH2NEt2)2}]* and [CrBr{N(CH2CH2NMe,)3}]*.*°!2"'78 To prepare the complexes, 
the anhydrous chromium(III) halide in butanol or ethanol is added to the ligand in the same 
solvent or in 1,2-dichloromethane, and the cations isolated as BPh, or PF, salts (Table 22). 
Attempts to prepare complexes of N(CH2CH2AsPhz)3;'*”? and the linear quadridentate 
ligand (—CH,PPhCH,CH,PPh;), “° have not succeeded. 

The complexes are high-spin. As [CrBr{N(CH2CH2NMe2)3}]Br is isomorphous with its 
trigonal bipyramidal cobalt(II) analogue, this stereochemistry is suggested for the chromium(II) 
complex too.’** In the cobalt(II) complex the bromide lies along the three-fold axis and the 
symmetry is C3, rather than D;,.'*? All complexes are 1:1 electrolytes, and there are close 
resemblances between the solution (1,2-CsH,Cl,) and reflectance spectra, which consist of a 
broad intense band with a shoulder or less intense band to higher frequency; thus the 
five-coordinate structures are retained in solution. The electronic bands are assigned to the 
°Ai> °E' and °Aj—>°E" transitions. The bands are to higher wavenumber in the spectra of the 
phosphine complexes, which also exhibit extinction coefficients many times greater than those 
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Table 22 Complexes of Tetradentate P, PN and N Donor Ligands 
eR ee ee 

Tries Electronic spectra (10~-*¥, cm)? 
Complex X (BM) °A{ > °E’ 5Aj—>°E" Ref. 

[Crx{P(CH,CH,PPh,);}]BPh, al 4.49 14.7 19.0sh 1 
Blue 15.1 (560) 

Br 4.70 14.3 18.1sh 

14.8 (585) 18.1sh 
I 4.70 14.3 18.7 

14.4 (440) 18.7sh 
[CrX{P(2-C,H,PPh,);}]BPh, cl 4.85 13.4 2 
Green 14.1 (762) 

Br 4.82 13.6 

13.7 (360) 
I 4.89 1333 

13.4 (830) 
[CrX{N(CH,CH,P(C,H,,)>)3}]PFs cl 4.84 13.3 16.4 2 
Blue 13.3 (546) 16.4 (370) 

Br 4.88 13.2 15.6 
13.2 (415) 15.8 (340) 

[CrX{N(CH,CH,PPh,)3}]BPh, cl 4.62 13.5 16.7 3 
13.8 (510) 17.0 (470) 

Br 4.55° 13.0 16.1 
13.3 (530) 16.0 (415) 

I 4.95 127, 15.4 

13.15 (520) 15.6 (380) 
[CrBr{L}]BPh, iy 4.97 11.6 14.1 3 
(L = N(CH,CH,PPh,)(CH,CH,NEt,),) 
[CrBr{N(CH,CH,NMe,);} |Br = 4.85 ~11.0 ~13.0 4 

0.8 (84) 14.0 (32) 5 

* Reflectance spectra and solution spectra (e, dm* mol’ cm7', in parentheses). 
Independent of temperature (77—293 K). 

1. F. Mani, P. Stoppioni and L. Sacconi, J. Chem. Soc., Dalton Trans., 1975, 461. 
2. F. Mani and P. Stoppioni, Inorg. Chim. Acta, 1976, 16, 177. 
3. F. Mani and L. Sacconi, Inorg. Chim. Acta, 1970, 4, 365. 
4. M. Ciampolini, Chem, Commun., 1966, 47. 

5. M. Ciampolini and N. Nardi, Inorg. Chem., 1966, 5, 1150. 

of [CrBr{N(CH2CH2NMe,)3}]Br, presumably because of the greater covalent character of the 
Cr—P bonds. The electronic spectrum of this last compound is quite different from those 
containing CrN, or CrX,N, chromophores (Section 35.3.3.2), and square pyramidal structures 
would be expected to produce electronic spectra resembling those of the CrX,N, chromophore; 
thus the trigonal bipyramidal structures are well established, although not yet confirmed in 
detail crystallographically. Other five-coordinate species are given in Table 42. 

35.3.5 Oxygen Ligands 

35.3.5.1 Aqua complexes 

(i) Hydrated chromium(II) salts 

Hydrated chromium(II) salts can be prepared by the methods in Section 35.3.1.2. They are 
high-spin and magnetically dilute except for the monohydrogen phosphate, which is weakly 
antiferromagnetic (Table 23).'°°1%! The fluoride CrF-2H,O has been little studied.® The 
reflectance spectra are typical of Cr™ in distorted six-coordination. Only one crystal structure 
determination has been reported, that of CrCl,-4H,O; there are four normal length Cr—O 
bonds to water molecules in a square plane, and two long trans Cr—Cl bonds (Table 34).'? 
Chromium(II) sulfate pentahydrate is isomorphous with CuSO,:5H,O, and the parameters 

D=2.24cm—!, E=0.10cm', g,=g,=2.00, g,=1.96 gave the best fit to its ESR 
spectfum.**? 

Aqueous Cr** solutions have a broad asymmetric absorption at 14000 cm™ 
shoulder at 9500 cm™! due to tetragonally distorted [Cr(H,O).]** ions.’*? 

1 and a weak 
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Table 23 Magnetic and Spectroscopic Properties of Some Chromium(II) Salts 

Reflectance spectra (cm) Ug (BM) 
95 KR 295K Ref. Complex V2 Vy 

CrSO,4:5H,0 4.98 4.92 1 
Blue 14 300 10 300sh 4.92 Z 
CrCl,:4H,O 4.98 4.94 1 
Blue 14 700 10 000sh 4.94 2 
CrBr2:6H,O 4.94 4.98 1 
Blue 14 900 10 500 4.90 2 
CrI,-6H,O 4.99 4.96 1 
Blue =14 300vb 4.98 2 
Cr(ClO,4)2-6H,O 4.98 5.02 1 
Blue 14 100 10 000sh 2 
Cr(HPO,):-4H,O — — 4.13 4.91 1 
Blue (6 = 66°) 
CrXOH:H;BO, (X = Cl, Br, I)* ca. 4.5 3 

* Said to be air-stable, but chromium(II) borate is pyrophoric. 

1. A. Earnshaw, L. F. Larkworthy and K. S. Patel, J. Chem. Soc., 1965, 3267. 

2. J. P. Fackler, Jr. and D. G. Holah, Inorg. Chem., 1965, 4, 954. 

3. A. J. Deyrup, Inorg. Chem., 1964, 3, 1645. 

(ii) Hydrated double sulfates 

Chromium(II) double sulfates can be crystallized by the addition of ethanol to concentrated 
aqueous solutions containing equimolar quantities of the components. The hexahydrates 
A 2SO,4:CrSO,4-6H20 (A=NH,, Rb or Cs) are high-spin and have reflectance spectra 
compatible with the presence of tetragonally distorted [Cr(H2O),]?* ions (Table 24).‘** The 
potassium and sodium salts crystallize as pale blue dihydrates with similar properties, and from 
the splittings of the SO7- absorption bands in their IR spectra it seems that coordinated sulfate 
anions are present. 

Table 24 Double Sulfates 

Reflectance spectra 

Meg (BM) (cm~') 
Compound 300 rd 90K 6 (°) V> v1 

(NH,),SO,:CrSO,:6H,O Blue 4.88 4.85 0 14 000 8500 
Rb,SO,:CrSO,:6H,O Blue 4.95 4.94 0 14 500 8800 
Cs,SO,-CrSO,:6H,O0 Blue 4.93 4.90 0 14 100 9100 
Na,SO,:CrSO,:2H,O Blue 4.89 4.86 4 14 300 10 500sh 
K,SO,:CrSO,:2H,O Blue 4.77 4.69 4 14 900 11 500sh 
Cs,SO,:CrSO4:2H,O Violet 0.88 0.48 —_ 18 000 12 400sh 
Cs,SO,:CrSO, Dark blue 4.50 4.20 16 13 200 
(N,H;)2SO4:CrSO,4:H,O Blue 4.89 5 

The cesium salt is unusual; it loses water readily at room temperature in vacuum or over 
P,Oi0 to give a violet dihydrate. This dihydrate has a very low magnetic moment and its IR 
spectrum contains bands exactly as expected for bidentate sulfato groups. Consequently, it is 
proposed that the violet dihydrate has a sulfato-bridged dinuclear structure analogous to that of 
[Cr2(O2CMe)4(H20)2] (Section 35.3.5.5). Complete dehydration affords dark blue 
Cs,SO4:CrSO,. 

Hydrated and anhydrous chromium(II) hydrazinium sulfates (N2H;)2Cr(SO,)2 are known. 
They are air-stable, and in the latter (from isomorphism with the Zn™ complex) each metal ion 
is coordinated to the nitrogen atoms of two hydrazinium ions and four O atoms of bridging 
sulfato anions. !*° 
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35.3.5.2 Alcohols, alkoxides and aryloxides 

(i) Alcohols 

Anhydrous and hydrated chromium(II) halides are soluble in alcohols, and these are useful 
reaction media. The hydrated halides can be dehydrated by heating with 2,2-dimethoxypropane 
or triethyl orthoformate and alcoholates remain on removal of the solvent, but none have been 
characterized. The spectra of CrCl, in ELOH and MeOH have been recorded.'*° 

(ii) Alkoxides and aryloxides 

Many alkoxides have been prepared by alcoholysis of [Cr{N(SiMe3)2}2(THF),] and similar 
compounds (Section 35.3.3.6). The general reaction is represented by equation (13), in which L 
and L’ are Et2O, THF, py or Bu'CN or various combinations of them, and ROH is an alcohol 

or a phenol [R= Me, Et, Pr, Pr’, Bu", Bu’, Bu', C5sH,,, CHMePr, CHEt,, 1-adamantyl, CEts, 
CPh;, Ph, 2,6-Ph(Bu'),, 2,4,6-Ph(Bu'); and 2,4,6-Ph(Ph3)]. The solvent can be a hydrocarbon, 
Et,O, THF or a mixture of these. Some complexes of the type [Cr(OR)2(ROH)] were obtained 
from the phenols and the alcohols with bulky aliphatic groups. It is necessary to dry the 
alkoxides carefully to obtain materials free from solvent. Alkoxides containing branched alkyl 
chains and aromatic groups show reasonable solubility in organic solvents, but the alkoxides of 
primary alcohols are insoluble.’*’ 

Cr{N(SiMe;)2}.(L)(L’) + 2ROH 25> Cr(OR), + 2HN(SiMe;), + L + L’ (13) 

Many alkoxides have been prepared from chromocene in THF or hydrocarbons (equation 
14). Only partial replacement of cyclopentadienyl by R occurs with Me3;COH and silanols 
(equation (15)). 

[Cr(CsHs)2] +2ROH — [Cr(OR)2]. GF 2Cs5H¢6 (14) 

R=Me, Et, Pr, Pri, Bu", Bu';}98 R = Me, Et, Pri, Me;CCH, '°? 

[Cr(CsHs)2] +ROH — 4[Cr(CsHs)(OR)]2 + C;He. (15) 

R = But, Me;3Si, Ph3Si’*? 

The product from Bu‘'OH is an antiferromagnetic, butoxy-bridged dimer (21) with a 
non-planar central (Cr—y-O), moiety and a Cr—Cr separation of 2.65 A. The magnetic 
properties (Ueg = 1.88 BM at 333.5 K) suggest that there is one unpaired electron per metal 
atom. It is thought that the compound may contain a Cr—Cr single bond. The dimer structure 
is preserved by reaction with CO, NO and CF;C==CCF; but with CO2 in THF, [Cr(CsHs)2] and 
[Cr2(O2CBu'),(THF)2] (Cr=Cr-bonded, Section 35.3.5.5) are formed. Antiferromagnetic 
interaction has been found in Cr(OMe), (prepared from CrCl, and LiOMe in MeOH as well as 
from chromocene) and other alkoxides, and polymeric O-bridged structures have been 
proposed.'“° 

Me 
seal JMe 

| 

Cr Cr 
O Cl O nee ( ) me “Quorn A | 1 *CT 157.9 
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(21) (22) 

Mé | ME 
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When the more sterically hindered alkoxides dissolve in donor solvents such as THF, adducts 

[Cr(OR)(THF),] form and these are probably trans planar like [Cr{N(SiMes)2}2(THF)2]. 

There are considerable colour variations among the alkoxides and their adducts, so there must 
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be considerable structural differences imposed by the different R groups. The magnetic and 

spectroscopic properties have not been investigated in any detail.'°’ 
The complex [Cr(OCBu$)2-LiCl(THF)2], which was obtained according to Scheme 15,”’ has 

a unique structure. The metal ion is three-coordinate, and the donor atoms outline a distorted 

T (22). It is not obvious how the reduction occurs because the BuLi is added in stoichiometric 

quantity to the alcohol and this solution then added to the CrCl; suspension. Since LiCl is 

eliminated on the addition of hexane to give [Cr(OCBu}).(THF)2], Scheme 15 may provide a 

simpler route to chromium(II) alkoxides than that from the very air- and moisture-sensitive 

complex [Cr{N(SiMe;)2}2(THF)2]. 

CrCl;, THF 
BuSCOH + BuLi a ee Cr(OCBu;),-LiCl(THF), 

(Et,O) (hexane) so) emerald green 

[pera 

[Cr(OCBu3).(THF),] + LiCl 

m.p. 196-200 °C, blue green 

Scheme 15 

On addition to halogenated solvents the alkoxides give intensely coloured solutions, stable to 
oxygen and believed to contain Cr™'—C species.**’ 

The p-oxoalkoxide [Cr{OAl(OPr')2}2] dissolves in benzene and cyclohexane to give blue 
solutions in which it is associated.'*” 

35.3.5.3 B-Ketoenolates, tetrahydrofuran, ureas and biuret 

(i) B-Ketoenolates 

Complexes of acetylacetone (acacH), benzoylacetone (bzacH) and dipivaloylmethane 
(dpmH) have been reported. The acetylacetonate [Cr(acac),] has been prepared from 
chromium(II) acetate and acetylacetone.'**!*? It can also be obtained by the addition of 
aqueous sodium acetylacetonate to an aqueous solution of chromium(II) chloride, but in any 
preparation the yellow solid must be filtered off and dried as rapidly as possible, otherwise the 
chromium(III) compound is obtained. Its magnetic moment is 4.99 BM at room temperature 
consistent with a high-spin d* configuration.‘ The powerful reducing ability of [Cr(acac),] has 
been used to prepare iron(II) and chromium(II) complexes® of porphyrins and related ligands. 

On slow sublimation’ of [Cr(acac).] a mixture of separate purple and light brown crystals 
was obtained. The cell constants of the former showed them to be [Cr(acac)3], and the latter 
were [Cr(acac),]. In the chromium(III) complex the metal atom lies on an inversion centre and 
has rigorously planar coordination to four oxygen atoms at a mean Cr—O distance of 1.98 A 
(Table 41). Methine carbon atoms of adjacent molecules lie at 3.05 A above and below the 
CrO, plane so that there is severely tetragonally distorted octahedral coordination of the 
chromium atom (23). At this distance there cannot be much Cr—C o-bonding. Chromium(I]), 
copper(II) and palladium(II) acetylacetonates are isomorphous. It is presumably the weak axial 
interactions that lead to the poor solubility of the essentially planar [Cr(acac)2], but the 
structure is very different from that found in other metal(II) acetylacetonates, which are 
trimers (Ni, Zn) or tetramers (Co) with bridging anions coordinated by oxygen atoms. 

C 
Me 
Geno ae 

He ne tc ee \ I }CH 

ei eae “32 
C—O : O—C 

Me Me 
GS 

(23) 

The benzoylacetonato complex is known only as the black bis(pyridi pyridine) adduct 
[Cr(bzac)2(py)2], which crystallizes when a mixture of the ligands in acetone is ee to 
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aqueous chromium(II) acetate." It is a low-spin 3d* compound: peg ~ 3.2 BM independent of 
temperature over the range 295 to 90 K. The IR spectra of the Cr", Nil! and Zn” complexes are 
almost identical and they are considered to have trans octahedral structures. 

[Cr(dpm)] is prepared from anhydrous chromium(II) acetate in strictly air- and water-free 
conditions according to Scheme 16.'*° Attempts to prepare the monothio analogue were 
unsuccessful. There is no absorption band below 23000cm-! in the mull spectrum of 
[Cr(dpm),], although the spectrum of a toluene solution has a weak shoulder at 16500 cm~! 
(¢ ~ 12 dm* mol~* cm’) as well as a band at 23 000 cm~! superimposed on a more intense band 
in the UV region. It is high-spin (uz =4.84BM in toluene), but the spectrum is quite 
different from high-spin complexes such as [CrX,(en),] (Section 35.3.3.2) in which there is 
moderate tetragonal distortion. This is because [Cr(dpm),] is planar, it is isomorphous with 
planar [Ni(dpm),], and the extreme distortion has caused the d—d transitions to move to high 
frequency where metal-to-ligand charge transfer transitions occur. There appears to be no 
theoretical study of the spectra to be expected for high-spin, planar chromium(II). 

dpmH + BuLi —> Lidpm 20, (cr(dpm),] + LiO,CMe 
(THF) (hexane) 

i, warm to r.t. 
ii, remove solvent 
iii, extract pentane 

[Cr(dpm),], m.p. 193 °C 

golden yellow 

Scheme 16 

(ii) Tetrahydrofuran 

Adducts of chromium(II) halides with tetrahydrofuran [CrX,(THF),] can be prepared by 
extraction of CrCl, with the hot solvent,'*” and by crystallization from solutions of CrBr> in 
THF’ (Table 25). The latter method did not give solvates of reproducible composition with 
CrI, or CrCl,. When dry hydrogen chloride is bubbled through THF over an excess of 
chromium, the metal dissolves with evolution of hydrogen to give a mauve solution (Cr™ 
spectrum). When the passage of HCl is stopped and the mixture heated to 65-70 °C, evolution 
of hydrogen from residual metal and dissolved HCl continues and the solution becomes bright 
blue (Cr spectrum). The light blue crystals which separate after filtration and the addition of 
more THF could not be characterized because on drying in vacuum white [CrCl,(THF)], 
suitable as a source of Cr" for non-aqueous preparations, is formed.°””4 

Table 25 Tetrahydrofuran and Substituted Ureas 

eg (BM) Reflectance spectra (cm~') 
Complex 295K == 90K 6) V2 v1 

CrCl,(THF),] Pale green 4.71 — — 
ELEN White ne — — 11 600 8400 
[CrBr.(THF),] Pale blue-green 4.86 — 15 12 700 10 000sh 
[CrCl,(ur)>] Pale blue 4.39 3.50 — 13 300 10 800sh 
[CrCl,(ur),] Blue 498 4:83, £23) $213,000 9400 
[CrBr,(ur),] Pale blue 4.85 4.90 —2 14400 12 800 
[CrCl,(mur),] Pale blue 4.79 4.79 0 13 000 
[CrBr,(mur),] Pale blue 4.87 4.90 2 13 500 
[CrCl,(bi),] Pale blue 4.85 4.86 0 15000 11 000sh 

(iii) Ureas and biuret 

The complexes of urea (ur) and biuret (bi) in Table 25 crystallized when a solution of the 
ligand in ethanol was added to a solution of the hydrated chromium(II) halide in the same 
solvent (an ethanol/2,2-dimethoxypropane mixture in the case of [CrCl,(ur),]). Complexes of 
methylurea would not crystallize from ethanol; they were obtained from the halide dissolved in 
a mixiure of acetone and 2,2-dimethoxypropane, and methylurea in acetone. The reflectance 
spectra indicate trans octahedral complexes, achieved through chloride bridges in [CrCl,(ur).], 
which is antiferromagnetic. The positions of the reflectance bands indicate O coordination as 
do the IR spectra. X-Ray powder data show that [CrCl,(bi),] is isomorphous with [CuCl,(bi).], 
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which is known to have a trans structure with ‘long’ Cu—Cl bonds and O donor biuret. 

Copper(II) forms complexes in which anionic biuret is coordinated via nitrogen, but when 

biuret in alkaline solution was added to aqueous chromium(II) chloride, immediate oxidation 

occurred.’”° 

35.3.5.4 Oxo anions 

(i) Sulfato complexes 

Sulfato complexes of chromium(II) are known, and the insolubility of the monohydrogen 

phosphate Cr(HPO,):4H2O suggests anion coordination (Section 35.3.5.1). 

The high-spin phosphites CrHPO3-H2,O (uz *=4.82BM, 6 =10°) and CrH,P20,.°H2O0 

(298K = 4.91 BM) have reflectance bands at ca. 13 500 cm~* typical of hexacoordinate Cr", and 

their Raman and IR spectra have been assigned. The loss of water on heating under nitrogen is 

followed by internal oxidation/reduction."* 
The chlorosulfate Cr(SO3Cl) has been prepared from the acid and [Cr.(O2CMe).]. It forms 

adducts Cr(SO3Cl)2L4 (L = MeCN, py, pyNO, acridine, L, = bipy).’° 
The formation of chromium(II) complexes of many oxo anions, e.g. NO;, is precluded by 

the reducing ability of the metal ion. 

(ii) Phosphinato complexes 

A few chromium(II) phosphinates [Cr(OPR2O)2] (R= Me, Ph, CsHi7; Ro= Me, Ph) have 

been prepared from chromium(II) acetate'*' or aqueous CrCl,'*1* and the potassium 

phosphinate. They have been little investigated because their preparation was incidental to that 

of the green, phosphinato-bridged and linear chromium(III) polymers to which they are easily 

oxidized by air. The n-octyl derivative [Cr{OP(CsH17)2O0},] is blue and anhydrous. Since there 

is a typical Cr! band at 15 400 cm“! and the symmetric and antisymmetric PO) stretching bands 

at 1055 and 1133 cm™! are broad, it is believed that the Cr" is six coordinate through different 
types of phosphinate bridge. When heated above 185°C, there is a colour change from blue to 

pink, which is reversed on cooling. The diphenyl derivative is pink and a monohydrate, and 

insoluble in common solvents.'°* The colour suggests a chromium(II) acetate type structure, 

but the magnetic moment has not been reported. 

35.3.5.5 Carboxylato and other complexes containing Cr—Cr quadruple bonds 

Chromium(II) acetate monohydrate, discovered by Peligot in 1844, is the best known 
chromium(III) compound because it can be precipitated readily from aqueous Cr" solutions by 
sodium acetate, is stable in air for short periods, and is used as a reducing agent and a source of 
other chromium(II) compounds (Table 9). Nonetheless, in its deep red colour, feeble 
paramagnetism and acetate-bridged, binuclear structure (24) (determined in 1953 and refined 
in 1971),'%*'°° which are still not completely understood, it differs sharply from other 
chromium(II) salts (Section 35.3.5.1). 

Extensive investigations by Cotton and his co-workers have shown that structure (24) is a 
prototype for a great variety of complexes of chromium(II) (and Mo" and W") in which there 
are quadruple metal—metal bonds.’”® Besides carboxylates (24) to (35), the anionic bridging 
ligands in these complexes are zwitterionic glycinate (36), diethylcarbamate (37), carbonate 
(38), various 2-oxopyridines (39) to (41), 2,4-dimethyl-6-oxopyrimidine (42) and 2-methyl-6- 
iminopyridine (43), substituted acetanilido groups (44) to (51), carbanilido (52), 1,3-diphenyltri- 
azinate (53) and N,N'-dimethylbenzamidinate (54). In addition, there are organochromium 
dimers containing 2-substituted phenyl (55) to (58), Me2P(CH2)2 (59) and Me3SiCH, (60) 
bridges, the methyl (61) and allyl (62) complexes which are binuclear but do not contain 
bridging ligands, and the solvated lithium dimers (63) and (64). There are also a few examples 
with mixed bridging ligands (65) and (66), complexes containing Cr}* and Cr** units in the 
same lattice (32), and the mixed metal complex (67). In general only one bridge is illustrated in 
the structural formulae, and as indicated by the Cr—Cr and Cr—axial ligand distances, these 
structures have been determined by single crystal methods. Furthermore, there are the 
tetramers (68) and (69) which contain Cr3* units. 
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Cr—OEt, = 2.244 
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Me 

Cc 
Or 

16 = H, O38 185 

Cr—Cr = 2.362 A (2.3532, 90 K) 
Cr—OH, = 2.272 (2.2598, 90 K) 

L = MeCO,H'* 
Cr—Cr = 2.300 
Cr—OC(OH)Me = 2.306 

L = pyridine’ 
Cr—Cr = 2.369 
Cr—N = 2.335 

L =0.5(pyrazine)'® 
Cr—Cr = 2.295 
Cr—N = 2.314, pyrazine bridges 
Cr3* units ie 

L = piperidine’* Cc 
Cr—Cr = 2.342 ov Yo 
Cr—N = 2.338 | 

L = 4-cyanopyridine’* O-Cr====Cr 0) 
Cr—Cr = 2.317 Cr—Cr = 2.288 A 
Cr—N(py) = 2.322 Cr --O = 2.327 (intermolecular) 
(25) [Cr(O,CMe),L5] (26) [Cr,(O0,CMe),]'® 

see also ref. 167b 
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oo yee 
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O- --Cr===Cr---O 

Cr—Cr = 2.388 A PhC(OH)O—Cr===Cr—OC(OH)Ph 
Cr—O = 2.44 and 2.47 Cr—Cr = 2.352 A 

(intermolecular) Cr—O = 2.295 (benzoic) 

(28) [Cr,(O,CBu'),]'* (29) [Cr,(O,CPh),(PhCO,H),]'™ 
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ZA Lo Cr==Cr < L 

C Cr—Cr = 2.373 A, Cr—OH, = 2.268 

oe Cr—Cr = 2.360, Cr—OH, = 2.210 

| | Two independent dimers 

O—Cr===Cr—O [Cr,(O,CH).4(H2O).]s°10H20 

Cr—Cr = 2.283 A L = pyridine’™ 

Cr—O = 2.283 [CH.(OMe)CH,OMe] Cr—Cr = 2.408, Cr—N = 2.308 
(30) [Cr,(9-anthracenecarboyxlate),(1,2-DME)]'™ (31) [Cr,(O,CH),(L)2] 
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Cr—Cr = 2.451A 
Cr—O = 2.224 

(32) [Cr,;(O,CH),(H,O),]'* 

23: aT 6 fermat oO! 

C.H.O—Cr==Cr—OC.H, 
Cr—Cr = 2.316 A 

Cr—O(THF) = 2.275'*! 

(34) [Cr,(2-phenylbenzoate),(THF).] 

Key SC. ..X- 
X= Cl, Cr—Cr =2.524A 
X= Br, Cr—Cr =2.513 

Cr—C] = 2.581 
Cr—Br = 2.736 

(36) [Cr.(O,CCH,NH;),X,]-xH,O' 
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Cr—O > Cr==Cr 

Cr—Cr = 2.348 A 
O-— Cr = 2.309 

(dimer of dimers)'*’ 
(33) [Cr.(2-phenylbenzoato),]-2PhMe 
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Cr—Cr = 2.467 A 
Cr—N = 2.249 

(35) [NEt,].[Cr.(O CEt).(NCS),]'~ 

NEt, | 
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| 
| 

HEt,N—CrS=Cr—NEt,H 

Cr—Cr = 2.384 A 
Cr—N = 2.452'° 

(37) [Cr2(diethylcarbamato),(NEt,H),] 
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or Yo 

H,O—Cr====Cr—OH, 

Cr—Cr =2.214A 
Cr—O = 2.300" 

(38) (NH,).[Cr.(CO;),(H,O),]-1-2H,O 
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Cr==Cr Cr==Cr 

Cr—Cr = 1.889 A (CH;Cl, solvate)!” 
Cr—Cr = 1.879 (unsolvated, 74 K)'®’ 

6-methyl-2-oxopyridine 

(39) [Cr2(mhp),] 
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ee 
Cr==Cr : | | 

Cr—Cr = 1.898 A, form I Crs=Cr 
Cr—Cr = 1.907, form II Cr—Cr = 1.870 A 

2,4-dimethyl-6-oxopyrimidine 
(42) [Cr.(dmhp),]'” 

Cr===— Cr 

Cr—Cr = 1.937 A; a= 89-7° 
2,6-dimethylacetanilido’™ 

[Cr,{2 ,6-Me,C,H;NC(O)Me},] : 1 .5C,H;Me 

Cr is 
C 
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€ Ww | 

CH.Br, ae -Cr===CCr mae -Br,CH, 

Cr—Cr = 1.961 A 
Cr—Br =3.554 and.3.335"" 

(47) [Cr.{2,6-Me,C,H;NC(O)Me}.4]-2CH2Br, 

Me Me 
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Me Me N O 
| 

C,H,0—Cr COG .H: 

Cr—Cr = 2.221 A, w = 88° 
Cr—O(THF) = 2:32 

(49) [Cr,{2,6-Me,C,H;NC(O)Me}.4(THF),]-THF 

(45) (46) 
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C,H,O—Crs=Cr 

Cr—Cr = 2.006 A, w = 81.7° 
Cr—O(THF) = 2.350'” 

(51) [Cr,{4-NMe,C,H,NC(O)Me},(THF)] 

Cr—Cr = 1.955 A 
6-chloro-2-oxopyridine 

(40) [Cr,(chp).]"* 

2-methyl-6-iminopyridine 

(43) [Cr,(map).]'”° 
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Cr-—Cr=2.150A 
Cr—O(THF) = 2.266 
6-fluoro-2-oxopyridine 

(41) [Cr,(fhp),(THF)]-THF'*° 
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[Cr,{2,6-Me,C,H,;NC(O)Me},]-2CH.Cl 

Me 
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C,H,O—Cr===cr 

Cr—Cr = 2.023 A, w = 88.3° 
Cr—O(THF) = 2.315!" 

(48) [Cr{2,6-MexC,H;NC(O)Me},](THF)]-PhMe 
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Cj;H;N—Crs==Cr—NC,H; 

Cr—Cr = 2.354 A, w = 88° 
Cr—N(py) = 2.31 and 2.40" 

(50) [Cr,{2,6-Me.C.H;NC(O)Me}.(py)2] Py 

nS. 

Ch B = 
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CH.0—Cr===Cr_OCAT, 
Cr—Cr = 2.246 A, w = 76.2° 

Cr—O(THF) = 2.350'* 
carbanilido 

(52) [Cr,{PhNC(O)NHPh},(THF),]-CoHis 
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Cr—Cr = 1.980 A 
(63) [Li,CrMe,(THF),]} 
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Me Me Me a 
Cr—Cr = 1.980 A 
(61) Li,[Cr,Mes]' 

Me Me x ae Z 7 Ww 

| 
Cr===Cr 

Cr—Cr = 1.843 A 
N, N'-dimethylbenzamidinato 
(54) [Cr,(MeNCPhNMe),]'® 

me 
Sa eg 
Cr==Cy 

Cr—Cr = 1.828 A 
2-methoxy-5-methylphenyl 

(57) [Cr,(2-MeO-5-MeC,H;),]' 

Me Se Ce Me 

ig 
C= 

Cr—Cr = 1.895 A 
dimethylphosphoniumdimethylido 

(59) [Cro{ (CH2)2P(CHs)>}4] 

a OO 
Me M w* 

Cr—Cr = 1.975A 
(62) Li,{Cr,(C,Hg),]' 

Cr—Cr = 1.975 A 
(64) [Li,Cr(C,Hx)2(Et,0),}> 
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Bu' 
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CrS==cr 

ye | as 
C | 

Me 0 
Bu' 

— Cr—Cr=1.862A Cr—Cr= 1.870 A 
bis(2-oxophenyl)di(acetate) bis{ (2-dimethylamino benzyl} di(acetate) 

(65) [Cr,(O;CMe),(2-Bu'OC,H,).]' (66) [Cr,(O0,CMe),(2-NMe,C,H,CH,),]"* 

i 

Cc 

Pasay 
O- --Cr=== Mo---O 

Cr—Mo = 2.050 A 
(CrMo)—O = 2.548 A 

intermolecular infinite chain structure 

(67) [CrMo(O,CMe).]'” 
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SP —__t“ rae = = beavis’ wie OS 
‘~-NMe, C—Me MeN NMe, 

OP 

Cc 

| Cr(1)—Cr(2) = 2.544 A 
Me Cr(3)—Cr(4) = 2.554 

Cra C= I5317A Cr—O(centre) = 2.005 (av) 
Cr—N = 2.444 acetate and oxo bridges 

(68) [Cr,(O,CMe),(OCH,CH,NMe;),]'"° (69) [Cr4(2-NMe,CH,C,H,)4(O2CMe),.0]'” 

(i) Syntheses 

The method used by Peligot can be extended to carboxylates generally (equation 16). Since 
the complexes with n >1 were dried in vacuum at 100°C before analysis, their degree of 
hydration has not been established. All have low magnetic moments (eg ~0.7 BM) so it is 
likely that they have the acetate structure.’*’ 

2Cr* + 4RCO; + 2H,O —> [Cr,(O,CR).(H2O)2]| (16) 
R=C,Ho,41, 2 =1-7, 11, 17 

Water can be replaced by ligands L through recrystallization from L if a liquid, or from an 
] 
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organic or aqueous solvent containing L (L = MeCO2H, piperidine, pyridine, pyrazine’). 

Adducts [Cr,(O2CR)4L2] (R= CMesz, L= pyridine, 2- and 4-methylpyridine, quinoline and 

2-methylquinoline, R=Ph, C,H3S, L= THF; R=C,H30, L=THF, pyridine, 2-methy]l- 

pyridine, 2-methylquinoline) have been prepared'®® directly in THF by Scheme 11 in which 

RCO3H and L replace CF;CO2H and Me,C;H3N.”° 

When ammonia gas is bubbled through a suspension of the acetate in ethanol, ammonia 

molecules replace the water, but in liquid ammonia the dinuclear structure is destroyed to give 

the tetraammine (Scheme 17). Unless kept in an atmosphere of ammonia the tetraammine 

reverts to the dinuclear ammine adduct.'*! 

NH,(1) 

[Cr,(O,CMe),(NH;)2] <“2> [Cr,(0,CMe),(H20)2] ——> Cr(O,CMe)2(NHs), 
red-purple violet 

Scheme 17 

The water molecules can be displaced by thiocyanate to give [NR4].[Cro(O2CR)4(NCS)2] 

(R' = Me, Et; R= Me, Et!) and a complicated reaction between [Cr(NEt,)4] and CO2 leads 

to a diethylcarbamato-bridged complex [Cr2(O2CNEtz)4(NEt2H)2] (Section 35.5.4.3, Scheme 

119). 
Formate gives a complicated series of hydrates according to conditions (Scheme 18 

and adducts of Cr(O,CH), with urea, THF etc. are known, but their structures have not been 

determined.'”’ 

) 157,164,165 
’ 

CrCl,-6H,0 > Cr*(ag) MOSES, [Cr,(0,CH).(H20)2]s°10H;0 
red 

NH,0,CH 

purple gel —*> [Cr,(OxCH).(H2O),] —> [Cr.(OCH)«(py)2] 
red 

(Gr sgad:Cr™) 

Scheme 18 

Dimeric carbonato-bridged complexes A,[Cr2(CO3)4(H2O)2] (A = NHg, Li, Na, K, Rb, Cs; 
A> = Mg) can be precipitated’® from aqueous suspensions of the acetate, and the ammonium 
salt (or CrCO3)'*’ suspended in ether will react with the stronger acids CF;CO,H'™ and 
CF,HCO-,H’®” to give dinuclear carboxylates (equation 17). 

Oo 
[Cr,(CO3),(H:O),]*- + 4CF;CO,H “=” [Cr,(OxCCF;)4(Et,O),] + 4CO, + 4H,O (17) 

Pyridine and 4-cyanopyridine react with [Cr.(O2CCF2H),(Et.O)2] to give the mixed 
oxidation state, oxo-centred complexes = [Cr™Cr''O(O2.CCF.2H).(py)3(Et2O)] and 
[Cr™Cr3"0(O,CCFH).(4-CNpy)s3]‘PhMe (see also p. 869).'°’ 
Dichromium(II) complexes with zwitterionic glycine bridges can be crystallized’ from 

aqueous solutions (equation 18). 

2CrX, + 4H|NCH,CO; —> [Cr,(0,CCH,NH3).X4] (18) 
purple (X = Cl, Br) 

Crystals of the anhydrous acetate’ and [Cr,(O.CBu'‘),]'* for X-ray investigation were 
grown by vacuum sublimation. The anhydrous acetate (Table 9) is the source of Cr3* for the 
preparation of many water-sensitive dinuclear complexes. In general, the lithium salt (not 
usually isolated) of the anionic ligand which is to replace the acetato bridges is first prepared 
from BuLi and the acid. The solid anhydrous acetate is then added to the lithium salt solution, 
the solution filtered after reaction to remove the lithium acetate, and the [Cr Y,4] crystallized 
from the filtrate, or, if poorly soluble, extracted from the LiO.CMe (Scheme 19). 

BuLi/hékane + YH/THP or B,0° "3 iy 
Scheme 19 

[Cr.Y,4] + LiO,CMe 
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These reactions were used to prepare complexes of 2-oxopyridines (39) to (41), 2-substituted 
phenyl derivatives (55-57) and others. One of the first oxopyridine complexes was prepared 
slightly differently (Scheme 20).”° 

S 
Cr,(0,CMe),4(H0)>] ° NaOMe/EtOH it Cee co» [Cr(mhp),]-H,0 <> [Cr.(mhp),] 

© ~N 
Hmhp CH,Cl, 

Scheme 20 [Cr.(mhp),4]-CH Cl, 

In another variation the dilithium salt was obtained from 2-bromophenol and ‘contamination’ 
with LiBr followed by Soxhlet extraction to solubilize the binuclear anionic salt and obtain 
crystals of LigCr2(2-OCsH,),Br2‘6Et,O (Scheme 21).!7! 

eBuldperoncus 
[Cr.(O,CMe)4] 

. 

OH OLj usr Eno > LteCr2(2-OC.H,).Br2-6Et.O 

Br Li 

Scheme 21 

The 2-methoxyphenyl complex, [Cr2(2-MeOC;H,),4], has been prepared from CrBr2(THF), 
(equation 19).'”” The yellow, poorly soluble and pyrophoric product is diamagnetic and is likely 
to be a Cr3* dimer (equation 19). 

(CrBr,(THF),] + 2-MeOC,H,MgBr 22> [Cr,(2-MeOC,H,),] (19) 

Oxidation of the metal carbonyl is used in the preparations illustrated by equations (20) to 
(22),!7>175 in the third of which a heteronuciear dimer is formed. No reaction occurred 
between Cr(CO), and 2-amino-6-methylpyridine.'’”° The binuclear nature of red 
[Cr{PhC(NPh),}.] has not been established, and an impure sample of [CrMo(mhp),] has been 
prepared from [CrMo(O2CMe)a].1”” 

Me 

(oye > [Cr(dmhp).] (20) Me, OH x reflu 

dimethylhydroxypyrimidine 
(dmhpH) 

Cr(CO), + PhC(NPh)(NHPh) Be Es [Cr{PhC(NPh),}>] (21) 
reflux 

N,N'-diphenylbenzamidine red 

(MeCO),0 
Mo(CO). + [Cr2(O2CMe)4] —aza,? [CrMo(O,CMe).] (22) 

MeCO,H 

in excess pale yellow 

In the preparation!” of the 1,3-diphenyltriazinato-bridged complex an organochromium 

dimer was the source of Cr3* (equation 23). 

[Li(THF)].[CroMeg] + 4PhNHNNPh "2" [Cr,(PhN;Ph),] + 4CH, + 4LiMe (23) 

Chromocene can also be used as a starting material (Scheme 22).*™ 

Tetranuclear complexes, composed of two Cr3* subunits are made by'’®’” reactions (24) 

and (25) in which the acetate bridges were not all displaced. 

[Cr(O,CMe),] + NaOCH,CH,NMe, —=> [Cr.(OxCMe),(OCH,CH,NMe,)4] (24) 

red 

[Cr(O,CMe),] + 2Li(2-NMe.CH,C,H,) “> [Cr4(2-NMe,CH2C.H,)4(O2CMe)20] (25) 

orange 
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u'CO, 
H 

[Cr,(O,CBu'),] 2X24 (Cr(n’-CsHs).]. SS [Cr,(O,CPh),(PhCO:)s] 
red 

CS AN: 

MeOCH,CH,OMe ea ie Dain - 

(.2DME) | r. HT | 

CO,H 

[Cr,(9-anthracenecarboxylate),( DME) ] [Cr.(2-phenylbenzoate),]:-2PhMe 

red 
ie 

Scheme 22 

Several organochromium(II) dimers containing short Cr=Cr bonds (55-64) have been 
included for completeness. For their preparations the companion series’ should be consulted. 
Complexes (65) and (66)'®° contain mixed carboxylato and organo bridges. 

(ii) Structures 

Crystallographic investigations demonstrate that the length of the Cr—Cr quadruple bond is 
primarily dependent upon whether axial ligands are present and, if so, upon their nature and 
number. This is apparent from a comparison of the Cr—Cr separations found for complexes 
(25) to (38), (41), (46) to (52) and (67), and, without axial ligands, (39), (40), (42) to (45) and 
(53) to (66). Those without axial ligands and r(Cr—Cr) <1.9 A are considered’ to contain 
‘supershort’ bonds compared with those in the carboxylates (2.28—2.55 A). The Cr—Cr 
separations in the tetramers (68) and (69) are equal to the greatest found in the dinuclear 
carboxylates. 

There is considerable variation of r(Cr—Cr) within the tetracarboxylate series mainly 
dependent upon the donor ability of the axial ligands. In [Cr2.(O2CR),(R’py)2] (R = Bu‘, Me, 
H, CCIH, or CHF,; R’ =H, 4-NHb, 4-CN etc.) the Cr—Cr and Cr—N distances are inversely 
related,'©”” and axial coordination of oxindole in [Cr2(oxindolate),(oxindole)2] produces a long 
Cr=Cr bond (2.495 A).1° No carboxylates without axial ligands are known: in anhydrous 
compounds oxygen atoms of neighbouring dimers bond axially (26) to give polymers; and 
substitution in the bridge is too distant to be effective (30) or is nullified by the final 
configuration (33). In (33) the four 2-phenyl groups are directed towards the same end of a 
Cr=Cr unit and block association [though not coordination of THF (34)], but dimers of dimers 
are formed through association at the other end. Carboxylates producing steric hindrance at 
both ends of the Cr, units have not been devised. 

Careful choice of bridging ligand is necessary to prevent axial donation or association and 
produce very short Cr—Cr bonds. In the acetanilido complex (44) this is achieved: the unlike 
ligand atoms on each chromium atom are trans and with a small torsion angle w about the NPh 
bond the axial positions are blocked. Dichromium compounds (46) to (50), in which w has 
been increased to approximately 90° to open up the axial positions, have been obtained by 
introducing 2,6-dimethyl groups. Steric effects then force the rings to be perpendicular to the 
O—Cr,—N plane. Electron donation by a 4-NMe, substituent acts similarly. Access by axial 
ligands then lengthens the Cr—Cr bond in the series of complexes (48) to (51) compared with 
(44) without change in bridging ligand or overall geometry. Complexes (44) and (45) have no 
axial ligands and the smallest Cr—Cr separations, and the axial CH2X2 molecules in (46) and 
(47) interact at the most very weakly with the metal. Axial donation modifies the Cr—Cr 
distance as in the carboxylates, but in the acetanilido compounds the bond separation without 
axial ligands is known. Metal—metal separations in dimolybdenum complexes are not sensitive 
to axial donation. 

There are no axial ligands in the 2-oxopyridine, 2-iminopyridine and 2-phenyl derivatives 
which have the shortest Cr—Cr bonds. The bromide ions in (58) are off-axis and beyond 
bonding distance. 

The nature of the bridging ligand is also important; the quadruple bonds (the ranges are 
given) shorten with type of bridging bidentate ligand in the order:!®° 

/ Cc C C N c 
E Ss 2 Se Po ai HO 04. oy NG \otax) ME Gh hee >< Nog 
2.55-2.21A 2.35-2.01A —1.96-1.87 A 1.87-1.84A 1.86A  1.85-1.83A 
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The presence of axial ligands is signified by (ax), and the formally negatively charged atom is 
shown, but with N—C—O bridges the formal charge is on N or O according to whether the 
anion is from an amide or an hydroxypyridine. In addition to the 2-pheny! derivatives (55) to 
(58) with CCO bridges, there are organodichromium species (59) to (64) with Cr—Cr 
separations in the range 2.1 to 1.89 A, two of which do not contain bridging ligands. In the 
mixed ligand complexes (65) and (66) (CCCN bridge) the Cr—Cr distances are very short 
presumably because the C donor dominates. The general trend is that the Cr—Cr bonds 
shorten as the donor strength (basicity) of the anions increases: O- <N~ <C-. 

In keeping with the so far perceived trends, the longest bond (2.541 A) is in 
[Cr2(O2CCF3)4(OEtz)2] (27) where there is axial ligation and the bridging ligand the least basic, 
and the shortest (1.828 A) in [Cr2(2-MeO-5-MeC,H3)4] (57). The ranges of metal—metal 
distances in the O—C—O(ax) and N—C—O(ax) series overlap so that dichromium compounds 
no longer fall into two distinct classes, i.e. carboxylates and others with much shorter Cr—Cr 
bonds. 

In order to compare Cr—Cr bond lengths with other bond lengths a formal shortness ratio 
(FSR) for a bond A—B has been defined: 

Das r(Cr—Cr) 

Ra+Rp 2X 1.186(Ro,) 

The FSR values for complexes (57) and (27) are 0.771 and 1.07, compared with 0.786 for 
N=N.'° 
Chromium resembles molybdenum and tungsten in its quadruply bonded compounds but 

differs in not forming dimetal compounds of lower bond order. Although salts of the stable 
binuclear anions [Mo,Cls]*~ and [Mo2(SO,),]*~ are well known, chromium(II) forms very 
different chloro complexes (Section 35.3.7.3), and the violet, nearly diamagnetic sulfato- 
bridged dichromium complex Cs,[Cr2(SO,4)4(H2O)2]-2H.O, obtained only by heating 
Cs.SO,4-Cr2SO,4-6H20, re-forms [Cr(H2O).]** with water.!© 

FSR = 

(iii) Theoretical description of Cr=Cr bonds 

The Cr—Cr bond lengths vary from supershort bonds of about 1.85A to long bonds 
approaching 2.6 A. This is a wide range for what is formally considered a quadruple bond. 
Molecular orbital calculations of electron density in the formate [Cr.(O2CH),] as a long- 
bonded example and in ‘Cr,{H,P(CHz2)2},’ as a model for the supershort Cr—Cr complexes 
[Cr2{(CH2)2P(CHs)2}4] and [Cra(mhp),4] show agreement with the experimental electron 
densities obtained by high resolution low temperature single crystal X-ray investigations on 
[Cr2(OxCMe)4(H20),]’*° and [Cr(mhp),]."*” The contraction of the Cr—Cr bond in (25; 
L=H,0) by 0.009A on cooling to 90K agrees with a shallow Cr—Cr potential and the 
sensitivity of the bond to axial donors. From the X-ray experiment, there is an electron- 
deficient area along the Cr—Cr bond, and a broad region of excess electron density off it, but 
the computed map for [Cr(0,CH),] has a broad maximum around the centre of symmetry. 
The difference is tentatively related to weakening of the o bond by interaction of the axial 
water molecules present in the acetate. ; Ray 

In the supershort cases, the electron density is at a maximum at the bond midpoint." The 
pure quadruple bond configuration 0’1*6’ (Figure 3) makes only a small contribution as a 
leading term in the calculations for the carboxylates, but is much more important in short 
Cr—cCr species (as for Mo3*);18>18’™™ in each case excited configurations must be included in 
the calculations. From comparisons of the results of calculations on the formate and the 

hypothetical tetrakis(formamidato) species [Cr.(NH(O)CH),], and the formate and 
‘(Cr.{HP(CHz)2}4]’, it has been suggested’**"™ that greater charge on the ligand donor atoms 
leads to better overlap of the d orbitals and a shorter quadruple bond. The importance of the 
inductive effects of the bridging ligands does not seem to have been clearly established 
experimentally: on the other hand the importance of the axial ligands on Cr—Cr bond lengths 
is clear from X-ray work, but not quantitatively explained theoretically. 

Other calculations of the Cr—Cr interaction are based on a model in which there is weak 
antiferromagnetic interaction between high-spin Cr’* atoms.’ This is not believed to be 
realistic, at least for the supershort bonds. "*’ A computational method which supposes multiple 
bonds to be single bonds intensified by screening of the internuclear repulsion is said not to 

support the antiferromagnetic interaction mode.’” 
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o 

Figure 3. Qualitative order of energies of orbitals formed by metal d — d overlaps 
! 

The standard enthalpies of formation of crystalline (25; L=H,O), (26), (67), (39), (55), 
[Mo.(O2CMe),4] and [Mo2(O2CMe)2(acac)2] have been derived from calorimetric measure- 
ments of oxidative hydrolysis in solution. It has not been possible to distinguish between 
various theoretical treatments from the. thermochemical data.'”*!”* 

(iv) Photoelectron spectroscopy 

Assignments by different workers of the photoelectron spectra of [Cr2(mhp).] agree that the 
lowest energy peak A (6.7—6.8 eV) is due to ionization from the 6 metal-metal bonding level. 
The next feature is complex with an intense peak B at 7.75 eV and a shoulder C at 8.15 eV. It 
was considered that B and C are the az and o ionizations, but it seems that B is due to 

ionization from 2 levels of the ligand and C is the 7 metal-metal ionization.'’”’*'° The o 
ionization has been assigned to the second of three components at 9.8, 10.2 and 11.1eV of a 
complex peak, and the other two components to ligand z ionizations.'’’ (When metal-—ligand 
interactions are included, the molecular orbital diagram is of course more complicated than 
Figure 3.) 

Ionizations from the 6 and z levels of dimolybdenum tetracarboxylates have been resolved, 
but as shown in Table 26,'” not those from [Cr,(O2CMe).]. The location of the ionization from 
the o metal-metal bonding levels remains uncertain.'°'*° Table 26 also contains core electron 
ionization energies. 

Table 26 Experimental Core* and Valence” Electron Ionization 

Energies (eV) 

Orbital Cr,(mhp). Cr,(O,CMe), 

Cr 2p1 590.2 591.1 
Cr 2p3,2 580.6 581.5 
M—M (6) 6.70 
M—M (z) 8.15 8.6-9.1 
O 1s 536.4 537.8 
N Is 404.2 — 
Cls 291.2sh 294.3 

290.2 291.1 

Mo,(mhp), Mo(0,CMe)4° 

Mo 3d3, 236.9 237.7 
Mo 3d;, 233.8 234.7 
M—M (6) 5.84 6.92 
M—M (zt) 8.02 8.77 
Ols 536.5 537.9 
N ls 404.2 = 
Cls 290.0 295.7, 293.4 

291.1 

e Gas-phase X-ray PES. 
f He’ and He" PES. 
Formate data also in ref. 190. 
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The oxygen core IE values of [M2(O,CMe),] (M = Cr, Mo) are the same within experimental 
error, as are the oxygen and nitrogen IE values for [M2(mhp),]. Also, the decrease in the 
binding energy of the Cr 2p levels from [Cr(O2CMe),] to [Cr(mhp),] matches that of the Mo 
3d levels. Thus, the charge distribution is the same within [Cr,(O2CMe),] and [Mo.(O,CMe).], 
and within [Cr2(mhp),] and [Mo,(mhp),]. Consequently, the significant lengthening (0.40 A) in 
going from [Cr,(mhp),] to [Cr.(O2CMe),] as compared with the Mo pair (0.03 A) is not due to 
differences in the bonding of the ligands, but to the different nature of the metal—metal 
interactions, notably the shallower Cr—Cr potential well, which makes the Cr—Cr separation 
more sensitive to changes in the electron density distribution. 

(v) Electronic spectra 

The absorption spectra of [M2(mhp),] (M=Cr, Mo, W) in THF are similar. The lowest 
frequency band (22500cm™’, M=Cr, Table 27) has been assigned to the metal-localized 
6 — 6* transition ("A;—>*B,, D4 symmetry). The vibronic structure on this band in the low 
temperature spectra of the solids, with progressions of 320 (M=Cr), 400 (M=Mo) and 
320 cm~' (M = W), is consistent with the assignment. 

Table 27 Electronic Absorption Spectra of Some Dichromium Species 

Complex Electronic spectra (cm7') r(Cr—Cr) (A) Ref. 

[Cr,(mhp),]* 43 700 38 000 33 900 29 600sh 22 600 1.889 1 
THF . (39000) (22000) (31000) (3400) (480) 
[Li(Et,O),][Cr2(CHs)s]* 22 000 1.980 2 
(Et,O) (<700) 

' II I 
[Cr,(O,CMe),(H,0),]° ~30 000 ~21 000 2.362 3 
[Cr.(O,CMe),(NH3).]° 37 000b 29 000 19 500vb — 4 
[Cr,(stearate),(H,O).]° 40 000vb 30000b 28400sh 21900vb — 4 
[NMe,][Cr.(O,CMe),(NCS),]° 34 800b 28600b 24700w 19 000vb — 4 

33 900sh 
[NEt,],[Cr,(O0,CMe),(NCS),]° 35 300b 28700b  24900sh 18 700vb — 4 

33 800sh 
[NEt,],[Cr.(O,CEt),(NCS)]° 39100sh 36 000b 29200b 24900sh 18 500vb 2.467 4 

33 000sh 
Cs,[Cr,(SO,)4(OH2)2]-2H,O 43 100 35 600 30 100 26 300sh 18 100vb — 4 

29 400sh 

3 5 0 3 3 = =I 
* Molar extinction coefficients in parentheses (dm™ mol om ): 
Polarized single crystal spectra at 6 K; exact wavenumbers not tabulated. 

“Powder reflectance spectra. 

M. C. Manning and W. C. Trogler, J. Am. Chem. Soc., 1983, 105, 5311. 
P. Sattelberger and J. P. Fackler, J. Am. Chem. Soc., 1977, 99, 1258. 

Rice, R. B. Wilson and E. I. Solomon, Inorg. Chem., 1980, 19, 3425. 

1. 
2. A. 
3. S. F. 
4. P. D. Ford, L. F. Larkworthy, D. C. Povey and A. J. Roberts, Polyhedron, 1983, 2, 1317. 

Two Raman lines, either of which may be the Cr—Cr mode, have been observed at 340 and 
400 cm~! for [Cr2(mhp),4]. The former is preferred!” since the vibronic progression is 320 cm“, 
and this is lower than earlier proposed.’ Others believe that this is a Cr—O or Cr—N totally 
symmetric stretch. The 22500cm™' band and the shoulder at 29600cm™' are metal- 
dependent since they are intensified, and move together and to lower frequency from Cr to Mo 
to W. The shoulder at 29 600 cm“! is assigned to the 6— 2* (1A, 'E) transition.!*” 

The low temperature single crystal spectrum of the acetate contains two polarization 
dependent bands near 21 000 cm™* and 30000 cm™? (I and II, Table 27). Different assignments 
(I, 6 2*; and II, npx(O)— 2*) to the above have been made,” and further work seems 
necessary. Bands I and II move to lower wavenumber with increasing Cr—Cr separation, and 
powder reflectance spectra of several dinuclear Cr}* species show the same general features as 
the detailed acetate spectrum.’ The ground state Cr—Cr stretching frequency is estimated at 
150 to 200 cm~!. The Cr—Mo stretch of (67) is reported as 394 cm™". An accurate spectrum of 

[Cr2{(CH2)2P(CH)3)2}4] could not be obtained because of decomposition.” 
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(vi) Magnetic properties 

The red chromium(II) carboxylates [Cr(O2CR)4L,] are weakly paramagnetic (Weg =0.4— 
0.9 BM at room temperature)'*”'®! and it is generally believed that this is due to paramagnetic 
impurities (chromium(III) species, from ESR measurements)’*° arising from inadvertent aerial 
oxidation. However, the temperature variation of susceptibility of several carefully isolated 
samples of carboyxlates (including 35) can be explained by assuming strong antiferromagnetic 
interactions in the dinuclear structures (2J ~700cm~'), and the presence of ca. 1% or less 
chromium(III) impurity.’®! It seems that at least in the carboxylates with the longest Cr—Cr 
separations the paramagnetism is genuine. Carboxylates can crystallize with a proportion of 
mononuclear chromium(II), e.g. in (32), or form blue paramagnetic species on 
dehydration.” The carbonato complexes also have low magnetic moments.” 

The yellow colour and temperature-dependent moment of the oxalate CrC,0,-H,O 
(uae *=4.5, uit?S=4.0BM) suggest that it is polymeric.” The malonato complexes 
Cr(C3H2CO>2)2:2H2O (red) and Na2Cr(C3H20,)2°4H2O (blue) have normal magnetic moments 
at room temperature (Uc ~ 4.8 BM),”™ which is inconsistent with the colour of the former. 

Red or blue, variously hydrated chromium(II) complexes of thiocarboxylic acids, e.g. 
S[(CH2)2SCH2CO2H]2, have been isolated, and the red complexes are antiferromagnetic.*” 
Some antiferromagnetic complexes of adenine may have binuclear structures (Table 16). 

(vii) Miscellaneous investigations of carboxylates and related complexes 

The molecular ions have been identified in the mass spectra of [(Cr2(O2CR).4] (R = Me, Et, 
Pr', CMe3 and C,;H»3)* and two reversible one-electron oxidations have been found for 
[Cr2(map)2] (43) (—0.53 and —0.09 V us. Ag/AgNO;).?°” 

In the molecule [Cr3(7°-C;Hs)2(O2CCF3).] the central metal atom is in oxidation state II and 
forms four short (2.01 A) and two long (2.58 A) Cr—O bonds (70). 

CL: 
c. YO 

oie eae 
CF, 

Cr—_5— CCF, One yy 

(70) 

The pentaacetatodiborate Cr[Bx0(OCOMe)s], has been prepared (u2g° * = 4.80 BM).2” 
Chromium(II) acetate is predominantly dimeric in water in which it is not very soluble. The 

equilibria are shown below. 

K 

Cr,(O,CMe), == 2Cr(O;CMe), log Kpo = —4.4 (25°C, 1=3.0M) 
ame! 

Cr(O,CMe), == Cr(O,CMe)*+MeCOz log K, = 0.9 
Ky} 

Cr(O,CMe)* == Cr** + MeCO; log K, =0.8 

Reaction of edta with the aqueous dimer causes rapid decomposition to the monomer which 
appears to be the effective reductant in redox reactions of the acetate. The difference between 
the Cr==Cr and Cu—Cu bond energies has been estimated from the dissociation data for the 
acetates to be only about 45kJ mol~* even though the Cu—Cu bond is formally a single 
bond.”’° Oxidation of the dimer by L has been investigated kinetically. 

From a spectrophotometric study of the equilibria between various chelating agents and [Cr2(O2CMe),] some stability constants of mononuclear Cr! complexes have been determined 
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(malonate, log B2=6.0+0.2; N-methyliminodiacetate, log 6, = 12.3 +0.5; ethylenediamine- 
N,N'diacetate, log K, =9.1+0.2; at T=25°C, J=1.0M NaClO,) and the values agree with 
prediction.?1! 

The binuclear formate is incompletely formed over the intermediate formate concentration 
range. At the highest formate concentrations the binuclear complex dissociates to mononuclear 
complexes with HCO; /Cr > 3.7!? 

2Cr(O,CH)* +HCO; == Cr,(O.CH)} K=2.1+0.2 

Stability constants have also been determined for oxalate and malonate (Table 39). The 
succinate [Cr(C,H,O,4)H2O],-2H,0 is isostructural with the copper(II) compound.?!34 

35.3.5.6 Aliphatic and aromatic hydroxy acids 

The glycolate Cr(C,H303)2‘H2O,” salicylate Cr(C.H4(O)CO,):3H,O and _ tartrate 
Cr(CO,CHOHCHOHCO,)’ have been prepared. Stability constants have been determined for 
complexation of Cr" with salicylate and 5-sulfosalicylate (Table 39). 

35.3.5.7 Dimethyl sulfoxide, phosphine oxides and arsine oxides 

Complexes of dimethyl sulfoxide*** and some phosphine and arsine oxides!**?!>7!° have been 
prepared by the methods in Scheme 23. The phosphine oxide complexes are decomposed by 
polar solvents, and were obtained by heating the reactants in sealed tubes, or in xylene or 
bromobenzene. The use of halogenated solvents can lead to Cr™'—C bonds but apparently not 
in this case. No structures have been clearly established. The complexes are all high-spin, and 
have reflectance spectra suggestive of distorted six-coordinate chromium(II). Thus those of the 
formula [CrX,L,] have monomeric trans configurations and those with the formula [CrX,Ly], 
which are known to be weakly antiferromagnetic (@ ~ 0°), have polymeric structures. However, 
the chloro complexes [CrCl,(R3PO),] are non-electrolytes, and a dipole moment of 4.9 Debye 
for [CrCl,(EtsPO),] in CsH, excludes a trans planar structure. The complex [CrBr2(Ph3PO)>] 
has been obtained as a green polymer and as a yellow form which, like [CrI,(Ph3PO),], is 
thought to have a flattened tetrahedral structure. Different reflectance spectra provide the main 
structural evidence, the yellow form having a broad band at lower wavenumber (Table 28, 
10 000 cm~'). However, complexes such as [NEtHs].[CrBr,], in which the Cr" is six-coordinate 
through bromide bridges between planar [CrBr4]*~ units, absorb at approximately 10 500 cm™* 
(Section 35.3.7.3); thus tetrahedral structures are unlikely. Possibly different ligands lie along 
the distortion axis in the two forms. 

CrCl,(Ph3AsO), Ene puso CIC(PMSO), 
CrBr,(Ph3AsO), ae CrX,-nH,O ———> CrBr,(DMSO); 
Cr(C1O,).(Ph;AsO), CrX, CrI,(DMSO), 
(stability unknown) (also explosive perchlorate) 

Ph3PO, CrX, in 
sealed tube, A, RPO, xylene 
extract C,H, or PhBr, A 

CrCl,(R3PO), CrX,(Ph3;PO),2 

R=Et, C.Hi,, Ph X=Cl, Br, I; also CrI,(Ph;PO).:2THF 

Scheme 23 

The IR spectra of the DMSO complexes show that the ligand is O-bonded; and the lack of 

splitting of the perchlorate stretching absorptions of [Cr(ClO4)2(PhsAsO)4] shows that ClO; 

interacts only weakly with the metal in the probably planar Cr(Ph3AsO), unit. 
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Table 28 Complexes of Dimethyl Sulfoxide and Phosphine and Arsine Oxides 

Complex Leg (293 K) (BM) 6 (°) Reflectance spectra (cm™") Ref. 

[CrCl,(DMSO),] Pale blue 4.91 — 12 000 1 

[CrBr,(DMSO),] Pale blue 4.96 _ 12 200 1 

[CrI,(DMSO),] Pale blue 4.95 a 14 100 1 

[CrCl,(Ph3PO),]* Blue 4.86” 15 18100 15380sh 11760 A 
12 500sh 

(CrBr,(Ph3PO),] Green 4.9 8 14 600 11 100sh 2 
Yellow 4.80° 23 10 000 

[CrI,(Ph;PO),] Dark brown 4.79” 34 10 800 2 
CrI,(Ph3PO).(THF), Blue-green 4.88° 15 14 100 10 000sh Z 

[CrCl,(Ph3AsO),] Violet-pink 4.6 0 18000 15500 13 000sh 3 
[CrBr,(Ph3AsO),] Pink 4.89 0 17700 15700sh 3 
[Cr(ClO,).(Ph3AsO)4] Pale blue 4.89 0 16 400 3 

“The blue complexes [CrCl,(R3PO),] (R = Et, C5H,,, Ph) are non-electrolytes with dipole moments in C,H, of 4.9 D (ref. 4). 
These magnetic moments were calculated from pg =2.828{x%,(T + 8)} ~- 

“Could not be obtained free from yellow form. 

1. D. G. Holah and J. P. Fackler, Jr., Inorg. Chem., 1965, 4, 1721. 

2. D. E. Scaife, Aust. J. Chem., 1967, 20, 845. 
3. L. F. Larkworthy and D. J. Phillips, J. Inorg. Nucl. Chem., 1967, 29, 2101. 
4. K. Issleib, A. Tzschach and H. O. Frohlich, Z. Anorg. Allg. Chem., 1959, 298, 164. 

35.3.6 Sulfur Ligands 

35.3.6.1 Dithiocarbamates 

A few very air-sensitive dialkyldithiocarbamato complexes [Cr(S2CNR2)2] (R= Me, Et or 
R, = C,Hs) have been prepared from aqueous or aqueous ethanolic solutions of CrCl, and the 
sodium dithiocarbamate (Table 29).7!’:7!8 The diethyl-substituted derivative [Cr(S;CNEt,),] is 
isomorphous with other metal(II) diethyldithiocarbamates*'’? known to be S-bridged dimers 
with distorted trigonal bipyramidal arrangements of S atoms around the metal, e.g. 
[Fe(S,CNEt,),].71° The reflectance spectrum resembles the spectra of other square pyramidal 
rather than trigonal bipyramidal chromium(III) complexes (Table 42). The complexes are 
antiferromagnetic. (For R = Et, J = 26cm“, g =2.19; binuclear expression.) 

Table 29 Complexes of Dialkyldithiocarbamates and Thiourea 

Leg (BM) Reflectance spectra 
Complex 295 90 K (cm7') v(Cr—Cl) (cm!) 

Dithiocarbamates 
[Cr(S,;CNMe,)>] 4.45 4.07 — — 
Red 
[Cr(S,CNEt,)>] 3.98 2.21° 14000 11 000sh —_ 
Yellow 
[Cr(S,CNC,Hg)>] 4.38 3.09 — —_— 
Yellow 

Thioureas 
CrCl,(tu), 4.49 3.94 11600 8000sh 320 
Yellow 

CrCl,(tu).-Me,CO 4.41 3.38 11900. 8400sh — 
Yellow green 
CrCl,(etu), 4.33 3.16 11400 320 
Light blue 
CrCl,(dctu) 3.83 2.45 11000 6700 315 
Yellow 

“Néel point at ca. 100 K. 
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35.3.6.2 Ethane-1,2-dithiol 

Chromium(II) is in planar coordination (71) in [NEts]2[Cr(S.C,H,)>] (u2% * = 4.95 BM in 
MeCN), which separates as a violet solid when ether is added, after stirring for several days, to 
a mixture of CrCl, sodium ethane-1,2-dithiolate and [NMe,]Cl.7”° 

StS es eat 

H.C ee CH eel 
T 

ee Ao CH 

(71) 

35.3.6.3 Thioureas 

Complexes of chromium(III) halides with thiourea (tu), N,N’-ethylenethiourea (etu) and 
N,N'-dicyclohexylthiourea (dctu) have been isolated from solutions of the halides which had 
been dehydrated with an excess of 2,2-dimethoxypropane. Attempts to isolate complexes from 
more polar solvents such as water, DMF and the lower alcohols were unsuccessful. The 
bromides and iodides CrBr2-4tu, CrI,-6tu, CrBr2-Setu, CrI>-4etu, CrBr2-Sdctu and Crl,-6dctu 
are high-spin, with temperature-invariant moments in the range 4.74—4.97 BM. There is a band 
in the range 11 000 to 14000 cm“! (v2) and a weaker band or shoulder to lower wavenumbers 
(v,) in the reflectance spectra. This is the usual pattern for distorted six-coordinate high-spin 
chromium(II) complexes. Since v2 is well below the values found for comparable complexes 
containing N donor ligands, e.g. for [CrX2(mepy)4], v2~ 17000cm™', the thioureas are acting 
as S donors. Square pyramidal structures were not excluded for the cations in CrBrz-5etu (or 5 
dctu). The chloride CrCl,-2tu, its acetone adduct, CrCl,-2etu and CrCl,-dctu are antiferromag- 
netic and chloride- or perhaps thiourea-bridged polymers (Table 29).”*1 No X-ray data are 
available. 

35.3.7 Halogens as Ligands 

35.3.7.1 Anhydrous halides 

Only more recent work on the anhydrous halides CrX, (X=F, Cl, Br or I) will be 
considered as their preparations, properties and structures have already been ably 
summarized.” Generally, they are prepared by a variety of solid state reactions at high 
temperature, e.g. from the metal and the hydrogen halide or by reduction of a higher halide 
with hydrogen or the metal. Thermal dehydration of the hydrated chloride, bromide and iodide 
provides adequately pure anhydrous halides for preparative use (Table 9). It has been found 
that in the preparation of CrCl, by reduction of CrCl, with Al, Cr or H, in a temperature 
gradient of 450 to 350°C, the CrCl, is transported as gaseous CrAl,Clg from the 450 °C zone, 
where reduction occurs, to the 350°C zone.**° Besides the solid state procedures,””* CrF, can 
be obtained by thermal dehydration of CrF,-2H,O® and by volatilization of NH,F from 
NH, CrF;.2%* In oxygen at 300°C, CrF, forms CrO,F,, and with sulfur CrS; is formed. It 
liberates hydrogen from water, and NO at 600°C produces CrF3, Cr2F; and Cr,03.7 It is also 
not inert to N2 at high temperatures because at 650°C over 100h a dark product of unknown 
structure Cr,NF; is obtained.” With an excess of XeF, at 120°C, CrF, forms XeF,-Cr!VF,.72” 

In the halides bridging anions lead to distorted CrX, octahedra sharing corners in which 
there are four short approximately equal Cr—X bonds and two long trans Cr—X bonds. There 
is also angular distortion of the octahedra. The fluoride has the tetragonal (distorted) rutile 
structure and the other halides chain-type structures. The mixed crystal (Mn, Cr)I> is isotypic 
with monoclinic CrI, (Table 34). 

The anhydrous difluoride is antiferromagnetic; the magnetic moment is 4.3BM at room 
temperature and the Néel temperature 53 K (neutron diffraction). The magnetic axis is parallel 
to the direction of the long Cr—F bonds. The chloride also is antiferromagnetic (Ty = 20 K).?” 

In the single crystal absorption spectra of CrF, and CrCl, the pattern of spin-allowed 
(quintet-quintet) bands for the ammines and hydrates is repeated. Gaussian analysis of the 
higher wavenumber bands has allowed assignments of all three transitions and calculation of 

coc3-¥ 
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the ligand field parameters. There is some controversy over the ordering and extent of splitting 

of the D4, levels but those in Table 30 and Figure 2 seem generally accepted. The many 

observed spin-forbidden transitions (mainly quintet-triplet transitions) in the single crystal 

spectra have also been assigned, and there is good agreement between observed and calculated 
energies. The decrease in intensity of these bands which takes place between 70 and 6K is 
believed to be due to the onset of magnetic ordering; neutron diffraction studies show that 
below the Néel temperature the spins in CrCl, align parallel within the ferromagnetic (011) 
planes, but adjacent planes have opposite spins.*”* 

Table 30 Spin-allowed Transitions and Ligand Field Parameters for 

CrF, and CrCl, 

Theoretical Experimental (6 K) 
Assignment formula CrF, CrCl, 

Bip Aig 4Ds + 5Dt 10 495 9100 
°By,—> Bog 10Dq 11 623 11 050* 
°B,,—°E, 10Dq + 3Ds —5Dt 14 669 12 250* 
Dq (cm~) 1162 1100 
Ds (cm™') 1934 1470 
Dt (cm7') 551 640 

“Maxima of Gaussian components of band at 11750 cm". 

The gaseous dihalides are believed to be linear monomers, and the PE spectrum of CrCl, has 
been assigned on this basis with the assumption of a high spin molecule.*”? Anomalies in the 
heat capacity data of CrF, (10-300 K) have been associated with the magnetic ordering.**° 
From the temperature dependence of the '”°I Méssbauer spectra of CrI, a Néel temperature of 
45 + 5 K has been deduced.”*! 

The treatment of Cr metal with anhydrous HF acidified with the Lewis acids BF3;, AsF; and 

SbF; gives solutions believed to contain the ions [Cr(FH),]** because there is a single broad 
absorption band (9900 cm7'),”** as is observed in aqueous solution (14100cm™'), and in 
molten AICI; (8400 cm~") and fluoride melts (14 000 cm~'),?*? 

The green adduct CrF,-AsFs (Weg = 4.68 BM) has been prepared by the reaction of CrF, with 
AsF; in anhydrous HF.”*4 

35.3.7.2 Complex fluorides 

Much information on the correlation between magnetic and other properties and structure 
has come from investigations of the complex fluorides of the transition metals,7> and 
chromium(II) provides several examples (Table 31) of such complexes. 

(i) Preparations 

Trifluorochromates, ACrF; (A =NHg4, K or Rb), can be prepared in aqueous conditions 
from chromium(II) chloride and AF or chromium(II) acetate and AHF>.?**° The potassium 
salt has also been prepared by fusing CrF, with KF under argon.”*” 

Sodium tetrafluorochromate has been prepared in aqueous conditions as above, and from 
solutions of chromium(II) sulfamate.*** Some workers**®?* have isolated Na,CrF, only in spite 
of varying the reaction conditions, but others have obtained NaCrF;~°°“° although Li and Cs 
salts could not be obtained from aqueous or dry conditions. The salt NazCrF, is the only one of 
its stoichiometry among the chromium(II) complex fluorides. Attempts to prepare tetrafluoro- 
chromates in the solid state from MCrF; (M = K or Rb) and MF lead to disproportionation: 

3MCr"F; + MF = 2M;Cr'F, + Cr° (26) 

The complexes MCrF, (M = Ca, Sr or Ba), BazCrF., CrZr(Hf)F, and CrMF; (M=AI, Ti, 
V), and the mixed oxidation state species Cr,F;, Rb,CrF; and Cs,CrsF 1s 4 have been obtained 
by solid state reactions (see Table 31). Cr.F; is an example of a general class of chromium(III) 
fluoro complex M"@Cr™"B,,235 
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Table 31 Complex Fluorides 

Complex Comments Ref. 

KCrF;* Meg = 4.9 BM, 6 = 0° (85-350 K) 1-3 
Light blue Hog = 4.6 BM, 0=S°, Ty = 40 K (34-290 K) 
BELGE Mem © = 4.90; u25* = 4.40 BM, 0 = 32° 1 
ight blue 

RbCrF, Leg = 4.9 BM, 6 = 0° (60-570 K), antiferromagnetic <50 K 2 

Na,CrF, ue = 4.8 BM, 0 =0° 1,4 
Dark blue 

MCrF, M = Ca, Sr, Ba; planar from space group and optical spectra; CrF,, SrF, at 5) 
700 °C, M = Sr, Cr—F = 1.980 A, tetragonal KBrF, type 6 

Ba,CrF, CrF,, BaF, at 700°C S57 

CrZr(Hf)F, CrF, + Z1F, ————> _CrZiF, (trace of Cr°*) 8 
Greenish grey °Byp— Aig, Bog, “Eg transitions at 7000, 10 000sh, 11 700 cm™? 

Herp = 4.9 BM above 200 K; weak interaction <200 K 
CrMF, M = AI (paramagnetic), M = Ti, V (ferromagnetic, J, = 26 K and 40 K) 10 
Cr F; Mixed Cr?*, Cr°*; prep. from CrF,, CrF, at 800-900 °C; Cr’—F, 2 at 9 

1.955 A, 2 at 2.010 A, 2 at 2.572 A, Cr'™_F (av), 1.89 A; antiferromag- 10 
netic, Ty =40K 

Rb, CrF, Mixed Cr?+ (x = 0.18-0.30), Cr**; prep. from RbF, CrF,, CrF, at 850°C, 11 
28 d, amber, hexagonal bronze phase, x = 0.18-0.29, Ty = 25-35 K. Also 

K, Cs analogues 
Cer Cr Fas Formed with Cs,CoCr"F,, from CoCl,, CsCl, CsF, CoF,, CrF, at 850 °C 12 

* Also K,[Cr3Cl,F,]. J. C. Dewan, A. J. Edwards and J. J. Guy, J. Chem. Soc., Dalton Trans., 1986, 2623. 
. A. Earnshaw, L. F. Larkworthy and K. S. Patel, J. Chem. Soc. (A), 1966, 363. 
A. de Kozak, Rev. Chim. Min., 1971, 8, 301. 

Yoneyama and K. Hirakawa, J. Phys. Soc. Jpn., 1966, 21, 183. 
J. Deyrup, Inorg. Chem., 1964, 3, 1645. 
Dumora, C. Fouassier, R. von der Muhll, J. Ravez and P. Hagenmuller, C. R. Hebd. Seances Acad. Sci., 1971, 273, 247. 
G. von Schnering, B. Kolloch and A. Kolodziejczyk, Angew. Chem. Int. Ed. Engl., 1971, 10, 413. 
yon der Muhll, D. Dumora, J. Ravez and P. Hagenmuller, J. Solid State Chem., 1970, 2, 262. 
Friebel, J. Pebler, F. Steffens, M. Weber and D. Reinen, J. Solid State Chem., 1983, 46, 253. 

Colton and J. H. Canterford, ‘Halides of the First Row Transition Metals’, Wiley-Interscience, London, 1969, chap. 4. 
Tressaud, J. M. Dance, J. Ravez, J. Portier, P. Hagenmuller and J. B. Goodenough, Mat. Res. Bull., 1973, 8, 1467. 

S. Hong, K. N. Baker, R. F. Williamson and W. O. J. Boo, Inorg. Chem., 1984, 23, 2787. 

Courbion, R. de Pape, G. Knoke and D. Babel, J. Solid State Chem., 1983, 49, 353. 
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(ii) Properties 

Down to liquid nitrogen temperatures, KCrF; and Na2CrF, have essentially temperature- 
independent magnetic moments, but NH,CrF; is antiferromagnetic.*° Other measurements 
have shown that antiferromagnetism develops in KCrF; at lower temperatures (Ty = 40 K, 
@=5°). Neutron diffraction experiments at 4.2K have established that ferromagnetic (001) 
sheets are coupled antiferromagnetically along the (001) direction. The exchange constants in 

and between the layers are of similar magnitude, J = 1.4° and —2.2° respectively.” 
Solid state electronic spectra show the expected pattern for high-spin chromium(II) 

complexes, and for KCrF3,7°°74? SrCrF,’7 and CrZrF, all three spin-allowed d—d transitions 

have been resolved. A theoretical analysis of the sharp spin-forbidden (quintet—triplet) 

electronic transitions in the solid state spectra of KCrF3; has been made.?”° 

The salts KCrF; and RbCrF; have distorted perovskite structures, and from analysis of 

powder data the former contains tetragonally compressed CrF, octahedra in which two Cr—F 

bond distances are 2.00 A and four 2.14 A.” The ionic radius of Cr** in fluoride perovskites 
has been estimated at 0.73 A as a weighted average from lattice constants.**° 

The complex fluoride CrZrF, (Table 31) is an example of a class of compound A"M'YF. 

which undergoes phase transitions as the temperature changes. In the chromium(II) and 

copper(II) compounds additional modifications occur because of local and cooperative 

Jahn-Teller distortions. From the three spin-allowed d-d transitions for high-spin Cr’* in 

strongly distorted CrF, octahedra (Table 31) an octahedral A value of 7600 cm~’ is calculated. 

Transitions between the monoclinic II’, pseudotetragonal I’ and cubic I phases have been 

CrZrF.; I’ S&S p WS I 
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established by X-ray and neutron diffraction methods. Additionally, *’Fe doped into CrZrF¢ 
has a Mossbauer spectrum with an isomer shift typical of high-spin iron(II), and a large 
quadrupole splitting below 400K (AE ~1.4mms™'), which decreases almost to zero over a 
few degrees as the temperature rises above 400K. The large AE arises from the presence of 
Fe?* in lattices (II’ and I’) where there are statically distorted CrF, octahedra, but above ca. 
400K, i.e. in the cubic phase I, a dynamic Jahn-Teller effect takes over; the time for 

interchange of the tetragonal axis among the three four-fold axes of the FeF, octahedron being 
short on the Mossbauer timescale. The M6ssbauer data also show that the FeF, octahedra in II’ 
and I’ are elongated,**’ and the phase transitions have been monitored by neutron powder 
diffraction studies.” 

35.3.7.3 Complex chlorides, bromides and iodides 

(i) Solvated tetrachloro- and tetrabromo-chromates (II) 

The dihydrates A,[CrX,(H2O)2] (X = Cl or Br) have been crystallized from solutions of the 
constituents in the appropriate halogen acid except for the pyridinium salts which were isolated 
from ethanol (Table 32 and Scheme 24). All are magnetically dilute, high-spin compounds with 
reflectance spectra as expected for tetragonally-distorted octahedral anions [CrX,(H,O),]*~. 
The NHg, Rb and Cs salts are isomorphous with the corresponding copper(II) complex halides, 
which contain trans anions [CuBr4(H2O),]*~ with two short and two long CuX bonds. Similar 
structures are therefore likely for the chromium(II) anions.”47-**? 

Table 32 Properties of Halochromate(II) Dihydrates and a Diacetic Acid Adduct 

Reflectance spectra (cm~*) 
Compound Comments V2 v4 Ref. 

A,[CrCl,(H,O),] A =NH,, K (decomposes), Rb, Cs, NPhH;, ca. 13000 ca.10000sh 1,2 
Light blue pipzH,, pyH (light green), u._~ 4.8 BM, 

indep. of T (90-295 K), v(Cr—Cl), 
ca. 325cm™! 

A,[CrBr,(H,O),] A=NH,, Rb, Cs, pyH (light green); ca. 12 500vbr 3,4 
Light blue [pipzH,],CrBr,:-2H,O, ug ~ 4.8 BM, 

indep. of T (90-295 K), v(Cr—Br), 
ca. 270 cm7! 

Cs[CrCl,(H,0),] pe * = 4.61, 20% = 4.25 BM, 6 = 24°; 12 300s 6600m 1 
Off-white antiferromagnetic 
[C(NH2)3][CrBr4(MeCO,H),] pH ~ 4.85 BM, indep. of T (90-295 K) 11 600s 7000m 5 
Light green CO,H absorptions 1615 and 1290 cm7! 

1. L. F. Larkworthy, J. K. Trigg and A. Yavari, J. Chem. Soc., Dalton Trans., 1975, 1879. 
2. M. A. Babar, L. F. Larkworthy and S. S. Tandon, J. Chem. Soc., Dalton Trans.., 1983, 1081. 
3. M. A. Babar, L. F. Larkworthy and A. Yavari, J. Chem. Soc., Dalton Trans., 1981, 27. 
4. M. F. C. Ladd, L. F. Larkworthy, G. A. Leonard, D. C. Povey and S. S. Tandon, J. Chem. Soc., Dalton Trans., 1984, 2351. 
5. M. A. Babar, M. F. C. Ladd, L. F. Larkworthy, G. A. Leonard and D. C. Povey, J. Crystallogr. Spectrosc. Res., 1983, 13, 325. 

A HCl(aq) HBr( CrCl, <—— CrCl,-4H,O <—_—“Y* —_ cy. ———*? _., cyBr,-6H,O —“-> CrBr, 

act cone HCl HK) | B:0H At con HBr 

A,[CrCl,(H;0),] CrCl,-nEtOH (soln.) A.[CrBr,(HO)>] 
AICI 
EtOH ~ 130°C bene [rt KCl so 130°C 

ACI K(Rb)CI 
MeCO,H A,[CrCly] ee Cre A,[CrBra] oa or 

ecoui| Moc K(Cs)Cl ie HCl 
AICI Cr ~ 500°C 

MeCO,H excess 

Gr aE [Cr.(O;CMe).] CrCl, 

For cations A see Table 33 

Scheme 24 
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From the diffuse reflectance and IR spectra and the absence of magnetic interaction, it was 
deduced that there are analogous trans anions containing coordinated acetic acid molecules in 
the guanidinium salt [C(NH2)s][CrBr4(MeCO,H),]; and this has been confirmed by a single 
crystal investigation which also shows that there are two distinctly different Cr—Br bond 
distances (Table 34 and 72).*°° However, in [pyH],[CrBr4(H2O),] there are discrete trans 
planar CrBr,(H2O), units and bromide ions instead of the expected trans octahedral anions 
(Table 41). This is an example of Cr?* in an uncommon planar environment.?*! The chloride 
py CrCla(H20)o} may have the same structure since it is green unlike [NH,].[CrCl,(H20)] 
which is blue. 

Me 

Br 6 
i2Oo 1 OJOH 

Bites HO Pye Br 

DO) | 
C—™~ Br 
\ 
Me 

(72) 

(ii) Tetrachlorochromates (II): syntheses 

Complex salts of the general formula A,[CrCl,], where A represents NH,, K, Rb, Cs or an 
organic cation (usually unipositive), have been intensively investigated during the last decade 
particularly because many of them are weakly ferromagnetic. Ferromagnetism is well known 
for certain metals and alloys, but not for magnetically concentrated transition metal complexes, 
the great majority of which are antiferromagnets. Many tetrabromochromates(II) behave 
similarly and with the tetrachlorochromates(II) provide the most numerous class of ionic 
ferromagnets.**” 

The alkali metal tetrachlorochromates(II) can be crystallized from the melt (A=K, Rb, 
Cs)*°?294 or glacial acetic acid containing acetyl chloride (A = Rb, Cs, NH4),”° or obtained by 
thermal dehydration in vacuo of the dihydrates (A = NHy, K, Rb, Cs)*°° (Scheme 24 and Table 
33). Many salts of organic cations have been crystallized from concentrated hydrochloric acid 
or various non-aqueous solvents.’ 7 The complexes [dienH3][CrCl,JCl and 
[trienH.][CrCl,]Cl, are also tetrachlorochromates because, as indicated, the additional chlor- 
ides are ionic.”’ There is obviously scope for the preparation of salts of many more cations, 
and whereas the monoalkylammonium salts (and the few known monoarylammonium salts) are 
ferromagnetic, the more heavily substituted cations, e.g. NMe2H2 and pyH, produce different 
structures (see below) and antiferromagnetic tetrachlorochromates. 

Large crystals of Rb2[CrCl,] and [N(CH2Ph)H3]2[CrCl,] have been grown; the former from 
the melt by the Bridgman and Czochralski methods, and the latter by careful temperature 
control from solutions in sealed tubes.””7°" 

(iii) Ferromagnetic tetrachlorochromates(II): magnetic behaviour, structure 
and optical properties 

The ferromagnetic behaviour of these complexes was detected by magnetic moments which 
are considerably higher at room temperature (e¢~5.7 BM) than the spin-only value, and 
increase rapidly to ca. 9BM at 90K as the temperature is lowered.” At high temperatures, 
the reciprocal magnetic susceptibility follows the Curie-Weiss law with large positive intercepts 

on the absolute temperature axis, and it is apparent from the measurements that the Curie 

temperatures Tc lie a little below liquid nitrogen temperature. The susceptibility data become 

field dependent below the 7c values, which have been estimated for several complexes from 

plots of reduced magnetization against temperature. The persistence of short range order 

above Tc reduces the accuracy, and more accurate values have been obtained from neutron 
diffraction and optical spectroscopy (see below), which are zero field methods dependent on 
spontaneous magnetization. 
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Table 33. Tetrachlorochromates(II) 

Jib VG. Ee 

Complex Comments Ref. 

a a a ee eee 

A,[CrCl4] A =NH, (colourless), K, Rb, Cs; ferromagnetic, 6 = —65 to —85™ 1-3 

Yellow to brown J =8.5cm~! (Rb),” T, = 60-65 K (ref. 2), 52 K (ref. 4) 

A,[CrCl,]° A =NRH;: R= Me, Et, Pr, n-CsH,;, n-CgHj7, n-CyoH2;, n-Cy2H2s, Ph, 3-9 

Silver-grey to o-MeC,H,, CH,Ph; ferromagnetic, @ = —50 to —75°; Me: J =9 en~!, 

green g =2, To =58K (ref. 5), T- = 41 K (ref. 4) 

A=NMe;>Hb, pyH, NEt,H, 5pipzH; antiferromagnetic, 6 = 29 to 84° 

[enH,][CrCl,] From CrCl,:4H,O and [enH,]Cl, in conc. HCI; ferromagnetic, 6 = —64°, 6 

Grey-green J=4.9cm~', g =1.94 
[H,;N(CH,)3NH3][CrCl,] From CrCl,-4H,O and [tmdH,]Cl, in conc. HCI; ferromagnetic, 6 = —67° 7 

Yellow-green 
[dienH,}[CrCl,]Cl From CrCl,-4H,O and [dienH,]Cl, in conc. HCI; ferromagnetic, 6 = —63°, 6 

J=6.2cm', g=1.94, T.=~40K 10 

[trienH,][CrCl,]Cl, From CrCl,:4H,0 and [trienH,]Cl, in conc. HCI; ferromagnetic, 6 = 6 

—52°, J=5.4cem *, g= 1.94 
[N2H,]2[CrCl,] From CrCl, and [NjH,]Cl, in MeCO,H; antiferromagnetic, 6 = 74° 7 

Green 
Rb,Cr,_,.Mn,Cl, 0<x <0.5, solid solutions from melts of mixed halides, Cr rich O<x < 11 

0.41, ferromagnetic; Mn rich 0.59 <x <1, antiferromagnetic 

Rb, Cr; _; CdCl, x =0(Rb,CrCl,) to ca. 0.5 ferromagnetic, T. = 53 K (Rb,CrCl,), de- 12 

creases with x 
Picardie Sal Rel pen Nd Bil he ob ie Ee OEE 2 ARES Se a ee a ee 

* Curie-Weiss law taken as x, 'a(T +9). j A } 
* Ng Hla = 2kT +J(—4 + 9y — 9.07y* + 55.73y° — 160.7y" + 116.6y° +...) where y =J/kT (H = —EJS,5,) (ref. 8). 
© ¥(Cr—Cl) ~ 300 cm ~ 

D. H. Leech and D. J. Machin, J. Chem. Soc., Dalton Trans., 1975, 1609. 
A. K. Gregson, P. Day, D. H. Leech, M. J. Fair and W. E. Gardner, J. Chem. Soc., Dalton Trans., 1975, 1306. 

. L. F. Larkworthy, J. K. Trigg and A. Yavari, J. Chem. Soc., Dalton Trans., 1975, 1879. 
. C. Bellitto, T. E. Wood and P. Day, Inorg. Chem., 1985, 24, 558. 
C. Bellitto and P. Day, J. Chem. Soc., Dalton Trans., 1978, 1207. 

L. F. Larkworthy and A. Yavari, J. Chem. Soc., Dalton Trans., 1978, 1236. 
M. A. Babar, L. F. Larkworthy and S. S. Tandon, J. Chem. Soc., Dalton Trans., 1983, 1081. 

. M. J. Stead and P. Day, J. Chem. Soc., Dalton Trans., 1982, 1081. 

. C. Bellitto and P. Day, J. Cryst. Growth, 1982, 58, 641. 

. M. A. Babar, L. F. Larkworthy, B. Sandell, P. Thornton and C. Vuik, Inorg. Chim. Acta, 1981, 54, L261. 

. G. Miinninghoff, W. Treutmann, E. Hellner, G. Heger and D. Reinen, J. Solid State Chem., 1980, 34, 289. 
12. W. Kurtz, Solid State Commun., 1982, 42, 875. 
a BP OOMDIDNARWNE 

The high temperature susceptibility data have been fitted to a series expansion formula 
suitable for a layer ferromagnetic (see below for structures) with S = 2, to give estimates of the 
nearest neighbour exchange integrals J, and some representative results for J and examples of 
Tc are in Table 33. 

Values of J of 7 to 9cm™' with g ca. 1.98 give reasonable fits for the chlorides. For the 
bromides J is generally larger (Table 35), indicating greater coupling through bridging bromide. 
J, however, varies little with increasing interlayer separation; thus there is strong magnetic 
coupling via the bridging halide between the cations in the layers and little interaction between 
the cations in adjacent layers so it is reasonable to assume that the magnetic properties are 
essentially two-dimensional.”*? Similarly, the Curie temperatures, where known, are not very 
sensitive to the interplanar spacing. The 7< values themselves are dependent on the method 
used to measure them. For example, 7. for [NMeHs3].[CrCl,] has been reported as 41 K from 
very low field magnetization experiments,’ whereas higher field magnetization experiments 
and optical studies have given values of 58 K. There is no sign of a phase transition from heat 
capacity measurements*” from 10 to 302K although by comparison with data from the 
analogous Mn" complex the corrected curve has a maximum at approximately 45 K, where the 
three-dimensional order breaks down as the temperature rises. 

The alkali metal salts have the distorted K,NiF, structure (cf. K,CuF,) in which there are 
sheets of chloride-bridged (CrCl,)?~ units separated by double layers of ACI from which 
chloride ions complete tetragonally elongated (CrCl,) octahedra. The principal axes of the 
octahedra lie in the sheets and are directed alternately at right angles. Related structures have 
been described from single crystal studies for [NMeHs].[CrCl4], [dienH3][CrCl,]Cl and 
[tmdH][CrCl,], in which the sheets [CrCl,], are separated by the organic cations (73) (and 
chloride also in the dienH; salt) (Table 34). In addition, the salts A,[CrCl,] (A =NMeHs, 
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NEtH; and NPhHs) are isomorphous with the corresponding copper(II) complexes, which are 
known to have chloride-bridged sheets intercalated with the organic cations. 
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(73) 

The ferromagnetic chloro complexes have unusual electronic spectra. Besides the usual 
broad, spin-allowed d—d transitions of Jahn—Teller distorted chromium(II), °Byg—> °Ai¢(v1)(ca. 
8000 cm™~*) and °Bi,—> °Bog, °E,(v2) (ca. 11250 cm™'), the solid state spectra contain relatively 
intense spin-forbidden bands near 18700 and 15900cm7!. These bands all but vanish on 
cooling to 4.2K. Owing to the density of triplet levels (see Tanabe-Sugano diagram) precise 
assignments are difficult, but the bands have been assigned to transitions to the *E,(7H) and 
°Ai,(°G) levels. Transitions to these levels should be independent of ligand field strength, and 
in confirmation, ferromagnetic bromides (Table 35) have bands at 18 400 and 15 600 cm7!. The 
greater nephelauxetic effect of bromide would account for the small decrease in wavenumber. 
The unusual intensity arises from the ‘hot band’ mechanism (exciton—magnon combination) by 
which, coincidently with the AS=—1 change accompanying the optical excitation of one 
chromium(II) ion, there occurs a AS = +1 change at an adjacent magnetically coupled ion, 
which drops from a thermally populated magnetic energy level to a lower one. Effectively, 
AS=0 and the spin-forbidden absorptions gain considerable intensity. At low enough 
temperatures, when all the metal ions are in the ferromagnetic ground state (all spins parallel), 
the intensity of the optical transition is zero because no compensating AS = +1 changes can 
occur. Almost up to 7c, which has been estimated from the data, the intensity follows a T? law, 
and this has been explained theoretically.*°*?° 

The transparency of the tetrachlorochromates(II) in the visible region could be of 
technological importance because other ferromagnets are opaque, but their relatively low Curie 
temperatures and air-sensitivity are severe limitations. 

There are many pathways for magnetic interaction in 180° high-spin d* systems, some 
leading to ferromagnetic and others to antiferromagnetic coupling. The pathways have been 
described for the situation where two planar [CrX,]*~ units share a corner, and it has been 
calculated that the net result is likely to be antiferromagnetic coupling.*°° No complex with this 
structure has been isolated. 
Parameters such as metal-metal separation, d-electron configuration, size and polarizability 

of bridging atom, bridging angle and planarity of the bridging system are important in 
determining whether the magnetic interaction will be ferromagnetic or antiferromagnetic. The 
local environments are very similar in the few ferromagnetic chromium(II) complexes for which 
structural data are available (Table 34). They all have layer structures, the bridges are 
approximately linear, the direct Cr—Cr separations are in the range 5.05—-5.25 A and the 
elongated distortion axes alternate at 90° in the plane of the metal ions. This cooperative 
Jahn-Teller distortion permits superexchange via bridging chloride anions between a half-filled 
d,2 orbital on one metal ion and the empty d,2_,2 orbital of a neighbour throughout the lattice. 
Departure of the bridging angles from 180° will affect the degree of interaction but too few 
structures have been determined for any pattern to emerge. 

(iv) Antiferromagnetic tetrachlorochromates (II) 

Several complexes: A,[CrCl,] (A=pyH, NMe2H, or NEtsH) and [N2H6]2[CrCl.] are 
antiferromagnets. This behaviour and the reflectance spectra of the complexes suggest that they 

contain distorted six-coordinate Cr. One structure has been determined; that of 
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Table 34 Anhydrous and Complex Halides and Other Chromium(II) Complexes Showing 4+ 2 

Coordination 

eth Nn a eee 

Complex*” Coordination sphere (A) Ref. 
ON ee eee 

CrF, Cr—F, 4 at 1.98, 2 at 2.43 1 

CrCl, Cr—Cl, 4 at 2.39, 2 at 2.92 1 

CrBr, Cr—Br, 4 at 2.54, 2 at 3.00 1 

Cr Cr—I, 4 at 2.740, 2 at 3.237° i Pee 

KCrF, Cr—F, 2 at 2.00, 4 at 2.14° 3 

SrCrF, Cr—F, 4 at 1.980, planar 4 

Cricrp, Cr™_F, 2 at 1.955, 2 at 2.572 5 
2 at 2.010 

CrCl,-4H,O Cr—O, 2.078 (av), Cr—Cl, 2.758 6 

[C(NH,)3][CrBr4(MeCO,H),] Cr—Br, 2 at 2.637, 2 at 2.839 Z 

Cr—O, 2 at 2.06 

Cs,CrCl, Cr—Cl, 4 at 2.609, 2 at 2.399 8 
Rb,CrCl, Cr—Cl, 2 at 2.35, 2 at 2.70 9,10 

2 at 2.38 
[NMeH],[CrCl,] Cr—Cl, 4 at 2.41, 2 at 2.82 10 
[NH3(CH,)3NH3][CrCl,] Cr—Cl, 2 at 2.39, 2 at 2.87 11 

2 at 2.41 
[NH;(CH,),;NH,(CH,)3NH3][CrCl] Cr—Cl, 2 at 2.39, 2 at 2.79 12 

2 at 2.41 
[NMe.H,],[CrCl,]‘ (74) [Cr;Cl,,]° units 11 

Cr(central)—Cl, 4 at 2.62, 2 at 2.40 
Cr(terminal)—Cl, 2 at 2.37, 1 at 2.70 

2 at 2.44, 1 at 3.22 

[Cr,(O,CH),(H,O),] (32) Cri* units,® and Cr** with 13 
Cr—O, 2 at 2.022, 2 at 2.499 

2 at 2.063 
[Cr3(n°-CsH;)2(O,CCF3).] (70) Cr—O, 4 at 2.01, 2 at 2.58 (central Cr°*) 14 
[Cr(Cj7H,NO;S),(H,O),] (8) Cr—O, 2 at 2.048, 2 at 2.396 15 

Cr—N, 2 at 2.196 

CrS Cr—S, 4 at 2.45, 2 at 2.88 16 

* Other Cr” complexes for which single crystal X-ray structural information is available are [Cr(NO){N(SiMe;),}>] 
(135), [CrMe,(dmpe),] (19), [Cr(n°-C;H,),(OBu’),] (21), Cr(OCBu5)>-LiCl(THF), (22) and the complexes in Tables 
41 and 95 
» For the low-spin (S = 1) complexes Na,[Cr(CN),]:10H,O, [Cr(CNPh),](PF,), and [Cr(TPP)(py),] see Tables 3, 4 and 
102 and for [Cr(nic),(H,O),] (6) Section 35.4.3.4. 
;, Monoclinic form, isotypic with (Mn, Cr)I,; similar Cr—I distances in orthorhombic phase. 
From powder data. 
; Later work??? suggests that the tetragonally compressed structure is unlikely. 
For ACrX, and A,CrI, see Table 36. 

® For structures of other a as species see Section 35.3.5.5. 
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[NMe2H2],[CrCl,].7° It does not have a layer structure, but contains isolated trimeric units 
[Cr3Cl,2]°- in which the metal ions are linearly arranged and antiferromagnetically coupled 
(74). The central chromium atom can be considered to be surrounded by a tetragonally 
flattened octahedron of chlorine atoms, which bridge to the terminal metal atoms. These form 
four short and two long Cr—Cl bonds. There is considerable distortion of the angles at the 
metal atoms from 90°. Now that the structure is known, it is apparent that the successful fitting 
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Table 35 Bromochromates(II) 

SSS a ee 
Complex Comments ee ee eee ee TE SS 4 ee) Oo! Died oA bes or ietorn 

A,CrBr, A= Cs, ferromagnetic, 429° * = 5.0 BM, 6 = —44° 
Dark green or brown A=Rb, NH,, antiferromagnetic, 123°“ ~ 4.2 BM, @ = 82° and 94° 
A,CrBr, *A = NRH;: R= Me, Et, Pr, n-C5H,,, n-CgH,,, n-C,H,5; ferromagnetic, 
Greenish yellow Meg <~5.8BM, 0 = —87 to —100°, J~10cm~', g= 1.94, T.~58K 

A =NPhH3, pyH, NMe,H,, NEt,; antiferromagnetic, 122°* ~ 4.0 BM, 6 = 35 to 90° 
[pipzH,],[CrBr,] Thermal dehydration of dihydrate, 129° = 4.75 BM, @ = 4° 
Light green 

* v(Cr—Br) = 220-270 cm’. 

of the magnetic data to the equation for a sheet antiferromagnet was fortuitous’ and 
illustrates the difficulty often experienced in distinguishing between possible structures 
.magnetochemically. 

Cl Ch. Cl Cl 

Cr C Cr 
wy aN 3 oh ne oA met 

Cl Gis Cl 

(74) [Cr3Cl,.]°~ 

There is evidence for the formation of a trimeric anion [Cr3Clio]*” (Ue =4.78 BM) in 
solutions of CrCl, and [NBu,JCl in CH,Clh.”’ The antiferromagnetism of [N2He]2[CrCl.] 
suggests that its lattice does not contain [CrCl,]*~ units, since this would lead to magnetically 
dilute behaviour, but contains ionic chloride and halide-bridged complex anions. The powder 
photograph of [NEt;H]2[CrCl,] bears no resemblance to that of [NEtsH]2[CuCl,].2© The latter 
contains discrete distorted tetrahedral [CuCl,]’~ anions for which no Cr™ analogues are known. 

(uv) Tetrabromochromates (II) 

Like the chlorides, some salts A2CrBr, are ferromagnetic and others antiferromagnetic. They 
can be prepared by thermal dehydration, but non-aqueous procedures are preferable (Scheme 
24). Salts of enH3*, dienH3* and p-MeC,H,NH# could not be obtained. Compared with the 
chlorides, few investigations have been carried out. The ferromagnetic complexes generally 
have slightly higher moments and larger J values than the chlorides suggesting that the 
magnetic interaction is greater. The Curie temperatures are known approximately for 
[NRH3]2[CrBr,4] (R = Me, Pr or n-C,2H)s) and are similar to those of the chlorides” (Table 
35). No structural data have been reported but there seems little doubt that the ferromagnetic 
complexes will be found to have sheet structures. Since J and Jc do not vary significantly with 
R, the interplanar coupling between the metal ions is much weaker than the intraplanar 
coupling as in the chlorides. 
Many of the tetrabromochromates(II), i.e. the Rb, NH,, NPhH3, pyH, NEt, and NMe2H, 

salts, are antiferromagnets. Since the chloro analogues of the first three are ferromagnets, 
structural comparisons would be informative. 

Whether ferromagnetic or antiferromagnetic, the salts A,CrBr, have a very broad band near 
10 500 cm~', asymmetric or with a shoulder to lower wavenumber, in their reflectance spectra. 
These typical spectra of six-coordinate Cr", with the absorptions at lower wavenumber than in 
the chlorides (ca. 11000cm~'), confirm that the [CrBr,]’~ units are polymerized. There are 
many spin-forbidden bands to higher wavenumber, including two bands near 18400 and 
15 600 cm7', which. are unusually intense in the spectra of the ferromagnetic complexes. Their 
intensity presumably arises from the same mechanism as for the chlorides. 

COC3=y* 
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(vi) Trihalochromates(I1): syntheses and structures 

Complexes of the general formula AMX;, where A is a unipositive cation, M a bivalent 

metal ion and X a halide ion (CI~, Br~ or I~) crystallize in several different lattice types, but 

have structures comprising infinite parallel chains (MX;3);, of face-sharing octahedra separated 

by the cations A (75). Since the metal-metal separation in the chains is 3.1 to 3.5 A, increasing 

from Cl to Br to I, and the distance between chains is much greater at approximately 8 A, there 

is strong intrachain interaction, but weak interchain interaction when M is a paramagnetic 

transition metal ion.?” In addition, the M—CI—M bridge angles are approximately 90° so that 

the structures of the trihalochromates(II) contrast sharply with those of the layer tetrahalo- 

chromates(II). 

DB. X Xx x 

' cy SNL. Pe 

Pew cafegpet ema 
(75) (MX), 

The alkali metal trihalochromates, ACrX3 (X = Cl, Br) can be crystallized from a melt of the 
constituent anhydrous halides*”’*” or from non-aqueous solvents, especially acetic acid. The 
latter method is particularly useful in the preparation of salts of non-metallic cations ACrCls 
(A =NHg, NMeg, pyH and NMe2H,).”*° Thermal dehydration in vacuum has also been used to 
produce pyHCrCl, and CsCrCl,*° from [pyH],[CrCl,(H2O)2] and CsCrCl;(H2,O)2. The 
triiodides ACrI, (A = Rb, Cs?”) and the hexaiodides (TI or In),CrI,””° have been crystallized 
from the melt. There is no report of attempts to crystallize iodides from non-aqueous solvents. 

There is agreement over the gross structural features of these linear chain chromium(II) 
complexes (and the isomorphous copper(II) analogues), but different models have been used 
for structural refinement. Phase transitions associated with the Jahn-Teller distortion (@ to B 
to y as the temperature is lowered) complicate the structural studies. 

In the first full structural investigation, that of CsCrCl, (295 K, hexagonal, @ phase), it was 
concluded that the space group was P63mc and the [CrCl,] octahedra were of C3, symmetry 
with three short and three long bonds (Table 36), i.e. there is no evidence of a static 
Jahn-Teller distortion, unlike in CsCuX;3 (X = Cl, Br).?”* Single crystal X-ray data for CsCrBr; 
were analyzed on the same model.”” If the site symmetry of the Cr** ion is C3,, the 
degeneracy of the E, ground level is not removed and this modifies the assignments of the 
electronic spectra (see below). However, the space group of the a phases of ACrX;3 cannot be 
uniquely determined from the data,”’??” and the choice of a disordered P63/mmce space group 
rather than P63mc is more logical in relation to the expected operation of the Jahn-Teller 
effect. With the assumption of pseudo D,, symmetry at each Cr**, and a random distribution of 
elongated octahedra, better refinement results for a@-CsCrCl; and a-CsCrI;. The large 
anisotropic thermal motion of anions parallel to the c axis is now attributed to the disorder. 
The same disordered Jahn-Teller distorted structure is expected for a-CsCrBr3 and a-RbCrX; 
(X = Bror))?” 

In B-RbCrCl; the deformation around Cr-1 is elongation along a particular axis, but 
elongations along other axes average to an apparent compression about Cr-2.7°?77 In 
y-RbCrCl, the elongated axes alternate along different directions.?”° 
Whereas the Mossbauer spectra at 77K of CsM’*°I; (M=V, Mn) can be fitted assuming 

quadrupole splitting at a single metal site, two sites (a/b =2/1), with coupling constants of 
opposite sign, must be assumed when M=Cr. In the a and b sites the °I atoms are in 
asymmetric and symmetric bridging positions respectively, consistent with axially distorted 
octahedra. The a to B phase transition (Table 36) is confirmed from X-ray powder diffraction, 
but at 165 +5 K.?”8 

(vii) Trihalochromates(II): electronic spectra and magnetic behaviour 

The single crystal electronic absorption spectra of CsCrX; (X=Cl or Br) have been 
examined in some detail. There are intense broad bands at 22000 and 11500cm™~! with a 
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Table 36 Trihalochromates(II) and Hexaiodochromates(II) 
<= EEO OST SUT A RE 

Complex Comments Ref. i i i ee 
ACrCl, A=K, ug <= 4.56 BM, 0 = 45°, J = -2.8 to —3.5cm7! 1-5 A= K, Rb, Cs, A=Cs, weg “= 3.41 BM, Ty ~ 140K, J = —17.4 to -18.4cm7! 
(brownish green) NH,, A=NMe,, Hom” = 3.81 BM, Ty = 104K, J=-12.5cm7! 
NMe,, NMe,H,, pyH A= pyH, wig “= 4.44 BM, u20* = 3.05 BM 
Yellow A=NMe,H,, u2g “= 3.80 BM, 120% = 2.46 BM, J ~ —11 cm7! 

: 470K, A=Rb 201K, A=Rb 
Phase changes: «@ iar oaReese p ———— y 6 

hexagonal monoclinic monoclinic 
C3, symmetry, Cr—Cl: 2.419 (3x) and 2.618 (3x), Cr—Cr =3.112A (CsCrCl,) 5 ated Di symmetry, Cr—Cl: ca. 2.41 (4x) and ca. 2.72 (2x) A 6 

tBr, av Symmetry, Cr—Br: 2.574 (3x) and 2.780 (3x), Cr—Cr = 3.253 A (CsCrB 
A=K, Rb, Cs, NMe, oe - Senne ; 10 
Yellow or brown : 
ACrI, B-CsCrl;, To. ~ 27K, J/k = -14K 7 
A= Rb, Cs RbCrI,, J/k = -11K 

Phase changes: a ee oss B ES es y 

hexagonal monoclinic monoclinic 

ey 150 K, A=Cs B 

hexagonal orthorhombic 
D4, symmetry, Cr—I, 2.79 (4x), 3.07 (2x) A 6,7 
C3, symmetry, Cr—I, 2.83 (3x), 2.94(3x) A 8 

A,Crl, Phase changes: a@-TI,Crl; ——~> B-form 9 
A=TI, In tetragonal orthorhombic 

A=TI, Hog =4.5 BM, 0=7°, Ty =2.7K 
A=In, Hog = 4.6 BM, 0 =8°, Ty =2.9K eee Bracks Sn UMieN Fier MCT UZseord WOT cath iis ied snbyloies Sree) 
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weaker broad band at 6500cm™'. The last two bands have been assigned?” to the usual 
Big — Brg, "Ez and °Bi,— °Ai, transitions (Figure 2, D4, symmetry), but because the E, and 
Th, levels of O, symmetry remain unsplit in C3, symmetry, an alternative assignment of the 
bands at 11500 and 6500cm™ is to the °E—>°T7, transition and the spin-forbidden *“E— °7, 
transition respectively.” The alternative seems less likely in view of the recent crystallographic 
work, which indicates pseudo D,, symmetry for the [CrCl,] units in all phases. 

The band at 22000 cm~* (anomalous because other Cr complexes of Cl” and Br~ do not 
absorb strongly here) has been assigned to simultaneous excitation of a pair of antiferro- 
magnetically coupled Cr" ions so that the absorption is at ca. 2 x 11500cm™!. 
A number of weak sharp bands in the region 15 000 to 25000 cm7’ have been assigned to 

spin-forbidden transitions and charge transfer is found beyond 25000cm7!.?” The iodide 
CsCrI; absorbs strongly throughout the visible—near IR region; a shoulder at 10 000 cm™! may 
be a d—d transition.””° 

The trihalochromates(II) behave antiferromagnetically and the temperature-dependence of 
susceptibility has been analyzed in terms of linear chains of interacting spins (high spin Cr", 
S=2, Table 36). Direct exchange should increase as the Cr—Cr separation decreases 
(I— Br— Cl), while superexchange via the bridging anions should increase with increasing 
covalency (Cr>Br-—]1). The second effect predominates in CsNiX;,*” but there have not 
been enough investigations for correlations to appear in the Cr" case. 

The only known hydrated trichlorochromate is Cs[CrCl;(H2O)2] (Table 32), the antifer- 
romagnetic behaviour of which can be reproduced by substitution of J =—3.0cm™ and 
g = 1.93 in the expression for a binuclear compound with S = 2. This suggests*”° that it has the 



766 Chromium 

structure found in copper(II) compounds of the same stoichiometry in which binuclear 
Cu,Cl.(H2O),2 units, formed by symmetrical chloride bridges, are weakly linked in chains by 
further chloride bridges. 

(viii) Pentahalochromates (II) 

When sodium chloride is fused with anhydrous chromium(II) chloride the product is NaCrCls 
regardless of the proportions of chlorides used.”” Other cations give tetra- or tri-chloro- 
chromates(II) as in Sections 35.3.7.3.ii and 35.3.7.3.vi above. The solvate 
{pyH]3[CrBr;]-2MeCO>H has been isolated from the metal acetate and pyridine in a mixture of 
acetyl bromide and acetic acid, and there is considerable splitting of the spin-allowed d—d band 
in the reflectance spectrum of this complex,”° but no detailed investigations of pentahalo- 
chromates have been reported. 

(ix) Hexaiodochromates (II) 

The complexes A2CrI, (A = TI or In) contain isolated [CrI,]*~ units; in the a phase there is a 
random distribution of Jahn-Teller distorted octahedra, which are elongated perpendicular to 
the c axis, and below 77 K the f-phase forms in which the directions of elongation are ordered 
(Table 36). Refinement leading to axially compressed octahedra in the [CrI,]*~ units [Cr—I, 
3.046 A (4 x ), 2.738 A (2 x )]® is said?” to be due to an inadequate model. 

35.3.8 Hydrogen and Hydrides as Ligands 

The borohydride Cr(BH,)2:2THF has been prepared from [Cr(OBu'),] and BH, (Section 
35.3.4.2) and from CrCl; (p. 725). CrH2 has a cubic close packed structure and in hexagonal 
close-packed CrH the CrH distance is 1.91 A.78! The hydride [CrH,{P(OMe)s}s] is discussed in 
Section 35.3.4.1. 

35.3.9 Mixed Donor Atom Ligands 

Several types of mixed donor ligand (N—O, C—O) bridge the (Cr—Cr)** unit in dinuclear 
species (Section 35.3.5.5). 

35.3.9.1 Complexes of B-ketoamines and Schiffs bases 

(i) B-Ketoamines 

Chromium(II) complexes (76) to (79) have been made”®:?8? by the procedure outlined in 
Scheme 16 for the preparation of [Cr(dpm),]. Complexes (76; R = Me, Pr') are thought to be 
planar because they are high-spin (Table 37), with solution and solid state spectra”® like those 
of planar high-spin [Cr(dpm),]. One member (R= Bu") of the related series (78) and 
[Cracacen] (79), have been shown to be planar by single crystal X-ray studies; resemblances 
between the electronic spectra suggest that series (78) are all planar. Unlike the nickel(II) 
series analogous to (78), bulky R groups do not induce the formation of tetrahedral 
chromium(II) presumably because Cr?* is larger than Ni** 

“e 
)=9 0 Ox re Vaae aN Cl (ep Ge FF? rae, 
Me “R Me N "Me Meuat Me Sees Me 

(76) R=Me, Pr’ (77) Cr(bzacen) (78) R=Me, Et, Pr", Pr, Bu" = (79) Cr(acacen) 
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Table 37 Complexes of B-Ketoamines 

ooo eeSSSSSSSSFSSSSSMmmMHhe 

Complex Comments Ref. a 

(76) 
R=Me cg“ = 4.74 BM; 4.62 BM in toluene; 7 = 18 700 cm~', 1 
Red-brown € = 200, CsH, 
R=Pr Meg * = 4.92 BM, 4.85 BM in toluene; 7 ~ 19 500sh cm~?, 1 
Red-brown € ~ 260, toluene 

(77) 
[Cr(bzacen)] ug“ = 2.22 BM (solid); ¥ = 18 500 cm™!, i 
Red-brown € ~ 300, toluene 

(78) 122 * (BM) 429 (BM) 6°) 2 
R=Me 4.26 2.99 126 
R=Et 4.49 3.16 147 
R=Pr 4.50 3.83 42 
R=Pr 4.69 4.31 24 
R=Bu" 4.31 3.99 23 
Planar CrO,N,: Cr—O (av) = 1.961, Cr—N (av) = 2.086 A 
(79) [Cr(acacen)] 4.66 3.88 50 2 
Planar CrO,N,: Cr—O (av) = 1.972, Cr—N (av) = 2.012A 

1. D. H. Gerlach and R. H. Holm, Inorg. Chem., 1970, 9, 588. 

2. L. F. Larkworthy, D. C. Povey and B. Sandell, Inorg. Chim. Acta, 1984, 83, L29. 

Series (78) and [Cracacen] have magnetic moments at room temperature which are below the 
value of 4.90BM expected for high-spin chromium(II) and decrease still further at lower 
temperatures. Such magnetic behaviour is usually associated with antiferromagnetic interac- 
tion, but the crystal structures do not indicate any obvious pathways for the interaction. It is 
possible that the magnetic data can be accounted for by the progressive formation of low-spin 
forms (S =1 and/or 0) as the temperature is lowered.”** The magnetic moment of 2.22 BM 
found*’ for (77) [CrBzacen] at room temperature may imply strong antiferromagnetic 
interaction, or that the molecule is predominantly in a low-spin state. Further structural and 
magnetic work is needed. Complexes (76) react with chlorinated solvents to form 
chromium(III) species which have not been characterized (Table 37). 

(ii) Schiff's base complexes 

Chromium(II) chelates of 3-(N-2-furfuralideneimino)propionic acid (HFP), o-(N-a-furfurali- 
dene)benzoic acid (HFB), and o-(N-qa-furfuralideneimino)ethanesulfonic acid (HFE)***?*° 
have been found to have magnetic moments of approximately 4.8 BM at room temperature. A 
band near 14500cm~* (CHCl; solution) has been assigned to the °E,—>°Th, transition and 
formation constants have been measured. However, there is no indication of difficulties arising 
from the air sensitivity of chromium(II) solutions. 
A low-spin chromium(II) complex of pyruvic acid thiosemicarbazide has been reported 

(Table 96).7°” 

(iii) Complexes of polymeric Schiff’s bases 

Chromium(II) complexes of the polymeric Schiff’s bases (80) are said78*?8° to be produced 
when chromium(I]) acetate dissolved in DMF is added under nitrogen to a hot solution of the 
ligand in which sodium acetate is suspended. The yellow-green complexes are insoluble in all 
common solvents, are surprisingly stable to air, and oxidation to the Cr** complex with 
hydrogen peroxide occurs only on heating. The magnetic moments are approximately 3.0 BM 
at room temperature, indicating a low-spin d* configuration. In view of the difficulties in the 
preparation of complexes of B-ketoamines, it would seem possible that the polymeric 
complexes are of chromium(III), and cross-linked oxo or hydroxo structures could, through 
antiferromagnetic interaction, lead to moments below the 3.87 BM expected for chromium(III) 
complexes. It is true that direct preparation of the chromium(III) complex of (80; R= 
—(CH,)3NMe(CHz2)3—) gives a product with an essentially normal moment of 3.6 BM but in 
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this case coordinated chloride is present. Irrespective of their precise nature, the chromium 
Schiff’s base complexes have molecular sieve properties, and as gas chromatographic stationary 
phases can be used”” for the separation of noble gases and oxygen at room temperature. 

ae —O) -CH, 
a Cr 

HC=N N=CH 
R 

n 

(I) R = —(CH;);N(CH3)(CH2);— 

(II) R -< -cH{ aaa 

(80) 

35.3.9.2 Amino acids 

The glycinato complex [Cr(gly-o)2]‘H2O has been prepared by mixing aqueous solutions of 
sodium glycinate and chromium(II) sulfate®’ or aqueous lithium glycinate with ethanolic 
CrCl,:4H,O0. The second method reduces the chance of hydrolysis to brown Cr(OH), and has 
been used with minor modifications in the preparations of the methionato, S-methyl-.- 
cysteinato and histidinato complexes: [Cr(met-o)2], [Cr(mcys-o)2] and [CrCl(his-o)]-H,O.’” 
The general similarity in the spectra (Table 38) of the bis(amino acidato) complexes suggests 
that the metal environment is the same in each, i.e. NH, and CO; coordination. The weak 
antiferromagnetic interaction apparent from the small variation of magnetic moment is likely to 
be due to extended structures arising through carboxylate bridges. The histidinato complex 
[CrCl(his-o)]-H2O shows stronger interaction and may be chloro bridged. 

Table 38 Amino Acid Complexes 

Reflectance spectra 

Meg (BM) ea 
Complex 295K 9K @(°) V2 vy 

[Cr(gly-0).]-H,O 4.61 4.52 6 16 300 12 000sh 
Pale violet 

[Cr(met-o),] 4.76 4.61 11 17 000 12 100sh 
Pale violet 

[Cr(mcys-o).] 4.67 4.54 8 16 800 13 100sh 
Pale violet 

[CrCl(his-o)]-H,O 3.70 3.38 24 18 000 12 700sh 
Blue-violet 

A green, air-stable homocystine complex, [Cr{(—SCH,CH2CHNH2CO,),}.] (uee= 
4.83 BM, Vmax = 40 800, 39 200 and 14300cm~’), has been prepared from aqueous CrCl, and 
homocystine (pH 8, NaHCOs).79? 
i 39 contains some stability constant data for chromium(II) and amino acids in aqueous 

solution. 

35.3.9.3  Complexones 

The chromium(II)—edta system is powerfully reducing (the half-wave potential is —1.48 V at 
pH 12 vs. SCE) and has been used in the reduction of iron-sulfur clusters.?”* No solid complex 
has been isolated because of its instability to oxidation, but Cr"—edta is high-spin in aqueous 
solution (4¢¢ = 5.12 BM) and its stability constant has been determined. The edta is believed to 
be pentadentate with H,O in the sixth position.” 

Stability constants, usually determined pH-metrically, for complexation between Cr** (aq) and 
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Table 39 Stability Constants of Chromium(II) Complexes in Aqueous Solution 

eA eRe wthter 1 tle tet) sen cihe surmise inlet 
Ligand log B (CrL) log B (CrL) logB(CrLH) Ref. 

Glycine 4.21 Te2T 1 
Te 15.26 2 

B-Alanine 3.89 1 
U8 2 

Oxalate* 3.85 6.81 Z 
Malonate 3.57 5.49 6.45 1 

3.92 oils} 2 
Acetylacetone 5.96 11.70 3 
Ethylenediamine 5.48 9.63 1 

ld 9.19 4 
Diethylenetriamine 6.71 9.40 > 
Triethylenetetramine ETE 5 
Iminodiacetate 5.01 8.18 1 
Nitrilotriacetate” 6.52 9.66 1 
Ethylenediaminetetraacetate 1257 16.18 1 

Jul 13.6 16.6 6 
Thiodiacetate 3.00 $:39 Z. 
Ethanedithioacetate 1.99 8 
Diethylenetrithiodiacetate 233 9 
Salicylate 8.41 15.36 10 
5-Sulfosalicylate 9.89 2 

7.14 12.88 10 
8-Hydroxyquinoline 9.05 2 
Bipy 4 6.4 (CrL3, 3.5) 11 

4.61 (in HMPA) 12 
OH™ —5.3 [log B (CrH_,) form] 1 

., Values for acetate and formate are in Section 35.3.5.5. 
Some dimerization, log 6 (Cr,L) = 8.54. 

1. K. Micskei, F. Debreczeni and I. Nagypal, J. Chem. Soc., Dalton Trans., 1983, 1335. 
. Y. Fukuda, E. Kyuno and R. Tsuchiya, Bull. Chem. Soc. Jpn., 1970, 43, 745. 
. W. P. Schaefer and M. E. Mathisen, Inorg. Chem., 1965, 4, 431. 
R. L. Pecsok and J. Bjerrum, Acta Chem. Scand., 1957, 11, 1419. 

R. L. Pecsok, R. A. Garber and L. D. Shields, Inorg. Chem., 1965, 4, 447. 
R. L. Pecsok, L. D. Shields and W. P. Schaefer, Inorg. Chem., 1964, 3, 114. 

. J. Podlaha and J. Podlahova, Inorg. Chim. Acta., 1970, 4, 521. 

. J. Podlaha and J. Podlahova, Inorg. Chim. Acta, 1971, 5, 413. 
. J. Podlaha and J. Podlahova, Inorg. Chim. Acta, 1971, 5, 420. 

10. R. L. Pecsok and W. P. Schaefer, J. Am. Chem. Soc., 1961, 83, 62. 
11. J. M. Crabtree, D. W. Marsh, J. C. Tomkinson, R. J. P. Williams and W. C. Fernelius, Proc. Chem. Soc., 1961, 336. 
12. Y. Abe and G. Wada, Bull. Chem. Soc. Jpn., 1981, 54, 3334. 

various ligands including edta and other complexones are given in Table 39. There are 
discrepancies between recent and earlier work, but there is agreement with ‘preparative’ 
observations. No complex formation could be detected in the Cr°*-ammonia system even in 
2 mol dm~? NH,CI before hydrolytic precipitation of Cr?*, and it was necessary to take various 
measures, e.g. use a large excess of ligand, to avoid hydrolytic precipitation in other systems. 
The greater ionic radius of Cr?* (0.82 A) compared with Cu** (0.69 ) modifies the log K,/K2 
ratios as well as leading to smaller overall constants.”°* The rates of formation and dissociation 
of [Cr(gly-o)]?* and [Cr(gly-o)2]’* have been measured.” 

35.3.9.4 Bidentate mixed donor atom ligands 

(i) N—O ligands 

Unidentified orange—yellow precipitates have been obtained from aqueous Cr’* solutions 
and 8-hydroxyquinoline or an alkali metal 2-aminobenzoate.® 

(ii) N—S ligands: 2-aminobenzenethiol 

When aqueous ethanolic solutions of 2-aminobenzenethiol (abt) and chromium(II) chloride 
are mixed, the green suspension first formed turns light blue within one hour. The blue product 
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[Cr(abt)2] is high-spin (u2#* = 4.71 BM, 6 = 1°), with a broad reflectance band at 16 900 cm7?. 

Axial donation from adjacent [Cr(abt),] units seems necessary to produce six-coordinate Cr" so 

it is surprising that the magnetic moment is not temperature-dependent. Possibly the molecule 

is essentially planar.””° 

35.3.10 Multidentate Macrocyclic Ligands 

35.3.10.1 Planar (closed) macrocycles; porphyrins, corrins and phthalocyanines 

Chromium(II) porphyrins and phthalocyanines are dealt with in Sections 35.4.9.1 and 

35.4.9.3 respectively. 

35.3.10.2 Other polyazamacrocycles 

The chromium(II) complex of 1,4,8,12-tetraazacyclopentadecane ({15]aneN,; 81) has been 

prepared in aqueous solution and used as an intermediate in the production of chromium(III) 

complexes (Scheme 25), including some which contain Cr—C o bonds.”*” Its powerful reducing 

ability and the chemical inertness of the Cr™ products (it is preferable to Cr**aq) have been 
exploited”* in kinetic studies of the reduction of ferredoxins. 

aie 
NH HN 
3 a 

(81) [15]aneN, 

[1SJaneN, air 
CrCl,-4H,O eer [Cr'({15]aneN,)(H,O),]** ee [Cr'"([15]aneN,(H,O),}** 

7 royal purple orange 

(E° = —0.58 V) 

Rx| 

(RCr'"({15]aneN,)(H,O)]’* + [XCr''([15]aneN,)(H2O)}** 

R=Me, Et, Pr, Pr', Bu", n-C;H,,, Cy, 1-adamantyl, benzyl 

Scheme 25 

The reaction of chromium(II) with cyclam, 1,4,8,11-tetraazacyclotetradecane ({14]aneN,; 82) 
results in oxidation to Cr™ derivatives, but several complexes of 1,4,8,11-tetramethyl-1,4,8,11- 
tetraazacyclotetradecane (Me,cyclam; 83);7°? meso-5,12-dimethyl-1,4,8,11-tetraazacyclotetra- 
decane (Me.[14]aneN,; 84, R = H) and meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo- 
tetradecane (Me,[14]aneN,; 84, R = Me)*™ have been prepared according to Scheme 26. The 
use of CHCl, as solvent and even as the source of chloride in the formation of 
[CrCl(Me,cyclam)|BPh4:0.5CH2Cl, would seem inadvisable in view of the formation of 
Cr™_C species from organic halides referred to above. However, this complex and the others 
have magnetic moments consistent with high-spin chromium(II). The complexes 
[CrX2(Me,cyclam)](X = Br, I) are non-electrolytes in CH,Cl, and have closely similar solution 
and reflectance spectra. Since the reflectance spectra are not typical of trans-CrX,N, species the 
complexes appear to be cis with Me,cyclam in a folded configuration. In DMF five-coordinate 
cations [CrBr(Me,cyclam)]* and [Cr(DMF)(Me,cyclam)]?* form because the spectra resemble 
those of the BPh, salts of these cations (Table 40) and the conductance behaviour agrees. The 
cations in [CrX(Me,cyclam)]BPh, and [Cr(solv)(Me,cyclam)](BPh,). have respectively been 
assigned distorted trigonal bipyramidal and square pyramidal structures. There is no crystal- 
lographic evidence. 
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ee 

pais Jas NH ea 
_NH HN NMe MeN C 

ere (Neon en 
Bee NMe MeN Le Me 

(84) R=H, Me,[14]aneN 
(82) [14]aneN, (cyclam) (83) Me,cyclam R=Me, Me,[14]aneN, 

[CrXL]BPh, [CrBr,L’] 

X=Br, I, NCS 

NaBPh,/EtOH 
DME 

L/CH,Cl L’, then Bu,O 

: solv 

[Cr(solv)L](BPh,), NaBPh,/EtOH [Cri.L] Sinws CX, Sr [Crx.L'] | 
solv = DMF, MeCN L’= Me,{14]aneN,; X=Cl, Br, I 

CH,Cly| NaBPh,/EtOH blue products at 0-5 °C 

L = Me,cyclam purple products >5 °C 

L' = Me,[14]aneN,; X = Cl, Br 

[CrIL]BPh, (impure) purple products 

6 [orcyeion 

[CrCIL]BPh,-0.5CH,Cl, 

Scheme 26 

Table 40 Complexes of Me,[14]aneN,, Me,[14]aneN, and Me,cyclam | 

eg (BM) 
Complex Colour 208k K 88K Reflectance spectra (cm~*)* Ref. 

[CrCl,(Me,[14]aneN,)] Blue 4.82 — 14 100 1 
Purple 4.80 19 400 14 700sh 

[CrBr,(Me,[14]aneN,)] Blue 4.77 —  18200sh 15 000 1 
Purple 4:82 20 400 15 000sh 

[CrI,(Me,[14]aneN,)] Blue 4.82 — 20300 15 400 1 
Purple 4.92 20 000 

[CrCl,(Me,[14]aneN,)] Purple 4.87 — 19700 14 300 1 
[CrBr,(Me,[14]aneN,)] Purple 490 — 19600 15 400 1 
[CrBr,(Me,cyclam)] 4.74 —_ 14 900 2 

15 300 (122, CH,Cl,) 
15 200 (111, DMF) 

[CrI,(Me,cyclam)] Blue 4.74 — 15 900 2 
15 600 (127, CH,Cl,) 
16 700 (66, DMF) 

[CrCl(Me,cyclam) ]BPh,-0.5CH,Cl, 4.72 4.66 18200sh ¥ 25215400), 2 
14 800 (110, CHCl.) 
14 900 (84, DMF) 

[CrBr(Me,cyclam) ]BPh, 4.66 4.68 16950sh 15200 2 
14 700 (120, CH,Cl,) 
15.200 (98, DMF) 

[CrI(Me,cyclam)]BPh, 4.65 4.60 15 600 2 
16 700 (70, DMF) 

[CrNCS(Me,cyclam)]BPh, 4.70 — 15 900 2 

[Cr(MeCN)(Me,cyclam)](BPh,), 4.75 — 18 000 2 
16 700 (68, DMF) 

[Cr(DMF)(Me,cyclam)](BPh,), BTA ce uh TL 8O0 16400sh 2 
16 700 (81, DMF) 

ee a ee a8 a ee ee eee 

* ¢(dm’ mol ‘cm ‘) and solvent in parentheses. 

1. A. Dei and F. Mani, Inorg. Chem., 1976, 15, 2574. 

2. F. Mani, Inorg. Chim. Acta, 1982, 60, 181. 
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The complexes [CrX.(Me2(14]aneN,)] and the purple forms of [CrX2(Me,[14]aneN,)] are 

high-spin with electronic spectra of the usual pattern for trans octahedral chromium(II). The 

blue complexes [CrX,(Me,[14]aneN,)] are also high-spin but have a different spectral pattern. 

It is not clear whether they contain the folded macrocyclic ligand in cis octahedral or distorted 

trigonal bipyramidal cations. The brown complex [Cr(Me,[14]4,11-dieneN,)(py)](PF.)2 reacts 

with sodium nitrite to give [Cr(Me.[14]-4,11-dieneN,)(NO2)(NO)]PF, (Section 35.4.2.6). 

35.3.11 Stereochemistry of Bivalent Chromium 

Excluding the dinuclear and related complexes (Section 35.3.5.5), the structures of 
comparatively few chromium(II) complexes have been determined by single crystal X-ray or 
other diffraction methods. From the structures reported it is apparent that high-spin 
chromium(II) has as rich a stereochemistry as copper(II). In most complexes (Table 34) Cr°* 
forms four coplanar bonds with two longer bonds completing a distorted octahedron (4 +2 
coordination), but the number of planar complexes (the limit of 4+2 coordination) is 
increasing rapidly (Table 41), and there are many for which trigonal bipyramidal or square 
pyramidal structures (Table 42) have been inferred from the general properties of the 
complexes. Seven-coordinate chromium(II) complexes are also known (Table 95). 

Table 41 Planar Chromium(II) Complexes 

Complex Coordination sphere (A) Ref. 

[Cr(O,CCF;).(2,6-Mepy)] trans, Cr—N, 2.111, Cr—O, 2.028 1 
[Cr{N(SiMe,)>}>(THF),]* trans, Cr—N, 2.089, Cr—O, 2.089 2 
[pyH],[CrBr,(H,O),]Br, trans, Cr—O, 2.038, Cr—Br, 2.579 3 
[Cr(acac).]* Cr—O, 1.98 (av), intermolecular contact Cr—C, 2 at 3.05 4 
[Cr{H,B(pz)2}5] Cr—N, 2.062 (av) =. 
[Cr{Et,B(pz)>}>] Cr—N, 2.060 (av) 6 
[NEt,],[Cr(S.C,H,)2] Cr—S, 2.388 (av) 7 
[Cr{MeC(O)—=CHCMe=NBu},] Cr—N, 2.086 (av), Cr—O, 1.963 (av) 8 
[Cr(acacen)] Cr—N, 2.012, Cr—O, 1.972 (av) 8 
[Cr(TPP)]:-2PhMe Cr—N, 2.033 (av), CrN, plane to PhMe, 3.37 9 

“The square species [Cr{N(SiMe;)>}2(PMe;),] is referred to in G. S. Girolami, G. Wilkinson, A. M. R. Galas, M. Thornton-Pett and 
M. B. Hursthouse, J. Chem. Soc., Dalton Trans., 1985, 1339. 
[Cr(dpm),] is isomorphous with planar [Ni(dpm),] (Section 35.3.5.3). 

. D.C. Bradley, M. B. Hursthouse, C. W. Newing and A. J. Welch, J. Chem. Soc., Chem. Commun., 1972, 567. 

. I. L. Eremenko, A. A. Pasynskii, V. T. Kalinnikov, G. G. Aleksandrov and Yu. T. Struchkov, Inorg. Chim. Acta, 1981, 54, L835. 

. M. F. C. Ladd, L. F. Larkworthy, G. A. Leonard, D. C. Povey and S. S. Tandon, J. Chem. Soc., Dalton Trans., 1984, 2351. 

. F, A. Cotton, C. E. Rice and G. W. Rice, Inorg. Chim. Acta, 1977, 24, 231. 
. P. Dapporto, F. Mani and C. Mealli, Inorg. Chem., 1978, 17, 1323. 

. F. A. Cotton and G. N. Mott, Inorg. Chem., 1983, 22, 1136. 
. J. R. Dorfman, C. P. Rao and R. H. Holm, Inorg. Chem., 1985, 24, 453. 
. L. F. Larkworthy, D. C. Povey and B. Sandell, Inorg. Chim. Acta, 1984, 83, L29. 
. W. R. Schiedt and C. A. Reed, Inorg. Chem., 1978, 17, 710. OOMANNALPWNPE 

35.4 CHROMIUM(III) 

The coordination chemistry of chromium(III) was first seriously investigated by Pfeiffer at 
the turn of the century; in many ways his studies parallel the work of Werner on cobalt(III). 
The complexes of chromium(III) are almost exclusively six-coordinate with an octahedral 
disposition of the ligands. Many are monomeric (ere ~ 3.6 BM), although hydroxy-bridged and 
ok pulang complexes are known in which spins on neighbouring chromiums are 
coupled. 

The electronic” and magnetic properties of mononuclear chromium(III) complexes are 
quite well understood; however there is a distinct tendency for octahedral symmetry to be 
invoked in cases where the true symmetry is much lower. Chromium(III) is a hard Lewis acid 
and many stable complexes are formed with oxygen donors. In particular hydroxide complexes 
are readily formed in aqueous solution, and this may be a problem in synthesis. Substitution at 
chromium(III) centres is slow*°°? and may well have some associative character in many 
cases. The kinetic inertness of chromium(III) has led to the resolution of many optically active 
complexes; this work has been extensively reviewed.°™ 

301 
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Table 42 Five-coordinate Chromium(lII) 

ae 

Complex* Comments Ref. 
SR SIE NA Oe MS, 
[Cr(NH3)5]X> Square pyramidal from electronic spectra, 1 
X=Cl, Br, I magnetic and powder data 
[Cr(NH3),(OH,)]SO, As above 1 
[CrX(2Meiz),]X As above, also 1:1 electrolytes; similarly 72 
X= Cl, Br, I [Cr(2Meiz);](BPh,)> (2:1 electrolyte) 
[Cr(NCS),(2Meiz)] Antiferromagnetic, bridging NCS” 7 
[CrX(H,Cdmpz,).]Y Trigonal bipyramidal from electronic 3 
X=Cl, Y=BF,; Y = X, BPh, spectra and magnetic data, 1:1 

electrolytes 
[CrX(MeTPyEA)]BPh, Square pyramidal from data as above 4 
X= Br, NCS 
[Cr(S,CNEt,)>]> Antiferromagnetic, distorted trigonal — 

bipyramidal? (Section 35.3.6.1) 
[CrX(Me,cyclam)]BPh, Distorted trigonal bipyramidal, electronic 5 
X=Cl, Br, I, NCS spectra, 1:1 electrolytes 
[Cr(solv)Me,cyclam](BPh,), Distorted square pyramidal, electronic 5 
solv = MeCN, DMF spectra, 1:1 electrolytes 

* Trigonal bipyramidal Crs complexes containing tetradentate ‘tripod’ ligands are in Section 35.3.4.3. 

. L. F. Larkworthy and J. M. Tabatabai, J. Chem. Soc., Dalton Trans., 1976, 814. 

. P. Dapporto and F. Mani, J. Chem. Res. (S), 1979, 374. 

. F. Mani and R. Morassi, Inorg. Chim. Acta, 1979, 36, 63. 

. M. Di Vaira and F. Mani, Inorg. Chem., 1984, 23, 409. 
. F. Mani, Inorg. Chim. Acta, 1982, 60, 181. APWNe 

The organometallic chemistry of chromium(III) has been the subject of two recent 
reviews. 170° 

35.4.1 Group IV Ligands 

The reported complexes of chromium(III) with group IV ligands are limited mainly to those 
containing CN” and to a lesser extent those containing other C donor ligands. 

35.4.1.1 Cyanides 

(i) Hexacyanochromate(III) and its aquation products 

By far the most widely studied cyanochromium(III) complex is the pale yellow, water-soluble 
K3[Cr(CN).].°°°°°” The most convenient synthesis reported for this complex involves the 
addition of Cr(OAc)3, prepared by H,O, reduction of CrO; in acetic acid, to a solution of 
KCN.°*% Results of a number of structure determinations carried out on salts containing 
[Cr(CN).]*~ are summarized in Table 43. 

Table 43 Bond Distances in [Cr(CN),]°~ Salts 

Complex Cr—C (pm) Cr—N (pm) Comments Ref. 

Cs,K[Cr(CN)g] 206.8-207.5 113.7-113.8 295 K 1 
K,[Cr(CN)] 203.8-209.0 113.6-119.8 4.2 K, neutron 2D 
Cs,Li[Cr(CN).] 205.8 114 381 K 3 
Cs,Li[Cr(CN).] 199-222 110-116 295 K, neutron 4 
Cd,[Cr(CN).]-xH,O 204.7 11357 295 K 5 
Mn,[Cr(CN).]2:xH,O 206.3 ; 112.3 295 K 6 

B. N. Figgis, E. S. Kucharski, P. A. Reynolds and A. H. White, Acta Crystallogr., Sect. C, 1983, 39, 1587. 
B. N. Figgis, P. A. Reynolds and G. A. Williams, Acta Crystallogr., Sect. B, 1981, 37, 504. 
R. R. Ryan and B. I. Swanson, Inorg. Chem., 1974, 13, 1681. 

M. R. Chowdhury, F. A. Wedgwood, B. M. Chadwick and H. J. Wilde, Acta Crystallogr., Sect. B, 33, 46. 
H. U. Giidel, Acta Chem. Scand., 1972, 26, 2169. 
H. U. Giidel, H. Stucki and A. Ludi, Inorg. Chim. Acta, 1973, 7, 121. AWAY 
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The Raman spectrum of K3[Cr(CN).] has recently been assigned and earlier work on its 

vibrational spectrum has been summarized.2” Raman spectra of single crystals show v(CN) at 

2131, 2132 and 2135cm™! while v(CN) for aqueous solutions occurs at 2132cm™*. The 

electronic spectrum of [Cr(CN).]* in aqueous solution has d-d bands at 377 (€= 

90 dm? mol~! cm~?) and 309 nm (¢ = 65 dm? mol~' cm~') and a charge transfer band at 263 nm 

(e = 6240 dm? mol! cm=').>"° Detailed ab initio SCF calculations have recently been carried 

out on the ligand field bands of this anion.*!' The X-ray photoelectron spectrum of 

K3[Cr(CN).] in the regions 24 and 9 eV is similar to that of KCN, indicating that the 30 and 40 

molecular orbitals of CN~ are invariant to complex formation.*!* However, the broad lines due 

to photoemission from the 5o and 17 orbitals in KCN are completely smeared in the spectrum 

of the complex suggesting that these ligand orbitals participate strongly with the metal in 

bonding. Discrete variational X,-methods have been applied to the calculation of orbital 

energies and results are in good agreement with the experimentally determined XPS values.*!? 

The difference between the phosphorescent spectra of Ag3[Cr(CN).] and K;[Cr(CN).] has been 

attributed to an interaction between the nitrogen end of the cyano ligand and the Ag” ion in 

the former complex.*”’ 
Some representative reactions of [Cr(CN).]*" are depicted in Scheme 2 

properties of [Cr(CN);NO]*~ are discussed in Section 35.4.2.6. 

7 306,308 ,314-318 The 

[Cr(CN).—.(OH),]°~ 

hy va 

[Cr(CN),OH}~ 

NH,OH 
hy, A 

IGEN => ICKOND Sasa KCN SE = S (H)O, DMF or DMSO S=H,0 

[Cr(CN),NO}- 

A 

wie NH, i : 400° 

K[Cr(CN)6] H,[Cr(CN)g] 

K3[Cr(CN)] | 
HO 

Cr(OH); + 6HCN 

Scheme 27 

The slow addition of K3[Cr(CN).] to a solution of FeSO4-7H2O at 0°C gives a polymer of 
approximate composition Fes[Cr(CN).]2, which on the basis of IR (vcn at 2170cm™’ and 
therefore indicative of a bridged chromicyanide, vmc = 488 cm~') and Méssbauer (all the iron 
present as high-spin Fe**) spectroscopy seems to contain Cr>*—-C==N—Fe”* linkages.*°””?!” On 
heating at 50°C in an inert atmosphere half the Cr°* ions are displaced by Fe** ions from their 
carbon ‘sites’. In the presence of air further rearrangement and partial oxidation occurs to give 
a compound which on reduction with hydrazine affords an isomer of the starting material 
containing Cr°>*+—N==C—Fe’* linkages (Vcn = 2100 cm™', vac = 525 cm™?). 

In aqueous acid solution [Cr(CN).]°~ aquates via a series of stepwise stereospecific reactions 
to give [Cr(H2O).]** as the final product.**° Some of the intermediate cyanoaqua complexes in 
this sequence have been isolated and details of their electronic spectra are presented in Table 
44. These complexes aquate by both acid-independent and acid-dependent pathways, the latter 
involving protonation of the cyano ligands followed by aquation of the singly protonated 
species. Some of these reactions are found to be catalyzed by Cr?* and kinetic data for the 
aquation of [CrCN(H2O)s]?* are consistent with the transition state structure (85).°°’ In the 
presence of Hg’* and Ag* cyanoaquachromium(III) complexes undergo strong association 
followed by ‘flipping’ of one or more of the cyano ligands, depending on the heavy metal to 
complex concentration ratio and the time elapsed since mixing the reactants (Scheme 28) .321 
Addition of Cr** to solutions of cyanocobalt(III) complexes produces the metastable 
intermediate [CrNC(H,0);]** (at [H"] = 0.9 M, Amax = 535 nm, € = 19.6 dm? mol—! cm™}; Amax = 
396nm, ¢€ =23 dm’ mol!cm™’),*” This isomerizes to [CrCN(H2O)s]** (Amax=525nm, €= 



Chromium v75 

25.2 dm? mol~* cm™*; Amax = 393 nm, € = 20.0 dm? mol“! cm~?) in a Cr?*-catalyzed reaction which 
occurs by a ligand-bridge electron-exchange mechanism. In aqueous solution containing CN7 
and OH, [Cr(CN).]°~ exists in equilibrium with [Cr(CN);OH]?~ when [CN~] and [OH] are 
both greater than 0.1M and when [OH™]/[CN-]<2.°% The Cr’*-catalyzed aquation of 
[Cr(CN).}>~ under these conditions seems to proceed by an outer-sphere redox mechanism 
represented by equation (27) although the formation of a short-lived bridged intermediate is 
not excluded by the kinetic data. The complex K3[Cr(CN);OH]:H,O may be obtained as 
orange-yellow crystals by reaction of [CrCl(NH3)s]Cl, and KCN in boiling water, followed by 
purification on a Sephadex column.*** 

[Cr(CN).]*>> + [Cr(CN),OH]*~ == [Cr(CN),]* + [Cr(CN);OH]*~ (27) 

Table 44 Details of the Electronic? and IR° Spectra of Cyanoaqua and Cyanoammine/Aminechromium(III) 

Complexes 

Complex Amax (€) (nm, dm® mol * m7") Amin (E) v(CN) (cm *) Ref. 

[CrCN(H,0),]°* 525 (26.0), 393 (20.5)° 1 
cis-[Cr(CN),(H,O),]* 535sh (30.2), 474 (45.3), 464 (45.5), 378 (25.8)° au 1 
fac-[Cr(CN),(H,0);] 467 (115), 360 (25.2)° zs 1 
[Cr(CN),H,0]” 427 (~110), 332 (~50)* 2,3 
[Cr(CN),OH] ~ 433 (~120), 365 (~75)® 3 
[CrCN(NH,)]°* 451 (42.6), 347 (37.7) 391 (10.0) 2140w 4 
trans-[Cr(CN),(NH3)4]* 440 (42.6), 344 (41.5) 385 (12.5) ~2130w 5 
cis-[Cr(CN),(NH;)4]* 436 (49.0), 342 (37.6) 379 (14.0) ~2130w 5 
trans-[CrCN(NH;)4H,O]* 468 (48), 354 (32) 400 (10)" ae 5 
cis-[CrCN(NH;),H,O] * 468 (34), 355 (32) 400 (11)" =: 5 
trans-[CrCN(OH)(NH;),]* 494 (55), 381 (39) 426 (21)' ae 5 
cis-[CrCN(OH)(NH;),]* 491 (46), 387 (44) 432 (25)! + 5 
cis-[CrCN(NH,),DMSO]* 483 (44), 362 (36) 406 (13) 2139w 5 
trans-[Cr(CN),en,]° 433 (50.1), 337 (42.7) os 6 
cis-[Cr(CN)en,]* 434 (70.0), 339 (62.3) 2139w 7 

434 (69.5), 339 (62.2). 6 
cis-[CrCN(en),H,O]** 467 (53.4), 356 (49.1)! be 7 
cis-[Cr(CN)OH(en),]* 487 (59.4), 386 (54.5), 345sh (35.9)* ‘é 7 
[Cr(CN),(NH3)3H0] : 
1,6-CN-2-H,O 449 (39), 351 (41) 395 (19)! — 8 
1,2-CN-6-H,O 452 (53), 350 (34) 391 (17)' 8 
[Cr(CN),edtd(H,0)]” 512 (70.4), 386 (83.0) 450 (45.0) 2160w 9 

“All in aqueous solution. "As Nujol mulls or KBr discs. “In 0.6mol dm °NaClO,. °pH2.0-4.0. ° pH3.0- 
'OH7. ®pHil. "pH3. ‘pH10. ’pH2.9,1=2.0. “pH10.4,/=2.0. '5x10 “moldm ~ HCIQ,. 

. K. Wakefield and W. B. Schaap, Inorg. Chem., 1969, 8, 512. 
Jefti¢ and S. W. Feldberg, J. Am. Chem. Soc., 1970, 92, 5272. 
Jeftié and S. W. Feldberg, J. Phys. Chem., 1971, 75, 2381. 
Riccieri and E. Zinato, Inorg. Chem., 1980, 19, 853. 
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4.5. 

NO>P VIET Y 

CN 

((H,0),Cr—OH—Cr(H,0),]** 

(85) 

fac-(H,O);Cr(CN); + M** == [(H,O),(CN),Cr—C=N—M]"* —> [(H20)3(CN)sCr—N=C—M]"* 

Scheme 28 

(ii) Cyanoammine- and cyanoamine-chromium(III) complexes 

Although the range of reported acidoammine/amine chromium(III) complexes is quite 

extensive, only a few such cyano species have so far been prepared, due mainly to the 

difficulties associated with the CN~ anation of the appropriate aqua complexes. These 

difficulties stem largely from the ionization of coordinated water in the presence of CN~. This 

not only generates a leaving group of greater nucleophilicity but also makes complex 
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decomposition competitive with anation.*” Anation reactions of non-aqueous solvates circum- 
vent these problems.*”° Hence the reaction between [Cr(NH3)s;DMSO](ClO,4)3 and excess 
NaCN in DMSO at 70°C affords the monocyano complex [Cr(CN)(NHs3)s]**, which was 
isolated as a perchlorate in 40% yield.*”° Details of the electronic and IR spectra of the 
complex are presented in Table 44. This complex phosphoresces in aqueous solution and its 
photoreactivity on LF band irradiation consists exclusively of NH3 aquation. Thermal aquation 
of the complex on the other hand involves loss of CN~ and follows both acid-independent and 
acid-dependent pathways, the latter involving N protonation of the CN” ligand. 

The isomers cis- and trans-[Cr(CN)2(NH3)4]* as well as cis-[Cr(CN)(NH3)4DMSO}](C1O,)>2 
have also been synthesized by the anation reactions shown in Scheme 29.°* While anation in 
DMSO is accompanied by stereochemical change, the reaction in H2O is stereoretentive. The 
dicyano complexes undergo H*-assisted thermal aquation, involving the successive loss of the 
CN” ligands. The trans complex is about ten-fold more reactive in the first step than the cis, an 
observation attributed to the trans labilizing effect of CN~. 

cis-[Cr(CN)(NH;),DMSO](CI1O,), 

NaCNn, LiClO, 

in DMSO or H,04 

[Cx(NH,),(DMSO),|(C10,), 
, cis or trans (reactant) 

trans (reactant), NaCN, NaClO, Coe NaCN, LiClO, 

in H,O, 35°C in H,0, 40°C DMSO, 70°C, 30 min 

trans-[Cr(CN)2(NHs3)4] ClO, [Cr(CN).(NH3)4]C1O,° 

cis-[Cr(CN)(NH;),DMSO](CIO,), 
HCIO, ClO, cationic resin, 

IS H,0 N& rete 

trans-[Cr(CN)(NH;)4H,O}** trans -[Cr(CN)2(NH3)4]ClO, cis-[Cr(CN).(NH3)s]C1O, 

pK,=5.5+0.1° 
HClO, HClO, 

trans-[Cr(NH3)s(H20)2]"* —trans-[Cr(CN)(NH;),OH]* pK Sina 

cis-[Cr(CN)(NH;),OH]* HCIO, 

cis-[Cr(NH3)4(HO),}°* 
“This reaction proceeds as shown with either reactant isomer in DMSO (15 min, 70°C) but only with the 
cis isomer in H,O (2h, 40°C). ° Both isomers give a mixture containing 50% cis and 50% trans product 
but the cis isomer is the recommended starting material because of its ease of preparation. ‘These are 
concentration pK, values at 298K, J=0.1 mol dm7’. 

Scheme 29 

The synthesis of the isomers of [Cr(CN)2(en)2]* is discussed in Section 35.4.2.3. Like the 
previously mentioned cyanoammine complexes, cis-[Cr(CN),(en),]* is quite labile in acid 
solution.*”°’* This behaviour contrasts markedly with that of cis-[Co(CN)2(en)],* which 
undergoes no apparent decomposition over a period of five days at 80°C in aqueous acid.*?” 
The addition of Ag* to an aqueous solution of cis-[Cr(CN)2(en)2]* results in ligand 
isomerization, equation (28), and formation of adduct (86) which has an electronic spectrum ~ 

+ 2+ 

(Ni (Me Peak) gta Se 

NH,“ |; “cn NH,” | “NC 
2 2 

(86) 



Chromium TT 

characteristic of a CrNg chromophore.* The IR spectrum of the adduct, which has been 
isolated as its perchlorate salt, has a CN stretching band (2128 cm™') in a similar position to 
that of the parent complex (2130 cm~*) but of much greater intensity, consistent with extensive 
chromium cyanide 2 bonding. Addition of Nal to a solution of the adduct causes the 
precipitation of AgI and the regeneration of the original complex, a reaction which emphasizes 
the critical role played by Ag* in stabilizing the isocyano isomer. The preparation of 
trans-[Cr(CN)2(cyclam)]ClO, is described in Section 35.4.9.2. 

The photochemical behaviour of cyanoammine/amine chromium(III) complexes differs from 
that of other acido chromium(III) species. The higher ligand field strength of CN™~ relative to 
ammine/amine ligands causes the *B,, component of the first spin-allowed quartet excited state 
to lie at lower energy than the *E, component for D4, complexes.*” Since this state is 
associated with selective population of the d,2_,2 orbital, LF band irradiation causes 
photolabilization of the in-plane amine ligands. Hence the complexes trans-[Cr(CN)2(NHs3)4]* 
and trans-[Cr(CN)2(en)2]* behave ‘antithermally’ on photolysis, the former losing an ammine 
ligand (on 440nm excitation, @nxu,=0.24, @cn- =0.005)°” and the latter undergoing a 
reaction involving release and protonation of one end of an en ligand.**° In the case of 
trans-[Cr(CN).(cyclam)]*, however, the presence of the macrocyclic ligand militates against 
cleavage of a chromium—amine bond and this complex shows no discernible photochemical 
reactivity.**' The complex Nas[Cr(CN)2edta(H2O)]-4H2O which contains tridentate (2N,O) 
edta, is referred to in Table 44. 

(iii) Bi- and multi-nuclear cyanochromium(II]) complexes 

A number of binuclear complexes containing Cr'“—NC—M bridges have been reported. 
The methods of preparation and spectroscopic properties of these complexes are presented in 
Table 45. The IR spectrum of each complex displays two CN stretching bands, the higher 
wavenumber one attributed to bridging CN and the other due to terminal CN ligands.**? 
Magnetic susceptibilities down to liquid helium temperatures have been determined for 
cis-K[(N—N)2FCr—NC—Cr(CN)s] (N—N=en, tn) and _— cis-K[(en),FCr—NC— 
CrNO(CN),].°°? Whereas the first two complexes show weak antiferromagnetic interaction 
between the chromium ions, the nitrosyl complex behaves as a Curie paramagnet. The absence 
of antiferromagnetic superexchange in this complex has been suggested to indicate that the NO 
ligand is trans to the cyano bridge. Reaction of NazCr(CO)s; with BrxCNNCBr, in THF affords 
the tetranuclear complex (THF)3Cr™[NCCr(CO),]3 (87).°** A pair of binuclear linkage isomers 
involving the CN~ ligand has been prepared in solution according to Scheme 30.** 

& 
O 

(CO)sCrCN | __NCCr(CO)s 
ee I 

(CO).<CrCN” | 2) 
O 

ou) 
v(CN) =2102cm~', v(CO) = 2055, 1990, 1946 cm™! 

(87) 

[Cr(H,O)«]°* ot: [Co(CN).]?~ = (H,0);Cr—NC—Co(CN)> 

Amex = 560 (€ = 16.2), 401 (e = 20.1), 310 (e = 218) 

[Co(CN).N,]°> 282+ [Co(CN),2> SO, (4,0) ,Cr—CN—Co(CN) 
Amax = 552 (€ = 18.3), 347 (€ = 231) 

Amax in nm, € in dm? mol”'cm7' 

Scheme 30 



Chromium 778 

Su
pa
] 

JO
 

2a
ye
oI
pu
l 

‘y
Wd

s 
st
 

so
xo

jd
wi

oo
 

ss
oy

) 
UI
 

pu
eg
 

i
.
 

—
*
y
,
 

a
L
,
 

“Y
wo
nn
lo
s 

"
O
I
O
H
 

UI
 

‘ 

i 

"L8 
*B ‘E861 

“
M
a
Y
D
 

‘Jaw 
uoNtsuDsy 

‘OLWeARN 
'N 

pue 
Jonosy 

“Yy 
“WoyUOW] 

"PW 
‘eLIOg 

"WF 
‘
z
o
u
n
s
e
W
 

“T 
‘
W
 
“‘seqni 

* 

“LOv 
“6 ‘P861 

“
m
a
y
 

“Jaw 
u
o
U
s
U
D
L
]
 
‘ogeseD 

‘f[ pue 
W
O
J
U
O
W
 
“W 

‘seqry 
* 

“LOL 
‘Zh 

‘0861 
“"M2YD 

"JON 
“B410Uy 

*f ‘seUOIOD 
“W 

‘ft puke 
ZoIeATY 

“] 
“WW 

“
H
O
y
U
O
W
 
“W 

‘ogeseD 
‘f ‘seqry 

° 
"LET 

“6 ‘
P
8
6
 
“
w
a
y
D
 

‘law 
uoUisupsy 

‘Jonds_ 
‘y 

pue 
e1IOg 

"
W
 
‘seqry 

* 

“ELLE 
‘Eb 

‘I861 
“
M
a
Y
D
 

‘JonN 
“B4oUy 

*f ‘ogeseD 
‘f puke 

s
e
U
O
I
O
D
 
"W 

‘f ‘Ionosy 
“Wy 

‘eL9g 
‘W 

‘seqny 
* 

T
h
 
‘9€ 

“6LOL 
‘DIDY 

“
M
Y
 

“B40UT 
‘seUOIOD 

‘
W
f
 

puke 
B1I9g 

“W 
‘oqeseD 

‘f ‘seqny 
* 

“SUT 
‘OE 

‘9L61 
‘DI2V 

“
M
Y
D
 

“B410Uy 
‘ZaIeATY 

“§ p
u
 
seqry 

“f ‘OgeseD 
° 

Sessa e SS 

saat uer 

*‘pueq 
Joysues) 

od1eYyd 
O
N
 

0} 
I
O
,
 

*suonemnsyuod 
WD 

| JOU! 
W
p
 

UT 3 ‘UoHNIOS 
snoonbe 

uy, 
“payeys 

asimsoyjo 
ssojun 

e
x
0
d
s
 
sour~oyoy 

, 
“[[Nu 

JolNN 
40 

stp 
IG:y 

, 

9 06661) OSt O0IZ OvIz O°H-[5(NOJONZO)(0°H (1) OI W- supa eo (“HN “ ‘8N = WI"(NDJONIO—ON—10 (09) JN 579 

9 

(LOT) 

ZLE 

(9°0v) 

ZOS 

8ZIZ 

O9Iz 

O°H-(?(NO)I0107H(1)) 

FIO 

N- 
Su 

yea 

("HN 

‘X 
‘8N 

= 
WIS(ND)I0—ON—19 

(9) 

JN- 
519 

OLP-S9r 

€ 

,0€S-0zS 

SEIZ 

OLIZ 

["(NO)d][0%H 

(49) 

41D) 

- suns 

yeoyy 

[*(NO)}d—ON—1954(u9)]-supa 

OLP-S9r 

€ 

30€S-0ZS 

SEIZ 

OLIZ 

[°(NO)Pd][0°H“()) 

419 

]-suoa 

yeoH 

[*(NO)Pd—ON—19 

5“) 

]-suvy 

OLP-S9F 

€ 

0£S-07S 

0zIZ 

091Z 

[°(NO) 

INJLO*H“(t)) 

449 

|-sunas 

yeoH 

[£(NO)IN—ON—1DA“(u))}-sung 

L 

r6b-Z6r 

Solz 

OrIZ 

[S(NOJONIO]®a 

+ 
“("OID)[0%H“(ud).4319)]-supy 

O*H-[’(NO)ONIO—ON—10“(ud) 

p-519 

L 

b6r-Z6r 

O€TZ 

S9IZ 

P(NOO] 

Ea 
+ 
*("OID)[0%H4(ud) 

419 
]-supy 

O*H-[6(NO)IO—ON—10 

(ud) 

1-19 

L 

S9E 

r6r-Z6r 

OzIZ 

S9IZ 

P(NO)Oo)*a 

+ 
(OID) 

[0*H“(4d) 

419] 

-suna 

0*H-[(6(ND)00—-ON—19 

Aud) 

Jy-519 

L 

b6r-Zor 

SzIz 

OLIZ 

["(NO)}d]}*H 

+ 
(OID) 

[07H“(Ud) 

419] 

-suvy 

[€(NO)td—ON—10 

(ud) 

J-s19 

L 

soe 

b6r-Z6r 

Szz 

SLIZ 

[°(NO)Pd]*H 

+ 
*("OID)[O7H“(Ud).419]-suna 

0°H-[*(NO)Pd—ON—10A“(ud) 

}-s19 

L 

b6r—Z6Pr 

0zI1z 

OLIZ 

["(NO)INI°HN) 

+ 
*("OID)[0°H“(ud) 

419) 

-sunay 

O*HE-[6(NO)IN—ON—195“(ud)}-s19 

9 

yo(SST) 

8SP 

001Z 

OvIz 

0°H-[°(NO)ONIO)0°H“(u9) 

qID 

W- 
supgs 

eH 

("HN 

“Xt 
“8N 

= 
WOI"(NOJONIO—ON—10d“(u9) 

JW 
S19 

9 

(801) 

LLE 

(T'9€) 

96r 

8ZI1Z 

091z 

O°H-(?(NO)10)[0°H“(49) 

IO 

N- 
suvas 

ROH 

("HN 

“Xt 
‘8N 

= 
WIS(ND)IO—ON—I0 

(ue) 

JA-19 

S 

O8€-SLE 

S6r 

OZIZ 

091Z 

P(N) 

)}fa 

+ 
*("OID)LO7H{(u2) 

449 

]-suvas 

O°HZ-[°(ND)IO—ON—10 

(ua) 

9-519 

S 

ore 

€6r 

OZIZ 

OLIZ 

P(ND)°o|[07H"(42) 

419 

}y- 
sup 

yea 

O*HE-[6(ND)0O—ON—19 

A“(u2) 

1-819 

€ 

ps0e 

(v8) 

Zor 

O€Iz 

SLIZ 

["(NO)d][07H“(u9) 

10 
-suo 

yea 

[*(NO)}d—-ON—19d*(u2)}-s19 

€ 

p(£9) 

£9€ 

(¥8) 

Z6r 

O€IZ 

SLIZ 

[°(NO)Pd]lO*H*(49) 

419] 

-suna 

yeoH 

[*(NO)Pd—ON—ID 

A“(u9)]-s19 

v 

€0€ 

80s 

O£IZ 

solz 

earls 

1900 

O*H-["(NO)1d[0°H“(49)1gI9]-s19 

[£(NO)td—ON—1014(ua)]-s19 

ears 1940 [°(ND)Pd]lO“H“(u2)1¢g19]-s19 

IO 

v 

€8E 

ors 

SEIZ 

O8TZ 

yeoy 

‘["(NO)Pdl 

a 
+ 
“1a[0°H“(u9)1gID)-s19 

[*(NO)PA—ON—1D1€*(u9)]-s19 

Z 

ze 

LOS 

0zI1z 

091z 

[°(NO)IN]°("HN) 

+ 
“alO7H“(u9)1g39]-s19 

O°H7-[*(ND)IN—ON—19 

147 

(ue) 

]-s19 

r 

€0€ 

Zs 

OPIZ 

O8TZ 

*0%d 

3940 

["(NO)d 

[07H 

“(42)ID19 

919 

[*(NO)td—ON—ID1O“(ue)]-s19 

5O%d 1940 [*(ND)Pd][0°H“(49)IDI9)-819 

IO 

v 

Sle 

Tos 

O€TZ 

SLIZ 

*(NO)Pd“o 

+ 
“a 
[07H"(U9)ID19)-s19 

[*(ND)PdA—ON—1919“(U2) 

}-s19 

Zz 

SIE 

00s 

ZZ 

09Tz 

[”(NO)INI°CHN) 

+ 
@[0%H“(u2)IDI0)-s19 

O*H7:[*(ND)IN—ON—1D1D“(us) 

}-s19 

Cee 

(068) 

ZTE 

(¥8) 

Zor 

OZIZ 

091Z 

[°(NO) 

INJ[O*H*(u9). 

419 

}- 
sung 

yea 

O7HZ-[6(ND)IN—ON—10A“(u2)]-s19 

I 
OZE 

‘SOP 

‘Oz 

SIS 

717 

pblZ 

[?(NO)2a]*x 

+ 
§(FON)IO*HS(FHN)20) 

[°(ND)24—ON—10*(HN)] 

I 

OZE 

‘SOP 

‘OZ 

SIs 

SIIZ 

LEIZ 

P(NO)2a]feN 

+ 
§(’OID)[(O7H)"(FHN)IO) 

[(NO)?4—ON—10"(FHN)O*H] 

fou 

spuvquysg 

*"Y 
—*y, 

yy 

ND)A 

AND) 

A 

uoypsndasg 

xajduioa 

(wu)7?“"y 

qnaoads 

2049p 

o(, 

49) 

uw 

@
8
e
x
a
[
d
w
o
d
 

po
sp

uq
-o

ue
rk

D 
se

ap
on

ur
g 

Jo
 

so
ns

od
oi

g 
s1

do
os

on
se

dg
 

pu
e 

uo
ne

se
do

ig
 

Sp
 

2I
qB

1.
 



Chromium 779 

The thermal decomposition of a number of double complexes containing the [Cr(CN)6]?~ 
anion has been investigated and the results obtained under quasi-isothermal and -isobaric 
conditions are summarized in Scheme 31.**° The ‘CN-flipping’ reactions involved in the scheme 
resemble similar reactions of Prussian blue analogues such as Cos[Cr(CN).]2 22’ and 
Fe3[Cr(CN).]>.°* The unusually low magnetic moment of Cr(CN).Cr indicates considerable 
metal—metal interaction via the CN bridges. 

[Cr(NH5)6][Cr(CN)o] _20s-s10¢c . Cr(NC) Cr 
yellow; 2130,7 454,” 344° cm™'; 3.8 BM255° dark brown; 2190, 527° cm™'; 2.4 BMy9, 2.5 BM290 

[ae NH, 
220-305°C 

[Cr(H,O)(NHs)s][Cr(CN)«] _170-220°c . (H;O)(NH3)Cr(NC),Cr(CN); 
red-yellow; 2135, 455, 345 cm '; 3.8 BMso. light brown; 2175, 502 cm~'; 2.6 BMooo 

(a) 

[Cr(NH3).][Co(CN).]  a95°be¢2c . Cr(NC),Co 
yellow; 2135, 562, 415 cm '; 3.8 BMoxg - brown; 2200, 600, 512, 321 cm‘; 3.8 BMyo9.288 

-H,0, 4NH, 
230-260°C 

—NH 

[Cr(H;O)(NH,)s][Co(CN).] 190-230°c , (H,O)(NH,),Cr(NC)Co(CN); 
red-yellow; 2130, 563, 420 cm ' red-brown 

(b) 

[Co(NH5)][Cr(CN)o] _°"So-saaore* —_- Co(CN).Cr 
orange; 2135, 459, 344 cm"; 3.8 BMoxo grey-green; 2200, 596, 510, 317 cm~!; 4.2 BMys, 4.0B 

eae ‘CN-flipping’ 

120-330°C 
—H,0 

[Co(H,0)(NH3)s][Cr(CN).] _110-120°¢ | (NH);Co(NC)Cr(CN); 
red-yellow; 2130, 460, 345 cm™' yellow 

(c) 

_2¥(CN).- °v(MCN). °d(CMC). 
“Magnetic moment at the temperature (K) subscripted. 
© v(MC) or 6(CMC) not adequately assignable in the bridged complexes. 

Scheme 31 

35.4.1.2 TIsocyanides 

Some aryl isocyanide complexes of the type [Cr(CNR).]X3 (X = SbCl¢, BF;) have recently 
been reported. Details of the preparations and properties of these complexes are given in 
Table 3. 

35.4.1.3 Alkyls and aryls 

The chemistry of alkyl and aryl chromium(III) complexes is covered in the companion 
series and has recently been the subject of a thorough review.*® Some of these complexes 
are also referred to in Sections 35.4.2.5 and 35.4.8.1.iv. 

35.4.2 Nitrogen Ligands 

Complexes of chromium(III) with ammonia and amines were among the first to be 
recognized by the early coordination chemists. Consequently, there is a vast literature, and this 
section is restricted to work since the comprehensive review by Garner and House*™~ in which 
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new solids have been characterized. In many cases the compounds are tabulated without 
comment. 

35.4.2.1 Ammonia 

Some cyanoammines are discussed in Section 35.4.1.1; other ammines which are new or have 
been prepared by improved methods are listed in Table 46 or mentioned below. 

Table 46 Ammines 

Complex Ref. 

CrXN5 
[CrNCS(NH;);]X> (X = Br, NO3, ClO,) 6, 15 
[CrCN(NHs)5)(C104)2 26 
[(CrX(NH,).j°”* (X"- = HC_O; , NH} CH,CO; , SO, 103) 3 
[CrX(NH3);](ClO4). (X = MeCO,, CHCI,CO,, CCl,CO,, CF;CO,, HCO,, C,H,;0,, CH,CICO,) 15, 16, 21, 22 
[CrSeO,(NH;3)5]X (X = HSeO,, ClO,, NO3, Cl, Br) 7 

[Cr(H,AsO,4)(NH3)5](ClO,)2 7 
[Cr(H,PO,)(NH3)s]X>, [Cr(H,PO3)(NH3)s]X2 (X = Br, ClO4) 9 
[CrSO,(NH;);]HSO,, [CrSO,(NH5)s]28.0¢ 11 
[Cr(CrO4)(NH3)5]X (X = NO3, I, 3806) 23 
CrPO,(NH3);, [CrH,PO,4(NH;)<]X> (X = Br, ClO,; X, = S,0,; also dithionato- and p-oxalato- 12 

pentammines) 
[CrOP(OEt)3(NH3);](ClO,); 25 

[CrN3(NH3)s](ClO,4), 25 
[Cr(NH3);(sol)](ClO,4)3 (sol = DMF, DMSO) 8, 14, 16, 20 

[CrX(NH3)s](S206)3/2 (X = (NH2)2CO, (NHMe),CO) 20, 28 
[Cr(NH3);0CHNH>](C1O,4)s5/2(CF3$03) 1/2, [Cr(OSO,CF3)(NH3)s](CF3SO3)> 20, 28 
[Cr(NH3)5(H30)](ClO,);, [Cr(NH3)s(CH3CN)](CF3SO3); 28 
[Cr(nic-O)(NH;3)5](ClO,)> 30 

[Cr(NCO)(NH3)5](NO3)2 31 
[Cr(NCSe)(NH3)5]X, (X = Br, ClO,, NO;) 32 

CrX,N,4 

trans-[CrF,(NH3)4]X (X = I, ClO,) 1, 3,6, 13 
cis-[CrF,(NH3)4]X (X = I, ClO,) 1, 13 
cis-[CrCIH,O(NH3)4]X> (X = Cl, ClO,) £2 
cis-[Cr(H,O),(NH3)4](C1O,); 2 
trans-[CrFH,0(NH3),4](ClO,)> 1 
trans-[CrBr,(NH;),]Br t, 13 
cis-[CrBr,(NH;),|Br 13 
trans-[CrBrH,O(NH;),4]Br, 1 
trans-[CrCl,(NH3),]Cl IRR 
cis-[CrCl,(NH;),4]X (X = Cl, ClO,) 13 
trans-[CrClH,0(NH3),4]X> (X = Cl, ClO,) 1,2 
cis-[CrClH,O(NH3)4]Cl, 29 

trans-[Cr(H,0)(OH)(NH;3)4](C1O4)2 1 
trans-[Cr(H,O),(NH3)4](C1O4)3 1,2 
trans-[CrXF(NH;),4]ClO, (X = Cl, Br) 1,3 
trans-[CrBrCl(NH3)4]X (X = Cl, Br) 27 
trans-[CrFNCS(NH;),4|ClO, 6 
trans-[CrCINCS(NH3)4]X (X = SCN, ClO,) 19 

trans-[Cr(NCS)(H,0)(NH3)4](ClO4)2 19 
trans-[Cr(NCS),(NH3),4]C1O, 6 
trans-[CrIH,O(NH3)4]X> (X = I, ClO,) 4 
cis-[CrIH,O(NH3)4]X, (X = I, ClO,) 4 
trans-[CrClI(NH3),4]ClO, 4 
cis- and trans-[Cr(ONO),(NH;),]CIO, 17 
trans-[CrCl(ONO)(NH;),]CIO, 17 
[Cr(NH3)4(ONO)(O,CCH,NHs3)](C1O,)> 5 
[Cr(NH,),(ONO)(O,CCH,NH,)|(C1O,) 5 
cis- and trans-[CrH,0(ONO)(NH;),]CIO, 17 
cis-[CrNCS(ONO)(NH;),]CIO, 17 
trans-[Cr(NH3)4(DMSO),](C1O,), 8, 14 
cis-[Cr(NH;),(DMF)9|(C1O,); 8 
trans-[Cr(NH3)4(DMF)9](C1O,), 14 
cis-[Cr(NH3),(DMF)(DMSO)](CIO,), 

8 cis-[CrCl(sol)(NH3),](ClO,), (sol = DMF, DMSO, DMA) 10, 14 
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Table 46 (continued) 
mae i ce Ne Ea a AY ee 

Complex Ref. cae EN ae NE A i 5 a 0 To A CA 
trans-[CrCIDMSO(NH3),4](C1O,), 10, 14 
cis-[Cr(NH3)4(DMSO),](CIO,); 10, 14 
trans -[CrCl(DMF)(NH;),](C1O,)> 14 
[CrSO,(H,O)(NH3)4][Cr(SO,)2(NH3),], [CrSO,(H20)(NH3)4],S,0, 11 
{CrCrO,(NH3),4]X (X =I, ClO, 3S,0,) 23 
trans-[Cr(CN).(NH3),]ClO, 24 
cis-[Cr(CN)2(NH3)4]ClO, 24 
cis-[Cr(CN)DMSO(NH;3),]CIO, 24 
cis- and trans-[Cr(nic-O)(NH3),4]ClO, 30 
trans-[Cr(Hnic-O).(NH3)4](C1O,)3° 30 
K[Cr(NCS),(NH;)>] 33 
eee 

“X-Ray single structure determination; structural determinations also on [Cr(NH3).]X; (X = [HgCl,],°* [MnCl,-H,O]”° and 
[Cr(ONO)(NH,)5]Cl. 

1. J. Glerup and C. E. Schaffer, Inorg. Chem., 1976, 15, 1408. 

2. D. W. Hoppenjans and J. B. Hunt, Inorg. Chem., 1969, 8, 505. 
3. G. Wirth, C. Bifano, R. T. Walters and R. G. Linck, Inorg. Chem., 1973, 12, 1955. 
4. D. W. Hoppenjans, G. Gordon and J. B. Hunt, Inorg. Chem., 1971, 10, 754. 
5. T. Ramasami, R. K. Wharton and A. G. Sykes, Inorg. Chem., 1975, 14, 359. 
6. A. D. Kirk and C. F. C. Wong, Inorg. Chim. Acta, 1978, 27, 265. 
7. A. Creix and M. Ferrer, Inorg. Chim. Acta, 1982, 59, 177. 

8. J. Casab6, J. Ribas, V. Cubas, G. Rodriguez and F. J. Fernandez, Inorg. Chim. Acta, 1979, 36, 183. 
9. J. M. Coronas, J. Casab6 and M. Ferrer, Inorg. Chim. Acta, 1977, 25, 109. 

10. W. G. Jackson, P. D. Vowles and W. W. Fee, Inorg. Chim. Acta, 1977, 22, 111. 

11. J. M. Coronas, J. Ribas, J. Casab6 and N. Cabayol, Inorg. Chim. Acta, 1977, 21, 51. 
12. J. Casab6, J. M. Coronas and M. Ferrer, Inorg. Chim. Acta, 1976, 16, 47. 

13. W. G. Jackson, P. D. Vowles and W. W. Fee, Inorg. Chim. Acta, 1976, 19, 221. 

14. P. Riccieri and E. Zinato, J. Inorg. Nucl. Chem., 1981, 43, 739. 

15. E. Zinato, R. Lindholm and A. W. Adamson, J. Inorg. Nucl. Chem., 1969, 31, 449. 
16. N. Al-Shalti, T. Ramasami and A. G. Sykes, J. Chem. Soc., Dalton Trans., 1977,-94. 

17. T. C. Matts and P. Moore, J. Chem. Soc. (A), 1971, 1632. 
18. T. C. Matts, P. Moore, D. M. W. Ogilvie and N. Winterton, J. Chem. Soc., Dalton Trans., 1973; 992. 
19. P. Riccieri and E. Zinato, J. Am. Chem. Soc., 1975, 97, 6071. 

20. N. J. Curtis, G. A. Lawrance and A. M. Sargeson, Aust. J. Chem., 1983, 36, 1495. 

21. R. Davies and R. B. Jordan, Inorg. Chem., 1971, 10, 2432. 

22. E. Zinato, C. Furlani, G. Lanna and P. Riccieri, Inorg. Chem., 1972, 11, 1746. 

23. J. Casab6, J. Ribas and J. M. Coronas, J. Inorg. Nucl. Chem., 1976, 38, 886. 

24. P. Riccieri and E. Zinato, Inorg. Chem., 1981, 20, 3722. 
25. E. A. Hosegood and J. L. Burmeister, Synth. Inorg. Metal.-Org. Chem., 1971, 1, 21. 
26. P. Riccieri and E. Zinato, Inorg. Chem., 1980, 19, 853. 
27. H. Ueno, A. Uehara and R. Tsuchija, Bull. Chem. Soc. Jpn., 1981, 54, 1821. 

28. N. E. Dixon, G. A. Lawrance, P. A. Lay and A. M. Sargeson, Inorg. Chem., 1984, 23, 2940. 
29. P. Andersen, T. Damhus, E. Pedersen and A. Petersen, Acta Chem. Scand., Ser. A, 1984, 38, 359. 
30. J. C. Chang, L. E. Gerdom, N. C. Baenziger and H. M. Goff, Inorg. Chem., 1983, 22, 1739. 
31. T. Schonherr and H. H. Schmidtke, Inorg. Chem., 1979, 18, 2726. 

32. N. V. Duffy and F. G. Kosel, Inorg. Nucl. Chem. Lett., 1969, 5, 519. 
33. A. H. Norbury, Adu. Inorg. Chem. Radiochem., 1975, 17, 231. 
34. W. Clegg, J. Chem. Soc., Dalton Trans., 1982, 593. 
35. W. Clegg, Acta Crystallogr., Sect. B, 1978, 34, 3328. 

36. E. Nordin, Acta Crystallogr., Sect. B, 1978, 34, 2285. 

(i) Diammines and triammines 

Of the five possible isomers of the diammine [CrCl,(NH3)2(H2O),]Cl the one with all-trans 
ligand pairs,**’ and that which is cis with respect to NH; and trans with respect to Cl*“° have 
been isolated; [CrBr2(NH3)2(H2O),|Br is also known.** The triammines mer-[CrX3(NHs3)s] 
(X =Cl, Br), mer-[CrBrCl,(NHs3)3] and mer-[CrBr2Cl(NH3)3] have been obtained by thermal 
decomposition of the hexaammines efc. in a quasi-closed system which produces much purer 
intermediate compounds than the more usual open dynamic conditions;*” fac-[CrCl3;(NH3)3] 
and fac-[Cr(NH3)3(H2O)3](ClO,)3 have been isolated as in Scheme 34.** 

(ii) Tetraammines 

Schemes 32 and 33 illustrate the preparations of various members of the numerous 
trans-tetraammine Cr™ series*“ starting from trans-[CrF2(py),]I. Analogous cis complexes 
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trans-(CrF,(py)a]l => trans-[CrF,(NHs)4]I ASS. trans-[CrFH,O(NH3),)* 

from 

solution -HCI Hg?* in 
NH, (1) HF(1) 

H in 

cis-[CrF,(NHs)a]I trans-[CrCl,(NH3)4]* a, trans-[CrClF(NHs)4]* 

and 

trans-[CrClH,O(NH3)4]"* 

Scheme 32 

H,(1) 

trans-[CrF,(py),]| “> trans-[CrF,(NHs)4]I 

Hg?* in HBr hes 

HNO} + 0 3+ 

trans-[CrBrF(NHs)4]* ee trans-[CrBr2(NHs3)4] ae trans-[Cr(NH3;)4(H2O)2] 

Ral de | 

trans-[CrBr(H,O)(NHs)4]"~ trans-[Cr(NH;)4(H2O)OH]** 

Scheme 33 

Cr** (aq) ——=— Cr** /ammine et ae fac-[CrCl;(NH3)3] 

oxidation, H,7 blue-grey 

[tm Br~ or Cl salts 0°C [chomatoert 

[Cr4(OH)(NH3)12] Xs fac-[Cr(NH3)3(H2O)s](ClO.)s 
aoe (99) rhodoso, X = Br or Cl red 

aa fie [eon eon [Howio. 0°C, then Nal 

[Cr3(OH)4(NHs)10]Xs cis -(CrCl(H,0)(NH3)4]Cl, [(H2O)(NH3)3Cr(OH),Cr(NH3)3(OH) IIs 

(98), red (X =I, Br) red (filter) red-violet (also Br salt, 97) 
also [Cr{(OH) Cr(NHs)4}3]Xs [CrCl,(NH;).(H20),]Cl Bees ee 

blue-green (filtrate) ‘| ¥ 

[(H,0)(NH3)3Cr(OH),Cr(NH3)3(H20)}I, 
violet 

a 

[(OH)(NH3)3Cr(OH),Cr(NH3)3(OH)]L, 
violet 

Scheme 34 

have long been known. The electronic*“***° and ESR spectra*° of various trans ammines and 
[CrXY(py),]"* have been determined and ligand field parameters derived. 

Cyanide anation in DMSO has proved useful in the preparation of cyano complexes (Scheme 
29).°*° Cyanide displaces coordinated DMSO cleanly but deprotonates rather than displaces 
coordinated water. The preparation of trans- and_ cis-[Cr(CN)2(NH3)4]ClO, starts from 
[Cr(DMSO).(NH3)4]>* | or [CrCl(DMSO)(NH3),]**. The  insolubility of — trans- 
[Cr(CN)2(NH3)4]ClO, permitted its isolation from solution, but it was necessary to separate the 
cis isomer by ion exchange. Rapid trans to cis isomerization of trans-[Cr(DMSO).(NHs3)4]}°* 
occurs on the addition of CN~ before anation produces the dicyano complexes stepwise, both 
apparently via cis-[CrCN(DMSO)(NHs)4]**, which in an uncommon rearrangement gives a 
mixture of trans- and cis-dicyano complexes. Substitution of DMSO by CN™ in water is 
stereoretentive. 
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(iii) Pentaammines 

Many new pentaammines have been isolated, mainly for photochemical and_ kinetic 
investigations. The absorption and luminescence spectra of single crystals and powders of 
[Cr(OH)(NHs3)s](ClO4)2 have been investigated**’ from 7K to room temperature. The OH~ 
group produces a large tetragonal component, which causes a large splitting of the second but 
not the first spin-allowed band. From the fine structure in the luminescence spectrum the 
totally symmetric Cr—O stretch is at 570cm~'. The far-IR, Raman and vibronic spectra of 
[Cr(NCO)(NHs)s](NO3)2 have also been studied.** There is some dispute over the ability of 
crystal field calculations to account for the detailed splittings. The ESR spectra of 
[CrX(NH3);]"* and other tetragonal Cr’ complexes have been analyzed.*° Little magnetic 
aaa ae at very low temperatures in complexes such as [Cr(H2O)(NH3)s][Cr(CN)<], 

(iv) Hexaammines 

As might be expected with the well-known hexaammines, there has been little additional 
work. Scheme 31 describes the thermal decomposition of some hexaammines and pentaam- 
mines; the borohydride [Cr(NH3).][BH,4]; has been prepared by a modified method and its 
thermal stability studied,*'*°? and [Cr(NHs3)¢][Co(N3)s] has been isolated.*°? The skeletal 
vibrational frequencies of [Cr(NH3).](NO3)3 have been assigned,’ and from low temperature 
single crystal investigations of [Cr(NH3).](ClO,4).CI-KCI it has been deduced** that the 
Cr—NH; bonds are lengthened by 0.12 A along two axes and shortened by 0.02 A along a third 
in the excited *7>, state compared with the *A,, ground state. The zero field splitting in 
[Cr(NH3).5](ClO,4)2Br-CsBr has been determined*® by single crystal magnetic susceptibility 
studies from 0.040 to 4.2 K, and the value is in agreement with ESR results. Even allowing for 
zero field splitting in [Cr(NHs3).][CdCls] it appears that there is weak antiferromagnetic 
interaction between the cations (@ = 1.4 K) although the Cr—Cr separation is 7.9 A.>5” 
The study of equilibria between Cr™ and ligands in aqueous solution is complicated by the 

robustness of Cr™ complexes. Equilibria can be established quickly in Co™ systems if charcoal 
is added because this reduces a little Co™ to Co", but in Cr™ systems Cr” must be added as 
well as charcoal. Oxidation by the medium could remove all the Cr" before equilibrium is 
reached among the Cr™ species, but it has been found**® that a constant concentration of Cr™ 
can be maintained by electrolytic reduction until equilibrium is reached. Then the remaining 
Cr" can be allowed to oxidize and the equilibrium concentrations of the different Cr'™ species 
determined. In this way log 6. for complexation with ammonia has been found to be 13 (24°C, 
4.5M NH.Cl) and log B3 (en) = 19.5 (24°C, 1M NaCl). The method works also with pn and 
edta, but fails with glycine and non-amine ligands like ox and SCN” where a steady state 
concentration of Cr™ cannot be built up. 

The photoinduced reactions of the cations [Cr(NH3)6-,(H2O),,]°* have been investigated,*°” 
and their visible spectra recorded during a study*™ of the formation of [Cr(NH3).]** by the 
acid-catalyzed hydrolysis of [Cr(/(NCO)(NHs)s]**. 

(v) Polynuclear complexes 

Table 47 lists the polynuclear ammines which have been extensively investigated since the 

review by Garner and House.*” 
The interconversions between monobridged dinuclear Cr’ ammines with their traditional 

names are illustrated in Scheme 35.°** Inter-relations exist between the mono-y-hydroxo 
and di--hydroxo species in acid solution, and these are outlined in Scheme 36. Acid hydrolysis 

of the mono-bridged dinuclear cations to mononuclear species is slow and salts of (94) and (95) 

as well as of the long-established p-diols are known. In ammonia buffer [(OH)(NH3)q- 

Cr(OH)Cr(NH3)4(OH)}°* forms.*” 
The basic rhodo complexes [(NH3);CrOCr(NH3)s5]X4 (88) cannot be obtained free from the 

basic erythro salts [(NH3)sCr(OH)Cr(NH3)4OH]X, (90) unless cold solutions protected from 

light and containing concentrated ammonia are used.**' The pure samples exhibit reproducible 
antiferromagnetic behaviour; it seems that the linear Cr—O—Cr bridge with its short Cr—O 

distances (~1.80 A)**>% permits the transmission of strong exchange interactions in which 

III 
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Table 47 Oxo- and Hydroxo-bridged Ammines 

Complex 

Dinuclear (monobridged) 

[(NH3)s;CrOCr(NH3)5}Xq 
Dark blue (88) 

[(NH3)sCr(OH)Cr(NH3)<]Cl, 
Red (89) 

[(NHg)sCr(OH)Cr(NH3)4(OH) |X, 
(cis) (90) 

[(NH3);Cr(OH)Cr(NH3)4(H,O) |X; 
(trans) (91) 

[(NH3)sCr(OH)(NH3)4,Cl]X, 
[(H,0)(NH3)4Cr(OH)Cr(NH3)4(OH)][ZnCl,OH](C1O,), 
(cis, cis) Red 

[(H,0)(NH3)4Cr(OH)Cr(NH3)4(H0)][ZnCl,},Cl 
(cis, cis) Red 

[((OH)(NH;),Cr(OH)Cr(NH3),(OH)]}** 
(cis, cis) 

Trinuclear 

[Cr3(OH)4(NH3),]Brs 
Red 

Tetranuclear 

[Cr{(OH),Cr(NH3)4}3]Bre 
Blue violet 

[Cr,(OH),(NH3);2]Cl, 

Dinuclear (dibridged) 

[((NH3)4Cr(OH),Cr(NH3)4]X4 
Red 

X4 = Cly-4H,O: 

X,4 = (S,0,)2:4H,O: 

Comments 

X=Cl, Br, ClO,; X = Cl, Br, singlet—triplet sepn. 

450cm ', linear Cr-—O—Cr, Cr—O, ca. 1.80, Cr— 
N (av), 2.12A 
1 H,O: singlet-triplet sepn. 31.5 em ', Cr-—O—Cr, 
165.6°, Cr—O, 1.94, Cr—N, 2.07-2.15 A 
2H,0: Cr—O—Cr, 158.4°, Cr—O, 1.974, Cr—N, 2.08- 

2.09 A 
X= Cl, Br, ClO, 0. pe X = Cl, Br, 0.58,0,, singlet— 

triplet sepn. 23 cm = (S,0,)2°3H,O, singlet—triplet 

sepn. 21cm ai has 142.8°, Cr—O (br), 1.962, 
1.989, Cr—O (tern), 1.915, Cr—N, 2.05-2.11A 

X= Cl, NO3; Xs= Cl,-3H,O, singlet—triplet 

sepn. 34.6cm , Cr—O—Cr, 155.1°, Cr—O (br), 1.983, 

2.084, Cr—N a. 2.070, disorder in trans ligands, 

Cr—O(N) (av), 2.071 A 
X=Cl, ClO, 
(€, A) max: (97.7, 519.5), (77.4, 385.5) 

(€, A) max: (98.0, 514.0), (62.7, 380.0) 

Ammonia buffer 

(€, A) max: (100.0, 534.0), (91.0, 402.0) 

NK aa N 

NOY \s 
Je Ne H ve Pa we OH 

1.968 sot 

mig ec igs GP ee Cutty 

“al oe 1.989 aban 
N 

N!.987 A N 

(98) 

SL6° 

Me 

() 

Analogue of Werner’s brown salt (Co™) 

Rhodoso complex 

(NH;). 
y 4 

wy See y; 
HOM 133.4QOH 

(NHs)< 
(99) 

X= Cl, Br, ClO,, 0.58,0, 

(€, A) max: (124.5, 536.0), (67.3, 386.5) 
Triclinic form, singlet-triplet sepn. 1.43 cm‘, Cr-—O— 
Cr, 100.83°, Cr—O (av), 1.973, Cr—N, 2. 068-2. 081, 
Cr—Cr, 3.041 A, @ = 50° 
Monoclinic form, singlet-triplet sepn. 4.1 em?" Cr 

O—Cr, 99.92°, Cr—O (av), 1.974, Cr—N, 2.074-2.089, 
Cr—Cr, 3.023 A, @ = 41° 
Singlet-triplet sepn. 5.8cm ', Cr—O—Cr, 101.54°, Cr— 
O (av), 1.965, Cr—N, 2.078-2.082, Cr—Cr, 3.045 A, 
6 =24° f 

Ref. 

2-4 

2,6 

13 

15 

13, 14, 15 

8-10 

11 

9 
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Table 47 (continued) 

Complex Comments Ref. 

[(H,0)(NH)3Cr(OH),Cr(NH3)3(OH)]Br3:2H,O NH, OH(H,0) 12 
trans, facial, red—violet H pt 

HN Zo, |2 NH 
Be Ole a 

ee ee 
AO HN’ | ~o<®| ~NH;, 

(H,0)HO # NH, 
(97) 

[CH,O)(NH;)3;Cr(OH),Cr(NH;)3(H,O)]1,-4H,O Protonation of (97) 12 
Violet 

[HO(NH;)3Cr(OH),Cr(NH;)3(OH)]I,-H,O Deprotonation of (97) 12 
Violet 

1. E. Pedersen, Acta Chem. Scand., 1972, 26, 333. 

2. D. W. Hoppenjans and J. B. Hunt, Inorg. Chem., 1969, 8, 505. 
3. J. T. Veal, D. Y. Jeter, J. C. Hempel, R. P. Eckberg, W. E. Hatfield and D. J. Hodgson, Inorg. Chem., 1973, 12, 2928. 
4. P. Engel and H. U. Giidel, Inorg. Chem., 1977, 16, 1589. 
5. D. J. Hodgson and E. Pedersen, Inorg. Chem., 1980, 19, 3116. 

6. S. J. Cline, J. Glerup, D. J. Hodgson, G. S. Jensen and E. Pedersen, Inorg. Chem., 1981, 20, 2229. 
7. F. Christensson and J. Springborg, Acta Chem. Scand., Ser. A, 1982, 36, 21. 
8. J. Springborg and C. E. Schaffer, Inorg. Synth., 1978, 18, 75. 
9. S. J. Cline, D. J. Hodgson, S. Kallesge, S. Larsen and E. Pedersen, Inorg. Chem., 1983, 22, 637. 

10. S. Decurtins and H. U. Giidel, Inorg. Chem., 1982, 21, 3598. 
11. D. J. Hodgson and E. Pedersen, Inorg. Chem., 1984, 23, 2363. 

12. P. Andersen, K. M. Nielsen and A. Petersen, Acta Chem. Scand., Ser. A, 1984, 38, 593. 
13. P. Andersen, T. Damhus, E. Pedersen and A. Petersen, Acta Chem. Scand., Ser. A, 1984, 38, 359. 
14. H. U. Giidel, U. Hauser and A. Furrer, Inorg. Chem., 1979, 18, 2730. 

15. E. Bang, Acta Chem. Scand., Ser. A, 1984, 38, 419. 

Cr?* + NH,OH + NH? 

| 
[(NH,);CrOCr(NHs)s]** nee? [(NH3)sCr(OH)Cr(NH;).(OH)]** 

blue basic rhodo ion red hydroxo (basic) erythro ion 

(88) (90) 

base |" base J 

[(NH)sCr(OH)Cr(NHs)s}°* [(NH,)sCr(OH)Cr(NH3),(H,0)]** 
red normal (acid) rhodo ion red aqua (acid) erythro ion 

(89) (91) 

I 
acid 

[(NH;);CrOCr(NH3)4X]°* Sieai [(NH;)sCr(OH)Cr(NH;)4,X]** 

acido rhodo ion acido erythro ion 

(93) (92) 

X =F, Cl, NCS, ONO 

Scheme 35 

bonding is important. An almost linear bridge is also present in [{Cr(NCS)(TPyEA)}20]- 
BPhy)2.' 
ele (acid) rhodo complex [(NH3)sCr(OH)Cr(NHs3)s]Cls-H2O (89) has a bent bridge 

Cr—O—Cr angle = 165.6°) and shows much weaker antiferromagnetic interaction (Table 

47).365 The Cr—N bonds trans to the bridge are a little longer (0.07 A) than the other Cr—N 

bonds. This may relate to the formation of the basic erythro salts by the substitution of a 

terminal NH; by OH. However, no bond lengthening is apparent in the structure of the 

dihydrate [(NH3)sCr(OH)Cr(NH3)s]Cls-2HO, the polarized electronic spectrum of which has 

been investigated in order to gain information on the exchange-induced intensity-gaining 

mechanisms for spin-forbidden transitions.*® 
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H ms H fe 

errors Aly 
(NFL). Deut). + 1,0 (NH,).Cr Cr(NH), 

k _,=3.80«107~4 5-1! 

) OH, OH 

purple (94) reddish 

zal ff 
H s+ H =e 

oo ha \ (NOR go ae ——— (NH) HANES 4 
—2=2./%X s 

O OH, .. OH, 
a 

H H (95) 

Scheme 36 

Structural, spectroscopic and magnetic investigations have been carried out on the basic 
erythro complex cis-[(NH3)sCr(OH)Cr(NH3)4(OH)](S2O¢)2°3H20*” (90), the acid erythro 
complex trans-[(NH3)s;Cr(OH)Cr(NH3)4(H2O)|Cls-3H,O*® (91), for which the bridging angles 
are respectively 142.8° and  155.1°, and the  di-y-hydroxo complexes 
[(NH3)4Cr(OH) Cr(NH3)4]X4-4H2O (X = Cl, Br or 0.5S,0¢).°° >” 

The dibridged ammines are examples of the general dinuclear complex (96), with L= NH; 
and R=H. Much research has been aimed at relating antiferromagnetic behaviour and 
spectroscopic properties to structure. There does not seem to be a simple correlation between 
the magnitude of the exchange parameter J (singlet—triplet splitting) and bridge geometry, i.e. 
the Cr—O—Cr angle @, the Cr—O bond length 7, or the Cr—Cr separation. Evidence is 
accumulating that there is a correlation between the magnitude of J and the angular 
displacement of the R (or H) atom out of the Cr,O, plane (dihedral angle 6). The implications 
are that superexchange through a pz orbital on O is dominant and this is at a maximum only if 
the H atom lies in the plane. Recently, a model has been proposed which relates the magnitude 
of the magnetic interaction to all three parameters r, @ and 6.7774 

(96) 

The synthetic work has been extended to di-u-hydroxo-fac-triammine derivatives (97) (Table 
47 and Scheme 34). The crystals of (97) contain two different centrosymmetric cations, the 
trans diaqua and trans dihydroxo species, linked alternately in infinite chains by short (2.45 A) 
hydrogen bonds. The bond distances of the diaqua cation differ slightly from those of the 
dihydroxo cation.*” 

The preparations of the trinuclear complex [Cr;(OH)4(NHs3)10]Brs (98) and the tetranuclear 
complexes [Cr{(OH)2Cr(NH3)4}3]Bre and [Cr4(OH)(NH3)12]Cls (99) (Table 47 and Scheme 
34) start with aqueous Cr’—NH?/NH; buffer solutions and charcoal.2”° The antiferromagnetic 
behaviour of (98) has been analyzed in terms of its triangular structure [J;2 (7.90 or 18.7 cm~), 
Ji3 =Jo3 (18.7 or 4.3cm™*)], which resembles that of (99) (Table 47). The complex 
[Cr{(OH)2Cr(NH3)4}3]Bre also behaves antiferromagnetically, and is structurally an analogue 
of Werner’s brown salt [Co{(OH)2Co(NH3)4}3]Cl.. 

The tetranuclear ‘rhodoso’ complex [Cr4(OH)6(NH3)12]Cle-4H2O has the structure (99) 376377 
Its antiferromagnetic behaviour can be reproduced in terms of dominant exchange parameters 
along the side and shorter diagonal of the planar rhombus formed by the four chromium atoms. 
Some differences in parameters may be due to the use of slightly different crystal 
modifications.*”’*”> Neutron inelastic scattering has been used to observe the exchange 
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splittings of the ground electronic state and provide refined and additional exchange 
parameters. There is a sharp drop in magnetic moment below 10K which requires that the 
lowest level of the ground state be a spin singlet with a low-lying triplet. The triplet from the 
temperature dependence of the neutron inelastic scattering spectra lies less than 4cm~! above 
the singlet. The exchange splittings of the ground state have also been observed through the 
temperature dependent intensities (<11 K) of the transitions to the 7E and 27, levels.27 

35.4.2.2 Monodentate amines 

A number of chromium(III) complexes containing monodentate amine ligands are known 
and details of their electronic spectra are given in Table 48. 

Table 48 Electronic Spectra of Monodentate Amine Chromium(III) Complexes 

Complex Amax (€)(nm, dm? mol”! cm~') Medium Ref. 

[Cr(NH3).]°* 462 (44.0) 346 (37.2) DMSO/glycerol 1 
[Cr(MeNH,).]° * 477 (71.8) 360 (62.5) DMSO/glycerol 1 
[Cr(EtNH,).}°* 478 (71.5) 363 (61.5) DMSO/glycerol 1 
[CrCl(MeNH,)<]?* 526 (—) — Glycerol/H,O 2 
[CrBr(MeNH,)<|?* 535 (46.3) 390 (54.7) HBr/H,O 3 
[Cr(OSO,CF,;)(MeNH,);]** 506 (49.1) 374 (45.8) CF,SO;,H 4 
[Cr(MeNH,);H,O]°* 490 (55.6) 368 (49.2) H,O, pH 4 5 
[Cr(MeNH,),NH;]** 474 (52.5) 359 (45.5) HBr/H,O 3 

474 (61.7) 360 (52.9) DMSO/glycerol 1 
[Cr(EtNH,);NH;]°* 476 (65.2) 362 (56.0) DMSO/glycerol 1 
[Cr(MeNH,),(en),]°** 465 (84.1) 354 (71.6) DMSO/sglycerol 1 
trans-[CrF,(MeNH,),]* 494 (22.4) 408 (14.5) 356 (16.3) 0.1MHCI 6 
trans-[CrF,(Pr°NH,)4]* 502 (26.1) 413 (16.1) 356 (17.5) 0.1MHCI 6 

* Prepared from trans-[CrBr,(en),|Br and liquid MeNH, but product of unknown isomer composition. The pn and tn complexes were 
prepared similarly. 
1. K. Kiihn, F. Wasgestian and H. Kupka, J. Phys. Chem., 1981, 85, 665. 

2. H. L. Schléefer, H. Gausmann and H. Witzke, Z. Phys. Chem. (Frankfurt am Main), 1967, 56, 55. 

3. K. Kiihn and F. Wasgestian, Inorg. Nucl. Chem. Letts., 1976, 12, 803. 
4. N. E. Dixon, G. A. Lawrance, P. A. Lay and A. M. Sargeson, Inorg. Chem., 1984, 23, 2940. 
5. Yu. N. Shevchenko, V. V. Sachok and N. K. Davidenko, Russ. J. Inorg. Chem. (Engl. Transl.), 1979, 24, 30. 
6. J. Glerup, J. Josephsen, K. Michelsen, E. Pedersen and C. E. Schaffer, Acta Chem. Scand., 1970, 24, 247. 

(i) Aliphatic hexamines 

The reaction between CrBr3; and liquid alkylamines RNH, (R=Me, Et) at reflux 
temperatures affords the yellow-coloured hexamines [Cr(RNH2)¢]**, which have been isolated 
as nitrate (R=Me),°”°®° bromide (R=Me)* and perchlorate (R = Me,** Et**!) salts. 
Hydrolysis of [Cr(MeNHz)¢]** in HCIO, solution gives [Cr(MeNH2);H,O}?* but in solutions of 
other inorganic acids (HX) gives the acidopentamine complexes [CrX(MeNH)),]** .*8°°* 
Reaction between [Cr(MeNH2).]Br3 and (NH4)2[BioHio] in aqueous solution leads to crystal- 
line [Cr(MeNH)2).]Br(BioHi0)-2H2O which undergoes thermal decomposition to a monodentate 
decaborane complex (Scheme 37).*® The isomers cis- and trans-[Cr(MeNHz)2(en )2|Br(BioHio) 
are stable up to 250°C but above this temperature both lose MeNH) and give the common 
product trans-[Cr(B1oHio)Br(en)2].**° 

[Cr(MeNH,).]Br(B 1010) -2H,O aes, [Cr(MeNH;),]Br(B 1010) 

[i 

Cr(B,oH.)Br(MeNH;), ee [CrBr(MeNH2)s]BioHio 

Scheme 37 

(ii) Aliphatic pentamines 

In contrast to CrBr; the reaction of CrCl; with neat alkylamines stops at the pentamine stage 

and gives the products [CrCl(RNH2)s]Cl (R=Me, Et, Pr®, Bu", Bu’, C3Hs).****° The 

COC3-2Z 
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light-red-coloured complexes [CrBr(RNH)2)s]Br. (R = Me, Et) may however be obtained by 
controlled addition of liquid amine to CrBr3.*'7°° These complexes readily react with liquid 
NH; to give [Cr(NH3)(RNHz2);]Br3.**! Owing to the general lability of the triflate ligand, the 
complex [Cr(OSO,CF;)(MeNH;)s](CF3SO3)2, obtained from a solution of [CrCl(MeNHz)s]Cl 
in CF;SO3H, is a potential starting material for the synthesis of [CrX(MeNHz);]"* 
complexes.?°” 

An X-ray crystal structure determination of [CrCl(MeNH2)s]Cl, shows that the cation is 
severely distorted having Cr—N—C and N—Cr—N bond angles which deviate by up to 15 and 
6.6° from normal tetrahedral and octahedral angles respectively.*** In accordance with the 
sterically crowded nature of its ground state, this complex undergoes base hydrolysis 225 times 
faster than [CrCl(NH3;);]** at 298 K which is in the expected direction for a D,, mechanism.*** 
Aquation of [CrCl(MeNHz)s]**, however, is 38 times slower than that of the ammine complex 
at 298 K, an order which is reversed in the analogous cobalt(III) complexes.***°” This reversal 
in reactivity is attributed to a change in mechanism from J, in cobalt(III) to J, in 
chromium(III).*°° The orange-coloured complex [Cr(MeNH,);H,O](NO3)3 may be prepared by 
passing a solution of [CrBr(MeNHz2)s]** through an ion exchange resin in the OH” form 
followed by acidification of the effluent with concentrated HNO3.°? 

(iii) Aliphatic tetramines, triamines and diamines 

Reaction of trans-[CrF(py)4]* with amines (RNH;) at 100°C provides a convenient route to 
trans-[CrF,(RNH2)4]* complexes, a number of which have been isolated and characterized 
(R=Me, Et, Pr®, C3Hs).*°* Thermal decomposition of [CrCl(EtNH2);]Cl in the solid state at 
250°C gives the green-coloured complex CrCl,(EtNH2)3, while its reaction with KSCN in 
aqueous solution leads to the isomers 1,2,6- (red) and 1,2,3-Cr(NCS)3(EtNHz); (lilac).* 

The reaction between CrCl; and Me;N in the presence of zinc dust catalyst gives the 
five-coordinate purple-blue solid CrCl;(Me3N)2.°” This complex has a distorted trans trigonal 
bipyramidal structure and a magnetic moment of 3.88BM (298K), which is virtually 
independent of temperature.*”* In benzene solution this complex undergoes either ligand 
substitution or decomposition as outlined in Scheme 38.°% 7 The hexacoordinated 
chromium(III) dimer CrzCle(Me3N)3 has magnetic (Weg at 297 K = 3.68 BM; obeys the Curie— 
Weiss law over the temperature range 103-297K) and spectroscopic (*A2x,—>*Th, at 
13 300 cm™'; *Az~—>*T,, at 18 520 cm~*) properties like those of [Cr2Cl.]°~, suggesting a similar 
confacial bioctahedral structure with no significant metal—metal interaction. A mechanism 
involving halogen bridging with synchronous Me3N expulsion and ligand reorientation is 
suggested for dimer formation. No reaction was observed between CrCl;(Me3N)>2 and the 
potential ligands CO,, CS, and (Pr'),O. In the reaction products, CrCl;(tren) and 
[Cr(tren)2]Cl,, tren behaves as a tridentate ligand, bonded to the metal through its primary 
amino groups in both cases. 

CrCl,L, ST CrCl(Me;N), —=C2"205 CrCl,(tren) or [Cr(tren),]Cl, 
6°*6 o 

Jon 
py/CgH, 

Cr,Cl,(Me3N)3 + Me,N 

Scheme 38 

(iv) Anilines 

A number of chromium(III) complexes containing aniline PhNH> and substituted aniline 
ligands are known. These include [CrCl,(PhNH2)4]* *°? and CrCl,(PhNH>); °°” although the 
configuration is not stated in either case. The latter complex was prepared by refluxing a 
solution of CrCl in aniline (the pyridine complex CrCl;(py)3, prepared analogously, was shown 
to have a mer configuration). Reaction of CrCl;(PhNH2)3 and Br, in glacial acetic acid 
proceeds at a similar rate and with identical substitution orientation (i.e. 2,4,6-Br3PhNH, 
product) as that of uncoordinated PhNH).2” Coordination to chromium(III) therefore has a 
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contrasting effect to protonation, which greatly deactivates aniline with respect to electrophilic 
substitution and causes it to occur at the meta position. 
Some Reinecke-type salts containing aniline ligands have been prepared.*°? The complexes 

Bi[Cr(NCS)4L2]3 (L = PhNHp, morpholine, p-MePhNH)b, p-anisidine, 0.5bipy), BiX,[Cr(NCS),- 
L,]; (X= thiourea, L = PhNH>, morpholine), CdX,[Cr(NCS),4(PhNH,),], (X = en, piperazine) 
and Cd[{Cr(NCS)4(PhNH2)2}2 may be used in the analysis of Bi and Cd by titrimetric, 
spectrophotometric or gravimetric methods.*°*“ A number of double complex salts of the 
type A[Cr(NCS)4(PhNH)>)],, (A represents a range of cobalt(III) and silver(I) complexes) have 
been prepared and in the case of the Ag salts magnetic moments and positions of IR bands 
have been reported.*' Reaction of trans-[Cr(C,O,).(H2O),|" and aniline _ gives 
[Cr(C,0,4)2(PhNH2)2]", which can exist in a rose-coloured or in an unstable green-coloured 
modification. 

35.4.2.3 Ethylenediamine and related bidentate amines 

The chemistry of amine complexes of chromium(III) up to 1969 has been extensively 
reviewed by Garner and House;*” consequently earlier work will not be covered here. 
Fluorodiamine complexes of chromium(III) have also been carefully reviewed by Vaughn.*?-4 

(i) General preparative methods 

The easy formation of hydroxo- or oxo-bridged Cr" polymers in basic aqueous solution, the 
comparative lability of the Cr—N bond, and the precautions needed to obtain chromium(II) 
complexes compared with cobalt(II) complexes have meant that the preparative chemistry of 
chromium(III) is more difficult than that of cobalt(III). A greater variety of non-aqueous 
solvents is now in use, and there is greater knowledge of chromium(II) chemistry to be 
exploited in the preparation of chromium(III) complexes generally, but few new methods of 
preparation of amine complexes have been devised since the early work. 

The general synthetic methods are: (a) reaction of anhydrous CrCl;, CrBr3 or the sulfate 
with anhydrous amines alone or in an organic solvent, sometimes with the addition of zinc 
powder to provide a catalytic pathway via chromium(III) complexes—the anhydrous halides can 
be prepared from the hydrated salts by reaction with 2,2-dimethoxypropane, triethyl- 
orthoformate or thionyl chloride, or by distillation of water from solutions of the hydrates 
in DMF or DMSO; (b) reaction of hydrated chromium(III) salts such as CrCl;-6H,O, 
[Cr(H2O),Br2]Br and Cr(NO3)3-6H2O in solutions buffered with an amine/amine-salt mixture 
to prevent the formation of oxo and hydroxo polymers followed by acidification—carbon, 
added as a catalyst, can change the course of the reaction; (c) reaction of [CrCl;X3] (X= py, 
THF, DMF, DMSO) with amines—the preliminary preparation of these compounds, even if 
only in situ, gives essentially anhydrous starting materials soluble in organic solvents, although 
aqueous solutions can be used in some cases; (d) reaction of salts such as K3[Cr(NCS)<], 
K,[Cr(ox)3] and [Cr(urea).]Cl; with amines; (e) reaction of diperoxochromium(IV) amines 
with acids and the reduction of chromium(VI) compounds—these methods have not been 
applied recently; (f) oxidation of chromium(II) complexes; and (g) substitution of aqua or 
acido ligands in amine complexes by ammonia (from liquid ammonia) or.other amines to 
produce mixed ligand complexes. 

Complexes containing ethylenediamine and related bidentate N donor ligands which are new 
since 1969, or have been prepared by new methods, are listed in Tables 49 and 50. Water of 

hydration has not been specified. In general, the complexes have been prepared for kinetic and 

photochemical investigations. The list is restricted to solids which have been characterized at 

least by analyses. Cations obtained only in solution have not been included. Most complexes 

have also been characterized by conductance measurements, and IR, UV and visible 

spectroscopy. Spectroscopic methods have been used to distinguish between cis and trans 

isomers, and where cis isomers have been resolved this is indicated in the tables. 

(a) Recent syntheses. The most numerous complexes are those with the donor set X,N, (X is 

anionic or neutral), especially with N,=(en)2. The nitrosation of Cr—OH) groups has been 

used to synthesize many trans compounds containing Cr—ONO groups (NO* addition 

reactions), e.g. trans-[CrBr(ONO)(en)]ClO,, but cis compounds could not be obtained 

because the ONO group labilizes cis ligands.“* Destruction of Cr—ONO groups with acids 
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Table 49 Complexes of Ethylenediamine and Related Diamines (see also Table 50) 

Complex Ref. 

CrNe 

[Cr(en)3]X3 (X = F; X3 = Br(BH,), Cl,(BH4), Cl(BioH io) 1,2 
[Cr(en)3]Cl, 3,4,5,6 
[Cr(en)3](NCS), racemic and (+)sgo salts* 7 
[Cr(tmd),]Cl, 5 

[Cr(pn),]Cl, 3 
[Cr(en)3_,,(tmd),,]Br3 (n = 1, 2, 3 resolved) 8 

[CrL,]Cl, 
L = trans-1,2-cyclohexanediamine 5,9, 10 

L = cis-1,2-cyclohexanediamine, mer- and fac-A and -A isomers 11 

L = trans-1,2-cyclopentanediamine 12 
cis- and trans-[Cr(en)(NH,CH3)>]Br(B 9H) 2 
[Cr(NH;),(en)]ClO, 13 

For other CrN, species see [Cr(NH;),(en),]** and [Cr(NCS),(en),]* salts below and Table 50 

CrX,N, (X is anionic or neutral)” 
trans-[CrF,(en),]X (X = Br, ClO,)? 14, 15, 16 
trans-[CrF(H,O)(en).]X, (X = Br, ClO,) 14 
cis-[CrF,(en),][CrF,(en)]} 17 
cis-[CrF,(en),]F, I, ClO, {(—)s4¢6 isomer has A configuration} 1,17, 19 
cis-[CrF(H,O)(en)2]X, (X =I, ClO,, BPh,) {(—)s4¢ isomer has A configuration} 17, 18, 19 
cis-[CrClF(en)]X, (X =I, ClO,4) 17,18 
cis-[CrBrF(en),|I 18 
cis-[CrF(NCS)(en),]X (X = I, SCN, ClO,) {(+)s4¢ isomer has A configuration} 17, 19 
trans-[CrFX(en),]ClO, (X = Cl, Br, SCN) 14, 20, 21 
cis-[CrF(NH3)(en),]X, (X =I, ClO, {(—)s4¢-isomer}, X, = Cl, I) 225.23 
trans-[CrF(NH;)(en)>](ClO,), 22 
cis- and trans-[Cr(NH;),(en),](ClO,); 13 
cis-[CrCl(NH;)(en),|Br, 22 
cis-[CrBr(NH;)(en),|Br, 22 
trans-[CrCl(NH3)(en)]X, (X = Br, ClO,) 22 
trans-[Cr(NH3)(H,O)(en),]X3 (X = Cl, Br; X3 = Br,ClO,) 22 
cis- and trans-[Cr(NH,Me),(en),](C1O4)3; cis-[CrBr(NH,Me)(en),]Br, 

cis-[Cr(H,0)(NH3Me)(en),](Cl1O,); 24 
cis- and trans-[Cr(NCS)(NH3;)(en)2](SCN), 25 
trans-[Cr(NCS),(en),]X (X = Cl, ClO,) 26, 27 
cis-[Cr(NCS).(en),]SCN 28, 29 
cis-[CrCl,(en),]Cl 5 
cis-[CrBr(en),]X (X = Br, ClO,) 30 
cis-[CrClH,O(en)]X, [X = Br, I, M(CN),4, (M = Pd, Pt)] 6,31 
cis-[CrBrH,O(en),]X, [X = Br, I, M(CN)4, (M = Ni, Pd, Pt) 6, 31 
cis-[CrCl(DMSO)(en),]X, (X = Cl, ClO,) 
trans-[Cr(DMSO)(DMF)(en),](C1O,)3 
cis-[Cr(DMSO)(DMF)(en),](CIO,).(NO3;) 
trans -[Cr(DMSO)(H,O)(en)>](ClO,)3 
cis-[Cr(DMSO),(en).](ClO,); 33, 34 cis-[CrBt(DMSO)(en)5](C10,)> 
trans-[CrBr(DMSO)(en),](C1O,)> 
trans-[CrX(ONO)(en),]CIO, (X = Cl, Br) 
cis-[CrCl(ONO)(en),]ClO, 
trans-[CrBr(H,O)(en),]X, (X = Br, ClO,) 
trans -[CrCl(H,O)(en)]X, (X = Br, ClO,) 
trans-[Cr(H,0)(DMF)(en),](C1O,); 
trans-[CrX(NO;)(en) ]I (X = Cl, Br) 
trans-[CrBrI(en),]X (X =I, ClO,) 
trans-[CrClI(en),]I 
cis-[CrXI(en)2]I (X = Cl, Br; not isomerically pure) 
cis-[CrClBr(en),]X (X = Br, ClO,) 
trans-[CrCIBr(en),]X (X = Br, ClO,) 
trans-[CrX(NCS)(en),]C1O, (X = Cl, Br) 
trans-[Cr(ONO)(H,0)(en)>](C1O,)> 
trans-[Cr(OH)(ONO)(en),|CIO, 
trans-[Cr(ONO)(DMF)(en)3](C1O,), 
trans-[Cr(ONO)(DMSO)(en),](C1O,), 
cis-[Cr(ONO),(en),]CIO,, (+)4go isomer isolated 
cis- and trans-[CrBr(DMF)(en),](C1O,), 
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Table 49 (continued) 
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a ae to ee et me 

Complex Ref. 
a a Na a tn ee) a ol ol De i ot 

cis- and trans-[CrCl(DMF)(en),](C1O,), 
cis- and trans-[CrBr(DMA)(en),](C1O,), 
cis-[CrCl(DMA)(en),](C1O,), 
trans-[CrCl(DMSO)(en),](C1O,). 
cis-[CrCl(DMSO)(en),](ClO,)(NO3) 
trans-[CrCl(DMF)(en),](C1O,), 
cis-[Cr(DMF),(en)](ClO,)3 and (ClO,),NO; 

trans-[Cr(DMF),(en),](C1O,); 
cis- and trans-[Cr(DMA),(en),](C1O,)3 
trans-[Cr(DMSO),(en),](C1O,)3 
cis-[Cr(DMA)(DMSO)(en),](C1O,),NO; 
trans-[CrCl,(en),]X (X = Cl, ClO,) 
trans-[CrBr,(en),|Br 
trans-[CrI,(en)|ClO, 
trans-[Cr(OH)(H,O)(en)]X, (X = Br, ClO,) 
cis-[Cr(OH)(H,O)(en),]S,0, 
trans-[Cr(H,O),(en),|Br; 

[CrI(H,O0)(en)2]I, 
[Crl,(en),]I 
cis-[Cr(CN)2(en),]X (X = Cl, I (resolved), C1O,) 
trans-[Cr(CN),(en),]ClO, 
cis-[Cr(N3)2(en),|NO3;, (+ )sgo-cis-[Cr(N3)2(en)2][(+)SbOT] and [ClO,], A conf. 
[Cr(SR)(en),]CIO, (R = 2-C,H,CO;z , CH,CH,CO; ) 
[Cr(SCH,CO,)(en),]C1O,” 
[Cr(SCH,CH,NH,)(en),]X, (X = ClO,, I) 
[Cr(SCMe,CO,)(en),|CIO, 
[Cr(SBzCH,NH,)(en)](ClO,); not fully characterized 
trans-[A][CrF(H,O)(en)2][X] (A = K, Na, NH,; X = [Cr(CN).], [CrNO(CN),]) 
cis-[Cr(nic-O),(en),|Br 
[Cr(CN)(NCS)(en),]SCN 

CrX4N, (X is anionic or neutral) 

[Cr(DMSO),(en)](C1O,)3 
[Cr(DMF),(en)](ClO,)5 
[A][CrF,(en)] (A = Na, cis-[CrF,(en),]) 
[enH,][CrF,(en)]Cl* 
[CrF,(H,O),(en)]X (X = Cl (trans-F,),? Br) 
[Cr(SCH,CH,NH,),(en)]|CIO, 
[CrCl,(H,O),en]Cl, (trans-Cl,)* 
[CrBrF,(H,O)(en)] 
K[Cr(CN)(NCS),(en)] 
cis-[Cr(OSO,CF;),(en),|CF;SO; 

33 
6, 33 
33 
6 
33 
6 
6 
6 
6, 33 
6 
33 
6 
6 
6 
33 
33 
33 
17 
17 
36, 37 
37, 38 
299 
40, 41 
42 
43 
41, 44 
45 
46 
47 
48 

49 
49 
17, 50 
Sl 
51, 52, 53, 54 
43 
ap) 
51 
48 
56 

z Cyanato and selenocyanato complexes are dealt with in Section 35.4.2.8. 

. Yu. N. Shevchenko and N. K. Davidenko, Russ. J. Inorg. Chem. (Engl. Transl.), 1979, 24, 1193. 

* X-Ray single crystal structure determinations; see also refs. 57 and 58 for other [Cr(en)3]°* salts. 
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Table 50 Complexes of Diamines Excluding Ethylenediamine Except for Mixed Diamine Complexes and Some 

Oxalato, Malonato and Acetylacetonato Complexes (see also Table 49) 

Complex Ref. 

CrNg 
[Cr(en),(pn)]X; (X = Cl, Br, SCN) | wes: 
[Cr(en)(pn)2]X3 (X = Cl, SCN, ClO,) 2,4 
[Cr(en),(tmd)]X, (X = Cl, Br, SCN, (+)p-Br A conf.) Fan a 
[Cr(en)(tmd),]X3 (X = Cl, Br, I, SCN, (+)p-Br A conf.) vA ke 
[Cr(pn)(tmd),]X3 (X = Cl, SCN) 2 
[Cr(pn)2(tmd)]X, (X = Cl, SCN) 2 
[Cr(en)(pn)(tmd)]X3 (X = Cl, SCN) 2 
[Cr(en),(ibn)]Br, 3 
[Cr(en)>(chxn)]Br; 3 
[Cr(tmd),(ibn)]Br, 3 

[Cr(pn),(ibn) |Br; 3 
[Cr(pn),(chxn)|Br, 3 

CrX4N,4 
trans-[CrF,(tmd)>]X, (X = Cl, I, ClO,) 6,7 
trans-[CrBrF(tmd),]ClO, 8 
trans-[CrF(NH;)(tmd)>]X, (X = ClO,, X, = Br, ClO,) 8 
trans-[Cr(NH3)(H,O)(tmd),]Br,ClO, 8 
trans-[CrCl,(tmd),]X (X = Cl, Br, ClO,, NO;) 9, 10 
trans- -[CrBr,(tmd),]X (X = Br, ClO,) 1 
trans- and cis- [Cr(NCS),(tmd),]SCN, No and (—)sg9-isomers, A and A conf. Poe tb wl 92 
cis- and trans-[Cr(H,O),(tmd),](NO;). 1 
cis- and trans-[Cr(ONO),(tmd),]ClO,, (+)4go-ClO, This 
trans-[Cr(OH)(H,O)(tmd),]X2 (X = ClO,, NOs) 10, 11 
cis-[Cr(OH)(H,O)(tmd),]X, (X = NO3, X> = S,O¢) 11, 14 
cis-[CrCl,(tmd),]X (X = Cl, ClO, and (+)p-Cl0,) 9° 
trans- and cis- [Cr(N,)9(tmd),]CIO,, (+)sgo- and (—)<go-isomers, former A conf. it 
trans-[Cr(CH3CO,).(tmd).]X (X = Cl, I, ClO,) 7 
trans-[Cr(nic-O),(tmd),]Cl (nic-O = O-bonded nicotinate) 15 
trans-[A][CrF(H,O)(tmd),][X] [A = K, Na, NH,; X = Cr(CN),, CrNO(CN),] 16 
trans-[CrX,(en)(tmd)]X [X = Cl, Br, SCN] 2,17 
cis-[CrCl,(en)(tmd)]Cl 2.17 
trans-[CrCl,(en)(tmd)]CIO, 18 
trans-[Cr(OH)(H,O)(en)(tmd) CIO, 18 
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Table 50 (continued) 

Complex Ref. 

trans-Cr[F,(pn),|]X (X = Br, ClO,, [CrF,(pn)]; also (R)-pn) 1, 6, 19, 20 
cis-Cr[F,(pn),|X (X = ClO,, BPh,) 19, 21 
trans-[CrF(H,O)(pn),]X, (X = Br, I, ClO,) 22 
cis-[CrFX(pn).]X (X = Cl, Br, I) 22 
cis-[CrX,(pn).]X (X = Cl, Br) 23 
trans-[CrBr,(pn),|Br, also R-pn 24, 29 
trans-[CrCl,(pn).|X (X = Cl, ClO,; also R-pn) 25, 29 
trans -[Cr(NCS),(pn).|SCN 2 
cis- and trans-[Cr(NCO),(pn),|NCO 2, 30 
trans-[Cr(ONO),(R-pn),]ClO, 13 
cis- and trans-[CrF,(en)(pn)|Br, also R-pn 12021 
trans-[CrX,(en)(pn)]X (X = Cl, Br, SCN) Del 
trans-[CrF(H,O)(en)(pn)]X, (X = Cl, Br, I, ClO,) iL oA 
trans-[CrBr,(en)(pn)|CIO, 21 
trans-[CrFCl(en)(pn)]ClO, 21 
trans-[Cr(ONO),(en)(R-pn) ClO, 13 
cis-[CrFCl(en)(pn)]|Cl | 
cis-[CrFBr(en)(pn)|Br 21 
cis-[CrX,(en)(pn)]X (X = Cl, Br) Deal 
trans-[CrF,(pn)(tmd)|Br, also R-pn 1,20 
trans-[CrF(H,O)(pn)(tmd)]X, (X = Cl, Br, I, NO3, ClO,) OT 
trans-[Cr(ONO),(R-pn)(tmd)]}ClO, 13 
trans-[CrX,(pn)(tmd)]X (X = Cl, Br, SCN) 2, Ah 
cis-[CrX,(pn)(tmd)]X (X = Cl, Br) Del 
cis-[CrFCl(pn)(tmd)]Cl 21 
cis-[CrFBr(pn)(tmd)]Br 21 
trans-[CrF,(bn),|C1lO, 26 
trans-[CrX,(bn).]X (X = Cl, Br) 26 
cis-[CrX,(bn).]X (X = Cl, Br) 26 
cis-[CrCl,(AA),]C1O, (AA = ibn, meso- and (+)-bn) 27 
trans-[CrF,(ptn),]ClO,, also R,R- and S,S-ptn 
trans-[CrCl,(ptn)2]X (X = Cl, ClO,, also S,S-ptn) 
trans-[CrBr,(S,S-ptn),|Br 
cis-[CrCl,(ptn),]Cl 
trans-[CrF,(en)(R, R-ptn)|Br 
trans-[Cr(ONO),(en)(R, R-ptn)|ClO, 
trans-[Cr(ONO),(R, R-ptn),|ClO, 
trans-[CrF,(R-pn)(R,R-ptn)]Br, also S-pn or R,S-ptn 
trans-[Cr(ONO),(R-pn)(R, R-ptn)|ClO,, also R,S- and S,S-ptn 
trans-[CrF,(chxn),|ClO,, trans-[CrF,(R, R-chxn),]Cl 
trans-[CrF(ONO)(R, R-chxn),]ClO, 
trans-[Cr(ONO),(R, R-chxn),]ClO, 
trans-[CrCl,(chxn),]Cl 
cis-[CrCl,(chxn),]Cl 
trans-[CrF,(R, R-chxn)(en)]Br 
cis-[CrF,(chxn)(pn)]X (X = Br, ClO,) 
trans-[CrF,(R,R-chxn)(R-pn)]Br, also S-pn 
cis- and trans-[Cr(NCO),(chxn),|NCO 
trans -[CrF,(S,S-stien),]ClO, 
trans-[CrX,(S,S-stien)]X (X = Cl, Br) 
[CrCl,(opd),]Cl, [CrCl,(opd),]Cl (monodentate amine) 

CrX,N, 

[CrF,(H,0),(pn)] (X = Cl, Br, I) 
[pnH,|[CrF,(pn)}Cl 
[CrF,(pn)>][CrF,(pn)], also Na salt 

[NBu,][Cr(NCO),(pn)] 
A[Cr(NCS),(tmd)] (A = K, Ag) 
[NBu,][Cr(NCO),(chxn)] 
[chxnH,][CrF,(chxn)]Cl1 
[CrF,(H,O),(chxn)]Br 
[CrBrF,(H,O)(aa)] (aa = pn, chxn) 

Oxalato-, malonato- and acetylacetonato-amine complexes 
[Cr(ox)(L),]CIO, (L = en, pn, tmd; (—);g9-cations, A conf.) 

[Cr(ox)(en)2][Cr(ox),(en)]° 
[Cr(mal)(en),]X (X = ClO,, [Cr(mal),(en)]) 
[Cr(ox)(H,O),(en)]Br 
K[Cr(ox),(en)]-KI-2H,O0* 

20, 26, 28, 29 
26, 29 
29 
26 
20 
13 
13 
20 
13 
20, 26 
13 
13 
26 
9 
20 
1 
20 
30 
29 
29 
31 

121832 
32 
1 
30 
12 
30 
32 
32 
32 

35 
36 
37 
37 
38 
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Table 50 (continued) 

Complex Ref. 

K[Cr(mal),(en)], [{Cr(OH)(mal)(en)},] 37 
Na[cis-{CrF,(ox)(en)}] 39 
Li[trans-{CrF,(mal)(en) }] 39 
[Cr(L)(en),]Cl, (L = acac, 3-Cl- and 3-Br-acac) 40 
[Cr(L).(en)]Cl (L = acac, 3-Cl- and 3-Br-acac) 40 
[Cr(L)(L')(en)]Cl (L = acac, 3-Cl- and 3-Br-acac) 40 
[Cr(acac)(tmd).]I, 41 
[Cr(acac).(tmd)]I, (—)sgq-cation, A conf.* 41, 42 
[Cr(ox)(NH3)4]ClO, 35 

* Crystal structure determinations; also for trans-[CrF(H,O)(tmd),](CIO,),°° and (—)sgo-[Cr(NCS),(tmd),]-0.5[Sb,(+)-tart,]* 
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provides aqua derivatives, e.g. trans-[CrBr(H,O)(en)2]Br2, with rentention of configuration 
since the Cr—O bond does not break. Anation in dipolar aprotic solvents such as DMF, 
DMSO and DMA, and solvolysis induced by the addition of AgClO,, HgF, or Hg(MeCO,), 
are also useful preparative procedures.“ The inversion in relative solubility of perchlorates 
and halides in passing from water to these solvents has facilitated the isolation of certain 
water-soluble complexes. 

Examples of the preparations of cis-[Cr(CN)2(en),]** salts, mono- and di-ammine- and 
fluoro-bis(ethylenediamine) salts are given in Schemes 39 to 46. 

(b) Cyano_ series. The preparation of a series of cis-dicyanobis(ethylenediamine)- 
chromium(III) salts (Scheme 39) starts with the reaction of green trans-[CrCl,(H2O),4]Cl-2H,O 
and liquid hydrogen cyanide, but no trans-dicyano complex was obtained, presumably 
because of the lability of systems with CN trans to CN.*”” The purity of cis-[Cr(CN)2(en).]* 
was established by ion exchange chromatography, and its reactions and visible and IR 
spectra, and particularly the resolution of the iodide, support the cis assignment. The v(C=N) 
absorption of 2139 cm™* was unexpectedly unsplit, but there were four v(Cr—N, en) bands at 
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550, 536, 491 and 425 cm™! and trans complexes show fewer bands in this region. Unusually, 
spin-forbidden bands were observed in the solution spectrum. From the CD spectra the (+ )sgo 
isomer was assigned the A configuration (see also Section 35.4.1.1.ii). 

HCN (0°C) + CrCl;-6H,O —2> cis-[Cr(CN),(en),]C! 
green 

| Nal or NaClO, 

cis-[Cr(CN)(H,O)(en),]°* + HCN << 
hen pH 4 

cis-[Cr(CN),(en),]Cl_ <SS— cis-[Cr(CN),(en)2]X 
lemon yellow 

(NH4)( + )p--[C}9H,4SO,Br] [ne or HBr 

cis-[CrX,(en),]* 

( + )seo-[Cr(CN).(en),]I <2, [Cr(CN).(en)2][CicH,4.SO,Br] + filtrate 2S4>( — )sgo-[Cr(CN)2(en)2]1 

Scheme 39 

A safer procedure, starting from aqueous [Cr(en)3]Cl,; and NaCN in the presence of 
charcoal, has been reported*” to yield both trans- and cis-[Cr(CN),(en),]Cl, but others**° have 
not been successful with this method. : 

(c) Reactions with liquid ammonia. Ammonolysis of [CrXY(en)2]"* salts sealed in Carius 
tubes with liquid ammonia has afforded many mono- or di-ammine derivatives (Table 49 and 
Schemes 40-45).*°’“” The preparation of the cis isomers is straightforward, but thermal 
substitution with trans — cis rearrangement is common. Thus, cis-[CrCl,(en)2]* reacts smoothly 
to yield cis-[Cr(NHs3),(en)2|°** with a few per cent of the trans compound, whereas 
trans-[CrCl,(or Br2)(en)2]* gives 95% cis-[Cr(NH3)2(en)2]**; trans-[Cr(NHs3)2(en)2]** has been 
isolated*® in 30% yield from the less accessible complex trans-[CrCl(NH3)(en)2](ClO,)2 *”’ 
(Scheme 44) by ammonolysis followed by fractional crystallization. For a particular pair of cis 
and trans isomers the geometrical assignment was based on IR spectral data and on the overall 
molar absorptivities, the cis having the more intense bands, because the electronic spectra are 
otherwise very similar. An easier route to cis-[CrF(NH3)(en),]** salts has been devised 
(Scheme 45), and the isolation of one chiral form has confirmed the cis geometry (A 
configuration).“’ HPLC was useful in determining the cis/trans ratio (4:1) in the crude 
ammonolysis product. 

NH3(1) 

trace NH4C1lO4, 0 °C 
trans-[CrBrF(en),]ClO, 60/40 cis /trans-[CrF(NH;)(en)2]BrClO, 

HCI, then fract. cryst. 

Sania: trans- and cis-[CrF(NH;3)(en)2](ClO,). 

Scheme 40 

NH3(1) F 
ae NEN =o? cis/trans-[Cr(NO,)(NH3)(en),|BrClO, 

i, HCl (NO,}) 

ii, HBr 

trans-[CrBr(NO,)(en)2]ClO, 

cis-[CrXBr(en),|Br, 

X=Cl, Br 
Scheme 41 

cis-[CrCl,(en)]ClO, pret cis-[Cr(NH3)2(en)2](ClO.)s 

Scheme 42 

trans-[CrCl(H,O)(en)2]Br2 ——— trans-[Cl(en),CrOHCr(en),Cl](C1O,); 

Se Mebideee Ee trans-[Cr(NH;)(H2O)(en).]Br3 
then HBr 

Scheme 43 

trans-[CrCl(NH3)(en)2](ClO.), MBO, 2:1 cis /trans-[Cr(NH3),(en)2]Cl(C10,), 

et trans-[Cr(NH;),(en),](C1O,); HCl, HC1O, 

Scheme 44 

coc3-z* 
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NH3(1) 
cis-[CrF,(en),][CrF,(en)] ——> cis-[CrF(H,O)(en),]I, —— cis-[CrClF(en),]I —— 

cis-[CrF(NH,)(en),]ICI a“ (+)-cis-[CrF(NH;)(en)2]X2 oer (—)sae-cis-[CrF(NH3)(en)2](C1O4)2 

(> 70% cis) X =I, ClO, * 

Scheme 45 

(d) Fluoro_ complexes. The fluoro complex [Cr(en)2F2][Cr(en)F4] (Schemes 45 and 46) is 
easily prepared by reaction of anhydrous ethylenediamine with CrF3-3.5H,O. Thus equation 
(29) is a general reaction of bidentate amines AA and many fluoro-containing complexes have 
been derived from the anion or the cation. The small, highly basic fluoride ion is strongly 
bound to Cr"! so it can be carried through various syntheses and removed when necessary in 
acid. Some procedures are in Schemes 45 and 46.“ The fluoride CrF3-3.5H2O, CrCl3-6H2O 
in dilute HF, trans-[CrF2(py)4]* in boiling 2-methoxyethanol and CrF, suspended in dry 
ethereal HF can be used to form fluoro-containing complexes in reactions with various amines. 
Other methods include anation of cis- or trans-[CrF(H,O)(AA),]** in methanol, thermal 
dehydration of trans-[CrF(H20)(AA)>2|X2, chloride abstraction from cis-[CrCl,(AA),]* with 
HgF, in liquid HF and thermal deamination of [Cr(AA)3]X3 in an NH,F matrix. 

3AA + 2CrF3-3.5H,0 — [CrF,(AA),][CrF,(AA)] + 7H,O (29) 

AA = en, pn, tmd or dach 

cis-[CrF(H2O)(en),]*?* has been resolved and the absolute configuration of its chiral forms 
established by ORD spectral studies.*?° The cation in (—)s4¢-cis-[CrF(H2O)(en),](BPh,4). has 
the A configuration. Anation of the optical isomers with SCN~ or F- in MeOH takes place 
with retention of configuration*”® and this provides an expeditious route to cis-[CrFX(en)2]X 
complexes.*"! 

[CrF,(en)2][CrF,(en)] 

|e 

cis-[CrBr(H,O)(en),]Br, <—“"*— cis-[CrF,(en).]I —4—> cis-[CrC1,(en),]I 

[ 

cis-[CrFX(en),]I ——*—._ (+)-cis-[CrF(H,O)(en),] 
X= Cl, Br, SCN via |(+)-NH,C,oH,,0,BrS 

anation, MeOH anation, MeOH 

A-(—)sas-cis-[CrF(NCS)(en),]SCN A-(—)sq6-cis-[CrF(H2O)(en)2](BPh,). A-(—)sae-cis-[CrF,(en),]I 

Scheme 46 

(e) Thiolato complexes. During kinetic investigations of the efficiency of thiolato sulfur as an 
electron transfer bridge a number of thiolatobis(ethylenediamine)chromium(III) salts have 
been prepared by reduction of the appropriate disulfide with chromium(II) ethylenediamine 
perchlorate*!* (Table 49). The structure of the mercaptoacetato derivative 
[Cr(en)2(SCH,CO,)]ClO, has been determined*® and it contains enantiomeric forms (AA6 and 
Adi) of the pseudooctahedral cation; the mercaptoacetato ligand is bidentate, and there is 
some lengthening of the Cr—N bond (2.112 A) trans to the § atom. The mean Cr—N (cis) 
distance is 2.090 A, and the Cr—O and Cr—S distances are 1.966 and 2.337A respectively. 

(f) General investigations. The electronic spectra of amine complexes ate routinely recorded 
to aid in the assignment of structure. For details the original literature and 
reviews*”!°°7-402,414-415 should be consulted. Measurements of the single crystal polarized 
electronic spectra accompanied by appropriate calculations provide considerable information 
concerning ligand parameters, site symmetry, the ordering of energy levels and selection rules. 
Many tris(diamine)- and cis-diacidobis(diamine)chromium(III) complexes have been re- 

solved into their enantiomers, thus providing proof of structure. Absolute configurations are 
frequently inferred from ORD and CD measurements, which have become of great importance 
because they provide quick structural information. The spectra—structure correlations are 
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empirical, but when X-ray single crystal investigations have been carried out, they have 
confirmed the assignments.*™ 

The four possible isomers of [Cr(cis-1,2-chxn)3]>* (mer-A, mer-A, fac-A and fac-A) have 
been separated by cation exchange using disodium hydrogen phosphate and disodium tartrate, 
and isolated as the perchlorates. They were identified from their electronic, CD and ESR 
behaviour and comparisons with the Co™ analogues. The ligand has two dissymmetric centres 
of opposite chirality (R,S) and fac and mer refer to the spatial arrangement of the dissymmetric 
centres.*'© Some correlations of X-ray powder photographs and absolute configurations of 
[Cr(trans-1,2-chxn)3]Cl; have been made.*?’ 
Developments in instrumentation have allowed measurements of the single-crystal CD 

spectra of [(+ )p-Cr(en)s3]** doped in [Ir(en)3]Cl; between 7 and 293K. Transitions to the 
excited states *7>, *T,, 7E, 77, and 77, were observed.*!® The discussion refers to much earlier 
work. The polarized electronic spectra of single crystals of several trans-Cr[XY(en)2] 
complexes have been assigned and ligand field parameters evaluated.*!? CD, absorption and 
circularly polarized emission spectra have been reported for [Cr(en)3]** in the region of the 
*Aog =E,’T,, transitions.*”° 

Thermal deamination of tris(ethylenediamine)chromium(III) complexes is a standard pre- 
parative method for cis- and trans-diacidobis(ethylenediamine) complexes*”!*”* and the 
thermal behaviour of the starting materials has been related to their crystal structures.*7? The 
cyano complex cis-[Cr(CN)2(en)2]ClO, in DMSO undergoes stepwise reduction III— Il 1 at 
the DME.” The standard redox potential for the Cr'/Cr"™ couple is —1.586 V (versus SCE). 
From Raman investigations the strong metal sensitive band at 450-600cm™* shown by 

[Cr(en)3]}>* compounds has been assigned to the totally symmetric M—N stretching vibration 
and the band at 280-320cm™’ to a totally symmetric N—M—N bending mode. Studies of 
electronic spectra suggest that the vibration responsible for the latter band has at least as much 
M—N stretching character as the former.*” It appears that mixed ring conformations can be 
identified from the IR spectra of tris(ethylenediamine) complexes.*”° 

The XPES of a number of ethylenediamine and cyano complexes, including [Cr(en)3]Cls 
and K3;Cr(CN)., have been measured in order to obtain the difference between the N1s and 
Cls binding energies. For the en complexes the AE values are related to o donation, and for 
the cyano complexes are mainly controlled by the nitrogen charge, which depends on the 7 

back-donation.*?’ 

(ii) Bidentate diamines excluding ethylenediamine 

Synthetic methods with bidentate amines generally follow those developed for complexes of 

ethylenediamine, but there can be differences in detail, e.g. thermal dehydration of 

trans-[CrF(H2O)(en)2]X2 (X= Cl, Br, I, SCN) produces cis-FX isomers, whereas the major 

products from trans-[CrF(H2O)(tmd)2]X2 are the trans-FX isomers (Table 50). Similarly, the 

reaction of liquid ammonia with trans-[CrFBr(en),]ClO, provides cis- and _ trans- 

CrF(NH;)(en)2|** in 60:40 ratio; with trans-[CrFBr(tmd)2]ClO, the only product is trans- 

ORONEL Gung)? tmd complexes appear more resistant to stereochemical change than en 

complexes. Reactions of diamines with CrCl;-6H2O in aqueous HF, or trans-[CrF2(py)4]ClO, in 

2-methoxyethanol under reflux are general synthetic methods for trans-[CrF,(AA),]|* com- 

plexes. However, the less accessible isomers, cis-[CrF,(AA)2]* (AA =en and pn) have now 

been isolated from the mother liquors left by the less soluble trans complexes or by using 

longer reaction times to allow trans — cis isomerization to oceur;40?;48 
The structure of trans-[CrF(NH3)(tmd)2](ClO,)2 has been confirmed crystallographically. 

In the absence of crystallographic data, assignments of geometry in [CrX2(diamine)2] 

complexes can be aided by IR spectroscopy. Commonly, trans isomers show essentially three 

bands in the 390 to 550cm7! region, while cis isomers show four or more (Table 51), 

although these criteria did not work well with a series of cis and trans complexes 

[CrX,(tmd),]"* (X=NCS, ONO, N3, H20; X2= OH, H,0).*? Complexes containing Cr—F 

groups give strong bands in the 350-370 cm range due to Cr—F stretching vibrations coupled 

with other metal-ligand modes. The bands are low by comparison with other chromium(III) 

fluoride complexes (Table 51) and other chromium-halogen modes, i.e. Cr—Cl, 320-360 cm™, 

Cr—Br, 250-280 cm~*.*° 

429 
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Table 51 IR Spectra (600-200 cm~') of Complexes [CrFX(AA),]* and [CrF(H,O)(AA),]** 

Chelate ring v(Cr—xX) 

Complex deformation v(Cr—N) v(Cr—F) (X=Cl, Br, I) 

trans-[CrF,(en),|Cl 552s, 525sh 492m, 452m 370s 
trans-[CrF,(en),|ClO, 560s, 520sh 488w, 442m 370s 
trans-[CrCl,(en),]ClO, 558s, 535sh 490w, 445m 350vs 
trans-[CrBr,(en),|ClO, 552s, 531sh 488mw, 445m 285vs 
trans-[CrClF(tmd),]ClO, 550s 490m, 435m 370s 325m 
trans-[CrBrF(tmd),]ClO, 550s 490m, 435m 370s 250s 
trans-[CrF,(pn),]Cl 545sh, 525m 462w, 442m 370s 
trans-[CrCl,(NH3),4]ClO, 465m, 450m, 330s 

435m 350sh 
trans-[CrF(OH,)(en),](ClO,4). 552s 475w, 445m 365ms 
trans-[CrF(OH,)(en),|Br, 565w, 550w 485w, 445m 365s 
trans-[CrF(OH,)(pn),](ClO,4). 570sh, 523s 495sh, 450m 365s 
trans-[CrF(NH;)(tmd),](ClO,)> 538 492, 435 358 
cis-[CrClF(tmd),]Cl 545vs 490mw, 445m, 360vs 325m 

420w 
cis-[CrBrF(tmd),|Br 545m, 520w 488w, 445w, 365s 240s 

440w, 420w 
cis-[CrClF(en),]Cl 575sh, 550w, 490w, 445m, 355m 320w 

525w 420w 
cis-[CrBrF(en),.]Br 570sh, 550w, 485w, 445m, 355m 240m 

525w 420w 
cis-[CrFI(en),]I 575sh, 550m, 480w, 445m, 355m 225m 

525w 420w 
NH, [CrF,en] 489 

K,[CrF¢] 535 
522 

(iii) Mixed bidentate amines including ethylenediamine 

At the time of the Garner and House review” there were only five known complexes of 
Cr'" with two different amines; this is no longer the situation (Table 50) and there seem to be 
no particular difficulties in obtaining mixed amine complexes.*** ** 

Thermal deamination in the solid state of the diamine and mixed diamine complexes 
[Cr(AA)3]X3, [Cr(AA)2(BB)]X3; and [Cr(AA)(BB)(CC)]X3 (AA, BB and CC represent the 
amines en, pn and tmd and X = Cl or SCN) takes place with the loss of one diamine molecule 
(the lowest boiling amine with the mixed complexes). The thiocyanates give trans- 
bis(diamine)bis(isothiocyanato) complexes but the chlorides form cis complexes although 
isomerization to trans complexes occurs on further heating, especially when cis-[CrCl,(tmd),]Cl 
is the initial product.*** The cis < trans thermal isomerization has also been investigated in cis- 
and trans-[CrX,(AA)2]X*° (AA=bn, chxn or ptn; X=Cl, Br). The presence of two 
six-membered chelate rings or large cations seems to encourage the formation of trans 
products.***-4°° Since intermediates such as mer-[CrCl3(bn)2]-H2O have been isolated, isomeri- 
zation goes through bond rupture. 
A number of complexes with two identical chiral diamines or two mixed diamines of the 

types trans-[CrF,(N,4)]* and trans-[Cr(ONO),(N,)]* have been prepared. The diamines are en, 
tmd, (R)- and (S)-propylenediamine, (1R, 2R)-1,2-cyclohexanediamine (chxn) and (2R,4S)-2,4- 
pentanediamine (ptn) (Table 50). The trans configurations follow from the spectral re- 
semblances to trans-[CrX,(en),]** complexes. Contributions to the CD of complexes with 
chiral diamines can come from the conformation of the puckered rings and the vicinal effect of 
asymmetric atoms on the ligands. With trans-[CrF,(N,)]* complexes the CD contributions are 
separable and additive, except for bis(R-pn), bis(R,R-chxn) complexes and mono(R-pn) 
complexes with en and tmd. The overall CD arises mainly from the effect of the A ring 
conformations.**° By studying the CD spectra of the complexes trans-[Cr(ONO),(N,)]* with 
the same amines in the region of intraligand n— x* nitrito absorption bands, the existence of 
chiral rotational isomers of the nitrito ligands has been deduced. Marked solvent variations of 
the intraligand CD spectra are attributed to the effects of solvent bulk and donor number on 
rotamer equilibria. 
From the crystal structure of cis-[Cr(NCS),(tmd)2][Sb2(tart),]>-2H2O, the cation has the A 

configuration and this agrees with the assignment from the CD spectra.*3!-437 
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The Pfeiffer effect (the shift in a chiral equilibrium on the addition of an optical isomer of a 
different compound) of racemic [Cr(ox)3]°- has been examined using for the first time optically 
stable metal complexes cis-[MXY(AA),]|"* (where M = Cr>* or Co*+, AA =en or tmd and X 
and Y = anionic monodentate ligand). It was found that the chiral equilibrium of [Cr(ox)3}>- 
was always displaced in favour of its A enantiomer in the presence of A enantiomers of the cis 
complexes, and it is proposed that the absolute configurations of cis complexes could be 
inferred from the equilibrium shift induced in [Cr(ox)5]*~.“** Laser irradiation of an aqueous 
solution of racemic [Cr(ox).(phen)]~ or [Cr(ox)(phen),]* in the presence of (+ )- or 
(— )-cinchonine hydrochloride rapidly shifts the chiral equilibrium in a direction opposite to 
that induced by the usual Pfeiffer effect in the dark.*°° 

(iv) Ethylenediamine and related diamines — polynuclear complexes 

Many analogues of the dinuclear ammines (Table 47) are known in which ammonia 
molecules may be considered replaced by ethylenediamine and other bidentate ligands (Table 
52). The inter-relations among the complexes are similar to those in Schemes 35 and 36. There 
are additional examples in the review by Garner and House*” and other bridged complexes are 
covered in Sections 35.4.1.1, 35.4.2.3.vi, 35.4.2.4, 35.4.2.5, 35.4.4.2, 35.4.4.10, 35.4.7.4 and: 
35.4.8.3. Cyano-bridged complexes are listed in Table 45. 

In a recent investigation™® the racemic binuclear cations A,A-A,A-[(en),Cr(OH),Cr(en),]** 
and A,A-A,A-[(H2,O)(en)2Cr(OH)Cr(en).(OH)]** have been isolated from the meso isomer 
A,A-[(en)2Cr(OH),Cr(en),]** as various salts (Table 52). The equilibria between the cations 
have been studied. The binuclear cations could not be separated into their enantiomers A,A 
and A,A because they react with classical resolving agents to form u-carboxylato compounds 
which have been isolated,’ e.g. A,A-[(en)2Cr(OH)(MeCO,)Cr(en),](C1O,)4. They contain 
symmetrical carboxylate bridges and deprotonate in strong base to give u-carboxylato-u-oxo 
complexes. Deprotonation of [(en)2Cr(OH)2Cr(en),]** to [(en)2Cr(O)(OH)Cr(en),)°* takes 
place similarly*** and sulfato-bridged systems are also known.“ 

As with the dinuclear ammines, most research has been aimed at relating the antiferromag- 
netic behaviour and spectroscopic properties of the dinuclear complexes to their structures. 
Great variations in J have been observed for the same cation [(en),Cr(OH),Cr(en),|** (R = H 
in (96))° in different environments*’' and between these cations and 
[(NH3)4Cr(OH)2Cr(NH3),]** (table in ref. 374). Thus external factors such as hydrogen 
bonding must have an appreciable effect on the exchange in these complexes, probably through 
altering 6. 

It te been possible to derive J for several salts of [(en)2zCr(OH)2Cr(en),]** from 
low-temperature single-crystal absorption and powder luminescence spectra in the region of the 
4A4,‘A.— ‘A,7E transition of the paired system.* The difference of up to 10% from the values 
derived from powder magnetic susceptibility data indicates a slight temperature dependence of 
J. 

The complex [(en)Cr(OH)2Co(en)2](S20.)2 has been prepared by heating the cocrystallized 
optically active dithionates (equation 30).° It is an internal active racemate because the chiral 
centres are different, and it contains Cr™ in a dinuclear system not subject to magnetic 
interaction so that the ESR spectrum is simple. 

A-cis-[Cr(OH)(H2O(en),]S,0, + A-cis-[Co(OH)(H2O)(en)]$.0¢ 

—> (—)sgs-A, A-[(en)2Cr(OH),Co(en),|(S206)2 (30) 

A crystal structure determination has confirmed that A,A-[HO(en),CrOHCr(en),0H]- 
(ClO,)3-H2O formed in the reversible ring opening of A,A-[(en),Cr(OH)2Cr(en),]** 
has the structure inferred from its chemical properties.“° Analogous complexes are apparently 
formed by tmd.“” 

The linear trinuclear cation (100) and the tetranuclear cations (101) to (103)***°° (Table 52) 
exist with mononuclear complexes in aqueous ethylenediamine buffer solutions in which 
equilibrium has been established by the catalytic effect of Cr?* and charcoal under 

well-specified conditions.*** The cations were separated by ion exchange chromatography and 
fractional crystallization, and isolated as various salts (Table 52). The tetranuclear (rhodoso) 

compound (104)**! has been reprepared** by a modification of Pfeiffer’s method. | 

The antiferromagnetic behaviour of (101) and (104) has been correlated with their structures. 

For (101) all models indicate that J;2 = J34 >J>3 and that a spin singlet lies lowest with a triplet 
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and a quintet at about 10cm™' and 32 cm’ respectively.“ In (102) the dominant exchange is 
between the central and each of the three peripheral chromium ions. An S = 3 level lies lowest 
and there is a complicated temperature variation of Mer.*”° 

(uv) Bidentate ligands with primary amine and N heterocyclic donor groups: 
(2-pyridyl)methylamine and 1-(2-pyridyl)ethylamine 

The geometrical and optical isomerism exhibited by tris(amine) complexes of the bidentate 
ligands (105) and (106) has been investigated. The fac and mer isomers of [Cr(pic)3]** (107) 
and (108) have been prepared by utilizing slightly different starting materials and solvents 
(Table 53). The fac complexes are yellow and less soluble than the orange mer complexes. The 
latter have more intense, less symmetrical electronic absorption bands to lower energy. The 
assignments are confirmed by the isomorphism with corresponding cobalt(III) complexes for 
which the 'H NMR spectra of the methylene groups clearly indicate the isomeric types.*” 

Table 53 Complexes of (2-Pyridyl)methylamine (2-Picolylamine) 

Complex Comments Ref. 

fac-[Cr(pic)3]X; Yellow, X = Cl, Br, I, trans-[CrBr,(py),]I in 2-MeO(CH,),0H/EtOH ib 
[Cr(pic)s]°*, log K, = 5.65, log Ky = 3.16, log K, = 2.21, 25°C 2 

mer-[Cr(pic)3]X3 Orange, X = Br, I, trans-[CrBr,(py),]Cl in py/EtOH 1 
a-cis-[CrX,(pic)]Y X =F, Br, Y=Br, I; X=Cl, Y=Cl, I, X=H,O, Y =Ci; X, = OH, HO, 3 

Y = Cl, 0.5S,0,; in last Cr—N(py) (trans), 2.064; Cr—NHb, 2.054, 2.089 4 
Cr—OH, 1.926; Cr—OH,, 1.998 
(—)p-a@-cis-[CrCl,(pic)2]ClO,, A conf. 

B-cis-[CrX,(pic).]Y X=Cl, Y=Cl, I, 0.5S,0,; X= Br, Y =I 
trans-[CrX,(pic).]Y X =H,O; Y =(NO;)3, X= Y=Clor Br HAwWm 

. K. Michelsen, Acta Chem. Scand., 1970, 24, 2003. 
. J. R. Siefker and R. D. Shah, Talanta, 1979, 26, 505. 

. K. Michelsen, Acta Chem. Scand., 1972, 26, 1517. 

. S. Larsen, K, B. Nielsen and I. Trabjerg, Acta Chem. Scand., Ser. A, 1983, 37, 833. 

. K. Michelsen, Acta Chem. Scand., Ser. A, 1976, 30, 521. 
. K. Michelsen, Acta Chem. Scand., 1973, 27, 182B. 
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(105) (2-Pyridyl)methylamine (pic) (106) 1-(2-Pyridyl)ethylamine (mepic) 

M  M 

ae Le M M : M P 

Ne oY SE 

facial meridional 

P = pyridine N, M = methylamine N 

(107) (108) 

The possible geometrical isomers of diacidobis(diamine) complexes containing two un- 

symmetrical amines such as pic are shown in (109) to (113). The a series are differentiated 

from the B series by an approximate C2 axis, and from each other by the relative positions of 

the pyridine P and methylamine M nitrogen atoms. The preparative routes for cis-a and cis-B 

series are outlined in Schemes 47 and 48. Although trans-[CrX2(py)4]” salts, where X=F, Cl 

or Br, were used as starting materials, only cis products were produced. In many cases lithium 

salts LiX (X = Cl, Br or I) were added to aid crystallization. The series were prepared from 
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the chromium(II) halide by oxidation with I, in pyridine in the presence of pic, or from the 
trans-[CrX2(py)4]* salts in hot 2-methoxyethanol. The a-cis and f-cis assignments were 
made from isomorphous relationships between a-cis-[CrCl,(pic)2JCl-H,O and f-cis- 
[CrCl,(pic)2],S206, and the corresponding cobalt(III) complexes (‘'H NMR). A decision 
between the cis trans cis or cis cis trans arrangements could not be made** but from the 
formation of members of the a series on acid treatment of related diols of crystallographically 
determined structures (see Section 35.4.2.3.vi below) the cis trans cis arrangement was 
proposed and confirmed by a structure determination on [Cr(H2O)(OH)(pic)2]S.0O., which 
showed that the cation belongs to the a-cis series with the pyridine nitrogen atoms trans.*** The 
Cr—OH bond is considerably shorter than the Cr—OH), bond (Table 53). 

cis-@ series 

CrCl "+ a-cis-[CrCl(pic),]*> “> a-cis-[Cr(H,0),(pic)2}°* 
its red orange 

== a-cis-[Cr(OH)(H.0)(pic).}* 
pink 

trans-[CrF2(py)4]" ee a a-cis-[CrF,(pic).]* 425 a-cis-[CrBr,(pic),]* 
red red 

Scheme 47 

cis-B series 

¢ ic, A : : os ic, 
trans-[CrX,(py).] oe B-cis-[CrX,(pic),] = CrX, 

violet red 

X=Cl or Br 

Scheme 48 

x x Mei 
M P P P M— xX 
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Xx x ee 

(109) trans trans trans (110) trans cis cis (111) cis trans cis (112) cis cis trans 

@ series 

ic 

M X 

P l XxX 

M 

B series (113) cis cis cis 

In the trans series (Scheme 49) only one geometrical isomer was obtained, presumably the 
trans trans trans because steric hindrance would prevent the formation of the trans cis cis 
isomer. The assignment was based on comparisons of colours and spectra with those of the 
bis(en) analogues.**> 

Complexes of the related amine 2-(2-pyridyl)ethylamine (or 2-(2-aminoethyl)pyridine, AEP 
[CrX2(AEP).]Y (where X = Y =Cl or Br) have been prepared by methods xl to those * 
Scheme 48, but cis or trans assignments were not made.*> 



Chromium 805 

trans series 

Ag? 
a-cis-[CrCl,(pic)2]* ee trans- and w-cis-[Cr(OH)(H,O)(pic),]** 

iter | oH 

trans-[CrX,(pic),]Cl asl trans-[Cr(H,O),(pic).](NO3)3 
green LAS ith yellow-orange 

Scheme 49 

(vi) Di-u-hydroxo complexes containing (2-pyridyl)methylamine and 
1-(2-pyridyl)ethylamine 

In the preparation of B-cis-[CrBr.2(pic),|I a by-product assumed to contain the diol cation 
[(pic)2Cr(OH)2Cr(pic).]** was obtained.*? Improved preparative procedures gave the optically 
active cations (—)p- and (+)p-di-u-hydroxobis{bis(pic)chromium(III])} (Table 54).*’ Com- 
parisons of CD spectral data suggest that the absolute configurations are AA and AA 
respectively. The binuclear cation can in principle exist in several geometrical and configura- 
tional isomeric forms, but from models all except (114) and its antipode are grossly sterically 
hindered and this explains why only one pair of isomers is obtained. Acid treatment of the diols 
gives (—)p- and (+ )p-a-cis-[CrCl,(pic)2|*, identified by their absorption spectra; conse- 
quently they also have A and A configurations, assuming that cleavage occurs with retention of 
configuration. It is also believed from these results that the a-cis series have the cis trans cis 
configuration. 

ra Pe 

(114) AA isomer 

The diols prepared from racemic mepic (Table 54), purified by column chromatography and 

resolved with sodium antimonyl (+ )p-tartrate, turned out to be identical with the pair 

prepared directly from (R)(+)p-mepic and (S)(—)p-mepic.** There are more potential 
geometrical isomers than in the pic series because of the introduction of the methyl group, but 

again almost all are ruled out because of steric hindrance. From models it appeared that the 

most stable diol would have the pyridine nitrogen atoms trans, and from the absorption and 

CD spectra it was concluded that the diol resulting from the preparation with (S)(— )p-mepic 

has the AA absolute configuration. This last assignment was based on empirical rules for 

mononuclear complexes since all previously reported structures of chromium(III) diols have 

been either meso forms or racemates. An X-ray analysis of (+ )p-[{(S)(—)p- 

mepic}2Cr(OH)]2(S2O¢)2°2H,O supports the assignment (Table 54). The cation has almost 

C> symmetry with the pyridine N atoms trans. The interplanar angle between the pyridine rings 

is 50° indicating considerable strain within the binuclear complex because in the related 

mononuclear complex cis-aquahydroxobis(pic)chromium(III) dithionate the pyridine planes are 

almost perpendicular. The hydrogen atoms of the bridge lie in the coordination plane. — 

The action of sodium hydroxide on the diol gives the L.-0xo-p-hydroxo- and di-11-0xo 

complexes [L,Cr(O)(OH)CrL,]** and [LzCr(O)2CrL,]** (L = mepic; Table 54).*° The visible 

and CD spectral parameters have been obtained in media of appropriate pH. The structure of 

[(mepic),CrO(OH)Cr(mepic)2]Br3-5SH,O has been determined by X-ray methods. Equal 

numbers of enantiomorphic cations (AA and AA) are present and, as was the case with the 

diol, only the isomer with the pyridine nitrogen atoms trans has been obtained. The Cr—Cr 

separation of 2.883 A is substantially less than in any dihydroxo bridged dimer so far reported 

(2.95-3.06 A). The Cr—N distances are in the range 2.057 to 2.130 A, and the oxo ligand may 

exert a trans effect since it is trans to the long Cr—N bond. The Cr,O, bridging unit is 

significantly non-planar. The dinuclear complexes generally are antiferromagnetic and values of 
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Table 54 Dinuclear Complexes of (2-Pyridyl)methylamine, 1-(2-Pyridyl)ethylamine and Related Open Chain 

Tetradentate Amines 

Mee te ee ee a SS eee 

Complex Comments Ref. 

ee See ee a ee ee ee ee 

(2-Pyridyl)methylamine (pic) 

rac-[(pic),Cr(OH) Cr(pic)2]X, 
Red-violet, also (—),, and (+), chlorides 

1-(2-Pyridyl)ethylamine (mepic) 

X = Cl, Br: from [CrX,(H,O),]X-2H,O with some CrCl, in 2- 
MeO(CH,),OH; Zn gives X = 0.5ZnCl,; resolved via (+)- 

[SbOC,H,O,] salts; also X =I, ClO, 

1 

[(mepic),Cr(OH),Cr(mepic),]Br, From racemic mepic, [CrBr,(H,O),]Br-2H,O in 2-MeO(CH,),0H 2 

Red and Zn, ion exchange to remove Zn salts, also I and ClO, salts 

(—)p-[{(+)p-mepic},Cr(OH)],X, X = Br, ClO,, from racemic complex above via (+),-[SbOC,H,0,] 
(+)p-[{(—)p-mepic}zCr(OH)].X, salts; cations also from (+),- and (—),-mepic respectively (below) 
(+)p-[{(—)p-mepic}zCr(OH)],Br, From (—),-mepic as above; also ClO, salt and crystal structure of 2 
Red violet S,0, salt: C-—O—Cr, 101.9°; Cr—O, 1.946 (av); Cr—N (py and B 

NH,), 2.059 (av), Cr—Cr, 3.021 A, (S)-mepic present, AA 
configuration, singlet—triplet splitting ~33 cm * 

(—)p-[{(+)p-mepic},Cr(OH)],(ClO,), From (+),-mepic as above 
[(mepic),CrO(OH)Cr(mepic),]Br3 From racemic diol above and NaOH (2 M); antiferro., singlet—triplet i 

Olive green sepn. 46cm ', Cr—O—Cr, 100.6°, Cr—-OH—Cr, 95.0°, Cr—O, 
1.874 (av), Cr-—OH, 1.955 (av), Cr—N, 2.057 to 2.130, Cr—Cr, 
2.883 A; pyridine Ns trans, AARRRR and AASSSS cations in equal 
nos. (— ),-isomer from ( — )p-diol and NaOH (2 M) 

[(mepic),Cr(O) Cr(mepic).]Cl, From diol chloride and NaOH (4M); antiferro., singlet—triplet sepn. * 

Brown yellow 83cm ', Cr—O ca. 1.89A 

Open chain tetramines (see also Section 35. 4.2.4) 

[(bispicen)Cr(OH)],(C1O,4)4 Antiferro., singlet-triplet sepn. 24 cm ', Cr—O—Cr, 103.0° (av), 5 
Blue violet Cr—O, 1.91-1.98, Cr—NH, 2.075 (av), Cr—N (py), 2.072 (av), 

Cr—Cr, 3.046 A, racemic mixture, AA or AA in cation, one cis-a, 
one cis- ligand 

[(bispicpn)Cr(OH)],(ClO,), Antiferro., singlet-triplet sepn. 44 to 50 cm’ * for various isomers 6,7 
Red from optically active and racemic bispicpn 

[(bispictmd)Cr(OH)],(C1lO,4), Antiferro., singlet-triplet sepn. 32cm , Cr—O—Cr, 101.9° (ay), 8 
Violet Cr—O, 1.967 (av), Cr—NH, 2.080 (av), Cr—N (py), 2.085 (av), 

Cr—Cr, 3.054 A, racemic mixture, AA or AA in cation, cis-B ligand; 

also red isomer and [Cr{Cr(bispictmd)(OH),}3](C1lO4)< 

[(bispicbn)Cr(OH)],(Cl1O,), From S,S-picbn, AA conf., also S,S-picchxn complex (i 

1. K. Michelsen, Acta Chem. Scand., Ser. A, 1976, 30, 521. 

2. K. Michelsen and E. Pedersen, Acta Chem. Scand., Ser. A, 1978, 32, 847. 
3. S. Larsen and B. Hansen, Acta Chem. Scand., Ser. A, 1981, 35, 105. 

. K. Michelsen, E. Pedersen, S. R. Wilson and D. J. Hodgson, Inorg. Chim. Acta, 1982, 63, 141. 
M. A. Heinrichs, D. J. Hodgson, K. Michelsen and E. Pedersen, Inorg. Chem., 1984, 23, 3174. 
K. Michelsen and E. Pedersen, Acta Chem. Scand., Ser. A, 1983, 37, 141. 
Y. Yamamoto and Y. Shimura, Bull. Chem. Soc. Jpn., 1981, 54, 2924. 

. H. R. Fischer, D. J. Hodgson, K. Michelsen and E. Pedersen, Inorg. Chim. Acta, 1984, 88, 143. ONHAAS 

the singlet-triplet separations are given in Table 54. The chemistry of the diols in Table 54 
which contain open chain tetramines is discussed in Section 35.4.2.4.v. 

35.4.2.4 Open-chain polyamines 

(i) Diethylenetriamine (dien) and related ligands 

The complex [Cr(dien)2]Cls may be prepared by a number of methods. These include heating 
CrCl; and dien directly,’ or heating a solution of CrCl, and dien in DMSO,*” or heating a 
solution of CrCl;-6H,O and dien in absolute alcohol.*®? The perchlorate [Cr(dien)2](C104)3 has 
been obtained in crystalline form from a solution of the chloride in dilute HCIO,.4° Although 
three geometric isomers, two of which should be optically active, are possible for this complex, 
no resolutions or structural assignments have so far been made. The kinetics of aquation*® and 
the phosphorescence behaviour*™ have been reported. 
A number of complexes of the type [CrCl(AA)dien]** (AA=en, pn or tn) have been 
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prepared by the reaction in equation (31).“° Only the a(Cl)-b,c(AA)-d,f,e(dien) isomer was 
isolated in each case. These complexes undergo spontaneous, Hg?*- and base-catalyzed 
hydrolysis at similar rates and all seemingly by an associative interchange mechanism.*© 
Details of the solution electronic spectra of the complexes and their hydrolysis products are in 
Table 55. 

CrCl,-6H,O ==" [CrCl(AA)dien]ZnCl, (31) 

i, DMSO, heat; ii, dien (1:1), heat; iii, en (1:1), heat; iv, [ZnCl,]*~ 

Table 55 Electronic Solution Spectra of [CrX(AA)dien]”* Complexes*” 
eee ee ee a ee ee, ee eee ee 

Complex None (€) Ain (€) Nae (€) 

(nm; dm? mol! cm~?) 

[CICl(en)dien]** 514 (79.3) 428 (24.5) 373 (91.4) 
[CrC\(pn)dien]** 514 (74.5) 417 (22.9) 372 (85.7) 
[CrCl(tn)dien]} es 526 (71.5) 432 (21.3) 375 (87.6) 
[Cr(en)(dien)H,O]?* 482 (69.4) 410 (21.7) 365 (55.7) 
[Cr(pn)(dien)H,O]”* 482 (65.3) 410 (19.5) 362 (52.9) 
[Cr(tn)(dien)H,O]°* 490 (58.9) 414 (19.4) 362 (54.9) 

*In 0.1MH_™ solution. 
1. D. A. House, Inorg. Nucl. Chem. Lett., 1976, 12, 259. 

Dissolution of the chromium(IV) diperoxo compound, [Cr(O2).dien]-H,O, in concentrated 
HCl affords the mauve crystalline product mer-[CrCl;(dien)].*°’ The fac isomer may be 
obtained as green crystals by the addition of concentrated HCl to the oily residue obtained 
after evaporating a solution containing [Cr(urea).]Cl; and dien in EtOH.*® The configurations 
of the complexes were initially assigned on the basis of spectral*® and kinetic data*”° and later 
confirmed by X-ray crystallography, which showed the green material to be the fac isomer.*”! 
The bond lengths (pm) in this complex are shown in (115). Hydrolysis of these complexes 
proceeds as shown in Scheme 50.*°8*”° The fact that the partly unwrapped dien complex 
[Cr(H,O),dienH]** may be obtained by hydrolysis of either 1,2,3- or 1,2,6-[Cr(dien)(H2O)3}>* 
implies that protonation occurs on a primary amino group. Protonation of the secondary amino 
group followed by isomerization is an unlikely alternative since such reactions are generally 
very slow.*® 

1,2,3-CrChdien =“ 1,2,3-[CrCl,(dien)H,O]  * 
green blue 

0.4M Hg(NO3)2, 1M HClO, [ss M HCIO, 

[poe °€; ih 55-60 °C, 5 min 

1,2,3-[Cr(dien)(H,0)3]°* 1,2,3-[CrCl(dien)(H,O),]** 
red magenta 

[ee 60°C 

2M HC1Og4, 60°C, 2M Saati Ke 

[Cr(dienH)(H,O),]** eee? [Cr(dienH,)(H,O)]** [Cr(H,0), 
pink purple 

fox M HClO, 
20-25 °C, dark, Sh 

20-25 °C, slow 

1,2,6-[Cr(dien)(H,O)3]** <2 1,2,6-Cr(OH);dien ===> Cr(OH); + dien 

orange blue 

0.1M NaOH i 

10 min, 20-25 °C 

0.05 M HCO, 

1,2,6-[CrCl,(dien)H,O]* <S"""— 1,2,6-CrCl,(dien) 
pink purple 

“This is thought to be the 5,6-dichloro isomer. 

Scheme 50 
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The mononuclear complex [CrCl,(tame)DMSO]I-H2O and the binuclear complexes [Cr(u- 
OH)OH(tame)]}2I,-2H2O and [H,O(tame)Cr(u-OH)2CrOH(tame)|I,-H2O containing the tri- 
dentate ligand tris(aminomethyl)ethane (tame) have been reported.*” 

(ii) Triethylenetetramine (trien) 

The isomers cis-a@-[CrCl,(trien)]Cl (116) and cis-B-[CrCl,(trien)|Cl (117) are prepared in 
70-80% yields according to Scheme 51.*”? The use of SOC, as solvent in the preparation of 
cis-B-[CrCl,(trien)|Cl offers the following advantages: (a) it dissolves the starting complex but 
not the product, (b) its reaction with H,O provides a homogeneous source of HCl and (c) it 
provides an anhydrous medium and thus prevents the formation of chloroaquachromium(III) 
products. Although the isomers of cis-[CrCl,(trien)]* are stereorigid under anhydrous 
conditions, the presence of water causes rapid conversion of the cis-B to the cis-a@ form, 
probably via the stereomobile aquation product [CrCl(trien)H,O]?* (Scheme 52). Indeed the 
first step in this reaction, the aquation of cis-B-[CrCl,(trien)]*, occurs 10°-fold more rapidly 
than that of the a isomer*”’ and is one of the most rapid aquations reported for chromium(III) 
complexes. Additional support for this mechanism is provided by the fact that isomerizations of 
analogous cobalt(III) complexes proceed much more readily after aquation. The lability of 
cis-B-[CrCl,(trien)]* relative to its aw isomer is consistent with an J, mechanism in which H,O 
attacks the metal ion at a position trans to the leaving group. In the cis-w isomer this site is 
blocked and rendered hydrophobic by methylene groups in the trien chain. In the cis-B isomer, 
however, this site is open and is also hydrophilic because of the proximity of amino groups.*”* 

Cl Cl 

Cl Cl 

(116) cis-« (117) cis-B 

a-[Cr(C,0,)trien]X X=Br or ClO, 

|sccu.o (50:1, v/v) 

cis-B-[CrCl(trien)]JClO, <—*"* —cis-B-{CrCi,(trien)}* “SO, cis-a-[CrCl,(trien)]C1O, 
dry of MeOH/HG \ HCl(aq)/MeOH 

cis-B-[CrCl,(trien)]Cl cis-a-[CrCl,(trien)]Cl-H,O 

Scheme 51 

The cis-a- and -8-[CrCl,(trign)]* isomers may be distinguished by spectroscopic methods. 
The electronic spectrum of the cis-a@ isomer has a long wavelength shoulder on the first ligand 
field band similar to that observed in the spectra of other cis-a-[MCl,(trien)]* (M = Co, Rh) 
complexes. No such shoulder is observed in the spectra of the cis-B isomers. The differences in 
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HO 
cis-B-[CrCl,(trien)]" ——> cis-B-[CrCl(trien)H,O]?* + Cl- 

| 
cis-a-[CrCl,(trien)]* <— cis-a-[CrCl(trien)H,O]** 

Scheme 52 

the IR spectra of the complexes, shown in Figure 4, provide support for the assignment of 
configurations.*”° Details of the electronic solution spectra of these and other chromium(III)- 
trien complexes are given in Table 56. While the [Cr(C,O,)trien]* starting material used in the 
above reactions was, on the basis of IR spectroscopy, originally thought to have the cis-a 
configuration, recent evidence based on chiral interconversions indicates that it is in fact the 
cis-B isomer.*”* The primary step in the aquation of this complex involves Cr—N bond rupture 
and leads to the formation of [Cr(C,04)(H2O)trienH}** 47° 

1600 1200 1000 800 

r 
cis-a 

cis - B CH, rocking 

region 

asym NH, 

region CH, or NH 

twist region 
| eae ee | 
1650 1550 1200 1000 800 

7 (cm7') 

Figure 4 Differences in IR spectra (Nujol mulls) between cis-a- and cis-B-[Cr(trien)CI,]Cl (adapted from Inorg. 
Chem., 1977, 16, 1154) 

Reaction of CrCl;-6H,O with trien gives a blue-violet mixture from which some 
chromium(III)-trien complexes (electronic spectra given in Table 56) may be isolated as 
indicated in Scheme 53.*”° While the conversion of cis-a-[Cr(OH)(trien)H,O]Cl, to the cis-B 
isomer in the temperature range 160-225 °C is reversed on cooling, the process is irreversible if 
the reaction is carried out above 225 °C. 
A number of chromium(III) complexes containing ‘partially unwrapped’ trien ligands have 

been characterized. The complexes [Cr(trienH,)(H2O),.2]**° are intermediates in the stepwise 
aquation of cis-a@-[CrCl,(trien)]* (Scheme 54) and can be isolated by cation exchange 
chromatography.*”” The aquation of cis-a-[Cr(N3)trien]* similarly affords a series of 
[Cr(N3)(trienH,)(H2O),+:}'*? ions as outlined in Scheme 55.*”® The colours and electronic 
spectra of these trien complexes are also included in Table 56. 

Empirical*” and theoretical**° models have been developed to predict the photochemical 
behaviour of chromium(III) complexes. These rules predict that photolysis of cis-[CrN,Cl2]* 
complexes should proceed with aquation of the amino ligands trans to the weak field Cl”. 
While the photoreactivity of cis-[CrCl,(en)2]* is, as expected, dominated by loss of amine, the 
behaviour of cis-a-[CrCl,(trien)]* offers a crucial test to these models since photolabilization of 
the secondary amino groups should occur but because of the geometry of the complex these are 
constrained from leaving the primary coordination sphere of the metal ion. Indeed photolysis 
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Table 56 Electronic Spectra of Chromium(III)-trien Complexes 

Complex Colour Amax(€)/nm(dm? mol”! cm~') Amin(€) Ref. 

cis-a-[CrCl,(trien)]* Purple 535 (97.2) 396 (90.5) 455 (28.8)* 1 
cis-B-[CrCl,(trien)]* Purple 542 (100) 403 (85) 461 (35)° 1 
cis-[CrCl(trien)H,O]** © Pink 518 (105) 391 (70) 442 (38)* 1 
cis-a-[Cr(OH)(trien)H,O}** Pink 521 (91.2) 386 (70.8)9 2 
cis-a-[CrOH(trien)}4* Blue-violet 543 (129) 397 (123)° 2 
cis-a-[Cr(NCS),(trien)]* Orange 488 (157) 372 (86.7) 420 (36.9)* 3 
cis-a-[Cr(N3)2(trien)]* Brick red 518 (185) 402 (126) 452 (70.0)? 3 
[CrC,0,(trien)]* Pink 500 (139) 372 (96.5) 425 (28.0)? 3 
1,2,3-[Cr(H,O),trienH]** Red 513 (72.0) 375 (35.6) 430 (13.8) 4 
1,2,3-[Cr(N;)(H,O),trienH]>* Magenta 532 (158) 403 (102) 453 (51.8)® 5 
1,2,6-[Cr(H,O),trienH]** Orange 493 (82.9) 368 (45.5) 418 (20.4)* 4 
1,2,6-[Cr(N3)(HzO),trienH]”* Deep red 502 (189) 390 (120) 437 (59.7)® 5 
[Cr(H,O),trienH,}°* Magenta 522(48.7) 389 (27.5) 440 (10.1)! 4 
[Cr(N;)(HO)strienH,]** Purple 543 (117) 409 (82.1) 467 (33.7) 5 
[Cr(H,O)<trienH,]°* Purple 552 (22.3) 398 (22.0) 465 (5.1) 4 
[Cr(N;)(H,O),trienH,]** Pink 560(75.6)  423(73.5) 488 (26.3)" 5 

"In 0.1MHCl. "In MeOH. “This is the product 5 min after dissolving cis-B-[CrC1,(trien)]* in 0.1M HCI at room temp. 
50. “InDMSO. ‘In2MHCIO,. ®In3MHCIO,. "In 4MHCIO,. 
W. A. Fordyce, P. S. Sheridan, E. Zinato, P. Riccieri and A. W. Adamson, Inorg. Chem., 1977, 16, 1154. 

Tsuchiya, A. Uehara, K. Noji and H. Yamamura, Bull. Chem. Soc. Jpn., 1978, 51, 2942. 
A. House and C. S. Garner, J. Am. Chem. Soc., 1966, 88, 2156. 
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CrCl,-6H,O + trien 

[0 6h 

blue-violet product 
aah stand overnight Nal, od 

cis-a-[Cr,(OH),(trien),]I,-2H,O cis-a-[Cr(OH)(trien)H,O]Cl,-H,O 

cis-a-[Cr(OH)(trien)H,O]C 
pink: 6,,(NH) = 1570vs cm™ 

| °C 

b 

cool to r.t. 1 heat to 160-225 °C 

cis-B-[Cr(OH)(trien)H,O]Cl, 
violet: 6,,(NH) = 1592w, 1575s, 1558vs cm™' 

Scheme 53 

Cr(OH)strien 

0.1M NaOH 
0.25 M Hg(NO3)>/ 
‘0.1M HCIO, 

cis-a-[CrCl,(trien)]*" -—————— 1,2,6-[Cr(trienH)(H,O),]** 
0-S°C, 5 min 

bebe HC10,, 0-10°C 

80°C, 250 min | heat, 70-80 °C 

1,2,3-[Cr(trienH)(H,O),]** + [Cr(trienH,)(H,O),]°* [Cr(trienH;)(H2O)]** 

Scheme 54 

“In 
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[Cr(N;)(H2O),trienH;]°* + [Cr(H,O),trienH,]°* 

3M HCIO,, 50°C, 
i, 0.01 M NaOH 

. | 15h 25 °C, 120 min 
ii, HCO, to pH 1 

cis -a-[Cr(N;)2trien] Br 1 52 ,6-[Cr(N3;)(H,O),trienH]** 

LE M HClO, 
0°C, 15-20h 

1,2,3-[Cr(N3)(H2O),trienH]** + [Cr(N;)(H,O);trienH,]** 

Scheme 55 

of cis-a-[CrCl,(trien)]* was observed to involve negligible amine loss, with Cl” aquation being 
the dominant process. Since the axial coordination sites in this complex contain primary amino 
groups which are as unconstrained as the photolabile amines in cis-[CrCl,(en),|*, the fact that 
amine loss is not observed confirms that ligand labilization is confined to the xy plane. The 
photolysis proceeds with retention of configuration. 

(iii) 2,2',2"-Triaminotriethylamine (tren) 

A number of chromium(III) complexes of tren, a tripodal isomer of trien, have been 
prepared from [CrCl,(tren)]Cl according to Scheme 56.**! This complex is conveniently 
prepared by the addition of tren to a solution of [CrCl,(H2O),]Cl-H.O in DMSO which had 
previously been heated to boiling. In acid solution [CrCl,(tren)]* undergoes a two-step 
aquation, the first involving loss of Cl” and the second involving Cr—N bond rupture to give 
the partly unwrapped tren complex [CrCl(H,O)trenH]**. Solvolysis of [Cr(Cl)2tren]* in 
formamide, N-methylformamide, DMF and DMSO appears to occur via dissociative mechan- 
isms. A number of these solvolysis products have been isolated and characterized.*** Reaction 
of trans-[CrF,(py)s|ClO, with tren in 2-methoxyethanol gives cis-[CrF,(tren)]ClO, as 
product.°”* From this the tren complexes [CrF(X)tren](ClO,), (X=H,O, NCS, Br, Ns, 
MeCO,; x=0, 1 or 2) have been prepared.*®’ In acid solution cis-[CrF,(tren)]ClO, is 
converted to cis-a-[CrF(tren)H,O]** (H2O trans to the tertiary N) both by acid-catalyzed 
thermal aquation and by ligand field photolysis.**° A second but pH-independent thermal 
aquation process involving rupture of a Cr—N bond has also been observed. The electronic 
solution spectra of chromium(III)-tren complexes display d—d bands of greater intensity than 
those of analogous Cr—N, complexes having higher symmetry.**’ Dissolution of 
[Cr(C,O,)tren]* in dilute HClO, at 15°C leads to the rapid formation of 
[Cr(C,0,)H2O(trenH)}**.*** Heating the product solution to 60°C causes stepwise red-shifts in 
the d—d spectral maxima until the formation of [Cr(C,0,)(H2O).4]* is complete. In concen- 
trated HCl solution, however, [Cr(C,O,)tren]* reacts to give [Cr(Cl)2tren]* in a two-step 
process. 

[Cr(N;3).tren]Br [Cr(Cl)Br(tren)]Br [Cr(C,O,)tren]ClO,-H,O 

NaN3, NaBr Na,C,0,, NaClO, 

NaBr 

§ 0.1M HCIO, 
1.5 min, 25 °C 

[CrClX(tren)]X-H,O —S=*2— [CrCl,(tren)]Cl [CrCl(tren)H,O]** 
X=C1O4, HSO,4 

0.1M HCIO,, NaSCN Kaen th, 25°C 

[CrCl(NCS)tren]Cl [CrCl(NCSe)tren]SeCN [CrCl(H,O),trenH]** 

Scheme 56 

Reaction of CrCl;(Me3N)2 with tren in benzene (Scheme 57) leads to products in which tren 

behaves as a tridentate ligand coordinated to the metal through the primary amino groups*® 

(Section 35.4.2.2). 
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CrCl,(tren) 
blue-grey, air-sensitive, non-electrolyte in CH,Ch, 
leq = 3.83 BM (295 K), v(Cr—Cl) = 338, 300 cm", 

tren VA Amax = 591, 408 nm (reflectance) 
(1:1) 

(Me3N).CrCl, 

tren 

2:1) [Cr(tren).]Cl, 
pink, hygroscopic, Hq = 3.86 BM (294 K), 
3:1 electrolyte in H,O, Amax = 498, 380 nm (reflectance) 

Scheme 57 

(iv) Linear tetramines other than trien 

The linear tetramine ligand, 1,9-diamino-3,7-diazanonane (2,3,2-tet), a homologue of trien, 
forms octahedral complexes which can adopt several isomeric configurations.**° The complex 
cis-B-RR,SS-[Cr(C,O,4)2,3,2-tet]* has been synthesized and resolved and then used to prepare 
racemic and chiral cis-a-[Cr(X)(Y)(2,3,2-tet)]"* (X= Y=Cl, NCS, CF;CO,, H,O; X=Cl, 
Y=H,O) complexes.**° The meso complexes trans-[CrX2(2,3,2-tet)]* (X=Cl, F, NCS) 
have also been prepared and the secondary NH isomeric configurations for two of these 
(X =F, NCS) have been confirmed by X-ray crystallography.*°°**? The complexes cis-B- 
RR,SS-[CrX2(3,2,3-tet)]* (X2=C,O7- or 2Cl-) and trans-RR,SS-[CrY2(3,2,3-tet)]* (Y = Cl, 
NCS~) which contain the ligand 1,10-diamino-4,7-diazadecane (3,2,3-tet) have been synthes- 
ized and resolved.*” Details of the visible absorption spectra of the above complexes have 
been reported as well as CD spectra and aquation kinetic parameters in some cases.**°49°4 
The complex trans-[CrF,(3,3,3-tet)]ClO, (3,3,3-tet = 1,11-diamino-4,8-diazaundecane) has been 
prepared and its electronic spectrum compared with those of other Cr'"X,Z, complexes 
(X=a tetramine or two diamines; Z=F, Cl, Br, 1, DMF or COz) using crystal field and 
angular overlap models*™ (note that the tetramine ligands are incorrectly named in this 
reference). A spectrochemical series in Cp, the second-order crystal-field parameter, shows 
trends in chromium -ligand interactions which are not apparent from the conventional series in 
Dq. 

(v) 1,6-Bis(2'-pyridyl)-2,5-diazahexane (bispicen) and related ligands 

Mononuclear and binuclear chromium(III) complexes containing bispicen and related 
tetradentate ligands have been prepared. The isomers cis-a- (118) and -f- (119) 
[CrCl,(bispicen)]* are obtained by the methods outlined in Scheme 58**°:**° but complexes with 
the trans geometry are unknown. 

AE Mpyeize aE. 
HN | Cl HN | Cl 

as a ie 
ane oh 

HN | Cl Py | Cl 
‘ey \_ SNH 

(118) cis-w (119) cis-B 

Addition of bispicen to a solution of [CrBr2(H2O),4]Br-2H,O in 2-methoxyethanol and in the 
presence of zinc powder gives the binuclear di-u-hydroxo complex [CrOH(bispicen)]3* (see 
Table 54 for details of the structure).*”° In principle, 13 possible isomers of this complex exist 
but the use of molecular models shows that 11 of these are grossly sterically hindered. The 
remaining two isomers, (120) and (121), were isolated by the methods outlined in Scheme 59. 
Treatment of AA-( + )p-[CrOH(bispicen)],(ClO4)4-4H2O with concentrated HCl affords (+ )p- 
cis-a-[CrCl,(bispicen)]ClO4, which has therefore been assigned the A configuration.*°> The 
stereochemistries of the bispicen complexes were established using electronic and CD 
spectroscopy and by comparison of their X-ray powder photographs with those of analogous 
cobalt(III) complexes with structures known from 'H NMR spectroscopy. 
A number of complexes of the type cis-a-[CrX.(S-bispicpn)]Y (X= Y=Cl, A and A; 
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CrCl, + bispicen 

[pwso, heat 

violet solid + mother liquor 

i, wash with EtOH 
a ; i, cool in ice 
ii, extract with 1M HCl ii, add ether 
iii, cool filtrate 

cis-a-[CrCl,(bispicen)]Cl sticky product 

i, H,0 i, dissolve in EtOH 
ii, 1M HClO, ii, add ether 

cone. HCI precipitate 
cis-a-[CrCl,(bispicen)]ClO, i, H,0 

\i conc. HNO, 

cis-a-[CrF,(bispicen)]Br-2.5H,O-0.3LiBr cis-B-[CrCl,(bispicen) ]NO,-0.75 H,O 
i, LiBr 

ii, cation exchange purification [sss.o,aH.0 

: ae a. 

cis-a-[CrF,(bispicen)] cis-B-[CrCl,(bispicen)]0.5S,0,-2H,O 2 26 

Ppmeinowyetana reflux i i, AgNO, 

ii, Na,S,0¢:2H,O 

trans-[CrF,(py)4]Br + bispicen cis-a-, B-[CrCl,(bispicen) I 

Jemenosenano heat 

trans-[CrCl,(py)4]I + bispicen 

Scheme 58 

H20| 

(—)p-[CrOH(bispicen)], {(+)p-SbOC,H,O¢}21,-11H,O0 ‘ a per raat 

i, 1M NaOH [eon 

ii, EtOH 
5 

ii, 4M HC (+)p-[CrOH(bispicen)],{(+)p-SbOC,H,O¢}
 

4-14H,O0 

4 hot H,O 

AA-(—)p-[CrOH(bispicen)],1,-3H,O ii, NaClO, 

AA-(+)p-[CrOH(bispicen)],(C1O,)4-4H,O 
Scheme 59 

pasty | 3 ! 

Py Py Py Py 

(120) AA (121) AA 

X=Cl, Y=I, A; X=Br, Y=I, A; X=Cl, Y=ClO,, A; X=F, Y=Br, A; X= Y=Br, A; 
X= Y=NCS, A) containing the unsymmetrically substituted and optically active ligand 
1,6-bis(2'-pyridyl)-3-methyl-2,5-diazahexane (bispicpn) have been prepared by methods similar 
to those in Scheme 58 and characterized by electronic and CD spectra.*””? An X-ray crystal 
structure determination of A-cis-a-[CrCl,(S-bispicpn) CI confirmed the assignment of a A 
configuration, initially based on CD spectroscopy.*”* A number of analogous cis-a-[CrCl,(R- 
bispicpn)]* complexes and also cis-B-[CrCl,(R-bispicpn)]I have been prepared and 
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characterized.” The complexes [CrCl,(S,S-bispicbn)]ClO, (bispicbn = 1,6-bis(2’-pyridyl)-3,4- 

dimethyl-2,5-diazahexane) and [CrCl,(R, R-bispicchxn)]ClO, (bispicchxn = N, N’-bis(2-pyridyl- 

methyl)-1,2-cyclohexanediamine) have been assigned A-cis-a structures on the basis of CD 

spectral comparisons.°° Details of the electronic spectra of a number of 

bispicdiaminechromium(III) complexes are presented in Table 57. 

Table 57 Electronic Spectra of Bispicen and Related Chromium(III) Complexes* 

Complex” Amax (€) (nm, dm? mol~! cm~') Ref. 

cis-a-[CrCl,(bispicen)]* 
cis-B-[CrCl,(bispicen)]* 
A-cis-a-[CrCl,(S-bispicpn)]* 
A-cis-a-[CrCl,(S-bispicpn)]* 
A-cis-a-[CrCl,(R-bispicpn)]* 
A-cis-a-[CrCl,(R-bispicpn)]* 
A-cis-B-[CrCl,(R -bispicpn)]* 
A-cis-a-[CrBr,(S-bispicpn)}* 
A-cis-a@-[CrBr,(S-bispicpn)]* 
A-cis-a-[CrF,(S-bispicpn)]* 

545 (104), 407 (99) 
538 (131), 407 (100) 
540 (102), 406 (102) 
550 (100), 408 (93) 
543 (103), 407 (101) 
554 (95.4), 409 (90) 
538 (129), 406 (104) 
558 (117), 418 (145) 
565 (105), 420 (107) 
523 (81), 378 (49)° 

A-cis-a-[Cr(NCS),(S-bispicpn)|* 
A-cis-a-[CrCl,(S, S-bispicbn)]* 
A-cis a-[CrCl,(S,S-bispicchxn)]* 
[CrOH(bispicen)]3* 

501 (117), 319 (3890)° 
547 (91.2), 407 (83.2) 
553 (93.3), 410 (87.1) 
534 (197), 385 (150) 

AA-[CrOH(S-bispicpn) ]3* 
AA-[CrOH(R-bispicpn) ]3* 
AA-{CrOH(R-bispicpn)]3* 
AA-[CrOH(S, S-bispicbn)]3* 
AA-[CrOH(S, S-bispicchxn)]3* 

530 (174), 384 (162)° 
533 (220), 384 (148) 
529 (173), 386 (147) 
533 (186), 386 (148)° 
527 (174), 386 (148)° PRAM BRHRANNNN WWWNNH 

“In 0.1M HCI unless otherwise indicated. ° Complexes are either red, blue or violet coloured. “In H,O. 
1. K. Michelsen, Acta Chem. Scand., Ser. A, 1977, 31, 429. 

2. Y. Yamamoto and Y. Shimura, Bull. Chem. Soc. Jpn., 1980, 53, 395. 
3. K. Michelsen and K. M. Nielsen, Acta Chem. Scand., Ser. A., 1980, 34, 755. 
4. Y. Yamamoto and Y. Shimura, Bull. Chem. Soc. Jpn., 1981, 54, 2924. 
5. K. Michelsen and E. Pedersen, Acta Chem. Scand., Ser. A, 1983, 37, 141. 

The di-u-hydroxo complexes [CrOH (bispicpn) }(C1O4)4,°"" [Cr(OH)(S, S- 
bispicbn)].(ClO4)4, | [Cr(OH)(S,S-bispicchxn)]2(C1lO,4)4°” and [CrOH(bispictmd)].(ClO,), 
(bispictmd is 1,7-bis(2'-pyridyl)-2,6-diazaheptane)*> have been prepared by methods similar 
to those in Scheme 59. Once again, steric repulsion appears to be responsible for the limited 
number of the potential isomers isolated. From X-ray crystallography (Table 54) the violet 
form of [CrOH(bispictmd)].(ClO,),4 is shown to be a racemic mixture of AA and AA isomers, 
and the singlet—triplet separation in this antiferromagnetic species is 33 cm~'.°” For various 
salts of [Cr(OH)(bispicpn)]3* the values are in the range 44-50 cm7!.*°! 

(vi) Tetraethylenepentamine (tetren) 

The complex [Cr(tetren)(H.O)]**, prepared by hydrolysis of a, B,R-[CrCi(tetren)|Ch, 
undergoes aquation with successive rupture of Cr—N bonds in acid solution (Scheme 60).°73°™ 
The N-thiocyanato complex [CrNCS(tetren)](SCN)2 may be obtained by heating the chloro 
complex with KSCN in aqueous solution.*® 

[Cr(tetren)
H,O]** 4M HCIO,, 60°C 

k=5.5x10-3s571 
[Cr(tetrenH)(H,O),]** 

4M HCIO,, 60°C 

k=2.4x 10-4571 
ey ,2,3-[Cr(tetrenH,)(H,O),]°* 
k=2.1x10-2 5-14 

4 4MHCIO,, 60°C ni , 60° [Cr(tetrenH;)(H,0),]°* => [Cr(tetrenH,)(H:0).]’* “SS, [cr(H,0),}°* + tetrenH* 

“Rate constant extrapolated from 10-35 °C values. 

Scheme 60 
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35.4.2.5  N heterocyclic ligands 

(i) Pyridines 

A large number of chromium(III) complexes containing pyridine (py) ligands are known. 
The addition of py to a solution containing high concentrations of Cr?+ and F- gives 

trans-[CrF,(py)4]*, which, owing to the high stability of the Cr™'—F bond in the absence of 
acid, is a convenient starting material for a variety of [CrF,N,]* complexes (Schemes 32, 33, 
47, 58 and 61).**°° These reactions are usually carried out in boiling 2-methoxyethanol. 
Under acid conditions, the F~ ligands can be substituted to give complexes of the type 
[Cr(X)(Y)N,]*. A detailed analysis of the electronic spectra of the complexes ¢rans- 
[Cr(X)(Y)(py)4]* (X, Y =F, Cl, Br) using an angular overlap model to describe the Cr—py 
bond has led to the conclusion that py in these cases acts as a m acceptor.°°° However 
assumptions leading to this conclusion have been disputed,*’”°® since it has been pointed out 
that such behaviour is inconsistent with that of py in other complexes, e.g. M(X)(Y)(py)a 
(M= Fe, Co, Ni), where it acts as a a donor.*” Frozen solution X-band ESR spectra have 
been recorded for a series of complexes of the type trans-[Cr(X)(Y)(py)4]"* (X= Y=F, Cl, 
Br, I, H,O, OH; X=F, Y=Cl, Br, H,O, OH; X=Cl, Y=H,O, OH; X=Br, Y = H,O).> 
The dihalogeno complexes show tetragonal symmetry with 1.97<g<1.99 and zero field 
splittings 0.30 <2D <3.5cm7’. The aqua and hydroxy complexes have rhombic symmetry. 

trans-[CrF,(RNH,)4]X 

RNH, (R = alkyl, allyl) 
X=I ‘ N 

cis-|CrF,N,|X N, =trien, tren wy 
bees) re F ) pete eae trans-[CrF,(py)4]X 

trans-[CrF,N,4|X (N, = 2,3,2-tet or 3,2,3-tet) 
N—N, 
| X=Cl0, 

cis-[CrF,(N—N),|X (N—N = phen, bipy) 
or 

trans -[CrF,(N—N),|X (N—N = en, pn, tn, chxn) 

Scheme 61 

Reaction of CrCl, and pyridine at reflux temperatures and under anhydrous conditions 
affords the green-coloured product CrCl3(py)3.°°”?’° The far-IR spectrum of this complex shows 
three well-separated v(Cr—Cl) bands indicative of a mer configuration.°'! Subsequent X-ray 
studies established that both this and CrBrspy3 are isostructural with the known mer- 

MoCl,(py)3.°!2 The complexes CrX3(4-Mepy)3 (X = Cl, Br) obtained from CrX3 and 4-Mepy 
were also shown to have mer configurations.°!? Reaction of CrCl;-6H2O with a ten-fold excess 
of each of the cyanopyridine isomers (CNpy) in either 1- or 2-butanol at 80°C affords the 
complexes CrCl;(CNpy)s, although configurations have not been assigned.°'* Thermal decom- 
position of the complexes mer-[CrCl3(R-py)3] (R = H, 3-Me, 4-Me) and pyH[CrCl,(py)2] gives 
the dimers Cr>Cl.(R-py)4.°° 

The complexes mer-Cr(CF3;CO 2)spy3 and CpCr(CF3;CO2)2py have been prepared by the 
methods outlined in Scheme 62.°'® An X-ray analysis of the former complex showed it to have 
a slightly distorted octahedral structure with almost identical Cr-—O (mean 195 pm) and Cr—N 
(mean 210 pm) bond lengths. Reaction of Cr(MeSO;)3, a CrO. complex containing bridging 
MeSO; ligands, with py and the appropiate amount of bipy gives the green complexes 
Cr(MeSO3)3py3, Cr(MeSO;3)3bipy and Cr(MeSO3;),3(bipy)2 all of which appear to contain 
octahedrally-coordinated chromium(III).°”’ vi 

Reduction of RpyCr(O)(O2)2 (R = 3-Me, 3-Cl and 3-CN) with Fe?* under acid conditions 
gives the species [Cr(Rpy)(H2O)s]** in solution.°’® For the aquation of these and the 
unsubstituted py complex (equation 32) a linear relationship exists between —log k and the pK, 
values of the py ligands. 

[Cr(Rpy)(H,0).]°* + H,O -4> [Cr(H,0),]°* + Rpy (32) 
Some multinuclear chromium(III) complexes which contain pyridine ligands have been 

described. The amide (122=H,L) reacts with CrCl;-6H2O in pyridine solution containing 

Na,CO; to give the dimer [Cr.(HL)2(py)4]-2py, the structure of which is described in Section 

35.472 Jas? 
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CF3;CO3H in 

Cp.Cr 22> [CpiCr]*[CpCr(CFsco,).)” 

| THF, boiling 

CH THF :1) 

Pc tiet as Oe RY —_—__ CpCr(CF;CO,).-THF 

violet: Weg = 3.44 : 
(temp. independent) ' asic in THF, reflux 

i, CF;CO,H in THF, heat C (CF co ( ) 

ii, py ¥ : mer-Cr p 

(CpCrSCMe;),8 —” + violet: icy = 3.96 BM (77.95 K): Veo, = 1770, 1410 em~? 

Scheme 62 

OE ae ah 
C—NH HN—C 

(Sor wf Ye 
Cl Cl 

(122) 

Reaction of chromium(III) acetate with various other divalent metal acetates in py gives a 
series of oxo-centred trinuclear complexes which contain bridging acetate ligands (Scheme 
63).°*° The reaction between various poly-4-vinylpyridines and cis-[CrCl,(en),]Cl in water at 
70°C gives complexed polymers which, despite having degrees of coordination between 0.36 
and 0.71, show no magnetic interactions between the chromium(III) ions along the polymer 
chains.** Addition of py, 3-Mepy or py-O to benzene solutions of the chromium(III) alkoxides 
Cr(Cl),OR(ROH), (R=Et, Pr', Bu") gives green or brown solids Cr(Cl),OR(py)2, 
Cr(Cl)zOR(3-Mepy)2 and Cr(Cl),OR(py-O),, all of which appear to be dimeric with alkoxide 
bridging ligands.°” 

Cr}"M"O(OAc)6L3 

M= Mg, Co, Ni; L= py 
M= Mn, Zn; L; = py + 2H,O 

M(OAc), in py 

M=Mg, Co, Ni 

Cr,(OAc), 

Fell!MUO(OAc)L, 
in py 

Cr'"'Fel™'M"O(OAc).L3 
M= Mn, Fe, Co, Ni; L= py 

Scheme 63 

Other reported chromium(III) complexes containing py and related ligands are listed in 
Table 58. Complexes of 2-pyridylmethylamine are dealt with in Section 35.4.2.3 and of pyridine 
carboxylic acids in Section 35.4.8. 

(ii) Bipyridyls, phenanthrolines and terpyridyls 

A number of chromium(III) complexes with bipy, phen, terpy and related ligands have been 
prepared and their photochemical and photophysical properties investigated, mainly because of 
their potential applicability as photosensitizers for solar energy conversion and storage. Much 
of this work has recently been thoroughly and critically reviewed°*>*4 and a later article 
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Table 58 Chromium(III)-Pyridine and Related Complexes 
SS Se ee ee 

Complex Ref. Complex Ref. 

[Cr(C,0,)2(py)HO0]~ 1 [CrCl,(Rpy),(tu*),]Cl 7 [CrCl,(C,0,)(py)H,O]~ 1 (R = 2-Me, 3-Me, 4-Me, 
[CrCl,(py)H,O]- 1 2,4-Me>, 2,6-Me,) 
[Cr(py)(H,0)<]°* 2 [CrCl,(quin),(tu)]Cl Z (Et,N)2[Cr(NCS) spy] 3 [CrCl,(quin’),(tu)>]Cl 7 
[Cr(py)2(H,O),}°* 1 CrNO(CN),(py)2 8 
[Cr(OH)(py)2(H,0)3]** 1 CrNO(CN),(quin), 8 
[Cr(OH)2(py)2(H20),]* 1 CrF py; 1 
[CrCl,(py)(H0),]* 1 Cr(N3)3py3 1 
[CrBr,(py)(H,O),]* 1 Cr(OAc),py; 1 
Cr(OH),(py)2(H20) 1 Cr(NCS)spy3 9 
CrF;(py),H,O 1 Cr(NCS)3(4-Mepy); 10 
CrCl;(py)»H,O 1 Cr(NCS);(quin), 10 
[Cr(C,04)2(Py)2] 5 1 [Cr;(OAc).(py)3(H,0),]°* 1 
cls-, trans -[Cr(py)2(H,0),}°* 4 [Cr3(OAc).(OH)(py)3H,O]** 1 
[Cr(NCS),(3-NH>py).]~ 5 [Cr3(OAc).(OH).(py)3] * 1 
[Cr(NCS),(4-NHpy)2]~ 5 [Cr3(C,HsCO,).(OH).(py)s] i 1 
Cr(NCS),(4-NHpy)2(8-dik) 6 [Cr;0(OAc).(py)s]* 1 
(B-dik = benzoylacetone, 
dibenzoylmethane) 

“tu = thiourea. 

1. C. S. Garner and D. A. House, Transition Met. Chem. (N.Y.), 1970, 6, 59. 
2. A. Bakac, R. Marcec and M. Orhanovic, Inorg. Chem., 1974, 13, 57. 
3. S$. T. D. Lo and D. W. Watts, Aust. J. Chem., 1975, 28, 1907. 
4. A. Bakac and M. Orhanovic, Z. Naturforsch., Teil B, 1974, 29, 134. 
5. L. K. Mishra, H. Bhushan and N. K. Jha, Indian J. Chem., Sect. A, 1982, 21, 639. 
6. K. M. Purohit and D. V. Ramana Rao, J. Indian Chem. Soc., 1983, 60, 1009. 
7. M. M. Khan, J. Inorg. Nucl. Chem., 1975, 37, 1621. 

8. K. S. Nagaraja and M. R. Udupa, Indian J. Chem., Sect. A, 1983, 22, 531. 
9. S. J. Patel, Bol. Soc. Chil. Quim., 1970, 16, 18; Chem. Abs., 1971, 75, 14 464q. 
0. S. J. Patel, Bol. Soc. Chil. Quim., 1971, 17, 61; Chem. Abs., 1972, 77, 83056m. 1 

describing a pulsed laser photochemical study of [Cr(bipy)3]?* includes some additional 
references.» The ability of these heterocyclic ligands to stabilize a wide range of oxidation 
states of coordinated metals also renders their complexes suitable for participation in series of 
one-electron reversible charge transfers. Such electron transfer chains containing four 
reversible redox couples have been observed for chromium complexes containing bipy (Scheme 
64), phen, terpy and related ligands in acetonitrile solution.**’° The first three couples for 
each complex involve redox orbitals which are primarily metal-centred while the last couple in 
each case involves a molecular orbital with mainly ligand character.** All five members of the 
bipy series, as well as the further reduced complexes [Cr(bipy)3]*~ and [Cr(bipy)3}~, have 
been isolated and their magnetic moments and electronic spectra (the latter with the exception 
of the anionic complexes) reported.*° 

[Cr(bipy);]** <== [Cr(bipy);]** <= [Cr(bipy)3]* — = Cr(bipy); —= [Cr(bipy)3]” 

Scheme 64 

A convenient synthesis of [Cr(bipy)3]** and its aquation behaviour under various conditions 
are outlined in Scheme 65.°*”°”° The complex [Cr(phen)3](ClO,)3 can be prepared in a similar 
manner’ and its thermal- and photo-aquation reactions parallel those of the bipy complex 
under similar conditions.°°° Both complexes have been successfully resolved using (+ )p- 
tris{( — )-cysteinesulfinato}cobaltate(III) as the anionic resolving agent.””’ Similar tris chelates 
containing the ligands 5-Clphen, 4,7-Me2phen, 4,7-Phphen, 3,4,7,8-Meaphen, 4,4’-Me,bipy 
and 4,4’-Phbipy as well as the bis complex [Cr(terpy)2](ClO.4)s, which was shown by X-ray 
crystallography to have a distorted mer configuration, " were obtained by chlorine oxidation of 
the corresponding chromium(II) complexes.°** The influence of various factors, e.g. nature of 
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oxidant and its rate of addition, on the oxidation of [Cr(bipy)3]°* and [Cr(phen)3]’* have been 

summarized in a recent article.°*? Details of the visible absorption spectra of these complexes 

are presented in Table 59. 

CrCl,-6H,O +> Cr? ———*+———> [Cr(bipy)3](C10,), 

cis-[Cr(bipy)2(H2O)2](ClO.); <. cis-[Cr(OH),(bipy)2]ClO. Mar Tee [Cr(bipy)s](C10.)s 

i, Zn amalgam; ii, bipy, NaClO,, HCIO,; iii, air; iv, hv, pH9; v, HO, OH; vi, bipy, Oz, 
pH 4; vii, HCIO,. 

Scheme 65 

Table 59 Visible Absorption Spectra of [Cr(N—N);]°* and [Cr(N—N—N),]°* Complexes 

Complex ion Amax (€) (nm, dm? mol! cm~*) Ref. 

[Cr(bipy)P* 458 (269), 428 (676), 402 (933)" 1 
[Cr(4,4'-Me,bipy),] 446 (269), 418 (631), 394 (933) 1 
[Cr(4.4'-Ph,bipy),]°* 445 (1740), 422 (3630), 404 (5370)* 1 
[Cr(phen)s)* 454 (324), 435 (603), 405 (871)* 1 
[Cr(5-Clphen),P* 466 (389), 436 (708) : 1 

ferta.7-Phghen)* 484 (1230), 445 2080)" i I Cyt ae 2P en 3 > 

[Cr(3,4,7,8-Me,phen),]°* 456 (741), 428 (1150), 400 (1350)* 1 
[Cr(terpy).}°* 473 (1410), 443 (2239), 422 (2040)* 1 

472 (1470), 442 (2390), 418 (2220)? 2 
[Cr(4’-Phterpy),]°* 467sh (1540), 438sh (2860), 397sh (4750)? 2 
[Cr(4,4’,4”-Ph,terpy),]°* 465sh (2540), 428sh (5320), 399sh (11 200)” 3 

“In 1MHCI. "In MeCN solution. 
1. N. Serpone, M. A. Jamieson, M. S. Henry, M. Z. Hoffman, F. Bolletta and M. Maestri, J. Am. Chem. Soc., 1979, 

101, 2907. 
2. J. M. Rao, M. C. Hughes and D. J. Macero, Inorg. Chim. Acta, 1976, 18, 127. 

3. M. C. Hughes, D. J. Macero and J. M. Rao, Inorg. Chim. Acta, 1981, 49, 241. 

Despite a few earlier reports to the contrary it now appears that complexes of the type 
[Cr(N—N)2(X)(Y)]"", (N—N = bipy or phen; X, Y = monodentate ligands) invariably have cis 
configurations.***°*> The dichloro complexes (X= Y=Cl-) are conveniently prepared by 
heating CrCl, and the amine in boiling ethanol in the presence of zinc dust catalyst.°** The 
preparation, resolution, reactions and properties of a number of such complexes have been 
thoroughly investigated and some of the reported chemical interconversions are outlined in 
Scheme 66.°*° Visible spectral data for these species and for other heterochelates containing 
bipy or phen ligands are presented in Table 60 and pK, values of the aqua complexes are listed 
in Table 61. Details of the crystal and molecular structure of cis-[CrCl(bipy)2H2O](C1O4)2 have 
been reported.**? The binuclear di-u-hydroxo complexes [CrOH(N—N),]3*, some reactions of 
which are included in Scheme 66 and the pK, values of which are given in Table 61, can be 
obtained by the gradual neutralization of a refluxing solution containing Cr(NO3)3-9H2O and a 
two-fold excess of the amine in 1 M HCIO,.°*° Because of the acidic properties (pK, values in 
Table 61) and robustness of these complexes the corresponding -oxo-y-hydroxo (124) and 
di-u-oxo species (125) can easily be isolated after the addition of base to (123; Scheme 67).°*° 
Magnetic susceptibilities of salts containing these complex ions over the temperature range 
5-300 K are indicative of antiferromagnetic exchange interactions, which lead to singlet—triplet 
separations of between 40cm™' in (123) and 110cm™! in (125).°°’ The complexes 
[CrOH(bipy)2]2Cl,-9H,O and [CrOH(phen),].(NO3)4-7H2O have both been resolved.**8 The 
crystal and molecular structures of [CrOH(phen)»]2I,-4H,O and [CrOH(phen),],Cl,-6H2O have 
been reported.°*? Addition of phen:HNO; to an aqueous solution of CrCl;(bipy)DMF gives, 
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after the addition of base, the complexes [CrOH(bipy)phen],(NO3)4:6H2O, which has been 
resolved, and [CrOH(bipy)(phen)H20](NO3)2:1.5H,O.°*8 The addition of one equivalent of 
base and then KI to an aqueous solution of cis-[Cr(bipy)2(H2O),]’* gives a crystalline product 
which was shown by X-ray analysis to be the H307-bridged dimer [Cr(H3O2)2(bipy)2}.- 
I,-2H,0.°"" The existence of this dimer in concentrated aqueous solutions has been demonstr- 
ated by three-phase vapour tensiometry.*’ The tartrate-bridged complexes Cr,(tart_y)>- 
(N—N)2 and Na(Cr2(tart_24)(tart_y)(N—N).] (tart = tartate = C,H,O-; tart_y = C,H303 ; 
tart_21 = C4H,O¢ ) containing either two optically active or two meso bridging ligands have 
been prepared and characterized.>“” 

The complexes [Cr(C,0O,4)(N—N),]Cl, K[Cr(C,0,).N—N] (N—N=bipy or phen) and 
[Cr(C,0,)(bipy)phen]Cl have been eer °)The ane of eo of a ake bee 
of chelates described in this section have been studied and evidence for both intermolecular 

Table 60 Visible Absorption Spectra of cis-[Cr(N—N),(X)(Y)]”* Complexes 

Complex ion Ap ler) Apne(e) Agn?(€°) Medium Ref. 

[Cr(bipy),(H,0),}°* 492 (44.8) 468 (39.2) 0.1MHCIO, 1 
448 (94.2) 442 (89.2) 

[Cr(phen)(H30),]* 496 (43.7) 458 (29.4) 0.1 MHNO, 1 
[Cr(OH),(bipy),] 517 (42.0) 465 (35.1) 440 (69-7 0.1M NaOH 1 

[Cr(OH),(phen),]* 519 (41.5) 468 (34.8) oy 0.1M NaOH 1 
[Cr(F)(bipy)>]* 519 (48.6) 461 (22.0) H,O 1 

443 (57.3) 
415 (144) 

[Cr(F),(phen),]* 522 (46.5) 455 (16.6) 420 (69.2) H,0 1 
[Cr(Cl),(bipy).]* 553 (43.7) 474 (18.9) 445 (90.0) 0.1MHCI 1 

572 (47.3) 448 (24.0) DMF 1 
[Cr(Cl),(phen)>]* 558 (40.1) 478 (17.5) 0.1MHCI 1 

578 (42.5) 492 (22.8) DMF 1 
[Cr(Br),(bipy),]* 574 (52.7) 526 (43.9) 445 (132) H,O 1 

518 (45.6) 484 (29.0) 
[Cr(Br),(phen),]* 598 (49.8) 538 (36.5) 421 (227) DMF 1 

522 (42.8) 495 (32.0) 
[Cr(Cl)(bipy)(H,0)]** 520 (56) 0.01 M HCl 2 
[Cr(Cl)(phen),(H,O)]?* 522 (41.2) 461 (17.0) 0.1M HNO, 1 
[Cr(Cl)OH(bipy),]* 550 (65) 0.01 M NaOH 1 
[Cr(C,0,)(bipy)]* 497 (66.5) 464 (48.7) 448 (90.4) H,0 1° 

417 (220) 
[Cr(C,0,)(phen),]* 501 (62.6) 454 (33.0) H,0 1° 
[Cr(C,0,)>(phen)]~ 543 (77) H,0 3 

397 (133) 
[Cr(L-tart®)(phen),]* 505 (72.4) 420 (178) 4 
[Cr(L-tart)(bipy).]* 496 (61.7) 444 (126) 

[Cr(C,0,4)2(bipy)]~ 535 (86) H,0 3 
392 (178) 

[CrOH(bipy),]$* 537 (106) 467 (45.6) 10°? M HCI 13 
447 (158) 

[CrOH(phen),]$* 540 (114) 462 (42.9) 422 (303) 0.1M HNO, 13 
{Cr,(OH)(O)(bipy),]°* 537 (108') 467 (46) 0.1M HCI 5 

447 (1605) 
[Cr,(OH)(O)(phen),]°* 540(—) 462 (—) 0.1MHCI 
[CrO(bipy),|2* 537 (108°) 467 (46°) 0.1M HCI 5 

447 (158°) 
CrO(phen),]3 540(— 462(—) 0.1M HCl 5 [ * ) 

?Innm. °Indm’mol ‘cm’. 
© Spectra of these complexes are also reported in ref. 3 and are in moderately good agreement. 

Spectra of these complexes are also reported in ref. 5 and are in excellent agreement. “tart = tartrate. 

The absorption coefficients quoted in ref. 5 are per chromium(III) and have been adjusted here to molar absorption coefficients. 

1. M. P. Hancock, J. Josephsen and C. E. Schaffer, Acta Chem. Scand., 1976, 30, 79. 

2. W. A. Wickramasinghe, P. H. Bird, M. A. Jamieson, N. Serpone and M. Maestri, Inorg. Chim. Acta, 1982, 64, L85. 

3. J. A. Broomhead, M. Dwyer and N. Kane-Maguire, Inorg. Chem., 1968, 7, 1388. 

4. A. Tatehata, Inorg. Chem., 1977, 16(5), 1247. 
5. J. Josephsen and C. E. Schaffer, Acta Chem. Scand., 1970, 24, 2929. 

COC 3-AA 
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Table 61 pK, Values for Ionization of Aqua and u-Hydroxo Ligands in 1,10-Phenanthroline and 2,2'-Bipyridyl 

Complexes of Chromium(III) 

Complex ion pK, Medium Ref. 

cis-[Cr(bipy)(H,O),}** pK, =3.5; pK, =6.1* 0.1M NaNO, 1 
pK, =3.0 + 0.2; pK, =6.0+0.2*” 1.0 M NaNO, 2 

cis-[Cr(phen),(H,O),}** pK, = 3.4; pK, = 6.0* 1M NaNO, 1 
cis-[CrC\(bipy)(H,0)]°* 4.6+0.2" 1.0 M NaNO, z 
[CrOH(bipy),]3* pK, =7.6; pK2 = 11.9° 1M KCl 3 
[CrOH(phen),]3* pK, = 7.4; pK, = 11.8 1M KCI 3 

“Temperature not stated but assumed to be 298 K. 
These values were erroneously attributed to [Cr(phen),(H,O),]°* in ref. 2; clearly on the last line, column 1, L86, 

[Cr(phen),(H,0),}"" was mistakenly written for [Cr(bipy),(H,O),]°*. 
T = 297-300 K. 

1. R. G. Inskeep and J. Bjerrum, Acta Chem. Scand., 1961, 15, 62. 

2. W. A. Wickramasinghe, P. H. Bird, M. A. Jamieson, N. Serpone and M. Maestri, Inorg. Chim. Acta, 1982, 64, L85. 
3. J. Josephsen and C. E. Schaffer, Acta Chem. Scand., 1970, 24, 2929. 

[Cr(C,0,)(N—N),]* cis-[CrCi(N—N),(H,O)}°* 

vi 

cis-[Cr(F).(N—N),]* —=S cis-[Cr(Cl).(N—N),]* 

- : v || iv cis-[Cr(OH)(N—N).(H,O)]?* 

cis-[Cr(Br),(N—N),]" _<~— [(N—N),Cr(OH),Cr(N—N),]** “> cis-[Cr(N—N).(H20),}** 

i, K,C,0, in H,0, 100°C, 4 min; ii, conc. HCl/HCl(g), 50°C overnight in sealed tube; iii, 0.3 M HCl, 
100°C, 3h, (N—N= phen); iv, conc. HCl, 70°C, overnight in sealed tube; v, Ag,O in H,O, 25°C, 
overnight; vi, Hg(OAc), in HF, 25 °C, overnight; vii, conc. HCl, 100 °C, 5h in sealed tube; viii, HF, 25°C 
overnight; ix, conc. HCIO,, 60°C, 24h, adjust pH to 4; x, Na,C,O,/HC,O, in H,O, 80°C, 2h; xi, conc. 

HBr/HBr(g), 50°C, 24h in sealed flask; xii, conc. HCIO,, 60°C, 24h. 

Scheme 66 

H 4+ 3+ 2+ 

O O. 0 
yoo -H+ ye -H* thas 

N—N),C Cr(N—N), —=— _ |(N—N).,C Cr(N—N), =} |(N—N),Cr Cr(N—N), ONEN)ICE *//CHNEN S| SEE INN). Orit asia | Neier 
O O O 
H H 

(123) (124) (125) 

Scheme 67 

(involving loss of one chelating ligand) and intramolecular (involving either one-ended 
dissociation of a bidentate ligand from the metal ion or a twist without bond rupture) 
mechanisms have been obtained for such reactions. Some of the most significant work in this 
area has been summarized in a recent article.*” 

The reaction between CrCl; and phen in DMF solution containing a little zinc dust catalyst 
results in precipitation of a dark green complex [CrCl;(phen)(DMEF)] which according to X-ray 
crystallographic evidence contains the Cl~ ligands disposed in a mer configuration about the 
metal ion and the DMF coordinated through its O atom (Vco = 1635 cm~!),546547 Heating a 
suspension of this complex in DMF causes it to isomerize to a pale green, DMF-soluble 
species, which presumably is the fac isomer. Both complexes lose DMF at 240-250 °C to give 
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CrCl3(phen), a complex which on the basis of IR and mass spectroscopic evidence appears to 
contain five-coordinate chromium(III). The preparation of the related complex CrCl;(terpy) is 
also reported.**” A chromium(III) complex with the potentially pentadentate planar ligand 
6,6"-bis(methylhydrazino)-4'-phenyl, 2,2':6’2"-terpyridine (126) and formulated as [Cr(126)]- 
Cl,-HCl was obtained by heating the ligand and CrCl3-6H,O in refluxing methanol.*** However 
this report is preliminary, dealing mainly with ligand synthesis and does not include 
information pertaining to the structure of the complex. Ligand (126) reacts with glyoxal in the 
presence of CrCl3-6H,O to give the macrocyclic ligand (127), which after the addition of HCl 
and NH,PF., can be isolated as [H2(127)](PF.)2.°*° Appropriately substituted bis(hydrazines) of 
bipy and phen similarly react with 2,6-pyridinedicarbaldehyde in the presence of CrCl3;-6HO to 
give metal-free macrocyclic ligands such as (128).°°° In these reactions the true template is 
thought to be the proton and not the metal. 

Ph — 7 

NY ete’ ae? 
Ph ‘ ja 

Zi RN HH NR 
| Miami oie 

i aes In 
ZN Nw H | See 

N N ZA 
rea ee 

Me NH, H.N Me R = CH,CH,OH 

(126) (127) (128) 

Some air- and water-stable o-bonded organochromium(III) complexes have been prepared 
according to Scheme 68 and the structures of three of these (R = Ph, 2-MeOPh and Me3SiCH2) 
have been determined by X-ray methods.*°*°*? All three compounds have cis octahedral 
configurations with almost identical Cr—Cp (2.087-2.107 A); Cr—Nirans c (2.147-2.156 A) and 
Cr—N,ans N (2.071-2.103 A) bond distances. The Cr—C bond distances are appreciably longer 
than that found in the unstable complex p-MePhCr(Cl)2(THF)3.°™* These facts suggest that the 
Cr—Ca bond distance is virtually insensitive to the nature of R (e.g. whether it is alkyl or aryl, 
or the type of substituents in the aryl ring) in a given chromium environment but is influenced 
strongly by changes in this environment. 

2RMgBr + CrBr, + bipy > R,Cr(bipy), me cis-[R,Cr(bipy)2]I 

deep blue solid 

R = Ph, 2-, 3-, or 4-MeOPh, 4-MePh, Me,SiCH, 

Scheme 68 

(iii) Imidazoles and related ligands 

A number of chromium(III) complexes with imidazole (Him) and related ligands have been 

synthesized. Hence the reaction between CrCl, and imidazole, 1-methylimidazole (1-Meim) or 

2-methylimidazole (2-Meim) in absolute MeOH and in the presence of zinc dust catalyst affords 

the complexes [Cr(Cl)5-,(Him),]Cl,-3 (” = 4-6), [Cr(Cl)5-,(1-Meim),,]Cl,—s (n= 4,5) and 

[Cr(Cl)2(2-Meim),]Cl, the product obtained with the first two ligands being determined largely 

by the ligand to metal mole ratio used in the reaction mixture. These complexes have been 

investigated by IR and ESR spectroscopy and their reduction to the corresponding 

chromium(II) complexes at the dropping mercury electrode in various electrolyte solutions has 

also been studied.°°*°°° The mixed ligand complexes Cr(NCS)3(1-Rim)3, Cr(NCS)(OH),(1- 

Rim)3, Cr(NCS)2(2-R'im); and Cr(NCS)3(2-R’im)2(H20) (R=H, Me, Et, vinyl; R' = Me, Et, 

Pr') have been prepared from K;[Cr(NCS)«] and the appropriate imidazole in refluxing 

ethanol.°°’ By comparing the positions of the “A2,— “Tz, bands in the electronic spectra of the 

Cr(NCS)3(1-Rim); and Cr(NCS)3(2-R'im), complexes the spectrochemical order of imidazole 

ligands (all of which lie between NH; and NCS in the spectrochemical series) was found to be: 
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Him > 2-Meim > 1-Meim > 2-Etim ~ 1-Vinylim > 2-Pr'im ~ 1-Etim. The complexes have mag- 
netic moments characteristic of octahedral chromium(III) complexes and the thiocyanate 
groups are N-bonded. While benzimidazole (bzim) and 2-methylbenzimidazole react with 
[Cr(NCS),]>~ to give Reinecke-type anions such as [Cr(NCS)4(bzim),]~, *°* bidentate ligands 
such as 2-guanidino-benzimidazole and 2-(2'-pyridyl)imidazole can under appropriate condi- 
tions cause substitution of 2-, 4- or 6-N-thiocyanato ligands.°°™ Treatment of (2-MeOPh)2Cr 
with a solution of 2-(2'-pyridyl)imidazole in THF followed by air oxidation gives the orange-red 
solid tris[2-(2'-pyridyl)imidazolato]chromium(III) dihydrate.’ A number of 5-substituted 
tetrazolate (5-Rtet™, R=p-CICsHjCH2, o-CICsHy, p-CICsH,, CsHs) complexes [Cr(5- 
Rtet),OH]-xH,O have been prepared and shown on the basis of spectroscopic and magnetic 
moment data to contain chromium(III) in octahedral ligand environments.*” 

(iv) Pyrazines and pyrazoles 

The reaction between Cr?* and pyrazines (pyz) in oxygen-free solutions produces intensely 
coloured ‘pyrazine green’ products. Data obtained from kinetic, thermodynamic and spectro- 
scopic investigations indicate that formation of the green complex involves Cr°*+ and H* 
coordination at the ligand N atoms and that the product [Cr(pyzH)(H2O)s;]** is best formulated 
as a chromium(III)—pyrazine radical anion complex.*°*% The electrochemical behaviour of a 
number of these pyrazine greens has been investigated. While the reaction between 
chromium(II) halides CrX, and a 4:1 excess of various pyrazoles (R-pyrH) in deoxygenated 
alcohol solutions generally leads to the expected CrX,(R-pyrH), products, the addition of 
5-methylpyrazole (9; 5-MepyrH) to a deoxygenated solution of Cr(BF,)2 in ethanol results 
instead in oxidation of the metal, F abstraction from the anion and formation of the 
crystalline complex trans-[CrF2(5-MepyrH),4]BF, (129).’°' Step-wise and overall formation 
constants of various [Cr(R-pyrH),]** complexes increase with changing ligand in the order; 
pytH < 5-MepyrH < 3,5-Me2pyrH < 3,4,5-MespyrH.°% The dimeric chromium(III) complex 
[{Cr(NCS)(TPyEA)},0](BPh,)2 (130) containing the tetradentate tris(2-pyrazole-1-ylethyl) 
amine is prepared according to Scheme 69.'”” The values of eg as a function of temperature 
(1.63 BM at 300K; 0.98 BM at 86K) indicate strong antiferromagnetic coupling through the 
oxygen bridge. 

HC Me 
‘pede 

HOY 
/ 

all NH 

Cr—F' = 1.960 A 
H F | Hcy Cr—N! = 2.027A 

Mee ae fone Cr—N? = 2.048 A 
N Cr N=... —— (Oe Nc —_N? = a Ze * N Me t—N? = 86.9 

He—€ F H F'—Cr—N! = 91.4° 
F'_Cr—N? = 92.4° 

me" 
| CH 

ee NN hh 

(129) N. 2 \ JN 
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CrBr,(EtOH), +KCNS =245 ‘Cr(NCs),’ 
TPyEA, in EtOH, 
NaBPh, 

[{Cr(NCS)(TPyEA)},O](BPh,), <2 [Cr(NCS)(TPyEA) ]BPh, 
Me 2CO or MeCN 

green, v(CN) = 2060 cm“! blue, v(CN) = 2085 cm7! 
v(Cr—'°O—Cr) = 830 cm™! 
v(Cr—'"*O—Cr) = 790 cm™! 

Scheme 69 

35.4.2.6 Nitrosyl, thionitrosyl, azo, hydrazine, hydroxylamine and related ligands 

(i) Nitrosyls 

Although the rough correlation between core electron binding energies, as determined by 
X-ray photoelectron spectroscopy, and atomic charges has in some instances permitted the 
assignment of oxidation states to metals in complexes,°® for the majority of metal nitrosyls 
such assignments still remain ambiguous. Hence complexes containing the CrNO?* group, for 
example, are in some cases best formulated as Cr'—(NO*) and in others as Cr™'—(NO7). 
Therefore for convenience this section deals with nitrosyl complexes of chromium in a number 
of different oxidation states. 

(a) [CrNO(CN)s}?-. Reduction of CrO; by NH,OH in basic solution containing CN~ 
affords the bright green solid K;[CrNO(CN);]-H2O,°® some properties of which are listed in 
Table 62. A crystal structure determination of [Co(en)s][CrNO(CN)s]-2H20 by X-ray 
diffraction showed that the Cr—NO group is almost linear.°®’ The value of the chromium 3p 
electron-binding energy in this anion is almost identical to the values for known chromium(III) 
complexes and on this basis it may be formulated as [Cr'™(NO7~)(CN);]> °© contrary to 
previous work, which regards the chromium oxidation state as +1 and the ligand as NO*. 

In aqueous solution, [Cr(NO(CN);]*>- undergoes hydrolysis as outlined in Scheme 70. 
Electronic absorption spectra and voltammetric properties of this and its hydrolysis products 
have been reported.*°* The formation, isomerization (Scheme 71) and reactions of bi- (n = 1) 
and tri- (n =2) nuclear cyano-bridged adducts between [CrNO(CN)(H2O),]* and Ag* and 
Hg?* have been investigated.°® That the isomerization step in Scheme 71 (n = 1) is some 2000 
times faster than that of [CrNO(CN)(H20),]* alone seems rather surprising in view of the fact 
that a similar isomerization in [Cr(CN)(H2O)s]** is enhanced only 100-fold on adduct 
formation with Hg’*. The origin of this effect, caused by the presence of NO, remains 
unresolved. The binuclear complexes cis-M[(N—N)2FCr—NC—CrNO(CN),4] (M=Na, K or 
NH,; N—N=en or tn) have been obtained by heating the double complex salts trans- 
M[CrF(N—N).H,O][CrNO(CN)s] at temperatures of 90-120 °C for one to three hours (Table 
45). Reaction of K3[CrNO(CN)s]-H2O with various nitrogen donors in aqueous acetic acid 
solutions gives the complexes CrNO(CN).L—L (L—L = (py)2, (quin)2, bipy or phen), for 
which tetrameric cyano-bridged structures are proposed.°” Polarographic reduction of 
[CrNO(CN)s]*~, or [Cr(CN) the latter in the presence of nitrite, leads to the same reduced 
complex [CrNO(CN)s;]*~.°7?°”? 

(b) Other cyano chromium nitrosyls, N-thiocyanato- and azido-chromium nitrosyls. It has 
recently been shown that the reductive nitrosylation of tetraoxometallates using NH2OH as the 
source of NO requires the presence of another reducing anion (e.g. CN , SCN-) in the 
reaction medium and generally proceeds much more efficiently when a vast excess of 
nitrosylating agent over tetraoxometallate is used.°’? Hence very high yields of nitrosyl 
complexes (Table 62) may be obtained under the reaction conditions outlined in Scheme 
a)? 3-576 

(c) Pyridine-, pyridinecarboxylate- and hydroxylamine-chromium nitrosyls. The mono- 
nitrosylchromium complex [CrNO(ONO),(py)s] (131) was obtained by the addition of pyridine 
to a solution of Cr(CO). in THF which had been purged with NO and then UV irradiated.°”” 
The source of the NO, ligands in the green coloured product is thought to be NO, impurity in 
the NO gas. The complex contains a linear CrNO group (Vno = 1708 cm™’). 
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py~ | ~py 
ONO 

(131) 

Addition of excess (NH3;OH)CI to an aqueous solution containing CrO%Z” and pyridine-2,6- 
dicarboxylic acid (H2dipic) leads to three products: the nitrosyls CrNO(dipic)(H2O). and 
CrNO(dipic)(NH2OH), (Table 62), as well as the complex Cr(NH2O)(dipic)(NH2OH)2.°”* A 
crystal structure determination of the first of these shows that NO is bonded to the metal trans 
to the pyridine nitrogen of the tridentate dipic ligand. The Cr**-reduction of NO in the 
complex [CrNO(H2O)s]** leads initially to coordinated hydroxylamine, but the product 
complex readily decomposes to the dimer [Cr(OH)(H20)4]3*, [Cr(H2O).]°* and NH;OH*.°” 
Reaction of the pentaammine instead of the pentaaqua complex follows a similar stoichiometry 
and rate law but produces two additional polymeric materials suggested to be [(NH3);Cr—X— 
Cr(H20)4Y]"* (X =QH'™ or NH,OH, Y= H,O Or NH.,OH). 

(d) Isocyanide-, nitrile-, chalcogeno-, phosphine- and arsine-chromium nitrosyls. The oxi- 
dative nitrosylation of (n°-CeHs)Cr(CO); by NOX (X=Cl-, PF) leads to the solvent (S) 
stabilized species [CrNO(Cl)(CO),]-xS or the complex [Cr(NO)(CO).S;]PF., both of which are 
useful precursors for the synthesis of a wide variety of Cr(NO)** and Cr(NO)3*-containing 
complexes.**° Two of these complexes, the polymeric chloro-bridged species, [Cr(NO)2(Cl)2] 
(132) and [Cr(NO)S;](PF.)2 can also be prepared from Cr(CO). by photonitrosylation and 
reaction with NOPF, respectively.**’ The above reactions as well as the colours and positions of 
NO stretching bands (cm~') in the intermediates and products are shown in Scheme 73. 

g Cl O aie 
On a O77 [at on 

ee ae Cl N O 
i T O 

a PON ae | 
Ol ee | No 
ees a N 

O 
(132) 

The octahedral dinitrosyl complexes cis-Cr(NO)2(S—S)2, cis-Cr(NO)2(S—O) and cis- 
Cr(NO).(Se—O), have been prepared by the reaction of [Cr(NO)2(Cl)2]-yS (Scheme 73) with 
the dithio (S—S), thiooxo (S—O) and selenooxo (Se—O) four-membered chelating anions 
Me2AsSz, Me2PSx, (MeO).PSz;, Me2xNCSx, MeCSz, MeSCSz, MeOCS;, Me,NCOS-, 
MeCOS~ and Me,NCOSe~.**' The IR spectra of all the complexes show two NO stretching 
bands, which with the exception of the dithiocarbamate complex cis-Cr(NO)2(S,»CNMe>)> 
(VNo = 1805, 1684 cm~') lie in the regions 1820-1840 and 1697-1718 cm. The nitrile ligands 
in [CrNO(MeCN);]?* are readily displaced by neutral and anionic ligands as outlined in 
Schemes 73 (reaction xxiv) and 74.°°? An X-ray crystallographic investigation of 
[CrNO(S,CNEt,)3] (133) showed it to be one of the few known examples of seven-coordinate 
chromium complexes. The geometry of the complex is distorted pentagonal bipyramidal, the 
NO ligand and an S atom occupying the axial positions, with the remaining five S atoms 
forming the equatorial girdle. The complex in solution, as shown by its reaction in toluene 
under reflux, is thermally less stable than its Mo and W analogues, both of which are stable up 
to at least 130°C. The F” ligand in trans-[CrNO(F)(dppe)2]BF, (Scheme 47) is provided by 
abstraction from the BF, anion in the reactant. A number of nitrosylchromium complexes of 
the type represented in (134) have been formed in solution by reaction of [CrNO(S—S)(H,0)3] 
(S—S = EtOCS;, Et,NSz) with a number of arsine, phosphine and amine Lewis bases (L), and 
have been studied by ESR spectroscopy.°* 
The purple, diamagnetic isocyanide complexes [CrNO(RNC)s]PF. (R = Me, But, p-ClC.H,) 

may be oxidized chemically (Ag* in CH,Cl.°** or NO* in MeCN**’) or voltammetrically>** to 
the yellow paramagnetic species [CrNO(RNC).]*+. The reaction of NO with the 
hexakis(isocyanide) complexes [Cr(RNC).](PF¢)2 also gives [CrNO(RNC);](PF.)2 (R = But, Pri 
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H,0. N O s———¢r A 

Aes Be Nc 4 eZ es : N oes 
oF 

S aie H,O iE S 

eS (134) X = OEt, NEt, 
NEt, L=NH, NH,OH, amines, 

(133) phosphines, arsines 

or CsHi1), which undergoes substitution and/or reduction as outlined in Scheme 75.°° A 
number of monodentate phosphine complexes were synthesized by substitution of isocyanide in 
[CrNO(RNC)5]x and then oxidized according to Scheme 75.5*° If the oxidized forms are 
regarded as Cr—NO* species and the reduced forms as Cr°—NO* species then the complexes 
[CrNO(RNC)]X,, and trans-[CrNO(RNC),(PR3)]X,, (2 =1 or 2) constitute a series of 17 or 18 
electron complexes, which are of current interest in organometallic chemistry.°®° The reaction 
of [CrNO(RNC)s;](PF.)2 with the bidentate phosphine dppe, affords the reduction product 
fac-[CrNO(RNC);(dppe)|PF, and trans-[CrNO(F)(dppe)2]PF., the F ligand of which is the 
result of abstraction from the PFs anion. 

[Cr(RNC).]X, 

[xo 

trans-[CrNO(RNC),(am)|X_ "= =O#". [CrNO(RNC)5]X. ——"“#"* ,_ (crNO(CI)(RNC),]X 
f ne-electron 

prc, / ane NE 
fac-[CrNO(RNC),(dppe)]X + trans-[CrNO(F)(dppe),]X [CrNO(RNC).]X 

; PR; 
dppe in EtOH in Pr°OH, T°Ce 

65°C, Shh 

trans-[CrNO(RNC),PR3]X 

fac-[CrNO(RNC)3(dppe)]X [nore ie 

trans-[CrNO(RNC),PR3]X, 

*R=Bu', Pr, CH; X=PF,. °am=Bu'NH,, Pr'NH,, piperidine; R=Bu', Pr; X=PF,. °R= Bu, 
Pr; X=PF,. “R=Bu', Pr’, C.Hi,; X=PF.. °R=Bu', Pr’; R'=Et, Pr’, Bu", Me,Ph, Et,Ph; X = PF,; 
T=65°C: R=Me; R’=Et, Bu”, Me,Ph; T=reflux temp.: R=Me; R’=Et; X= BF,; T = reflux 
temp. ‘R=Bu'; R’=Bu", Me,Ph; X=PF,; R=Pr; R’= Et,Ph; X=PF;; R=Me, R’=Et, X= 

BF,. ®R=Bu'; X=BF,. ™"R=Bu'; X =PF,. 

Scheme 75 

The products of oxidative nitrosylation of the complexes Cr(CO),P—P (P—P = depe, dmpe) 
by NOPF, in MeCN depend on the ratio of nitrosylating agent to complex used in the reaction 
mixture as illustrated in Scheme 76.°°’ The observed decrease in NO stretching frequency on 
converting fac-[CrNO(CO)3;P—P]* to fac-[CtNO(MeCN)3P—P]’* shows that the effect of 
replacing three strong z-acid ligands by weaker ones, a substitution which normally results in a 
lowering of VNo, outweighs the effect of increased metal oxidation state which normally affects 
Vno in the opposite direction. The above reactions of the dcpe and dmpe complexes contrast 
with that of Cr(CO),dppe. In MeOH/toluene, reaction of this complex with NOPFs affords 
cis-[Cr(CO),dppe]PFs but in MeCN the product, although initially thought to be trans- 
[Cr(NO)2(MeCN),](PFe)2,°°2 is in fact [CrNO(MeCN)s](PF6)2. 
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fac-[Cr(NO)(MeCN);P—P](PF.)2* pee fac-[CrtNO(Me,CO),P—P](PF.)2° 

orange; v(NO) = 1722 cm red 

NOPF, (2:1) 
in egy" x 

cis-Cr(CO),P—P \ Me,CO 

NOPF, (1:1) 

in MeCN 

fac-[CrNO(CO);,P—P]PF, z [Cr(CO),P—P]PF, 
v(NO) = 1754 cm™' in CH,Cl,(P—P = dmpe) 

* Amex (€)/nm (dm? mol~'cm~') in MeCN; 393 (1320), 460 (423) for P—P = dmpe; 412 (1000), 470 (200) 

for P—P =dcpe: v(CN) in Nujol = 2315, 2290 cm! for P—P = dmpe; 2310, 2282 cm for P—P = dcpe: 

ESR in MeCN; 1:2:1 triplet, g(.v) = 1.993 for P—P = dmpe; 1.991 for P—P = dcpe. Amax = 354, 534 nm in 

Me.CO: ESR in Me,CO; 1:2:1 triplet, 8 (ay) = 1.987 

Scheme 76 

A nitrosylchromium complex stabilized with o-phenylenebis(dimethylarsine) (diars) ligands 

has been prepared and reduced according to reaction Scheme 77.2” The product 

[CrNO(Cl)(diars),JCIO, has an X-ray powder pattern similar to that of trans- 

[MNO(Cl)(diars)2]CIO, (M=Fe, Co) and therefore must have a six-coordinate trans 

configuration. Its ESR spectrum in CHCl, consists of thirteen lines due to interaction of the 

unpaired electron with four As (J = 3/2) nuclei. Each line is further split into a triplet due to 

interaction with the N (J = 1) nucleus. 

CrCl, —~— trans-[CrNO(Cl)(diars),]Cl 

CrNO(Cl)(diars), a trans-[CrNO(CI)(diars),]C1O, 
orange, diamagnetic, v(NO) = 1590 cm™ yellow, Ueg = 1.70 BM at 298 K, v(NO) = 1690 cm™' 

i, NO, diars in O,-free acetone; ii, NaClO, in MeOH; _ iii, Na,S,O, in methanol. 

Scheme 77 

(e) Amido- and alkoxido-chromium nitrosyls. Contrasting with the seven-coordinate 
Cr(NO)?*-containing complex (133) are a number of complexes also containing this group and 
bulky ligands which constrain chromium to a coordination number of four. Hence reaction of 
the three-coordinate complexes CrL3 (L = NPr5, N(SiMes)2 or 2,6-dimethylpiperidide) with NO 
in pentane solution gave the diamagnetic, chemically stable mononitrosyls CrNOL3.°*°** The 
crystal structure of the bis(trimethylsilylamide) complex (135) shows that the molecule has 
space-group-imposed C3 symmetry with a linear Cr—N—O group. The chemical stability of this 
group is demonstrated by the reactions of CrNO(NPr3)3; with bulky alcohols (Scheme 78), 
which occur without loss of the NO ligand.°*-**? The dimer Cr2(NO).(OPr')., represented 
schematically in (136) has virtual Cz, symmetry with the two chromium atoms, the two nitrosyl 
ligands and the bridging alkoxy oxygen atoms in the o; plane.**? Above 80°C in toluene 
solution, exchange of bridging and terminal isopropoxy ligands, for which an intramolecular 
mechanism is implicated, occurs rapidly on the NMR time-scale. The addition of 
Mo,(NO),(OPr')« or ligands L (L=NHs, pyridine or 2,4-lutidine) to Cr(NO),(OPr'), in 
toluene leads to the equilibria represented by equations (33) and (34). The existence of the 
heteronuclear dimer CrMo(NO),(OPr')¢ was confirmed by 'H NMR, IR and mass spectros- 
copy. The NO stretching frequencies in the IR spectra of Cr(NO)L; complexes (Table 63) are 
remarkably sensitive to the nature of the ligand in the trigonal plane. 

Cr,(NO),(OPr'), + Mo,(NO),(OPr), == CrMo(NO),(OPP), (33) 
Cr,(NO),(OPr),+2L == 2Cr(NO)(OPr),L (34) 
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Table 63 Colours and NO Stretching Frequencies for Nitrosylchromium 

Complexes Containing Bulky Ligands! 

Complex Colour v(N—O) (cm7')? 
a ee Ee 8 EN ee es Ae | 

CrNO(NPr;)3 Orange 1641 
CrNO[N(SiMe;),], Deep purple 1698 
CrNO(Me,pip),; Brown 1673 
CrNO(OBu'); Orange-red 1707 
CrNO(NPr;)(OBu'), Orange 1683 
Cr,(NO),(OPr'), Brick-red 1720 

* As Nujol mulls. 
1. D. C. Bradley, C. W. Newing, M. H. Chisholm, R. L. Kelly, D. A. Haitko, D. Little, F. 
A. Cotton and P. E. Fanwick, Inorg. Chem., 1980, 19, 3010. 

CrNO(OBu'); + Cr(NO)(NPr3)(OBu'), 
Bud 7 

CrNO(NPr); 

“aha 

Cr,(NO).(OPr'), 

Scheme 78 

The electrochemical reductions of | CrNO[N(SiMes)2];,  CrNO(NPri); and 
CrNO(OBu),(NPri) in acetonitrile have been studied and the results interpreted in terms of 
quasi-reversible or irreversible one-electron reductions with the possibility of side reactions.>”* 

(f) Macrocyclic chromium nitrosyls. A number of NO adducts with chromium macrocyclic 
complexes have been synthesized. The addition of NO to a solution of Cr(TPP) (TPP = 
tetraphenylporphyrin) in toluene leads to the red-coloured CrNO(TPP) (vno = 1700 cm’, the 
visible spectrum in toluene solution has Amax at 600, 555, 520sh and 435 nm).°*° This complex is 
also obtained by reductive nitrosylation of Cr(TPP)(OMe) in chloroform—methanol solution, a 
reaction which probably proceeds by a mechanism involving nucleophilic attack by MeOH on 
coordinated NO (Scheme 79). The complex has an S =34 ground state and its ESR spectrum, 
which in toluene solution shows hyperfine splitting from both porphyrin and nitric oxide ‘‘N, is 
diagnostic of a configuration which is predominantly metal (d,,d,,)* dj, in character. Its 
formulation as a Cr'(NO*)(TPP) complex contrasts with that of [CrNO(CN)s]°~, shown by 
X-ray photoelectron spectroscopy to be [Cr'“(NO~)(CN)s]°-,°® despite striking similarities in 
their ESR spectra. Recent work on ligand addition and electron transfer reactions of 
CrNO(TPP) is referred to in Section 35.4.9.1. The $-polymorph (but not the a) of 
phthalocyaninatochromium(II), B-PcCr, absorbs NO at room temperature to give the adduct 
CrNO(Pc) (vno = 1690 cm~’).°°°°°? Treatment of this complex with anhydrous, degassed 
pyridine affords the stable product CrNO(Pc)py (vno = 1680 cm~’). 

The nitrosylchromium complexes (137) and (138) are produced in the reactions of 
[Cr(Me,[14]tetraenatoN,)(py)2|PFs (Me,[14]tetraenatoN,=dianion of trans-5,14-dimethyl- 
1,4,8,11-tetraazacyclotetradeca-4,6,11,13-tetraene) and [Cr(Me,[14]-4,11-dieneN,)py](PF.)2 
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Cr(TPP)(OMe) +NO —> CrNO(TPP)(OMe) 

CrNO(TPP)(OMe) + MeOH —> Cr(TPP) + MeONO + MeOH 

Cr(TPP) +NO — CrNO(TPP) 

Scheme 79 

(Me,[14]-4,11-dieneN, = 5,7,7,12,14,14-hexamethyl-1 ,4,8,11-tetraazacyclotetradeca-4,11-diene) 

respectively with alcoholic NaNO,.°”* The crystal and molecular structure of (138) shows that 
the MNO group is linear and that the NO and NO; ligands are mutually trans. A combination 

of IR, ESR and magnetic data has been interpreted to imply the presence in the complexes of a 

Cr'(NO*) group having, as in the case of CrNO(TPP), a (d,z, d,z)* diy configuration. Some 
properties of these complexes are presented in Table 64. The electronic spectra of complexes 
(137) and (138) are similar in band positions despite differences in their macrocyclic ligands and 
coordination numbers. This tends to suggest that the NO ligand dominates the electronic 
configurations of such complexes. 

O + 

N 

egy D 

t/t 

eS oa 
Ce baler ‘ ; 

Kgl NO, 
(137) (138) 

= 

— 
f= 
' 
1 

Table 64 Some Properties of Macrocyclic-chromium Nitrosyl Complexes’ 

Complex Colour v(NO) (cm~*)? Leg (BM)? Amax(€) (nm, dm? mol~! cm~*) 

(137) Green 1620 1.81 654 (1330), 450sh (2100), 385 (7100)° 
(138) Green 1640 1.72 649 (45), 450 (99), 361 (340) 

* As Nujol mulls. » Room temperature. “In THF solution. “In MeCN solution. 
1. D. Wester, R. C. Edwards and D. H. Busch, Inorg. Chem., 1977, 16, 1055. 

(g) Cr(NO)4. The binary nitrosyl Cr(NO),, a dark red volatile solid which is both 
isoelectronic and isostructural with Ni(CO),, may be obtained by photolyzing a solution of 
Cr(CO). in pentane while purging with NO.°” The evidence from IR and Raman spectroscopy 
suggests that the molecule has 7; symmetry both in solution and in the solid state. Photolysis of 
Cr(CO). and NO in frozen argon and methane matrices also leads to Cr(NO), via the 
intermediate Cr(CO)3(NO)2.™ 

The chemistry of a number of carbonyl and cyclopentadienylchromium-nitrosyl complexes 
has been discussed in the companion series.’ 

(ii) Thionitrosyls 

The relative scarcity of transition metal complexes containing NS ligands compared to the 
number containing NO has been attributed to the lower stability of NS and to the lack of 
reagents for introducing it into complexes.’ The preparation and reactions of the first 
reported organometallic thionitrosyl complex, CpCr(CO),NS, are shown in Scheme 80. 
Gas-phase core-electron binding energies of this compound have been determined.© Addition 
of a nitromethane solution of NS*PF;, obtained in situ from N;S;Cl, and A Fe, to 
CsHeCr(CO); in ethanenitrile gives the thionitrosyl complex [CrNS(MeCN)>](PF.)2.? Reac- 
tions of this complex and some properties of it and its reaction products are outlined in Scheme 
81. The v(NS) band in the IR spectrum of [CrNS(Bu'NC);]PF, occurs at lower wavenumbers 
than the corresponding band in the spectrum of its oxidation product consistent with greater 
electron density on the metal and increased back-bonding into a 2* orbital on NS. 
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[CpCrCO(NO)NS]PF, 
NOPF, in 
MeCN/CH,Cl, 

NOCI 

CpCr(NO),Cl 

Scheme 80 

[CrNS(MeCN),](PF,)2 
blue; v(NS) = 1245 cm™'; v(CN) = 2325, 2305 cm7! 

Bu'NC, Zn 

i MeCN 

[CrNS(Bu'NC),]PF, 
green; v(NS) = 1135 cm™'; v(CN) = 2203, 2135, 2070 cm™! 

[sore in MeCN 

[CrNS(Bu'NC).](PF,)» 
blue; v(NS) = 1220 cm™'; v(CN) = 2225 cm 7! 

Scheme 81 

(iii) Azo ligands 

Complexes of chromium(III) with multidentate ligands containing azo linkages as well as 
other donor groups are of interest because of their applications in spectrophotometric analysis 
and because of their uses as commercial dyestuffs.“ Some ligands used in the analysis of 
chromium(III) are listed in Table 65. 

Table 65 Azo Ligands Used for the Analysis of Chromium(II]) 

Ligand Application Ref. 

C;H,NBr,—N=N—C,,9H,;NO Cr™ and Cr¥! at pH 3.3-4.0 1 
C5H¢AsO;—N=N—C,oH.0,8;— —=N—C,H,RR'R? Cr'™ at pH 2 2,3 
(R, R', R? =H, CO,H, PO;H,, AsO;H,, NO3, Cl) 
C,H,O,—N=N—C,7H, ,0,S,Na, Cr™ at pH 3-4.5 4 
Ph—N=N—C,H,O, Cr'™ at pH 3-6 5 
C,9)H,—_N=N—C,H,0, Cr!” at pH 3-6 5 
C;H,N—N=N—C,H;0, Cr at pH 5-5.5 6 
C,;H,NS—N=N—C,H,0, Cr'” at pH5 7 

1. F. Zhang and G. Chen, Chem. Abstr., 1985, 102, 67 121h. 
2. S. Fusheng and L. Xu, Chem. Abstr., 1984, 100, 150240a. 
3. V. K. Guseinov and O. A. Tataev, Chem. Abstr., 1977, 87, 17 7042n. 

4. L. Xu and F. Li, Chem. Abstr., 1983, 98, 118679e. 
5. I. K. Guseinov, N. Kh. Rustamor, Ya. A. Asimov and M. M. Agamalieva, Chem. Abstr., 1978, 89, 35914r. 
6. K. L. Cheng, K. Ueno and T. Imamura, ‘Handbook of Organic Analytical Reagents’, CRC, Florida, 1982, p. 197. 
7. K. L. Cheng, K. Ueno and T. Imamura, ‘Handbook of Organic Analytical Reagents’, CRC, Florida, 1982, p. 208. 

The structures of a number of chromium(III)—azo complexes have been determined by X-ray 
diffraction methods. The _ ligands 2,2’-dihydroxyazobenzene and _ 5-nitro-2-(2- 
hydroxynaphthylazo)phenol form 2:1 complex anions with chromium(III) which have mer 
configurations. In the 2:1 complex anion formed between 3-methyl-2-[3-methyl-1-(p- 
bromophenyl)-5-oxo-2-pyrazolin-4-ylazo]benzoic acid and chromium(III) (139) the azo, car- 
boxylate and enolate groups of one ligand are arranged trans to the corresponding groups in 
the other ligand. 
A number of isomeric 2:1 chromium(III) complexes containing ligands derived from 
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(139) (140) n=2, 3 or 6 

2,2'-dihydroxyazobenzene, 0-(2-hydroxyl-1-naphthylazo)phenol, = 2,2’-dihydroxyazonaph- 
thalene and o-(2-hydroxy-1-naphthylazo)pyridine have been prepared.~’ Chromium(III) 
complexes containing the tridentate ligands 4-methylsulfonyl-2-(4,5-diphenylimidazol- 
2-ylazo)phenol and 4-chloro-2-(4,5-diphenylimidazol-2-ylazo)benzoic acid have also been 
prepared.“® The effects of central ring size on the electronic spectra and stabilities of 
the pentacyclic chromium(III) complexes (140) have been investigated.’ The preparation 
and properties of a number of 1:1 chromium(III) complexes containing substituted naphthol- 
azopyrazolone ligands (L) have been reported.“ These complexes appear to be of the type 
fac-[CrL(H2O)3]* and fac-CrL(Cl)(H2O)2 and react with various bidentate ligands such as 
acac, Salicylaldehyde, amino- and hydroxy-acids (Y) to give the ternary complexes, 
Cr(L)(Y)H2O. The effects of substituents on the spectra of the dyes and their complexes are 
discussed. 

(iv) Hydrazine, hydroxylamine and related ligands 

Addition of alcoholic N2H4-H,O to an aqueous solution of Cr(ClO,)3 affords a violet 
crystalline compound of composition Cr(N2H,4)2(ClO4)3.°° The IR spectrum of the product 
shows split absorption bands at 1100 and 630 cm“ characteristic of chelating ClO; and a band 
at 950 cm™~* characteristic of a monodentate hydrazine ligand. On this basis structure (141) is 
proposed for this complex. 

ee ee 
No NU, ee r 4 

7 pln Ae ae 
NH, 

(141) 

Addition of Cr,(C,0,4)3:6H2O to a cold alcoholic solution of NoH, gives a violet powder of 
composition Cr2(C,0,4)3-4N2H4:4H20.%" This product is also obtained when the starting 
complex is stored in a desiccator over a 60% alcoholic solution of NJH,. Exposure to a higher 
partial pressure of N2H, leads instead to the product Cr2(C,O,4)3-7N>H,-H»O. Evidence based 
on spectroscopic®!"*"? and magnetic®! studies indicates that the former product is polymeric 
containing an infinite —N,H,—Cr—N-,H,— chain in the equatorial plane, while the latter 
complex contains C,04~ as well as NH, bridging ligands. 

Acetylhydrazide (AcNHNH2) and benzoylhydrazide (BZNHNH>) form complexes with 
CrCi3-6H20 having compositions CrCl,(AcNHNH))3:3H,O and CrCl;(BZNHNH,)3 
respectively.°'* IR and electronic spectral data suggest that each ligand is coordinated to the 
metal through the unsaturated nitrogen atom of its imidol form (142). 
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R—C=N—NH, 
OH cr 

(142) 

Chromium(III) forms a number of complexes with NH,OH depending on the reaction 
conditions as outlined in Scheme 82.°° Reaction of KCr(SO,)2-12H,O with NH,OH-HCI 
(12-fold excess) and KOH (6-fold excess) in aqueous solution affords the lilac-violet complex 
[CrCl(SO,)(NH2OH).]-2H.O (for which d5(NOH)=1275cm™!). All of these complexes 
contain N-coordinated hydroxylamine as shown by the characteristic shift to higher wavenum- 
bers in the 6(NOH) band relative to that in NH,OH-HCI. The electronic spectrum of 
[CrOH(NH,OH)s]Cl., the only one of these complexes to dissolve in water, shows maxima at 
552 and 407 nm; the position of the first implies that the NH2OH ligand lies between NH; and 
H,O in the spectrochemical series. Reductive nitrosylation of CrO{, by NH,OH at pH 4-5 in 
the presence of pyridine-2,6-dicarboxylic acid (H2dipic) gives the products CrNO(dipic)(H2O)2 
(red, We = 1.70 BM at 298K), [CrNO(dipic)(NH2OH),]-3H,O (yellow-green, weg = 1.71 BM 
at 298 K) and Crdipic(NH,O)(NH,OH), (dark green, Mer = 3.6 BM at 298 K, Table 62).°”8 The 
modes of coordination of hydroxylamine and the hydroxylamine anion in these complexes 
have not been established. 

[CrCl(NH,OH),(H2O),](OH)-EtOH 
6(NOH) = 1200, 1270 cm"! 

0.25 M NH,OH in EtOH, 

six-fold excess 

0.25 M NH2OH in EtOH, six-fold 

CrCl,-6H,O ———"——— _ [CrOH(NH,OH),]Cl, 

NH,OH-HCI, 12-fold 

excess: KOH, six-fold excess 

aqueous soln. 

6(NOH) = 1270 cm™". 
Scheme 82 

Hydroxylaminechromium(I I) complexes have been observed amongst the products of 
reduction of [CrNO(NHs)s]** by chromium(III) in acid solution.°” Ion exchange experiments 
show that at least 50% of the NH.OH produced (by the two-electron reduction of NO ) in this 

reaction is initially coordinated in highly charged complexes such as [(NH3)sCrXCr(H20)4Y]"* 
(X = OH™ or NH,OH; Y = H20 or NH2OH). 

In the complex tris(N-benzoyl-N-phenylhydroxylamine)chromium(III) the ligand acts as a 

bidentate two O donor.*® 

35.4.2.7 Amido ligands 

This section is dominated by dialkyl- and disilyl-amide ligands, which, because of steric 

factors, constrain chromium(III) to the unusual coordination numbers of three or four. 

The reaction between LiNPr', and CrCl, in THF solution leads to the air- and water-sensitive 

red-brown solid Cr(NPri)3.°°? The complex is monomeric in solution and in the solid state 

(Wer = 3.80 BM at 298-123 K). An X-ray crystal structure analysis shows that the molecule 

contains a planar CrN; and three planar CrNC, units with 68-70° dihedral angles between the 

former and each of the latter planes (143).°’ The planarity of the nitrogen atoms suggests 

involvement of their lone pairs in 1 bonding to the metal, an idea which is further supported by 

the relatively short Cr—N bond lengths. A number of other chromium(III) dialkylamide 

complexes, all of which are highly sensitive to air and water, have been prepared and their 

coordination properties clearly depend on the steric requirements of the specific ligand. Hence 

in solution both Cr(NMe,)3; and Cr(NEt2)3 appear to exist as dialkylamido-bridged dimers in 

which each chromium is surrounded by a tetrahedral ligand field (144).°°? Under vacuum and at 

mild temperatures the dimers disproportionate according to equation (35). This reaction has 

been used to synthesize a number of Cr(NR2), compounds (R = NEt, NPr3, NBu3, piperidide) 
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(Section 35.5.4.3).%8 The inability of chromium(IH) to achieve its preferred hexacoordination 

because of steric hindrance accounts in part for this unusual disproportionation. In the 

tetrahedral chromium(IV) compounds the d? electrons occupy low energy orbitals. In the 

dimeric chromium(III) complexes, however, one of the d electrons on each chromium must 

occupy a high energy orbital. Transfer of an electron from one chromium to another results in 

formation of the volatile Cr(NR2)4 and the polymeric residue [Cr(NRz2)2],-°'* The monomeric 

complex Cr(NPr})3 is stable thermodynamically with respect to disproportionation.*” While 

many metal—dialkylamide complexes react with CS, to give dithiocarbamate complexes, this 

insertion reaction is not successful with Cr(NPr})3. It does, however, react with CO2, NO (see 

Section 35.4.2.6) and O, (Scheme 83). The species Cr(O2)(NPr>)3 may be a peroxo 

chromium(V) compound. At low temperatures the reaction with O2 produces an explosive 

compound of composition CrO3(NPr})3.°”” 

[Cro(NR2)6} ae Cr(NR2)4 + [Cr(NR2)2], (35) 

R, 

Kina 
R.N).M M(NR,), ( MMC ) 

N 
R, 

(143) (144) R= Me or Et 

Cr(NPr}).(O,CNPr;) CrNO(NPr;); 

cO\ wo 

Cr(NPr3)3 

O, 

CrO,(NPr}); 

Scheme 83 

The reaction of LiN(SiMe3)2 with CrCl; in THF affords the bright green complex 
Cr[N(SiMes)2]s.°"" A single crystal X-ray analysis showed that the complex is similar 
structurally to Cr(Pr3)3; with a trigonal planar CrN2 and planar CrNSip units. Like the 
dialkylamide complexes, Cr[N(SiMes)2]3 is rapidly hydrolyzed although it is less susceptible to 
insertion reactions as shown by its inability to react with either CS, or COp. 

Since Cr(NPr})3; and Cr[N(SiMes)2]; are both volatile and can be sublimed without 
decomposition, they are amenable to study by photoelectron spectroscopy. The gas phase He-I 
photoelectron spectra of these species show Cr—N o bond ionization energies in similar 
regions (9.9 and 10 eV respectively).°'° However the nitrogen lone pair ionization and the d 
(3A, *E) bands occur at significantly lower energies in the spectrum of the dialkylamido 
complex. This confirms that the nitrogen lone pair is stabilized by delocalization on to the 
silicon atoms in N(SiMe3)2, thus making the ligand unable to act as a a donor to the metal. No 
such delocalization is possible in the dialkylamido ligand, and so in the complex Cr(NPr})3 2 
donation from ligand to metal can occur, with a consequent lowering of metal d electron 
1onization energies. 

A study of the electrochemical reductions of Cr(NPr})3 and Cr[N(SiMe3).]3 in acetonitrile 
solution shows that the reductions are either quasi-reversible or irreversible and that the 
dialkylamido complex has a slightly lower reduction potential.*”* 

Magnetic susceptibility measurements confirm that Cr(NPr}); and Cr[N(SiMe;),]; behave as 
magnetically dilute species with fe¢ values of 3.80 and 3.73BM respectively over the 
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temperature range 123-298 K.%° Neither complex gives an ESR signal in solution at room 
temperature. However, frozen solutions of the former in toluene at 130K and polycrystalline 
samples of the latter show g anisotropy with principal values g, = 2.0, g, = 4.0 corresponding 
to an axially symmetric system with a large zero-field splitting of the chromium ion.° 

35.4.2.8 N-Thiocyanato, N-cyanato, N-selenocyanato, azido and related ligands 

The vast majority of known chromium(III) complexes with the ambidentate chalcogenocyan- 
ate ligands NCO”, NCS", NCTe™ are those containing N-bonded thiocyanate. 

(i) N-Thiocyanates 

(a) [Cr(NCS),]>-. A variety of salts containing the [Cr(NCS),}>-— anion have been 
prepared.®'-°? Prior to its structure determination by X-ray diffraction methods, criteria based 
mainly on IR spectroscopy were used to establish N coordination of the ligand to Cr™ in this 
anion. Hence the IR spectrum of K3[Cr(NCS).] (Table 66) has NCS bending and CS stretching 
vibrations at 483 and 820cm™' respectively, positions which are characteristic of N-bonded 
thiocyanate complexes.’ In addition a band at 364cm™! in the IR spectrum of 
(EtsN)3[Cr(NCS).] has been assigned to the triply degenerate (7;,,) Cr—N stretch of the 
Cr(NCS). group. Some properties of [Cr(NCS).]°~ are listed in Table 66. 

Table 66 Some Properties of [Cr(NCS),]*~ 

Cation Property Ref. 

[Ho(C,H,NCO,H)(H,0),] Bond lengths (pm): Cr—N, 200.2; N—C, 114.4; C—S, 161.9 1 

Bond angles (°): NCS, 176.6; CrNC, 164.3 

(Et,N), IR spectrum (cm~'): v(CN), 2078; 5(NCS), 483; v(CrN), 364 (Nujol mull) 2 
K, IR spectrum (cm '): v(CN) = 2058s, 2098s, 2118s; 6(NCS) = 474s; 3 

’ v(CS) = 820w, (KBr disc) 

K, Electronic spectrum 550 (102), 410sh (95), 380sh (79), 310 (17 380) 4 
[nm (dm° mol‘ cm™’)]: in 96% MeOH 

K, Magnetic moment (BM): 3.79 at 295 K, 3.74 at 82K 5 

1. A. H. Norbury, Adv. Inorg. Chem. Radiochem., 1975, 17, 231. 

2. A. Sabatini and I. Bertini, Inorg. Chem., 1965, 4, 959. 
3. M. A. Bennett, R. J. H. Clark and A. D. J. Goodwin, Inorg. Chem., 1967, 6, 1625. 

4. R. Ripan, I. Ganescu and C. Varhelyi, Z. Anorg. Allg. Chem., 1968, 357,140. 
5. J. J. Salzmann and H. H. Schmidtke, Ihorg. Chim. Acta, 1969, 3, 207. 

(b) Mixed ligand N-thiocyanates. A large number of mixed ligand N- 
thiocyanatochromium(III) complexes, many of which are of the type [Cr(NCS),L,]"* and 
similar to the original Reinecke’s salt (L = NHs), are known.*”’°? Generally they are prepared 
by refluxing a solution of [Cr(NCS).]?~ and the appropriate ligand L in alcohol and give trans 
isomers except when L=py, PhEt,P or of course when Ly, is a bidentate ligand. Some 
representative reactions of [Cr(NCS).]°~ are shown in Scheme 84.°°*°%-°?>°° The electronic 
spectra of the products have been used in many cases to deduce the positions of ligands L in 

the spectrochemical (the first spin-allowed ligand-field band *Aog— “Tag is a direct measure of 

10Dq) and nephelauxetic series. The reaction of [Cr(NCS).]°~ with secondary and tertiary 

phosphines (R2R'P) gives, after acidification, one of the products R2R'PH[Cr(NCS)4(R2R'P)2] 

(A), (R2R’'PH).[Cr(NCS)sR2R'P] (B) or (R2R’PH)s[Cr(NCS)o]_ (C) depending on the steric 

requirements of R and R’.®* Hence straight chain alkylphosphines give products of type A, 
EtPh,P gives B, while branching in the alkyl group increases the likelihood of obtaining 

product C. Neither PPh; nor PHPh, undergoes any of these reactions. The replacement of 

ligands in [Cr(NCS).]’~ by imidazole and its derivatives in 95% EtOH has also been 

investigated.°°*°"° While benzimidazole (bzim) and 2-methylbenzimidazole (2-Mebzim) give 

Reinecke type salts such as [Cr(NCS),(bzim)2]~, imidazole (Him) and its 1- and 2-substituted 

derivatives give instead complexes of the type [Cr(NCS)3(Him)3]-H2O or [Cr(NCS)3(2- 

Etim),(H2O)]. Details of the IR and electronic spectra of some mixed ligand N- 

thiocyanatochromium(III) complexes are presented in Table 67. 
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Cr(NCS),(Rim); € H,O 

or 

Cr(NCS),(L—L)(B-dik) K[Cr(NCS).«(Rpy)2] Cr(NCS),(Rim),H,O 
or 

CrNCS(OH),(Rim), 

Kiss aie | H[Cr(NCS),(Rbzim),] 

K3[Cr(NCS).] ——*—=> [Cr(NCS),(Pyim),]NCS-H,O 

pd adlase ome \ fe [Cr(Gnbzim),|(OH); 
or 

Cr(NCS),(R3PO), H[Cr(NCS),Gnbzim] 

Me;PH[Cr(NCS),(Me3P)2],  K2[Cr(NCS),AA](AA = gly, ala, his, glu, tyr, met, asp) 

K[Cr(NCS),(PhEt,P),], o T 

(EtPh,PH),[Cr(NCS)<EtPh,P], BN tah oes 
(CsH,,);PH[Cr(NCS).] 

or 

K[Cr(NCS),(AA),] (AA = leu, isoleu) 

i, R=H; heat with py at 110°C: R = 3-NH,, 4-NH,; reflux in EtOH; ii, Rim = imidazole or substituted 

imidazole (R=H, 1-Me, 1-Et, 1-Vi, 2-Me, 2-Et, 2-Pr'); reflux in 95% EtOH; iii, Rbzim= 

benzimidazole or substituted benzimidazole (R =H, 2-Me); reflux in 95% EtOH; iv, Pyim =2,2’- 

pyridylimidazole; reflux in EtOH; v, Gnbzim =2-guanidinobenzimidazole; reflux in EtOH or 
Pr°OH; vi, AA= amino acid; 1:1 or 2:1 mole ratio as appropriate, in H,O; vii, phosphine in Pr'OH, 
reflux, H*; viii, R3PO (R=Et, Bu", C,H,,) in Pr'OH, reflux; ix, diars in EtOH, reflux, Et,NCI; x, 
bipy in EtOH, reflux; xi, B-dik = B-diketone (benzoylacetone, dibenzoylmethane); L—L = bipy, phen, 

(4-NH>py).; reflux in EtOH. 

Scheme 84 

A successful separation of the species [Cr(NCS),,(H2O)._,]°-”* (m = 0-6) including the cis, 
trans isomers of [Cr(NCS)2(H2O),]* and the mer, fac isomers of Cr(NCS)3(H2O)3 has been 
accomplished by adsorption chromatography on Sephadex gel.’ The complete series of anions 
[Cr(CN)s-n(NCS),,]>~ (1 = 0-6) has been prepared and separated by gel electrophoresis and by 
chromatography on alumina.°* Ligand substitution in [Cr(NCS).]*>- by CN™ in acetonitrile 
affords the trans (n=2) and mer (n=3) mixed ligand intermediates, while substitution in 
[Cr(CN).]>~ by NCS™~ in the same solvent leads to the cis and fac isomers (Scheme 85).*°* The 
position of the low energy *A2,.(F)—*T,(F) band undergoes a step-wise blue shift of about 
30 nm on decreasing n (Figure 5) and log e for the charge transfer band at ~310 nm increases 
almost linearly with n, the number of thiocyanate ligands. These observations suggest that no 
change in the mode of NCS coordination occurs throughout this series. The reaction of 
[Cr(CN)(NCS)5]°~ with en in acetonitrile affords the complexes mer-[Cr(CN)(NCS)3en]~ and 
cis-[Cr(CN)(NCS)(en)2]* .°* 

The solid state deamination of [Cr(en)3](SCN)3 on its own and in the presence of trace 
NH,SCN catalyst, which functions by protonating and breaking loose one end of the 
coordinated amine in the rate-determining step, gives in a two-step process trans- 
[Cr(NCS).(en)2]JSCN.©° At high catalyst levels the cis product is obtained. Other N- 
thiocyanatochromium(III) complexes prepared by solid state deaminations include cis- 
[Cr(NCS).(tn)2]SCN and cis-[Cr(NCS)2(pn)2]SCN,°”* while the trans isomer of the former was 
obtained by deamination of a suspension of [Cr(tn)3](SCN)3 in acetonitrile.°”’ A number of 
N-thiocyanatoammine and amine chromium(III) complexes are referred to in Tables 46, 49 and 
50. The complex [{Cr(NCS)(TPyEA)}20](BPh,)2 contains N-bonded thiocyanate (130). 

(c)' Bridged NCS~ complexes. Complexes containing both bridging and non-bridging NCS 
ligands have been prepared as outlined in Scheme 86.°%* Evidence for formation of bridged 
complexes is based mainly on the IR spectra which show CN stretching bands at ~2135 cm7! 
and at ~2100 cm™* corresponding to bridging and terminal N-thiocyanate ligands respectively. 
The homonuclear dimer is both photochemically and thermally the more stable of the two 
complexes. Evidence from IR and electronic spectroscopy points to the existence of bridging 
thiocyanate ligands in the salts M3[Cr(NCS).] (M3 = Cus, Ags, Cd32, Hgs2, Tls, Pb3/2) and also 
in adducts formed between Reinecke’s anion and a number of M7’* ions of the first row d-block 
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ve 

[Cr(NCS),}*° > [CrCN(NCS),]*- > trans-[Cr(CN),(NCS),]~ > mer-[Cr(CN),(NCS),P- 28> 

trans-[Cr(CN)4(NCS),]*-_ > [Cr(CN);NCSP~ “> [Cr(CN),]*- S85 fac-[Cr(CN)3(NCS);}- 

SSS [Cr(CN)sNCS]*~ $285 cis-[Cr(CN),(NCS)]~ 

Scheme 85 

650 500 400 350 300 

350 

300 

wm on oO 

e (dm? mol ~! cm!) 

nN re) ro) 

a fe) 

100 

50 

30 30 20 25 
1077 4 (cm-') 

CCrINCS) = tn eg CCr(CN)(NCS), 73— 

~-7 +++ frans-CCr(CN),(NCS), 15 ==» =- C.Cr(CN),(NCS),>~ 

~ + trans-CCr(CN),(NCS),2- —-=-==- CCr(CN)(NCS), 13- 

----Ccr(cn), 77 

Figure 5 Electronic spectral changes (in aqueous solution) accompanying stepwise substitution in [Cr(NCS),]°~ by 
CN™ (adapted from Z. Anorg. Allg. Chem., 1975, 417, 55) 

elements.” The measured formation constant of [(NH3);Cr—NCS—Ag]** (log K =5.11, 
I=0.03 M, T = 298 K) is comparable to the formation constant of AgSCN (log K = 4.8) under 
the same conditions. 

(d) NCS linkage isomers. Although the thiocyanate ion is a potentially ambidentate ligand, 
examples of linkage isomerism in thiocyanatochromium(III) complexes are rare. This can be 
attributed to the class a nature of the metal ion and its almost exclusive preference for N over S 
donor atoms. One of the few known _ S-thiocyanatochromium(III) complexes, 
[Cr(SCN)(H20);]**, is obtained by the inner-sphere reductions of trans-[CoX(NCS)(en)2]"* 
(X =H,O, NH3, Cl-, SCN7), [Fe(NCS)(H20)s]’* (remote attack) or [Co(SCN)(NHs)s]** 
(adjacent attack) by aqueous Cr?*.®°*° In aqueous solution [Cr(SCN)(H2O);]** undergoes (as 
well as aquation) spontaneous and metal-ion-catalyzed isomerization. Catalysis by Cr** occurs 
by a redox mechanism involving initial metal ion attack at the N atom of the S-coordinated 
ligand while catalysis by Hg** occurs by the non-redox pathway shown in Scheme 87.°” 
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K,[Cr(NCS),]-4H,O 

[Co(NH3);H,0]},(SO4), 
dilute HCIO,, 40°C Cr(NH3)sH,0(CIO,)s 

dilute HCIO,, 50°C 

[(NH3);Cr—SCN—Cr(NCS).] -3H,O 

v(CN); 2135, 2098, 2080 cm~! 

Scheme 86 

[(NH;);Co—SCN—Cr(NCS), 
v(CN); 2137, 2100, 2083 cm™ 

Hg 
| 

[Cr(SCN)(H,0).]°* + Hg** == [(H,O),CrSCN]** 

f 
[HgCl]* + [Cr(NCS)(H,0).]}** a [(H,O),Cr—NCS—Hg]** 

g + 

Scheme 87 

The products of reduction of Fe(NCS)** by Cr** in aqueous solution containing thiocyanate 
ions (equation 36), include the isomers of [Cr(NCS)(SCN)(H2O),]*, which contains both N- 
and S-bonded thiocyanate ligands.“! These isomers undergo spontaneous decomposition by 
parallel aquation (loss of the S-thiocyanato ligand) and isomerization (Cr—SCN— Cr—NCS) 
reactions. Details of the solution visible spectra of these isomers as well as those of similar 
chromium(III) complexes for comparison are listed in Table 68. From the compiled data it is 
apparent that the S-bonded thiocyanate ligand lies very close to Br” in the spectrochemical 
series while the N-bonded form lies between Nz and NO. 

Fe(NCS)** + Cr?* #4 Cr*+ + Cr(NCS)** + Cr(SCN)** + cis, trans-Cr(NCS)+ 

+ cis, trans-[Cr(NCS)SCN]* + Fe?* 

}:3H,0 

Table 68 Visible Spectra of Isomeric Thiocyanato and other Chromium(III) Complexes* 

Complex Amax (nm)(€ in dm? mol~? cm7') 

[Cr(NCS)(H,0)<]** 570 (31.4) 410 (33.5) 
[Cr(SCN)(H,O),]?* 620 (26) 435 (20) 262 (8000) 
[CrI(H,O);]** 650 (36.1) 474 (32.6) 
[CrBr(H,0)s)°* 622 (19.9) 432 (22.4) 
[CrCl(H,0)<}** 609 (16.4) 428 (20.8) 
[CrF(H,0)<]** 595 (12.2) 417 (11.8) 
[CrN,(H,O).]?* 585 (67.5) 434 (66.4) 
{Cr(NC)(H,0).]** - 560-545" 
[CrNO(H,0)<]** 559 (28) 449 (120) 
[Cr(H,O);NH,]** 545 (22.1) 397 (21.8) 
cis-[Cr(NCS),(H,O)4]* 562 (~5S0) 420 (~54) 
trans-[Cr(NCS),(H,O),]* 575 (~47) 425 (~47) 
[Cr(NCS)(SCN)(H,O),]* © 605 (55) 440 (43)* 

“In dilute HCIO,. Note that values of ¢ for this complex in ref. 1 have been corrected in ref. 2. “An 
undetermined composition of cis, trans isomers. 
1. A. Haim and N. Sutin, J. Am. Chem. Soc., 1966, 88, 434. 
2. M. Orhanovic and N. Sutin, J. Am. Chem. Soc., 1968, 90, 4286. 
3. J. T. Hougen, K. Schug and E. L. King, J. Am. Chem. Soc., 1957, 79, 519. 
4. L. D. Brown and D. E. Pennington, Inorg. Chem., 1971, 10, 2117. 

(ii) N-cyanates and N-selenocyanates 

Compared with N-thiocyanatochromium(III) complexes, those containing N-cyanato and 
-selenocyanato ligands are relatively few in number. Some crystalline salts M,[Cr(NCSe).]-7S 

(M=Na,K) have been prepared by heating acetone or dioxane (S) solution mixtures 
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containing MSeCN and CrCls, followed by slow evaporation of solvent.“ The purple-coloured 
complex (Me,4N)3[Cr(NCSe)s] was obtained by addition of Me,NCl to a cooled solution 
containing CrCl, and a ten-fold excess of KSeCN which had been refluxed for four hours.“ 
The green-coloured complex (Ph4As)3[Cr(NCO).] was obtained by the addition of AgCNO to 
a solution of CrCl; and Ph,AsCl in acetone containing a trace of zinc dust.%? Details of the IR 
and electronic spectra of these complexes together with those of [Cr(NCS),]>~ for comparative 
purposes are listed in Table 69. The suggested presence of N-selenocyanato ligands in the 
anion [Cr(NCSe).]*~ is based on these data. Hence the appearance of v(C—Se) in the region 
600-700 cm™* indicates N-coordination of this ligand to the metal. In selenium-bonded 
selenocyanato complexes the v(CN) and v(C—Se) bands are generally observed above 
2080 cm~* and in the region 500-600 cm™' respectively. The almost identical values to 10 Dg 
for [Cr(NCS).)~ (18080cm™'), which is known to contain N-bonded ligands, and 
[Cr(NCSe).]°~ (17 920 cm™*) further suggest N-bonding by the ligand in the latter species. The 
situation regarding [Cr(NCO).]?~ however is less clear. While the v(CO) band at 1336 cm7! in 
the IR spectrum of the complex is in the range expected for N-cyanato ligands™ and the strong 
band at 345cm™' has been assigned to a Cr—N stretching vibration, the very low value of 
10 Dq (16390cm™) is more typical of a Cr™O, rather than a Cr™N, chromophore. 
Spectroscopic evidence for the existence of N-cyanato ligands in the complex mer- 
Cr(NCO)3(py)3 is somewhat more convincing. While the v(CO) and v(CrN) bands in the IR 
spectrum of this complex occur at positions close to those reported for [Cr(NCO)<]*~, its visible 
spectrum is quite similar to that of mer-[Cr(NCS)3(py)s], from which it is prepared by oxidation 
with BrO3; (equation 37). 

mer-[Cr(NCS);(py)3] + 4BrO;_ ——> mer-[Cr(NCO);(py)3] + 4Br_ + 3SO; (37) 

Amax: 546nm (€=121dm* mol-'cm™') 556 nm (110) 

399 nm (€ =93dm*>mol*cm™') 393 nm (83) 

Table 69 Main Bands in the IR and Electronic Spectra of [Cr(NCX),]*> Complexes 

IR Electronic 

v(CN) 6(NCX) v(Cr—N) v(CX) ‘4A, *The “Are *Tig(F) CT 
Complex (cm7') (nm) Ref. 

[Cr(NCS),}°~ 2078s 483m 364s 820w* 553 409 309° 1-3 
[Cr(NCSe) .]°- 2067s 420m _— 663m° 5569 — 342° G4 KS 
[Cr(NCO),]*~ 2205s 619m 345s 1335m‘ 610 4368 — 6 

601m 

*Et,N* salt as KBr disc or Nujol mull. ° In MeOH. “Me,N* salt in Nujol. “In acetone. °In DMSO. ‘Ph,As* salt in KBr 
disc. * Reflectance. 

M. A. Bennett, R. J. H. Clark and A. D. J. Goodwin, Inorg. Chem., 1967, 6, 1625. 
A. Sabatini and I. Bertini, Inorg. Chem., 1965, 4, 959. 

. V. Alexander, J. L. Hoppé and M. A. Malati, Polyhedron, 1982, 1, 191. 
A. I. Brusilovets, V. V. Skopenko and G. V. Tsintsadze, Russ. J. Inorg. Chem. (Engl. Transl.), 1969, 14, 239. 
K. Michelsen, Acta Chem. Scand., 1963, 17, 1811. 

. R. A. Bailey and T. W. Michelson, J. Inorg. Nucl. Chem., 1972, 34, 2935. AARNE 

The reaction of K3[Cr(NCX).] or (BugN)s[Cr(NCX).] (X= O, Se) with chelating diamine 
ligands in acetonitrile solution followed by column chromatography on alumina gives salts of 

‘the complexes [Cr(NCX),AA]~ and cis, trans-[Cr(NCX)2(AA)2]* (AA =en, pn, chxn) all of 
which have been characterized by electronic and IR spectroscopy.“ Details of the prepara- 
tions and spectra of [Cr(NCX)(NHs);]** (X = O, S, Se) complexes are presented in Table 70. 

(iii) Azides 

The reaction of [Cr(NH3)sH2O](ClO,); and NaN; in dilute acetic acid solution at 60°C 
affords the. monoazido complex [CrN3(NH3)s](ClO,)2.~”’ The addition of less than one 
equivalent of KN; to a solution of chromium(III) in molten KCNS at 185°C produces a 

bathochromic shift in the visible spectrum consistent with the formation of the thermally stable 

complex [Cr(NCS);N3]*~.“* The neutral triazido complexes Cr(N3)3(NH3)3 and Cr(N3)s(py)s 
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Table 70 Preparations and Spectra of [Cr(NCX)(NH;).]** (X = O, S, Se) Complexes 

Electronic spectrum* 

Anya (nm) 
Complex Preparation (eindm mol cm) IR spectrum” Ref. 

[Cr(NCO)(NH;)<](NO3)> Cr(NO,)3:10H,O + urea at 170°C 493 (63) 366 (38) v(CN) = 2240 cm! 1 
[Cr(NCS)(NH,)5](ClO,). [Cr(NH,);H,0](NO,).-NH,NO, + 491 (83.1) 370sh (52.5) | v(CN) = 2084 cm 23 

NaSCN in H,0 at 60-65 °C; + NaClO, : 
[Cr(NCSe)(NH3)5](ClO,4).  [Cr(NH3)s;H,O](CIO,), + NaSeCN 476 (67.6) — v(CN) = 2075 cm — 4 

in DMSO at 80°C 

“In H,O. °KBr disc. sh = shoulder. 
1. H. H. Schmidtke and T. Schénherr, Z. Anorg. Allg. Chem., 1978, 443, 225. 
2. E. Zinato, R. Lindholm and A. W. Adamson, J. Jnorg. Nucl. Chem., 1969, 31, 449. 
3. C. S. Garner and D. A. House, Transition Met. Chem. (N.Y.), 1970, 6, 59. 

4. N. V. Duffy and F. G. Kosel, Inorg. Nucl. Chem. Lett., 1969, 5, 519. 

have been prepared, the first by refluxing an aqueous solution containing [Cr(NH3).](ClO4)3 
and NaN; and the second by the addition of pyridine to a hot ethanolic solution containing 
Cr(NO3)3:xH2O and NaN3.*” The green crystals of the latter complex are only slightly water 
soluble and should be treated with caution because of their potential explosive nature. When 
an aqueous solution mixture of [Cr(en)3]Cl,; and NaN; is heated the colour changes to rose-red 
and the salts cis-[Cr(N3)2(en)2]Cl and cis-[Cr(N3)2(en)2]N3 are coprecipitated from solution on 
cooling.*” The brick-red complex cis-a-[Cr(N3)2(trien)]Br has been prepared by heating an 
aqueous solution of cis-a@-[Cr(Cl)2(trien)]Cl-H.O in the presence of excess NaN; and then 
adding KBr.™? The configuration of the complex was established on the basis of its IR 
spectrum. Hence in the asymmetric NH, bending region (1560-1660 cm~') it shows a split 
absorption, whereas in the CH) rocking region (860-940 cm~') it shows two bands of medium 
intensity, features which distinguish the cis-a from the cis-B and trans configurations.“ 
The violet complex (Bu3N)3[Cr(N3)]o (Uere at 295K =3.76BM®™*), in which a large 

counterion is employed to stabilize the [Cr(N3).]* anion, was obtained by the addition of 
Bu{NCI to the filtrate from a reaction suspension containing CrCl;-6H2O and NaN; which had 
been heated at 50-60 °C for one hour.®' Evidence from IR spectroscopy points to the fact that 
[Cr(Ns3)]°- contains bent M—N—N groups. Comparison of band positions in the electronic 
spectrum of the complex with those for other hexacoordinated chromium(III) complexes 
indicates that the azide ligand occupies a position slightly lower than F~ but higher than 
(Et,O)PSz in the spectrochemical series and roughly the same position as I” in the 
nephelauxetic series.©? 

Electronic spectral data corresponding to the “A,,—>*T>,(F) and *A,,—*T,,(F) electronic 
transitions in a number of azido—chromium(III) complexes are compiled in Table 71. 

Table 71 Electronic and IR Spectroscopic Data for Some Azidochromium(III) Complexes 
eee 

Complex Vas(N3) (cm *) Amax (nm) (€ indm* mol”? cm”) A (BD Medium Ref. eee 

NANnNkWN eH 

[CrN,(NH;)]°* ; 2094 500 (154), 382 (93.4) H,O 1,2 
cis-[CrN,(en),(H,O)]°* 502 (166), 366 (99) 2MHCIO, 3 

a 515 (186), 399 (121) 446 0.01MHCIO, 3 
[CrN,(trienH)(H,0),] 509 (154), 392 (93) 438 (60) 15MHCIO, 2 [CrN,(edta)}” 551 (213), 407 (128) 1MNaClO, 4 [CrN,(H,0),[* 585 (67.5), 434 (66.4) 1MHCIO, 5 cis-[Cr(N;),(NH3),] 514 (195), 397 (129) 0.01MHCIO, 2 ‘ 515 (224), 398 (148) 447 (68.5) HO 2 cis-[Cr(N;),(en),] 514 (195), 397 (129) 0.01MHCIO, 2 . “nee 515 (224), 398 (148) 447 (68.5) HO 2 cis-a-[Cr(N;),(trien)] 2090, 2055 518 (185), 402 (126) 452(70.0)  0.1MHCI 2 

520 (220), 400 (135) 450 (70 1M NaCl cis-[Cr(Na)a(H;0),]” 603 (87.5), 443 (87.2) his 1M aan : 
[Cr(N3)¢] 2102, 2048 667 (204), 502 (170) CH,Cl, 6 

. R. Davies and R. B. Jordan, Inorg. Chem., 1971, 10, 1102. 
. C. S. Garner and D. A. House, in ‘Transition Metal Chemistry’, ed. R. L. Carli 
. I. J. Kindred and D. A. House, J. Inorg. Nucl. Chem., 1975, 37, 1320. 
. H. Ogino, T. Watanabe and N. Tanaka, Inorg. Chem., 1975, 14, 2093. 
. T. W. Swaddle and E. L. King, Inorg. Chem., 1964, 3, 234. 
. W. Beck, W. P. Fehlhammer, P. Péllmann, E. Schuierer and K. Feldl, Chem. Ber., 1967, 100, 2335. 

n, Dekker, New York, 1970, vol. 6, p. 59. 
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The photochemical conversion of azidochromium(III) to nitridochromium(V) complexes has 
in recent years attracted considerable interest.°* The complexes ([CrN;(edta)]*~, 
[CrN3(nta)(H2O)]~, [Cr(N3)2(nta)]?~, [CrN3(VDA)(H2O)]~ and [Cr(N3).(VDA)]?~ (VDA = 
N,N’'-valinediacetate) when exposed to UV radiation liberated Ny and gave products having 
ESR spectra (narrow line, no fine structure) characteristic of species with one unpaired 
electron and visible spectra similar to those of oxochromium(V) complexes.°°* It was therefore 
concluded that the products were nitridochromium(V) species. UV irradiation of 
CrN;(salen)(H.O)*’ and Cr(TPP)N3-nH,0%* (Scheme 88) also give the corresponding 
nitridochromium(V) complexes. The evidence for formation of an intermediate nitrene 
complex [CrN(NH3)s]** in the 313 nm photolysis of [CrN3(NH3)s]°* has been disputed and the 
results reinterpreted to indicate formation of [Cr’(N°*~)(NH3);]**, which undergoes rapid 
aquation to the nitridopentaaquachromium(V) cation.°? 

HN; 
Cr(TPP)OH-nH,O —> Cr(TPP)N3:nH,O “> [CrY(TPP)(N*-)] 

Scheme 88 

The kinetics of aquation of a number of azidochromium(III) complexes have been 
investigated.*”° Compared with other acidochromium(III) complexes, the chromium-— 
azide bonds in these species seem remarkably stable to thermal substitution. Hence in the 
base hydrolysis of [CrN3(NH3);]°* a pathway involving initial loss of NH; concurs with the 
usual base hydrolysis pathway involving loss of N;. The aquation of azidochromium(lIII) 
complexes is H*-assisted with protonation of the azido ligand accounting for the enhanced 
reactivity. 

While the action of oxidants on coordinated azide is generally quite complicated, the 
peroxymonosulfate ion HSO; reacts cleanly with [CrN3(NHs3);|** in aqueous solution 
according to equation (38).°°° Tracer experiments using HSO; enriched with '°O at either the 
terminal peroxide position or at all other positions indicate that the oxygen transferred from 
oxidant to reductant in reaction (38) is the terminal peroxide of HSO;. Peroxymonosulfate also 
reacts cleanly with uncoordinated HN; and N3 (to give N.O and N>) and the observed 
reactivity follows the order HN3<[CrN3(NHs);]** <N3. That HSO; is a more effective 
oxidant than SO27 is consistent with a reaction mechanism which involves nucleophilic attack 
on the peroxide oxygen. 

[CrN,(NH,);]?* + HSO; ——> [CrNO(NH,),]°* + HSO; +N, (38) 

(iv) Triazenides 

The distorted octahedral complex Cr(PhN3Ph)3 (146) which contains bidentate triazenido 
ligands is a major product of the reaction between [Li(THF)],[Cr2Meg] and diphenyltriazine in 
THE under argon, equation (39).'”? The formation of this product under the stated reaction 
conditions seems surprising in view of the expected weak oxidizing capability of the triazene 
ligand and the severe angle strain in the four-membered chelate rings of the product. In 
contrast the minor product (145) which contains bridging triazenido ligands is virtually strain 
free. 

PhN=<N 

RP fsa 
P PhN3HPh Yona NPR 

[Li(THF)].[Cr.Mes] ———— Cr,(PhN;Ph),+ N Seon eae (39) 

(145) Ph | =i | 
PhN——N 

(146) 

35.4.2.9 Polypyrazolylborates 

Despite the vast interest shown by coordination chemists in polypyrazolylborate ligands (17) 

since their discovery in 1966 few complexes of chromium(III) with these ligands have been 

mentioned in the literature. The complex [{B(pz)4}2Cr]PF. (147) may be prepared by either of 

the routes outlined in Scheme 89.°’ 
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Et,N[B(pz),CrCO,] “> B(pz),Cr(CO),(2-C3Hs) 

Js Cr(CO), in DMF, 100°C, [pes in CoHy 
ii, 1M Et,NCl 

KB(pz)4 yellow-green crystals 

i, heat in CHCl, 

i, CrCl,, Zn dust in DMF ii, NH4PF, 
ii, NH,PF, 

N-N—B-4N N+, ] 2Cr | PF, 

yellow needles: m.p. 358-359 °C (dec.) 

(147) 

Scheme 89 

Although some polypyrazolylborate complexes of chromium(II) have been reported to 
undergo oxidation on exposure to air,'!° the resulting chromium(III) complexes have not been 
investigated. 

35.4.2.10 Nitriles 

Chromium metal may be oxidized by Ch, Br2 or I, in ethanenitrile solution to give the 
octahedral complexes [CrCl,(MeCN)3]-MeCN, CrBr3(MeCN); and [Crl,(MeCN).]I although 
the nitrile content of the bromo complex is somewhat variable.®* The chloro complex loses the 
uncoordinated nitrile when heated at 80°C under vacuum. Some properties of these complexes 
are listed in Table 72. Reaction of CrCl, with propanenitrile and acrylonitrile affords the dark 
purple complexes CrCl,(nitrile)3.°°° 

Table 72 Properties of CrX,;(MeCN), Complexes’ 

1 
IR spectrum (cm) Reflectance spectrum 

Complex Colour Hep (BM)* V(CNiigand) V(CNyree) (cm) 

[CrCl,(MeCN)3]‘-MeCN Grey 3.90 2285 2255° 15 400 20200 22 200(sh)” 
2305 

[CrBr,(MeCN)3] Green — 2285 _— 16 600 
2305 

[CrI,(MeCN),]I Red-brown 3.78 2285 — 16 000 
2300 

* At room temperature. ' Disappears on heating the complex at 80°C under vacuum. 
1. B. J. Hathaway and D. G. Holah, J. Chem. Soc., 1965, 537. 

The complex [Cr(MeCN)(H20)s]** may be prepared in solution either by the reaction of 
iodoethanenitrile and chromium(II) in aqueous acid (equation 40) or by the reduction of 
[Co(NH3)4(H2O),]** with chromium(II) in 50% aqueous ethanenitrile. The product, which is 
purified by cation exchange chromatography, undergoes aquation with loss of the nitrile ligand 
at a rate which is independent of [H*] and which is some 2 x 10° faster than aquation of the 
corresponding cobalt(III) complex. Details of the electronic spectrum of [Cr(MeCN)(H20);}** 
are given in Table 73. The reduction of [Co(NHs)s(4-CNpy)]** by chromium(II) in acid 
solution occurs by an inner-sphere mechanism, giving the chromium(III) complex (148), which 
undergoes Cr**-catalyzed linkage isomerization to (149; Scheme 90).%! 

2[Cr(H,0).]** + ICH,CN ——~> [CrI(H,0),]** + [CrCH,CN(H,O).}** + [Cr(MeCN)(H30);]°* (40) 

100% 25% 75% 
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((NH).coN en on, (G0 .ceNc{ NP (eoycnc{_ NaI 

(148) ‘Cr2+ 

(Hoc) ENP” 

(149) 

Scheme 90 

The ability of various organic solvents and reagents to reduce tetrachlorooxochromate(V) 

salts is well known. Hence when a solution of (bipyH2)[CrOCIs] (Table 109) in ethanenitrile is 

refluxed, the colour changes from red-brown to green and crystalline CrCl,(bipy)MeCN 

(ett = 3.83 BM at 293 K) can be isolated.“ Some reactions of this complex, the stereochem- 

istry of which could not be established with the available spectroscopic data, are outlined in 

Scheme 91. 
CrCl,(bipy)PPh,;O rCl,(bipy)PPh; CrOCl,(bipy) 

Ph3PO in 

MeCN, boil PPh, in CHCl;, MeCN 

heat 

(bipyH,)[CroCl,] “““ CrCl,(bipy)MeCN 

h . pyO in CHCl, 

awe in ee |p in CHCl, 

warm 270°C 

[CrCl,(bipy)], <°S — CrCl,(bipy)py CrCl,(bipy)pyO 

Scheme 91 

The complexes cis-A[CrCl,(MeCN),] and A,[CrCls(MeCN)] (A =quinolinium, NEt; or 
pyridinium) have been prepared by heating the corresponding ethanoic acid complexes (rare 
examples of coordinated MeCO>H) in ethanenitrile (Scheme 92).°° 

CrO; + ACI 

A= quinolinium 
or NEtt A = pyridinium 

cis-A[CrCl,(MeCO,H),] A,[CrCl,(MeCO,H)] 

| mec reflux [meen teflux 

cis-A[CrCl,(MeCN),] A,[CrCl,(MeCN)] 

Scheme 92 

Reaction of tricarbonyltoluenechromium with tetracyanoquinodimethane (TCNQ; 150) in 
ethanenitrile gives the dark purple complex Cr(TCNQ)2(MeCN),2, which contains 
chromium(III), the radical anion TCNQ* and TCNQ? .®% The effective magnetic moment of 
4.08 BM at 298 K is close to the predicted value of 4.24 BM for a molecule which contains two 
magnetic centres, one having three unpaired electrons (metal ion) and the other having one 
unpaired electron (radical anion). The magnetic moment decreases on lowering the 
temperature, indicative of antiferromagnetic coupling. 

NC CN 

NC CN 
(150) 

The complexes [CrNO(MeCN)s]X2 (X = PFs, BF,) and [CrNS(MeCN);](PF.)2, formed by 
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oxidative nitrosylation of Cr(CO). and thionitrosylation of CsH¢Cr(CO)3 respectively in 
ethanenitrile solution are, because of the lability of the nitrile ligands, useful starting materials 
in the synthesis of other CrNO”*-containing complexes.**”? Reactions of these complexes are 
dealt with in Section 35.4.2.6. 

The colours and spectroscopic properties of a number of ethanenitrilechromium(III) 
complexes dealt with in this section are listed in Table 73. 

35.4.2.11 Oximes, biguanides, guanidines, N-coordinated ureas and amides 

(i) Oximes 

Pyridine-2-aldoxime (Hpox) forms complexes  [Cr(Hpox)3]Cl;-3H,O (151), 
[Cr(Hpox)2X,|ClO, (X =F, Cl, Br) and [Cr(Hpox)2(H20)2]Brs-H20 with chromium(III) in 
which it acts as a bidentate 2-N donor ligand.°°° The first of these may be obtained by simply 
heating a solution of [Cr(urea),.]Cl,;-3H,O with an excess of Hpox in ethanol, while the others 
are conveniently prepared as in Scheme 93. The dihalogeno and diaqua complexes have X-ray 
powder patterns almost identical to trans-Fe(py)4(NCS). and by analogy may be assigned trans 
octahedral configurations. Chromium(III) complexes of 6-methylpyridine-2-aldoxime have also 
been prepared as in Scheme 93.’ The positions of bands in the reflectance spectra of some of 
these aldoxime complexes are given in Table 74. While the spectrum of [Cr(Hpox)3]Cl,-3H,O 
shows bands at 22 300 and 28 820cm™ corresponding to the *A,,—>*Th, and *A,,—*T,,(F) 
transitions respectively, in the dihalogeno and diaqua complexes each of these bands is 
resolved into two components because of splitting of the *T>, and *7;, terms in the fields of 
lower symmetry. The IR spectra of the complexes show bands at ca. 3250, 1660 and 1074 cm7' 
which are assigned to Von, Vcn(acyclic) and vno, respectively. The effective magnetic moments 
of the complexes agree well with the theoretical spin-only value of 3.87BM and are 
temperature invariant. 

es | | 2 —CH Cl,:3H,O 

\ ee 3 

4 
(151) 

X=Br 

CrX; + Hpox + NaClO, => [Cr(Hpox),X.]C1O, HBr/H20. heat (Cr(Hpox),(H,O),]Br3-H,O 

Scheme 93 

Table 74 Reflectance Spectra (cm~') of Pyridine-2-aldoxime (Hpox) Chromium(III) Complexes 

Complex “By, *E, “Big "Bo, - “Big *Arg “BE, Ref. 

[Cr(Hpox);]Cl,-3H,O 22 300° 28 820° 1 
trans-[Cr(Hpox)F,]ClO, 18 940 22 150 29 750 25 750 1 
trans-[Cr(Hpox)2Cl,]ClO, 17 750 22 450 25 750 26 950 1 
trans-[Cr(Hpox),Br,]ClO, 17 405 23 150 24 655 26 418 1 
trans-[Cr(Hpox),(H,O),]Br3-H,O 20 128 22.920 30 117 27 920 1 

trans-[Cr(6-MeHpox),F,]C1O, 18 930 22 125 29 725 OSI poy 
trans-[Cr(6-MeHpox),Cl,]ClO, 17 730 22 430 25 730 26930 2 
trans-[Cr(6-MeHpox),Br2]C1O, 17 390 23 140 24 645 24420 #42 
trans-[Cr(6-MeHpox),(H,O),|Br3;-H,O 20120 22 910 30 110 27910 -2 

oy aay Oa Be Asay 

1. M’ Mohan, S. G. Mittal, H. C. Khera and A. K. Sirivastava, Monatsh. Chem., 1980, 111, 63. 
2. M. Mohan, H. C. Khera, S. G. Mittal and A. K. Sirivastava, Gazz. Chim. Ital., 1979, 109, 65. 
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The addition of 6-furfuraldoxime (Hfox) to a solution of CrCl;-6H,O in absolute ethanol 
affords, after refluxing and removal of solvent, a green crystalline product Cr(Hfox)3Cls (Were at 
297 K = 3.94 BM) which contains monodentate O(furan)-bonded Hfox ligands.®* Stability 
constants as a function of ionic strength and temperature have been determined for the 1:1, 
2:1 and 3:1 complexes between f-furfuraldoxime and chromium(III) in a dioxane—water 
(75:25) solvent system.%? The ligand 4-benzoyloxime-3-methyl-1-phenyl-2-pyrazolin-5-one, 
HL, forms a complex CrL; in which it appears, on the basis of evidence from IR spectroscopy, 
to be coordinated to the chromium through the oxime nitrogen and the oxygen of its enolate 
tautomer (152).°”° Phenanthroquinone monoxime (Hpgqox) reacts with CrCl,-6H2O in aqueous 
ethanol to give a red-brown complex of composition Cr(pqox),(OH)H,0.°”! 

fee “toe 
Goce Solin ae? 
nro 
a CHL); 

(152) 

(ii) Biguanide and tetramethylguanidine 

Biguanide NH,C(—NH)NHC(=NH)NH, (bgH) and its derivatives (R—bgH) form 
two types of complexes with chromium(III): those which contain deprotonated ligands 
and are uncharged, e.g. Cr(bg)3, Cr(R—bg)3; and those which contain the parent ligands and 
give charged species such as [Cr(bgH)s;]** and [Cr(bgH)(H2O)(OH)}**. The complex 
Cr(bg)3-H2O (153) prepared from KCr(SO,)2-12H,O and biguanide under alkaline conditions, 
contains an octahedral arrangement of bidentate biguanidato ligands around the metal.®? Each 
of the deprotonated ligands contains a delocalized a electron system and the rings are planar. 
The structure of (—)p-[Cr(bgH)3]°* as its (+)-10-camphorsulfonate salt has also been 
determined by X-ray analysis and although the molecular geometry has not been reported it 
et the complex conforms closely to D3; symmetry and that the chelate rings are 
planar. 
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Other reported biguanide complexes of chromium(III) include [Cr(RbgH)3]X; (R=N’- 
CsHi3, X=OH; R=N’-Ph, X=OH, Cl, Br, I, NO3, 0.5SO,, 0.5CrO,; R= N’-PhCHp, 
X= Cl, 0.5SO,) and Cr(R’bg); (R' = N’-Ph; N’-PhCH,).°” Generally the neutral complexes 
are red whereas the salts are orange or yellow. The kinetics of hydrolysis of [Cr(bgH)3](C1O,)s, 
[Cr(bgH)2(H2O)2](C1O,)3 and the corresponding substituted biguanide (RbgH) complexes have 
been investigated.®’° Under acid conditions a first-order dependence of rate on [H*] was 
observed and rationalized in terms of rapid preequilibrium formation of a conjugate acid of the 
reacting complex, with the central nitrogen atom acting as the basic site, followed by its 
dissociation in the rate-determining step. Consistent with this mechanism is the observation 
that the reactivity order towards acid hydrolysis correlates with the order of ligand basicity, i.e. 
bgH > N’-C.H?3bgH > N'-PhbgH. Replacement of the aqua ligands in cis-[Cr(bgH)2(H2O),}** 
by phen, bipy®”° and C,0%- ®”’ in aqueous solution proceeds by a pathway which is first order in 
ligand concentration but with values of AH which are similar for all three incoming groups. A 
mechanism involving outer-sphere association of reactants followed by transformation of 
outer-sphere complexes into products by a dissociative pathway has been proposed for these 
reactions. The products have been isolated as the perchlorate salts [Cr(bgH).L](ClO,),, 
(L= phen, bipy, n =3; L=C,Q,, n=1) and characterized. Some chromium(III) complexes 
with dibiguanide ligands which contain ethylene, hexamethylene or phenylene bridges linking 
two biguanide residues have also been reported.°” 
When an aqueous paste containing Cr(bg)3-H2O and NH,SCN is heated at 80°C until 

evolution of ammonia ceases, the red crystalline complex [Cr(bgH)2(NCS)2]NCS is obtained.°” 
While evidence from IR spectroscopy (Vcn = 2095cm™', vcs =770cm™*, Snes = 490 cm7') 
supports the presence of N-thiocyanato ligands, no information regarding the geometrical 
configuration of the complex can be deduced from its IR and electronic spectra. By comparing 
the positions of the *A,,—>*7, bands in the electronic spectra of appropriate complexes (Table 
75) it may be inferred that biguanide is slightly higher in the spectrochemical series than either 
the N-thiocyanato or biguanidato ligands. 

Table 75 Electronic Spectra and Magnetic Moments of Chromium(III) Biguanide Complexes 

“Ag The “Arg “Tig (F) 

(nm) Complex Meg (277-278 K) (BM) Ref. 

[Cr(bgH),]Cl, 483 369° 3.88 1 
[Cr(bgH)(NCS),]NCS 489 3754 3.87 1 
Cr(bg)s 500 384° = 2 
[Cr(bgH)2C,0,]* 490 (87) 385 (92)° = 3 
[Cr(bgH):phen]°* 465 (86)° _ — 4 
[Cr(bgH),bipy]>* 465 (87)° — - 4 
cis-[Cr(bgH),(H,O),}** 490 (74) 378 (71)° os aes 

* Nujol mull supported on filter paper.” Reflectance spectra. “In aqueous solution. 
. A. Syamal, Z. Naturforsch., Teil B, 1974, 29, 492. 
. R. H. Skabo and P. W. Smith, Aust. J. Chem., 1969, 22, 659. 
. D. Banerjea and S. Sengupta, Z. Anorg. Allg. Chem., 1973, 397, 215. 
. §. Sengupta and D. Banerjea, Z. Anorg. Allg. Chem., 1976, 424, 93. 
. D. Banerjea and C. Chakravarty, J. Inorg. Nucl. Chem., 1964, 26, 1233. Ak WNR 

Complexes of chromium(III) with tetramethylguanidine, HN =C(NMez)2, _have been 

prepared according to Scheme 94 and although they have not been fully characterized because 

of the presence of free ligand impurities, the appearance of C=wN stretching bands at lower 

wavenumbers in the IR spectra of the complexes suggest that the ligand is coordinated to the 

metal through the imine nitrogen.°” 

excess HN=C(NMe,),, 

CrCl, + HN=C(NMe,), —222%> CrCl,-4HN=C(NMe,), ““2————> CrCl,-6HN=C(NMe,)2 
a a) grey-green, v(C=N) = 1562 cm’ 

v(C=N) = 1609 cm green, v(C=N) = 1563 cm 

Scheme 94 

COC3-BB 
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(iii) N-coordinated ureas and amides 

In most of the known urea complexes of chromium(III) the ligand is O-bonded to the metal 
ion.°”? However the complexes [Cr(NH3)s{OC(NHz2)2}]** and [Cr(NH3);{OC(NHMe),}]**, 
both of which can be prepared in high yield by appropriate substitution of the labile triflate 
ligand in [Cr(NH3);(OSO,CF3)]**, undergo isomerization without competitive hydrolysis in 
basic solution to give deprotonated N-bonded urea complexes (Scheme 95).®° Reacidification 
of the product solutions regenerates the O-bonded isomers rapidly and quantitatively. The IR 
spectrum of the O-bonded urea complex possesses characteristic absorptions at 1570 and 
1640 cm™' both of which are absent from the spectrum of the deprotonated N-bonded form. A 
similar change from O-bonded to deprotonated N-bonded formamide occurs when a solution of 
[Cr(NH3)s(OCHNH,)]** is made basic. 

[(NH;);Cr—OC(NH,),]°** == [(NH;),(NH;)Cr—OC(NH,),]”* ae [(NH;),(NH,)Cr—NH,CONH,]** 
Amax 504 (€ = 58), 370 (€ = 38) 

fas’ 
| pK, = 13.5, 298K, 1=0.1MNaClO, | 

[(NH;);Cr—OC(NH,)NH]?* + H* [(NH;);Cr—NHCONH,}** 
Amax 490 (€ = 48), 372 (€ = 43) 

Amax in nm, € in dm? mol”! cm™! 

Scheme 95 

Addition of amide (122, H,L) and NazCO; to a boiling solution of CrCl;-6H,O in pyridine 
results in formation of the complex [Cr(HL)py2]-2py (154), which contains chromium(III) 
coordinated to the amide oxygen and deprotonated amide nitrogen of different molecules.*!? 
This is the first reported example of chromium(III) coordinated to a nitrogen of a deprotonated 
amide. The structure consists of discrete dimers and disordered solvent molecules of pyridine. 

Cr—N,,1 = 2.145 A 
Cr—N,,2 = 2.097 A 
Cr—O' = 1.931 A 
Cr—O? = 1.915A 
Cr—Opmiae = 1.976 A NH | 

N Cr—Namide = 2.030 A 
{ 9 

Cl 

cl 

(154) 

35.4.3 Phosphorus, Arsenic and Antimony Ligands 

Complexes of hard Cr" with ligands containing soft P and As donor atoms have not been 
easy to prepare. It has usually been necessary to use weak donor solvents in the absence of 
oxygen and moisture, although some hydrates have been obtained by admitting traces of 
moisture. Structures have generally been inferred from conductance and molecular weight 
measurements, and IR and electronic spectra. The Cr™ is invariably six-coordinate with 
magnetic moments close to 3.9 BM. 

Complexes of a few monodentate tertiary phosphines are known. There are dimers [CrX3(PRs)2} (X= Cl, R=Et, Bu"; X=Br, R=Et),*!2 polymers [CrCl,(PR;)],, (R = Et, Bu", Ph) and anionic complexes [PPh,][CrCl,(PR;)2]®* (Table 76). The tris(phosphine) complexes CrCl,(PHEt,); and CrCl;(PH2Ph)3 have also been reported, but a number of 
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organophosphines would not react with chromium(III) halides.“ From K3[Cr(SCN)s], 
several salts [R3PH][Cr(SCN),(PRs)2] have been obtained (see also Section 35.4.2.8.i.b).°* 
Monodentate phosphines with [Cr(THF)«]°* solutions (see below) produce green oils. 

Earlier work with ditertiary arsines and phosphines produced the compounds: CrX,[o- 
C.H,(AsMez)2]1.5, [CrX2{0-CsH,(AsMez)2}2]C1O, (X = Cl, Br, 1), [CrX3(H,O){o- 

C.H.(AsMez)2}] X= Ch Br) pees [CrX3{0-CsH4(AsMez)2} ]2 (X = Br, I), [Crl,{o- 

C.H,(AsMez)2}2]I3, z CrX3(Ph2PCH2CH>2PPh.), 5-*»H,O (X = Cl, Br, i Ds X= I, n= 4; 

X=NCS, n =0) and [CrX2{0-CsH,)(PMez)2}2] ClO, (X = Cl, Br).% Complexes of multiden- 
tate tertiary phosphines and arsines were also obtained: [CrX3{P(o-CsH4PPh2)3}] (X = Cl, Br), 
[CrI,{P(o-CeH4PPhz)3}]I3,°° CrX3{PPh(o-C,H,PPh2)>} (X= Cl, Br, NCS), CrX3{AsMe(o- 

CsH4AsMe>)2} (X = Cl, Br, 1)°*®? and CrCl;{CMe(CH,AsMe,)3}.°” 

Table 76 Complexes of Phosphorus, Arsenic and Antimony Ligands 

v(Cr—X) Electronic spectra 
Complex (cm7') (cm~*) Ref. 

Monodentate phosphines 

[PPh,][CrCl,(PEt;).] 329s, 325s 12 800sh, 15 800, 20 350 1 
[PPh,][CrCl,(PBu3)>] 334sh, 328s © 12 800, 13 500, 15 900, 20 450 1 
[AsPh,][CrCl,(PEt,)>] 333sh, 327s — 1 
[CrCl,(PEt;).]> 370s, 345s, br 13 000sh, 15 600, 20 500 1 

Green 

[CrCl,(PBu5),]> 355s, 341s 13 500sh, 15 150, 20900 1 
Green 
[CrBr,(PEt,)o]> 220w, 306w 15 800 1 

Green 
[CrCl,(PEt;)],, 345s, 319s 12 800, 17 400 1 

Violet 
[CrCl,(PBu;)],, 349s, 321s 13 150, 17550 1 

Violet 
[CrCl,(PPh,)],, 364sh, 356sh 13 300, 18 450 1 

Violet 

Multidentate ligands 
(NPr,][CrCl,{o-C,H,(PMe,)2}] 355m, 330s, 305sh 15 580, 19 840 2 

Purple 
[NPr4][CrCl,{o-C,H,(AsMe,),}] 358sh, 333m, 325s, 312m 15 000 (502), 19 300 (328) 2 

Blue 

[PPh,(CH,Ph)][CrBr,{o-C,H,(AsMe,).}] 312m, 285s, 258s 14 800 (993), 18 000 (601) 2 

Blue 

[NBu;][Crl,{o-C,H,(AsMe,),}] — 13 440, 16 450 2 

Yellow-green : 

[NBu,][CrCl,{o-C,H,(PMe,)(SbMe,)}] 354, 326s, 302s 15 530, 20 800 22 

Blue 

[NPr3][CrCl,(Ph,PCHCHPPh,)]” 340s, 315s 14 660 (378), 19 500 (170) 2 

Purple 

(NBu,][CrBr,(Ph,PCHCHPPh,)] 284s, 259s, 250sh 14 800 (408), 19 000 (150) 2 

Blue 

[NPr,][CrCl,(Ph,PCH,CH,PPh,)] 366sh, 340m, 315sh, 300s 14 700 (543), 19 700 (343) 2 

Purple 

[NBu;][CrBr,(Ph,PCH,CH,PPh,)] 284s, 255s 14 700 (402), 18 800 (337) » 2 

Blue 

(NBu;][Crl,(Ph,PCH,CH,PPh,)] ~— 14 490, 17 540 2 

Yellow 

[NPr3][CrCl,(Ph,AsCHCHAsPh,)] 346m, 335s, 302s 14.000, 18 200 2 

Purple 

[NPr4][CrCl,{Me,As(CH,),AsMe,}]-H,0 326s, 319s 15 250 (367), 19 600 (273) 2 

Blue 

[CrCl,(Ph,PCH,CH,PPh,),] 362, 340w, 316 15 660 (253), 21 660 (173) 2 

Green 

[CrBr,(Ph,PCH,CH,PPh,),] 290, 250 14790, 19 460 2 

Green 

[CrI,(Ph,PCH,CH,PPh,),] — 14970, 18 240 2 

Yellow 

[CrCl,(Ph,PCHCHPPh,),] 366, 336, 316 15 660 (352), 21 000 (163) 2 

Blue 

[CrBr,(Ph,PCHCHPPh,),] 298, 252 15 150 (206), 20 400 (110) 2 

Green 
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Table 76 (continued) 

v(Cr—X) Electronic spectra 
Complex (cm ') (cm) Ref. 

[CrCl,(Ph,AsCH,CH,AsPh,),] 375, 324 15 800, 21 300 2 

Green 

[CrCl,(H,O0)(Ph,PCHCHPPh,)] 349, 336, 317 16 130, 20 830 2 
Blue 

[CrBr,(H,0)(Ph,PCHCHPPh,)] 269, 250 15 820, 20 000 2 
Blue 

[CrCl,(H,0)(Ph,PCH,CH,PPh,)] 337br a e 

Green 
[CrCl,{o0-C;H,(PMe,)>}]Cl 335m 16 100sh, 18 300sh, 20 000, 22 530 2 
Purple-brown 

[CrCl,{o-C,H,(PMe,)2}2]PF, 355m 16 200sh, 18 400sh, 19 960, 22 700 2 
Pink-brown 

[CrBr,{o-C,H,(PMe,)>}2]PF, 282m 16 610sh, 18 150, 21 300sh, 22 830 2 
Green 

[CrBr,{o-C;H,(PMe,)>}2]Br 280m 16 720sh, 18 180, 21 400sh, 22 700 2 

Green 
[CrCl, {o-C,H,(AsMe,),},]C1O, 380m 15 970sh, 17010, 21 500sh, 24 000 2,3,4 
Bright green 

[CrBr,{o-C,H,(AsMe,),},]CIO, 320m 15 300sh, 16 550, 20 000sh, 22 600 2,3,4 
Bright green 

CrBr,[0-C,H,(PMe,)s], 5 290sh, 275s _— 2 
Blue 

CrCl,[o-C,H,(PMe>)>], 355m, 352sh, 338m, 306sh — 2 
Pink 
CrCl,[o-C,H,(AsMe,)>], 5 380m, 333sh, 321s, 307sh — 233 
Green 

CrBr,[0-C,H,(AsMe>)>], 5 314, 285s, 258sh _ 233 
Green 

CrI,[0-CgH,(AsMe,)]; 5 at ae 2,3 
Yellow-brown 

CrCl,[0-C,H,(AsMe,)(PMe,)], 5 375sh, 352s, 338, 320sh, 308sh — 2 
Purple 

CrBr,[o-C,H,(AsMe,)(PMe,)], 5 306, 295s, 275s — 2 
Blue-purple 

CrCl,[o-C,H,(PMe,)(SbMe,)], 5 375w, 345s, 333sh, 308m — 2 
Grey-green 

CrBr,[o-C,H,(PMe,)(SbMe,)]}, <” 320br, 280s bes 2 
Yellow-brown 

CrCl,[0-C,H,(NMe,)(PMe,)], 5 370sh, 345s, 306s _— € 
Blue 

CrCl,[0-C,H,(AsMe,)(NMe,)], 5 375sh, 345sh, 340sh, 315m _ 2 
Green 

CrCl,[Me,As(CH,);AsMe)], 5 350s, 338s 14500, 17 000, 21 000 2 
Blue 

CrBr,[Me,As(CH,),AsMe,], 5 290br 14 120, 17 000, 20 000 2 
Purple 

[CrCl,L] Isomer 
PPh(CH,CH,PPh,), 362, 342, 320 mer 5 
Blue 

[—CH,P(Ph)CH,CH,PPh,], 354, 334, 320sh mer 5 
Blue 

P(CH,CH,PPh,),° 360sh, 340, 318 mer 5 
Purple 

CMe(CH,PPh,), 350, 334 fac 5 
Blue-green 

AsMe(CH,CH,CH,AsMe,), 364br fac 5 
Purple 

As(CH,CH,CH,AsMe,), 346, 340sh fac 5 
Purple 

CMe(CH,AsMe,), 333sh, 326 fac 6 
Blue-purple 

[CrBr,L] 

PPh(CH,CH,PPh,), 298, 265, 230 mer 5 
Blue 

[—CH,P(Ph)CH,CH,PPh,], 305, 282 mer 5 
Blue 
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Table 76 (continued) 
a Sle ee a a 0 ce er es a ie A 60 st ee 

v(Cr—X) Electronic spectra® 
Complex (cm7*) (cm) Ref. a ee Ree oy AN oe ee 2 ee ee a a ae er ala 

P(CH,CH,PPh,), 290sh, 263, 245sh mer 5 
Blue 

CMe(CH,PPh,), 290, 256 fac 5 
Green 

AsMe(CH,CH,CH,AsMe,), 288br fac 5 
Purple 

As(CH,CH,CH,AsMe,), 286br fac 5 
Purple 

CMe(CH,AsMe,), 298, 278 fac 5 
Blue 

[CrF,L] 
PPh(CH,CH,PPh,), 544, 517, 505 mer 5 
Blue 

P(CH,CH,PPh,), 542, 519, 507 mer 5 
Purple 

CMe(CH,AsMe,), 538, 492 fac 5 
Blue 

[CrX,L]BF, xX 

P(CH,CH,PPh,), Cl 350, 310 cis 5 
Dark blue 

P(CH,CH,PPh,), Br —_. 296, 255 cis 5 
Dark blue 

P(CH,CH,PPh,), I cis 5 
Turquoise 

[—CH,P(Ph)CH,CH,PPh,], ol 347, 318 cis 5 
Dark blue 

As(CH,CH,CH,AsMe,), el 346, 326 cis 5 
Purple 

*¢(dm’ mol ‘cm ’) in parentheses. ° First examples of Cr—Sb bonds. 
@INPr4][CrCl,(cis-Ph,PCHCHPPh,)], Cr—P, 2.485, 2.511, Cr—Cl, 2.331, 2.319, 2.318 A. 
mer-[CrCl,{P(CH,CH,PPh,);], Cr—PPh,, 2.466, 2.489, Cr—P(CH,), 2.399, Cr—Cl, 2.306, 2.292 and 2.320 A. 

1. M. A. Bennett, R. J. H. Clark and A. D. J. Goodwin, J. Chem. Soc. (A), 1970, 541. 
. L. R. Gray, A. L. Hale, W. Levason, F. P. McCullough and M. Webster, J. Chem. Soc., Dalton Trans., 1983, 2573. 
. R. S. Nyhoim and G. J. Sutton, J. Chem. Soc., 1958, 560. : 
. R. D. Feltham and W. Silverthorn, Inorg. Chem., 1968, 7, 1154. 

. L. R. Gray, A. L. Hale, W. Levason, F. P. McCullough and M. Webster, J. Chem. Soc., Dalton Trans., 1984, 47. 

. R. J. H. Clark, M. L. Greenfield and R. S. Nyholm, J. Chem. Soc. (A), 1966; 1254. Ankh wnv 

The above complexes were generally prepared from poorly soluble chromium(III) chloride, 
or [CrCl,(THF)s] in situ in THF, although a few were obtained by oxidation of phosphine— or 
arsine—chromium carbonyls®’°"* with halogens. By using [CrX3(THF)3] (X = Cl, Br or I) in 
dry CH,Cl, % instead of THF, competition for the hard Cr™ by an O donor solvent has been 
avoided, and extensive series®** of complexes of multidentate P, As and S (see p. 886) 
donor ligands have been obtained (Table 76). The pseudooctahedral structure of [CrCl,(cis- 
Ph,PCHCHPPh,)]|~ has been confirmed crystallographically.©°° The diphosphine does not exert 
any trans influence, consistent with weak bonding to the hard Cr™ ion, which is also evident 
from the electronic spectral parameters of the complexes generally. It has been confirmed that 
the complexes typified by CrCl,[0-CsH,(AsMez)2]:.5 have the trans-[CrX,(L7)2]cis-[CrX,(L’)] 
structure favoured earlier,° but for CrX3(Me,As(CH2)3AsMez),.5 a ligand-bridged structure 
[X3(L?)Cr(L”)Cr(L”)X3] has been put forward because the v(Cr—Cl) absorptions are different 
from those in [NPr4][CrCl,{Me2As(CH2)3AsMe2}] (Table 76). Repeat preparations of 
CrX3(Ph2P(CH2)2PPhz);.5:7H20, for which similar diphosphine-bridged structures were 
proposed,*® failed. The weaker donors Ph2PCH3;CH2PPh2, cis-PhyPCHCHPPh, or 
Ph,AsCH,CH2AsPh, produce complexes [CrX3(L7)2], which are believed to be meridional, 
containing one uni- and one bi-dentate diphosphine and diarsine, and give [CrX3(H2O)(L’)] in 
the presence of moisture. | 

It remains necessary to generate in situ solutions® presumed to contain [CrF3;(THF)s] 
and [Cr(THF).][BF,]s for the preparation®® of the fluoro complexes CrF3L (Table 76), and 
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the salts [Cr(L’)3][BF,]3 as (L?7=P h,PCH,CH>2PPhp, Me>PCH,CH2PMe,, o-C.H,(P Me)», O- 

CeH,4(AsMez)2 or cis-Ph,AsCH==CHAsPhz) and [Cr(L?)2][BFa]s (L? = PhP(CH2CH>PPh,)., 

MeAs(CH,CH,CH2AsMez)2, MeC(CH2PPh2)3; or MeC(CH2AsMez)3) because attempts to iso- 
late solid starting materials caused decomposition. Of these octahedral complexes,” only 
[Cr(Me2PCH,CH2PMez;)3][BF4]; undergoes reversible electrochemical one-electron reduction 
in DMSO (as does [CrX2{0-CsH4(PMez)2}2]ClO, in MeCN?) and reactions with LiX lead to 
partial displacement of the neutral ligands to give, for example [CrCl,{PhP(CH2CH2PPhz)2},]. 
An attempt®™* to prepare [Cr{o-CsH4(AsMez)2}3][ClO4]3 from [Cr(H20).][C1O.]; failed. 

In the neutral complexes CrX3(L* or L*) (X =Cl or Br) those P or As ligands which are 
potentially quadridentate act as tridentates.°° An X-ray study has established that 
[CrCl,{P(CH2CH2PPhz2)3}] has a mer arrangement of the P3Cl, donor set with one PPh, group 
not bonded. This phosphine is usually quadridentate in complexes of other metal ions. 
Structures have been assigned to the other complexes from the number of v(Cr—Cl) 
vibrations. Tripodal tridentates, e.g. CMe(CH2PPh2)3, constrain monomeric complexes to form 
fac isomers and this provides a further check on the IR data. No 2:1, L? or L* to Cr complexes 
were obtained when X = Cl or Br. 

The reaction of [CrI3;(THF)3] with multidentate ligands in a 1:1 ratio gave the 
complexes CrI,L [L=PPh(CH2CH2PPh2)., P(CH2CH2PPh2)3, CMe(CH2AsMe;)3, AsMe- 
(CH2CH2CH2AsMez)2 or As(CH2CH2CH2AsMe,)3]. Few physical data are available, but CrI,L 
are considered analogous to the corresponding chlorides and bromides. Reaction of 
[CrI,(THF)3] in a 1:2 molar ratio gave two complexes of the type CrI,L3;: with L= 
PPh(CH,CH2PPh.). the complex is formulated as [Cr{PPh(CH2CH2PPh,)3}]I,; and with 
L = CMe(CH2AsMez)3 as [CrI,{CMe(CH2AsMe,)3},]I, the arsine being bidentate. 

Treatment of the corresponding halide in CH2Cl, with AgBF, gave the complexes 
[CrX,L][BF,] (Table 76). The two v(Cr—X) stretches are consistent with cis cations and 
tetradentate L. 

The Cr—P bonds in_ [NPr2][CrCl,(cis-Ph,2PCHCHPPh2)] and mer-[CrCl,{P(CH- 
CH2PPhz)3}]°° are long (Table 76) and this is attributed to steric repulsions and the weak 
binding of the neutral phosphine ligands to the hard Cr™ ion. The Cr—Cl bonds are normal.® 
Analysis of the electronic spectra ©*°,688.989,093,695-697 is consistent with octahedral Cr™, and 
the derived Racah parameters are always much lowered from the free ion value; this also is 
attributed to weak binding of the soft ligands. An alternative assignment®’ has been 
proposed® for [CrX2{0-CsH4(AsMez)2}2]* which places the diarsine lower in the spectro- 
chemical series. 

35.4.4 Oxygen Ligands 

35.4.4.1 Aqua complexes 

The hexaaquachromium(III) ion (155) is a regular octahedron and is found in aqueous 
solution and in many hydrated salts.°°*?.9-70! Typical examples are the violet hydrate 
[Cr(H2O).]Cls and the chrome alums, MCr(SO,)2-12H2O. The acidity of the aqua complex is 
marked; the first hydrolysis has pK, ~4.0 (25°C). Further hydrolytic equilibria are compli- 
cated by polymerization and are dealt with in the following section. The most recent detailed 
reports on [Cr(H2O).]** in the solid state are IR’ and crystallographic studies™ of cesium 
alum. In the vibrational study, metal-ligand vibrations were assigned at 555 cm~! (v,; Stretch) 
and 329cm™* (v,s bend). In the structural paper, the classification of alums is discussed; the 
Cr—O bond length was found to be 1.959 A. The hexaaqua ion is also found in crystals of 
Cr4H2(SO,)7:24H,O; the Cr—O bond distances are in the range 1.915-1.991 A.” 

1 Geach 
<7] OH 
wae 

HO || 
H,O 

(155) 

H,O 

OH, 

The rate of exchange of HO at [Cr(H2O).]°* is given as rate = k[Cr(H20),]**; this reaction 
has been extensively studied." The most reliable results are summarized in Table 77. The 
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substantial and negative value of AV* together with AS* near to zero suggests an J, mechanism 
for exchange. 

Table 77 Kinetic Data for Water Exchange at Chromium(III) 

k x10’ AH* ASs* Av? 
Compound (s~*) (kJ mol~*) (JK7! mol’) (cm? mol?) Ref. 

[Cr(H,0),}°* 4.5 109.6 1.3 -9.3 ip) 
[Cr(NH;);(H,O)]}** 601 97.1 0.0 —5.8 3,4 

1. J. P. Hunt and R. A. Plane, J. Am. Chem. Soc., 1954, 76, 5960. 
2. D. R. Stranks and T. W. Swaddle, J. Am. Chem. Soc., 1971, 93, 2783. 

3. N. V. Duffy and J. E. Earley, J. Am. Chem. Soc., 1967, 89, 272. 
4. T. W. Swaddle and D. R. Stranks, J. Am. Chem. Soc., 1972, 94, 8357. 

35.4.4.2 Polymeric hydroxy complexes 

The existence of such complexes was first postulated by Bjerrum in 1908.” There have been 
a number of studies in recent years. Several early members of the series of hydrolytic polymers 
formed on the addition of base to aqueous chromium(III) solutions have’ been isolated;’” 
purification was achieved by ion-exchange chromatography on Sephadex-SP C25 resin. The 
structures suggested for these complexes are illustrated (156-162). The structural unit (162) 
was held to be singularly important, both as a constituent of higher polymers and in the 
mechanism of dimerization. Equilibrium data for these complexes are summarized in Table 78. 
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H.O¥ 20H; OH, 
(156) (156) (157) (157) 

6+ 
H,O el OH, ab 

HO | OH: HO. \ _OF, 
Cr Cr 

Ho~ | “oH AT Panis tre 

| on. nol | OH OH HO. pte 2 2 eee? bas a? 

I T I 

ta LAr oA EPS 
H,0 | “OH | on, H,O | | OH, 

HO. OH -H*,-H,O HO | Oy 

ron anor ers 
waar se H ora oe 

H,0~ | ~OH, H,0~ | ~OH, 
OH, H,O 

(158) (158) (159) (159) 

Among the polymeric hydroxy complexes, the dimer has been the most extensively studied 

species. There is no totally unambiguous crystal structure but the complex is almost certainly as 

illustrated (156). In addition to this doubly bridged dimer a_ singly bridged 

((H,O)sCrOHCr(H20)s]°* (163) species has been reported. The magnetic properties of 

both (156) and (163) have been studied. Coupling in the doubly bridged dimer (156) was 
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Table 78 pK, Values for Coordinated Water in some Chromium Complexes 

Complex Crt Cr,(OH), Cr3(OH),4 Cr,(OH)g 

pK, values 4.29 3.68 4.35 2.55 
6.10 6.04 5.63 5.08 

6.01 

“After Marty (ref. 706); charges on complexes omitted, 1=1.0MNaClO,, 25°C, 
structures are given in (155)-(159). 

characterized by —J/k =7.S° and g=1.96, and for the singly bridged species (163) by 
—J/k = 16° and g = 1.96. A more favourable bond angle was suggested to explain the stronger 
coupling in the latter case; direct Cr/Cr interactions were not believed to be important. The 
dimer (156) has also been the subject of an extensive NMR study, in solution, by the inert 
probe method.” Changes in structure at high proton activities were investigated; p-dioxane 
was used as the additive. Magnetic moments were measured, in solution, by the Evans method; 
values of 3.94 BM and 3.89 BM were obtained for the monomer and dimer respectively. There 
is obviously no strong spin interaction at ambient temperatures. At high concentrations of 
perchlorate (>8M), the complex turns from blue/green to green (to; 15min). Leffler 
suggested’” that perchlorate complexation (164) causes this change (equation 41) based on the 
fact that monobridged dimer (163) and dimer (156) should be distinguishable in NMR line 
broadening experiments. 

H,O HO 
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(163) 
OH OH 

we, SS “es SS [(H,O),Cr Cr(H,0),]** + ClO; == [(H,0),Cr Cr(H,0),(ClO,)>* +H,O (41) 
OHe OH 

(156) (164) 
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A trimeric complex has also been the subject of a detailed study.” The mole ratio 
[Cr]:[OH] was found to be 4:3; the degree of polymerization was assessed, by freezing point 
depression, to be three. A triangular structure, as shown in (157), was suggested on the basis of 
magnetic studies. 

The closely related oxo-bridged complex [(H2O);CrOCr(H20);]** is obtained in low yields 
on the reduction of 1,4-benzoquinone by aqueous solutions of chromium(II).”!° The sole 
product of the hydrolysis of this dimer”? (HCIO,/LiC1O, J = 1.0) is hexaaquachromium(III). 

35.4.4.3 Oxides and oxide hydroxides 

The oxide systems deriving from chromium(III) are numerous. Chromium(III) oxide, Cr2O3, 
is the final product of the calcination of many chromium(III) complexes. Chromium(III) oxide 
has the Al,O; structure (Ds) with hexagonal lattice parameters a = 4.95, c=13.66A and 
Gla = 2.161. 

The oxide is also the product of the spectacular ignition of (NH,4)2Cr.O7. The hydrated form 
of the oxide Cr,03-2H,O is an important pigment,’’? Guignet’s green. Chromites formally 
contain the Cr,O37 ion and are generally prepared by fusing Cr.O3 with a binary oxide.”!* They 
are typical spinels; chromium(III) occupies octahedral sites. The parent spinel, chromite— 
FeCr,O,—is the only commercially important chromium mineral. Calcium chromite is not a 
spinel and exists in two modifications: the 6B form, which is isomorphous with calcium ferrite, 
space group Prom,’ and the a form, which is a high-temperature stable modification,’ 
prepared by fusing CaCO; and Cr,O03; (1350 °C, 24h). The spinels formed by chromium are all 
of the normal type; lattice energy calculations for a large number of such species have recently 
been reported.’ 

Another important class of oxide-containing solids are the compounds of general formulation 
CrO>H, referred to as oxide hydroxides or, occasionally, as chromous acids. The system is 
polymorphic; a rhombohedral form is obtained by the decomposition of an aqueous solution of 
Cr,O; (Mallinkrodt analytical reagent) in a high pressure vessel at 300°C.’"® The material is | 
red/brown and has a layer structure; oxygen atoms are coordinated to chromium(III) in a 
distorted octahedron. Each octahedron shares six edges with six surrounding coplanar 
octahedra to form a continuous sheet of close-packed oxygen atoms. The sheets are 
superimposed, oxygen atoms in one sheet falling directly above those of the sheet below. The 
structure as a whole is not close-packed; the layers are held together by short H bonds.’ A 
second form of CrO.H has been prepared by the hydrothermal treatment of CrO, (derived 
from CrO;, 72h, 450°C, 40000 psi); this form is olive green. The compound is orthorhombic 
and isomorphous with InOH, i.e. a deformed rutile structure.”°’”! The coprecipitation of 
y-(Al, Cr)O2H and H(Cr, Al)O; has been investigated.’ 

35.4.4.4 Other oxide systems 

The novel material Cr,Te,O,, contains the binuclear ion [Cr2O,10]'*-, as isolated units, formed 

by two CrO, octahedra sharing an edge.’”> The exchange interaction between the chromium 

centres has been modelled by the Heisenberg—Dirac-Van Vleck phenomenological model, 

with the exchange parameter Jsasp = —6 (+0.5)cm™*. The substitution into the Mi TeOs 

system of VO** has been investigated for a number of metals including chromium(III).’ The 

transition between monoclinic and rutile forms can be modelled on the basis of the size of the 

M" ion. The substitution of chromium(III) into yttrium, iron and gallium garnets has been 

investigated.’° In the system [Y3][Cr,Fe2-,][Fe3]O2 single-phase specimens were obtained with 

values of x =0.5. For the gallium system, x <0.75 gave a single phase. Perovskites A''B O; 

involving indium or thallium and chromium(III) have been synthesized.’”*° The coupling of the 

chromium(III) centres in the trirutile compound MCr20¢ (M =Te or W) has been 

investigated.””” The coupling is dependent on the second metal ion and has been correlated 

with slight structural variations. 

35.4.4.5 Peroxides 

Two green peroxychromium(III) species have been reported.’”8 The products of the reaction 

of H,O> and Cr¥! in 2-6M perchloric acid were purified by ion-exchange chromatography 

COC3-BB* 
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(Dowex 50W-X2). The compounds were tentatively identified as CrO,Cr** and CrO,CrO,Cr°* 
species; their decompositions were not simple processes. Attempts to synthesize these or 

similar species by the oxidation of chromium(II) with oxygen were unsuccessful. The 

compound [(H,O);CrO,Cr(H,0);]** was also reported earlier.” 

35.4.4.6 Alcohol and alkoxide complexes 

(i) Alcohol complexes 

Alcoholate complexes of the general formula CrCl,;nROH (R=Me, Et, Pr’, Bu" and 
n-hexyl) have been reported.”° These purple insoluble complexes were prepared by refluxing 
CrCl;-3THF in the anhydrous alcohol and are typical chromium(III) species. The structure of 
the related complex trans-[Cr(MeOH),Cl,]Cl has been determined.” It is similar to that of 
the related aqua complex and is of approximately C,, symmetry. A detailed study of the 
complexes formed by ethylene glycol and chromium(III) has been reported;”** both monoden- 
tate and bidentate coordination of chromium by the glycol was postulated. 

(ii) Alkoxide complexes 

Alkoxide complexes including those of chromium(III) have been extensively and excellently 
reviewed. ’**:7*4 Methoxy complexes, [Cr(OMe)Cl)],-2nMeOH and [Cr(OMe)Ch],,-nMeOH, 
have been thoroughly studied.”*° The former is prepared by the reaction of anhydrous CrCl, 
with methanol, the latter by heating the former at 100°C for several hours. Adducts of the 
dimethanoates can be prepared with acetone, acrylonitrile and dioxane. These compounds are 
unusual among alkoxides in showing marked solubility: the acetone adduct appears to be a 
dimer in both solution and the solid state. A tetrameric structure was suggested for the 
monomethanoate (165). 

MeOH MeOH 7X 

Cl | OMe _ | l 
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(165) (165) 

Cl 

The physical properties of samples of Cr(OMe); prepared by a variety of methods have been 
investigated.’*° Good crystals could not be obtained but limited crystallography suggested a 
layered lattice with chromium occupying octahedral sites. A useful summary of earlier 
preparations and attempted preparations of chromium methoxides can be found in this paper. 

The insertion of various isocyanates into chromium(III) alkoxide M—O bonds has been 
reported.’*’ The complexes are prepared by refluxing the isocyanates with a suspension of the 
alkoxide in benzene. No structural data were given for the products. Unusual bimetallic 
alkoxides have recently been prepared’*® by the reaction of Cr[Al(OPr'),4]3 with alcohols and 
acetylacetone (166). A wide range of spectroscopic methods were used to study them. In 
general, the results were in accord with a monomeric formulation similar to (166) below; 
Cr[Al(OMe),]3 was grossly insoluble; the small size of the methyl groups may permit extensive 
polymerization. 
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35.4.4.7 B-Ketoenolates and related ligands 

(i) Synthesis 

The tris and bis complexes of acetylacetone (2,4-pentanedione) (167) with chromium(III) 
have been known for many years (168, 169).’*° The tris compound is generally prepared by the 
reaction of an aqueous suspension of anhydrous chromium(III) chloride with acetylacetone, in 
the presence of urea.”*° Recently a novel, efficient synthesis of tris(acetylacetonato)chromium- 
(III) from CrO;3 in acetylacetone has been reported.’*’ The crystal structure of the tris complex 
has been determined.’”* A large anisotropic motion was observed for one of the chelate rings, 
attributed to thermal motion, rather than a slight disorder in the molecular packing. 

H H 

Me ana Me 

le rel ee 
O O Me 

(167) (168) (169) 

Derivatives of, or ligands closely related to, acetylacetonate have been extensively studied. 
Compounds of analogous structure are, in general, obtained. Ligands studied include 
1-phenylbutane-1,3-dione, 1,1,1-trifluoropentane-2,4-dione, 1,1,1,5,5,5-hexafluoropentane-2,4- 
dione, 2,2,6,6-tetramethylheptane-3,5-dione and 1-phenyl-5,5-dimethylhexane-2,4-dione.”° 
Preparations include the original one detailed above’? and methods from chromium(III) 
acetate and metallic chromium.’“* The earlier work and advantages of the various methods are 
summarized by Dilli and Robards,’”*° who noted, particularly with derivatives of acetylacetone, 
that in the classic method,” reaction of the free ligand with urea may markedly reduce the 
yield. 

The closely related tris complex of malonaldehyde (170) has been synthesized by the reaction 
of 1,1,3,3-tetramethoxypropane with anhydrous CrCl; in an ether slurry.” The complex was 
purified by sublimation and contains the simplest structural unit capable of enolizing to form a 
B-ketoenolate chelate. 
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(170) 

Several unusual complexes containing neutral acetylacetonate have been reported.’”*° The 
complex [CrBr(acac)(acacH)] was obtained from the reaction of HBr with [Cr(acac)s]; 
[CrCl,(acac)(acacH)] was obtained from the reaction of CrCl,(THF)3 with acetylacetonate. 
Other unusual B-diketonates include the tris(rhenaacetonates) (171).’*”’** Two different forms 
of the tris complex of 2-nitroacetophenone with chromium(III) have been reported;’” these 

are probably geometric isomers. 
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Complexes containing two different ligands of the B-diketonate type have also been 
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prepared’” including the series [Cr(CF;COCHCOMe),,(MeCOCHCOMe)3_,,] (n = 1 or 2); cis 

and trans isomers were isolated. The linkage isomerization and disproportionation of the 

unsymmetrically substituted acetylacetonate complex (172) have been studied’*! and were said 

to be intermolecular. 

MeC—{  M 
ag, 

Me 
(172) 

Camphorate complexes of chromium(III) have been studied. The four possible isomers of 

the tris complex of (+ )-3-acetylcamphorate (173) were isolated,””’°’ and absolute configura- 

tions were tentatively assigned. The photoisomerization of these complexes has been 

investigated;’** quantum yields of the order of 10~* were obtained with visible or ultraviolet 
radiation at temperatures around 100°C. Bond-breaking processes were held to be important 
in the reactivity of cis isomers. 

\L OH 
R 

(173) R=H or Me 

Dimeric complexes of bis(acetylacetonates) have also been reported: di-u-diphenyl- 
phosphinatoacetylacetonatochromium(III) prepared by the reaction of diphenylphosphinic acid 
with an excess of [Cr(acac)3] has been investigated.’°° It crystallizes in the triclinic space group 
P1, the bridge (CrOPOCr), forming a puckered eight-membered ring. The crystal structure of 
the alkoxy-bridged complex bis(u-methoxy)bis[bis(2,4-pentanedionato)chromium(II])] has 
been determined; it crystallizes in a racemic rather than meso form.”° Other alkoxy-bridged 
complexes have also been synthesized.”*’ 

(ii) Physical studies 

Acetylacetonates have occupied a central position in the study of complexes by physical 
methods. Some of this work is summarized in Table 79. 

Table 79 Some Physical Properties of [Cr(acac).] 

Property Value Comment Ref. 

Cr—O bond energy 256 kJ mol! Combustion calorimetry 1 
10Dq 217 kJ mol“! Combustion calorimetry 2 
10Dq 17.8 x 10° cm7! Electronic spectra 3 

17.5 x 10? cm™! Also substituted acacs 4 
All 17.5(+3) x 10° cm7! 

Bas 0.55 cm7! Nephelauxetic parameters 5 
Bes 0.79 cm7! Also for substituted acacs 
Eos Sey us. SCE in DMSO 6 

Also 17 substituted acacs 
eS es es eee 

. M. M. Jones, B. J. Yow and W. R. May, Inorg. Chem., 1962, 1, 166. 

. J. L. Wood and M. M. Jones, Inorg. Chem., 1964, 3, 1553. 

. R. L. Lintvedt and L. K. Kernitsky, Inorg. Chem., 1970, 9, 491. 

. C. J. Ballhausen, ‘Introduction to Ligand Field Theory’, McGraw-Hill, New York, 1962, p. 239. 

. A. M. Fatta and R. L. Lintvedt, Inorg. Chem., 1971, 10, 478. 
. R. F. Handy and R. L. Lintvedt, Inorg. Chem., 1974, 13, 893. Dn kPwnre 
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(a) Vapour phase chemistry. A remarkable feature of the chemistry of the complexes of the 
tris(acetylacetonate) type is their extreme stability in the vapour phase: there are hence many 
mass spectral and gas chromatographic studies of them. Much of this emanates from the group 
of Sievers. The complexes of hexafluoroacetylacetonate are considerably more volatile than 
those of the parent acetylacetonate. The partial resolution of tris(1,1,1,5,5,5-hexafluoro-2,4- 
pentanedionato)chromium(III) by gas chromatography on pulverised d-quartz has been 
reported.”*”°? The cis and trans isomers of the tris(trifluoroacetylacetonate) complexes of 
chromium(III) can be separated efficiently by gas chromatography (5% silicone grease on 
Chromasorb-W, 115°C).”° To provide better understanding of such studies, vapour pressure 
measurements have been made on a number of metal f-diketonates.’© Earlier related 
measurements are reviewed in this paper. In typical gas chromatographic phases (Apiezon-L, 
QF1) the results of the above study indicated that the solution behaviour of these tris 
octahedral complexes is determined solely by non-specific van der Waals type forces; there was 
no evidence for a direct interaction such as H bonding. 
A rate and equilibrium study of the cis/trans isomerization of tris(1,1,1-trifluoro-2,4- 

pentanedionato)chromium(III) in the vapour phase has been reported.” The equilibrium 
constant 3.56 was independent of temperature in the range 118-144.8 °C, the same value being 
measured by both static and kinetic methods. The activation energies for isomerization were 
both less than 115 kJ mol~'; the Cr—O bond energy is 210 kJ mol~'. On these grounds, a 
bond-rupture mechanism was rejected. A similar mechanism may operate for the isomerization 
in solution. 

The mass spectra of various fB-diketonates have been extensively studied.’””’* The 
availability of ionization energies, measured by mass spectra, has led to a fairly detailed debate 
as to the nature of the orbital from which the first electron ionizes.’* Gas phase 
rearrangements, ’©° often involving fluorine migration to the metal, have been observed. The 

SIMS spectrum of [Cr(acac)s] is particularly simple,’ yielding the base peak [Cr(acac),]”. 
The structure of tris(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)chromium(III) has been 

determined by gas-phase electron diffraction.’ A most interesting feature of this study was 
that the normalized ligand bite angle [(O—O/M—O) 30.1°] was very close to the value found 

in the solid state by X-ray diffraction (30.8°) but quite different to the value predicted by 

Kepert’s model.” The results of this and related work on vapour phase structures are 
summarized in Table 80. 

Table 80 Summary of Electron Diffraction Data* 

8 
OO 

Compound C—O C—C (ring) Method Ref. 
(oe OE A eS ee So eS 

[Cr(hfa)] 1.270 1.409 ED 1 
[Cr(hfa)>] 1.276 1.392 ED 2 
[Cr(acac)3] 1.263 1.388 X-Ray 3 

hfa 1-259 1.407 ED 4 

acac 1.287 1.405 ED 5) 

wet Ne eS 

@ Abbreviations: hfa =1,1,1,5,5,5-hexafluoro-2,4-pentanedione, acac= 2,4-pentanedione, 

ED = electron diffraction. All bond lengths in A. 
1. Ref. 767. 
2. B. G. Thomas, M. L. Morris and R. L. Hilderbrandt, J. Mol. Struct., 1976, 35, 241. 

4. A. L. Andressen, D. Zebelman and S. H. Bauer, J. Am. Chem. Soc., 1971, 93, 1148. 

5. A. H. Lowery, C. George, P. D’Antonio and J. Karle, J. Am. Chem. Soc., 1971, 93, 

6399. 

(b) Optical activity. As tris B-diketonates are neutral D; complexes, resolution by the 

more-popular, less-soluble diastereoisomer and ion-exchange methods is not possible. Various 

methods have been reported. Potentially most useful are: a stereospecific synthesis from an 

unisolated (+)-tartrate complex of chromium(III),”” chiral chromatography using (2R,3R)- 

(— )-dibenzoyltartaric acid’”” and chromatography on an L-nickel(II)tris(1,10-phenanthroline)/ 

montmorillonite column.””! Other methods of resolving [Cr(acac)3] are extensively reviewed in 

these papers. ig 

The crystal structure and absolute configuration of Le )-[Cr(acac)s] has been reported. 

The circular dichroism of p-[Cr(acac)3] has been studied in the solid state and in solution.’”° 

The rotational strengths of the d—d transitions are extensively discussed; competing rather than 

reinforcing effects lead to the smaller rotational strengths observed for tris(acetylacetonates) as 

compared to tris-(ethylenediamine) or -oxalate complexes. 
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The Cotton effects in mixed amino acidate/acetylacetonate complexes [Cr(acac)2L] (L =L- 
alanine, L-valine or L-phenylalanine) have been studied:’* absolute configurations were 
assigned by reference to the parent tris(acetylacetonate) complexes. Synthesis was achieved by 
the photolysis of mixtures of the amino acid and [Cr(acac)3]. The partial photoresolution of 
both cis- and trans-(1,1,1-trifluoro-2,4-pentanedionato)chromium has been accomplished by 
irradiation with circularly polarized light (5461 A) in chlorobenzene solution.”” The results 
indicated that both bond rupture and twist mechanisms were important. A number of other 
B-diketonates have also been investigated.’”° 

(c) NMR. The complex [Cr(acac)3] has found use as a spin relaxant in “CFTNMR 
spectroscopy.’’””? The solution dynamics of [Cr(acac)3] in methanol, acetonitrile, benzene and 
DMSO have been studied in some detail.’”* Different models were proposed for solvation by 
the various solvents. In methanol, the hydroxyl proton is apparently closer to the chromium 
than the methyl group. An outer-sphere dipolar mechanism of exchange was suggested in 
DMSO, the oxygen atom of DMSO pointing toward the octahedral face of the [Cr(acac)3]. In 
benzene a random orientation of the flat and cleft positions, with respect to the solvent, best 
fits the data. In acetonitrile the results, surprisingly, suggest that the methyl group points 
toward the complex; weak H bonding may account for this observation. A summary of other 
spin relaxation studies can be found in this paper.’ 
A detailed understanding of the many factors involved when [Cr(acac)3] is used as a spin 

relaxant is required. It has been shown that line widths are affected by the reagent.’” If 
temperature dependent features are to be studied, it was concluded that the ratio of relaxant to 
substrate must be kept as low as possible. Caution in the use of [Cr(acac)3] as a spin relaxant 
was also emphasized in a study of cholesterol chloride.’8° Despite the problems with the use of 
this complex as a spin relaxant, it remains widely used.”’”"”®° 

(iii) Chemical reactivity 

The bromination of tris(acetylacetonato)chromium(III) was first reported by Reihlen.7*! 
There have been many studies of electrophilic substitution at complexes of both acetylaceton- 
ate and its derivatives; this work has been extensively reviewed.’*’*? Some typical reactions 
are outlined below (equation 42). In this section, we shall briefly mention some more recent 
work; the interested reader is recommended to study the extensive, although somewhat dated, 
review by Collman,’*” and Mehrotra’s book.7°? 

(42) 

(174) (175) 
X =I, Br, Cl, SCN, SAr, SCI, NO,, 
CH,Cl, CH,NMe, COR, CHO 

The electrophilic substitutions of acetylacetonate complexes have been taken as suggesting 
‘aromatic character’ in the chelate ring. Results with seventeen different 1,3- 
diketonatochromium(III) complexes were recently held to support this Suggestion (176-178; 
equation 43). The bromination of tris(1,1,1-trifluoro-2,4-pentanedionato)chromium(III), 
previously claimed to be unreactive,’”*> has been reported.7®° 

Ar se Ar 

pk X-¥ Re P=Q -Ht . re H-C{/3 =e +s SS xe loa + HH (43) 
— H - oO 

R : R R 
(176) (177) (178) 

X*=Cl", Br*, or NO} 
Ar = 4-FC,H, or a derivative 
R= Me, Et, Pr", CF; or Ph 
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An isolated study of the tris tropolonate complex (179) of chromium(III) has appeared;7®” 
mass spectra were recorded and fragmentation patterns discussed. 

35.4.4.8 Catecholates, quinones, tetrahydrofuran and O-bonded urea 

The chemistry of the transition metals including chromium(III) with these ligands has been 
the subject of a recent and extensive review,’®® with references to the early literature. The close 
relationship between the catechol (180), semiquinone (181) and quinone (182) complexes may 
be appreciated by considering the redox equation below (equation 44).”®° The formal reduction 
potentials for the chromium(III) complexes (183-186; equation 45) are +0.03, —0.47 and 
—0.89 V (us. SCE in acetonitrile) respectively. 

O7 O O 

O7 O O 

(180) cat (181) (182) 

O! oF 2 “ O- ° 

M i <= [ML = [ML] =| aye) (45) 
O ) +e +e O ! 

(183) (184) (185) : (186) 

(i) o-Semiquinones 

The preparation of tris(o-semiquinone) complexes of chromium(III) has been reported;’” 
complexes of formulae Cr(o-Cl,SQ)3-4Ph and Cr(phenSQ);-anisole were prepared 
(o-Cl,SQ = tetrachloro-1,2-benzoquinone; 189). The complexes exhibit temperature-dependent 
magnetic properties, er 1.1 BM at 286K dropping to 0.35 BM at 4.2K. This is the result of 
intramolecular spin-coupling between chromium(III) and the semiquinone. The complexes 
were prepared by the reaction of chromium hexacarbonyl with the quinone (equation 46) but 
are correctly formulated,”° by comparison with authentic samples, as semiquinones of 
chromium(III). The above reaction has proved difficult to repeat in the absence of 
photolysis,’””’ and it was hence suggested to be a photochemical, oxidative substitution. In 
related work, the reaction of Crbipy(CO), with a number of quinones was studied.’””* The 
resulting redox series: [Cr(SQ)2(bipy)]*/[Cr(SQ)(Cat)(bipy)]/[Cr(Cat)a(bipy)]~ was studied; 
the oxidation state of the chromium remains at three during these reactions. 

Cr(CO). + quinone ——~ Cr(quinone), (46) 

(187) (188) 

Chie 
Cl 

e.g. quinone = 
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(ii) Catecholates 

The resolution of tris(catecholato)chromate(III) has been achieved by crystallization with 

L-[Co(en)3]**; the diastereomeric salt isolated contained the L-[Cr(cat)3]~ ion.’””? Comparison 

of the properties of this anion with the chromium(III) enterobactin complex suggested that the 

natural product stereospecifically forms the t-cis complex with chromium(III) (190). The 

tris(catecholate) complex K3[Cr(Cat)3]-SH2O crystallizes in space group C2/c with a = 20.796, 

b = 15.847 and c =12.273A and f = 91.84°; the chelate rings are planar.”* Electrochemical 

and spectroscopic studies of this complex have also been undertaken.’””? Recent molecular 

orbital calculations’ on quinone complexes are consistent with the ligand-centred redox 

chemistry generally proposed for these systems.’** 

(190) A diagram of the A-cis chromium(III) enterobactin trianion 

(iii) Hydroxamates 

Chromium(III) complexes of a number of polyhydroxamic acids, microbial iron sequestering 
and transport agents (siderochromes) have been reported.”””"”8 The kinetic inertness of the 
chromium(III) complexes allows the facile separation of isomers; for the model complex 
tris(N-methyl-( — )-methoxyacetylhydroxamato)chromium(III), p-cis, L-cis and the L/p-trans 
isomers have been separated.””* The chromium complexes of desferrioxamine B (191) have 
been investigated; the possible isomers are illustrated below (192-196). The cis isomer was 
isolated in relatively pure form.” Thiohydroxamate®” and dihydroxamate (rhodotorulic acid) 
complexes have also been studied.®” 

NH, CONH CONH 
ae 

(cH) (on eer y 2)2 

Lil 
OHO 

A-N-cis, cis A-C-trans,cis A-C-trans,trans  A-N-cis, trans A-N-trans, cis 

(192) (193) (194) (195) (196) 
The five enantiomeric geometrical isomers of ferrioxamine B. The oxygen donor atoms 

of each hydroxamate group have been omitted for clarity. The A optical isomer is shown 
in each case. 
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(iv) THF 

The complex [Cr(THF)3Cls] was first prepared in 1958.°°? However pure bromide, iodide and 
thiocyanate complexes were reported only in 1983. The preparation of [Cr(THF).]°* by the 
reaction of [Cr(THF)3Cl;] with AgBF, in THF was attempted; only an impure brown/pink oil 
was obtained. The tris complexes are useful starting materials in both organometallic and 
coordination chemistry. 

(uv) Urea (O-bonded) 

Chromium is unusual in that it forms a stable hexakis O-bonded urea complex. The complex 
was first prepared as the chloride salt by Pfeiffer** and a crystal structure of the complex salt 
[Cr{OC(NH2)}6][Cr(CN).]-2DMSO-2EtOH has recently been reported.®> Coordination at 
chromium(III) is octahedral; r(Cr—O) is in the range 1.96-1.98A. The reduction of the 
perchlorate salt of this complex to a chromium(II) species has been studied 
polarographically.*°° Detailed studies of the luminescence spectra of several salts of the 
chromium urea complex have been reported .9°7-8 

35.4.4.9 Non-C oxo anions 

(i) Nitrogen-containing 

Anhydrous chromium(III) nitrate may be prepared by the reaction of dinitrogen pentoxide 
with chromium carbonyl in dry carbon tetrachloride.°” The product has rather low thermal 
stability, is involatile and decomposition begins at 60°C. 

The complex 1,2,3-trinitrotriamminechromium(III) has been prepared and is a nitrito 
isomer.*'° The nitrito complexes of cis- and trans-bis(ethylenediamine)chromium(III) have 
been prepared,®"' cis-[Cr(en).(ONO),]CIO, and trans-[Cr(en),(ONO).]X (X = ClO; or NO3). 
The nitrito complexes cis- and trans-[Cr(en)2(ONO)(X)]* (X =ONO~, OH’, F’, Cl", Br-) 
have also been studied.®'” 

(ii) Sulfur-containing 

There are old reports of tris sulfate complexes®!**!* and a number of chromium(III) sulfate 
hydrates are known. In recent years monosulfatopentaaquachromium (III) complexes have 
been prepared®*!’ and characterized by IR spectroscopy;*’® sulfate probably behaves as a 
monodentate ligand. The basic chromium(III) sulfate Cr(OH)SO,°H2O crystallizes in the 
non-centrosymmetric, monoclinic, space group Cc.*'’ Each chromium atom is coordinated 
octahedrally by two hydroxo groups, three sulfate O atoms and a water molecule. The metal 
atoms are joined by single hydroxo bridges forming an infinite chain. 

In acidic aqueous solutions the reaction between hexaaquachromium(III) and sulfate has 
been studied in detail; ion-pairing can be detected in this system.*’® Polymeric species involving 
u-hydroxy and y-sulfato groups have been isolated.*'?®° 

Trifluoromethylsulfate forms weak complexes with chromium(III);*' this anion may provide 
a viable alternative to perchlorate as a ‘non-coordinating anion’ (for Cr(O3SCF3)3 see Section 
35.7.2). Tris(O,O'-sulfinate) complexes of chromium(III) have been prepared (RSO3, 
R=Me, CsHs, p-CH3C.H,); typical monomeric complexes are obtained.*” 

(iii) Phosphorus-containing 

(a) Complexes of H;PO3; and HPO,. Ebert prepared a complex which he formulated as 
H,[Cr(HPO3)3]?~ (trisphosphitochromic acid) by refluxing chromium(III) hydroxide with 
H;PO;.8%3 The complex was said to be tris-chelated (197) and a resolution as the strychninium 
salt reported.®”>°™ It may provide one of the very few examples of molecular optical activity in 
a non-carbon-containing molecule. Its IR spectrum has been studied in detail. Good 
analyses, particularly for phosphorus, have not been obtained;**** until such data become 
available there must be some doubt as to the exact composition of these species. A number of 

other complexes involving this ligand, including a series of bisphosphites, have been 

reported .8?°-827 
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H ra 
/ 

(197) 

A monophosphite complex has been prepared by the reaction of either chromium(III) 
perchlorate*** or chromate*”? with the ligand. The related monohypophosphite complex 
[Cr(H2O)4H2PO,]** has also been reported.**° 

(b) Phosphates. Although chromium phosphates have been known for years,**’ there are 
few that are well characterized. A crystalline hexahydrate is the best-characterized species and 
exists in at least three forms.**? Simple complexes of phosphate and chromium(III) may be 
important in the absorption of chromium(III) by biological systems.****** Phosphate derivatives 
have been studied and simple complexes have been prepared from chromium(III) in 
combination with: tri-p-tolylphosphate,** alkoxyalkylphosphate,**° isopropylphosphate,*”’ tri- 
ethylphosphate*® and dimethylmethylphosphonate (for Cr(O2PF2)3; see Section 35.7.2).*%? 
Chromium(III) forms stable complexes with adenosine-5'-triphosphate.*°*4!*? These are 

kinetically inert analogues of magnesium ATP complexes and may be used to study enzyme 
systems. The complexes prepared are chiral and may be distinguished in terms of chirality at 
the metal centre (198, 199).°*° The related complex of chromium(III) with adenosine-5’-(1- 
thiodiphosphate) has been prepared; the diastereoisomers were separated.** The stereospecific 
synthesis of chromium(III) complexes of thiophosphates has been reported**° by the method 
outlined in equation (47), enabling the configuration of the thiophosphoryl centre to be 
determined. The availability of optically pure substrates will enable the stereospecificity of 
various enzyme systems to be investigated.**° 

p ° 
of oe Ae Ss! Cg / i: 

O O 
AS aes Ns HGrs 
CrO | O—AMP CeO +O 

(198) A-Cr(H,O),ATP (199) A-Cr(H,O),ATP 

M 
S 1 S O wile ca 0° 

ee ae — he talcel — 0-F-ombmoat (47) 

(202) 
(200) (201) : 

(c) Phosphinates. Typical chromium(III) phosphinates are polymeric materials soluble in 
non-polar solvents (203). Poly{di-u-(diphenylphosphinato)}aquahydroxychromium(III) may be 
prepared by the aerial oxidation of the chromium(II) precursor.*© This method leads to a 
molecular weight of 6000 (number average). Polymers of identical composition may also be 
prepared from chromium(III) in 1:1 water/THF mixtures.**7** Polymers of the general 
formula [Cr(H20)OH(OPRR'O),|Jn (R= R'=C.H;s, R=Me, R’=Ph and R=R’= CsH17) 
were also prepared; on heating to constant weight in vacuo these materials are converted to the 
corresponding hydroxooxo polymers. 

OPRR’O. OPRR' 
oe wee a. 
== OPRR“O Cr—OPRR’ Or 

(203) 
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Many polymeric chromium(III) complexes in this general class exist. For the general formula 
[Cr(L)(OPRR'O),],, compounds have been repared involving hydroxide, perfluorocarboxy- 
late, alkoxide, aryloxide and carboxylates.%495 

(d) Miscellaneous. A perchlorate complex of chromium(III) has been reported; IR evidence 
was used to suggest bidentate coordination of the anion.®°! Chromium(III) borates have been 
prepared by solid-state methods;*°* Cr.O3 was reacted with molten B,O; at 1100°C. The solid 
isolated had the calcite structure. A monomeric complex [Cr(O,SeMe)] has been prepared; 
the seleninate was a stronger ligand than DMSO but weaker than urea.® 

35.4.4.10 Carbon-containing oxo anions 

(i) Carboxylates 

Simple carboxylates of chromium(III) find industrial application as catalysts for the 
polymerization of w-alkenes*°***° and in the preparation of chrome-tanning solutions. *°°°7 
There seems to be no simple carbonate of chromium(III). Compounds formed on the surface 
of Cr.03, sometimes formulated Cr,(CO3)3-nH2O, are best viewed as carbon dioxide adsorbed 
on the oxide.*°* Carboxylate complexes of chromium(III) will now be considered in terms of 
the various ligand types. 

(ii) Acetates and simple carboxylates 

Early investigations*? showed the product of the reaction between acetic anhydride and 
chromium(III) chloride to have the composition [Cr3(MeCO2).(OH)(H2O)]*. Orgel®® sug- 
gested a structure of the kind illustrated below (204) for the trimer and crystallography® has 
confirmed this. The three carboxylate-bridged chromium(III) atoms form an equilateral 
triangle around a shared oxygen atom. The vertex of each chromium(III) octahedron trans to 
the central oxygen atoms is occupied (in the trihydrate) by a water molecule. This is the only 
ligand in this complex which will readily undergo substitution. 

(204) 

The physical properties of a large number of trimeric acetates of this type have now been 
investigated. Magnetic coupling between the chromium centres within the trimer occurs, e.g. in 
[Crs0(MeCO?2)6(H20)s]Cl-H20, Jo = 10.5 cm™* and J, = 2.5 cm~*.°°* How such results are best 
interpreted is controversial. Brown and co-workers suggested that inter-trimer coupling is 
important.*°?8% In contrast, Tsukerblat et al. find the majority of results®® to be interpretable 
in terms of models which do not invoke inter-trimer interactions. The gross features of the 
electronic spectrum of trinuclear chromium(III) acetates may be explained®**° in terms of 
tetragonally distorted chromium(III) centres; fine structure in the 650-750 nm region is the 
result of exchange coupling. The electronic spectra of a series of acetates [Cr3;0(MeCO2)6Rs] 
(R=H,0, NHs, py, DMSO) have also been successfully explained in terms of ligand field 
theory.*°’ Related complexes of chloroacetic acids have been studied.***°®. Mixed valence 
and mixed metal®’!°7° acetates of this type are also known (see also Sections 35.4.2.5.i and 
35.7.2). Other simple derivatives of acetate (RCODH; R=Me, Et, Pr, CHCl, CHCh, CCl) 
give trimeric complexes of similar structure.®” 

Simple monomeric acetate complexes have been reported to form in solution from the 
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reaction of aqua®”? and ammine*”* complexes of chromium(III) with acetate. Chloro carboxy- 

lates CrCl,(O2CR)-THF and CrCl(O2CR)2 (R = Cy7Hs—Co1 Has) have been prepared in THF. 

These are dimeric and trimeric respectively, in benzene.*” Basic trimeric formate complexes of 

chromium(III) are formed when anhydrous chromium(III) chloride is reacted with HCO>H. 

(iii) Oxalates 

Oxalate complexes of chromium(III) were first characterized at the turn of the century by 

Rosenheim and Cohen.®” The most extensively studied are the tris species and the cis- and 

trans-bisoxalates (205-207): these formulations were first suggested by Werner.*”* All may be 

made by the reduction of chromate with oxalate. Reliable preparations have been reported for 

tris by Kauffman and Faoro®” and for cis- and trans-diaquabisoxalatochromate(III) by 

Bailar.° 
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(205) (206) (207) 

In aqueous solution, the equilibrium between the cis- and trans-diaqua complexes lies almost 

completely toward the cis isomer**' (K ~ 0.17, pH 3-4). The sparingly soluble potassium salt of 
the trans isomer may, however, be prepared by the slow evaporation of a saturated solution at 

room temperature,®’*** and the cis isomer by cooling a hot solution or by allowing potassium 
dichromate and oxalic acid to react in the presence of a minimal quantity of water.*’**””*** The 
tris complex was resolved by Werner in 1912,**° providing the first example of an anionic 
optically active coordination complex. 

(iv) Tris(oxalato)chromate(III) 

Structural and other studies of the salts of this ion are numerous. The crystal structure of 
potassium tris(oxalato)chromate(III) has recently been reinvestigated.*** EPR studies of 
[Cr(ox)3]*~ doped in K3[Al(ox)3]-3H2O had revealed four magnetically distinguishable sites for 
substitution,®*° a result in conflict with the reported crystal structure**° of K3[Cr(ox)3]-3H2O 
with which K3[Al(ox)3]-3H2O is isomorphous. The earlier crystal structure**® was found to be 
unsatisfactory. Crystals of K3[Cr(ox)3]‘3H2.O are monoclinic (@=7.714, b=19.687, c= 

-10.316A and 6 = 108.06°). The structure consists of discrete [M(ox)3]}*>- ions, K* ions and 
water molecules. One potassium and one water are cooperatively disordered over two possible 
pair sites (termed a and f) with an occupancy ratio of 3:1. The result is in excellent agreement 
with the EPR study.*®° The structure of (NH4)3[Cr(ox)3]:-2H2O has also been reported.**” 

The electronic spectrum of [Cr(ox)3]>~ has been studied extensively both in solution and in 
the solid state.8°*°8? The assignment of the spin-allowed transitions from solution electronic 
spectroscopy is a popular undergraduate exercise.*°° The low energy spin-forbidden *A,—7E 
transition is readily observed for this complex.*8?*” Table 81 summarizes the most significant 
features of the electronic spectrum. 

Werner resolved the tris oxalate using strychninium ion in 1912.°* Other effective resolving 
agents for the tris complex include: (+ )-tris(1,10-phenanthroline)nickel(II),°* (+)- or 
( — )-tris(ethylenediamine)cobalt(III)** and (-— )-tris(ethylenediamine)rhodium(III).°° The 
( — )-[Co(ox)3]°~ ion has been studied by single-crystal methods*™ and has the p configuration. 
It has been related to (+)-[Cr(ox)3}*> by X-ray powder photography,®* so its absolute 
configuration is also established as p by the more exact form of the rule of least-soluble 
diastereoisomers.°”” 
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Table 81 The Electronic Spectrum of Potassium Tris(oxalato)chromate(III) (after ref. 889) 

ecorr. 

A (nm) (dm? mol”! cm7’) Assignment Assignment ‘O,,’ 

7G 0.13 O-O + 543 yi 3 

697 2.65 0-0+ 310/257 ened 
676 0.31 O-O + He 5 

672 0.23 O-O + 405 715 

663 0.41 0-0 + (2 x 130) 
or O-O + 405 + 225 

570 75.8 Spin-allowed 2A, “Th 
488 0.13 O-O + oa) 1 

481 0.09 O-O + 543 

420 96.4 Spin-allowed 4A, °T, 

The ‘Pfeiffer effect’ is a term used to describe changes in the optical activity of solutions 
containing a chiral compound (the ‘environmental substance’) on the addition of a racemic 
dissymmetric complex. The effect is generally attributed to a shift in the position of the 
equilibrium between D and L isomers for the racemic complex. The exact mechanism involved 
in mediating the chiral interaction is unknown. Perhaps surprisingly, both ‘environmental 
substance’ and complex may simultaneously be cations. Studies of the ‘Pfeiffer effect’ usually 
involve a moderately labile racemic complex; [Cr(ox)3]*~ is a popular choice for such studies, 
summarized in Table 82. Other studies of the optical activity of tris oxalates include work on 
photoinduced optical activity,°°? photoracemization®” and the solid-state racemization of 
K3[Cr(ox)3].? 4 

Table 82 Pfeiffer Effect Studies on [Cr(ox)s] 

Environmental compound Solvent % Resolution Ref. 

(+)-Cinchonine Water 2-6 2 
(+)-[Co(phen),]°* Water/dioxane 6.0 3 
(+)-Cinchonine Water/THF _— 4 

Water/DMSO — 4 

Chiral a-hydroxy Water/ester 70 (max) 5 
esters 

. S. Kirschner, Rec. Chem. Prog., 1971, 32, 29. 
K. T. Kan and D. G. Brewer, Can. J. Chem., 1971, 49, 2161. 

. K. Miyoshi, K. Wada and H. Yoneda, Inorg. Chem., 1978, 17, 751. 

. K. Miyoshi, Y. Kuroda, J. Takeda, H. Yoneda and H. Takagi, Inorg. Chem., 1979, 18, 1425. 

. A. F. Drake, J. R. Levey, S. F. Mason and T. Prosperi, Inorg. Chim. Acta, 1982, 57, 151. ANPWNP 

The thermal decomposition of K3[Cr(ox)3]-3H2O proceeds, after dehydration, via the loss of 
CO and CO, to Cr,03.% When [Cr(H2O).][Cr(ox)3] was heated at 303 K in the solid state, 
along with decomposition, some exchange of the chromium(III) centres could be detected by 
1Cr labelling.*” 

(v) Bis oxalate complexes 

Crystallographic studies of the bis oxalates of chromium(III) are not abundant. However, the 

structure of both trans°™ and cis® isomers has been confirmed crystallographically. Potas- 
sium trans-bis(oxalato)diaquachromate(III) is monoclinic (space group P2/c); the oxalates are 

strictly coplanar. The crystal structure of the complex salt [Cr(en)(ox)][Cr(en)(ox)2] has 

been determined:*” this red salt is obtained as an intermediate in the preparation of salts of 

mixed ethylenediamine/oxalate chromium(III) complexes. The structure consists of discrete 

complex ions linked by H bonding to water molecules and neighbouring ions. 

The bis oxalato complexes are readily assigned to the cis or trans geometry on the basis of 

their electronic spectrum.” The EPR spectra of a large series of trans isomers have been 

studied (axial ligands studied included H,O, OH, py and NHs3).”* The spectra are quite 
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insensitive to the nature of the axial ligand, but ESR spectra are useful in distinguishing cis and 
trans isomers. Potassium  cis-bis(oxalato)diaquachromate(III) has been resolved using 
strychnine.”” The rate of cis/trans isomerization paralleled that of racemization, suggesting a 
single mechanism. Many reports concern the kinetics of isomerization and/or aquation of bis 
oxalato complexes. A number of the more recent and/or significant papers are collated in 
Table 83. 

Table 83 Studies of Bis Oxalato Complexes 

Ligand Nature of work Ref. 

H,O Reaction with oxalate, cis/trans synthesis and kinetics of anation with 1 
oxalate, nitrate catalysis 

H,O Aquation and isomerization of cis and trans complexes, isomerization. 2 
(Also for malonate). Fourteen references to studies of the isomerization. 

H,O Solid state isomerization 3 
SCN™ Monothiocyanato, monoaqua, synthesis and kinetic study 4 
N3 Mono and bis aquation kinetics 5 
CH;CO; Synthesis, cis/trans, hydrolysis kinetics, isomerization kinetics 6 
NH, Synthesis 7. 
DMF Cis, synthesis and a study of aquation kinetics 8 
DMSO Cis, preparation and aquation kinetics 9 
cor Monocarbonato, cis and aquation kinetics 10 
en Synthesis 11 
1,10-phen/2,2’-bipy Photoresolution/preparation 12 

Preparation/resolution 13 
Racemization kinetics 14 

Gly~ Preparation and acid hydrolysis 15 

1. T. W. Kallen and E. J. Senko, Inorg. Chem., 1983, 22, 2924. 
2. P. L. Kendall, G. A. Lawrance and D. R. Stranks, Inorg. Chem., 1978, 17, 1166. 
3. M. Malati, M. McEvoy and M. W. Raphael, Jnorg. Chim. Acta, 1976, 19, LS. 
4. K. R. Ashley and S. Kulprathipanja, Inorg. Chem., 1972, 11, 444. 
5. K. R. Ashley and R. S. Lamba, Inorg. Chem., 1974, 13, 2117. 

6. M. Casula, G. Illuminati and G. Ortaggi, Inorg. Chem., 1972, 11, 1062. 
7. E. Kyuno, M. Kamada and N. Tanaka, Bull. Chem. Soc. Jpn., 1967, 40, 1848. 
8. K. R. Ashley, D. K. Pal and V. D. Ghanekar, Jnorg. Chem., 1979, 18, 1517. 
9. K. R. Ashley and R. E. Hamm, Inorg. Chem., 1966, 5, 1645. 

10. D. A. Palmer, T. P. Dasgupta and H. Kelm, Inorg. Chem., 1978, 17, 1173. 
11. A. Mead, Trans. Faraday Soc., 1934, 30, 1052. 
12. K. Miyoshi, Y. Matsumoto and H. Yoneda, Inorg. Chem., 1982, 21, 790. 
13. J. A. Broomhead, Aust. J. Chem., 1962, 15, 228. 
14. J. A. Broomhead, N. Kane-Maguire and I. Lauder, Inorg. Chem., 1970, 5, 1243. 
15. T. W. Kallen and R. E. Hamm, Inorg. Chem., 1977, 16, 1147. 

Bridged hydroxy complexes (208) of the bisoxalate type have been known for many 
years.””"! Both a trihydrate??®°!"? and an anhydrous®!? form are known. The trihydrate is 
isomorphous’? with the corresponding cobalt(III) complex (Durrant’s salt) and the hydrous 
complex!’ is slowly converted to the hydrate on exposure to moisture.°! Only a preliminary 
crystallographic characterization has appeared;”™* it crystallizes as a meso rather than racemic 
complex. IR’'* and magnetic studies”! are in accord with the hydroxy-bridged structure. 
Despite the crystallographic meso structure, the resolution of the complexes has been reported 
either photochemically’ or with cis-( — )bis(ethylenediamine)dinitrocobalt(III)*'* and leads to 
optically active complexes with spectra similar to those of the corresponding tris oxalate. 
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(vi) Malonates 

Malonic acid CH,(CO2H)2 (H2mal) (209) has a coordination chemistry with chromium(III) 
closely resembling that of oxalate. Malonic acid is a slightly weaker acid than oxalic acid and 
slightly more labile complexes are formed. The tris complex is the most extensively studied, 
prepared by the reduction of chromate solutions or the reaction of chromium(III) hydroxide 
with malonate.?'”°!*°!? The cis and trans diaqua complexes may be prepared by the reduction 
of chromate with malonate; the isomers are separated by fractional crystallization. The 
electronic spectrum of the tris complex is similar to that of the tris oxalate and a detailed 
analysis of these spectra has appeared.*® 

OF TO 
(209) 

The resolution of [Cr(mal)3]*~ was achieved with L-[Co{(-— )-1,2-diaminopropane}3]Br3;°”° 
the only diastereoisomer to precipitate contained p-[Cr(mal)3]*~. A crystal structure of the 
diastereoisomer was reported, permitting the correction of earlier work which had suggested 
the (+ )sgo-[Cr(mal)3]>" ion to have the L-configuration.”°”? Polarized crystal spectra of 
[Cr(mal)3]>~ doped into [NH,]3[Fe(mal)3] are extremely similar to those of [Cr(ox)3]>~ under 
similar conditions.” 

Solution studies of malonate complexes include the unusual observation that 
[(H,O);Cr(Hmal)}** has considerable kinetic stability.°** The mechanism of ring closure has 
been the subject of detailed study.” The methylenic protons of [Cr(mal)3]?~ undergo 
bromination when a suspension of the potassium salt is treated with bromine in ether (2 h).””° 
Legg and co-workers””’ have recently used a number of malonate complexes to demonstrate 
that the 7H NMR spectra are both readily observed and useful for solving structural problems. 
The resolution that may be obtained by this method may be appreciated by the fact that in the 
complex [Cr(mal-d?),(bipy)]*~ the geminal protons of the malonate are clearly resolved. 

(vii) Squarates 

Complexes of chromium(III) with the squarate ligand (210) have been prepared.”* 
Subsequently the complex Cr(C,0,)(OH)-3H2,O was investigated crystallographically and 
shown to contain pairs of chromium atoms joined by two y-hydroxy bridges and two bridging 
C,037 ions.%”? In the same study, a compound of formulation Cr(C,O4)32:7H2O was isolated, a 
salt of the hexaaquachromium(IIJ) ion. 

35.4.4.11 Hydroxy acids 

(i) Tartrates and aliphatic hydroxy acids 

While undertaking a study of alkaline solutions of chromium(III) and (+ )-tartrate in 1896, 

Cotton®” first observed the anomalous rotatory dispersion of light in the region of an 

absorption band—‘The Cotton Effect’. The solutions used probably contained a tris tartrato 

species. Mason concluded that complexation in such solutions was stereospecific;”’ the 

complex formed in the presence of an excess of doubly deprotonated tartrate is probably 

fac-p-[Cr(R,R-tart)3]°~.°* This diastereoisomer may be markedly stabilized by hydrogen 

bonding when the ligand is doubly deprotonated, a suggestion supported by the fact that the 

addition of a single proton to the complex greatly decreases the intensity of the CD spectrum 

(211, 212). Alkaline solutions of chromium(III) in the presence of racemic tartrate become 
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optically active when irradiated with circularly polarized light.°?? Photo inversions at the 

chromium(III) centre are postulated to account for this observation. In the dark, the optical 

activity slowly decreases to zero. 

(211) A-fac (212) A-fac 

Mixed dinuclear complexes of tartrates and 2,2’-bipyridyl or 1,10-phenanthroline and 

chromium(III) have been prepared;***°** the typical structure is illustrated below (213). 

Stereochemical correlations have been carried out by oxidatively cleaving the tartrate bridge 

(214, 215).°°° The crystal structure of sodium hydrogen  bis(u-meso-tartrato)bis(2,2'- 

bipyridyl)dichromate(III) heptahydrate has been reported.””” 
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(213) (214) AA(da) (215) B-AA(meso-meso) 

An isolated report of the synthesis and characterization of a number of citrate complexes of 
chromium(III) has appeared.”** 

(ii) Aromatic hydroxy acids 

Complexes of salicylate with chromium(III) have not been reported but the tris complexes of 
salicylaldehyde and chromium(III) may be prepared by refluxing [Cr(THF)3Cls] with salicylal- 
dehyde and sodium acetate in ethanol.*? The acid hydrolysis of this complex was studied in 
detail, but the isomerism obviously possible for this complex was not apparently considered. 
Khan and Tyagi™ studied the formation of phthalate complexes of chromium(III). 

35.4.4.12 Sulfoxides, N-oxides and P-oxides 

(i) DMSO 

The complex [Cr(DMSO).][ClO,]; was first prepared by Cotton in 1959°4 as green needles 
by reacting concentrated Cr(ClO,)3 solutions with DMSO. Subsequently Drago established the 
spectrochemical series for chromium(III) to be HyO>DMSO>TMSO>C,H;NO.*%? A 
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detailed IR study of the hexakis DMSO ion as its perchlorate, and the corresponding 
dg«-DMSO complex, suggested that the point group of the cation was D3, or 5..°% The 
preparation of [Cr(DMSO),]** from anhydrous CrBr3 has been reported.°“4 

The solvolysis of hexaaquachromium(III) in DMSO proceeds via the series of complexes 
[Cr(DMSO),,(H20)6-n]?* (n=1 to 6).°°46 The anation and solvolysis of several 
chromium(III) complexes in DMSO have been studied;**”** in general the reactions proceed 
by Ja mechanisms. A direct electrochemical synthesis of [Cr(DMSO).][BF,]; has been 
reported.” A comprehensive review of metal ion complexation by DMSO contains an 
extensive section on chromium(III).?°° 

(ii) DMF 

The complex [Cr(DMF).][ClO,]; has been prepared from the reaction of chromium(III) 
perchlorate with DMF (90°C, 10h).”°* Solvent exchange and substitution proceed by J, 
mechanisms.**”°°? The complex [Cr(DMF),.]Br;-DMF was prepared by the reaction of 
chromium metal with bromine in DMF;”» the electronic spectrum of this complex was very 
similar to that of the perchlorate salt. 

(iii) N-Oxides 

An extensive, if somewhat dated, review of the coordination chemistry of aromatic N-oxides 
is available.”°* Most studies of the N-oxide complexes of chromium(III) involve the preparation 
and characterization (usually by magnetic and spectroscopic methods) of monomeric or 
hydroxy-bridged complexes and are summarized in Table 84. 

Table 84 N-Oxide Complexes 

Ligand Complex Ref. 

Trimethylamine N-oxide [Cr(L).][ClO.]5 1 
Pyridine N-oxide [Cr(L).][C1O.4]5 2 
4-Substituted pyridine N-oxide [Cr(L).][C1O,]5 3 
2,6-Lutidine N-oxide [Cr(L),][BF4]5 4,5 

[Cr(L)Cl,(OH,),]Cl-4H,O 
Picolinic acid N-oxide [Cr(L).(LH)(OH,)|CIO, 6 
Pyridine carboxamide N-oxide [Cr(L)3]Cl,-2H,O 1 
1,10-Phenanthroline N-oxide [Cr(L)3][ClO,]; 8 
2,2’-Bipyridyl N-oxide [Cr(L)3][C1O,]3 8 
Quinoxaline N-oxide [Cr(L),(OH,)(OCIO3)][C1O,],-5H,O 9 
3-Methylisoquinoline N-oxide [Cr(L),(OC1O3)(OH,)][ClO,], 10 
Quinoxaline 1,4-dioxide [CrCl,L(OH,),]:-H,O LA 

Polymeric 
Phenazine 5,10-dioxide Cr(ClO,)3L,-H,O 13, 14 

[Cr(ClO,)3],L-12H,O 
3,4,5-Trimethyl-1-hydroxypyrazole 2-oxide [CrL,(H,O)] 15 
Purine N(1)-oxide [Cr(LH).(EtOH),(OCIO3),]CIO, 16 
Adenine N(1)-oxide [Cr(LH)2(OCI1O;),(EtOH),|ClO, 17 
N,N,N',N'-Tetramethylethylenediamine N, N'-dioxide [Cr(L)3][{ClO,]5 18 

1. R. S. Drago, J. T. Donoghue and D. W. Herloker, Inorg. Chem., 1965, 4, 836. 
2. C. Valdemoro, C.R. Hebd. Seances Acad. Sci., 1961, 253, 277. 
3. L. C. Nathan and R. O. Ragsdale, Inorg. Chim. Acta, 1974, 10, 177. 
4. C. M. Mikulski, L. S. Gelfand, E. S. C. Schwartz, L. L. Pytlewski and N. M. Karayannis, Inorg. Chim. Acta, 1980, 39, 143. 
5. C. M. Mikulski, L. S. Gelfand, L. L. Pytlewski, N. S. Skryantz and N. M. Karayannis, Inorg. Chim. Acta, 1977, 21, 9. 
6. F. J. laconianni, L. S. Gelfand, L. L. Pytlewski, C. M. Mikulski, A. N. Speca and N. M. Karayannis, Inorg. Chim. Acta, 1979, 36, 

97 
7. A. E. Landers and D. J. Phillips, Inorg. Chim. Acta, 1982, 59, 125. ; 
8. A. N. Speca, N. M. Karayannis and L. L. Pytlewski, Inorg. Chim. Acta, 1974, 9, 87. 
9. D. E. Chasan, L. L. Pytlewski, C. Owens and N. M. Karayannis, J. Inorg. Nucl. Chem., 1977, 39, 585. 

10. A. N. Speca, L. S. Gelfand, F. J. Iaconianni, L. L. Pytlewski, C. M. Mikulski and N. M. Karayannis, Inorg. Chim. Acta, 1979, 33, 

195. 
11. D. E. Chasan, L. L. Pytlewski, C. Owens and N. M. Karayannis, Inorg. Chim. Acta, 1977, 24, 219. 

12. D. E. Chasan, L. L. Pytlewski, C. Owens and N. M. Karayannis, J. Inorg. Nucl. Chem., 1978, 40, 1019. 

13. D. E. Chasan, L. L. Pytlewski, C. Owens and N. M. Karayannis, Transition Met. Chem. (Weinheim, Ger.), 1976, 1, 269. 

14. D. E. Chasan, L. L. Pytlewski, C. Owens and N. M. Karayannis, J. Inorg. Nucl. Chem., 1979, 41, 13. 

15. D. X. West and M. A. Vanek, J. Inorg. Nucl. Chem., 1978, 40, 1027. 

16. C. M. Mikulski, R. DePrince, T. BaTran, F. J. Iaconianni and N. M. Karayannis, Inorg. Chim. Acta, 1981, 56, PA fe 

17. C. M. Mikulski, R. DePrince, T. BaTran, F. J. Iaconianni, L. L. Pytlewski, A. N. Speca and N. M. Karayannis, Inorg. Chim. Acta, 

1981, 56, 163. 
18. M. J. Bigley, K. J. Radigan and L. C. Nathan, Inorg. Chim. Acta, 1976, 16, 209. 
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Interesting complexes have been prepared from the chiral ligands derived from 3,3’- 

dimethyl-2,2'-bipyridyl N,N'-dioxide (216, 217).°°°°°° A number of diastereomeric tris com- 
plexes were isolated. These could be interconverted photochemically. 

CH3. CH, CH3_ .CH; 
4 3 a 4’ 

6 & a — 

AK > Cr eg Oo 2 
(216) R (A) (217) S(d) 

(iv) P-Oxides 

The complex of tri-n-butylphosphine oxide (tbo), [Cr(tbo),(ClO,)2JCIO,, has been 
prepared.”°*’ Crystalline samples were obtained, and, on the basis of IR and electronic spectra, 
monodentate coordination of the perchlorate was suggested. The geometric isomerism possible 
for this complex was not considered. The hexakis complex of tris(hydroxymethyl)phosphine 
oxide and chromium(III), [Cr(L).][ClO,]; has been prepared;?** it was concluded that bonding 
in these complexes was weaker than in the corresponding complexes of trimethylphosphine 
oxide.”*? Tris(dimethylamino)phosphine oxide forms complexes CrL3Cl;, for which a facial 
arrangement of the ligands has been suggested.” The reaction of Cr(CO).¢ with diisopropyl- 
methylphosphonate results in a series of polymeric complexes.”*’ A complex of triphenylphos- 
phine oxide has been said to contain a trigonally bipyramidal chromium(III) ion.” 

35.4.5 Sulfur Ligands 

35.4.5.1 Thiolate, disulfido and thioether ligands 

The chemistry of chromium(III) complexes containing sulfur donor ligands, although until 
recently unexplored, is now an area of considerable research activity. Mechanisms for reactions 
of these complexes are described in a recent review.” 

(i) [Cr(SH)(H20)s}** 

The tendency of chromium to capture whatever ligands are in its first coordination sphere on 
being oxidized from the +II to the +III state*? has been exploited in the preparation of 
[Cr(SH)(H2O)s]** in aqueous solution (equation 48).°:°° Hence oxidation of [Cr(H2O).]?* by 
PbS, Ag,S or S,03~ under N2 gives the desired product, although in low yield. However the 
use of polysulfide as oxidant increases the yield of green-coloured product to 10-20%. The 
scope of this reaction can be extended to include the synthesis of a range of alkyl-, aryl- and 
chelating-thiolatochromium(III) complexes by choice of an appropriate disulfide oxidant. 
However, complexes containing simple alkylthiolato ligands cannot be synthesized by this 
method due to the inability of chromium(II) to reduce the corresponding disulfides.°© 

[Cr(H,O),]** + various S-containing oxidants ——> [Cr(SH)(H,0),]** (48) 

Some reactions of [Cr(SH)(H20)s]** are outlined in Scheme 96.%*% The ion exchange 
behaviour of this complex is characteristic of a 2+ species, thus confirming the presence of HS~ 
rather than H,S as the sulfur ligand. No spectroscopic evidence for protonation of this ligand 
was observed even at pH=0. This, however, is not too surprising, since by analogy with 
[Cr(H2O).]°*, which is more acidic by a factor of 5 x 10" than free H,O, the pK, of H,S in the 
complex [Cr(H2O);H2S]** should be considerably less than 0. However, kinetic evidence has 
been obtained for the existence of this species. While the complex [Cr(SH)(H20)-]** is 
remarkably stable under anaerobic conditions in aqueous solution at room temperature, it 
undergoes aquation by both acid-independent and acid-dependent pathways, the latter 
attributed to a rapid protonation equilibrium preceding the rate-determining step. Aquation 
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rate constants of 3.1 x 10-°s~* and >>3.8 x 107° s~? have been estimated for [Cr(SH)(H2O)s]** 
and its conjugate acid respectively, both at 313 K, J = 1.0. 

[Cr(SH)(H,0);]SO, [Cr(NCS)(SH)(H.0),]” == [Cr(NCS)(H,0),H.S}* 

ar, a | 
I, Ht 

[(H,O)sCrS,Cr(H20)]** = <— [Cr(SH) (H,0)s}** == — [Cr(H,0);H,S]** 
Fe3+, Ht H*, anaerobic 

H?*, aerobic H,O, anaerobic 

[(H,O);Cr(S;H)Fe(H,0).]** [Cr(H,0),* +S  [Cr(H,O),]°* + H,S 

Scheme 96 

The UV-visible spectrum of [Cr(SH)(H2O)s]** in aqueous solution (Table 85) is typical of 
thiolatochromium(III) complexes. The bands at 575 and 435nm are identified with the 
*Arg—> “The and *A>,—>*T,, transitions respectively, while the very intense band at 258 nm is 
due to an S ligand to metal charge transfer transition.*© The aquation of [Cr(SH)(H,O).]** is 
characterized by the disappearance of the charge transfer band from the spectrum. Addition of 
H2SO, to a concentrated solution of [Cr(SH)(H,O),]** leads to the isolation of the 
brown-green solid [Cr(SH)(H2O);]SO,.°© The IR spectrum of this complex has bands at 2560 
(Vsu) and 340cm™' (vms), while the Raman spectra of aqueous solutions show a band at 
337 cm~*' (vms). 

(ii) [Cr(SAr)(H2O)s5]°* (Ar = anilinium) 

The aromatic thiolatochromium(III) complexes [Cr(SAr)(H2O);]*>* (Ar=4-PhNHj, 4- 
PhNMe3) have been prepared in solution under N> (equation 49) and purified by cation 
exchange chromatography.” Initial elution with 1M LiClO, solution separated species of 
charge +3 from more highly charged polymeric products, while subsequent elution with 2M 
LiClO, separated the green thiolato complexes from the blue and slightly faster moving 
[Cr(H20),}**. Despite repeated chromatography, however, the complex ([Cr(4- 
SPhNH})(H2O)s]°* could not be obtained free from the hexaaqua species, in any greater than 
about 95% purity. The solution spectrum of this complex (Table 85) shows an internal ligand 
band at 230nm, a very intense charge-transfer band at 295 nm which masks the *A,,—*T,, 
d-—d band and an unsymmetrical band at 595 nm with a shoulder at 640 nm. The shape of this 
band is due to splitting of the *T;, excited state and the absorptions at 595 and 640 nm may be 
attributed to the *B,(*A2,) > *Bo, *E,(*Tog) transitions respectively. 

HCIO4, N2 
wa [Cr(H,O),]?* + ArSSAr [Cr(SAr)(H,0)s]°* (49) 

As in the case of [Cr(SH)(H2O)5]**, the complexes [Cr(SAr)(H2O)s]** undergo anaerobic 
aquation with loss of the S ligands by both acid-independent and acid-dependent pathways, the 

kinetically active species in the latter resulting from protonation on the S atom. Aerobic 

aquation of the thiolatoanilinium complex gives [Cr(H20).]** and p-aminopheny! disulfide as 

products. This reaction is autocatalytic (p-aminothiophenol acting as catalyst) and is also 

catalyzed by H,O, and Fe**, all seemingly by a mechanism which involves oxidation of the 

thiolate ligand to a labile coordinated free radical. 

(iii) [Cr(SR)(H2O)s}** (R = aliphatic) 

Because of the thermodynamic inability of chromium(II) to reduce simple alkyl disulfides, 

the synthetic method used for the previous complexes is unsuccessful for chromium(III) 

complexes containing simple alkylthiolato ligands. Hence, whereas complexes containing 

chelating thiolate and 4--SPhNH} ligands are obtained rapidly by chromium(II) reduction of 

the corresponding disulfides, the complex containing ~SCH,NMe3 is produced only slowly and 

those containing the ligands MeS~, EtS~ and ~S(CH2),NH3 are unobtainable by this 
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method.*® However some of these complexes, e.g. [Cr(SCH,CH,NH;)(H2O)s]**+, can be prepared by chromium(II) reduction of the alkylthiolatocobalt(III) complexes, a reaction which occurs by an inner sphere mechanism and which results in ligand transfer (Scheme 97).°© The product in solution can be partly purified by cation exchange chromatography but cannot be obtained free from [Cr(H2O).]>*, which is present to an extent of 5% in the final effluent. The 
solution electronic spectrum of this complex (Table 85) contrasts with that of the thiolato- 
anilinium complex in that the charge transfer band is at a shorter wavelength (274 nm) and 
does not obscure the “Arg “Tig band, which is clearly observed at 438 nm. Using this and a 
series of related complexes [CrX(H2O);]?* (X =F, N3, OAc, CN) evidence is presented that in 
the case of ligands derived from weak acids (HX) the acid-independent term in the aquation 
rate law, like the acid-dependent one, depends on the ability of the coordinated ligand to be 
protonated and corresponds to the removal of HX from [Cr(OH)HX(H,0),]** rather than the 
removal of X from [CrX(H2O)s;]**.’°°© Potential ligands have been found to enhance the rate 
of Cr—S bond cleavage in [Cr(SR)(H,O);]’* and [Cr(SAr)(H,O);]** complexes and to be 
incorporated into the coordination sphere of the metal at greatly enhanced rates, indicative of a 
high trans effect associated with thiolate ligands (equation 50).?” 

[Cr(SR)(H2O).]** +L" +H* —> [CrL(H,0).]°-”* + HSR (50) 

Cr(H20)s 5 
2+ S S 

(en),Cov ce + [Cr(H,0),?* == (en),Co, ~ 
NH; NH; 

H30+ 

ae [Cr(SCH,CH,NH;)(H,0)s]** =F [Co(H,O),}** + 2enH;* 

Scheme 97 

(iv) Complexes containing S, N and S, O chelating ligands 

Complexes containing these ligands are also dealt with in Sections 35.4.2.3 and 35.4.8. 
The thiolatoamine complexes [Cr(SCH2CO,)(en),]JClO, and [Cr(SCH,CH,NH2)(en)2]- 

(ClO4)2 have been prepared by chromium(II) reduction of the disulfides in the pres- 
ence of en (Scheme 98).””’ In the preparation of the aminoethanethiol complex a second 
product, [Cr(SCH,CH,NH,),en]ClO,, was also produced. These complexes could be sepa- 
rated by either fractional crystallization of the perchlorate salts from dilute NaClO, 
solution or by cation exchange chromatography. The proportion of unipositively charged 
species in the product mixture was found to increase by using excess disulfide in the 
preparation. The electronic solution spectra of these complexes are presented in Table 85. The 
aquation reactions of the complexes in dilute HClO, solutions proceed predominantly through 
H*-catalyzed Cr—S bond fission, although acid-independent processes involving Cr—S and 
Cr—N bond breaking are also competitive.””! The aquation of [Cr(SCH2CO,)(en)2]* in HCIO, 
proceeds via several steps the first of which gives cis-[Cr(OxCCH2SH)(en)2H,O}”*. Subsequent 
aquation steps involving Cr—N and at a later stage Cr—carboxylate bond fission (analogous 
with aquation reactions of oxalatopolyammine*”°” and acetatopentaamminechromium(III) 
complexes) result in [Cr(en)(H2O),]**, the predominant product following extensive 
hydrolysis.” The aquation of [Cr(SCH,CH,NH2)(en)2}°* in 4MHCIO, _ gives 
[Cr(en),(NH»CH,CH2SH)H,O]** as the primary aquation product and is much slower than 
aquation of [Cr(SCH2CO>)(en)2]~. Both complexes however are some 10 '-fold more reactive 
than their cobalt(III) analogues. Since X-ray crystallographic evidence*”~ indicates that (after 
allowance is made for the different ionic radii of the metal ions) the Cr—S bond is actually 
stronger than the Co—S bond in the [M(SCH2CO,)(en)2]* complexes,””° and since the larger 
crystal field activation energy of cobalt(III) would account for only a 10’-10? decrease in rate 
constant,” it appears that the greater lability of the Cr—S bond may be due to the greater 
basicity and ease of protonation of sulfur bound to Cr. ae eg bond distances in the 

H,CO,)(en)2]* (M = Co, Cr) cations are compared in Table 86. 
Or Onitaaes Z ae § the | iaaleocra complexes as well as [Cr{S(CH2)2CO2}(en)2]ClO, 
and [Cr{SC(Me2)CO>}(en)2]ClO, (electronic spectra of these complexes are included in Table 
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Cr —> [Cr(H,0),]** “> [Cr(S—ligand)(en),](C1O.)," 

i, excess 20% HCIO,, anaerobic conditions; ii, 10% deaerated en solution, inert atmosphere; iii, 

deaerated solution of disulfide, inert atmosphere, so that Cr:en: disulfide =2:6:1; iv, HClO, after 

removal of Cr(OH)), by filtration. 

*§ ligand = —SCH,CO;, SCH,CH,NH2, x = 1, 2, respectively. 

Scheme 98 

Table 86 Bond Distances (pm) in [M(SCH,CO,)(en).]* (M = Co, Cr) Complexes’ 

ee 

M M—S M—O M—N'® M—N?® M—N?° M—N*? 
A Sagat Tet Ot ee 2 od Ce ee eee 

Cr 233.7 196.6 209.6 209.9 211.2 207.6 
Co 224.3° 191.8 197.1 195.8 200.5 196.5 
a  EEEEEEEEEEEEEEEEE EERE 

*N'= nitrogen trans to oxygen. 
» N? = other nitrogen in same en ring as N’. 
© N° = nitrogen trans to sulfur. ; 

= other nitrogen in same en ring as N. 5 
* In the complex Cr(S,COEt), the Cr—S distances are 238.7 and 239.9 pm. 
‘In Co(S,COEt), the Co—S distances are 227.6 and 227.7 pm. 
1. R. C. Elder, L. R. Florian, R. E. Lake and A. M. Yacynych, Inorg. Chem., 1973, 12, 2690. 

2. S. Merlino and F. Sartori, Acta Crystallogr., Sect. B, 1972, 28, 972. 

3. S. Merlino, Acta Crystallogr., Sect. B, 1969, 25, 2270. 

85) by H,O> has been investigated.*!* Reaction of [Cr(SCH2CO )(en)2]* produces a complex 
product mixture, the composition of which has proved difficult to elucidate. However, the 
thiolate ligand is oxidized and it appears that the oxidation state of sulfur changes from —II to 
+II (RSO7Z, sulfinate) and possibly +IV (RSO3, sulfonate), with the likelihood of a transient 0 
(RSO-, sulfenate) state. The mechanism of oxidation by H2O2 involves nucleophilic attack by 
coordinated sulfur on the O—O bond. The reactions follow second-order kinetics and while 
reactivity is relatively insensitive to the nature of the thiolato complex, steric crowding at the 
sulfur atom causes decreased reactivity for the complexes [Cr(SCMe2CO,)(en)2]* and 
[Cr(4-SPhNH3)(en).]°*. 

The nucleophilicity of coordinated sulfur in the complex [Cr(SCH2CH2NH>)(en).|** towards 
Mel (equation 51) has been measured in DMF/H,O and compared with sulfur nucleophilicities 
in thiolatocobalt(III) systems.” As in the case of the H,O, oxidations, the nucleophilicity of 
thiolate coordinated to chromium(III) is only slightly less than when it is coordinated to 
cobalt(III), implying that nucleophilic attack by coordinated sulfur does not involve any 
appreciable distortion in the first coordination sphere of the metal. 

[Cr(SCH,CH,NH,)(en),]** + Mel —> [Cr{S(Me)CH,CH,NH,}(en),]** + I- (51) 

(v) Cr(SR)3, CrX3(SR2)3, CrCl3(THT)3 (X= cr Br; R= Me, Et; 

THT = tetrahydrothiophene) 

The preparation and properties of a number of these thiolato and thioether complexes are 
presented in Table 87. X-Ray powder photographs of Cr(SMe)3 show that the compound has 
a layer-type lattice with chromium(III) occupying octahedral Cr(SMe). sites.?”°°’’ The 
chemical behaviour of the mixed halogenothioetherchromium(III) complexes is illustrated 
using CrCl;(SMe2)3; as an example in Scheme 99.°” It was not possible to isolate solid samples 
of the dimer [CrCl,(SEt,).], or the monomers CrBr3(SR2); (R= Me, Et). The complexes 
CrCl;(SR2)3; (R= Me, Et) have been assigned mer geometric configurations on the basis of 
their far IR spectra. Hence in the Cr—Cl stretching region these complexes show three 
absorption bands, which for the mer isomer (C2, symmetry) is expected, since the three Cr—Cl 
stretching modes (2a,+b,) are IR active. For the fac isomer, however, only two Cr—Cl 
stretching modes (a,+e of C3,) are active.””* These criteria have also been applied to 
distinguish between the isomers of CrCl,(THT)3 (THT = tetrahydrothiophene).°”? 
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CrCl,(SMe;)3 
disscive 1a be city in Me,S 
Me,S solvent Vices 

solvent 
CrCl,(SM 

CO teen): [Cr (SMe,)2}2 

soli 
iP ee | evaporate solvent 

[CrCl,(SMez)2]2 

Scheme 99 

(vi) Complexes containing S3~ and HSz ligands 

The oxidation of [Cr(SH)(H,O)s]** by I, or Fe** under aerobic conditions in acid solutions 

gives the disulfido-bridged complexes {[(H20)sCrS2Cr(H20)5]"* and [(H,O);Cr(S2H)Fe- 

(H,0)s]** respectively (Scheme 100).%°”°* The latter complex can also be obtained by 

substitution of chromium(III) in the former complex by iron(II) under acid conditions. 

The product distribution in the iron(III) oxidation of [Cr(SH)(H20)s]** is pH dependent 

and at 298K, pH=1 the heteronuclear dimer [(H2O);Cr(S2H)Fe(H20)s]** constitutes 

over 80% of the product mixture. The rate of this reaction shows a [H*]~* dependence, an 

observation consistent with [CrS(H2O);]* being the kinetically active species. 

[(H,O);CrS,Cr(H20)s]** 
yellow-brown: Amax = 399 (2660), 305 (3600), 230 (6450)* 

ee, 
[Cr(SH)(H2O)]** [Fe(H,0),)2*, H* 

My tea ee 
[(H.O);Cr(S,H)Fe(H,0)-]** 
yellow-green: Amex = 580 (70), 355 (2940), 310 (3600)* 

“Amex in nm (€ in dm?mol-'cm~'). °This reaction also gives [(H2O)sCrS,Cr(H2O).]** as a minor 
(pH-dependent) product. 

Scheme 100 

(vii) Binary and ternary sulfides 

A number of binary compounds in the chromium-sulfur system have been identified and 
their structures established. These include CrS, Cr2S3, Cr3S4, CrsSs and CrsS,.°8°*? The origin 
of ferromagnetism in Cr2S; and CrsS, lies in the ordered arrangement of cation vacancies with 

resulting uncompensated spins.”** Since the magnetic and electrical properties of CrsSg indicate 
that the d electrons of chromium are localized, the formula Cr#'Cr'YSg has been suggested for 
this compound with chromium(III) occupying the filled cation layers and chromium(IV) 
occupying the partly filled layers.”*" 

The ternary sulfide NaCrS,, which can be prepared by fusion of either NaxCrO,, NaxCO; and 
sulfur®®? or K,CrO,, NaKCO; and sulfur,” contains octahedral Cr™'S, groups in which the 
Cr—S distances are 244 pm.”® On lowering the temperature from 300 to 20K a shoulder at 
13350cm7! on the *A,,—>“*Th, band (14600cm™') in the reflectance spectrum becomes 
prominent.*® Although this shoulder was originally attributed to splitting of the *T;, state in a 
trigonally distorted octahedral field it now appears that it is instead due to a spin-forbidden 
transition to the 7E, state.**° The sulfides CuCrS, and AgCrS, have been prepared by heating 
the mixed binary chalcogenides.”*’ The crystal structures of these compounds show that the 
sulfur atoms are arranged in a deformed cubic close pack with chromium occupying octahedral 
sites and copper or silver in tetrahedral sites. Like NaCrS», these sulfides are antiferromagnetic 
and Néel temperatures for the three compounds fall in the range 19-40 K.°*’ Ferromagnetic 
interactions occur in the chromium layers of NaCrS,. The structure of LiCrS, is of the NiAs 
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type with lithium and chromium atoms occupying octahedral sites.°*° In CrUS; the chromium 
atoms have distorted octahedral coordination, while each uranium is located at the centre of a 
bicapped trigonal prism of sulfur atoms.”°?,°” 

The semiconducting thiospinels MCr2S, (M = Mn, Fe, Co and Zn), which can be prepared by 
the high temperature combination of the metals and sulfur, contain M"S, and Cr™S, groups.*”! 
However, CuCr,S, is metallic and appears from crystallographic and magnetic evidence to 
contain copper(I) and not copper(II). The chromium atoms occupy octahedral Cr™S, sites. 
The metallic properties of this compound have been attributed to a conduction band arising 
from the absence of a fraction of the valence electrons of sulfur.°°° The structure of CrPS,, 
determined by X-ray crystallography, consists of puckered hexagonally close-packed sulfur 
layers stacked parallel to (100) with chromium in octahedral and phosphorus in tetrahedral 
interstices.”°? This is the first reported metal thiophosphate having the metal ion in octahedral 
sulfur coordination. 

35.4.5.2 Bidentate S donor ligands: dithiocarbamates, dithiophosphates, 1,1- and 1,2- 
dithiolates, etc. 

The chemistry of the complexes formed by the dithio ligands (218) to (225) with transition 
metals including chromium(III) has been well described in several reviews.°8°°9°97 9° 

2: Dia eee 
=a Akg 4H ot 

a Ss. \ : 

: S OR S S 

(218) X =NRz, dithiocarbamate (219) Dithiophosphate (220) 1,3-Dithiodiketone 

X = OR, xanthate 
X = SR, thioxanthate 
X=R, dithiocarboxylate 

S R S R S 

Ripe = C=CO 2 C=X 
Seokualin S main § 

(221) Dithiophosphinate (222) 1,1-Dithiolate (223) X =O, dithiocarbonate 
X = §S, trithiocarbonate 
X = NCN, N-cyanodithiocarbimate 

S R 
Pm Zt SS 
AWE ae tad 

EAE ge 7 
ye 

ga NG sat. Tae 
(224) Dithiooxalate (225) 1,2-Dithiolates (dithiolenes) 

In general, the complexes are prepared by mixing aqueous or alcoholic solutions of the 

sodium, ammonium or potassium salt of the ligand and CrCl;-6H,O, sometimes with Zn dust 

present.””"* However, in some cases anhydrous conditions are necessary to prevent the 

formation of polymeric hydrolysis products,”® and dithiophosphate is much more resistant to 

temperature and extremes of pH than dithiocarbamate or xanthate. In the preparation of Crls, 

where L is 4-aminophenazonedithiocarbamate, aqueous Cr(NO3)3 was added to the reaction 

mixture from the preparation of the ligand.” 

Another general method is illustrated by the preparation of [Cr(S2CNRz2)3] (where R= Me, 

Et, Pr, Bu", Bu', CH2Bu; R2 = (CHz2),40, (CH2)4, (CH2)s, MePh or EtPh; equation 92). In this 

a chromium(II) salt is added to the ligand and the mixture allowed to oxidize." An 

alternative is to reduce a precursor, e.g. the 3,5-dimethyl-1,2-dithiolium cation, with (a 

chromium(II) salt to the ligand which then coordinates to the Cr'™ produced (equation 53). 

[Cr(O,CMe),H,O] + NaS,CNR; qa [Cr(S.CNR2)s] (52) 

coc3-cc 
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oes 

Me 

S ia 
Ge) pe cei set a (53) 
S meee 

Me bs 
Me /3 

Chromium(III) complexes of some strong acids, e.g. HS.PF,, have been obtained directly 

from the metal and the acid.!%23 The complex [Cr(S2PF2)3] can also be made by reduction of 

CrO,Cl, by the acid. A specific method is the insertion of CS into the Cr—N bond 

accompanied by reduction of Cr'¥ to Cr'™ (equation 54).°* An account of the redox behaviour 

of many complexes containing the CrS, core also provides many references to the preparation 

of the ligands and their chromium(III) complexes.‘ 

A new method! is the oxidative decarbonylation of Cr(CO). with [Hg(S2CNEt,)2] in 2:3 

molar ratio to give the chromium(II) complex followed by aerial oxid+tion of the reaction 

mixture (Scheme 101). Although the unoxidized intermediate solution has the electronic 

spectrum of the chromium(II) complex (Section 35.3.6.1) the reaction pathway is not 

completely clear. 
[Hg(S2CNEty)2) 

Cr(CO), ay eae [Cr(S,CNEt,)2] +Hg+CO 

S green solution 

| ai 

[Cr(S,CNEt,)s] 
dark blue 

Scheme 101 

The oxidation of Na(NH,4)S,CNR2 (R= Me, Et; R2=(CHz2)s) with K,Cr,07 produces a 
mixture of [Cr(S,CNR.)3] and the dithioperoxycarbamato complex [Cr(S2CNRz2)2(OS2CNR2)], 
which has been separated chromatographically. The new dithioperoxy derivatives are in the 
second fraction and have additional bands in their IR spectra at 1009 and 488 cm~’, assigned to 
the v(S—O) and v(Cr—O) vibrations respectively.’ A redetermination of the crystal 
structure of [Cr(S,CNEt2)2(OS2CNEt,)] taking into account the disorder of the O,S-chelate has 
confirmed the gross structure, improved the refinement and provided distances comparable 
with those expected from other chromium(III) complexes.'°"° The X-ray results make unlikely 
the assignment of a dinuclear structure [CrxO(S,CNR2)2(R2NCSS.CSNR2)] to the second 
fraction.°!! The tris(dithiocarbamaies) with R,=(CH2)4S and (CH2)4NMe have also been 
prepared by the oxidative method.’°’* 

Some data,from X-ray investigations are given in Table 88. The CrS, octahedra show small 
trigonal distortions but these are less than in related MS, complexes, and the Cr—S bond 
distances fall within a small range. 

Perfluoroalkyl derivatives [R-Cr(S.CNR2)2py] (R = Et, Re = CoFs, C3F;, C4Fo; R = Me, Pr’, 
Bz, Rp = C3F7) and [C3;F;Cr(S2CNEt2)2(cyclohexylamine)] have been prepared in the same way 
as [C,FsCr(salen)py] (Section 35.4.8.1).""'* The complexes are light sensitive and produce the 
cations [RrCr(H2O)s]** in water, but are otherwise stable o-bonded chromium(III) species; no 
stable alkylchromium(III) complexes were obtained. The doublet found for the methylene 
protons in the ‘H NMR spectrum of [C3F;Cr(S,CNEt,)2py] suggested that enantiomers with a 
high barrier to interconversion were present in solution. A cis configuration was found in 
[C3F7;Cr(SxCNMez) py] and the bond trans to the C3F, group is considerably longer than the 
other Cr—S linkages. 
The crystal structure of [Cr(S,COEt)3] is composed of enantiomorphous molecu i 

trigonal symmetry. The short S,C—O bond distance (1.297 A) is tikelt to mean Hate 
lapenanee structure $3;-—C—=O—R contributes considerably.1°"* 

€ magnetic moments of the complexes are usually near 3.8 BM at room tem 
moment of [Cr(S.CNEt,)3] is essentially independent of temperature down to ca. ae it 
falls slowly to approximately 3.6 BM at 4K and more rapidly to 3.5 BM at 2.5 K.!™5 It was not 
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Table 88 Structural Data for Complexes of Bidentate § Donor Ligands 

Complex Cr—S (A) Ref. 

[Cr(S.CNC,H,O)3]-CH,Cl, 2.40 1 
[Cr(S,.CNC,H,O)3]-2C,H, 2.396 2, 
[Cr(S,CNC,Hg)3] ‘0. 5C,H; 2.404 3 

[Cr{S,CN(CH,)5}3]-2CHCl, 2.397 (av) 5 
[Cr(S,CNEt,),(OS,CNEt,)] 2.405 (S,O ligand) 6 

2.405, 2.403 
2.379, 2.370 
Cr—O, 1.988 

[C3F,Cr(S,CNMe,),py] trans, 2.457 7 
others, 2.392 

[Cr(S,COEt),] 2.393 8 
[Cr(S,P(OEt),)3] 2.421-2.430 9 

R. J. Butcher and E. Sinn, J. Chem. Soc., Dalton Trans., 1975, 2517. 
R. J. Butcher and E. Sinn, J. Am. Chem. Soc., 1976, 98, 2440. 
E. Sinn, Inorg. Chem., 1976, 15, 369. 

C. L. Raston and A. H. White, Aust. J. Chem., 1977, 30, 2091. 

V. Kettman, J. Garaj and J. Majer, Collect. Czec. Chem. Commun., 1981, 46, 6. 
R. L. Martin, J. M. Patrick, B. W. Skelton, D. Taylor and A. H. White, Aust. J. Chem., 
1982, 35, 2551. 

7. A. M. Van Den Bergen, K. S. Murray, R. M. Sheahan and B. O. West, J. Organomet. 
Chem., 1975, 90, 299. 

8. S. Merlino and F. Sartori, Acta Crystallogr., Sect. B, 1972, 28, 972. 
9. H. V. F. Schousboe-Jensen and R. G. Hazell, Acta Chem. Scand., 1972, 26, 1375. 

SAE aS) to 

possible to decide whether the low moments at low temperature are due to small zero-field 
splittings or very weak exchange interactions, or both.‘°° The complex [Cr(SacSac)s] (220; 
R=Me) has a moment which decreases steadily as the temperature is lowered.‘ The 
polymers [Cr2(S,CNHC,H,CNHCS,)3] and [Cr2(Sx,CNHCsH:,NHCS,)3] show weak antifer- 
romagnetic interaction, with 0 values (negative intercepts on T axis) of 32° and 8° respectively. 
They are amorphous, and insoluble in water and common solvents. ‘°° 

The temperature dependence of the 'H NMR spectra of many [Cr(S,CNR,)3] complexes has 
been investigated.1-’°!” There were broad double resonances from the N—CH) protons 
indicating that inversion between the A and A isomers is slow on the ‘H NMR time-scale. No 
exchange broadening was observed up to 84°C when [Cr(S2CNEt2)3] decomposed. Dithiocar- 
bamato complexes of other tervalent metal ions do not exhibit this stereochemical rigidity. 

Assignments of spin-forbidden bands in the spectra of [Cr(S,CNR2)3] and [Cr(S,COR)s] 
(R= Me or Et) have been made and the emission spectra studied.'°* 
MCD spectroscopy has been useful in the location of the spin-forbidden transitions.'°’? That 

the Cr—S bond is comparatively strong has been adduced from the presence of relatively 
intense molecular ion peaks in the mass spectra of several Cr™ dialkyldithiocarbamates. ‘°° 

The complexes [Cr(SxCNMez)3], [Cr{S.P(OEt)2}3] and [Cr(S,COEt)3] have Pfeiffer CD 
activity but this develops only when there is a large ratio of optically active environment 
compound to the racemate.’* A normal coordihate analysis of the IR spectra of 
[Cr(SsCNR2)3] (where R = Me, Et, Pr or Bu") has shown that the alkyl substituent affects the 
thioureide band at ca. 1550 cm™! through kinematic as well as electronic effects.’ 
Complexes [Cr(L)2Ch]CI in which L is a tetraalkylthiuram sulfide or disulfide have been 

characterized.‘ ; 
Other typical chromium(III) complexes of bidentate S donor ligands are the xanthates 

[Cr(S,COR)3] (R= Me, Et, Bz, Ph), thioxanthates [Cr(S.CSR)3] (R= Me, Et, Pr, Bu’, Bz), 

dithiocarboxylates Cr(S2CR)s3] (R = Ph, CsH4Me, C.H,OMe, CsH4NMe,, CsH,NEt:, C,H30, 

CsH;NH>, Bz),!01074-109 dithiooxalate +[Cr(C,S,02)3]*", _trithiocarbonate [Ph,P]; or 

[PhsAs]3[Cr(CSs)3],0°0 dialkyldithiophosphates [Cr{S,P(OR)2}3] (R= Me, Et, Pr”, Pri, 

Bu’, Bu’) ,1010%2.1033 dithiophosphinates [Cr(S2PR2)s] (R=F, CF3, Me, Ph, OEt)'®?-1°° and, 
for example, [Cr{S,P>Me(C=CMe)};],'°* dithio-6-diketonates [Cr(SCRCHCR’S)s] (R = R’ = 
Me, Ph; R= Me, R’ = OMe, OEt)'!1 and dithiocarbazates such as [Cr(S,;CNHNHz2)3] and 
[Cr(S,CNHNPh>)3] 4 1935 

Complexes of Se donor ligands, [Cr(SexCNR2)s] (R = Et; R, = (CH2)s, (CH2)40 or (CH2)4S) 

and [Cr{Se2P(OEt)2}3] are similar to the corresponding S donor complexes, but their electronic 

spectra exhibit a pronounced nephelauxetic effect.”°"° 
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A number of chromium(III) complexes of 1,1-dithiolato dianions (222) are known: 

[Cr(SxC=X)3]>" (where X=C(CN), C(CO,Me)2, NCN, C(CN)CO,Et, C(CO Et), 

C(CN)CO,Me and  C(CN)CONH,)***° = and the thioseleny! analogues 

[Cr{SSeC=C(CN)»}3]°~ and [Cr{SSeCO(CH2)20Me}s] have been obtained.'” 

The complex [Cr(S,PF2)3] is volatile and monomeric in the gas phase.' Its Hel 

photoelectron spectrum has been reported.'® The absence of interfering ionization bands of 

substituent groups outside the coordination sphere permitted detailed assignments. The 

UVPES spectrum of [Cr{S,P(OEt)2}3] has been obtained,"°’ and the symmetric v(Cr—S) 

vibration at 282 cm~! has been identified in the RR spectrum of [Cr(S2PPhz)3].'°” 

Complexes of 1,2-dithiolate dianions (225) are of interest, although because they undergo 

successive one-electron transfer processes which involve orbitals of ligand character so unlike 

those of the dithiocarbamate type of ligand, it is unprofitable to attempt to assign oxidation 

states.°°>!> The chromium complexes are shown in Table 89. 

Table 89 1,2-Dithiolato Complexes 

Complex Comments Ref. 

[A]s[Cr{S2C,(CN),}s] A= Ph,AS, [ee = 3.90 BM 1,2 
Brown A= Ph,P, Ue = 3.88 BM (95 K), 6 =9° 3 

A = Ph3BzP 4 
[A], [Cr{S.C,(CN),}3] A= Ph, AS, [eg = 2.89 BM 13 
Yellow-brown A= Ph,P, Her = 2.76 BM (88 K), 0 = 8° 3 

[Ph,As],[Cr{SC,(CF3)2}3] Mere = 2.95 BM 1 
Olive green 

[Ph,As][Cr{S,C,(CF3)2}5] Herp = 1.89 BM 1 
Dark green 
[Cr{S,C,(CF;3).}3] Diamagnetic 1 
Red-purple 
[Cr(S,C,Ph,)3] Diamagnetic £5 
Dark red 
[Ph,P][Cr(SC,Ph.)3] g = 1.996 4,5 
[A],[Cr(SC,Cl,)3] A= Et,N or BujN, » = 2.88 BM 6 
Green 
[Bu,N][Cr(S.C,F,).] Unusual bis(chelate) complex 7 
[Me,N],,[Cr,,(S2C>H4)2,,] Hes = 2.50 BM, polymer? 8 
Gold Hee = 3.85 BM (DMSO) 

."A. Davison, N. Edelstein, R. H. Holm and A. H. Maki, J. Am. Chem. Soc., 1964, 86, 2799. 
E. I. Stiefel, L. E. Bennett, Z. Dori, T. H. Crawford, C. Simo and H. B. Gray, Inorg. Chem., 1970, 9, 281. 
J. A. McCleverty, J. Locke, E. J. Wharton and M. Gerloch, J. Chem. Soc. (A), 1968, 816. 
P. Vella and J. Zubieta, J. Inorg. Nucl. Chem., 1978, 40, 613. 

G. N. Schrauzer and V. P. Mayweg, J. Am. Chem. Soc., 1966, 88, 3235. 
E. J. Wharton and J. A. McCleverty, J. Chem. Soc. (A), 1969, 2258. 
A. Callaghan, A. J. Layton and R. S. Nyholm, Chem. Commun., 1969, 399. 
J. R. Dorfman, Ch.P. Rao and R. H. Holm, Inorg. Chem., 1985, 24, 453. SIAARYNS 

The general electrochemical behaviour of the tris(chelate) complexes of Cr’ with the ligands 
(218) to (225) has been extensively investigated.°°° 108-1071! New data have been correlated 
with early work.’ In general, the Cr'’ complexes are resistant to oxidation and reduction 
consistent with the stable t3, subshell. Comparisons have been made between complexes of 
different ligand types and substituent effects analyzed for a particular ligand type in terms of 
the Hammett o* constant. The dithiocarbamate ligand stabilizes high and low oxidation states 
and the redox processes are modified compared with the tris(dithiocarbamates) when one 
ligand is OS,CNR2 and by the presence of bipy in solution, which forms mixed ligand 
complexes in the lower oxidation states. Substituent effects are prominent in the 1,1- 
ethyleneditholate series. With these ligand systems the redox processes are metal based 
whereas in complexes of the 1,2-dithiolates (dithiolenes) the redox processes are primarily 
ligand based. 

Published data on the volatility of complexes of the transition metals including chromium 
with bidentate sulfur and sulfur—oxygen donor ligands have been summarized.! 

The octahedral complexes [Cr(cis-MeSCH=CHSMe)3](BF4)3, [Cr{S(CH2CH2CH2SMe),}.]- 
(BF,4)3,°°° mer-[Cr{S(CH2CH2CH2SMe),}X3], (X = Cl, Br or J), fac-[Cr{CMe(CH,SMe)3}X3] 
(X= Cl or Br) and fac-[Cr(CH2SCH2CH2SMe),Cl3]®° have been prepared and characterized 
by methods used for similar P and As donor ligands. 
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35.4.5.3 Thiourea 

Complexes of thiourea (tu) with chromium(III) have not been studied in detail and the lack 
of structural investigations in particular has led to uncertainties regarding the ligand donor sites 
and geometrical configurations of some of the reported species. 

The complex CrCl,(tu)3 is conveniently prepared by evaporating a methanolic solution 
containing, CrCl3-6H,O and tu (1:4) to dryness, and then washing the residue with hot 
acetone.'*? Evidence based on the IR spectrum of this complex (Table 90) indicates that the 
ligand is bonded through sulfur to the metal ion. Hence the v(NH) bands in the spectrum of 
the complex occur at higher wavenumbers than in the spectrum of free tu, indicating a 
reduction in H bonding and therefore S coordination of the ligand to the metal. Similarly the 
v(CS) band at 733cm™' in the free ligand spectrum is shifted to a lower wavenumber in the 
spectrum of the complex consistent with a reduction in carbon-sulfur bond order and 
coordination through the sulfur atom.'*?'°* Furthermore, the expected increase in the 
carbon-nitrogen bond order due to S coordination is confirmed by the shift to higher 
wavenumber of the B,; NCN band in the complex (1490 cm~’) relative to free tu (1476cm™~'). A 
strong band at 282cm™' assigned to v(MS) lends additional support to the presence of 
S-thiourea ligands. The reflectance spectra of CrCl,(N,N’-Et,tu)3 and CrCl,(N,N’-Bu"tu)3 are 
strikingly similar to that of CrCl;(tu)3 (Amax = ~680, 510 nm) implying similar ligand fields in all 
three cases.'°*° No mention is made of the geometrical disposition of the ligands in any of these 
complexes. 

CrCl;(tu)3 reacts with various Lewis bases in hot methanol solution as outlined in Scheme 
102. Salient features of the IR spectra of a selection of these complexes are presented in 
Table 90. Application of the afore-mentioned criteria to the IR spectra of these products leads 
to the conclusion that in some cases the complexing site of tu changes from sulfur to nitrogen 
when heterocyclic amines or phenylarsonate ligands are introduced into the complex. In other 
cases, however, e.g. [CrCl2(py)2(tu)2]Cl, for which both Vasym(NCN) and v(CS) occur at higher 
wavenumbers than the corresponding IR bands for free tu, no definite conclusions can be 
reached on the basis of IR spectra regarding the mode of ligand coordination. Clearly the IR 
data on their own are insufficient to establish structures with certainty and X-ray crystal- 
lographic studies are needed to clarify both the ligand donor sites and the geometrical 
configurations of these complexes. The preparation and spectra of complexes of general 
formula M[Cr(NCS),(tu)2] (M=K_ or various Ni"—amine complexes) have been 
reported 1046/1047 

[CrCl,(Rpy)2(tu)2]CI 

i Rpy* 

Rquin> 
[Cr(L—L),(tu),]Cl, << CrCl,(tu); ——> [CrCl,(Rquin),(tu),]Cl 

| Prasouts 

[Cr(PhAsOH),(tu),]C! 
“Rpy = pyridine; 2-, 3- and 4-methylpyridine; 2,4- and 2,6-dimethylpyridine. ° Rquin = quinoline 

isoquinoline and acridine. °L—L=phen or bipy. 

Scheme 102 

> 

A number of substituted tu complexes of chromium(III) have been prepared and 
characterized. These include [Cr(N-Metu),](ClO,)3, [Cr(N,N '-Meztu)6](ClO4)3, CrCl3(N- 
Metu)s, CrX3(N,N’-Meptu); (X= Cl, Br),’“* and the N-phenylthiourea complexes CrCl,(N- 
Phtu); and CrCl,(N-RPhtu); (R = 2- or 3-Me; 2-MeO; 2-, 3- or 4-Cl; 3-Br; 4-I; 2-OH).*%? 
Evidence from IR (Table 90) and electronic spectroscopy strongly Suggests that in all these 
complexes the substituted tu ligands are coordinated through sulfur to the metal ion. Details of 
the electronic spectra of some of these complexes are given in Table 91. The ligand 
3-(4-pyridyl)triazoline-5-thione (L) reacts with CrCl,-6H,O in refluxing EtOH to give the 
product trans -[Cr(H2O),4L,]Cl; in which it is S-bonded to the metal ion. 12° The mixed ligand 
chromium(III) complexes [Cr(H,O);Etu](OAc)3 and [Cr(OAc)OH(T-5-T)]-2H,0, containing ethylenethiourea (Etu, an S donor) and 1-substituted tetrazoline-5-thiones (T-S-T; N,S donors) have been prepared and characterized. !°5! “His 

Dissolution of thioureachromium(III) complexes in coordinating solvents such as 
DMF, DMSO, MeCN generally results in solvolysis with Paplaceinen} of the tu enaaeee sized 
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Table 91 Reflectance Spectra of Thioureachromium(III) Complexes 
et 

44 Zs aT 4 Yes, 4T. 

Complex = se (nm) zi a Ref. ee 

[Cr(N-Metu),](C1O,)3 690 526 1 
[Cr(N, N'-Me,tu),](C1O,); 714 549 1 
CrCi,(tu), 680 510 m4 
CrCl,(N-Metu); 699 518 1 
CrCl,(N, N'-Me,tu), 725 521 il 
CrCl,(N-Phtu), 700 510 3 
CrCl,(N-3-MePhtu), 682 510 3 
CrCl,(N-3-ClPhtu), 675 510 3 
Creo 730 529 4 
a eee 

“Included for comparison. 
1. P. Askalani and R. A. Bailey, Can. J. Chem., 1969, 47, 2275. 
2. E. Cervone, P. Cancellieri and C. Furlani, J. Inorg. Nucl. Chem., 1968, 30, 2431. 
3. M. H. Sonar and A. S. R. Murty, J. Inorg. Nucl. Chem., 1977, 39, 2155. 
4. C. K. Jorgensen, ‘Absorption Spectra and Chemical Bonding in Complexes’, Pergamon, 

Oxford, 1962, p. 290. 

35.4.6 Selenium and Tellurium Ligands 

A number of binary and ternary compounds in the chromium-selenium and the chromium— 
tellurium systems have been investigated. These include CrSe, Cr.Se3, Cr3Se,, Cr7Seg, CrsSeg, 
CrTe, Cr,Te3, Cr3Te,, CrsTes, CrsTeg, Cr7Teg, CrsS4.gSe32,°2! NaCrSe,, CuCrSe, and 
AgCrSe2.?*° Some Se donor ligands are included in Section 35.4.5.2. 

35.4.7 Halogens as Ligands 

35.4.7.1 Simple halides CrX3 

These have been known for many years.'?"°°* Chromium(III) is approximately octahedral 
(Mere = 3.69-4.1 BM); the compounds have a layer structure. In the chloride, r(Cr—Cl) is 
5.76 A between layers and 3.46 A within layers. The iodide is isomorphous with the chloride 
and the bromide has a similar but distinct structure. All may be prepared by the direct 
halogenation of the metal. Other methods are available, e.g. CrCl; may be prepared by heating 
Cr,03-xH,O in CCl, vapour at 650°C.'°° The anhydrous halides are insoluble in water, 
however reducing agents such as zinc catalyze dissolution. The trichloride reacts with liquid 
ammonia to form ammine complexes. 

1052- 

35.4.7.2 [CrX4]~ and related ions 

There has been some controversy concerning the correct formulation of [CrCl,]~ ions 
in salts such as [PCl,][CrCl,]. In general the evidence supports polymeric six-coordinate 
anions.'°°’ This is supported by a crystal structure of K[CrF,],'°* which contains columnar 
[CrF,]~ ions. Related compounds such as NaCrF,!%? and NH,CrF,'° also involve six- 
coordinate chromium(III); these compounds are weak antiferromagnets. A related antifer- 
romagnetic species is MnCrF;, where a neutron diffraction study shows chromium(III) to be 
octahedral with a single bridging fluoride;!° this is an example of a general class of 
chromium(III) fluoro complexes M"Cr™F,.73° The anions [CrCl,(MeCO,H),]~ and 
[CrCl;(MeCO,H)}*~ are known (Scheme 92). 

1056,1057 

35.4.7.3 [CrX5]?~ anions 

Complexes containing anions of the above formulation have attracted a large number of 
studies because of their alleged simplicity. This is illustrated by the central position such 
complexes have played in the evolution of crystal field, ligand field and molecular orbital 
models of bonding in transition metal complexes. 

In a study of the heats of formation of first row transition metal fluorides, AH; for K3CrF, 

was found to be 2977 kJ mol~1.'% The usual double-humped distribution of AH; us. d” was 
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observed. Semi-empirical’®?® and self-consistent-field molecular-orbital calculations'°* give 
similar results for the [CrF,]°~ ion and are in accord with the observed electronic spectrum. ‘°° 
These studies are summarized in Table 92. 

Table 92 Electronic Spectra of Hexafluorochromate(III) (all energies are cm™' x 10°, after ref. 

1063) 

One electron 
2tr.—3€, B3tyy > 2trg bag bag 

Uncorrected (correction ref. 1) 10Dq Hi 5e, ty Sey, yy, = Be- 

16.54 2 
6.88 (12.7) 3 

12.68 (16.4) 16.44 27.8 36.76 ) 
40.50 49.44 7 
16.10 7.50 4,6 
15.20 1 

1. Spin corrections after A. Dutta-Ahmed and E. A. Boudreaux, Inorg. Chem., 1973, 12, 1590. 
2. R. F. Fenske, G. Caulton, D. D. Radtke and C. C. Sweeney, Jnorg. Chem., 1966, 5, 960. 
3. P. O. Offenhartz, J. Chem. Phys., 1967, 47, 2951. 
4. D. L. Wood, J. Ferguson, K. Knox and J. F. Dillon, Jr., J. Chem. Phys., 1963, 39, 890. 

5. C. K. Jorgenson, ‘Absorption Spectra and Chemical Bonding in Complexes’, Pergamon, London, 1962. 
6. Ref. 1065, and G. C. Allen and K. D. Warren, Struct. Bonding (Berlin), 1971, 9, 49. 
7. Ref. 1063. 

Luminescence spectrocopy is potentially a powerful technique for studying chromium(III) 
complexes and a series of fluoro and aqua complexes have been studied.!° The luminescence 
correlates well with ligand field strength and, at liquid air temperatures, the lifetime of the 
doublet state from which phosphorescence originates is 2 x 107’ s7?. 
A detailed study of the spin density and bonding of the [CrF 6) ion in K;[CrF,] has 

appeared.'””’ The results of polarized neutron diffraction experiments!” were reinterpreted. A 
chemically based model of the [CrF,]*~ ion has been fitted to the 92 observed magnetic 
structure factors by a least squares procedure. The spin density in the chromium(III) orbitals 
has to, symmetry (t3,°°), e7°°°)). There is also a region of spin density centred on the 
chromium atom, radially more diffuse than the theoretical 3d orbital and containing 0.4(1) 
spins parallel to the spin density of t2, symmetry. There are small parallel spin densities in 2p, 
of fluoride and antiparallel spin populations in fluoride 2p, and along the Cr—F vector. There 
is no significant spin population in fluoride 2s. The results of this modelling are in agreement 
with X,,'° semi-empirical” and ab initio molecular orbital calculations.!’! The magnetic 
circular dichroism of chromium(III) in dicesium yttrium hexachloride has been studied!°” 
down to 6K. Transitions to all three quartet terms,*7>, and *T7,, (I and II), were observed. The 
parameters D =1280cm™' and a=78.2cm™! were determined. At 6K rich vibronic fine 
structure was observed, which could satisfactorily be explained only in terms of O, geometry. 

35.4.7.4 Dimeric structures 

Many complexes contain the [Cr2Xo]*~ ion.'°’>1°° This unit consists of two distorted 
octahedra which share a face; there are three bridging and three terminal halides (226). The 
distortion of the octahedron is such that the two metal ions are displaced from each other. The 
ciate properties of these complexes have been the subject of extensive study summarized in 
Table 93. 

Cl Cl Cl 

Chisel’ gpa Ch 
Cr—c—Cr 

of NESS: 
os Ty 

(226) Typical structure of a [Cr,X.]*~ ion 

The complexes undergo weak antiferromagnetic interactions with exchange proceeding via 
the halide bridges. The counterion may have a marked effect on the structure; for [Cr2Cl,]?~, 
change of the counterion from potassium to tetraethylammonium is accompanied by a decrease 
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Table 93 Magnetic Properties of [CrX,]°~ Ions 
ee ee a 8 as ee ee ee eee ee, ee 

M—M (A) Mee (BM) —J (cm™’) Complex Ref. ee ee ee SIRE ov 
3.05 3.77-4.00 16 K,[Cr,Cls] 1,2 
3.07 3.77-3.88 13.3 Rb,[Cr,Cl] 1,2 
3.12 3.76-3.83 9.3 Cs,[Cr,Clo} 1/253 

= 3.56 cs [Et,NH,],{Cr,Clo] 4 
3.89 3.91-3.96 5 [Et,N],{Cr,Cls] 2,5 

i 3.91 4 [Bu,N],[CrClo] 1 
3.26, 3.32 3.8--3.87 8.8 Cs,[Cr,Brol 2,6 
4.00 3.89 0 [EtyN],[Cr,Br.] 2 

os 3.88 = Cs,[Crpo] 1 

. R. Saillant and R. A. D. Wentworth, Inorg. Chem., 1968, 7, 1606. 

. G. J. Wessel and D. J. W. Ijdo, Acta Crystallogr., 1957, 10, 466. 

. I. E. Grey and P. W. Smith, Aust. J. Chem., 1971, 24, 73. 

. P. C. Crouch, G. W. A. Fowles and R. A. Walton, J. Chem. Soc., 1969, 972. 

. A. Earnshaw and J. Lewis, J. Chem. Soc., 1961, 396. 

: eae R. B. Jackson, W. E. Streib, K. Folting and R. A. D. Wentworth, Inorg. Chem., 1971, 10, 
1453. 

DAnhwne 

in J from 16 to Scm™*. An extreme example of similar behaviour is [Et,N];[Cr2Bro] which 
obeys the Curie—Weiss law. 

The vibrational spectra of [Cr2X,]* have been variously studied.!°””!°8 The agreement 
between observed and calculated spectra was excellent for D3, symmetry; no evidence was 
found for any Cr—Cr interaction.*””” In related work, the doping of chromium(III) ions into 
CsMgCl; and related materials has been investigated.1°”?:!°8° ESR spectroscopy has shown that 
there is a distinct tendency for chromium ions to cluster in pairs [for single crystals with 1 part 
in 1000 chromium(III)]. CsMgCl; adopts the CsNiCl, structure (227); the structure proposed 
for the impurity centre is illustrated. The forces controlling the distribution of ions were held to 
be electrostatic; other trivalent metal ions should behave in a similar way to chromium(III). 

Je axis 

ZI 

Met 

= Cr3* 

vacancy 

(227) 

A perspective view of an [MX], chain showing the prop- 
; pair. The corners of the osed structure of the Cr'’—Cr' me 

octahedra are occupied by halide ions. 

35.4.7.5 Solution chemistry 

Werner’s early work on coordination chemistry involved the preparation of many of the 

isomers in the CrX3-nH,O system.!*!1°%? Crystal structures are available for several of these 

coc3-cc* 
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complexes. The green complex trans-[Cr(H2O)4Cl,]Cl-2H20, the normal compound supplied as 

chromium(III) chloride, has been studied on a number of occasions. 193-1084 Recently a 

low-temperature structure of the complex dicesium trans-dichlorotetraaquachromium(III) 

trichloride!°® was determined; the electronic spectrum was also studied. The mechanism of 

the geometric isomerization of the dichloro complex has been investigated.°* The pure cis 

complex may be prepared by the aquation of trichloro complexes followed by purification by 

ion-exchange chromatography. '°%° 
The formations of chloro,!°7-1°88 bromo!’ and iodo!” complexes have been studied. 

Recently, electrochemical methods have been used to measure equilibrium constants for the 

formation of chloro (0.086), bromo (1.1x 107%) and iodo (1.1 10~°) complexes of 

chromium(III).'°” 

35.4.8 Mixed Donor Atom Ligands 

35.4.8.1 Schiff’s bases, B-ketoamines and related ligands 

Compared with other transition elements,’”’ few complexes of Schiff’s bases or B-keto 

amines with chromium(III) are known. Most work has been done with ligands (228) to (231) 

and their complexes and the interrelations between the more important of them are set out in 

Table 94 and Schemes 103 and 104. 

Me 

z—OH modi s 
; . 

* Shi \ | 

Y R R, \R 

(228) (229) 

3 Me Me 

—-OH HO \ Ts Sefegt Vea 
; HH. 

x say i, On % \ciellive ary. i a 
x. 1 N N 

\ / 

Y B Y Me Me 

(230) X = Y=H, B=(CH)),: salenH, (231) acacenH, 
X = Y =H, B =o0-C,H;,: salphenH, 

X= Y = Me, B = (CH,),: MesalenH, 
X = 3-CO.H, Y = H, B = (CH,),: 3-CO,salenH, 

(i) Syntheses 

Many preparative methods have been used, with variable success: oxidative decarbonylation 
of Cr(CO). by the ligand,’?1°* reaction of the appropriate amine with [Cr(sal)3] (salH is 
salicylaldehyde), reaction of the ligand, either produced in the reaction mixture or 
preformed,'°° with hydrated or anhydrous CrCl;, hydrated Cr acetate,’ or 
[CrCl3(THF)s],!°” 7°” and aerial oxidation of the chromium(III) complex produced in 
situ. No well-established chromium(II) complexes, except of a few B-keto amines 
(Section 35.3.9.1), have been isolated. 

The source of Cr**+ can be [Cra(MeCOz)4(H20)2],"™™ aqueous Cr** produced by the 
reduction of Cr°* electrolytically’ or by Zn/Hg in hydrochloric acid,’ or anhydrous or 
hydrated CrCl, reduced by zinc dust in suspension in the reaction mixture.‘!-1!° Presumably 
the ligands can displace solvent molecules more readily from the labile Cr** species. 

Several hours reflux in organic solvents is usually required for preparations directly from 
chromium(III) starting materials. No method is of general applicability; for example, 

[Cr(salen)(H2O),]Cl (Scheme 103) is readily prepared from [Cr,(MeCO,),(H2O),] but thi 
method affords [Cr(acac)3] with acacenhiy™, ae ei AERO} | sbwertiis 
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Table 94 Preparations of Some Schiff Base and B-Ketoamine Complexes 
a 

Complex Synthesis Ref. a ee 

Tris(chelates) 

Ligand (228), bidentate, X =Y=H 
R=Me | Cr(CO), + C,H,(CHNMe)OH, toluene, reflux 1 
R=Pr', Bu, Cr(sal), + amine in benzene, or 2 
p-C6H.Me, p-C.H,Br CrCl,-6H,O + Schiff base, Na,CO, 
R=Me, Et, Pr”, Pr, Hydrated er™ acetate, suspended in ethylene glycol, 3 

salH, amine, 2/3 theoretical Na,CO, 

Ligand (228), bidentate, X = 5,6-benzo, Y=H 
R=Me, Et, Pr", Pr’, Ph As above 3 

Ligand (228), bidentate, X = 5-NO,, Y =H 

R=(R or S)-a@-CH(Bz)Me As above 4 
R=(R or S)-a@-CH(Ph)Me 5 

Ligand (230), bidentate 
R, = Me, R=CH,Ph, Ph, o-, p-tolyl, KOBu' in Bu'OH, 6 
o-, m-, p-C,H,Cl, p-anisyl, ligand, Zn, CrCl,(THF), 
p-C.H;-C,H,, B-naphthyl 
R, =H, R=p-tolyl 

Bis (chelates) 

Ligand (228), tridentate, X = Y =H 

R=CH,CH,NH, Cr(sal), + en, MeOH, add 2 
[Cr(en-sal),]X NaX, X =Br, I or ClO, 

R =o0-C,H,CO,H,* [Cr,(CH,CO,),:2H,O], salH, anthranilic acid, 7 
o-C,H,OH, CH,CO,H o-aminophenol or glycine 

R=CH,CH,OH As above, add NaClO, 7 
[Cr{C,H,(CHNCH,CH,OH)O},]CIO, 

Ligand (228), tridentate, R = CH,CH,-2-pyridyl 

Y =H, X=H, 5-Cl, 5-NO,, 5,6-benzo 2-(2'-Aminoethylpyridine), salH in ELOH + 8 
X=H, Y=Me, Et, Pr CrCl,-6H,0, NaOAc; formulae [CrL,]Cl 

* Complexes formulated H[Cr{C;H,(CHNR)O},] as proton from one R group must remain to balance charge. 
. F. Calderazzo, C. Floriani, R. Henzi and F. L’Epplattenier, J. Chem. Soc. (A), 1969, 1378. 
. R. Lancashire and T. D. Smith, J. Chem. Soc., Dalton Trans., 1982, 693. 

. Yamada and K. Iwasaki, Bull. Chem. Soc. Jpn., 1968, 41, 1972. 
. E. Gray and G. W. Everett, Jr., Inorg. Chem., 1971, 10, 2087. 

. S. Finney and G. W. Everett, Jr., Inorg. Chim. Acta, 1974, 11, 185. 
. P. Collman and E. T. Kittleman, Inorg. Chem., 1962, 1, 499. 

. Dey and K. C. Ray, Inorg. Chim. Acta, 1974, 10, 135. 

1 
2 
3 
4 

5 
6 
7 
8 K. Rastogi and P. C. Pachauri, Indian J. Chem., Sect. A, 1977, 15, 748. 

Ss 
a 
_K 
J 
_K 
-D 

[Cr(salen)(H,O)2]X 
= PF,, BPh, 

[Cr(salen)(MeOH),]Cl K[Cr(salen)(ONO),] 

MeOH 
CrCl,(aq) + salenH,/Me,CO x- KNO, 

air 

120°C 
[Cr(salen)(H,O),JNCS <““S— [Cr(salen)(H,O).]Cl —“~ > [Cr(salen)Cl] 

[Cr(salen)(OH),]~ [Cr(salen)pyCl] 

L, MeOH O e H, | KOH frac 

[Cr(salen)OH] [Cr(salen)(acac)] 

[Cr(salen)(X)(H.O)] 
XH = nicotinic or 
benzoic acid 

[Cr(salen)L,]Cl 
L=NH;, py or RNH, 

Scheme 103 
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CrCl acacenH,, KOEt/EtOH 
Zn, THF 

THF/DMP 
[Cr(acacen)pyCl] i _ CrCl,-6H,O —HEOMF = [Cr(acacen)(H,O),]Cl 

acacenH) Na(acacen), Zn 

2L 
bipy | NaClO, am 

= ee [Cr(acacen)L,]Cl 
L=NH;, RNH, K[Cr(acacen)X.] 

[Cr(acacen)(bipy)|ClO, X=ONO’, CN’, NCS” 
[Cr(acacen)(acac)] 

DMP is 2,2-dimethoxypropane 

Scheme 104 

Since oxidation of [Fe" salen] gives {Fe(salen)},O, the formation of [Cr(salen)(H2O)2]Cl 
from Cr" solutions is unexpected, but it is consistent with the observation” that aerial 

oxidation of aqueous chromium(III) leads to the formation of hydroxo or aqua species. The 

elusive {Cr(salen)},O was eventually prepared by oxidative decarbonylation’”* of Cr(CO). by 

[Hg(salen)], a method which could have more general application. The reaction of salenH, 

with Cr(CO). gives a product similar to [Cr(salen)(OH)]-0.5H,0."°” Dichromium and mixed 

metal -oxo complexes such as (TPP)CrOFe(TPP) are now known (Section 35.4.9.1). 
Complexes obtained by methods similar to those in Scheme 103 _ include 

[Cr(salen)(H2O),]C1O4,!!° [Cr(salen)(X)(H,O)] (XH= nicotinic acid or benzoic acid),'*™* 

[Cr(salen)X(H,O)] (X=NCS~ or N3;)," [Cr(salphen)(H2O)2]X (X=Cl™ or OAc hy" 

[Cr(salen)(AA)]BPhy, [Cr(salphen)(AA)]ClO, (AA = bipy, phen or en).""°’ Complexes re- 
lated to those in Scheme 104 are [Cr(acacen)A>]BPh,, [Cr(acacen)CIA], [Cr(acacen)(NCS)A], 
[Cr(acacen)A,]ClO,, [Cr(acacen)(H,O),JSCN (A=py or 4-methylpyridine)'* and 
[CrL(H,0),]Cl, in which L is formed from acac and benzidine.""” The salts [Cr(L)(NH3)2]SCN 
(L = salen, salphen or Mesalen) have been prepared’! from NH,[Cr(NCS)4(NHs)2]. 

(ii) Properties 

Photolysis of the azido complex CrN,(salen)-2H,O produces'’”® the nitrido chromium(V) 
complex CrN(salen)-H,O and the reaction'’”’ of [Cr(salen)(H2O)2]* with iodosylbenzene gives 
the oxo chromium(V) derivative [CrO(salen)]**; chromium(III) porphyrin complexes behave 
similarly (Section 35.4.9.1). 

As expected for chromium(III), the complexes generally possess magnetic moments near 
3.8BM at room temperature. A few, (H[Cr{CsH,(CHNR)O}.] (R=0-CsH,OH or 
CH,CH,OH)"™” and [Cr(salen)(OH)]-0.5H.O) have low moments (~3.5 BM) ascribed to 
antiferromagnetic interactions. The magnetic susceptibility of [Cr(salen)(OH)]-0.5H,O deviates 
markedly from the Curie law, but as the results were sample-dependent, no detailed 
interpretation was attempted.‘ The room temperature magnetic moment of {Cr(salen)},O is 
2.2 BM, consistent with an oxo-bridged structure. The ESR spectrum confirms that the 
chromium is trivalent,‘ so further magnetic and structural investigations are desirable. 

The complexes have yellow to red colours and the electronic spectra are dominated by 
intense ligand absorptions. A weak band ususally found in the range 18 000 to 21000 cm“! has 
been assigned to the *A,,—> *T,, transition and provides an approximate value for A. 

The trans structure of the cation in [Cr(salen)(H2O),]Cl’°” and the mer arrangement of the 
tridentate ligands in [Cr(en-sal)2]I [en-sal is N-(2-aminoethyl)salicylaldimine)] have been 
confirmed by single-crystal X-ray investigations (Cr—Ovay) = 1.93, Cr—N(ay = 2.08 A).1!? In 
[Cr(salen)(H2O),]CI, the Cr—N bond lengths are 1.977 and 2.005 A, but the Cr—O distances 
vary considerably (1.916 and 1.951 A (salen); 1.923 and 2.085 A to HO) and the angles at the 
chromium atom are distorted from right angles. The ground-state distortion has been related to 
the lability of the axial ligands.""’° There must be considerable distortion of salen and acacen 
from their usual essentially planar geometry in complexes such as [Cr(acacen)(acac)]. 

The complexes [Cr(en-sal)2]X were prepared (Table 94) in conditions which could have given 
[Cr(salen)X], but, as indicated by other data and confirmed by the crystal structure of the 
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iodide, en and salH condensed to give the tridentate ligand en-sal. The solubility of the 
nitrate has been exploited’! in the resolution of [Cr(en-sal),]* as the hydrogen (R,R)-O, O’- 
dibenzoyltartrate. The diastereoisomers were converted into the iodides which formed twinned 
crystals unsuitable for X-ray investigation. When (R)-1,2-diaminopropane (R-pn) is used 
instead of ethylenediamine in the reaction with Cr(sal)3, the salicylaldehyde may condense with 
either NH) group. The product was (232), with the ligands meridional, as expected, and the 
—CH,NH) groups condensed.!"° 

(232) 

Tris[N-(R or S)-a-benzylethyl-5-nitrosalicylaldiminato]- and tris[N-(R or S)-a@-phenylethyl-5- 
nitrosalicylaldiminato]-chromium(III) have been prepared’!!®1"” from the (R)- or (S)-amine as 
appropriate. For ligands of a given chirality, four diastereoisomers are possible (fac, A and A; 
mer, A and A). Chromatographic separation of the complex with R = ($)-a-CH(Bz)Me gave 
two products A and B (the more rapidly eluted), and with R = (R)-a-CH(Bz)Me, A’ and. B’ 
were obtained. A and A’ have identical absorption spectra but from their CD spectra have 
opposite configurations about the metal. Since they differ in ligand chirality also, they are 
enantiomers. Steric effects would favour the mer(trans) configuration, and the corresponding 
cobalt(III) complexes, which chromatographically separate similarly, have been assigned mer 
configurations from their ‘H NMR spectra. Analogous relationships were found among the pair 
of diastereoisomers obtained with R=(R)- or (S)-a-CH(Ph)Me. The more rapidly eluted 
isomers are thought to have the A-mer configuration from analogy with the cobalt(III) case, 
and because studies with the chiral 6-diketonate (+)-3-acetylcamphor have shown that 
diastereoisomers with the same absolute configuration have the same relative rates of elution. 
The isomers did not interconvert under reflux in the presence or absence of charcoal. 

The complexes CrL3, where LH is formed by condensation of salicylaldehyde with 

2-furfurylamine or 2-thenylamine, contain the ligand in isomeric form (233).'”* 

me 
N 
= 

HO 

(233) X=OorS 

The addition of en or 1,3-diaminopropane to a mixture of chromium(III) acetate hexahy- 

drate and diacetyl under reflux, followed by addition of NaClO,, has given the complexes 

[Cr(diacen)(H,O)2]ClO, and [Cr(diacpn)(H2O)2]C1O., which contain the tetradentate Schiff 

bases (234).'1"9 The thiocyanates [CrL(H2O)(NCS)](NCS)2 were also isolated. From their IR 

spectra, and because the coordinated Schiff base would not react with another molecule of 

diacetyl to form a macrocycle, they have been assigned cis configurations. 

In the chromium(III) complex of the potentially heptadentate ligand (235, X =5-Cl) the 

apical nitrogen atom is not bonded, the Cr—N distance being 3.229 A. The Cr—O (1.979 A) 

and Cr—N (2.137 A) bonds are longer than in [Cr(salen)(H2O)2|CI and [Cr(en-sal)2|I (see 

above) and the ligand seems to fix a minimum sized ‘hole’ into which the metal ion fits.“ The 
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Me N(CH) n NH 

pa Ss 
Me~ ~N(CH,),NH2 

(234) diacen, n =2 
diapn, n =3 

Mn" and Fe! complexes are isomorphous with the Cr" complex. The chromium(III) 
complexes with X =H, 3-OMe, 5-Cl, 5-Br, 5-Me’! or 3,5-Cl, "” have been prepared by 
methods similar to those for the salen derivatives. 

N-++CH,CH,N=CH-— 
2 Xx -O 5 

(235) 

Chromium(III) does become seven-coordinate in two complexes in which the organic ligands 
are formed by condensation respectively of 2,6-diacetylpyridine and semicarbazide,'’** and 

2,6-pyridinedialdehyde and  6,6'-bis(a-2-hydroxyethylhydrazino)-2,2'-bipyridyl.*° Seven- 
coordinate complexes are formed by chromium in several oxidation states (Table 95). 

Table 95 Seven-coordinate Chromium* 

Complex Structure Ref. 

[Cr(CNBu'),](PF.)2 4:3 Tetragonal base-trigonal cap (1) bye! 
(or 4:3 piano stool, C,) 

[Cr\(CNR)5(dppe)](PF.)2 R=Bu', CH, 2 
Cr"[P(OMe);];H> Pentagonal bipyramid 3 
CrNO(S,CNEt,); Pentagonal bipyramid, axial NO (133) J 
[Cr™(dapsc)(H,O),]OH(NO;),” Pentagonal bipyramid (238) 5 
[Cr"(CNPh),(dppm)](PF¢)2 Unknown structure 6 
[CrL(H,0),]Cl,° Pentagonal bipyramid, see (128) 7 

* Several mixed ligand complexes containing carbon monoxide® or peroxide (Section 35.7.7) are seven-coordinate. 
° dapsc is 2,6-diacetylpyridine bis-semicarbazone. 
“L is the planar pentadentate macrocycle formed by condensation of 2,6-pyridinedialdehyde and 6,6'-bis(a-2- 
hydroxyethylhydrazino)-2,2'-bipyridine. 
1. J. C. Dewan, W. S. Mialki, R. A. Walton and S. J. Lippard, J. Am. Chem. Soc., 1982, 104, 133. 
2. W. S. Mialki, D. E. Wigley, T. E. Wood and R. A. Walton, Inorg. Chem., 1982, 21, 480. 

3. F. A. Van-Catledge, S. D. Ittel, C. A. Tolman and J. P. Jesson, J. Chem. Soc., Chem. Commun., 1980, 254. 
4. S. Clamp, N. G. Connelly, G. E. Taylor and T. S. Louttit, J. Chem. Soc., Dalton Trans., 1980, 2162. 
5. G. J. Palenik, D. W. Wester, U. Rychlewska and R. C. Palenik, Inorg. Chem., 1976, 15, 1814. 
6. F. R. Lemke, D. E. Wigley and R. A. Walton, J. Organomet. Chem., 1983, 248, 321. 
7. L.-Y. Chung, E. C. Constable, M. S. Khan, J. Lewis, P. R. Raithby and M. D. Vargas, J. Chem. Soc., Chem. 

Commun., 1984, 1425. 

8. M. G. B. Drew, Prog. Inorg. Chem., 1977, 23, 67. 

Chromium(III) is also in an unusual situation in the heterobinuclear complex (236) 
synthesized by the addition of CrCl;-6H,O to Cu(3CO,-salenH;).'* There is ferromagnetic 
interaction between the Cu’ and Cr ions because of the orthogonality of the magnetic 
orbitals (quintet-triplet separation = 120 cm’). 

Chromium(III) complexes of Schiff bases derived from pyridoxal and glycylglycine have been 
prepared in solution in attempts to find complexes that show good intestinal absorption! (see 
also Section 35.4.8.3). 

(iii) Miscellaneous Schiff’s base and related complexes 

Often, in studies of complexation between metal ions and the great variety of Schiff’s bases 
and related ligands, chromium(III) complexes are included amongst many from the first 
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(236) [CuCr(3-CO,salen)(H,O),]Cl-3H,O 

transition series generally. These Cr™ complexes are typical of the oxidation state with no 
unusual properties. Consequently, only examples are collected in Table 96. 

(iv) Organometallic derivatives 

Although tetradentate Schiff’s bases stabilize Co™-alkyl o bonds this behaviour is less 
common with Cr". Several perfiuoroalkyl derivatives have been obtained by Scheme 105 and 
the same method yields complexes of bidentate ligands too: ReCr(sal-NR) py, Rr = CoFs, C3F;, 
R= 4-MeC.Hy; Rp = C3F7, R= Bu"; and C3F;CrL,py where LH = salH, acacH or bzacH. The 
intermediates ‘R-CrCl,(MeCN);’ have not been isolated, but pyridine, bipy, phen and terpy 
analogues have (Scheme 105). An incompletely characterized mixed chloro—iodo—chromium 
pyridinate separates first in the reaction with pyridine and is removed before crystallization of 
[C3F7;CrCl,(py)3]. The perfluoroalkyl-chromium(III) derivatives are stable, their electronic and 
ESR spectra resemble those of other Cr™'—salen complexes but the magnetic moments are 
higher than usual.'!2°1!27 

Alkyl halides would not react with [CrCl(MeCN),], but the alkyl derivatives 
[RCr(salen)(H2O)] and [RCr(salphen)(H,O)] (R = Me, Ph) are said to form on reaction of the 
organic hydrazines with the Cr'"—Schiff’s base complexes in MeCN under nitrogen followed by 
oxidation with oxygen and hydrolysis.1!78 

35.4.8.2 Miscellaneous mixed donor atom ligands 

(i) Complexes of N—O chelating ligands 

The majority of papers concerned with such complexes are synthetic studies of six-coordinate 
species with octahedral ligation. In general, such complexes have magnetic moments in the 
range of 4.0BM and electronic spectra which have usually been assigned under pseudo- 
octahedral symmetry. Such studies are summarized in Table 97. A number of ligands have 
received considerably more attention; these are now considered individually. 

There have been a number of studies of ethanolamine (237) complexes of chromium(III). A 
tris complex with deprotonated alcohol groups [Cr,(Eta)3]-3H,O and a more complicated 
complex [Cr(Eta)3(HEta)s][ClO,], have been prepared." The tris complex was prepared by 
reacting anhydrous CrCl, with 2-aminoethanol for 24h, followed by recrystallization. The 
complex [Cr2(Eta)s(HEta)s][ClO,]; was prepared by hydrolysis of the tris complex in aqueous 
ammonium perchlorate. Electronic spectra of [Cr(Eta)s] were consistent with chelated amino 
alcohol ligands, though isomerism was not considered. The solid complex 
[Cr2(Eta)s(EtaH)3](ClO,4)3 was nearly isomorphous with the corresponding cobalt(III) com- 
plex. The similarities would suggest a structure involving a hydrogen-bonded dimer with three 
protons holding two facial [Cr(Eta)3] molecules together. Other studies of chromium(III) 
2-aminoethanol complexes have led to the isolation of tris complexes and dinuclear complexes 
of various compositions, '1301131,1132,1134,1135 

Loupe’ 
OH NH, 

(237) 
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Table 96 Mixed Donor Atom Ligands: Semicarbazides, Hydrazones, Thiosemicarbazides, etc. 

ee SS SS EE ne 

Ligand Complexes Ref. 

aT EEEREE
IEEEEENEENEE RNS 

(228), X = Y = H; R= NHCONH,(ssaH,); 

tridentate, -2H" in base 

[Cr(ssaH) |Z, Z = NO3, Cl; 1 

[Cr(ssa)(ssaH)], NH4(K)[Cr(ssa) ] 
X=5-Cl, 5-Br, Y=H, R= NHCONH, Analogous 5-Cl and 5-Br complexes 2 

(228), X =H, Y =H, Me, Et, Pr, X=5, 6-benzo [CrL,]Cl octahedral; [CrLX], in base, 3 

Y =H; R= NHCOPh; —2H" in base X = Cl, Br, NOs, five-coordinate? 1.4 ~3.0 BM 

(228), X =H, Y = Me, R = NHCO-2-py (tetradentate?) [CrLCl,](pH 2-3), He¢¢ ~3-8 BM; [CrLCl],(pH 5) 4 

or NHCO-4-py (tridentate?) Here ~3.3 BM, all non-electrol es 

(228), X = Y =H, R= CHMeC(OH): NOH, tridentate [CrL(NO,)(H,O),]-2H,O, fig =3.6BM 5 

(228), X = Y = H, R = NHCSNH,(stscH,); [Cr(stscH),Cl], 6 
tridentate, —2H* in base [Cr(stsc)(stscH)], NH,[Cr(stsa),] 
Mixed complexes of stsc and LH, [Cr(stsc)L(H,O)], non-electrolytes, / 

LH = oxine, picolinic acid or glycine 1 =3.8BM 

(228), Y = Me, X =3-Me, 4-Me, 5-Me, R = NHCSNH, Cri, 8 
(228), LH,: X = Y =H, R=N:C(SMe)NH, [Cr(LH),]Z, Z = Cl, NO, [Cr(LH)L] 9 
(228), X= Y=H,R= NHCSeNH,, (sesaH;) [Cr(sesa)(sesaH)]-H,O 10 

acacH + picolinic acid hydrazide(acac2ph) [Cr(acac2ph)X,], X = Cl, Br, NO;, NCS 11 
acacH + isonicotinic acid hydrazide, (acac2iH) [Cr(acac2ih)X,], X = Cl, Br, NO3, NCS 

acacH + 2,6-diaminopyridine [CrLX], L = macrocycle (tetradentate?), 12 
X=Cl, Br, NO;, NCS 

4-NMe,C,H,CHO + 2-HOC,H,CONHNH, [CrLCl,]Cl, L neutral keto form 13 
4-NMe,C,H,CHO + C;H; CONHNH, [CrLCl,]Cl, L neutral keto form 
salH + NH,NHCO(CH,),, CONHNH), n =0, 1, 2 [CrL(OAc)] 14 
5,5-Methylenebis(salicyladehyde) + PhNH, [CrL(H,O),]Cl 15 

5-XC,H,CHO + NH,NHCSNH, [CrL,], X =Cl, NO,, MeO, NH, 16 

Diacetyl monoxime + hydrazides: 

RCONHNH,, R = Bu, Ph, 3-ClPh, 2-NO,Ph: [Cr(LH)L], [CrL(H,O),]CL, [CrCl,(LH,)] 17, 18, 19 
dihydrazides, R= CONHNH,, (CH,),CONHNH;: [Cr(LH,)L], [Cr,L(H,0),JCl,, [CrCl,(LH,)] 

Diacetyl monoxime + semicarbazide, [Cr(LH)L}; [Cr(LH)(H,O)3]Cl, (semicarbazone only) 20 

thiosemicarbazide or selenosemicarbazide 

Pyruvic acid + NH,CSNHNH, (thpuH,) [Cr(thpuH)(thpu)], NH,[Cr(thpu),], 21 
Hee ~3-8 BM; [Cr(thpuH)>,], 4e¢ ~3.1 BM, 
low spin Cr 

Phenylpyruvic acid + NH,CKNHNH, X=S,O o 

‘ae onsen acid + NH,CXNHNH, x=S, O}ICrLHDAIX. X= Cl, Br, I, NO, 2 

B = NH,NHCSNH,: [CrL(NO,).(H,0),] 23 
\| B=RC,H,NH,, R = H, 2-Me, 3-Me, 4-Me: CrL, 24 

MeC —— CHCPh Further derivatives 25 

ee > “4 

Ph 

| ‘ IL. comn{ \s{ \w, [CrL,]Cl, 26 

oO 

1. N. M. Samus and V. G. Chebanu, Russ. J. Inorg. Chem. (Engl. Transl.), 1969, 14, 1097. 
2. V. G. Chebanu and N. M. Samus, Russ. J. Inorg. Chem. (Engl. Transl.), 1976, 21, 1807. 
3. D. K. Rastogi, S. K. Dua and S. K. Sahni, J. Inorg. Nucl. Chem., 1980, 42, 323. 
4. V. B. Rana, J. N. Gurtu and M. P. Teotia, J. Inorg. Nucl. Chem., 1980, 42, 331. 
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Table 97 Complexes with N,O Chelate Donors 

Ligand Form Complex Ref. 

Violurate H,L [Cr(H,L)3]-5H,O 1 
2-Acetylpyrolate HL [Cr(L)s] 2 
Acetyl hydrazide L [Cr(L)3Cl] 3 
Oxamic acid H,L K,[Cr(L)3] 4 
Dipicolinic acid H,L [Cr(L)(L’)] 5 

L’ = amino acid, etc. 
D-Cycloserine H,L [Cr(H,L)X,] 6 

X=Cl, Br , I 
Quinolinic acid H,L [Cr(HL)3] 7 

1. E. Garcia-Espana, J. Moratal and J. Faus, J. Coord. Chem., 1982, 12, 41. 
2. J. J. Habeeb, D. G. Tuck and F. H. Walters, J. Coord. Chem., 1978, 8, 27. 
3. P. K. Biswa, M. K. Dasgupta, S. Mitra and N. R. Chaudhuri, J. Coord. Chem., 1982, 11, 225. 
4. A. G. Gallinos, J. M. Tsangaris and J. K. Kouinis, Z. Naturforsch., Teil B, 1977, 32, 645. 

5. S. K. Sengupta, S. K. Sahni and R. N. Kapoor, Synth. React. Inorg. Metal-Org. Chem., 1983, 13, 
117. 

6. C. Preti and G. Tosi, Aust. J. Chem., 1980, 33, 57. 
7. B. Chatterjee, J. Inorg. Nucl. Chem., 1981, 43, 2553. 

Picolinic acid (pyridine-2-carboxylic acid) complexes of chromium(III) have been the subject 
of a number of studies. Complexation by picolinic acid in water/ethanol (30% v/v) follows an 
ion-pairing, Eigen—Wilkins type mechanism.'*° Activation parameters suggest an associative 
character for the reaction of the aqua complex. Chelated complexes of chromium(III) and 
picolinic acid are the products of the rapid, inner-sphere reduction of [Co™ (pico)(NHs3)s]** 
with chromium(II).’"*’ The reaction of the related 4-carboxylic acid complex of cobalt(III) with 
chromium(II) is also rapid; in contrast, pyridine-3-carboxylic acid (nicotinic acid) complexes 
undergo slower reactions. A u-hydroxy-bridged dimeric complex [Cr2(pico),(OH),.] has also 
been prepared. A study of magnetic properties in the temperature range 16-300 K leads to 
J =—6cm™ and g =2, typical for such complexes.'’*8 

Complexes of 8-hydroxyquinoline and chromium(III) have been known for many years. 
Complexes have been mercurated and the deuterated quinoline isolated.’ The bromination 
of chelated 8-hydroxyquinoline proceeds about thirty-five times faster than that of the free 
ligand.! Tris(8-hydroxyquinolinato)chromium(III) absorbs large amounts of hydrochloric, 
hydrobromic and hydrofluoric acids. Chemical reaction with the complex was considered a 
more likely explanation than solid solution or clathrate formation, even though more than one 
mole of acid was absorbed per mole of complex.''’ 

The complex diaqua[2,6-diacetylpyridinebis(semicarbazone)|chromium(III) hydroxide di- 
nitrate hydrate (238) has a most unusual structure.'** Chromium(III) is coordinated in an 
approximate pentagonal bipyramid (PBP), with the ligand forming the pentagonal plane and 

1139 
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two water molecules in the axial positions. The solution magnetic moment is 4.05 BM. ‘An 

interesting feature of such a complex is that a regular PBP would lead to a single unpaired 

electron in the degenerate d,2_,2 or d,, orbitals. The distortion of the ligand plane removes this 

degeneracy and provides the first examples of the Jahn-Teller effect in a pentagonal 

bipyramidal complex (Table 95). 
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(238) 

The coordination of chromium(III) is also unusual in the dimeric complex [Cr{H(chba- 

Et)}(py)2}2:2py (239)°!? (H,(chba-Et) = 1,2-bis(3,5-dichloro-2-hydroxybenzamido)ethane). The 

structure of this complex is described in Section 35.4.2.11. 
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Cl Cl 

(239) 

(ii) Chelating ligands containing sulfur and related donor atoms 

There are a number of papers reporting the synthesis and characterization of monomeric 
complexes of this type; the more significant and/or recent are summarized in Table 98. 

Table 98 Complexes with S,O and N,S Chelate Donors 

Ligand Form Complex Ref. 

Dithiocarbazic acids HAL [Cr(L);]*~ 1 
Thiosemicarbazide HL [Cr(HL)3]Cl, 2 

[Cr(L)3] 
Cyclohexanone E [Cr(L).]Cl, 3 

thiosemicarbazone 
Monothiobenzoates HL [Cr(L)3] 4 
Thiosemicarbazones if [Cr(L),Cl,]Cl S) 
Mercaptoacetate H,L [Cr(L)(H,O),]* 6 

. R. A. Haines and J. W. Louch, Inorg. Chim. Acta, 1983, 71, 1. 

. W. Shibutani, K. Shinra and C. Matsumoto, J. Inorg. Nucl. Chem., 1981, 43, 1395. 

. S. Chandra, K. B. Padeya and R. R. Singh, J. Inorg. Nucl. Chem., 1980, 42, 1075. 
. V. V. Savant, J. Gopalakrishnan and C. C. Patel, Inorg. Chem., 1970, 9, 748. 
. S. Chandra and K. K. Sharma, Synth. React. Inorg. Metal-Org. Chem., 1982, 12, 647. 
. R. J. Balahura and N. A. Lewis, Inorg. Chem., 1977, 16, 2213. NDAnkwWNnre 

The complex bis(2-mercaptoethylamine)ethylenediaminechromium(III) perchlorate has been 
prepared by the reaction of cystamine with aqueous solutions of chromium(II) in the presence 
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of ethylenediamine." The complex crystallizes from aqueous solution to form opaque violet 
rectangular bipyramids, the crystal structure of which has been determined. The reaction was 
said to go via an intermediate (240) to the chromium(III) complex (241) which underwent 
rapid ring closure. The stereochemistry of (241) is dictated by the strong Jahn-Teller effect in 
the chromium(II) precursor (240). A series of thiolato complexes, e.g. [Cr(H2O),SCH>CO,]*, 
has been oxidized with H,O2.””° The chromium(III) complexes thus formed, in contrast to the 
cobalt(III) analogues, decompose, presumably via an unstable sulfanato—chromium(III) 
intermediate. 

The complexes of the monothio-6-diketonate RC(SH)—=CHCOR’ (R=R’'=phenyl; R= 
phenyl, 2-thienyl, B-naphthyl; R’=CF3), which are acetylacetonate analogues have been 
synthesized (242).'!*° Dipole moment measurements are consistent with facial structures (243). 
Mass spectra indicate no metal-containing peaks for the complex [Cr(PhC(S)—=CHCOPh);)]: 
however, for the fluorinated monothio-6-diketonates, various metal-containing peaks, e.g. 
M—2L=F, were observed. Such ions involve fluoride migration. Monothiooxalate complexes 
of chromium(III) have been prepared; fairly unusual complexes, exemplified by 
[Cr{(C,SO3)Cu(Ph3)2}3], were reported. On refluxing under chloroform (7h) reactions of the 
kind illustrated were alleged to occur (equation 55).'! 
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The complexes formed between thioglycolic acid (mercaptoacetic acid) and chromium(III) 

have been investigated.!1 In alkaline solutions above 60°C, a blue green complex 

[Cr(SCH,CO,)3]>> is formed. In acidic solutions, two red complexes 

[Cr(H,O)4(SCH,COH)]** and [Cr(H2O),(SCH,CO>H)2]* are predominant with a species 

[Cr(H2O)2(SCH,CO>),]~ detectable at neutral values of pH. The rates of ring opening and 

closure for the chromium(III) mercaptoacetate complex [Cr(H2O)4SCHCO,]* have been 

measured.'!“° gee 
A large number of complexes with arsenic-containing ligands have been reported (247). 

Three types of complex of formula CrO(o-R,AsCsH,CO2)-nH20, Cr(Ph,AsCsH4CO2)2- 

(OH):2.5H,O and Cr(o-R,AsCsH,CO2)(OH)2nH,O were prepared. The authors 

concluded that arsenic was probably not coordinated to the chromium in any of these 

complexes. '*4” 
CO,H 

AsR, 

(247) 
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35.4.8.3, Amino acids 

(i) Potentially bidentate amino acids 

Complexes of simple amino acids with chromium(III) were first prepared by Ley.4* The 

isomers possible for tris chelated complexes of this type are illustrated below (248-251). The 

consequences of such isomerism were first seriously considered by Gillard."'? Red complexes 
of the formulae [Cr(gly)3] and [Cr(L-ala)3] were prepared by neutralizing refluxed solutions of 

hexaaquachromium(III) and the amino acid in ratios between 1:5 and 1:10. These complexes 

were shown to be isomorphous with B-[Co(gly)3] and p-B-[Co(L-ala)3] respectively. The crystal 

structure of red B-[Cr(gly)3] has also been reported.'!° 

N ) (N N (N 
al On| N 0; 0 Oy) 0 
Kon ae > C Cs “Cx 

o% | Yn N% | AO N” | YN N” | \N 
O24) (9 Oo er 

(248) A-aw (249) A-a (250) A-B (251) A-B 

There is some controversy concerning the existence of the a isomers of these tris complexes. 
Israily'!*! reported a purple complex to be a-[Cr(gly)3]; however, subsequent workers have 
shown that this substance most probably was the dihydroxy dimer [Cr2(gly),(OH)2].17477°*1!? 
Careful chromatography, on potato starch, of solutions from chromium(III)/glycine reactions 
yielded red and purple fractions,'’*’ the electronic spectra of which were consistent with 6 and 
a isomers respectively. Solutions of the ‘a complex’ were unstable even in the dark and cold. 
Hoggard has recently claimed'’** the preparation of the a isomer of the glycine complex by a 
fractional crystallization. The complex was anhydrous, unlike its cobalt(III) analogue. X-Ray 
powder methods could hence not be used to confirm the identity of the complex; the 
luminescence spectra were held to be consistent with meridional coordination. There have been 
a number of studies of the physical properties of 6-[Cr(gly)3], summarized in Table 99. 

Table 99 Physical Properties of Tris Amino Acidates 

D-B-[Cr(L-ala),] B-[Cr(gly)] Ref. 

Crystal structure — P2,/c, z=4 1 
AH? (kJ mol‘) 2380 2264 2 
Meg (BM) 3.83 3.82 3 

— 3.89 - 
Electronic spectrum 
70% HClO, 534 (46.6) 539 (44.6) 
Amax (nM), (E,,) 396 (39.5) 400 (37.8) 
CD, 70% HClO, 512 (+1.00) = 

Pecasinian (Ae,,) 452 (—0.25) aia 
418 (+0.08) — 
382 (—0.19) — 

1. Ref. 1150. 
2. C. E. Skinner and M. M. Jones, Inorg. Nucl. Chem. Lett., 1967, 3, 185. 
3. Ref. 1153. 

4. T. Morishita, K. Hori, E. Kyuno and R. Tsuchiya, Bull. Chem. Soc. Jpn., 1965, 88, 1276. 

Many other amino acids form complexes which are red B isomers with ‘glycine-like’ 
coordination at chromium(III). The complexes are most frequently prepared by refluxing the 
amino acid with chromium(III), followed by neutralization. The problem with this kind of 
method is that significant quantities of the corresponding bridged hydroxy complex are formed; 
indeed the solid tris complexes are converted to such complexes on standing under water. 
Repetition of the literature preparations of these complexes is often difficult and the ease of 
hydrolysis/ kinetic inertness of chromium(III) probably leads to some of the discrepancies in the 
literature. An approach which potentially avoids the problems of hydrolysis is solid-state 
synthesis. Amino acid complexes have been prepared by heating (135°C) solid 
hexaamminechromium(III) nitrate with the amino acid followed by recrystallization. 
Complexes of glycine, (+ )-alanine, (+)-isoleucine, (+)-leucine, (+ )-aminobutyric acid, 
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(+ )-norvaline and (+ )-valine™’? have been prepared by this method as have the correspond- 
ing L-amino-acid complexes.'’*° In general, B-fac isomers were obtained. In related work, 
complexes of various basic amino acids were prepared.'’*’ The tris complex of ( + )-methionine 
has been prepared by conventional methods.'”* A number of simple mixed complexes of 
amino acids with chromium(III) and aminoethanol or 2,2'-iminodiethanol have been 
reported.!’°? 

(ii) Hydroxy-bridged complexes 

These are extremely common and can be a problem when the synthesis of the related tris 
complexes is being attempted, particularly as they are of rather limited solubility. They have 
been known for many years.'’**1!%-116 The isomers possible for these species are profuse.1!*° 
For the general formula [(aa)Cr-(u-OH)2Cr(aa),] there are three possible geometric configura- 
tions about each metal ion: trans N cis O, cis N trans O and cis N cis O. In addition, each metal 
ion is a dissymmetric centre bringing the total number of geometric and optical isomers to 21. 
A crystal structure of the all-trans isomer of [Cr2(gly)4(OH)2] has been reported." Its low 

temperature magnetic susceptibility has been fitted to both the Van Vleck and modified Van 
Vleck models. The uncorrected model leads to Meg = 3.80 BM with 2] = 8.4 cm 1;1162/1163,1164 
with the inclusion of quadratic exchange 2J/=7.4cm™'."! Related _ studies 
of alanine,'*°?1'® valine, phenylalanine, leucine,'’°"!” proline’! 1!® and histidine! com- 
plexes have appeared. The proline complex is unusual in that it is soluble in methanol and 
DMSO. Circular dichroism spectra have been measured; the X-ray structure shows the 
complex to be the L-trans(N), L-trans(O) isomer.’ More complicated dimers of unusual 
stoichiometry have been reported."' 

(iii) Solution studies 

Stability constant determinations are few;'!”? they are summarized in Table 100. Complexa- 
tion by acidic amino acids is obviously of relevance to the tanning of leather; the stability 
constants for L-glutamic and aspartic acid'’”’ complexes are much greater than those for glycine 
or L-alanine.!!”*1!7-"74 This is probably because the acidic amino acids form tridentate 
complexes. In contrast, cysteine'’”’ appears to form glycine-like complexes in moderately acidic 
solution; however, in the solid state L-cysteine is known to be tridentate (vide infra). 

Table 100 Typical Equilibrium Constants of Amino Acid Complexes* 

Ligand K, K, Conditions Ref. 

L-Aspartic 12.15 8.98 50°C 1 
acid 10.1 95 2 

L-Glutamic 1139 7.57 1 

acid 
a-Alanine 8.53 7.44 2a 3 

Glycine 8.62 7.65 3 

8.4 6.4 4 

L-Cysteine 8.05 7.45 PAS = 

DL-Methionine 7.45 6.45 5 

Glycine 7.60 — 40°C 6 
0.4 M NaClO, 

$e 

* Jogio values in 0.1 M NaClO,, except ref. 1174. 
1. Ref. 1171. 
2. M. Mizuochi, S. Shirakata, E. Kyuno and R. Tsuchiya, Bull. Chem. Soc. Jpn., 1970, 43, 

397. 
. Ref. 1172. ; 
A. A. Khan and W. U. Malik, J. Indian-Chem. Soc., 1963, 40, 565. 

. Ref. 1173. 

. Ref. 1174. 

Kinetic studies have concentrated on the glycine system."17*11”""17° In the pH range 3.0-3.8 

(40°C), the reaction proceeds by acid-dependent and -independent paths; reaction via the 

hydroxy complex is probably J;, whereas the aqua complex appears to undergo J, substitution. 
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cae . 77,1175,1178 ‘ 
In more acidic solutions, monodentate O-bonded complexes are formed.'1777"'7° Ring 

closure is rapid if the pH is raised; y, 6 and € amino acid complexes do not undergo ring 

closure. !"” 

(iv) Potentially tridentate amino acids 

For tridentate amino acids with three non-equivalent donor atoms such as L-aspartic acid or 

L-cysteine, the isomers possible are illustrated below (252-254). There have been a number of 

reports of the preparation of L-aspartic acid complexes.'®°"*"!?, In the earlier work the 

isomers were not identified, however in the later study, the complexes were tentatively 

identified by comparison of their spectroscopic properties with those of the corresponding 

cobalt(III) complexes.''*? The order of elution of the complexes on HPLC was also similar to 

that observed for the corresponding cobalt(III) complexes. Mixed complexes containing L- or 

p-aspartate and t-histidine were also prepared.’ A crystal structure of one salt obtained from 

this kind of system, bis(L-histidinato-O,N,N’)chromium(III) nitrate, has been determined.!!** 

oO, } O ! N i N. é S N S ich Gh oS EON ah elias eal “SN 5 sg oF So 
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(254) (252) (253) 
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Sodium bis(L-cysteinato)chromate(III) dihydrate has been prepared by refluxing L-cysteine 
with chromium(III) nitrate and neutralizing the solution.'**°. The product is a dark blue solid in 
which cysteine is coordinated with the sulfur atoms trans (see 252-254). A number of chloro 
and other complexes of cysteine and related amino acids have been studied.'’* A related 
complex t-histidinato-p-penicillaminatochromium(III) has been prepared’'®’ and its crystal 
structure reported. 

The reaction of chromium(III) with p-pencillamine has been investigated.''** Chromium(III) 
complexes are also rapidly obtained as the products of the reaction of chromium(VI) with 
D-penicillamine. Several complexes were prepared including a monomeric (S,N,O chelate); 
equilibrium constants were measured. These studies may be relevant to the treatment of 
chromium(VI) toxicity with D-penicillamine (see biological chromium(VI) chemistry p. 947). 
Unusual S-bonded complexes of chromium(III) have been prepared by reacting aqueous 
solutions of chromium(II) with ([Co(en)(L-cys)]** or the corresponding methionine 
complex.''®? Under the fairly acidic conditions used, $,O [excess of chromium(II)] or S,N 
[limiting chromium(II)] complexes were obtained; these both eventually rearranged to give 
O,N species. 

(v) Chromium(IID) and glucose tolerance 

Chromium was recognized as an essential trace element in 1955.1! Rats fed a chromium- 
deficient diet developed an impaired tolerance for intravenous glucose, which could be 
reversed by an insulin-potentiating factor present in brewer’s yeast, meat and various other 
foods. The insulin-potentiating factor was found to be a complex of chromium(III)'!™ and such 
substances have been termed Glucose Tolerance Factor(s) (GTFs). Chromium was demon- 
strated to be essential for humans in 1975." There are several reviews of the chemistry of 
chromium(III) and its relationship to glucose tolerance. !19-1% 
A detailed procedure for the extraction of GTF from Saccharomyces carlsbergenis has been 

reported,''’ involving ethanolic extraction, hydrolysis and ion exchange chromatography. 
Nicotinic acid (255) was detected in the complex by its characteristic UV and mass spectra. 
Glycine, glutamic acid and cysteine together with trace amounts of other amino acids were 
found in the purified sample of GTF. This is probably the most refined GTF yet isolated. 
Although IR spectra were recorded, no detailed spectroscopic studies were undertaken, which 
is unfortunate as studies of the ligand field spectra might help to suggest likely structures. 
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Nicotinic acid is present in the more active GTF preparations isolated from yeasts. The 
coordination chemistry of this ligand is particularly relevant to glucose tolerance and the 
presence of this substance is apparently essential for the maximal activity of complexes in tests 
in vitro. The instability of highly purified GTF fractions has frequently been noted; this may 
arise because the substance in vivo is stabilized by a protein. 

The synthesis and characterization of materials showing biological activity similar to that of 
GTF isolated from yeast is a logical objective. As already mentioned, Mertz found aqua and 
similar complexes of chromium to be more active than chelates with strong ligands. An 
exception to this was an unspecified cysteine complex,'!”? prepared by C. L. Rollinson, which 
showed marked, but erratic, behaviour in GTF tests. Further investigation of this observation 
would be interesting, particularly as the crystal structure of a cysteine complex is now 
known.128 
A complex with considerable activity in tests in vitro has been synthesized'!”’ by reacting 

chromium(III) acetate in 80% alcohol with two equivalents of nicotinic acid followed by the 
addition of one equivalent, in turn, of glycine, glutamic acid and cysteine. A complex 
containing nicotinic acid was isolated from the reaction mixture by ion exchange chromatog- 
raphy. The physical properties and biological activity of this complex were very similar to those 
of GTF isolated from yeast.'!”’ Although this material is probably a mixture, it should be 
further investigated as it is one of the most potent synthetic materials yet obtained. 

The amino acids believed to be involved in GTF are the constituents of the naturally 
occurring tripeptide glutathione (256). Anderson et al. have reported a complex of 
glutathione/nicotinic acid and chromium(III) to be particularly active in their in vitro assay.''”* 
The complex was described as being purified by HPLC, but the details of the preparation are 
not available. 
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(256) Glutathione (GSH) 
(shown as [H,L]") 

Recently, three different kinds of compounds containing chromium(III) and glutathione have 

been synthesized: a bisglutathione complex K2[Cr(H3L)(H2L)], mixed complexes with the 

amino acids L-cysteine, L-glutamic acid and L-aspartic acid K[Cr(H,L)(A)] (A is the 

dianion of the amino acid), and a mixed complex with glycine K,[Cr(H,L)(gly-O)(OH)]. All 

exhibit an intense UV charge transfer band characteristic of a Cr—S bond. The sulfhydryl to 

chromium linkage undergoes an acid-catalyzed hydrolysis. The complexes have been charac- 

terized by elemental and thermogravimetric analysis, electronic and IR spectroscopy and 

circular dichroism. Comparison of these properties with those of known chromium(III) 

complexes leads to the conclusion that glutathione is bound to chromium(III) by the 

O-terminal glycine group {N,O} and the deprotonated sulfur of cysteine. The glutamic acid 

residue does not apparently interact with the chromium centre; the suggested mode of 

coordination of glutathione is illustrated in (257). 

The lack of structural information means that any suggested structure for GTF must be 

highly speculative. Mertz has suggested’ that two trans nicotinic acids are coordinated to 

chromium as illustrated in (258). The first coordination sphere is completed by the various 

amino acids involved. There is little evidence to support this and it seems unlikely that the hard 

chromium(III) centre would bind preferentially to the nitrogen group of nicotinic acid; the idea 

of N coordination has attracted support and influenced other workers. One product of the 

reaction of nicotinic acid and chromium(III) (mole ratio 3:1, pH3.2) has been said to be 
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(257) Suggested coordination 
mode of glutathione 
R = NHCOCH,CH,CHNH,CO,H 

tetraaqua-trans-bis(nicotinate).’*” It showed some biological activity but no spectral or other 
characterization was reported. It would be surprising if chloro ligands were not coordinated in 
this complex and nicotinic acid is most likely to be O-bonded. Indeed, Legg has recently 

shown,!”"! using deuterium NMR, that carboxyl-bonded nicotinic acid complexes are readily 

formed in aqueous solution. A crystal structure of a pentaammine nicotinic acid chromium(III) 

complex shows O-bonded nicotinate,'** which again supports the dominance of O-bonded 
nicotinic acid in chromium(III) chemistry. 

Oi | a 
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(258) 

The view that N-bonded trans nicotinic acids are involved in GTF has also been 
challenged’*-!*% from a more biological viewpoint; an O-bonded nicotinic acid complex has 
been shown to have some biological activity. The biological significance of chromium(III) was 
suggested to relate to the ability of the relatively hard chromium(III) centre to form stable 
complexes with the carboxylate group of nicotinic acid. The crucial grouping recognized by the 
biological system would hence involve the nitrogen of the O-coordinated nicotinic acid 
(259-262). The surface topology of the complex may be the most important factor and the 
effect of 1,4-diguanidinobutane (262) on yeast metabolism, which is similar to that of 
chromium(III) complexes, may be explained on this basis.!* 
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(259) [Cr(nic),(H20).]** (260) [Cr(gly).(H20).}** 
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(261) [Cr(gln).(H,O).]* (262) 1,4-Diguanidinobutane 

Suggested structures for biological activity 

(vi) Chromium and tanning 

Knapp discovered in 1858 that chromium chloride converted raw skins into leather, but he 
failed to realize the commercial significance of his discovery. Others developed his ideas. A 
two-bath process due to Schultz (1894) and an adaptation of Knapp’s original one-bath process 
by Dennis (1893), meant that by the early twentieth century chromium tannage was 
commercially important. At present it accounts for the vast majority of leather production. 

In the tanning process hides are first washed or soaked, hair and keratinous debris are 
removed, bated (enzymes are used to break down non-collagenous components, which are 
washed out) and the hide is acid-pickled to prepare for the addition of the chromium salt. 
Contemporary processes are exclusively based on one-bath procedures and_ utilize 
chromium(III). The older two-bath process is now obsolete, mainly because it involved the in 
situ reduction of chromate, a major environmental and toxicological hazard (cf. chromate 
toxicity p. 947) to chromium(III) on the hide. A useful review of the history of chromium 
tannage processes is available. '*°° 

The most popular tanning solution in current use is termed 33% basic chromium(III) sulfate 
and corresponds to the empirical formula CrOHSO,. In older procedures, chromate was often 
reduced at the plant using glucose/sulfuric acid mixtures. At present, 33% basic chromium 
sulfate is provided as either a solution (chrome liquor) or as a commercially available 
powder,’ of constant, but at present slightly uncertain, chemical composition. 

The composition of such tanning liquors has been investigated.’ As many as 12 
components have been identified, including monomeric di- and oligo-nuclear complexes 
involving hydroxide and/or sulfate bridges. Chrome tanning involves the careful control of the 
hydrolysis of chromium(III) (cf. O donors p. 857). The tanning mixture is introduced to the 
pelt at fairly acidic values of pH (2.5-3.0). The pH is then increased and the chromium reacts 
with and is fixed to the collagen. The low pH of introduction minimizes the processes of olation 
and oxolation (see O donors), which could easily lead to oligomeric and even insoluble 
material unable to penetrate the hide. At low pH the collagen is protonated and this also 
favours the penetration of the chromium complex into the hide. The hydroxy complexes, 
formed on raising the pH, are more reactive than aqua species’'”’ due to the trans effect, a 
point not generally mentioned in the literature of tanning. The unfavourable effects of 
hydroxide are thus balanced against the requirement for a reasonably rapid reaction. Olation 
may further be limited by the use of a complexing (‘masking’) agent. However, the reaction of 
chromium with collagen will be less favourable if the metal is strongly complexed.!?°12” 
Carboxylates of various kinds have been used as masking agents in tanning,” but the present 
trend seems to be to use ‘simple basic sulfate solutions’ or relatively low concentrations of 
carboxylates such as formate under carefully controlled conditions. 
An exception to this is the preparation of special leathers, where a suitable chromium- 

conplexing agent, e.g. a hydrophobic ligand, may be used to impart a required property, e.g. 
shower resistance or lubrication, to the finished hide’”® and similarly the use of fiuorocarboxy- 
lates to produce soil-resistant leathers. 
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Gustavson first recognized'?”° that chrome tanning was due to the reaction of chromium with 
the carboxylic acid groups of collagen. Collagen, the principal component of hide, is an unusual 
protein consisting of a thin rod ca. 3000 A long and 14A thick, composed of three peptide 
chains of equal length each containing about 1000 amino acid residues. Glycine accounts for 
about 30% of the amino acid residues and there are large quantities of proline and 
hydroxyproline. Metal ion binding to collagen has recently been reviewed. '*"! 

Collagen fibrils tanned with 33% basic sulfate show a distinct cross striation (electron 
microscopy, 50000:1), presumably owing to an increased ordering of the collagen 
monomers. ’”!*!7!3 The exact way in which chromium is incorporated into collagen is not yet 
fully understood. In the tanning process, chromium may be envisaged as reacting with the free 
carboxylates of the protein to give three distinct kinds of coordinate linkage: (1) with a single 
carboxylate (263), (2) with cross-linking between strands via a single chromium (264), or (3) 
with cross-linking between strands by a di- or oligo-nuclear chromium species polymerized 
either via ol, oxo or sulfato bridges, or a combination of them (265). The relative importance 
of the different kinds of interaction has not been fully established. Bridging by di- and 
oligo-nuclear complexes, as illustrated in (265), is believed to be the most important interaction 
for the tanning of leather, although as much as 90% of the bound chromium may be bound 
only to a single collagen strand as in (263). 
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Schematic representations of possible collagen In (265) the bridging ligands, shown as ol, could 
interactions. L may be a masking ligand, water be oxo or sulfato. There are obvious pos- 
or hydroxide sibilities for isomerism in this interaction 

The chemistry of tanning is very complicated. Although reliable procedures have been 
developed and the general principles of the chromium-collagen interaction are well under- 
stood, there is the possibility for much new work in this area. 

35.4.8.4 Complexones: edta, pdta, nta and related ligands 

(i) Ethylediaminetetraacetic acid (edta) 

A violet complex [Cr(Hedta)H,O] was first prepared in 1943 by Brintzinger, Thiele and 
Muller.'"* It was transformed on the addition of base to a blue complex, then formulated as 
[Cr(Hedta)OH]~. Thus, even from the earliest studies, edta in its chromium(III) complex was 
thought to be pentadentate; this has now been confirmed crystallographically (266).'21 
Coordination at chromium(III) is a distorted octahedron; the average deviation from 90° is 
5.1°. The currently accepted protonation schemes for chromium(III)—edta complexes are 
illustrated in equations (56)—(61).'7"° Deuterium NMR spectroscopy has been used to confirm 
these solution equilibria.’*’” As well as the quinquedentate ones,'*!*!215 complexes in which edta is of lower denticity have been prepared.’ [Cr(Hedta)H2O] reacted with hydrochloric 
and hydrobromic acids to give complexes of formulae [Cr(H3edta)X,(H,O)]-3H,O. The most likely structure was considered to have one of the nitrogens and two of the carboxylates of an 
ye ligand tie ata 
The equilibrium constant (log K) for the formation of the quin ued i 23.40.'*!° Perhaps the most remarkable feature of chromium( Iie ae Tnehisty ii te Heke 
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(266) Molecular structure of [Cr(H,O)Hedta] 

Protonation Scheme for Chromium(III) edta Complexes (after ref. 1216) 

pK, 

[Cr(Hedta)H,O] —— [Cr(edta)H,O]” + H* 3:15. .(56) 

[Cr(edta)H,O]” —— [Cr(edta)(OH)]*" + H* 7 Sek (57) 

[Cr(H,edta)(H,O),]* ——> [Cr(Hedta)(H,O),] + H* 2.49 (58) 

[Cr(Hedta)(H,O).] —— [Cr(edta)(H,O),]” + H* 2.92 (59) 

[Cr(edta)(H,O).]> —— [Cr(edta)(OH)(H,O)]?" + H* 6.16 (60) 

[Cr(edta)(OH)(H,O)]*> —— [Cr(edta)(OH),]* + H* 8.0 (61) 

lability of the coordinated water of [Cr(Hedta)H,O]. The exchange of this water occurs on the 
stopped-flow time-scale, and has hence attracted a large number of kinetic studies, summarized 
in Table 101. 

Chromium(III)—edta complexes are typically prepared’”° by refluxing the ligand with a 
suitable chromium(III) salt for about half an hour followed by recrystallization. The formation 
of [Cr™(Hedta)H,O] from acetato, formamato and trifluoroacetato chromium(III) complexes 

Table 101 Rate Constants of the Aquation Reactions [k,,(s~*)] of [CrX(H,O).]**, [CrX(NH,)]** and [CrxY]“~” 
Complexes at 25°C and J =1M (after ref. 1224) 

x 

Complex N3 OAc™ ONO NCS~ Gls Br~ 

[Crx(H,O)<}?* 4.1 x 107®* 4.1% 1077* 9.2x107°° 2851007 * 4:3pe10; °° 
[CrX(NH;).]?* 3.610784 8:7.x1075.°* TA 107°" Sit x10=2* 
[CrX(edtra)]~ (1.63 + 0.13) x 10738 (2.40 +.0.17) x 10-°* 
[CrX(medtra)]~ (5.89 + 0.28) x 10-5 (8 +3) x 1074" 
[CrX(hedtra)]  0.189+0.012"" 0.450 + 0.0308 6.244+0.32" 0.244+0.019" 0.697 + 0.044)* 2.0! 
[CrX(aeedtra)]~ 0.38 + 0.06' 
[CrX(Hedta)]” (3.17 + 0.33) x 10774 
[CrX(edta)]*  13.4™ 5.4+ 0.68 26.8 + 1.9" 

“Ref. 303. °E. Deutsch and H. Taube, Inorg. Chem., 1968, 7, 1532. °C. Postmus and E. L. King, J. Phys. Chem., 1955, 59 
1216. °1=0.2M, °/=0.07M. ‘T. Ramasami and A. G. Sykes, Inorg. Chem., 1976, 15, 2885. ®Ref. 1223. "Ref. 10. 'AH* =60.44 
1.2kJ mol", AS* =-55+4Jmol'K~'. /H. Ogino, M. Shimura and N. Tanaka, Bull. Chem. Soc. Jpn., 1978, 51, 1380. “AH™ = 
53.9+3.3kJ mol ', AS” =68+11Jmol 'K ’. 'H. Ogino, M. Shimura, A. Masuku and N. Tanaka, Chem. Lett., 1979, 71. ™Y.S. Sulfab, R 
S. Taylor and A. G. Sykes, Inorg. Chem., 1976, 15, 2388; edtra = ethylenediamine-N, N’,N'-triacetate, medtra = N-methylenediamine-N, N’, N’-tri 
acetate, hedtra = N-(hydroxyethyl)ethylenediamine-N, N’,N’-triacetate, aeedtra = N-(acetoxyethyl)ethylenediamine-N, N’,N’-triacetate. 
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has been studied;!22 the acetato complex reacted 103 times faster than hexaaqua 

chromium(III).!2° The thermal decomposition of [Cr(NH3).]Naedta-3H,0 provides” an 

interesting method of synthesizing [Cr(Hedta)H2O]. 

(ii) Other complexones derived from ethylenediamine 

Ligand exchanges with a variety of ligands closely related to edta (267, 268 and 269) are 

rapid. !?23-1224 Typical results are summarized in Table 101. Chromium(III ethylenediamine- 

N,N'-diacetato complexes [Cr(edda)(H2O),]* have been synthesized.’”° CrCl;-6H2,O was 

reacted with H,edda and neutralized; separation of the isomers (270, 271 and 272) by 

ion-exchange chromatography was attempted. On the basis of electronic spectra and 

comparison with the cobalt(III) system, the first complex to elute was assigned as a-cis (94%), 

the second band as f-cis (6%). The equilibrium constant for this system is log K = 12.42 (room 

temperature),'””° presumably an overall value for both isomers. 

~O,CCH, /CH,CH,OH ~O,CCH, Se i 

NCH,CH,N 
NCH,CH,N ~ 
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~O,CCH,” CH,CO; O,CCH, CH,CO, 
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~O,CCH, — CH; 
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OH, “AP aes al Oe eee Ry 
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(270) trans (271) a-cis (272) f-cis 

(iii) Other complexones derived from polyamines 

In contrast to edta, the complexes of 1,3-propylenediaminetetraacetic acid are 
sexidentate.!?” This may well be because ring strain is reduced (273) by the additional —CH, 
group in each chelate ring. The complex (25,45)-2,4-pentanediaminetetraacetatochromate(III 
monohydrate has been prepared’** and forms stereospecifically. By comparison with Co! 
analogues, absolute configurations have been assigned. Complexes with ethylenediamine- 
N',N'-diacetic-N,N'-dipropionic acid (H,edda) and S,S-2,2”-(ethylenediimino)disuccinic acid 
(H4S,S-edds) were also made.’”** An extensive study of triethylenetetraaminehexaacetic acid 
complexes of chromium demonstrated both mononuclear, dinuclear and heteronuclear chelates 
with copper(II).'7”° 

O 
II 

~O—CCH, CCH,—O- 

*N(CH;):N 
=O=CC CCH a 

I| \| 
O O 

(273) pdta 

(iv) Imino acetic acids 

Several complexes with iminodiacetic acid (Hida) and methyliminodiacetic acid (H2mida) 
have been prepared.“ The bis mida complex exists only as the trans isomer, ida forms bis cis 
N complexes; this is also the arrangement adopted in the mixed mida/ida complex. 
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Spectroscopic measurements were used to support these assignments. Related studies of 
trans-bis(N-isopropyliminodiacetato)chromium(III) dihydrate!”°-!?31_ support the earlier 
suggestions’**° of specificity in the coordination of mida. 
The oxygen-18 exchange of trans-(fac)-bis(N-methyliminodiacetato)chromate(III) has been 

studied in detail.’*°’. Acid-dependent and -independent paths are involved; one-ended ligand 
dissociation was held to be important. The equilibrium constants for complexation of ida are 
(7=0, 25°C) log K,=9.30 and log K,=7.14.°° The chromium complex of 2- 
hydroxyethyliminodiacetic acid (HJOH-A), K[Cr(HO-A),],'* has been made. It is approxi- 
mately octahedral and the hydroxy groups are not deprotonated. 

(v) Nitrilotriacetic acid 

Complexation of chromium(III) by nitrilotriacetic acid (H2nta) has been investigated. Values 
of equilibrium constants (J = 0, 25 °C) are log K; = 10.66 and log K = 8.73.4 A large number 
of mixed complexes with nta/chromium(III) have been prepared, including mixed aminoaci- 
dates,'”*° acetylacetonates, catecholates, oxalates and complexes with 1,10-phenanthroline and 
20 ’ -bipyridyl : 1236-1238 

(vi) Sulfur-containing ligands 

Two different isomers (274 and 275) have been obtained from the reaction of 
thiobis(ethylenenitrilo)tetraacetic acid (tedta) with Cr(ClO,)3, depending on the pH of the 
reaction. The cis isomer has pentadentate (cf. edta) ligation, the trans isomer is sexadentate; 
the equilibrium is pH-dependent.’ The related complexes of thiobis(ethylenenitrilo)- 
tetraacetic acid have also been investigated.!**° The above studies were directed to finding 
ligands which would bind to the surface of electrodes by spontaneous absorption. 
Although the chemistry of these systems is complicated, this objective was achieved 
in both studies. 

Vas | OH, N F O 

CB] Bo 
ee lA 

(274) (275) 

35.4.9 Multidentate Macrocyclic Ligands 

35.4.9.1 Porphyrins and corrins: oxidation states II to V 

Chromium porphyrins constitute a comparatively new and important class of compound. In 
order to avoid an artificial separation, complexes of various oxidation states starting with 
chromium(II) are dealt with in this section and some chromium(V) salen derivatives are 

included. Electronic, ESR and IR spectra are routinely recorded to characterize chromium 

porphyrin complexes and chromatography is extensively used in their purification; for details 
the original references should be consulted. The chemistry of the porphyrins is covered in a 
recent series./**! 

(i) Chromium(II) porphyrin complexes 

The chromium(II) complex of mesoporphyrin IX dimethyl ester (276) can be prepared by 

metal insertion with an excess of chromium hexacarbonyl under nitrogen.’ After removal of 

solvent and extraction with toluene, Cr(MPDME) is crystallized by the addition of n-pentane. 

Presumably the weakly acidic NH protons of the porphyrin oxidize Cr° to Cr’ and form Hp. 
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The oxidation of Cr(MPDME) in solution by O2 or H2O2 can be reversed by sodium dithionite. 

Since [Mer = 2.84 BM in the solid and 5.19 BM in CHCl, there are axial interactions in the solid 

state which are removed on dissolution. ' 

R! Me 

Me Me 

(276) R' = R*=Et, mesoporphyrin dimethyl ester, HMPDME 
R' = R? = H, deuteroporphyrin dimethyl ester, HADPDME 
R' = R* = CH=CH,, protoporphyrin IX dimethyl ester, H,PPDME 
R' = R’ = CH(OH)Me, hematoporphyrin dimethyl ester, HHPDME 

The meso-tetraphenylporphyrinate, Cr(TPP), first reported as a tetrahydrate’**? with 
Ue = 4.90 BM, was prepared by metal insertion into H,TPP (277) with Cr(CO)<, in n-butyl 
ether (Scheme 106). The reaction was carried out under nitrogen containing small quantities of 
air, the need for which was not explained, and the formulation is in doubt because products 
from other procedures® have different visible spectra. It can be prepared by reduction of 
CrCl(TPP) with NaBH, in ELCOH/CHC1,°” activated zinc in THF/py/ H,0O,” or [Cr(acac),] in 
toluene or THF. The last method is of general application to M™Cl(porphyrin) complexes 
(equation 62) because [Cr(acac),] is a powerful one-electron reducing agent, soluble in toluene, 
which is oxidized to a soluble Cr” species, presumably [CrCl(acac),], which firmly binds the 
Cl. The solvate Cr(TPP)-2PhMe is obtained and Cr(OEP) (278) can be prepared similarly. A 
disadvantage is that Cr(acac), is very air-sensitive and an excess is required because it does not 
react stoichiometrically. 

M'Cl(porphyrin) + Cr(acac), ——> M"(porphyrin) + CrCl(acac), (62) 

Cr(TPP)(py)2 Cr(TPP)NO 
! 

Nt No (en 

Cr(CO), ==> Cr'(TPP) —2> Cr'YO(TPP) ——> OPPh, + CrC\(TPP) 
uy ’ toluene 219 

Zn/H CH,Cl, on standin 

or Cheah: Be 
= 8 

H2TPP, A 
CrCl, ——> Cr"™Cl(TPP) ara,” Cr’O(TPP)CI 

Q>, DMF 

al( 
Zz 

OH 

ae + + ee + CrCl(TPP) 

Scheme 106 

From its magnetic moment (4.9BM), Cr(TPP)-2PhMe is high spin. A crystal structure 
determination’ shows that the molecule is centrosymmetric and the Cr atom essentially 
four-coordinate; each toluene interacts very weakly with the metal and a pyrrole ring. 

Planar Cr(TPP) will add two molecules of bases such as pyridine axially to form intermediate 
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. (277) R= Ph, tetraphenylporphyrin, H,TPP (278) Octaethylporphyrin, H,OEP 
R = p-tolyl, tetra-p-tolylporphyrin, H,TTP 
R = mesityl, tetramesitylporphyrin, H,TMP 
R= p-C.H,SO3, tetra-p-sulfonatophenylporphyrin, H,TPPS 

spin complexes (Table 102). The spin-pairing has little effect on the average Cr—N (porphyrin) 
distances since they are 2.033 A in Cr(TPP)-2PhMe (S = 2)!2 and 2.027 A in Cr(TPP)(py), 
(S =1).’** However, the Cr—N distances to the axial pyridine molecules (ca. 2.13 A) are 
considerably less than in isoelectronic high-spin manganese(III) complexes (ca. 2.4 A). This is 
attributed to the depopulation of the 3d, orbital on spin-pairing in the Cr™ complex. The 
alternative formulation of the Cr" porphyrin complexes as Cr™ porphyrin radical anion 
complexes is excluded by their visible spectra and oxidation—reduction behaviour.®°:!2* 

The rate of oxidation of Cr(TPP) in solution can be lowered by cooling and by having high 
axial ligand concentrations, but no evidence has been found for reversible oxygenation. 
Powdered Cr(TPP)(py)2 (the five-coordinate structure earlier proposed!*° was in error’***) 
irreversibly forms an O,2 adduct which was thought from its magnetic moment (2.7 BM) and IR 
spectrum to be a Cr" superoxide complex Cr(O2)(TPP)(py).'° In view of recent results (see 
below) which show that Cr'YO(TPP) and (Cr™TPP),O exist, it is Possible that the adduct is a 
mixture. Carbon monoxide does not react with Cr(TPP),'**° but Cr(TPP)NO can be 
obtained.°7>)!%7 

(ii) Chromium(II1) porphyrin complexes 

Evidence is growing that chromium is an essential trace element (Section 35.4.8.3). If 
mammalian diets are supplemented with simple >'Cr-labelled salts it is found that less than 1% 
of the dose is absorbed because at intestinal pHs (>6) insoluble Cr™ hydrolysis products are 
produced. Complexes which remain intact in the acid conditions of the stomach as well as in 
more alkaline conditions are required. As Cr™ porphyrin complexes are stable in these 
respects, methods for synthesis of the complexes and incorporation of *'Cr have been 
surveyed.’*8 

Chromium(II]) porphyrin complexes have been synthesized via aerial oxidation of the 
chromium(II) complex prepared from Cr(CO).,’“” from CrCl, and the porphyrin in refluxing 
DMF,” and directly from CrCl; or [Cr(acac)3] in DMF’?°° and other high boiling solvents 
such as benzonitrile.'°' Since the *'Cr radiolabel is supplied as CrCl; in 0.1M HCI, the 
carbonyl method and methods needing an excess of metal’”°’ are unsuitable. To incorporate 
the label the *4Cr°* was reduced essentially completely by a 20-fold excess of CrCl,-4H,O in a 
1:1 EtOH/H,O mixture according to the rapidly established equilibrium (63) for which the 
equilibrium constant is 1. The dilution of the *'Cr was acceptable. DMF and the porphyrin 
were then added in an adaptation’? of the earlier method.'”” The labelled complexes, shown 
in Table 102, were purified chromatographically. The method does not work well for 
porphyrins with free carboxylate side chains. 

Grit Co == Cr) + Glen? (63) 

Kinetic studies have shown that axial ligands in the complexes Na3[Cr(TPPS)(H20),], 
CrCl(TPP)L (L =monodentate base) and ([Cr(Schiff’s base)(H2O)2]* are unusually 
labile ,1119-1753-1294 and equilibrium constants for proton dissociation from coordinated water in 
the first complex’°* have been determined. 

The chloro complex CrCl(TPP) is a non-electrolyte in DMSO and neutral N, O and S donor 
ligands will bind to give six-coordinate species.’*°° There is little difference in the stability 
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Table 102 Some Synthetic Details and Properties of Porphyrin and CrY—Salen Complexes 

Complex 

Oxidation state IT 

Cr(MPDME) 
Violet 

Cr(OEP) 
Purple 
Cr(TPP)-:2PhMe 
Purple 
Cr(TPP)(py)>-PhMe 
Green-purple 

Cr(TPP)(L)2:PhMe 
Green-purple 

Oxidation state IIT 

CrCl(MPDME) 

CrCl(DPDME) 
CrCl(PPDME) 
CrCl(HPDME) 
CrCl(TPP) 
Deep blue 
CrBr(TPP) 
Na,[Cr(TPPS)] 

Cr(OMe)(TPP):-2MeOH 

Cr(OEt)(TPP)-2EtOH 

Cr(OH)(TPP):2H,O 
Cr(ClO,)(TPP) 
Dark green 
Cr(O,CMe)(TPP) 
Cr(TPP)NO 
Red 

[Cr(TPP)],0 
Purple 
(TPP)CrOFe(TPP) 
Purple 

CrCl(TTP) 
Green 

CrCl(TMP) 
Green 
CrOH(TTP)H,O-H,0 
Violet 
CrN,(TTP) 
Violet 
CrOH(OEP)-0.5H,O0 
Violet 
CrBr(OEP)py 
Dark brown 
Cr(OPh)(OEP)PhOH 
Violet 
CrCl(OEP) 

Oxidation state(IV ) 
CrO(OEP) 
Red 
CrO(TPP) 
Red 

CrO(TMP) 
Purple 

Comments 

Cr(CO),, H3MPDME in n-decane (170 °C) or decalin (205 °C), 
Hepp = 2.84 (solid), 5.19 BM (CHC) 
[Cr(acac),] reduction of CrCl(OEP), 4, = 4.8 BM 

[Cr(acac),] reduction of CrCl(TPP), eg = 4.9 BM 
Cr—N (av), 2.033 A; planar CrN, 
Cr(TPP)-2PhMe and py in toluene or CrCl(TPP), Zn, 
THF/py/H,0, [Ue = 2.93 BM indep. of T; Cr—N(TPP) (av), 
2.033, Cr—N(py) (av), 2.13 A 
Cr(TPP):2PhMe and L in toluene, L = 3-pic, 4-pic, 1-MeIm; 
Herp = 2.9 BM 

CrCl,-4H,0, H;MPDME, reflux DMF, expose to air as for 
CrCl(TPP) below, °'Cr incorporated 
As above 
As above 
As above 
CrCl, or CrCl,-4H,O, H,TPP, reflux DMF, expose to air. *'Cr 
incorporated (see text) 
From CrCl(TPP), excess [NBu,]Br in CHCl, 
CrCl,-4H,O, Na,[TPPS], reflux DMF, expose to air; also from 
Cr(CO),; sometimes as (H,O)>, Wer = 3.87 BM 
Cr(CO),, H,TPP, reflux decalin, expose to air, crystallized from 
MeOH, Here = 3.63 (294 K), 3.60 BM (79 K) 
As above, crystallized from EtOH, per = 3.60 (294 K), 
3.59 BM (79 K) 
As above, reaction mixture left one month, no alcohols in work-up 
CrCl(TPP) and AgClO, in THF; monodentate ClO, 

Cr(O,CMe)3, H,TPP, reflux PhCN 
v(NO) = 1700 cm’, S = 4 (ESR) 

Monohydrate, CrCl(TPP) in CH,Cl,, NaOH; CrO(TPP) + 
Cr(TPP); wif? * = 1.61 BM 
Per dimer, = 3.12 (300 K), 1.9 BM (4.2 K), J = —153cm™’, 
g = 2.04; intermolecular; J = —1.45 cm™', g = 2.14; Cr—O—Fe, 
842 cm‘. Also mixed porphyrins and (TPP)CrOFe(PC); Cr-—O— 
Fe linear 

CrCl,, H,TTP, reflux DMF, NaCl aq, HCI, Poor analyses, 
occludes CH,Cl, 
As above, poor analyses, decomp. to 7?CrOH(TMP) 

CrCl,, H,TTP, PhCN, reflux in stream of N, to remove HCl, 
chromat., add NaOH 

CrCl,, HJOEP, PhCN, reflux stream of N, to remove HCl, 
chromat., add NaOH 

[Cr(acac)3], H,OEP, reflux diethylene glycol 

[Cr(acac)3], HJOEP, PhOH, 250°C, = 3.2 BM 

Prepared as CrCl(TPP) 

CrOH(OEP)-0.5H,0, NaOCl and NaOH, v(Cr=O), 1015 cm7! 
diam. 
Cr\(TPP), O, in toluene, v(Cr=O), 1020 cm~!, diam., Cr—O, 
1.62, Cr—N, 2.036, Cr ca. 0.5 A above N, plane; also CrO(TFP) 
CrO(TXP) 
CrCl(TPP), PhIO in CH,Cl,, KOH; similarly from NaOCl, 
Bu'O,H, or m-chloroperoxybenzoic acid, v(Cr=O), 1025 cm, 
v(Cr="*0), 981 cm~', diam. 
CrCl(TMP), PhIO in CH,Cl,, similarly from Bu'O,H and KOH, 
v(Cr=O), 1023 cm™!, diam. 

> 

> 

Ref. 

N Wh 

Ns 

Le) 

DMAnn 

10 
11 

12 
11,15 

14, 15, 16 

7,18 

14 

14 

19 

19 

21 

22 

15, 16 

14 

14 
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Table 102 (continued) 
ee re EE ee aE Een Se at ae eb ea ae Bee ANS fee Ve Gi 

Complex Comments Ref. a a ee re en VR eI OR ee eh A hee Ree 
CrO(TTP) CrCl(TTP), PhIO in C,H,, v(Cr=O), 1020 cm™’, diam., Cr—O, 14 
Lavender 1.572, Cr—N(av), 2.032, Cr 0.469 A above N, plane 
Red Cr(OH)(TTP)-2H,O, PhIO in CH,Cl, or NaOCl and NaOH, 23 

v(Cr=O), 1020 cm7!, diam. 

Oxidation state(V) 
CrO(TPP)Cl CrCl(TPP), PhIO in CH,Cl,, Mere = 2.05 BM, v(Cr=O), 972 cm™! 14, 24, 25 
[CrO(TPP)]* generated electrochemically 30 
Red solution 
CrO(TETMC) CrCl,, H;TETMC, NaOAc, DMF, exposure to air, Wer = 26 
Dark red brown 1.71 BM, v(Cr=O), 964 cm™!, g = 1.987 
CrN(OEP) CrOH(OEP)-0.5H,O as below, g = 1.9825 19 
Red 

CrN(TTP) CrOH(TTP):2H,O, CH,Cl,/EtOH, aq. NH;, NaOCl, g = 1.9825 19 
Red-purple Photolysis CrN3(TTP), g = 1.985, v(Cr="4N), 1017 cm“, 20 

v(Cr="°N), 991 cm™*, Cr=N, 1.565, Cr—Na(TTP)(av), 2.042, 
Cr 0.42 A above N, plane (C,H, adduct), RR spectrum, CrN(TPP) 27 
and CrN(TMP) also known 

Salen complexes 
[CrO(salen)]PF, [Cr(salen)(H,O),]PF,, PhIO in MeCN, g = 1.977, v(Cr=0O), 28 
Dark brown 997 cm‘; also CrO(salen)X, X = F, Cl, Br 
CrN(salen) CrN,(salen)-2H,O, photolysis, v(Cr==N), 1012 cm, g = 1.974 29 
Red brown 
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constants for binding of s-BuNH, (log K =4.28) and z-acceptor ligands such as pyridine 
(log K = 4.28) to CrCl(TPP) in acetone (equation 64).’?°° It therefore seems that metal to 
ligand a bonding is unimportant. However, 1-methylimidazole is anomalously strongly bound 
(log K = 6.71), consistent with some ligand to chromium z bonding. N donors will displace O 
donors and S donors but not the coordinated chloride. 

CrCl(TPP)(acetone) + L “= CrCl(TPP)L + acetone (64) 

Cyclic voltammetry shows that the electrochemical reduction of CrCl(TPP) in non-aqueous 

media is a function of the solvent.!2°’ In non-coordinating solvents, e.g. CH2Ch, the Cr'"/Cr™ 

reduction (equation 65) is irreversible and the Cr"/Cr"-anion radical reduction (equation 66) is 
reversible. In weakly coordinating solvents, e.g. Me2zCO, the solvent L modifies process (65) 

through weak coordination to give CrCl(TPP)L, and in coordinating media such as DMF is 

COCc3-DD 
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involved in both reductions and renders equation (65) reversible. The effect of N donors was 

studied, and in C)H,Cl, and DMF the Cr" and Cr"-anion radical species axially coordinate two 

substituted pyridine molecules. From the reduction potentials, this stabilized the Cr™ oxidation 

state over the Cr! state, and the Cr" state over the Cr'-anion-radical state. There was no 

indication that coordinating ligands would displace Cl” from CrCl(TPP)L. In Cr(ClO,)(TPP) 

the axial interactions between the metal centre and the counterion are much less than in 

CrCl(TPP).!247 Consequently it is easier to reduce and less easy to oxidize and species 

Cr(TPP)(L)? (where L= DMF, DMSO and py) form in solution. 

Cr™Cl(TPP) —> Cr"(TPP) + Cl” (65) 

Cr(TPP) —> [Cr(TPP)]~ (66) 

The reaction of NO with Cr"(TPP) affords Cr(TPP)NO which is a red solid with 

v(NO) = 1700cm7! and an ESR spectrum typical of an S =4 species.*” When solutions of 

Cr(OMe)(TPP) in CHCl;/MeOH are exposed to NO, spectroscopic changes indicative of the 

formation of an NO complex occur. On degassing, the original spectrum reappears. Since the 

electronic and ESR spectra of the NO complex are similar to those of Cr(TPP)NO, it is 

believed that reductive nitrosylation has taken place according to equations (67) to (69). It is 

not stated whether Cr(TPP)NO as the solid or redissolved loses NO. More recent work!” 

shows that DMF, DMSO and py coordinate axially to Cr(TPP)NO in CHCl, and formation 

constants have been determined; at high concentrations some displacement of NO occurs. 

Cr(OMe)(TPP) +NO == Cr(OMe)(TPP)NO (67) 

Cr(OMe)(TPP)NO + MeOH —> Cr"(TPP) + MeONO + MeOH (68) 

Cr"(TPP) +NO — > Cr(TPP)NO (69) 

(iii) Chromium(IV) and (V) porphyrin complexes 

Chlorotetraphenylporphyrinatochromium(III) dissolved in CH2Cl, is oxidized by iodosylben- 
zene or m-chloroperbenzoic acid to CrYO(TPP)CI, which is stable in solution for several hours 
(Scheme 106).!*°° The addition of alkenes rapidly regenerates CrCl(TPP) and gives alcohols 
and epoxides; similarly cyclohexanol gives cyclohexanone. The same products are obtained 
with catalytic amounts of CrCl(TPP), and FeCl(TPP) behaves in a like manner.'**? The red 
complex CrO(TPP)CI has been well characterized in solution by IR, magnetic (Table 102) and 
ESR investigations. As it forms in CH2Cl, the typical ESR spectrum of CrCl(TPP) is replaced 
by a sharp signal near g =2 with the expected hyperfine splittings for CrY.'* Details of the 
ESR spectra show that the unpaired electron is primarily on the metal so that CrO(TPP)Cl is 
an oxochromium(V) species and not a chromium(IV) porphyrin z cation radical. Coupling 
effects in the ESR spectra consequent upon the formation of Cr’’7O(TPP)Cl (from PhI’’O) and 
substitution of Cl by BuNH2, OH™ or F confirm the formulation. On standing at room 
temperature CrO(TPP)Cl decomposes in CHCl, to give a bright red solution containing a 
diamagnetic oxochromium(IV) complex. This happens so readily that the spectrum of 
CrYO(TPP)CI first published’?°® is, in fact, that of red Cr'YO(TPP);'7°! CrO(TPP)CI is also red 
but the spectrum is different.’*°°17 Cr'YO(TPP) can be directly obtained by oxidation of 
CrCl(TPP) by iodosylbenzene, Bu'O.H, NaOCl or m-chloroperbenzoic acid, followed by 
treatment with base (Scheme 106); CrO(TMP), CrO(TTP) and CrO(OEP)!*°17© and others 
have been prepared similarly (Table 102). 

In the crystalline state, the oxochromium(IV) complexes are stable for months. Unlike 
oxochromium(V) species they do not oxidize hydrocarbons, even in the presence of PhIO, 
although CrO(TPP) will oxidize PhCH2OH to PhCHO.’** Another route to CrO(TPP) is from 
Cr\(TPP) by reaction with oxygen.” The structures of CrO(TPP)'? and CrO(TTP)!?™ are 
similar to those of other five-coordinate oxometalloporphyrins. In both complexes the metal 
atom is ~0.5 A out of the porphyrin plane towards the oxygen atom, and the Cr—O distances 
are similar: 1.572A [CrO(TTP)] and 1.62 A [CrO(TPP)]. The average Cr—N distances are 
almost identical at ca. 2.03 A. The Cr¥(TPP) was prepared by zinc amalgam or Cr(acac) 
reduction of CrCl(TPP) and its oxidation to CrO(TPP) was monitored spectrophotometrically. 
The reaction (equation 70) takes place in two distinct stages believed to involve a p-oxo 
intermediate,’*°* although others consider that autoxidation of the solvent toluene is 
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involved.'*°° Cr'YO(TPP) oxidizes Fe"(TPP)(pip)2 (pip = piperidine) to the mixed-metal 1-oxo 
complex (TPP)Cr™OFe"(TPP) which contains a strongly antiferromagnetically coupled 
(S=3,S=3) pair (Table 102). Similar complexes can be obtained with two different 
tetraphenylporphyrins, and Cr'YO(TPP) can also be prepared by stirring CrCl(TPP), CHCl; 
and aqueous HC! in air.'7° 

4Cr'(TPP) —2> 2{Cr™(TPP)},0 —2> 4Cr'YO(TPP) (70) 

. Oxidation of CrCl(TPP) in CHCl, by the radical cation from phenoxathiin hexachloroan- 
timonate produces a species with Uer¢=2.8BM. The electronic spectrum is consistent with 
Cr™(TPP*) or Cr'Y(TPP) and the former is favoured.’ An IR band in the 1270 cm™! region is 
indicative of a ring-oxidized metalloporphyrin, and there is a strong band at 1285 cm“ in the 
spectrum of [CrCl(TPP)][SbCl,].!2°° 

One oxochromium(V) complex, CrO(TETMC), containing the trinegative anion of a corrole 
(279), has been characterized as the solid.’ It is prepared (Table 102) simply by exposure to 
air of a solution presumably containing a Cr™ complex. Aerial oxidation of Cr“(TPP) produces 
the oxochromium(IV) complex CrO(TPP) so the corrole ligand apparently facilitates autoxida- 
tion. The redox behaviour of CrO(TETMC) has been examined by cyclic voltametry.!7° 

(279) 7,8,12,13-Tetraethyl-2,3,17,18-tetramethylcorrole, H; TETMC 

Nitridochromium(V) porphyrins, stable to air, moisture and mild reducing agents unlike 

oxochromium-(IV) and -(V), have been prepared by two methods (equations 71'*°* and 

72).954,12) The Cr porphyrins probably take up NH3 as one axial ligand and oxidative 
dehydrogenation produces the nitride (equation 73). 

CrOH(TTP) + NaOCl + NH, —> CrN(TTP) + NaCl + 2H,0 (71) 

CrN,(TTP) 22“, CrN(TTP) +N2 (72) 

Sue PN 
Sieh cies a Tere (73) 

Gr™, @ Cr’, da 

The nitrido complexes have been thoroughly characterized. The oxidation state has been 

confirmed by ESR and ENDOR spectroscopy. The Cr=N7"* group can be considered weakly 

electron donating; only the d,, orbital is not involved in o or a bonding, and it accommodates 

the single d electron. The stability to reduction compared with Cr—=O** species is ascribed to 

the high energy and low electron affinity of the empty d orbitals.1*® The expected square 

pyramidal structure has been confirmed by X-ray methods for CrN(TTP)-CoH,.!2 It is 

isostructural with CrO(TPP). Coordination shell bond distances are given in Table 102, and the 

Cr=N distance is short, consistent with a triple bond. 

(iv) Chromium(V )-salen derivatives 

Chromium(III) salen will form chromium(V) derivatives in much the same way as porphyrin 

complexes do. By reaction of iodosylbenzene with chromium(III)salen oxochromium(V) 

complexes are obtained (equation 74) which will effect oxygen atom transfer to phosphines and 

alkenes such as norbornene (equation 75) in stoichiometric and catalytic systems.'*”” The 
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halides [CrO(salen)|X (X=F, Cl, Br) can be prepared from [CrO(salen)]PF, by metathesis 

with [NR4]X. 

[Cr (salen)(H,O),]PF, + PhIO <> [CrYO(salen)]PF, + PhI (74) 

i | 

> - + 4 ‘ 

adie O | a] 
(| pad a — / kh Oo / +[Cr'" salen]* (75) 

ipsa VA Cr’ (salen) r7d suf 

There is disorder in the crystal structure of [CrO(salen)|PF,, but the average out-of-plane 

displacement (which takes place on oxygen transfer to the metal) of the Cr atom is 0.52 A, and 

the average Cr=O distance 1.56 A. 
The nitrido complex CrN(salen) can be obtained from [CrN;(salen)]-2H,0 by photolysis 

(equation 72).°°? The v(Cr==N) frequency is 1012 cm™’. 

35.4.9.2 Polyazamacrocycles: cyclam, tet a, tet b and related ligands 

In comparison with some other metal ions, limited synthetic work has been carried out on 

chromium(III) complexes with macrocyclic ligands. The vast majority of reported complexes 

involve tetraazamacrocycles. 

(i) Cyclam 

A number of complexes of the type ([Cr(cyclam)X,]* (cyclam=1,4,8,11- 
tetraazacyclotetradecane, 82) have been prepared as outlined in Scheme 107.'7*'?” The 
difficulty in synthesizing trans-[CrX,(cyclam)]* complexes directly from the free cyclic ligand is 
in marked contrast to the behaviour of other ions of the first transition series, e.g. cobalt(III), 
which forms stable trans complexes. The colours and spectroscopic properties of these 
cyclamchromium(III) complexes are presented in Table 103. The use of IR spectroscopy to 
differentiate between cis and trans cyclam complexes has been widely explored and the region 
790-910 cm~' was found to provide confirmatory evidence of structure, independent of metal 
or counteranions present.'*”* Hence trans complexes generally show two groups of bands in this 
region, a doublet near 890 cm~’ associated with the secondary amine vibration and a singlet 
near 810 cm™' due to the methylene vibration. The spectra of cis isomers on the other hand are 
more complex with at least three bands between 840 and 890 cm~' and two between 790 and 
810 cm~' (Table 104). 

Table 103 Colours and Electronic Spectra of Cyclamchromium(III) Complexes 

Complex Colour ater aay Ref. 

cis-[CrCl,(cyclam)]* Dark red 529 (111) 404 (106) 468 (26) 1 
cis-[CrBr,(cyclam)]* Grey-violet 527 (94) 408 (72) 455 (48) 356 (38) 1 
cis-[Cr(OH),(cyclam)}* 547 (84) 370 (66) 1 
cis-[Cr(cyclam)(H,O),]°* ° Orange 483 (126) 370 (38) 417 (26) 1 
cis-[Cr(NCS),(cyclam)]* Orange-red 486 (189) 368 (101) 418 (35) 1! 
cis-[Cr(ONO),(cyclam)]* * Red-brown 481 (134) 355 (211) 415 (29) 1 
cis-[Cr(N3)2(cyclam)]* Red-violet 517 (276) 400 (144) 445 (60) 1 
cis-[CrCl,(Me,cyclam)]* 559 (123) 412 (97) 2 
cis-[Cr(Me,cyclam)(H,0),]°* 506 (75) 380 (53) 2 
trans-[CrCl,(cyclam)]* Purple 567 (20) 404sh (30), 364 (33.5) 3 
trans-[Cr(NCS),(cyclam)]" Orange 483 (139) 364sh (117) 3 

trans-[Cr(cyclam)(H,O),] 510 (24) 405 (39) 350 (53) 5 
trans-[CrCl,(Me,cyclam)]* 571 (20) 386 (31) 2 
trans-[Cr(CN),(cyclam)]* Yellow 414 (62.5) 328 (62.5) 365 (22) 4 i a a a 

“A in nm of aqueous solutions. °¢indm>mol ‘cm '. ° pK, =3.8, pK, =7.0, 20°C, J=0.1M. 
is similar to that of cis-[Cr(en),(ONO),]* which is known to contain O-bonded NO; ligands. 
1. J. Ferguson and M. L. Tobe, Inorg. Chim. Acta, 1970, 4, 109. 
2. D. A. House, R. W. Hay and M. A. Ali, Inorg. Chim. Acta, 1983, 72, 239. 
3. C. K. Poon and K. C. Pun, Inorg. Chem., 1980, 19, 568. 
4. N. A. P. Kane-Maguire, J. A. Bennett and P. K. Miller, Inorg. Chim. Acta, 1983, 76, L123. 
5S. R. G. Swisher, G. A. Brown, R. C. Smierciak and E. L. Blinn, Inorg. Chem., 1981, 20, 3947. 

Cs ee : 
Dinitrito complex, since spectrum 
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Table 104 IR Spectra of [Cr(cyclam)X,]* Isomers Between 790-910 cm~!! 
a 

Complex NH vibration CH, vibration 

trans-[CrCl,(cyclam)]Cl 890s, 882s 804s 
cis-[CrCl,(cyclam)]Cl 872m, 862m, sh, 854m 815w, 805m 
trans-[Cr(NCS)2(cyclam)]SCN 885s, 878m 802m 
cis-[Cr(NCS),(cyclam)]SCN 870m, 860m, 850m, sh 818m, 810m a ee Se 

1. C. K. Poon and K. C. Pun, Inorg. Chem., 1980, 19, 568. 

CrCl,(THF); + cyclam trans-[Cr(CN),(cyclam) CIO, 

se eae fe NaClO, 
DMSO, 62°C 

i, pH7, reflux 

trans-[CrCl,(cyclam)]Cl + cis-[CrCl,(cyclam)]C] ——=#"— trans-[CrCl,(cyclam)]C1 
(~10%) (~90%) 

| pH 7, reflux 

ii, NaSCN 
cis-[CrBr,(cyclam)]Br ie ae 

“ur trans -[Cr(NCS).(cyclam)]SCN-0.5H,O 

cis-[Cr(cyclam)(NO3)H,O](NO;), 

NaNO, Agate 

reflux NaSCN in H,O 

NaN; in H,O, eS 

cis-[Cr(NO,),(cyclam)]NO, ses py, $,02~ in H,O 

cis-[Cr(N3)2(cyclam)]N3 cis-[Cr(NCS),(cyclam)]SCN 

cis-[CrOH(cyclam)(H,O)]S,0,.:3H,O 

| 

cis-[Cr(cyclam)(H,O),]Br;-3H,O 

Scheme 107 

In the attempted preparation of trans-[Cr(cyclam)(NHs3)2]°* from the dichloro complex in 
liquid NH; only a crude product contaminated by an orange material could be isolated.'””* This 
impurity was shown to contain the O-carbamato complex trans-[Cr(OCONH)),(cyclam)]*. 
Suitable crystals of trans-[Cr(OCONH)2)2(cyclam)}]ClO,-1.5H,O were grown and the structure 
determined by X-ray diffraction methods. The structure contains two independent centrosym- 
metrical complex ions, which are almost identical except for the orientation of the carbamate 
ligands. The macrocyclic ligand has a conformation in which the five-membered ring has a 
gauche and the six-membered ring a chair conformation. The average C—C (151. 3 pm), C—N 
(148.0 pm) and 1—N (205.9 pm) distances in the complex are similar to those in the doubly 
protonated ligand (150.9, 148.2, 204.5 pm respectively). The average Cr—N bond length 
(205.9 pm) is close to the ideal value (207 pm) calculated for trans-cyclam complexes!””> and 
also similar to those in chromium(III) complexes with other amines.'?”* The relative 
substitution inertness of trans-cyclamchromium(lIII) complexes in solution’?”° may be due to 
steric hindrance by the two axial C—H groups of the six-membered rings towards the entering 
group in an associative interchange mechanism. '*”* 

The photochemistry of cis- and trans-[CrCl,(cyclam)]* on irradiation of the d—d bands in 
dilute acid solution involves monosubstitution by solvent to give the corresponding isomeric 
[CrCl(cyclam)(H,O)}** products.’*”” However, the photobehaviour of [Cr(CN),(cyclam)]* in 
solution at room temperature is in marked contrast to that normally displayed by 
chromium(III) complexes. !?”3:!?”8 For this complex, like trans-[Cr(CN)2(NH3)4]* ,°”° the "Bog 
component of the first spin-allowed quartet excited state lies at lower energy than the *E, 
component, an ordering which in the tetraammine complex restricts photolabilization to the 
in-plane NH; positions. However, in the cyclam complex the nature of the in-plane ligand 
prevents the occurrence of such a reaction with the result that even after extensive ligand field 
photolysis no substitution photochemistry is detected. Furthermore the complex exhibits an 
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intense long-lived *E,>*B,, phosphorescence which shows equal enhancements in intensity 
and lifetime on deuteration of the NH groups. These properties of its *E, state make 
trans-[Cr(CN)2(cyclam)]* an attractive compound to study in terms of energy- and electron- 
transfer with various substrate molecules. 

(ii) Tet a and tet b 

A number of chromium(III) complexes of the diastereoisomeric C-meso- and C-racemo- 
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (tet a and tet b respectively; 280 
and 281) have been prepared.'*”"!”8° While the tet b isomer like cyclam can readily fold to give 
cis-[CrX,(tet b)]* complexes, tet a only folds with difficulty because of unfavourable 
interactions between the methyl substituents and axially coordinated ligands. Hence these 
isomers react with CrCl,(DMF)3, prepared in situ by dehydration of CrCl,-6H,O in DMF, 
according to Scheme 108. Replacement of Cl” by other anions provides a convenient route to a 
range of trans-[CrX,(tet a)]X and cis-[CrX,(tet b)]X complexes. Details of the electronic 
spectra of these products are presented in Table 105. 

Me Me Me Me 

= ca 
NH H NH HN 

M Z ipegig Oana Gok 
(280) teta a (C-meso) (281) tet b (C-racemic) 

trans-[CrCl,(tet a)]Cl‘HCl-2H,O 
green; Anax(€) = 574 (25), 440sh (27), 387 (47) nm (dm? mol‘ cm~') 

tet a in DMF 

100°C 

CrCl,-6H,O 2", CrCl,(DMF), 

tet b in DMF, 

boil 

cis-[CrCl,(tet b)|Cl 
sea-green; A... = 598, 430 nm? 

*In DMF. ° Nujol mull spectrum. 

Scheme 108 

The first step in the base hydrolysis of trans-[CrCl,(teta)]* (Scheme 109; k,= 
145dm*mol~'s~' at 298K, ionic strength 0.1M; AH*=114kJmol-!, AS?= 
179J K~* mol™*)*! proceeds some 112-fold faster than the corresponding reaction of 
trans-[CrCl,(cyclam)]* (k,;=1.3dm* mol!s~! at 298K).!?° On the basis of the steric 
acceleration due to C-methyl substitution, the first-order dependence of rate on [OH™] and the 
large positive entropy of activation an Sy1CB mechanism is suggested for this reaction.!2”9 Acid 
hydrolysis of the teta complex is also considerably faster than its cyclam analogue.'2” The 
crystal structure of one of the possible isomers of trans-[CrCl(tet a)H2O](NO3). has been 
reported.’** Addition of base to an aqueous solution of cis-[Cr(mal)(tet b)]* (mal = malonate) 
gives rise to a bathochromic shift in the longer wavelength band of its visible spectrum.'8° This 
spectral change has been attributed to ionization of the CH group in the malonate ligand 
(equation 76), although such an explanation must be treated with at least some scepticism since 
it implies an abnormally large increase in the acidity of this group due to coordination of the 
neighbouring COz groups. 
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Table 105 Colours and Electronic Spectra of Chromium(III)-tet Complexes!” 

Complex Colour A max (nm) (€ in dm? mol! cm~?) Medium 

trans-[CrCl,(tet a)]* Green 574 (25) 440sh (27) 387 (47) DMF trans-[Cr(NCS),(tet a)]* Orange 500 420 322 Nujol? trans-[Cr(tet a)(H,O)>]°* Pink 530 408 340 Nujol* trans-[Cr(tet a)(H,O),}** Pink 535 (65) 423 (96) MeOH 
trans-[CrBr,(tet a)]* Green 602 (30) 410sh 374 (47) DMF 
trans-[CrBr,(tet a)]* Green 600 (33) 410sh (38) 382 (43) MeOH 
cis-[CrCl,(tet b)]* Sea green 598 430 Nujol* 
cis-[Cr(NCS),(tet b)]* Maroon 526 (210) 390 (99) MeCN 
cis-[CrBr,(tet b)]* Magenta 595 438 Nujol? cis-[Cr(NO;),(tet b)]* Pink 525 392 Nujol* cis-[Cr(NO ),(tet b)]* Pink 524 (202) 390 (116) DMF 
cis-[Cr(N3)2(tet b)]* Blue-violet 570 420 Nujol? 
cis-[Crox(tet b)]* Pink 522 390 Nujol? cis-[Crox(tet b)]* Pink 516 (157) 384 (102) H,O or 1M NaOH 
cis-[Cracac(tet b)]** Red 512 385 325 Nujol* 
cis-[Cracac(tet b)]?* Red 535 (161) 390 (256) 1M HCI or NaOH 
cis-[Cr(OH),(tet b)]* Dark blue 609 (111) 380 (73) 1M NaOH 
cis-[Cr(OH)(tet b)(H,O)]?* — 572 (130) 407 (53) 1M NaCl cis-[Cr(tet b)(H,O)9]°* 529 (169) 388 (82) HCIO,/NaClO, cis-[CrCl(tet b)(H,O)}** Violet 554 (173) 405 (105) 1MHC cis-[CrF,(tet b)]* Violet 541 (145) 379 (58) 1 MHCI or NaOH cis-[Crmal(tet b)]* Violet 527 (167) 387 (82) 1MHCI eee 

* Because of insolubility in the common solvents, spectra of Nujol mulls on filter paper were recorded. 
1. D. A. House, R. W. Hay and M. A. Ali, Inorg. Chim. Acta, 1983, 72, 239. 
2. J. Eriksen and O. M@gnsted, Acta Chem. Scand., Ser. A, 1983, 37, S579. 

trans-[CrCl,(tet a)]* +OH™ niall trans-[CrCl(OH)(tet a)]* + Cl- 

lor, ky 

trans -[Cr(OH)),(tet a)]* + Cl” 

Scheme 109 

O s O On 
SE wth Ee 

“S a C CH ELO 16 spl: Piel Ss be 
(tet b) Cr yolk + OH care pats (tet b) Cr ve ; (76) 

EL ven 

O WY Cees 

Ae = 27 nm Amax = 570 nm 

(iii) [12]aneN,, unsymmetrical [14]aneN,, [15]aneN, 

The preparation and properties of some chromium(III) complexes of 1,4,7,10- 
tetraazacyclododecane ([12]aneN,) are outlined in Scheme 110.' The reaction between 
CrCl3-3THF and the unsymmetrical 14-membered macrocycle 1,4,7,11-tetraazacyclotetra- 
decane (1,4,7,11[14]JaneN,) in DMF leads to equal amounts of cis- and trans- 
[CrCl,(1,4,7,11[14]aneN,)]Cl and these can be separated on the basis of the insolubility of the 
former and the solubility of the latter in methanol (Scheme 111). The reaction between 
CrCl,:3THF and the 15-membered macrocycle [15]aneN, (81) in DMF produces only the trans 
isomer of [CrCl,([15]aneN,)]Cl-2H,O (green; Amax =586nm, ¢€ = 24 dm? mol"!cm7!; 476nm, 
‘€=48dm? mol-!cm™; 410nm, ¢=63 dm? mol7!cm7!), which undergoes a slow one-stage 
hydrolysis in aqueous solution.’*% fe 

The reaction between the strongly reducing complex [Cr([{15]aneN,)(H2O),|** and organic 
halides (RX) produces the monoalkylchromium(III) complexes trans-[RCr([15]aneN,)H2O]**, 
equation (77).*°'2*4 The reaction follows second-order kinetics and the reactivity of alkyl 
halides follows the pattern tertiary > secondary > primary and RI > RBr> RCI (Table 106). 
This and other information suggests a mechanism which involves rate-limiting halogen atom 
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abstraction from RX by the chromium(II) complex to generate a carbon-centred free radical 
which rapidly couples with a second chromium(II) complex (Scheme 112). In the presence of 
electrophiles such as Hg’* or MeHg’, the alkylchromium(III) complexes undergo electrophilic 
dealkylation as in Scheme 113.*” These reactions also follow a second-order rate law and the 
rate constants fall sharply with increasing bulk of R and by two to three orders of magnitude as 
the electrophile is changed from Hg** to MeHg* (Table 106). On the basis of such 
observations a bimolecular electrophilic substitution mechanism, S_2 is proposed for these 
reactions. Furthermore these complexes are somewhat less reactive towards Hg”* than the 
corresponding [RCr(H,O)s;]** species!*®° owing to the considerable steric bulk added to the site 
of reactivity by the macrocyclic ligand. Details of the electronic spectra of trans- 
[RCr([15]aneN,)H,O}** and related complexes are listed in Table 107. 

2[Cr([15JaneN,)(H,O),]°* + RX —— trans-[RCr([15]aneN,)H,O}** . 

+ trans-[XCr([15]aneN,)H,OP* (77) 

Table 106 Second-order Rate Constants for Alkylation of 

[Cr([15]aneN,)(H,O),]?* by RX (kx) and for Electrophilic Dealkylation of 

the Chromium(III) Products by Hg?*(ky,) and MeHg* (kmerg): 

a,b 
RX krx Kg” K meng 

Mel 0.046 3.1 x 10° 1.63 x 10° 
EtBr 0.164 2:53-x 107 9.9 
Etl 0.413 = —_ 
Pr"Br 0.169 8.21 x 10! — 
Bu"Br mahi 4.88 x 10! — 
PhCH,Cl 3.23 x1 3 
PhCH,Br 1.91 x 104 ab Rae 28 
PrBr 1.91 a3 10.- — 
CyBr 0.836 16% 107° 
1-AdamantylBr 0.98 3.1x 10-7 

*In dm’ mol 's'. >All at 298K in 1:1Bu'OH/H,O, 1=0.2M. “All at 298K, 
=0.5M, [H*]=0.25M. ; 

Samuels and J. H. Espenson, Inorg. Chem., 1979, 18, 2587. 

I 

12G_S. 
2. G. J. Samuels and J. H. Espenson, Inorg. Chem., 1980, 19, 233. 

Table 107 Electronic Spectra* of trans-[LCr([15]aneN,)H,O]** (L= 

alkyl, halide or aqua) Complexes’ 

L Amax (1m) (€ in dm? mol~* cm~') 

Me 468 (69) 375 (227)  258sh (3300) 
Et 467 (66) 383 (387) 264 (3100) 
Pr 468 (71) 383 (465) 265 (3440) 
Bu? 468 (69) 383(459) 268 (3300) 
Pri 510sh (69)  396(550) 287 (3280) 
Cy 500sh (67)  400(422) —-298 (3070) 
1-Adamantyl 463 (88) 383 (347) 268 (3070) 
PhCH, 353(2170)  297(7470) 2737920) 
cl 564 (22) 462 (62) 393 (76) 
Br 560 (23) 460 (68) 393 (78) 
IP 562 (26) 462 (75) 304 (90) 
H,0° 540sh (28) 454 (87) 377 (88) 
ne 

a . b c lex. 

In aqueous solution pH3. ”° Complex thermally unstable. “3+ comp 

1. Gi . Samuels and J. H. Espenson, Inorg. Chem., 1979, 18, 2587. 

[Cr([15]aneN,)(H,O)2]?* + RX => trans-[XCr([15]aneN,)H,O]** + R- 

[Cr([15]aneN,)(H,O),|°* + R- “> trans-[RCr([15]aneN,)H,0]* 

Scheme 112 

coc3-DD* 
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RHg* + trans-[Cr({15]aneN,)(H,O),]** 

Hg2t 

trans-[RCr([15]aneN,)H,O]** 

MeHg* 

MeHgR + trans-[Cr([15]aneN,)(H,O),]** 

Scheme 113 

(iv) Other macrocycles 

A green chromium(III) complex (282) containing the dianionic unsaturated macrocyclic 
ligand 5,14-dimethyl-1,4,8,11-tetraazacyclotetradeca-4,6,11,13-tetraenate, Me[14]tetraenateN,, 
has been prepared by the method in Scheme 114.°? This complex reacts with NaNO in 
refluxing alcohol to give the mononitrosyl Cr(Me,[14]tetraenatoN,)NO (137), which on the 
basis of experimental evidence appears to contain chromium(I) and the cationic NO* ligand, 
Section 35.4.2.6. Some chromium(III) complexes with macrocyclic ligands derived from N 
heterocycles are mentioned in Section 35.4.2.5. A number of chromium(III) complexes of 
the ligand 1,4,7-triazacyclononane, [SJaneNs, and its N,N,N-trimethylated derivative, 
Me;3[9]aneN3, have been investigated.*’”!7°° From [Cr([9]aneN3)(H2O)3]°* the binuclear 
complex [Cr(u-OH)([9]JaneN3)H,O}3* and the trinuclear complex  [Cr;(p- 
OH),OH([9]aneN3)3]** have been obtained and the crystal structure of the latter as the iodide 
salt (+5H,O) has been determined by X-ray diffraction methods. This cation (283) contains 
two different pairs of u-OH bridges with Cr—O—Cr bond angles of 98° and 126° and a very 
short H bond which links the terminal and one of the bridging OH ligands. The crystal 
structures of the binuclear complexes [Cr2(u-OH)2(u-CO;)([9JaneN3)2]I.>H2O and [Cr2(u- 
OH);(Me;[9]aneN3)2|I3-3H2O, the latter representing the first genuine tris(u-hydroxo) complex 
of chromium, have also been reported. 

\ ’ 

N N 
/MeCN Sue 

CrCl,-2py + [H2Me.([14]tetraeneN,)](PF.)2 + EtsN ——> Leen PF, 

Scheme 114 

| \ “y, “1 
WH f —, 

"y r 

4 

35.4.9.3 Phthalocyanines 

Relatively few chromium complexes with phthalocyanine ligands have been reported and, in 
view of the chemical relationship between the few known compounds, all of them, irrespective 
of the metal oxidation state, are dealt with in this section. In the following discussion Pc 
represents the dianionic phthalocyanine ligand. 
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(i) CrPc and [CrPc(u-O)]}p 

The chromium(II) complex CrPc can be prepared by either of the routes in Scheme 
115.1787" While the Cr(CO), method conveniently gives the B polymorph of CrPc (40% 
yield) and this on sublimation at 300-350 °C can be converted to w-CrPc, !88 the chromium(III) 
acetate method gives, after washing the product mixture with organic solvents, both CrPc and 
an oxidized species which was long thought to be the chromium(III) complex 
CrPc(OH).’787:!? Repeated sublimation of this mixture at 400 °C/10-® mmHg was reported to 
give the pure hydroxide. In contrast to @-CrPc, which is air stable, the B-polymorph is air 
sensitive and under anhydrous conditions picks up O, (0.5 O, per chromium) to give a deep 
blue product, which on the basis of available experimental evidence seems to be the 
di-u-oxochromium(IV) dimer (284) rather than CrPc(OH).’** Hence the product: (i) lacks 
characteristic OH vibrations in its IR spectrum, (ii) shows no evidence for CrPc(OH)* 
or the characteristic fragments of this ion in its mass spectrum, and (iii) is formed in the 
absence of water. Furthermore '°O isotopic substitution effects on the IR spectra support a 
structure containing a Cr—=O group and eliminate possible structures such as those with peroxo 
bridges or those with polymeric —Cr—O—Cr—O— groups. The electronic spectra of the 
oxidation product and CrPc are quite similar in band positions and shapes, thus eliminating the 
phthalocyanine ring as the possible site of oxidation. 

eel + Cr(OAc)3 
CN Nee a 

y Aas 
CrPc = PcCr CrPc 

CN 
+ Cr(CO 

is Nee 

225 °C in 1-chloronaphthalene, O 
under N. 

(284) 

The magnetic moment of the oxidation product is 1.9 BM at room temperature (spin ony for 
a d* ion=2.9 BM) and is temperature-dependent, pointing to the existence of antiferromag- 
netic coupling between the chromium ions.'** The reflectance spectrum of the product has 
bands at 755sh, 720, 660sh, 490 and 380 nm. Its Raman spectrum has a band at 1041 cm™’, 
which shifts by 45cm7’ on '8O isotopic substitution and which seems to be due to a Cr=O 
stretching vibration. The fragmentation pattern in the mass spectrum is similar to that of PcCr 
except for a group of peaks between 578 and 582 thought to originate from CrPcO*. When '8O 
is used as oxidant these peaks are observed in the range 580-594. Some of the many reported 
reactions of the oxidation product are illustrated in Scheme 116.!78”!*°! The magnetic moment 
of the high-spin CrPC (3.49 BM at 298 K) falls sharply with decreasing temperature (6 = 306 K) 
to below the spin-only value for a low spin complex.’ This behaviour has been attributed to 
antiferromagnetic interactions (J = —38.2°, g =2.0) in stacks of planar molecules. By contrast 
the relatively air-stable bis(pyridine) adduct, CrPc(py)2, is low spin (Weg at 298 K = 3.16 BM) 
and shows a much lower temperature dependence (0 = 35 K). 

Scheme 115 

(ii) CrPc(NO) 

Solid 6-CrPc reacts reversibly with gaseous NO at ambient temperature to give al:1 adduct, 
which reacts with both py and O, (Scheme 117).°* No structural information is available on the 
oxidation product of the nitrosyl complex. In contrast to the B form, solid a-CrPc is unreactive 
towards either O, or NO, a difference ascribed to the solid-state structures of the two 
polymorphs.°”’ Although the distance between the phthalocyanine planes is similar (340 pm), in 
both cases the metal-metal distance increases from 340 to 480 pm on going from the a to the B 
form. These distances are sufficient to permit access of O2 or NO in the 6 form, while excluding 
them from the w form. The addition of py to CrPc(NO) causes the NO stretching band in the 
IR spectrum to intensify and to sharpen considerably. The diffuse nature of this band in 
CrPc(NO) indicates the presence of a perturbed NO ligand but the introduction of py causes 
lattice expansion and eliminates the perturbation. 
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K[CrPc(CN)OH] CrPc(OAc) CrPc(OAc)(H20) 

KCN, MeOH/BuOH, 
reflux (Ac),0 OAc/H,O 

R2PO>H, MeOH, reflux 

CrPc(py), <-> Oxidation* [CrPc(MeOH),]R,PO, 
product 

fo °C, 10-° mmHg [ince 15 mmHg 

CrPc MePhPO,H 

Medics = NO” * —_-[CrPc(MeOH)(R;PO;)] + MeOH 

H[CrPc(Cl),] [(CrPc(H,O)(MePhPO,)] 

R=Me, Ph 

“In the references to this work the oxidation product was described as CrPc(OH) but was later described 

as the dimer [CrPc(u-O)]>. 

Scheme 116 

NO 

6-CrPc ===> CrPc(NO) 
i, 280°C, 10-3 mmHg v(NO) = 1690 cm’ ii, sublime 

we air 

—=> Cr(Pc)(NO TINO} 1690 c 

See ia oe 1600 om v(NO) = 1690 cm"! 

Scheme 117 

(iii) Oxidation and reduction of CrPc 

Reduction of CrPc with Na gives different products in THF and HMPA.’*%!?%? In THF the 
product obtained is [Cr'Pc]~, which has an ESR spectrum consistent with the low-spin 
chromium(I) configuration e3b},. The product in HMPA on the other hand has an ESR 
spectrum consistent with the low-spin configuration b3,e3. The inversion of orbital energies is 
due to axial binding of a a donor solvent molecule in HMPA but not in THF. Two-electron 
reduction of CrPc or CrCl(Pc)H,O by dilithium benzophenone in THF gives the green 
crystalline solid Li,[CrPc]-6THF.'°*’7°* The magnetic moment of the complex indicates that it 
has two unpaired electrons and this points to the formulation [Cr'(Pé)]?~, which has the 
electronic configuration e%b}, e,(a*)' (as Pc represents the doubly negatively charged 
phthalocyanine ligand, Pc: represents the radical anion obtained by one-electron addition to 
Pc). Oxidation of CrPc by SOCI, affords the complex CrCl,Pc, which is two oxidation 
equivalents above the starting complex.%° The magnetic moment of the complex (4.40 BM at 
298 K) is consistent with the formulation Cr™'Cl,(Pc*), which contains two magnetic centres, 
one (Cr) having three unpaired electrons and the other (P¢) one unpaired electron. It also 
eliminates the alternative formulation Cr'YCl,Pc for the oxidation product. Furthermore, the 
Cr—Cl] stretching bands in the far IR spectrum of the product occur at positions close to those 
in the spectra of known Cr'"Cl-containing complexes. Since the reactivity of thionyl chloride 
towards MPc complexes parallels that of NO, it appears that an initial stage of the oxidation 
involves coordination of thionyl chloride to the metal. 

(iv) Other complexes 

The binuclear complexes H,O(Pc)CrOCr(Pc)H2O and NH3(Pc)CrOHCr(Pc)OH form when 
[Cr20(NH3)10]Cl,-H,O and [Cr2(OH)(NHs)i0]Cls, respectively, are allowed to react with 
phthalonitrile at 543°C.” The 4',4",4",4”’-tetrasulfonated phthalocyanine (TSPc) complex, 
OH(TSPc)CrOHCr(TSPc)H,0 was obtained by fusing [CrxXOH(NHs)j0]Cl; with ammonium-4- 
sulfophthalate and urea.!**° 
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The complex Na3{Cr(TSPc)]-9H,O has been prepared from cobalt(II) acetate, sodium 
4-sulfophthalic acid, ammonium chloride and ammonium molybdate in nitrobenzene.'2% 
Electrochemical reduction of this complex at a platinum electrode at —0.7 V us. SCE gave the 
highly air-sensitive [Cr(TSPc)]*~ in DMF solution. The action of SOCI, on Na;[Cr(TSPc)] 
affords the corresponding tetrasulfonyl chloride which on refluxing with octylamine gives the 
tetraoctylsulfonamide (TOPc) derivative Cr(TOPc)OH.”” The ability of this and related 
complexes to act as photosensitizers in the reduction of methyl viologen in THF/H,O (15:85) 
solutions containing triethanolamine has been investigated. Irradiation of the system containing 
the chromium(III) complex did not result in formation of reduced methyl viologen. However 
the corresponding chromium(II) complex, prepared in situ by irradiation of the chromium(III) 
complex in the presence of cysteine, was found to be a more effective photocatalyst than any of 
ie Poe ee studied, but the quantum yield even in this case was low 
 =2.6 x 107°). | 

35.5 CHROMIUM(IV) 

Chromium(IV) does not have any aqueous solution chemistry except for the formation of 
intermediates in the reduction of CrY! to Cr™. Chromium(IV) compounds tend to dispropor- 
tionate into Cr and Cr¥! species (equation 78) and the metal ion in this oxidation state is 
powerfully oxidizing towards organic compounds. An eight-coordinate complex [CrH,(dmpe).] 
is known (Section 35.3.4.1). 

3Cr'Y —> 2Cr%+ Cr"! (78) 

35.5.1 Anhydrous Halides and Complex Fluorides 

Chromium tetrafluoride can be prepared by fluorination of the metal, CrF3; or CrCl; at high 
temperature.'*™ It is an amorphous green solid and turns brown with traces of moisture, but is 
unexpectedly inert towards some reagents at room temperature. It is of intermediate volatility 
and is antiferromagnetic (u = 3.02 BM, 6 = 78°); it is therefore likely to consist of CrF¢ units 
sharing edges. The preparations of several CrF, adducts such as XeF,:CrF, are shown in 
Scheme 120 (Section 35.6.1). CrOF2 (Weg = 1.1BM) is produced on thermal decomposition of 
CrO,F,, and a complex (NO2)2CrO>F, is known (Section 35.7.1). 

At high temperature in the gas phase the chloride and bromide exist in equilibrium with the 
halogen and solid CrX3;*” (equation 79) and from their Raman spectra CrCl, and CrBry are 
tetrahedral. !?%* 

800-1300 K 

2CrX,(s) + X2(g) 2CrX,(g) (79) 

The hexafluorochromates(IV), M2[CrF,] (M = Li, K, Rb, Cs) and M[CrF.] (M = Ba, Sr, Ca, 
Mg, Zn, Cd, Hg, Ni) are prepared by fluorinating appropriate mixtures of MCI and CrCl3.!*? 
The nitrosonium salt (NO),[CrF.] has been obtained” from CrF; and NOF and characterized 
by its Raman spectrum. The symmetric stretch of the [CrF,]’?~ unit was found at 610cm™*. A 
band at 20200 cm“? in the reflectance spectra of A2[CrF.] (A =K, Rb, Cs) has been assigned 
to the first spin-allowed d—d transition °7,,—>*Th,. The second transition (*T,,—>°T,) may be 
superimposed on a charge transfer band at ~30000cm™'.’°"' Pentafluorochromates(IV) 
M[CrF;] (M=K, Rb, Cs‘), considered to contain condensed CrF, units, and the pink 

heptafluorochromates(IV) Rb3CrF; and Cs3CrF;, which have the (NH4)3SiF, structure,/*” are 

also known. 

35.5.2 Chloro and Cyano Complexes 

Alcoholic reduction of K[CrO3X] in the presence of pyridine, the pyridinium halide and a 

little water is reported’*™ to give the stable dimeric complexes [Cr(OH)2X2py]2 (X = Cl, Br, I) 

(u227 = 2.8 BM); and hygroscopic K2[CrO(CN) apy] (He = 3.0 BM) is obtained on addition of 

KCN to [pyH][CrO;Cl] in pyridine to which ethanol has been added. 
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35.5.3 Chromates(IV) and CrO, 

There are several types of mixed oxide or chromate(IV). These are MCrO3, M2CrO,, 

M;CrO, and M,CrO¢ (where M = Sr, Ba) and NayCrO,;°" equations 80-82 illustrate typical 
preparations.”**°°° The reaction of CrO3 with liquid sodium does not yield NazCrO3 as 
previously thought.’ The compounds M,CrO, are air-stable, coloured substances, which 
contain tetrahedral CrO{~ groups and have magnetic moments of 2.8 BM at room temperature. 

C1,0, + SrCrO, + 5Sr(OH), ————> 3$r,CrO, + 5H,O (80) 

NaCrO, + 2Na,O ———> Na,CrO, + Naf (81) 

1000 °C 

Ba,CrO, + CrO, ————> 2BaCrO, (82) 
60-65 kbar 

High pressure and temperature are required to produce the compounds MCrQs;, e.g. 
BaCrOs, which exists as several polytypes.'*°*1°"° The Cr'Y is octahedrally coordinated in these 
compounds,’*” the structure consisting of pairs of face-sharing octahedra linked to other pairs 
by sharing corners. The Cr—Cr distances are ca. 2.6 A. 

Chromium(IV) oxide can be prepared in various ways, for example by thermal decomposi- 
tion of CrO; and CrO,Cl.*°° Two recent methods are the thermal decomposition of 
Cr(NO3)3:-9H2O and the oxidation of Cr,O03 with NH,ClO, under pressure in a heated sealed 
gold tube.’**"13° Its ferromagnetic behaviour (T-~ 120°C) makes it suitable for magnetic 
tapes. The formula Crj"Cr'VS, has been suggested for Cr;Sg (Section 35.4.5.1.vii). For peroxo 
complexes see Section 35.7.7. 

35.5.4 Alkyls, Alkoxides and Amides 

35.5.4.1 Alkyls 

The chromium(IV) tetraalkyls CrR, are air and light sensitive and thermally unstable to 
different degrees dependent upon R, but if kinetic paths are blocked through the absence of 
B-hydrogen atoms, or the presence of bulky organic groups, many can be isolated. The 
chemistry of these tetrahedral monomers has been covered in the companion series.’ A new 
tetraalkyl is Cr(1-adamantylmethyl),’°"* and there is fuller information on the alkenyl 
compound Cr(CPh=CMe ),.*°"° 

35.5.4.2 Alkoxides 

The stability problems with the tetraalkyls also apply to the tetraalkoxides; in addition, the 
high oxidative power of Cr'Y means that alcoholysis with primary alcohols and most secondary 
alcohols leads to oxidation to the aldehyde or ketone and the formation of a chromium(III) 
alkoxide. Relatively stable chromium(IV) alkoxides are obtained only from tertiary alcohols 
and some heavily substituted secondary alcohols. 

(i) Syntheses and properties 

_The tertiary butoxide Cr(OBu'), can be prepared by the following methods: (1) the action of 
di-t-butyl peroxide on Cr(CsH¢)2, (2) alcoholysis of the alkylamide, e.g. Cr(NEt2)4, (3) 
oxidation of Cr(OBu'); (prepared in situ from Cr(NEt;); and Bu'OH in excess) by various 
reagents, e.g. CrO,(OBu')2, Br2, Bu$O2, Pb(OAc), or O2, (4) oxidation of a mixture of 
NaOBu' and [CrCl,(THF)3] with CuCl and (5) the addition of CuCl to a suspension of 
Li{Cr(OBu'),] in refluxing THF. 

These methods, particularly (2), have been used in the preparation’® of other 
chromium(IV) tertiary alkoxides (Table 108). These are blue liquids or low melting solids 
which can be distilled in vacuum and are monomeric in cyclohexane. Their magnetic moments 
are close to 2.8 BM and that of Cr(OBu'), is almost independent of temperature as expected 
for tetrahedral Cr" (d?, ,,. = 2.83 BM). The electronic absorption spectrum of blue Cr(OBu°), 
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contains bands centred at 9100, 15 200 and 25 000 cm™ assigned to the *A,(F) > 37,(F), °7,(F) 
and °7;,(P) transitions in J, symmetry and a band at 41000 cm7! assigned to charge transfer. 
No ESR signal was detected for Cr(OBu'), in toluene solution down to 98K due to fast 
relaxation in the zero-field split levels of the *A, ground term; a small zero-field splitting was 
confirmed by the detection of ESR signals from frozen toluene samples at much lower 
temperature (10K). From thermochemical measurements, Cr(OBu'), has considerable ther- 
modynamic stability (AH? = —1275 kJ mol“). 

Table 108 Chromium(IV) Alkoxides and Amides; Preparation and Properties 

Compound Comments Ref. 

Cr(OR), R=Bu', CMe,Et, CMeEt,, CEt;, SiEt,; Cr(OBu'),(OCMe,Et), 
Blue v(CrO) ca. 600 cm~'; from Cr(NEt,), and alcohol 

= 

R=CHMeCMe;, from Cr(OBu'), and CMe,CHMeOH 2 
R= 1-adamantoxo, see Scheme 118 3 
R = CHBuj, see Scheme 118, tetrahedral monomer: 4 
Cr—O (av), 1.773 A, O—Cr—O, 108.8-112.4°, v(CrO) = 718 cm™! 

Cr(NR2), ~ R=Et, Pr, Ro =MeBu, CH; liquids, except 5 
Green R, = C,H, m.p. ca. 60°C 

Meg Ca. 2.8BM, 6 = —10° (R= Et), —3° (R, = C5Hjo) 

. E. C. Alyea, J. S. Basi, D. C. Bradley and M. H. Chisholm, J. Chem. Soc. (A), 1971, 772. 

. G. Dyrkacz and J. Rocek, J. Am. Chem. Soc., 1973, 95, 4756. 

. M. Bochmann, G. Wilkinson, G. B. Young, M. B. Hursthouse and K. M. A. Malik, J. Chem. Soc., Dalton 

Trans., 1980, 901. 
. M. Bochmann, G. Wilkinson and G. B. Young, J. Chem. Soc., Dalton Trans., 1980, 1879. 
. J. S. Basi, D. C. Bradley and M. H. Chisholm, J. Chem. Soc. (A), 1971, 1433. 

WNrR 

n> 

Chromium(II) borohydride is formed’*”’ by reduction of Cr(OBu'), with B2H, (equation 83). 

Cr(OBu), ——> Cr(BH,)»-2THF (83) 
THF 

Although the alcoholysis of Cr(OBu'), with several primary and secondary alcohols leads to 
oxidation by Cr'Y to the aldehyde or ketone,'*!® alcoholysis by the secondary alcohol 
3,3-dimethyl-2-butanol affords a Cr'Y alkoxide (equation 84)'*'® which is sensitive to oxygen 
and moisture, but otherwise stable. Presumably the bulky t-butyl groups prevent the molecule 
from achieving the conformation required for hydrogen transfer in the oxidation step. 

70°C 
Cr(OBu'), + 4HOCHMeCMe;, ———> Cr(OCHMeCMe:;), + 4Bu'OH (84) 

The methods for the preparation of chromium(IV) alkoxides are well illustrated by Scheme 

118, which shows the preparations of adamantoxo (1-adamantanol = adoH, 285) and bis(¢- 

butylmethoxo) complexes of Cr™ and Cr'¥.191°1329 The blue chromium(IV) complex Cr(1- 
ado), is air-stable, presumably because the small covalent radius of Cr'Y allows close packing of 

the bulky adamantyl groups which protect against encroaching ligands. Owing to its stability 

and easy preparation from Cr(NEt2)4, and because it does not undergo redox or dispropor- 

tionation reactions, Cr(1-ado), is preferable to Cr(OBu'), as a precursor for organic derivatives 

of chromium(IV), e.g. Cr(CH2SiMes3)4 (Scheme 118). The room temperature magnetic moment 

of 2.68BM is consistent with the Cr'Y formulation; the IR spectrum is consistent with a 

monomer, and a molecular ion has been observed in the mass spectrum. As with 

Cr(OBu'),,/°!° no ESR signal has been detected down to 98 K. 

Zz 

(285) 

The sterically demanding secondary alcohol bis(t-butyl)methanol (2,2,4,4-tetramethylpentan- 

3-ol) does not react with Cr{N(SiMes)2}3 or Cr(NEt,)4, but the chromium(III) complexes 

Cr(OCHBu)3-THF and LiCr(OCHBu}),, and the chromium(IV) compléx Cr(OCHBu}), have 
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ee) ie oy a . Cr'Y(CH,SiMes)4 Cr’“(NEt) 

NO Ps pe carne sn 

Cr(NPri), —““ > Cr(1-ado), —SS—> Cr'¥(1-ado), 

PhMe, 

On 

LiCr(1-ado);Cl <—"— _[Cr(1-ado)],(LiCl); cucl 

Cr(NEt,)3* blue-purple 
in situ solid 

THF 
—60°C \LiNEt, (1-ado)Na 

LiOCHBu} 

Cr(OCHBu;)sTHF <————_ CrCl,(THF) 
t2 

voc 

LiOCHBu}, 

LiCr(OCHBu!),:-THF 2 Cr(OCHBu!), CrCl, 
2 

* Low yield of Cr(1-ado), by this route. 

Scheme 118 

been prepared as in the lower part of Scheme 118.'°”° All are soluble in non-polar solvents and 
Cr(OCHBu3)3; is a monomer in benzene, but the solid has a low moment (u.¢=3.2 BM at 
296 K) and the broad IR band, v(Cr—O), at 555cm™! also suggests that it is a dimer. The 
absence of strong bands between 450 and 750 cm7’ suggests that Cr(OCHBu}), is a monomer, 
and this has been confirmed by an X-ray investigation. The O—Cr—O angles are close to 
tetrahedral and the crowding in the molecule prevents coordination oligomerization (286). The 
short Cr—O bond lengths (1.773 A) indicate O— Cr pa—dz bonding, which may account for 
the rather large Cr—O—C bond angles (140.5, 141.1°). 

sake a 

be 

Bu‘ O 

HC | 
YS oun rang Bu‘ 

Bu' Ne _0 CH 
He 
rae Bu! 

Bus Bu 

(286) 

35.5.4.3 Amides 

Equations (85) and (86) express the general method*’**'® for the preparation of 
chromium(IV) dialkylamides. The chromium(III) dialkylamide (Section 35.4.2.7) is extracted 
into pentane from the residue after removal of the solvent; careful evaporation of the pentane 
gives Cr(NR2)3 which disproportionates on further heating in vacuum because of the volatility 
of Cr'Y(NR2)4. The method has been successful with R= Et, Pr and R= MeBu, C;Hio, but 
failed with higher homologues because of the low volatility of the Cr'Y species, and with 
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R= Me because the initial reaction is then more complicated than expressed by equation (85). 
In dimeric Cr2(NRz2)¢, steric hindrance prevents chromium(III) from obtaining its preferred 
octahedral coordination; this, the ligand field stabilization in Cr(NR2),4 (tetrahedral, d?), the 
covalency of the Cr'vY—NR, bond, and the polymeric structure of involatile Cr"(NEt,), all 
contribute to the driving force for reaction (86). The structural changes are represented for 
R= Et in equation (87). 

CrCl, + 3LiINR, ——> Cr™(NR,); + 3LiCl (85) 

anhydrous 

2Cr™(NR.); ————>_ Cr'V(NR,)«f + Cr"(NRz)2 (86) 
10-° mm Hg 

Et 
ee NEt, 

(EtN),Cr" Ar (NEt)2 os (Et.N).Cr + [Cr"(NEt,)2], (87) 
at NEt, 

Et, 

The magnetic moments (ca. 2.8 BM, Table 108) vary little with temperature as expected for 
tetrahedral Cr'Y, and molecular ions were found in the mass spectra. Like Cr(OBu'),, no ESR 
signal was detected: over the temperature range 98-298 K. A band in the electronic absorption 
spectra (for R= Et, 1 = 13 700 cm~’, ¢ = 1200) could not be assigned with confidence to simple 
d—d transitions because of the covalent nature of the Cr—N bonds in which there is likely to be 
N—Cr o and p,—d, donor character. The He’ UVPES of Cr(NEtz)4 has been interpreted; it 
remains unclear why Cr(NEt2),4 is paramagnetic and Mo(NEt,), diamagnetic." 
An unstable blue complex, which may be Cr(O,)(NPr})3 or the chromium(IV) nitroxide 

complex CrO(NPri)o(ONPr3), is formed in a rapid reaction between oxygen and Cr(NPr}); in 
pentane.>””1°? 

Reactions of Cr(NEt,),, some examples of which have been discussed elsewhere, are 

presented in Scheme 119. The unusual reactions with CO2, which produce the chromium(III) 
and chromium(II) carbamato complexes (287) and (288), are believed’® to proceed by CO, 
insertion into a Cr—N bond, which promotes f-hydrogen elimination from a coordinated 
diethylamido ligand, and then reductive elimination of Et,NH produces a reactive 
chromium(II) species Cr(O2CNEt,)(NEt2). The subsequent reaction is dependent upon the 
relative concentration of CO>. 

Et,NH + Cr(OR'), Cr(OSiR;), + Et,NH 

=~ foo 

R!R2CHOH CS 

Et.NH oP R'R*CO SP Cr(OCHR'R’); at ae ie Cr(NEt,), Ss S, Cr(S,CNEt,)3 ot (S,CNEt,)s 

slow/ CO, (4 equiv.) \ rapid 
in hexane ' 

Cr3"(O,CNEt,)4(u-NEt,), Cr3'(O,CNEt,),(NEt,H), 

dark green red-orange 

(287) (288) 
Scheme 119 

35.5.5 Porphyrins 

Chromyl(IV) porphyrins are included in Section 35.4.9.1. 

35.6 CHROMIUM(V) 

Chromium(V) chemistry is not extensive. Species of this oxidation state are frequently 

postulated as reactive intermediates during the reduction of chromium(VI). However, 

compounds of this oxidation state with reasonable stability are being discovered; there are 
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several classes of well-defined complex: the pentafluoride, oxyhalides and various oxohalochro- 
mates; oxo and peroxo complexes; water-soluble chromyl(V) derivatives of a-hydroxy 
carboxylates; and chromyl(V) complexes of porphyrins and other multidentate ligands (Section 
35.4.9.1). There is a recent review. '°~ 

35.6.1 Halogen Compounds 

Earlier work on CrF;, CrOF3, CrOCl; and the oxohalochromates(V), e.g. K[CrOF,] and 
K,[CrOCls], is described in refs. 222 and 1306. More recent information is outlined in Schemes 
120-122 and Table 109. 

CF, + SF, + Cr'"F, 

NO.Cr’F, CsCr’F, 

brick red 
brick red 

dec. 142°C cs, dec. 110°C 

35°C CsF_ 60°C 
NO,F 

F, XeF, 

Coser ee a a aa et 
brick red 

SO; excess 

-196°C 60°-ONeF 

Cr'(SO3F),+S:06F, resto XeF, + XeF,-2Cr'F, 
BF; and PF.) SDF 

AF; 

Cr'"F, + AF, (A =P, As, Sb) XeF, + Cr" F, 

CrF,-2SbF;(1) me be: 

i.e. CrYF,Sb,F;, XeF, + Cr'"F, 

Oo. 
: CeFe Xe 

CoF CoF, 

O,(Cr'VF,Sb.F;:) ——> C6F,(Cr'VF,Sb.F1:) ——— Xe(Cr'F,Sb,F,,), 
én —Xe O2 pale yellow yellow green cream 

m.p. 175-8 °C (dec.) déc: 20°C m.p. 128-134 °C (dec.) 

IF,(1) | in excess 

IF,(Cr'YF,Sb.F;;) 
brown 

dece153.0€ 
Scheme 120 

35.6.1.1 Chromium(V) fluoride 

The pentafluoride is a red solid (m.p. 30°C) which can be prepared"**125 by the action of 
fluorine on chromium powder and probably has a distorted trigonal bipyramidal structure in 
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CrO,+ CIF ——> CrOF,-0.1-0.2CIF 
or CrO,F, brick red - 

CrF, + 0.50, 

F,]120°C 
500°C 

F. 

0.50, + CrF; <—— CrOF, ——> K[CrOF,] 
190 °C purple KF/HF 

|rs0 

CrY — Cr? 4+ Cr" 

Scheme 121 

cro,ch # pcw—=25,° crocs > “cro.ci, +9 
nes red-black SS 

[pyH][CrOCl,] en ™ CrOCI,(bipy) 

1:1 [AsPh,]Cl acacH [phenH][CrO,Cl,] 

[AsPh,][CrOCl,] | CrCl,(acacH)(H,O) 

[AsPh,][CrO;Cl] + Cr™ rere PPh, Cru 

Scheme 122 

the vapour phase.’**° The solid and the liquid are fluorine-bridged polymers.°* CrF; is much 
more reactive than MoF; and WF; it is readily hydrolyzed and attacks glass, and is a powerful 
oxidant and fluorinating agent: for example, it will oxidize Xe to XeF, and XeF,;°”° and in an 
unusual reaction with XeF,, fluorine is evolved and the brick red solid XeF,-Cr'YF,, which 
decomposes rapidly in air, obtained. Curie law behaviour and a magnetic moment of 2.76 BM 
support the Cr'Y formulation. The action of XeF, in excess on CrF, also gives XeFo-CrF,.7”” 
Reaction of SO3 and CrF; produces peroxydisulfuryl difluoride and Cr(SO3F)3.'°*” The viscous 
deep brown liquid CrF,4Sb2F;:, which can be obtained from SbF; and CrF; and distils 
unchanged in vacuum, is another vigorous oxidizing and fluorinating agent comparable to PtF, 
in its ability to oxidize dioxygen and xenon (Scheme 120). It does not react with krypton or 
molecular nitrogen. There is one strong absorption band at 453nm in its visible spectrum 
consistent with a d' system. The IR and Raman spectra support the presence of Sb,Fj, but not 
CrF7; thus the preferred structure is CrF,Sb2F,; with fluoride bridges and partial charge 
separation. r 
A strong absorption at 1860 cm7’ in the Raman spectrum of O,(CrF,Sb,F;;) is assignable to 

the dioxygenyl cation, and various bands at lower frequency in the IR and Raman spectra of 
this and related complexes (Scheme 120) to the (CrF,Sb2F,,)~ group. The magnetic moment of 
3.08 BM at 295 K is low for three unpaired electrons (3.87 BM), suggesting that there is some 
interaction between the unpaired electrons of O and (Cr'YF,Sb2F,,)~. Bands characteristic of 
the cations are found in the IR and Raman spectra of CgF,(CrF,Sb2F,) and IF,(CrF,Sb2F 1). 

The two T,,, modes of the octahedral CrFg ion are found at 600cm™’ and near 280cm™! in 
the spectra of NO,CrF. and CsCrF, and the bands of the former at 2315 and 1360cm™* are 
assigned to the symmetric and asymmetric stretches of the [O—=N—O]* group.'°”* 

35.6.1.2 Chromyl(V) halides 

It is difficult to obtain pure CrOF; by the reaction between CrO; or CrO,F, and CIF because 

to remove the residual CIF from CrOF;-0.1-0.2CIF requires repeated treatments with F, 

(Scheme 121). The purple CrOF; is slightly hygroscopic; it attacks certain organic solvents and 

glass above 230°C.” An apparently purer red-purple product, which hydrolyzes readily but is 

unreactive towards organic solvents, has been prepared by treatment of the adduct 

CrOF;-0.3BrF; with fluorine under mild conditions in which reaction to form CrFs (Scheme 

121) does not occur. ; 
Chromyl(V) chloride (Scheme 122) slowly decomposes at room temperature and in organic 

solvents. '33!-1332 From its IR spectrum CrOCl in an argon matrix is a molecular species of C3, 
symmetry (CI—Cr—Cl angle ~105°), but an additional v(Cr—Cl) band, and the shift of other 
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2F, and SO,-2CrO,F, (Section 35.7.1) may contain Cr’. 
Ref. 14 contains the preparation of additional salts of [CrOCI,]" and [CrOCI.]°. 

*NO-CrO 
b 

Complex Ley (BM) v(Cr=O)(cm~') v(Cr—X) (cm~*) Ref. 

Chromyl(V) halides 
CrOF, 1.82 1000 740-600 (Cr—F) 1 

Purple 1.87 ~990 ~670 (Cr—F) 2 
~565 (Cr—F—Cr) 1 
620-480 (Cr—F—Cr) 2 

CrOCl, 1022 — 3 
Red-black 1.8 1024 435sh, 408, 333 4 

condensed on CsI, 250 K 

1018 462, 410w 4 

Ar matrix, 12 K 

Oxotetrahalochromates(V )* 
K[CrOF,] 1.76 1020 640 Cr—F 1,5 

500 Cr—F—Cr? 
Cs[CrOF,] 1005 650 Cr—F 2 

505 Cr—F—Cr 
Ag[CrOF,] — — — 6 
[pyH][Crocl,]° 1.78 1019 398, 343sh 7 
Dark red 
[quinH][CrOCl,] 1-75 1016 397, 347sh 7 
Dark red 
[iquinH][CrOCl,] 1.84 1016 398, 348sh 7 
Dark red 
[NMe,][CrOCl,] 1.80 1016 408sh, 380br 7 
Brown red 1.79 1020 400 8 
[NEt,][CrOCl,] 1.78 1022 395, 348sh 7 
Dark red 1.78 (1.64)° 1035, 960 395 8 

[NPr4][CrOCl,] 1.74 (1.77)° 1005, 965 400 8 
Gold 
[PBu,][CrOCl,] 1.74° 1025, 950 385 8 
Red 
[PPh3Bz][CrOCl,] e735 1020, 940 415 8 
Dark brown 
[AsPh,][CrOCl,] 1.62 1019 398 7 
Yellow brown 1.87 (1.96)° 1020, 940 405 8 
[PCl,][CrOCl,] 1.91 1017 401, 348w 9 
Red-brown 

Oxopentahalochromates(V) 
‘(NEt,],[CrOF,]’ L522 960, 890 480, 450 2,8 
Yellow {v(Cr—F)} 

[bipyH,][CrOci,]° 1.77 = 366 7 
Brown 1.90 955 10 
[4,4'-bipyH,][CrOCl.] 1.78 — 354 7. 
Dark brown 
[phenH,][CrOCl.] 1.97 950 — 10 
Cs,[CrOCl.] 927 334, 312sh 7 
Dark red 1.85 945 340 8 

933 11 
Rb,[CrOCl.] 1.92 945 320 8 
Dark red 950 11 
K,[CrOCls] 956 1 

Amine adducts of CrOCl, 
CrOCl,(bipy) 1.85 954 — 12 
Brown, prep. by thermal 

decomp. 898 a 

CrOCl,(bipy) 964 360 3 
Direct reaction (Scheme 122) 

from CrOCl, 1.76 945 10 
CrOCl,(phen) 1.87 957 a 12 

1.86 945 10 
CrOC1,(2-CNpy) 1.78 930 10 
Red 

Periodato complex 

Cr(IO,)(phen), 1.94 — atts 13 

“Solution measurement (NMR). 

Chromium 

Table 109 Chromyl(V) Compounds 
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Table 109 (continued) 
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. G. Hope, P. J. Jones, W. Levason, J. S. Ogden, M. Tajik and J. W. Turff, J. Chem. Soc., Dalton Trans.., 1984, 2445. 
. A. Seddon, K. R. Seddon and V. H. Thomas, Transition Met. Chem., 1978, 3, 318. 

. Levason, J. S. Ogden and A. J. Rest, J. Chem. Soc., Dalton Trans., 1980, 419. 
. Rosenblum and S. L. Holt, Transition Met. Chem., 1972, 7, 87. 
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bands to lower frequency, in the spectrum of the poorly volatile solid suggest 
polymerization.'*** The IR spectrum of CrOF; also indicates halide bridging (Table 109). 

35.6.1.3 Oxohalochromates(V) and other derivatives of chromyl(V) halides 

CrOCl,(bipy) exists in two forms because the product from direct reaction (Scheme 122) 
exhibits a Cr—O stretching frequency at 964cm~", but the product from thermal decomposi- 
tion of [bipyH2][CrOCl;] has a broad band at 898 cm™~* suggestive of polymerization through 
Cr—O-: - -Cr interactions. The protons needed to form [phenH][CrO.Cl] and [pyH][CrOCh] 
(Scheme 122) are presumed to have come from oxidation of the amine. The magnetic 
moments, ESR and electronic spectra of the oxochlorochromate derivatives are characteristic 
of CrY complexes, and they all disproportionate in water.'*3! The ionization energy (10 eV) of 
the d electron in CrOCl; has been derived from He! and He!! PES.'*9 

In a typical preparation of a tetrachlorooxochromate(V) salt, the chloride ACI in glacial 
acetic acid is added to CrO; in the same solvent saturated with hydrogen chloride (reaction 88). 
With some cations pentachlorooxochromates(V) can be obtained but the relation between 
cation size and coordination number is unclear.'***'3°° A pentafluorooxochromate(V), 
[NEt,],[CrOF;] was prepared by the reaction of AgF/HF with [NEt,][CrOCl,] in 
dichloromethane,'** but its composition is in doubt.'*°° Care is needed to prevent contamina- 
tion by CrY! or Cr™ impurities,°**°° e.g. K,[CrOCls] is usually contaminated with 
K,[CrCl;(H,O)], although pure samples have been obtained,’**° and attempts to prepare 
bromooxochromates(V) from CrO3 produced perbromide (Br3), although the preparation of 
[bipyH][CrOBrs] has been claimed.***” The v(Cr=O) and v(Cr—Cl) vibrations (Table 109) of 
[CrOCL,]~ and [CrOCl;]~ are in the ranges expected for isolated anions, and decrease with 
increase in coordination number from five to six as commonly found in other systems. An 
X-ray study of [AsPh,][CrOCl,] has confirmed the presence of square pyramidal anions 
(Cr—O = 1.519, Cr—Cl = 2.240 A).'°°® The short Cr—O distance indicates considerable p,, > dz 
bonding. From a single crystal study’**? the electronic absorption bands of [CrOCl,]~ at ca. 
13 000 cm~! and 18000 cm™ have been assigned to d,,—d,z,, and Cr—O()— Cr—O(o*) 
transitions, and bands at higher frequency to charge transfer, but other calculations’ assign 
the band at 18000cm™! to halogen-to-metal charge transfer. The ESR spectra have been 
interpreted. The fact that the addition of [NEt,]Cl to a solution of [AsPh,][CrOCl,] changed g 

from 1.988 to 1.970 indicates that compounds earlier thought to contain [CrOCI,]*~ contained 

[CroCl.] me iat 

MeCO2H 

CrO; + ACI Baines [A][CroOCl,] (88) 
HCl(g 

The product of reaction between CrO2Cl, and PCI; (equation 89) at high temperature or in 

the presence of a reducing agent has been identified as [PCl,][CrCl4] (Section 35.4.7.2). The 

product at room temperature has been shown to be the reactive chromyl(V) salt [PCl4][CrOCl4] 

(Table 109) and not the chromium(VI) adduct CrO,Cl,-PCls.‘° The pyridine adducts, 

CrO,Cl,(py)2 and CrO,Cl,(py), are believed to be mixtures of chromyl(V) species, and from 

reaction in acetic acid [pyH][CrOCl,], [pyH][CrO2Cl,] and [CrsO(MeCO2)6(py)2(MeCO,H) Cl 

have been isolated; similarly [bipyH][CrO,Cl,] has been obtained rather than CrO,Cl,(bipy), 
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and Ph,AsCl and CsCl with CrO.Cl, in acetic acid yield mixtures of [AsPh,][CrO3Cl] and 
[AsPh,][CrOCl,], and Cs[CrO3Cl] and Cs,[CrOCls], respectively.'** 

CrO,Cl, + 2PCl, ———> [PCL ][CrOCl,] + POCI, + 0.5Cl, (89) 

Solutions containing [CrOCl,]~ and [CrOCI;]*~ anions slowly generate Cr. This has been 
exploited in the preparation’*™ of the Cr™ anions [CrCl,(MeCO2H),]~ and [CrCl;MeCO,H]*, 
and various bipy complexes, e.g. [CrCl;(bipy)(NCMe)], from [bipyH][CrOCI,].*° 

Oxidation of cis-[Cr(H2O)2(phen)2](NO3)3 with sodium periodate at pH~4 produces the 
periodato complex [Cr(IO¢) (phen)2] (Table 109). 

35.6.2 Complexes of Oxide and Peroxide 

There are some well-defined chromium(V) complexes” in which oxide is the ligand: 
M5CrO, (M=Li, Na,°° K, Rb, Cs),!°4° M3[(CrO,)2] (M=Ca, Sr, Ba),°° M¥#(CrO,);0H 
(M = Ca, Sr, Ba) and M;(CrO,4)3X (M = Ca, Sr, Ba, X=F or Cl). In these the Cr occupies a 
tetrahedral site. There are also the peroxides’ M3[Cr(O,)4] (M = NHg, Na, K), which are 
obtained by the action of 30% H2O, on alkaline chromate solutions. They are red-brown, 
paramagnetic salts (eg = 2.94 BM) of some stability, and in K;[CrOg] the anion has a distorted 
dodecahedral arrangement (289) with the oxygen coordination occurring in pairs, and the 
O—O distance close to that for peroxo bonds (O3~ = 1.49 A).13%-1346.1347 Not much coordina- 
tion chemistry of these complexes has been published since the reviews by Rosenblum and 
Holt'® and Connor and Ebsworth.'**° Some investigations of the ESR’** and electronic 
spectra’? of CrOj~ doped in chloroapatites [(PO,)3Cl~ salts] have been reported. The belief 
that Srs(PO,)3Cl is isotypic with apatite has been disproved by a single crystal study. The 
three equilibrium phases in the ternary system CaO—Cr¥'0;—Cr}O; (the ternary compound, 
thought to have a chromate chromite formulation such as Cao(Cr¥'Cr3")O.,4, calcium chromate 
CaCr“'O, and monocalcium chromite CaCr3"O,) have been further studied. Comparisons of 
the solid state IR, diffuse reflectance and ESR spectra of the three phases suggest that Cr™ is 
not present in the ternary phase, but CrYO3~ anions are. Hence, the solid ternary phase is best 
described as Ca3(CrYO,)2 rather than Cao(Cry’Cr")O,4. The latter represents what happens 
when the ternary phase is dissolved in acid, where Cr’ disproportionates into CrY! and Cr'™.155! 
Disproportionation of Li;CrO, (equation 90) takes place in a KCI/LiCl melt.'**? The thermal 
decomposition of some rare earth chromates(V) has been related to their structures,*? and 
magnetic measurements on KSrCrO, and KBaCrO, confirm the V oxidation state.'**4 

3Li,Cr’O, —> 2Li,Cr“'O, + Licr™O, + 2Li,0 (90) 

3- 

O S 

& ‘ ff, aN 

1.94 : c —_ Oo 

Bak 

iS 

95° 

O 

(289) 

35.6.3 Complexes of Tertiary a-Hydroxy Carboxylates 

The formation and decomposition of CrY in aqueous and non-aqueous media during the 
oxidation of organic substrates such as oxalic acid and ethylene glycol by potassium dichromate 
has been recognized for some time. No study resulted in the isolation of a stable 
well-characterized chromium(V) complex until 1978 when potassium bis(2-hydroxy-2- 
methylbutyrato)oxochromate(V) monohydrate was prepared from chromium trioxide and the 
tertiary a-hydroxy acid in dilute perchloric acid according to equation (91). The CrY, which is 
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produced in equimolar quantity with Cr’, undergoes further reduction, first slowly and then 
very rapidly. Good yields of the potassium salt are obtained after neutralization with KHCOs, 
provided the separation procedures are carried out expeditiously, at low temperature as far as 
possible, and with careful control of pH.’*°° A simpler, generally applicable route with good 
yields to this type of complex is the reaction of anhydrous Na,Cr,O, with the tertiary 
a@-hydroxy acids RR’'C(OH)CO,H (R=R’'=Me, Et, Bu; R=Me, R’=Et, Ph, R,R’= 
(CH2),, n=4, 5) in acetone (equation 92).'° The complexes are insoluble in non-polar 
solvents, soluble in water and acetone and heat stable. Whilst higher alkyl groups stabilize the 
complex, phenyl groups have a destabilizing effect. Many other hydroxy acids form unstable 
CrY complexes in solution. 

4Ht, —16°C 
2HCrO; + 4EtMeC(OH)CO,H 

2-3d 

[OCr(O,COCMeEt),]~ + Cr°* + 2MeCOEt + 2CO,+5H,0 (91) 

Na,Cr,0, + SRR’C(OH)CO,H ——> 2Na[OCr(O,COCRR’),] +RR’'CO+CO,+5H,0 (92) 

The salt Na[OCr(O2COCEt)2] has been used in recent mechanistic studies of the oxidation 
of NH;0H* and NH? by Cr’; the former yields Cr—NO derivatives (see also Section 
35.4.2.6) and the latter N2 and Cr™!!.1957 

The structure of K[OCr(Ox,COCMeEt),] (290), obtained with difficulty from a poor crystal, 
contains pentacoordinate CrY and trans bidentate ligands of the same chirality, although 
enantiomers of the complete anions are present in the crystal. The short apical Cr—O bond 
distance (Table 110) is compatible with a CrY‘=O group. The other Cr—O distances are 
greater and differ from each other, and all O—Cr—O bond angles depart considerably from 
90° or 180° so that the coordination polyhedron is much distorted from a square pyramid. In 
the solid the ethyl groups close off the Position trans to the chromyl oxygen. The oxidation 
state of (290), and of the sodium salts,'°°° has been established by analytical methods, including 
a new iodometric method which determines Cr’ separately from its ability to oxidize iodide 
rapidly at much lower acidities than Cr¥' does. The electronic spectrum, magnetic moment and 
ESR data (Table 110) confirm the CrY assignment, and the Cr=O stretching frequency is 
consistent with a terminal Cr—O multiple bond. The stability of these Cr’ complexes to 
oxidative decomposition has not yet been explained. 

Me orate 6 
4 \ Me 

Me 

(290) 

Table 110 Complexes of Tertiary a-Hydroxy Carboxylic Acid Dianions 

Complex Meg (BM) v(Cr=O) (cm~*) g Ref. 
Ce ee SO ee eee ee eee eee ee 

K[OCr(O,COCMeEt),]-H,0* 2.05 (H,O) 994 (K salt) 1.9780 1 

Dark brown ® 1005 (Na salt) Of) iy 

M[OCr(pfp)2] 1.79 — : 4 

[M = K, Cs (purple), 1.71 (Cs) — 
NEt, (blue)] 2.33 (NEt,) — 
ee 

2 Bond distances: Cr=O, 1.554; Cr—O (carboxyl), 1.911 (av), Cr—O (OH-derived), 1.781 A (av). 

1. M. Krumpolc, B. G. DeBoer and J. Rotek, J. Am. Chem. Soc., 1978, 100, 145. 

2. M. Krumpolc and J. Rotek, J. Am. Chem. Soc., 1979, 101, 3206. 

3. N. Rajasekar, R. Subramaniam and E. S. Gould, Inorg. Chem., 1983, 22, 971. 

4. C. J. Willis, J. Chem. Soc., Chem. Commun., 1972, 944. 
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Other chromium(V) complexes stable to reduction and hydrolysis can be prepared’*°*”? by 
reaction of chromate with perfluoropinacol (CF3)sC(OH)C(OH)(CF3)2 (H2pfp) (equation 93). 

Hydroxy acids slowly displace two chloride ligands of Cs,[CrOCl;] in hot MeCN to give 
CrO(AB)CI; in which AB is tartrate, hydroxymalonate or malate. ESR data indicate that these 
are CrY complexes but the magnetic moments are high.'°*° IR bands near 940cm~* and 
340 cm! have been assigned to the v(CrO) and v(CrCl) vibrations respectively. A dibenzoato 
complex Cr(O,CC,Hs)2Cl; has also been described. 

EtOH/H,0 
K,CrO, + H.pfp ————>_ K[OCr(pfp):] (93) 

2 ‘4, boil 

35.6.4 Porphyrins and Schiff's Bases 

Chromium(V) complexes of these ligands are included in Section 35.4.9.1. 

35.7 CHROMIUM(VI) 

Although there are several very important chromium(VI) compounds, the powerful oxidizing 
ability of this oxidation state leads to the oxidation of many potential ligands, and its 
coordination chemistry is limited. However, the oxidizing ability is exploited in many organic 
syntheses,” and a new oxidizing system is CrO3;/HBF,/MeCN.'**! A safer method of preparing 
the reagent t-butyl chromate has been reported.’ Aqueous solutions of CrOZ react with 
excess NH,OH in the presence of various coligands to generate complexes containing the 
[Cr(NO)]?* moiety (Section 35.4.2.6). 

References to the many extensive accounts of the preparation, properties and reactions of 
chromium(V1) compounds, and their industrial and analytical importance have been 
collected.”’*° 

| 35.7.1 Hexafluoride and Chromyl(VI) Halides 

Chromium hexafluoride (Table 111), the only hexafluoride of the first transition series, was 
first prepared in small yields together with CrF; from the metal powder and fluorine at 400°C 
and 350 atm. It decomposes rapidly to CrF; and F>. Recently, it has been prepared from CrO, 
and F, under less extreme conditions, i.e. 170°C and 25 atm. The lemon yellow CrF, sublimes 
at room temperature from the CrF; which is also formed. IR spectra (N2 matrix) showed Cr—F 
stretching vibrations centred at 759cm™~’. Weaker bands due to some CrO>F>, CrOF,, CrF; 
and CrF, were also identified in the spectra.°™ It has been suggested that the fluorination of 
CrO; by F, at 4atm is stepwise, because as the reaction temperature increases the main 
products are CrO,F, (150°C), CrOF, (220°C) and a mixture of CrF; and CrF, (250°C) 
believed to come from the decomposition of CrF,.'*® This is confirmed by the new preparation 
of CrF¢. 

The oxotetrafluoride CrOF, is an easily hydrolyzed solid obtained as a by-product when 
fluorine is passed over chromium,'*© but it is better prepared from CrQ; as just outlined. It is a 
powerful fluorinating and oxidizing agent, is fluoride bridged in the solid state, molecular (C4) 
in a low temperature matrix, and forms the salt Cs[CrOFs] (Table 111). 
The dioxofluoride CrO,F, can be obtained in many ways. The methods starting from CrO; 

outlined in equations (94) to (97) are generally more convenient!*” than earlier ones which 
involve F,'°°, HF, SFy, SeF,, CoF; or IFs. In reactions (96) and (97) purification is simplified 
because CrO,2F, is volatile and WOF, and MoOF, are not. Treatment of CrO,Cl, with F, or 
CIF also produces CrO,F>. The reaction between CrO,F, and CrO.,Cl, gives CrO,CIF, which 
from its IR and mass spectra is a true compound. Decomposition of CrO,F, to CrOF, 
occurs at high temperature (500-525 °C). It is a powerful oxidizing agent and reacts 
vigorously with NO, NO, and SO, as equations (98) to (100) show. 

CrO, + excess CIF aa CrO,F, + Cl, + O, + CIOF (94) 

CrO,4+ COR; a Groce (95) 
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Table 111 Chromium(VI) Fluoride, the Chromyl(VI) Halides and 

Cs[CrOF.] 

Compound Comments Ref. 

CrF, Unstable above —100°C, dec. to 1 
Yellow CrF, and F,, v(Cr—F), 759 cm! 
CrOF, M.p. 55 °C, separated by fractional 2 
Dark red sublimation, readily hydrolyzed, 3 

reacts with Pyrex, v(Cr=O), 1020, 
Cr—F, 760-690, Cr—F—Cr, 
~500cm7! 

CrO,F, M.p. 31.6 °C, reactive, attacks glass, 2,4 
Dark violet-red sublimes 29.6 °C, stable in dark; 5 

v(Cr—O), 1006, 1016 cm7?, 
v(Cr—F), 727, 789 cm“! 

CrO,Cl, B.p. 117°C, fumes in moist air, heat- 6,7 
Deep red (1) and light-sensitive, ignites some 

organic compounds; Cr—=O, 
1.581 A, Cr—Cl, 2.126 A, OCrO, 
108.5°, ClCrCl, 113.3°, OCrCl, 
108.7° 

CrO,Br, Unstable even below room temp. 6 
Cs[CrOF.] CsF, CrOF,, 100°C, N,; v(Cr=0O), 3 
Orange-brown 955, v(Cr—F), ~690 cm? 

1. E. G. Hope, P. J. Jones, W. Levason, J. S. Ogden and M. Tajik, J. Chem. 

Soc., Chem. Commun., 1984, 1355. 
2. A. J. Edwards, W. E. Falconer and W. A. Sunder, J. Chem. Soc., Dalton 

Trans., 1974, 541. 
3. E. G. Hope, P. J. Jones, W. Levason, J. S. Ogden, M. Tajik and J. W. Turff, J. 

Chem. Soc., Dalton Trans., 1985, 529. 
4. I. R. Beattie, C. J. Marsden and J. S. Ogden, J. Chem. Soc., Dalton Trans., 

1980, 535. 
. P. J. Green and G. L. Gard, Inorg. Chem., 1977, 16, 1243. 

. R. Colton and J. H. Canterford, ‘Halides of the First Row Transition Metals’, 

Wiley-Interscience, London, 1969, vol. 1, chap. 4. 
7. C. J. Marsden, L. Hedberg and K. Hedberg, Inorg. Chem., 1982, 21, 1115. 

lone) 

125 °C 
CrO, + WF; SSP CrO,F, + WOF, (96) 

CrO; + MoF, ———> CrO,F, + MoOF, (97) 

NO+ CrO,F, = NO-CrO,F, (98) 

SO, Te 2CrO.F, — SO,:2CrO,F, (99) 

2NO, oF CrO.F, = (NO,),CrO2F, (100) 

Magnetic moment measurements suggest that the solids produced in equations (98) and (99) 

contain CrY and that produced in equation (100) contains Cr'Y.!°”° Other reactions of CrO2F, 
are shown in Scheme 123. 

NO,[CrO,F3] CrO,(SO;F), CrO,(CF,CO;)) + CF;COF 

NO,F s 

i. 

jose 

NOF CrO.F MF; or M[CrO.F,] M=Ca, Mg 

NO[CrO.F;] r.t.,1.5d ieee MF M,[CrO.F,] M=Na, K, Cs 

€XCess 
NaNO, CF ie NaNO, NaF 

Na,[CrO;F,(NO;),] > Cr0,(NO;)2 + Na,[CrO,F,], also K, Cs salts 

Scheme 123 
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Chromyl] chloride CrO,Cl, can be prepared by distillation from a mixture of an alkali metal 
chloride and concentrated sulfuric acid with an alkali metal dichromate or CrO3. It can also be 
prepared from dichromate and HCl, CrO; and an acid chloride such as PCl; or HSO;C1,”” or 
CrO; and AICI; in molten LiCl/NaCl/KCl.°7! 

Chromyl bromide CrO,Br, is thermally unstable and little is known of its properties.” It can 
be prepared from CrO,Cl, and HBr in excess at low temperature, and by reaction of CrO3 with 
CF;COBr and HBr in the presence of P,O;9. The existence of the iodide has been claimed but 
as mentioned in a review?” of chromyl(VI) compounds this is unlikely. 

Since the metal in the chromyl(VI) halides CrO,F, and CrO,Cl, is formally in the d®° 
oxidation state, the structures of these molecules would be expected to follow the valence shell 

electron pair repulsion theory, i.e. O=Cr=O > X—Cr—X (X =F or Cl). From the gas phase 
Raman and matrix IR spectra” of CrO2F, the angles are OCrO 102.5° and FCrF 124°, in 
agreement with the earlier values from electron diffraction,"’* but not with those from 
microwave spectroscopy. Later electron diffraction values’*”> are OCrO 107.8° and FCrF 
111.9°. Irrespective of the discrepancies, it is clear that molecular CrO2F2, in common with 
many d° complexes of the transition metals, does not follow the VESPR theory. The angles in 
CrO,Cl, follow’”* the same pattern: OCrO = 108.5°, ClCrCl = 113.3° (electron diffraction). 
The IR spectrum of CrO,Cl, in an argon matrix has been reported.'?”” 

The Raman spectrum of liquid CrO,F, can be assigned in C2, symmetry, and a band at 
708 cm~' arising from the symmetric Cr—F stretch is replaced in the solid-state spectrum by 
one at 540 cm~'.'°”8 The lowered frequency suggests polymerization through fluoride bridges in 
the solid, and this is consistent with the similar unit cell parameters of CrO,F,"°” and VOF3, 
which is known to be polymeric. 

35.7.2 Other Chromyl(VI) Compounds 

Chromyl derivatives CrO2X, (X = nitrate, sulfate, perchlorate, fluorosulfate, borate, acetate, 
trichloroacetate, azide and benzoate) have long been known.” The perchlorate CrO2(C1O;), 
has been obtained as a minor product in the reaction of Cl,O. with CrCl. From its IR 
spectrum CrO,(ClO4)2 contains monodentate perchlorate groups so the chromium has a 
tetrahedral environment like CrO,Cl,.**! 
Chromy] nitrate is a red, easily hydrolyzed liquid that can be prepared from N,O; and CrO;, 

CrO2Cl, or KCrO;Cl. A method which avoids the use of N2O; is the reaction of CrO,F> with 
sodium nitrate (Scheme 123).'*8° Besides the chromyl derivatives in Scheme 123, CrO,F, forms 
the adduct CrO2F,-TaF;, CrO2F,-SbF; and CrO2F,:2SbF; which may be [CrO,F]* salts. !3*1 

The fluoro- and chloro-sulfates can be isolated as green solids, stable if dry, by reactions 
(101) and (102). Brown crystals can be sublimed from green CrO,(SO3F),'**? and if the 
reaction mixture in equation (101) is heated, dark brown crystals separate.'*** In each case the 
brown form and the green form have substantially the same analyses, IR spectra and powder 
photographs {CrO,(SO3F),} and are diamagnetic; the different colours may be due to different 
degrees of polymerization. Besides CrO,Cl,, CrO3, K,CrO, and K2Cr,0; are solvolyzed to 
CrO,(SO3Cl). by HSO3C1.'%8:1984 In disulfuric acid CrO2(HSO,), forms, identified by 
conductance and freezing point data and electronic spectroscopy. !3°4)1585 

CrO.Cl, ore S,0.F, ae CrO,(SO;F), a CL (101) 

CrO,Cl, + 2HSO;Cl —> CrO,(SO;Cl), + 2HCl (102) 

The reactions (103) to (110) afford further chromyl derivatives: CrO(O0,CR), (R = CFs, 
CCIF, or C3F7) “ a i CrO2(O3SCF3)2, CrO,(NO3) (O2CCFs) ’ ak CrO2(O2PF>)2 x ace 
CrO,(OTeFs)2,°°° CrO.(OSeFs)2,'9°° CrO2CIN3,°9! CrO,Cl(ICN)," and [CrO2Cl(NCS)3]>. 
The reaction of CrO2Cl, in CS, or CCl, with various donor molecules (acetone, DMSO, THF, 
PhsP, etc.) does not produce stable adducts of higher coordination number but oxidation of the 
base and ill-defined Cr'Y products.” 

CrO; + (RCO),0 —> CrO,(0,CR), (103) 
CrO,(O,CCF;), + CF;S0;H — > CrO,(O,SCF;), + CF;CO,H (104) 

CrO,(O,CCF;), ++ HNO, —> CrO,(NO;)(O,CCF;) + CrO,(NO;), + CF;CO,H (105) 
CrO;+ P,03F, —> CrO,(0,PF,), (106) 

CrF;+B(OTeF;); —> CrO,(OTeF,), + BF;, TeF,, CrF,? (107) 
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CrO,Cl, ate Hg(OSeF:;), Te CrO,(OSeF;), (108) 

CrO,Cl, + ICN —> Cr0,CI,(ICN), (109) 
CrO,Cl, te (SCN), aicke, [CrO,CL,(NCS)3], (110) 

The chromy] derivatives generally hydrolyze readily to chromate and the acid corresponding 
to the coordinated anion. Thermal decomposition of yellow CrO,(O3SCF;), and 
CrO,(O2CCF3), produces oxygen and the green anhydrous chromium(III) _ salts 
Cr(O3SCF3)3'°°” and Cr(OzCCF3)3:17°° CrO(O2PF,). is much less stable and readily yields 
Cr(O2PF2)3; its solutions in CCl, are moderately stable, like those of CrO,(SCN)2 and 
CrO.(NCO)2, and have electronic spectra similar to those of other chromyl complexes.'2° 
Chromyl chloride reacts with monocarboxylic acids to form trinuclear cations 
[Cr30(O2CR)¢(RCO2H)3]* (R =H, Me); the low moments of the formate and chloride salts 
and of derivatives such as [CrsO(O2CMe)6Ls]Cl (L=py, NH3) suggest similar structures to 
other trinuclear complexes” (Section 35.4.4.10). The anionic difluorophosphato complex 
K,[CrO2(O2PF2),4] is prepared by reaction of K,CrO, with P,O3F,.'°8* From their IR and 
Raman spectra, it is concluded that the adduct CrO,CI,(ICN), has a cis structure with 
N-bonded ICN and [CrO,Cl,(NCS)3], has an —NCS—SCN-bridged structure. !39? 

35.7.3 Chromium(VI) Oxy Compounds 

35.7.3.1 Chromium(VI) oxide 

Most chromium(VI) compounds may be considered to be derived from the orange-red 
trioxide CrO3, the anhydride of chromic acid, which can be crystallized from aqueous solutions 
of chromates and dichromates by the addition of sulfuric acid. When heated above its melting 
point, CrO; loses oxygen to form Cr30g, Cr2O;5, CrO, and finally Cr.O3. It consists of infinite 
chains of distorted CrO, tetrahedra sharing two corners; the bridging Cr—O distances are 
1.748 A and the terminal Cr—O distances 1.599 A. The angle at the bridging oxygen is 143°.13% 
Electron diffraction data for gaseous CrO; can be best interpreted by assuming that it consists 
of trimers and tetramers.’ Depolymerization occurs on dissolution in water (to form 
H,CrO,) and in the few organic solvents in which it is soluble. It is a powerful oxidizing agent. 
Adducts, CrOspy and CrO3py2, used as organic oxidants in CH2Cl2, are formed by pyridine 
bases, and with alcohols chromate esters are obtained.”°° 

35.7.3.2 Chromates, dichromates and polychromates 

When CrOQ; is dissolved in water the equilibria (111) to (115) are set up. Above pH 8 the 
main species is yellow chromate CrO%~; in the pH range 2-6 HCrO;z and orange-red 
dichromate Cr,03~ are in equilibrium; and below pH 1 H,CrO, predominates. Chromates and 
dichromates of ammonium and the common metal ions are known: the ammonium, magnesium 
and alkali metal chromates are soluble in water, but those of silver, lead and the alkaline earth 
metals are only slightly soluble. Whether chromates or dichromates crystallize depends on the 
pH and the cation present. At high Cr! concentrations trichromates and tetrachromates form 
and some have been isolated as solids, e.g. KxCr30.9 and K,Cr,0,3, but, unlike molybdenum 
and tungsten, chromium does not exhibit an extensive iso- or hetero-polyanion chemistry. 
Many double chromates and basic chromates are also known.” 

H,CrO, == HCrO; + H* (111) 
HCrO; = CrO5 + He (112) 

Cr,03> +H,O == 2HCrO; (113) 
Cr,03> + OH7 = — HCrO; + CrO7Z- (114) 

HCrO; +OH” = — CrO7 +H,O (115) 

Chromates and polychromates of organic cations can be prepared by careful hydrolysis of the 
appropriate ester with the organic base in organic solvents. Examples are (NBu"H3)2CrO,, 
(pyH)2Cr3010 and (NBu3)2Cr40,3.7°”” 

Whereas the ester bis(trimethylsilyl) chromate is explosive and readily hydrolyzed,’*** the 
crystal structure!” of the triphenyl derivative has been obtained (Table 112). The germanium, 
tin and lead analogues have been prepared by reactions (116) to (118). These compounds are 



942 Chromium 

better regarded as chromate esters than chromyl(VI) compounds. '*” Electrochemical reduc- 
tion of (Ph;XO).CrO, (X = Si, Ge, Sn or Pb) is generally irreversible and of little use in the 
characterization of chromium( 
[Me3Sn].[CrO,] are also known. 

2Ph;GeBr + Ag,CrO, —— (Ph,;GeO),CrO, + 2AgBr 

2Ph;SnCl Sr Ag ,CrO, —aP (Ph3;SnO),CrO, se 2AgCl 

2Ph3;PbCl + Na,CrO, ——> (Ph3PbO),CrO, + 2NaCl 

Table 112 Bond Distances in CrO, and Representative Chromates and Polychromates 

Compound Bond distances (A) 

CrO, Cr—O (av), 1.599, Cr—O (br), 1.748 A, Cr—O—Cr, 143° 
(NH,).CrO, Cr—O (ay), 1.658 A, O—Cr—O (av), 109.7° 
Ce(CrO,).:2H,O Cr—O, 1.583 A 

Cr—O----- Ce**, 1.665, 1.685, 1.636 A 
CaCrO,:H,O Cr—O (av), 1.644A 
Ag,CrO, Cr—O, 1.69, 1.67, 1.63 A 

Cr—O:---Ag*, 111.6, 110.1, 109.3, 106.1A 
angular distortion through interaction Ag* 

(NH,).[Zn(NH3).(CrO,).]  Cr—O, 1.65, Cr—O--- -Zn?*, 1.67A 
(bidentate CrO7Z) 

[Co(NH;),](CrO,)Cl-3H,O Cr—O (av), 1.64 A; uncommon coexistence 
of CrO{” and Cl” 

Hf,(OH),(CrO,),-H,O Cr—O (av), 1.65 A, chains of edge-sharing 
pentagonal bipyramids of HfO, inter- 
connected by CrO, tetrahedra; Zr 
compound isomorphous 

M'™M3"(OH),(CrO,)> M'=K, M™'= Fe, Cr—O (av), 1.63 A 
M'=Na, M"™ = Al, Cr—O (av), 1.69A 

(Ph3SiO),CrO, CrOZ" linked to Si by O bridges 
Cr—O, 1.54, Cr—O(Si), 1.74 A 
Si—O—Cr, 133.1° and 162.7° 

KBi(CrO,)(Cr,0,)-H,O [CrO,], Cr—O (av), 1.653.A 
[Cr,0,], Cr—O (av), 1.623, Cr—O (br), 1.782 A, 
Cr—O—Cr, 118.2° 

a-Al,(CrO,).(Cr,0,)-4H,O0 Cr—O (av), 1.65A 
Cr—O (br), 1.76A 

Rb,Cr,0, P2,/n form, Cr—O (av), 1.596 A 
Cr—O (br), 1.796 A, Cr—O—Cr, 122.9° 

(NH,)Cr,O, Cr—O, 1.634, Cr—O (br), 1.781 A 
Cr—O—Cr, 121.0° 

CaCr,0,-2[(CH2)sN4]‘7H,O0 Cr—O (av), 1.595, Cr—O (br), 1.764 A 
Cr—O—Cr, 129.0° 

[C(NH,)3],Cr30 49 Cr—O (av). 165. Cr—O—Cr (av), 1.75 A 
Cr—O—Cr, 132.7° 

RbCr,0,; Cr—O, 1.576-1.621, Cr—O (br), 1.691-1.846 A 
Cr—O—Cr, 147.2°, 139.3°, 120.5° 

BaH[O;CrOPO,0CrO,]-H,O Cr(1)—O, 1.585, 1.630, 1.600, 
Cr(1)—O: - -P, 1.826A 

Cr(2)—O, 1.616, 1.611, 1.602, 
Cr(2)—O: + -P, 1.828A 

S. Stephens and D. W. J. Cruikshank, Acta Crystallogr., Sect. B, 1970, 26, 222. 
S. Stephens and D. W. J. Cruikshank, Acta Crystallogr., Sect. B, 1970, 26, 437. 
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O. Bars, J. Y. Le Marouille and D. Grandjean, Acta Crystallogr., Sect. B, 1977, 33, 3751. 

. M. L. Hackert and R. A. Jacobson, J. Solid State Chem., 1971, 3, 364. 
. M. Harel, C. Knobler and J. D. McCullough, Inorg. Chem., 1969, 8, 11. 
. B.N. Figgis, B. W. Skelton and A. H. White, Aust. J. Chem., 1979, 32, 417. 
. M. Hansson and W. Mark, Acta Chem. Scand., 1973, 27, 3467. 
. Y. Cudennec, A. Riou, A. Bonnin and P. Caillet, Rev. Chim. Miner., 1980, 17, 158. 
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In recent investigations (see also Section 35.6.2) the double chromates KLn(CrO,), 
(Ln=La-Sm), RbLn(CrO,). (Ln=La-Nd) and CsLa(CrO,), have been found to be 
isostructural with croconite (PbCrO,),'*” the chromates A,Pb,(CrO,), (A= K, NH,) have 
been obtained,'*™ and the reactions of chromate, dichromate or CrO; in alkali carbonate!“ 
and bisulfate'*°° eutectics and fused sodium nitrite’“’ have been investigated. Interaction 
between Ag™ and CrO; in (K, Na)NO; melts leads to the formation of the weak complexes 
[AgCrO,]~, [Ago,CrO,] and [Ag(CrO,)2]? . 408 

(i) Spectroscopic investigations 

There have been a number of investigations of the electronic and IR spectra of chromates, 
and attempts to account for the electronic spectrum by molecular orbital theory.°!4 

From the splittings of the IR absorption bands of CrO7% it can be determined whether the 
anion is mono- or bi-dentate, e.g. it is monodentate in [Cr(CrO,)(NHs3)s]I and bidentate in 
[Cr(CrO4)(NHs3),]I."*"° Complete vibrational assignments have been made for K,CrO,;'4" and 
molecular K,CrO, has been isolated in an argon matrix; the IR spectrum shows that its 
structure is Dzq and the O—Cr—O bond angles are 96 + 5°.'4!* RR spectroscopy has been used 
to investigate the unusual red colour of Ag,CrO,.'*!> Crystallographic and IR studies on the 
hydroxychromates M'M3"(OH).(CrO,)2 (M' = Na, K, NHy; M™ = Fe, Al) have confirmed that 
they are isomorphous. '*"* 

The NMR shifts of the ‘70 spectra of CrO%{, Cr.0?~ and CrO,Cl, have been related to the 
a character of the Cr—O linkages, and from them it has been deduced that the Cr—O—Cr 
linkage in dichromate is angular rather than linear in solution as well as in the solid.1** 

(ii) Structures of chromates and polychromates 

The tetrahedral structure of the anion in simple chromates such as K,CrO, has been 
confirmed by many single crystal X-ray studies. Within the CrO, groups (291) the O—Cr—O 
angles are close to the tetrahedral value and the Cr—O bond distances are essentially equal 
and close to 1.6A unless there is interaction of some oxygen atoms with other cations, e.g. 
Ce*t in Ce(CrO,4)2:2H2O (Table 112). Chromates are often isomorphous with corresponding 
sulfates. 

The dichromates consist of two distorted CrO, tetrahedra with a corner in common. 
Rubidium dichromate, for example, exists in several crystal forms which contain anions shaped 
like (292); the bridging Cr—O bonds are considerably longer (~1.8 A) than the terminal 
Cr—O bonds, which are similar to those in CrO?-, and the Cr—O—Cr angles are 123°. In 
SrCr,O, there are distinct Cr,O3~ units of types (292) and (293) with Cr—O—Cr angles of 133° 
and 140° respectively.°° A more accurate determination of the structure of (NH4)2Cr207 has 
shown that Cr—O,, is 1.78 A (not 1.98 A as earlier reported). 

The structures of the tri- and tetra-chromates, e.g. Rb2Cr30j0 (294) and Rb2Cr,0,3 (295), 
and of polymeric CrO; (296) follow the same general pattern, although the detailed structure 
can vary with the cation. 

O O 
~1.6A\| | 

O O of ex Wo O O O a on Fe ae |~1.6A dt owe 1.64] 8 
wry, a AN | “\ oJ 4 we Ti Cr re) M0) s S O \. 
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ike 2— es (291) Cro? (292) Cr,05 (293) Cr,0; (294) Cr,025 
O ’ , O O oO O O O 

6X Jo | O—Cr ait Creates ~16| ¢ ; 147.22 Ee —O Cr , Cr. oO Or%z Cr Wa 7B 4 Woe “QS aye On: OO ae lee om 

O row O 

(295) Cr,0?5 (296) CrO, 
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The Cr—O—Cr angle varies between 115 and 148° and the Cr—O,, distance between 1.7 

and 1.9A in the condensed chromates. Brief structural details for examples of the different 

chromates are in Table 112. There are earlier results in Ref. 1306. 
Chromates(VI) of the divalent metals (V, Ni, Co, Cu, Zn and Cd) are isomorphous, and 

each Cr atom is surrounded by six oxygen atoms in distorted, edge-sharing octahedra.° 

35.7.4 Anionic Oxo Halides and Other Substituted Chromates 

The equilibria (111) to (115) exist only in HNO; and HCIO, and are modified when other 
anions are present because of the formation of substituted chromates, e.g. chlorochromate and 
sulfatochromate, as in equations (119) and (120). Dichromate is slow to oxidize, otherwise no 
halochromates could be isolated.” 

HCr,0; +HCl == CrO;Cl + H,O0 (119) 

HCr,0; +HSO; == [CrO,SO,]}*- + H,O (120) 
Salts of the trioxohalochromates(VI) [CrO3X]~ (X=F, Cl, Table 113) can be crystallized 

from solutions of the appropriate dichromate and HX and have uses as oxidants of organic 
compounds. The fluorochromates can also be obtained from CrO3, HF and the alkali metal 
carbonate, and the chlorochromates from CrO3, MCI and HCl. Potassium trioxochlorochro- 
mate may also be prepared from K,CrO, and CrO2Ch. Salts of [CrO3Br]~ and [CrO;I]~ have 
been reported but they decompose through oxidation of the halide. 

Table 113 Fluoro- and Chloro-chromates(VI) 

Compound Comments Ref. 

M[CrO,F] M=K, Rb, Cs, NHg, easily 12 
Red hydrolyzed; Cr—O, 1.60 and 1.62, 

Cr—F, 1.68 A (NH,) 2 Cr—O, 1.60, 
2 Cr—(O, F), 1.67 A, disorder (Rb) 

M[CrO,Cl] M =Li, K, Rb, Cs, NH,, Phs;MeAs, jes 
Orange hydrolyzed in water, stable in acid, 4 

Cr—O (av), 1.53 (K salt), 1.52 5 
(NH,), 1.606 (Rb), 1.612 A (Cs), 
Cr—Cl (av), 2.16 (K salt), 2.15 
(NH,), 2.194 (Rb), 2.197 A (Cs) 

1. R. Colton and J. H. Canterford, ‘Halides of the First Row Transition 
Metals’, Wiley-Interscience, London, 1969, vol. 1, chap. 4. 

2. W. Granier, S. Vilminot, J. D. Vidal and L. Cot, J. Fluorine Chem., 1981, 
19, 123. 

3. J. J. Foster and A. N. Hambly, Aust. J. Chem., 1977, 30, 251. 

4. R. Armstrong and N. A. Gibson, Aust. J. Chem., 1968, 21, 897. 
5. J. J. Foster and M. Sterns, J. Cryst. Mol. Struct., 1974, 4, 149. 

There are three major processes in the thermal decomposition of the alkali metal 
chlorochromates M[CrO3Cl] (M=Li, K, Rb or Cs); these are the formation of CrO,Ch, 
MCr30Og and Cr2O3; in each case there is simultaneous formation of M>Cr.O, and MCI.!*"° The 
rubidium salt is isostructural with the potassium and ammonium salts, but not the cesium salt. 
The anions are approximately tetrahedral. The average values for the Cr—O bond distances in 
Cs(Rb)[CrO3Cl] are rather longer than determined earlier for K(NH,)[CrO3Cl] (Table 113).!4!7 
Some disorder was found in the tetrahedral [CrO3F]” anions of KCrO3F and the average 
Cr—(O, F) distance is 1.65 A.1418 

Salts M[CrO3X] (where X = iodate, sulfate, NHo, etc.) have earlier been described.2 Adducts 
of KCrO3X (X=F, Cl, Br, 103) with primary and secondary aliphatic amines have been 
characterized in solution by their UV and IR spectra.'*!9 

The fluorinated anhydride (CF;CO).O removes chloride from K[CrO3Cl] and adds across 
one Cr=O bond according to equation (121).'?° The same anionic complex is obtained from 
K,Cr2O; and the anhydride; but K,[CrO,(O2CCF3)4] is formed from K,CrO,. Other chromates 
and dichromates, and other fluorinated anhydrides, react similarly. The complexes are 
red-brown solids, easily hydrolyzed and unstable to heat and light. 

K[CrO,Cl] + 2(CF;CO),0 —> K[CrO,(0,CCF,),] + CF;COCI (121) 
Boron trifluoride adducts approximating to K,[CrO,(BF3),] and K,[CrO,(BF3)3] have been 

reported.'47? 
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The salts A[CrO2F3], (A=NO* or NO}, Scheme 123) and the other dioxo compounds 
below are believed to contain cis-dioxo groups and fluorine bridges because there are IR bands 
in the 900-1000 cm~’ region, which are assignable to the v,(CrO,) and v,,(CrO>) vibrations, 
and bands in the regions of 550-750 cm™’ and 350cm™! assignable to terminal and bridgin 
fluoride respectively.'*?? Salts of the anions [CrO,F]°~ and [CrO,F,]*~ have been described; 
and M,[CrO,F,] (M = Na, K, Cs), M[CrO,F,] (M = Ca, Mg)?3” and Na,[CrO.F,(NO3)2] can 

be derived from CrO,F, (Scheme 123).'°°° 

35.7.5 Organoimidochromium(VI) Complexes 

Among the t-alkylimido complexes of the d° transition metals of groups V to VII is deep red 
(Me3SiO)2Cr(NBu'),, which can be prepared from CrO; or CrO,Cl, and t- 
butyl(trimethylsilyl)amine and is monomeric from preliminary X-ray data. After removal of the 
hexane (equation 122), the residue is dissolved in hexamethyldisiloxane and the imide 
separates at —40°C.'4”> The preparation from CrO,Cl, (equation 123) has some advantages. 4” 
The diimide forms the oxo derivative (Me3SiO),CrO(NBu’‘) on reaction with benzaldehyde. 

hexane 

CrO; + NHBu'‘(SiMe;) goed (Me;3SiO),Cr(NBu'), (122) 

CrO,Cl, + NHBu‘(SiMe;) eed (Me;SiO),Cr(NBu'), + 2[NH,Bu'(SiMe;)]Cl (123) 

in excess 

The reaction of bis(trimethylsilyl)diazene with chromocene or CpCrCl, affords the dark 
violet crystalline imide with structure (297). The imide shows distinct trimethylsilyl signals in 
the NMR spectrum, and in methanol forms [CpCr(NH)(NSiMe3)]». 4° 

35.7.6 Mixed Oxidation State (III and VI) Oxo Compounds 

The compounds MCr;3Ox have long been known. In their structures Cr™O, octahedra and 

Cr¥!O, tetrahedra are linked together in the ratio 1:2 by sharing corners and edges.’*”° Several 

new methods of preparation have been described (equations 124 to 127). Trichromates 

(M2Cr30;0, M=K, Cs) give the same products as tetrachromates (equation La 

2715 -C KCrO;C1 ———> K,Cr,0, + KCr,0, + 2KCI + 1.5Cl (124) 

KCrO,Cl+ 2CrO, ———> KCr,0, + 0.5Cl, + 0.50, (125) 

3MX + 5CrO, —~——> M,Cr,0, + MCr,O, + 1.5X; (126) 

2K,Cr,0;; ————>. K,.Cr,0, + 2KCr,O, + 1.50, (127) 

From the XPES, Cr,O; can be described as a mixed valence compound containin ore and 

Cr° in the ratio 1:2 as in KCr,O3.'“2” The oxide CrsO,2 is formulated Cr2(CrO,)3." 

35.7.7 Peroxo Complexes of Chromium(IV), (V) and (VI) 

The action of H,O, on acidic dichromate solutions gives an unstable blue species which can 

be extracted into ether (equation 128).?°1%4?8 On the addition of pyridine the blue compound 

CrV'O(O>)spy crystallizes. The molecules are distorted pentagonal pyramids with sideways- 

bonded peroxo groups (298); some workers with less refined data have reported rather 

different bond distances. '“7° In water the blue species is considered to be CrO(O2)2(OHz), in 

ether it is CrO(O2),OEt2, and amines such as aniline, bipy and phen can replace the pyridine. 

With bidentate bipy the coordination sphere becomes essentially a pentagonal bipyramid (299), 
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and the phen compound is similar; it also has one Cr—N bond (2.23 A) much longer than the 
other (2.11 A).'*7! By extraction into tri-n-butylphosphate (TBP) containing Ph3;AsO, the 
adduct CrO(O2)2OAsPh; can be obtained. !*%? 

HCrO; + 2H,O,+H* ——> CrO,-H,0 + 2H,0 (128) 

blue 

vl 
1.576 A 

Zy, 7 Ns 19--2Nw 
1.407/ 2% |] wo | iv i" A NSO | 1407 ¥ | LE 

—C 
OS PR O77 TN 

ait BS nh 

5 1.57 

(298) (299) 

In neutral or weakly acidic solutions of dichromates and HO; the violet species CrO;(OH)~ 
forms (equation 129) and explosive violet salts M[CrY'O(O2)2.OH] (M=NHg, K, Tl) can be 
isolated.'*°? The salt [Ph;MeAs][CrO(O2),OH] is more stable, and from the lack of an OH 
band in the IR spectrum it is believed that the anion contains a strong hydrogen bond; related 
blue peroxohalochromates [Ph;MeAs][CrO(O2).X] (where X is Cl or Br) are also known 
(Scheme 124).'*°? Kinetic studies show that the blue and the violet anions are formed by similar 
mechanisms. '4** 

HCrO; + 2H,O, —> CrO,(OH) + 2H,O0 (129) 

- on 
Pee | + 

| or<o —. (0,),CrO(OH,) ———> (O.),CrO{OP(OBu);} 
O \ Va blue acidic ‘blue’ organic 

O aqueous soln. soln. 
violet 

Ph,AsQ 
|resea 

O O aE a 
OW! i _OASPhs d tO» 0. YZ 

T ZA a a 2 “= ee OO—™™ i O 
o~ \ 59 o \a Xn aK Ms wa 4 © 

blue orange ‘blue’ anion 
adduct chlorochromate X=Cl or Br 

Scheme 124 

The unstable, violet black compound (NH4)2[Cr¥'O2(O>2)s]-2H2O is produced'**> by reaction 
of H,O2 with CrO3 in the presence of NH,Cl and HCl, and Cr(O2)(NPr3)3; may be a peroxo 
chromium(V) compound (p. 138). 
From the RR spectrum of CrO(O2)2-H20O, its instability has been related to the relatively low 

(952 cm~') Cr—O stretching vibration and the relatively high (1012 cm~') O—O stretching 
vibration. '**° The peroxidic stretch was earlier assigned to a band in the 865 cm7! region. 14 

The chromium(V) complexes M3[Cr(O2),4], obtained from alkaline solutions, contain 
dodecahedral anions (see Section 35.6.2). 
Brown crystals of paramagnetic, reasonably stable Cr'V(NH3)3(O2)2 can be prepared!437 

according to equation (130). Some reactions of Cr(NH3)3(O>)2 are given in Scheme 125, and its 
structure (300) has been determined.’ The anion in Ks[Cr(CN)3(O2)] is structurally 
ry in and the O—O bond distance is 1.45 A. In [Cr(en)H0(O3),]-H2O this distance is 

CrO; + 3NH; + 3H,0, ————> Cr(NH),(O,), + 3H,O + O, (130) 

The action of H2O2 on aqueous solutions of CrO; containing amines gives the chromium(IV) 
complexes [CrNH3en(O>)2]-H2O, [Crdien(O,)2]-H,O, [CrenH,O(O,)2]-H2O, [CrpnH20(0-)2l 
2H2O0 and [CribnH,O0(O,),]-H,O. These and Cr(NH3)3(O2)2 are useful sources of C I 
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[Cr"(NH,);H,OCL]C] “~— Cr'¥(NH;),(0,), “ 0,47" 

hexamine KCN 
en 

Cr'Y¥(CgHi2Na)(O2)2 K,[Cr'Y(CN)3(O>)9] 

[Cr'YenH,O(O,),] 4 H,O 

Scheme 125 

NH, 

sain ___.--NH 

1.41/, CI—__@ 

OnGaly 1483 
2.08] 
NH, 

(300) 
amine complexes, but their explosive nature is a disadvantage and rather few amines 
form this type of complex so the synthetic use is limited. 

Further information on peroxo chromium complexes is given in Pascal.? 

35.7.8 Biological Effects of Chromate(VI) 

The biological effects of chromate are apparent in three main areas: mutagenicity and 
carcinogenicity, an adverse immune response and the use of chromate in clinical chemistry to 
tag erythrocytes. The clinical use of chromate has recently been reviewed'*! and although 
reviews of the immune response to chromate are available” little is known of the chemistry 
involved; this is surprising as chromate present in cement is a major cause of dermatitis. 

The carcinogenicity and mutagenicity of chromium(VI) are well established.‘“? The toxicity 
is usually considered in terms of the uptake/reduction model’? since chromium(VI) readily 
passes into the cell, via anion channels, and once within the cell it is eventually reduced by 
cellular components to chromium(III) species. Figure 6 illustrates the likely fate of chromate 
within a mammalian cell. As can be appreciated from Figure 6 it is complexes trapped within 
the cell that are the agents responsible for the toxic effects of chromate. The systems which 
reduce the chromium(VI) are as yet unknown, as are the final products of the reaction. 
However, microsomes’ are capable of reducing chromium(VI) as are various nucleotides'*° 
and even fulvic acids.‘*° In these cases chromium(V) species of considerable stability have 
been observed using EPR spectroscopy. Within the cell reduction by a sulfide is the most 
probable reaction. 

Glutathione is an intracellular peptide important in the maintenance of redox status; 
it is found at millimolar concentrations in typical mammalian cells and is implicated, in general, 

1446,1447 
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in the defence of cells challenged with oxidizing agents. However, in the case of chromate 

toxicity, cells with elevated levels of GSH have been shown to have an increased susceptibility 

to damage, '“4°:!4°° which perhaps indicates that a chromium complex of glutathione is an active 
intracellular toxin. It is most unusual for a toxic metabolite to be generated by a reaction with 

GSH. 
The reaction of GSH with chromium(VI) has been studied in acidic solutions "* under 

which the complete reduction of chromate to chromium(III) is rapid. Mechanisms involving 

thiolate esters of chromium(VI), which react with either protons or GSH, were suggested to be 

important. A detailed study of the reduction of chromate by various biological reducing agents 

(in neutral, buffered solutions, at low GSH concentrations) indicates that chromium(V) species 

are not generated'*® and also suggests the importance of thiolate esters. 
However at neutral pH, solutions of chromium(VI) containing an excess of glutathione 

(1:10) rapidly develop a green colour,'** which slowly decays to a purple colour typical of 
chromium(III) complexes. Concurrent with the green colour the typical EPR spectrum of a 
chromium(V) species is observed. Chromium(V) has also been observed in the EPR spectrum 
of frozen glasses obtained from reaction mixtures of chromium(VI) and glutathione. * 
A related reaction, that of L-cysteine with Cr¥! at neutral pH, has been studied in detail;'*°° 

the product was suggested to be the bis-trans-S complex of cysteine characterized crystal- 
lographically by DeMeester et al.,"'*’ but no evidence for CrY species could be obtained, and 
the rate-determining step was suggested to involve two-electron transfer. It has been 
reported’**’ that initial one-electron reduction of chromium(VI) leads to chromium(III) 
complexes in which the oxidized form of the substrate is coordinated. The presence of 
chromium(V) in GSH/chromate reaction mixtures suggests that GSSG may be captured in the 
reaction of GSH with chromium(VI). This is in marked contrast to the results of Pennington’**° 
with L-cysteine, but Wetterhahn'**’ has some evidence for Cr'™/GSSG complexes from such 
reactions. 

The way in which the dominant reduction mechanism for chromate changes with the reaction 
conditions and how this is related to the toxicity of chromate is not as yet clear. As outlined 
above, the products of the reaction may depend on the mechanism of reduction and these, as 
yet, unidentified chromium complexes are probably the agents responsible for the mutagenicity 
of chromate. The substantial stability of the chromium(V) complexes and thiolate esters 
generated in the reaction of GSH with chromate suggests that if similar complexes were formed 
in vivo they would have time to reach many intracellular compartments and could hence be the 
crucial active intermediates in the toxicity of chromate. 

The complexes responsible for the toxicity have not yet been identified. The possibilities 
include: the thiolate ester, a relatively stable chromium(V) species, or a chromium(III) 
complex. More work is needed in this area. 

1451,1452 
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The chemistry of tungsten is varied and complex not only because it covers nine oxidation 
states (—2 to +6), but also because of its ability to form complexes with different coordination 
numbers and geometries, and because of its tendency to form clusters and polynuclear 
complexes with a variety of metal atoms. 

The chemistry of this element has been studied since the characterization of tungstic acid in 
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1781,! and the oxychlorides, the hexachloride and the hexabromide in 1857. Until the 1930s 
most of the development centered around the higher oxidation states of the element. The 
development of the lower oxidation states had to await the discovery of W(CO).. The 
successful synthesis of cyclopentadienyl compounds has led to the development of its 
organometallic chemistry. This was followed in the late 1960s and the 1970s by the synthesis 
and development of the chemistry of complexes containing metal-metal bonds.* 

This chapter, which is based on the literature that had appeared through the end of 1983, 
surveys the coordination chemistry of the element with special emphasis on structure, bonding, 
synthesis and chemical behavior. The discussion is limited to well-characterized complexes and 
well-understood systems. 

37.2 THE ELEMENT 

Tungsten was discovered in 1781 in a mineral now known as scheelite,' whose principal 
constituent is CaWO,. Tungsten steel was invented in 1855° and the first alloys containing 
tungsten were manufactured in 1868. These ‘high speed steels’ have been used ever since as 
cutting tools because of their hardness even at high temperatures. Because of its high melting 
point, it has been used as a filament for incandescent lamps* since 1904, and for a long time this 
was its principal application. More recently, there has been increased interest in alloys 
containing tungsten, as materials for high temperature applications. Tungsten carbide, when 
cemented, is almost as hard as diamond and is therefore very useful for dies, tools and other 
applications requiring extreme hardness and wear resistance. 

The element is obtained primarily from the two commercially important ores, scheelite 
(CaWO,) and wolframite [(Fe,Mn)WO,]. WO; is produced from these ores and then reduced 
to the metal with hydrogen.° 

37.3 THE CHEMISTRY OF W™' 

In addition to complexes containing the WO, WO, and WO; structural units, the element 
shows quite a varied chemistry in this oxidation state, undoubtedly because the hexahalides are 
reasonably stable and give rise to a variety of substitution products of the type [WX._,L,] 
(n = 1-6). In addition, coordination numbers higher than six can also be obtained. WY! also 
shows considerable tendency to form bonds of order higher than one with good a donor atoms 
such as S, Se, N, NR, CHR and CR. 

37.3.1 W'! Halides and Derivatives 

The three hexahalides WF,, WCl, and WBr, are known and synthetic routes to their preparation 
are summarized in Table 1. WF, is a colorless gas while WCl, and WBr, are blue-black 
moisture sensitive solids. Under well-defined conditions, the octahedral hexahalides undergo 
substitution to give products ot the type [WX,_,L,] (n =1-6). Mixed fluoro—chloro com- 
pounds have been reported to result from reaction of WCl, with F, or from WF, with Me;SiCl.° 

Table 1 Synthetic Routes to WY! Halides 

Compound Preparation Ref. 

WE, W with F, 124 
W with CIF, CIF; or 125 

BrF, 
WO, with HF, BrF; or 75 

SF, 
WCl, W with Cl, or S,Cl, 126 

WO, with Cl,, S,Cl, 75 
HCl, CCl,, PCl, 

WO, with hexachloro- 127 
propene 

WBr, W or W(CO), with Br, 75 
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Figure 1 The structure of [W(NMe,),(O,CNMe,)3]'* 

‘H and “°F NMR data have established the existence of cis- and trans-WC1F,, cis- and 
trans-WF4Cl,, mer-WC13F3 and fac-WCI3F3. WFs also reacts with B(OTeF;)3 at 120°C to give 
[WF,,(OTeFs)5_,,]. [WFs(OTeFs)] and  cis-[WF,(OTeF;)2] have been isolated and 
characterized. 

Halide substitution by ligands containing nitrogen, oxygen and sulfur donor atoms is also 
known. The reaction of WCl, with NCS~ leads to [W(NCS)].8 WF, reacts with Me3SiNEt, to 
give [WFsNEts] and cis-[WF,(NEt»)2].” With Me3SiN3 one obtains [WF;N3].!° 
An interesting six-coordinate complex results from the reaction of WCl, with LiNMe,.'! 

Crystal structure analysis'* of [W(NMez).] shows that the complex is octahedral with an 
average W—N distance of 2.025 A. It reacts with ROH (R=Me, Et, Pr", Pr')!3 to give the 
known W(OR). compounds. With MeOH, under certain conditions, fac-[W(NMez)3(OMe)s] is 
obtained." [W(NMe>)q] reacts with CO, to give fac-[W(NMe,)3(O2CNMe,)3] whose structure 
is shown in Figure 1.4 The W—N distance of 1.922 A is significantly shorter than the one 
observed in [W(NMez).] indicating significant N—> Wa donation. This is believed to be an 
important factor in limiting the insertion to only three CO, molecules. It is not surprising that 
with CS, insertion is coupled with reduction to the known W'Y compound [W(S,CNMe )a].?° 

Both WCl, and WF, react with Me;SiOR (R=Me, Ph, C.F;) to give [WX.6_,(OR),]| 
(n = 1-4).° For n =2 and 4 both cis and trans isomers are known’>'® and for n =3 both mer 
and fac isomers have been reported. Further substitution to give [WX(OMe)s], [W(OMe).] and 
[W(OPh).] is also known. Crystal structure determination of trans-[WCl,(OPh),]'’ and 
cis-[WCl,(OMe).]'® has revealed relatively short W—O distances of 1.82 and 1.84A 
respectively. These distances are just 0.1-0.15A longer than the ones found for W—O, 
indicating considerable O—W4a donation. Another example of a short W—O distance 
(1.908 A) is furnished by the structure of [W(O2C2H,)s].’° With Me3SiMe, WCl, reacts to give 
[WCl;SMe].”° 

Methyl derivatives of WY! have also been prepared. Dimethyl mercury reacts with WCl, to 
give [WMeCI;],7 while with AlMe3, [W(Me)«] is obtained.*’ This red air-sensitive material 
reacts with several reagents** to give known compounds such as [W(OMe)6],”* [W(NMez)],"* 
[W(OPh),]*° and [W(tdt)3].7° With NO, the compound [WMe,(O2N2Me),] is obtained. Crystal 
structure analysis has shown that the W atom is eight-coordinate with a geometry between 

square antiprismatic and dodecahedral (Figure 2).*7 In solution, this complex is stereochemi- 

cally non-rigid down to —50°C. 

Figure 2 The structure of [WMe,(O,N,Me),]”’ 
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The stability of complexes of the type [W(OR).] is quite remarkable. It has been shown” 
that short exposure of [W2(OPr')«py2] to approximately two molar equivalents of CO gives two 
products, one of which is (1). This structure can best be viewed as a substituted tungsten 
carbonyl in which two cis CO groups have been replaced by donor atoms of the bidentate 
neutral ligand [W(OPr'),]. This complex is unusual in that it contains two atoms of the same 
element in oxidation states that differ by six units. 

[W(OPr’),(u-OPr'),W(CO)a] 
(1) 

Several other WY! complexes with coordination number greater than six have been reported. 
[W(Me),] reacts with tertiary phosphines to give the seven-coordinate adducts [W(Me)«L] 
(L=PMePh,, PMe2,PH, PEtPh2, PMe3).7””? The best characterized of these is the PMe; 
adduct, which was shown by 'H and °C NMR to be fluxional at room temperature, although a 
rigid structure such as a capped biprism exists at low temperature. With excess MeLi, [W(Me)g] 
gives the bright yellow eight-coordinate compound Li,[W(Me)s] which is reasonably stable as 
the dioxane solvate.”” [WMeCI;] was reported to react with octamethylphosphoramide and 
diphos to give the adducts [WMeCI;-L] which are believed to be eight-coordinate.** WF, is 
known to react with TIF and CuF, to yield*® WF;' which has physical properties similar to those 
reported for (NO)[WF;].*? WF; can also be prepared from LiN; and two equivalents of WF,.*” 
The existence of WF2~ has also been claimed.*!** WCl, reacts with Me.S, 2,5-dithiahexane 
(dth) and tetrahydrothiophene (tht) to give the seven- and eight-coordinate adducts [WCI,L] 
and [WCI,L,].** [WF.N3]” has been prepared from WF, and NH,N3.** 

37.3.2 Complexes Containing the Oxo Ligand 

The oxo ligand forms a strong bond with W™' by utilizing both o and z donation resulting in 
a short W—O bond length. Complexes containing the WO, cis-WO, and cis-WOs; structural 
units are known. 

37.3.2.1 Complexes with one oxo ligand 

Synthetic routes to the oxohalo complexes of W%! are summarized in Table 2. The oxohalo 
complexes with one terminal oxygen atom are of the general type [WOX,] (X = F, Cl, Br). The 
structures of [WOCI,] and [WOBr,] consist of chains of slightly distorted octahedra connected 
by oxygen bridges with W—O distances of 1.8 and 2.1 A.* In contrast, WOF, is tetrameric in 
the solid state with fluoro bridges**~*’ as depicted in Figure 3. Chloride substitution by NCS~ to 
give [WO(NCS),] has been reported.® 

The coordinatively unsaturated [WOX,] complexes react with ligands such as alkyl cyanides, 
THF or py to give the six-coordinate [WOX,L] complexes.**°? [WOX;]~ (X =F7, Cl-, Br) 
are also known.***? Interesting adducts result from the reaction of WOF, with XeF, in HF. 
White stable crystalline materials of composition [WOF,-XeF,] and [(WOF,),-XeF,] have been 

Table 2 Synthetic Routes to WY! Oxyhalides 

Compound Preparation Ref. 

WOF, WOCI, with HF ih) 
WO, with either F,, IF;, SeF, as 
W with F, and O, 75 

Wwocl, WO, with SOCI,, CCl,, O, octachlorocyclopentene 128, 129, 130 
WCI, with SO, or WO, 40, 131 

WOBr, WO; with CBr, 75 
WBr, with WO, 131 

WO.Cl, WCI, with WO, 131 
WO, WS;, WO7” with CCl,, Cl, and O,, CCl, and O, 75 
W with Cl, in air 75 

WO.Br, WBr, with WO, 131 
W with Br, in air 7S 
WO; with Br, or CBr, 75 

WO,L W with NO; and I, in sealed tube 32 
San cae ann 
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Figure 3. Proposed structure for [WOF,],°” 

obtained.*”-** On the basis of Raman measurements and !°F NMR spectra it has been suggested 
that the XeF, molecule is bonded to the sixth coordination position of the W atom through the 
fluoro atom, forming a bent W—F—Xe bond. Adduct formation between [WOF,] and SbF; is 
also known.“ 
WOCI, reacts with bidentate Schiff bases to give complexes of the type [WOCI,(Schiff 

base)].*° These compounds show one v(W—O,) at around 970cm7!. With tridentate Schiff 
bases, [WOCI,(Schiff base)] is obtained. Complexes of the type [WOF;L]~ (L = bidentate 
hydroxy acids) have also been reported.*° 

The structure of the azoxybenzene adduct of WOCI, has been reported.*” The azoxybenzene 
ligand is coordinated through the oxygen atom trans to the oxo ligand with a bond length of 
2.276 A. The W—O, distance is 1.669 A. The structure reported for the diars adduct of 
WOCI,** appears to be in error. In this structure, the W—CI bond trans to the oxo ligand is 
shorter than the cis W—Cl bond being 2.26 and 2.40 A respectively. This result is of course 
contrary to our knowledge of the trans influence of the oxo ligand.” 

With hydrogen peroxide, W%', like molybdenum, forms peroxy compounds in which the 
ratio of peroxy groups to metal is 4:1, 3:1, 2:1, and 1:1, but most are not well characterized. 
A 2:1 peroxy complex, obtained from acidic solution containing alkali metal tungstate and a 
high concentration of H,O2 was shown by X-ray crystallography to be an oxygen-bridged 
dimer*! with formula [(O2)2W(O)OW(O)(O )2(H2O),|*". The coordination geometry is best 
viewed as a pentagonal bipyramid with two pentagonal planes rotated by 90°, one with respect 
to the other. The structure of the 1:1 complex ion [WO(O.)F,]?~ has been determined™ and is 
best described as a distorted octahedron in which the center of the O—O bond occupies a 
corner. A 2:1 and a 1:1 peroxy complex can also be obtained in the presence of the ligands 
pyridine carboxylate and pyridine 2,6-dicarboxylate respectively.** Phosphine and arsine oxides 
have been shown to stabilize peroxo complexes of WY!.%? Thus, complexes of the type 
[W(O)(O2)2L,] (L = OPR;; R= Pr*, Bu", Ph; OAsR3, R= Pr", Bu", Ph) have been prepared 
and characterized. These compounds show the expected v(W—O,) around 950cm™', and 
v(O—O) around 850 cm“. 

37.3.2.2 Complexes with two oxo ligands 

The oxohalo complexes containing two terminally bonded oxygen atoms are of the type 
WO>X, (X =F, Cl, Br, I). WO2Cl, was shown to be polymeric in the solid state with oxygen 
bridges and W—O bond lengths ranging from 1.63 to 2.34 A. WO>F,, WO Br, and WOg,l, are 
believed to be polymeric as well.°° WS,Cl, is also known.*” 

In spite of its polymeric structure and insolubility in common solvents, it has been shown™ 
that complexes of the type WO,Cl,L, and WO,CI,(L-L) can be prepared with mono- and 
bi-dentate ligands respectively. WO2CI,L, can also be prepared with Schiff bases.* 

[WO,(S2CNR2)2] (R=Me, Et, Pr") have been prepared” by an oxo transfer utilizing a 
dinuclear Mo” complex as depicted in equation (1). Because of their moisture sensitivity, these 

[W(CO),(PPh;)(S2CNR2)] + 2[Mo,0;(S,P(OEt)2)4] —> 

[WO,(S,CNR,)] + 4[MoO{S,P(OEt)2}.] + 2CO + PPh; (1) 
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Table 3 Complexes Containing the WO, Structural Unit. 

Compound v(cis-WO,) (cm~*) Ref. 

[WO,Cl,(DMF),] 913, 965 58 
[WO,Cl,(MeCN),] 922, 972 58 
[WO,Cl,(OPPh;)2] 915, 960 58 
[WO,CL(bipy)] 915, 953 58 
[WO,(S,CNEt,)2] 890, 933 60 
(Et,N)[WO,F,(OPMe,)] 905, 950 133 
(Me,N)[WO,Cly] 895, 943 45 
(Me,N)[WO,Cl,(acac)] 895, 940 45 
(Et,N)[WO,F,(H,0)] 900, 997 133 
[WO,Br,(bipy)] 907, 954 134 
[WO,(0x),]* 918, 958 134 
[WO,(tox),]° 910, 950 134 
[WO,(acac).] 912, 960 134 

* OX = 8-hydroxyquinoline. * tox= 8-mercaptoquinoline 

complexes cannot be prepared from WO% in a manner analogous to the preparation of 
[MoO.(S2CNR2)2] 5 = 

All complexes containing the WO) structural unit have cis configuration and exhibit two 
strong IR absorption bands around 950 and 900cm™'. The structure of dichloro-dioxo- 
pentane-2,4-dionato W™' has been determined and it contains the expected cis arrangement of 
the oxygen atoms with a W—O, distance of 1.730A.°! Table 3 lists well-characterized 
compounds containing the WO, structural unit. 

37.3.2.3, Complexes with three oxo ligands 

Complexes containing the WO; structural unit are the least studied. Of the oxyhalides, 
WO3;F3_, WO3F3~, WO3F~ and WO;3CI~ have been prepared. The isolation of [WO;(dien)]? 
has been reported. The complex is unstable in solution and hydrolyzes to WOZ and 
protonated dien. Formation constants for WO%” with aspartic acid and glutamic acid have also 
been measured, but because of the competitive formation of isopolytungstate in acidic 
solution and the stability of WO7 in basic solution, the pH range over which formation 
constants of such complexes can be measured is very small. The reaction of WO; with oxalate 
has been reported™ to give [WO;(0x)]*~ and [W.0;(0x)3]*~. 

Slow air oxidation of an acidic W” solution results in the formation of the mixed valence 
WY'_WY complex® [W,OsCls(H20),]*~. It is believed that this ion is obtained by an 
equilibrated reaction between [WO,ClLJ*— and [WOCI,]*~. Its structure consists of four 
WO;Cl,(H2O) octahedra sharing corners as depicted in Figure 4. The four W atom form a 

Figure 4 The structure of [W,0,CI(H,O),]* © 

nearly planar square and are joined through linear oxygen bridges. The W—O, distance of 
1.86 pepe short, is significantly longer than the W—O, bond length of 1.711 A, as 
expected. 

Substitutions without disruption of the W,O§* core led to the isolation of (2), (3) and (4). 

[W,OsCl,(DMF)] [W.03(NCS),2]* [W.0.(NCS),(C,0,)4]° 
(2) (3) (4) 
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[W40g(NCS),2]°— [W,0,Clg(H20)]?~ 

Figure 5 The dispositions of O, around the W,O, square™ 

The structure of (3) is quite similar to that of [W,OgCls(H2O),]*- with the exception of the 
spatial disposition of the terminally bonded oxygen atoms as depicted in Figure 5. As expected 
from the trans effect of the O, ligand, the W—N bond lengths trans to O, are on the average 
0.2A longer than the W—N bond lengths cis to O,. Both structures reveal no significant 
differences between the four tungsten atoms, which, together with theoretical consideration,” 
suggest that these mixed valence complexes are best described as delocalized systems. 

37.3.3. Complexes Containing Multiple Bonds to Sulfur, Selenium, Nitrogen and Carbon 
Atoms 

Several good a donor ligands, in addition to the oxo ligand, have been shown to form 
multiple bonds with W'. This tendency undoubtedly results from the d° electronic configura- 
tion of W™! and its high formal positive charge. Thus, the reaction of WX, (X = Cl, Br) with 
Sb2S3 and SbSe;3 leads to complexes of the type WSX, and WSeX,.° These compounds are 
moisture sensitive and evolve H,S and H,Se on exposure to moist air. Structure analysis of 
WSX,”° shows that they are dimeric in the solid state with two WSX, square pyramidal units 
linked through unsymmetrical halogen bridges as depicted in Figure 6. The short W—S, 
distance of 2.090 A clearly indicates a W—S bond order higher than one. The IR bands at 569 
and 555cm™! for [WSCl,] and [WSBr,] respectively have been assigned to v(W—S,). It is 
believed that [WSeX,] has similar structures and an IR band at 396 cm has been assigned to 
v(W—Se,).© The slight paramagnetism of these compounds (~0.4 BM at 25 °C) is believed to 
arise from WY impurities, or, at least in part, from TIP.** 
WF, also reacts with Sb,S3 to give WSF,.” The reaction of [WSCl,] with XeF, leads to the 

mixed fluoro—chloro complexes. These have not been isolated, but 19 NMR has established”! 
the presence in solution of [WSF,Cl,], [WSFCl3] and [WSF;Cl] in addition to the ions [WSF], 
[WSF,Cl]-, [WSFCL,]~ and [WSF;Cl,]~. The reaction of [WYCl,] (Y = O, S, Se) with Sb2Y3 in 
CS, leads to complexes of the type WS2Cl, WSSeCl, and WOSCI,.”” 
Compounds of the type [WY X,] are coordinatively unsaturated and thus react with a variety 

of ligands or with donor solvents to give simple six-coordinate adducts.”** An example of such 

Figure 6 The structure of [WSCl,]”° 

COC3-FF 
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Figure 7 The structure of [WSCI,(u-dth)WSCI,]””" 

an adduct is shown in Figure 7. Important structural parameters of this and other structurally 

characterized complexes of WY! are given in Table 4. 

Table 4 Structural Parameters of some WY' Complexes 

Compound w—x; (A) W—Asans (A) W—A,,,°(A) Ref. 

(qH)[WO(O,)F,] 1.74 (O) 2.07 (F) 1.92 (F) 52 
[WOCI,(azoxybenzene)] 1.67 (O) 2.28 (O) 2.29 (Cl) 47 
(Me3NH),[W,O,Cl,(H,O),] 1.71 (O) 2.29 (O) 2.40 (Cl) 65 
(Cs;NH,)[W,0,(NCS);2]-6H,O 1.68 (O) 2.28 (N) 2.08 (N) 66 
K,[W,03(O,),]-4H,O 1.68 (O) 2.36 (O) 1.93 (O) 51 
(CyoH,30)[WOC,,(acac)] 1.73 (O) 2.16 (O) 2.39 (Cl) 61 
[WC1,(NC,Cl,)]-NCCCI, 1.70 (N) 2.37 (N) 2.30 (Cl) 86a 
(Ph,As)[WCI,(NC,Cl,)] 1.68 (N) 2.42 (Cl) 2.33 (Cl) 89 
(Ph,As)o[W2NCl,o] 1.71 (N) 2.43 (Cl) 2.30 (Cl) 80 
[WSCl,] 2.10 (S) 3.05 (Cl) 2.37 (Cl,) 70 
[WSBr,] 2.08 (S) 3.03 (Br,) 2.55 (Bry) 70 
(Ph,As)[WSCIs] 2.17(S) 2.35 (Cl) 2.33 (Cl) 
[WSC1,][WOSCI,(DME)] 2.10 (S) 2.26 (O,) 2.32 (Cl) 74 
[WSCI,],(dth) 2.07 (S) 2.79 (S-thioether) 2.30 (Cl) T3a 
[WSeCl,(CH,OC,H,0)} 2.26 (Se) 2.46 (O-ether) 1.93 (O) 76b 

* Terminally bonded atom. ° Atom trans or cis to X. 

In some cases, the interaction of [WYX,] with donor solvents leads to oxygen abstraction or 
cleavage of an ether linkage. Thus, [WSCl,] abstracts an oxygen atom from 1,2-dimethoxy- 
ethane (DME) to form a complex that was shown by X-ray crystallography” to consist of the 
[WOSCI,DME] moiety bonded to [WSCl,] through an oxygen bridge. This oxygen abstraction 
is characteristic of the high oxidation state halides of the early transition metals,” and in some 
cases can be used as a simple route to oxyhalide complexes. For example, [WOF,-Et,O] can be 
prepared from WF, and diethylether.’° The reaction of [WSeCl,] with the same solvent leads to 
cleavage of the ether linkage and the formation of a W—alkoxide bond as shown in Figure 8. A 
similar reaction was reported for [WOCl]. 

Several nitrido complexes of W™ are known. WCl, reacts with CIN3” to give [WNCI3] whose 
structure is believed to be tetrameric similar to that of its molybdenum analogue.’”* [WNCIs] 
can also be prepared from WCl, and IN3.”” Impure [WNBr;] has been prepared from WBr, and 
IN3.”° The preparation of [WNCl]~ has been reported and [W2NCljo]*~ was isolated from this 

Figure 8 The structure of [WSeCI,(2-methoxyethoxide)]”™ 
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Figure 9 The structure of [WCl,(NC,CI,)] CCl,CN®™ 

preparation.” The structure of this dinuclear complex consists of WY! and WY linked by a 
linear asymmetric nitride bridge.®° 

With py, the adduct [WNCI;-3py], of unknown structure, is obtained.®! Other characterized 
complexes derived from [WNCI3] are [WNCI;-PPh3], [WNCI;]~ and [WNCI,(bipy)].°? The 
reaction of [WNCl;] with POCI, gives the tetranuclear compound [WNCI3(OPCI3)]4. This 
structure contains a planar square W,N, eight-membered ring with alternating W—N bond 
lengths. The oxygen atom of the POCI; ligand is coordinated trans to the shorter W—N bond. 
The presence of the nitride ligand is easily detected in these complexes by a strong IR 
absorption band around 1050 cm™? assigned to v(W—N,).™ 

Complexes containing the WNR group are also known. The reaction of WCl. with aliphatic 
and aromatic nitriles® leads to the formation of imido WY! complexes. Strong IR absorption 
around 1280cm™ is characteristic of the WNR group. These complexes are thought to be 
intermediates in the alkylcyanide reduction of WCl.. 

The structures of several of these complexes have been determined crystallographically. The 
structure®™* of [WCl,(NC,Cls)]-NCCCl3, which is depicted in Figure 9, reveals a short W—N 
bond length of 1.70 A, as expected for a bond order of two or higher. When CCI1;CN reacts 
with WCI;, a dichloro-bridged W%! imido complex is obtained (Figure 10). Complexes of the 
type [W(NPh)(OCMes),4] and [W(NPh)CI,]~ have also been prepared.®’ In all known structures 
containing WNR groups, the trans influence of the imido group is clearly seen (Table 4). 

The coordinatively unsaturated complex [WCl,(NC,Cl;)] reacts with monodentate ligands to 
form six-coordinate adducts®®**? with structures similar to the one depicted in Figure 9. When 
WCI, is reacted with cyanogen in POCI;, a dinuclear complex in which NC,CI,N bridges two 
[WCL(OPCI;)] moieties is obtained.” With bidentate ligands it is suggested that seven- 
coordinate complexes are formed.* 

Oxygen abstractions are also observed for the imido W' complexes. Thus, in addition to the 
1:1 adduct of OPPh; with [WCl,(NC,Cls)] the complex [WCl,02(OPPhs)2] is formed.”’ Also, 
W(NMe). reacts with Bu'OH to give [WO(OBu'),].'° 

It has been shown recently that alkylidene and alkylidyne complexes of W' also exist, and 
that some of these are important catalysts for the metathesis of terminal and internal 

alkenes.®”? Crystal structure analysis of the alkylidene complex [W(O)(CHCMes)CI,PEts] 
shows that the geometry around the metal atom is distorted trigonal bipyramidal with the 

W—O, and W=CHCMe; units in the equatorial plane. The short W—C distance of 1.882 A is 

in accord with a W=C double bond.” [W(NPh)(CHCMe:;)Cl,L] has also been prepared. Here 

the tungsten atom is six-coordinate with the W=NPh and W—=CHCMe; units in cis position, as 

expected, similar to complexes containing the WO, structural unit.*”°** 
The alkylidyne complexes are best prepared by cleavage of a W=W triple bond” as depicted 

Figure 10 The structure of [W,Cl,(u-Cl)2(NC>Cls)2]° 
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schematically in equation (2). (These reactions will be discussed in more detail in Section 

37.6.2.2.) Thus, the reaction of [W2(OBu'). with RC=N and RC=CR leads to cleavage of the 

W=wW + R—CS=N — WEN + W=CR (2) 

W=W + R—C=C—R — 2W=CR 

W=W triple bond and formation of both nitrido and alkylidyne complexes of W”!. Crystal 

structure determination™ of [(OBu‘);3W=N], and [(OBu');\W=CMe], has shown that the 
nitrido complex is polymeric with unsymmetrical W—N—W bridges. The alkylidyne complex is 

dimeric with a short W—C bond length of 1.76 A. As expected, this distance is significantly 
shorter than the one observed for the W—C double bond. 

37.3.4 WS3-, WOS3” and WO.S3 as Ligands 

The thiotungstate ion WS7~ has been known since 1826” and its exact chemical composition 
was determined in 1886.” Its structure” showed the expected tetrahedral geometry with a relatively 
short W—S distance of 2.165 A. The mixed oxothio anions are also known.”* WS3” and to a 
lesser extent WOS3~ and WO,S3~ have been shown in recent years to act as ligands for several 

metal ions. Complexes of the type [M(WS,)2]*- (M = Ni**, Co?*, Zn?*, Pd**, Pt?*), where the 
thiotungstate ion acts as a bidentate ligand, have been prepared.”'°-1°!-1 Similar compounds 
with WOS3~ and WO,S3~ are also known,’”:'*™ and in all cases the coordination is through 
sulfur. It is interesting to note that with trivalent ions such as Cr°*, Eu** and Dy**, complexes 
such as [M(WO,S,)3]*” are not obtained, but rather WO,S3~ hydrolyzes to the tungstate ion.’ 

Of particular interest are those complexes which serve as model compounds for biological 
systems such as the active center of the MoFe protein in nitrogenase.'°’ These complexes will 
be discussed in detail in the relevant chapters. It should be noted here, however, that WS? is a 
non-innocent ligand, and thus complexes such as [Co(WS,).]*" (n=2, 3)? and 
[Fe(WS.)2]"" (n = 2, 3) can easily be prepared.''"!"? In addition, some unusual complexes 
have been synthesized with WS%" as ligands. One such example is [Fe3W3S,.]* which contains 
the Fe3(u3-S)2 center as depicted in Figure 11. 
Complexes of the type [Au,(WS.)2)~ and [(Ph,.MeP)2Au],[WS,] have also been prepared 

and structurally analyzed.''*-* In the first case, two WS7” ions are bridged by gold atoms as 
shown in Figure 12 (identical structure is obtained with WOS3-) and in the second, WS3~ acts 
as a bridging group for two [(PhoMeP)2Au] moieties. WS{- and WOS37 have also been shown 
to act as tridentate ligands.'*°-1?©1!” One such complex is shown in Figure 13.127 

Crystal structure analysis of complexes containing the WS{-, WOS3— and WO,S3~ ligands 
have shown that these ions are tetrahedral with the W—S, bond length slightly but significantly 
longer than the W—S, bond length. Finally it should be mentioned that both WSez~ and 
WO,Se3” are known''® and [Zn(WSe,)]?~ has been prepared.1?° 

Figure 11 The structure of [Fe;W;S,,]* 1! 
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Figure 12 The structure of [Au,(WS,),]*~ '”” 

37.3.5 Dithiolene Complexes 

Dithiolene complexes attracted considerable interest during the 1960s and early 1970s 
because of their unusual electronic and structural properties. 

Tungsten complexes of the type W(L-L)3 are known for L-L=sdt, bdt, tdt, S,C,Me2, 
S2C,H2, S2C,(CF3)2 and Se2C,(CF3)2. These highly colored complexes undergo two reversible 
one-electron reductions leading to mono- and di-anionic complexes.”*”° Structurally, the 
neutral complexes represent examples of a trigonal prismatic coordination in six-coordinate 
complexes similar to the analogous Re and Mo complexes.’”! The interesting problems 
associated with this class of compounds, such as their electronic structure and the relation 
between this and geometry, have been thoroughly reviewed. !71;!7° 

Of the reduced complexes several have been isolated. Hydrazine reduction of [W(sdt)3] gives 
the dianion which reacts with two equivalents of Mel. It is interesting that the methylation 
reaction occurs only on one of the three ligands. The methylated product reacts with diphos to 
give [W(sdt)2(diphos)]. The mixed ligand complex [W(sdt)2(S,CNEt,)]” was also reported. 
Crystal structure analysis’* of (Ph,As)2[W(mnt)3] shows that the symmetry of the WS, 
framework is close to D3 and that the geometry is midway between octahedral and trigonal 
rism. 

4 The complex [W{Se,C,(CF3)2}3] has also been prepared’”* and like its sulfur analogue, it 
undergoes two reversible one-electron reductions. The dianionic complex was isolated as the 
tetrabutylammonium salt. 

Figure 13 The structure of [Cu,(WOS;),(PPh;),]; phenyl rings are omitted"? 
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37.4 THE CHEMISTRY OF WY 

WY, unlike Mo’, is not dominated by dinuclear species. Most well-characterized complexes 

of WY are monomeric and there are only a few reported examples of dinuclear compounds. 

These, with the exception of [W2Cljo], all contain an M—M bond of order one. 

37.4.1 WY Halides and Their Derivatives 

The three halides WF;, WCl; and WBr; are known. WF; can be prepared from WF,'*° and it 
was shown to be isostructural with MoF;, NbF; and TaFs,’*° so therefore probably has the 
same tetrameric structure with fluoride bridges. The dark green WCl; can be prepared by 
reduction of WCI,!*’ or by disproportionation’*® of WCl,. It can also be prepared by reduction 
of WCl, with tetrachloroethylene in the presence of strong light.’*? The black-green WBrs is 
prepared by reduction of WCl, in HBr, or by thermal decomposition of WBr,.'“? WCl, is 
dimeric in the solid state’*’ and contains bridging Cl atoms. The long W—W distance of 
3.814 A, and the magnetic moment of ~1.0 BM per W'” at room temperature, are consistent 
with the absence of a W—W bond. 

The octahedral WX anions (X=F, Cl, Br) are best prepared by reaction of the higher 
halides in a suitable solvent.*!:!*3-!*4 In some cases they can be prepared by the reaction of the 
pentahalides with halide ions.'4”’4°:"4° Crystal structure determination of C.[WCl,] and 
(Et4N)[WCl,]'*” has shown that all the W—ClI bond lengths are practically the same, with an 
average value of 2.33 A. When dry, they are quite stable, but easily hydrolyzed. The WX¢ ions 
have low magnetic moments compared with the spin-only value for a d’ electronic configura- 
tion. This is believed to result from large spin-orbit coupling. The reaction of W(CO). with IF; 
in the presence of KI’*8 gives the WFg ion which is believed to be eight-coordinate WY. 

Several adducts of WX; (X=Cl, Br) have been reported.'*?°° The best characterized is 
[WCl,(diars)]'*? which is obtained by reduction of WCl, with excess diars. This paramagnetic 
complex (1.19BM) is isomorphous with the seven-coordinate [NbCl,(diars)] and 
[TaCl,(diars)].**? 

It is well known that nitrogen-containing ligands can reduce WY! and WY halides to 
complexes of W'Y.'°?-!53.154 However, several substitution products of WX; (X = Cl, Br) have 
been prepared, and they are best formulated as cis-[WX,L,.]* (L=Mespy, py, PhCN, bipy, 
diphos).'°*-1°° These adducts are all paramagnetic with magnetic moments in the range of 
0.63-1.45 BM. Although magnetic moments below the spin-only value are expected for WY 
complexes, some of the reported moments seem to be unreasonably low, perhaps as a result of 

diamagnetic W'Y impurities, or magnetic interactions of adjacent d! centers. 
Monomeric alkoxo complexes of WY are also known. The dinuclear alkoxo complexes will 

be discussed in Section 37.4.4. The blue paramagnetic complex [WCl;(OR)2] (R = Me, Et) 
were first isolated from the reaction of WCl, with the corresponding alcohols.°°!5? When 
ethanol is used, the reaction liberates chlorine which oxidizes the ethanol to acetaldehyde’”’ as 
depicted in equations (3) and (4). Chloroalkoxo complexes of WY can also be prepared directly 
from WCls and alcohols at —70°C. Thus, M[WC1,(OR)2] and M[WCI,(OR)] (M = tetraalkyl- 
ammonium; R=Me, Et, Pr") as well as the seven-coordinate M[WCI,(OEt)] have been 
isolated’***? and characterized. Similarly, [WBr4(OMe).]~ has been prepared from WBr; in 
methanol. The monomeric chloroalkoxo complexes are paramagnetic and exhibit electronic 
absorption spectra similar to the WY oxyhalides. 

WCl,+2EtOH —> }Cl, +[WCI,(OEt),] + 2HCI (3) 
Cl, +EtOH —> MeCHO +2HCI (4) 

It has been suggested previously (Section 37.3.1) that the relatively short WY'—OR bond 
length is indicative of bond order greater than one. If this holds true for the WY—OR bonds, 
then for complexes of the type [WX,(OR)2]~ the a donor ligands OR~ will prefer trans 
stereochemistry since the d electron can be accommodated in the d,, atomic orbital which is 
orthogonal to the orbitals involved in the bonding of the a donor atom. Indeed, ESR spectra of 
the dialkoxo complexes are consistent with axial symmetry.’® This idea has also been put forth 
to explain the preference of the dioxo complexes with the d? electronic configuration for the 
trans stereochemistry. 
An interesting solid state reaction has been reported for (R4N)[WCls(OR)]’*” as depicted in 
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equation (5). For a given R,N* cation, the rate of alkyl chloride elimination follows the order 
Be > EtCl> PrCl. The rate of evolution of ethyl chloride decreased with increase in the size of 
the cation. 

(R,N)[WCl;(OR)] —> (R,N)[WOCL] + unknown products (5) 

37.4.2 The Oxyhalides and Their Derivatives 

Of the oxyhalides of WY, both [WOCI,] and [WOBr;] are known. These can be prepared by 
reduction of [WOX,]'® or by the reaction of WX; with Sb,03! as depicted in equation (6). 

3WX; + Sb,0; —> 3WOX;+2SbX, (X=Cl, Br) (6) 

The structures of WOX; are believed to be similar to that of [NbOCI3]! which reveals the 
presence of infinite chains of No—O—Nb bonds. The absence of a strong v(W—O,) around 
950cm~* and the low magnetic moment of ~0.5 BM are in agreement with this structure. In 
addition, WOX; are antiferromagnetic, which is suggested to occur by superexchange 
mechanism through the W—O—W bridges. '®! 
The monomeric [WOXs]’*~ (X=Cl, Br) anions have been isolated with a variety of +1 

cations. They are easily prepared from WCl; or K3[WO.(C20O,),] in concentrated solutions of 
HCI or HBr in the presence of the desired cation.“ [WOX,]~ are also known.' These are all 
paramagnetic with magnetic moments close to the spin-only value, presumably because 
tetragonal distortion destroys the spin-orbit coupling.’ Their electronic spectra have been 
interpreted.‘ 

Complexes of the type [WOX;L,] and [WOX;(L-L)] are known for a variety of mono- and 
bi-dentate ligands.’°°'°7°8 They are best prepared by reacting [WOX;(THF),] or 
[WOX;(MeCN),] with the desired ligand.‘%1°? With some nitrogen containing ligands, 
complexes of this type can be prepared by reduction of WOX,. Thus, the reaction of WOX, 
with py or bipy, gives [WOClpy2] and [WOCI,(bipy)] respectively.*® All the oxytrihalide 
adducts are paramagnetic and exhibit the characteristic v(W—O,) around 950 cm! (Table 5). 

Three different isomers are possible, in principle, for the [WYX;3L,] complexes (Y = O, S, 
Se, NR) (Figure 14). ESR spectra of [WOCI;L,] (L=Ph3P, Me2PhP) was reported to be 
consistent with the cis-mer isomer’ in agreement with the solid state structure of 
[WOCI,(OPPh;)2]. However, the complexes [WOCI,(PEts)2] and [W(NPh)CI,L,] (L = OPMes, 
PMe;3, PMe2Ph) have been shown to have trans—mer stereochemistry in the solid state.'°?7%17? 

With bidentate ligands, (Figure 14) it has been suggested that the fac isomer is preferre 
However, structure determination of [WSCl,(mte)] (mte =1,2-bis(methylthio)ethane) has 
shown that it has the mer stereochemistry in the solid state.'’? Whether this is indeed the 
preferred stereochemistry for complexes of the type [WYX;(L—L)] will have to await further 
studies. 

The electronic spectra in the visible region of the [WOX;L,] and [WOX;(L-L)] complexes 
are similar to those reported for WOX; and similar assignments can be made.'®© 1 

Several porphyrin complexes containing the WO unit are known.'’*'”* The paramagnetic 

d 167 

Table 5 Properties of Some WY Oxo Complexes 

Compound Meg(BM) (W—O,)(cm™') Ref. 

[WOCI,(MeCN),] 1.51 992 166 
[WOCI,(py)>] 1.48 970 166 
[WOCI,(bipy)] 1.52 980 166 
[WOCI,(C,H,O,),] 1.44 998 166 
[WOBr,(MeCN)>] 1.44 990 166 
[WOCI,(diphos)| 1.52 955 _ 167 
[WOCI,(dmpe)] 1.22 960 167 
[WOCI,(Pcy3)(THF)] 1.48 970 167 
[WOCI,(DMPA)]* 1.20 950 167 
(Et,N)[WO(SPh),] 1.34 949 189 
(Et,N)[WO(SePh),] 1.30 943 189 

*“ DMPA = Me,PC,H,AsMe,. 



986 Tungsten 

O Cl i i 0 Cl 
ella NV VV 

Cal ee AN i |Na 
t | ee : b a Cl 
cis—mer trans—mer fac 

O O Cl lie. | ht Gus | ? 

oft ya 
h ie ol ee aie: 

fac mer 

Figure 14 The possible isomers of [WOCI,L,] and [WOCI,(L-L)] 

complexes [WO(OAP)L] (OAP = octaethylporphyrin; L = OPh, OMe) are obtained by reduc- 
tion of H,WO, in the presence of PhOH or by oxidation of K;W2Cl, in methanol. For 
L=OPh, wep =1.4BM and v(W—O,)=946cm7' and for L=OMe, feg=1.7BM and 
v(W—O,) = 910cm~'. The reaction of WF; with OAPH) leads to the oxo-bridged dimer 
[WO(OAP)],0. [WO(TPP)OMe] and [WO(TPPS)H20] are also known. Base treatment of 
these leads to the oxo-bridged dimers.'”> The TPP complex undergoes electrochemical reduction 
to the W'Y compound (—0.85 V us. SCE independent of solvent).’”° 

37.4.3 Complexes with Terminal Sulfur and Selenium Atoms 

The pentahalides WX; (X = Cl, Br) react with Sb,S3; and Sb,Se3'”’ to give WSC], WSeCl, 
and WSeBr3. These complexes are insoluble polymeric materials and much less reactive than 
the corresponding WSX, and WSeX, complexes (Section 37.3.3). They show no IR bands which 
are expected for v(W—S,) and v(W—Se,). Whether their structures are similar to those of 
WOX; is not known. The only adducts that have been isolated and characterized are 
[WSCl,(mte)] and [WSCl;(bipy)]. Both are paramagnetic and exhibit the expected IR 
absorption for v(W—S,): for [WSCl3(mte)], ueg¢=1.52BM and v(W—S,) =535cm7'; for 
[WSCl,(bipy)], Hea = 1.45 BM and v(W—S,) = 531 cm™'. On heating, both WSCI; and WSeBr; 
disproportionate to give the W'Y compounds WSCl, and WSeBrp.'”? Attempts to prepare 
WSBr; were unsuccessful since the reaction of WBrs; with Sb2S;3 leads to the W'Y compound 
WSBrp. 

Several complexes containing the W2S; and W,0; structural units have been prepared with 
thioxanthates and dithiocarbamates.'”*’”?-!8° Whether these have structures similar to the 
analogous molybdenum complexes is yet to be determined. 

37.4.4 Complexes with Metal—Metal Bonds 

A dominant structural feature of complexes of Mo’ is the Mo(u-X)2Mo bridge which can be 
either planar or bent. It is believed that in these complexes there exists a Mo—Mo bond of 
order one which arises from the overlap of the d,, atomic orbitals (Figure 15) (each with one 
electron) leading to a bonding orbital that accommodates the two electrons, in agreement with 
their diamagnetism. The same type of structures have only recently been shown to exist for 
WY. Structural determination of the barium salt'*"** of [W2O,(edta)]?~ shows the presence of 
a bent W(u-O).W bridge. The W—W separation is 2.542 A, the dihedral angle between the 

NAY 
AN ZN 

Figure 15 Overlap of W d,, orbitals across the [W(u-X),W] bridge; z axis is perpendicular to the plane of the paper 
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Figure 16 The structure of [W,(u-S)2(S,CNEt,)2(OMe),]!8 

two WO; planes is 147°, the W atoms are displaced by 0.34 A from the plane defined by the six 
oxygen atoms towards O,, and the W—W—O, angles are obtuse. These structural parameters 
are consistent with the presence of a W—W bond. 

Electrochemical or tin reduction of WO%- in the presence of oxalic acid and potassium 
oxalate leads to the isolation of K;[W20,4(C,0,)2.5]‘5H2O'® which contains the W,03+ 
moiety. This oxalate complex reacts with KF in HF to give K;3H[W20,F.].!*4 In this complex, 
the W,04" unit is almost planar with a W—W separation of 2.62 A. It has been suggested’®> 
that electrolytic reduction of WO7 leads to the formation of compound (5) which decomposes 
to compound (6). 
WY complexes containing the W(u-S).W bridge are also known. Compound (7), prepared by 

[W.0,(C,0,)s(H2O).]*— [W,0,(C,0,)2(H20),]?~ [W2S2(S,CNEt,).(OMe).] 

(5) (6) (7) 

reacting [W(CO)3(MeCN)s] with tetraethyldithiuramdisulfide in methanol,!®° contains a planar 
W(u-S)2W bridge (Figure 16). The W—W distance of 2.791A, coupled with the other 
structural parameters, is indicative of a W—W bond. This conclusion is particularly clear when 
this structure is compared with that reported for [W2Cl,o]'*! which has no W—W bond. In 
[W2Clio], the W—W bond length is 3.814A, the angles at Cl, are obtuse and the angles 
Cl,—W—Cl, are acute. These features are expected for a non-bonded structure, since in the 
absence of an attractive force, there must be a net repulsion that causes the bridge to stretch 
along the M- -- M direction. 

The synthesis of the mixed valence WY, WY! complex [W,S,2]*~ has been reported. Its 
structure analysis'*’ reveals the presence of the W,S3* structural unit with a planar W(u-S)2W 
bridge, and a W—W distance of 2.950 A. The coordination sphere around each W atom is 
completed by a terminal sulfur atom (W—S, = 2.10 A; v(W—S,) = 495 cm~') and the bidentate 
ligand WS{-. The W—W distance of 2.950 A is somewhat longer than expected for a W—W 
bond of order one which is believed to result from the interaction of the WY and WY! centers. 
The structure of [ClW(O)(u-S)2W(O)Cl]*~ has also been reported.'** This complex contains a 
bent W(u-S)2W bridge (dihedral angle of 149°) with a W—W separation of 2.844 A. 
An interesting dinuclear complex of WY has been obtained from the reaction of [WSeCl] 

with Ph,AsCl in a 1:1 mole ratio. The diamagnetic [W2ClgSe3]*" contains both an Se?~ and 
Se3- bridging units with a W—W distance of 2.862 A. The presence of a W—W bond in this 
compound is further supported by the acute angle of 73.3° subtended at the bridging selenium 
atom.' 
Complexes containing the bridge’ W(u-SR)2(u-X)W (X=Cl, OMe)!®*!% have also been 

prepared. The structure of compound (8) which is depicted in Figure 17'°° reveals the presence 
of a W—W bond of order one with a W—W separation of 2.854 A. Complexes of this type 
have been shown to have interesting electrochemistry.’ 

[W,0,(u-SBu’)2(u-Cl)Cla]7 

(8) 

Reaction of WCl, with ethanol gives the blue paramagnetic [WCIl;(OEt)2] compound (see 
Section 37.4.1). Treatment of this with ethanol affords the red diamagnetic dimer of 
composition [W2Cl,(OEt)«].1°’ Crystal structure analysis shows’”' that the compound contains a 
planar W(u-OEt).W bridge (Figure 18) with a W—W bond of order one (W—W separation of 
2.715 A). It is now known that the best method of preparing the ditungsten species 
[W2Cl,(OR)<] is by AgNO; oxidation of the W'Y complexes (10)'*” (see Section 37.5.4.1). 

COC3-FF* 
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Figure 18 The structure of [W,Cl,(OEt),]'”" 

37.4.5 Thiocyanato Complexes 

Reduction of WO2” with thiocyanic acid leads to colored species which have been used for 
tungsten analysis.'** The color of these species are pH dependent and the structures of some of 
them are still uncertain. The following sequence of equilibria have been suggested on the basis of 
several isolated amine salts (equations 7-11).**'%* Of these species, it is believed that the 

[WO(OH),(NCS),]- + NCS~ === [WO,(NCS),}*- + HO (7) 
[WO,(NCS)3]*> + Ht +NCS~ == [WO(OH)(NCS),]*- (8) 

[WO(OH)NCS),]* +H* <= [WO(NCS),]}?- + HO (9) 
2[WO(OH)(NCS),]*> <= [W,0,(NCS),]* + H,O (10) 

[W,03(NCS),]* + 2H* +2NCS~ == 2[WO(NCS),}*- (11) 

orange diamagnetic [W203(NCS)s]*~ and the green paramagnetic [WO(NCS)-]*~ have struc- 
tures which are similar to the analogous molybdenum complexes. The complex [W(NCS).]~ can 
be prepared’*> by direct reaction of WCl; and NCS~. 

37.5 THE CHEMISTRY OF W'Y 

Monomeric complexes of W'Y such as the halides, the oxyhalides and their derivatives have 
been known for quite some time. In most cases these are six-coordinate, but higher 
coordination numbers are also known. During the last two decades, new structural types have 
been reported. Of these, the most interesting are the dinuclear complexes containing W—=W 
double bonds and the trinuclear clusters containing W—W single bonds. 

37.5.1 W'Y Halides and Their Derivatives 

All four tetrahalides, WF,, WCl,, WBr, and WI,, are known. WF, can be prepared by the 
reaction of WF, with benzene in a bomb at 110°C. Its structure is not known, but is is 
certainly polymeric with W—F—W bridges. WCl, and WBr, are best prepared as black needles 
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by aluminum reduction of the higher halides in a controlled temperature gradient.'** These are 
diamagnetic and isomorphous with their Nb and Ta analogues which consist of infinite linear 
chains of octahedra sharing a common edge. The alternating short and long metal distances 
imply the existence of direct metal-metal bonds,!” in agreement with the diamagnetism of 
these compounds. 

WI, is prepared by the reaction of WO, with AII, or by the reduction of WCI, with HI. The 
tetraiodide is unstable and decomposes even at room temperature to WI, and I,. 

The hexahalide complexes WXg~ (X = Cl, Br) are easily prepared’! by reduction of the 
higher halides with alkali iodide. These octahedral complexes have low magnetic moments and 
high 6 values, suggesting antiferromagnetism. WCIZ~ has been reported to react with vicinal 
diols'”° to give alkenes and species containing the WO3* unit. The hexaisothiocyanate complex 
[W(NCS)¢]?~ is also known.?”> 

The six-coordinate adducts WX4L, (X = Cl, Br) can be prepared by reduction of the higher 
halides, by direct addition to WX,, or by oxidation of lower valent complexes. Certain nitrogen 
ligands have long been known to reduce WX, and WX; to complexes of the type WX,L, 
(L=py, MeCN, EtCN, PrCN).*™ The acetonitrile complex, which is a useful starting material 
for the preparation of other adducts, can also be prepared by the reaction of WCl, with 
aan or by the oxidation of W(CO). with Br, in acetonitrile*” as depicted in equations (12) 
and (13). 

4WCl, + W(CO), “*> 5[WCL,(MeCN),] + 6CO (12) 

W(CO),+ Br, “> [WBr,(MeCN),] + 6CO (13) 

Phosphine and arsine adducts of WCl, are conveniently prepared by reduction of WCl, with 
amalgamated zinc in the presence of the desired ligand.””’ Some of these complexes can also be 
prepared by Br, or Cl, oxidation of cis-[W(CO),L,] (L = tertiary phosphine).7° 

The stereochemistry of the WX,L, complexes depends on the nature of L. Crystal structure 
analysis of [WX,(py)2],°°? [WCl,(PMe2Ph),}°*% and [WCl,(PPh3)2]”°° (prepared by reduction of 
WYCI, (Y =O, S, Se) with excess phosphine) have established trans stereochemistry. Far IR 
measurements suggest the same stereochemistry*” for L=PrCN and C,H,S. However, with 

L=MeCN, EtCN and Et,S, cis-[WX,L,] is formed. The six-coordinate [WX,L,] complexes, 
with the d? electronic configuration, are paramagnetic with magnetic moments in the range of 
1.7-2.1 BM (Table 6). 

The orange complex trans-[WCl,(PMe2Ph),] reacts reversibly with PMePh to give the red 
paramagnetic (Ug = 2.68 BM) seven-coordinate complex [WCl,(PMe,Ph)3].°)°* Other seven- 
coordinate W'Y complexes have been reported.’ With an excess of PMes, 
[WCL,(PMes3)s] is obtained directly from WCl,.~” No structural information is available for the 
seven-coordinate W'Y complexes, but it appears that this coordination number is accessible for 
tungsten in this oxidation state, and that in this respect, the six-coordinate W'Y complexes need 
not be considered coordinatively saturated. 

Several B-diketonate complexes of the type [W(L-L)X2] (K=Cl, Br; L=acac, 6-methyl- 
2,4-heptanedione, dibenzoylmethane) have been prepared from reaction of the f-diketone 
ligands with WX;. The suggested cis stereochemistry, based on IR measurements, must be 

considered tentative. 

Table 6 Properties of Some W'Y Complexes 

Compound Color Meg (BM) v(W—O)(cm~') Ref. 

[WCl1,(PMe,Ph).] Orange 2.05 —_ 202 

[WCl,(PMe,Ph)s] Red 2.68 — 202 

[WC1L,(AsMe,Ph),] Orange 1.88 : _ 201 

[WO(NCO),(PMe,Ph)3] Blue Diamagnetic 945 201 

[WO(NCS),(PMe-Ph)s] Blue Diamagnetic 952 201 

 [WCL,(dth):-MeCN] Brown 1.67 ' — 206 

[WOCI(diphos),]BPh, Pink Diamagnetic 955 167 

[WCL,(Me3N)s] Green-brown 1.43 — 149 

[WOCI,(PMe,Ph)5] Purple Diamagnetic 960 201 
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37.5.2 The Oxyhalides and Their Derivatives 

The oxyhalides WOF,, WOCI, and WOBr, are known. WOF, is an inert black non-volatile 
powder. It is prepared by the reaction of WO, with HF at 500°C. WOCl, was reported to 
result from the thermal decomposition of WOCI;'” as a black-purple solid. Golden-brown 
crystals of WOCIl, have been obtained by SnCl, reduction of WOCI, followed by 
sublimation,”” and by the reaction of a mixture of W, WO; and WClg, followed by chemical 
transport.” It is.likely that WOCI, exhibits polymorphism, and that the different preparative 
routes simply lead to diffgrent polymorphs. Nonetheless, its structure, and that of WOBry, is 
polymeric, probably involving both oxygen and halogen bridges. 

The oxohalo derivatives of W'Y can be prepared by reduction of the oxo complexes of WY 
and WY!,!67.20l by reduction of WCl, in wet ethanol, or by the reaction of WCIg~ with the 
appropriate ligand in wet solvents.'®’ Thus the complexes [WOX,L;] (L = PMe2Ph, PEt,Ph and 
PMePh,) are prepared by reacting (EtsN)[WCl.], WOCI, or WCl, with the desired ligand in 
wet ethanol. These complexes exhibit the expected strong IR band around 950 cm~' which is 
associated with v(W—O,). The [WOX,L;] complexes can undergo halide substitution and 
complexes such as [WOX2(PMe2Ph)s] (X = NCO, NCS) result from the reaction of the halide 
derivatives with NaNCO and KNCS.’°70” 

It has been shown” that the seven-coordinate complex [WCl,(PMes;)3] can abstract oxygen 
to give [WOCI,(PMe;)3]. By this method, [WOCI,L3] (L = PMe2Ph, PMePh2, P(OMe)3) have 
been prepared. 

The [WOX,L;] complexes are diamagnetic. Their proton and phosphorus NMR and far IR 
spectra suggest the cis—mer stereochemistry (see Section 37.4.2). This suggestion is strongly 
supported by the crystal structures of blue [MoOCl,(PMe2Ph)3] and green [MoOCI,(PEt2Ph)s] 
which show that the halide ions are indeed cis to one another.*"! 

With certain bidentate ligands, it has been shown’®’ that WY complexes of the type 
[WOCI,(L-L)] (L-L=diphos, cis-Ph,PCH=CHPPh, 1,2-bis(diphenylphosphino)benzene) 
can be reduced with excess ligand to [WOCI(L-L).]*. These diamagnetic pink complexes, 
isolated as the tetraphenylborate salts, are 1:1 electrolytes in nitromethane and exhibit the 
expected v(W—O,) around 950 cm™~'. *'P NMR data clearly favor the structure in which the 
two bidentate ligands occupy the equatorial plane and the Cl” ligand is trans to O,. 

37.5.3 The W,OCIip Ion 

The incomplete reduction by tin of K,WO, in concentrated HCI leads to a very deep purple 
solution which was suggested to result from a compound of apparent composition 
K,[W(OH)Cl,].”* The high intensity of the electronic absorption band of [W(OH)CIs]*~ at 
19 100 cm~' (€ = 10 000) is inconsistent with a mononuclear formulation (especially with ligands 
such as OH” and Cl-), and indeed, the suggestion has been made?" that this ion should be 
formulated as [W2OCl,o]*~, an oxo-bridged W™—WY mixed valence dimer. 

The dinuclear structure of [W2O0Clo]"~ was established by crystallography.?!* The W—O— 
W bridge is linear and the W—O separation is quite short (1.871 A) indicating a bond order 
higher than one. However, the mixed valence formulation has been questioned. Careful 
spectral and magnetic measurements suggest that the two tungsten atoms have equivalent d? 
electronic configurations and that they are antiferromagnetically coupled with an exchange 
energy of ~75 K.*» The intense absorption at 19 100 cm“! is believed to be associated with the 
W—O—W chromophore.” 

37.5.4 Complexes with Metal—Metal Bonds 

As mentioned previously, one of the more interesting developments in the chemistry of W'Y 
has been the synthesis and the characterization of dinuclear complexes containing W—W 
double bonds and trinuclear clusters containing W—W single bonds. 

In discussing complexes containing two interacting metal atoms, which are considered to have a metal-metal double bond, and those that contain three interacting metal atoms and have metal-metal single bonds, it should be pointed out that the assignment of bond orders is problematic since these complexes, almost invariably, also contain bridging ligands. For WY (d! electronic configuration), the W—W bond order cannot exceed unity, but for W!Y with a d? 



Tungsten 991 

electronic configuration, a metal—metal double bond may be at least postulated. However 
arguments for deciding between a double bond on the one hand, and a single bond together 
with indirect pairing of the spins of the remaining two electrons through the bridging atoms on 
the other hand, are rarely, if ever, conclusive, because the only data on which to base them are 
structural. For an isolated case, these structural data can be used to show that there is a 
metal-metal bond, but they do not generally allow one to conclude that the bond order must 
be two rather than one. However, there are today a few reported cases in which a W—W 
double bond oan be assigned almost unambiguously on the basis of comparison of structural 
parameters of two related complexes, which differ from one another only by two electrons, i.e. 
dinuclear complexes of W'Y and WY. 

37.5.4.1 Complexes with metal-metal double bonds 

The synthesis and structural characterization of a W'Y complex containing a planar 
W(u-S)2W bridge’®® has provided a rare opportunity to develop an unambiguous argument for 
the existence of a double bond between two W atoms when bridging atoms are also present. 
Compound (9) (Figure 19) was prepared by allowing [W(CO)3(MeCN)3] to react with 
tetraethyldithiuramdisulfide in acetone. The W(u-S).W bridge is strictly planar (there is a 
crystallographic inversion center between the two metal atoms), with a W—W separation of 
2.530 A, indicating a direct metal-metal bond. The presence of such a bond is further 
supported by the very small W—S,—W angle of 65.5° and the obtuse S,—W—S, angle of 
114.5°. The chemical environment and geometry of the metal atoms in this complex are almost 
identical to those found for the WY compound (7) (see Section 37.4.4) where the W—W 
separation was found to be 2.791 A. The shortening of the W—W separation by 0.26 A clearly 
indicates that a considerably stronger force exists between the metal atoms. This conclusion is 
further supported by the contraction of the W—S,—W angle and expansion of the S$, —-W—S, 
angle (for the WY compound, these angles are 73.2° and 106.8° respectively), whereas the 
W—S, distances in both are practically the same. Thus it seems clear that in this case we are 
dealing with a double bond between the two tungsten atoms. 

Other examples which strongly support the existence of a metal-metal double bond are 
furnished by the dinuclear alkoxo-bridged dimers (10).”'° Several synthetic procedures have 
been reported for the preparation of these compounds. They include the oxidation of 
quadruply bonded tungsten compounds” in alcoholic HCl solutions, the oxidation of 
[W2Cl,|*~ in alcohols,!* the electrolytic reduction of alcoholic solutions of WCl,”!? and the 
alcoholysis of WCl,.?”° Other alkoxy derivatives can be prepared by a simple alcohol exchange 
reaction.””” 

[W.(u-S)2(u-SxCNEt,)2(S2CNEt,)2] [W,Cl,(-OR),(OR);(ROH)>] (R= Me, Et) 
(9) (10) 

Crystal structures of (10)?!° consist of two edge-sharing distorted octahedra. The metal- 
metal vector bisects the edge formed by the bridging oxygen atoms and the complete 

Cl,W(y-O),WCl, unit is planar (Figure 20). Above and below this plane, there is one OR on 

one W atom and HOR on the other, with a strong hydrogen bond between the two oxygen 

atoms (O---O=2.48A), and therefore the W—O bonds are perpendicular to the plane 

Figure 19 The structure of [W,(u-S),(S,CNEt,).]'*° 
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Figure 20 The structure of [W,Cl,(OEt),(EtOH),]*"° 

instead of bending away from each other because of O - - - O repulsion as is observed in the W 
structure (O - - - O distance is 3.04 A and the W—W—OR angle is 95.7°) (see Section 37.4.4). 

The structures of the alkoxo-bridged dimers of W'Y and WY provide an excellent opportunity 
to make a detailed analysis of M—M single and double bonding. The number of compositional 
and structural changes on going from the W'Y to the WY compound are minimal. In 
composition, only two hydrogen atoms are removed, and structurally, other than the bending 
away of the two OR groups, all changes are those caused by the increase in the M—M distance 
from 2.482 A in the W'Y complex to 2.715 A in the WY complex. These changes are associated 
with the W—O,—W and O,—W—O, angles. Thus by going from the d'—d' to d?—d? electronic 
configuration the bond order increases from one to two. Moreover, qualitative considerations 
suggest that the double bond consists of the o component responsible for the d'—d’ single bond 
and a z bond. Fenske—Hall calculations support this interpretation.”/° 

As mentioned above, a variety of complexes of type (10) can easily be prepared by alcohol 
exchange and, in this way, compounds with R = Pr’, Bu", Pen", Oct" have been isolated and 
characterized." However, when secondary alcohols have been used for exchange with (10), 
mixed alkoxy species were obtained. 'H NMR showed that the bridging ethoxide ligands had 
not been replaced, a result that was confirmed by the crystal structure determination of the 
mixed ethoxide—isopropoxide and ethoxide—sec-pentoxide derivatives. 

The reductive coupling of acetone by (10) to give a WY compound in which the ditungsten 
center (W—W = 2.701 A) is bridged by the resulting organic molecule (Figure 21) is another 
manifestation of the relative ease by which compounds (10) can be converted to dinuclear 
alkoxo-bridged WY compounds.?”” 

In addition to compounds of type (10) there is another class of W'Y alkoxides with a different 
structure. The oxidation of [W2(NMez2).] by methanol and ethanol in hydrocarbon solvent leads 
to the tetrameric [W,(OR),6] compounds.” These molecules do not possess the localized 
W—W double bonding as found in (10) but, rather, have a structure similar to that of 

Figure 21 The structure of [W,Cl,(u-OEt),(u-L),] (L = Me,XCOCOMe,)”” 
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Figure 22 The structure of [W,(OR),,]; carbon atoms are omitted”? 

[Ti(OEt);6]°** with distortions due to M—M bonding. Crystal structure analysis of 
[W.(OEt):6] (Figure 22) reveals the presence of two short W—W bonds (2.645 and 2.76 A) and 
two long bonds of 2.93 A. In this structure, there is a total of five possible W—W interactions, 
and thus, to form five bonds of order one, ten electrons are required. Only eight metal 
electrons are available for metal—metal bonding, which leads to the observed distortions. It has 
been suggested that this distortion results from a novel second order Jahn-Teller effect.?”° 

The reaction of [W2(NMez).] with excess Pr'OH leads to yet another type of tetranuclear 
W'Y alkoxy compound [W,(u-H).(OPr'’),4] as depicted in Figure 23.”° The molecule is 
centrosymmetric with alternating short (2.446A) and long (3.407A) W—W distances, 
consistent with the presence of a W—W double bond and a non-bonding distance, respectively. 

Finally, WO,, which has a modified rutile structure,””’ exhibits alternate W—W distances of 
2.475 and 3.096 A across shared edges of WO, octahedra. Thus, the short djstance of 2.475 A 
which indicates a W—W double bond makes a recognizable dinuclear unit in the infinitely 
extended array of the metal oxide. 

Dinuclear complexes with a W—W double bond containing three bridging groups are also 
known. The reaction of [WCl,L,] (L = THF, Me.S) with Me3SiSR (R = Me, Et, Bu’, CHPh, 
Ph) has been shown to give compounds of type (11).?7°,?2-9°3! Crystal structure analysis of 

[LCL,W(u-S)(u-SR),WCLL] (L = THF, Me,S, Cl; R = Me, Et, Bu’, CH,Ph) 
(11 

several of these have revealed a distorted confacial bi-octahedral structure with W—W 

separation of close to 2.5 A. The acute bond angles subtended at the bridging atoms agree with 

a strong metal-metal interaction. 

Figure 23 The structure of [W,(u-H)2(OPr’),,]; carbon atoms are not shown?”6 

37,5.4.2 Trinuclear clusters 

During the past several years it has been shown that both molybdenum and tungsten in 

oxidation states of +4 or thereabouts, have marked predilection to form trinuclear cluster 

species. For the tungsten cluster species, there are three different structural types with respect 

to the ligand arrangements (Figure 24 a, b, c) which are based on an equilateral triangle of 

M—M bonded atoms. Structure (a) contains the [W3(u3-X)(u-Y)s3] nucleus, where X = O, Cl, 
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(a) (b) 

(c) 

Figure 24 Structural types of trinuclear tungsten clusters 

OR and Y = O. This structure is basically the same as the one observed several decades ago for 
the mixed metal oxide system Zn,Mo3Os,*” and is exemplified by the complexes (12), (13) and 
(14). 

[W;0.F.]>  [W303Cl,(O,CMe)(PBu3)s] [W;0CH,CMe,03Cr;(O,CCMe;);2] 
(12) (13) (14) 

Complex (12) has been prepared by treatment of [W20,(C20,)25]>" with 40% HF at 70°C. 
Crystal structure analysis has established the presence of the W3(u3-X)(u-Y)3 nucleus 
(X= Y =O) with an average W—W distance of 2.515 A. Without counting the M—M bonds, 
the coordination number of each metal atom is six and the geometry is distorted octahedral.*** 

Treatment of [W2Cl, (PBu3),4] with acetic acid in diglyme at 160°C leads to the isolation of 
(13) (Figure 25).?** In this structure X = Cl, Y = O, and the average W—W distance is 2.609 A. 
In both these complexes the metal is in the +4 oxidation state, and therefore each metal atom 

Figure 25 The structure of [W,0;Cl,(O,CMe)(PBu3),]; the butyl groups are omitted”*4 
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has only two d electrons to use for M—M bonds. Thus, the two bonds formed by each metal 
atom cannot exceed a single bond. 
Compound (14) has been prepared by refluxing 1:1:2 mole ratio of W(CO)., Cr(CO).¢ and 

pivalic acid in o-dichlorobenzene.”” In this structure X = OCH,C(Me); and Y =O, and the 
average W—W separation is 2.610 A. The average oxidation state of the tungsten atoms is +34 
or formally W™, W", W'Y. In this eight electron system, the extra pair of electrons occupies a 
non-bonding or slightly antibonding molecular orbital. It is therefore reasonable to suggest 
that two electron oxidation to a six electron configuration may be possible without disrupting 
the cluster nucleus. 
A comparison between the three W—W distances shows that with (u3-Cl), the W—W 

distance is approximately 0.1. A longer than that with (u3-O), as expected when a larger 
capping atom is placed above the metal triangle. It is tempting to suggest that the longer bond 
length observed in the eight electron cluster is due to the additional pair of electrons. However, 
it is important to realize that the W—W bond length is also affected by the nature of the 
bridging atoms. 

Trinuclear clusters of type (b) contain two capping groups, one above and one below the 
triangular plane. In addition, each pair of tungsten atoms is bridged by two carboxylates, and 
the coordination sphere is completed by a radial ligand which is bonded to each metal atom. 
With capping oxygen atoms, the [W302(O2CR).] unit can be the basis for a varied family of 
compounds. First, the R group of the carboxylate is variable. Among the four compounds 
isolated to date are those having R = Me, Et and Bu*. Second, the radial coordination site may 
be occupied by neutral ligands, anionic ligands or a mixture of both, to give cationic clusters 
such as (15), neutral ones such as (16) and anionic ones such as (17).”*° 

[W;0,(0,CR),(H20)3)°*  [W302(OxCCMe;).(OzCCMe;)2(H,0)] [W30,(0;CMe).(O.CMe)3]” 
(15) (16) (17) 

These clusters are prepared by refluxing W(CO), in the appropriate acid with or without its 
anhydride. Cationic clusters are best purified by ion exchange chromatography. The structure 
of (15) is depicted in Figure 26. Structure analysis has shown that the W3O, nucleus is 

essentially invariant to the carboxylate ligands and that the W—W distance which averages 

2.75 A is only slightly affected by the radial ligands. In these clusters, the oxidation state of the 

metals is +4 (d? electronic configuration) and, therefore, the W—W bond order cannot exceed 

unity. 
The stereochemistry of the tungsten atoms in these species is of particular interest. Each 

tungsten atom has a coordination number of nine, counting the neighboring metal atoms as 

well as the coordinated oxygen atoms. The geometry can be regarded as either distorted 

capped square antiprism or a distorted tricapped trigonal prism. The metal atoms are 

coordinatively saturated which accounts for the fact that the radical ligands are substitutionally 

inert. 

Figure 26 The structure of [W;0,(0,CMe),(H,0)3]** **° 



996 Tungsten 

Recently, clusters (18) with one capping oxygen atom and one capping ethylidyne moiety 
have also been prepared.’ The +1 cluster is prepared by refluxing W(CO). with a mixture of 
acetic acid and its anhydride in MeCN. A one electron oxidation of the +1 ion leads to the +2 
ion, whose crystal structure analysis reveals a W—W distance of 2.81 A. This distance is 
significantly longer than the one observed for (15), in agreement with the fact that the +2 ion is 
a five electron system and therefore the W—W bond order is less than unity. 

[W;0(CMe)(O,CMe),(H,0)3]"* (n = 1, 2) [W30(0,CR).(H2O)3]’* (R = Me, Et) 
(18) (19) 

Clusters of type (c) (19) have been prepared by refluxing W(CO). in a 1:1 mixture of the 
acid and its anhydride in the presence of small amounts of triethylamine.*** These clusters 
might be considered a variant of (b) in which one capping group is absent. The structure of (19) 
(Figure 27) is virtually identical with the previously reported structures of tritungsten clusters 
with two capping oxygen atoms except for the absence of one capping oxygen. Of the 
quantitative differences between the hemicapped and the bicapped structures, the largest and 
most unambiguous by far is in the W—W distances. In the four bicapped structures,~° the 
W—W distance averages 2.75(1) A, while in the present coumpound, the average distance is 
2.710 A. This is clearly a significant difference in both the statistical and chemical senses. 

Figure 27 The structure of [W;0(0,CMe),(H,0),]** 78 

The hemicapped cluster is an eight electron system and a Fenske—Hall type molecular orbital 
calculation™® shows that in addition to the six M—M bonding electrons comparable to those in 
the bicapped species, an additional electron pair occupies an orbital which is weakly M—M 
bonding, in agreement with the observed shortening of the W—W bond length. 

Finally, although the difference in the W—W distances between structures (a) and (b) are 
approximately 0.2 A, they both represent W—W single bonds. On the basis of molecular 
orbital calculations it has been suggested that this is due in part to the difference in the 
distribution of charge density in these molecules.? However, there is no doubt that changing 
the bridging ligands will have a considerable effect on the M—M distance, especially when 
dealing with metal-metal bonds of low order. 

37.5.5 Eight-coordinate Complexes 

Eight-coordinate dodecahedral complexes of the general type W(L-L), are known for 
several bidentate ligands such as dithiocarbamate, 8-quinolinol, substituted quinolinols 
picoline and substituted picolines. 
_The reaction of [W(CO)3(MeCN)s] with tetraethyldithiuram disulfide in refluxing chloroform gives [W(S2CNEt,)4] which can also be prepared from [WCl,(MeCN),] and the dithiocarba- mate ligand.“ It was also reported that the addition of CS, to [W(NMez).] leads to 
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[W(S2CNMez),].41. [W(S.CNEt,)4] can be oxidized with Br, to the eight-coordinate WY 
complex [W(S2CNEt2)4]*. Crystal structure analysis of this compound reveals the expected 
dodecahedral geometry**? with W—S(A) distance of 2.529 A and W—S(B) distance of 2.494 A 
(A and B refer to the Hoard-Silverton notation).”? Recently, [W(S2CSR),] (R = Et, Pr’, Bu’) 
have also been prepared and I, oxidation leads to the corresponding WY complexes 
[W(S2CSR),]Is.278 : 

With 8-quinolinol or its derivatives, W(L-L), complexes have been prepared by a sealed-tube 
melt reaction with either K3[W2Clo] or W(CO)..“ Crystal structure analysis of W(L-L), 
(L—L = 5-bromoquinolinol) has established the dodecahedral geometry for this and related 
compounds.™° The four quinolinol ligands span the Hoard-—Silverton m edges, with the oxygen 
atoms occupying A positions and the nitrogen atoms the B positions. 

Another series of eight-coordinate complexes has been prepared with picolinates. All 
eight-coordinate complexes of the type W(L-L), to date are diamagnetic, with the two 
electrons of the d* configuration paired in the low-lying d,2_,2 level of the D,q dodecahedron.”° 
The IR electronic spectra consist of intense low energy bands (¢ > 10*), attributed to d—> 2* 
charge transfer transitions. 

[W(picolinate),] and several quinolinate derivatives can be oxidized to the corresponding WY 
complexes.” These are paramagnetic with moments of about 1.7 BM, close to the spin-only 
value. The two low-intensity near IR transitions are reasonably assigned to d—d transitions 
from the d,2_,2 level. Liquid nitrogen ESR measurements suggest lower symmetry for these WY 
complexes.° They are reasonably stable in the solid, but disproportionate rapidly in solution 
to the W'Y compounds and tungstate.74” 

37.5.6 Complexes with Multiple Bonds to Sulfur, Nitrogen and Carbon 

The tendency of W'Y to form multiple bonds to good z donor atoms is much less pronounced 
than for WY and W%'; however, several such complexes are known. 

The reaction of aqueous WS2- with dilute HCI gives the [W3OS,]?~ ion.” Its structure 
consists of the WO unit bonded to two WS" ligands with a short W—O, distance of 1.68(2) A. 
[W3S,]*~ has also been prepared.**” Its structure is very similar to that of [W3OSg,]?~ with a 
W—S, bond length of 2.07(1) A. In this complex, the geometry around the central WY ion is 
that of a distorted square pyramid. 

The multiple bond between W'Y and a carbon atom is exemplified by [W(CR)L,Cl] (R =H, 
CMe;; L = PMes;)”°° and by [W(CPh)(CO).(py)2Br].7°? Crystal structure analysis of this last 
compound revealed the expected short W—C bond length of 1.84 A. ithe 

Complexes containing multiple bonded nitrogen ligands are usually obtained from dinitrogen 
complexes. The complexes [W(NH)X(diphos)]* (X=F, Cl, Br) are known’? and in basic 
methanol yield ammonia via trans-[W(NH)(OMe)(diphos),].2°? The nitrido group is readily 
attacked by electrophiles to give imido, dialkylimido or thionitrosyl complexes. Thus, 
[W(N)(N3)(diphos),] reacts with EtI to give [W(NEt)(N;)(diphos),]I. | 
Na/Hg reduction of [W(NR)Cl,] in the presence of the desired ligands leads to the 

complexes [W(NR)ClL3] (R=Ph, Et; L=PMe3, PMePh, CNBu').'” Crystal structure 
analysis of [W(NPh)Cl,(PMes)3] has revealed a short W—N distance of 1.755 A in agreement 
with v(W—NR) around 1080cm7'. The phosphine ligands occupy mer positions cis to the 
W(NR) unit. This stereochemistry is similar to that suggested for the analogous complex 
[WO Cl,(PMe-2Ph)s] é iat 

37.5.7 Cyanide Complexes 

The octacyanotungstate ion [W(CN)s]*~ has been known since 1914," It is easily obtained 
by reacting a variety of starting materials containing W"', W'” and W” with aqueous 
cyanide.” The trivalent metal is usually oxidized by either ait OF solvent, while the pentavalent 

starting materials disproportionate to [W(CN)s]* and WO; . The [W(CN)s] ion can be 

easily oxidized to [W(CN)s]’~, but it does not appear possible to obtain it directly from W 

compounds. [W(CN)s]* is diamagnetic while [W(CN)s} is paramagnetic with beg = 

1.76 BM.*°° oe 

Both [W(CN)s]*~ and [W(CN)s]}*~ are stable in solution in the absence of light and no 
exchange of “*CN™ is detected. This exchange is strongly catalyzed by light and the rate is 
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dependent on the light intensity. Exposing the yellow solution of [W(CN)s]*~ to light leads to a 
rapid change to red-brown, and then to purple. On the basis of crystallographic studies® the 
red-brown color is due to trans-[WO,(CN),]*~ and the purple color to trans- 
[W(O)(OH)(CN)a]°~. Recently, the [W(O)(OH2)(CN),]*~ ion has been isolated and charac- 
terized as its cadmium salt,?°’ and protonation of [WO,(CN),]* was reported to lead*** to 
[W203(CN)s]°. ‘ 

The photolysis of [W(CN)s]*~ has been investigated*” in the pH range 1-13. The photolysis 
consists of a two-step sequence involving a primary intermolecular redox process and a 
consecutive thermal process both leading to [W(CN)s]*~. The rate of the oxidation of 
[W(CN)s]*~ with several oxidizing agents has been studied. With IO; for example,” the 
reaction is first order with respect to both reagents and is catalyzed by H*. Inorganic cations 
have an accelerating effect on the oxidation in the order, Mg >>Cs > Rb>K>Na>Li. 

The reaction of [W(CN) |" with H, at 400 °C was reported to give a green-black product of 
composition K4[W(CN).].”°° Recently the same reaction has been shown to give [W(CN),H]*-, 
and in the presence of base the following equilibrium is established,”°’ as depicted in equation 
(14). [W(CN),]°~ can also be prepared directly from [W Cl ]*~ with an excess of cyanide. The 
sharpness of the °C NMR lines suggests that on the NMR time scale there is no exchange of 
coordinated cyanide and that both structures are fluxional in solution. 

[W(CN),H]* +OH> == [W(CN),]* +H,O (14) 

Salts of [W(CN)s]*~ are dodecahedral both in solution and in the solid state with the 
exception of the cadmium salt which is believed to have the square antiprismatic structure 
in both phases.”° ESR and vibrational spectra suggest that the WY ion [W(CN)s]>~ has Dag 
symmetry in solution.*” However, evidence for both the dodecahedral and square antipris- 
matic ground state for this ion has also been reported.” 

Mixed cyanoisonitrile complexes have been reported to result from the reaction of 
Ag,4[W(CN)s] with RNC (R=Me, Et, Pr, Pr’, Bu' and CPh;).** The resulting 
[W(CN)4(CNR)4] complexes are dodecahedral, with the more strongly 2 accepting isonitrile 
ligands occupying the B position. These complexes can also be obtained by the reaction of the 
silver salt with alkyl iodide.” 

37.6 THE CHEMISTRY OF w™ 

With a few exceptions, the chemistry of W'" is almost entirely that of dinuclear species 
containing a metal-metal bond of order three. There are only a few well-characterized 
examples of mononuclear complexes. This undoubtedly results from the tendency of W™ to 
form metal—metal bonds and the susceptibility of mononuclear complexes to oxidation. Of the 
halides of W™, only WBr; and WI; are known.” The thermally unstable WBr; is prepared by 
the reaction of WBr2 with excess Br. in a sealed tube. It is inert to HO and concentrated HCI. 
WI, is prepared from W(CO), and I, at 120°C. 

37.6.1 Mononuclear Complexes of W™ 

Complexes of the type WXspy; (X=Cl, Br) have been prepared? by treatment of 
[W(CO)4X2] with py at 140°C. These are paramagnetic with y.4= 3.39 and 3.40 BM for the 
chloro and bromo derivatives respectively. [WX4L,]~ (X= Cl, Br; L= Py, 4-Mepy) have also 
been prepared by pyridine reduction at 350K of the W'Y compounds [WX,L,]. Crystal 
structure analysis of [WClypy2]~ and [WBr,(Mepy).]~ shows that both have the trans 
stereochemistry.*°°°” Recently, it has been shown that [LW(CO),]~ (L= polypyrazolylborate) 
vce thionyl chloride to give [LWCl;] which can be reduced” to the W™ complex 

Sere 

37.6.2 Dinuclear Complexes of W™ 

The dinuclear complexes of Ww" can be divided into two groups. In one, the metal-metal bond is supported by bridging ligands as exemplified by the [W3Cly]*~ ion, while in the second, 
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the dimeric species are of the W2X. type, recognized by the o*z* electronic configuration, 
where the two metal atoms are held together by metal-metal bonds only. Structurally, what set 
these two groups of complexes apart are the M—M bond length, the coordination number and 
the geometry around the metal atom, and chemically, there is very little that the two groups 
have in common. 

37.6.2.1 The [W2X>]* ion and related compounds 

The [W2Xo]*~ (X = Cl, Br) ions were first prepared years ago by electrochemical or chemical 
reduction of tungstates in concentrated HCl or HBr solutions.2°? More recently, it has been 
shown that [WX.]*~ is readily prepared by passage of HX gas through a solution containing 
CsX and [W2(mhp),] (mhp = anion of 2-hydroxy-6-methylpridine). It is interesting that when 
CsX is excluded, compound (10) is formed.”” The bromide derivative can also be prepared by 
halogen exchange (equation 15). Reaction (15) reaches equilibrium after approximately three 
hours and [W,CIBrg]°~ is the major tungsten-containing species.?”° A continuous flow of HBr 
throughout the course of the reaction leads to complete exchange within 24 hours. Of the 
several possible mechanisms for this halogen exchange, the most likely seems to involve an 
intermediate with a W(u-Cl).W bridge, and four terminal chlorides bonded to each metal 
atom. This is a viable intermediate in view of the structure of [W2Cl.py4] (Figure 28). 

[W,Cl.]* +9Br> <= [W,Br]°~ + 9Cl- (15) 

[W2Cl,]*~ has the confacial bioctahedral structure with a W—W bond length of 2.418 A. (This 
structure was first solved in 1958?” and then re-refined in 1983).?”° This experimental result 
coupled with the electronic configuration of the metals is consistent with a W—W bond order 
of three. 

[W.Cl,]*~ can be oxidized with oxidants such as Cl,, Br, and I,.?”* The violet mixed valence 
complex [W2Cl,]*~ is paramagnetic with (e¢= 1.87 BM per formula unit. The dianion can also 
be prepared in low yield by the reaction of [W(CO);Cl]~ with WCl, in methylene chloride,?” 
or in 40-50% yield by the reduction of WCl, with Na/Hg in THF’” in the presence of 
[(Ph3PNPPh3)Cl]. Structurally [W2Clo]*~ is very similar to [W2Clo]>~ with a W—W bond length 
of 2.540 A in agreement with a bond order of 2.5. The increase of 0.122 A in the W—W 
distance in going from [W2Clo]*~ to [W2Clo]*~ is believed to result not only from the decrease 
in the bond order, but also because of the increase in the effective charge of the metal atoms.”” 
The electronic absorption spectra of [W2Xo]”" (X=Cl, Br; n=2, 3) have been interpreted 
recently.*”° [W2Bro]*" is also known, and is obtained in reasonable yield according to equation 
(16). Its structure is similar to that of [W2Cl]*~ with a W—W bond length of 2.601 A and a 
magnetic moment of 1.72 BM per formula unit.?”” 

4[W(CO).Br]- + 7C;H.Br, —> 2[W,Br.]?~ + 7C,H, + 2CO, (16) 

The reaction of [Mo.(O2CMe).,] with a warm concentrated solution of HCI or HBr affords the 
[Mo,XsH]*~ anions. These anions contain the Mo(u-H)(u-Cl)2Mo bridging unit,””* and possess 
structures similar to that of [W Cl ]°~. This type of oxidative addition is also possible with the 

quadruply bonded dimer [MoW(O2CCMes),]. This molecule when treated in the same way?” 
affords [MoWClsH]>~ with a Mo—W distance of 2.495A. __ 

[W.Cl,]*- reacts with heterocyclic organic bases*° to give the diamagnetic compounds 

Figure 28 The structure of [W2Clgpy,]; pyridine rings are not shown7®! 
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Figure 29 The structure of [C1,(u-Cl)(u-SPh),WCI,]*- ; phenyl carbon atoms are omitted”*! 

[W.2ClL4] (L=py, pic and 4-isopropylpyridine). Structure analysis of [W2Cl.py,s] has 
established”*! the presence of a planar W(u-Cl)2W bridge with a W—W distance of 2.737A 
(Figure 28). This distance is considerably larger than that expected for a W™'—-W"™ (d?—d*) 
dimer of this type with a triple bond. In fact, this distance is consistent with a W—W single 
bond. It can be argued that the situation here is similar to the one described for the d*—d* 
[ResClio]*~ ion.28* The complexes [W2Cl.(PMe3)4] and [W2Cl6(THF),4] which are prepared by 
Na/Hg reduction of WCl, in THF with or without PMe3,”* may possess structures which are 
related to that of [W2Clepya]. 

Isoelectronic with [W2Cl]*~ are the paramagnetic thiolato-bridged dimers (20) and (21 
They possess the confacial bioctahedral structure (Figure 29) with W—W distances of 2.505 
and 2.519 A respectively. These distances are not significantly different than those found for 
compounds (11) (see Section 37.5.4.1) which contain a W—W bond order of two. This result 
lent strong support to the suggestion that the difference in bond length of 0.122 A observed in 
going from [W2Cl,]*~ to [W2Cl.]*~ is not caused only by the decrease in the bond order.” 

The reaction of [WCl,(MeS),] with Et,SiH gives compound (22) from which the anion (23) 
can be prepared.” The structure of (23) possesses the W(u-H)(u-SMe,)2.W bridge with a W—W 
distance of 2.410 A, consistent with a W—W bond of order three. 

7" 

[(Me2S)Cl,W(u-SEt);WCl,(SMe,)] [Cl;W(u-Cl)(u-SPh),WCl3]7— 
(20) (21) 

[Cl;W(u-H)(u-SMe-)2WCl,(SMe,)] [Cl;W(u-H)(u-SMe,)2WCl,]~ 
(22) (23) 

37.6.2.2 Complexes of the type W2X¢ 

The metal-metal triple bond is formed by overlap of the metals’ d,2 orbitals to give a o 
bond, and the d,, and d,, orbitals to give the a bonds. In a d?—d? situation, the six metal 
electrons are accommodated in the three bonding molecular orbitals resulting in the o22* 
electronic configuration. In the absence of the 5 component, the triple bond allows free 
rotation about the M—M axis, and thus the adopted staggered configuration is determined by 
the steric requirement of the ligands. 

The first W"' complex of the W2X. type*®* was prepared by the reaction of WCl. with 
LiCH,SiMe3. The orange-brown organometallic compound [W2(CH2SiMe3).] can be sublimed 
in vacuum at 120°C. It is stable in air for short periods, but oxidizes very rapidly in solution. 
The proton NMR spectra indicate that the six Me3SiCH, groups are equivalent. 
[W2(CH2SiMes),] crystallizes with two independent but virtually identical molecules in the 
asymmetric unit*’ with a mean W—W bond length of 2.255 A: The stereochemistry in the 
solid is staggered as expected (Figure 30). 

The compound [W2(NMez)«] was first obtained as a minor product from the reaction of WCl, 
with LiNMe,.** Attempts to prepare this material by reacting LiNMe, with lower valent 
starting materials such as K3[W2Clo] or WeCli2 were not successful.”®° It is now known that the 
best preparative route to the compounds [W2X.] (X = NMe2, NMeEt, NEt,) is by reacting X 
with a form of WCl, which is prepared by the reaction of W(CO), with two equivalents of 
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Figure 30 The structure of [W,(CH,SiMe;),]; methyl groups are omitted”®” 

WCl, in refluxing chlorobenzene. As can be seen from Figure 31, [W2(NMez).] has the 
expected staggered, ethane-like stereochemistry with a W—W bond length of 2.294A. In 
addition, the methyl groups are not equivalent. One set of methyl groups lie approximately 
over the W—W bond (for example C-1; these are called the proximal methyl groups), while the 
other set, called the distal methyl groups (for example C-2), lie away from the W—W bond. 
Compounds of the type [W2(OR).] are also known,””° but they are much less stable than 

their molybdenum analogues. For example, [Mo.(OBu').] can easily be purified by vacuum 
sublimation at 100°C, while the corresponding tungsten compound is thermally unstable and is 
very sensitive to both oxygen and moisture. In addition to [W.(OBu').], 
[W2(OSiMes)6(NHMez)2] and [W2(OPr').py2]°” have been prepared by the reaction of 
[W2(NMez).] with Me3SiOH in hydrocarbon or with Pr'OH in pyridine. These compounds are 
also thermally unstable. The reaction of [W2(NMez).«] with MeOH or EtOH gives the 
tetranuclear cluster compound [W(OR):6]”** while the reaction with Pr'OH in the absence of 
pyridine gives [W4(u-H)2(OPr'),4]?”° (see Section 37.5.4.1). 
Compounds of the type [W2Cl(NRo)4] (R = Me, Et) are known, and are best prepared by 

the reaction depicted in equation (17).*”' The lability of the W—Cl bond has led to the 
preparation of [WX.(NEt2)4] (X = Br, I),7” and a series of dialkyl derivatives [W2R2(NR3)a] 
(R=Me, Et, Bu’, Pri, CH»CMe3, CMe3, CH2SiMes3; R’ = Me, Et).?”° The dialkyl derivatives 
are red-orange, thermally stable, and in most cases can be sublimed in vacuum around 100°C. 
The structures of these molecules are very similar; they have the anti rotational conformation 
with bond length close to 2.3 A (Table 7). 

[W.(NR,)g] + 2Me;SiCl —> [W,Cl,(NR,),] + 2Me;SiNR, (17) 

The reaction of anti-[W2Cl,(NEt,)4] with two equivalents of LiCH2SiMe; is stereospecific?* 
giving exclusively anti-[W2(CH2SiMes3)2(NEt2),] which then slowly isomerizes to an equilibrium 
mixture of anti and gauche rotamers. The stereospecificity clearly requires that the W=W bond 
remains intact during the reaction, and that the Me3SiCH, ligand replaces Cl with retention of 
configuration at the metal atom. NMR studies of this reaction suggest that there is a trans 
labilizing effect which is transmitted through the triple bond. [W2Me2(NEtz),]°”? was also 

Figure 31 The structure of [W.(NMe,).]’? 
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Table 7 Triple Bond Distances Between W Atoms 

Compound W—W (A) _ Ref. Compound Ww—w (A) _ Ref. 

[W.(CH.SiMe3).] 2.255(2) 289  [W,I,(NEt)4] 2.300(4) 292 
[W.(NMe>).] 2.294(2) 12 [W,Me,(O,CNEt,),] 2.272(1) 297 
[W2Cl,(NMe,),] 2.285(2) 291 [W.(O,CNMe>)g] 2.279(1) 297 
[W2Cl,(NEt,)4] 2.301(1) 289 [W.Me,(NEt,),4] 2.291(1) 295 
[W2Br,(NEt,)4] 2.301(2) 292. ~=[W.(OPr) py] 2.332(1) 290 
[W.(OEt),(Me(H)NC,H,N(H)Me)] 2.296(2) 299 

shown to exist in solution in an approximately 3:2 equilibrium mixture of anti and gauche 
rotamers. The gauche rotamer predominates as the bulk of the R group increases.*” It is 
interesting that alcoholysis of the [W2Ro(NRz)4] compounds with bulky alcohols leads to 
[W2R.(OR),] with retention of the W—R bonds.””° 

Insertion of CO, into M—NR, and M—OR bonds occurs quite readily in certain cases, 
leading to dialkylcarbamato and alkylcarbonato groups respectively. Thus, [W2(NMez).] reacts 
completely with excess CO, to give [W2(O02CNMez).], while the reaction of [W2Me2(NEt2)a] 
with CO, leads to [W2Me2(O2CNEt,)4]. The structures of these molecules (Figures 32 and 
33)”°’ are quite similar in that both have two bridging and two chelating carbamato ligands 
similarly disposed around the metal atoms, and in the one case, the methyl groups are trans to 
the chelating ligand while in the other, an oxygen of a unidentate carbamato group is trans to 
the chelating ligand. In both, the W—W triple bond is retained (Table 7). These compounds 
are fluxional in solution and below —60 °C, the NMR spectrum of [W2(O2CNEt,)<¢] is consistent 
with the solid state structure. The NMR spectra of [W2Me2(O.CNEt,),] has not been 
completely interpreted.” 

Until recently, the only two examples of complexes of the type K,W=WxX, were 
[W2(OPr')epy2]°” and [W2(NMe2)4(PhNNNPh),.* In these complexes, the coordination 
number of each metal atom is four, and the W—W bond lengths are only slightly longer than 
those found for the W2X, compounds. It is now known that when [W2(NMe,),] is allowed to 
react with EtOH in the presence of Me(H)NCH2CH2N(H)Me, the adduct (24) is formed. In 
this structure (Figure 34) the W—W triple bond is retained (2.296 A), and the two ends of the 
molecule are almost perfectly staggered. [W2(NMez2).] was also shown to react with alcohols in 
the presence of PMe; to give the phosphine adducts [W2(OR).(PMes3)2] (R = Pr, CH2Bu' and 
Et). The structure of [W2(OCH,Bu')<(PMe3)2] reveals two square planar WO3;P units joined by 
a W—W triple bond of distance 2.362 A. 

[W.(OEt).(Me(H)NC,H,N(H)Me)] 1,2-[W2{Si(SiMes)3}2(NMez),] 
(24) (25) 

1,2-[W2{CpFe(CO)2}2(NMez)4] 
(26) 

As mentioned previously, [WCl,(NR2)4] reacts with LiR to give the 1,2-dialkyl-substituted 
derivatives. Recently, this reaction has been extended to other anionic ligands.*® Thus, the 
reaction of [W2Cl,(NMez).] with two equivalents of [(Me3Si)Si]~ or [CpFe(CO),]~ results in the 

C 

-_— -_-— =— — 

Figure 32 The structure of [W2(O,CNMe,),]°” 
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Figure 33 The structure of [W,Me,(O,CNEt,),]°” 

formation of compounds (25) and (26) respectively. These are the first examples of a W—W 
triple bond supporting a metal-metal single bond between two different metal atoms. 

Of considerable interest are reactions in which the metal-metal bond order changes. So far, 
there are no known examples in which a W—W triple bond is converted to a W—W quadruple 
bond, a reaction which is known for molybdenum.”*”? However, several reactions in which the 
W—W triple bond is oxidized are known. The preparation of alkoxo clusters of W'Y have been 
mentioned (Section 37.5.4.1) and the reaction in which W=W reacts with RC=CR or RC=N 
to give mononuclear complexes containing the W=CR and W=N units have been discussed 
(Section 37.3.3). 

Recently, several new and important reactions, in which the dinuclear unit remains intact, 
have been reported. The reaction [W2(OBu').] in the presence of pyridine or [W2(OPr')spy2] 
with ethyne gives (27).*°! The structure of the isopropoxide derivative contains the W(u- 
OPr').(u-C,H>)W bridge with a W—W distance of 2.567 A. In solution, this compound is 
fluxional showing rapid terminal bridge OR exchange. At low temperature, the NMR spectra is 
consistent with the solid state structure. The addition of C,Me2 to [W2(OCH2Bu')spy2] in 
hexane yields the blue compound (28). In this structure there is only one bridging alkoxy group 

[W.(O,CH,Bu')<py2(u-C,H2)] [W,(O,CH,Bu')<py(u-C,Me,)] 

(27) (28) 

[W2(OPr').(u-C,Me,)(C2Me,)] [W.(O,CH,Bu').py{ u-N(CMe,)N}] 
(29) (30) 

(W—W = 2.602 A), and the C,Me, unit is closer to one of the W atoms (Figure 35). It has also 

been shown that changing the alkoxy groups and/or the alkyl substituents greatly influences the 

course of this reaction. Thus, reacting [W2(OPr')«py2] with an excess of C,Me, leads to 

compound (29) in which two alkynes are coupled and a third is present as a terminal ligand. In 

Figure 34 The structure of [W,(OEt).(Me(H)NC,H,N(H)Me)]?”” 
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Figure 35 The structure of [W,(O,CH,Bu'),py(u-C,Me,)]; the tertiary butyl groups and py ring are omitted*”* 

this molecule (W—W distance = 2.85 A), as with the others, W—W interaction is retained. 
When compound (28) is reacted with MeCN, compound (30) is obtained.*°* Its structure 
(Figure 36) reveals the presence of the deprotonated bridging ligand (u-N(CMe),N) which 
results from coupling of the (u-C,Me2) moiety with two equivalents of MeCN. The W—W 
bond length of 2.617 A is consistent with a bond of order one. It has also been shown that 
[W2(OR).] reacts with a-diketones to give compounds in which the reduced organic moiety is 
bonded to a dinuclear complex with a W—W bond of order one.*”? 

The reaction of [W2(OBu'),.] with NO in pyridine leads to cleavage of the W—W triple 
bond,*™ and the formation of [W(OBu'‘)3(NO)py]. In this structure, the geometry around the 
metal atom is trigonal bipyramidal, with the py ligand trans to NO. 

The reaction of [W2(OR).] (R = Pr', CH2CMe;) with CO in the presence of excess pyridine 
leads to [W2(OR)«py2(u-CO)].°* The structure of the isopropoxide derivative is that of a 
confacial bioctahedron, with the CO ligand and a pair of OPr' groups making up the bridging 
face. The W—W distance of 2.499 A is consistent with a bond of order two. However, when 
[W.(OPr').py2] is reacted with CO without additional pyridine,*” two different products are 
obtained depending on the amount of CO added. With four equivalents of CO compound (1) is 
formed (Section 37.3.1), while with two equivalents of CO the tetranuclear compound 
[W2(OPr')spy(CO)], is obtained. The structure of this molecule consists of two 
[W2(OPr')spy(CO)] units which are bridged through the oxygen atoms of the CO group (Figure 
37), an unprecedented bonding arrangement for the CO ligand. The W—W bond length of 
2.654 A is significantly longer than that found for [W2(OPr')spy2(CO)] and falls within the 
range typical of single rather than double W—W bonds. 

Figure 36 The structure of [W,(O,CH,Bu'),py(u-N(CMe),N)]; the tertiary butyl groups and py ring are omitted*°”* 
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Figure 37 The structure of [W.(OPr'),py(CO)],; propyl groups are omitted?5 

37.7 THE CHEMISTRY OF W" 

Until several years ago, most of the known compounds of W" were monomeric complexes, 
which exhibit mainly coordination number seven, and cluster compounds containing the 
octahedral W, nucleus with W—W single bonds. The most important advance in the chemistry 
of W" has undoubtedly been the preparation and characterization of dinuclear compounds 
containing W—W quadruple bonds. 

37.7.1 Monomeric Complexes 

There are two general procedures for the preparation of monomeric W" complexes.” In 
one, substituted tungsten carbonyls are oxidized by halogens under controlled conditions as 
exemplified by equations (18) and (19). In the second, W(CO), is first oxidized by Cl, or Br at 
low temperature, followed by reaction of the oxidized product with the appropriate ligands. 
This preparative procedure is exemplified by equation (20). 

[W(CO),(bipy)] + Br, —> [W(CO),(bipy)Br.] + CO (18) 
[W(CO),(diars),] + Br, ——~ [W(CO),(diars),Br]Br (19) 

[W(CO),Cl,] + 2PPh, —~ [W(CO),(PPhs)2Cl,] + CO (20) 

There are numerous examples of this type of complex. The majority are seven-coordinate; 

some representatives are given in Table 8. With bidentate and tridentate ligands, when the 

Table 8 Properties of Some Monomeric W" Complexes 

Visible spectra (nm) 
Compound Carbonyl stretches (cm~*) (e or color) Ref. 

(Et,N)[W(CO),Brs] 2080, 2041, 2000, 1925 Yellow 269 

[W(CO),Br.] 2110, 2025, 1980 Yellow 309 

[W(CO),(PPh3)2Br2] 2015, 1940, 1900 Yellow 309 

[W(CO),(PPh3)2Br2] 1960, 1875 Blue 309 

[W(CO),(diphos),]I, 1853 Red 307 

[W(CO),(diars) Br] 2030, 1942, 1905 Yellow 269 

[W(CO),(dipy) Br] 2037, 1959, 1908 Yellow 269 

[W(CO).(PPh3)(S;CNEt,)2] 1930, 1835 685 (223); 490 (1060) 59 

[W(CO)(C,H,)(S,CNEt,)2] 1960 689 (90); 360 (3440) 269 

[W(CO).(PPh3)(deq)2] 1916, 1824 506 (38); 419sh 269 

[W(Bu‘NC),Br]Br — 405 (1960) 316 

[W(Bu'NC)-](PF.)2 — 417 (1814) 316 

[W(CO),(diphos)I,] 2039, 1963, 1909 Orange 269 

[W(CO),(CS)(diphos)I,] 2036, 1972, 1247 (CS) _ 322 
Sur 
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stoichiometry suggests a coordination number higher than seven, it is invariably found that not 

all the donor atoms are coordinated to-the metal. om 

The halocarbonyl anions [W(CO),4X3]~ (X = Cl, Br, I) are prepared by the addition of the 

desired halide to [W(CO)4X,] or by oxidation of [W(CO);X]~. Mixed halogen derivatives are 

prepared similarly.°% For example, oxidation of [W(CO)sI]~ with Br leads to [W(CO)4IBr.]~. 
Oxidation of cis-[W(CO),(diphos),] with I, leads to the unexpected one electron oxidation 

product [W(CO),(diphos)]*. This paramagnetic complex exhibits only one carbonyl stretching 

frequency, indicating a trans stereochemistry.*” Reaction of [W(CO),diars] with excess 

bromine also results in the seven-coordinate complex [W(CO);(diars)Br2]*, which appears to 

be a W"™ derivative.°°* It is unusual that three carbonyls are retained by the metal in this 
oxidation state. ; 

Refluxing of [W(CO)3(PPh3)2X2] (X=Cl, Br) in CHCl, gives the deep blue crystalline 

derivatives [W(CO)2(PPh3)2X2].°°? The structure of this six-coordinate complex is probably 
similar to that of [Mo(CO),(PPh3)2Br2] described as having an unusual nonoctahedral 
six-coordinate geometry.*!? The complex reacts reversibly with CO as depicted in equation 
(21): 

[W(CO),(PPh3)2X2] +CO == [W(CO)3(PPhs)2X2] (21) 

A series of seven-coordinate complexes of the type [W(CO).(PPh3)(L—L)2] (L—L = S2CNRo, 
S,COMe, S2P(OEt)2) have been prepared by the reaction of [W(CO)(PPh3)3Cl,] with excess 
ligand.” With excess HS,P(Pr')2 or with an equimolar amount of HS,P(OEt)2, only one Cl is 
displaced and [W(CO).(PPh3)(L—L)Cl] is obtained. The visible absorption spectra of these 
complexes are solvent dependent. This, together with conductance measurements, strongly 
suggests the presence of the cationic species [W(CO).(PPh3)(L-L)]* in polar solvents such as 
methanol. [W(CO)3(PPhs)(S2CNEtz)] has been shown to react with acetylene to afford 
[W(CO)(C,H2)(S2CNEt,),].*" Crystal structure analysis reveals a distorted pentagonal bipyra- 
midal geometry around the metal with sulfur atoms S-2 and S-3 (Figure 38) occupying the 
apices of the pyramid. The CO and C—C bonds are nearly coplanar, enabling the acetylene 
ligand to act as a four-electron donor. More recently it has been shown that 
[W(CO)3(S2CNRz2)2] also reacts with alkynes to give [W(CO)(R'C==CR’)(S,CNR>)2] where 
R! = R* =H, Me, Et, Ph and R'=H, R? =Ph.?” 

The seven-coordinate complexes [W(CO)3(YPPh3)X2] (Y=P, As, Sb; X=Cl, Br) can 
undergo a two-electron reduction in CO atmosphere as depicted in equation (22). No 
intermediates are observed in this reaction.*° 

[W(CO)3(YPh3)2X.] + 2CO +2e7 —> [W(CO).X]- + 2YPh, + X~ (22) 

Several examples of W" complexes with no carbonyl ligands are also known. The reaction of 
WI; with excess diars at 160°C gives the paramagnetic complex [W(diars),I,] with weg = 
2.70 BM.*"* A related complex [WCI(PMe2Ph).] can be prepared by Na/Hg reduction of 
[WCL,(PMePh),] under argon.*”” This paramagnetic complex (Weg = 2.30 BM) exhibits only 
one v(W—Cl) band at 280 cm™' suggesting the trans configuration. 
A general procedure has been outlined for the preparation of isocyanide complexes of W"™ 

(equations 23, 24).*"° [W(CNR)7]** (R = CMes, CsHi1) can also be prepared by reaction of the 

Figure 38 The structure of [W(CO)(C,H,)(S,CNEt,),}°"" 
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Table 9 Structures of Seven-coordinate W" Complexes 
aE ae 

Suggested Capping 
Compound structure group Ref. 

a ee ee Ee Ree ee 
(Et,N)[W(CO),Br;] CO CO 269 
[W(CO),(dpam),Br,] CO CO 269 
[W(CO),3(PMe,Ph);I|BPh, CO/CTP I 269 
[W(CO),(dmpe)I,] CO CO 269 
[W(CO).,(difas)I,] CO CO 269 
[W(CO)3(dpam)I,] CO CO 269 
[W(CO),(bipy)(GeBr;)Br] CO/CTP Br 269 
[W(CO),(diars)I]I CTP I 269 
[W(CO),(dth)(SnCl,) CO Sn 269 
[W(CO).(dmpe),I]I (Cane I 269 
[W(CO)(C,H,)(S,CNEt,),] Distorted PBP — 311 
[W(CO),(Bu'NC),I,] 4:3 piano stool as 322 
[W(CO)3(S,CNMe,),] 4:3 piano stool — 323 

RNC ligand with [W2(mhp).].°** NMR measurements show that the isocyanide complexes are 
fluxional down to —30°C.°"6 

W(CO),+ X, =“S [W(CNR),X]X (X=Cl, Br) (23) 

[W(CNR),X] + 2I- —~ [W(CNR),I]I + 2X~ 

[W(CNR)<X]X =" [W(CNR),](PF.)2 (24) PFE 

The structures of several of the seven-coordinate complexes of W" have been determined 
and these are listed in Table 9. There are three recognized geometries for coordination number 
seven,'”*”° the pentagonal bipyramid (PBP), capped octahedron (CO) and capped trigonal 
prism (CTP). The 4:3 piano stool arrangement, which consists of a plane of four donor atoms 
parallel to a plane of three donor atoms, is also recognized.**' Two extreme cases for this 

geometry, both with C, symmetry, are considéred, and these are related to one another by a 
rotation of the triangular face. It has been suggested however, that the 4:3 geometry is not 
sufficiently different from the CO and CTP to warrant its inclusion as a separate geometry. This 
point was recently questioned, and it is argued that when the dihedral angle between the two 
planes defining the 4:3 arrangement is close to 0°, the 4:3 geometry is a better representation 
of the molecular geometry.*” A case in point is the structure of [W(CO)2(CNBu')3I,] (Figures 
39 and 40). The 4:3 geometry is also considered as the best description for the structure of 
[W(CO)3(S2CNMe>)2].°7? This molecule was also shown to be fluxional, and dynamic *C NMR 
measurements suggest two distinct intramolecular rearrangement processes. 

Figure 39 The structure of [W(CO),(CNBu'),I,]; the tertiary butyl groups are omitted*” 
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Figure 40 The two planes which define the 4:3 geometry in [W(CO),(CNBu'),I,]°” 

The structures of [W(CO)3Cl(dcq)(PPh3)] and [W(CO)2(dceq)2(PPh3)] (deq = 5,7-dichloro-8- 
quinolinato) have recently been determined.** These are best described as having the CTP 

geometry. The positions of all the donor atoms in the coordination sphere of these complexes 

are in agreement with electronic arguments.*~° 
The first example of a PBP geometry in which a bidentate ligand Spans one of the pentagonal 

edges is furnished by the structure of [W(CO)3I2(Ph2PCH2PPhz)].° 

37.7.2 Complexes with Quadruple Bonds 

The existence of quadruple bonds was first recognized in 1964” and since then a great many 
compounds of rhenium, technetium, chromium and molybdenum have been shown to contain 
them. Both bridged and unbridged compounds are known with a large variety of ligands. The 
bonding has been described in detail.” 

The first W—W quadruply bonded complexes characterized were [W2Me,,Cle_,.|* prepared 
by treatment of WCl, with methyllithium. Crystal structure analysis has established the short 
W—W distances of 2.264 and 2.263 A for the methyl and the mixed chloromethyl derivatives 
respectively. In addition, these compounds have the expected eclipsed stereochemistry.*7”** 

The reaction of WCl, with K,CgHg in THF gives a reasonably air-stable material that was 
shown to be [W2(CgHs)3]. The W—W bond length of 2.375 A, although long, is consistent with 
the presence of a quadruple bond.*”? However, it is recognized that this compound (and the 
related chromium and molybdenum) is electronically different from other quadruply bonded 
species. 

Treatment of Mo(CO). with 6-methylpyridone (Hmhp) and 2-amino-6-methylpyridine 
(Hmap) in refluxing diglyme has led to the isolation of [Mo2(map),4] and [Mo2(mhp)4] which 
contain very short Mo—Mo distances.”*? [W2(mhp).] was also prepared by the same way. It 
reacts with Li(map) in THF to give [W2(map),].**°°** Both compounds have been structurally 
characterized and have been shown to contain short W—W distances of 2.164 and 2.161 A for 
the map and mhp compounds, respectively. These are the shortest known internuclear 
distances between any two atoms in the third transition series. [W2(mhp),4] was the first and 
remains the only quadruply bonded tungsten complex to be obtained by oxidation of W(CO).. 
The structure of [W2(map),] is shown in Figure 41. The arrangement of the ligands around the 
W>, unit is such that the idealized symmetry of the complex is D2,. 

Figure 41 The structure of [W,(map),]}*”! 
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A special case in this family of complexes is represented by the tetracarboxylates of the form 
[M2(O2CR).]. Following the successful preparation of [Mo.(O2CMe),] from Mo(CO)., in refluxing acetic acid—acetic anhydride mixture ,”® several attempts to prepare the analogous 
tungsten derivative by the same procedure have failed. This reaction leads invariably to the 
trinuclear clusters of type (15) (see Section 37.5.4.2). However, the continuous efforts to 
prepare complexes of the type [W2(O2CR),] have recently been rewarded by the synthesis of 
[W.(TFA),]. This was achieved by Na/Hg reduction of [W2Cl6(THF),] in THF followed b 
addition of NaTFA, or by Na/Hg reduction of [WCl], in the presence of NaTFA at 0 oC 382.388 
[W(TFA)], easily adds two ligands along the W—W bond and the structure of both 

[W.(TFA),-3digly] and [W2(TFA),:2PPh3] have been determined. The compounds have the 
expected geometry with short W—W bond lengths of 2.209 and 2.242A respectively. The 
increase of about 0.03 A in the W—W bond length most likely indicates a stronger M—L o 
bonding and a weaker M—M bonding in the phosphine adduct. On the basis of the Raman 
spectra of [W2(TFA),], [W2(TFA)4:2PPh3] and [Mo2(TFA),:2py] it is predicted that the W—W 
bond length in pure [W2(TFA),] should be in the range of 2.20-2.21 A,333 some 0.1A longer 
than that found in [Mo,(TFA),], indicating a weaker M—M bonding in the tungsten dimers. 
This is in agreement with the chemical behavior of these two compounds. 

In contrast to the unsuccessful early attempts to produce [W2(O,CR).], the heteronuclear 
compound [MoW(O.CCMe;)4] was obtained by reacting a 3:1 mixture of W(CO). and 
Mo(CO), in refluxing dichlorobenzene.*** The heteronuclear complex was freed from 
[Mo.(O,CCMe;3)4] by careful oxidation with Lb. — Structure analysis _ of 
[MoW(O,CCMe;),]I-MeCN shows the expected idealized D,, symmetry with a short W—Mo 
separation of 2.194 A. The iodide ion is coordinated to the W atom and the MeCN molecule is 
coordinated to the molybdenum atom. 
[MoW(O2CCMe;)4]* is reduced with zinc dust to [MoW(O,W(O,CCMe;),] whose structure 

reveals a W—Mo distance of 2.080 A.**° The longer distance observed for the iodo derivative is 
consistent with the fact that in [MoW(O,CCMe;),]*, the bond order is formally 3.5. 
[MoW(mhp).] is also known. It is prepared by the reaction of a 1.5:1 mole ratio of W(CO), 

and Mo(CO). with Hmhp in refluxing diglyme. [MoW(mhp),] is purified from the other 
products by I, oxidation followed by reduction with zinc amalgam.** The potentials (vs. SCE) 
of the one electron reversible oxidation of [Mo.(mhp),], [MoW(mhp),] and [W.(mhp),] of 0.2, 
—0.16 and —0.35V respectively, indicates that in a mixture of these, the heteronuclear 
compound can be selectively oxidized and thus purified. 

The Mo—W distance of 2.091 A** is shorter than the average M—M bond lengths of 2.065 
and 2.161 A found in [Mo.(mhp),] and [W2(mhp).] respectively,22° suggesting a stronger 
metal-metal bonding in the heteronuclear species. Raman spectra and force constant 
calculations are in agreement with the crystallographic results. Also in agreement with this 
conclusion are the results of photoelectron spectra, which have been measured for a series of 
M—M quadruply bonded complexes.*?’ 

Attempts to prepare the octahalo anion [W2Cls]?~ were not successful until 1980, when a 
general procedure for the preparation of mixed halo—phosphine dimers was reported.** In this 
procedure WCl, is reduced with Na/Hg in the presence of a phosphine ligand, as depicted in 
equation (25). With PMes, if only one equivalent of reductant is used, the red crystalline 
[W2Cl.(PMes)4] is obtained. Treatment of this compound with an additional equivalent of 
reducing agent leads to [W2Cl,(PMes),].*” With the bidentate phosphines, dnipe and diphos, 
reaction (25) fails to give the desired products [W2Cl,(dmpe)2] and [W2Cl,(diphos).]. However, 
these can be obtained by treating [W2Cl,(PBu”),] with the bidentate ligands in toluene at 80 °C. 
With diphos, a green a isomer and a brown # isomer are formed in an analogous way to 
molybdenum. [W.2Cl,(dmpe).] and the green isomer [W2Cl,(diphos),] possess a centro- 
symmetric eclipsed structure as depicted in Figure 42. The f isomer is structurally similar to 
[Mo,Cl,(diphos),]**? and contains intramolecular diphos bridges. The tungsten compounds 
adopt a staggered conformation and thus can be considered to have a bond order of three." In 
contrast, the molybdenum analog has a torsional angle of 30°. This difference undoubtedly 
reflects a weaker 6 component in the W—W quadruple bond and therefore steric requirements 
are able to enforce a fully staggered conformation. 

WCl,+2Na/Hg+2L => 3[W.CLL.] L=PMe;, PMe,Ph, PMePh,, PBu3 (25) 

When the reduction of [W2Cl(THF),] is carried out at low temperature without the 

phosphine ligand, [W2Cl.]*~ is formed.*” Its structure reveals the expected eclipsed stereo- 
chemistry with a W—W bond length of 2.259 A.*! 
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Figure 42 The structure of [W>Cl,(dmpe),]*”” 

The complexes [W2Cl,L,] undergo a reversible one-electron oxidation. A comparison of the 

oxidation potential of analogous molybdenum and tungsten compounds clearly shows that the 

tungsten compounds are considerably easier to oxidize. This ease of oxidation is believed to be 

responsible for the fact that it is difficult, if not impossible, to obtain quadruply bonded 

tungsten compounds by synthetic procedures which are known for molybdenum.*” 
Chemical oxidation was also noted for [W2Cl,(PBu3),]. Treatment of [W.ClL(PBu3),4] with 

[Ag(MeCN),]* leads to the paramagnetic [W2Cl,(PBu3),4]*. Reaction of the butyl phosphine 

derivatives with acetic acid at 160°C in diglyme affords the trinuclear cluster (13) (see Section 

37.5.4.2), and with benzoic acid to give compound (31) having a W—W triple bond with a 

W—W distance of 2.423 A. 

[W.(u-H)(u-Cl)(PBus)2Cl,(O2CPh)2] 
(31) 

The ease of oxidation of the quadruply bonded tungsten dimers is also exemplified by the 
reaction of [W2(mhp),]}*“* or [W2(TFA).]°*? with HCl to give [W2Cl,]*-, which is also readily 
obtained from [W2Cl,]*~ even at —78°C. It is believed that these reactions proceed via the 
hydride intermediate [W2Cl,H]*~. 

Recently, it has been shown that the tetranuclear compound [W,Clg(PBu3)4}** can be 
prepared by Na/Hg reduction of [W2Cl,(THF)2(PBu3).]. The structure of this molecule is 
similar to that of [Mo,4Clg(PEts)4]°*° with W—W distances of 2.309 and 2.840 A along the edges 
of the rectangular cluster. 

The structures of several of the quadruply bonded tungsten dimers have been determined 
(Table 10) and in all cases the W—W bond length is significantly longer than those found in 
analogous molybdenum compounds. The crystallographic results coupled with theoretical,*° 
spectroscopic***34” and electrochemical*” studies clearly indicate that the W—W quadruple 
bond is indeed weaker than the Mo—Mo quadruple bond as was intuitively suggested originally 
by consideration of the core size of these two elements. 

Table 10 Quadruple Bond Distances Between W Atoms 

Compound W—wW (A) _ Ref. Compound W—w (A) _ Ref. 

Li,[W Me,]-4Et,O 2.264(1) 327 W.Cl,(PMe;3)4 2.262(1) 340 
Li,[W.Me,_,Cl,]:-4THF 2.263(2) 327 [W,Cl,(dmpe),]-:toluene 2.287(1) 340 
[W.(CgHg)3] 2.375(1) 329 [W,Cl,(dppe),]-3H,O 2.280(1) 340 

[W2(Chp)4 2.177(1) 289 
2(map),]‘THF 2.164(1) 331 Na,(TMEDA),[W,Cl,] 2.259(2 341 

[W,(dmhp),(Ph,NNNPh,)>] 2.169(1) -—«-289:~«Ss [W,(TFA),]-3dighgm oe 
[W.(TFA),]-2PPh, 2.242 333 
[W,(O,CC,H;)4-2THF 2.196 357 

eee 
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37.7.3. The Hexanuclear Clusters [WcXs]** 

The dihalides of W", WCl,, WBr2 and WI, are in reality the hexanuclear compounds W2X1> which contain the [W.Xg]** cluster (Figure 43). The metal atoms occupy the corners of an 
octahedron with a bridging halogen atom above each triangular face. The entire unit has full O, 
symmetry and it is connected to other units by halogen atoms (four per unit). There are two 
non-bridging halogen atoms per cluster. 

Figure 43 The [W,X,]** core 

WeClh2 and W.Bri2 are best prepared by disproportionation of the tetrachloride at about 
500°C or by reduction of WCl; and WBr; with aluminum in a temperature gradient.'°4 Wel, is 
obtained by fusion of WeCli2 with a large excess of a KI-Lil mixture at 550°C. As might be 
expected from the structures, the external halogens are readily replaceable by other halogens. 
Thus, [WeCls]Bra, [WeCls]I4, [WeBrs]Cl, and [W.Brg]F, have been prepared.*48349 The 
[WeXe]"* clusters also readily form complex anions of the type [WeXi4]” (X =Cl, Br, I) and 
[WeXs]¥- (X = Y= Cl, Br, I).* 

These clusters are fairly good reducing agents in aqueous solutions and are oxidized even by 
water.» They can also be oxidized by halogens at elevated temperatures. With W,Br,. the 
products are WeBry4, WeBris and WeBris.*°'*? In all these products, the W,Brg unit is oxidized 
by two electrons. Thus, W.Brj, is best formulated as [W.Brg|Bre while the others contain 
bridging Brj ions. The reaction of Cl, with W,Cl,. at 100°C leads to a product of 
stoichiometry WCl; which has been shown to contain the [WeCl,.]°* unit®°? isostructural with 
the Nb and Ta clusters. 

The [W.Xs]** clusters are diamagnetic and with the 24 available metal electrons there is a 
metal-metal bond of order one between each pair of tungsten atoms, in agreement with 
theoretical treatment of the electronic structure of these clusters.*°4> 

Recently, it has been shown that [WeCl,4]?~ is luminescent and that it undergoes a facile 
electrochemical oxidation at 1.14 V us. SCE. The resulting monoanion is a powerful oxidizing 
agent. 

37.8 COMPLEXES OF DINITROGEN 

Dinitrogen complexes of tungsten have been studied in great detail in relation to the function 
of nitrogenase. They show considerable versatility both with respect to reduction of the 
coordinated N> and in reactions leading to carbon—nitrogen bond formation. 

Dinitrogen complexes of tungsten were first reported in 1970.*°8 Na/Hg reduction of 
[WCl,(PMe2Ph),] and [WCl,(diphos),] in the presence of excess phosphine under dinitrogen 
led to the isolation of trans-[W(N2)2(diphos)2] and cis-[W(N2)2(PMe2Ph),]. The IR spectra of 
the trans compound show one band at 1953 cm™’ assigned to v(N2). The cis complex exhibits 
two such bands at 1931 and 1998 cm™!. Magnesium reduction of trans-[WCl,(PMePhz)2] under 
N; in the presence of excess ligand leads to trans-[W(N2)2(PMePhz)4].°°? The complex reacts 
with nitrogen donor ligands to give [W(N2)2(PMePh)3L] (L=py, 3-Mepy, 4-Mepy and 
4-(CO.H)py). It can also be oxidized to the monocation with FeCl;. Reaction of trans- 
[W(N2)2(PMePhz2),] with diphos gives the mixed phosphine complex 
[W(N2)2(PMePhz)2(diphos)]. The py-substituted complex exhibits only one v(N2) band in the 
IR indicating a trans configuration and a mer arrangement of the phosphine ligands. The 
reduction of [WCl,(PMe3)3] with dispersed sodium leads to cis-[W(N2)2(PMe3)4] which reacts 
with excess PMe; to give [W(N2)(PMes)s].°° When the reduction is performed under ethylene, 
trans-[W(C,H,)2(PMes)4] is obtained. The compound trans-[WCI(N2)(PMe3)4] is also known. 

Anionic dinitrogen complexes trans-[WX(N2)(diphos).]~ were prepared for X= NCS, CN 

COC3-GG 
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Figure 44 The structure of [{W(N,)2(PEt,Ph)3}2(u-N2)]; ethyl groups are omitted*? 

and N3. The effect of ligands L (uncharged) or X~ on the redox properties of trans-[W(L or 

X~)N,(diphos)] as well as the correlation of the redox properties with v(N2) have been 

determined. These properties were also correlated with the susceptibility of the complexes 

towards attack by electrophilic reagents.*” 
Recently it has been shown that magnesium reduction of trans-[WCl,(PEt2Ph)2] under N> in 

THF in the presence of excess ligand leads in low yield to complex (32) which contains both 

terminal and bridging dinitrogen ligands.*® Its structure is depicted in Figure 44. It has also 
been shown that cis-[W(N>2)2(PMe2Ph)4] reacts with AICI, in py to give (33) in which two units 

of [WClpy(PMe,Ph)3N,] are bridged by two AICI, moieties through the end nitrogen atoms.*™ 

[{W(N-)2(PEt,Ph)3}2(u-N2)] 
(32) 

[WXpy(PMe-Ph);(u3-N2)],(AICI,)2 (X = Cl, Br) 

(33) 

There are two types of interesting and important reactions involving the coordinated 
dinitrogen, its reduction to hydrazine and ammonia, and the reactions leading to carbon— 
nitrogen bond formation. 

37.8.1 Reduction of Coordinated Dinitrogen 

The protonation of coordinated dinitrogen in a tungsten complex was first observed in the 
reaction of trans-[W(N2)2(diphos)2] with HCl as depicted in equation (26).*® In the resulting 
complex, one chloride ligand is labile, and in the presence of BPhy [WCl(diphos),N,H2]BPh, is 
obtained. The N2H» group can coordinate to the metal as a diazene (W—NH=NH) or as a 
hydrazido(2—) (W—=N—NH.) group. Spectroscopic data suggest that in the parent complex the 
N2H, ligand is coordinated as a diazene, whereas in the cationic complex it coordinates as a 
hydrazido(2—) group. The stabilization of diazene by coordination to a tungsten carbonyl 
complex has been noted.*° 

[W(N.)2(diphos)] ““> [WCI,(diphos)(N2H,)] + N2 (26) 

Crystal structure analysis of [WCl(diphos),(N2H2)]BPh,°® clearly shows that the NH, ligand 
is indeed coordinated as a hydrazido(2—) group. The W—N—N linkage is linear with W—N 
and N—N distances of 1.73 and 1.37 A respectively. The short W—N distance clearly suggests 
a considerable multiple bond character to the W—N bond. 

Treatment of [W(N2)2(diphos)2] with two equivalents of HCl gives the hydrido complex 
[WH(N2)2(diphos).} HCl), which in refluxing methanol yields the dihydride of W'Y 
[WH,Cl,(diphos),].°°° Treatment of [WX.(diphos).(N2H2)] (X=Cl, Br) with NaBH, in 
ethanol, or irradiation of the dinitrogen complex under H, atmosphere leads to the 
tetrahydrido complex [WH,(diphos)].?”° 
Deprotonation of [WX,(diphos)2(N2H2)] and [WF(diphos),(N2H>)]* with Etz3N or aqueous 

K,CO3; under N2 yields [WxX(diphos),(N2H)].°7! The aie. diactnnae BR i 
(W=N=N==f1) are characterized by a strong IR band at 1890 cm~* assigned to v(N—N). This 
reaction can be reversed by an acid. The diazenido group is formally analogous to NO and thus 
the complex reacts smoothly with NO to give [WX(NO)(diphos),] (X =F, Cl, Br).37! 
Ammonia is produced in good yield from dinitrogen complexes containing monodentate 
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phosphine ligands.*” Thus, treatment of cis-[W(N2)2(PMe,Ph),] or trans-[W(N2)2(PMePh2)4] 
with H2SO, in methanol gives approximately 1.9 moles of NH; per gram-atom of tungsten. The 
fact that hydrazine is a minor product in these reactions indicates that ammonia is formed by 
splitting of the N—N bond.*” The amount of hydrazine can be increased if, prior to the 
addition of H2SO,, trans-[W(N2)2(PMePh.),] is treated with anhydrous HCl to produce the 
hydrazido(1—) complex [WCl;(PMePh,).(NHNH,)]. Thus it appears that hydrazine production 
depends on the formation of the W—NHNH, moiety.?7 

The reaction of [WBr2(PMe2Ph)3(NNH2)] with one equivalent of HCl gas in DME affords 
[WCIBr.(PMe.Ph)3(N2H3)], which on acid treatment produces hydrazine in preference to 
ammonia. The complex has one labile halide, and its correct formulation as 
[WCIBr(PMe,Ph)3(N2H3)]Br has been established by crystal structure analysis. The linear 
W—N—N linkage indicates that the N2H; group is bonded to the metal as W—_N—NH,; rather 
than as W—NH—NH).*” It has also been shown that cis-[W(N2).(PMe2Ph),] reacts with 
excess HCI to give hydrazine in moderate yield.*”° [WBr,(PMe,Ph)3;(NNH;)] reacts with one 
equivalent of HCl to give the hydrido, hydrazido(2—) complex (34). It reacts with NaBPh, to 
give a novel diazenido complex (35) with an N—B bond.2’ 

[WHCIBr(PMe,Ph),(NNH,)]Br [WHCIBr(PMe,Ph);(NN(H)BPh,)] 
(34) (35) 

37.8.2 Reactions Leading to Carbon—Nitrogen Bond Formation 

The reactions of trans-[W(N2)2(diphos)2] with acid chloride in the presence of HCI were the 
first reported in which a stable dinitrogen complex was converted to an organonitrogen 
compound.*’° The products, [WCl,(diphos),(NzHCOR)] (R= Me, Et, Ph, p-MeOC,H,), are 
pink diamagnetic complexes that have no v(N2) stretching bands in their IR spectra. In the 
presence of a base such as Et3N these compounds lose HCI to give the diamagnetic complexes 
[WCl(diphos).(NxCOR)] in which the azo ligand is also coordinated through the carbonyl 
oxygen. The reaction can be reversed by addition of HCl. [WCl(diphos),(N2H.)}>® and 
[WX(diphos),(N2H)] react in an analogous way with MeCOCX to give 
[WX.(diphos),(N2HCOMe)] (X = Cl, Br).37! 

Visible light irradiation of a benzene solution containing alkyl bromides and trans- 
[W(N2)2(diphos)] produces the alkylated complexes [WBr(diphos),(N2R)] (R=Me, Et, 
Bu').*’”°’> These can be protonated to give complexes containing the (W—=N—NHR) unit. 
[WBr(diphos).(N2HMe)] can also be obtained from the reaction of [WBr(diphos),(N2H)] with 
MeBr.*”’ When the irradiation is carried out in THF rather than in benzene?” the 
w-diazobutanol compound (36) is obtained. Crystal structure analysis is consistent with this 
hydrazido(2—) formulation. The W—N—N linkage is linear and the W—N and N—N distances 
are 1.778 and 1.306 A respectively. In the PFz salt these distances are 1.772 and 1.32 A. 
Several structures of complexes containing the W—=N—NHR or W—=N—N=CR, groups have 
been determined. They are all similar in that the W—N—N linkage is linear with a short W—N 
distance suggesting a considerable multiple bond character to the W—N bond. It should be 
noted that although there are small differences in the W—N and N—N bond lengths in these 
structures, the trend expected is usually that observed, namely, the lengthening of the W—N 
bond is accompanied by the shortening of the N—N bond.”°?7°° 

[WBr(diphos),(N—N—=CH(CH,);0H)]Br 

(36) 

The reactions of [W(N2)2(diphos)2] with RBr are clearly catalyzed by visible light. The 
homolytic fission of the R—Br bond that takes place at the metal center*®’ is preceded by the 
loss of one Nz molecule. The resulting C—N bond is formed by an alkyl radical attack on the 
remaining coordinated dinitrogen. Product distribution in these photocatalyzed reactions 
depends on the solvent and the stability of the free radical.**"**’ This mechanism is strongly 
supported by flash photolysis experiments.°” When gem-dibromides are used in the photo- 
catalyzed reaction, diazoalkanes are produced. With CH,Br2 for example, the diazomethane 
complex [WBr(diphos)(N2CHz)]Br is obtained.** More recently it has been shown that some 
of the diazoalkanes do not react with protonic acids, but that the unique carbon atom is 
attacked by nucleophiles such as MeLi to yield diazenido complexes.*™ 

The reaction of [WBr(diphos),(N2H2)|* and (Ph2I)CI in the two phase system CHCl3— 

aqueous K,CO,; leads to [WBr(diphos),(NN=CCl,)]*, which reacts with a variety of 
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nucleophiles to give novel organonitrogen ligands. It reacts with MeNH2, for example, to give 

[WBr(diphos),{N—N=C(NHMe)}.]* and with F~ to give [WBr(diphos),(N—N—CF;)]. 

[WBr(diphos),(N2H2)]* also reacts with cyanoalkenes to give vinyldiazenido complexes or, 

after loss of the hydrazido(2—) ligand, to form nitrile-derived methylene amino complexes.” 

Hydrazido(2—) and hydrazido(1—) complexes have also been shown to condense with 

aldehydes and ketones to give diazoalkane complexes containing the W=N—N—CR;R2 

unit.2°788 Treatment of these complexes with LiAIH, gives secondary amines and ammonia, 

whereas treatment with acid produces hydrazine, keto azines and N>-free tungsten compounds. 

Amines can also be produced from organohydrazido(2—) complexes.*°°°”° 

37.9 NITROSYL COMPLEXES 

Nitrosyl complexes of tungsten were first prepared in 1964 by reaction of W(CO). with 
nitrosyl ‘chloride in an inert atmosphere. [W(NO),Cl], is a dark green hygroscopic, 
air-sensitive material, soluble only in coordinating solvents.*?’ The analogous [W(NO)2Br],, 
can be prepared by using NOBr*” or by the reaction of NOBr with [W2(CO)gCl,].*”° 

[W(NO),Cl], reacts with a variety of ligands to form octahedral complexes of the type 
[W(NO),CI,L,] (L = PPh3, AsPh3, py, MeCs5H4NH2, Cs5H,;NH2, Ph3PO).*”'*” The IR spectra 
of these derivatives consist of two v(NO) bands around 1750 and 1650cm~’, indicating a cis 
dinitrosyl arrangement. The positions of these bands suggests the NO* formulation and thus 
formally can be considered as octahedral complexes of W". With the bidentate dimethyldithio- 
carbamate ligand, [W(NO).Br,], gives cis-[W(NO)2(SsCNMe>)2].?”4 

Several nitrosyl complexes have been prepared by the reaction of nitrosyl chloride with 
anionic carbonyls. Thus, [W(CO)sCl]~ reacts with NOCI*” to give [W(CO)4(NO)Cl] while 
[W(NO)CLL] and [W(NO),CIL] (L = RB(P,)3) were prepared from [LW(CO)3]~ with variable 
amounts of NOCI.*”° [W2(CO)gCl,] also reacts with NOCI to give in addition to [W(NO),Ch], 
the mononitrosyl [W(NO)Cl}? which exhibits only one v(NO) bond at 1590 cm7!. 
WC, or WCl,; reacts with NO in benzene to give red air-sensitive material which reacts with 

phosphine ligands to give [WCI;(NO)(OPR3;)2] (PR3;=PPh3, PMePh:, PEtPh,).*” 
[WCl;(NO)(OPPhs)2] can also be obtained from [W(CO),4(PPh3)2] and NOCI.°** Careful choice 
of reaction conditions also gives the [WCl;(NO)L,] compounds with L = PMePh>, PEtPh, and 
py.°”’ The mononitrosyl complexes [WX(NO)(diphos)] (X = Cl, Br) are also known.*”! 

Cationic nitrosyl complexes have also been prepared. The reaction of [W(CO)3(MeCN)s3] 
with NOPF, in acetonitrile affords cis-[W(NO)2(CO)(MeCN)s3] (PFs)2 which exhibit two v(NO) 
IR bands at 1867 and 1775cm™'. The proton NMR spectra consists of two bands of relative 
intensities of 2:1 consistent with both mer and fac arrangement of the MeCN ligands.** 
cis-[W(NO)2(CO)(MeCN);]** reacts with NaS,CNEt, to give the known cis- 
[W(NO).(S2CNEt2)2] and with acac in the presence of base to give cis-[W(NO)2(acac).].°™4 

The reaction of [W(CO),4(diphos)] with NOPF, gives [W(CO)3(NO)(diphos)|PF..° It reacts 
with halides and dithiocarbamates to yield [W(CO).(NO)(diphos)X] (X=Cl, Br, I) and 
[W(CO)(NO)(diphos)(S,CNR2] (R=Me, Et). Spectroscopic data suggest that in the last 
compound the CO and NO ligands are cis to one another. Similar complexes can also be 
obtained with other bidentate ligands.°*”* 

Treatment of [W(NO),Cl], with AgBF, in MeCN leads to cis-[W(NO)2(MeCN),](BF,)2. 
NMR measurements have shown that this complex undergoes stereospecific exchange of 
coordinated MeCN via a dissociative pathway. The two labile MeCN groups are those trans to 
the nitrosyl ligands.*” 

Anionic nitrosyl complexes were prepared by the reaction of [W(NO) Ch], with Ph,AsCl,?% 
and Ph4PBr. [W(NO).ClJ’~ and [W(NO),CI,Br2]*~ are green materials with cis dinitrosyl 
arrangement. They react with dithiolene type ligands to give cis-[W(NO).(L-L),)?~ (L- 
L=mnt, i-mnt, tbd).*°° The two IR bands associated with v(NO) decrease in the order 
dtc > mnt >i-mnt > tbd. This trend has been rationalized in terms of the effects of charge and 
x acceptor ability of the various dithiolene ligands. 

37.10 HYDRIDO COMPLEXES 

Transition metal hydrides are clearly an important class of metal complexes, and a number of 
books and review articles have appeared during the last 15 years. Hydrido complexes of 
tungsten contain in addition to the hydride such ligands as CsHs, phosphine, NO and CO. 
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With phosphine ligands, complexes with a different number of hydrides are known. [WH4L4] 
(L= PMe,Ph, PMePh2) were first prepared by the reaction of [WCl,L,] with NaBH, in 
alcoholic solutions in the presence of excess phosphine.“! The crystal structures of 
[WH,(PEtPh.),] and [WH,{P(OPr')3}4]*” have been determined. These are all yellow air-stable 
materials, and exhibit a complex IR spectrum in the 1700-1850 cm™! region associated with 
v(WH). The proton NMR spectrum of [WH,(PMePh,),] at room temperature is consistent 
with a rigid structure. A fluxional behavior develops above 50°C. [WH,(PMePh),] behaves 
similarly.“ With other phosphines the same fluxional behavior is observed in solution.“ An 
intramolecular rearrangement pathway has been suggested to explain this behavior. With the 
diphos ligand, [WH.(diphos),] is obtained by the reaction of [WX.(diphos).(N2H)] (X = Cl, 
Br) with NaBH,.°% 

Complexes containing the WH; and WH. moieties are also known.*  trans- 
[WX,(PMe,Ph).] (X=Cl, Br) complexes react with NaBH, in ethanol to give 
[WH,(PMe2Ph)3]. NMR measurements show that the six hydrides are coupled equally to all 
three phosphorus nuclei. A reasonable structure for this complex is a trigonal prism of 
hydrogen atoms with phosphorus donor atoms capping the square faces of the prism.*? 

Hydrogenolysis of [WMe.] in the presence of phosphine ligands leads to different hydrido 
complexes depending on the size of the phosphine ligands. Thus, while PMe2Ph gives primarily 
[WH,L,], with the more bulky PPr3Ph and PPr} ligands [WH¢Ls] is obtained. [WH,.(PPr5Ph)3] 
has been shown by *4P NMR and X-ray diffraction to have approximately C,, symmetry in the 
solid and in solution.*” 

The pentahydrido complex [WH;(PMePhz),]* is obtained*°° from the reaction of 
[WH,(PMePhz),] with acids such as HBF,, HPF, and TFA. The isolated salt with TFA, loses 
hydrogen on melting to give the dihydride [WH2(TFA)2(PMePh2)3]. The dihydride 
[WH.CL(diphos),] is also known.°” 

The photolysis of a hexane solution of [WL¢] (L = P(OMe)3) in an atmosphere of Hz yields a 
mixture of [WH,Ls] and [WH,L,].*”” 

Several monohydrido complexes have also been prepared. Treatment of cis-[W(CO)2(dpm)»] 
with O,/HCIO, yields trans-[WH(CO).dpm).]* which is believed to be seven-coordinate with 
the capped octahedral geometry.*°* Similar complexes with other bidentate phosphine ligands 

are also known.*°?4!° The preparation of [WH(Nz2)2(diphos)2]* and [WH(CNR),(diphos),]* 
have been reported.°°*!! Although [WH{(N2)2(diphos).]* has a pentagonal bipyramid 
geometry in the solid state, with the hydride ligand in the pentagonal plane, NMR data are 

compatible with both the pentagonal bipyramid and capped octahedron structures in 

solution.*"* 
Recently it has been shown that Na/Hg reduction of [WCl,(PMes)3] under H2 gives the 

dihydride [WH,Cl,(PMes)4] and that the reaction of [WCl,(PMes)4] with methanol in THF 

leads to the same product.*” 
Finally, it should be mentioned that several u-hydrido-bridged tungsten carbonyl and mixed 

carbonyl nitrosyl complexes are known. When only one bridging hydride is present the 

W—H—W bond is always bent.*? Bridging hydrides are also found together with other 

bridging groups in several tungsten complexes. For example, the reduction of [W2Cl,(PMes)a] 

in THF with Na/Hg leads to a species which is best formulated as AOU aL 

PMe,)(PMe;);]. This complex is described as a W"—W'Y dimer (W—W distance = 2.588 A) 

with four terminal hydrido ligands and one bridging hydride.*™ 
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Hexavalent molybdenum and tungsten, pentavalent vanadium and, to a more limited extent, 
niobium and tantalum form a very large number of polyoxoanions (‘heteropolyanions’ such as 
[PW120.0]*— and ‘isopolyanions’ such as [Mo7O>,]*).*” Unlike the polyoxoanions of the post 
transition elements the heteropolyanions for the most part are discrete, compact species of high 

1023 
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symmetry and low basicity. Salts and free acids of heteropolyanions are usually highly soluble 
in water and other solvents. Their extensive acid—base and oxidation—reduction chemistry, and 
their structures, which resemble fragments of close-packed metal oxide lattices, make 
heteropolyanions attractive as potential (and actual) catalysts.* Other demonstrated applica- 
tions of heteropolyanions include their use as analytical reagents, electron microscope stains, 
and antiviral and antitumoral agents. 
Why should the early transition metals form so many polyoxoanions? The answer lies in the 

size of the M***+ cations and their -acceptor properties.’* The effective ionic radii of V°* 
(0.68 A), Mot (0.77A) and W°* (0.74 A) are consistent with the observation that these 
cations adopt four-, five- and six-fold coordination by oxide ion. With very few exceptions V, 
Mo and W atoms in heteropolyanions are six-coordinate. On the other hand Cr°* (0.58 A) has 
a maximum coordination number of four in oxides and oxoanions. Few isopoly- and 
heteropoly-chromates are known and they are all based on groups of corner-shared CrO, 
tetrahedra: [Cr,0,]?~ 5 [Cr300]?~ ; [Cr,0,3]?- Ps [O3;SOCrO3]?— ; [OIOCrO3]~ ’ 

[HOAs(OCrO3)3]?~, etc. These species bear little similarity to the other heteropolyanions of 
Groups 5a and 6a, and, with the exception of the dichromate anion, have a limited or 
nonexistent solution chemistry. Several post transition elements have ionic radii similar to 
those of Mo®t and W°+: Ge** (0.67 A), Sb°* (0.74 A), Te®* (0.70 A) and I’* (0.67 A). The 
polyoxoanions of these elements are quite unlike the molybdates and tungstates and are often 
polymeric chains and networks of XO, octahedra. The typical bond lengths found in oxoanions 
of Mo*t and I’*, shown in Figure 1, reveal the essential difference between transition and post 
transition cations. Note that Mo**, by virtue of its accessible vacant d orbitals, forms stronger 
(shorter) bonds with terminal oxygen atoms than does I’*. The greater bond order of the 
Mo—O bonds reduces the basicity of the oxygen atoms that lie on the exterior of the 
heteropolyanion. The consequent low charge density on the polyanion surface minimizes 
protonation, cation binding (insolubility) and further polymerization. Some years ago 
Lipscomb® speculated that the structures of heteropolyanions might be limited to those in 
which each MO, octahedron has no more than two unshared vertices. At present, no structure 
has been found that contradicts Lipscomb’s proposal, and it is a simple matter to rationalize 
this. In view of the large trans influence of the M—O(terminal) bonds, see Figure 1, an MO, 
octahedron with three terminal oxygens would be attached to the remainder of the polyanion 
structure by three long, and therefore weak, bonds. It seems probable that such a polyanion 
would be readily susceptible to the loss of the MO, octahedron either directly as a neutral MO; 
group or hydrolytically as HOMO; . 

O, O, O, 

Oe. j1.68.0 OA Set Hs 

Oo 0 @) 
ce O~ [20 Oo 220 =—N~_ pao, 

O O O 

Mo,025 CrMo,02,He- Mo,O,(edta)*~ 

oO, O, O, 
HO_ tae O_ 800, HO_ [850, 

HO |187OH o~ boro oO b3ss0H 
OH O OH 

H.IO, Co,1,0,,H3; H102- 

Figure 1 Comparison of the trans influence of terminal oxide ligands in octahedral complexes of Mo** and I’+ 

Much synthetic and descriptive chemistry of heteropolyanions dates from 1860-1920 when 
the terms ‘isopoly acid’ and ‘heteropoly acid’ were introduced. Reviews of the early work are 
available’ and they provide much valuable, if descriptive, information. In the following sections 
we shall discuss the chemistry of isopolyanions (general formula: [M,,O,}?~) as well as that of 
heteropolyanions ([X,M,,O,]?~; x <m). Excluded from consideration here are substances with 
similar formula that are the result of high temperature solid state or melt reactions and which 
are polymeric mixed oxides with no defined solution chemistry. 
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38.2 ISOPOLYANIONS 

38.2.1 General 

The chemistry of isopolyanions has to a large extent developed from the study of hydrolytic 
equilibria in aqueous solution (equation 1). The stoichiometry and equilibrium constants for 
such reactions are generally evaluated from precise EMF measurements (i.e. of the hydrogen 
ion concentration as a function of metal ion concentration and added acid or base). 
Measurements of this kind, pioneered by Sillén and his school,’ have to be made with 
extraordinary precision, to permit distinction between the large number of species that are 
often present in polyanion solutions. Even when all experimental difficulties (attainment of 
equilibrium, liquid junction potentials, etc.) appear to have been overcome or allowed for, the 
EMF method has other limitations. An equilibrium such as equation (1) is defined only by the 
values of p and q; the number of oxygen atoms in the isopolyanion cannot be determined. For 
example, the species [H2V30,0]*> and [V30.]>~ cannot be distinguished. Furthermore, it is 
becoming clear that factors such as the nature of the counterions and the ionic strength can 
have significant effects upon polyanion equilibria. In general, investigations have been made at 
one ionic strength, and the possibilities of specific counterion binding (as observed in some 
heteropolyanion systems) have not always been excluded. 

pH* + q{MO,]"~ = [H.M,O,]"~ ag (4q a y)H,0 (1) 

Virtually every experimental chemical technique that can be applied to solutions has at one 
time or another been used for the investigation of isopolyanions. The often conflicting results 
that pervade the literature are caused by the investigators’ failure (a) to appreciate the 
complexity of the equilibria and kinetics involved and (b) realistically to assess the 
experimental limitations of the technique used. Clearly, there is no one experimental method 
that can reveal the complete story, and the literature must therefore be read extremely 
critically. 

Although aqueous hydrolytic equilibria such as equation (1) provide an overall framework 
for the discussion of isopolyanions, several species have been synthesized in nonaqueous 
media, and are unstable in water. Other isopolyanions that are crystallized from aqueous 
solution, may be incongruently soluble and have polymeric structures. It will, however, prove - 
to be convenient to treat all isopolyanions as though they were derived by equation (1), and 
characterize each by its ‘acidity’, Z (=p/q). Note that Z for a specific anion is not necessarily 
equal to the value of p/q for the solution from which the anion was crystallized.’° 

38.2.2 Isopolyvanadates 

38.2.2.1 Aqueous solutions 

Vanadium(V) oxide is amphoteric, dissolving in alkali to give salts of tetrahedral VOz- 

anion, and in acid to give VO}. The latter cation is almost certainly cis-[VO2(H2O),]*, as in 
[VO.(ox)]?>- and [VO,(edta)]>~ (ox=oxalate dianion; edta = ethylenediamine tetraacetate 
tetraanion). All dioxo complexes of d° metals have cis configurations, an arrangement that 

maximizes dx—pz interactions. 
Salts of the orthovanadate anion are frequently isomorphous with the analogous phosphates 

and arsenates, e.g. Na3XO,:12H20. In dilute solutions, ca. 10-5 M, the protonation equilibria 

parallel those of POZ~ but with pK values that are greater by 1-2 units (see Table 1). In 

solutions more concentrated than 10~*M, a multitude of isopolyvanadates is formed. These 

may roughly be divided into colorless species that predominate above pH 6-7, and orange 

species in the range pH 2-6. Interconversion between colorless and orange polyanions is 

kinetically controlled, and equilibrium EMF measurements become unreliable in the region 

where both types of polyanion exist. The distribution of isopolyvanadate species according to 

the ‘best’ fit of potentiometric data for pH 6-14 is shown in Figure 2 for [V ]rotaa = 1.0 and 

10-3 M."! These conclusions are supported by high field **V and “YO NMR spectroscopy. The 

predominant polyanions are listed in Table 2. The di- and noncyclic tri-vanadates are presumed 

to be analogous to the corresponding phosphates, and their protonation constants (Table 1) are 

consistent with this. NMR spectroscopy indicates the presence of traces of linear tetramer also. 

The divanadate anion has been structurally characterized in several salts, e.g. CayV2O72H,O 
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Table 1 Comparison of Protonation Constants for 

Phosphates and Vanadates* 

log K, log Kz log K3 

[vo,)>- 13.95 7.8 3.8 
[PO,}— 12.0 6.5 es 
1V;0,)'% 9.73 8.78 
POs: 8.0 5.8 
[V3O.0}° 9.39 7.4(?) 
Paucar = iS 5.2 

“In 0.5M Na(Cl); 25°C (K.H. Tytko and J. Mehmke, Z. 
Anorg. Allg. Chem., 1983, 503, 67). 

-6 -I4 -l2 -10 -8 -6 

log Cy+ 

2 Distribution diagrams for vanadate(V) species in aqueous solution at 25°C and 4 =0.5M Na(Cl). Curves 
are labelled with the values of p, q for each anion (see Table 2) (reprinted with permission from K. H. Tytko and J. 

Mehmke, Z. Anorg. Allg. Chem., 1983, 503, 67) 

Table 2 Major Oxovanadium(V) Species in Aqueous Solution* 

Formula Pq log B,,q° 6(°?V) (p.p.m.)° 6('70) (p.p.m.)* 

[vo,]}*— 0,1 — —541.2 +565 
[HVO,]?— 14 13.95 —538.8 +573 
[H,VO,] 21 21.72 —560.4 
Oe pay 28.46 —561.0 +405, +695 
[HV,0,}>— 3;2 38.00 —563.5 
[H,V207] 4,2 46.89 —572.7 
[V30i0} 4,3 53.96 —556.3, -590.4 +438, +721, +852 
HV30,0]*— 5.3 63.36 ca. —570 
VOcl 8, 4 97.39 —577.6 +472, +928 
iVi08= 10, 5 121.77 —586.0 +472, +928 

oOsel. 24,10 276.01 e f 
10026) 25, 10 d e f 

[HV Or] 26, 10 d e f 
vo,]* 4,1 28.7 —545 

* Minor components provisionally identified by “Vv NMR include linear [ViGET [HV,0,,]°, 
[H2V40,3] ~,[VsOj6] and cyclic [VeOie]° - 
Equilibrium constant for equation (1), 4 =0.5M Na(Cl) 25°C (K. H. Tytko and J. Mehmke, Z. 

Anorg. Allg. Chem., 1983, 503, 67). 
°E. Heath and O. W. Howarth, J. Chem. Soc., Dalton Trans., 1981, 1105; S. E. O’Donnell and M. T. 
Pope, J. Chem. Soc., Dalton Trans. 5 1976, 2290. 
* Protonation constants for [Vi0O28]” in 1.0M NaClO,, 25°C; log K, 5.8; log K, 3.6 (F. J. C. Rossotti 
and H. S. Rossotti, Acta Chem. Scand., 1956, 10, 957). 

“pH dependent 6, —421, —496, —512 (pH6.5) (M. A. Habayeb and O. E. Hileman, Jr., Can. J. 
Chem., 1980, 58, 2255). 
‘pH dependent 6, +62, 406, 766, 780, 893, 1143 (pH 6.0) (W. G. Klemperer and W. Shum, J. Am. 
Chem. Soc., 1977, 99, 3544). 
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with V—O(terminal) 1.69 A, V—O(bridging) 1.80 A and (VOV, 139°. No structures contain- 
ing [V3O,0]?~ have yet been reported. 

The cyclic tetramer and pentamer are the major constituents of so-called ‘metavanadate’ 
solutions (pH 6.5—8) but the only salts that have so far been crystallized from such solutions 
contain polymeric anions. Typical structures of metavanadates are (a) infinite chains of 
comer-shared VO, tetrahedra (KVO3, a-NaVO;3, NH,VO3, CsVO3;), and (b) chains of 
edge-shared distorted VO; trigonal bipyramids (KVO3-H.O, NaVO;-1.89H,O, 
Ca(VO3)2:2H20, Sr(VO3)2-4H2O).* The cyclic tetrameric anion has been structurally charac- 
terized in (BuZN)3HV,O,2, which was prepared by dissolving VO; in alcoholic Bu3NOH.” 
The Raman spectrum of this salt is similar to that of an aqueous metavanadate solution. Earlier 
UV and potentiometric measurements had suggested the presence of a trimer in metavanadate 
solutions, either cyclic [V3O.]*~ or linear [H2V30,0]*-. There is no compelling evidence for 
significant quantities of such a species according to later measurements. The °*'V NMR data 
indicate that traces of a cyclic hexamer may be present and that this could be a precursor to the 
orange decavanadates. 

The decavanadates (Table 2) were first convincingly identified from potentiometric investiga- 
tions of alkalinized VOz solutions, since the metavanadate—decavanadate equilibria are 

established very slowly and involve NMR-detectable intermediates. The structure of the 
decavanadate anion has been established by several X-ray investigations and is shown in Figure 
3.14 The anion consists of an arrangement of 10 edge-shared VO, octahedra with D,, symmetry. 
The octahedra are distorted in order to maintain approximate valence balance at terminal and 
bridging oxygens and bond lengths range from 1.60 A for V—O(terminal) to 2.32 A for 
V—O(central). The °*'V NMR spectrum of the anion in solution has three lines in the ratio 
1:2:2 and is consistent with the solid state structure. Both °'V and '7O NMR have been used 
to determine the protonation sites of [VioO2s]®, with different conclusions. The crystal 
structure of tetrakis(4-ethylpyridinium )dihydrogen decavanadate reveals protonation at yet a 
third type of oxygen atom.’ The kinetics of decomposition of decavanadate by acid and alkali 
have been investigated,’© and '*O exchange between water and the polyanion occurs with a 
half-life of ca. 15h at 25°C and pH 4-6.3.'” A mechanism to account for the exchange and for 
the alkaline degradation has been proposed. 

Figure 3. The structure of [Vj9O28]°” anion shown as an arrangement of VO, octahedra 

38.2.2.2 Other isopolyvanadates 

(i) Polymeric anions 

The polymeric metavanadate anions have been described above. Upon warming or ageing 

solutions that contain the decavanadate ion, it is possible to precipitate salts of the dark red 

‘trivanadate’ anion, MV30g (M=NH,, K, Rb, Cs). The formula is sometimes written as 

M>V,O;6, and the salts called ‘hexavanadates’ in the literature. Potassium and cesium 

trivanadate contain infinite buckled layers of distorted VOs; and VOz polyhedra.” Another 

layer structure is found in yellow K3V50,4 which also is deposited from aqueous solution. The 

[V;O,4]?*_ anion is composed of layers of corner-shared VO, tetrahedra and VOs; square 

pyramids.” 
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(ii) Polyvanadates containing vanadium(IV ) 

Vanadium(IV) oxide, like V.Os, is amphoteric and dissolves in alkali to yield brown, easily 

oxidizable solutions. Salts obtained from these solutions were originally formulated as 

M.,V,0o:nH,O but were later shown to have the empirical formula, M.V307:nH,0O. The 

structure of the potassium salt reveals the anion [V:gO42]'?" consisting of an almost spherical 

arrangement of edge- and corner-shared VO; square pyramids with axial V—O bonds directed 

outwards (see Figure 4).”° The anion is stable in solution between pH9 and 13, and is 

paramagnetic with about eight free spins at 22°C. Dilute solutions of VO) in alkali appear to 

contain [VO(OH);]~ according to ESR spectroscopy. In strongly basic solution (greater than 

1M OH7) vanadate(IV) disproportionates into vanadium(III) and vanadium(V). 

4 The structure of [V,,0,,]'?” anion. The central cavity has a radius of 4.5 A and is fractionally occupied by 842 y 
K* or H,O in the crystal 

Several mixed-valence polyvanadates(IV, V) are reported in the literature. Almost without 
exception the anions have been formulated as decavanadates, often with no real justification. 
Thus Ostrowetsky”’ reported the existence of six anions in the pH range 4—6.5. The anions 
were given formulas such as [V5”’V}O2.H]*~ and contained V'Y: VY ratios ranging from 2:8 to 
7:3. More recently Johnson isolated, from similar solutions, salts of a blue-violet anion 
[VI’V¥3O40H]® and determined its structure.*° The anion has a structure of virtual C; 
symmetry composed of 18 VO, polyhedra (tetrahedra, octahedra and square pyramids) 
surrounding a central VO, tetrahedron. The valence stoichiometry of the anion varies from one 
preparation to another (V'V: VY = 5:14-7:12), and given that Johnson’s formula is approxi- 
mately twice those reported by Ostrowetsky, it seems likely that some of Ostrowetsky’s 
complexes are similarly constituted. 

Salts of the deep violet anion [V”V¥O2.]*" have been obtained adventitiously from 
nonaqueous media. The crystal structure of the tetramethylammonium salt shows an anion of 
virtual Ss symmetry composed of a ring of eight corner-shared VYO, tetrahedra capped on 
either side by V'YO; square pyramids.” The polymeric anion in K,V3Ox, which is obtained 
from aqueous solution, has a structure comprising V'YO; square pyramids linked to 
ditetrahedral VO, units. The salt (NH4)2V30s-O.5H2O, prepared by homogeneous acidifica- 
tion of thiovanadate solutions,” probably has the same anion. 

38.2.3 Isopolyniobates 

Aqueous niobate solutions contain the hexaniobate anion, [H,Nb.O,9]®-*-, throughout 
most of the accessible pH range (above ca. pH7). Normal and acid salts of [Nb¢Q,9]*- may be 
crystallized from aqueous solutions that are generally prepared by dissolution of freshly 
precipitated Nb2Os in alkali. The structure of the anion, in crystals of NayHNb,Oj9:15H,O, is 
shown in Figure 5. As in the decavanadate structure, the metal atoms are displaced towards the 
unshared oxygen atoms. The Nb—O bond lengths are 1.75-1.78 A (terminal), 1.970-2.056 A 
(bridging) and 2.371-2.386 A (central).* That the same structure persists in aqueous solutions 
of sodium and potassium salts is strongly supported by ultracentrifugation, light scattering, 
Raman spectroscopy and ‘70 NMR. Vibrational spectra of the crystalline potassium salt have 
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been subjected to normal coordinate analysis. The successive protonation constants (log K) fi [NbgO,9]°~ in 1M KCl are 12.3(1), 10.94(5) and 9°71(2).> ‘ Santer (Os Bases 

Figure 5 The structure of [Nb,O,,]*” in bond, polyhedral and space-filling representations 

On the basis of Raman and UV spectroscopy it has been suggested that [NbsO.9]*~_ is 
degraded into tetrameric and monomeric species in 1-12 M KOH.” Acidification of niobate 
solutions in the presence of NMejZ or NEt? ion is said to lead to an Nb species. The latter may 
well be a decaniobate since hydrolysis of a methanolic solution of Nb(OEt); with aqueous 
NMe,OH and NaOH yields (NMe,)¢Nb;9023-6H2O and (NMe«)4NazNbi0O28'8H20-0.5MeOH. 
The structures of both salts have been determined.”’ The [NbioO23]® anion is exactly 
analogous to [V9O23]® (Figure 3). 

38.2.4 Isopolytantalates 

The only well-established isopolytantalate is [TagO,9]*-, isostructural with the corresponding 
niobate. The bond lengths in K4Na.H2Ta,O9°2H,O are Ta—O(terminal), 1.786—1.817; 
Ta—O(bridging), 1.976-2.012; Ta—O(central), 2.356-2.426 A.78 Hexatantalate solutions have 
been examined by ultracentrifugation, light scattering, Raman spectroscopy and ‘70 NMR. 
Normal coordinate analysis of vibrational spectra reveal that the force constant for the Ta—O 
stretch is about 8% larger than for No—O. Oxygen exchange between water and [Ta,O,9]*~ is 
much slower than that for [Nb,Oj9]®~ and occurs more rapidly at the terminal oxygen atoms, 
according to ‘70 NMR.” Protonation constants (log K) of 12.68, 10.81 and 9.28 in 1.0M KCl 
have been reported and are similar to those of [NbsQ,9]*~. 

Solvolysis of Ta(OEt); with 85% HO, in the presence of Bu'NH) leads to a product 
formulated as a dodecatantalate derivative, (BuNH3)5HsTa;2017(O2)20:21H2O.*° Ultracentri- 
fugation of an aqueous solution of this material shows two molecular weight fractions, one 
corresponding approximately to a Taj. species and the other to [TasQj.]*". As the solution 
ages, the proportion of the heavier solute species decreases. 

38.2.5 Isopolymolybdates 

Salts of about a dozen isopolymolybdate anions have been isolated from aqueous or 
nonaqueous solutions. The formulas of these anions are listed in Table 3 and their structures 
(see below) are based predominantly on six-coordinate molybdenum in contrast to those of 
vanadates and chromates. 

38.2.5.1 Aqueous solutions 

In dilute solutions (~10~° M) the equilibria (2) are governed by log K values of 3.87 and 3.70 

respectively (3M NaClO,, 25°C). While the MoO” anion is certainly tetrahedral, the 

anomalously small value of log K, has been taken to indicate an expansion of coordination 

number upon protonation. In view of the prevalence of octahedral cis MoO, units in 

molybdenum(VI) chemistry, formulas such as [MoO2(H20)(OH)3]~ and [MoO2(H20)2(OH)>] 
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Table 3. Isopolymolybdate Anions 

Ref. for 
Formula Acidity, Z* structure 

MoO; 0 b 
[Mo,0,]*~ 1.00 
[Mo,0,|7*— 1.00 d 
[Mo,034]°~ 1.14 e 
[Mo19034]> 1.20 f 
[MogO26(OH)2]°" 1.25 g 

rm 6 Je 125 h 
[Mo30,o]¢ sa 1633 1 

[Mo,O,,H]*~ 1.40 — 
a-[Mo,0.]*~ 1.50 j 
B-[Mog026]* 1.50 k 
[Mo,O,o]" 1.67 1 

[Mo36Q112(H20) 6]° 1.78 m 
[Mo.O,.H(H,O) |i 1.80 n 

* Z =p/q as defined in equation (1). 
ae Nagano and Y. Sasaki, Acta Crystallogr., Sect. B, 1979, 35, 2387. 
“Vv. W. Day, M. F. Fredrich, W. G. Klemperer and W. Shum, J. 

Am. Chem. Soc., 1977, 99, 6146. 
I. Knoepnadel, H. Hartl, W. D. Hunnius and J. Fuchs, Angew. 

Chem., Int. Ed. Engl., 1974, 13, 823. 
°H. T. Evans, Jr., B. M. Gatehouse and P. Leverett, J. Chem. Soc., 

Dalton Trans., 1975, 505. 
Ag Fuchs, H. Hartl, W. D. Hunnius and S. Mahjour, Angew. Chem., 

Int. Ed. Engl., 1975, 14, 644. 
®M. Isobe, F. Marumo, T. Yamase and T. Ikawa, Acta Crystallogr., 
Sect. B, 1978, 34, 2728. 
"TI. Boeschen, B. Buss and B. Krebs, Acta Crystallogr., Sect. B, 1974, 
30, 48. 
“H.-U. Kreusler, A. Forster and J. Fuchs, Z. Naturforsch., Teil B, 

1980, 35, 242. 
J. Fuchs and H. Hartl, Angew. Chem., Int. Ed. Engl., 1976, 15, 375. 
H. Vivier, J. Bernard and H. Djomaa, Rev. Chim. Miner., 1977, 14, 

584. 
"See, for example, W. Clegg, G. M. Sheldrick, C. D. Garner and I. 
B. Walton, Acta Crystallogr., Sect. B, 1982, 38, 2906. 

™ B. Krebs and I. Paulat-Boeschen, Acta Crystallogr., Sect. B, 1982, 
38, 1710. 
"B. Krebs and I. Paulat-Boeschen, Acta Crystallogr., Sect. B, 1976, 
32, 1697. 

have been proposed. Molybdenum(VI) is amphoteric and in 0.2-3.0M H7® yields cationic 
species with empirical formulas [HMoO;]*, [MoO,]**, [Mo20;]** and [HMo2Os]*, but which 
also undoubtedly are based on six-coordinate Mo. 

AR Ky “. K2 

MoO2- => HMoO; = > H,MoO, (2) 

Acidification of aqueous solutions of Na,yMoO, at concentrations greater than about 10°-*>M 
leads successively to solutions containing the polyanions [Mo7O,,]*" (‘paramolybdate’), 
B-[MogO26]*~ and [Mo360112(H20)16]®". The evidence for these species is based on poten- 
tiometric and spectroscopic investigations of solutions, and on X-ray structural determinations 
of salts isolated from these solutions. A reevaluation of the potentiometric data*! has suggested 
the presence of additional species, [H2Mo012042]'°~ (analogue of ‘paratungstate B’, see Section 
38.2.6.1) and [MoigO54(OH)4(H2O)s]*-, but confirmatory evidence for these is lacking at 
present. No stable intermediates seem to exist between [MoO,]*~ and [Mo;O,,]* in aqueous 
solution, but (NH,)2Mo.O, crystallizes from hot solutions after some hours. The anion in this 
salt is polymeric however with infinite chains of MoO, octahedra and MoO, tetrahedra.2? A 
discrete ditetrahedral [Mo,O,]*~ anion has been synthesized in acetonitrile solution and 

isolated as a tetrabutylammonium salt.*? Although [Mo,0,]*~ is unchanged in aqueous—aceto- 
nO arate addition of alkali metal counterions caused immediate precipitation of salts of 

07U 24 : 

The heptamolybdate anion and its protonated forms, [H,Mo7O4]°-”-, n=1-3, 
predominate in solutions of pH 3-ca. 5.5. The structure of the anion, Figure 6, has been 
determined in sodium, potassium, ammonium and isopropylammonium salts, and has been 
confirmed in solution by low angle X-ray scattering.** The anion structure can be viewed as > 
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of the decavanadate Structure and involves an arrangement of octahedra with cis-MoO, stereochemistry for each metal atom. IR, Raman and ‘70 NMR spectra have been reported. Crystals of the isopropylammonium salt are photoreducible.* 

Figure 6 The structure of [Mo,O,,]° anion 

Salts of B-[MogO.]* may be crystallized from more acidic solutions, pH 2-3. The structure 
of the anion (Figure 7) is also formally derivable from that of [Vi0O28]®. The existence of 
significant concentrations of B-[MogO..6]*~ in aqueous solutions has been controversial, but 
Raman and X-ray scattering studies provide more positive evidence.*4 

Figure 7 The structure of B-[Mo,O,,]*~ anion 

The presence of a very large anion in solutions acidified to H*/MoO3- ~1.8 has been 
inferred from EMF and ultracentrifugation studies. Sodium, potassium, ammonium and barium 
salts of this anion were isolated from such solutions and the structure of 
Kg[Mo360112(H2O)16]:38-40H2O has been reported. The anion, Figure 8, consists of two Moj. 
units related by inversion symmetry. Each unit contains an Mo;O2, moiety surrounded by 
edge- and corner-linked MoOg octahedra containing terminal and bridging water molecules as 
shown. Two of the Mo atoms in the Mo, units become seven-coordinate (quasi pentagonal 
bipyramidal) and an identical feature is seen in the peroxo polymolybdate [MoO .(O2)2]*.°” 

38.2.5.2 Nonaqueous solutions 

Four isopolymolybdates have been synthesized or stabilized in nonaqueous or mixed 
solvents: [Mo207]*-, [MogOj9]*~, @-[MogO26]* and [Mo;0,;H]*~. The first of these has 
already been discussed. Several salts of [Mo¢O,9|*- have been prepared by both rational and 
serendipitous routes, and five X-ray structural determinations reported.** The anion is 
isostructural with [NbsO,.]*" and has no significant distortions from O, symmetry, except in 
one case, which is attributed to crystal packing. The structure has a rare feature for an 
oxomolybdate(VI), namely a C,, monooxo site symmetry for the metal atoms. As a 
consequence (see Section 38.5) the anion can be electrolytically reduced to mixed valence 
[Mo,¢O19]°~ and [Mo¢Q0,9]*~ species. The oxidized anion is yellow (Amax = 325 nm) whereas all 
other isopolymolybdates are colorless. The IR, Raman and '7O and *°Mo NMR spectra have 
been reported. 

The a-[MogO.]*~ anion is precipitated by Bu,N* from an aqueous molybdate solution, and 
has a structure isotypic with [(MeAsO3),Mo,¢0O,3]*_ (see Section 38.6.2) and thus contains two 
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Figure 8 The structure of [Mo3,0,;2(H2O),6]° anion. A heptamolybdate unit in one of the two Moi, moieties is 

emphasized. Coordinated water molecules are indicated by open circles 

MoO, tetrahedra capping a planar ring of six edge-shared octahedra.*? According to 70 NMR 
the MoO, tetrahedra undergo intermolecular or intramolecular reorientation in acetonitrile 
solution. Addition of a small counterion such as K* to such solutions induces isomerization to 
B-[MogO..]*~. A unimolecular mechanism for the isomerization has been proposed.” 
A structure for the unstable [Mo;O0,;H]*~ anion, isotypic with [Me,AsMo,O,;H]*— 

(Section 38.6.3), has been proposed from IR and 'H NMR spectroscopy. The anion is isolated 
as an amorphous Bu,N salt from equilibrium (3) in acetonitrile.*? 

7Mo,02> +H,O <=> 2[Mo.0,,H]*- + 4Mo02- (3) 

38.2.5.3 Other isopolymolybdates 

Several isopolymolybdates which have been isolated from solution are polymeric or appear 
to have structures that do not persist in solution. These include the trimolybdates 
M2Mo;0,9:xH2O, obtained as fibrous crystals from appropriately acidified solutions. The 
structures of Rb2Mo30;9'H20 and RbNaMo3Q, contain infinite double chains of edge-shared 
MoO, octahedra.*” From more acidic solution polymeric pentamolybdates [MMo;0,.H(H,0)] 
slowly crystallize. The structure of the potassium salt reveals a complex three-dimensional 
network of MoO, octahedra.*? 

Finally, the salts (NH,)s[MogO27]-4H,O, (NH4)g[Mo10034] and (Pr'NH3)6[MogO6(OH)>] all 

contain a common MogO>x unit of edge-shared MoO, octahedra’ (see Section 38.6.4). 

38.2.6 Isopolytungstates 

Isopolytungstate anions isolated from solution in the form of crystalline salts are listed in 
Table 4. Several other species undoubtedly remain to be characterized, but analysis of aqueous 
polytungstate equilibria is complicated by the extreme range of rates involved. Many 
apparently stable isopolytungstates may be kinetic intermediates. For this reason, no 
equilibrium distribution diagrams will be given, nor would such diagrams provide a useful 
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introduction to aqueous polytungstate chemistry. Scheme 1 is believed to represent the sequence of reactions in aqueous solution at moderate to high ionic strength. 

Table 4 Isopolytungstate Anions 
ee 

Acidity, Ref. for 
Formula Dis structure 

WwOz- 0 b 

[W046] 0 c 
[W702,]°— 1.14 d 
[W1204H,]'°~ 1.17 e 
@-[(H)W,.040]~ 1.48 — 
@-[(H2)W2049]°— 1.50 f 

B-((H)W20 40) 1.50 = 
10033 ti 1.60 gz 

[W.O,9]*— 1.67 h 

, 2 =P/q as defined in equation (1). 
A. Thiele and J. Fughs, Z. Naturforsch., Teil B, 1979, 34, 145. 
18 Hiillen, Angew. Chem., 1964, 76, 588. 
K. G. Burtseva, T. S. Chernaya and M. I. Sirota, Sov. Phys.- 

Dokl. (Engl. Transl.), 1978, 23, 784. 
°H. T. Evans, Jr. and E. Prince, J. Am. Chem. Soc., 1983, 105, 
4838. 

'M. Asami, H. Ichida and Y. Sasaki, Acta Crystallogr., Sect. C, 
1984, 40, 35. 

® J. Fuchs, H. Hartl, W. Schiller and U. Gerlach, Acta Crystallogr., 
Sect. B, 1975, 32, 740. 
J. Fuchs, W. Freiwald and H. Hartl, Acta Crystallogr., Sect. B, 

1978, 34, 1764. 

aes 
‘OH- 

[wo,?- == [w,0,]°  — » <— [W,03,]** 

i jemi 

[W20..H,]"°~ B-[(H2)W 12040] 

(B) | 

@-[(H2)W2040]° 

paratungstates metatungstates 

Scheme 1 

38.2.6.1 Paratungstates 

As for the molybdates, the protonation constants for WO% (log K, = 3.5; log K, = 4.6; 
0.1 M NaCl, 20 °C) indicate an expansion of coordination number, e.g. to [WO2(H2O)(OH)]-, 
etc. Potentiometric titration of sodium tungstate solutions (> ~10~° M) leads to pH inflections 
at H*/WO% values of ~1.1-1.2 and ~1.5. The first corresponds to the formation of 
‘paratungstates’ and the second to the formation of ‘metatungstates’. _ : 
At least two paratungstate species are known. ‘Paratungstate A’ is formed rapidly upon 

acidification, and, after decades of formulation as ‘[HW.0.,]°-’, now appears to be a 
heptatungstate, [W7O.,]°®, with a structure identical to that of the corresponding molybdate 
(Figure 6),“* although the simultaneous presence of hexatungstate species in these solutions 
cannot be convincingly ruled out by potentiometric data. Crystals of NagsW7O,4:21H,O are 
isolated from paratungstate solutions after prolonged boiling and are more soluble than those 
of ‘paratungstate B’, Najo[W120.42H2]:27H2O, the usual product of such solutions. Freshly 
prepared solutions of paratungstate B hydrolyze slowly to an ‘equilibrium’ mixture of A and B 
(equation 4). In dilute solutions (<0.02 M) the paratungstates appear to yield [WO,]*~ and 
a-[(H2)W12040]® (see below). 

12[W,O,,]* + 2H* +6H,O => 7[W,,0,.H,]'* (4) 
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The structure of the paratungstate B anion has been established by X-ray and neutron 

diffraction. The somewhat open structure (Figure 9) contains two internal protons that 

probably help its stabilization. The neutron diffraction study confirms the conclusion from 

broadline NMR that the interproton separation is 2.24 Av 

Figure 9 The structure of paratungstate-B anion, [H,W,,0,.]"°, showing location of two ‘internal’ protons 

Although no intermediates between [WO,]*- (Z =0) and [W7O2,4]*” (Z =1.14) have been 
detected in solution, [W40..]®* (Z=0) is found in crystals of 7LizWO,4-4H2,0 (or 
Li}4(WO,4)3(W4O016)-4H2O) which is isolated from alkaline lithium tungstate solutions. The 
anion structure consists of a tetrahedral arrangement of four edge-shared WO, octahedra.*° 

The incongruently soluble ditungstate, NayW207-5H,O, is probably polymeric.*” 

38.2.6.2 Metatungstates 

The initially formed product in tungstate solutions acidified to H*/WO%Z =1.5 is so-called 
pseudometatungstate anion (y) which has to date been isolated in noncrystalline form only, 
but which has a characteristic polarogram. Solutions of y are slowly converted successively to B 
and a isomers of the metatungstate anion [(H2)W2040]®* . At 80°C and pH 3 the half-lives of 
both processes are ~70 min.* 

The ultimate product, a-[(H2)W12040]*", is a particularly stable anion with a structure and 
chemistry that parallel those of the heteropolyanions [XW,20.|"" (X=P, Si, etc). The 
structure (‘Keggin’), deduced from early observations of isomorphism, and from analyses of 
[Bu3NH]* and [Me,N]* salts, is described in more detail in Section 38.3.1.1. Two protons 
occupy the central tetrahedral site, normally occupied by the heteroatom, X. The protons are 
not susceptible to rapid exchange with solvent water and are detectable by NMR of aqueous 
solutions.*? As discussed in Section 38.5, Keggin anions have a rich redox chemistry. Highly 
reduced metatungstate anions spontaneously lose one of the internal protons and may be 
reoxidized to metastable [(H)W12040]’~ which has been isolated and characterized by NMR 
and polarography.” Fluoro derivatives of metatungstates have been prepared by indirect 
methods.*? 

The f isomer of [(H2)W12O40]° (‘tungstate X”) is difficult to isolate in pure form, but can be 
obtained indirectly from reduced wy. There seems little doubt, based on comparisons with 
heteropolyanions, and from ‘H and '**W NMR, that the anion structure corresponds to that of 
B-[SiW120.4]*" .*” The composition and structure of w are still unknown. Although W, and Wo, 
formulas have been suggested, recent ultracentrifugation measurements indicate a dodecamer. 
Reduction of y by two equivalents/12W causes transformation to a new species wy’, which, 
upon reoxidation, slowly is converted to y. A potassium salt of oxidized w’ has been isolated. 

38.2.6.3 Decatungstate and hexatungstate 

Strongly acidified solutions of sodium tungstate (H*/WO%Z >1.5) contain a pale yellow 
species (Amax = 320nm) that may be isolated as a metastable potassium salt, K,4W1o032(aq). 
Solutions of this species yield p, B-[(H2)W12O4o]°" or [W7O24]®" depending upon pH and ionic 
strength. The anion is more conveniently studied as a tetraalkylammonium salt in nonaqueous 
solutions. The structure of [W19032]*” in the tri-n-butylammonium salt may be viewed as a 
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dimer of Ds, symmetry derived from two W,Oio units, each of which has lost a WO, 
nae The anion is electrochemically and photochemically’? reducible (see Section 
38.5). 

The hexatungstate anion, [W.6Q,9]”", first obtained, like [MogQ,]*-, from controlled 
hydrolysis of tungstate esters, is formed by acidification of methanolic solutions of sodium 
tungstate.°* Addition of water to a solution of [W.0,]*- in methanol causes its conversion to 
[W10032]*-. In methanol solution, [W10032]*~ is slowly (days) converted to [WeOi9]*-. 

38.3 HETEROPOLYANIONS 

At present count, some 68 elements (other than Mo and W) have been observed as 
heteroatoms in polyanions (see Table 5). Since each element may form more than one 
heteropolyanion (e.g. at least 18 tungstophosphates) and there are polyanions with combina- 
tions of several heteroatoms, the total number of known heteropolyanions is extremely large. It 
is therefore out of the question to attempt a complete accounting of every type of 
heteropolyanion on the following pages. We shall restrict discussion to the main structural 
types. More complete reviews are available.‘? 

Table 5 Confirmed Heteroatoms in Heteropolyanions 

H 

Li Be BF Cc 
Na Mg Aim St SP 6S 
K Ca TV = Cr Mn. Fe ‘Co’ Ni Gu Zn-Ga Ge As Se 
Rb St * Y; -Zrs.Nb& Mo Ru Rh Ag InjeeSn Sb) ver I 
€s Ba ~La\ Hf Ta SW Rea Os Pt Horie Pb, Bi 

Ce Pr Nd Sm Eu Gd Tb Ho Er Yb 
Th U Np Pu Am Cm Cf 

The heteroatoms may be divided into (i) those (‘primary’) that are essential for the 
maintenance of the polyanion structure and are therefore not susceptible to chemical exchange, 
e.g. Co?* in [CoW,2O.0]°, and (ii) those (‘secondary’) that in principle and usually in practice 
may be removed from the polyanion structure without destroying it. Heteropolyanions 
containing secondary heteroatoms may be viewed as coordination complexes with polyanion 
ligands, cf. [(H3N)sCr(OH,)]** with [(SiW,,039)Cr(OH2)}>-. Although there will be occasions 
in which a clear distinction between primary and secondary heteroatoms may not be possible, 
in most cases the classification is unambiguous. Heteropolyanions containing secondary 
heteroatoms will be discussed in Section 38.4. 

38.3.1 Four-coordinate Primary Heteroatoms 

38.3.1.1 The Keggin structure and derivatives 

The structure of [PW 20,0] in the hexahydrate of the free acid was first reported by Keggin 
in 1933 on the basis of powder data, and has been confirmed by more recent single crystal 
X-ray and neutron measurements. The same structure has been found in several other 
heteropolytungstates and molybdates and is shown in Figure 10. Table 6 lists the currently 
known Keggin anions. The structure has idealized T; point symmetry and comprises four 
trigonal groups of edge-shared MO, octahedra, each group sharing corners with its neighbors 

and with the enclosed central tetrahedron. When examined in noncubic space groups, the 

heteropolymolybdates are found to have lower (7) symmetry as a result of alternating bond 

lengths for the Mo—O—Mo bridges. In every case (Mo or W) the metal atoms are displaced 

outwards from the center of the anion toward the unshared oxygen atoms, the displacement 

conferring approximate C,, local symmetry on each metal. Although the polyhedral repre- 

sentation may suggest otherwise, the Keggin structure, like that of most polyanions, is a 

close-packed arrangement of oxygen atoms. 



1036 Isopolyanions and Heteropolyanions 

Figure 10 The structures of [PW,20.0]*” (‘Keggin’, w) and four possible skeletal isomers (8, y, 6, €) formed by 2/3 
rotation of one, two, three and four W,0,; groups, respectively. The rotated groups are shown unshaded 

Also shown in Figure 10 are skeletal isomers of the Keggin structure in which one or more of 
the edge-shared groups of octahedra have been rotated by 2/3. The B-isomer structure has 
been confirmed in [SiW,2O40]*~ and [SiMoW,,O,o]*~ salts and is slowly converted to the a 
(Keggin) form in solution, see Section 38.3.1.1.i. The y, 6 and é structures are expected to be 
less stable on two accounts, an increased number of coulombically unfavorable edge-shared 
contacts between MOsg octahedra (M - : : M, 3.4 us. 3.7 A for corner sharing) and a decreased 
number of quasi-linear M—O—M bridges resulting in decreased da—pz interactions.°° It is of 
interest that Al?* which cannot form a da-pz bond and which has a smaller charge than W°* 
adopts the ¢ structure for [Al,304(OH)24(OH2)12]’*. 
A second form of isomerism occurs with mixed metal polyanions, such as [PWgV4O4o]’~, in 

which the relative positions of the W and V atoms may vary.*° That such positional isomers do 
exist has been amply demonstrated by NMR and ESR spectroscopy.*’ The numbers of possible 
isomers increase with the lowering of skeletal symmetry, e.g. five for a@-[PWio0V2O.0]°, 
fourteen for B-[SiMo.W0O.40]*. 

Several deficit or lacunary derivatives of the Keggin structure exist as individual species or as 
fragments of other heteropolyanion structures. Removal of one MO, octahedron (stoichi- 
ometric loss of MO”*) from a@- or B-Keggin anions leads to isomers of [KM ,039]"~. Removal 
of three adjacent octahedra leads to A- and B-type XM,Q3, anions. The structures of these are 
shown in Figure 11. 

(i) Silicon and germanium heteroatoms 

Both a- and B-[SiW:20.4]*~ were first described over a century ago and the conversion of 
B— a was observed in 1909. The free acids are stable crystalline materials and may be 
obtained by ion exchange or by extraction as ‘etherates’ from acidified aqueous solution. The 
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Table 6 Keggin Structure Heteropolyanions 

Reported heteroatoms, X* 

Be B 
A eS be 

V Cr Mn” Fe Co Cu Zn Ga Ge As (Se) 
(Sb) (Te)* 
(Bi)° 

Anion Ref. to structure 

[(H2) W120.) 

[BeW,,Co'(OH2)039]”~ 
ll 6- 

SWV0eh 
[SiMo,,0.0]" 

[PW:2040)_ 
eh 9V¥3U40 
[(V)MoroV20 0)” 

cot ot OH,)O°° [Co Co (C 2)O36] 
[GeMo,,O,o] ops ewe soem o a 

All tungstates; molybdates known with X = Si, Ge, P, As and V only. 

Unconfirmed. 
“ Heteroatoms in (N-2) oxidation state, no structural investigations. 
M. Asami, H. Ichida and Y. Sasaki, Acta Crystallogr., Sect. C, 1984, 40, 35. 

dee J. R. Weakley, J. Chem. Soc. Pak., 1982, 4, 251. 
T. J. R. Weakley, Acta Crystallogr., Sect. C, 1984, 40, 16. 

® J. Fuchs, A. Thiele and R. Palm, Z. Naturforsch., Teil B, 1981, 36, 161. 
"HL Ichida, A. Kobayashi and Y. Sasaki, Acta Crystallogr., Sect. B, 1980, 36, 1382. 
"G. M. Brown, M. R. Noe-Spirlet, W. R. Busing and H. A. Levy, Acta Crystallogr., 
Sect. B, 1977, 33, 1038. 
4H. D’Amour and R. Allmann, Z. Kristallogr., Kristallogeom., Kristallphys., 

Kristallchem.., 1976, 143, 1. 
K. Nishikawa, A. Kobayashi and Y. Sasaki, Bull. Chem. Soc. Jpn., 1975, 48, 3152. 

A. Rjérnberg and B. Hedman, Acta Crystallogr., Sect. B, 1980, 36, 1018. 

™N. F. Yannoni, Diss. Abstr., 1961, 22, 1032. 
"A. S. Barrett, Diss. Abstr. B, 1972, 33, 1475. 
°R, Strandberg, Acta Crystallogr., Sect. B, 1977, 33, 3090. 

Figure 11 Lacunary structures, [XM,,039]"*®~ and [XM,034]*°~, derived from a- and B-[XMy20,o]"" anions by 

removal of one or three adjacent MO, octahedra. No example of the B-B-XW, structure is currently known 
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latter behavior is common to all Keggin anions and certain other heteropolyanions.** In view of 
its ease of synthesis and its stability there have been innumerable investigations of a- 
[SiW12040]*~. In solution, the anion behaves hydrodynamically as an (unsolvated) sphere of 
radius ca. 5.5 A, according to viscosity and diffusion data. The many spectroscopic methods 
applied! include IR and Raman (solution and solid state), electronic, ‘70 and ‘*W NMR, 
X-ray photoelectron spectroscopy and '**W Méssbauer spectroscopy.*” 
When solutions of [KW 2O,]*" (X = Si, Ge) are treated with alkali (pH>5) a complex 

series of hydrolyses ensues. Based on polarographic studies the series of equilibria and 
reactions in aqueous solutions of tungstate and silicate (germanate) are summarized in Scheme 
2. All species listed have been isolated as salts, although many are metastable in solution, and 
the underlined species have been structurally characterized by X-ray diffraction. The structure 
of B-[SiWoO34)]'°” is type A (Figure 11). The anion [SiW,o036]*” has a C2, structure based 
on the y-Keggin isomer (Figure 10) with two edge-shared octahedra missing. The three B 
isomers of [SiW,,039]® are distinguishable polarographically and the structure of 
K,[SiMoW,,O.40]-9H2O prepared from the B2 isomer shows the Mo atom in the ring of six 
octahedra adjacent to the rotated W30;; group (Figure 10). It is concluded that the 6; and 3 
isomers have vacant sites as shown in Figure 11. All the lacunary tungstosilicate structures 
conform to the principle enunciated by Lipscomb that no MO, octahedron in a polyanion has 
more than two unshared vertices (see Section 38.1). 

B-[SiW.O34]"° = B,-[SiW,,030]* | 

| | 
[SiO]*-, [WO,]" —— [SiW036]*- —— B2-[SiW,,035]*~ a B-[SiW 120 .40]*” 

B;-[SiW, 1030] 

a-[SiW,O3,]'°~ ema 2 a-[SiW,,03.]*~ ——- a-[SiW,,04.]*~ 

Ht, [WO,)?- 

OH- 

Scheme 2 

The molybdo-silicates and -germanates seem to parallel the tungsto species, but are 
considerably more labile, and fewer structures have been determined. Like the corresponding 
tungstate, a-[SiMo,2O40]*" has been intensively studied. The 6 isomer has recently been 
shown™ to have the same structure as B-[SiW120.0]*~. Isomerization of B—> a is rapid in 
aqueous solution, but may be arrested in nonaqueous solvents. The reverse isomerization 
(a@— B) occurs when the polyanion is reduced to a heteropoly blue form (see Section 38.5.1.2). 
The lacunary anions [KMo;,O39]°~ and (?8)-[XMo.034]'°- (X = Si, Ge) are quite unstable and 
difficult to isolate. They react with divalent transition metal cations to yield [XMo;;MO4o]"~ 
and other uncharacterized products.®! 

(ii) Phosphorus and arsenic heteroatoms 

There are probably more heteropolyanions of phosphorus than of any other heteroatom 
(Table 7), and most of these polyanions have structures derived from the Keggin anion [PW120.0]”-. Scheme 3 outlines some of the major known species. The pattern of reactions is similar to that of the tungstosilicates except that the B isomers, with the exception of B-[XW.034]"°-, are much less stable and have never been unambiguously identified. The Keggin anion [PW130.0]°— has been the subject of innumerable papers and has been thoroughly characterized by X-ray and neutron diffraction, vibrational, electronic and NMR (*"P, “W and 170) spectroscopy. The free acid is very soluble in water (ca. 85% by weight) and in numerous polar solvents. The acid is levelled in water and crystals of H3PW,20,9:6H,O contain [PW1204]*"_ and [H;0,]* ions only. The trimethyl ester has recently been 
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Table 7 Heteropolyanions with Phosphorus(V) Heteroatoms 

Formula* d('P)P Ref. 

1 a-[PW 20.0] -14.9 c 
2 a-[PW,,030]”~ —10.4 c,d 
3 [P.W.,0,,(H,O),]*~ —13.3 c,e 
4 [PW 90 36]”— —10.5 f 

5 [KP,W907]°- > g 
6,7 a(B)-[PW.034)”~ =e c 
8,9 a(B)-[P2W130¢2]° —12.7 (—11.0, —11.6) c 

10 &,-[P2W170,6,]°- —9.0, -13.1 eh 
11 @>-[P,W70,6,]” -7.1, -13.6 c,h 

12 B-[P2W17061]°- ox h 
13 [P2WisOs6]'7~ - i 
14 [H5P;Wi5O,e] -7.8 c,h 
15 [NaP;W390,40])*~ -9.9 ¢, j 

16 [PsWasOig4] —6.6 k 

17 [PW30,3],"— a I 
18 [P,W,0,3]°" 2.4 f 
19 [P4WgOxo]? = m 
20, 21 a(B)-[PMo,,049]°— —4(-5.2) n 
22 a-[PMo,0;,(OH))3]°~ n 
23, 24 a(B)-[P2Mo,,0,2]°" —3.4(—) n 
25 [P2Mo,0,,]°— +1.8 oO 

26 [PV14042]°~ +1 p 

, Arsenate(V) analogues known for all species except 4, 5, 13-19, 25. 
Chemical shift (p.p.m. from 85% H,PO,). 

©R. Massart, R. Contant, J. M. Fruchart, J. P. Ciabrini and M. Fournier, Inorg. Chem., 1977, 
16, 2916. 
J. Fuchs, A. Thiele and R. Palm, Z. Naturforsch., Teil B, 1981, 36, 544. 

“T. J. R. Weakley, ‘Synthesis, Structures and Reactivity of Polyoxoanions’, NSF/CNRS 
Workshop, St. Lambert-des-Bois, 1983. 
W. H. Knoth and R. L. Harlow, J. Am. Chem. Soc., 1981, 103, 1865. 

® J. Fuchs and R. Palm, Z. Naturforsch., Teil B, 1984, 39, 757. 
"R. Contant and J. P. Ciabrini, J. Chem. Res. (S), 1982, 50. 
*R. Contant and J. P. Ciabrini, J. Inorg. Nucl. Chem., 1981, 43, 1525. 
M. Alizadeh, S. P. Harmalker, Y. Jeannin, J. Martin-Frére and M. T. Pope, J. Am. Chem. 
Soc., 1985, 107, 2662. 
*R. Contant and A. Tézé, Inorg. Chem., 1985, 24, 4610. 
'§. Dubois and P. Souchay, Ann. Chim., 1948, 3, 105. 
™ 8B. M. Gatehouse and A. J. Jozsa, Acta Crystallogr., Sect. C, 1983, 39, 658. 
"L. P. Kazansky, I. V. Potapova and V. I. Spitsyn, Chem. Uses Molybdenum, Proc. Int. 
Conf., 3rd., 1979, 67. 
°D. E. Katsoulis, A. N. Lambrianidou and M. T. Pope, Inorg. Chim. Acta, 1980, 46, L5S. 
PR. Kato, A. Kobayashi and Y. Sasaki, Inorg. Chem., 1982, 21, 240. 

B-[XW.O3.]”” 6) LW 1030)" 

[XO,}, [WO.? | 

a-[XW,.O3,]”” a-[XW,,O0]”~ ss a-[WX 2040] 

| ee 

[X2W 9068] *~ oo [X.W>2,0,,(OH,)]*” 

H+, [WO4]?— 

—__— 
OH x= PAAS 

Scheme 3 

reported.'25 Solutions of the 12-acid are rapidly converted to [PW110s9]’~ at pH > ca. 1.5; the 

latter anion appears to be stable between pH 2 and 6. The corresponding AsWi2 and AsWi; 

anions are much less stable and must be synthesized and studied in aqueous organic solvents. 

The [X2W100¢g]"*~ and [X2W2107:(H2O)2]° species have no tungstosilicate analogues. Salts 

of the 2:21 anion were first described in 1892, but its structure has only recently been determined. 
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The anion has almost D;, symmetry with two A-a-PW.O3, units (see Figure 11) that sandwich 
two WO.;(H20) octahedra and a WO, square pyramid, i.e. the equatorial plane contains two 
radial HXO—W=O groups and one W=O group. The structure of [P2W19O¢g]'*~ is currently 
unknown, but it appears to be a lacunary derivative of P2W>., for it reacts with several divalent 
metal ions to give P,;W, M2 species (see Section 38.4.2.2). 
When solutions of sodium tungstate are boiled with a large excess of phosphoric acid 

(P:W ~ 4:1) other tungstophosphates are produced. The main species present in such solutions 
appear to be a and B isomers of [P2W1gO¢2]° and the cryptate [NaPs;W30O110]'*~ (originally 
formulated as a P;Wis species). The structure of a-[P2WgO.2|° (the ‘Dawson’ anion) is shown 
in Figure 12 and is seen to be a fused dimer of A-a-PW.O3, moieties. Rotation of one 
edge-shared W303 ‘cap’ of this structure by 2/3 leads to the B structure.% Other possible 
isomers, not yet known for the phosphates, but identified via **W NMR for [As.W1sO.2]°, 
are y (both caps rotated) and 6 (D3q-symmetrized fusion of PW. moieties). The y and f 
isomers spontaneously isomerize to the w form in aqueous solution. 

Figure 12 The structure of a-[P,W,,0,,]* (‘Dawson’) anion 

Several lacunary derivatives of the Dawson structure can be synthesized by controlled 
alkalinization of aqueous solutions, as shown in Scheme 4. 

a-[P,W,.062]°" = a-[P2W,70.1]°” —= a-[P,W,Os6]'?~ 

@,-[P2W17061]?~ —=- a-[P2W,2043]'*~ = (POP; [WO,]- 

B-[P2WisQ62]” ==> B-[P2Wi70..]"°” => B-[P2W,sOs6]'?- 

OH- 
— 

Ht, [WO4]?- 

Scheme 4 

The a@- and a3-[P2W170.;]'°" isomers have been shown by '8W NMR and IR spectroscopy 
to contain tungsten vacancies in the equatorial ring and terminal cap sites respectively. 
Numerous metal-ion-substituted derivatives of these species are known (Section 38.4.2). The 
structures of the P,W,; and P,W,> anions are not known with certainty, although from NMR 
the two phosphorus atoms are equivalent in P;Wy. A likely structure for the latter corresponds 
to loss of six WO, octahedra from one long side of the Dawson anion (a ‘peeled banana’); the 
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anion [PgW4gOig4]*°” which can be isolated from solutions of P)W, consists of a cyclic tetramer 
of just such units. The PgW,g anion is one of an increasing number of polyanions shown to act 
as cryptands for alkali and alkaline earth cations (Section 38.4.2.3). 

Although formally a cryptate, the sodium ion in [NaP;W300,10]'*~ is very tightly bound and 
is not removed when the free acid H,4[NaPsW30O110] is prepared by ion exchange. The 
heteropolyanion is one of those rare molecules with full five-fold symmetry, and may be viewed 
as an assembly of 10 corner-shared W303 units forming the faces of a pentagonal bipyramid 
(cf. the same units in the Keggin and Dawson structures that form tetrahedral and octahedral 
assemblies respectively). The presence of the sodium ion in a cavity on the Cs axis of the 
polyanion reduces the overall symmetry from Ds, to Cs,. The anion has been characterized by 
vibrational, electronic and NMR spectroscopy, and is stable in solution to pH 11 (cf. pH 1.5 for 
a-PW,, and pH ca. 6 for a-P;W;s).© 

Although molybdophosphates and molybdoarsenates corresponding to [PW,2O4]°~ and 
[P2W1sOc2]® are well known ([PMo,2O,0]* was probably prepared by Berzelius in 1826) 
these are usually not the most predominant species in aqueous solutions (see Section 38.3.1.2). 
The Keggin anions [XMo,2O,0]*- are best studied in aqueous organic solvents to retard 
hydrolytic degradation. Both aw and B isomers are known, the latter being stabilized in the 
reduced state (Section 38.5.1.2). The Dawson anions are more stable in aqueous solution and 
are formed via XMoOg species (equation 5). Salts of [PMo 03;(OHz2)3]*>~ and the corresponding 
arsenate have been isolated. The anion structure is a distorted form of A-a-XW.O3, (Figure 

11) in which three of the six (nominally equivalent) terminal oxygen atoms have been 
converted into weakly bound water molecules (Mo—OH)p, 2.23 A). The locations of the water 
molecules and the resulting Mo—O—Mo bond alternation confers a pronounced chirality upon 
the overall structure, and the chirality is retained in the resulting [X.Mo,sO,2]° anions (D3 vs. 
D3, for P2Wig).°’ Numerous examples of ‘mixed metal’ heteropolyanions (Mo+ W, V+ W, 
V + Mo) exist with apparent Keggin or Dawson structures, although crystallographic investiga- 
tion has been limited to salts containing a-[VsWgO,o]’~, a@-[V3MoO40]® and = fi- 
[SiWi:MoO.o]*~. In each case the high symmetry of the a or 6 Keggin framework results in 
crystallographic disorder. Further complications arise with the vanadium-containing anions 
which are mixtures of isomers (Section 38.3.1.1). 

2[XMo,03;(OH,)3]*~ aS [X.Mo,,0¢2]°— SP 6H,O (5) 

A modification of the Keggin structure is seen in the heteropolyvanadates, [XV 140.2]? ~ 

_(X=P, As). In these anions two extra VO** groups are attached to opposite sides of the 

Keggin core forming a cluster of reduced charge (see Figure £3)j2 

Figure 13 The structure of [PV,4O,2]” anion 

(iii) Other Keggin species 

Several other heteropolytungstates are known or presumed to have the Keggin structure 

(Table 6). Two 12-tungstoborates have been known for over a century, but these prove not to 

be simple a or B isomers. The anion a-[BW120.0]°- seems to be an undoubted Keggin species 

based on isomorphism, vibrational spectrum and its behavior upon reduction. The second 

isomer (‘h’), crystallizing as the acid in hexagonal crystals, clearly is not a 8 isomer for its 
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polarographic and spectroscopic properties” are quite unlike those of all other B-XW1, species. 

A crystal structure determination shows h to be H2:B3;W300132.'”° No molybdoborates are 

known. 
Of the remaining anions listed in Table 6 the transition-metal-centered species are 

noteworthy. The cobalt(III) anion was the first example of a tetrahedral (high spin) d 

complex.”’ Its reduction to [Co™W12040]"- (E = +1.00 V us. nhe) renders it an attractive outer 

sphere oxidant.’”! The corresponding Fe" anion does not undergo reduction to an Fe" species 

but directly to a heteropoly blue (Fe™'WY'Y!, see Section 38.5), but [CuW120.0]®” is reducible 

to the brown Cu! analogue (E = +0.09 V). The Mn- and Cr-centered anions have been little 

studied and are difficult to prepare. ' 

The 12-tungstates of Se'Y, Te'Y, Sb’ and Bi" are unlikely to have an undistorted Keggin 

structure in view of the unshared pair of electrons on the heteroatoms. No detailed structural 

studies have been made. There are however several characterized heteropolytungstates of As" 

and Sb"™ in which the lone pair is stereochemically active. These are summarized in Table 8. 

Most of these contain B-a-XW,O33 units (see Figure 11), linked by extra WO, or WOs 

polyhedra. See Figure 14 for an example. 

Table 8 Heteropolyanions Containing Trivalent Arsenic 

and Antimony 

Anion > Ss 

[AsW.033]” 
[SbW,033]”— 
[As,W 19067] a 

[As,W90¢s] eG 

[As,W>1060(H,0)]*~ 

Racha S4W 40V 140 

[(Hg2)2As)W190¢7(H,0)]?~ 

[NaSb,W>; O06] = 
[NaSb,As,W>,O0g6] 8 

om 

a 

srmmoacgp pp 
is 

“C. Tourné, A. Revel, G. Tourné and M. Vendrell, C.R. Hebd. 
Seances Acad. Sci., Ser. C., 1973, 277, 643. 

M. Leyrie, J. Martin-Frére and G. Hervé, C.R. Hebd. Seances 
Acad. Sci., Ser. C., 1974, 279, 895. 

“Y. Jeannin and J. Martin-Frére, J. Am. Chem. Soc., 1981, 103, 
1664. 
“y. Jeannin and J. Martin-Frére, Inorg. Chem., 1979, 18, 3010. 
“F. Robert, M. Leyrie, G. Hervé, A. Tézé and Y. Jeannin, Inorg. 
Chem., 1980, 19, 1746. 
J. Martin-Frére and Y. Jeannin, Inorg. Chem., 1984, 23, 3394. 

®J. Fischer, L. Ricard and R. Weiss, J. Am. Chem. Soc., 1976, 98, 
3050. 
"M. Michelon, G. Hervé and M. Leyrie, J. Inorg. Nucl. Chem., 
1980, 42, 1583. 

38.3.1.2 Non-Keggin metallophosphates and metalloarsenates 

Potentiometric and *‘P NMR investigations show that in aqueous solutions of molybdate and 
phosphate the major polyanion solute species are pale yellow PMog species and colorless 
[H,,P2Mo;O23]~”~ anions.”! The structure of the latter anion (Figure 15) has been determined 
in several crystalline salts and in solution and has a C) structure that leaves a vertex of each 
PO, tetrahedron unshared.” The anion is quite labile and possibly fluxional (see Section 
38.6.1). Protonation (pK values 5.10, 3.65 in 3.0M NaClO,, 25°C) occurs on the terminal 
oxygens of the phosphate groups. Analogous anions are formed by phosphonates (RPO3-),”? 
phosphate monoesters,” sulfites’ and selenites. The corresponding tungstophosphate 
[PW Ora)” has been reported but it appears not to be a major solute species in aqueous 
solution. 
Aqueous solutions of molybdate and arsenate, pH 3-5, contain [AsMo,O3;(H2O)3]°~ and an 

As,Mog anion.’’ The exact structure of the latter ion in solution is in some doubt, although the 
tetramethylammonium sodium salt contains the anion shown in Figure 15. Low angle X-ray 
scattering measurements of aqueous molybdoarsenate solutions are not compatible with this 
structure and the anion may be hydrated in a fashion similar to that observed for the analogous 
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Figure 14 The structure of [As,W,,O¢9(H,O)]° anion. The water molecule is indicated by the open circle 

molybdoarsonates (see Section 38.6.2). The Ds, structure for [As;Mo¢O..]®- shown in Figure 
15 is also found for a-[MogO.]*~ (see Section 38.2.5.2), [(MeAs)2MoO24|*~ (Section 38.6.2) 
and [V2Mo,O2.]®-. Several other molybdoarsenates are formed in acidic solutions. One 
long-known species is [H4As,Mo,2O50]*~ which has an arrangement of MoO, octahedra like an 
inverted Keggin anion, a central cavity and external HOAsO; tripod groups.’”° Analogous 
organoarsonate derivatives are described in Section 38.6.2. 

Figure 15 The structures of (a) [P;Mo,O,,]° and (b) [As;Mo,O,.]® anions 

38.3.2 Six-coordinate Primary Heteroatoms 

38.3.2.1 The Anderson and related structures 

In 1936 Anderson proposed that several 1:6 heteropolyanions and the isopolyanion 
[Mo;O.,]® had the planar (D3,) structure shown in Figure 16. The structure was verified for 

[TeMo,¢O24]°® in 1948, but heptamolybdate was shown to have the isomeric (C2,) form shown 
in Figure 6. Both D3, and C2, structures confer local Cy, symmetry on the molybdenum or 
tungsten atoms; each MO, octahedron has two (cis) terminal oxygens. The currently known 
anions are listed in Table 9 and include a periodato complex in which the ring of external 
octahedra comprises alternate IO, and CoO,(OH;), units. Protonation of the anions (see Cr™, 
Ni” and Pt'Y complexes in Table 9) is believed to take place on the oxygen atoms directly 
attached to the heteroatom. In most cases, attempts to neutralize the protons result in 
hydrolytic decomposition of the heteropolyanion. Isomerism has been observed for crystalline 
protonated Pt'YMog anions (see Table 9). 

Some of the anions have been shown to be labile by isotope exchange. Thus Mo exchange 
between [Mo70O>,]°~ and [HsXMo,02,]*~ at pH 2.5 and 0°C has t; = 35 min for X = Cr™ and 
t,<<1min for X= Fe™. Chromium exchange between the polyanion and [Cr(H,O).]** is fast 

COC3-HH 
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Figure 16 The structure of [TeMo,O,,]° (‘Anderson’) anion 

Table 9 Anderson and Related Heteropolyanions 

Anion Ref. 

D4 Structure (Figure 16) 

[H_Cr"Mo,Oo4]”” 

[Mn W.04] 
[H<Ni"W.024] 

Lal WeOr4], 
Pt W,O3,)" 

P el 5-— 
[H3Pt'* W,024] ah 

a-[H, sPtMo,O24] 
Te’ Mo,0O,,]°— I"™Mo,0.,1 
IVC GHG OH 3-— 

[Co™'l3 3 Oig(OH2)¢] 
C,, Structure (Figure 6) 

[Mo,O24]°" 

[W702,] me 

B-[H4PtMo,0 4] 
[H,SbYMo,0,,]°— 

Ss 

oH or og ho ao DP 

pera it 

* A. Perloff, Inorg. Chem., 1970, 9, 2228. 
» Analogous molybdates of divalent Mn, Fe, Co, Ni, Cu and 
Zn and of trivalent Al, Ga, Fe, Co and Rh are considered to 

have the same structure. 
“Vv. S. Sergienko, V. N. Molchanov, M. A. Porai-Koshits and 
E. A. Torchenkova, Sov. J. Coord. Chem. (Engl. Transl.), 
1979, 5, 740. 
U. C. Agarwala, Diss. Abstr., 1960, 21, 749. 

© H. H. K. Hau, Diss. Abstr. B, 1970, 31, 2600. 
fU. Lee, H. Ichida, A. Kobayashi and Y. Sasaki, Acta 
Crystallogr., Sect. C, 1984, 40, 5. 
®U. Lee, A. Kobayashi and Y. Sasaki, Acta Crystallogr., 
Sect. C, 1983, 39, 817. 
- U. Lee and Y. Sasaki, Chem. Lett., 1984, 1297. 
"H. T. Evans, Jr., Acta Crystallogr., Sect. B, 1974, 30, 2095. 
’H. Kondo, A. Kobayashi and Y. Sasaki, Acta Crystallogr., 
Sect. B, 1980, 36, 661. 
L. Lebioda, M. Ciechanowicz-Rutkowska, L. C. W. Baker 

and J. Grochowski, Acta Crystallogr., Sect. B, 1980, 36, 2530. 
H. T. Evans, Jr., B. M. Gatehouse and P. Leverett, J. 

Chem. Soc., Dalton Trans., 1975, 505. 
™XK. G. Burtseva, T. S. Chernaya and M. I. Sirota, Sov. 
Phys.-Dokl. (Engl. Transl.), 1978, 23, 784. 
"Y. Sasaki and A. Ogawa, in ‘Some Recent Developments in 

the Chemistry of Chromium, Molybdenum and Tungsten’, ed. 
J. R. Dilworth and M. F. Lappert, Royal Society of Chem- 
istry, London, 1982, p. 59. 

(4-45 min at 29.5 °C) and involves transfer of Mo as MoO{- or HMoO;j rather than breaking 
of Cr—O bonds.” 
When solutions of [HsCoMo,O24]°~ are treated with H,O, in the presence of activated 

charcoal the anion is converted quantitatively into [H,Co2Mjo03.]*", an olive green species 
that may be resolved into stable enantiomers.’ The new polyanion has a structure of D, 
symmetry that may be ‘constructed’ as follows. Removal of an MoO, octahedron from the 
Anderson anion leaves a chiral CoMos fragment of C, symmetry. Two (+)- (or two (—)-) 
CoMos groups are slotted together so that the two CoO, octahedra share an edge and produce 
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(+ +)-(— —)-[H4Co2Mo003]*~.”” Crystals of the ammonium salt are pleochroic and transmit 
red, blue-green and yellow light along the three molecular axes. 

38.3.2.2_ Other structures incorporating octahedral heteroatoms 

The Anderson structure discussed above can be viewed as a ‘close-packed’ layer of 
edge-sharing MO, octahedra. Addition of three octahedra above and three octahedra below 
this layer produces a cluster, XM,203g, of octahedral symmetry in which the central XO, 
octahedron shares each of its edges with an MO, octahedron.®° The mineral sherwoodite 
contains the only naturally occurring heteropolyanion, [AIV3¥V},O.o]?", and has a structure 
consisting of the XMj2O3g cluster with two additional VO, octahedra placed in trans positions 
on a four-fold axis (Figure 17).8' The synthetic heteropolyvanadates, [XV,3033]’~ (X = Mn’, 
Ni'Y) have the sherwoodite structure less one of the equatorial VO, octahedra. The 
heteropolymolybdates [XMo,O32]® (X = Mn!", Ni'Y) also have a structure that can be derived 
from the XM,203g cluster by removal of three alternate MO, octahedra from the original 

Anderson fragment.® The resulting structure has D3; symmetry. Attempts to resolve the 1:9 
complexes have been unsuccessful, although the circular dichroism spectrum of the Mn species 
has been recorded on crystals of the ammonium salt. The ESR spectrum of the Mn complex 
has been analyzed and the ®'Ni Méssbauer spectrum has been reported for [NiMo.O32]*. 

Figure 17 The structures of (a) [MnV,3038]’ and (b) [AIV,4O49]”_ anions 

38.3.3 Eight- and Twelve-coordinate Primary Heteroatoms 

38.3.3.1 Decatungstometalates, [XW,o036]”"~ 

The heteroatoms listed in Table 10 form complexes of stoichiometry [XW0036]°". The 

structure, based on determinations of the Ce'Y and U'Y anions, can be regarded as the 

attachment of two quadridentate ligands, derived from WeO19 through the loss of one WO, 

octahedron, to the heteroatom (Figure 18). The site symmetry of the latter is approximately 

Dag. The XW, anions are of only moderate stability in aqueous solution (pH 5.5-8.5). 

Electronic, vibrational and 170 NMR spectra have been recorded. The emission spectra and 

luminescence properties of several of the lanthanide anions have been discussed.* 

38.3.3.2 Dodecamolybdometalates, [XMo12042]”~ 

The structure shown in Figure 19 was first described for the [CeMo20.2]® anion.® It 

contained two unprecedented features, an icosahedrally coordinated heteroatom, and face- 

shared pairs of MoO, octahedra. Other examples of octahedral face-sharing have since been 

observed, but this feature remains uncommon owing to the high coulombic repulsion between 
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Table 10 Decatungstometalate Heteropolyanions, [XWgO>I?= 

- Heteroatom Ref. 

x". -y, La, Ce, Pr, Nd, Sm, Eu, Gd, Ho, Er, Yb a,b 
Am e 

X'Y: Ti(?), Hf (?) d 
Ay e 

Ce a,f 
Th, U b, g 

5B: D. Peacock and T. J. R. Weakley, J. Chem. Soc. (A), 1971, 1836. 
L. P. Kazanskii, A. M. Golubev, I. I. Baburina, E. A. Torchenkova and V. I. 

Spitsyn, Bull. Acad. Sci. USSR, Div. Chem. Sci., 1978, 27, 1956. 
“A. S. Saprykin, V. P. Shilov, V. I. Spitsyn and N. N. Krot, Dokl. Chem. 
(Engl. Transl.), 1976, 226, 114. 
: G. Marcu, I. Todorut and A. Botar, Rev. Roum. Chim., 1971, 16, 1335. 
J. Iball, J. N. Low and T. J. R. Weakley, J. Chem. Soc., Dalton Trans., 1974, 

2021. 
® A.M. Golubev, L. A. Muradyan, L. P. Kazanskii, E. A. Torchenkova, V. I. 

Simonov and V. I. Spitsyn, Sov. J. Coord. Chem. (Engl. Transl.), 1977, 3, 715. 

Figure 19 The structure of [CeMo,,0,,]®~ anion 

the metal atoms (Pauling’s rules). An alternative description of the structure is as a Ce** cation 
surrounded by six bidentate ditetrahedral [Mo.0,]?~ ligands. The overall point symmetry is 7. 
The structure has been confirmed for Ce!Y and U!Y heteroatoms, and analogous complexes exist with Th'’, Np'Y and perhaps Sn'V. All are molybdates. The Ce!” and UY anions undergo reversible reduction and oxidation respectively to Ce™ (unstable) and UY analogues.*° 

38.4 HETEROPOLYANIONS AS LIGANDS: SECONDARY HETEROATOMS 

The complexes formed by the attachment of metal ions or organometallic moieties to the 
surface oxygen atoms of complete or lacunary (deficit) heteropolyanions comprise a rapidly 
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growing area of polyanion chemistry. Among other reasons, such chemistry is perceived as 
being particularly pertinent to mechanisms of catalysis on metal oxide surfaces, or indeed to 
the development of new catalysts. 

38.4.1 Complete Polyanion Ligands 

The first complexes incorporating an intact polyanion were [X(Nb.6010)2]'2~ (X = MnlY, 
Ni’). In these complexes the Mn and Ni atoms are bound to three bridging oxygens on the 
surface of the [NbsO19]°” anions, which therefore act as tridentate ligands.®” The salts 
NasX(en)(Nb.O19)-"H2O (X=Cr**, Co3*) probably contain a_ similar ligand (i.e. 
[(F,0)(en)X(Nb.O19) >). More recently, analogous derivatives of cis-[Nb2W,0j9]*~ and 
[MWsO..} (M=Nb, Ta) have been synthesized, e.g. [(OC)3Re(Nb2W,0;5)]*-, 
[MesCpRh(Nb2W,0j9)]* and [Cp3X(MW5Qj0)2]>- (X=U, Th).® With the 16-electron d? 
species [(C;Hs)RhCl], (C;Hg=norbornadiene), a_ bizarre bridged complex results, 
[{(C,Hs)Rh}5(Nb2W.4010)2]°-.° 

Similar complexes should be formed by Keggin anions, for each edge-shared triplet of WO, 
octahedra in the Keggin structure is analogous to one half of the MsOjo structure. Two Keggin 
derivatives have been reported: [MesCpRh(SiWoNb30,0)]>~ and [(cod)Rh(SiWoNb3O 49) | 
(cod = cyclooctadiene).” All of the above organometallic derivatives have been structurally 
characterized by single crystal X-ray diffraction and/or ‘70, '**W NMR spectroscopy. 

The anions [XMo,.0,]*~ (Figure 19), form weak complexes in aqueous solution with 
divalent Mn, Fe, Co, Ni, Zn, Cu, Cd, trivalent Y, Er, Yb and tetravalent Th.®! Two crystal 
structures have been determined and contain the anions [(UMo,.0O4){Er(OH,)s}2]*~ and 
[((UMo12042)Th(OH2)3]:*~."* In both cases the external metal atoms are attached to opposite 
sides of the heteropolyanion via three terminal oxygen atoms, one from each of three different 
Mo,0, units. 

38.4.2 Lacunary Polyanion Ligands 

Heteropolyanion structures in which the local site symmetry of each metal atom is 
approximately C,, (i.e. each metal has one terminal oxygen) frequently undergo partial 
hydrolysis to lose an MO”* group and generate a so-called lacunary structure, see for example 
the [XMj,039]”" (Figure 11) and [X.M,7O.,,]"" anions. The lacunary anions function as tetra- 
or penta-dentate ligands and react with an astonishing variety of metal ions or organometallic 
groups to form 1:1 or 2:1 complexes. In some cases such complexes are stable even although 
the lacunary ‘ligand’ itself may have no independent existence. The [KW  03.]® anions 
described in Section 38.3.3.1 may be viewed in this light as 2:1 complexes of the hypothetical 
lacunary anion [W;O,3]®°. The organometallic derivatives [CpTiM;O;s]*> (M=Mo, W) are 
analogous ‘1:1’ complexes. In the last two examples the [TiCp]** group plays the same role as 
WO** does in [W.O,0]*". Further organometallic groups may be attached to the surface 
oxygens of the substituted polyanion in the manner described in Section 38.4.1, e.g. 
[Mes;CpRh(Cp)TiMo;0;8]*~ 59? 

38.4.2.1 Derivatives of [XM1,030]"" and [X2M170¢,]"~ 

The number of complexes of this type is legion. The general formula is [XM1,Z(L)O39]”" (or 
[X.M,7Z(L)O¢;]"") where Z is a secondary heteroatom and L is a terminal ligand on Z. In 
some cases L is another lacunary polyanion, an organic or organometallic moiety, or is absent. 
Scheme 5 illustrates some of the possibilities. 
When Z is a simple aquacation, two types of complex are formed depending upon the ionic 

radius of Z. For alkali, alkaline earth and most transition metal cations the product contains 
Z"* in quasi-octahedral coordination. Equilibrium constants for reaction (6) have been 
determined for Lit, Nat, K*, Mg?*, Ca?*, Sr?*, Ba?*, Mn?*, Fe?*, Co**, Ni?*, Cu** and 
Zn2*.*% For the transition metals, log K lies between 3 and 9, and is sensitive both to Z and to 

the lacunary polyanion involved. Larger cations, Sr’*, Ba**, and tri- and tetra-valent 
lanthanides and actinides are also able to bind two lacunary ligands in a manner similar to that 

illustrated in Figure 18. Although the stepwise formation of 1:1 and 2:1 complexes of the 
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lanthanide cations can be demonstrated spectroscopically, only the 2:1 complexes have been 

isolated. The local symmetry around the cation is approximately square antiprismatic, as 
confirmed in structures of Cs,.[U(a-GeW11039)2]-aq and Ky6[Ce(a2-P2W170¢1)2]-aq.”* These 
anions generally have a high charge, and favor the stabilization of unusual oxidation states, e.g. 
tetravalent Pr, Tb, Am, Cm and Cf and pentavalent U. 

[XM1:O39]"" + Z?* (aq) => [XM,,Z(OH2)O39]" ”— (6) 

Although lacunary derivatives of Keggin anions with divalent heteroatoms have never been 
detected, derivatives of these species are readily prepared by other methods. Examples are 
[(H2)W11Co(OH2)O39]’~, [CoW,,Fe(OH2)O30]’~ and [BeW1;Mn(OH2)O39]’~. The ligand field 

exerted by the lacunary anion seems to be weaker than that of the corresponding aqua 
complex, e.g. for [SiW::Ni(OH2)O39]®" A = 8100 cm™' us. 8600 cm~* for [Ni(H2O)<,]**. In the 
Anderson anions [HgNiM.O2,]*~ (Section 38.3.2.1) A is significantly larger: 9520 cm7* (Mo), 
9800 cm! (W). 

The terminal water molecule may be replaced by other ligands, e.g. NH3, pyridine, Cl~.”° 
With pyrazine or 4,4'-bipyridyl two polyanions can be linked together. In aqueous solution the 
equilibrium constants for water replacement are not very large, although only a handful have 
been measured. As an example, K =250M™' for the substitution of NOz for water in 
[BW,;Co™(OH2)O39]°". Typically, the aqua derivatives are stable at 4<pH<8, although 
several exceptions are known. It has been possible to remove the coordinated water molecules 
of such anions in nonpolar solvents.'*! Kinetic inertness of Z"* frequently extends the effective 
pH range over which the complexes may be studied. For example the free acid of 
[SiMo,,Cr'"(OH2)O39)°— can be isolated, and the anion also can be deprotonated to 
[SiMo,,Cr(OH)O39]*" at pH Sel 

Within the last few years there has been considerable activity directed towards the synthesis 
of organic and organometallic derivatives of heteropolyanions. Reactions of lacunary poly- 
anions with RMC1;, where R is an organic or organometallic radical, provide a simple route to 
such derivatives.”” Some examples of these reactions are presented in Scheme 5. For the most 
part the reactions proceed smoothly and the products are remarkably stable towards hydrolysis. 
Apart from their structural characterization via crystallography and NMR spectroscopy the 
chemistry of these complexes has not been completely described. 
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38.4.2,.2  Multisubstituted heteropolyanions 

Heteropolyanion structures in which more than one W or Mo atom has been replaced range from the mixed metal species such as [PWsV4O.0]’ to anions like [P2W1s(SnCsHs)2060]— and a-[SiWo(CoOHz)3037]'°-. In some cases there are systematic methods of synthesis from an isolated lacunary species, e.g. a-[SiW.03,]"°-; in others, ‘brute force’ methods lead to complex mixtures of isomeric polyanions. As more work is done in this area, patterns are beginning to emerge. Thus several anions have been shown to contain B-a-XW, units 
(see Figure 11): [(P"We04)2Coa(H20),]"°- °° [(As""W.033)2Cu3(H2O)2]!2~,% [(Se'Y W033) 2- Mn3"WO(H,0),,]® ?° and [(AsW.033)2Co(WO).(H20),,]®-. On the other hand the A-type 
anions [SiW,034]’°- and [PW.oO34]°~ react to give complete Keggin-like structures such as 
[SiW.Fe3(OH2)3037]’— cl and [PWoV3049]° .18 

38.4.2.3 Heteropoly cryptands 

In Section 38.3.1.1.ii we noted that the large tungstophosphate anions [PsW300110]'? and 
[PgsW4g0ig4]*” act as cryptands towards alkali metal cations. Two other leviathans, 
[(NH4)As4W400140(CoOH2)]”*~ (a)!°! and [NaSbyW>,Oge]'8~ (b)! are illustrated in Figure 20. 
Anion (a) is constructed of four B-a-AsW, units linked by four WO, octahedra; it has a central 
crypt (optimum size for K* and Ba**) occupied by NHf#, and has four ‘lacunae’, two of which 
are occupied by Co**. The anion shows novel allosteric behavior; when it binds two small 
cations like Co“, the remaining two coordination sites expand and are incapable of binding 
further Co?*, although two Ag* ions can be complexed. 

Figure 20 (a) [(NH,)As,;W490149(CoOH,),]”*" with aquacobalt(II) ions represented in the square pyramids with 
open circles. The large circle represents the ammonium ion in the central crypt. Two other ammonium ions (one partly 
visible) are weakly coordinated in positions corresponding to the cobalt(II) sites on the other side of the anion. (b) 
[NaSb,W,,0,.]'8". The B-SbW, units are shown in polyhedral fashion. The Sb atoms are represented as small dark 

spheres and the Na” ion as the large sphere 

Anion (b) contains three B-6-SbW, units linked to an SbsO2 ‘axis’. The central cavity is 
optimum size for Na*. Both (a) and (b) have been found to exhibit antiviral and antitumoral 
properties at non-cytotoxic doses in vitro and in vivo, and are potent inhibitors of cellular, 
bacterial and viral DNA and RNA polymerases. Anion (b) has recently been used to treat 
patients with Acquired Immune Deficiency Syndrome.’”’ 

38.5 HETEROPOLY BLUES AND OTHER REDUCED SPECIES 

The formation of intensely colored species (‘heteropoly blues’) upon partial reduction of 
certain heteropolyanions forms the basis of widely used analytical procedures for the 
heteroelements in such anions (P, Si, etc.), or for the reductant (e.g. uric acid). Photochemical 
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reduction, which can, for example, lead to hydrogen evolution from aqueous solution is of 

particular current interest.’ Although a pioneering study of the reduced molybdo- and 

tungsto-phosphates was made in 1920,’ most of our present knowledge has developed from 

more recent electrochemical and spectroscopic studies.'"’”° The reduction of a heteropolyanion 
to a heteropoly blue involves the reversible addition of one or more electrons. In most cases 

there are no significant structural changes during the first stages of reduction. The added 

electrons must therefore enter orbitals that are mainly nonbonding in character. Such orbitals 

are present only in those anions in which each metal atom has a single terminal oxygen atom 

(approximate local symmetry, C4), e.g. the Keggin (Figure 10), Dawson (Figure 12) and 

M.O,. (Figure 5) structures. Such structures are referred to as Type I and contain a 
nonbonding d orbital on each metal atom (in C4, the orbital (d,,) has B, symmetry). Other 
polyanion structures (Type II) have metal atoms with two (cis) terminal oxygens. In this 
symmetry all of the metal’s d orbitals are involved in o and a bonding. Consequently Type I 
polyanions (e.g. the Anderson anions, Figure 16) do not undergo reversible reduction to 
heteropoly blue species. 

38.5.1 Electrochemistry 

38.5.1.1 Polytungstates 

Careful polarographic and voltammetric studies of several Keggin anions have revealed an 
elaborate redox behavior. The most complete study has been made on the metatungstate 
anion, @-[(H2)W 2O,49]® .°° In Scheme 6 and the subsequent discussion, the oxidized anion will 
be designated as 0 and each reduced species by a roman numeral representing the number of 
added electrons. In the scheme the horizontal double-headed arrows represent polaro- 
graphically reversible electron transfer processes. Slower disproportionations or reductions are 
represented by the vertical arrows. The unprimed species are blue, and are mixed valence 
WY’! anions, e.g. [(H2)WYWidO.0]*" (Il). The primed species are red-brown, are less air 
sensitive and appear to contain W'Y, e.g., VI’ is [(H2)W3”’Ws'O.H,]® with a metal—metal 
bonded group of three edge-shared WO, octahedra. As the anion is reduced further, the 
remaining W; groups become metal-metal bonded. Electrons added to XXIV’ enter 
delocalized nonbonding orbitals of which there is one for each set of three W'Y atoms. It is 
remarkable that the Keggin framework does not appear to be destroyed in this process; XXIV’, 
which is amphoteric, an orange cation (pH <3) or a violet anion (pH > 12), can be reoxidized 
quantitatively to 0 under acidic conditions. As mentioned in Section 38.2.6.2, XXIV’ slowly 
loses one of the central protons to yield the corresponding reduced version of [(H)W12040]’~. 

0 << I <> Ht <> Il <=> IV <= (VI) “> vr 

VI’ <— VII’ <— VIII’ 

XI’ <— XIv’ 

XVIII’ 

XXIV’ <— XXVIII’ <— XXXII’ 

Scheme 6 

The other Keggin anions undergo similar redox processes, although there are individual 
variations. The initial reduction potentials, 0/1, of [XW12O4]”"_vary approximately linearly 
with n, from ca. 0 V (us. SCE) for [PW120.0]*~ to —0.7 V for [Cu'W,20.4o]’~. The maximum 
reduction states attainable for [PW,2040]*~, [SiW12O40]*” and [BWi2O.40]°- are VI, XX’ and 
XVIII’ respectively. This behavior is attributed to coulombic repulsions between the 
heteroatoms and the W'Y atoms which must move towards the center of the anion in VI’ and 
more reduced species. Reduction of other XW, anions, [K2W1sQ¢2]°, [W6O10]?~, [Wi0032]*7 
and lacunary species has not been explored much beyond stages I and II : 
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38.5.1.2 Polymolybdates 

The electrochemistry of heteropolymolybdates parallels that of the tungstates but with the 
following differences: the reduction potentials are more positive and the primed species 
(metal-metal bonded?) are much less stable. Scheme 7 applies for a-[SiMo;2O49]*~. Species in 
parentheses are detectable only by rapid scan cyclic voltammetry, and XVIII’ decomposes 
rapidly at 0°C. The reduced anions such as II and IV are easily obtained by controlled 
potential electrolysis or by careful chemical reduction, e.g. with ascorbate. The use of metal ion 
reductants generally leads to other reactions, (equation 7). The reduced anions slowly 
isomerize (equation 8). The isomerization can be followed polarographically (all 6B potentials 
are more positive) or by NMR spectroscopy. By this means f isomers of most Keggin and 
Dawson molybdates have been prepared. 

0 <-> I < II <> WW <> IV < V <> VI <> (VII 

papal 
(VI’) <— (VIIl’) < xX’ <=> xi’ 

| 
Scheme 7 XVI’ 

0 (a@-SiMo,.) “> IV (SiMo,Sn,) (7) 

IV (@ series) —— IV(f series) (8) 

38.5.2 Spectroscopy and Electronic Structures 

The electronic spectra of heteropoly blues show broad bands in the visible and near IR 
regions that are attributable to intervalence charge transfer (e.g. WY— WY!) and to d-d 
transitions. The intensities of these bands vary considerably with the structure of the polyanion. 
The reduced species, I, which have received the greatest attention so far, are currently assumed 
to be Class II mixed valence complexes in the Robin—Day classification.” This implies that the 
ground state may be described in terms of an electron that is weakly trapped on one of the W 
(or Mo) atoms. Partial delocalization of the electron on to the neighboring WY! atom is defined 
by an electron-transfer integral (electron-tunnelling matrix element), J. Valence interchange 
between the metal centers can take place by optical excitation or by adiabatic electron transfer 
(‘hopping’). In the high temperature limit, kT >> hv (where v is the frequency of the vibrational 
mode(s) coupled to the electron transfer), Ey, = E,,/4, where E,, is the activation energy for 
electron hopping and E,, is the energy of the intervalence transition. When allowance is made 
for partial electron delocalization, equation (9) applies. In favorable cases, unambiguous 
evidence for temperature dependent electron hopping is provided by ESR spectroscopy. The 
high and low temperature ESR spectra of [P.V'YV3W,;O.]'° (Figure 21) show that the 
electron interacts equally with the three J=4 *'V nuclei at 350K and is trapped on a single 
vanadium atom at 5K. The high temperature activation energy (En) for this compound is 
29kJ mol-! and J is 13kJmol™!. Values for J and E,, for some polymolybdates and 
polytungstates have been estimated from ESR line broadening and intervalence band 
parameters, and are given in Table 11. 

Whe 

Ewn= pope rt Be (9) Ee 

The electronic spectra of heteropoly blue anions (see Figure 22 for examples) show other 

intense broad bands in addition to the intervalence transitions. These are believed to result 

from intensity-enhanced d—d transitions.‘ For a given polyanion structure, the intensity of the 

spectra increase approximately linearly with the degree of reduction until state VI is reached. 

This behavior implies that successive electrons occupy orbitals of different metal atoms. The 

intensities of the intervalence bands are structure dependent: M,Oi9< a-XM12040 < B- 

XM 12040 < @&, B-X2M1gO62 < W10032. The molar extinction coefficient per WY increases from 

280 for [WeQ19]°~ to 7500 for [Wi0O32]*". The variation has been attributed to the change in 

MY—O—M™"! bond angles (100° to 175° over the series). A greater bond aggle leads to more 

COC3-HH* 
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350 K 5K 

Figure 21 ESR spectra of a-[P,W,;V'’V3O,,]*°” at 350 K and 5K. Scale bars represent 100 G 

Table 11 Intervalence Parameters for some Heteropoly Blues 

Intervalence band 
Anion frequency (cm~*) E,, (kJ mol’) J (kJ mol~*) 

[Mo,O,0]°— 9000 15 14 
[PMo,,040]*— 6400 3.4 33 
[GeMo,;,0,9]°~ 7300 4.3 24 
[W.O,0]? 10 200 58 37 
[SiW 2040]? 8000 3.4 30 
[(H2)W 20 40]"~ 8400 3.4 32 
[As.W30,.]’~ 11 000 3.9 43 

efficient electron delocalization via m2 bonding, and this is also reflected in the values of J 
(Table 11). 

e(x/0) 

30 25 20 15 0 5 
kK 

Figure 22 Electronic absorption spectra of reduced species I and II of [PW,2O49]°- (—) and [CoW,,049]® (——-— ) 

38.6 ORGANIC DERIVATIVES OF POLYANIONS 
‘ 

The introduction of organic and organometallic moieties into lacunary polyanion structures 
has been described in Sections 38.4.2.1 and 38.4.2.2. Other organic derivatives of polyanions 
are discussed in the following sections. 
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. 38.6.1 Organophosphonate Complexes 

Pentamolybdobis(organophosphonates), [(RPO3)2Mo;O,;]*~, are readily formed in weakly 
acidic solution (pH 2-5).” The following derivatives have been isolated: R=H, Me, Et, 
C,H,NH3, Ph, p-CsH,NH# and n-Cz,Hys. The last-mentioned complex has been shown to be 
an effective electron-dense stain for electron microscopy of phospholipid vesicles.!° X-Ray 
investigations of the methyl and B-aminoethyl derivatives show the anions to be isostructural 
with [P2Mo;0,3]® (Figure 15) with R groups occupying the unshared vertices of the PO, 
tetrahedra.'!° A ‘neutral’ zwitterionic analog, prepared from cis-[Co(en)2(Hz0)OPO3H)]", has 
been isolated, as have several derivatives of phosphate monoesters.’ 

The corresponding pentatungsto complexes are less common; only those with R = Ph and 
C,H,NH? have been reported. According to **P and ‘H NMR the pheny] derivative is partially 
dissociated in aqueous solution, in contrast to the molybdates. In organic solvents, however, 
the tungstate appears to be undissociated, but '*?W and ‘70 NMR spectra of these solutions 
reveal the anion to be fluxional at temperatures above —38°C. The dynamic process is 
described as a pseudorotation of the nonplanar ring of five tungsten atoms, coupled to an 
oscillation of the PhPO; groups.’"' There is little doubt that the corresponding molybdates 
behave analogously. 

38.6.2 Organoarsonate Complexes 

Three polyanion structures incorporating RAsO%~ groups have been reported. Two of these 
are analogous to [As,Mo,O2.]* and [H4AsyMo,2Os0]* described in Section 38.3.1.2. The 
As Mog complexes are formed under similar conditions to the P2Mos species and the structure 
of (Me4N)2Naz[(MeAsO3)2Mo¢018] 620 corresponds to that shown in Figure 15 for 
[As2MogQ5]*.112 However, a hydrated version of the anion was observed in crystals of 
(CN3H.)4[(PhAsO3)2Mo,01g(OH2)]-4H2O0 and is shown in Figure 23. In aqueous solution the 
hydrated anion is the predominant species (IR and Raman spectra), but the R groups are made 
NMR equivalent by rapid exchange of the bridging water molecule.'!’ The corresponding 
tungstate is isolated as a deprotonated species, [(PhAsO3)2W.601s(OH)}?-, and the NMR 

spectrum of this complex at pH 3.6 shows two nonequivalent phenyl groups. As the pH of the 

solution is lowered, the phenyl resonances coalesce. This behavior is attributed to increased 

protonation of the anion to [(PhAsO3)2W601s(OH2)]*~ and consequent water exchange as for 

the molybdate.*'* 

(a) (b) 

Figure 23 Structures of (a) [((PhAsO3),Mo,0,(OH,)]*" , showing coordinated water as an open circle, and (b) 

; [((H3NC.H,AsO3)4Mo,2034] 

Several derivatives of [(RAsO3)4Moi2034]*" have been isolated from acidic solutions 

(pH <1). The structure of the neutral zwitterionic species with R= p-CeH4NH3_ has been 

reported'!5 (Figure 23) and it corresponds to that found for the ‘inorganic’ analog (R = OH). 
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The anion [(MeAsO3)Mog0i(H2O).]*~ has been reinvestigated."'® Its structure contains a 
ring of MoO;(H2O) octahedra and can be viewed as the structure of A-a-[AsMo.03;(H20)3]°~ 
(Figure 11) with the Mo3Q,; ‘cap’ removed. 

38.6.3 Diorganoarsinate and Related Complexes 

The anion shown in Figure 24, [(MezAsO.)Mo,0,2.(OH)]*-, is readily formed in aqueous 
solution at pH 3-5. Among its unusual features is the presence of a hydroxide group that 
bridges four molybdenum atoms.'’” Anions of this structure have proved to be remarkably 
effective inhibitors of certain acid phosphatases.'’® The structure may be considered to have 
been assembled from R2,AsOz, OH™ and cyclic Mo,4O,2. Similar complexes based on 
R,C(OH), (acetal) units have been prepared by reaction of [Mo,O,]*~ with aldehydes in 
nonaqueous solution. The structure of (Bu4sN)3[(H2CO2)Mo,0,.(OH)] has been reported.*?? 
When the glyoxal derivative, [(OHCCHO,)Mo,0,,(OH)]°~, is treated with HX (X=F-, 
HCOz;), the second carbonyl group inserts into an Mo—O bond, and the four-fold bridging 
OH™ group is replaced by doubly bridging X~ (see Figure 25).7° 

Figure 24 The structure of [(Me,AsO,)Mo,0,,(OH)]?~ anion 

fe) fe) ° fe) 
fe) fo) ce) fe) ° fe) 

f Sor i Ys \ “Sy Pe i ~ 

oh Ae 9) RS See 
OHS 9 \ ; 

as T a Ke H fe} ‘ “ 

Me" ety S/ Ae 
ot imo 1! Bo ae a vy ga? a 

E ° of ~o = 
H 

Figure 25 Structural scheme showing the insertion, upon treatment with HX, of the free carbonyl group of 
[(OHCCHO,)Mo,0;,(0H)]°*~ into an Mo—O bond to yield [HCCHMo,0,;X]°~. Broken lines denote Mo—O bonds 

of length 2.00-2.40 A 

38.6.4 Octamolybdate Derivatives 

Addition of formic acid to a solution of (NH,)sMo7O., yields crystals of 
(NH4)6[(HCO)2MogO26]-2H20.'*° When MoO;-2H,0 is refluxed with absolute MeOH over a 
molecular sieve, crystals of Na,4[MogO.,(OMe),]-83MeOH are isolated from the mother 
liquor.” The anions of both of these compounds contain the octamolybdate moiety shown in 
Figure 26. Terminal formyl and methoxy groups are attached to the MoO, octahedra with three 
unshared vertices; two methoxy groups occupy bridging sites. UV irradiation or thermal 
decomposition of the methoxy derivative yields formaldehyde, and this behavior illustrates 
some of the potential value of organopolyanion chemistry in modelling heterogeneous catalysis 
by metal oxides. 
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Figure 26 The Mo,O., unit found in [(HCO).Mog0>¢]° and [Mo,0,,(OMe),]* anions. The small circles indicate 
points of attachment of the formyl groups 

ADDENDUM 

Research activity continues to be high with groups in Europe, Japan, Canada and the USA. 
Considerable interest is focused on catalytic and photocatalytic applications.'*° In this context, 
transferral of heteropolyanions into nonpolar solvents opens up new possibilities such as 
oxygen-carrying species.'*! Recent work on organometallic derivatives of polyoxoanions from 
groups at the Universities of Illinois and Nebraska has been reviewed.” High pressure liquid 
chromatography has been used to separate several heteropolymolybdates, including a- and 
B-[SiMo,,O.]|*.*°* The structure of the heteropoly blue species (four-electron-reduced 
B-[PMo,20.0]”") formed in the ‘molybdenum blue’ determination of Phosphorus has been 
reported'*> and a review of molybdate heteropoly blues has appeared.'*° A ‘stability index’ of 
polyanion structures has been discussed.'*’ The presence of two PMo, anions in aqueous 
solutions of molybdate and phosphate has been demonstrated by **P NMR." Solid state NMR 
(nonspinning and MAS techniques) has been used for characterization of heteropolyanions.'*? 
Molybdenum-95 NMR spectra of some polymolybdates have been reported.'° 
Acknowledgement: It is a pleasure to acknowledge the contribution of my colleague Dr 

Howard T. Evans, Jr., US Geological Survey, in the preparation of the structural figures for 
this chapter. 
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39.1 SCANDIUM 

39.1.1 Introduction 

Scandium can truly be described as a little-studied element. In their thorough review’ ‘The 
Coordination Chemistry of Scandium’, Melson and Stotz showed that, at that date, though 
many of the fundamental topics relating to this element had been to some extent investigated, 
much careful work needed still to be done to bring our knowledge of scandium chemistry to the 
level of that of its neighbours such as titanium or vanadium. By the present date, a number of 
advances have indeed been made but the chemistry of scandium is still backward compared 
with other elements. Of course, the element is very expensive but it is hard to see this as a 
major deterrent to study. With essentially only one oxidation state, the chemistry may lack 
variety to some extent, but still has much of interest to offer to the researcher. 

With an ionic radius of 0.81A (Pauling), the ion Sc** lies on the borderline between 
six-coordination and higher coordination numbers. In those crystal structures which are known, 
Sc** is predominantly six-coordinated, but examples of seven-, eight- and nine-coordination do 
occur, together with a limited number of examples of lower coordination numbers than six 
where ligands are very bulky. 

Regarding ligand preferences, Sc** is a typical Chatt-Ahrland Class A metal ion. Thus we 
see ready coordination with ligands based on oxygen, nitrogen or halides, but virtually no 
complexes with sulfur- or phosphorus-based ligands. While there is a small but interesting 
organoscandium chemistry in which considerable development has recently taken place, that is 
not dealt with in these pages. 

39.1.2 Nitrogen Donor Ligands 

39.1.2.1 Ammonia 

There is little doubt that ammines are formed. Thus scandium hydroxide is incompletely 
precipitated by ammonium hydroxide, perhaps owing to the formation of ammine complexes.” 
Also the oxalato—ammine {Sc(NH3)5}2(C2Oy)3 and its 12-hydrate have been obtained,° though 
some of the ammonia molecules in these species might be hydrogen bonded to the carboxylate 
anions rather than being coordinated. A further amino-—carboxylate Sc,acs(NH3)3 is also 
known.* A series of ammines of ScX; (X=Cl, Br or I) have been prepared by direct 
interaction of the anhydrous salt and ammonia.*’ The initial products are ScX3-nNH; 
(n =7-8) but gentle heat (~100-115°C) gives ScCl;(NH3)4 or ScBr3(NH3)s. IR studies® of 
deuterated halo-ammines have been interpreted in terms of structures such as 
[ScCl(NH3)s]Cl,, and dissociation pressure measurements? gave heats of formation 
(ScCl3(NH3)s, 72 kJ mol~*; ScCl;(NH3)4, 76 kJ mol~'). Localized molecular orbitals have been 
calculated for Sc(NH3)sX°* (X=H~, NH, F-, Cl-, HO). d-Orbital participation and 2 
bonding were discussed and electron density contours given.'° A hydrazine adduct ScF;-N,H, 
has been described,' but its constitution is uncertain. 

39,1.2.2 Amines 

Both bis and tris ethylenediamine complexes have been described;' the latter have been 
formulated [Sc(en)3]X3; (X= Cl or Br), this being supported by IR data. Heating in vacuum 
leads to formation of cis-[ScX,(en),]X. A number of complexes of ScCl, with primary and 
secondary amines, mainly aliphatic, have been prepared and their thermochemistry and IR 
spectroscopy studied.’*"° The compounds are ScCl3-n(RR’NH), where n = 1-4 and R=R'= 
Me, Et, Pr, Bu or Pe; or R= H and R' = Et, Pr, Bu, Pe, phenyl, benzyl or 2-naphthyl. Further 
investigation would be necessary to establish the structural nature of these complexes. 
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Several investigations have explored monodentate and bidentate aromatic amine complexes. 
Treatment of ScCl; or ScBr3 with hot neat pyridine gave ScX3-4py (X = Cl or Br) where the IR 
spectrum suggested the presence of coordinated and uncoordinated pyridine; under vacuum 
these compounds were converted into ScX;-3py.’° IR studies suggested that vs._n = 260- 
280 cm™, Vsc_c, = 300-350 cm™ and vs._p, = 266-268 cm~!. A series of pyridine thiocyanato 
complexes has also been prepared. The stoichiometries are Sc(NCS)3(py),,(EtOH),, where 
n= 1-4 and x =0 or 1, the most stable complex being Sc(NCS)3(py)3. The anions of course 
dissociate in water, in which medium the presence of [Sc(py),(H2O),]°* cations was 
suggested.?7 

The bidentate ligands 1,10-phenanthroline and 2,2'-bipyridyl form complexes with scandium 
chloride and thiocyanate. From anhydrous THF solutions ScCl;(bipy), and ScCl;(phen), were 
isolated. They dissociate to some extent as 1:1 electrolytes in acetonitrile or in nitromethane. 
Far IR evidence is that the structures are cis-[ScCl,L,]Cl (L = phen or bipy). Somewhat similar 
thiocyanato complexes were also obtained.'*!? However, in this case the tris complexes 
Sc(NCS)3L3 were both isolated and were assigned the formulation [ScL3](NCS)3; from IR and 
conductivity data. In the thiocyanate series, the bis complexes [Sc(NCS)L,]NCS were each 
obtained in cis and trans forms, again as determined mainly from IR spectra. Here 
v(Sc—NCS) = 300-325 cm~*. It would be interesting to have single crystal X-ray data on these 
compounds. 
A comparatively large amount of work has been done on polydentate amine complexes, 

which show considerable stability and force high coordination numbers on the metal ion. Thus 
Sc(NO3)3-6H2O and 2,2':6',2”-terpyridyl (terpy) gave, from acetonitrile, [Sc(NO3)3(terpy)] as 
golden needles. A single crystal X-ray determination showed nine-coordination, the nitrate 
ions being bidentate, and the organic ligand essentially coplanar, with Sc—N = 2.272-2.322 A 
and Sc—O = 2.234-2.322 A but with one longer Sc—O distance at 2.482 A. This seems to be a 
case where one of the nitrate oxygen atoms is almost being expelled from the coordination 
sphere by what must be a very considerable interligand repulsion. The terpyridyl ligand 
dissociates in water but the complex retains its integrity in nitromethane. The ligand 
tripyridyltriazine (tpta), which is similar in coordination geometry to terpyridyl if one of its 
pyridine groups remains uncoordinated, forms a complex ScCl,(tpta) where IR evidence 
suggests the presence of an uncoordinated pyridine, and the formulation as six-coordinated 
[ScCl3(tpta)] is suggested. Interconversion of the coordinated and uncoordinated pyridine 
groups takes place in methanol solution.”° 
A variety of tetradentate amine ligands have been used to form scandium complexes. Thus 

1,2-bis(pyridine-a@-carbaldimino)ethane (bpce) forms a dimeric complex ([Sc2(NO3)2(u- 
OH),(bpce)2](NO3)2°3MeCN whose structure has been determined by single crystal X-ray.” 
Each metal ion is eight-coordinated and each bpce ligand is essentially coplanar, while the two 
hydroxy and two nitrate oxygen atoms which are coordinated to one particular scandium ion 
form an approximately coplanar system which is perpendicular to the plane of the tetraimine, 
producing a distorted dodecahedral coordination. The four Sc—N distances are 2.341—2.403 A, 
and Sc—O(nitrate) are 2.333 and 2.295 A. The Sc—OH distances are notably short at 2.053 
and 2.089A and an_ sd,2-sp* covalent interaction is suggested. A complex 
Sc(NO3)3(bpce)(H2O), was also obtained and the formulation [Sc(NOs)3(bpce)]-2H,O was 
suggested. The bpce ligand, despite being quadridentate, dissociates in water and in DMSO.” 

The cyclic hexaimine (L) formed by cocondensation of two molecules each of hydrazine and 
2,6-diacetylpyridine under template conditions gives a complex formulated as 
[ScL(H20)2](C1O4)3-4H20. Only four nitrogen atoms of the six are geometrically able to 
coordinate.*! The best-known tetradentate macrocyclic amine complexes are those of the 

porphyrins, however, and a good deal of work has been done on these, usually in conjunction 

with studies of similar complexes of other metal ions. Much of this attention is due to the 

relevance to photosynthetic chlorophylls, where a dimer similar to a dimer formed by scandium 

is proposed to participate in the photosynthetic reaction centres. Octaethylporphyrin (H,OEP) 

gives complexes Sc(OEP)(O2CMe)” and a dimer (OEP)Sc—O—Sc(OEP). The latter was first 

prepared by the action of H,OEP on Sc(acac); in imidazole, followed by chromatography on 

AI,O; and was characterized by NMR, IR and mass spectrometry.” A preferred method uses 

H,OEP and ScCl, reacting in hot pyridine, followed by treatment with water and extraction 

into, and recrystallization from, CHCl, giving purple plates. The corresponding tetraphenyl- 

porphyrin complex was prepared similarly. The dimer readily dissociates to monomers in 

alcohols. It shows a two band absorption at ~410nm and ~550nm and very strong 

fluorescence with moderate phosphorescence. The phosphorescence lifetime of 
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Sc(OEP)O.CMe is 0.4, which is the longest for any porphyrin, while the fluorescent yield of 
0.2 is very high. The radiative properties are explained in terms of covalent interactions 
between the metal and the ring as modified by the probable location of the metal ion above the 
porphyrin plane.“* Scandium OEP complexes are reduced to the a,y-dihydro derivatives on 
reduction with sodium anthracenide and methanol.”° The redox potentials of ScCOEP)OH have 
been determined by cyclic voltammetry to be: ligand oxidation in PrCN, 1.03 and 0.70; ligand 
reduction in DMSO, —1.54 (Ej, values in V vs. SCE); no metal redox wave was observed.”° 

The dimer (OEP)Sc—O—Sc(OEP) has been examined by optically detected magnetic 
resonance with the conclusion that the rings are approximately coplanar.*” The NMR spectra of 
the dimer and the monomer show that the methylene protons are anisochronous, this probably 
not being caused by hindered rotation but by the inherent asymmetry of the ligands. 

Scandium phthalocyanine (H2pc) complexes have been obtained and quantum mechanical 
calculations carried out on these systems. Thus Sc(pc)Cl is obtained from reaction of ScCl, with 
either phthalonitrile or with Li,(pc) and gives a molecular ion in the mass spectrum.”’ The 
molecular orbitals of scandium (and other) phthalocyanines have been calculated and the 
electron distribution over the ring system studied in relation to the effect of the scandium ion.” 

The uncharged tetradentate macrocyclic tetramines Me,Bz,[14]-tetraene-N, (L) and Me.[14]- 
tetraene-N, (L’) (1 and 2) form complexes Sc(NCS)3L and Sc(NCS)3L’-0.5(THF) when the 
ligands react with ethereal Sc(NCS)3. IR evidence, namely the appearance of non-hydrogen- 
bonded NH around 3200cm~' and the lowering of v(CN) by 10-40cm™', tends to indicate 
coordination of the tetramines. It is suggested that the complex of the more rigid L is 
five-coordinated square pyramidal, while the more flexible L’ may permit another anion to 
coordinate giving six-coordination.*! 

39.1.2.3 Amido complexes 

Scandium (and the lanthanides) forms a very interesting tris-silylamide [Sc{N(SiMe;3)2}5] 
where the eighteen methyl groups are effective in reducing the scandium coordination to its 
lowest known value of three. Surprisingly, the coordination is pyramidal, with N—Sc— 
N = 115.5°, possibly owing to van der Waals attractive forces between the ligands. The Sc—N 
distance is 2.049 A.** This configuration contrasts with the trigonal planar configuration of the 
tris-aryloxide (vide infra). The compound is volatile and very air sensitive. It is prepared by the 
reaction of LiN(SiMe3),. with ScCl3.°° 

39.1.3 Oxygen Donor Ligands 

39.1.3.1 B-Diketonates 

Scandium tris-6-diketonates are monomers, in contrast to the lanthanide analogues which 
form oxygen-bridged dimers except in the cases of bulky f-diketonates combined with 
smaller-radius lanthanides. Sc(acac); itself is a compound of some antiquity** and has been 
studied by a number of authors.**** Other 6-diketonates are also known: Sc(tfaa)3-3H,O,*° 
Sc(hfaa)3,°° Sc(tta)3,°? Sc(baa)3,°° Sc(bza)3,*° Sc(dbm);*? and Sc(dpm);°°* (Htfaa = 1,1,1-tri- 
fluoroacetylacetone, Hhfaa= 1,1,1,5,5,5-hexafluoroacetylacetone, Htta= thienoyltrifluoro- 
acetone, Hbaa = 3-bromoacetylacetone, Hbza= benzoylacetone, Hdbm = dibenzoylmethane 
and Hdpm = dipivaloylmethane). The heat of sublimation of Sc(acac)3 is 99.6 kJ mol! which is 
comparable with those of the iron and vanadium analogues.” The first stability constant K, for 
Sc**—acetylacetonate is two to three orders of magnitude larger than for the lanthanides.*? The 
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"HNMR spectrum of Sc(acac); has been measured,2>! and a “C NMR study in CDCl; has 
also been reported.“ 
Two single crystal structural determinations of tris-B-diketonates have been reported. 

[Sc(acac);] shows nearly D. symmetry*? with monomeric six-coordination. The Sc—O 
interatomic distance is 2.070 A which would give an ionic radius for Sc?+ of 0.67 A for six-fold 
coordination to oxygen. The other example*® is [Sc(trop)3] which shows crystallographic D3 
symmetry with Sc—O = 2.102 A. 

The mass spectrometry of scandium fB-diketonates, which are fairly volatile, has been the 
subject of several studies. In an earlier study, dimeric species were detected in the mass spectra 
of the vapour.*’ The compounds M(RCOCHCOCF;); where M=Sc or Y and R=Me, Ph, 
2-thienyl or 2-furyl showed fluorine migration in their mass spectra, ions containing CF, groups 
being observed. The mass spectra of scandium (and Y and lanthanide) acetylacetonates and 
dipivaloylmethanates and some adducts with bipyridyl, phenanthroline or Ph3PO have been 
examined and detailed fragmentation schemes proposed. Appearance potentials of the mono 
and bis B-diketonates were measured, but no adducts of the dipivaloylmethanates were 
detected in the spectra.®°° Russian authors have also examined the vapour phase chromatog- 
raphy of Sc(acac)3.°! 

The tris-6-diketonates fairly readily form the tetrakis-diketonate anions. Thus the com- 
pounds M[Sc(diket),], where M=K, Rb, Cs and diket = CF,;COCHCOMe, CF;COCHCOMe 
or CF;COCHCOCF;, have been synthesized by the reaction of Sc(diket); with M(diket) in 
equimolar proportions in ethanol or ethanol/CCl,. X-Ray powder and thermogravimetric 
studies were made. The hexafluoro compounds M[Sc(CF;COCHCOCE;),] were particularly 
stable, subliming without decomposition at 0.1mmHg, though Cs[Sc(CF;COCHCOMe),] 
decomposes into [Sc(diket)3] on attempted sublimation.°*°> The tetrakis-tropolonate adducts 
HSc(trop), and NaSc(trop), have been prepared* and the structure of the former has been 
determined by single crystal X-ray.°° Scandium is eight-coordinated to four bidentate ligands: 
three tropolonate anions and one uncharged tropolone molecule. The latter forms a hydrogen 
bond with a neighbouring molecule giving a dimeric structure, each dimer unit having two 
hydrogen bonds with O- --O=2.484 A. The coordination geometry is intermediate between 
bicapped trigonal prismatic and dodecahedral, with Sc—O in the range 2.161-2.310 A. 

39,1.3.2 Carboxylates and hydrated carboxylates 

Scandium complexes readily with carboxylic acid anions, and the resulting solid compounds 
often have a polymeric structure with a resulting tendency towards insolubility. The formate, 
prepared from the hydroxide and the acid,® is a three-dimensional network where scandium 
ions are connected by bridging HCO; ions. The coordination around Sc** is nearly octahedral 
with the average Sc—O distance equalling 2.03 A.*’ The hydrated oxalate Sc2(C,04)3(H20). 
has a polymeric structure in which the Sc°* ion is approximately dodecahedrally coordinated 
with two water molecules and three bidentate C,07 anions, the latter bridging to other Sc** 
ions by means of their remaining carboxylate oxygen atoms. The Sc—O distances lie in the 
range 2.18—2.26 A.*® 

The hydrated basic malonate Sc(OH)(C3H2O,)H.O:H2O is approximately octahedrally 
coordinated, each Sc** being linked to three carboxylate oxygen atoms, two hydroxyl ions and 
one water molecule, with Sc—O in the range 2.05-2.12 A. In this structure a linear hydroxo- 
and malonato-bridged polymer is three-dimensionally cross-linked by hydrogen bonds.” The 
hydrated hydroxyacetate Sc(HOCH,CO2)3(H2O)2. is found . to have the constitution 
[Sc(HOCH2CO>)2(H20)4][Sc(HOCH2CO>),] with each type of Sc ~ being approximately dode- 
cahedrally coordinated and the hydroxyacetate anions each coordinating by the hydroxo 
oxygen and one carboxylate oxygen giving a five-membered ring chelate.” It will be noticed 
that in these carboxylate structures, scandium is very much on the borderline between six- and 
eight-coordination with Sc—O at about 2.05 A for the former and about 2.20 A for the latter. 
The sterically inefficient seven-coordination is not observed. : 

The complexation constants K, for interaction of Sc** ions with substituted and unsubsti- 
tuted carboxylates in aqueous solution have been determined potentiometrically at 25°C and 
0.1 M KNO; ionic background. They are listed in Table 1, the AH values being derived with 
the aid of additional measurements at 40 °C. These values for scandium are greater than those 
for the lanthanides by roughly one order of magnitude.” 
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Table 1 Complexation Between Aqueous Carboxylic Acids and 

Scandium® 

Acid logK —AG(kJmol™'!) —AH (kJ mol™’) 

a-Hydroxyisobutyric 4.84 27.6 115 
Isobutyric 4.47 250) 90.1 
Glycolic 4.40 25.5 121 
Acetic 3.48 19.6 12 
Propionic Sie PANE, 8.8 
Mandelic 2.91 16.7 —5.4 
D-Gluconic 4.21 23.8 —52.3 
Acetylacetone Late 44.3 388 

39.1.3.3 Hydrates and complexes with oxyanions 

There is rather little definitive information on the hydrated Sc** ion, which is generally 
agreed to be [Sc(H2O)¢].°* This ion, together with its interaction with anions in aqueous 
solution, has been studied by **Sc NMR. Thus nitrate, perchlorate and chloride were all found 
to complex with the hydrated Sc** ion,® and in aqueous solution containing HCI at various 
molarities, the following species were believed to be present: [ScCl(H2O)s]** (4M), 
[ScCl,(H2O),4]* (7M), and [ScCl4(H20)2} (saturated). The IR and Raman spectra of the 
hydrated Sc** ion have been reported.° 
A variety of hydroxoscandates are known. On hydrolysis of Sc**(aq) in 0.1 M KNO; at 

25°C, potentiometric studies indicated the formation of [Sc(OH)(H20),]**, 
[Sc.(OH)2(H20),]** and [Sc3(OH);(H2O),]**, and formation constants were evaluated. A 
number of solid hydroxoscandates have been isolated but their structures are not well 
established. Most reported species are tetra- or hexa-hydroxoscandates but K,Sc(OH)-;(H2O), 
has been obtained from a solution of scandium and potassium hydroxides.®’ The hexahydroxo 
compound Na3Sc(OH).(H2O). has been isolated from an aqueous solution of scandium and 
sodium hydroxides® and decomposes into the tetrahydroxo compound and NaOH at 
temperatures above 120°C. The anhydrous compound Na3Sc(OH). may be obtained from 
reaction in methanol” or by gently heating the hydrate. The Group II analogues M3Sc2(OH))2 
(M=Ca or Ba) and MSc,(OH)s(H2O)2 (M=Ca, or Sr) have been obtained in crystalline 
form. 
A number of well-defined nitrato complexes have been established. As mentioned above, the 

nitrate ion complexes with Sc** even in water, and the ion [Sc(NO;)s]*~ is stable in 
concentrated aqueous nitric acid. Salts of this anion of the type M2[Sc(NO3);], where M=K, 
Rb or Cs, have been obtained.” From ScCl; and NO, in ethyl acetate was obtained 
(NO)2[Sc(NO3)s] from which a single crystal X-ray analysis showed scandium with the very 
high, for this metal, coordination number of nine, four NO; being bidentate and one 
monodentate, with Sc—O being 2.283 A and 2.176A respectively. The coordination poly- 
hedron is irregular.’ Some double sulfates MSc(SO,)2, where M=K, Rb or Cs, have been 
studied by means of high temperature X-ray powder photography and their phase diagrams 
determined,” but their structures are uncertain. 

39.1.3.4 Other uncharged oxygen donor ligands 

Scandium coordinates fairly readily with several other types of oxygen donors, especially 
those with a little negative charge on the oxygen atom, as in Ph3P—O. It usually takes a 
coordination number of six, judging from the stoichiometry of the compounds formed and from 
structures in the limited number of cases where there are single crystal X-ray data available. 

Tetrahydrofuran complexes are among the most studied. The chloride [ScCl,(THF)3] has a 
meridional octahedral structure with Sc-O=2.18A and Sc—Cl=2.41A (mean values). 
This complex may be simply prepared from a suspension of ScCl;-6H2O in THF by addition of 
SOCI, and reflux.” Alternatively, scandium metal may be added to a refluxing solution of 
HgCl, in THF; the material obtained thus was characterized by IR spectrum.”” Other THF 
complexes include the tetrahydroborate [Sc(BH,4)3(THF)2]-2(THF). The cation is trigonally 
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bipyramidally coordinated with the two THF molecules in the axial positions.’® Tetrahydrofu- 
ran often stabilizes organometallic compounds, and the neopentyls Sc(Me;MCH,)3(THF),, 
where M = C or Si, can be isolated from reaction of the appropriate lithium reagent with ScCl, 
in THF—hexane-ether at 0°C. NMR data are consistent with a trigonal bipyramidal structure 
with axially coordinated THF.” 
A number of compounds of scandium salts with cyclic crown polyethers have been 

described.*° They comprise Sc(NCS)3(b-15-c-5)-1.5(THF):2H,O, ~~ Sc(NCS)3(db-18-c- 
6)2°3(THF), —(ScCl3)3(b-15-c-5)-H2O, ScCl3(db-18-c-6)-1.5(THF) and  ScCl;(db-18-c- 
6)-1.5MeCN where (db-18-c-6) is dibenzo-18-crown-6. The characteristic lowering of v(CO) in 
the IR spectrum when a crown ether coordinates was minimal in most cases and though 
evidence for complexation was adduced from the UV spectra, coordination of the crown 
ligands cannot be regarded as established. In the compound [Sc(NO3)3(H2O),]-(b-15-c-5), the 
crown ether is uncoordinated, the Sc** being eight-coordinated to two H,O at 2.131 and 
2.145 A and to six O (NO3) at 2.166—2.256 A.®! 

There have been a number of studies of urea complexes. Thus the Sc?+—acetate—-water—urea 
(or thiourea) system at 30°C shows the presence of a phase Sc(MeCO,)3-(urea)-H,O but no 
thiourea complex was observed.®? The complexes ScX3 (urea), (X=Cl, x =6 or 4; X=Br, 
ClO, or NOs, x =6) have all been isolated*** but structural data other than X-ray powder 
photographs are lacking, though coordination by the urea is fairly certain as v(CO) was 
lowered by some 110cm™'. However, single crystal data are available for 
[Sc(NO3),(urea)4]NO3, where there is coordination to oxygen atoms of four urea molecules and 
two nitrate groups.® 
Amine N-oxides, phosphine oxides and other phosphoryl compounds and analogous arsenic 

derivatives, and sulfoxides all give well-defined complexes with scandium. In many cases, 
authors deal with several of these classes of ligand in the same paper, so it will be most 
convenient to consider them together here. 
Complexes of scandium perchlorates, chlorides and thiocyanates with pyridine oxide, 2-, 3- 

and 4-picoline oxides, lutidine oxide, bipyridyl dioxide, hexamethylphosphoramide, 
bis(diphenylphosphino)ethane dioxide Ph,P(O)C,H,(O)PPh2 (dpeo) and the corresponding 
arsenic compound (daeo), tributylphosphate, trimorpholinophosphine oxide (tmpo) and 
thioxane oxide (toxo) have been examined. They are mostly obtained from ethanolic solution. 
The stoichiometry ScX3L; (X = Cl, L= hmpa, tbp or tmpo; X = NCS, L= DMSO, tppo, tpao, 
pyo, 2-, 3-, 4-pico or luto) was most prevalent for the fairly strongly coordinating chloride or 
thiocyanate anions, but for the perchlorates, Sc(ClO,)3L. (L= DMSO, pyo, 2-pico, hmpa or 
toxo) or Sc(ClO,)3L; (L = bipo, dpeo and daeo) were preferred. While no single crystal data 
are available, it is highly likely that six-coordination is present in most, if not all, of these 
compounds. The lowering of the S=O or P=O IR frequency on coordination is quite variable, 
95cm7! for Sc(ClO,)3(toxo)., 10cm™* for Sc(ClO,4)3(hmpa)s and almost nil for 
Sc(ClO,)3(daeo)3. IR data indicate the SCN” ions to be N-coordinated.°°° 

Structural data are available for [Sc(NO3)3(OPPh;)2]. This complex was obtained by reaction 
of hydrated scandium nitrate with the phosphine oxide in hot, very dilute, benzene solution. 
The P—O stretching mode was lowered from 1195 cm“ in the free ligand to 1170, 1140 cm™? in 
the complex. The scandium ion is eight-coordinated to both phosphine oxides and the three 
bidentate nitrates in a very irregular dodecahedral arrangement. Leading bond lengths (A) and 
angles are Sc—O(P) = 2.036, 2.076; Sc—O(NO3) = 2.207-2.338; Sc—O—P = 161.2°, 174.8°. 

The kinetics of ligand exchange of some phosphoryl-coordinated complexes of scandium are 
of a convenient rate to be studied by NMR lineshapes. [Sc{OP(OMe)s}.6}°* exchanges with free 
ligand in CD3CN, sym-C,D,Clz or CD3NO). In the first two solvents, rate is inde endent of the 
concentration of added ligand (CD3CN: AH* = 29.8 kJ mol”; AS* = —111JK~* mol~) but in 
CD;NO,, exchange rates are first order in each reactant.” Similar studies have been made on 
analogous (MeO),P(O)Me systems.” 

39,1.3.5 Alkoxides 

Some well-defined scandium alkoxides have been synthesized and studied (together with 
lanthanide analogues). The compounds are [Sc(OR);3], Sc(OR)3(THF), Sc(OR);(tppo) and 
(RO)2Sc(u-OR),Na(THF), where R = 2,6-di-t-butyl-4-methylphenate. [Sc(OR)s] was prepared 
by reaction of Sc{N(SiMe3)2}3 with ROH in hexane at 20°C followed by reflux, or by reaction 
of NaOR and ScCl; in boiling THF, or by sublimation of Sc(OR)3(THF). The latter and 
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Sc(OR)3(tppo) are prepared by direct addition of ligand to Sc(OR)s in benzene at 20°C. The 

bridged compound is obtained together with Sc(OR)3(THF) by reaction of NaOR-THF on 

ScCl; followed by appropriate work-up. These compounds are soluble in hydrocarbons and of 

course very easily hydrolyzed. Single crystal X-ray data are available for Sc(OR)s; the 

coordination is trigonal planar (O—Sc—O = 123.3° + 120.1° + 115.1° = 358.5°) with Sc—O = 

1.854-1.889 A. Sc—O—C is not quite linear, averaging 168.4°.”* 

39.1.3.6 Amides 

A few complexes of organic amides such as dimethylformamide and dimethylacetamide are 
known, e.g. Sc(NCS)3(DMF)3, and Sc(ClO,)3L3, where L=WN,N,N’,N'-tetramethylmalon- 
amide. In the latter complex, IR, conductimetric (1:3 electrolyte) and X-ray measurements 
indicate a six-coordinated complex [ScL3](ClO,)3.°° NMR rate measurements on ligand 
exchange of [ScL,]**, where L = N-mono (or di) alkyl formamides or acetamides, showed that 
the acetamides exchanged considerably faster than the formamides. It was concluded that steric 
interactions due to the introduction of the carbonyl-attached alkyl group were of importance, 
rather than inductive effects.”° 

39.1.4 Ligands Containing Both Nitrogen and Oxygen Donors 

Scandium complexes readily with 8-hydroxyquinolinate ion. Many years ago, Sc(hq)3-Hhq, 
which was obtained from aqueous solution, was described,”’ and this compound does not lose 
Hhg cleanly on heating but does so in benzene solution.”* However, it has been stated that the 
solid deposited at about pH 7 is in fact Sc(hq)3.”? More recently, stability constant values have 
been determined for the Sc**/hq~/50% aqueous dioxane system and the corresponding 
2-methyl-8-hydroxyquinoline system.’ Chinese workers, who are showing some interest in 
spectrophotometric analysis, have detected Sc** on the microgram scale by fluorometry using 
8-hydroxyquinoline-5-sulfonate and cetyltrimethylammonium bromide as an_ extractant 
system. 

There have been rather few investigations describing complexes of scandium with simple 
amino acids. There are Russian papers describing the isolation from aqueous solutions of 
several such complexes but it is not clear whether both the amino and the carboxylate groups 
are coordinated; in some cases IR criteria were used as evidence for coordination of the 
carboxylate group. Among compounds isolated were Sc(glut)(Hglut)-3H,O, 
Sc,(glut)(Hglut)4-5H,O, and several compounds of the type Sc2(SO4)3-A,-(H2O), where A is 
an uncharged amino acid.’ Various concentrations of ScCls, acid and potassium salt of acid at 
pH2-7 gave Sc(OH)(anth),-H,O and Sc(anth); (anth=anthranilate anion) and the cor- 
responding p-aminobenzoates.'? 

With amino acids of the polydentate chelating type, there are a number of studies. Thus 
Sc,(ida)3-H20, ScCl(ida)-2H,O and KSc(ida)2-3H2O have been isolated and studied by thermal 
and IR methods.’™ Association constant values have been obtained for edta (log K = 23.1+ 
0.15) at 20°C and w~=0.1 by polarography,’” and for diethylenetriaminepentaacetic acid, 
where log K = 26.28 + 0.37.'°° These values are rather greater than corresponding ones for the 
lanthanides. The rate of exchange of KSc(edta) with added ligand has been determined by 
NMR and was found to be slower than for the lanthanum analogue.’ The exchange of *°Sc?* 
with the scandium complex of N-(2-hydroxyethyl)ethylenediamine-N, N’,N'-triacetate has been 
studied, also by NMR. The exchange proceeds by way of dissociation of a protonated complex. 
Activation parameters were obtained.’ The interaction has been studied by potentiometry 
between edta or nitrilotriacetic acid complexes of scandium and a variety of added phenols in 
anionic form. Mixed ligand complexes were observed and K values obtained. !°° 

There has been some interest in complexes of a class of ligands formed by aldimine-type 
condensations, either free or scandium-templated, giving complexes where polydentate ligands, 
which may be coplanar or non-coplanar, complex the scandium ion. Thus £,f’, 6"-triaminotri- 
ethylamine condenses with three molecules of 3,5-dichlorosalicylaldehyde to yield a potentially 
heptadentate ligand H,saltren, N(CH:sCH,N=C—R)3, where R= 3,5-dichloro-6-hydroxy- 
benzene, which yields the complex [Sc(saltren)]. However, on steric grounds it is unlikely that 
the tertiary amine nitrogen coordinates with scandium, though it probably coordinates in the 
analogous lanthanide complexes. This is because of steric limitations of the ligand, not because 
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of the incapacity of Sc** to accept seven-coordination.!"° There is a case, however, where 
scandium is forced into the inefficient pentagonal bipyramidal seven-coordination by a coplanar 
quinquedentate ligand. This is formed by condensation of 2,6-diacetylpyridine with two 
molecules of semicarbazide giving a three-nitrogen, two-oxygen donor, dapsc (3). Four of the 
nitrogen atoms are unable to coordinate for steric reasons. The complex 
[Sc(dapsc)(H20).](OH)(NO3)2 was obtained from aqueous alcohol. The ligand is very nearly 
coplanar with an average deviation of only 0.023 A, and the two water molecules are in the 
axial positions. Internuclear distances are Sc—O = 2.110 (av) and Sc—N = 2.283 (av) A.1!! 

Zz 

opel 

H,N SH ate 

(3) 

39.1.5 Complex Halides 

Association constants between Sc** and fluoride ion in aqueous solution have been 
obtained. ""* They are as follows (AH values in kJ mol7! in parenthesis): K, = 1.2 x 107 (1.3), 
Kz = 6.4 X 10° (—6.3), K3=3.0 x 10*(—3.3), Ky=7 x 10%. Although only ScFy has thus been 
observed in solution, salts of ScFg~ have been isolated in the solid state. Thus M3ScF, 
(M =NHu, Na or K) is obtained by action of aqueous scandium ion.'!? Both (NH4)3ScF, and 
Na3ScF¢ exist in high temperature (@) and low temperature (8) forms; the former salt!!* is 
cubic (@) and tetragonal () while the latter’? has a monoclinic 8 form. The Raman spectrum 
of (NH,)3ScF. has been reported in terms of O, symmetry for the ScFg~ ion, as Ai,, 504; E,, 
370; Toz, 240cm~*.'’® Other fluoro species have been obtained from aqueous media, namely 
NaScF,-H,O and MScF, (M = Na or K).'1-""” The thermal decomposition of (NH4)3ScF¢ yields 
NH, ScF, at around 200 °C."'8 

Scandium complexes with chloride ion in aqueous solution, and there is ion-exchange 
evidence for anionic species, presumably ScCl; aq, in concentrated hydrochloric acid,!!? while 
values of K,=90 and K,=37 for the first two association constants have been reported.!”° 
Solid salts of the anions ScClé-, Sc.Cl~ and ScCl2?~ have been isolated with alkali metal 
cations.'?!1”* It seems likely that both the first two species are octahedral and bridged- 
octahedral respectively, in line with Cs,NaScCl, which has an X-ray powder pattern in accord 
with a face-centred cubic structure.'”° 

The first two association constants between Sc** and Br~ in aqueous solution are K, = 120 
and K,=10 respectively.!*° Despite the greater radius of the bromide ion, Sc** should be 
amply large for six-coordination by this ligand and the complexes M;3ScBre and M3;Sc2Bro 
(M=Na, K, Rb or Cs) which are formed in the solid state'**!*° are -almost certainly 
six-coordinated like the chloride which they resemble in stoichiometry. The formation of 
[ScX.]*>- (X = Cl or Br) in aqueous solution is proposed as an intermediate in the preparation 
of ScX3 from aqueous media;’”° Scl3; cannot be obtained in this way and indeed, the formation 
of any substantial quantity of iodo complex would not be expected in water. As noted above 
(Section 39.1.3.3) however, “Sc NMR detected only [ScCl,(H2O),]?* in aqueous solution,” no 
ScClé~ species being recorded. The nature of scandium and lanthanide chloro complexes has 
been examined by ultrasonic absorption in 0.2M solutions of aqueous methanol. Scandium 
behaved differently from the lanthanides but no firm conclusions were possible.’ 

There are a number of solid phases of the types MScCl, and ScCl, where the formal 
oxidation state of scandium is less than three. They are usually made by direct combination at 
elevated temperatures of MCI, ScCl; and metallic scandium. Their structures often show 
evidence of Sc—Sc bonds. Thus CsScCl; is made by action of Sc on Cs3Sc2Cl, at 700°C. The 
shiny blue product has the hexagonal perovskite CsNiCl; structure. This is similar to the 
Cs3Sc,Cl, structure but with all Sc positions filled. Non-stoichiometric phases exist between the 
two end structures.!28 When scandium is heated with ScCl, at 940—960°C in a sealed Ta 
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container for several weeks, Sc;Clg is obtained. Its structure contains two types of chain which 
are interlinked by bridging chlorine atoms. Both types consist of linear arrays of octahedra, 
each linked to the next octahedron at two adjacent vertices. One chain consists of chlorine 
atoms with Sc at the centre of each octahedron, while the other type consists of scandium 
atoms, some of which are coordinated to Cl. The bonded Sc—Sc distance is 3.021 A (Sc—Sc is 
3.26 A in the metal).!2° At 890-900 °C, Sc7Cl;2 is obtained. This contains Sc** ions and Sc¢Cliz 
clusters, in which Sc—Sc distances of 3.204 and 3.234 A are observed. !*° 

39.2 YTTRIUM AND THE LANTHANIDE ELEMENTS 

39.2.1 Introduction 

_ The study of coordination compounds of the lanthanides dates in any practical sense from 
around 1950, the period when ion-exchange methods were successfully applied to the problem 
of the separation of the individual lanthanides,’*'’*’ a problem which had existed since 1794 
when J. Gadolin prepared mixed rare earths from gadolinite, a lanthanide iron beryllium 
silicate. Until 1950, separation of the pure lanthanides had depended on tedious and inefficient 
multiple crystallizations or precipitations, which effectively prevented research on the chemical 
properties of the individual elements through lack of availability. However, well before 1950, 
many principal features of lanthanide chemistry were clearly recognized, such as the 
predominant trivalent state with some examples of divalency and tetravalency, ready formation 
of hydrated ions and their oxy salts, formation of complex halides,’** and the line-like nature of 
lanthanide spectra.'*° 

Since 1950 and at an ever-increasing pace during the last 20 years, the picture of lanthanide 
coordination chemistry has become much broader and clearer. The use of anhydrous conditions 
and a sophisticated variety of ligands has led to an extensive nitrogen ligand chemistry, a great 
extension of oxygen ligand chemistry, the discovery of reactive organolanthanide complexes, 
and the beginnings of phosphorus and sulfur donor chemistry. There have been other 
important advances also, including syntheses of macrocyclic complexes and cryptates, 
investigations of electronic spectra in terms of crystal field effects, and the introduction of 
lanthanide NMR shift reagents. So extensive has lanthanide chemistry now become, that 
coverage and selection of material for inclusion in this review poses, in some areas of activity, 
considerable problems, and an apology is offered to those authors whose fine work has through 
pressure of space, or perhaps even through inadvertence, been omitted. 

The most stable state of the lanthanides in their complexes is in all cases the M** ion, in 
which all outer electrons reside in the 4f shell, in contrast to the uncharged atom M where, in 

addition to the 4f and 6s electrons, the Sd shell may be partly occupied. The M** ions also have 
all outer electrons in the 4f shell, but there is partial Sd occupation in some M?* ions. 

Ionic radii of the M** ions range from 1.06 to 0.85 A and a graphical plot shows a shallow 
cusp shape whose origin has been discussed,‘°*’** and which arises only partially in an 
analogous manner to the corresponding effect in the 3d transition metals (being much less 
pronounced because the ligand field—4f electron interaction is much weaker than in the 3d 
series) but is probably mainly due to 4f—4f interactions. A strictly comparable set of values for 
pas radii is difficult to obtain, as structures and coordination numbers usually change along 
the series. 

The large ionic radii, combined with the generally electrostatic nature of the metal-ligand 
bonding in complexes of these metals, lead to high coordination numbers. !°° Where the ligands 
are not sterically hindered, but are not chelate or polydentate with some of the ligand—ligand 
repulsion subsumed within the ligand, coordination numbers of nine to six are usually shown, 
depending on the relative cation/anion radii. Examples are [La(H,O),}°* and [LaBr,]3~. 
Where the ligands, such as NO;, themselves contain close pairs of donor atoms, coordination 
numbers up to 12 may be obtained, as in [La(NO3).]°~. Coordination polyhedra are not 
governed by considerations arising from covalency or strong crystal fields, as in the d transition 
metals, with their emphasis on regular geometries such as square planar or octahedral. 
Lanthanide coordination geometries are governed purely by minimization of repulsive terms. 
These terms usually arise from ligated atom-ligated atom repulsions but in the case of bulky 
ligands non-ligated interactions are important also. The steric requirements of polydentate 
ligands, in the sense that for example a terpyridyl complex must of course contain a roughly 
coplanar LnN; system, have also to be taken into account. 
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In a useful series of papers,4°14? Kepert has considered high coordination number 
stereochemistries, including lanthanide examples, on the basis of a point-charge repulsion 
model, where the point charges lie on the surface of a sphere and are constrained only by 
intraligand factors. 

For bulky ligands, the cone-angle approach, developed mainly for actinide complexes but 
equally applicable to lanthanides, is available.'“* A cone of sufficient solid angle to enclose the 
whole ligand is drawn, using suitable van der Waals radii for the non-ligated atoms. The ligand 
cone angles are then summed and for stable complexes the sum is found empirically to lie near 
to 0.80 x 4. This enables coordination numbers to be rationalized or predicted. Coordination 
numbers lower than six are sometimes obtained with bulky ligands, particularly in the organo- 
and alkylamido-lanthanide area. In the case of all the ligands of a complex having very similar 
steric requirements, regular or semiregular polyhedra may be obtained, particularly in the cases 
of six-coordination (octahedron), eight-coordination (dodecahedron) and nine-coordination 
(face-centred trigonal prism). Other regular or semiregular polyhedra, namely the tetrahedron, 
trigonal prism, square antiprism and distorted icosahedron (point group O) are sometimes 
observed. Where ligands are unequal in their steric requirements then irregular polyhedra 
occur. There is a considerable tendency on the part of some authors to rationalize these 
irregular polyhedra of high coordination number in terms of semiregular polyhedra; thus a 
nine-coordinated complex might well be described as of distorted capped square antiprismatic 
shape. These descriptions tend to have little significance and such a complex could probably be 
described equally well as distorted face-centred trigonal prismatic. 

39.2.2 Nitrogen Donor Ligands 

39.2.2.1 Bipyridyls, o-phenanthrolines and 1,8-naphthyridines 

These ligands are now well represented in complexes with the lanthanides, but were not 
investigated until 1962, when a study’° in aqueous solution using a Job’s plot method, e.g. at 
451 nm for Ho**, showed that a complex Ho(phen)3* was formed. Pr, Nd and Er tripositive 
ions were also studied, but no solid products were characterized. Indeed, stability constants in 
water are possibly too low for a solid complex to be isolated. A little later, there were several 
reports'“*'>* of the isolation of bipyridyl and 1,10-phenanthroline complexes from ethanolic 
solution. It is perhaps of interest that at this time, the lanthanides were believed not to form 
stable amine complexes and the role of higher coordination numbers in lanthanide complexes 
was not fully appreciated. Complexes isolated included the stoichiometries M(NO3)3(bipy)>, 
where M = La-Lu;'*°*815? M(NCS);(bipy)s, where M=La, Ce, Dy;*! M(MeCO,);(bipy), 
where M=Pr, Nd, Yb; MCl,(bipy),H,.0, where M=La-—Nd;'*! MCl,(bipy)2., where 
M=Eu, Gd, Ho-Lu;** M(NO3;)3(phen)2, where M = La—Lu;'4”° M(NCS);(phen)3, where 
M = La-Lu;'*”!*? M(NCS);(phen)2, where M = Yb;147-14° and La(ClO,)3(phen),.'°? The crystal 
structure of [La(NO;)3(bipy)2] has been determined. The La®** ion is irregularly ten- 
coordinated, with La—N = 2.59 A average.’ : fo . 

These complexes, which either are salts, or at least contain coordinated anionic ligands in 
which case a large Ln—ligand bond moment should result from the rather electrostatic nature of 
the bond, tend to be insoluble in solvents other than polar solvents in which they dissociate. 
Hence physicochemical studies in solution are limited. However, solid state fluorescence 
spectra of phenanthroline and bipyridyl complexes of Eu have been obtained’** and correlated 
with the molecular site symmetry (for a discussion of this type of fluorescence, see Section 
39.2.7.2). Magnetic susceptibility values have been measured’*° for the series of complexes 
M(NOs)3(phen)2 at 293 K and are (BM) as follows: La, 0; Ce, 2.46; Pr, 3.48; Nd, 3.44; Sm, 
1.64; Eu, 3.36; Gd, 7.97; Tb, 9.81; Dy, 10.6; Ho, 10.7; Er, 9.46; Tm, 7.51; Yb, 4.47; Lu, 0. 
These values correspond closely with the calculated values."*’ The complexes Ln(NO3)3(4,4-di- 
n-butyl-2,2’-bipyridyl)2 and Ln(NO3)3(5,5’-di-n-butyl-2,2'-bipyridyl), are soluble in organic 
solvents and give NMR spectra which show paramagnetic shifts.°° These were at first believed 
to be of a covalently induced, or contact, nature but it later’ became evident that they 
incorporate. a substantial dipolar, or pseudocontact, component also. Electronic spectra of 
these complexes were also obtained in solution. They showed only a small nephelauxetic 
effect with B ~ 0.96, which indicated very little covalent character in the Ln—N bond. 

The solubility in chloroform of the 4,4’-di-n-butyl-2,2'-bipyridyl (L) complex Eu(NOs)3L2 
enabled an NMR study of the kinetics of the ligand exchange shown in equation (1) to be 
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carried out.!°? Temperature-line width plots showed that the reaction was first order in 
Eu(NO3)3L, but zero order in L and therefore presumably proceeded by a dissociative 
mechanism, with AG; = 72 kJ mol™?. 

Eu(NO;)3L, ah L* a Eu(NO;)3;LL* Ee LS (1) 

The ligand 1,8-naphthyridine (4; naph) is enabled by its very short N—N distance to form 
complexes with lanthanide ions which have very high coordination numbers. Thus when 
anhydrous solutions of lanthanide perchlorates in ethyl acetate were treated with this ligand, 
complexes [Ln(naph).](ClO,)3, where Ln =La-Pr, or [Ln(naph)s;](ClO,)3, where Ln = Nd- 
Eu, were formed.” These formulations as 12- or 10-coordinated complexes respectively were 
fairly well established by IR, conductivity, and particularly by their paramagnetic NMR shifts 
which were independent of dilution, showing that all 1,8-naphthyridines were coordinated in 
nitromethane solution. An X-ray structure of [Pr(naph),](ClO4)3 showed’™ icosahedral 
coordination distorted by the difference between intraligand N—N distances (2.257 A) and 
interligand distances (2.890-3.195 A). (Figure 1). Pr—N distances are comparatively great at 
2.735-2.768 A, and this undoubtedly reflects the considerable interligand repulsions. Other 
complexes of 1,8-naphthyridines have been described,’®’ namely M(NO3)3L, (M= Y, La—Yb, 
L=naph; M=Y, Sm—-Yb, L =2,7-dimethyl-1,8-naphthyridine), where the coordination num- 
ber is probably 10. 

Figure 1 Structure of the [Pr(naphthyridine),]°* ion (reproduced with permission from ref. 160. Copyright, American 
Chemical Society, 1977) 

39.2.2.2 2,2':6',2"-Terpyridyl 

Despite being tridentate, this ligand is inferior to water in competition for coordination sites 
on lanthanide ions and non-aqueous solvents are used for preparative reactions. Using the 
poorly coordinating perchlorate as counterion, a complex [M(terpy)3](ClO,)3, where M=La 
Eu or Lu, is obtained." The fluorescence spectrum of the Eu complex supported a 
nine-coordinated D3 configuration with three terpyridyl ligands each bound by all three 
nitrogen atoms, a structure confirmed by X-ray."®* Under different conditions, the 1:1 complex 
hydrated chlorides MCl;(terpy)(H2O),, where M=Ce-Gd may be obtained.“ They have 
variable amounts of water of hydration, and the X-ray structure! of 
[PrCl(terpy)(H2O);]Cl,-3H,O showed nine-coordination also (Figure 2). In these compounds, 



Scandium, Yttrium and the Lanthanides 1071 

Eu—N distances were 2.57—2.62 A, while the Pr—N distances were 2.63-2.64 A, with Pr—Cl 
at 2.88 A and Pr—O at 2.48-2.54 A. The visible spectra of the monoterpyridyl complexes have 
been used to investigate the nephelauxetic effect arising from the M—N bonds.!“8 

Figure 2 Structure of the cation of [PrCl(terpyridyl)(H,O).]Cl,-3H,O. The structure of this complex would have been 
impossible to establish by other means than diffraction, and the same is true for many other lanthanide complexes, 
owing to the lanthanides’ great variety of coordination patterns (Reproduced with permission from ref. 165. Copyright, 

American Chemical Society, 1971) 

Complexes of 2,4,6-tri-a-pyridyl-1,3,5-triazine (5) have also been prepared.'© This readily 
available ligand is rather similar to terpyridyl in its stereochemistry and coordinating 
properties, and 3:1, 2:1 and 1:1 complexes were obtained. The rates of ligand-exchange 
reactions of the tris-terpyridyl complexes are quite slow, doubtless because of the considerable 
negative entropy change associated with dissociation of the tridentate ligand. Reaction (2) was 
investigated’®’ in nitromethane solution. 

SN. ZA 

N_ N 

ZONEN 
A 

(5) 

[Eu(terpy);]’* + Tb°** —— [Eu(terpy),]** + [Tb(terpy)]’* (2) 

When irradiated at 360nm, [Eu(terpy);]°* fluoresces at 595nm while [Tb(terpy)]** 
fluoresces at 540 nm; the other species do not fluoresce and hence the reaction kinetics could be 
followed by measurement of fluorescence intensity giving k = 1.9 x 107*s~'. The reaction was 
first order in [Eu(terpy)s]°* and zero order in Tb**, proceeding as shown in equations (3) and 
(4). The rapid nature of the second step was confirmed directly in separate experiments by 
similar means. Dye-laser excited emission and excitation spectra of [Eu(terpy)3](ClO,)3 in the 
solid state and in acetonitrile solution have been measured’® and evidence has been obtained 
which was interpreted as pointing towards the presence of some mono- or bi-dentate terpyridyl 
ligands in addition to those which are tridentate as observed in the X-ray structural 
determination. 

[Eu(terpy),]°* SS"""*> [Eu(terpy),]** + terpy (3) 

terpy + Tb** —“—> [Tb(terpy)]** (4) 

39,2.2.3 Dialkylamido complexes 

These compounds are not numerous but have some important and unique features. The 
disubstituted amido group, R,N~, forms many complexes with d transition metals which have 
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been extensively investigated, and the case R=SiMe3 has been particularly closely 
examined.'® In these compounds, interest attaches both to the effect of the very large cone 
angle of the N(SiMe3)2 group and to the nature of the bonding, which may involve metal 
d—Np-Sid interactions. The lanthanides form the tris(amides) M(NR2)3 and some adducts and 
derivatives of these, and the considerable bulk of the ligand is effective in producing a 
coordination number of three, the lowest known for lanthanides, in some of these compounds. 

The compounds [M{N(SiMe3)2}3] where M= Y, La—Eu, Gd, Ho, Yb and Lu, have been 
synthesized by reaction of MCI; with LiN(SiMe3),.''”! They are slightly volatile and very 
soluble in non-polar solvents. The M—N bond is avidly attacked by traces of water. Single 
crystal X-ray structural determinations of the europium!” and neodymium’ compounds of 
this isostructural series show an unusual situation. The coordination about the metal ion is 
pyramidal with Eu—N = 2.259 A and N—Eu—N = 116.6°. If the metal ion is ignored the 
symmetry of the ligands is D;, with the europium ion placed randomly above or below the N; 
triangle to give the slightly pyramidal configuration observed; the pyramidal situation of the 
metal ion does not reduce the D; symmetry of the group of three ligands considered alone. The 
dipole moment of these compounds is close to zero and hence they must have coplanar MN; 
groups in solution. It is possible that attractive van der Waals forces among the ligands are 
responsible for a ‘squeezing’ of the metal ion upwards into a pyramidal position in the 
crystalline state. 

Reaction of OPPh; with the tris(silylamides) gave two different products.’”*’”° With about 
one molecular proportion of Ph3PO, the expected adducts [M{N(SiMe3)2};,0PPh;] were 
obtained, and the crystal structure of the lanthanum compound showed a nearly tetrahedral 
configuration with La—N = 2.38-2.41 A, O—La—N = 104.8-107.8° and N—La—N = 109.2- 
116.4°. The P—O—N system was nearly linear at 174.6°. Attempts to prepare bis(phosphine 
oxide)-substituted compounds using 2-5 molar proportions of OPPh; surprisingly yielded 
[(Ph3PO){N(SiMe3)2}2.M(u-O2)M{N(SiMe3)2}2(OPPh3)]. The origin of the peroxy group is 
obscure; it could not have been introduced by air or traces of peroxides. The same compounds 
could be obtained by reaction of 0.5 mol (Ph3PO)2:H,O, with the tris(silylamides). An X-ray 
structural determination of the lanthanum complex showed a five-coordinated structure with 
each metal ion coordinated to two silylamide N, one phosphine oxide O and the two peroxide 
O atoms. The La-O,-La system is coplanar, with La—O=2.33 and 2.34A, and O— 
O=1.65 A. Again, La—O—P is nearly linear at 172.6°, with La—O = 2.42 A; La—N is similar 
to the tris(silylamide) and the monophosphine oxide adduct, at 2.37 and 2.49 A. There was 
evidence from the UV absorption spectra that the amide ligand was a particularly effective o 
donor relative to donors such as H2O or Cl’, the nephelauxetic parameter 6 taking values of 
0.993 (Pr) and 0.978 (Nd) for the tris(amides). 
Compounds of the less severely hindered di-2-propylamido group have also been reported.'”° 

These are Nd{N(CHMez)2}3(THF) and M{N(CHMez)2}3; where M= Y or YD. It is significant 
that the Nd compound was isolated with coordinated THF which was not removed under 
vacuum, while the compounds of the smaller Y and Yb ions were presumably too sterically 
crowded to allow adduct formation by this weak ligand. These compounds were less stable than 
the tris (trimethylsilylamido) analogues, decomposing at 80°C and 10-* mmHg. 

39.2.2.4 Other nitrogen donors 

Although ammonia undoubtedly forms complexes with lanthanide ions, these materials are 
not fully characterized.'”’ The aliphatic polyamines, however, form a fairly extensive series of 
complexes, but must be prepared in completely anhydrous conditions as they are avidly 
hydrolyzed to hydroxy species which form insoluble precipitates. With ethylenediamine, 
tetrakis complexes MX;(en), were obtained for M=La-Yb, X=NO3; or for M=La-Lu, 
X= Cl; or for M=La, Nd, Gd, X= Br. These series showed IR evidence of discontinuities of 
structure, the nitrates being formulated [M(en),(NO3)](NO3), for M=La-Sm, but 
[M(en)4](NOs)3 for the remainder of the series. The tris complexes [M(en)3(NO3)2]NO3, where 
M = Gd-Ho, and MX;(en) where M = Gd, Er and X=Cl; or M=Gd and X= Br, were also 
obtained, as were tetrakis(perchlorates) [M(en),4](ClO,)3 where M = La—Nd.278-!”9 Bis com- 
plexes of triethylenetetramine’*”** and tris and bis complexes of diethylenetriamine!® have 
also been described. They are exemplified by [M(dien)3](NO3); where M=La—Gd, and 
[M(trien)](ClO4)3 where M=La-Ho. The exchange of ligand between [Nd(trien),]** and 



Scandium, Yttrium and the Lanthanides 1073 

trien in acetonitrile has been studied and is believed to proceed by way of an intermediate 
when trien is not fully coordinated.'* 

Turning now to complex thiocyanates and azides, where the pseudohalide is a nitrogen 
donor, the series [NBu4][M(NCS).], where M=Pr-Yb or Y, has been obtained and the 
erbium compound has been submitted to X-ray (R = 12%).18*185 The latter has octahedral 
coordination by six nitrogen atoms at Er—N = 2.34 A (average) and Er—N—C = 174°. This 
compound shows SCN™ IR frequencies of 2090 sh, 2045 and 480 cm™!. 

Association between lanthanide ions and azide or thiocyanate ions has been studied in 
solution by electronic, Raman and NMR spectroscopy.'®°"®” The complexation constant in 
water between Nd** and Nj is approximately 2.5. Longitudinal relaxation time studies for 
Gd-Dy indicate that the M—N—NN angle is bent (135° approximately). 

The solution NMR** and structure’ of the tripyrazolylborohydride Yb{(C3H3N2)3BH}; 
have been correlated in terms of a dipolar-shifted spectrum, which corresponds with the X-ray 
solid structure determination, where bicapped trigonal prismatic eight-coordination was 
observed from one bidentate and two tridentate anions. Surprisingly, the NMR spectrum 
indicated slow interconversion of the two types of ligand in solution. The range of NMR shifts 
was 200 p.p.m. 

39.2.3. Phosphorus Donor Ligands 

Under most normal circumstances, lanthanide-phosphine complexes are not formed, but 
phosphines have been shown to be capable of coordinating when the lanthanide ion is in the 
form of an organolanthanide. Thus [Yb(CsMes)2Cl(Me2PCH2PMe,)] is obtained from the 
reaction of [Yb(CsMes)2(Me2PCH2PMe,)] with YbCl, in toluene (see also Section 39.2.11.4 for 
the Yb**—diphosphine complexes). Here the Yb is bonded to two n°-CsMe; with Yb— 
C = 2.612-2.718 ie one Cl at 2.532 A and one P at 2.941 A (the diphosphine having only one 
phosphorus atom coordinated).'*° It seems clear from the large Yb—P internuclear distance 
that the bond cannot be a strong one. 

39.2.4 Oxygen Donor ligands 

39.2.4.1 Hydrated ions and salt hydrates 

(i) Thermodynamic parameters of hydrated lanthanide ions 

Values of free energies of formation, heats of formation and entropies for the series La—Yb, 

including Pm, have been given,’”'’”? together with standard reduction potentials. The AH? 
values were obtained from AH? for MCl;,!* together with heats of solution for MCl;.!° S@ 
values were obtained from the entropies of the hydrated ions’*° and those of the metals. The 
AGf and E® values were obtained by calculation from the foregoing data. These data are 
shown in Table 2. 

Table 2 Thermodynamic Parameters of Hydrated Lanthanide Ions'?""” 

—AH?(M?>*,aq) —S°(M**,aq) —AG?(M**, aq) 
(KI Seis (JK~! mol7') (3 mol’) —E?([M°*/M](V) 

La 709.4 + 1.6 218 + 13 685 +5 2.37 + 0.02 
Ce 700.4 + 2.1 205 + 17 672 +8 2.32 + 0.03 
Pr 706.2 + 1.6 205 + 13 67748 2.34 + 0.03 
Nd 696.6 + 1.7 205 + 13 673 +5 2.32 + 0.02 
Pm 695 +17 213 + 29 669 + 21 2.31 + 0.07 
Sm 691.141.7 218 + 17 661 + 13 2.28 + 0.04 
Eu 605.6 + 2.3 222 +17 573 + 13 1.98 + 0.04 
Gd 687.0+2.1 222 + 13 657 + 13 2.27 + 0.04 
Tb 698 + 6 230 +17 657 + 13 2.27 + 0.04 
Dy 695.9+2.8 230 + 13 669 + 17 2.32 + 0.06 
Ho 707 +8 226 + 13 686 + 13 2.37 + 0.04 
Er 705 + 10 243 +13 673 +8 2.33 + 0.03 
Tm 705.2 +3.0 243 + 29 665 +17 2.30 + 0.06 
Yb 674.5+3.0 238 +17 644 + 13 2.23 + 0.04 
Lu 702.6 + 2.6 == — ca 
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Alternative values for heats of formation of some hydrated tripositive ions have been 

obtained” from a reanalysis of the first half-wave amalgamation potentials, (E12);. These 

values, together with standard reduction potentials,’”* are given in Table 3. 

Table 3 Thermodynamic and Polarographic Parameters of Hy- 

drated Lanthanide Ions'?”"'”* 
ee EEE ESEEEEEEEEREEEes! 

—AH?(M°**, aq) 
~(Ey)(V)  -E®[M?*/M](V) (kJ mol~') 

La ile) 2.36 706.3 

Ce 1.83 2352 695.0 

Sm Ve7L 2.28 686.6 

Eu 1.70 1.98 605.0 

Gd 1.78 2.26 682.0 

Tb har) Day, 687.8 

Ho 77 2.34 708.8 

Yb 1.81 PADI 674.5 

Lu 1.68 2.28 697.5 

(ii) Hydrated lanthanide ions—structures and properties 

X-Ray structural determinations of fully hydrated lanthanide ions in salts with weakly 
coordinating anions show the predominating coordination number is likely to be nine water 
molecules. Thus after some early structural determinations’? *” of [M(H2O) ]X3, where 
M=Pr, Nd, Sm or Er and X= BrO; or EtOSO3, the structures of the hydrated Pr and Yb 
bromates and ethyl sulfates have been more accurately determined.*”** The hydrated 
bromates and ethylsulfates each form an isostructural series for all lanthanide ions, the 
bromates P63/mmc and the ethylsulfates in space group P6;/m. Tricapped trigonal prisms of 
water oxygen atoms with symmetry D3, in the bromates and C3, in the ethylsulfates surround 
the metal ions. M—O distances are (a) for the bromates: Pr—O (prism) =2.49(1), Pr—O 
(equatorial) = 2.52(1), Yb—O (prism) = 2.32(1), Yb—O (equatorial) = 2.43(1), and (b) for the 
ethyl sulfates: Pr—O (prism) = 2.470(2), Pr—O (equatorial) = 2.592(3), Yb—O (prism) = 
2.321(3), Yb—O (equatorial) = 2.518 A. The decrease in the prismatic M—O distances is what 
is expected from the lanthanide contraction, 0.155 A, but van der Waals repulsions between 
prismatic and equatorial oxygen atoms make the decrease in the equatorial M—O bonds about 
half this value. The anions are hydrogen bonded to the complex ions. Accurate values of unit 
cell dimensions were obtained for both these series. 

In the light of these results, it is very surprising therefore that M(ClO,4)3-6H2O (M = La, Tb 
or Er) when studied by X-ray single crystal methods*” shows the lanthanide ion octahedrally 
coordinated to six water molecules in the Fm3m crystal, with M—O = 2.48 (La), 2.35 (Tb) and 
2.25A (Er). The perchlorate anions show rotational disorder and are held by weak 
M—O—H.::-O (perchlorate) hydrogen bonding at O(water)—O(perchlorate) distances of 
3.23 (La), 3.20 (Tb) and 3.27 A (Er). 
The problem of lanthanide coordination numbers in aqueous solutions of the tripositive 

lanthanide ions was for long unsolved. Thus Choppin stated in a 1971 review:?” ‘At this time we 
know little about the coordination numbers of trivalent lanthanide and actinide ions in 
complexes in aqueous solution.’ This remark referred particularly to the role of the water 
molecules in complexing the cation. Some of the lines of evidence then used to estimate n in 
[Ln(H,0),,]°*(aq) were the following. X-Ray diffraction measurements?” on concentrated 
solutions of ErCl; and Erl,; seemed to show octahedral cations [ErCl,(H2O),]* or 
[Erl,(H2O),4]*. However, electronic spectra of Nd(BrO3)3-9H20 in aqueous solution were very 
similar to the solid state spectra of the same compound,“ thus pointing towards [Nd(H,O),]** 
in solution. There was considerable evidence from discontinuities in various properties near 
Gd°* or Tb** in the lanthanide series that n in [M(H,0),,]°*-aq took a different value for the 
later members of the series as opposed to the earlier. Thus values of AG and K, AH and AS 
for complexation of tripositive lanthanide ions in aqueous solution with edta, nta and several 
related ligands showed these discontinuities; but significantly, no discontinuity (apart from a 
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small discontinuity of about 10 J mol’ at Eu>*, the £7 member, doubtless related to an ionic 
radius or crystal field discontinuity) was observed for reaction (5) 2% 

[M(H,O).]X,(solid) + 3L*"(aq) —> [ML,]* (aq) + 3X7 (aq) (5) 

X=BrO; or EtOSO;; H,L=O(CH,CO,H), or 2,6-NC;H;(CO,H), 

Other properties of aqueous solutions where discontinuities were observed were molar 
volumes, heat capacities and viscosities.7"°?” From all these pieces of evidence, the general 
opinion was that n in [M(H,0),]°*(aq) was nine for the lighter lanthanide ions, but eight for 
the heavier,”"* though some workers were of the opinion that n did not change along the 
series.*!* Solution X-ray studies have provided evidence for an average coordination number of 
8.9 for Nd**(aq),”"° while neutron diffraction supports a value of 8.5 for the same ion.2!° 

However, considerable weight must attach to the following luminescence lifetime studies, in 
which it has been established from measurements made in dilute aqueous solution”!724* that the 
hydrated europium ion is [Eu(H20)9.6+0.5]** and the corresponding terbium ion is 
[Tb(H2O)9.0 + 0.5]**. The error limits should certainly be no larger and are probably smaller 
than the 0.5 molecule stated. In these experiments, the lanthanide ions are excited by a tunable 
pulsed dye laser, and there are then two competing deexcitation routes (Figure 3). The first is 
by direct emission of a quantum of light in the visible region of the spectrum, e.g. at around 
545 nm for the °D,— 7K, deexcitation of Tb?+. The second route is a deexcitation in which the 
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Figure 3. Alternative deactivation pathways for a Tb** ion coordinated to H,O or to D,O (adapted from ref. 218) 

energy of the excited ion is transferred to O—H vibrational energy in water molecules in the 
first coordination sphere by excitation of perhaps the third vibrational overtone at around 
19 000 cm~'. The result of the second mechanism is that the observed luminescence lifetime is 
reduced according to equation (6), where Kyat is the natural rate constant for photon emission, 
Knonraa 1S the rate constant for the transfer of energy to the O—H vibrations of coordinated 

water and K4»; is the observed exponential decay constant. The contribution of Ky,0 can be 
quantified by a similar experiment using D,O where this mechanism is virtually unavailable 
owing to the closer spacing of the O—D vibrational levels, and is found to be proportional to 
the number of coordinated water molecules in crystalline solids where these numbers are 
known. The principle can be extended to solutions and then gives the hydration numbers 
referred to above for the plain hydrated ions. Also, very reasonable values for hydration 
numbers of complexes in solution have been obtained, such as [Eu(nta)(H2O).0] and 
[Tb (nta) (H20)s ol $ 

K obs = Kpat af Kyonrad st Kizo (6) 

(iii) Salt hydrates 

In this section are discussed hydrates of lanthanide salts where the water molecules form a 
majority of the coordination sphere and where there is evidence concerning the number or 

Coc3-I1 



1076 Scandium, Yttrium and the Lanthanides 

geometry of the coordinated water molecules. Using laser excitation as described above, it has 

been shown?!? that the 1:1 association product between Eu** ions and NO; in aqueous 
solution is [Eu(NO3)(H2O)..8+0.4]°*, the nitrate ion presumably being bidentate. However, 
luminescence lifetime measurements have shown that there is little complexation by Cl” in 
water, though SOZ- and NO; do associate.° Enthalpy and free energy changes on 
crystallization of hydrated chlorides, nitrates and perchlorates have been calculated from 
literature activity data, and the results were interpreted in terms of anion crowding at higher 
lanthanide atomic numbers.” 
X-Ray single crystal data show that in the solid state, coordination numbers of around nine 

predominate in this type of complex. Thus Laz(SO,)3-9H2O contains La** coordinated to six 
H,O in a trigonal prism and three SO{ in the equatorial face-capping positions,”? while 
[M(NCS)3(H2O).], where M = Dy or Pr, both contain distorted nine-coordinated polyhedra.” 
However, with the slightly more bulky chloride ion present, [MCI.(H2O).]Cl, where M = Eu** 
or Gd,” has distorted square antiprismatic eight-coordination with one Cl~ in each square in 
cis positions. Interatomic distances are Gd—O=2.39-2.42 and Gd—Cl=2.768A. The 
complex cations are linked together in two ways, directly by Gd—OH;: - -Cl—Gd hydrogen 
bonds and indirectly by the system Gd—OH);: - -Cl- - -H,O—Gd. The O- - -Cl distances of the 
first sort are 3.17-3.24 A, and the second type are 3.16-3.18 A. 

Russian workers have continued to study hydrated salts of lanthanide ions. Some of these 
studies are of a rather detailed nature and a summary of some of the more recent work will be 
given here to indicate its general nature. There is considerable emphasis on phase studies, 
X-ray powder data, thermogravimetric and differential thermal analysis, and IR data. 

RbM(SO,)2-H20 (M=Gd—Lu) have been obtained from solution and belong to space 
group P2,/c.”*° The deposition from aqueous solution of Ce,Sr3(SO4)«-3H2O has been studied, 
and the product characterized by DTA, TGA, powder pattern and IR.”’ The thermal 
properties of M,SO,4-Gd2(SO,4)3:2H2O (M =Na, K, Rb, Cs, NH,) have been studied by DTA, 
TGA and powder pattern.?7*??? M,SO,-Gd2(SO3)3-°83H2O0 (M=Rb, Cs, NH) have been 
obtained from aqueous solution and characterized by analysis and powder pattern.” 

Solid phases have been isolated from the systems M(NO3)3—quinolinium nitrate-H,O 
(M=Ce, Sm, Tb, Ho).”*"?* The composition of many solid phases, e.g. Gd(NO;)3-4H,O, 
has been determined in the system M(NO;);-HNO;-H,0 (M=Y, Gd, Lu).”° 
M2Nd(NO3);-H2O (M = Li, Na, K) has been prepared and characterized by TGS, DTA and 
IR.“* The system piperidinium (Hpip) _ nitrate-Sm(NO3);-H,O _yielded 
(Hpip)Sm(NO3)4-4H2O and (Hpip)3Sm(NO3)¢:2H2O which were studied by DTA and TGA.?*5 
The system Me,NNO3-Tb(NO3)3—-H20 yielded MesNTb(NO3)4:2H2O which was characterized 
by analysis, IR and powder pattern.”° A solubility study identified phases in the system 
Ca(NO3)2.—-M(NO3)3-H20 (M=Ce, Pr, Nd) at 25°C.’ The thermal decomposition of 
M(NO3)3-6H2O (M = Sm-Gd) was studied by DTA, TGA and IR.”*8 

The single crystal X-ray structure of hydrated neodymium hypophosphate, NdHP,O,-4H2O, 
has been determined.” The Nd ion is eight-coordinated to four H,O and two bidentate 
hypophosphate anions. The details of interatomic distances and bond angles were compared 
with other members of this isostructural series, which extends at least from Nd to Er.2” 
A number of hydrated carboxylates have been studied. Isothermal solubility studies of 

Y(HCO2);-KHCO,-H,0 gave the compounds KY(HCO,),-H2O (of which a single-crystal 
X-ray structure was obtained) and K;sY(HCO,)s.%*" The enthalpies of dissolution of 
M(Me3CO;)3:2H2O (M=La-Lu) were measured and standard heats of formation 
calculated.” K4Pr2(C,04)s:nH,O (n=7-9) have been characterized by analysis, powder 
pattern and IR.“* M, (dimethylmalonate);-nH,O (n =5-8, M=La-Lu) have been synthe- 
sized and characterized by analysis, IR, powder pattern, DTA and TGA.”4 

The thermal behaviour of MCl3-xH2O (x = 6 or 7, M= Y, La—Lu) was investigated by DTA, 
TGA and X-ray powder photography.° Equilibrium diagrams for the MCI,—-H2O systems 
(M=Y, Gd, Tb, Dy, Er) were obtained by DTA and evidence obtained for the hydrates 
MCl,:nH,O (n = 6, 8, 9 and 15).*“° 

The system Nd(IO3)3-MIO;-H,0 (M=K, Rb) were studied by the isothermal saturation 
method, and 3Nd(IO3)3-2KIO3-2H2O was described and studied by TGA and IR.247 

Perrhenates and pertechnetates M(M’O,)3-4H20 (M=Y, Ho-Lu; M’=Tc or Re) are 
shown to be isostructural by powder pattern’ with the single crystal X-ray structure which had 
been obtained for M = Yb, M’ = Re.” IR studies were also made.2°° 

Behaviour in aqueous alkali has been investigated. Thus M(OH)3 (M= Yb or Lu) when 
heated at 170°C for 12h in aqueous NaOH gave NasM(OH),-2:5H2O and a single crystal 
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X-ray structure showed octahedral YbOs groups to be present.”! Ion exchange, dialysis and 
spectrophotometry using Arsenazo-III have been used to study the hydrolysis of the hydrated 
Y°* ion at 10~° to 10~? M and pH 1 to 9. Mono- and poly-nuclear complexes were present, and 
K, for Y(OH)-aq was 2.52 x 10°.7°2 

39.2.4.2 B-Diketonates and their adducts 

Under this section are considered lanthanide complexes of B-diketones and their adducts, 
but work specifically in the area of lanthanide shift reagents is dealt with in Section 39.2.9. Of 
course, the majority of lanthanide shift reagents are lanthanide B-diketonates, and when they 
function as shift reagents they do so by forming adducts in solution. Furthermore, interest in 
shift reagents has directly stimulated a considerable amount of fundamental research on 
lanthanide f-diketonates and their adducts. Much of this fundamental work was, therefore, 
carried out in the early 1970s. All this means that the division between this section and Section 
39.2.9 is not entirely clear cut. 

The general position regarding lanthanide complexes of the simple parent f-diketone, 
acetylacetone, is that its anion readily complexes, but that the resulting uncharged compounds 
M(acac)3 are coordinatively unsaturated, and accordingly form hydrates in hydrous conditions, 
or polymerize in order to attain a higher coordination number, the process being driven by the 
consequent gain in bond energy. There have been several investigations™** of anhydrous and 
hydrated lanthanide acetylacetonates, of which the study by Richardson et al. will be discussed 
here. The initial product prepared from aqueous solution is M(acac)3:3H2O, except for M= La 
when it is the dihydrate. Complexes may be converted into the anhydrous compound, or into 
the monohydrate or dihydrate, or remain as the trihydrate, by recrystallization from 
appropriately hydrous solvents under various conditions, or by vacuum drying at room 
temperature. These compounds are very easily partially hydrolyzed to M(acac),(OAc)-nH,O 
or M(acac).(OH)-nH2O, hence some early reports may need reinterpretation. The freshly 
prepared M(acac); readily rehydrate, but after storage an insoluble material is obtained which 
is probably polymeric. None of the compounds is appreciably volatile. Several X-ray structures 
of the hydrates have appeared, thus [M(acac);(H2O)2)*?” (M=La, Nd) are eight- 
coordinated, as is [Eu(acac);(H2O),]‘-H,O% and [Ho(acac)3(H2O),]:2H20,” while 
[Yb(acac);(H,O)]*? shows seven-coordination of the smaller Yb°* ion. However, 
Gd(acac)3(H2O), is dimeric, with Gd** coordinated to six oxygen atoms from the diketonate 
anions, two from water molecules and one oxygen atom from a diketonate anion which is 

bidentate towards the other Gd** ion. The relationship between the repulsion energy and 

coordination polyhedron of this M(bidentate),(monodentate); coordination was explored.” 

Solid state studies of adducts where the f-diketone is not very bulky include the 

monohydrate [Ho(PhCOCHCOPh)3H,O], where the X-ray structure” shows a capped 

octahedron, resembling a three-bladed propeller with the H2O molecule located on the trigonal 

axis. Here Ho—O(water) =2.39A, with Ho—O(diketone)=2.28 and 2.31 A. The cor- 

responding complexes having M = La—Ho are isostructural*”’ and the oscillator strength of the 

41,.—>‘*Gs transition of the Ho compound at 17000 cm™ has been related to the Judd—Ofelt 

equation. 
tpenihertide complexes of B-diketones RCOCH2COR, where R is not methyl, have steric 

demands which are greater than those of acetylacetone, either slightly as when R = CF; or Ph, 

or considerably as when R = CMe3. Many investigations have been Teported into the state of 

aggregation of the complexes M(diketonate),; and their capability of forming adducts 

[M(diketonate);L,], and the relationship of these properties to the lanthanide radius and the 

nature of the group R. aris 

The dipivaloylmethanates M(Me;CCOCHCOCMes); have been well studied. This highly 

hindered ligand is sufficiently space filling that the monomeric tris complex is reasonably stable 

in the case of the smaller lanthanides and yttrium, though a mono adduct M(dpm)3L 

(dpm = Me; CCOCHCOCMes, dipivaloylmethanate) is readily formed, where L = H,O, ROH, 

R;PO etc. The larger lanthanide ions do not form monomers but bridged dimers 

M.(Mes;CCOCHCOCMes).. The complete series M(dpm);, where M= Y, La-Lu, was first 

prepared by Eisentraut and Sievers, using a standard method (B-diketone, metal salt and 

ammonia in aqueous alcohol) but under reduced pressure. These complexes are remarkably 

volatile and can be separated by gas chromatography.”°’ The solids are dimeric in the cases of 

La-Dy as exemplified by the X-ray crystal structure determination” of [Pr.(dpm).], and 
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monomeric for Y, Tb—Lu, as exemplified by the X-ray structure””° of [Er(dpm)3]. The terbium 
and dysprosium complexes can apparently have either structure.*”’ Bond lengths are in the 
region 2.39-2.44 A, with one bond distance at 2.59 A, for [Pr2(tmd).] and 2.156-2.262 A for 
[Er(dpm)3]. The coordination polyhedron of the praseodymium complex is irregular, while the 
erbium complex shows trigonal prismatic coordination, probably a consequence of the 
comparatively large ionic radius of Er°* compared with the intraligand O—O distance, giving 
the angle O—Er—O = 74.4°. The complexes are monomeric in non-polar solvents but avidly 
form hydrated adducts with traces of water.*”” An X-ray crystal structure of the hydrate 
[Dy(dpm)3;H,O] shows seven-coordination with a side-capped trigonal prismatic coordination, 
with Dy—OH, = 2.36 and Dy—O(dpm) = 2.25, 2.36 A. The molecules are arranged in dimeric 
pairs, but the interconnection is by means of hydrogen bonding, and not by Dy—O—Dy 
interaction. 

The vapour pressures of M(dpm)3, where M = La—Lu, have been determine over a range 
of temperature within 410-530 °C and the heats of sublimation, and heats of vapourization of 
the ligands, were calculated. The heats of sublimation of the lighter lanthanides (e.g. Pr, 
165.4kJ mol) are considerably greater than those of the heavier (e.g. Yb, 133.3 kJ mol’) 
and doubtless this increase reflects the enthalpy of cleavage of the dimeric [M2(dpm).].7” 

The complexes M(fod)3, where fod = CF;CF,CF,COCHCOCMe;, have been synthesized?” 
and studied because they are probably the most effective lanthanide shift reagents known for 
general applications. They readily form hydrates, including the interesting [Pr2(fod);~H.O]-H,O 
where the X-ray determination*”® shows a similar structure to that of [Pr.(dpm),] but with an 
additional water molecule bridging the two Pr** ions and H-bonded to the fluorocarbon chains, 
giving eight-coordination. For one Pr** ion, the coordination is distorted dodecahedral; the 
other has irregular coordination. The smaller Lu°** ion gives’ seven-coordinated 
[Lu(fod)3H20] with Lu—O(diketone) = 2.17 and Lu—O(water)=2.29A. In an influential 
early paper,*” Sievers and co-workers prepared M(fod)3-H,O, where M= Y, La-—Lu, using 
standard methods (f-diketone, M(NO3)3:aq and NaOH in aqueous methanol). The hydrated 
complexes were converted into M(fod); by P,Ojo/vacuum, but are avidly rehydrated. They are 
very soluble in benzene and very volatile, volatilizing completely by 260 °C (La) or 180°C (Lu). 
They may easily be separated by gas chromatography, a plot of retention times against ionic 
radii giving a smooth curve. It is of interest that in these two last volatility-dependent 
properties, Y(fod)3 has properties intermediate between those of the Ho and Er complexes; in 
broader terms, all types of complexes of Y resemble the corresponding complexes of the Dy, 
Ho, Er group (except, of course, in those properties which are directly related to electronic 
configuration, such as electronic spectra). 

M(fod)3, where M=Pr or Eu, have been shown’ to undergo association in carbon 
tetrachloride solution, doubtless of a similar nature to that observed*® in the case of 
[Pr.(dpm).]. Vapour pressure osmometry on carefully dried solutions showed association into 
dimers and trimers, with association quotients as follows (mol~'): Pr2(fod)s, 140 + 8; Pr3(fod)s, 
45 +5; Eu,(fod)., 367 +22; Eu3(fod)o, 12+2; all at 37°C. Controlled addition of traces of 
water was observed to reduce these values; presumably it coordinates and splits the 
B-diketonate bridge. This association in solution is in contrast to the more highly hindered 
M(dpm); complexes which are monomeric in carbon tetrachloride.?” 

The lanthanide f-diketonates readily form stable, isolable adducts with amines, phosphine 
oxides and other ligands with a fairly strong affinity for lanthanide ions. They do not generally 
form stable, isolable complexes with alcohols or ethers, although their interaction in solution 
with the species is evident from their effectiveness as NMR shift reagents for alcohols and, in 
some cases, ethers. Studies**® in carbon tetrachloride of [Ho(dpm)3] and its adducts with 
triphenylphosphine oxide, borneol, cedrol and camphor by means of Job’s plots of the 
electronic absorption spectra showed that only 1:1 association took place with stability 
constants (log K;) as follows: triphenylphosphine oxide, 4.48 + 0.3; borneol, 2.66 + 0.1; cedrol, 
2.66 + 0.1; campor, 1.75+0.1. The large difference between the coordinating abilities of the 
phosphoryl group and those of the alcohols and ketone is noteworthy. However, with Eu(fod)3 
and methyldimethylcarbamate in carbon tetrachloride, both 1:1 and 1:2 association were 
found with log K, = 3.20 + 0.14 and log K = 2.03 + 0.04.77 

Evidence for a cooperative type of association in forming 1:2 adducts, in which the second 
association constant K2 is greater than K,, was found by emission titration studies.7®! These 
involve study of the dependence of intensity of the °D, > ’F, emission of the Eu>+ ion upon the 
nature of the emitting complex. An example of the results is that log K, = 2.34 and 
log K, = 5.00 for association between Eu(dpm) and n-propylamine. However, some evidence 

d273 
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was obtained from circularly polarized luminescence (CPL) and IR studies that Schiff bases are 
formed by interaction between Eu(dbm); or Eu(benzoylacetonate); and aminoalcohols such as 
D-a@-phenylglycinol.”°? 

The thermodynamic parameters for association between pyridine or dimethyl sulfoxide and 
lanthanide f-diketonates have been determined by titration calorimetry. In a valuable paper,”*? 
complexation was investigated between M(dpm);, where M=Eu or Yb, or M(fod)3, where 
M=Eu or Pr, and pyridine, 2-, 3- or 4-picoline, 2,4,6-trimethylpyridine, or Me2SO. Typical 
results are shown in Table 4. Various points are exemplified here. The more crowded 
Yb(dpm); complex gives only a mono adduct, while the two fod complexes coordinate with two 
molecules of ligand. The inductive effect of the 4-methyl group is just discernible, but the 
steric effects of the 2-methyl or 2,6-dimethyl groups are plainly evident. K> is, as is normal, not 
greater than K,, thus contrasting with the results**! with n-propylamine. Finally, the K values 
for DMSO are roughly comparable with those of the unhindered pyridines. 

Table 4 Interaction Between Lanthanide B-Diketonates and Ligands in Benzene”™ 

log K* — AH? (kJ mol’) — AG? (kJ mol” *) 

Yb(dpm); py 3.14 Pips) 18.2 
4-pic 3.27 22.8 18.9 
2-pic 2.16 18.0 12.5 

logK,  logK, —-AH3  -AHS  —-AGS = —AG3 

Pr(fod); py 3.3 3.0 24 9 19.1 17.4 
4-pic 4.3 3.0 24 13 24.9 17.4 
2-pic 3.0 2.0 11 20 17.4 11.6 

log K, log Kz 

Eu(fod), py 4.0 DEF 
DMSO 3:3 3.3 
2,4,6-Mes3py 1.0 0.5 

@ Kin dm’ mol’. 

Ten-coordination has ben claimed for M(fod)3(bipy)(H2O)2, where M = Y, La, Pr, Eu or Lu, 
but the evidence (thermogravimetric analysis) is slender and a coordination number of eight as 
[M(fod)3bipy]-2H2O seems more likely, in line with the complexes M(fod)3 phen where M = Y, 
La, Pr, Yb, or Lu, prepared at the same time.”** The electronic spectra were also studied and 
related to covalency parameters and the NMR spectra were discussed, but as might be 
expected, the complexes show no ability to act as shift reagents as they are already too 
crowded. 

As in the case of most classes of lanthanide complexes, an X-ray structure determination is 
necessary to give convincing proof of structure and configuration, and many lanthanide 
B-diketonate adducts with amines and other ligands have been subjects of such reports. In 
general, the method of preparation of the adducts is straightforward, namely an addition 
reaction in an inert solvent or in excess ligand, followed by removal of solvent and 
recrystallization. Coordination numbers are usually seven or eight, depending on ionic radius, 
bulk of B-diketone and bulk of added ligand, but can rise to nine. Thus for [Eu(acac)3phen] 
where the #-diketone is unhindered, the lanthanide is reasonably large, and the phenanthroline 
is fairly undemanding sterically, eight-coordination is achieved,’ with a rather distorted 
square antiprismatic configuration having Eu—O at 2.356-2.409 and Eu-N=2.643 A 
(average). The molecule has approximate C, symmetry, which is consistent with the number of 
lines observed in the fluorescence spectrum. Eight-coordination can still be achieved even with 
the bulky dpm ligand. Thus both [Eu(dpm),py2],°?®’ and [Ho(dpm);(4-picoline)2]** have 
very similar structures. The former has near C, symmetry with a distorted square antiprismatic, 
nearly dodecahedral, structure with Eu—O = 2.312-2.372 and Eu—N = 2.649 A (average). 
With the very bulky ligand, quinuclidine (6), only seven-coordination is achieved’ in 
[Eu(dpm)3(quin)]. Here the symmetry interestingly is almost C3 with a capped octahedral 
configuration in which the three quinuclidine strands bisect the positions of the set of three 
oxygen atoms closest to the amine. The interatomic distances are Eu—O = 2.33 (average) and 
Eu—N=2.60A (Figure 4). The molecular configuration is thus siniilar to that of 
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[Ho(PhCOCHCOPh)3;H,O] mentioned above. In the case of the smallest lanthanides, 

coordination may be restricted to one ligand even when it is quite small. Thus [Lu(dpm)3(3- 

picoline)} has a  seven-coordinated, distorted, side-face-capped trigonal prismatic 

configuration.2% An oxygen is the capping atom. Interatomic distances are Lu—O=2.24 

(average) and Lu—N = 2.49 A. 

Figure 4 Structure of [Eu(Me,CCOCHCOCMe:;), (quinuclidine)] (reproduced with permission from ref. 289) 

Among oxygen donors, the groups C=O, P=O and S=O are effective. The adduct 
[Pr(facam),(dmf)3] provides an interesting example of nine-coordination.”' Here facam is 
3-trifluoroacetyl-( + )-camphor (7) a bulky ligand but one in which the main bulk is located at 
some distance from the metal ion. The three nitrogen atoms from the dimethylformamide 
ligands act as symmetrically bridging donors to both Pr°* ions, giving distorted capped square 
antiprismatic coordination. Interatomic distances are Pr—O(diketone)=2.46A; Pr— 
O(dmf) = 2.60 A. The bridging angle Pr—O—Pr is 103.6°. 

CF, 
(7) 

The phosphine oxide adduct [Pr(dpm)3;(OPPhs)] is of interest as although Pr°* is a large ion, 
and Ph3PO is not perhaps too sterically demanding except at a distance from the ion, only a 
seven-coordinated mono adduct is obtained. The X-ray structure” shows Pr—O(diketone) = 
2.30-2.39 and Pr—O(phosphoryl) = 2.35 A. The comparatively short Pr—phosphory] link is to 
be noted (compare Section 39.2.4.4) and would increase repulsion between the ligating atoms. 
The seven-coordination is in agreement with the solution studies mentioned above.?*° 

The X-ray crystal structure*”* of a sulfoxide adduct, [Eu(dpm)3L], where L is the cyclic 
sulfoxide (8), shows irregular seven-coordination with Eu—O(diketone) = 2.33 (average) and 
Eu—O(sulfoxide) = 2.40 A; the sulfoxide group, like the phosphine oxide group just previously 
mentioned, forms a short, and presumably strong, bond. 

o=s 

(8) 
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In the case of B-diketones which are not too sterically demanding, the [M(8-diketonate),]~ 
anion may be obtained. An example is NH,[M(CF3;COCHCOCEF;),], where M = Y, Nd, Gd or 
Er. Preparation is by treatment of a benzene solution of [M(CF;COCHCOCEF;)3] with 
CF;COCH,COCF; (1 mol) and gaseous ammonia.2* The (rhodamine 6G)* salts of [EuL,]~, 
where L is benzoylacetonate or thenoyltrifluoroacetonate, have also been prepared and their 
fluorescence spectra studied.?™ 

Europium, and to a lesser extent terbium, complexes of B-diketones have been studied in 
solution and in the solid state by means of their fluorescence (luminescence) spectra. As 
explained further in Section 39.2.10, it is possible to relate the splitting of the °D,—’F, 
transitions of Eu** to the symmetry of the emitting complex, and studies of circularly polarized 
luminescence (CPL) spectra can give related information. Thus a study*”© of EuCl; and 
complexes of Eu** with hexafluoroacetylacetone and four other B-diketones in methanol or 
DMF showed that while EuCl; itself had axial symmetry in solution, the complexes had 
orthorhombic symmetry. The emission spectra of solutions of adducts of Eu(dpm); with Ph;PO 
or borneol have been studied at low temperatures where conformal lability is reduced; the 
Ph3PO adduct has uniaxial symmetry but the bulky, less symmetrical borneol molecule confers 
lower symmetry on its adducts.?%” 

Russian workers have been active recently in this field. Thus [Eu(thenoyltrifluoro- 
acetate)3(phen)] has been shown to retain its structure in polystyrene or PVC;2%8 the second 
order crystal field parameters B? and B3 have been obtained for a series of complexes 
[EuL3(phen)] where L was a series of eight B-diketonates,2®? and the temperature broadening 
has been investigated, for similar adducts and for EuL,(NO;)(Ph3PO),., of the Stark 
components of the ’F, levels.°” 

39.2.4.3 Amine oxides 

These compounds have been known for some time, having been described in 1964 by Melby 
et al.*” who investigated the fluorescence spectrum of Eu(tfa)3(4-picoline N-oxide)». Pyridine 
oxides bond firmly to lanthanides, the strength of the interaction being doubtless associated 
with the partial charge on the oxygen atom, and a considerable number of papers have 
appeared in which the preparation and general properties of pyridine oxide or substituted 
pyridine oxide complexes with lanthanide salts, often with poorly coordinating anions such as 
perchlorate, methylsulfate or hexafluorophosphate, but also with halides or nitrates, have been 
studied. 

Before describing these, it is of interest to survey X-ray crystallographic data on this type of 
complex. The compounds M(C1O,)3(pyo)s, where M=La or Nd and py = pyridine N-oxide, 
are both dimorphic, existing in a P2,/a and a C2/c modification.*°” The first modification 
consisted of twinned crystals only, but in the case of the Nd compound the crystal structure was 
obtained despite this. The C2/c version of the lanthanum compound was also submitted to 
structure determination. Both compounds are formulated [M(pyo)s](ClO,)3 with all N-oxide 
atoms coordinated, the leading dimensions being: La—O =2.493-2.500; Nd—O = 2.356- 

2.447 A; La—O—N = 127.7-136.3°; Nd—O—N = 129.0-133.3°. The Nd compound has only 
C; symmetry but very nearly S,, with the coordination polyhedron very nearly a square 
antiprism. The La compound had C, symmetry, with near D, symmetry, the polyhedron being 
distorted from a square antiprism towards a cube by rotation of the four upper pyridine oxide 
molecules around the ‘D,’ axis some way towards a cube configuration. The La—O—N linkage 
seems sterically unconstrained and there is little doubt that this is a natural bonding angle of 
about 132° reflecting localized lanthanide-lone pair interaction. _ 4 anh 

In the complex [La(bpyo)4](ClO,)3, where bpyo =2,2'-bipyridyl N,N'-dioxide, the con- 
figuration is cubic, with one bidentate ligand spanning each vertical edge. The complex ion has 
symmetry C2, but is very near to D,. The two rings in each ligand are twisted relative to each 
other at a dihedral angle of 61.4° average. The cube is slightly compressed along the ‘D, axis, 
the angle between this axis and the La—O vectors being 56.1° average (compare 54.7° required 
for the cube). Leading dimensions are La—O = 2.495—2.512 A; La—O—N = 121.7-124.3°. 

The lanthanide trifluoromethylsulfonates M(CF3SO3)3 have been prepared and their com- 
plexes with pyo and bpyo have been prepared in ethanol or ethanol/triethylformate and 
examined. Complexes [M(pyo)s](CF3SO3); and [M(bpyo)4](CF3SO3); (M = La, Nd, Eu or Ho 
in each case) were obtained and results indicated that the anions were not coordinated.” A 
number of complexes of pyo, bpyo and 2,2',6',2’-terpyridyl-N,N’,N"-trioxide (tpyo) with 
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lanthanide trifluoromethylsulfonates, perchlorates, nitrates and thiocyanates have been isolated 
from ethanolic solution and their constitution and emission spectra studied. The complexes are 
as follows: M(NO3)3(pyo)s (M=La—Ho); M(NCS);:(pyo)4(H2O)2 (M=La-Tb); M(NCS)s- 
(pyo)3(H2O)2 (M = Ho-Tm); M(NOs;)3(bpyo)2 (M = La~Tm); M(NCS);3(bpyo)2(H2O), (M = 
La-Eu, n=1; M=Gd-Er, n=2); M(C1O,)3(tpyo)3(H2O)2 (M=La-Tb); M(NO3)s3- 
(tpyo)(H2O) (M = La—Ho); and M(CF;SO3);3(tpyo)3(H2O)2 (M = La-Tb). Conductivity studies 
in MeCN established the constitution of some of these, e.g. [M(pyo)s](NOs3)3, or 
[M(NO3)3(bpyo)2] (earlier lanthanides) and [M(NO3).(bpyo)2](NO3) (later lanthanides), but 
where water was present its status was uncertain. The bpyo and tpyo ligands remained 
coordinated in aqueous solution. The intensity of the hypersensitive absorption bands is very 
considerably increased by these ligands; thus the °*J,—> °G, Ho** band is increased four-fold by 
bpyo in aqueous solution. The magnitude of this effect increases in the series pyo< tpyo< 
bpyo. The emission spectra of the Tb and: Eu complexes were studied and it was concluded that 
the octa pyo complexes have high symmetry.*°°*° 

Other complexes of pyo with chloride or bromide have been studied.*”*!° Products were 
examined by IR, emission spectra, NMR and conductance. Compounds isolated include 
[MCl3(pyo)s] (M = Y, La, Pr, Nd, Sm or Er); [MBr2(pyo),]Br (M = La, Pr, Nd, Sm, Tb or Er); 
and [MBr2(pyo).«(H2O)2|Br (M = Y, La, Pr, Nd, Sm, Gd, Dy or Yb). 

Complexes of 2-, 3- and 4-picoline oxides have been made in large numbers. These include 
[M(2po)7](PFs)3 (M=La-Sm) and [M(2po).](PFs)3 (M=Sm-—-Lu or Y; 2po=2-picoline 
oxide).*'' This seems a good example of reduction of coordination number with ionic radius of 
metal ion. Another series showing this effect is [M(NCS)3(2po),] (M=La-Pr, x =5; 
M = Nd-Eu, x = 4; M=Eu-Lu, Y; x =3). Powder X-ray photographs show three series and 
all are non-conductors. In the IR, v(NO) is reduced from 1240 cm™ to 1220-1240 cm™ and 
6(NO) increased from 840cm™' to 845-850cm7’.*? Other series are M(MeSO;)3(2po), 
(M = Ce-Sm, x = 2; M=La-Lu or Y, x = 4);319!4 [M(NO3)3(2po)3] (M = Nd, Sm, Tb, Dy, 
Yb);7532° +[MCL(2po),]) (M=La, Pr, x=4; M=Nd, Sm, Tb, -Er-.or Y¥;°x=57" 
M(C10,)3(2po)7(H2O), (M = La-Lu, Y; x =3 or 2);3!” and MCI3(2po)3(H2O), (M = La—Ho), 
where IR and conductivity (MeOH) suggested a formulation [MCI,(2po)3(H2O),] Cl.*!* On the 
whole, these coordination numbers tend to be lower than for the unsubstituted pyridine 
N-oxide. In the case of the oxides 3-picoline and 4-picoline, steric effects should however be 
less pronounced. Series isolated with the 3-picoline oxide ligand include [M(3po)s](PF¢)3 
(M=La-Lu, Y);*? [M(3po)s](ClO,); (M=La-Yb (some) or Y)*”? and MI3(3po)s-(H20), 
(M=La-Yb (some), Y; x =0, 1 or 2). In the last series, NMR results indicated restricted 
rotation of the pyridine ring in the Yb compound.*”! This has also been observed in 
[MI(2po)s]I2.*” Series with 4-picoline oxide as ligand include MBr;3(4po)s (M = La—Er (some), 
Y)** and MI(4po)s {M = La—Yb (some)}.° 

39.2.4.4 Phosphine and arsine oxides and related ligands 

Lanthanide ions complex more readily with phosphine or arsine oxides and other ligands 
containing the P=O or As=O groups than with most other uncharged monodentate ligands. 
Doubtless much of this affinity can be ascribed to the negative charge on the oxygen atom 
produced by the canonical form P*—-O~, which confers an electrostatic component on the 
cation ligand bond energy. The fact that trivalent lanthanide cations formed stable isolable 
complexes with phosphine or arsine oxides was fairly early recognized. Thus the complex 
EuCl;(OPPh;)3 was reported** in 1964 and its fluorescence spectrum examined, while a wide 
variety of phosphine and arsine oxide complexes were reported shortly afterwards.**> These 
were prepared in ethanol or acetone solution and included M(NO3)3L,(EtOH), where M= Y 
or La—Lu and L= OPPh; or OAsPh3; M(NO3)3L3, where M = Y or La—Lu and L = OPPh; or 
where M=Y or La-Yb and L=OAsPh3. Other complete series included 
M(NO3)3(OPPh3)3(MezCO)2 and M(NO3)3(OAsPh3)4, and other complexes prepared included 
M(NO3;)3(OPPh3),(EtOH), where x=0 and 1, M=Y and Tb-Lu. The thiocyanates 
M(NCS)3L4, where L=OPPh; or OAsPh3, M(NCS)3(OPPh;)3, and the chlorides 
MCI,(OPPhs), where M=Nd or Sm and x=3 or 4 have also been prepared and 
characterized.”*°* Some of these were soluble and monomeric in organic solvents, e.g. 
SmCl3(OPPh;), which should thus be seven-coordinate, but others contained ionic nitrate, e.g. 
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[Eu(NOs3)2(OAsPhs)4]NO3, as shown by conductivity and IR data. There is a characteristic 
lowering of the PO IR stretching frequency on coordination, from 1195cm~! to about 
1160 cm™', while the AsO frequency is raised on coordination, from 878 cm~? in the free ligand 
to about 910cm™*. As coordination is expected to strengthen the PO and AsO o bonds 
inductively and weaken the corresponding a bonds inductively, this result is in accord with the 
expected greater importance of the 2 bond in PO as compared with AsO.22” For both ligands 
the stretching frequency increases along the series La— Lu. Many of the complexes of different 
stoichiometries could be interconverted by heat or action of solvents or addition of further 
ligand. Some apparently rather similar complexes have been reported in the Russian 
literature.**” These comprised M(NCS)3{OP(i-CsH11)3}4, where M = La~Sm; M(NCS)3{OP(i- 
CsHi1)3}3, where M= Y, Sm—Yb; and M(NO3)3{OP(i-CsHi1)3}3, where M= Y, La, Nd, Sm, 
Gd, Er, Yb, Lu. Other work on simple complexes of phosphine oxides with lanthanide salts is 
not extensive but includes the preparation by a solvent extraction method of MX3L3, where 
M=La-Dy and Er, X=NO3, Cl or NCS, and L=OP(n-C4Hs)3 or OP(n-CgH,7)3.°° 
Complexes of Y and lanthanide perchlorates of the stoichiometry M(CIO,)3{OP(n-C4Ho)3}4 
have also been reported,**! as have the complexes Nd(NO3)3(OPR3), where R3= Ph3, 
Ph,(benzyl), Ph(benzyl)2, (benzyl)3, Et; or Me3.°2 

Phosphine oxides are effective ligands in forming adducts with preexisting lanthanide 
complexes, particularly f-diketonates. The crystal structure of the 2:1 adduct 
[Nd(ttf);(OPPh3)2], where Httf = thenoyltrifluoroacetone, shows an eight-coordinated dodeca- 
hedral monomer. The Nd—O(P) distances are 2.399 and 2.423 A and the Nd—O(C) distances 
lie in the range 2.40-2.50 A. The coordination polyhedron is very closely dodecahedral.2° In 
contrast to this 2:1 adduct, M(dbm)3, where Hbdm = dibenzoylmethane, give 1:1 adducts 
M(dbm)3L, where L= OPR; and R= Ph, n-CgH,; or OBu. These were prepared in alcohol 
and isolated, and there was evidence that the stability of the adducts increased in the sequence 
R = CgHi7 < Ph < OBu.*** Other papers have also described the preparation of other adducts 
of phosphine oxides with lanthanide B-diketonates.**°>°° 

Phosphine oxides are found to exert a synergic effect on the extraction of lanthanides from 
aqueous into organic phases by means of f-diketones or other ligands; doubtless the 
replacement of coordinated water in M(diket),(H2O), by a trialkylphosphine oxide would have 
a favourable effect on solubility in the non-aqueous phase. In an investigation of the effect of 
OP(n-CgH,7)3 on extraction of Tm** ions from an aqueous phase using thenoyltrifluoroacetone 
at a variable temperature, values of AH and AS for the equilibria involved were obtained and 
mechanisms were discussed.*?’ The synergic effect of OP(CsH;7)3 on extraction of lanthanide 
ions by means of 1-phenyl-3-methyl-4-acyl-5-pyrazolones has been also studied and extraction 
constants and separation factors determined. 

Adducts of triphenylphosphine oxide with complexes of the chelate sulfur-coordinating 
ligand S,P(OEt)z have been investigated and X-ray structures obtained. Reaction of Ph3;PO 
with [M{S,P(OEt)2}4]~ gave, for M = La—Pr, [M{S.P(OEt)2}3(OPPh3)2], and where M = Y or 
Nd-Lu, [M{S,P(OEt)2}.(OPPhs;)3]* was produced. The lanthanum complex is eight- 
coordinated and approximately square antiprismatic, with La—O = 2.456 or 2.422 MO =a 
O = 152.8°, and La—O—P = 168.2° or 165.7°. The longer La—S interatomic distances lie 
within the range 2.982-3.092 A. In the case of the Sm complex, an example of the group of 
smaller cations where two chelate dithiophosphate ligands are displaced by three monodentate 
phosphine oxides, a very closely pentagonal bipyramidal configuration is adopted with the 

Ph3;PO occupying both axial positions and one equatorial. Here Sm—O = 2.28-2.32 A and 

Sm—O—P = 171.2-175.5°.>°° 
Another class of adducts where there are structural data is formed by adducts of complexes 

of the bulky amido anion N(SiMe3)z. The action of Ph3PO (1.5 molar proportions) on 

[M{N(SiMe;)2}3], where M = La, Eu or Lu, gave [M{N(SiMes)2};OPPhs]. The X-ray structure 

of the La complex showed an approximately tetrahedral geometry, with N—La—N and 

O—La—N in the range 104.8° to 116.4°. La—O at 2.40 A was approximately equal to La—N at 

2.38-2.41 A, while La—O—P was not quite colinear, at 174.6°. Curiously, treatment of 

[M{N(SiMes)2}3], where M=La, Pr, Sm or Eu, with OPPh; (2-5 molar proportions) gave 

peroxo complexes [M2{N(SiMes3)2}4(O2)(OPPhs)2], despite rigorous exclusion of oxygen and 

preparation of the phosphine oxide from Ph3PBr2 rather than treatment of Ph3P with H2O,. In 

the La complex, two pyramidal La{N(SiMes)2}.(OPPhs) entities are bridged by a Pperoxo 

group, such that O—O is at right angles to La—La, while La, and O2 are coplanar.” 

Interatomic distances and angles were given in Section 39.2.2.3. 

coc3-I1* 
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(i) Other ligands containing the phosphoryl group 

Hexamethylphosphoramide OP(NMez;)3 forms two series of complexes with lanthanide 

perchlorates. Thus complexes [M{OP(NMez)s}«](ClO.)3, where M = La, Nd, Gd, Ho or Yb, 

were obtained from acetonitrile solution, IR spectra showing that the perchlorate anions 

remained uncoordinated.**° These complexes had also been studied previously.**'*** From 
ethanolic solution, complexes M(ClO,4)3{OP(NMez)3}4, where M=La, Nd, Gd, Ho or Yb, 

were obtained.*”° The PO IR stretching frequency was reduced by about 17 cm~* compared 
with the free ligand. The cation in [Nd{OP(NMez)3}«](ClO4)3 has been shown by X-ray 
crystallography to be octahedrally coordinated, with Nd—O at 2.37 A.” 
The hexamethylphosphoramide perchlorates have been studied in acetonitrile solution by 

means of '°°La NMR spectrometry.*“ This nucleus has an electric quadrupole and therefore 
the line width of the ‘La resonance is much broadened by an unsymmetrical coordination 
geometry (which produces an electric field gradient at the nucleus). Accordingly, the 
coordination of added OP(NMe2); can be observed to alter the La line-width from a 
broadened resonance characteristic of unsymmetrical cationic species 
[La{OP(NMez)3}.(MeCN),]°* where x<6, to a narrow resonance characteristic of x =6, 
y =0. This latter species exchanges ligand only slowly on the NMR time scale with the other 
species present in solution, which suggests that the La—O bond may be quite strong. 

Structures of an interesting pair of hexamethylphosphoramide complexes*® where the 
coordinated anion is nitrosodicyanomethanide [X, O—N=C(CN),] have been obtained. Thus 
[NdX3{OP(NMez)3}4] is a seven-coordinated distorted capped octahedron, where X is 
monodentate via oxygen, while [YbX.{OP(NMez)3},4]* is nearly trans octahedral with Yb—O 
(hmpa) = 2.197 A average. 
Some complex chlorides [MCl3{OP(NMez)3}3] have been described*” and the X-ray crystal 

structure of the Pr complex has been reported.*”’ It is very closely octahedral, with O—P—O, 
Cl—P—C]l] and Cl—P—O in the range 82.6—96.6°. Interatomic distances include Pr—Cl at 
2.706-2.733 A, Pr—O at 2.351-2.356A and P—O at 1.483-1.493 A; the coordination is 
meridional. Some bromides MBr3{OP(NMez)3}4 have been described,*** as have a number of 
nitrates.>49°° Two series of trifluoromethanesulfondtes have been obtained;**! for La—Eu, the 
hexakis complexes [M{OP(NMe2)3}6](CF3SO3)3, and for Y and Nd—Lu, the tetrakis complexes 
[M(CF3SO3){OP(NMez)3}4](CF3SO3)2. The formulations shown here are based on conductivity 
values in acetonitrile appropriate to 3:1 and 2:1 electrolytes respectively. Fluorescence spectra 
of europium hexamethylphosphoramide complexes have been discussed in this paper and 
another” and their relationship to the symmetry of the emitting species discussed. 

The anion (EtO),PO;z forms the complex Nd{EtO),.PO>},; on treatment of anhydrous NdCl, 
with OP(OEt)3; in non-aqueous solution. X-Ray analysis shows a linear chain of slightly 
distorted octahedrally coordinated Nd°* ions, with Nd—O=2.40A average. Each pair of 
adjacent Nd** ions is bridged by three anions, and each anion bridges thus: Nd—O— 
P(OEt),—O—Nd.?* 

Complexes of some bidentate or terdentate phosphoryl ligands have been studied. The 
tetraphenylimidodiphosphate anion {(PhO)2P(O)}2N~ (=L) acts as a bidentate ligand towards 
lanthanide ions, giving complexes ML3.°°* The Yb complex, studied by X-ray crystallography 
shows coplanar Yo—O—-P—N—P—O chelate rings, the three ligands giving almost octahedral 
coordination with nearly D; symmetry. The coordinated atoms are well separated (interligand 
O—O = 3.07-3.39 A, intraligand O—O = 2.883 A). The angle Yo—O—P, at 135.4-137.7°, is 
constrained to be smaller than in monodentate complexes, while Yb—O=2.199-2.219 
and P—O=1.490-1.496 A.*°5 Diisopropyl-N, N-diethylcarbamylmethylenephosphonate (L) 
Pr,P(O)CH2C(O)NEt,, which is an extractant agent for lanthanide ions from aqueous acid into 
hydrocarbons,*°° gives complexes M(NO3)3L2, where M=La-—Gd, and M(NO3)3L,(H20), 
where M=Tb-Lu.**’ The structures of these complexes have been investigated by X-ray 
diffraction, which shows a 10-coordinated monomeric structure [Sm(NO3)3L,] with L being 
coordinated by the phosphoryl (Sm—O = 2.418 A) and carbonyl (Sm—O = 2.433 A) oxygen 
atoms, and the nitrate groups are bidentate. The other complexes, exemplified by Er, are 
nine-coordinated [Er(NO3)312(H2O)]. Here, L is monodentate only, being coordinated by the 
phosphoryl oxygen (Er—O = 2.275 # The carbonyl oxygen is hydrogen bonded to the 
coordinated water (Er—OH) = 2.302 A). The coordination geometry is nearly a face-centred 
trigonal prism.*** The extraction chemistry of the dihexyl analogue of L has been studied and 
monodentate tris coordination in the organic phase was suggested.°°° 

The bidentate ligand nonamethylimidodiphosphoramide (Me,N),P(O)N(Me)P(O)(NMe,), 
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(=L) forms a series of complexes [MLs](CIO,)3, where M=La-Lu, which are X-ray 
isomorphous and in which the PO stretching frequency is reduced from 1205 cm! in the free 
ligand to 1170 cm™’, while the PO bend increases in frequency by 25 cm7’. The IR spectra and 
the conductivity in nitromethane support the formulation as a six-coordinated tris-chelate 
cation.*© Other ligands, rather similar to that just mentioned, whose lanthanide complexes 
have been investigated are (Me,N)2P(O)OP(O)(NMe2),, octamethylpyrophosphoramide;’ 
(Pr'O)2P(O)CH2P(O)(Pr'O)2, _tetraisopropylmethylenediphosphonate;*** and (Pr'O),P(O)- 
C,H,4P(O)(Pr'O), tetraisopropylethylenediphosphonate.?© 
Complexes of the interesting terdentate ligand (Me,N),P(O)N (Me)(P(O)(NMe,)- 

N(Me)P(O)(NMez)2, bis(methylimido)triphosphoric acid (pentakisdimethylamide) (L) have 
been prepared, and investigated by NMR. The complexes are [ML3](ClO,)3, where M = Y, or 
La-Lu, this presumably nine-coordinated structure being supported by the IR spectra. The 
NMR spectra show that there is (on the NMR time scale) no intermolecular ligand exchange, 
which is hardly surprising since we are dealing with a presumably terdentate ligand bonding 
via its powerful phosphoryl groups. However, there is evidence for intramolecular conforma- 
tional rearrangements of some complexity. The very small 'H paramagnetic shifts, up to 
0.35 p.p.m., suggest that a very symmetrical coordination polyhedron is adopted; however, the 
*1P shifts are quite large, up to 111 p.p.m., and it is suggested that a contact mechanism is 
responsible for these.* 
Mono and bis complexes of Pr** and Nd** in aqueous solutions of iminodiaceticmono- 

methylenephosphonic acid have been studied over the pH range 1-12 by visible spectroscopy 
and association constant values determined.*© 
A short review of lanthanide phosphoryl complexes has appeared, which deals particularly 

with recent Russian work.*©° 

39.2.4.5| Other oxygen donors 

The lanthanides complex readily with the carboxylate anion and a variety of anhydrous and 
hydrated carboxylates have been described; most are hydrated. Preparation of the solid 
hydrated compounds is usually straightforward from aqueous solution, but long chain aliphatic 
anhydrous carboxylates may be prepared from organic solvents, either directly or by ligand 
exchange with the acetate.*°*’ A number of X-ray single crystal determinations are available, 
and these often show a polymeric structure. Thus the structures of hydrated and anhydrous 
oxalates show chelation of oxalate ion forming five-membered rings, not four-membered 
rings, with the lanthanide ions in nine-coordinated polymeric {M(ox)3;H2O}-2H2O, where 
M =Nd-Tb,*® and in KgM.(ox)7-14H,O, where M=Y, Tb, Dy, Er or Yb.*” In both these 
compounds M—(oxalate)—M bridges are present, where one anion forms two five-membered 
rings with two lanthanide ions. The bridging capability of the carboxylate ligands extends into 
solutions. Thus citric acid (H,L) forms  heterocationic complexes GdM(H2A)z, 
GdM(H2A)(HA)3~ and GdM(HA)3~, where M= Tb-Tm. These complexes were established 
by Job-type plots of relaxation times, which showed 1/7, to maximize at a 1:1 Gd:M ratio.*” 

In the lanthanide tris-glycolates M(O,CCH,OH)3, the glycolate anion chelates via one 
carboxylate and one hydroxyl oxygen, and also forms carboxylate bridges to neighbouring 
cations.*”"°”* The diglycolates form anions, as in the salts Nas[M(O2xCCH,O0CH,OCH2CO>)3]- 
2NaClO,:6H2O, where the cations are nine-coordinated in an approximately D; configuration, 
each diglycolate anion being tridentate.*’* The ether—lanthanide bond distances are slightly 
longer than those of the carboxylates, thus Nd—O = 2.523 and 2.428 A. The chloroanilate 
anion (ca, 9) coordinates to two separate lanthanide ions, each in a bidentate manner leading 
to a three-dimensional network. In Pr2(ca)3-8EtOH each Pr** ion is nine-coordinated with 
three ca and three EtOH (a relatively rare example of an ethanol complex of known structure) 
with Pr—O(ca) = 2.483 (average) and Pr—O(EtOH) = 2.553 A (average).°” 
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There are many complexes of lanthanides with organic ligands which bond by means of a 

carbonyl oxygen atom. Representative examples are M(MezNCOMe),,(ClO4)3, where M = La— 

Nd, n =8 and M=Sm-Er or Y, n =7 and M=Tm-Lu, n = 6 (this is a progression doubtless 
due to decreasing ionic radius);7”° M{CO(NMe)2}6(ClO4)3, where M=La-Lu or Y;°” 
M(NO3)3{CO(NMe2)2}3, where M=La-Lu or Y;° and M(N,N’-ethyleneurea),,(NO3)3, 

where M = La or Ce, n =8 and M= Ho or Tm, n = 6.°” An extensive solution study has been 
~ made**° of the equilibrium between [M(DMF),,](ClO4)3, where n = 8 or n = 9 in DMF solution. 
Variable temperature and pressure studies of absorption spectra and NMR showed that n = 8 is 
the major species for Ce—Nd and the only species for Tb—Lu. For Nd, equilibrium parameters 
are AH? =-14.941.3kJ mol7!; AS? =-69.144.2Jk~=!mol', and AV?=-9.8+ 
1.1cm*mol~!. The kinetic parameters for DMF exchange in [Tb(DMF),]** were AH*= 
14.140.4kJ mol7!, AS*=—58+2Jmol"'K7! and AV*=5.2+0.2cm’mol™’. In solid 
[M(DMF)s](ClO,)3 there is eight-coordination for M=La—Lu and NMR integration showed 
the species [Tm(DMF)7.7 + 0.2]°* in Tm(ClO,)3 dissolved in DMF/CD,Ch.**" 

The oxyanions OH~, SO%” and NO; coordinate strongly. The two first named have a 
considerable tendency to give polymeric structures. A rare single crystal X-ray determination is 
that of Na,sYb(OH),-2.5H,O, mentioned in Section 39.2.4.1. It shows octahedral coordination 
of the Yb** ion.”*! 

Sulfato complexes have been included in a recent review.*** To exemplify sulfate structures, 
the hydrated sulfate Ce.(SO,4);-9H,O contains, in addition to  nine-coordinated 
Ce(H2O),(SO,4)3 groups, Ce** ions twelve-coordinated to sulfate groups.**? A number of other 
sulfates have been structurally investigated, and coordination by monodentate and bidentate 
sulfate groups is observed. Thus Ndz(SO,4)3-5H2O shows Nd** in pairs, coordinated in a very 
distorted tricapped trigonal prismatic manner to two H,O, and six or seven SOZ-. Two SOZ— 
are bridging groups, monodentate or bidentate to each Nd** ion in the pair, and the pairs are 
further linked in a three-dimensional network.*** 

Nitrate complexes, including hydrated nitrates, have been well studied. This ion is almost 
always bidentate towards a lanthanide ion, and discrete complexes or complex anions are 
usually formed, in contrast to the sulfate complexes mentioned above. The complex anions 
[M(NO3),]*-, where M=Ce, Eu, Ho or Er, have had their structures reported and are 
pseudotrigonal bipyramidal. The M—O distances. are Ce—O = 2.553-2.591 A and Er—O= 
2.392-2.493 A.*°* The (Hpy)NO;-Yb(NO;)3 aqueous system has been studied, and 
(Hpy)2[Yb(NO3)s] isolated from it and characterized by X-ray powder pattern.**? 

The nine-coordinated uncharged aqua complex [M(NO3;)3(H2O)3] is found in 
[Ho(NO3)3(H2O)3]-2(4-bipy), in which Ho—O(nitrate) = 2.42-2.63 A and Ho—O(water) = 
2.30-2.35 A,> and in [Gd(NO3)3(H2O)3], in which Gd—O(nitrate) = 2.411-2.533 A and 
Gd—O(water) = 2.308-2.459 A.°*! The slightly larger ion Nd** will, however, accept either 
ten-coordination in [Nd2(NO3)s(H2O)4(4-bipy)|*~ where each Nd** ion is coordinated to three 
bidentate and one monodentate NO; , two H2O and one nitrogen atom of the bipyridyl;*” or 
eleven-coordination where all four nitrate ions are bidentate. Another hydrated nitrate is the 
irregularly ten-coordinated [Nd(NO3)3(H2O)4]-2H2O where Nd—O(nitrate) = 2.547-2.718 A 
and Nd—O(water) = 2.429-2.462 A,*? while the rare eleven-coordination is observed in 
[M(NO3)3(H2O);] where M = La or Ce.39439° 

39.2.5 Sulfur Donor Ligands 

Sulfur is a comparatively weak donor towards lanthanide ions, but in favourable cir- 
cumstances coordination does occur. The sulfur should preferably be part of a bidentate or 
polydentate system, and should preferably carry a negative charge, to judge from the nature of 
the few compounds of this class which have been isolated. 

The bidentate anions R,PSz give a number of complexes which are fairly stable, soluble in 
organic solvents, and have been studied by single crystal X-ray and by NMR. Thus treatment 
of hydrated lanthanide chlorides with salts of S;PRy (R= Me, CsHi: or OEt) gives complexes 
[M(S2P(C¢6H11)2)3] or M'[M(S2PR>2)4] (M’=Na, PhyAs or PhsP; M=La—Lu and Y). The 
electronic spectra of these complexes show oscillator strengths of three to nine times those of 
a pee ions, and this may be caused by a transfer of intensity from charge-transfer 
ands.*”® 
The dithiophosphate complexes react with Ph3PO to give adducts, whose crystal structures 
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have been determined, of the types [M{S,P(OEt),}3(Ph3PO).] (M=La-Pr) or [M{S,P(OEt)2}2(Ph3PO)3]* (M = Nd-Lu and Y) (see Section 39.2.4.4). 
The X-ray crystal structures of [M(S2P(CsHi1)2)3], where M=Pr or Sm, have been 

determined. Interatomic distances are Pr—S = 2.804—-2.877 A, and Sm—S = 2.781-2.796 A. 
The Pr complex is isostructural with the Nd analogue and the Sm complex with the Eu—Lu and Y analogues.** Both these complexes are trigonal prismatic, slightly distorted by a small 
rotation of all three ligands about the M—P vector. This geometry, as opposed to trigonally 
distorted octahedral, is necessitated by the small ratio of ligand bite to metal ionic radius. This 
last point was explored by crystal structure determinations of the Dy and Lu analogues. The 
angle of twist of the ligands about the M—P vector increases from 18.5—17.3° (Sm) to 
19.1-17.8° (Dy) to 20.0-18.6° (Lu) as the bite: M—S distance ratio increases in the sequence 
1.203, 1.219, 1.234. In the Lu complex, coordination geometry is best described as a trigonally 
distorted octahedron.?” 

The tetrakis-dithiophosphinate complex [PPh,][Pr(S2PMe,),], whose crystal structure has 
also been determined, has a distorted tetragonal antiprismatic geometry with Pr—S = 2.888- 
3.015°.“° The complex ions [M{S,P(OEt)2}4]~, have been the subject of an NMR paramagne- 
tic shift study (see Section 39.2.9.4). 

Early among the lanthanide-sulfur complexes were the dithiocarbamates, of which two types 
[M(Et,NCS,)3] and [NEt,][M(Et,NCS,),] were first reported“! Later the series 
Na[M(Et,NCS,),], where M=La-Yb, was prepared*” and the X-ray structure of the La 
example showed distorted dodecahedral coordination with La—S = 2.97 average. Charge- 
transfer bands obtruded considerably into the visible, the Eu compound being brick-red and 
the Yb bright yellow. The f—f bands showed definite red shifts, and the f —d transition of the 
Ce complex was brought into the visible. All these effects are as usually observed with 
conjugated or polarizable ligands. 
Uncharged thioester sulfur atoms are forced to coordinate with lanthanides in a series of 

thia-18-crown-6 macrocyclic ligands. The ligands are 1,10-dithia-18-crown-6 (L’), 1,4,10,13- 
tetrathia-18-crown-6 (L*) and _hexathia-18-crown-6 (L°). Complexes obtained were 
M(C10,)3(L*)-H2O (M = La-Pr), Nd(ClO,)3(L?), Eu(ClO,)3(L*)-H,O and M(C10,)3(L°)-H2O 
(M= Sm, Eu or Yb), together with some similar acetonitrile adducts. There is no doubt that all 
three ligands are coordinated at least with europium merely from the colours: the Eu 
complexes are respectively yellow (L’), yellow-orange (L*) and orange (L°). This is confirmed 
by a study of the charge-transfer bands in the near UV, which are due to n—f transitions, and 
of course by the crystal structure of [La(ClO,)2(H2O)(L’)]ClO, which shows a slightly folded 
six-coordinated macrocycle with a bidentate perchlorate on one side of it, and a monodentate 
perchlorate and a water molecule coordinated on the other side. Interatomic distances are 
La—S = 3.030, 2.045; La—O(L’) = 2.591-2.623; La—O(water) = 2.539; La—O(perchlorate) 
= 2.494 (monodentate) and 2.683, 2.738 A (bidentate). The definitely bonded La—S distance 
of over 3 A is noteworthy.*” 

The Bu'S~ group acts as a bridging ligand in [Gd2(u-SBu)2{N(SiMe3)2}4]. This was made 
from the rather similar chloro-bridged complex [Gd2(u-Cl)2{N(SiMe3)2}4(THF)2] where each 
Gd?* ion is five-coordinated. X-Ray structures of both these complexes were obtained. In the 
sulfide complex, which can also be made by reaction of [Gd{N(SiMes3)2}3] with Bu'SH, 
Gd—S = 2.760 and 2.823A and Gd—N=2.230 and 2.244A, while the coordination is 

. distorted tetrahedral with angles ranging from 135° to 71°.“ 

39.2.6 Ligands Containing Nitrogen and Oxygen Donors 

Of the compounds which fall into this category, complexes of edta and its derivatives form an 
important group and will be treated separately. Among complexes of other ligands, there has 
been a fair amount of work directed at synthesis or at obtaining stability constants for 
multifunctional organic ligands where the structure of the resulting complexes must be in 
substantial doubt in the absence of specific structural data. In this section, emphasis is placed 
upon those studies where, for one reason or another, the experimental results being discussed 
can be viewed in terms of an at least reasonably probable structure. 

39,2.6.1 Edta and related ligands 

Complexation between lanthanide ions and edta or related ligands was invesigated in a 
number of early studies, and has been the subject of a short review* which is still useful 
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(though there have been changing views on coordination numbers of the hydrated lanthanide 

ions). There are two main points. First, complexation by these ligands is often entropy driven, 

values of AH being only moderately negative or even slightly positive, while AS values are 

strongly positive. This seems to be in very reasonable agreement with the chemical process 

involved, namely the displacement of a number of water molecules from a strongly hydrated 

tripositive ion by a polydentate ligand whose N or O donors are forming bonds with the 
lanthanide ion, probably of a similar enthalpy to those formed by water. 

The second salient feature is the decidedly non-monotonic trend usually observed when AH 
or AS values are plotted against atomic number or any simple function of ionic radius. This is 
usually interpreted in terms of a discontinuity of hydration number at some point in the 
lanthanide series, both in the hydrated ion [M(H,O)]** and in the complex 
[M(ligand”~)(H2O),]°-”*. Certainly the fact that the value of y in complexes of this type is 
finely balanced is shown by the two structures adopted by La—edta complexes, depending on 
ligand charge, in the solid state. These are K[La(edta)(H2O)3]‘SH2O which is nine- 
coordinated“ with average interatomic distances of 2.755 (La—N), 2.507 (La—O(edta)) and 
2.580 A (La—O(water)); and [La(Hedta)(H2O),] which is ten-coordinated*” with correspond- 
ing distances of 2.865, 2.555 and 2.592 A respectively. These two structure determinations, as a 
point of historical interest, first made high (greater than six) coordination numbers for 
lanthanide complexes widely accepted, though there had been previous evidence in their 
favour.*8.4” 

The complex anions [M(edta)(H2O)3]~” where M= Pr, Sm, Gd,*”° Tb*"! and Dy*” all have 
similar coordination to the lanthanum complex, but for Er and Yb, [M(edta)(H2O)2]~, which 
are eight-coordinated, are obtained.*!**!* The change in coordination number occurs at some 
point in the Ho area. Of course, it is by no means certain that a change, if there is one, occurs 
at exactly the same position in the series in solution. 

In many cases, the inflexions present in the plots of AH and AS vs. atomic number 
compensate, leading to much smoother curves for corresponding plots of AG or K. Examples of 
this type of behaviour are shown in reference 405, where values of AG, AH and AS for 
lanthanide complexes with edta and related ligands are plotted. Extensive lists of association 
constants for edta-type and other carboxylate ligands have been given.*!*-4!5 
NMR has been used to study the mode of complexation of La** and Lu** with 

2-hydroxyethylenediaminetriacetic acid (H,L) at 0-95°C and various pH values. Both 
six-coordinated and five-coordinated (i.e. without the hydroxyl oxygen coordinated) complexes 
were observed, depending on the conditions.*’® 

Edta-related lanthanide complexes are of course coordinatively unsaturated in the absence of 
other ligands. In water, they are hydrated and the water of hydration may be displaced by 
other species. The kinetics of such a process, the reaction of europium 1,2-diaminocyclohexane- 
tetraacetate, [Eu(dcta)aq]~ with iminodiacetate ion, ida’, to give [Eu(dcta)(ida)]*~ , have been 
studied by the elegant method of selective tunable laser excitation of the 7/y—> *D, transition in 
either species. If the fluorescent lifetimes of the excited states are comparable with the rate of 
reaction, a study of these in the reacting system will give kinetic parameters. Those obtained in 
this instance at 23.5°C were k (forward) = 1.6 x 10’M~'s7'; k (reverse) = 2.6 x 10°s~!; and 
log K = 3.80. The lifetimes of the species were: [Eu(dcta)aq]~, 0.320 ms; [Eu(dcta)(ida)]*~, 
0.805 ms.*"” A similar system, but using edta instead of dcta, has been investigated by NMR*"* 
and pH titration methods*!’ and gave greater log K values of 4.28 and 4.23 respectively. It 
is possible that the greater bulk and rigidity of the dcta ligand is related to this difference, but 
the ionic strengths were different in the various studies. 

In addition to these kinetic studies, there has been a considerable amount of work on the 
thermodynamic parameters associated with this type of reaction. Thus the interaction of 
[M(edta)aq]~ with anions of 8-hydroxyquinoline-5-sulfonic acid (oxs~), ida*~ and nitrilotriace- 
tic acid (nta*~) was thoroughly studied for M = Y, La—Lu (except Pm) by calorimetry and pH 
titration,” and AG, AH, AS and K found. Some of these values are given in Table 5. It was, 
however, concluded from the variation of these parameters with atomic number that all M°* in 
aqueous solution have the same coordination number (nine) but that the coordination number 
of the [M(edta)aq]~ species changes between Sm**+ and Tb**. 

It will be seen from Table 5 that the variation of parameters with atomic number is by no 
means always monotonic. The explanation of this must again be connected with variation of 
coordination number along the series of lanthanides. If the strongly coordinating organic 
ligands are reasonably assumed to exert their full ligancy, then any variation must be in the 
extent of inner-sphere hydration of the various species, as it is rather unlikely that there is a 
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Table 5 Thermodynamic Parameters*!® for the Reaction 

M(edta)” + L"” —~ M(edta)L*”” (M=Y, La, Gd, Lu; L=oxs, ida, nta) 

ae eee _ WEN Oe alee See yl em br eye a ideery 
oxs” ida*~ nta>~ 

logK —-AG -AH AS logK —-AG -—AH AS logK -—-AG —AH AS 

Y 431 24.2. .211 10.5 Satdy ee 1Sed,, 9273s SLO 373-210. 29.3 98 5 
La 5.90) 13:92 12-6 213 Jagd) & SKI 6.5 SRO mn 409 gee O ome Os4 5.02 
Gd 436 245 25.5 -3.8 4.30 24.1 27.7 ~~ —12:1 Cl) We a7Hloa) chil al). 7/ 
Lu 4.82 . 27.0 26.4 Ze 2.51 14.1 16.7 — Ore 228 15:83 e1SeL 2) 

AG, AH inkJ mol *, AS in J mol ‘1k. 

dramatic alteration in outer-sphere hydration at some point in the series. The detailed 
interpretation of these changes is of course not easy. 
Though edta forms very stable 1:1 complexes with lanthanides, its 2:1 complexes are much 

less stable. In the case of praseodymium, these have been investigated by 'H NMR using shift 
and broadening data. The 1:1 complex shows resonances which are consistent with the two 
types of proton present. The 2:1 complex shows, however, two distinguishable molecules of 
edta, one similar in line widths to the 1:1 complex, and another more broadened. The second 
molecule exchanges rapidly on the NMR time scale with an excess of edta and it is postulated 
that the first molecule is fully coordinated while the second is coordinated by only one 
iminodiacetate residue, there being rapid intra- and inter-molecular rearrangement involving 
this molecule only. These studies were at pH 5-12, edta:Pr** ratios of 1-50 and temperatures 
of 8-98°C. At the higher temperature, inner-sphere exchange between the two coordinated 
edta molecules began to take place also.*”° 
The kinetics of exchange of cerium with other lanthanide ions in lanthanide edta complexes 

has been investigated in some detail by isotope exchange and spectrophotometry.*?? “7 
Exchange takes place by two concurrent routes: by the proton-catalysed dissociation of the 
complexes, or by direct attack of the exchanging metal on the complex. In the interval 
3<pH<S the dissociative path predominates. By spectrophotometric methods using the Ce** 
absorption at 280nm, the very fast rates of the lanthanide—edta complex formation can be 
obtained.*4 They are shown in Table 6. It seems probable that the rate-controlling step in the 
reaction between M°* and Hedta™ is the ring closure, which follows the initial formation of a 

metal—carboxylate bond. 

Table 6 Rate Constants for Formation of Lanthanide—edta 

Complexes*** 

k (M7! sg.) Nd?+ Gd>* Er+ y>+ 

10~® k(assoc, Hedta) Pea) 3.0 1.8 0.9 
10~° k(assoc, H,edta) 1.1 ial 0.54 0.18 
k(exch) 0.35 0.28 0.22 0.14 
Se EEE EEEEESEEEEEEEEEED 

The reactions referred to are as follows: 

3+  k(assoc, Hedta) 
OO Hedta” +M M(edta) +H* 

H,edta> +M?t k(assoc, H7edta) M(edta)~ +2H* 

Ce(edta) + Moree M(edta) + ce” 

In another investigation,’?° the exchange between [Ce(edta)aq]” and hydrated Pb**, Ni** or 

Co2* ions again show reaction by dissociation of protonated [Ce(Hedta)aq] as well as by the 

direct attack of metal ions on [Ce(edta)aq]~ or [Ce(Hedta)aq]. The kinetic parameters for the 

Ni2*+ or Co?+ ions could be related to the relatively slow (k =2.6 x 10°s~' for Co** and 

3.4 x 10*s~! for Ni?*+) water exchange reactions of these ions. The direct attack was interpreted 
in terms of an intermediate in which one of the carboxylate groups was coordinated to the 

incoming ion rather than to Ce**. These reactions were followed by spectrophotometry at 

280 nm, where the absorbance of Ce**aq is much lower than the edta complex. 
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39,2.6.2 Other nitrogen and oxygen donors 

The tris(dipicolinate) complexes of the lanthanides have been submitted to X-ray crystal- 

lographic examination. These are rather important compounds, being very stable, water- 

soluble and having nine-coordinated D3 symmetry, and several examples have been examined. 

All these show nearly side-face-centred trigonal prismatic coordination, with the triangular 

faces slightly rotated relative to one another to accommodate the bite of the tridentate ligands. 
Complexes examined were Na3[Nd(dipic)3]-15H2O (Ce—Dy are isostructural) with Nd—O = 
2.37-2.61 A and Nd—N = 2.57-2.59 A;*° Na3[Yb(dipic)3]:13H2O (Ho—Tm are isostructural) 
with Yb—O=2.34-2.43A and Yb—N=2.50-2.53 A;*” Na;[Yb(dipic)3]-NaClO,-10H,O 
(Ho—Lu isostructural) with Yb—O=2.38A and Yb—N=2.43A;% and 
Na3[Yb(dipic)3]:14H,O with Yb—O=2.35A and Yb—N =2.35 A av.*” The [Eu(dipic)3]*~ 
ion has been examined by magnetic field-induced circularly polarized emission spectroscopy at 
0-4.2T using a c.w. Ar ion laser. The ’7K—>°D, emission indicated that D; symmetry is 
maintained in solution.*”° 

There are difficulties associated with the use of ordinary electronic absorption spectra of 
lanthanide complexes in solution to provide detailed information regarding coordination 
number and geometry. However, difference spectra versus NdCl; are reported for Nd**-ligand 
(L) solutions for the *h,—*Gsp, *G72 transitions (L = dipicolinate, oxydiacetate, iminodiacet- 
ate, malate, methyliminodiacetate and N,N’-ethylenebis{N-(o-hydroxyphenyl)glycinate}). 
Hypersensitive behaviour was examined and transition dipole strengths were discussed in terms 

_ of the nature of the complex species present.*?? 
A somewhat similar investigation**? of aqueous complexes of Er’* with the ligands 

dipicolinate, oxydiacetate, iminodiacetate, (methylimino)diacetate and N,N’-ethylenebis{N- 
(O-hydroxyphenyl)glycine} has been carried out over a range of pH. The oscillator strengths of 
the hypersensitive transitions 42,5,.— *H12, *Gi12. were rationalized in terms of ligand structure 
and coordination properties, and ligand field geometry. Intensity calculations, based on a 
theoretical model for 4f—>4f electric dipole strengths,*** were carried out for some of the 
structures believed to be those adopted, and the spectra—structure correlations discussed. 
There was remarkably good agreement between calculated and observed oscillator strengths, 
but though encouraging, this should not be taken as either confirmation of the validity of the 
intensity model or as proof of the solution structures. 
Complexes of the ligand acetylhydrazine, NH2NHCOMe (ah) which coordinates by the 

italicized atoms, have been prepared and examined by single crystal X-ray. The complexes are 
[Er(ah)4(H2O)](NO3)3 and an isostructural pair [M(ah)3(H2O)3]Cls, where M = Ho or Dy. The 
polyhedron of the erbium complex approximates to a capped square antiprism, with 
Er—N = 2.54 (average), Er—O(ah) = 2.337 (average) and Er—O(water) = 2.363 A. The 
chloride complexes form a face-capped trigonal prism, with Dy—N = 2.571, Dy—O(ah) = 
2.360 and Dy—O(water) = 2.425 A.*** However, in the related ligand HyVNHCONHNH>, 
carbohydrazide (ch) a series of complexes M(ch)3;Cl;, where M=La—Eu or Ho, has been 
obtained from anhydrous ethanol, where IR spectra indicate that a six-membered chelate ring 
is formed by coordination of the italicized nitrogen atoms; this needs to be confirmed.*® 
Another hydrazine-related ligand, thiosemicarbazidediacetic acid (H2tsda) 
H,NCSNHN(CH2COOH),, gives hydrated complexes of the types M(tsda)Cl, M(tsda)(OH) 
and NaM(tsda)2, where M=Nd, Ho or Er, in which coordination by 3N and 20 as italicized 
was postulated, and the visible spectra were investigated.**° 

Still another hydrazide ligand, 4-pyridyl-C(O)NHNH, (L)~ gives complexes 
[ML3(H2O)3](NO3)3, where M= La, Nd, Sm, Gd, Ho and Yb. The X-ray structure of the Sm 
example shows irregular nine coordination involving bidentate L, using the amide oxygen and 
the NH, nitrogen; the pyridine nitrogen is not coordinated.*” 

Yet another hydrazine-based ligand, 2,6-diacetylpyridine bis(benzoic acid hydrazone) (dpbh; 
10) forms an interesting complex with La(NO3); in which the coplanar penannular pentaden- 
tate dpbh coordinates together with three bidentate nitrate ions to give an 11-coordinated 
complex. One nitrate ion is disposed near the gap in the dpbh chain with the other two above 
and below the dpbh plane. Interatomic distances are: La—N(ligand) = 2.769-2.790, La— 
O(ligand) = 2.507 and 2.560, and La—O(nitrate) = 2.563-2.648 A.**8 
_A structurally very interesting complex is formed by the related ligand 2,6-diacetylpyridine 

bis(semicarbazone) (dapsc; 3). This ligand and Ce(ClO,); in aqueous alcohol gave 
[Ce(dapsc),](ClO4)3-3H2O in which the ligands are each pentadentate and are essentially 
arranged each in one of two mutually perpendicular planes, though each ligand is slightly 
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twisted out of planarity. The IR CO band shifted from 1690cm~: in the free ligand to 
1650 cm~*. Interatomic distances are Ce—N = 2.642-2.724 while Ce—O = 2.483-2.597 A. 
A series of complexes between lanthanide ions and the transition metal complexes 

N, N'-1,3-propylene-bis(salicylideniminato)nickel(II), Ni(psal), or the corresponding copper 
complex, has been obtained (11). In these compounds, the two phenate oxygen atoms of the 
copper or nickel complex are able to form a chelate group which apparently coordinates with 
lanthanide ions, giving the stoichiometries MM’(psal)X3-nH,O where M’ = Ni, M=La-Sm, 
X= NOs, n =0; M’=Ni, M= Eu-Lu, X = NO;, n =2; M’ =Ni or Cu, M= La-—Dy, X = NCS, 
n=3; M'=Ni or Cu, M=Ho-Lu, X=NCS, n =4; M’=Ni or Cu, M= La-Lu, X = ClO,, 
n on M’=Ni or Cu, M=La-Sm, X=Cl, n=4; and M’=Ni or Cu, M= Eu-Lu, X=Cl, 
n=2., 
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39.2.7 Complexes with Macrocyclic Ligands 

39.2.7.1 Introduction 

Since Pedersen’s remarkable paper**’ appeared as long ago as 1967, in which he described a 
wide variety of cyclic polyethers (crown ethers) and their complexes with Group I and Group II 
metal ions, a considerable interval of about 10 years occurred before the principle was 
extended to the lanthanide ions. This is surprising, because the ionic radii of the tripositive 
lanthanides together with the non-directional electrostatic nature of their bonding should 
indicate that they might form strong complexes with such ligands. The factor that may have 
prevented early extension of this work into the lanthanide area is the large hydration energy of 
the tripositive lanthanide ions which in fact leads to dissociation of most lanthanide—crown 
ether complexes in aqueous solution. However, the use of non-aqueous solvents allows the 
ready formation of these interesting complexes. Later work, detailed below, has shown that 
crown thioethers will also complex, though not strongly, while nitrogen analogues of crown 
ethers will form extremely stable lanthanide complexes. Crown nomenclature is illustrated by 
12-crown-4 (12), cyclohexyl-18-crown-6 (13) and dibenzo-18-crown-6 (14). 

/ BN Oo. [trod 8 ol 
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oe 

(12) (13) (14) 
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39.2.7.2. The crown ethers (CH,CH;O)n and their derivatives 

Molecular models indicate that 15-crown-5 and its substituted derivatives should on the basis 
of ionic radii give stable complexes with lanthanides,” and an early report*** of lanthanide— 
crown coordination in fact described the formation in acetonitrile solution of complexes 
M(NO3)3(benzo-15-crown-5) and M(NCS);3(benzo-15-crown-5)-H2O, where M = La-Lu. Other 
contemporary work*“* described a large number of lanthanide complexes of this same ligand, 
M(NO;)3(benzo-15-crown-15), where M=La-Sm, and M(NOs)3(benzo-15-crown- 
5)-3H20-Me,CO, where M=Sm-Lu, together with M(NO3;)3(dibenzo-18-crown-6), where 
M=La-Nd. Conductance measurements showed that the nitrate ions were coordinated in 
solution. Coordination of the macrocycle was indicated by UV or IR absorption; thus 
Pedersen**! had observed that the absorption band of dibenzo-18-crown-6 at 275nm was 
modified by addition of sodium hydroxide, while the C—O stretching frequency of the 
polyethers at about 1100cm™’ is moved by about 30cm™' to lower wavenumber by 
coordination. The latter effect seems to be a reliable indicator of coordination to a lanthanide 
ion. 
A number of X-ray crystal structure determinations, mainly involving six-oxygen crowns and 

nitrate or perchlorate ions, have made the structural principles of lanthanide—crown complexes 
clearer. It appears that lanthanides, when coordinating with six-oxygen crowns (in which case 
only the lighter lanthanides form stable complexes) will form total coordination numbers of 
twelve, eleven or ten, depending on the nature of the anionic ligands and the size of the 
lanthanide cation (Table 7). Thus in [La(NO3)3(18-crown-6)] where the lanthanide radius is the 
largest possible and the steric demands of the closely bidentate nitrate anion are quite small, 
twelve-coordination results.“° However, the smaller Nd** ion, besides giving an analogous 
twelve-coordinated complex,“°**” also gives [Nd(NOs)2(18-crown-6)]s[Nd(NO3)6] where the 
complex cations are ten-coordinated only,*“* and with the more bulky chloride anion, 
nine-coordinated [GdCl,(EtOH)(18-crown-6)|Cl is the resulting complex.*” In [Y(NCS)3(18- 
crown-6)]*°° where the N-coordinated anions are not sterically demanding, but the Y°* cation 
is smaller than in the preceding examples, nine-coordination again occurs, and the crown ligand 
shows some steric strain. Interestingly, in [Sm(ClO,)3(dibenzo-18-crown-6)],*" the rather wide 
bite and poorer donor properties of the perchlorate ligand compared with nitrate lead to 
ten-coordination only, with one bidentate and two monodentate perchlorate ions. 

Table 7 Lanthanide—Ether Distances in Crown Ether Complexes 

Coordination 
Complex number M—Oniner(A) Ref. 

[La(NO3)3(18-crown-6)] 12 2.644-2.680 445 
[La(ClO,)2(dithia-18-crown-6)(H,O)]* 10 2.59-2.62 461 
[Nd(NO,)3(18-crown-6)] 12 2.580-2.615 446, 447 
[Nd(NO,),(18-crown-6)]* 10 2.56-2.71 448 
[Eu(NO3;)3(15-crown-5)] 11 2.55-2.69 453 
[Eu(NO3)3(12-crown-4)]} 10 2.477-2.570 452 

X-Ray structure determinations of complexes of smaller crown ligands are much fewer than 
those of the six-oxygen crowns, but Biinzli and co-workers have reported ten-coordinated 
[Eu(NO3)3(12-crown-4)]*°* and eleven-coordinated [Eu(NO3)3(15-crown-5)],*°? both of which 
show pyramidal coordination of the small crowns (Figure 5). 

Figure.5 Structure of [Eu(NO,),(15-crown-5)] (reproduced with permission from ref. 453) 
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Where the lanthanide ionic radius and the macrocyclic cavity are incompatible; though in 
hydrous conditions the crown ether is likely to be displaced by water ligands, the crown may 
still be present in the structure of the crystal as a hydrogen-bonded adduct. This behaviour is 
seen in [Gd(NO3)3(H,O)s]-(18-crown-6).“° This type of compound is quite well known in the 
case of s block metals also, e.g. [Mg(H2O),]Cl.-(12-crown-4)** and, a more subtle case, 
[Ca(nitrobenzoate),(benzo-15-crown-5)]-3H,O-(benzo-15-crown-5)*® in which an apparent 2:1 
complex has only half its crown ligand coordinated to Ca?*. 

The modified crown ligand (15), which is sterically unsuitable for coordination of all six ether 
oxygen atoms, forms a complex [Sm(NO3)3(H2O)(L)] where L is the 2-methoxy-1,3-xylyl 
crown (15).*°° This is an irregular bicapped Square antiprism in which three consecutive oxygen 
atoms of the crown ligand (the third being the OMe) are coordinated. 

es Cole 

(15) 

Although they are not macrocyclic ligands, polyethyleneglycols behave somewhat similarly to 
the crown ethers regarding lanthanide complexation, as established by a number of crystal 
structure determinations. Thus a series of neodymium complexes shows consistent 10- 
coordination, namely [Nd(NO3)3(tri-eg)],“°° where tri-eg is triethyleneglycol, [Nd(NO3)2(penta- 
eg)|NO3,*°° and [Nd(NO3)2(NO3)(tetra-eg)],“°? where NO} is monodentate. The larger La?* 
ion shows 11-coordination in [La(NO3)3(tetra-eg)].4© 

Lanthanides form far fewer complexes with sulfur-based ligands than with oxygen-based 
ligands, and this appears to be a real effect based on chemical properties and not simply on lack 
of exploration. It is very interesting, therefore, that the relatively favourable entropy change 
upon complexation of the crown ligands is sufficient to force sulfur into coordination.**' Thus 
dithia-18-crown-6 (16) forms, from acetonitrile solution, a series of complexes of the type 
M(CI1O,)3(dithia-18-crown-6)(H2O),(MeCN), where M = La—Eu, Ho or Yb; x =0 or 1; y=0, 
1.5 or 2. The crystal structure of [La(ClO,).(H2O)(dithia-18-crown-6)|ClO, shows ten- 
coordination with one bidentate and one monodentate perchlorate ion, but with both sulfur 
atoms coordinated. The related ligands (17) and (18) also gave 1:1 complexes 
M(CIO,)3(ligand)(H2O) where IR evidence indicated coordination by sulfur, but no X-ray data 
are available. See also Section 39.2.5. 
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Although the lanthanide crown ether complexes tend towards insolubility in non-polar solvents 

and dissociate in water, they may be studied by physicochemical methods in solvents such as 

acetonitrile. Thus a ‘°C and 'H study*” of [Pr(ClO,)3(cis-syn-cis-dicyclohexyl-18-crown-6)] in 

CD;CN/CDCI; was carried out and the results of an analysis of paramagnetically shifted spectra 

indicated that the conformation of the coordinated crown determined*® by X-ray (for the 

lanthanum nitrate analogue) was adopted in solution by the Pr(ClO4)3 complex. The 1H 

paramagnetic shifts were largely dipolar in origin, but the 3C shifts had a considerable contact 

contribution. In acetonitrile, 'H NMR and conductivity measurements** provided evidence for 
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an equilibrium with a stability constant log K =2.82 and an enthalpy of dissociation 
AHsgis = 0 + 2 kJ mol~! (equation 7). 

Yb(NO;);(CD3CN),, + 18-crown-6 —~ [Yb(NO,),(18-crown-6)]* + NO; +nCD,;CN (7) 

Similar measurements*® led to the following values of log K for M(NO3)3 with 18-crown- 

6:La, 4.4; Pr, 3.7; Nd, 3.5; Eu, 2.6; Yb. 2.3. The increased stability of the complexes of the 
larger lanthanides is very noticeable here. The low-temperature spectrum*® of [Pr(NO3)3(18- 
crown-6)] in CD3;CN shows splitting into two equal peaks, both paramagnetically shifted, 
whereas only one (in addition to a little dissociated ligand) is seen at room temperature. It 
must be probable that the X-ray structure, with two nitrate groups on one side of the crown 
and one on the other side, is being observed at low temperature whereas rapid nitrate exchange 
occurs at the higher temperatures, while rotation of crown relative to nitrate occurs at all 
temperatures. 

In a potentiometric study in propylene carbonate, using Pb" or TI’ as auxiliary ions, stability 
constants have been determined for a variety of crown ethers. Some results** are shown in 
Table 8. They show that the ‘wrap-around’ ligand dibenzo-30-crown-10 is relatively quite 
effective, while the 2:1 complexes, presumably of the sandwich type, are favoured for larger 
lanthanides and smaller crowns. 

Table 8 Log Association Constant Values for Lanthanide—Crown 

Ether Complexes in Propylene Carbonate*™ 

Crown I I II IV V 
logK, logK, logK, logK, logK, logK, logk, 

La 5.0 2.0 6.5 3.7 ae SZ 4.3 
Yb 5.0 - — ae, 2.0 2.6 2.8 4.8 

I= 12-crown-4; I1=15-crown-5; III = ¢ert-butylbenzo-15-crown-5; IV = di(tert- 
butylbenzo)18-crown-6; V = dibenzo-30-crown-10. 

The excitation and fluorescence spectra of some crown ether complexes have been 
interpreted in terms of the molecular point group symmetry and vibronic coupling.**?*°3 This 
approach tends to be limited to europium(III) complexes. 

Non-cyclic long-chain polyethers also form stable complexes with lanthanide ions, as 
exemplified by [La(NO3).(pe)]3([La(NO3).], where pe = MeO(C,H,O);Me.*® Here the cation 
contains 10-coordinated La** in a structure similar to that of [Nd(NO3)2(18-crown-6)]*. 

39.2.7.3 Nitrogen donor macrocycles 

As the amines as a class form much stronger complexes with lanthanides than do ethers, so it 
would be expected that nitrogen-based macrocycles should complex more strongly than do the 
crown ethers. That this is in fact the case is confirmed by the preparation and properties of a 
small but representative number of lanthanide complexes of nitrogen donor macrocycles. These 
may be divided into two groups: complexes of porphyrins and phthalocyanines, which have 
four nitrogen donors, and complexes of ligands usually with six nitrogen donors which are 
analogues of crown ethers. Much the earliest compounds to be reported were those of 
phthalocyanine***“*’ (H>pc; 19), and this area has since been extensively developed by Russian 
workers. 
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Lanthanide phthalocyanines may be prepared by heating the metal chlorides** or 
formates*® with 1,2-cyanobenzamide, 1:1 complexes, for example Er(pc)Cl, being the 
products. An alternative and better route used phthalonitrile (equation 8).4747! 

CsH,(CN)2 + MCl; 25> M(pc)Cl.nH,O (8) 

(M=Y,n=4; M=Er, n=2) 

It was later established that with neodymium, 2:1 and 3:2 complexes of constitution 
Nd(pc)(Hpc) and Nd,(pc)3, respectively, could be prepared,*”” 4” and 2:1 complexes of Y, La, 
Ce, Nd, Eu, Er and Yb have been reported.*”**” The lighter lanthanides tend to give 2:1 
complexes, while the heavier ones give 1:1 preferentially.*”*° The X-ray crystal structure of 
[Nd(pc)Hpc)]*° shows a sandwich structure with one coplanar macrocycle and one concave 
towards the Nd** ion. The two ligands are staggered, and Nd—N is in the range 2.39-2.49 A. 
The acidic H atom was not located. The 2:1 complexes M(pc)(Hpc) can be anodically oxidized 
to M(pc)2 (M=Nd, Eu, Ho or Lu).**’ These products M(pc), give adducts with molecular 
iodine with the I,:complex ratio increasing along the series and reaching 2:1 for Er 
(Pr, 0.85:1). The addition is reversible on heating, and the resistivity of the brown iodine 
adducts is less by a factor of ten than the green M(pc), complexes.*°” 
A variety of substituted phthalocyanines has been used to confer solubility in various 

solvents upon these complexes. Thus water-soluble sulfonated complexes, stable even in strong 
ammonia, were obtained*®*** by sulfonation of M(pc)(Hpc) (M= Y, Eu, Gd, Tm, Yb or Lu). 
The t-butyl-substituted complexes M(pc’)(Hpc’), where pc’ is tetra-4-butylphthalocyanine, are 
quite soluble in ethanol in contrast to the unsubstituted compounds and their solution 

' absorption spectra, dominated by the ligand, have been studied*® alone and in the presence of 
NaOH. These spectral changes, which must correspond with the Ueprotonation of the Hpc’ 
ligand, are discussed in terms of the magnitude of the splitting of the excited states and the 
relative orientation of the moments of the electronic transitions of the interacting ligands. The 
pronounced electrochromism of the lanthanide phthalocyanines has been investigated.**° 

As might be expected in the light of the phthalocyanine complexes described above, the 
lanthanides also form complexes with porphyrins. Thus the reaction of Eu(acac)s with 
meso-tetraphenylporphyrin (20; R=Ph, R'’=H; phporph) gave Eu(acac)(phporph).**’ This 
reaction was extended*® to other lanthanides, $-diketonates and porphyrins, giving 
M(acac)(tolporph) and M(dpm)(tolporph), where M = Pr through to Lu, and tolporph = (20; 
R=p-tolyl, R’=H). Soluble in organic solvents, these complexes functioned as upfield 
ring-current diamagnetic shift reagents. A further extension to p-sulfonatophenylporphyrin 
gave compounds M(sulporph)(OH)(imidazol),, where M=Gd-Lu, sulporph = (20; R=p- 
sulfonatophenyl, R’=H) and x <2. These complexes were stable in neutral or highly basic 
aqueous solution, and induced paramagnetic shifts in cations, anions and neutral species. These 
shifts received detailed study.’ An ESCA study*” of complexes of octaethylporphyrin (20; 
R=H, R'=Et, etporph) and phporph of the type M(etporph)(OH), where M = Eu, Gd, Yb 

or Lu, and M(phporph)(acac), where M = Eu, Gd, Yb or Lu, has been carried out. The results 

implied the presence of covalent interaction of lanthanide 4f and outer 6s, 6p and 5d orbitals, 
together or as alternatives, with nitrogen valence orbitals. 

R’ f R R’ 

R’ R! 

R R 

R’ R' 

R’ R R’ 

(20) 

There has been recent interest in lanthanide complexes of ligands of the type (21). These are 

in some sense nitrogen analogues of the crown ethers. As Schiff bases, their lanthanide 

complexes may be synthesized by a_ template condensation, for example from 2,6- 

diacetylpyridine, 1,2-diaminoethane and lanthanum nitrate. These components react in 

alcohols to give [La(NO3)3L], where the aza-crown L=(21; R= Me). This compound has a 

structure (Figure 6), quite analogous to that of [La(NO3)3(18-crown-6)], in which La—N 



1096 Scandium, Yttrium and the Lanthanides 

Figure 6 Structure of the aza-crown complex [La(NO );(Cz,H26Ne)] (Co2H26Ne is 21; R=Me) (reproduced with 

permission from ref. 491) 

interatomic distances lie in the range 2.672—2.764 A. Unlike 18-crown-6, however, the 
aza-crown remains coordinated in aqueous solution and even in an alkaline or fluoride- 
containing aqueous medium.**' The use of lanthanum perchlorate in the condensation reaction 
gives La(ClO,4)3L(H2O)2.“ A number of complexes of the ligand (21; R=H) and related 
ligands formed by condensations using H2N(CH2)3NH2 or H2NCH(Me)CH,NHb, rather than 
H,NCH,CH,NH2, have also been reported.*”*** In these, the imine double bond has a 
tendency to hydrate and the original product of the template reaction for the series Nd, Sm, 
Gd-Lu shows hydration of one of the imine double bonds to give the partial structure 
—NH—CH(OH)— while the larger ions La—Pr and Eu yield complexes of the unhydrated 
macrocycle. The Sm complex, which is in the hydrated form, may be converted into a complex 
of (21; R=H;L’) by recrystallization from water, and X-ray analysis of the recrystallized 
complex shows a ten coordinated Sm** ion in [Sm(NO3)(OH)(H2O)L’JNO3-2MeOH. The 
Sm—OH internuclear distance (2.46 A) is shorter than the Sm—OHbj distance (2.52 A).*% It is 
also possible to prepare this type of complex by a metal transfer reaction, the complex 
[Ba(ClO,)2L)] reacting in aqueous solution with lanthanide nitrates to give 
[M(NO3)2L(H20)|NO3-H2O (M = La-Pr) or [M(NO3)L(H20)2]2(NO3)(ClO4)3-4H2O (M = 

Nd-Er). The structures of the eleven-coordinated Ce and ten-coordinated Nd compounds were 
established by X-ray.*° Lanthanide complexes of the macrocycle (22) which, though it contains 
six nitrogen atoms, is sterically only capable of four-coordination, have been also obtained.*” 

| S 

R : NZ | R 

N N 
HO,CCH, CH,CO,H 

poids <e 

eoaeaal wre: 
: : Paes 

HO.CCH, CH,CO.H 

(21) (22) (23) 

A most interesting functionalized four-nitrogen crown ligand (23; H,dota) has been 
synthesized.*”’ The X-ray structure of the complex Na[Eu(dota)(H2O)] (Figure 7) shows that 
the nine-coordinated geometry is approximately capped square antiprismatic with the four N 
forming a basal square, four carboxylate O forming an upper square, and the H,O capping the 
latter.°* This geometry leads to very large paramagnetic NMR shifts, and the complex acts as 
an effective shift reagent for H,O and Cl-.* 



Scandium, Yttrium and the Lanthanides 1097 

Figure 7 Structure of the anion of Na[Eu(dota)] (H,dota is 23) (reproduced with permission from ref. 498. Copyright, 
American Chemical Society, 1984) 

39.2.7.4 Mixed nitrogen and oxygen macrocycles 

There have been one or two reports of lanthanide complexes of this type of ligand. Thus 
three furan Schiff bases (24; R = (CH2)2, (CH2)3 or CH,CHMe) have been obtained as their 
complexes with the series La—Nd. These slowly dissociate in water.- The functionalized crown 
ligand 1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-N,N'-diacetic acid (dacda) is 18-crown-6 
with NCH,CO,H units replacing two opposite oxygen atoms. It is characterized by very high 
association constants for lanthanide ions, determined by potentiometric titration. Thus log K 
values are: La, 12.21; Gd, 11.93; Lu, 10.84. Values for Group I and II ions are much lower.>™! 

(24) 

39.2.7.5  Cryptates 

Lanthanides form stable complexes with cryptands typified by N(CH,CH,OCH,CH,OCH,- 
CH2)3N (this molecule is 2,2,2-cryptate and similar ligands are named analogously). In such 
complexes the lanthanide ion lies completely inside the cryptate ligand which, in the example 
given, fills eight positions on the lanthanide coordination sphere. Depending on the relative 
size of the lanthanide ion and the cryptate ligand, other donors may also coordinate in 
positions between two —CH,CH,OCH,CH,OCH,CH,— strands of the cryptate. 
The complexes MCI;(2,2,1-cryptate), where M=La, Pr, Eu, Gd or Yb, may be prepared 

from the ligand and MCI, in anhydrous organic solvents, and together with La(NO3)3(2,2,2- 
cryptate) were the subject of the first report of this type of lanthanide complex.°” Cyclic 
voltammetry showed that the redox potentials of the europium and ytterbium complexes of 
2,2,1-cryptate and 2,2,2-cryptate were significantly affected in water by complexation. Thus the 
redox potential decreased from 626mV for the aqueous Eu** ion to 205mV for the Eu** 
complex with 2,2,2-cryptate.°°* Using polarography, one-electron reduction kinetics for 
[Eu(2,2,1-cryptate)|>* and the corresponding 2,2,2 complex with Eu** or V+ were investig- 
ated, together with the oxidation kinetics of [Eu(2,2,1-cryptate)]?* when oxidized by 
[Co(NH3).]**. The rate constant for electron exchange was estimated to increase over the 
Eu27/Euzq rate by a factor of 10’ upon encapsulation by 2,2,1-cryptate. The results indicate 
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that the low reaction rates observed for the Eu3{/Eu3{ exchange are not due to adiabaticity, 
but probably due to large Franck—Condon barriers.°” 

These complexes, unlike the crown ether complexes but similar to the aza-crown and 
phthalocyanine complexes, are fairly stable in water. Their dissociation kinetics have been 
studied and not surprisingly they showed marked acid catalysis.°* Association constant values 
for lanthanide cryptates have been determined.’ A study in dimethyl sulfoxide solution by 
visible spectroscopy using murexide as a lanthanide indicator showed that there was little 
lanthanide specificity (but surprisingly the K values for Yb are higher than those of the other 
lanthanides). The values are set out in Table 9.°° 

Table 9 Log Association Constant Values for 

Lanthanide Cryptates in DMSO*” 

Cryptate oy ep) yy | 2S | 

Pr O-20 3.47 3.86 
Nd 3.26 3.01 3.97 
Gd 3.45 3.26 3.87 
Ho 3.47 si Ui 3.80 
Yb 4.11 4.00 4.43 

Other methods of preparation of lanthanide cryptates have been reported,” including the 
functionalized cryptate (25) whose La, Pr and Eu nitrate complexes were obtained. 
Paramagnetic shifts over a range of about 40 p.p.m. showed complexation with the lanthanide 
enclosed in the ligand cavity. Preparation was in dry acetonitrile to which triethylorthoformate 
was added, permitting the use of hydrated lanthanide nitrates.°” The preparation of an organo 
derivative LaCl,(CPh3)(2,2,2-cryptate) has also been reported.°’® The difficulty in straightfor- 
ward preparation of lanthanide cryptates probably arises from an initial tendency to form 
insoluble ‘external’ (i.e. not enclosed) complexes and from the formation of hydroxyl ion if any 
water is present. Cryptates of Eu** may be prepared in aqueous solution, however, and then 
converted into the corresponding trivalent complex by electrochemical oxidation. 

eas 18% 
ee 

(25) 

A number of X-ray crystal determinations have made the principles of lanthanide cryptate 
structural chemistry fairly clear. In [La(NO3)2(2,2,2-cryptate)][La(NO3).] (Figure 8), the La*+ 
ion is 12-coordinated with two bidentate nitrate ions coordinating in two of the three spaces 
between the cryptate chains; the third space is thus too compressed to be occupied also.*® 
[Sm(NO3)(2,2,2-cryptate)][Sm(NO3)s(H2O)] shows only one such space occupied®"! and the 
structure of [Eu(ClO,)2,2,2-cryptate](ClO4)2;MeCN is similar to the samarium cryptate.°!2/5!3 
Internuclear distances in these complexes are shown in Table 10. 

Interesting conformation information has been given by a ‘'H NMR study of the series of 
complexes MX;(2,2,1-cryptate), where X=Cl, NO; or ClO, and M=La-Yb. A plot of 
paramagnetic shift against Bleaney’s anisotropy constant gives a good straight line, which is 
evidence that all these lanthanide cryptate species are isostructural in D,O. Furthermore, a 
single conformation is either dynamically favoured or stable, because the same AMXY pattern 
for all four NCH,CH,0CH;CH,OCH,CH2N protons is observed.>!4 
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Figure 8 Structure of the cation in [La(NO,),(2,2,2-cryptate)][La(NO3)¢] (reproduced with permission from ref. 508) 

Table 10 Lanthanide—Ligand Distances in Cryptate Complexes 

Coordination 
Complex Number M—O,ihe-(A) M—N M—O,nion Ref. 

[La(NO3),(2,2,2-cryptate)]* 12 2.64—-2.74 2.81-2.85 2.63-2.69 508 
[Sm(NO3)(2,2,2-cryptate) |** 10 2.441-2.566 2.748-2.779 2.484,2.402 511 
[Eu(ClO,)(2,2,2-cryptate) ]?* 10 2.44-2.52 2.64-2.70 DRGs 271 w512- 515 

39.2.8 Complex Halides 

Phase diagrams have been given for the NaF—MF; systems, where M = La—Lu.°?> In all these 
systems, hexagonal phases NaMF, exist below 700°C. Above this temperature, for M = Pr—-Lu, 
these phases become converted into disordered fluorite-like cubic phases of variable composi- 
tion. Particularly for the heavier lanthanides, orthohombic phases NasMoF3, also exist at lower 
temperatures, NasLuoF3. being stable from 778°C to room temperature; other NasMoF3, are 
not stable below 450°C. The system NaF—YbF; has also been investigated*!© by DTA and 
X-ray powder methods; NaYbF, was again found, together with a fluorite phase 
Nao.38Ybo.62F2.24 and another phase Nao .32Ybo.6gF2.35 which is somewhat different from the 
NasM.F32 previously reported.°’> The structure of NaMF, (M=La-Tm or Y) in the 
lower-temperature hexagonal phase contains two Bae of M?*, both nine-coordinated to 
tricapped trigonal prisms, with Nd—F = 2.377-2.503 A in the Nd**+ compound.°!’ The high 
temperature fluorite-like phase of course shows cubic eight-coordination.*!® The 1:1 stoichi- 
ometry M’MF, has also been observed for M’ = Li, M=Eu-—Lu or Y and these compounds 
have the CaWO, structure.°’? , 

In the case of the larger alkali metal cations, the 1:1 complexes M’MF, (where M’=K, 

M=La or Ce; M’=Rb, M=La-—Pr) can be obtained, but the predominant stoichiometry is 
M3MEF., examples of which are K3;YF., RbMF, (M=La-—Pr, Sm, Tb, Er or Y), and Cs;MF, 
(M = La-Pr, Sm, Gd, Dy-Er or Y), the X-ray parameters of which have been reported.°?°°?1 

The chloride and bromide complexes show four structure types, M’M2X7, M3M2Xo, M3MX; 
and MSMX. (M’ = alkali metal, M = lanthanide or Y).°”* They may be conveniently prepared 
by evaporation of aqueous acidic solutions of the appropriate metal ratios, followed by heating 
in a stream of HCl or HBr gas. The most stable phases are generally M’MXg, but are 
considerably subject to phase transitions at fairly low temperatures so that single crystals for 
X-ray study are difficult to obtain and structures are dependent on powder data. Thus K3;LuCl, 
crystallizes in the K;MoCl, structure’? containing individual LuClg~ octahedra. The com- 
pounds (NH,);3MCl, (M = Sm-Lu or Y) and (NH4)2MCl; (M = La-Tb) have been obtained as 
two isostructural series.°*4°*> The compounds K;MCl, (M=Nd-Lu and Y) and K,MCl, 
(M = Nd-Tb) have also been characterized by powder diffraction*”° following phase studies.°”’ 



1100 Scandium, Yttrium and the Lanthanides 

Synthesis was by heating above 450°C in evacuated quartz vessels of the stoichiometric 
components. The isostructural K,MCls series underwent a phase transition in the range 
350-410 °C, and became monohydrated in air. The K,MCl; series was also isostructural. 

The complexes M3MX,, where M’=Ph3PH or CsH;NH and X=Cl with M=Pr—Sm or 
Dy-Tm, or X= Br with M= Pr-Eu, have been prepared from acetonitrile solution and their 
electronic spectra have been studied. This is of importance because there are limited numbers 
of lanthanide complexes where the metal ion is octahedrally coordinated to identical ligands in 
separated octahedra. As expected, in the absence of unsymmetrical components of the crystal 
field, these complexes show much weaker oscillator strengths than other lanthanide complexes. 
The hexaiodo complexes [Ph3;PH][MI«], where M = La—Yb, and the corresponding pyridinium 
salts, have been prepared, working rapidly on the small scale, by action of liquid HI on the 
solid [MCI,]*~ compound. These compounds are moisture sensitive and dissociate even in 
non-aqueous solvents in the presence of excess iodide ion. The series of halo complexes have 
been used to obtain values of optical electronegativities from the charge-transfer spectra. The 
values of dB, the nephelauxetic constant, from the f —f transitions, are similar for all three 
halides.°78°7° 

The structure of Cs,DyCl; has been determined from single crystal data.°*° It contains 
DyClg~ octahedra connected by cis corners to form chains, the connecting Dy—Cl—Dy angle 
being 180°. The heavier lanthanides and yttrium are isostructural. 

All the compounds of the type M3M.Cl, which have been obtained (M’ = K, M = Ce-—Nd; 
M’ = Cs, M= Ho-Lu or Y) contain paired octahedra M2Cl3~ joined at one face; they have one 
or other of the Cs3Cr,Cl, or Cs3Tl,Cly structures.*?? These structures are also adopted by a 
number of bromides or iodides, namely Cs3Y2I, and Cs3M2Bro (M=Sm-Lu or Y). Single 
crystal data are available for Cs3Y,I, which has the dimensions Y—I—Y = 80.8°, Y— 
I(terminal) = 2.90 A and Y—I(bridging) = 3.13 A.5 

In the case of the stoichiometries M’M>2X,, structures tend not towards more highly 
condensed MX, octahedra but towards seven-coordinated metal ions, as in KM2Cl, (M = Gd- 
Tm or Y), where monocapped trigonal prisms are interconnected to form layers, and in 
M’M.Cl, (M’ = Rb, M=Sm-Yb or Y; M’ =Cs, M=La or Pr) where the lanthanide ions are 
seven- and eight-coordinated.*”* 

39.2.9 NMR Spectra of Paramagnetic Lanthanide Complexes 

39.2.9.1 Introductory summary 

In 1969, Hinckley reported*® the extraordinary effect produced by [Eu(dpm);(py)2] upon the 
NMR spectrum of cholesterol in non-polar organic solvents. The spectrum was greatly shifted 
to low field, and in general the resonances of those protons nearer to the hydroxyl group were 
shifted more. This meant that firstly, accidental degeneracies in spectra of large organic 
molecules may often be removed because of differential shifts. Secondly, assignments of peaks 
may be confirmed, where there might otherwise be doubt, on the basis of their geometric 
position relative to the lanthanide ion. Thirdly and perhaps most important, structural 
information concerning the organic molecule may be obtained by means of a knowledge of the 
relative positions of the protons (or other nuclei) obtained through their differential shifts. It 
soon became clear that the B-diketonates themselves rather than their pyridine adducts should 
be used*™ and that the process depended on the formation of an adduct M(6-diketonate)3L,, 
where L is the molecule under investigation, usually termed the substrate, which is often an 
alcohol, amine or ketone. Furthermore, the use of different lanthanides produced shifts in 
either direction and of various magnitudes.**> Another variable is of course the nature of the 
B-diketone. This must be sufficiently bulky to prevent polymerization by intermolecular 
coordination, but not so very bulky that an adduct with the substrate cannot be formed. 

The NMR shift is produced by an interaction between the resonating nucleus and the 
magnetic field produced by the unpaired f electrons of the lanthanide. This interaction may 
occur in a through-space dipole-dipole manner, or by delocalization of the f-electron density 
towards the resonating nucleus through the bonds of the substrate. Usually the dipole—dipole 
effect predominates. Much of the research on the mode of action of lanthanide shift reagents 
(LSRs) has been directed towards study of the following: the stoicheometry and geometry of 
the LSR-substrate adduct; the stability constant(s) relevant to this association; and the 
quantification of the two shift mechanisms in terms of molecular properties and the 
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establishment of the relative importance of the two mechanisms. There is of course much literature concerned with the application of LSRs to the solution of individual problems in organic chemistry, but this will not be dealt with here in detail. 
There are a number of reviews on the principles and applications of LSRs*°** and on the important uses of lanthanides as NMR probes in biological systems.°**43 Tt should be noted that adducts of LSRs of the tris(B-diketonate) type constitute only a special case of paramagnetic shifts of NMR resonances of lanthanide complexes. All the nuclei of any 

lanthanide complex (except La, Gd, Lu) will in principle show a paramagnetic shift unless the 
complex is cubic, and some of the most interesting work has in fact been carried out on widely 
differing types of lanthanide complexes, particularly complexes of uncertain structure formed in 
solution, including aqueous solution, by interaction of lanthanide salts with various ligands.“ 

39.2.9.2 The magnetic interaction between lanthanide ions and coordinated ligands 

The most important magnetic interaction between lanthanide ions and nuclei which are 
components of coordinated molecules is probably the through-space dipole-dipole interaction, 
usually termed the dipolar, or in earlier work the pseudocontact, interaction. The reason for 
this statement is that the dipolar shift is related to the geometry of the adduct, obeying 
equation (9).°* Here, r, @ and @ are the polar coordinates of the particular nucleus under study, 
relative to the principal magnetic axes of the molecule (whose origin of coordinates is the 
lanthanide ion). A is a constant which is different for each lanthanide and depends on the 
lanthanide electronic configuration; and F” are crystal field coefficients which depend on the 
nature and geometry of the ligands. 

AH,/H = {K,(3 cos’ 6 — 1) + Kz sin’ 6 cos’ ¢}/r®, where K,, K> are functions of A(F”) (9) 

The values of A have been tabulated.°** In the cases of Eu** and Sm°*, there are substantial 
magnetic contributions from excited states. Eu** with a ground state of 7Fy, which is 
diamagnetic, depends totally upon the ’F,,»,3 excited states, which are thermally accessible, for 
its magnetic properties. From the equation it follows that for one complex of any individual 
lanthanide, the relative dipolar shifts of all the nuclei are determined by their geometric 
relationship in terms of 0, @ and r. Also for an isostructural series of complexes of different 
lanthanides, the shifts of analogous nuclei are related only by the values of A, assuming the 
crystal field parameters are not appreciably different. 

Since each nucleus has three parameters, 0, @ and r, but yields only one experimental 
datum, AH, it is not of course possible to determine the overall structure of the complex ab 
initio. However, uncertainty between alternative structures of substrates is capable of being 
resolved, as is uncertainty in alternative assignments of the NMR resonances, or uncertainty in 
the orientation or position of coordination of substrates of known structure. A computer 
optimization of agreement between observed shifts and coordination orientation (or whatever 
other uncertain features are to be investigated) is the normal procedure, as first demonstrated 
for the [Pr(dpm)3(borneol)] adduct.*“° pen 

The mechanism of this type of paramagnetic shift can be understood in a purely qualitative 
way by considering a lanthanide complex tumbling in the magnetic field of an NMR 
spectrometer. This field causes the magnetic dipole of the lanthanide ion on average to provide 
a component opposed to the field. The magnetic field due to the lanthanide ion, as experienced 
by a hydrogen nucleus which is part of the complex, will be in opposite directions depending on 
whether the nucleus, during molecular tumbling, is on the axis of, or at right angles to, the 
magnetic dipole of the lanthanide ion. For isotropic complexes, it can be shown that fumbling 
over all orientations averages the resultant shift to zero (except for the Evans shift’ on all 
nuclei). However, for anisotropic complexes the magnitudes of the lanthanide magnetic dipole 
will be different in the two situations mentioned and the resultant time-averaged field is 
non-zero and will provide a paramagnetic shift. 

It has been stated above that for a series of isostructural lanthanide complexes the 
paramagnetic shifts of analogous nuclei should be proportional to the parameter A, if a purely 
dipolar mechanism operates. The paramagnetic shift is usually taken as the difference between 
the chemical shift of the nucleus in the paramagnetic complex under investigation, and the 
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corresponding shift of the diamagnetic lanthanum complex (or the mean value of the 

lanthanum and lutetium shifts). In many series of complexes it is found that this simple 

relationship does not apply, certainly to all nuclei, even if the series is isostructural. 

Furthermore, it is almost always found that the geometrical relationship of the Bleaney 

equation is not valid for all nuclei when high levels of accuracy are concerned and in many 

cases it is not even approximately valid, especially for nuclei other than hydrogen or those 

connected to the lanthanide ion through a small number of bonds. This situation is caused by 

the presence of contact shifts arising from the through-bond delocalization of unpaired electron 
density associated with the lanthanide ion, which then directly influences the nucleus 
concerned. Equation (10) expresses the contact shift,°** where a is the hyperfine coupling 
constant, while S, is the spin expectation value of the particular lanthanide. Equation (11) then 
expresses the total paramagnetic shift. 

AH./H = a(S_) (10) 

A Fivorai — AH, + AH, (11) 

It is clearly necessary to estimate the relative contributions of the contact and dipole 
mechanisms to the overall shift in order to make use of the structural information inherent in 
the dipolar shifts. This may be done in different ways.***>*! Firstly, the shift of any gadolinium 
complex is entirely contact, as the °S;. ground state of Gd** is necessarily isotropic. Hence a, 
the hyperfine coupling constant, may be found and if it is assumed constant for the series of 
lanthanides, then the contact component for each lanthanide complex may be found from the 
appropriate value of S,. Unfortunately, the very long relaxation time for Gd** confers 
considerable broadening on the NMR spectra of its complexes which usually prevents 
resonances from being observed. An alternative method compares the observed shifts of 
analogous nuclei in two complexes, in which case a is assumed constant, A and S, are known 

for each ion, and hence a can be calculated and AH, and AH, found. If a is constant over a 
series of several lanthanides, then computer optimization of such a series of complexes would 
be preferable. If this type of treatment, of which there are a number of variations,*°? gives 
good quantitative agreement with the observed data for a series of lanthanide complexes, then 
they may normally be assumed isostructural. Furthermore, the values of 8, @ and r from which 
follow the value of AH, for the various different nuclei can be computer optimized for 
consistency of the shifts with hypothetical molecular models which are structurally acceptable. 

The dipolar paramagnetic shifts depend, as has been stated, on unsymmetrical terms in the 
crystal field expansion. An unsymmetrical crystal field can be caused by unsymmetrically 
disposed ligands of similar type, or by the presence in the same complex of ligands which exert 
dissimilar crystal fields although the coordination polyhedron may be fairly symmetrical. The 
practical effect of the unsymmetrical crystal field is to confer anisotropy on the magnetic 
susceptibility tensor by perturbing the f electron shell. The intensity of magnetization of an 
individual lanthanide ion thus varies with the orientation of the complex, of which it forms 
part, relative to the prevailing magnetic field. Bleaney** has given the relationship between the 
magnetic anisotropy and the resulting paramagnetic shift. It is as shown in equation (12), where 
Xx,y,z are the principal components of the molecular magnetic susceptibility tensor and ¥ is their 
mean. 

AH,/H = {(3 cos’ 6 — 1)(x, — x) + sin? 6 cos 26(x, — x,)}/2NP° (12) 

Hence, if the magnetic anisotropy of the crystalline complex is measured experimentally, 
usually by single crystal measurements using the torsion fibre method, and if its crystal 
structure is known, then the molecular anisotropy usually can be calculated. Provided that the 
complex has the same conformation in solution as in the solid state, the solution dipolar shifts 
can be calculated and compared with the experimental data. This procedure and variations of it 
may be used to investigate the relative crystal fields of different ligands, and to test 
experimentally the validity of the theoretical approach employed.>*>>4* A direct NMR 
measurement of anisotropic magnetic susceptibilities can be obtained from the *H spectra of 
lanthanide complexes of known structure. The method depends on quadrupole coupling of the 
7H nuclei, which splits absorption lines at high field owing to partial ordering of the molecules 
in the field.*°> 



Scandium, Yttrium and the Lanthanides 1103 

The question of the effect of molecular symmetry on dipolar shifts may be briefly discussed 
next. If a complex has a principal axis of symmetry of order three or more, that is, it is 
uniaxial, then x, is equal to x, and a simplified geometric factor (3 sin? 6 — 1)r~? is valid. 
Although some lanthanide complexes have such symmetry in the solid state, most do not and 
are said to be biaxial. However, if an individual ligand undergoes NMR-rapid rotation about a 
single bond relative to the remainder of the complex, then an averaging effect is naturally 
observed for the nuclei of that ligand even though the complex instantaneously may have even 
C; symmetry.*°°°°’ This situation is common in solutions of lanthanide complexes and the 
simplified geometric factor is often capable of fitting the experimental data. 

There is some evidence that while mono adducts of the B-diketonate shift reagents may show 
time-averaged uniaxial symmetry, bis adducts often do not. Thus the spectra of [M(dpm)3L,], 
where M = Pr, Sm, Dy, Ho, Er or Yb and L= 3-picoline or 3,5-lutidine, have been interpreted 
in terms of biaxial magnetic anisotropy. One magnetic axis is defined by the molecular C2 axis 
present in the X-ray crystal structure and the other two axes lie in similar orientations in all the 
adducts. A variable-temperature study of this system shows restricted rotation of the aromatic 
rings with a very solvent-dependent conformational equilibrium resulting from this.55*5 

39.2.9.3 Nuclear relaxation rates 

A further, most important, feature which does not produce a paramagnetic shift but which 
falls naturally into place for discussion at this point is the lanthanide contribution to the nuclear 
relaxation. This is a dipole-dipole interaction and hence follows an r~° law. The longitudinal 
relaxation rate of a nucleus of a diamagnetic atom near a paramagnetic lanthanide ion (except 
Gd°*) is given by equation (13), where 1/7, =longitudinal relaxation rate of the nucleus, 
Yi = magnetogyric ratio, t. = electron spin relaxation time, “4 = magnetic moment, 6 = Bohr 
magneton and r = ion—nucleus distance.*°! 

{wees Me) 2Q2 —6 
ma (a vit B Ter (13) 

The effect of this equation is that the ratios of the paramagnetic contributions to the 
relaxation rates of a set of, for example, ‘H nuclei belonging to the same complex are 
determined by the lanthanide 'H distance only. Hence a similar type of computer optimization 
as for the paramagnetic shifts may be used to test compatibility with hypothetical structures 
which incorporate distance-dependent parameters such as the orientation or conformation of 
an organic ligand. 
A further application of relaxation rate measurements is that similar 1/7, ratios in a series of 

lanthanide complexes may be taken to indicate an isostructural series. However, this approach 
has the limitation that if only part of the complex is studied, perhaps an organic ligand, its J, 
ratios would be independent of changes, for example changes in the extent of hydration in the 
remainder of the complex, provided that the conformation of the ligand relative to the 
lanthanide ion were preserved. An excellent example of the use of 7, data in a quite different 
way is its use to determine hydration numbers of lanthanide dipicolinate complexes.°” 

39.2.9.4 Examples of applications of shift or relaxation measurements 

A good example of an investigation into the conformation of coordination of an organic 
ligand is the work of Singh, Reynolds and Sherry°*® on lanthanide L-proline complexation. The 
1H and °C paramagnetic shifts and relaxation rates were measured for all H and C atoms of 
aqueous proline—lanthanide ion solutions at pH 3 for ten lanthanides. It was concluded that 
while the relaxation data were consistent with an isostructural series, there were inconsistencies 
in the dipolar shift data, after separation from contact shifts, which could be resolved either by 
division into two, rather than one, isostructural series, or by invoking biaxial rather than 
uniaxial symmetry. ' 
Adenosine-2'-monophosphate and adenosine-3’-monophosphate have been investigated 
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in aqueous solution and were indicated by shift and relaxation data to be in conformational 

equilibrium when bound to lanthanide ions. The lanthanides bind to bidentate phosphate 

roups. 
Atehb die. Siaiokectennners has also been examined similarly. It was studied in 

D,O/(CD3).SO in the presence of lanthanide ions under various conditions of solvent 

composition and temperature. Shifts and relaxation times for the series Pr-Yb gave results 

more nearly consistent with axial symmetry for the first half of the lanthanide series than for 

the second.*© The extraction of structural information from NMR data has been described for 

aqueous systems where lanthanide edta and related complexes interact with cytidine-5’- 
monophosphate, (— )-alanine*® and endo-cis-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid.°”” 
The shift reagents [M(fod)3] where M = Pr, Eu, Gd, Ho, Er or Yb have been used to elucidate 
the solution structure of nicotine N-methiodide, °C and 'H spectra being studied. The 
experimental data indicated effective axial symmetry, good agreement with theory being 
obtained. Calculation of the relative magnitudes of AH, and AH, showed that the dipolar 
mechanism predominated.** Of course, many other examples could be given of studies of 
adducts of LSRs and organic substrates but these fall within the purview of organic chemistry 
rather than the present discussion. 

There has been some work on interactions between LSRs and transition metal complexes, 
both NMR shifts and relaxation rates being studied. Presumably the mode of interaction is by 
means of bridges formed by the donor atoms of one complex which bond in a labile manner to 
the metal ion of the second complex. Interactions examined include those between [Eu(fod- 
dy)3|] and azido{N, N'-ethylenebis(acetylacetoneiminato) }pyridinecobalt(III]), where a 1:1 ad- 
duct with a lifetime of 8.4 x 10~*s was formed in CDCI3;°° [Gd(fod)3] and N,N’-ethylene- 
bis(acetylacetoniminato)nickel(II)°”"”!. or N,N’-vinylenebis(acetylacetoniminato)nickel(I]); 
[Pr(fod)3] and [Pt(acac),];°”* and [M(fod)s3] and cobalt(III) tris-B-diketonates (M = La—Eu).°” 

Other more specialized interactions of B-diketonate lanthanide shift reagents are those with 
alkenes, which require the mediation of a silver complex.*”* Thus [M(fod)3], where M = Pr or 
Yb, together with Ag(fod) will shift the resonances of alkenes, aromatic molecules or 
phosphines, which are ligands which will not coordinate directly to lanthanide f- 
diketonates.°”°’ The shifted spectrum resulting from the interaction between a platinum 
alkene complex and [Eu(hfc);] has also been studied (Hhfc = 3-heptafluoropropylhydroxy- 
methylene-( + )-camphor). In this case the alkene complex is prochiral and the shift reagent is 
of course optically active.°’’ Optically active shift reagents such as Eu(hfc)3 have often been 
used to demonstrate quantitatively the presence of chiral isomers of organic substrates; two sets 
of resonances are obtained.°”*°”? Chiral interactions in aqueous solution are also possible,>®° 
and various types of such interaction, leading to spectral resolution of substrates or to 
assignment of chirality, have been discussed.**? 

Paramagnetic shifts may be induced in cations which associate with suitable lanthanide 
complexes. Thus in aqueous solution, [M(hpda)3]®-, where M=Dy or Tm and Hshpda = 4- 
hydroxypyridine-2,6-dicarboxylic acid, associates with *Mg*t, *°*K*, Nat, *7Rb* or “NH, 
and produces shifts of up to 25 p.p.m. which are most marked above pH 7.°” A similar effect is 
shown for cations (and anions and uncharged molecules) by lanthanide tetra-p-sulfonatophenyl- 
porphyrins in aqueous solutions.*** This is discussed in Section 39.2.6.3, as are the large shifts 
produced in aqueous solution by Na[Eu(dota)(HO)] (H,4 dota = 23).°*4 

Most examples of the application of paramagnetic lanthanide NMR spectra quoted here have 
so far been based on transient association in solution between a preexisting lanthanide species 
and a substrate, often organic. However, the shifted NMR spectra of stable isolable lanthanide 
complexes have been studied since it was established*® that in contrast to many paramagnetic 
complexes of the d transition metals, lanthanide complexes in general gave fairly sharp spectra. 
The kinetics of ligand exchange processes were early studied by these means,°®° and in more 
recent work, the conformations of stable isolable lanthanide complexes and their interconfor- 
mational or dissociative equilibria have often been usefully investigated. Thus the paramagneti- 
cally shifted spectra of [M(dipic)3]°~, [M(dipic),(H2O)3]” and [M(dipic)(H,O),]*, where 
M = Ce-Yb and Hbpdipic = pyridine-2 ,6-dicarboxylic acid, have been shown to be consistent with 
an approximately tricapped trigonal prismatic configuration of all three types of complex,**’ 
similar to the X-ray crystal structure of the Yb tris complex.*** The lanthanide diethyldithio- 
phosphonates [M{S,P(OEt)2}4]” which are dodecahedral in the solid state, divide into two 
series in CD2Cl, solution, the heavier lanthanides having square antiprismatic geometry.°®° 
pas examples, drawn from the NMR spectra of macrocyclic complexes are given in Section 
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39.2.9.5 Studies of complexation with lanthanide shift reagents 

Owing to their special utility in structure elucidation of organic molecules in non-hydroxylic 
solvents, the lanthanide tris(6-diketonate) complexes have undergone much investigation into 
their complexation with lone pair donors, mainly with the objectives of determination of 
association constant values and determining whether 1:1 or 2:1 adducts are formed. Many of 
these papers naturally rely on NMR measurements though other methods have been used. The 
complexes mainly investigated are M(RCOCHCOR’); where M = Eu, Pr or Yb. These ions are 
used because they give fairly large shifts but without too much broadening. The B-diketones 
are usually R = R' = CMe; (dpm) or R= CMes, R' =n-C3H, (fod). This topic is discussed in 
more detail in Section 39.2.4.2. 

39.2.10 Electronic Spectra of Lanthanide Complexes 

This area has been the subject of recent extensive reviews,°°°°*? which deal particularly with 
the physical and theoretical aspects. In this section, a more chemical and descriptive approach 
will be adopted. 

The tripositive lanthanide ions have the general outer configuration 4f"5s*p® and follow the 
Russell-Saunders L,S,J coupling scheme but with a certain amount of configuration interac- 
tion. The 5s and Sp shells have a radial dispersion which is greater than the 4f electrons°®? and 
hence shield the latter from the effect of coordinated ligands to a very large extent, but not 
completely. Thus the electronic spectra of tripositive lanthanide compounds can be considered 
as derived from the spectra of the gaseous ions by a fairly small perturbation. This perturbation 
may be of two general types. The first is a general nephelauxetic effect owing to a drift of 
ligand or 5s, 5p electron density into the lanthanide ion, slightly expanding the 4f shell and 
reducing the 4f—4f interactions. The second is a crystal field splitting effect, which removes the 
degeneracy of the free-ion levels, and which can be represented with fair success by a point 
negative charge model having the appropriate molecular symmetry. 

The experimental energy level schemes of the gaseous free tripositive ions are obtainable 
with some difficulty but are available in some cases, e.g. praseodymium™™” or gadolinium.°* 
Values for Pr°* (gaseous) versus PrCl (solid) are shown in Table 11, and differ by about © 
2-5%, those for PrCl; being the smaller, as expected. Most of the basic experimental data 
regarding the energy levels of lanthanides must therefore be derived from the solid state, in 

Table 11 Positions (cm~*) of Energy Levels of Pr°* (Gaseous, Obtained from Arc Spectra) Compared with PrCl, 

(Crystalline)°"* 

°H, °Hs "Hg °F °F, °F, ’G, 'D, de *P, Io °P, 

E(crystal) 0 2117.4 4306.3 4846.6 6232.3 6681.7 9697.6 16639.3 20383.4 20984.9 21324.5 22 139.1 
E(vapdur) O 2152.2 4389.1 4996.7 6415.4 6854.9 9921.4 17334.5 21390.1 22007.6 22211.6 23 160.9 

which the ion under study is often present in dilute solid solution in a lanthanum salt matrix. Of 
course, except for the ground state multiplet, identifiable from Hund’s tules, the observed 
levels cannot be definitely assigned to particular *°*L, terms unless a theoretically derived set 
of energy levels is available for compdrison. Considerable effort has been devoted to 
theoretical prediction of the energy levels of f” configurations. The total energy H of a system 
consisting of a point nucleus surrounded by N electrons can be represented by the Hamiltonian 
in equation (14), where Hp is the kinetic energy and nuclear interaction term, Hg is the 
electronic repulsion term, and Hgo is the spin-orbit interaction term. 

H = Ao + Az + Hso (14) 

Model Hartree-Fock calculations which include only the electrostatic interaction in terms of 
the Slater integrals fo, F,, F, and Fe, and the spin-orbit interaction €, result in differences 
between calculated and experimentally observed levels*”° which can be more than 500 cm™ 
even for the f? ion Pr°*. However, inclusion of configuration interaction terms, either 
two-particle or three-particle, considerably improves the correlations.°°”°** In this way, an 
ion such as Nd** can be described in terms of 18 parameters (including crystal field 



1106 Scandium, Yttrium and the Lanthanides 

parameters) which reproduced 101 of the energy levels observed for Nd?* in LaCl, with an rms 

deviation from experimental values of 8cm~’.°” Although the parameters can be evaluated 

theoretically, it is usual to obtain them from a best fit of the observed spectra. The energy 

levels for all the tripositive lanthanide ions in LaCl; solid solution have been given.” 

Using modern computers it is possible to diagonalize a complete free-ion and crystal-field 

Hamiltonian. However, for the lanthanides, if not for the actinides, the effect of the crystal 

field can usually be treated as a perturbation on the unsplit ****L, levels. The levels are split 
into 2J +1 components in a crystal field of C, symmetry, or into fewer components in higher 
symmetries, depending on the degeneracy of the J vector representation in the crystal field 
point group. Typical values of the crystal field parameters B{* are 200-2000 cm’. Owing to 
the small effect of the ligands on the 4f levels, the 4f — 4f spectra of lanthanide complexes tend 
to have narrow bands that are also weak owing to the transitions being Laporte forbidden. 
The intensities of the transitions have been the subject of much study and are usually 
quantified by the Judd—Ofelt theory. Judd®’ and Ofelt® used the odd parity terms of the 
ligand field to mix electronic states of opposite parity, including states derived from d 
configurations, into the f” configurations, thus obtaining non-zero matrix elements for the 
electric dipole operator. The Judd—Ofelt theory also accommodates the existence of the 
hypersensitive transitions. These are transitions that are dramatically increased in intensity in 
complexes, particularly those of low symmetry and with polarizable ligands, compared with for 
example the hydrated ions. These transitions correspond to those having large values of Judd’s 
second rank tensor operator U™, and mostly have AJ = +2. These selection rules correspond 
with those for a radiative electric quadrupolar process. It is, however, fairly certain that these 
hypersensitive transitions are electric dipolar in the main. Their mechanism can be described in 
two physically related ways, the inhomogeneous dielectric theory and the ligand polarization 
model.%?:°” The dipolar components of the radiation field induce a set of transient electric 
dipoles in the ligand environment which can couple with the 4f electrons by way of 4f 
electrostatic quadrupolar-—ligand dipolar interactions. In a non-centrosymmetric complex, or in 
a centrosymmetric complex subject to an ungerade vibrational mode, large amplifications of 
4f — 4f transitions may be obtained from these quadrupole—induced dipolar interactions. These 
transitions are thus often referred to as pseudoquadrupolar. For a short readable discussion of 
this still controversial area, see Judd. 

In a recent paper,” the hypersensitive transitions *l,5,— 7Hj12 or *Gy,2 of Er’* have been 
examined for complexes with five amino- or oxo-carboxylate anions. They showed four- to 
six-fold increase in oscillator strengths over the hydrated ion Er°* aq. Using likely models for 
the structures of the complexes and calculating crystal field wave functions and energy levels 
for the 4f*' configuration of Er°*, electric and magnetic dipole transition strengths were 
calculated. The structural models were based on X-ray solid state determinations and charge 
and polarizability parameters were assigned to the ligand molecules. The calculated magnetic 
dipole intensitities were at least two orders of magnitude less than the electric dipolar; the 
latter were very successful in accounting quantitatively for the observed intensitities. In a 
related paper, the oscillator strengths of Nd, Ho and Er acetates and propionates in aqueous 
solution have been related to solution structures and hypersensitivity mechanisms discussed.®!° 

In practice, the hypersensitive transitions are often used for the determination of stability 
constants in aqueous solution. Lanthanide absorption bands in solution do not normally change 
in position on complexation to such an extent that bands due to the complexed and 
uncomplexed ion can be clearly observed independently, as is often the case for d transition 
metal ions, but the marked change of intensity of the hypersensitive bands is sufficient to allow 
determination of K values, for example as demonstrated for various adducts of [Ho(dpm)s].°! 

There has been a marked increase recently in the interest shown in fluorescence, 
phosphorescence or emission spectra. There is little useful distinction between these terms 
when applied to lanthanide ions, and the term emission will be preferred here. The two ions 
mainly studied are Tb** and, especially, Eu**. The energy level schemes for Eu°+ and Tb?* are 
given in Figure 9. In both these ions there is a large energy gap between the ’F and *D levels, 
which corresponds with emission in the red and the green regions respectively of the visible 
spectrum. The main emitting state in each case is the lowest component of the excited 
multiplet, as higher components rapidly descend by a cascade process to °Dy or °D, 
respectively. In the case of Eu**, emission corresponding to °Dp—7F 1.2.3 can be observed 
with °Do—> ’F, or ’F, the strongest. pene 

This emission is useful in two respects. Firstly, for Eu**, the crystal field splitting of the 7F, 
and ’F, levels can be observed and can be related to the symmetry of the complex if that is 
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Figure 9 Energy levels of some representative lanthanide tripositive ions. Ce and Pr, full set; Eu and Tb, partial set 
(energy values taken from S. Hiifner, ‘Optical Spectra of Transparent Rare Earth Compounds’, Academic Press, 1978) 

unknown.°'”°? The J values for both the excited and ground states of Tb** are too large for 
this effect to be so useful for that ion, as it is difficult to assign the multiply split transitions. 
Most of these transitions could in principle be observed in absorption but are too weak to be 
easily studied. 

Secondly, the emission of a particular complex species is characteristic of that species and 
can be used to identify the species present. Particularly is this so if excited state lifetimes are 
measured, as these vary dramatically depending on the number of OH groups coordinated to 
the Eu3* or Tb** ion. This is because multiple excitation of the OH stretching mode provides 
an alternative deexcitation route. Measurement of lifetimes thus can be used to determine the 
number of coordinated water molecules.”'® 

Excitation of the Eu** or Tb** ions has traditionally been indirect, by broad-band UV 
excitation of a conjugated organic ligand which is followed by intramolecular energy transfer to 
the lanthanide ion f system, followed in turn by ff emission.°'* However, more recently, 
following the advent of tunable dye lasers, direct excitation of an excited f” level is in many 
cases preferable. By scanning this frequency, an excitation spectrum can be obtained whose 
energy values are independent of the resolution of a monochromator and not subject to spectral 
interferences. 

Excitation spectra have been of considerable use recently in studying both hydration 
numbers (by lifetime measurements) and inner-sphere complexation by anions (by observing 
appearance of the characteristic frequencies for e.g. the Eu°* °Do—’F transition for the 
different possible species). Thus using a pulsed dye laser source, it was possible to demonstrate 
the occurrence of inner sphere complexes of Eu°** with SCN~, Cl” or NO} in aqueous 
solution, the K values being 5.96 + 2, 0.13 + 0.01 and 1.41 + 0.2 respectively. The ClO, ion did 

not coordinate. Excited state lifetimes suggest the nitrate species is [Eu(NO3)(H2O)6.8+0.4]7*; 
the technique here is to compare the lifetimes of the H2O and the corresponding D,O species, 
where the vibrational deactivation pathway is virtually inoperative.”'? The reduction in lifetime 
is proportional to the number of water molecules complexed.*’”7"* 

COC3-JJ 
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A study of hydration of the complex [EuL,(H2O),](BF,)3 where L = {(C3H7)2N-CO-CH)- 

OCH(Me)-}> shows by lifetime studies of a similar sort that in aqueous acetone, x =0.9+0.4 
which gives a coordination number of nine. This complex was prepared from 
Eu(MeCN),(BF3)3, itself prepared from the action of NOBF, on europium metal in 

acetonitrile. 
The emission spectra of the complexes R,[Eu(NO3)s], where R = Ph3EtP* or Ph,As*, have 

been investigated and it was found that the spectrum of the former could be interpreted in 
terms of D3, pseudosymmetry (each NO; ion considered as occupying one ligand Position in the 
coordination sphere) but the position as regards the Ph,As* salt was less clear.°'° In a similar 
study, using lifetime measurements, the species Tb(NO3)3L3, where L= DMSO or H,0, were 
identified in MeCN solution. Also, efficiencies were determined of energy transfer from excited 
Tb** ions in Tb(ClO,4)3 or Tb(NO3)3 to Nd°** ions in MeCN and other more polar organic 
solvents.°"” 

The *%,.—*K 2 emission of Nd?* at 885 nm can also be monitored in a rather similar way, 
and a study of emission lifetimes together with absorption spectra for the hypersensitive Nd?** 
transitions, e.g. *Ig2—>*Gs2, has been made in order to investigate the solvation of neodymium 
nitrate and perchlorate in MeCN, Me2CO, DMSO or DMEF. Excited lifetimes varied from 
300 ns in Me,CO to 2300ns in CD3CN. It was found that species {Nd(NO3),}°-”* were 
formed, where n = 1-5, on addition of NO; ions to perchlorate solutions, but that addition of 
DMSO to Nd(ClO,)3 in MeCN gave [Nd(DMSO),,]}°*, where n = 9.7 + 0.8.°!% 
A further variation on the theme of emission is circularly polarized emission, where chiral 

interactions, for example between a lanthanide complex and a chiral ligand in solution, can be 

studied. Selection rules have been given®”’ based on S, L and J values for 4f states perturbed by 
spin-orbit coupling and 4f electron—crystal field interactions, and four types of transition were 
predicted to be highly active chiroptically. These are given in Table 12. 

Table 12 Active Chiroptical Transitions in Lan- 

thanide Complexes 

Type |AS| |AL|* |AJ| 

a 0 0 0,10 #0¥J’) 
b 0 0 i(J or J’ =0) 
c >0 >0 0, 17 #0¥J’) 
d >0 >0 1(J or J’ =0) 

(From ref. 619; a=type 1, b=type 2, c=type 9, d=type 
10). 
*ALF6. 

The Pfeiffer effect, the outer-sphere interaction of a chiral substrate with a rapidly 
interconverting racemic solution of a chiral lanthanide complex, can be investigated by 
measurement of the luminescence dissymmetry factor (the ratio of circularly polarized 
luminescence to total luminescence) for Eu** or Tb** complexes. Thus the racemic D; chiral 
complexes [M(dpa)s3]**, where M=Eu or Tb, interact in an outer-sphere manner with the 
following optically active species: cationic chiral transition metal complexes,° ascorbic acid," 
aminocarboxylates,”** tartrates,”* amines® and phenols.®° Association constants can be 
obtained from limiting values of the dissymmetry factors. In some cases, inner-sphere 
complexation®*®” can be demonstrated, as judged by changes in the general nature of the 
circularly polarized luminescence spectrum and pH irreversibility of the complexation. 

The interaction of aspartic acid and other ligands with complexes of Tb** with edta and 
related ligands has also been studied and association constants determined.’ The complex 
formation between Tb** or Eu** and (r)-(— )-1,2-propanediaminetetraacetic acid or (R,R)- 
trans-1,2-cyclohexanediaminetetraacetic acid has been similarly investigated. The pH depend- 
ence of the circularly polarized and total luminescence shows a drastic configurational change 
of the chelate system at pH 10.5—-11, corresponding, it is believed, to formation of hydroxide 
complexes.°* The technique of magnetic-field-induced circularly polarized emission has been 
introduced for lanthanide ions;°° the mechanisms of lanthanide transition intensities are also 
discussed in the paper. 
_ A useful short general review of the utility of Eu*+ and Tb** emission spectra in 
investigations of biological systems gives also an account of the relevant basic spectroscopy of 
the lanthanide ions. The importance of these techniques for exploring proteins and nucleotides 
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is that Eu** is easily bound by such molecules, and that it readily substitutes Ca** naturally 
present. The effects of coordinated ligands upon the fluorescence spectrum can then be used 
for structural exploration. An example is the investigation of complexes of Eu>* or Tb*+ with 
the ionophores lasalocid A and A23187 in MeOH. These are polyfunctional compounds 
containing keto, ether, carboxylate or amine groups. Mono and bis species were observed, and 
the high K values showed multidentate complexing. Suggestions as to the nature of this could 
be made.°? 

The bulk magnetic susceptibilities of lanthanide complexes are accurately predicted by 
theory, as the crystal field splitting of the ground state has little effect on these. The effective 
magnetic moment p(eff) is thus given by equation (15) where g; is the Landé factor. Values of 
these parameters together with a typical set of room temperature experimental values, for 
[M(NOs)3(phen)2],"°° are given in Table 13. In the case of Sm>* and particularly Eu°*, the 
excited states °H7, (Sm) and ’F,,. (Eu) are thermally populated at room temperature and lead 
to higher observed values of u(eff) than those calculated from the ground term only. 

Mess = 8,VJ(J +1), where g,={S(S+1)-L(L +1) +3 +1)}/2J +1) (15) 

Table 13 Ground Terms and Magnetic Moments of the Lanthanide Ions 

M?* La°Ce Pr’ Nd Pm “Sm Eu © Gd 0Tb Dy’ *Ho® Er © Tm. -YbeoucLu 

Ground term "So Fs *Hy “op 7 Hsp "Fy 8S Fe “Basra “Ig “Isa °Hs 7Fyr ‘Sp 
gy O° 6/7 4/5 8/1l" 3/5 2/7 — 2 PP eB BE AD HK. YT 
g;VI(J +1) 0 2.54 3.58 3.62 -2.83 -0.847 0? 7.94 9.7 10.6 106 9.6 7.6 4.5 0 
Mere (Exp)? 0 2.46 3.48 3.44 — 1.64 3.36 7.97 9.81 10.6 10.7 9.46 7.51 447 0 

*Non-ground state terms contribute to the observed magnetic moments. 
» Values are those found for M(NO;)3(phen), at 20°C. 

The crystal field does, however, have a dramatic effect on the magnetic anisotropy of 
lanthanide complexes. For complexes of less than cubic symmetry the three principal values of 
the susceptibility tensor are unequal. For uniaxial symmetry, ¥.=x%,# x. and for biaxial 
symmetry ¥, #X, # Xz. Very extensive studies*” ° have been carried out on the single crystal 
susceptibilities of the D3, lanthanide hexakis(antipyrene) triiodides over the temperature range 
80-300 K, and crystal field parameters were obtained. This crystal field-induced anisotropy is 
responsible for the effectiveness of lanthanide complexes as NMR shift reagents, and single 
crystal anisotropies of lanthanide complexes have been determined in this connection also. 

39.2.11 Lanthanides in the Dipositive Oxidation State 

Although all the lanthanides are stable in the solid state as M’* ions doped into CaF, 
crystals, only in the cases of europium, ytterbium and samarium is there any real coordination 
chemistry, and that is very limited. There is a small but developing organometallic chemistry of 
the lower oxidation states,“ but that is not within the scope of the present review. Much of the 
chemistry of the dipositive state depends on solvated species“ and it is convenient to begin 
with these. 

39,2.11.1 Hydrated species 

The hydrated ions of europium, ytterbium or samarium can be obtained by electrolytic 

reduction or by dissolution of MCI, in water, and are reasonably stable. Colourless or pale 

yellow-green Eu’*(aq) is stable for more than ten days in the absence of oxidizing agents or of 

platinum catalysts.’ Pale green Yb?*(aq) decays in water with k =2.4 x 10-°s~*, and red 

Sm?*(aq) has k=0.6 x 10~*s~', both reactions being first order.* These rates of decom- 
position follow the sequence of standard electrode potentials which are listed together with 

other parameters of the M?*(aq) ions in Table 14. Of course, as not all the M**(aq) ions exist, 

many of these parameters cannot be determined directly. Pulse radiolysis has been used to 

demonstrate the short-lived existence of red Tm**(aq), Er’*(aq) and surprisingly Gd**(aq). 
Electrochemical reduction has been used to investigate stabilities and reduction potentials of 
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M?* ions.° Thus polarography and cyclic voltammetry of 10~*-10-? MSm** or Gd?* in 
0.001 M H2SO, showed, for the cyclic voltammetry, a two step reduction in each case, which 
was reversible for samarium with fast scan rates (50 V s~') but which showed no anodic waves 
for gadolinium. The reduction for the latter was interpreted as being similar to dysprosium®* 
where there is a two-stage reduction of water via lanthanide hydroxy species, no M** species 
being involved (equations 16 and 17). 

2M** + 2H,0 + 2e ——> 2M(OH)’* + H, (16) 

M(OH)** + 2H,0 + 2e~= —~ M(OH),+H, (17) 

Table 14 Thermodynamic and Electrochemical Parameters for Hydrated Dipositive Lanthanide Ions 

LavgeGer Pre NdelePree Smet Ely (Gdte ID as Dyy pore ee 

L{evy?™* 19.2, <20.4.».21.6 22.4. no 27 24.9 “208 9700 Ce 2S oe ee ae 
—AG?(M?*aq)"™ 121 268 385 406 427 515 540 184 322 418 406 381 460 540 
—AGyq(M>*) 9" — 1397 1309 1317 1346 1344 1361 1550 1463 1437 1433 1452 1451 1461 
—E*(M* (ag)/NCt(ag)?™, 38 3.5 | 3.0- 28) ae 4:50.55") xeeres Ue6NOe 30" mores 

* Third ionization potential. 
” Standard free energy of formation of the hydrated dispositive ion of 4f” configuration (La, Ce and Gd, whose hydrated dipositive ions would 
be 4f” ‘5d’, are uncorrected). 
“Standard free energy of hydration of the gaseous M’* ions. 
Standard electrode potential relative to NHE. 

There has been some exploration of the mechanism of reduction of d transition metal 
complexes by M’**(aq) (M=Eu, Yb, Sm). Both inner- and outer-sphere mechanisms are 
believed to operate. Thus the ready reduction of [Co(en);]** by Eu**(aq) is necessarily 
outer-sphere.®” However, the strong rate dependence on the nature of X when [Co(NH3)sX]?* 
or [Cr(H20)sX]** (X=F, Cl, Br or I) are reduced by Eu?*(aq) possibly suggests an 
inner-sphere mechanism.*’ The more vigorous reducing agent Yb** reacts with [Co(NH3).}°* 
and [Co(en);]’* by an outer-sphere route but with [Cr(H.O);X]?* (X=halide) by the 
inner-sphere mechanism.** Outer-sphere redox reactions are catalyzed by electron-transfer 
catalysts such as derivatives of isonicotinic acid, one of the most efficient of which is 
N-phenyl-methylisonicotinate, as the free radical intermediate does not suffer attenuation 
through disproportionation. Using this catalyst, the outer-sphere reaction between Eu**(aq) 
and [Co(py)(NH3)s]°* proceeds as in reactions (18) and (19). Values found were k,= 
5.8 x 10°M~'s“! and k,/k, = 16. 

k 

Eu?* +cat <== cat~ + Eu°* (18) 
Ky 

k 
cat’ + Co** — > cat +Co?* (19) 

The crown ether 18-crown-6 has been shown by polarography to stabilize aqueous solutions 
of dipositive europium and samarium relative to the tripositive state. 

39,2.11.2 Other solvated species 

Solutions of dipositive lanthanide cations have been obtained in liquid ammonia, ethanol, 
THF, acetonitrile and hexamethylphosphoramide. Ions stabilized, or for which there is 
evidence for stabilization, include Nd**, Dy** and Tm?* as well as Eu2+, Yb2*+ and Sm2*. The 
non-hydroxylic solvents are best at stabilizing M** ions. Thus NdCl,(THF)> has been reported 
from the reduction of NdCl; in THF by Na(naphthalene),°°’ and corresponding reductions of 
MCI; (M= Eu, Yb or Sm) have also been achieved.®* Solutions of solvated MI, (M = Sm or 
Yb) in THF may easily be made by the quantitative reaction of the metal with 1,2- 
diiodoethane, producing ethane. The solid THF adducts may be isolated.* 

In hexamethylphosphoramide, sodium reduction of lanthanide trihalides gives solutions of 
Eu’* (pale yellow), Yb?* (yellow), Sm?* (red-violet) and Tm?* (red-brown). The latter has a 
half-life at 4.5 hours. The solution of SmCl, tends to be more stable (half-life, 60 hours) than 
those of SmBr, (30 hours) or SmI, (25 hours). In liquid ammonia, Eu2*+ or Yb2+ may be 
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obtained by dissolution of the metal, but sodium reduction of Sm(CIlO,)3 must be used to 
prepare solutions of Sm?* .%? 

39.2.11.3 | Complexes with nitrogen donors 

Some interesting examples of this class of complexes have recently emerged. Most of them 
are based on the bis(trimethylsilyl)amido ligand. Silylamides of two types have been prepared 
by the action of Eul, or YbI, on NaN(SiMe;), (NaL) in diethyl ether or glyme (reactions 20 and 
21). Using YbI2, reaction (21) gave YbL,(Et,O). when the product was recrystallized from 
ether, but NaYbL; upon recrystallization from toluene. A single crystal X-ray of NaML3 
showed a planar three-coordinated configuration (26) with Eu—N = 2.448 A, Yb—N = 2.38 A, 
Eu—N’ = 2.554 A, Yb—N' = 2.45 A, Eu—N” = 2.539 A, Yb—N" =2.47 A; a = 94.3° (Eu) or 
97.4° (Yb). The metal—carbon distances are rather short at Eu—C =3.21A average and may 
indicate some interaction. 

MeOCH7CH,0Me 

MI,+2NaL —yaeyo— ML-.(glyme), + 2Nal (20) 

Eul, +3NaL —> NaEuL,+2Nal (21) 

N’” 

va 
Na SM_N 
Nn we 

(26) 

The X-ray structure of [EuL,(glyme).] has also been determined. The six-coordination 
polyhedron has only C, symmetry, doubtless relating to the presence of two very bulky ligands 
and two bidentate ones with rather short ‘bites’, giving N—Eu—N = 134.5°. Bond lengths are: 
Eu—N = 2.530, Eu—O = 2.638, 2.756 A. Magnetic susceptibility measurements show the Curie 
law obeyed, with w=8.43BM. Other compounds isolated™* were EuL,(bipy), and 
EuL,(THF)2. These were yellow or orange and soluble in hydrocarbons; doubtless they are six- 
and four-coordinated monomers. 

Complexes of EuCl, with 1,10-phenanthroline and 2,2':6’,2’-terpyridyl have been obtained 
from acetonitrile. They are purple EuCl,(phen), and dark blue EuCl,(terpy), both air-sensitive 
solids. In the NMR spectrum of the latter in Me2SO solution, ligand peaks were broadened but 
not shifted, as expected for the f’ configuration. In Me,SO solution, only 1:1 association 
occurred with the phenanthroline complex, giving an association constant value log K = 3.9. 
Chloride-bridged associated structures are likely for these complexes in the solid state. 

39.2.11.4 Complexes with phosphorus donors 

The compound [Yb{N(SiMe;)2}2(Me2PCH2CH2PMe,)] is a well-established member of this 
rare group. It is made by the action of diphosphine on YbL,(Et,O), and the structure has been 
determined. It is monomeric and four-coordinated with N—Yb—N = 123.6°, P—Yb—P = 68.4° 
and N—Yb—P = 101.2°. Bond lengths are Yb—P = 3.012 A, Yb—N =2.331 A, and Yb—C 
(silylamide) shows a probable weak interaction at 3.04A. Also obtained similarly were 
ML,{PBu3}, where M=Eu (orange) or Yb (brown-red).°% Phosphines also complex with 
divalent lanthanide organo compounds.*” 

39,2.11.5 Complexes with oxygen donors 

A number of complexes in which ethers and silylamido ligands shared the coordination 
sphere were mentioned in the preceding two sections, and there are also several examples of 

ethers participating in the coordination spheres of dipositive lanthanide organo compounds.’ 

There seem to be no examples of well-defined complexes with coordination spheres composed 

completely of oxygen donors, although M’* in solutions of water or OP(NMez); must contain 

these. Also, though not strictly complexes, MCO3, where M=Sm, Eu or Yb, adopt the 
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aragonite structure with nine-oxygen coordination.“ An interesting organo complex with 
oxygen coordination is {(CsMes)2Yb}2Fe3(CO),,; where each (CsMes)2Yb group is also 
coordinated by the oxygen atoms of two carbonyl groups (the carbon atoms of which bridge 
two iron atoms). The Yb—O distance is quite short at 2.243 A, showing a strong interaction. 
The compound is made by treating (CsMe;).Yb(Et,O), with Fe3(CO)12.° 

39,2.11.6 Electronic spectra of dipositive lanthanides 

All the lanthanides can be obtained as M’* ions in dilute solid solution in the CaF; lattice by 
means of either y-irradiation or by reduction by metal vapour. These materials have been 
instrumental in providing good spectra of the dipositive lanthanide ions®” in an electrostatic 
field provided by the cube of fluoride ions which of course surround the M’* ions in this 
structure. Stabilization of dipositive lanthanides in SrF, or BaF, matrices is also possible. 
Perovskite phases such as yellow CsEuF;, bright green CsYbF; and orange RbYDF; can also be 
made by reduction of MF; with Cs or Rb;°”! these ternary halides have been reviewed.°”” 

The spectra of dipositive lanthanides differ from those of tripositive ions (except Ce**) in 
that the excited 4f”~'5d' configuration lies at a level up to about 40000 cm~' and dominates 
the spectrum with more intense absorption than is the case for the tripositive ions. The single d 
electron is subject to crystal field splitting of 10*cm™~’* order of magnitude and will, in a cubic 
field, give d. and d, levels. This contrasts with the 4f”~' configuration where the crystal field 
parameters are small compared with the spin-orbit coupling. There are therefore two states to 
be considered separately, the Russell-Saunders coupled 4f”~' shell and the crystal field 
affected d’ state. These in turn will interact and the details of the interaction will depend on the 
relative energies of the °L, split levels of the 4f”~' configuration. An approximate energy 
diagram for the Er** ion in CaF, is shown in Figure 10 and the experimental values for the 

_ parameters A, Eg and Ey, are listed in Table 15. The La”* and Gd** ions have d' and f7d' 
ground states respectively. It will be noticed that the values of A decrease towards the centre of 
each half series La-Gd and Gd-Yb. This is because there is little or no f—d interaction for f°, 
f’ or f** (S states) but in other cases increasing f—d coupling broadens the levels so that A as 
measured is no longer a simple crystal field parameter but also depends on the nature and 
extent of the f—d interaction.°” 
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Figure 10 Energy levels of Er?* in CaF, (adapted from ref. 673). 

Table 15 Energies (10° cm™’) Associated with Dipositive Lanthanide Ions in CaF, 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb 

Era" =S145 (25h. OF alSi6 2910 \-, SheVavine orth eee ee al 16 6 tle dene G eee 
Es 4.8 14.2 fe 8.5 3.8 4.0 5.0 6.5 
A 24 LIS Re ev i i) 9.8 168 iy as Te. VALE), Gee ayes 16.3 5 a eds a eo ee en) eeu te ee 
* As shown in Figure 10. 
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The spectra of a number of dipositive lanthanide species have been investigated, often in 
solution. The bands are fairly broad, owing to the effect of varying crystal fields on the 5d 
electron. Spectra have been measured in water, ethanol, acetonitrile, THF or HMPA and 
values of A and Eyz derived. In THF, the maximum observed value of A was 14600 cm~ for 
Tm?**.®1°74 The absorption spectra of {EuCl(phenanthroline)]* and [EuCl(terpyridyl)]* in 
dimethyl sulfoxide have been reported.% The absorption spectrum of the Eu’*—2,2,2-cryptate 
complex has been measured, together with its emission spectrum at 77 K.©> Eu2+-crown ether 
complexes when suitably excited give a strong blue emission at ~440 nm.” When excited at 
365 nm, Sm?* stabilized in ternary fluorides gives a deep red to orange fluorescence believed to 
be due to a °D—’F transition within the f° configuration.°”” 

39.2.12 Complexes of Lanthanides in the Tetrapositive Oxidation State 

39.2.12.1 Introduction 

This is a somewhat restricted area in two respects. Firstly, only cerium has a tetrapositive 
oxidation state which is sufficiently stable to coexist with organic ligands. Although praseody- 
mium and terbium give one or two binary salts and simple halide complexes, that is the limit of 
their achievement as tetravalent complex formers, and the remaining elements either form no 
tetrapositive compounds at all, or are restricted to fluoro complexes only. Secondly, the 
oxidizing nature of even cerium as Ce** is normally sufficiently great to limit its complexes to 
those with ligands which are not too easily oxidized. Some data relevant to the behaviour of 
tetrapositive lanthanide ions are given in Table 16. The fourth ionization potential (J,) values 
are derived spectroscopically, and the standard reduction potential (E®) values are also 
derived spectroscopically, specifically from positions of charge-transfer and f—d_ bands 
particularly in hexahalo complexes [MX,]*~. It will be noticed that the correlation between 
these values and the stabilities of various classes of tetrapositive compounds is very good. 

Table 16 Data Concerning the 4+ State in Lanthanides 

Lanthanide Eas Geli Phraya’ Nd Pra Sm Eun Gd Tb. Dy... Ho, Ere dma. Yous. Lu 

Known compounds A D Cc B A A A A Cc B A A A A A 
, — 36.76 38.98 40.41 41.09 41.37 42.65 44.01 39.79 41.47 42.48 42.65 42.69 43.74 45.19 
= E(M?* (aq)/M** (aq): P=" S158 314-456 49 5.20 6.4 179! 9313 SO 6.266. 2 7.191.8.5 

(1.74) (3.2) (5.0) (3.1) (5.2) 

A, no compounds known; B, complex fluorides only; C, complex fluorides, binary salts and alkaline-aqueous ions only; D. binary salts and a 
variety of complexes. J, values in eV. E values for M>‘(aq)/ *(aq) are in volts relative to NHE. J, and E values®’®°” are derived from 
spectroscopic data except those in parentheses which are experimental values. 

39,2.12.2 Hydrated ions 

Although a single value is given in Table 16 for E° (Ce**(aq)/Ce**(aq)), the oxidation 
potential of Ce** ion in aqueous media varies considerably with the nature of the counterion, 
doubtless due to stabilization of Ce** to different extents by complexation. Thus in 1 M H2SO,, 
E? = 1.4435 V,° but in perchloric acid solutions, E° = 1.6400-1.7310V depending on 
concentation,®! while a range of 1.6085-1.6104 V was observed in nitric acid solutions. 
There is some evidence for the formation of polymeric species in aqueous nitric acid solutions, 
and this may explain some anomalies in electrode potential determinations. Values for 
association constants of 17 and 2 respectively for Ce*+—Ce** and Ce*t—Ce** interactions were 
obtained. ih hs 

The value of E® (Ce**(aq)/ Ce**(aq)) is rather greater than that for the oxidation of water, 
since E® (H,O/O2) = 1.23 V, and Ce** ion is in fact capable of oxidizing water to oxygen in 
0.5 MH,SO, in the presence of RuO, catalyst. Yields are up to 73% theoretical.°*° 

Tetrapositive Pr** and Tb** are quite stable in strongly alkaline carbonate solutions. Thus 
electrolytic oxidation for three hours of 2-5.5moldm~’ aqueous M,CO; (M=K or Cs), 
1moldm~? in KOH, containing CeClh, PrCl; or TbCl; (0.1-0.01moldm~*) gave stable 

solutions of yellow Pr** (Amax = 283nm), dark reddish-brown Tb** (Amax = 365 nm), and of 
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course Ce**+. The alkaline medium provided considerable stabilization of the tetrapositive ions; 

E® for Ce?*/Ce** being only +0.05 V.%° The ion Tb** is also stabilized in solutions of sodium 

tripolyphosphate NasP30,9. The solutions show Amax at 375 nm (€ = 1095) and oxidize Ce** or 

Mn2* at an acid pH, while slowly reducing ascorbic acid in neutral solution.*’ Oxidation of 
Tb*+(aq) by the conducting glass electrode, which exhibits an unusually high overvoltage 

towards the oxidation of water, produces Tb** in a solid form, perhaps a hydroxycarbonate, as 

the aqueous medium was 2.5 K,CO;/0.5 M KOH. 

39,2.12.3 Nitrogen donor ligands 

These complexes are rare, doubtless owing to the comparatively ready oxidation of amines. 
However, the template preparation of Ce(NO;),L-3H,0 has been described; L is the 
eighteen-membered macrocycle formed by cocondensation of two molecules of ethylenedi- 
amine and two molecules of 2,6-diacetylpyridine. The structure of this compound is unknown 
and it is uncertain to what extent the macrocycle is bonded to the metal ion. 

39.2.12.4 Oxygen donor ligands 

These compounds, together with the halo complexes described in the next section (39.2.7.5), 
form the bulk of the known complexes of tetrapositive lanthanides. 

(i) Complexes of inorganic oxy anions 

A number of double sulfates of Ce**, for example (NH4)4Ce(SO,)4-2H2O, may be obtained 
by concentration of acidic solutions of ceric sulfate and alkali sulfates. The ceric sulfate may be 
obtained by heating ceric oxide with fairly concentrated sulfuric acid (it dissolves rather 
slowly), cooling, filtration and washing with acetic acid. A series of hydrated double sulfates of 
caesium and cerium(IV) have been prepared and their IR spectra have been interpreted in 
terms of crystal symmetry and point group symmetry.®° Cerium(IV) salts are solvolyzed in 
chlorosulfuric acid and the properties of the resulting solutions have been interpreted in terms 
of the formation of Ce(SO3Cl), which, however, polymerizes at higher concentrations.®! 

Ceric ammonium nitrate, the well-known volumetric standard oxidant, is formulated 
(NH,)2[Ce(NO3).] with 12-coordinated Ce** ions (each NO; ion being bidentate) in approxi- 
mately 7,, symmetry. The Ce—O distances are in the range 2.488—2.530 A. The ligand ‘bite’ is 
only 50.6-50.9° and the other O—Ce—O angles are 65.0-69.9°.%* The carbonato complexes 
Nag{Ce(CO3)5]-12H2O and [C(NHz2)s3]6[Ce(CO3)s]-4H2O each show cerium ten-coordinated to 
five bidentate carbonate ions with Ce—O = 2.379-2.504 A in the first complex and 2.388- 
2.488 A in the second. The coordination polyhedra are irregular.©?™* 

The preceding three structures show that the ionic radius of Ce** is about 1.10A for 
12-coordination and about 1.04A for 10-coordination. Thus the ionic radius of Ce** is 
surprisingly similar to that of Ce**, but as noted below (Section 39.2.12.4.iii) can vary according 
to the nature of the ligand. 

(ii) Complexes of organic oxy anions 

Cerium tetrakis(acetylacetonate), a venerable compound, exists as a and 6 modifications. 
Both these contain [Ce(acac)4] monomers of D, square antiprismatic coordination but differ in 
the crystal packing. In the a form,°° Ce—O =2.36-2.43A with the ring angle O—Ce— 
O=72°, while in the 6 form®’ Ce—O =2.32 A and O—Ce—O =71.3°. The tetrakis(acety]- 
acetonates) of Zr, Hf, Th, U and Pu also show dimorphism. The tetrakis(dibenzoylmethanate) 
[Ce(dbm),4] adopts a similar square antiprismatic structure with Ce—O = 2.299-2.363 A and 
O—Ce—O = 70.8° or 71.2°.% There is some tendency for Ce** B-diketonates to pass into the 
Ce** tetrakis(6-diketonate). A series of tri- and tetra-valent cerium B-diketonates has been 
examined from the point of view of the effect of additional ligands such as Ph3;PO on this 
process, and it was found that Ce** B-diketonates were stabilized by adduct formation, 
particularly by 1,10-phenanthroline.°” 
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A very interesting species is the very stable catechol complex Na,[Ce(cat),4]-21H,O, where H2 cat = 1,2-C,H,(OH),2, which forms deep red crystals, the colour (Amax = 517 nm) probably being due to a ligand-to-4f charge-transfer band. It has D2q chelated dodecahedral symmetry with ring O—Ce—O angles of 68.3° and Ce—O distances of 2.357 and 2.362 A. Cyclic voltammetry showed a quasireversible one-electron reduction at —692 mV us. SCE. The 
complex is diamagnetic. It is rather surprising that this complex exists, when the highly panane ao of the catecholate ligand is considered, but the [Ce(cat)]*~ ion is unequivocally 
established. 

(iii) Ligands with uncharged oxygen donors 

Tetravalent cerium forms complexes with amine oxides or phosphine oxides fairly readily, as 
do the trivalent lanthanides. Thus the following complexes have been described: CeCl,Ly, 
where L = Ph3PO,”" bipyridyl dioxide or hexamethylphosphoramide,”” CeCL,(DMSO);’° and 
Ce(NO3)4(Ph3PO),.”% A single crystal X-ray structure is available of the orange Ph3;PO 
complex, which was prepared by the action of the ligand on (NH,4)2Ce(NO3)¢ in acetone. The 
metal ion is ten-coordinated in a pseudo-trans-octahedral manner to two trans phosphoryl 
oxygen atoms and four bidentate nitrate ions, but the CeO, polyhedron is irregular. Leading 
distances and angles are: Ce—O(P) =2.21 and 2.23 A, Ce—O(NO;) = 2.41-2.54 A, O(P)— 
Ce—O(P) = 174° and P—O—Ce = 168°. The fairly short Ce—O(P) distances, compared with 
the Ce—O(NO3) distances, are noteworthy. The corresponding thorium complex is 
isostructural. 
A number of complexes of Ce** may conveniently be prepared as follows. Hydrous ceric 

oxide is added to SOCI, in cold diglyme and yields stable H,CeCl,-3(diglyme) which is soluble 
in organic solvents, to which solutions of suitable ligands may be added to form complexes such 
as CeCl,{OP(NMez)3}2.7° 

39.2.12.5 Complex halides 

(¢) Complex fluorides 

This is arguably the most prolific area of tetravalent lanthanide chemistry, and Ce, Pr, Nd, 
Tb and Dy are all represented. _ 
A variety of cerium(IV) ammonium fluorides are known. Thus the CeF,-NH,F—H,0 system 

gives (NH4)4CeF, at concentrations of NH,F greater than 28.9%. At lower concentrations, a 
monohydrate (NH,)3;CeF;-H,0 is obtained, which on dehydration is converted into 
(NH,)4CeFs and (NH,)2CeF,. The structure of (NH,4)sCeF, contains chains of distorted square 
antiprisms with Ce—F = 2.198-2.318 A, while (NH4)4[CeFs] contains isolated distorted square 
antiprisms. (NH4)3CeF7-H2O contains dimeric ions [CezF,4]®° in which the metal ions are 
eight-coordinated in a distorted dodecahedral manner with Ce—F = 2.133-2.375 A. Other 
complex ammonium cerium(IV) fluorides reported are (NH,4)7Ce.F3; and NH,CeF;.7°°7% 

The alkali metal fluoro complexes M,CeF, (M =Na, K, Rb, Cs) and M;CeF; (M=Na, Rb, 
Cs) have been obtained as colourless diamagnetic crystals by fluorination of MCI/CeQO, 
mixtures. They liberate iodine from aqueous iodide and decompose in water.’ The analogous 
terbium compound Cs;TbF7, which is colourless and paramagnetic (u =7.4BM), has been 
obtained similarly by fluorination at 390°C, and its magnetic moment is much more consistent 
with the presence of Tb** (theory, 7.9 BM) than with Tb** (9.7BM).”° 
Compounds of tetrapositive praseodymium can be made by the action of fluorine at 

400-500 °C on MCI and Pr,O,,; mixtures. Thus obtained were M3PrF, and M2PrF,; (M=Na, K, 
Rb or Cs). They are colourless and decompose in water. The Curie—Weiss law is obeyed with 
observed room-temperature moments of 2.10-2.45BM (Pr**, 2.56BM theory; Pr as 
3.61 BM).”"! The compounds Na7Pr¢F3, and Na,PrF, have been obtained by fluorination of 
PrCl3/NaCl ‘at 200-400 °C. These products were characterized by X-ray powder pattern and 
iodine equivalent.”””"° More recently, a wide variety of compounds M3LnF, (M=K, Rb or 
Cs; Ln=Ce, Pr, Nd, Tb or Dy) have been obtained, mainly by fluorination of M3LnCl, at 
50-150 bar and 400°C for 2-3 hours. All the fluorides were isostructural with (NH,)3ZrF,; 
examples are KRbCsPrF,, RbCs,NdF, (orange) and KCs,DyF; (orange). Compounds MPrF¢ 

coc3-JJ* 
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(M = Sr, Ba or 2Li) were also obtained starting from MPrO; (itself made from the action of O2 
on the mixed lower oxides).”* 

The series of fluoro complexes Cs;MF, (M = Ce, Pr, Nd, Tb or Dy) have also been made by 
reaction of Cs;MCl, with XeF, at temperatures of 100°C for Ce, Pr or Tb, and 400°C for Nd 
or Dy. Corresponding treatment of Cs;MCl, (M = Er or Yb) yielded only Cs;MF¢.”"° 

It should be noted that definitive X-ray single crystal work is really needed on some of these 
compounds, as structures are often based on powder correlations with type structures of 
non-lanthanide complex fluorides, some of which are themselves quite early single crystal 
studies. 

Good electronic spectra may be obtained from these fluoro complexes which thus provide a 
unique source of information about electronic energy levels in tetravalent lanthanides. The 
electronic spectra of Cs3;NdF, have been obtained in absorbance and fluorescence and an 
excellent correlation is observed with expected behaviour for the Nd** f* ion in intermediate- 
field coupling. Values of F,=352, F,=52.3, Fe=5.56, and spin-orbit coupling constant 
E= 1109 cm~* explained the spectra, with the first nine excited states up to *P,; at 25700 cm™* 
being observed above the *H, ground state.’*° Similar spectra for Cs;3DyF, have been obtained 
and agree with theoretical values calculated using only two parameters, F, = 465.8 cm™* and 
E = 2270 cm7’. Only the ’F ground state multiplet and the °D; excited state at 21 600 cm~* were 
observed.”!” 

(ii) Complex chlorides 

Complex chlorides of Ce** may be prepared by dissolution of cerium(IV) hydroxide in 
methanolic hydrochloric acid followed by addition of a base B, giving (BH) [CeCl,]. 
(NH,)2CeCl, can be used as a selective precipitant for Cs* ions in presence of other alkali 
metals, with separation coefficients ranging from 5300 (Na) to 60 (Rb).71® 

The thermal decomposition of CspfCeCls] has been studied. In nitrogen at 600K it 
decomposes into CeCl3, Cl, and CsCl,’? but in air CeO2, Cl, and CsCl are formed.” The 
enthalpies of decomposition and formation were determined as: AH}%5og = —1974.09 + 
8.37kJ mol~' and AH (decomp. 600 K) = 25.5 +3.3kJ mol~'. Hexachlorocerates of organic 
cations vary in their thermal decomposition behaviour. Thus the pyridinium or some 
tetraalkylammonium compounds give chlorine, but the PPhf or AsPht compounds do not.”7? 

The IR and Raman spectra of R2[CeCl,], where R = Cs or various substituted ammonium, 
has been studied and assignments to the vibrational modes of the octahedral [CeCl,]*~ ion have 
been made.””””? These are: Ai, stretch, 295 cm™'; Tj, stretch, 265cm™!; T,, bend, 116cm™?, 
and T>, bend, 123 cm™*. The complexes are made from (NH4)2CeCl, and RCI.” 
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40.1 GENERAL SURVEY 

40.1.1 Introduction 

Most of this chapter relates to two earlier members of the actinide group, thorium and 
uranium, both available in large quantities and relatively cheap. The radioactivity arising from 
the naturally occurring isotopic mixture of these two elements presents no serious handling 
problems, whereas *'Pa, *’Np, ~°Pu, efc., are much more intensely radioactive, requiring 
very costly handling facilities. These isotopes are also very expensive. Consequently, basic 
research on these elements is restricted to government-supported research establishments, such 
as AERE, Harwell in the UK and the Argonne and Oak Ridge National Laboratories in the 
USA, where much of the effort is of an applied nature. Beyond californium (Z = 98), the 
elements can only be produced in very small quantities and all known isotopes of Z = 99 to 103 
are short-lived and, consequently, of very high specific radioactivity. This makes it exceedingly 
difficult to prepare solid, characterizable compounds of any kind, and most of the scanty 
information that is available is based on tracer level studies. 

40.1.2 Oxidation States 

In contrast to the lanthanide 4f transition series, for which the normal oxidation state is +3 
in aqueous solution and in solid compounds, the actinide elements up to, and including, 
americium exhibit oxidation states from +3 to +7 (Table 1), although the common oxidation 
state of americium and the following elements is +3, as in the lanthanides, apart from 
nobelium (Z = 102), for which the +2 state appears to be very stable with respect to oxidation 
in aqueous solution, presumably because of a high ionization potential for the 5f'* No?* ion. 
Discussions of the thermodynamic factors responsible for the stability of the tripositive actinide 
ions with respect to oxidation or reduction are available.'” 

Table 1 Known Oxidation States of the Actinide Elements 

Ih Pa U Np Pu Am Cm BE Cf Exsiiein miMdonNesntw 

2 2 2 2 esp 
ao 3 06€ChmC<C HC GOD SCD KS ee ee 

CSAS Bee a a oe 
Sh Se Oa er es 

6 6 6 6 
ie ee 

40.1.3 Steric Crowding 

Ligand field interactions in Sf transition element complexes are very small,? so that there is 
little or no contribution to the kinetic stability of the complexes, all of which can be regarded as 
kinetically labile. Ligand exchange will therefore occur quite readily for there will be Virtually 
no gain (or loss) of ligand field stabilization energy in an inter- or intra-molecular 
rearrangement. There will also be a marked degree of flexibility in the coordination geometries 
adopted by the complexes formed by these elements. Consequently, steric crowding about the 
central metal atom is the principal factor governing the coordination number and geometry 
adopted by actinide complexes. 

One simple way of quantifying steric effects in actinide complexes [the cone angle factor (caf) 
approach] uses the sum of the solid angles subtended by the ligands to the centre of the metal 
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atom in a given complex, divided by 4 (abbreviated to 2 caf) to represent the fraction of the 
total sphere surface enclosing the metal atom which is occupied by the ligands.*° Obviously the 
value of 2 caf can never be unity, which would represent complete filling of the sphere surface 
about the metal atom, because of ligand-ligand repulsions, and for thorium(IV) and 
uranium(IV) complexes of known structure, values for 2 caf are 0.80+0.04 and 0.80+0.03 
respectively. This approach has some predictive value; for example, seven-coordination would 
be expected for complexes of thorium tetrachloride with medium sized ligands, and both six- 
and seven-coordination for similar complexes of uranium tetrachloride. 

However, prediction of the most likely geometry to be adopted in a given compound is best 
based on a consideration of the repulsions between the metal—ligand bonds in the complexes, 
and will depend on whether the ligands are uni-, bi- or poly-dentate. The actual combinations 
of the different ligands in individual compounds seem to be very important in determining 
which particular geometry and coordination number are adopted, as shown in the possible 
geometries for eight-coordination.° 

40.1.4 Coordination Numbers and Geometries 

The radii of the actinide cations at the beginning of the series are, for any given oxidation 
state, larger than d transition metal cations in the same oxidation state, so that high (>6) 
coordination numbers are common in actinide complexes. Because the ionic radii decrease with 
increasing atomic number (the actinide contraction), the observed coordination number also 
decreases along the series for a given oxidation state with the same ligand. Much published 
work concerned with the coordination chemistry of these elements has compared the behaviour 
of the early and later members of the series. A useful survey of structural information is 
available.’ 

Examples of the known coordination numbers and geometries are given in Table 2. Low 
(<6) coordination numbers are observed only with very bulky ligands, e.g. [N(SiMe3)]~, or 
high oxidation states, e.g. [NpO,]~, and the highest (12 to 14) are found only with relatively 
small multidentate ligands, such as bidentate NO; and bi- and ter-dentate BH, groups. 

Seven-coordination is very common in dioxoactinide(VI) complexes, in which the rigid 

O=M=O group provides the axis for pentagonal bipyramidal geometry, but several examples 

of this geometry have been recorded for complex cations (e.g. [UCI,(EtCONEt,),]*),® the 

neutral complex [U(NCS)4(MexCHCONMe;)3)? and the anion [UF;]*~ in K3[UF;].'° The 
analytical stoichiometry of a complex may well mislead, for UCl,-3DMSO does not involve 

seven-coordinate uranium(IV), but is actually [UCI,(DMSO),]**[UCI.]*-.” 

40.1.5 Literature Sources 

Exhaustive accounts of the chemistry of thorium, protactinium, uranium and the trans- 

uranium elements appear in the most recent supplementary volumes of the Gmelin series.’ 

Unless otherwise indicated by the inclusion of references to specific papers, further information 

on the compounds discussed in this chapter will be found in the Gmelin volumes and in the 

work cited in reference 2. 

40.2 THORIUM, PROTACTINIUM, URANIUM, NEPTUNIUM AND PLUTONIUM 

40.2.1 The +3 Oxidation State 

Thorium(III) and protactinium(III) complexes are unknown, and relatively few 

uranium(III), neptunium(III) and plutonium(III) compounds have been described. This is 

mainly because of the ease of oxidation to the +4 state in all three cases, accentuated for 

plutonium(III) by the oxidizing nature of the aw-radiolysis products formed in solutions. 

40.2.1.1 Nitrogen ligands 

(i) Ammonia 

The only reported complexes are those with uranium and plutonium trihalides. The products 

of composition UCI;-(6.8—6.9)NH3 and UCI;-(7.0-7.4)NH3 lose ammonia at 20 or 45°C to 
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Table 2. Coordination Numbers and Geometries of Actinide Compounds 

ee 

Coordination 
number Complex Coordination geometry Ref. 

RES hy 1s eae eae Seat Sepa ERY te, hi SDR late ei at 

3 [U(N{SiMe3},)3] Probably pyramidal a 

4 [UH(N{SiMe;3}>)3] Probably trigonal pyramidal b 

[U(NPh,),] Highly distorted tetrahedron c 

5 [U(NEt,)4]}2 Distorted trigonal pyramidal d 

6 {UCI.]*~ Octahedral e 
[UCI,{(Me.N)3PO}.] Trans octahedral f 
[UCI,(Ph,PO),] Cis octahedral g 

7 [UCI(Me3PO),]** Distorted monocapped octahedron h 
[UF,]*~ (in K,UF,) Pentagonal bipyramidal i 
[UCI,(EtCONEt,),]* Pentagonal bipyramidal j 
[UO,(NCS).]?~ Pentagonal bipyramidal k 
{[PuF,]?~ (in Rb,PuF,) Capped trigonal prism 1 

8 [U(NCS),]* (NEt, salt) Cube m 
[PaF,]°*” (in Na;PaF,) Cube n 
[U(NCS),]*~ (Cs salt) Square antiprism o 
[UCl,(DMSO),]?* Distorted dodecahedron Pp 
PuBr, Bicapped trigonal prism q 
[UO,(S,CNEt,)3]~ Hexagonal bipyramid I 

9 UCL, Tricapped trigonal prism q 
[UF.]” (in LiUF;) Tricapped trigonal prism s 
[Th(C,H,;O,),(DMF)] Monocapped square antiprism t 
C,H,O, = tropolone 

10 [Th(NO,),(Ph3PO)>] Best described as trans octahedral u 
with four bidentate NO; groups in the 
equatorial plane 

[Th(NO;)3(Me3PO),]* 1:5:4 geometry Vv 
[Th(C,0,),]*~ [in K,Th(C,0,),] Bicapped square antiprism Ww 

11 [Th(NO,),(H,O)3]-2H,O Best described as a monocapped x 
trigonal prism with four bidentate 
NO, groups occupying four apices 

12 [Th(NO;),]?~ Icosahedron Vv 
[Th(NO,)<;(Me3PO).]— Disordered Vv 

14 [U(BH,)a4] Bicapped hexagonal antiprism y 
[U(BH,)4(THF),] Bicapped hexagonal antiprism Zz 

* R. A. Andersen, Inorg. Chem., 1979, 18, 1507. 
PR AL Andersen, A. Zalkin and D. H. Templeton, Inorg. Chem., 1981, 20, 622. 
© J. G. Reynolds, A. Zalkin, D. H. Templeton and N. M. Edelstein, Inorg. Chem., 1977, 16, 1090. 
san ie Reynolds, A. Zalkin, D. H. Templeton, N. M. Edelstein and L. K. Templeton, Inorg. Chem., 1976, 15, 2498. 
© W. H. Zachariasen, Acta Crystallogr., 1948, 1, 268. 
‘ J. F. de Wet and S. F. Darlow, Inorg. Nucl. Chem. Lett., 1971, 7, 1041. 
® G. Bombieri, D. Brown and R. Graziani, J. Chem. Soc., Dalton Trans., 1975, 1873. 
4 G. Bombieri, E. Forsellini, D. Brown and B. Whittaker, J. Chem. Soc., Dalton Trans., 1976, 735. 
' W. H. Zachariasen, Acta Crystallogr., 1954, 7, 792. 
’ K. W. Bagnall, R. L. Beddoes, O. S. Mills and Li Xing-fu, J. Chem. Soc., Dalton Trans., 1982, 1361. 
*G. Bombieri, E. Forsellini, R. Graziani and G. C. Pappalardo, Transition Met. Chem., 1979, 4, 70. 
' R. A. Penneman, R. R. Ryan and A. Rosenzweig, Struct. Bonding (Berlin), 1973, 13, 1. 
™ R. Countryman and W. S. McDonald, J. Inorg. Nucl. Chem., 1971, 33, 2213. 
" D. Brown, J. F. Easey and C. E. F. Rickard, J. Chem. Soc. (A), 1969, 1161. 
° G. Bombieri, P. T. Moseley and D. Brown, J. Chem. Soc., Dalton Trans., 1975, 1520. 
P G. Bombieri and K. W. Bagnall, J. Chem. Soc., Chem. Commun., 1975, 188. 
4 W. H. Zachariasen, Acta Crystallogr., 1948, 1, 265. 

" K. Bowmann and Z. Dori, Chem. Commun., 1968, 636. 
* G. Brunton, Acta Crystallogr., 1966, 21, 814. 
SNOW, Day and J. L. Hoard, J. Am. Chem. Soc., 1970, 92, 3626. 

" Mazur-ul-Haque, C. N. Caughlin, F. A. Hart and R. van Nice, Inorg. Chem., 1971, 10, 115. 
’ N. W. Alcock, S. Esperas, K. W. Bagnall and Wang Hsian-Yun, J. Chem. Soc., Dalton Trans., 1978, 638. 
“M. N. Akhtar and A. J. Smith, Chem. Commun., 1969, 705. 
* T. Ueki, A. Zalkin and D. H. Templeton, Acta Crystallogr., 1966, 20, 836. 

” E. R. Bernstein, W. C. Hamilton, T. A. Keiderling, S. J. La Placa, S. J. Lippard and J. J. Mayerle, Inorg. Chem., 1972, 11, 3009. 
* R. R. Rietz, A. Zalkin, D. H. Templeton, N. M. Edelstein and L. K. Templeton, Jnorg. Chem., 1978, 17, 658. 

form UCI;-3NH3, which decomposes to UCI;-NH3 above 45°C. UBr3-6NH; is apparently 
obtained by treating the tribromide with gaseous ammonia, whereas UBr;3-(3—4)NHs is said to 
form with liquid ammonia. PuCl; and Puls yield products of composition PuCl;-ca. 8NH3 and 
Pul;-ca. NH3 with either gaseous or liquid ammonia;* these lose ammonia readily to yield the 
products PuCl3-(4.1—4.5)NH3 and Pul;:(5.5-6)NH3 respectively. No structural information is 
available for any of these products. 
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(ii) N-Heterocyclic ligands; pyridine 

The existence of the only recorded complex, [U(py).][Cr(NCS).], is doubtful because 
uranium(III) reduces the [Cr(NCS).]*~ ion.'* 

(iii) Amides 

The compound with the bulky silylamide,'° U{N(SiMe3)2}3, may be a monomer, in which 
case the molecular geometry is probably pyramidal. 

(iv) Nitriles 

The only recorded compounds are UCl;-MeCN, which may be polymeric, and 
NpCl3-4MeCN, for which the **’Np Méssbauer spectrum has been reported.!®* Méssbauer 
studies indicate’ that products of composition M'NpClyxMeCN are mixtures of 
NpCl;:-4MeCN and M$NpCls. 

40.2.1.2 Phosphorus ligands 

The bis diphosphine complex, [U(BH,)3(dmpe)2] (dmpe = Me,PCH,CH,PMe,), has been 
prepared by treating U(BH,)3-THF with an excess of dmpe in THF. The uranium centre is 
formally 13-coordinate, with the three BH, groups tridentate.1° 

40.2.1.3 Oxygen ligands 

(i) Aqua species, hydroxides and oxides 

A selection of the known hydrated compounds is given in Table 3. In many cases they are 
easily dehydrated and the water is presumably held in the lattice. Water does not appear to be 
coordinated to the metal atom in the hydrated trifluorides, such as PuF;-(0.4—0.75)H,O, 
whereas it is coordinated in PuCl;-6H,O and the bromides MBr3-6H.O (M=U, Np, Pu), 
which are isostructural with the lanthanide hydrates LnCl;-6H.O and with AmCl;-6H,O, being 
of the form [MX.,(H,O).]*X~. The hydrated plutonium(III) hexacyanoferrate(II), 
Pu[Fe(CN).]-ca. 7H2O, is black, indicating a considerable degree of charge transfer. 

Table 3 Some Hydrates of Actinide(III) Compounds 

PuF,-(0.4 to 0.75)H,O 
PuCl,-6H,O 
M"Br,-6H,O M” = U, Np, Pu 
M!UCI,:5H,O M!= Rb, NH, 
M3"(SO,)3-xH,O Mi=Usx4=8iPuit =5i0r7 
NaNp(SO,)2:xH,O 

M'Pu(SO,).:xH,O x =1, 2, 4 or 5 variously with 
M!'=Na, K, Rb, Cs, Tl, NH, 

(NH,)2U2(SO,)4:9H,O 
Pu,(SO;)3-xH,O 

PuPO,:0.5H,O 
HM" [Fe!(CN),]-xH,O M"! =U, x =9 to 10; Pu, x uncertain 
Pu[Fe'(CN),]-ca. 7H,O 
M3(C,0,)3-xH,O M"™ = Np, x =ca. 11; Pu, x =1, 2, 3, 6, 9 or 10 

The only recorded hydroxide, Pu(OH)s3-xH,O, rapidly oxidizes to a plutonium(IV) species, 

but two forms of Pu,O; are known, one with the hexagonal La2O3 structure and the other 

cubic; in these the Pu°* is seven- and six-coordinate respectively. Ternary oxides, such as 

PuAlO;, are also known. 
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(ii) B-Ketoenolates and ethers 

B-Ketoenolates have not been, isolated for the tripositive elements; in the attempted 
preparation of Pu(MeCOCHCOMe);, oxidation to plutonium(IV) occurred very readily.” 
Complexes with ethers appear to be restricted to THF solvates; apart from UCI;-THF, a useful 
starting material for uranium(III) preparative chemistry,'* the only other examples are solvated 
organometallic compounds, such as Cp3Np-3THF and Cp3Pu-THF. 

(iii) Oxoanions as ligands 

Hydrated sulfato complexes of the type M'M'(SO,).-xH,O (Table 4) are known for 
M" = U and Pu, and (NH4)2U2(SO4)4:9H2O may be of the same type. KPu(SO,)2-H2O and the 
corresponding dihydrate are isostructural with the neodymium(III) analogues and 
NH,Pu(SO,)2:4H2O is isomorphous with the corresponding cerium(III) compound. Salts of 
other complex anions, such as K;5M''(SO,)4 (M'" = Np, Pu), are also known. 

Table 4 Some Actinide(III) Sulfato complexes 

M'M""(SO,).:xH,O x=1, M'=K, M™=Pu 
x =2, M'=Na, M™=U and M'=K, M"=Pu 

M3U,(SO,)4-xH,O x =9, M'=NH, and x =11, M’=Cs 
K;U(SO,)3 
K5>M it (SO,)4 MU = Np, Pu 

KgPu,(SO,), 

(iv) Carboxylates and carbonates 

Uranium(III) formate, U(HCO,)3, isostructural with Np(HCO,)3,’? Pu(HCO,),** and 
Nd(HCO;);3, is precipitated when a solution of UCI, in 95% formic acid is treated with a large 
excess of zinc amalgam. The corresponding uranium(III) acetate and propionate could not be 
obtained by this route. Np(HCO2)3 has been prepared’? in the same way as U(HCO;)3 and 
Pu(HCO,)3 by treating Pu(OH)3 with 90% formic acid.” 

The hydrated oxalates, Np2(C2O4)3-ca. 11H2O and Pu2(C,04)3-10H2O, are precipitated on 
addition of oxalic acid to aqueous solutions containing the tripositive elements. The hydrated 
oxalato. complexes, M'Pu(C,0O,)2:xH2O (M'=Li, Na, K, Cs and NHy, x = 0.3-3.5) have also 
been recorded.”°” Very little else is known about the metal(III) carboxylates. A carbonate, 
Pu(CO3)3, has also been recorded. 

(v) Aromatic hydroxyacids 

Neptunium(III) and plutonium(III) are precipitated from aqueous solution by salicyclic acid; 
the neptunium salicylate, Np(CsH4(OH)CO>)3-1.5H2O, can be dehydrated at 50 to 150°C. 

(vi) N,N-Dimethylformamide and related ligands 

The DMF and antipyrine (2,3-dimethyl-1-phenylpyrazol-5S-one, ap) complexes 
[UL¢][Cr(NCS).], and the pyrimidone (4-dimethylaminoantipyrine, pym) analogue 
[U(pym)s][Cr(NCS).], are probably uranium(IV) compounds.'* However, [U(ap),]Cl; has 
been obtained by dissolving RbUCI,-5H,O in ethanol containing the stoichiometric quantity of 
the ligand, followed by evaporation at low temperature,'* and the corresponding tetraphenyl- 
borates, [U(ap).](BPh,4)3 and [U(pym),](BPh,)3, are precipitated when ethanolic Na(BPh,) is 
added to a solution of NH,UCI,:5H,O and the ligand in the same solvent, a method also used 
to obtain the dicarboxylic acid amide complexes,”’ [UL,]X3 where L=(CH>),(CONR»)» 
(n = 1-4) and Me,C(CH,CONR,), with R = Me or Et, and X = BPh, or PF,. 
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40.2.1.4 Sulfur ligands 

(i) Sulfides 

The sulfides M.S; (M=Np, Pu) exist in three crystal modifications. Th,S; and M_S;, 
however, may be metallic in character like the monosulfides MS (M=Th, U, Np, Pu). 

- Plutonium disulfide, PuS;, is a plutonium(III) polysulfide and the sulfides of composition M3S5 
(M = U, Np, Pu) are mixed phases, M2S3-MS,. Other known sulfides include Pu3S, and Th7S,>. 
Isostructural oxosulfides, Np,O,S and Pu,02S, are also known. A detailed discussion of 
actinide sulfides is available.22 

(ii) N,N-Diethyldithiocarbamates (dtc) 

The complexes M'(dtc); (M"! = Np, Pu) are obtained by treating the metal tribromide with 
Na(dtc) in anhydrous ethanol. Pu(dtc); is fairly stable to oxidation, but Np(dtc); and the even 
less stable U(dtc)3 are rapidly oxidized to M(dtc),, so that neither can be isolated. However, 
the anionic complexes, (NEt,)[M™(dtc),] (M''=Np, Pu), have been prepared and the 
geometry about the metal atom is a distorted dodecahedron, best regarded as a planar 
pentagon of five S atoms with one S atom above and two S atoms below the pentagon.”3 These 
salts of the [M(dtc),]~ ion are isostructural with the analogous lanthanide complexes, whereas 
Pu(dtc)3 is not isostructural with any of the lanthanide Ln(dtc)3. 

40.2.1.5 Selenides and tellurides 

A variety of selenides and tellurides of composition MX (M=Th, U, Pu; X=Se or Te), 
M,X3 (M=Th, U, Pu, X=Se; M=Th, X=Te), M3X, (M=U, Np, Pu, X=Se; M=U, Np, 
X= Te), UsX5 (X =Se, Te) and Th7Se,. have been recorded. These are probably structurally 
similar to the corresponding sulfides. 

40.2.1.6 Halogens as ligands 

The known trifluorides, MF; (M = U, Np, Pu), possess the LaF3-type structure in which the 
coordination geometry about the metal atom is a fully capped trigonal prism, an interesting 
example of 11-coordination.** The trichlorides, MCI; (M=U, Np, Pu), adopt the UCI;-type 
structure in which the nine-coordinate metal atom lies at the centre of a tricapped trigonal 
prism, a structure also found for UBr; and a-NpBr3. B-NpBr3 and PuBrs have the 
eight-coordinate PuBr3-type structure in which the coordination geometry is a bicapped 
trigonal prism and this is found also for the triiodides, MI; (M =U, Np, Pu). Amido chlorides, 
U(NH2)Cl, and U(NH2)2Cl, obtained by heating UCI; in NH; at 450 to 500 C, are also 
known; the other trihalides would probably react in a similar manner. Examples of the known 
halogeno complexes are given in Table 5. NaPuF, is isostructural with NaNdF,; the geometry 
about the M"™ centre is a tricapped trigonal prismatic arrangement of fluorine atoms.”> The 
[M™Cl,]?~ anions (M = U, Np, Pu) are octahedral and the geometry about the central metal 
atom in the complex anions of the salts M3M"'Cl; is a monocapped trigonal prism. 
Crystallographic data for MSM™Cl; (M'=K, Rb, Cs), CsUCI, and RbU2Cl, obtained in 
M'Cl/UCI; phase studies, have been reported.” 

40.2.1.7 Hydrides as ligands 

Hydrides of composition MH, (M=Th, Np, Pu; all fluorite structure) and MHs (M = 

Pa, U, Np, Pu) have been recorded, as well as phases of intermediate composition, such as 

NpH,.7. The only recorded borohydride, U(BH,)3, obtained by thermal or photochemical 

decomposition of U(BH4),, probably involves multiple U—H—B bonding. 
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Table 5 Some Actinide(III) Halogeno Complexes 

M'M!R, M"™ =U, Pu with M!=Na, K 
M3UF; M!=Na, K 
M3UF, M'=K, Rb, Cs 
KPu,F, 
CsUCI,* 
M'UCI,-5H,O M! = Rb, NH, 
M3M"™Cl, M"! =U, M'=K, Rb, Cs, NH, 

M"! = Np, M!=K, Rb, NH, 
M"! = Pu, M'=K, Rb 

M'M!"Cl, M"! = U,° M'=K, Rb, NH,, PPh,, AsPh, 
M"™ = Np,” M'=K, Rb, NH, 

Cs,Na[M™Cl,] M"™ =U, Np, Pu 
(Ph3PH);[PuX,] X=Cl, Br 
M3UBr, M!= Rb, Cs 

me G. Suglobova and D. E. Chirkst, Sov. J. Coord. Chem. (Engl. Transl.), 1981, 7, 52. 

D. G. Karracker and J. A. Stone, Inorg. Chem., 1980, 19, 3545. 
Fx Drozdzynski, Inorg. Chim. Acta, 1979, 32, L83. 

40.2.1.8 Mixed donor atom ligands 

The neutral 2-(diphenylphosphino)pyridine complex, [U(BH,)3(Ph2Ppy)2]-0.5C.H., has been 
prepared by treating U(BH,)3-THF with the ligand. If each triply bridging BH, group is 
regarded as occupying one coordination site, the geometry of the formally 13-coordinate 
uranium atom is close to pentagonal bipyramidal.” 

The only other recorded compound for the +3 oxidation state is the 8-hydroxyquinoline 
complex, Pu(C,H,NO)s3, precipitated when an aqueous solution containing plutonium(III) is 
added dropwise, in a stream of nitrogen, to an aqueous solution of the ligand in the presence of 
reducing agents. It is rapidly oxidized in air. 

40.2.1.9 Multidentate macrocyclic ligands 

The only examples of complexes with this type of ligand are the crown ether compounds 
UCI3L (L = 15-crown-5,'* benzo-15-crown-5'® and 18-crown-6*’), which precipitate when the 
ligand is added to a solution of UCI;-THF in THF, and U(BH,)3-18-crown-6, prepared by 
treating the UCI, complex with NaBHg. It appears that the 15-crown-5 ligands provide a better 
cavity match than 18-crown-6. 

40.2.2 The +4 Oxidation State 

40.2.2.1 Group IV ligands 

(i) Cyanides 

Actinide cyanide systems have scarcely been investigated. A product described as 
Th[Th(CN)s] [Th(CN)4?] is reported to be formed when a thorium(IV) hydroxide gel is treated 
with a 10-20% excess of a solution of stabilized HCN in an autoclave. Uncharacterized 
cyanide-containing products are obtained when ThCl, or ThBry, is treated with an alkali metal 
cyanide in anhydrous liquid ammonia, a reaction which yields UCI,(CN)-4NH;3 [v(CN) = 
2120 cm~*] in the case of UCl,.”” UBr, and UI, appear to react in the same way as UCl,. An 
impure product of approximate composition (EtsN)2UCL,(CN), has also been recorded. Alkali 
metal cyanides do not react with UCl, in anhydrous liquid HCN, the only product being a 
UCL—HCN adduct. 

(ii) Isocyanides, RNC 

A cyclohexyl isocyanide complex, probably [ThI,(CsH:sNC)«] [v(NC) = 2194 cm, 
Av(NC) = +59cm~*] has been obtained by treating Thl, with Cs.H,,NC in n-hexane. The 
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analogous uranium(IV) complex [v(NC) = 2190 cm=!, Av(NC) = +55 cm™!] was obtained in 
the same way. Similar complexes appear to be formed with UCI, and UBr,.*° 

40.2.2.2 Nitrogen ligands 

(i) Ammonia and amines 

(a) Ammonia. A selection of the known thorium(IV), uranium(IV) and plutonium(IV) 
ammines is given in Table 6. Most of them were obtained from the parent compound or 
(PuCl,xNH3) from Cs,[PuCl.] by treatment with gaseous or liquid ammonia. ThBr4-4NH3 
(reported*"* as (NH,)2ThBr,(NH2)2) is obtained when (Et,N)2[ThBr.] is treated with liquid 
ammonia at low temperature. Its nature is uncertain. Although no structural data are available 
for any of these compounds, two of them, UCl,-4NH3 and UBr4:4NHs, are reported to be 
white solids, which suggests a centrosymmetric structure, possibly cubic. UCI,(CN)-4NHs, in 
contrast, is light green. Hydrated products, formulated earlier as Th(NO3)4-3NH3-H2O and 
2Th(NO)3)4-7NH3-3H2O, are doubtful; Th(NO3)4:-4H,O and Th(SO,)2 undergo ammonolysis in 
liquid ammonia, but Th(C,O,), is soluble, which may indicate the formation of a complex. 

Table 6 Some Ammonia Complexes of Actinide([V) Compounds 

UF, -xNH, 

MCl,-xNH; 
0. ad Il (2), 1 or 4.2 to 4.6 

x =3(?), 6; M=U, x =1, 2, 4, 5, 7.3 to 7.6, 8, 9 to 10 < I Bu > 
or 12; M= Pu, x =ca. 5 or ca. 7 

UCI,(CN)-4NH, 
MBr,:xNH, M= Th, x =4; M=U, x =4, 5 to 6 or 10 

MI,:-xNH, M=Th, x =7 or 8; M=U, x =4 to 5 or 10 
ThI,(NH,)-4NH, 

ThI,(NH)).-3NH3 
U(OR),:-xNH; x=1, R=Ph, o-CIC,Hy, o-, p-MeC,H,, a-, B-C, oH, 

x=2, R=m-, p-CIC,H, 
U(OR),-2ROH-NH, R= Ph, p-ClC,H,, o-, p-MeC,H, 
U(RCO,),4:xNH, R=H,x=2; R=Me,x+1 

U(C,0,)2°3NH3°H,O 
UO(OR),:4ROH:NH, R= Ph, p-ClC,H, 
UO(RCO,).:xNH, R=H, x=1o0r2; R=Me,x=1 

(b) Aliphatic and aromatic amines. Amine complexes are known only for thorium(IV) and 
uranium(IV) species (Table 7), prepared either by treating the parent compound with the 
amine, removing the excess by vacuum evaporation, or by precipitation from a solution of the 
parent compound in a non-aqueous solvent by addition of a solution of the amine in the same 
solvent. 

The thorium atom in [ThCl,(Me3N)3] is seven-coordinate in a capped octahedral environ- 
ment, with one Cl in the cap position; three N atoms occupy the capped face and three Cl 
atoms occupy the uncapped face.*!° 

The IR spectra of Th(NO3),:xamine-yH,O indicate that no ionic nitrate is. present when 
x =1 and y =3, or x = y =2, whereas with x =3 and y = 4 both coordinated and ionic nitrate 

groups are present. When x = y = 4 nearly all the nitrate groups are ionic.*” No other structural 
information is available for these compounds. 

(c) Hydrazines. The few known complexes are listed in Table 8. ThCl,-4PhNHNH)2 behaves 
as a 1:4 electrolyte in DMF but this could be due to displacement of all chloride anions and 
hydrazine molecules by solvent. 

(d) Ethylenediamine and other diamines. Complexes with these ligands (Table 9) are 
normally prepared from the parent compound and the ligand, either alone or in a non-aqueous 
solvent. For example, the diaminobenzene complexes, ThCl,-2CgHgN2, precipitate when 
ethereal solutions of the chloride and the ligand are mixed. It is not known whether the water 
molecules in the hydrated complexes ThBr,:-xL:yH,O (Table 9) are bonded to the thorium 
atom. The N,N,N’,N’-tetramethylethylenediamine (tmed) complex, {(CF3)2CHO},U-(tmed), 
is obtained by treating {(CF;),CHO},U-2THF with tmed.** The majority of the known 
complexes probably involve eight-coordinate actinide(IV) ions, and it is possible that the 
1,2-diaminobenzene complex of composition 2UCI,-5L is of the form [UCI;L,]*[UCIsL]-, 
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Table 7 Some Amine Complexes of Thorium(IV) and Uranium(IV) Compounds 

ThCl,-4L L=RNH,, with R = Me, Et, Pr®, PhCH,, m-, p-MeC,H,, 
o-, p-MeOC,Hy, p-EtOC,H,, a-, B-C oH; (naphthyl) 

L=RR’'NH, with R = Ph and R’ = Me, Et, PhCH), Ph 
L=R,R'N, with R= Me or Et and R’ = Ph 

ThBr,-4RNH, R=Et, Ph 

[ThCl,(Me3N)s] *. 
ThCl,:-3MeC,H,NH, (toluidine) 
ThCl,:2Et,N 
ThCl,:B-C, )H,NH, 
Th(acac),:PhNH, 
Th(NO;)4:xBu"NH,:yH,O x=1, y=3;x=2, y=1;x=3 0r4, y=4 
Th(NO;)4:-xMe,NH:yH,O x=1, y=2 andx=4, y=8 
Th(NO3)4:xEt;N-H,O x=lor2 
Th(C,O,).:4Bu"NH,:2H,O 
UCL,-xRNH, y=), RS Be Pr sr 7 ee Meee Phe 

x =3, R=Bu'; x=4. R=Pr’,* Bu" 
UCL,:xR,NH x=2,R=Et; x =3,R=Me, Pr, Bu 
UCI,-xR3N x=1, R=Et; x=2, R=Me 
UBr,:2Et,NH 
U(OPh),-2PhOH-Et,N 
UO(OPh),:4PhOH-Et,N 

“Evidence for the formation of these species was obtained from X-ray and thermal desorption studies of the solid phases 
in the UCl,—amine systems (I. Kalnins and G. Gibson, J. Inorg. Nucl. Chem., 1958, 7, 55). 

Table 8 Some Complexes with Hydrazine, N,H, and Phenylhydrazine, 

PhNHNH, 

M!YF,-xN,H, MY = Th, x= 1, 166M = U,2=ipl5e02 
ThCl,-4PhNHNH, 
UCl,:xN,H, x= 6 or fi 

Th(SO,)>xNjH, x =1.50r2 

Table 9 Some Complexes of Ethylenediamine and other Diamines with Actinide(IV) Compounds 

Ethylenediamine, en 
Th(C,H,NO),:CysH7NO-en C,H,NO = 8-hydroxyquinoline 
UCI,-4en 
N,N,N’ ,N’-Tetramethylethylenediamine, tmed 

U{(CF;),CHO},:tmed 
Diaminoalkanes 
ThBr,:-xL-yH,O x =2, y=5, L=1,2-diaminopropane and 1,4-diaminobutane 

x=2, y=2 andx=4, y=6, L=1,4-diaminobutane 
x=4, y=2, L=1,2-diaminopropane 

Diaminoarenes 

ThCl,:2L L=1,2-, 1,3- or 1,4-diaminobenzene, 4,4’-diamino- 

biphenyl (benzidine), 4,4’-diamino-3,3'-dimethyl- 
biphenyl (o0-tolidine) or 4,4’-diamino-3,3’- 
dimethoxybipheny] (o-dianisidine) 

UCL,-2L L = 1,8-diaminonaphthalene 
2UC1,:SL L = 1,2-diaminobenzene 
UBr,:4L L = 1,2-diaminobenzene 
[Th(NO,).L,](NO;)> L = 1,2-diaminobenzene 

analogous to the known amide complexes of this stoichiometry. Thorium tetraacetate is soluble 
in ethylenediamine, but the complex formed has not been identified. 

(ii) N-Heterocyclic ligands 

(a) Pyrrolidine, CyHjN, and B-pyridyl-a-N-methylpyrrolidine (nicotine), CoH,4N>. The 
only recorded complexes appear to be ThCl4-CioHi4N> and UCl4:3C,HoN. The latter may be 
an example of seven-coordinate uranium(IV). 
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(b) Pyridine, C;HsN, py, and derivatives. Thorium(IV) complexes with pyridines (Table 10) 
are commonly of the form ThX,L,, where X = Cl, Br or NCS and L is pyridine or a variety of 
substituted pyridines. They are precipitated when a solution of the parent compound in, for 
example, absolute ethanol, is treated with an excess of the ligand, and are non-electrolytes in 
nitrobenzene.’ The thorium atom is evidently eight-coordinate, and the same applies to 
ThI,-6L, which behaves as [ThI,(L).]I> in nitrobenzene, and complexes of the perchlorate, 
[ThLs](ClO.)4, formed with pyridine and less sterically demanding substituted pyridines; with 
2,4- and 2,6-dimethylpyridine, [ThL¢](ClO,), are obtained. The coordination numbers of the 
metal sites in the bis complexes Th(NO3)4-2L (L= py or a substituted pyridine) and 
Th(Cl;CCO2)4:2py are uncertain. Thorium(IV) and uranium(IV) complexes of composition 
[M(py)s]s[Cr(NCS).], have also been recorded, and bis pyridine complexes UX,-2py (X = Cl, 
Br), which presumably involve six-coordinate uranium(IV), have been reported. 

(c) Piperidine, C;H,,N. The piperidine complexes ThCl,:-4C;H,,;N and UX,-4C5Hi,N (X= 
Cl, Br) are probably examples of the eight-coordinate metals. The nature of the hydrated 
compound, Th(NO3)4:CsH,,N-6H,O, is uncertain. 

Table 10 Some Complexes of N-Heterocyclic Ligands with Actinide(IV) Compounds 

Pyridine, C;H;N (py) and substituted pyridines 

ThCl,-:2L L = 2-Me- or 2-H,N-C,H,N 
UX,:2py X=Cl, Br 

ThX,-4L X=Cl, Br, NCS; L= py, 2-Me-, 2,4-Me,- and 
2,6-Me,-pyridine 

UCL,-4L L = (2-H,N, 3-HO)C,H,N 
ThL,-6L L=py, 2-Me-, 2,4-Me,- and 2,6-Me,-pyridine 
Th(NO3),:2L L= py, 2-Me-, 2-H,N-, 2,4-Me,- and 2,6-Me,-pyridine 
Th(CICCO,),-2py 
[ThL,](C1O,), L =2-H,N-, 2,4-Me,- and 2,6-Me,-pyridine 

[ThL](C1O,), L=py, 2-Me-C;H,N 
[M(py)s]s[Cr(NCS)¢]4 M = Th, U 
UCL(C,H;0,),:2py C,H,O, = 2-hydroxybenzaldehyde 
Quinoline and isoquinoline, C)H,N 
ThX,-4C,H,N X=Cl, Br, NCS 
Th(NCS),:4-iso-CyH,N 
ThI,-6C,H,N 
Th(NO3),:2L L=(C,HZN or iso-C,H,N 
[ThL,](ClO,), L=(C,H5N or iso-C,H,N 

(d) Quinoline and isoquinoline, C,H,N. The quinoline complexes ThX4-4C,H7N (X= 
Cl, Br, NCS) (Table 10) are non-electrolytes in nitrobenzene, as is the isoquinoline complex 
Th(NCS),4:4isoCsH7N, whereas the complex ThI,-6C,H;N behaves as a 1:2 electrolyte, 
[ThI,(CyH7N).]I2. The complexes of the perchlorate with quinoline and isoquinoline behave as 
1:4 electrolytes, [ThLs](ClO,)4,, and in all of these, the thorium(IV) ion is evidently 
eight-coordinate. The complexes of both ligands with thorium tetranitrate, Th(NO3)4-2L, are 
non-electrolytes in nitrobenzene and may be examples of 10-coordinate thorium(IV). The only 
recorded uranium(IV) complex with quinoline, UCl,-C,H,N, is doubtful. 

(e) 2,2'-Bipyridyl, bipy. The complexes ThX,-2bipy (Table 11) (X = Cl, Br,*4 NCS*) and 
Th(NO3),4‘bipy® are non-electrolytes in nitrobenzene, whereas Thl,-3bipy behaves as a 1:2 
electrolyte,** [ThI,(bipy)3]I,, and Th(ClO,),-4bipy as a 1:4 electrolyte. The metal ion is 
evidently eight-coordinate in these compounds, and in the uranium(IV) complexes, UX,-2bipy 
(X = Cl, Br), except for the nitrate in which it is presumably 10-coordinate. 

The tetraethylammonium salt of the rather unusual complex anion [U(NCS);(bipy)2]~ is 
obtained by reaction of (NEt,)4[U(NCS)g] with bipy in MeCN. In the structure of this anion 
the uranium atom is bonded to nine nitrogen atoms in a highly distorted monocapped square 
antiprismatic arrangement in which one bipy molecule occupies a position bridging the cap and 
the near square of the antiprism, while the other bipy molecule spans the opposite edge of the 
far square of the antiprism (Figure 1). The structure could also be described in terms of a 
seven-coordinate pentagonal bipyramidal arrangement in which each bipy molecule occupies an 
axial position.*© 

The nature of the other recorded bipy complexes, and of those with 4,4’-dimethyl-2,2’- 
bipyridyl, ThX4°1.5C,2Hi2N2 (X = Cl or NO3) is unknown. 

COC3-KK 
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Table 11 2,2'-Bipyridyl (bipy) Complexes with Actinide(IV) Compounds 

M'YX,-2bipy M!Y = Th, X = Cl’, Br*, NCS° and M'Y = U, X=Cl, Br 
ThI,:3bipy* 

Th(NO3),-bipy” 
Th(C1O,)4-4bipy” 
ThCr,0,-0.5bipy 
Th(C,H,F30,S),:bipy C,H.F;0,S = 4,4,4-trifluoro-1-(2-thienyl) 

butane-1,3-dione 

UCI,(OEt):bipy 
UCI,(acac),:bipy 
UCIL,L:bipy 

(NEt,)[U(NCS)<(bipy)2]° 
ThX,:1.5L 4 

H.L = HOC,H,CH=NCH,CH,N=CHC,H,O H 

X = Cl, NO,; L = 4,4’-dimethyl-2,2’-bipy 

“A. K. Srivastava, R. K. Agarwal, M. Srivastava, V. Kapoor and T. N. Srivastava, J. Inorg. Nucl. Chem., 

1981, 43, 1393. 
PRK: Agarwal, A. K. Srivastava, M. Srivastava, N. Bhakru and T. N. Srivastava, J. Inorg. Nucl. Chem., 

1980, 42, 1775. 
©R. O. Wiley, R. B. von Dreele and T. M. Brown, Inorg. Chem., 1980, 19, 3351. 

Figure 1 Perspective view of the structure of the [U(NCS).(bipy),]~ anion*™ (reproduced with permission from 
Inorg. Chem., 1980, 19, 3353, Copyright 1980, American Chemical Society) 

(f) Terpyridyl, C,sH,,N3. The only recorded complexes are ThCly-2C,s;Hii:N3-8H2O and 
Th(NO3)4°1.5C,5HiiN3. 

(g) Imidazole, C3H,N,. Complexes ThX,L2, some solvated (e.g. X=Cl), have been 
recorded for L=imidazole or substituted imidazole. Conductivity data for the 2-(2’- 
pyridyl)benzimidazole (C;2H»N3) complexes ThX4(C,2HoN3)2 indicate that the chloride com- 
plex is a non-electrolyte in MeOH, MeNO, or DMF, whereas the thiocyanate and nitrate are 
appreciably dissociated in solution. The molar conductivity of Th(ClO4)4-4C;2HoN3 is lower 
than that expected for a 1:4 electrolyte. 

(h) Dipyridylethanes and dipyridylamine. Hydrated complexes with 1-(3-pyridyl)-2-(4- 
pyridyl)- and  1,2-di(4-pyridyl)-ethane, Th(NO3;)4-L-H.O, and _ di(2-pyridyl)amine, 
ThCl,:2L:2H,O and Th(NO3)4:2L, have been reported. Very little is known about them. 

(i) 1,10-Phenanthroline, phen. [Th(NCS),4(phen)] (Table 12) is a non-electrolyte in nitro- 
benzene, whereas ThI,:3phen behaves as a 1:2 electrolyte, [ThI,(phen)3]I,. The perchlorate 
behaves as a 1:4 electrolyte in methyl cyanide, [Th(phen)4](ClO,4)4, so that the thorium ion is 
evidently eight-coordinate in these complexes. Th(NO3)4:2phen, and the 1:1 complexes with 
the B-diketonates, presumably involve 12- or 10-coordinate thorium(IV). A few complexes 
with 2,9-dimethyl-1,10-phenanthroline, ThX,L, (X = Cl or NO3), are also known. 

(j) Pyrazine, CsH,N2. The hydrated bis pyrazine complex, Th(NO3)4-2C,H4N2-6H2O, and 
the anhydrous tris complex, Th(NO3)4:3C,H4N2, have been recorded. The IR spectrum of the 
latter suggests that the pyrazine is acting as a monodentate ligand and that the nitrate groups 
are bidentate, indicating 11-coordination. However, the tris complex behaves as a 1:4 
electrolyte in DMF and as a 1:2 electrolyte in methyl cyanide or nitromethane. Complexes of 
UCL, with pyrazine or pyrazine-2-carboxamide, UCl,:2.5L, and with pyrazine-2,3- 
dicarboxamide, UCl,-2L, have also been reported.°® 
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Table 12 1,10-Phenanthroline (phen) Complexes with Actinide(IV) Compounds 
Se a a 
ThX,:phen X= Cl, CgH,F;0,S (tta) or CjpH<F;0, (4,4,4- 

* trifluoro-1-phenylbutane-1 ,3-dionate) 
M'YX,-2phen M'’ = Th or U, X=Cl or Br; M'Y = Th, 

X= NO, or NCS 
Thl,:3phen 
Th(NO3),4-2phen:MeCO.Et 
[Th(phen),](C1O,), 
M'YCl,(OEt):2phen M'Y = Th or U 
UCL,(acac),-phen 
ThCr,0,-0.5phen 
eet 

(k) Piperazine, C4HioN>2, and its derivatives. Several complexes with thorium(IV) com- 
pounds (Table 13) are known. They are probably polymeric, with the ligands coordinated 
through both nitrogen atoms. 

Table 13 Complexes of Piperazine, C,H; )N, and its Derivatives with Actinide(IV) Compounds 

Piperazine, C,H, N> 

ThCl,(C4HioH2)2 
Th(NO3),4(C4Hj9N>),-yS x =1, yS=MeOH; x =2, yS= THF or 2EtOH 

N-Methylpiperazine, C5H,,.N, 

ThCL,(CsH,.N>)2 
Th(NO3),4(C5H,2N>),-yS x=1, yS=4MeOH; x =2, yS = 2EtOH; x =3, yS = THF 

2-Methylpiperazine, C;H,.N, 

ThCl,(C5H,2N2). 
Th(NO3),(C5H,2N>),-yS x=1, yS=THF or 4MeOH x =2, yS = 2EtOH 

N,N’-Dimethylpiperazine, C;H,,N, 
ThCl,: 1 .SC6H,4N> 

Th(NO3)4(CoH14N>),°yS 05S il yS = 4MeOH, = Dy ys = THF 

N-Phenylpiperazine, C,)H,,N> 
ThCl,-1.5C,9H,,N> 

Th(NO3)4°2.5C,9H,4N>'S S = MeOH, EtOH or THF 

N,N’-Diaminopiperazine, C,H,.N, 

Th(NCS),(C4H12N4)6°4H2O 

(iii) Dialkyl- and diaryl-amides 

Compounds of the type M(NR2), (M=Th or U) are obtained by reaction of the metal 
tetrachloride with LiNR2 in non-aqueous solvents. They are all highly reactive towards 
protonated species and they readily undergo CO, COS, CS, or CSe; insertion into the M—N 
bond to form carbamates. 
When the group R is very bulky, as in U(NPh»)s,°? HU{N(SiMes;)2}3°% and 

CITh{N(SiMe3)2}3,°" the compounds are monomeric. The coordination arrangement in the 
diphenylamide is highly distorted from tetrahedral or other regular geometry,*’ whereas in 
U(NEtz), the compound is a dimer in the solid state and the geometry about each uranium 
atom is a distorted trigonal bipyramid.”” 
A partially hydrolyzed derivative of the diphenylamide, [VO(Ph2N)3Li(OEt)|2, has been 

isolated as a by-product in the preparation of U(NPh2), and in this compound each 
five-coordinate uranium atom is bonded to two bridging oxygen atoms and three terminal 
nitrogen atoms with approximately trigonal bipyramidal geometry; one nitrogen atom and one 
oxygen atom occupy the axial positions.*’ In the preparation of the uranium(IV) alkylamides 
derived from N,N’-dimethyldiaminoethane, the main product is the _ trimer, 
U3(MeNCH.2CH2NMe),; the tetramer, U,(MeNCH2CH2NMe)s, is obtained as a by-product. 
The central uranium atom in the trimer is octahedrally coordinated to six bridging nitrogen 
atoms, and the other two uranium atoms are coordinated to three bridging and three terminal 
nitrogen atoms in a distorted trigonal prismatic array,*' whereas in the tetramer the bridging 
leads to a closed unit in which each uranium atom is bonded to six nitrogen atoms in a highly 
distorted trigonal prismatic geometry. *” 
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(iv) Triazenes, thio- and seleno-cyanates 

(a) Triazenes and related compounds. A complex of thorium tetranitrate with 2,4,6- 
tris(dimethylamino)triazene (CoHisN., hexamethylmelamine), Th(NO3)4-CoHigN.e, and the 
probably polymeric derivatives of purine and adenine, Th(CsH3N4)2Ch, have been recorded,” 

but little is known about them. 
(b) Thiocyanates. Anhydrous Th(NCS), has been reported, on the basis of thermo- 

gravimetric evidence, to be the product of the thermal decomposition of complexes of the type 
Th(NCS),4L, (e.g. L=2,6-lutidine N-oxide); it is said to decompose to ThO(NCS)2 above 
490 °C.** The hydrate, [Th(NCS)4(H2O),], is better established; the uranium(IV) analogue is 
known only as the solvate of composition [U(NCS)4(H2O),]-(18-crown-6), 5-3H,O0-MeCOBw’, 
in which the structure of the [U(NCS),(H2O),4] molecule is a distorted square antiprism in 
which the upper square comprises one O(H,O) and three N(NCS) atoms and the lower square 
three O(H,O) and one N(NCS) atoms.*° 

Anionic complexes of the type Mi[M'Y(NCS)s] are well known (Table 14). The tetraethyl- 
ammonium salts of this anion have been reported for M'Y = Th, Pa, U, Np and Pu and all have 
the same crystal structure. The coordination geometry of the anion in (Et4sN)4{[U(NCS)g] is a 
cube, which requires f-orbital participation in the bonding, but the [U(NCS)g]*" anion in the 
cesium salt is an almost perfect square antiprism. The IR spectra of the dihydrated rubidium 
and cesium salts of the [M(NCS)s]*~ ion (M = Th, U) suggest that the coordination geometry 
of the anion is dodecahedral in the solid salts, but square antiprismatic in acetone solution.” 
(Crystalline Cs,[Th(NCS)x]-2H2O is not isostructural with the uranium(IV) analogue.) The 
hydrated rubidium and cesium salts dehydrate at 60 to 100°C. The other thiocyanato 
complexes listed in Table 14 require further investigation. 

Table 14 Actinide(I[V) Thiocyanates and Thiocyanato Complexes 

[Th(NCS),(H,0),] | 
[U(NCS),(H,O),]-(18-crown-6), ;-3H,O0-MeCOBu' 

Rb[Th(NCS).(H,0)s] 
Na,[Th(NCS);(OH)(H,O), x =2 to3 
(NH,)3Th(NCS)7-5H,O0 
K,[U(NCS),]-xH,O 

(NH,)4[M(NCS)3]-xH,O 
Rb,[M(NCS),]-xH,O 
Cs,4[M(NCS),]-xH,O 

= ll oO ° ca 2 
or 
ap 
a 
x 
P <SSKE Huw wu Pegs (NEt,),[M(NCS)s] 

(c) Selenocyanates. The salts (EtsN)4[M(NCSe)s] (M=Pa, U) are isostructural with the 
corresponding thiocyanates. Compounds of composition M}Th(NCSe)6:x DMF (M!=Na, x =3 
and K, x = 4.5) and KyTh(NCSe)s:2DMF have been recorded, but their nature is uncertain. 

(v) Polypyrazol-1-ylborates 

The known thorium(IV) and uranium(IV) complexes are listed in Table 15. The attempted 
preparation of Th(H2BPz2)4 (Pz =C3H3N2) yields the salt KTh(H2BPz,);. Although the 'H 
NMR spectrum of this salt indicates dissociation to Th(H2BPz2)4 and K(H2BPz2) in (CD3)2CO, 
Th(H,BP2z,)4 could not be isolated. 

Table 15 Actinide(IV) Polypyrazol-1-ylborates 

ThCl(HBPz;); Pr= GHLNs 
M'YX,L, M'Y = Th, L = HBPz, with X = Cl or Br; 

L=BPz, with X = Br 
M'Y = U, L= HBPz;, HB(3,5-Me>Pz);, Ph,BPz, 

or BPz,, with X = Cl 
U(HBPz,), 
M’Y(HBPz;), M!Y = Th, U 
U[H,B(3,5-Me>Pz)>], 
KTh(H,BPz,); 
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The *H NMR spectra of the thorium(IV) complexes ThX,(HBPz;)2 (X = Cl, Br) in CDCl, 
or (CD3)2CO (X = Cl) indicate that the HBPz; ligand is tridentate, in contrast to UCI,(HBPz;)> 
and UCI,(HB{3,5-Me,Pz};)2, in which the ligand appears to be bidentate, a conclusion in 
agreement with the solid reflectance spectra of the two compounds which are consistent with 
six-coordinate uranium(IV). The 'H NMR spectrum of ThBr,(BPz,). in CDCl, is more 
complicated and suggests that the proportion of C3H3N, rings that are bonded to thorium to 
those that are not bonded is 3:2, so that the complex may be of the form*” [(Pz,BPz,).Th(- 
Pz,BPz2)Th(Pz,BPz2)2]°* [Th(BPz4)Bre]°. In contrast, the 'H NMR spectrum of UCI,(BP2za), 
is consistent with the presence of one bidentate and one tridentate BPz, ligand, suggesting 
seven-coordination. The C NMR spectrum of U(HBPz;)4 indicates the presence of two 
bidentate and two tridentate HPBz; ligands, suggesting 10-coordination. Cyclopentadienyl- 
thorium(IV) and -uranium(IV) pyrazol-1-ylborates of the types (7°-CsH;)MCl,(H,BP2z4_,) 
(M = Th, n =0; M=U, n = 1 or 2) are also known. 

(vi) Nitriles 

The majority of the known complexes are with the tetrahalides (Table 16) and are obtained 
directly from the halide and the ligand. In most cases they have the composition MX,(RCN),4 
and the UV-visible spectra of the uranium(IV) compounds are consistent with eight- 
coordination. However, with the more sterically demanding nitrile, Bu'CN, tris complexes, 
UX,(Bu'CN)3; (X=Cl, Br), are obtained in which the metal centre is presumably seven- 
coordinate. In the IR spectra of the nitrile complexes the v(CN) feature is always shifted to 
higher frequency by 20 to 30cm~* on complexation, except for the UF, compounds for which 
the shifts are 44 to 54cm™*. The shifts in v(CN) for the cyanogen chloride complexes, 
MCl,-xNCCI (Table 16), are +23 to +24cm7!. ThCly;-2MeCN and ThOCl.-MeCN have been 
obtained respectively by thermal decomposition and by controlled hydrolysis of ThCl,-4MeCN. 

Table 16 Nitrile Complexes with Actinide(IV) Compounds 

UF,;-MeCN-:yHF y=0or2 
ThCl,-2MeCN 
MCL1,:-4MeCN M=Th, Pa, U, Np 
MBr:-4MeCN M = Th, Pa, U, Np, Pu 
MI,:-4MeCN M = Th, Pa 
ThCl,-4RCN R= Ph, PhCH, 
UX,:4RCN X=Cl, Br; R=Et, Pr’, Pr’, Bu", Ph 
UX,:3Bu'CN X=Cl, Br 
ThOCI,-MeCN 
MCI,:xNCCl M= Th, U, Np; x =1 or 2 

(vii) Oximes and related ligands 

Very few complexes with oximes have been recorded. A pyridine-2-aldoxime 

{(CsH4N)CH=NOH} complex, possibly Th(CsHsN2O)4, is obtained as a green solid by 

evaporating an absolute ethanol solution containing Th(NO3;)4 and the ligand. Isatin B-oxime 

(C.H,C(=NOH)C(OH)=N) and the isomeric a-oxime (CsH,C(O)C(—NOH)NH) yield 

yellow and red precipitates respectively with ammoniacal solutions of thorium(IV) salts, and 

phenyl pyruvic acid oxime (PhCH,C(=NOH)CO,H) precipitates thorium from aqueous 

solutions of the tetranitrate, but the composition of these products is unknown. 

A large number of urea and substituted urea complexes with actinide(IV) compounds are 

known; in these the ligands are bonded to the metal via the carbonyl oxygen atom, and these 

complexes are therefore described in the section dealing with carboxylic acid amide complexes 

(p. 1164). 

40.2.2.3 Phosphorus and arsenic ligands 

Most of the early reports of phosphine or arsine complexes are erroneous, the products being 

phosphine oxide or arsine oxide compounds. 
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(i) Phosphines 

A complex with trimethylphosphine, UCI,(PMe3)3, has been reported, and complexes with 

Me,PCH,CH,PMe,(dmpe) are now well established. Thl,(dmpe)2 separates when a solution of 

ThI, in CH,Cl, containing an excess of dmpe is cooled to —20 °C and ThCl,(dmpe), is obtained 

by heating ThCl, with dmpe at 80 °C. 
ThCl,(dmpe), reacts with MeLi at 0°C to form ThMe,(dmpe)., and this product reacts 

readily with hydrogen chloride or phenol in toluene to form ThCl,(dmpe), and 

[Th(OPh),4(dmpe).]-C7Hg, which is isostructural with [U(OPh),(dmpe),]. This last is obtained 

either from UMe,(dmpe), and phenol or by direct reaction of UCI, with LiOPh in the presence 
of dmpe. The uranium(IV) complexes UX,(dmpe)2 (X = Br, Me) have also been reported. 

In the structure of [U(OPh),4(dmpe)2], four phosphorus and four oxygen atoms occupy the A 
and B sites respectively of a Dz, dodecahedron.** Although the attempted preparation of 
complexes of Ph,P(CH2)2PPh2(dppe) with ThCl, and Th(NO3), led to the diphosphine dioxide 
complexes, UCI,(dppe) has been obtained as a precipitate from a THF solution of the chloride 
and dppe. 

(ii) Arsines 

The complex PaCl,(diars) [diars = o-phenylenebis(dimethylarsine)] is reported to be formed 
by reaction of the ligand with PaCl,; in benzene.*” Treatment of UCIs;-C3Cl,O (C3Cl,O = 
trichloroacryloyl chloride) or UCI, with diars yields the analogous UCL,(diars) as a yellow 
(? oxidized) or blue-green solid respectively. 

40.2.2.4 Oxygen ligands 

(i) Aqua species, hydroxides and oxides 

(a) Aqua species. Some of the reported hydrates of actinide(IV) compounds are listed in 
Table 17. A very large number of other hydrates have been recorded, but in many cases it is 
uncertain whether any or all of the water molecules are coordinated to the actinide metal atom. 
In the absence of a structure determination, the only evidence for bonded water is a high 

dehydration temperature. For example, the octahydrated sulfates, M(SO4)2-8H2O (M = Th, U, 
Pu) lose four molecules of water at about 70°C and the remaining water can be removed only 
at temperatures exceeding 400°C, indicating that four molecules of water are bonded to the 
metal atom, a conclusion confirmed by the determination of the structure of U(SO,)2(H2O).. 
The uranium atoms are surrounded by a square antiprism of oxygen atoms, with each uranium 
atom bonded to four molecules of water and linked by bridging sulfate groups to other uranium 
atoms.** The coordination geometry is similar to that of [U(NCS)4(H2O),] (p. 1142). Higher 
coordination numbers have been reported for hydrates of compounds which involve more 
compact bidentate ligands. The nine-coordinate arrangement in [Th(CF;COCHCOMe),(H20)] 
consists of a capped square antiprism with the bidentate ligands spanning the edges linking the 
two square faces” and in the hydrated tropolonate, [Th(trop),(H2O)], one trop ligand occupies 
a slant position on the cap of the square antiprism and the water molecule occupies another 
vertex of the cap*’ (Fig. 2). The coordination geometry in the hydrated y-isopropyltropolonate, 
[ThL4(H,O)], is also a singly capped square antiprism.°°* The same geometry has been 
reported for the  diaqua (oxodiacetato) sulfato thorium(IV) complex, 
[Th{O(CHzCO>)2}(SO4)(H2O)2]-H20. In the polymeric network, each oxodiacetate group is 
chelated to one thorium atom via the ether oxygen atom and two carboxylate oxygen atoms, 
and also links two different thorium atoms through the two remaining carboxylate oxygen 
atoms. The sulfate groups are also bridging and the polyhedron is completed by the two 
bonded water molecules.” 

In the hydrated hydroxyacetate, [U(HOCH2CO,),(H2O),], the uranium atom is 10- 
coordinate in a bicapped square antiprismatic arrangement in which the eight carboxylate 
oxygen atoms occupy the corners of the square antiprism and the oxygen atoms from the two 
water molecules occupy the cap positions (Figure 3).°’ Bicapped square antiprismatic geometry 
has also been reported*** for the hydrated pyridine-2,6-dicarboxylate, [Th{C;H;N-2,6- 
(CO2)2}2(H20),], as has that of the oxodiacetate, [Th{O(CH2CO>)2}.(H2O),]-6H20.5*° 



The Actinides 1145 

Table 17 Some Hydrates of Thorium(IV), Protactinium(IV), Uranium(IV), Neptunium(IV) 

and Plutonium(IV) Compounds 

MF,:2.5H,O M = Th, U, Pu 
U[M"(CN),]-xH,O M" = Fe, x = 6; M"™= Ru, Os, x = 10 
M(NO;),:xH,O M= Th, x =2, 4 or 5; M=Np, x =2; M= Pu, x =5 
M(SO,).:xH,O M= Th, U, Pu, x = 8; M=Th, Pa, U, Np, Pu, x =4 
ME,SO,-2H,O M=Pa, U 
Th(ClO,)4:-xH,O x =2,3,4,60r8 
Th(HIO,):5H,O 
M(C,0,),"6H,O M=Th, Pa, U, Np, Pu 
[U(HOCH,CO,),(H20),] 

O(2!) 3.07 _O(31) 

3.10 

Bond distances (A) in the Bond angles (°) subtended at 
coordination polyhedron thorium atoms 

Th—O(water) 2.608(13) O(11)—Th—O(12) 62.2(0.5) 
Th—O(11) 2.491(14) O(21)—Th—O(22) 63.1(0.7) 
Th—O(12) 2.413(14) O(31)—Th—O(32) 61.8(0.6) 
Th—O(21) 2.395(17) O(41)—Th—O(42) 62.3(0.7) 
Th—O(22) 2.362(17) 
Th—O(31) 2.496(14) 
Th—O(32) 2.427(13) 
Th—O(41) 2.417(14) 
Th-—O(42) 2.412(15) 

Figure 2 Perspective view of the [Th(trop),(H,O)] (trop= tropolonate) molecule and of the coordination 

polyhedron*° 

Figure 3. The structure of the uranium(IV) glycolate dihydrate molecule, [U(HOCH,CO,),(H,0),]°”’ 
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The coordination geometry about the 11-coordinate thorium atom in 
Th(NO3)4° SH20([Th(NO3)4(H20)s]: 2H,0) is basically a monoc apped trigonal prism in which 
four of the prism apices are occupied by bidentate nitrate groups.”’ In the dimeric basic nitrate, 
[Th2(OH)2(NO3)6(H20)6]: 2H,0, the thorium atoms are bridged by two OH groups, and each 
thorium atom is also coordinated to three bidentate nitrate groups and three molecules of 
water. The geometry can be considered as a rather distorted dodecahedron in which the nitrate 
groups occupy three apices.” 

(b) Hydroxides. The structures of the known hydroxides have not been recorded; a few 
structures have been reported for basic compounds. The structure of Th(OH)2CrO,-H,O is 
built up of infinite chains, [Th(OH),]?”", containing two almost parallel rows of OH groups so 
that each thorium atom is in contact with four OH groups; the CrO, groups are so packed that 
each thorium atom is in contact with four oxygen atoms of four different CrO, groups, making 
up a square antiprismatic arrangement of oxygen atoms about each thorium atom.®' The 
structure of Th(OH) SO, is the same.° 

(c) Oxides. All the dioxides have the cubic fluorite lattice, with the eight-coordinated metal 
ion at the centre of a cube of oxygen atoms. A considerable number of ternary oxides, such as 
K,ThO3, BaM'YO; (M'Y=Th, Pa, U, Np or Pu), LisPuO, and BaCe(or Ti)PuO,, are also 
known. 

(ii) Peroxides 

Because of the ease of oxidation of protactinium(IV) and uranium(IV), peroxides and 
peroxo complexes are limited to their higher oxidation states. The compounds MO,-xH,O 
precipitated from dilute acid solutions of neptunium(IV) and plutonium(IV) by hydrogen 
peroxide appear to be actinide(IV) compounds. Soluble intermediates of the type [Pu(y- 
O,)2Pu]** are formed at low hydrogen peroxide concentrations. 

The hydrated thorium peroxide sulfate, Th(O2)SO,:3H2O, is very stable to heat, and 
thorium(IV) Peroxo compounds of variable composition, approximating to 
Th(O2);.6(A7 )o.sO015°2.5H2O, with A=Cl or NOs, are obtained from aqueous solutions of 
hydrogen peroxide and the appropriate thorium compound, and in the case of the nitrate the 
analytical results of one such product are compatible with a hexameric formulation,®° 
The(O2)10(NO3)4°10H20. Peroxocarboxylato and phenoxo compounds are also known;% 
examples are Th(RCO2).(O2) (R = CsH4N-2- and 2-H,NC;H,), Th(2-H2NCsH,0),)2(O2) and 
Th(2,6-(O2C)2»CsH3N)(O2):H20. 

(iii) Alcohols, phenols, alkoxides, aryloxides and silyloxides 

(a) Alcohols and phenols. Alcohol solvates of thorium and uranium tetrachlorides, 
MCl,-4ROH (Table 18), are obtained by evaporating solutions of the tetrachloride in the 
alcohol (M = Th, U) or by treating the hydrated chloride with a mixture of the alcohol and 
benzene, removing the liberated water by azeotropic distillation (M = Th). ThCl,-4Bu”"OH and 
ThCl,-4Bu'OH are, however, best prepared by heating ThCl,-4Pr'OH with a mixture of 
benzene and the butanol, removing the liberated Pr'OH as the benzene azeotrope. The 
attempted preparation of the butanol (R = Bu", Bu** or Bu’) adducts of UCI, led to solvolysis. 

Table 18 Alcohol and Phenol Adducts of Actinide(IV) Compounds 

MCl1,-4ROH M=Th, R=Me, Et, Pr’, Pr’, Bu", Bu 
M=U, R=Me, Et, Pr", Pr’ 

ThCl,-C,H;,OH C,H,OH = o- or m- -cresol 
Th(CsH,NO),-EtOH 
Th(CsH,NO),:-2ROH R =2,4-(O,N)>C,Hs, 2,4,6-(ON),C.H 
Th(CyH,.NO)(OMe)(Cl,CCO,)>-MeOH se Nae 
U(CF;COCHCOPh),-Bu"OH 
Np(OEt),-EtOH* 
Pu(OPr'),-Pr'OH 
i 

“A. K. Solanki and A. M. Bhandari, Radiochem. Radioanal. Lett., 1980, 43, 279. 
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The bis 2,4-dinitro- and 2,4,6-trinitro-phenol adducts of the 8-hydroxyquinolinate, 
Th(C,HsNO),4:2ROH, are obtained when Th(CysHsNO),4:CsH7NO is heated with the phenol. 
The frequencies of the asymmetric and symmetric v(NO) features due to the nitrophenols are 
almost identical in their IR spectra to those of the free phenols, which may therefore be 
hydrogen bonded to oxygen atoms of the CsH.NO groups. 

(b) Alkoxides. The tetraalkoxides, M(OR),, are best prepared by reaction of the tetra- 
chlorides or their alcohol solvates with the sodium or lithium alkoxide in the corresponding 
alcohol [Th(OPr'),, M(OR)4 with M=U or Np, R=Me or Et] or in dimethyl cellosolve 
[U(OR)4; R = Pr® or Pr']. PuCl, does not exist, but Pu(OPr'), has been obtained by treating a 
suspension of (pyH),[PuCl.] in benzene and Pr'OH with ammonia; Th(OPr'), has been 
prepared from (pyH)2[ThCl] in the same way. An alternative, but expensive, preparative 
route is by reaction of the dialkylamide [e.g. U(NR2)4] with the alcohol in ether. The uranium 
t-butoxide seems only to have been obtained by reaction of UCI, and Bu'OH with a solution of 
KNHz in anhydrous liquid ammonia and by dropwise addition of Bu'OH in ether to a solution 
of the allyl, U(n-C3Hs)4, in the same solvent at —30°C. Because of the relative ease of 
preparation of the isopropoxides, M(OPr'), (M=Th, Pu), other alkoxides are commonly 
prepared from them by reaction with an excess of the appropriate alcohol in boiling benzene. 
The only recorded fluoroalkoxides are the THF solvates, U{OC(CF;)3}4-2THF and 
U{(OCH(CF3)2}4:2THF (Table 19). 

Table 19 Actinide(IV) Alkoxides 

M(OR), M=Th, R=Me, Et, Pr’, Pr’, Bu", Bu’, Bu‘, Pent”, 
Pent"®°, CMe,Et, CMeEt,, CMe,Pr", CMe,Pr'’, 
CMeEtPr", CMeEtPr', CEt, 

M=U, R=Me, Et, Pr’, Pr’, Bu‘ 
M=Np, R=Me, Et 

M = Pu, R= Pr’, Bu‘, CMeEt, 
UC1,(OR), R= Me, Bu” 
MTh,(OPr'), M=Li, Na 
Li,U(OMe), 
Np2O(OEt),* 

* A. K. Solanki and A. M. Bhandari, Radiochem. Radioanal. Lett., 1980, 43, 279. 

All the known tetraalkoxides are very easily hydrolyzed by water vapour and the 
uranium(IV) compounds oxidize rapidly in air, so their preparation must be carried out under 
nitrogen. Molecular weight determinations (M=Th, U) indicate a considerable degree of 
polymerization, approximately tetrameric in the case of Th(OR), with R = Pr' or MeEtCH, but 
the molecular complexity decreases to about 3.4 for R = Bu‘, and with R = CEt; and CMeEtPr 
the alkoxides are monomers in boiling benzene.®* The plutonium compound Pu(OCMeEt,), is 
volatile at 150 °C/0.05 torr, suggesting a low molecular complexity. 

The oxoalkoxides U3;0(OBu),0°° and U30(OCMes3),0°° are structurally similar to the 
molybdenum analogue, Mo;0(OCH,CMe;):0, but the U—U bond distances, 3.576(1) A and 
3.574(1) A, show that metal-metal bonding does not occur. 

Anionic alkoxide complexes of the type M'Th,(OPr'), (M! = Li, Na) have been mentioned in 
a review” and LizU(OMe). precipitates when UCI, is added to the stoichiometric quantity of 
LiOMe in MeOH. Compounds of the type U[AI(OPr'),], and U[AI(OPr'),4]},Cl are also known. 
The dialkoxide dichlorides, U(OR)2Cl, (R = Me, Bu"), are obtained by reaction of UCI, with 
the stoichiometric quantity of the sodium alkoxide in ether (R = Me) or THF (R= Bu’). 

(c) Aryloxides. A few thorium(IV) aryloxides have been recorded (Table 20); the 4,6- 
dinitro-2-aminophenol derivative, Th{[OCsH2(NO2)2(NH2)]4;2H2O, is precipitated when 
aqueous sodium picramate is added to an aqueous solution of thorium tetranitrate. Its IR 
spectrum suggests that the amino nitrogen atom may be bonded to the thorium atom.°” 
Unsolvated uranium(IV) tetraaryloxides are not known; for solvates with ammonia, amines 
and phenols see Tables 6 (p. 1137), 7 (p. 1138) and 18 (p. 1146) respectively. However, 
U(OPh)2Cl, is obtained in the same way as U(OMe),Cl, (see above). 

(d) Silyloxides. The only actinide(IV) compound of this type appears to be 
U(OSiMeEt,)2Ch, which is precipitated when UCI, is treated with Li(OSiMeEt,) in a mixture 
of benzene and dimethyl cellosolve. It oxidizes readily in air.® 

COC3-KK* 
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Table 20 Actinide(I[V) Aryloxides 

Th(OR),:2H,O 4,6-Dinitro-2-aminophenoxide, R = {4,6-(NO,)2}(2-H,N)C,H, 
MCL(OR), M = Th, R= Ph, o- or p-NO,C,H,, a- or B-C, gH, 

M=U, R=Ph 
MCI,(OR) M = Th, R=o- or m-MeC,H,, a@- or B-C, gH, 

(vi) B-Ketoenolates, Tropolonates, Catecholates, Quinones, Ethers, Ketones and Esters 

(a) B-Ketoenolates. The wide range of known f-diketone, ketoaldehyde and ketoester 
complexes is summarized in Table 21. They are commonly prepared by treating a dichloro- 
methane, ethanol, aqueous or aqueous methanol solution of the actinide(IV) with the ligand 
(or its sodium or thallium salt) followed, when necessary, by addition of ammonia or aqueous 
alkali to precipitate the complexes ML,. Alternative methods include reaction of the metal 
tetrachloride with the ligand in the presence of sodium (i.e. reaction with NaL) or reaction of a 
carboxylate [e.g. U(EtCO.),4] with the ligand in dibutyl ether or benzene. Solvent extraction is 
also a useful preparative method; examples are the extraction of Np(MeCOCHCOMe), into 
benzene by shaking an aqueous solution of neptunium(IV), saturated with the ligand, with 
benzene at pH4.5 to 5.0, and extraction of Pu(MeCOCHCOPh), from an aqueous 
plutonium(IV) solution (at pH 8) into a chloroform solution of the ligand. The product is 
recovered from the extract by evaporation to dryness. The complexes are normally purified by 
recrystallization from benzene, mixtures of hydrocarbons or methanol and many of them can 
be sublimed under vacuum. 
Analogous salicylaldehyde complexes, M(OC,;H,CHO), (M = Th, U) and 

Th(OCsH,CHO)3(NO3)-H2O, are also known. 
A complex of composition Pu(MeCOCHCOMe);Cl has been mentioned in the patent 

literature.” The reaction of Th(}MeCOCHCOMe), in benzene with carboxylic acids, RCO2H 
(R = CF3, CCl, CHCl, 2-CsH,N) leads to partial displacement of the 6-diketone, yielding 
products of the type Th(MeCOCHCOMe)3(RCO,)-xH,O (x = 4 for R = CF3;, CCl, and CHCl, 
and x = 1 for R= 2-CsH,N). The products of further displacement of the B-diketone appear to 
contain acetate (e.g. Th(MeCOCHCOMe)(MeCO,).(CsHsNCO2):2H2O) which presumably 
results from the decomposition of the acetylacetonate group. 

The attempted preparation of lithium or thallium salts of the complex anion 
[U(MeCOCHCOMe);]~ have been unsuccessful. 

Structural information is available for several B-diketonates. Th(MeCOCHCOMe), exists in 
two crystal forms, the coordination geometry in the a form being principally dodecahedral, 
with significant distortion to square antiprismatic geometry, while in the 6 form the geometry is 
principally square antiprismatic. It has also been suggested that the a form approximates most 
closely to a Cy bicapped trigonal prism.” In the benzene solvate, 
[Th(MeCOCHCOMe),]-0.5C¢H¢, the geometry is square antiprismatic.”! Uranium(IV) acetyl- 
acetonate also exists in the a and 6 forms, isostructural with the thorium analogues, but the 
protactinium(IV), neptunium(IV) and plutonium(IV) complexes have only been reported as 
the 6 form. The @ and £8 forms of Th(Bu'COCHCOBu'), are isomorphous with the 
uranium(IV) analogues.” 
Th(PhCOCHCOPh), has been reported as being isomorphous with the corresponding 

protactinium(IV), uranium(IV) and cerium(IV) complexes; the coordination geometry in the 
last is a triangular faced dodecahedron, but a more recent publication? reports the 
coordination geometry of the uranium(IV) compound as square antiprismatic. 

The coordination geometry in anhydrous Th(CF;COCHCOMe), is a 1111 (D4-422) 
antiprism;”* the structure of the monohydrate has been discussed earlier (p. 1144). 
Th{CF;COCHCO(2-C,H3S)], is isostructural with the cerium(IV), uranium(IV) and 
plutonium(IV) analogues. The coordination polyhedron is a distorted dodecahedron in which 
the four ligands span the two perpendicular trapezoids of the dodecahedron.” In the complexes 
M(n-C3;F,;COCHCOBu'),, the thorium(IV), uranium(IV) and neptunium(IV) compounds are 
isomorphous, but the plutonium compound is not. 

The coordination geometry about the thorium atom in the salicylaldehyde complex, 
Th(OC,H,CHO),, is dodecahedral;”° the compound is isostructural with U(OC.H,CHO),. 

(b) Tropolonates. The compounds M(trop), (trop = C;H;O2), have been reported for 
M=Th, Pa, U, Np and Pu. The thorium complex is precipitated when a slight excess of 
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Table 21 Actinide(IV) 6-Ketoenolates, M(R'COCR?COR?), 
(a. oo 
R'=Me, R?=H, Re H, M=U 

R? = Me, M=Th, Pa,? U, Np, Pu 
Ro= CH,OEt, Et, Pr’, Pr', Bu", M=U 
ae Bu’, M=Th, U 

= CH,CHMe,, M= Th 
Sails C5H;,, n-Cs5H,3, M=U 
= n-C,7H3s, M= Th 

Bic Ph, M=Th, U, Pu 
R® = p-MeOC,H,, M= Th 
RS = C,H,O (2-furyl), M=U 
R°=(n- Baya C;Hs), M=Th 
R? = OEt, M 

=CN, R? = Me, M=Th 
R?= Cl, R?= Me, M=U 
R?=C,H,Me,, R*°=Me, M=Th 

= Et, R?=H, R?=Et, M=Th, U 
= Pr", R?=H. R?= Pr", M=Th, U 

R?= = CH,CHMe, M=Th 
at, R?=H, R?= Pr’, M=Th, U 

R'=Bu', R?=H, R?=Bu' , M=Th, U, Np,” Pu? 
= Ph, R?=H, R°=H, Et, Me 

R? = Pr", M=Th, U 
R?= Pr, M=U 
R?=CH,Ph, M=Th 
R* = Ph, M=Th, Pa,? U, Pu 
R®=m- or p-O,NC,H,, p- MeOC,H,, m-Br(p-MeOC,H;), 
m-O,N(p-MeOC,H;), M=Th 

R?=C,H,0O (2-furyl), M=Th, U 
R* = C,H,NO (3-methylisoxazol-5- -yl), M=U 
R*? = C.H,N (3-pyridyl), M=U 

= PhC=C, R? = Ph, R* = OEt, M=Th 
= CF,, R?=H, R* = Me, M=Th, U 

R?=Et, M=U, Pu 
Rae M=Th, U 

=Pr',M=U 
= Bu", Bu‘, CH,CHMe,, n-C;H,,, M=U 
= Ph, Me Th, U 

Re = C,H,S ie thienyl), M=Th, U, Np(?), Pu 
Re CF;, M= Th, U 

= OMe, OEt, OBu', M=U 
R'=n-C,F,, R*=H, =Bu', M=Th, U, Np, Pu 

4D: Brown, B. Whittaker and J. Tacon, J. Chem. Soc., Dalton Trans., 1975, 34. 
°E. M. Rubtsov, V. Y. Mischin and V. K. Isupov, Sov. Radiochem. (Engl. Transl.), 1981, 23, 465. 

tropolone in methanol is added to a solution of Th(NO3)4:4H,O in 33% aqueous methanol, 
and by the reaction of ThCl, with an excess of tropolone in oxygen free dichloromethane. The 
hydrate, [Th(trop),(H2O)], is obtained from preparations in water or ethanol, and also by 
recrystallizing Th(trop), from a mixture of ethanol, methyl cyanide and water. Its structure is 
described on p. 1144. Pa(trop), is rather easily oxidized, but is obtained by reaction of PaCl, or 
PaBr, with Li(trop) in oxygen-free dichloromethane. The uranium(IV) compound precipitates 
when a slurry of U(MeCO,), in tropolone and methyl cyanide is heated under reflux. It is also 
obtained by reaction of UCI, with an excess of tropolone in dichloromethane, ethanol or water; 
Np(trop), is prepared in the same way from ethanol solution. Pu(trop), precipitates on mixing 
methanol solutions of tropolone and Pu(NOs),; it can be recrystallized from DMF. U(trop), is 
isomorphous with the cerium(IV), neptunium(IV) and plutonium(IV) analogues, but not with 
Th(tro 4: 

Me De te ML, (M = Th, U) with HL= a-, B- or y-isopropyl tropolone are also known. 
Molecular weight determinations (benzene solution) for the thorium compounds indicate that 
the a compound is close to a dimer, whereas the B and y derivatives are approximately 
trimeric. The corresponding uranium(IV) complexes are all monomers. All three thorium 
compounds readily form monohydrates and the structure of the hydrated y- 
isopropyltropolonate is described on p. 1144. 

Uranium(IV) complexes, UL,, are known also for kojic acid and chlorokojic acid, both of 
which behave as the enolic forms of a-diketones. 
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Anionic pentakis tropolonato complexes, M'[M!¥(trop);], are known for M'Y = Th (M! = Li, 
Na or K), M'Y=Pa or U (M'=Li). The thorium compounds are prepared by heating 
Th(trop), with H trop and M'OH in a mixture (1:1:2 by volume) of ethanol, water and methyl 
cyanide. Li[Pa(trop);] has been obtained from Pa(trop), in the presence of Li(trop) in DMF, 
and Li[U(trop);] has been prepared by both of the above methods. Sodium salts, Na[ThLs], are 
also known for HL = a- and y-isopropyltropolone. 

(c) Catecholates. Complexes formed by catechol and the related compounds resorcinol, 
phloroglucinol, orcinol and pyrogallol are listed in Table 22. Thorium dichloride catecholate, 
and the corresponding resorcinolate, phloroglucinolate and orcinolate have been obtained by 
evaporating an ethereal solution of the components to dryness and heating the residue until the 
evolution of hydrogen chloride ceased;’”’ when thorium tetrachloride is added to an excess of 
molten catechol, the product is H2[Th(CsH,O2)3].”* The anionic catecholato complex salts, 
Nag[M(CsH,O2)4]-21H20 (M=Th, U), separate when a solution of catechol in aqueous 
sodium hydroxide is added to aqueous solutions of the tetrachlorides. The geometry of the 
anion is a trigonal faced dodecahedron and the oxygen atoms of the water molecules form a 
hydrogen-bonded network throughout the crystal.”” The other compounds noted in Table 22 
were also obtained from aqueous media. In addition to the listed compounds, thorium(IV) bis 
derivatives of 2,2'-dihydroxybiphenyl or -dinaphthyl and 1,8-dihydroxynaphthalene, ThLz, are 
precipitated from methanolic solutions of the tetrachloride and the diol in the presence of di- or 
tri-ethylamine as a hydrogen chloride acceptor.” 

Table 22 Actinide(IV) Catecholates and Related Compounds 

Catechol, 1,2-dihydroxybenzene, C,H,O, 
ThCl,(C,;H,0,) 

M3[Th(C,H,O,)3]-xH,O M'=H, + =0;NH,, x=5 

2(NH,4)2[U(C.H4O2)3]-C6H¢O2°8H,O 

Na,[M'’(C;H,0,),]-21H,O MY = Theo 
(NH,)2H,[Th(C.H,O>)4] [or (NH,4)2[Th(C5H402)3]-CgH.O2] 
M3H.[U,(C;H,O,)4]-xH,O M = K, x =3; NH,, x = 6; CN3H, (guanidinium), x = 14 
M,[Th3(C,H,O,)7]:20H,O M! = Na, K 

M‘[U(C,H,0,)2(OH)]:-xH,O M'= pyH, x = 4; C,N,H, (dicyandiamidinium), x = 20 

(NH,)2[Th3(CsH4O2).(OH)2] -10H,O 

Resorcinol, 1,3-dihydroxybenzene, and hydroquinone, 1,4-dihydroxybenzene, C,;H,;O> 

ThCl,(CsH,O,) 
Orcinol, 2,5-dihydroxytoluene, C,H,O, 

ThCl,(C;H,O,) 
Phloroglucinol, 1,3,5-trihydroxybenzene, C;H;O3 

ThCl,(C,H,O3) 
Pyrogallol, 1,2,3-trinydroxybenzene, C;5H,O,; 
M3[Th(C,H,0;),]-7H,O M!'=Na, K 

(d) Quinones. A few thorium(IV) complexes with hydroxyquinones have been recorded. 
The complex with 2,5-dihydroxybenzo-1,4-quinone (CsH4O.), Th(CsH2O4)2, precipitates when 
an excess of aqueous Th(NO3;); is added to an aqueous solution of the ammonium salt of the 
quinone at pH3, 7 or 11. The corresponding 3,6-dichloroquinone (CsH>Cl,0,) and 3,6- 
diphenylquinone (CisHi204, polyporic acid) derivatives, Th(CsClsO,)., Th(CsCl,O,)F> and 
Th(CigH1004)2 (?), have also been reported. With 2,3,5,6-tetrahydroxybenzo-1,4-quinone 
(CsH4O¢) products formulated as [Th2(CsH20,)](NO3). and [Th4(Cs0¢)](NO3)12 separate when 
a mixture of Th(NOs;),4 and the ligand is heated.*°* A complex with 2-hydroxynaphtho-1,4- 
quinone (CioH,O3), presumably Th(CioH;O3)4, precipitates from aqueous solutions of 
thorium(IV) on addition of the quinone and, as precipitation is quantitative, this has some 
value for the gravimetric determination of thorium in a procedure in which the precipitate is 
ignited and weighed as ThO>. All of these compounds require further investigation. 

(e) Ethers. In addition to the ether complexes with thorium(IV) and uranium(IV) com- 
pounds listed in Table 23, a considerable number of THF solvates of Schiff base complexes 
with these elements are known [see ref. 12, Thorium (vol. E) and Uranium (vol. E1)]. Diethyl 
ether solvates of imidazole and related complexes of the type ThCl,-2L-nEt,O, where 
L = imidazole, 1-benzylimidazole and 4,5-diphenylimidazole, with n = 14, 8 and 6 respectively 
have been recorded but it is uncertain whether any of the ether molecules are coordinated to 
the metal atom. Otherwise, the only simple ether complexes which have been reported are 
those of dimethyl and diethyl ether with the tetrahalides, and the dimethoxyethane, THF and 
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dioxane complexes. These compounds are usually obtained by treating the parent compounds 
with the appropriate ether. For example, UBr,-2THF is prepared by adding a 10% solution of 
THF in carbon disulfide to a solution of uranium tetrabromide in the same solvent. In some 
cases the ether complexes result from the method of preparation of the parent compound. Thus 
treatment of a solution of uranium tetrachloride in THF with the stoichiometric quantity of 
thallium acetylacetonate, followed by addition of n-hexane to the supernatant, yields a 
precipitate of UCl(acac),2THF. In the dimethoxyethane (DME) complex, 
[{(Me3Si)2N}2UCI,(DME)], obtained by reaction of UCI, with NaN(SiMe3). in DME, the 
ae atom is coordinated to two nitrogen, two chlorine and two oxygen (from DME) 
atoms. 

Table 23 Ether Complexes with Actinide(IV) Compounds 

UX,:R,0 R=Me, X=Cl; R=Et, X=Cl, Br 
MCL,:2C,H,)0, M = Th, U; C,H,)90, = MeOCH,CH,OMe 
UCL(acac),-C,H,,O, 
UX,:yTHF X=Cl, y=1 or 3; X=Br, y=2 
ThCl,(HBPz;)3-L-THF Pz = C,;H3N,, L= MeCONMe, 
UBr,(HBP2z;).:THF 
UCL, {HB(3,5-Me.,Pz)3}.-THF 
UCL,(acac),-2THF 
U(H,BPz,),-THF 
M(HBP2z;)4:-THF M= Th, U 
U(OR),:2THF* R = CH(CF;),, C(CF3)3 

Na,[Th(bipy)),]-8THF 
UCL,-L L=MeOC,H,0OC,H,OMe, MeOC,H,0C,H,OC,H,OMe 
MX,-yC,H,O, C,HgO, = dioxane; M= Th, X=Cl, y =3; 

M=U, X=Clor Br, y =2 or 3 

*R. A. Andersen, Inorg. Nucl. Chem. Lett., 1979, 15, 57. 

(f) Ketones and aldehydes. The only complexes with ketones and aldehydes appear to be 
those with thorium and uranium tetrahalides. The complexes MCly-xMeCOMe (M = Th, x =2 
and M=U, x=3), ThCly4RCOPh (R=Me or Ph), 2ThBry-3MeCOPh, ThCl,-2RCHO 
(R=Me, C.H,(OH)(salicyl) or PhCH=CH) and ThBr4-4PhCHO are obtained from the 
components. The acetone solvated lactam complex, ThCl,-4C;H;;NO-MeCOMe (C7H)3NO = 
1-azacyclooctan-2-one), is precipitated when ethyl acetate is added to a heated solution made 
up from thorium tetrachloride in 1:1 acetone-nitromethane and an excess of the lactam in 
acetone. 

(g) Esters. Ethyl acetate complexes of composition UX,-yMeCO,Et (y =3, X=Cl, Br; 
y =2, X=Br) are reported to be formed from the components. However, both ethyl and 
n-propyl acetates react with uranium tetrachloride, yielding the complexes UCI;(MeCO;)-L, 
where L is the ester. The bis isopropyl acetate complex, ThCl,-2MeCO,Pr', is obtained when 
the alkoxide, Th(OPr'),, is heated with the stoichiometric quantity (molar ratio, 1:4) of acetyl 
chloride in benzene under reflux. With 1:3 and 1:2 molar ratios of the reactants under similar 
conditions, the products are reported to be ThCl3(OPr')-MeCO,Pr' and 
ThCl,(OPr'),-0.5MeCO.Pr' respectively. 

The ethyl carbamate complexes, MCl4-xR2NCOEt (R2 = Me2 or MeH, M=Th, x =3 and 
M=U, x =2) are obtained by treating a solution of the tetrachloride in THF with an excess of 
the ligand, followed by dropwise addition of n-hexane until the solution becomes turbid. 
ThCl,-3(MeEt)NCO,Et is obtained by adding an excess of the ligand to a suspension of the 
tetrachloride in benzene. 'H NMR data are available for these compounds* and their IR 
spectra indicate that the ligands are bonded to the metal via the carbonyl oxygen atom.” 

Hydrated N-pentylisonicotinate adducts, ThX,-yL-zH,0 (X=Cl, y=2, z=8; X= Br, 
y =4, z=9; X=I, y =2, z =9) have been obtained by grinding the solid, hydrated tetrahalide 
with an excess of the ester, but their IR spectra indicate that the ester molecules are not 
bonded to the metal atom. 

(v) Oxoanions as ligands 

(a) Nitrates. Hydrated nitrates, M(NO3)4-xH,O (M= Th, Np and Pu), and the structure of 

[Th(NO3),(H2O)3]-2H2O, are included in Section 40.2.2.4.i.a (pp. 1145, 1146). Anhydrous 
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Th(NO;), is obtained by heating (NO2).[Th(NO3)] at 150°C or (NO) [Th(NO3).] at 90°C 

under vacuum. Hexanitrato complexes (Table 24) are obtained from moderately concentrated 

(8M to 14M) nitric acid, in the presence of sulfamic acid to inhibit oxidation by nitrite in the 

case of uranium(IV). The nitrate groups in these compounds are bidentate and the structure of 

the anion in [Mg(H2O).][Th(NO3)6]:2H2O is an irregular icosahedron.** The corresponding 

zinc, cobalt and nickel salts are isomorphous with the magnesium salt. The high symmetry of 

the complex anion is apparent in the almost white appearance of the salts M3[U(NOs)¢]. The 

product of composition Np(NO3)4:1.2N2Os5, obtained by the reaction of NpCl, with N2Os, is 

presumably a nitrato complex. 

Table 24 Hexanitrato Actinide(IV) Complexes 

M3[M!'¥(NO3)¢] M! = NH,, M'Y = Th, U, Pu* 
M!= K, M'Y = Pu 
M! = Rb, M!Y=Th, U, Pu 
M! = Cs, M'Y = Th, U, Pu 
M!= TI, MY = Pu ' 
M! = Et,N, M'Y = Th, U, Np, Pu 
M!= Bu", M'Y = Pu 
M! = Me,(PhCH,),N, M'Y = Th, U, Np, Pu 
M! = Me,(PhCH,)N, MY = Th, U, Np, Pu 
M! = C,H;NH, M!Y = U, Pu(+ca. 14H,O) 
M! = (PhCH,)C;H,NH, M'Y = Th, U, Np, Pu 
M! = (a-H,N)C;H,NH, M'Y = U 
M’ = C,H,NH (quinolinium), MY =U, Pu 
M!=NO, NO,, M'Y =Th 

(bipyH,)[U(NO3)¢] 
M"[M'Y(NO;).]-8H,O M = Mg or Zn, MY = Th, U, Pu 

ve = ag = Th, Pu 

M'Th(NO,),-xH,O M! = Na, x =8.5; K, x =6 
K3H;M'¥(NO3)19°xH,O MY =Th,x=40,x7=3 

* A dihydrate has also been reported. 

In the hydrated compounds (included in Table 24) the water molecules are almost certainly 
not bonded to the actinide(IV) ion, with the possible exception of the complexes formulated as 
M'Th(NOs)s-xH,O (M'=Na or K) and K3H3Th(NO3),0:xH2O, the nature of which is 
uncertain. 

(b) Phosphates. Metaphosphates, M(PO3), (M= Th, Pa, U, Pu), the hydrated compounds 
Pu(HPO,)2:xH2O, Pu2H(PO,4)3-xH2O and Pu3(PO,)4-xH2O, and the pyrophosphates M(P207) 
(M=Th, Pa, U, Np, Pu) have been recorded. The structure of the triclinic form of U(PO3), 
consists of eight-coordinate square antiprisms, UOg, connected by (P4O,2)* rings.*** 

Alkyl phosphates, U{O,P(OR),.}4 (R = Me, Et or Bu") and U{O2PH(OR)}. (R=Me, Et, 
Pr' or Bu"), and the phenyl derivative, U(O3PPh)2, have also been reported.® 

(c) Sulfites. The only simple sulfite appears to be Th(SO3)2-4H2O. Salts of hydrated 
complexes of the type M},M'(SO3),+2:xH2O (Table 25) are known for thorium(IV) and 
uranium(IV), both of which form a series of hydrated salts of what appear to be sulfitooxalato 
complex anions, Naz,M'Y(SOs3),(C2O4)2:xH2O, obtained by dissolving Th(C,O,)2 in concen- 
trated aqueous sodium sulfite in varying molar proportions, and then pouring the resulting 
solution into ethanol to yield a syrup which becomes crystalline on treatment with ethanol.*+> 
The product of composition Na,U(SO3)(C,0,4).5H2O is formulated as 
Na,[U(SO3)(C2O4)2(H20)2]-3.5H20 in the original paper.** All these products require further 

oA audi ates, siya ulteteun Ana aiente ulfates. Hydrated sulfates, including the structure of [U(SO,4)2(H2O),], have b 
described in Section 40.2.2.4.i.a (pp. 1144, 1145); some iat Be also Site 
Fluorosulfates U(SO3F),, UO(SO3F)2 and M"U(SO3F). (M"™ = Mg, Zn) have been obtained by 
treating U(MeCO2), or M"U(MeCO>). with HSO3F. The compound U(SO;F), appears to 
involve two mono- and two bi-dentate SO3F groups.*° Salts of sulfato complex anions of the 
type M},M'Y(SOx)2+n'XH2O (n =1 to 4) are listed in Table 26, together with sulfatooxalates 
and salts of complex anions derived from them. 
The structure of the anion in K,Th(SO,)4:2H,O consists of chains of thorium atoms linked by 

pairs of bridging sulfate groups, and the coordination geometry about the thorium atom is a 
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Table 25 Actinide(IV) Sulfites and Sulfito Complexes 
ee ee ee 
Th(SO,),-4H,O 
M!Th(SO,);-xH,O M'=Na, x =5; K, x= 7.5; NH,, x = 4; CNH, 

(guanidinium), x = 12 
M),Th(SO,),4-xH,O M'=Na, x =3 or 6; NH,, x =5 
Na2,,U(SO3),,42°xH,O0 n = 3, 4, S and 6; x, unspecified 
Naz,M'’(SO3),(CO4)2-xH,O0 = M'Y = Th; n =3, 4,5 or 7, x=5 to 6; 

n=6,x=5,6o0r8 
n=9,x=6 

MY =U; n=1, x =5.5;n=2, x=2; 
n=3,x=5;n=4,x=4; 
n=5,x=7.5;n=6, x=7to8 

BagTh(SO3).(C,04)2:7H2O 

Table 26 Actinide(IV) Sulfato Complexes 

M3[M'*(SO,)3]-xH,O MY = Th; M!=Na, x =6; K, x =4; 
NH,, x =0 or 5; Rb, x =0 or 2; Cs, x =2; Tl, x =4 

M'Y =U; M'=K or Cs, x =2; NH, or Rb, x =0 
M4[M'*(SO,),]-xH,O M'Y = Th; M'=Na, x =4; K, x =2; NH,, x =0 or 2; Cs, x=1 

M'Y = U; M’=Na, x =6: K, x =2; NH,, x =0 or 3; 
Rb, x =2; enH, x =2 

M!Y =Np; M'=K, x =3 
M'Y = Pu; M'= K or NH,, x =2; Rb, x =0, 1 or 2; Cs, x=0 

[Co(NH,)<]Na[Np(SO,),]:8H,0° 
Mg[M!Y(SO,)s]-xH,O M!Y = Th; M!=NH, or Cs, x =3 

M!'Y =U; M'=NH,, x =4 
MY = Pu; M'=Na, x =1; K, x =0; NH, x =2 to 4 

Ms[M‘*(SO,)¢]-xH,O M!Y = Th; M'=NH,, x =2 
M!Y = U; M'=NH,, x =3 

Na,[U,(SO,),]-4H,O 
U(SO,)(C,0,)-xH,O0 x=0,1,2 or 3 
U,(SO,)(C,0,)3-xH,O x =0, 2, 4, 8 or 12 
M;U,(SO,)4(C,0,)3-xH,O M'=NH, or Rb, x =0, 2 or 4 
Rb,U,(SO,)3(C,0,)3-xH,O x=0,4 or 6 

“M. P. Mefod’eva, N. N. Krot and A. D. Gel’man, Russ. J. Inorg. Chem. (Engl. Transl.), 1972, 17, 885. 

tricapped trigonal prism.®’ It would be useful to have similar information for the other complex 
anions. 

(e) Selenites and selenates. Hydrated selenites, M(SeO3)2-xH2O (M = Th, U, Pu), have been 
isolated from aqueous solution, and a hydrated thorium selenate, Th(SeO,)2:9H2O, has been 
recorded; very little is known about these compounds. 

(f) Tellurites and tellurates. Actinide(IV) tellurites,** M(TeO3)2 (M= Th, U, Np, Pu), and a 
basic thorium(IV) tellurate, ThO(TeO,)-xH20 (x=4 or 8), which may _ be 
ThO(H,TeO,):yH.2O (y=2 or 6), have been recorded. There is also evidence for the 
formation of complexes of composition M¥'Th(TeO;)7 (M" = Ba or Ca) from phase studies.*° 

(vi) Carboxylates, carbonates and nitroalkanes 

(a) Monocarboxylates. In addition to the compounds listed in Table 27, which includes basic 
and mixed carboxylates, a large number of hydroxocarboxylato compounds, such as 
[Th3(HCO2).(OH)sX]-yH20, where X =NO3, ClO3, ClO, or NCS, with y in the range 7 to 16, 
and anionic derivatives formulated as K,[Th3(HCO2)6(O)2(OH)2(NCS)2], have been recorded, 
but these require further investigation. 

The formates and acetates, M(RCO>2),, are prepared either by reaction of the tetrachloride 
with the acid or (M=U) by reduction of a dioxouranium(VI) compound in non-aqueous 
media. The product obtained by reaction of the tetrachloride with the carboxylic acid depends 

on the temperature of the reaction, lower temperatures giving only partial replacement of 

chloride, so that compounds of the type M(RCO;),Cl,_, are obtained (see Table 27). Other 
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Table 27. Actinide(IV) Monocarboxylates and Carboxylato Complexes 

PEEP NEL EE TLE OPT I ee ee ee ie eS eee 

M'Y(RCO;), M!Y = Th (also +0.67 or 3H,O), Pa, U and Np, R=H ' 
MY = Th and U, R= Me, CH,Cl, CHCl, CCl,, CF;, Et, Pr”, Pr’, 

Bu", Bu’, Bu', n-C;H,,, PhCH, Ph, Me,N, Et,N 
M!Y = Th, R= PhOCH,, PhCH=CH, 2MeC,H,, 3-O,NC,H,, 

3-IC Hy, (a@-C9H,)CH, 
M'Y = U, R=n-C,H,3, MeOCH, (also +1H,O) 

Th(RCO,)3;(MeCO;) R = (C,H,S)-2-(thiophene) 

M!*(RCO,).(MeCO,)» MY = Th; R =3- or 4-H,NC,H,, 4-(MeO)C,H, 
M'Y = U; R=(C,H;S)-2 

M’*(RCO,). Cy. M’Y = Th; R=H, x =1 or 2; R=Et, x =1, 2 or 3; 
R = PhCH,, x =2 or 3; R=2-H,NC,H,, x =2 

M!Y =U; R=Me, x =2 or 3 
U(MeCO,),Br> 
M'YO(RCO,), M!Y = Th, U; R= PhCH=CH, 2-MeC,H,, 2-(MeO)C,H, 

M!Y = U; R=H (also hydrates), Me (also +1, 1.5, 2 or 
2.5 H,O), CHCl (also +1 or 2.5 H,O), CHCl, 
(also +2H,O), CCI, (+1H,O), CHI (+1H,0) 
Et (+1H,O), (C,H,S)-2-, 4-(MeO)C,H, 

U,0,(Et,NCO2);2 
M’Y(OH)(RCO,)3-xH,O M'Y = Th, R= Me, x =0 or 1.5; PhCH), x =2; CCl, x =2 

or 3; Et, x = 4; 2-HO(3,5-I,C,H,), x = 0; 2-IC,Hy, x =0 
MIY = U, R= Me, x =0 

M'Y(OH),(RCO,), M!Y = Th, R=H (also +1.3H,O), Me (also +1, 2 or 2.5H,O), 
CCl, (+2H,O), PhCH), PhCH, Et, Pr®,* Bu", (+4H,O), 
n-C.H,, (+4H,0), Ph, 2-CIC,H,, 3-ICH,, 
2,3,5-I,C,H>, 4-O,NC,H, (+1H,0) 

M’Y = U, R=H (also +2H,O), CH,Cl (+1H,O), CCl, (+3H,0), 
Et, 2-MeC,H, 

M’Y(OH)3(RCO,) MY = Th, Pu; R= Et, Pr"* 
M!Y = Th; R = (a@-C,9H,)CH, 
M’’ =U; R=PhOCH, 

M'M'*(RCO,)s MY = Th, M!= pyH, K, Rb, Cs, R=H; 
MY =U, M!=Na, R= CH,Cl (+1H,0) 

M!Th(RCO,), R=H, M'=NH,, Rb (2H,0), Cs; 
R=Me, M'=NH,, CNH, (guanidinium; also +ca. 8H,O) 
R=CCl,, M'=Na, K 

M=M!Y(RCO,).-xH,O M’Y = Th, M" = Sr, Ba, x =0 and 2, R=H 
M!Y =U, M"=Mg, Fe, Zn, x =0, R= Me 

Cs,Th(HCO,), 
M!Th(HCO,), M!=Na, Rb, Cs 
Zn,U(HCO,), 
KU(OH)(HCO,),-3H,O 
Na,U(OH)(MeCO,),-H,O 
M'UO(HCO,)3;-xH,O M!=NH,, x =0; M'=Li, K, NHy, x =1 
NH,(UO),(MeCO,)< 
Rb,U,(OH).(HCO,)<(NCS)3-xH,O 

*V.S. Shmidt and V. G. Andryushin, Sov. Radiochem. (Engl. Transl.), 1982, 24, 498. 

carboxylates are commonly prepared by heating the tetraacetate with the appropriate 
carboxylic acid, a method used also to obtain compounds of the type M(RCO>)2(MeCO,),. In 
some cases [e.g. UO(2-MeCsH,CO;).] a basic product precipitates and similar basic com- 
pounds are often obtained from aqueous media, although many of the known tetracarboxylates 
can be obtained anhydrous from aqueous solution. Some authors report the basic species as 
hydroxocarboxylato compounds, and others report them as hydrated monoxo compounds, and 
it is uncertain whether such compounds should be regarded as MO(RCO,).:xH,O or 
M(OH).(RCO>z)2:(x bass 1)H,0. 

Anhydrous thorium, protactinium and neptunium tetraformates are isostructural,” but 
U(HCO2),4 does not possess the same crystal structure and appears to exist in three crystal 
modifications. Hydrated thorium formate, Th(HCO ),4-3H2O, has a formato bridged structure 
in which each thorium atom is surrounded by eight oxygen atoms from eight HCO), groups in a 
bicapped trigonal prismatic array.*’ Thorium tetraacetate is isomorphous with U(MeCO,), in 
which the structure consists of infinite columns parallel to the c axis with acetate groups 
bridging the uranium atoms, giving rise to square antiprismatic geometry. There are two 
additional oxygen atoms in neighbouring polyhedra at 2.80A from each uranium atom.” 
Although salts of formato complex anions of composition [Th(HCO;),,,,]"" (n = 1-4, Table 
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27) have been recorded, no structural data are available for them. Zn2[U(HCO,)s] is obtained 
by reduction of UO,Cl, in formic acid by zinc amalgam, but otherwise only basic uranium(IV) 
formato complexes have been reported. Acetato complexes are always M5[M'Y(MeCO,).] or 
M"[M'Y(MeCO,).]. The uranates(IV) (M" = Mg, Fe or Zn) are easily obtained by reduction of 
UO,(MeCO,).:2H,O with the appropriate metal in a mixture of glacial acetic acid and acetic 
anhydride, but the zinc salt readily loses Zn(MeCO,), to yield the tetraacetate. A few 
trichloroacetato complex salts, M'[Th(ClsCCO,).], are also known, and, somewhat surpris- 
ingly, a sodium salt formulated as NaU(CH2CICO,);-H,O has been reported. Otherwise 
virtually nothing is known about anionic complexes with other carboxylic acids or with other 
actinides(IV). 

(b) Chelating carboxylates: Pyridine-2- and -3-carboxylic acids appear to form simple 
carboxylates [e.g. U(NCsH,4-2-CO,),4, Table 28], whereas pyridine-4-carboxylic acid can also act 
as a neutral ligand,” as in the complex Th(NO3)4-(NCsHu-4-CO,H)-H,O. Quinoline-2- 
carboxylates are also known. It is not clear whether the heterocyclic nitrogen atom is bonded to 
the metal in these carboxylates. 

Table 28 Actinide(IV) Compounds with Chelating Carboxylates 

Pyridine and quinoline carboxylates 

U(RCO,), R = NC,H,-2-, ONC;H,-2- 
M(RCO,).X, M=Th; R=NC.H,-4-, X = OH; R = NC.H,-2-, X= Cl 

M =U; R=NC.H,-3-, X = MeCO,; R = NC.H,-2-, 
X = Cl or MeCO, 

U(NC,H,-2-CO,)(MeCO,); 
M(pdc),-xH,O H,pde = NC;H;-2,6-(CO,H).; M= Th (x = 0 or 4), U (x =0) 
U{R(CO,),}(MeCO,), R= NC.H,-2,3- 
U(Hpdc)(MeCO.,), 
(Ph,As).[M(pdc);3]-3H,O M= Th, U 

Imino- and oxo-diacetates 

MO{N(CH,CO,),}:2H,O M=Th,* U 

Th{N(CH,CO,)2}>-4H,0* 
[Th{O(CH,CO,)>}2],° 
U{O(CH,CO;),}2-2H,O 
Na,[Th{O(CH,CO,),}3]-xH,O° x=2 or 3 
Na,[Th {O(CH,CO,),} 3] -2NaNO,°” 

Na,[U{O(CH,CO,),}3]-2{O(CH,CO,H),}-H,O 
Th,{CH,(C;H,NHCH,CO,),}4-8H,O* 

*G. A. Battiston, G. Sbrignadello, G. Bandoli, D. A. Clemente and G. Thomat, J. Chem. Soc., Dalton Trans., 1979, 1965. 
G. Sbrignadello, G. Thomat, G. Battiston, G. de Paoli and L. Magon, Inorg. Chim. Acta, 1976, 18, 195. 

“C. G. Macarovici and E. Chis, Rev. Roum. Chim., 1977, 22, 657. 

The simple hydrated pyridine-2,6-dicarboxylate (pdc), [Th(pde)2(H20)a], is precipitated 
from methanol solutions of Th(NO3)4:5H2O by the acid; the thorium atom is 10-coordinate in a 
bicapped square antiprismatic arrangement in which the pyridine nitrogen atoms cap the two 
opposite faces of the antiprism, the corners of which are occupied by two oxygen atoms from 
each dicarboxylate group and the four oxygen atoms from the water molecules. The 
tetrahydrate yields the anhydrous polymer, [Th(pdc),],, on heating. _The corresponding 
uranium(IV) compound, U(pdc)2, is prepared by heating U(MeCO2), with a solution of the 
acid in methanol under reflux, and mixed carboxylates, such as U(Hpdc)(MeCO,);3, are 
obtained in a similar manner using methanol or ethanol as the solvent. ; 
The tetraphenylarsonium salts, (PhyAs)3[M(pdc)3]-3H2O, have been prepared by adding the 

metal tetrachloride (M = Th, U) or tetranitrate (M = Th) to an excess of the acid and Ph,AsCl 

in water. In the structure of the anion of the uranium compound, the uranium atom is 

nine-coordinated with distorted tricapped trigonal prismatic geometry in which the three 

nitrogen atoms of the pdc groups cap the rectangular faces of the prism. 

The imino-, oxo- and 4,4'-diaminodiphenylmethane-N, N’-diacetates have been isolated from 

aqueous solution (Table 28). The central nitrogen or oxygen atoms of these diacetate groups 

are probably bonded to the metal as found for the pyridine-2,6-dicarboxylates. _ 

(c) Carbonates. The simple carbonates (Table 29) are not well known, and their Preparation 

usually requires autoclave techniques; for example, Th(CO3)2-0.5H2O is obtained from 

thorium(IV) hydroxide and carbon dioxide at 1800-3000 atm and 100-150°C. The best 
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established carbonato complexes are salts of the [M'Y(COs)4]*~ and [M'¥(COs)s]°- anions, but 

tri-, hexa- and octa-carbonato complexes (Table 29) have also been reported. The two last 

require confirmation, for the preparation of the hexa- and octa-carbonato plutonates(IV) was 

by dissolution of Pu(C,O,), in a solution of the appropriate alkali carbonate, after which the 

solution was poured into aqueous ethanol, yielding an oil which became crystalline on standing 

or on treatment with 99% ethanol. The same procedure can also be used to prepare the tetra- 

and penta-carbonato complexes.”” 

Table 29 Actinide(IV) Carbonates and Carbonato Complexes 

M!'Y(CO;)2:xH,O M!Y = Th, x =0.5, 3-4; Pu, x unspecified 
M!YO(CO,)-xH,O M!Y = Th, x =2, 8; U, x =0; Pu, x =2 

Th(OH),(CO;):2H,O 
xM'YO,-M'YO(CO;):yH,O MY = Th, x =1, y =1.5 or 4, x =3, y=1; x =6, y=0 

M!Y = Pu, x =1, y=0 or 3 

M3[Th(CO;)3]:xH,O M! = NH,, x = 6; CN;H,(guanidinium), x = 0, 4 

(enH,)[U(CO3)3(H20)2] ‘2H,O 
Mi[M'(CO ),]:xH,O MIY = Th, M!=CN,H,, x =0, 6; Na, x =0,7 

MIY = U, M!'=CNGH,g, x = 4, 5; My = (CN3H,)3(NH,), x =4 
MIY = Np, M!=Na, x unspecified 
M!Y = Pu, M'=Na, x =3; NH,, x =4; K, x unspecified 

Mi[M'’(CO3)<]-xH,O M!Y = Th, M!=Na, x =0, 3, 5, 10-11, 12, 20; K, x = 10, 13; 
NH, x= 37 Ther 1,2; CNH, + =0,.4, 10 

= Ca,, Ba,, x =7; (CN NH,)3, x = 3; 
(Co(NE de, = 4, 6 ere 

M!Y =U, M'=Na, x = 10, 12; K, x = 6; CN3H,, x =4, 5 

M6 = (CN3Hg)4(NH4)2, x = 1; (CN3H¢)3(NH4)s, 
x =2; [Co(NH3)¢]2, x =4, 5 

M!Y = Np, M'=K,? x unspecified 
M’Y = Pu, M!= Na, x =2, 4; K, NHg, x unspecified 
Mg = [Co(NH3)e]2, x = 5 

Ma[Pu(CO3).]-xH,0 M! = Na, K, NH,, x unspecified 

Mi2[Pu(CO3)s]:xH,O0 M! = Na, K, NH,, x unspecified 

Na[Th(OH)(CO;).(H,O)3]-3H,0 
M3[Th(OH),(CO;).(H,O),]:xH,O M' =Na, x =8; K,x=3 

K,[Th(OH)(CO3)3,(H2O)2]-3H,O 
Na,{Th(OH)(CO;),(H,O)]-8H,O 

(CN3H,)5[M" (OH)3(CO3)3]-SH,O MY = Th, U 

(enH,)[U(OH),(CO3),]-3H,O 
(enH,).[U,(OH)(CO3)5)(H2O)4]-2H2O 

(CN3H,)s[Th(CO3)3F3] 
(CN3H,)4(NH,)[Th(CO3)3F3] 
M3[U(HCO,),F,] M!=Na, NH, 

*Yu. Ya. Kharitonov and A. I. Moskvin, Sov. Radiochem. (Engl. Transl.), 1973, 15, 240. 

In the cases of the hydrated salts, some authors include a part of the water in the 
coordination sphere (e.g. Mj[Th(CO3);]-xH2O is sometimes written as 
M2t[Th(CO3)s(H20)]-(x ae 1)H,0 and (NH,)2[Th(CO3)3]-6H2O as (NH,)2[Th(CO3)3(H20)s]- 

3H,O), but there does not appear to be sufficient experimental evidence to support this. The 
same applies to the formulations of the basic carbonato complexes listed in Table 29. 

The coordination polyhedron of the anion in (CN3H¢)¢[Th(CO3)s5]-4H2O is an irregular 
decahexahedron® and the geometry is a bicapped square antiprism. Replacement of CN3H, by 
Na, in Na¢[Th(CO3)s]-12H2O, leads only to a slight deformation of the polyhedron.” The 
water molecules are not bonded to the thorium atom in either salt. The thorium atom in the 
carbonatofluorothorate(IV), (CN3H¢)s[Th(CO3)3F3], is nine-coordinate, with three bidentate 
carbonate groups and three terminal fluorine atoms making up a monocapped square 
antiprism.! 

(d) Oxalates. A large number of oxalato (Table 30) and mixed oxalato complexes (Table 
31) have been recorded. The hydrated oxalates, M(C,O4)2:xH2O, are precipitated from 
aqueous media, the basis of a useful gravimetric method for the elements. The thorium 
compounds (x = 0, 1, 2 or 6) are isomorphous with their uranium(IV) analogues. The hydrated 
basic oxalate, UO(C,0,)-6H20, precipitates on photoreduction of UO(HCO,). in the 
presence of oxalic acid; other hydrates are known and some authors describe them as hydroxo 
compounds [e.g. U(OH)2(C20,)-5H2O], but this requires confirmation. 
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Table 30 Actinide(IV) Oxalates and Oxalato Complexes 
a eee 
M(C,0,),-xH,O M= Th, x =0, 1, 2, 4, 6; U, x =0, 1, 2, 3, 5, 6; Np, Pu, x =2, 6 UO(C,0,)-xH,0 x=0,4,6 eg em 
M2M'*(C,0,)3-xH,O M’Y = Th, M'=CN3Hg, x = 6, 8; NH,, x unspecified 

M) = [(PhCH,)N(CH,)]*H*, M'Y = = quinoli H,Ca[U,(C,0,)}:24H,0 2 = iC 2)N(CoH;)] Th, U (NCH, = quinoline) 

Mi[M!Y(C,0,),]:xH,O M'Y = Th; M!=Na, x =0, 5.5, 6; K, x =0, 4; NH, 
x =0, 3, 4.7, 6.5, 7; Me,NHp, x = 0, 2, 9; Bu3NH,, x = 0, 4; CN3H,, x =2 
Mi, = (CN3H,)3(NH,), x = 3 

MY =U; M'=K, x =0, 1, 2, 4, 4.5, 5; NHy, x =0, 3, 5, 6, 7; 
Cs, x =3; CN3H,, x =0, 2 

M!Y = Np; M'=Na, x =3; K, x =4; NH, x unspecified 
M'Y = Pu; M!=Na, x =5; K, x =4 

M2[M'Y(C,0,)4]-xH>O M'Y = Th, M" = Ba, x = 11; enH,, x =2.5 
M'Y =U, M"=Ca, x =0, 1, 4, 6, 10; Sr, x =0, 4, 6; Ba, 

Bee, x =0, 6, 6.5, 7, 8, 9; Cd, x =0, 6, 7; Pb, x = 0, 6, 8; [Pt(NH3),], x =3 
M, [M '“(C,0,)4]3-xH,O M'Y = Th, M™ = [Co(en)], x = 22; [Co(tn)3], x = 3; 

tn = H,N(CH,),NH, 
M'Y =U, M™=La, x = 22; [Cr(urea),], x =6 to 11 
M'Y = Pu, M™ = [Cr(urea),], x unspecified 

[Pt(NH3).][U(C,0,)4]-3H,O 
M.[M!*(C,0,);]-xH,O M'Y = Th, M!=NH,, x =3, 7.5; 

M'Y = Pu, M'=K, x =4; NH,, x unspecified 
Mz" [M'¥(C,0,)s]-xH,O M'Y = Th, M'™ = [Co(NH3)¢], x = 3; [Cr(NH3)¢], x = 20; 

[Cr(urea),], x =0.5 
: M'Y =U, M™ = [Cr(urea),], x = 0.5 
M![M!Y(C,O,)s]:xH,O MY = Th, M!=H, x =9;* NH,, x =2, 7 

MY=U, M!=H, x =0, 4, 8; Na, K, x = 8; NH,, x =0, 2, 4, 8; 
CN3H,, x =0, 1, 4 

Mg[Th(C,O,),]-xH,O M' = Et,NH, x = 0, 3; Bu3NH,, x =0 
[Co ens],[Th(C,0,)6]3-42H,O 
H,CaU,(C,0O,),:24H,O 

MiTh,(C,O,)7-xH,O M' = Et,NH,, x =0, 6; Pr3NH,, x = 0, 8; CN3H,g, x =5, 8, 12.5 to 13.7 

* Also reported as (H,O),[Th,(C,O,)<]-5H,O. 

A few salts of the tris oxalato actinide(IV) anions are known, such as the acid 
benzylquinolinium compounds (Table 30), but the more usual complexes are the tetraoxalato 
and pentaoxalato species. The coordination geometry of the 10-coordinate thorium atom in the 
anion of K,[Th(C20,)4]-4H2O is a slightly irregular bicapped square antiprism in an oxalate 
bridged structure cross-linked into a three-dimensional framework by hydrogen bonding 
(Figure 4).!°! The geometry in both crystal modifications of K,[U(C20,)4]-4H2O is the same as 
in the thorium compound; in one phase the three bidentate C,O, groups and a tetradentate 
bridging C,O, group link the metal atoms in a one dimensional polymeric array and the other 
phase is isostructural with the thorium compound.’” It would be useful to have structural 
information for the [Th(C:O,4).]®~ , [U2(C2O.4)6]*” and [Th2(C,O,)7]® anions, for it is not clear 
whether these are genuine complexes or mixtures involving other known oxalato anions. 

Mixed oxalates and oxalato complexes (Table 31) also require further investigation. The 
sulfito and sulfato oxalates have been mentioned earlier (p. 1152) and an equally large number 
of carbonatooxalato species have been recorded,'**:'™ some of which may well be mixtures. In 
addition to the compounds listed in Table 31, products of the rather unlikely compositions 
K[U(OH)(C204)2(COs)s] : 6H,O and Ky6[U2(OH)2(C204)3(COs)s] : 10H,O have been 

reported. 
(e) Other dicarboxylates. Compounds with dicarboxylic acids other than oxalates or 

chelating carboxylates have scarcely been investigated (Table 32). In some cases the bis 
compounds, M'YL,, are precipitated from aqueous solution, often as hydrates, a preparative 
method which also gives rise to a variety of basic compounds reported either as M'YOL-xH,O 
or M!¥(OH),L-(x — 1)H2O. These are presumably identical compounds, but no structural 
information is available. A better preparative route, used for example for the phthalates, is by 
heating the metal tetraacetate with the dicarboxylic acid in ethanol under reflux, a method 
which could usefully be applied to the preparation of a much wider range of dicarboxylates. 
The only recorded dicarboxylato complex anions are the malonato compounds, 
M![M!Y{CH,(CO>)2}3]-xH2O and Na,[Th{O(CH2CO;)3}3]-2NaNO3. In the structure of the 
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Figure 4 The five oxalate groups coordinated to one thorium atom in the structure of K,Th(C,O,),-4H,O'™™ 

Table 31 Actinide(IV) Mixed Oxalates and Oxalato Complexes 

UE,(C304) -1.5H,O 
U; X-(C,04),yH,0 X=F, y=0;.X= Cl y=0, 2,4 or 12 
M!M’YF,(C,0,)>°xH,O MY = Th, M'=K, x =0 

MY =U; M'=NH,, x=4 
a ealrep Was ca. 1.5H,O 

M’*(C,04),(CO3)4_."YH,O M'Y = Th, M'=K, x=1, y=4.6 
Be NH,, x =2, y=0.5 

= (CN3H,)3(NH4), x =1, y =1.5, or 
x 3. 5, andx=2, y=3 
MY =U, M1 = (CN3H,)3(NH,), x =1, y=2 
MY = Pu, M! = Na, K, x =1, Siedetthel 
M'=Nayx=2, y =3 

Se ae eh hao 10H,0 
(C,0,),(CO3)5_,:yH,O MY = Th, x =1, y =6-8 and x =2, y=0, 1 or 4 

M'Y = Pu, x =2, y unspecified 
MgTh2(C,04),(CO3)7_.:yH,O M'=K, x =3, y=6 

M'=(CN,H,, x =2, y= 4 or 8 and x =3, y=14 
NagTh(C,0,),(CO3)o_ _,'yH,O x=1, y=10 to 11 and x =2, y =9 to 10. 3 or 11 
MgTh2(C,0,),(CO3)g_,yH,O M'=K, x =3, y =13 or 16 

M!' = CN3H,, x =1, y = 6 and x =3, y=0 
BO aa: xH,O x = 10, 11, 11.5 or 16 

2 (C,04),(CO3)o_.-yH,0 MY = Th, M'=K, x =2, y =8, 12 or 14 and x =4, 
5S or7 
= CN3Hg x= 1, y=8 

mv =U, = (CN,H,)«(NH,)>, x=1, y=4or8 
Mio = [Cr(urea),],(NH,), x=1,y=6 

Na,.Th(C,0,)2(CO3)¢:13H,O 
K,Th,(OH),(C,0,)(CO3)3:xH,O x=0,1or2 

KsTho(OH)(C,04)2(CO3)4'2H20 
Na,[M3"(OH),,(C,0,)(CO3);_,]‘yH,O MY = Th, x=1, y=4 andx=3, y=2 

MY =U, x=2, y=4 
NajoTh(OH)2(C,0,)3(CO3)3-xH,0 +=8-9 
(NH,4)4U2(C,0,4)3(HCO,)3-H,0-2HCO,H 

K[U(C,0,)2(NCS)(H20)s] 
Cs[U(C,0,)(NCS),(H20),] x=0or2 
K,Th(C,0,).(HPO,)2°6H20 
K,[Th(C,0,4)2(C4H4O¢)2]-3H2O C4H,O, = tartaric acid 
K,[Th(C,0,)(CsHsO7)2]-3H,O CsHgO, = citric acid 
Eee 
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Table 32 Actinide(IV) Dicarboxylates and Dicarboxylate Complexes 

M'Y{R(CO,),}.:xH,O MY = Th; R = CH, (malonate), x = 2; (CH;), (adipate), 
x =0; (CHy)g, (sebacate), x = 0; CH=CH 
(maleate), x = 2; C,H,-1,2-(phthalate), 

x =0, 2; (2,2'-biphenyldicar- 

boxylate), x = 0, 2; R = C,H,-2-NHCH,, x =2 
M'Y =U; R=(CH,),, x =0.5; CoH,-1,2-, x =0 

Th.{CH>(C.H,-4,4'-NHCH,CO,),}4-8H2O 
M [M {CH,(CO,),}3]:xH,O M!'= Na, M'Y=U, x =2; M'=K, M'Y=Th, x =0 
(M’’OH),{R(CO,),}3:xH,O M'Y = Th, R = (CH,), (succinate) or (CH,)3 

(glutarate), x = 8; (CH,),, x = 4.5, 5; 
(CH2), (azelaate), x =4 

M'Y =U, R=CH, or (CH;)3, x =2; (CH,),, x =4; 4 

(CH2),, x=4 

M’ = Th, R= (CH)),, x = 3; CgHj, (camphorate), x =0, 2 
M'Y =U, R=CH), x = 6; (CH,)), x =2, 3; 

C,H,-1,2-, O& SS 3 

Th(OH),{R(CO,),}-xH,O R =(CH))3, x = 4; CH=CH (fumarate), x = 4; 
C5H,-1,2-, x =0; C,H;NO; (2'-carboxymaleanilate), x =2 

M'O{R(CO,),}:xH,O 

Th(OH)2{O,C(CH,),CO,H}, 
Th(OH)3{O,C(CH),CO,H} 
U,0{CH,(CO,)2}3 

anion of the latter, the nine-coordinated thorium atom is at the centre of a tricapped trigonal 
prism, with three tridentate O(CH2CO2), groups bonded to the metal.>®° 

(f) Carbamates. N,N-Dialkylcarbamates, M'Y(R2NCO2), (M'Y =Th, U) are obtained by 
reaction of the appropriate dialkylamide, M(NR2)4, with carbon dioxide. A much simpler route 
is by reaction of UCl, with R,NH and carbon dioxide in benzene (R=Et) or toluene 
(R=Me). The carbamates precipitate on addition of n-heptane after evaporation to small 
volume. U(Et,NCO 2), is a monomer in benzene, and the ‘H NMR spectra of the known 
compounds (Table 27) indicate that the alkyl groups are equivalent. 
A by-product of the preparation of U(Et,NCO,), from the tetrachloride and the amine is a 

product of composition U,02(Et,NCO,),.; this is a tetramer in which there are two 
non-equivalent uranium(IV) sites. In one of them the coordination geometry is a distorted 
tricapped trigonal prism, and the geometry of the other does not fit any type of regular 
polyhedron.’ 

(g) Tetracarboxylates. Thorium pyromellitate, [Th(1,2,4,5-CsH2(CO2),)],, and the 2,3,6,7- 
naphthalenetetracarboxylate, [Th(2,3,6,7-CioH4(CO2),4)],, are both polymers as expected. 

(h) Nitroalkanes. The only recorded complexes appear to be UCl,-xMeNO,; UCL,;MeNO; is 
formed initially when MeNO, is condensed onto UCI, at low temperature and the mixture is 

allowed to warm to room temperature, and UCI4:2.5MeNO, is obtained from the mixture on 
standing. 

(vii) Aliphatic and aromatic hydroxyacids 

(a) Aliphatic hydroxyacids. The majority of the known hydroxycarboxylates (Table 33) are 
precipitated from aqueous solutions of the actinide(IV) ion on addition of the appropriate acid; 
many of these products are hydrated. Uranium(IV) glycollate, [U(HOCH,CO,),(H2O)2], 
precipitates on photochemical reduction of UO,(NO3)2 in aqueous solution in the presence of an 
excess of the acid®”’ and the structure of this compound has been described earlier (p. 1144). The 
thorium analogue probably has the same molecular structure. 

The alkali metal salts, such as those of the malato complex ions, have been isolated by 
dissolving the actinide carboxylate [e.g. (UxOCCH,CH(OH)CO,)2:H2O] in a hot, aqueous 
solution containing the stoichiometric quantity of the alkali carboxylate, and then evaporating 
the resulting solution. The hydroxocarboxylato salts of the type M$M'Y(OH)2X,,:yH2O, where 
X, represents the hydroxycarboxylate anions, have also been reported as MjM'YOX,,-zH,O 
(Table 33); these are obviously identical compounds, but it is uncertain which formulation is 
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Table 33 Actinide(IV) Compounds with Aliphatic Hydroxyacids 

le aonnnnaenaunnal 

Glycollates and related carboxylates 

M!Y(HOCH,CO,)4:2H,O0 MY = Th, U 

Th(OH)(HOCH,CO,)3°H,O 
ThO(HOCH,CO,),:2H,O 
Th(PhCH(OH)CO,),4-H,O 
Th(OH),{PhCH(OH)CO,}, 
a e,C(OH)CO,}4:2H,O0 

{Ph,C(OH)CO,}, M'Y = Th, U 
TH{Ph,C(O)CO,)s 

Malates; H,L = HO,CCH,CH(OH)CO,H 

M!Y(HL),:xH,O MY = Th, x =1 to 2; U,x=1 
(ThOH),(HL)3:4H,O 
Th,Cl,(HL), 
NaTh(OH)(HL),2:6H,O 
Na,Th(OH),(HL)2° 4H,O 
M;ThO(HL),” xH,O M!=Na, x =6; K, NHy, x =4 

M3[U(HL),]-H,O M! = Na, K 
M,[U,(HL).]-xH,O M! = Na, K, x = 5; NHy, x =2 

Tartrates; H,L = HO,C(CHOH),CO,H 

ThL:9H,O 
Th,(OH),(H,L)4-xH,O x =0, 2, 5, 18, 22 (the compound is sometimes written 

as Th30,(H3L),°(x + 2)(H,O) 
U(H,L)»2H,0 
U,0(H,L);'5H,O 
2U(H,L)>-UO,"12H,0 
KTh(OH)L-10H,O 
KTh(OH)(H,L)2:7H,O 
K,Th(OH),L-4H,O 
M3ThOL-4H,O M'=K, NH, 
K;Th(OH),(H>L)-8H,O 
M!ThO(H,L),:xH,O M! = Na, K, x =8; NH,, x =3 
M,[U(H2L)2(C204)2]-xH0 M'= K, x =3; Mg=[Pt(NH3)4)2, x =0 

Trihydroxyglutarates; H;L = HO,C(CHOH)3;CO,H 

Th(H,L),:4H,O 
Th(OH)(H,L)-2H,O0 
(ThOH),(H3L)3-xH,O = 0, 1 

NaTh(OH),(H,L)-H,O 

Na,Th(OH)2(H3L), 

Mucates; H,L = HO,C(CHOH),CO,H 

(ThOH),(H,L)3-6H,O 
NaTh(OH)(H,L)-:2H,O 
NaTh(OH)(H,L),:6H,O 

Na,Th(OH),(H,L)2:10H,O 

Citrates; HL = HOC(CH,CO,H),(CO,H) 
U,(HL),:-xH,O x unspecified 
UO(H,L) 
[Co(NH;).]o[M'’(HL),];:xH,O MY = Th,* x =0; Pu,* x= 12 

K,[U(HL),(C,0,)]-3H,0 

*M. Hoshi and K. Ueno, Radiochem. Radioanal. Lett., 1977, 30, 145. 

correct. The tartrato- and citrato-oxalato compounds are precipitated on dropwise addition of 
ethanol to a solution of U(C,O,)2 in an aqueous mixture of the hydroxy acid and alkali in the 
stoichiometric proportions. 

(b) Aromatic hydroxyacids. Most of the compounds with aromatic hydroxyacids (Table 34) 
are precipitated from aqueous solution; the composition of the product depends on the pH; for 
example, with 2-hydroxy-3-naphthoic acid, Th(OC;oH¢CO2)2:4H20 is reported to precipitate at 
at pH 4 to 5, whereas Th(HOC,H.CO>)4 is said to precipitate at pH 6 to 7. In both cases the 
stoichiometric quantities of the reagents were used. It is quite possible that compounds such as 
Th(OC,oH6CO2)2°-4H2O are really basic species of the type ThO(HOC,oHsCO>).:3H2O. In 
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addition to the compounds listed in Table 34, 3- and 5-nitro-, 3,5-dinitro- and 5-bromo- 
salicylates of composition ThL, (all) or ThL(HL), (3- and 5-nitro) have been recorded. The 
hydroxynaphthoate acetates, M'V(HL),(MeCO>),4-., have been obtained by heating the metal 
tetraacetate with the naphthoic acid in ethanol under reflux. 

Table 34 Actinide(IV) Compounds with Aromatic Hydroxyacids 

Salicylates ; HL = 2-HOC,H,CO,H 

ThL(HL), 
M'VL,:xH,0 M'Y = Th, x =0; U, x=2, 4 
M'YO(HL),:xH,O M'Y = Th, x =3; U, x =0; Pu, x =0 
ThCl,(HL),_, x=1lor2 
Na,ThOL, 

3- and 4-Hydroxybenzoates; H,L =HOC,H,CO,H 

Th(OH),(HL),:-xH,O x =1 (3-HO) and 3 (4-HO) 
Salicylsulfonic acid, HOC,H3;(SO;H)CO,H 
U(HOC,H,(SO,)CO,), 
Thiodisalicylic acid, 

S OH 

Ths OH | }-4H,0 2 

2 J2 CO,H 

CO, 

Hydroxynaphthoic acids; HL = HOC, H,-2-CO,H 

ThL,-xH,O x =2,4 (1-hydroxy) 
Th(HL), (1-hydroxy) 
Th(OH),(HL)-2H,O (1-hydroxy) 
Th(OH),L:3H,O (1-hydroxy-4-nitro) 
M'Y(HL),(MeCO.,), M’Y = Th (1- and 3-hydroxy), U (1-hydroxy) 
U(HL)(MeCO,), (3-hydroxy) 

2-Hydroxy-3-naphthoic acid, H,L 

ThL, -4H,O 

Th(AL), 
ThOL-3H,O 

(viii) Amides and related compounds, carboxylic acid hydrazides, ureas, N-oxides, P-oxides, 
As-oxides and S-oxides 

The majority of the known complexes with neutral oxygen donor ligands have been prepared 
from the parent compound and the ligand in a non-aqueous solvent of relatively poor donor 
ability. When the (parent compound does not exist (e.g. PuCl,) or is difficult to obtain 
anhydrous (e.g. M'*(NCS),), the alternative route is to react salts such as Cs,M!YCI, with the 
ligand in a non-aqueous solvent, relying on the low solubility of CsCl in such solvents to shift 
the following equilibrium to the right: 

Cs,MClI, + xL = MCLL, + 2CsCl(solid) 

In the thiocyanate case, the complexes of the metal tetrachlorides are simply treated with the 
stoichiometric quantity of KNCS in suitable solvents. In some instances the preparations can be 
carried out in one step from the metal tetrachloride, potassium thiocyanate and the ligand, but 
this procedure can make the purification of the final product quite difficult. A number of 
complexes of the type (n°-CsHs)MX3L2 (M=Th, U, Np) have been recorded; these are 
described elsewhere.'”” 

(a) Amides and related compounds. Complexes with formamide do not appear to have been 
recorded, but several acetamide complexes are known (Table 35). In the group MCl,-6L 
(M=U, Np, Pu), the uranium compound is ionic and is probably of the form 
[UCI,(MeCONH;).]?*Cl, rather than [U(MeCONH)).]**Cl,. The complex with the sulfate, 
U(SO,)2-4MeCONHz, has been prepared by heating the sulfate in molten acetamide, and the 
anionic complex, (NH4)2[U(SO,)3(MeCONH2)]-xH2O, was obtained from aqueous solution. 

Relatively few complexes with N-alkylacetamides have been reported. No structural 
information is available for any of them, but the thorium nitrate complexes, 
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Th(NO3)4:2.s5MeCONHR (R= Me, Et), and the analogous DMF complex, are probably ionic 
[Th(NO3)3L4]*[Th(NO3);L]~ like the diethylpropionamide complex, UCl4-2.5EtCONEt, (p. 
1164). In the case of the uranium(IV) perchlorate complexes with MeCONHMe (Table 35), it 
appears that the [U(MeCONHMe),]** anion is unstable with respect to loss of ligand, and the 
corresponding seven-coordinate cation may be formed; this is surprising, for in cone-angle 
terms (p. 1130), the estimated value of = caf is well within the stable region. 
A much wider range of complexes has been reported for N,N-dimethylformamide (DMF) 

and for N,N-dimethylacetamide (DMA). Structural information is available for four DMF 
complexes. The mixed oxidation state compound, [U'YCl(DMF),].[UY'O.Cl.J;, is formed by 
treating UCI, in acetone with DMF, and in this compound the coordination geometry of the 
cation is dodecahedral, and the anion is trans octahedral.'°° In the complex with the 
8-hydroxyquinolinate, [Th(Co>HsNO),(DMF)], which separates from a _ solution of 
Th(CysHgNO)4:CogH7NO in warm DMF, the coordination polyhedron is a slightly distorted 
tricapped trigonal prism.’ In the complex with the tropolonate, [Th(trop),(DMF)], which is 
precipitated when Th(trop), is heated in anhydrous DMF, the structure of the molecule is a 
monocapped square antiprism in which one tropolone ligand spans a slant edge of the cap, and 
the DMF molecule is bonded at another vertex of the cap." The structure of the 
1-oxo-2-thiopyridinato compound, [ThL4(DMF)], is very similar.’”° 

The DMF complex with thorium(IV) perchlorate behaves as a 1:4 electrolyte in methanol or 
nitromethane and its IR spectrum suggests that the perchlorate groups are ionic, indicating that 
the complex is [Th(DMF)s](ClO,)4. The same complex cation is reported for the compounds 
[M(DMF)s]3[Cr(NCS)6]4 (M=Th, U). N,N-Diphenylformamide complexes of composition 
UX,4-4HCONPh, (X = Cl, Br) have also been recorded. 

No structural data are available for any of the DMA complexes (Table 35). However, the 
UV-visible spectrum of 2UCl,5DMA is virtually identical to that of 2UCIl,-SEtCONEt, 

indicating the presence of both six- and seven-coordinate uranium(IV) centres, and it is 
therefore probable that the DMA complex, as well as the other complexes of composition 
2MX,:SL (Table 35), is ionic and of the form [MX3L,]*[MX;L]~, even though the conductance 
of 2UCl4-5DMA in nitromethane is low. 

The thorium atom in ThCl,-4DMA appears, on the basis of the cone-angle approach to steric 
crowding (p. 1130), to be very overcrowded, and it is probable that this complex should be 
written as [ThCl,(DMA),]*Cl-, even though its conductivity in nitromethane is very low. 
Repeated dissolution of this complex in THF and reprecipitation with a mixture of n-pentane 
and toluene yields the tris complex, [ThCl,(DMA)s].'1!* 

- The conductances of 2Th(NO3)4-5DMA (in nitromethane) and Th(NO3)4-3DMA-3H,0 (in 

Table 35 Complexes of Actinide([V) Compounds with Amides 

Acetamide, MeCONH, 

M’YCl,-6MeCONH, MY = U, Np, Pu 
U(SO,)2:-4MeCONH, 
(NH,).[U(SO,),(MeCONH,),]-xH,O LS 0, 4 

N-Alkyl acetamides, MeCONHR 

UX,4-4MeCONHR X=Cl, R= Me; X=Cl and Br, R=Et, Pri 
M!Y(NO3)4-xMeCONHR M'Y = Th, x = 3, R= Me, Et; M'Y =U, x=2.5, R=Et; 

M'Y = Pu, x =2, R=Et; HR=Pr, 
U(ClO,)4:-xMeCONHMe x =6, 7.4-7.68 

N,N-Dimethylformamide, DMF 

M'YX,-yDMF M'Y = Th; X=NO3, y =2.5; X= Cl, NCSe, NO), y =4 
M'Y =U; X=Cl, y=2.5, 3; X=I, y=4 

[UCI(DMF),],[UO0,Cl4]5 
[Th(DMF)3](ClO4)4 
[M'’(DMF)s]3[Cr(NCS)g]4 M'Y = Th, U 
[Th(CsH.NO),(DMF)] C,H,NO = 8-hydroxyquinoline 
[M’’(trop),(DMF)] M'Y = Th, U; H trop = tropolone 
U(C,04)2-xDMF-yH,0 x=1, y=2;x=1.5, y=1 
M3Th(NCSe),:x DMF M!'=Na, x =3; K, x =4.5 
K,Th(NCSe),-2DMF 

N,N-Dimethylacetamide, DMA 

2M'YX,-SDMA X=Cl, M'Y = Pa, U, Np, Pu; X=Br, M!Y =Pa, U; 
X =NO,, M'Y=Th, U, Np 
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Table 35 (continued) 

N,N-Dimethylacetamide, DMA (continued) 
M!YX,:yDMA X= Cl; M'Y = Th, y = 1, 2, 3, 4; M'Y=Pa, y =3 

X = Br; M'Y=Th, y =2, 4 (acetone solvate), 5; 
M'Y = Pa, y=5; M'Y=U, y=4 (acetone solvate), 5 

=6; MIY=U, y=4 

=3 (+3H,0) 
X= ClO,; M'Y = Th, y =6 (also +3H,0), 8; 

M'Y =U, y =6 (also +3H,O) 
X= Cl,;CCO,, M'’ = Th, U, y =3 
X= F,CCO,, M'Y =Th, y =3 
X = Cl,CHCO,, M'Y = Th, y =1 
X = CICH,CO,, M'Y = Th, y =1; M'Y =U, y =0.5 

UL,Cl,-xDMA x=3,5 
UIL,Cl-xDMA x=3,5 
UCIL,(HBPz;).-DMA Bz — C3H3N, 

ThCl,(HBPz,)-DMA-THF 
U(H.BPz,),-DMA 

Th(HBPz;)4,-2DMA 

{U(RCO,);(DMA)},0 R=C1,CH, CF; 
Other N,N-Dialkylamides 

M'YX,-2RCONR} R= Me; R'=Pr', X=NO,, MY = Pud 

R’=Ph, X=Cl, M'Y=U;? X=NO,, M'Y=Th 
R’ = cyclo-C,H,,, X = Cl, M'Y = Th, U? 

R=Et; R'=Me,° Et,” Pr’? K=Cl, MY =U 
R= Pr’; R’=Me, X=Cl, Br, MY =U 
R'= Pr’? X=Cl, M'’=Th, U; X=Br, MY=U 

R = Bu'; R’ = Me, Pr',? X=Cl, MY =Th, U; X =Br, 
MY=U 

R =Me,CHCH,; R’ = Me, X= Cl, Br, MY =U 
M'YX,-2.5RCONR} R= Me; R’=Et, X=NO,, M'Y = Th, U 

R’ = Pr', XK = NO,, M'Y = Th‘, U4 
R’ = Ph; X= Cl, MY = U? 

R=Et; R’=Me, X=Cl, M'Y=U;> X=NO,, M'Y=Th, U 
R'=Et, X=Cl, MY =U;° X=NO,, M'¥=Th 

R=Pr; R’=Me, X=Cl, MY =Th 
R=Bu'; R’ = Me, X=NO;, M'Y=Th 
R= Ph,CH; R’=Me, X=Cl, Br, MY =U 

' M!YX,-3RCONR} R= Me; R’ = cyclo-CgH,,, Pr’, X= Cl, M'Y = Th? 
R=Et; R'=Me, Et, Pr',?, X=Cl, M'Y =Th 
R=Pr'; R'=Me, X=Cl, M'Y = Th; X=NCS, M'Y = US 

R’ = Pr’, X= Cl, M'Y = Th? 
R=Bu'; R’= Me, X=Cl, Br, NCS, MY = Th; 
X = NCS (also MeCOMe solvate‘), M'Y = U 

R= Ph; R'’=Me, X=Cl, Br, MY =U 
M!Y(NCS),-4RCONR} R=Et; R’=Me, M!Y = Th, U* 

R’ =Et, M'Y=Th 
R= Pr’; R’ = Me, M!Y = Th, US 
R=Bu'; R’= Me, M'Y=Th 

[M‘Y(RCO,)3L],O L=MeCONPh,, R = CHCL, M!Y = Th, U 
L=Bu'CONMe,, R=F;C, Cl,C, Cl,CH, M'Y = Th, U 

UCl,-3MeCON(Me)(Ph) 
ThCl,-2MeCONPh,-THF* 
UC1,:2PhCON(Me)(Ph)-MeCOMe 
Th(Cl,CHCO,),-MeCONPh, 
Th(CF,;,COCHCOC,H;S),-MeCON(Bu")(Ph) 

A. G. M. Al-Daher and K. W. Bagnall, J. Less-Common Met., 1984, 87, 343. 
K. W. Bagnall, R. L. Beddoes, O. S. Mills and Li Xing-fu, J. Chem. Soc., Dalton Trans., 1982, 1361. 
K. W. Bagnall, Li Xing-fu, G. Bombieri and F. Benetollo, J. Chem. Soc., Dalton Trans., 1982, 19. 
K. W. Bagnall, O. Velasquez Lopez and D. Brown, J. Inorg. Nucl. Chem., 1976, 38, 1997. 
aadc ® 

DMA) are, however, consistent with 1:1 electrolyte behaviour and ThI,-6DMA behaves as a 
1:2 electrolyte in nitromethane, presumably ionizing as [ThI,(DMA),]**I. The conductivity of 
Th(ClO,)4-6DMA in nitromethane is low for a 1:4 electrolyte, and the [Th(DMA).]** ion 
would be very much undercrowded in cone-angle terms (p. 1130), so that one or more ClO, 
groups may be covalently bound to the thorium atom. The IR spectrum of Th(C10,)4-8DMA, 
however, is consistent with presence of ionic perchlorate only, and the [Th(DMA),]** cation 
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would be well within the stable region insofar as steric crowding is concerned (2 caf = 0.80, p. 
1130). 

The 'H NMR spectrum of ThCl;(HBPz3)/DMA-THF (Pz=C3H3Nz2) indicates that the 
HBPz; ligand is bidentate, but it uncertain whether the THF molecule is bonded to the thorium 
atom or not. 
A selection of a very wide variety of complexes with other N, N-dialkylamides is included in 

Table 35. The UV-visible spectra and magnetic susceptibility results for many of the 
uranium(IV) complexes of composition UX,L, are consistent with octahedral geometry and all 
of the bis complexes MX,L, probably adopt this geometry. The complex of composition 
2UCl4SEtCONEt, is ionic, [UCI,(EtCONEt,),4]*[UCI;(EtCONEt,)]~, and the cation is 
pentagonal bipyramidal with the CI—U—CI axis normal to the pentagon.* The other known 
complexes of composition 2MX,:5L are probably of the same structure. Pentagonal bipyrami- 
dal geometry has also been found for the neutral complex? [U(NCS),(Mex.CHCONMe;)s] 
(Figure 5) and for [ThCl,(EtCONEt,)3].'"!” The other known tris complexes may have similar 
coordination geometries. In the complexes M(NCS)4:-4RCONR; the metal centres are 
presumably eight-coordinate; the coordination geometry of [Th(NCS),(EtCONMez;),] is a 
distorted square antiprism.'!’” 

Figure 5 Perspective view of the molecular structure of [U(NCS),(Me,CHCONMe;),] viewed down the 
SCN—U—NCS axis” 

A number of complexes with ligands related to amides, lactams and antipyrine (2,3-dimethyl- 
1-phenylpyrazol-S-one), as well as complexes with dicarboxylic acid amides are also known 
(Table 36), but little structural information is available for them. The diantipyrylmethane 
complex, UI,-4L-2H,0, is probably ionic, [UL4]I4,-2H2O. 

(b) Carboxylic acid hydrazides. Ligands of this type can be regarded as analogous to 
amides; the few known complexes are listed in Table 37. 

(c) Ureas. A selection of the known complexes with urea and substituted ureas is given in 
Table 38. The hydrated compounds have been obtained by fusing together the stoichiometric 
quantities of the components, or by simply grinding them together and finally drying the 
product to constant mass in a desiccator; alternatively, some have been prepared from aqueous 
methanol solutions of the components. The anhydrous complexes have been prepared from 
solutions of the components in non-aqueous solvents, such as ethyl acetate. The complexes 
with UICI;, UI;Cl and UIBr; were obtained from mixtures of the component tetrahalides 
(UL, + UCI, or UBr,) and urea in the same way as the complexes with the tetrahalides. The 
product of composition ThBr,-11.6urea is probably a mixture of ThBr4-8urea and free urea; 
this product, and the majority of the other urea complexes, require further investigation. 
The IR spectra of all the complexes indicate that the ligands are bonded to the metal atom via the carbonyl oxygen atom. From the IR spectra of Th(NO3)4:2urea-(1 or 6)H,O it is clear that ionic nitrate is absent, but the spectra of most of the other urea complexes of thorium tetranitrate show that both covalent and ionic nitrate are present. 
The systems with substituted ureas are less complicated than those with urea, and most of these compounds have been obtained from non-aqueous solutions of the components. 



The Actinides 1165 

Table 36 Complexes of Actinide(IV) Compounds with Lactams, Antipyrine (2,3-Dimethyl-1- 
phenylpyrazol-5-one, ATP) and its Derivatives, and Dicarboxylic Acid Amides 
eee 

Pees 
Lactams HN(CH,),CO 

UCL,-4L LAS 56 
UBr,:6L x=4,5 

[UBr,L¢](C1O,), x=4 
M!YL,-8L M'Y = Th, U; x =4, 5, 6 

2UCL,-SL L=MeN(CH,);CO 

Antipyrine, ATP 

ThX,:yATP X=Cl, Br, y =1, 3, 5, 6; X=I,? y=6; X=NCS, y =2, 4; 
X=NO,, y =2, 2.5; X=ClO,, y =6, 7 

ThX,-y(4-H,NATP) x mT Cl, Br, y = 2 3: = 1 y Se) Xx = NCS, y = ity De 

X = NOs, y =2, 4; X=ClO,, y=4 
[M'YL]s[Cr(NCS).], M'Y = Th, U, L= ATP, 4-Me,N(ATP) (pyrimidone) 
M'YX,-yL L=4,4'-methylenediantipyrine (= diantipyrylmethane) 

M'Y = Th, X=I, NCS, NO, y =3 
M'Y =U, X=Cl, Br, y=1; X=I, y =4 (+2H,O) 

Dicarboxylic acid amides, Me, NCOXCONMe, 

UCL,-L X = CMe, 
M!YC1,-1.5L MY = Th, U, X =(CH,)3, CH,CMe,CH, 

M'Y = Th, X= CMe,; M'Y =U, X= CH, 
ThCl,-2L X =CH, 

PROK,: Agarwal, A. K. Srivastava and T. N. Srivastava, Proc. Natl. Acad. Sci., India, Sect. A, 1981, 51, 79; TGA 
and DTA results included for these and other ATP and 4-H,NATP complexes. 

Table 37 Actinide(IV) Complexes with Carboxylic Acid Hydrazides, RCONHN=CHR' 

ThCl,-2L R= Ph, R' = CH=CHPh, (4-MeO)(3-HO)C.H; 
Th(NO,),-2L R= Ph, R'=2-HOC,H, 

R =2-HOC,H,, R! = 2-HOC,H,, (3-MeO)C,H,, (4-MeO)(3-HO)C,H, 

ThBr,:3{(Me2N)2CO} behaves as a 1:1 electrolyte in methyl cyanide and the coordination 
geometry of [Th(NCS),{(Me2N)2CO},] is a slightly distorted dodecahedron.’ The bis 
complexes, M'’X,-2L, are probably octahedral, but otherwise structural information is lacking 
for complexes with these ligands. 

(d) N-Oxides. Most of the known complexes are thorium(IV) compounds (Table 39) 
because of the oxidizing nature of the ligand. Conductivity data are available for most of these 
complexes; the complexes with Th(NCS), are non-electrolytes in nitrobenzene, as are 
ThBr,-2(2,6-Me2.pyNO) (in methyl cyanide) and the 2,2'-bipyridyl N,N'-dioxide complexes 
Th(NO3)4-L (in nitrobenzene or DMSO) and ThX4-3L (X=Cl, Br; in DMSO). However, 
ThI,-4(2,6-Me,spyNO) and Thl,-4(bipy-N,N’-O2) behave as [ThI,L,]I, in methyl cyanide or 
nitrobenzene and DMSO or nitrobenzene respectively. Th(NO3)4°4(2,6-Me2pyNO) behaves as 
[Th(NO3)2L4](NO3)2 in methyl cyanide, consistent with its IR spectrum, which indicates the 
presence of both ionic and covalent nitrate. The conductivities of the complexes with 
thorium(IV) perchlorate are consistent with 1:4 electrolyte behaviour. ' 

The IR spectrum of Th(NO3)4-8pyNO shows ionic nitrate only, and the complex is 
presumably [Th(pyNO)s](NOs3)4, whereas the spectrum of the quinoline N-oxide complex, 
Th(NO3)4°3L, indicates bidentate nitrate only, and thorium is presumably 11-coordinate in this 
compound. The IR spectra of Th(NOs)4:2(bipy-NO) and Th(NOs),-(bipy-N,N’-O2) also 
indicate that only bidentate nitrate groups are present, so that in these two complexes thorium 

is evidently 10-coordinate. 
The complex with nitrosyl chloride, ThCl,-2NOCI, is a nitrosonium salt, (NO)2[ThCl¢]. _ 

(e) P-Oxides. Because of the importance of phosphate esters in the separation of uranium 

from other actinides by solvent extraction, ligands of this type, as well as phosphine oxides and 

phosphinate esters (Table 40), have attracted a great deal of research interest and the 

structures of a number of complexes with these ligands have been reported. 

In the structure of [UCL.{(Me2N)sPO}zI, the coordination is trans octahedral,‘ as also 

found in the structure’!* of [UBr,(Ph3PO),.], whereas in [UCI,(Ph3PO),] the coordination 
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Table 38 Complexes of Actinide(IV) Compounds with Ureas, L= R'R?NCONR?°R* 

a 

R'=R?=R?=R‘=H 
M!YX,-yL:zH,O M'Y = Th, X=Cl, y =4 and z =3 or 4; y=5, z=6; y=6, z=2; y=8, z=0 

X=Br, y=2, z=6; y=4, z=4; y =6, z=2; y =8, 11.6, z=0 

X=I, y=4,z=4; y =6, z=2; y=8, z=0 

X=NCS, y =4, z=4 
X=NO,, y =2, z=1, 2 or 6; y=3, z=1; y=4, z=4; 

y=5,z=3;y =6,z=0,20r4; y= ,z=2.5; y =8, 10, z=0; y= 11, z =2.5 

X = HCO,, y = 1.5, z=0 
MY =U, X=Cl, y =3, z=0or 1; y =4, z=0 or 3; 
y=7, z=0or3 

X=Br, y =2, z=0,7 or 9; y =3, z=0, 5 or 8; y=6, z=0 or 2; y =8, z=0 

X=I, y=5, z=2; y=8, z=0 

UIC1,-8L 
UI,CI:5L:2H,O 
UIBr,;-6L-3H,O 
M!Y(SO,).:xL:yH,O M!Y = Th, x =4, y=0or1;x=5, y =3; x =6, 8, y=0 

MY =U, x=4, y=0or4 
M!Y(C,0,)2:xL-yH,O Me Tae cited ae or cists vie ame As 

=U, x=2, y=0;x=3, y=0or 
ThX,-4L X = C;H;N(CO,),, pyridine-2,6-dicarboxylate 

M''Th(NO;)¢-xL-yH20 M" = Mg, x =6, y=4; MU =Ni, x =5, y =3 
R' =R°=H, R°=R"= Me 
MYCl,-xL MY =Th, x =6;M=U,..1=4 
R! =H, R?=R* = R*=Me 
M!YCL,-4L M!Y = Th, U 
R' = R? = R*?=R*=Me 
MYX,-yL MY = Th, ‘X=Cl, Br, y=3; X=NCS, y =4 

M’=U, X=CL Br, y=2 
ThCl,:2L-MeNO, ' 
R! = R? = Me, R*= R*=Ph 
M'YX,-yL MO = Th, k=Cl, 9 =3 

MY=U, X=Cl Br y=2 
R! = R*= Me, R°=R‘*=Et 
UX4-2L X=CL.Br 
R! = R?= R®= R‘=Et 
UX,:2L X= Cl, Br 

geometry is cis octahedral as a result of a ring—ring interaction between two Ph rings in the 
molecule, one from each of the two adjacent Ph;PO molecules.’ The thorium, protactinium, 
neptunium and plutonium complexes, MCl,-2Ph3PO, are isostructural with this form of 
[UCL,(Ph3PO),], and the complexes MBr,:2Ph3;PO (M = Th, Pa, Np, Pu) are isostructural with 
the uranium(IV) bromide complex. A second crystal form of [UCI,(Ph3PO),], isostructural 
with the bromide complex, has recently been reported.''* The complex with trimethyl- 
phosphine oxide, UCly-6Me3PO, is ionic, [UCI(Me3PO).]**Cl3, and the coordination 
geometry of the seven-coordinate cation approximates to a singly capped octahedron.'*© 
The coordination geometry in [U(NCS),(Me3PO),],""’7 [U(NCS)4{(Me2N)3PO}4]''8 and 
[U(NCS)4(O{Me2N)2PO}>)2]'”? is square antiprismatic, whereas in [ThCl,(O{(Me2N)2PO},)2]"2 
the geometry is dodecahedral. 

[Th(NO3)4(Ph3PO),] is isostructural with the cerium(IV) analogue, in which the coordination 
geometry is best described as distorted trans octahedral, with the four bidentate nitrate groups 
each occupying one corner of the equatorial plane.’*° Several apparently non-stoichiometric 
compounds have been reported for complexes with the actinide(IV) nitrates. The complex of 
composition Th(NO3)4:2.67Me3PO is ionic, [Th(NO3)3(MesPO),]z [Th(NO3;).]?~, and the 
10-coordinate geometry in the cation can be described as a 1:5:4 arrangement with a planar 
face (Figure 6).'** The coordination geometry in the cation [Th(NO3)3{(Me.N)3PO},]* of the 
analogous complex Th(NO3),4°2.67(Me,N)3PO is described as a 1:6:3 arrangement.!”? 
Th(NO3)4:2.67Pr3PO is probably similar in structure to the Me3PO complex. The products of 
composition Th(NO3),°2.33 and 3.67Me3PO appear to be mixtures. It has been suggested that 
Th(NO3)4:3Me3PO may be ionic, [Th(NO3).(Me3PO)s]}**[Th(NO3);(Me3PO),]>, but this 
requires confirmation. The complexes Th(NO3)4-4L (L=MesPO, Bu3PO) behave as 1:1 
electrolytes in nitromethane, and these may be of the form [Th(NO3)3L,4]*NO3;. Their IR 
spectra confirm the presence of both ionic and covalent nitrate groups. Similarly, 



The Actinides 1167 

Table 39 Complexes of Actinide(IV) Compounds with N-Oxides 
ee ne ee 
L= pyridine N-oxides, R'R*C;H;NO 
ThCl,:2L R' =H and R? = H? (also +2H,0), 2-, 3- or 4-Me;? 

R! =2-Me, R? = 6-Me 
UCL,-2L R'=R*=H;° R'=H, R’?=2., 3- or 4-CO,H 
ThBr,-2L R'=H and R?=H,? 2-, 3- or 4-Me? 
Thl,-4L R' =H and R?=H,,’ 2-, 3- or 4-Me;? 

R' = 2-Me, R? = 6-Me (all [ThI,L,]I,)* 
Th(NCS),-xL R'=R?=H, x =4; R'=H, R?=2-, 3- or 4-Me, x =4; 

R! =2-Me, R*=6-Me, x =2 
Th(NO;),:xL R'=R?=H, x =2 (+MeCO,Et), 8; R'=H, R?=2-Me, x =3; 

R! =2-Me, R?=6-Me, x =3, 4 
Th(ClO,),4:xL-yH,O R' =H; R*=H, x =8, 9, y =0; R?=2-Me, 4-Me, x =8, y=0; 

R?=3-Me, x =8, y=1 or 3; R?=4-Cl, 4-NO,, 4-MeO, x =8, y =0; 
R' =2-Me, R*=6-Me, x =6 or 8, y=0 

Th(Cl,CCO,),:2L R'=R*=H 
Th{(O,CCH,),0},-3L:3H,O R'=R?=H 
Th(NO3),:3C,H,,NO CgH,,NO = collidine 
L = quinoline N-oxide 
ThX,-yL X=Cl, y =2 (+2H,0O); X=NCS, y = 4; X= NO,, y =3; 

X=ClO,, y =6 

Th(OH),(NO3)2-2L 
L = isoquinoline N-oxide 
Th(NCS),-4L 
L =2,2’-bipyridyl N-oxide or 1,10-phenanthroline N-oxide 
ThX,:2L X=Cl, Br, NCS, NO, 
ThX,:3L X=I, ClO, 
L=2,2'-bipyridyl N, N'-dioxide 
ThX,-L X=NCS, NO, 
ThX,-3L X=Cl, Br 
ThX,-4L X=I, ClO, 
L=1,10-phenanthroline N, N’-dioxide 
ThX,:2L X=Cl, Br, NCS, NO;, ClO, 
Thl,-3L 

*R. K. Agarwal and S. C. Rastogi, Thermochim. Acta, 1983, 63, 363. 
° A. D. Westland and M. T. H. Tarafdar, Inorg. Chem., 1981, 20, 3992. 

Table 40 Complexes of Actinide(IV) Compounds with P-Oxides 

M!YC1,-xR;PO R=Me,? x =2, M'Y = Th, U, Np; x =3, M'Y=Th, U; 
x=6, M'Y=Th, Pa, U, Np, Pu 

R=EC7=2M =Th, U 
R = Bu’, x = 1.5(+6H,0), 2, 3.5, 4, 5, 8, MY =U 
R=Bu"'0; x =2;3,-M" =U 
R= Ph, x =2) M’’ = Th; Pa, U) Np) ‘Pu; x =3;' MY =Th 
R=Me.N, x =2, M'Y = Th, Pa, U, Np, Pu 
R, = (Me,N),Ph, x =2, M'Y=U 
R; = Et,Ph, EtPha, x =2, M'Y = Th, U 
R=Cl,x=4, MY%=U 

ThCl,(OH)-2Ph,PO 
UCI,(OH)-3Bu3PO 
UCL, (acac):2Ph,PO 
M'YBr,-xR3;PO R= Me, x =2, M'Y=U; x =6, M'Y=Th, U 

R=Et, Bu", x=2, MY =U 
R= Ph, x =2, M'Y = Th, Pa, U, Np, Pu; x =3, M'’ =Th 
R=Me.N, x =2, M'Y = Th, Pa, U, Np, Pu; x =3, M'Y=Th 
R; = (Me,N),Ph, x =2, M'Y=U 

ThBr,(OEt)-xPh,PO x=2,3 
M!Y(NCS),:xR3PO R=Me, x =4, M'Y=U, Np, Pu; x =6, MY =Th 

R=Ph, x =4, M'Y=Th, U, Np 
R=Me.N, x =4, M'Y =Th, U, Np, Pu 

U(NCSe)4-4R3PO° R=Bu", Me,N 
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Table 40 (continued) 
en nnn EEIEIEE EEE 

M!Y(NO;)4:xR3PO 

x 

u", x =2, M'Y =U; x=4, M'Y=Th 
uO, x =2, MY =U; x =2, 2.33, MY = Th 
wO, x =3, M'Y=Th 

i-C5Hi1, x =2, MY =U 
n-CgH),, x =2, 3, M!Y = Th 

R=Ph, x =2, M'Y =Th, U, Np,” Pu 
R=Me.N, x =2, M'Y= Th,” U,” Np” 

x =2.67, 3, MY =Th; x =4, M'’=Th, U 
R; =(MeN),Ph, x =2, M'Y =U 
R, = Bu"(Bu"O),P, x = 2.21, 2.67, M'’ = Th 
R, = (MeO)(PhO),, x =4, M'Y =Th 

B 
B 
B 

APRARARAD BZ rniurnrunrns oi 

a) s 

[U(NO;)3{(Me,N),PO},4](BPh,) 

[Th(NO ).(Me3PO)s](BPh,), 
ThO(NO;),:2(MeO)3PO 
(Ph,P)[Th(NO;);(Me3PO)2] 
M'Y(C1O,)4xR3PO R=Me, x =6, M'Y =U; R=Et, x =4, M'Y = Th; 

R=Pr, x =4-5, M'Y =U; R=Bu", x =5 (+3H,0), MY = Th; 
R=Ph, x=4,5, M'Y=Th; x =5-6, MY =U 
R=Me.N, x =6, M'”=Th, x =5, 6, M'Y =U 

Th(CF,COCHCOR),-L R=Me, L=Ph,PO, (Bu"O) PO, (n-C,H,7)3PO 
R=CF,, L=Ph,PO, (n-C,H,7)3PO, (C;H,F3;0)3PO, 

(C;H,F,O)3PO, (Bu"O);PO, (PhO)3;PO 
R=2-C,H,S, L = Bu3PO, Bu"(Bu"O),PO, (n-C;H,7)3PO, 

Ph;PO, (Bu"O),;PO 
U(CF,COCHCOR),:2L R=Me, CF;, L = (Bu"O),PO 
Th(Cl,CCO,),:2Ph;PO 
L=R,P(O)(CH2),P(O)R2 
M'YCL,-L R= Ph, n=1, 2, M'’ =Th, U;n=4, M'Y=U 
Th(NO;)4-xL R=Ph, n=1, 2, x =1.5 and n =2, x =2; R= MeCH(Et)CH,CH,, 

n=1, x=1.5 
R= Et, 2=2, 4293 
R=cyclo-C,H,,, n=1, x=1 

L=[(Me,N),PO],0 
M'YX,-1.5L X= Cl, MY =U, Np,’ Pu;* X =NO,, M'Y = Th, U, Np 
M'YX,:2L X= Cl, M'’ = Th; X=NCS, M'Y = Th, U, Np 
Th(NO3)4:2.5L 
M’Y(C1O,)4°4L MY = Th, U 
L=[(Me,N),PO],NMe 
Th(C1O,)4-4L 
L=1,2,5-Ph3(C,H,PO), 

1,2,5-triphenylphosphole oxide 
UCI,:2L 
L=(EtO),P(O)CH,C(O)NEt, 

[Th(NO5),L 9] 

Z M. S. Al-Kazzaz, K. W. Bagnall and D. Brown, J. Inorg. Nucl. Chem., 1973, 35, 1493. 
K. W. Bagnall and M. W. Wakerley, J. Chem. Soc., Dalton Trans., 1974, 889. 

“Vv. V. Skopenko, Yu. L. Zub, V. N. Yankovich, R. N. Shchelokov, A. V. Rotov and G. T. Bolotova, Ukr. Khim. Zh. (Russ. Ed.), 
1984, 50, 1011 (Chem. Abstr., 1985, 102, 55 069). 

Th(NO3)4-SMe3PO may be [Th(NO3)2(Me3PO);]**(NO3)2. The geometry of 12-coordinate 
thorium in the anion of (Ph,P)[Th(NO3);(Me3PO).] is distorted icosahedral'*! and the same 
geometry has been reported for the 12-coordinate thorium atom in the diethyl-N, N’-(diethyl- 
carbamyl) methylene phosphonate complex, [Th(NO3)4{(EtO)2P(O0)CH2C(O)NEt,},], in which 
two carbonyl, two phosphoryl and eight nitrate oxygen atoms are bonded to the thorium 
atom. 

The geometry of the nine-coordinate thorium atom in the thenoyltrifluoroacetonate complex 
Hie ealaieienicimeeaig asm i is a 4,4,4-tricapped trigonal prism (Figure 

The complexes MBr4:2(Me2N)3PO (M = Th, Pa, U, Np, Pu) are isostructural, and the tris 
complex, ThBr4:3(Me2N)3PO, behaves as a 1:1 electrolyte in nitromethane.!*> 
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0(341) oe ( )0(313) 
C(3!!) e 0(31!) 

Bond lengths (A) Bond angles (°) Bond angles (°) 

Th—O(31) =. 2.24(3) += O(31)—Th—O(32) = 79.9(11) += O(33)—Th—O(311) 136.8(10 
Th—O(32) =. 2.38(3) ~=—-- O(31)—Th—O(33) 83.9(11) Uepeanes aos ti 
Th—O(33)  2.25(3) O(31)—Th—O(34) = 95.6(10) +=. O(33)—Th—O(321) 71.4(10) 
Th—O(34) 2.25(3) O(31)—Th—O(311) 68.2(9) O(33)—Th—O(322) = 72.0(13) 
Th—O(311) 2.71(2) O(31)—Th—O(312) 113.3(10) | 0(33)—Th—O(332) 110.4(13) 
Th—O(312) 2.70(3) O(31)—Th—O(321) 119.5(10) O(34}—Th—O(311) =71.6(9) 
Th—O(321) 2.64(3) | O(31)—Th—O(322) 72.1112) O(34)}—Th—O(312) 68.3(10) 
Th—O(322) 2.64(4) | O(31)—Th—O(331) 145.0(10) | O(34)}—Th—O(321)  79.9(10) 
Th—O(331) 2.61(3) O(31)—Th—O(332) 161.9(13) | O(34)—Th—O(322)  75.9(12) 
Th—O(332) 2.67(5) | O(32)—Th—O(33)  72.6(12) O(34)}—Th—O(331) 119.3(11) 

O(32)—Th—O(34) 140.7(11) 0(34)—Th—O(332) 66.3(13) 
O(32)—Th—O(311) 70.6(9) O(311)—Th—O(312) 45.2(8) 
O(32)—Th—O(312) 77.7(11) = O(311)—Th—O(321) 151.2(8) 
O(32)—Th—O(321) 136.2(10) | O(311)—Th—O(322) 124.7(10) 
O(32)—Th—O(322) 136.5(13) | O(311)}—Th—O(331) 118.0(9) 
O(32)—Th—O(331)_71.4(11) += .0(311)—Th—O(332) 104.9(12) 
O(32)—Th—O(332) 114.3(14) | 0(312)—Th—O(312) 120.0(9) 
O(33)—Th—O(34)  146.3(12) 

Figure 6 The structure of the [Th(NO3)3(PMe3O),]* cation’ 

Some 

interatomic 

distances Some bond 
(A) angles (°) 

Th—O(11) 2.44(2) O(11)—Th—O(12) 69.5 
Th—O(12) 2.44(2) O(21)—Th—O(22) 68.4 
Th—O(9) 2.30(2) O(31)—Th—O(32) 67.7 
Th—O(42) 2.46(2) O(41)—Th—O(42) 66.3 
Th—O(31) 2.45(2) Th—O(11)—C(11) 137.1 
Th—O(21) 2.49(2) Th—O(12)—C(13) 140.5 

Th—O(22) 2.42(2) Th—O(21)—C(21) 132.8 

Th—O(41) 2.37(2) Th—O(22)—C(23) 137.1 

Th—O(32) 2.42(2) Th—O(31)—C(31) 135.2 
Th—O(32)—C(32) 139.2 
Th—O(41)—C(41) 138.8 
Th—O(42)—C(43) 142.6 
Th—O(9)—P 173.1 

Figure 7 The coordination geometry of [Th(CF,COCHCO(2-C,H3S))4{("-CsHi7)sPO}]'™* 

The complexes with thorium(IV) perchlorate, Th(ClO,)4-4L behave as 1:4 electrolytes in 

nitromethane when L=[(Me2N)2PO],0 or [(Me.N),PO],NMe, but with L=Ph3PO the 

conductance is consistent with 1:3 electrolyte behaviour in nitromethane, perhaps as 

[Th(Ph3PO)4(O2C102)]** (C1O.)s. The IR spectrum of Th(ClO,)4SBu3PO shows that both 

ionic and coordinated perchlorate groups are present, and this compound may have a similar 

ionic structure. 
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(f) As-Oxides. The few known complexes with arsine oxides (Table 41) appear to be very 

similar in composition and behaviour to those formed by the analogous phosphine oxides. The 

only reported structure is that of the complex [UCI,(Et;AsO),], in which the coordination 

geometry is trans octahedral.'”° 

Table 41 Complexes of Actinide(IV) Compounds with Arsine Oxides 

M!YCl,-xR,AsO R=Me, x =2, MY =U; x =6, M'Y=Th, U 
R=Et, x =2,4, MY =U; x=6, M'Y=Th 
R=Ph,x=2, MY =U;x=4, M'Y=Th 

UBr,:-xR;AsO R=Me, Et, x =2, 6 
R=Ph, x=2, 4 

UI,-6R;AsO R=Me, Et 
Th(ClO,4)4:5Ph,AsO 
ThL,-Ph,AsO-xH,O H,L = C;H3N-2,6-(CO,H),; x =0, 3 
Pu(NO3)4:2Ph,AsO 

L= Ph,As(O)(CH,),, As(O)Ph, 
UCL: xL x=1,2 forn=2;x=1forn=4 

(g) S-Oxides. The complexes with sulfoxides are usually prepared from the parent com- 
pound and the ligand in dry, non-aqueous solvents; the Ph,SO complexes of NpCl, and PuCl, 
can, however, be obtained by treating a hot 6 M HCI solution of Cs,MCl, with the ligand. The 
complexes with the nitrates have been prepared either by treating the salts Cs,M(NOs3). with 
the ligand or by treating the corresponding complex of the metal tetrachloride with silver 
nitrate in methyl cyanide (e.g. refs. 127, 128). 

In addition to the large number of complexes with these ligands listed in Table 42, products 
of composition ThX,4-yMe,SO-zH,O (XK =Cl, Br, I, with values of y ranging up to 12) have 
been recorded, prepared by treating the hydrated parent thorium compound either with the 
stoichiometric amount of Me,SO or, in some instances, with an excess of the ligand. These 
products require further investigation. 
ThCl4-3Me2SO is isostructural with UCl,;3Me.SO, which is an ionic compound, 

[UCI,(Me2SO).][UCI,]. The coordination geometry of the uranium atom in the cation is a 
distorted dodecahedron.'’”? The complex of composition ThCl4-SMe,SO may also be ionic, 
possibly [ThCl;(DMSO);]Cl, but this requires verification. The IR spectra of the complexes 
M'YC1,-7Me2SO (M'Y = Th, U, Np, Pu) indicate the presence of both bonded and free ligand, 
but the structures are not known. Three crystal modifications of Th(NO3)4-3Me SO have been 
reported, one of which (designated the y form) is isostructural with the analogous complexes of 
uranium(IV), neptunium(IV) and plutonium(IV). 

The coordination geometry in the Me,SO complex of thorium 8-hydroxyquinolinate, 
Th(C,HsNO)4:2Me,SO, is a monocapped square antiprism in which only one Me,SO molecule 
is coordinated to the metal.'°° 

In the structure of [ThCl,(Ph2SO),] the Cl atoms occupy the B sites and the sulfoxide O 
atoms the A sites in the dodecahedral complex.'*! 

(ix) Hydroxamates, cupferron and related ligands 

The known complexes, M'YL, (Table 43), precipitate from aqueous solutions of actinide(IV) 
compounds on addition of the ligand. Somewhat surprisingly, one hydroxamic acid, 
(PhCO)NHOH, behaves as a neutral ligand, and the complex Th(NO3;),4-2(PhCO)NHOH 
recipitates from aqueous solution at pH7. Structural information is available for 
Th{(Bu'CO)(Pr')NO},] and [Th{(t-CsHi:CO)(Pr')NO},]; the coordination geometry in the 
former is a distorted cube, whereas in the latter the geometry is an mmmm dodecahedron.}*2 

40.2.2.5 Sulfur ligands 

(i) Sulfides and thiols 

(a) Sulfides. Disulfides, MS,, are known for M=Th, U and Pu, but the plutonium 
compound is a plutonium(III) polysulfide (p. 1135). The compounds M,S; (M = Th, U, Np) and 



Table 42 Complexes of Actinide(IV) Compounds with Sulfoxides 

M’YC1,-xR,SO 

[UCI,(Me,SO).]CIO, 

[UCI,(Me,SO).] (C1O,), 
M'YBr,-xR,SO 

ThI,-6Ph,SO 
Th(NCS),-4Ph,SO 
M'Y(NO;), oi, R,SO 

Th(C1O,),-xR,SO 

Th(R'COCHCOR?),-Bu2SO 
ThX, *y Me,SO 

MT! (trop),-Me,SO 
ThX,-yMe,SO 
L=thianthrene 5-oxide, 
C,,H,OS, 

M'YCL,-4L 
L = tetrahydrothiophene 

S-oxide 
ThX,-:yL 

The Actinides 

R= Me; x =6, 8, M'Y=Th, U 
R=Et; x=5,6, MY=U 
R=Pr;x=7, MY=U 
R= Bu"; x=8, MY =U 
R=Bu;x=4,M%=U 
R=Bu; x =2, MY=U 
R=Ph; x=4, M'Y=Th, U 

R= Me; x =3, M'’ =Th, U, Np, Pu; x =6, M'”=Th, Np, Pu 
R= Et; x =3, M'Y =Th, U, Np 
R= Bu", n-C.H,,, n-C,H,;, n-CjH,5, n-CyHyy, x =2, M = Th 
R= n-C,H,,; + — By MY = Th 

R=PhCH,: x =4, MY =Th 
R= Ph; x =3, 4, M'Y =Th, U, Np, Pu 
R= a@-C,9H,; x =3, M'Y = Th, Np 
R=Me, x =6, 12; R= Ph, x =6 
R'=CF;, R?=Me, CF,; R'=R?=CF, 
X = HCO,, OSC,H; (thiotroponate), y = 1; 
X = CoH,NO (8-hydroxyquinolinate), y = 2 
Htrop = tropolone; M'Y = Th, U 
X=SO,, y =4 with 3 or 9H,0; X=C,0,, y =2 with 1H,O 

M’’ = Th: U 

X= Cl, Br, y=4; X=I, y=8; X=NCS, y =2; 
X=NO3, y =6; X=ClO,, y = 10 

3, M'Y = Th, Pa, U, Np, Pu; x =5, M'Y 
;x=7, M'’=Th, U, Np, Pu 
E> = Np; Pu; x =3, M'Y=Th, U, Np; x =4, MY’ =Th 

= Th, Pa, U, Np; 

n -CH,;, n-CgH,7, x = 2, M'Y = Th 
(+2H,O), M'Y =U; x =3, MIY=U, Np; 

R=Me; x= 

x=6, M'Y=Th 

R=Et; x =2.5, M 

R=Pr°; x=3, MY=U 
R= Bu"; x =2, M'Y=Th; x= 
R= Bu; x=2, MY =U; x=3, MY 
R=Bu'; x=2, MY =U 
R=n-CsHy1, n-CoH,3) n 
R= Ph, x =2 

x=4, MIY Th, Us Np 

R= a-C, H,; x = 3, M!Y = Th, U 

It 

Table 43 Actinide(IV) Complexes with Hydroxamates, Cupferron and Related Ligands 

Hydroxamates, HL = (R'CO)(R?)NOH 
Th(NO;), © 2HL 

ThL, 

UL, 

R'= Ph, R?=H 
R! = Bu’, t-C3H,;, R?= Pr’; R'=Ph, 

2-O,NPh, R? = Ph; R' = 3-O,NPh, R? = 3MeC,H, 
R! = Bu‘, R?= Pri 

Cupferron, NH,L = NH,[(ON)PhNO] 
MYL M! = Th, U, Pu ‘4 

Neocupferron, NH,L = NH,[(ON)(1-CioH7NO)] 
MY = Tha U MYL 4 ’ 

3-Phenylcupferron, NH,L = NH,[(ON)(C,H,Ph)NO] 
ThL, 
2-Phenyl-3-toluenesulfonylcupferron, NH,L = NH,(C,3H,,N20;S) 
ThL, 

MS; (M=U, Np) are actinide(IV) polysulfides; the geometry of 10-coordinate thorium in 
Th2S;, which is isomorphous with U2S; and Np>Ss, is derived from a square-based antiprism 
surmounted by a capped, approximately pentagonal array of S atoms.'** Oxide sulfides, such as 
the compounds M'YOS (M!Y=Np, Pu), Pu2O2S; [(Pu**)2(O*)2S*-(S—S)?"] and M,0,S3 
(M=Np, Pu; possibly 2MO2-M2S;) are also known. ; 

(b) Thiols. The only recorded compounds appear to be U(SR), with R=Et or Bu’, 

COC3-LL 
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prepared by reaction of U(NEt)4 with the thiol in ether; both compounds are oxidized very 

easily and they inflame in air. 

(ii) Thioethers 

A complex with 1,2-dimethylthioethane, UCI,-2(MeSCH2CH2SMe), has been recorded. 

(iii) Monothio- and dithio-carbamates, and thiohydroxamates 

(a) Monothiocarbamates. The thorium(IV) and uranium(IV) compounds, M'Y(R,NCOS), 
(M'Y = Th, R=Me, Et; M'Y=U, R=Et) have been obtained by insertion of COS into the 
M—N bond of the dialkylamides, M(NR2)4. The 'H NMR spectrum of Th(Et,NCOS), 
indicates that rotation about the (Et2)N—C bond is slow on the NMR time scale, and the two 
ethyl groups are not equivalent. 

(b) Dithiocarbamates. The compounds M!¥(R,NCS,)4 (R = Me, M'Y =Th; R=Et, M‘'Y= 
Th, U, Np, Pu) have been prepared by reaction of M'YCl, or M$M'YCl, with the alkali metal 
dithiocarbamate in non-aqueous solvents, and by CS, insertion into the M—N bond of the 

dialkylamides (M'Y = Th, U only). A much simpler route is by reaction of UCI, with the 
dialkylamine and CS, in toluene. 

U(Et,NCS,),4 is a monomer in benzene and is very sensitive to air oxidation in solution. It is 
isomorphous with Th(Et,NCS,),, in which the coordination geometry is close to an ideal 
dodecahedron.'** The 'H NMR spectra of Th(R2NCS2)4 (R = Me, Et) indicate that the two 
alkyl groups are equivalent. 

Mixed complexes with Schiff bases, M'Y(Et.NCS,)2(2-OC;H,4CH=NCH,CH,N=CHC,H,0- 
2) (M'Y = Th, U), have also been recorded. 

(c) Thiohydroxamates. The acids R'C(S)R*NOH (R'=Ph or 4-MeC,H,, R*= Me) yield 
precipitates of composition Th(R'C(S)R*NO),4-H,O when aqueous thorium tetrachloride is 
added to an aqueous solution of the sodium hydroxamate.'* 

(iv) Dithiolates 

The maleonitriledithiolate complex, (Ph,As)4[U(cis-S2C,(CN)2)4], precipitates when 
Ph4AsCl is added to a solution containing UCI, and Nap-(cis-S,C,(CN)2); it oxidizes on 
exposure to air. 
Uranium tetraiodide reacts with toluene-3,4-dithiol in hexane under reflux to yield a product 

of composition U2I4(C;H¢S2)-C;HgS2, which may be a uranium(III) compound and is possibly a 
sulfur-bridged dimer. A product of somewhat similar composition, U2Cl4(S2C4F.), is obtained 
when UCI, is heated with bis(trifluoromethyl)-1,2-dithiete, whereas the reaction of UI, with 
S2C4F, in ethylcyclohexane yields a product of composition’*® U3F3I(S:C,4F.)2. These last two 
products are probably dithiolates, but they require further investigation. 

(v) Thiocarboxamides 

The only recorded complex is the product of composition UF,4-SC3;N2H> which results from 
the reaction of UF, with dithiooxamide.!*’ 

(vi) Thioureas 

A few complexes of composition ThCl,-xL (L=SC(NH2), x=2,8; L= SC(NH,)(2- 
CICsH4)NH, x=4 and L= SCNHCH,CH,NH, x =8) have been reported. They are 1:1 
electrolytes in methanol and although there is no detectable shift in v(CS) in their IR spectra as 
compared with the free ligand, the ligands do not appear to be bonded to the metal via the 
thiourea nitrogen atoms. 
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(vii) Dithiophosphinates 

Thorium compounds of composition Th(SPR2), (R= Me, Et, Pr’, Ph, CsH,,, OEt and OPr') 
have been reported. In the structures of the compounds with R= Me and R=C,Hj,, the 
thorium atoms are dodecahedrally surrounded by eight sulfur atoms. 38 

40.2.2.6 Selenium and tellurium ligands 

(i) Selenides and tellurides 

Diselenides, MSe2, and ditellurides, MTe, (M= Th, U, Pu), are known but the oxidation 
state of the metal in these compounds is uncertain. Other selenides and tellurides [e.g. ThSes, 
USe3, MTe3 (M = Th, U) and UTes] are presumably analogous to the actinide(IV) polysulfides 
(p. 1135). A more detailed description of these systems is available. °° 

(ii) Diselenocarbamates 

The thorium(IV) and uranium(IV) compounds, M'Y(Et,NCSe,)4, have been prepared by 
insertion of CSe, into the M—N bond of the diethylamides, M(NEt,),, and (M=U) by 
reaction of Et,NH2(Et,NCSe,) with UCL, in methanol under nitrogen. The 'H NMR spectrum 
of the thorium(IV) compound indicates that the two ethyl groups of the ligand are equivalent. 

(iii) Phosphine selenides 

The complex ThCl,-2Ph3PSe separates when ThCl, is heated with the stoichiometric quantity 
of Ph3PSe in benzene under reflux. It is a non-electrolyte in DMF. 

40.2.2.7 Halogens as ligands 

The known halides, and a selection of the halogeno complexes derived from them, are listed 
in Table 44. 

(i) Tetrahalides and oxohalides 

These compounds are halogen bridged polymers in the solid state. All of the tetrafluorides, 
MF, (M = Th-Pu), have the same structure in which the M'Y centre is surrounded by eight F 
atoms in a slightly distorted square antiprismatic array. In the hydrated neptunium compound, 
Np3F12°H2O, the water molecule is not bonded to the metal atom, and three kinds of fluorine 

polyhedra surround the neptunium atoms. These are a tricapped trigonal prism with two vacant 
apices, a bicapped trigonal prism and a square antiprism.'*° The coordination geometry in solid 
ThCl, is dodecahedral’*! and the other tetrachlorides, MCl, (M= Pa, U, Np), have the same 
structure. Two of the tetrabromides, 6-ThBr, and PaBr,, are isostructural with the tetrachlor- 
ides, whereas the coordination geometry in Thl, is a distorted square antiprism.' 

Several oxohalides, MOX;, have been recorded (Table 44); the structure of PaOCl, consists 
of an infinite polymer in which the Pa atoms are seven-, eight- and nine-coordinate.'*° 

(ii) Halogeno complexes 

A detailed account of the very wide range of fluoro complexes is available.‘“* The structures 
of the main types of fluoro complex are well established. In LiUF; the U atom is surrounded by 
nine F atoms in a tricapped trigonal prismatic array, with adjacent prisms sharing edges and 
corners.'*° The analogous Th, Pa, Np and Pu compounds adopt the same structure. The 
coordination geometry about the metal(IV) centres in the compounds KM3"F, (M'Y = Th- 
Pu)! and in the structure of NH4U3F,3, which is isostructural with other M'M3YF,3 (M! = NHg, 
Rb; M!Y = Th, U, Np), is also a tricapped trigonal prism.'*’ 
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Table 44 Actinide(IV) Halides and Halogeno Complexes 

Pe SO) Tre ee ee 

M'YX, X =F, M'Y = Th, Pa, U, Np, Pu 
X =Cl, Br, M'Y = Th, Pa, U, Np 
X=I) M'Y = Th, Pa, U 

M'YOX, X=F, MY =Th 
X = Cl, Br, M'Y = Th, Pa, U, Np 
X =I, MY =Th, Pa 

M'M!YF, M! = Li, M!Y = Th, Pa, U, Np, Pu 
s Na, K, Rb, MIY =U 

=Cs, MV =Th, U, Pu 
ae NH,, M'Y = Th, U, Np,* Pu 

M'M3YF, M'= Li, MY = Th; M! =Na, M!Y = Th, U 
M'=K, My U, Np, Pu; M!= Rb, M'Y = Th, U; 
M! = Cs, MIV = 

M'M}YF,3 M! = Li, MY = 4 U,N 
M!=K; M'’ = Th, U; mon Rb Cs, MY = Th; 
M! = NH,, M'Y =U, Np,” Pu 

M3M!YF, M! = Na, M!Y = Th, U, Np, Pu 
M! = K, M'Y = Th, U, Np 

= Rb, M'Y=Th, Pa, U, Np, Pu 
=Cs MY = Th, U, Pu 

Me NH,, MY =U, Np,* Pu 
M! = Et,N, MY = Pay 

M™M'YF, M"! = Ca, Sr, M'Y = Th, U, Np, Pu 
M!! = Ba, Pb, M'Y = Th, U, Np 
M" = Cd, Eu, M'Y = Th 
M"=Co, MY =U, Np (+3H,0) 

MiM!YF, tage Ei’ M!Y = Th, U; M!=Na, K, MY =Th, Pa, U; 
= Rb, Cs, MY = Th, U; M'=NH,, MY = Th 

MiM'YF, =Li, M =U, Np,” Pu 
ne NH,, MY = Th, Pa, U, Np, Pu 

MiMIYF;, M! = Na, aR M'Y = Th, Pa, U, Np, Pu 
M'= Rb, M'Y = Th, Pa, U, Np, Pu 
M! = NH,, M'Y =U, Np, Pu 

M3[M'YCI,] MY = Th, U; M'= Li-Cs, Me,N, Et,N 
eee ae = Cs, Me,N, Et,N 
MY = = Na-Cs, Me,N, Et,N 

yee ] MU = S = Br 
MM'™Br¢] M!Y = Th, Pa; M'=Me,N, Et,N 

MI = U; M!=Na-Cs, Me,N, Et,N 
MIY = Np; M'= Cs, Et,N 
MIY = Pu; M'=Et,N 

M3[MI,] MY =Thits M'= Et,N, Me;PhN 
MIY = Pa:° Mi = Et,N, Me;PhN, Me3PhAs 

aH. Abazli, J. Jové and M. Pagés, C. R. Hebd. Seances Acad. Sci., Ser. C, 1979, 288, 157. 
J. Jové and A. Cousson, Radiochim. Acta, 1977, 2A, 73. 
“D. Brown, P. Lidster, B. Whittaker and N. Edelstein, Inorg. Chem., 1976, 15, 511. 

The structures of the compounds Rb;M'YF, (M'Y = U, Np, Pu) consist of chains of M!'YF, 
units with triangular faced dodecahedral geometry (K2ZrF¢ type)" whereas in 6-Na2UF, the 
coordination geometry in the UF, chains is a tricapped trigonal prism,‘ as in the structure of 
B1-K.UF,.!° The compounds M™M'YF, (M"=Ca, Sr, Ba, Pb, Cd, Eu; Table 44) adopt the 
LaF; structure.'°' In contrast, the nine-coordination geometry about the Np atom in the 
[NpFs(H2O)] chains in CoNpF,:3H20 consists of singly capped square antiprisms sharing two F 
atoms, with the water molecule occupying the cap position. The uranium compound is 
analogous. '°? 

In the structures of compounds of the type M3UF, the seven F atoms are Statistically 
distributed over fluorite lattice sites.°? The nine-coordinate thorium atom in (NH4)4ThFs is 
surrounded by a distorted tricapped trigonal prismatic array of fluorine atoms, with the prisms 
sharing edges to form chains, whereas the uranium(IV) compound contains discrete dodeca- 
hedrally coordinated [UF,]*~ ions. The protactinium(IV), neptunium(IV) and plutonium(IV) 
analogues are isostructural with the uranium compound.’ 
Compounds of the type M5M{’F3, (Table 44) are isostructural with Na7Zr.F3;, in which the 

basic coordination geometry about the Zr atom is approximately square antiprismatic, and six 
antiprisms share corners to form an octahedral cavity which encloses the additional F atom.’ 

The complex anions formed with the other halogens are all of the form [MX,]*-, with 
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octahedral geometry. For example, Cs2[NpBr¢] is isomorphous with Cs,[UBr.] (face-centred 
cubic, K,[PtCl.] type).°° The IR and Raman spectra of the salts M3[M!¥Cl,] (M!Y = Th, Pa, U, 
Np, Pu; M! variously Cs, EtsN, BugN, PhyAs), (Me,N)2[PaBre] and (Et4N)2[M'”X_] (MY = 
Th, Pa, U; X=Br, I) have been reported.'°’ The far IR spectra of the compounds M3[NpClg] 
(M! = Cs, Me4N, Et,N) have also been published.1°° 

40.2.2.8 Hydrogen and hydrides as ligands 

The only examples of compounds of this type are the borohydrides, M'Y(BH4)4 (M'Y = Th— 
Pu) and M'Y(MeBHs), (M'Y = Th, U, Np). These compounds are conveniently prepared by 
reaction, for example, of the metal tetrafluoride with Al(BH4)3 in a sealed tube, followed by 

vacuum sublimation of the product.*? The neptunium and plutonium compounds are liquids at 
room temperature and are more volatile than the thorium, protactinium or uranium analogues. 

In the structures of Np(BH,), and Pu(BH,), the four BH, groups are arranged tetrahedrally 
around the metal atom and three hydrogen atoms from each BH, group are bonded to the 
metal, making it 12-coordinate,“°’ whereas in the polymeric uranium(IV) compound the 
uranium atoms are each surrounded by six BH, groups, two of which provide three hydrogen 
atoms each as above, and the other four provide two hydrogen atoms to each of two uranium 
atoms, making a 14-coordinate arrangement which could be regarded as a distorted bicapped 
hexagonal antiprism.'*! In the structures of the methylborohydrides, M'Y(MeBH3)4(M'Y = Th, 
U, Np) the MeBH; units are tetrahedrally coordinated to the metal via triple hydrogen 
bridges. 1 

40.2.2.9 Mixed donor atom ligands 

(i) Schiff base ligands 

There is a wide variety of complexes with neutral Schiff bases derived from benzaldehyde, as 
well as mono- and di-basic ligands derived from salicylaldehyde. A selection of these is given in 
Table 45, from which it can be seen that the mono- and di-basic derivatives can also act as 
neutral ligands. The range of complexes can be further extended by utilizing substituted 
salicylaldehydes, an example'® being the compounds M'YL, (M'Y=Th, U) formed with 
(5-Bu')(2-HOCs,H3;)CH=NCH,CH,N=CH(C,H30H-2)(5-Bu'). 

The coordination geometry in the complex [Th(2-OC;H,CH=NC,H,N=CHC,H,O-2),] is a 

distorted square antiprism in which the corners of each square face are occupied by the two N 

and two O atoms of one ligand.“ In the structure of [Th{(3-MeO)(2- 

O)CsH3;CH=N(CH2)2.N=CHC,H;(2-O)(3-OMe)}.]-py, the pyridine molecule is not bonded to 

the metal atom, and the coordination geometry is dodecahedral, with the two Schiff base 

ligands each occupying one of the trapezia which make up the polyhedron; the imine nitrogen 

atoms occupy the dodecahedral A sites and the phenolic oxygen atoms the B sites .1° 

(ii) Amino acids 

The majority of the aminocarboxylates listed in Table 46 have been prepared by 

precipitation from aqueous solution, a procedure which frequently yields partially hydrolyzed 

products. No structural information is available for any of these compounds. The iminodiace- 

tates, derived from HN(CH2CO>H),, are discussed on p. 1155. 

(iii) Complexones 

The simple thorium(IV) and uranium(IV) compounds of the type [M'YL]-xH,O (Table 47) 

separate from aqueous solutions of the actinide(IV) salts on addition of the acid, or on 

concentrating the resulting aqueous solution. The salts of the complex anions (e.g. 

M3H,[U2L3]) are obtained from concentrated solutions of UL in aqueous M2H2L. The 

pentaacetic acid compound, (NH4)6[UL2]-4H2O, is precipitated when ethanol is added to a 

solution of U(C2,0,4)2°6H2O in the aqueous acid after neutralizing with ammonia and 

evaporation to small volume. 
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Table 45 Some Actinide(IV) Schiff Base Complexes 

Neutral ligands: L= C,H; CH=NR 

MIYC1,-2L M!Y = Th, U, R= Ph; M'Y = Th, R = 4-MeC,H, 
Th(NO )4°2L R = 3-(Me,N)C,H, 

Monobasic ligands: HL = 2-HOC,H,CH=NR 

M'YCL,:2HL M'Y = Th, R=2-, 3- or 4-MeC,H,; M'Y = U, R= Ph, 
4-CIC.H,, 4-O,NC,H, 

ThX,:yHL R = 4-MeC,H,; X=I, NO;, y=2; X=NCS, y =3; 
R=Ph, X=NO,, y.=2 

THE R= Ph, 4-MeC,H, 
ML, M’Y = Th, R= Me, Et, Ph; M'Y = U, R= Me, Pr” 

Dibasic ligands: H,L = 2-HOC,H,CH=NXN=CHC,H,-2-OH 

ThA,:2HL A= Cl, Br, I, NCS, NO3; X = CH,CH, 
UCL,-H,L X = CH,CH,, CH,CH,CH,, 1,2-C,H, 
M'YLCL M'” = Th, U; X= CH,CH, 
M'YL, M!Y = Th, U; X = CH,CH,; M!Y = Th, X = 1,2-C,H,; 

M'Y = U, X= CH,CH,CH, 

UCL,:2H,L R= 3. or  4-HOC.H, 
ThLA, A=Cl, NO,; R=2-HOC,H,, CH(CH,CHMe,)CO,H 
Th(HL),A,-yH,0* A=Cl, y=4; A=I, NCS, ClO,, y=2; A= NOs, y =3; 

R= C,H,-2-CO,H 
Th R=2-HOC,H,, CH(CH,CHMe,)CO,H 
UL, R=2-HOC,H,, C,H,CO,H 

“H. Mohanta and K. C. Dash, J. Indian Chem. Soc., 1980, 57, 26; the water molecules are only held 
» Weakly and the compounds dehydrate at 120°C. 
A. D. Westland and M. T. H. Tarafdar Inorg. Chem., 1981, 20, 3992. 

Table 46 Actinide(IV) Compounds with Amino Acids 

HL = aminoacetic acid (glycine), H,NCH,CO,H 

[ThL(OH)(H,0)<](NOs), 
[UL,Cl,(H,0),]-2H,0 
UL,:-xH,O x=1.50r2 

HL = N-phenylglycine, PRANHCH,CO,H 
UL,Cl,:4H,O 

HL = phenylglycine-4-carboxylic acid, HO,CC;H,NHCO,H 
ThL,(OH):2H,O 

HL = a- and B-aminopropionic acid (a@- and f-alanine), 
MeCH(NH,)CO.H and H,NCH;CH,CO,H 
ThL,(ClO,)2:2H,O*(?) inadequately characterized 

H,L = aminosuccinic (aspartic) acid, HO,CCH,CH(NH,)CO,H 

[ThL(H,0),](NO;), 
[ThL(HL)(H,O)](NO,):3H,O 

H,L = aminoglutaric (glutamic) acid, HO,C(CH,),CH(NH,)CO,H 

[ThL(H,O),](NO3), 
[ThL(HL)(H,O)](NO3)-H,O 

HL = aminobenzoic acid, H,NC;,H,CO,H 
ThL,(OH), 2-amino 
THL(OH), 
UOL, 
WOM 2H,O 

UL,Cl 
UL,(MeCO,), 3-and 4-amino 
ThL(O)(OH):-4H,O 4-amino 

H,L = f-aminosalicylate, (H,N)(HO)C,H,;,CO,H 
Th(HL)(OH),3:3H,O 

HL = 2-(N-phenylamino)benzoic acid, 2-(PhNH)C,H,CO,H 
ThL, 

HL = 5-iodo-2-aminobenzoic acid, ne I), (2-H,N)C,H,;CO,H 
ThL,_,(OH), n=0,lor2 

HL = 3-amino-2-naphthoic acid, 2-H,NC,)H,-3-CO,H 

.M. M. Mostafa, T. A. El-Awady and M. A. Girges, J. Less-Common Met., 1980, 70, 59. 
A. D. Westland and M. T. H. Tarafdar, Inorg. Chem., 1981, 20, 3992. 
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Table 47 Actinide(IV) Complexes with Complexones 
ee 
Tricarboxylic acids 

Nitrilotriacetic acid, H;L = N(CH,CO,H), 

(NH,).[ThL,] ‘4H,0 

Tetracarboxylic acids 

Ethylenediaminetetraacetic acid, H,L = (HO,CCH,),NCH,CH,N(CH,CO.H 
M™LxHO M'Y = Th, x =2, 3, 9; yn = U, rt sie tie 
U,L(OH),-xH,O 
M>H,[U2L;]-xH,O M'=K, x = 9-18; NH,, x = 8-16 
Mo [U,L,]-xH,O M" = Ca, x =8, 12; Sr, Ba, x =4, 12, 18 
M'[ThL(OH)]:4H,O M'=Na, NH, 
1,6-Diaminohexane-N, N,N’, N’-tetraacetic acid, H,L= 

(HO,CCH,)2N(CH2)sN(CHCO_H), 
M'YL-xH,O M'Y = Th, x = 4.5; MY =U, x =0 
1,2-Diaminocyclohexane-N, N,N’, N'-tetraacetic acid, H,L= 

(HO,CCH,)2N(C¢H19)N(CH,CO,H), 
ThL-xH,O x=0,1 
NH,[ThL(OH)]-5H,O 

Pentacarboxylic acids 

Diethylenetriaminepentaacetic acid, H,L = 

(HO,CCH;)N(CH2),N(CH2CO,H)(CH,),N(CH,CO,H), 
H[ThL]-H,O 
Na[ThL]-4H,O 
(NH,).[UL,]-xH,O x=0,4 

In addition to the complexes listed in Table 47, the compounds N,N’-di(2-hydroxy- 
phenyl)ethylenediamine-N,N'-diacetic acid and N’-(2-hydroxyethyl)ethylenediamine-N, N, N’- 
triacetic acid behave as tetrabasic ligands, forming ThL-xH.O (x = 6 and 2 respectively). 

(iv) Ligands containing N,O donor sites 

(a) Hexafluoroacetonylpyrazolides. These ligands, derived from hexafluoroacetone and 

pyrazole or 3-methylpyrazole, form complexes of the type M'Y[OC(CF3;),.NCHCRCHSN], 
(R=H, Me; M'Y=Th, U, Np, Pu) which are prepared by adding a methanol solution of 
(CF3)2CO to the solid obtained when, for example, solid (EtsN),UCl, is added to a toluene 
solution of potassium pyrazolide. 

The four compounds with R=H are isostructural, and in the thorium complex the 
eight-coordinate metal atom lies at the centre of a distorted square antiprismatic array of four 
N and four O atoms. In benzene solution, however, the molecular weights of the complexes 

with R = H indicate that they are dimers, whereas those with R = Me are monomers.!© 
(b) 8-Hydroxyquinolines. 8-Hydroxyquinoline can act as a neutral ligand, forming com- 

plexes of the type ThCl,-xC,H,NO (x = 2, 3, 4 or 6), but the majority of the known compounds 
are of composition M'YL, (HL = 8-hydroxyquinoline or the 5,7-dibromo ligand, M!Y = Th, U, 
Np, Pu; 5-chloro- and 5-chloro-7-iodo-8-hydroxyquinoline, M'Y =Np, Pu; 5,7-dichloro-8- 
hydroxyquinoline, M'Y=Th, Np, Pu; 2-methyl-8-hydroxyquinoline, M'Y=Th, Np). Many 
other substituted 8-hydroxyquinoline complexes of this type are known for M'Y = Th; most of 
them are precipitated on addition of the ligand to aqueous solutions of actinide(IV) 
compounds. In some cases (for example, HL = 8-hydroxyquinoline, M'’=Th, U and the 
5,7-dibromoligand, M'Y = Th) the product obtained from aqueous solution has the approxim- 
ate composition M'YL,-HL, but detailed studies have shown that the composition is variable, 
an example being Th(Cy>HsNO)4:xC,H7NO with x =0.5, 0.8 or close to unity. A hydrate, 
Th(CjsH-NO),:2H20, has also been recorded. 
Chloro and hydroxo compounds, ThCl(C,HgNO)3 and Th2(Cy,H¢NO)7(OH)-xH2O (x =0 or 

4) are known, and a variety of mixed 8-hydroxyquinolinate/trichloroacetate species, obtained 
by heating a suspension of Th(C)H.NO), with the appropriate quantity of trichloroacetic acid 
in benzene, have been recorded. 

(c) 2,6-Diacetylpyridine bis(p-methoxybenzoyl hydrazone) (=H2L). The coordination 
geometry in the complex of composition [UL2]-2CsH¢:-2H,O is a pseudo bicapped square 
antiprism in which the two N3O> donor ligands are chelated to the uranium atom. 
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40.2.2.10 Multidentate macrocyclic ligands 

(i) Phthalocyanine 

The bis phthalocyanine complexes, M'YPc, (M'Y = Th, Pa, U, Np, Pu), can be prepared by © 

heating a tetrahalide, usually the iodide (M = Th, Pa, U), or a triiodide (M=Np, Pu) with an © 

excess of o-phthalodinitrile alone at 240-250 °C or, better, in 1-chloronaphthalene (see, e.g. 

ref. 168). The thorium compound has also been prepared’® by heating the metal powder with 
the dinitrile at about 270°C. An iodine adduct, UPc:Il,, is also known. 

In the structure of UPc2, the nitrogen atoms of the pyrrole rings of the two Pc ligands form a 
distorted prism in which the Pc ring systems are rotated by about 37° from the prismatic 
configuration.!”? The structure of ThPc, has also been published.’” The five complexes 
(M = Th, Pa, U, Np, Pu) are isostructural. The bonding in UPc, has been investigated by X-ray 
PE spectroscopy.’” 

(ii) Crown ethers and cryptands 

The structures of some of the known crown ether compounds (Table 48) have been reported; 
the dicyclohexyl-18-crown-6 compound of composition 3UCI,-2L is ionic, [UCI;L],[UCI.], with 
the uranium atom in the cation bonded to all six oxygen atoms of the crown ether and to three 
chlorine atoms.‘ The 18-crown-6 complex of the same composition is probably of this form, 
for on_ recrystallization from nitromethane the mixed oxidation state complex 
[UCI;L],[UO02Cl,(OH)(H20)]-MeNO, is obtained, in which the nine-coordinate uranium 
atoms in the cations are bonded to six oxygen atoms of the crown ether and to three chlorine 
atoms in an irregular polyhedron, while the anions adopt the pentagonal bipyramidal geometry 
commonly found for dioxouranium(VI) species.'’?? However, in the uranium(IV) thiocyanate 
compound with 18-crown-6, the ether (L) is not bonded to the metal atom and the structure of 
this product, [U(NCS),4(H2O)4,]-1.5L-3H2O-MeCOBu, is described on p. 1142. 

Table 48 Some Complexes of Actinide(IV) Compounds with Crown Ethers and Cryptands 

L = 12-crown-4 = C,H, ,O, 
ThCl,-L 
L = 15-crown-S = C,gHy905 and benzo-15-crown-5 = C,4H 3905 

[Th(NO3)4(H,O)s]3‘5L 
L = 18-crown-6 = C;,H540, 
Th(NO;),:L-xH,O x=lor3 
2Th(NO3),4:3L:2H,O 
UX,-L X= Cl, CF;CO, 
3UC1,4:2L 
[UCI,],[UO,Cl,(OH)(H,O)]-MeNO, 
L = dibenzo-18-crown-6 = C,)H3,0, 
3Th(NO3)4:-5L:3H,O 
L = dicyclohexyl-18-crown-6 = C,)H3,0, 
Th(NO,),-L:3H,O 
Th(NO3)4:2L-HNO; 
3UC1,:2L = [UCI,L],[UCI,] 
L = dibenzo-24-crown-8 = C,,H;,0, 
Th(NO;),:L:3H,O 

L = dicyclohexyl-24-crown-8 = C,4H4,0, 
Th(NO3),:2L-HNO, 
L=kryptofix (2,2,2), 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane = C,,H,,.N>O, 
Th(NO;),°L:4H,O 

UX,:L X=Cl, NCS 

*H NMR spectroscopy of the complexes of UCI, with 18-crown-6 and dicyclohexyl-18-crown- 
6, and of U(CF3CO2), with these two ligands and with the cryptands [2.1.1], [2.2.1], [2.2.2] and 
[2.2.2.B] in nitromethane or methyl cyanide indicate that the metal atom is bonded to the 
oxygen atoms of the ligand.” 



The Actinides 1179 

40.2.3 The +5 Oxidation State 

40.2.3.1 Nitrogen ligands 

(i) Ammonia and amines 

(a) Ammonia. The only recorded ammine appears to be the alkoxide compound, 
U(OCH)CF3);-(6-12)NHs3, described as a green liquid. It is obtained by the reaction of UCI, 
with CF;CH,OH in the presence of an excess of ammonia. 

(b) Aliphatic amines. Complexes of the trifluoroethoxide, U(OCH,CF3)5-2RNH, (R= 
Pr", Pr’), U(OCH2CF3)5-xR2NH (x =3, R= Me and x = 2, R= Pr") and U(OCH,CF;)5-2Me3N 
are prepared by treating an ethereal solution of the alkoxide with an excess of the amine in 
ether, followed by vacuum evaporation of the mixture below 40°C and, finally, vacuum 
distillation of the green liquid products. No other actinide(V) complexes with amines appear to 
have been reported. 

(c) Dihydroazirine (ethyleneimine, C,HsN). The complex U(OCH,CF3);-3C,HSN, a volatile 
green liquid, is obtained in the same way as the amine complexes (see above). 

(ii) N-Heterocyclic ligands 

(a) Pyridine, Cs;H;N, py, and derivatives. Complexes of uranium pentachloride, UCI5-xL 
(x =2, L=py or 2-HSC;H,N and x =3, L=py) and of the t-butoxide, U(OBu');-py, have 
been recorded. Very little is known about them. 

(6) Quinoline and isoquinoline, C>H;N. Quinoline and isoquinoline complexes of uranium 
pentachloride, UCI;-xL (x =2 and 3) have been recorded, but it is not known whether the 
uranium atoms are seven (x = 2) and eight-coordinate (x = 3), or whether the compounds are 
ionic (e.g. [UCI,L,]*CI-). 

(c) 2,2'-Bipyridyl, bipy. The only known complex, UCI;-bipy, behaves as a 1:1 electrolyte 
in nitromethane’”* and is evidently [UCL,(bipy)]*Cl-. 

(d) 1,10-Phenanthroline, phen. An anionic complex of composition (EtsN),UOCI;(phen), 
has been recorded.'” It is probable that some of the chloride ions are displaced from the 
coordination sphere. 

(e) Pyrazole, substituted pyrazoles and 1,8-naphthyridine. Complexes of composition 
UCl1;:1.5L (L=pyrazole or 3,5-dimethylpyrazole) and UCl;-2L (L=1-phenylpyrazole or 
1,8-naphthyridine) have been obtained by treating a solution of UCI; in SOCl, with the 
appropriate ligand.’ 

(f) Pyrazine, C,H,N>2, phthalazine, CgHgN2, and phenazine, Ci2H\gN2. Complexes of UCI. 
with these ligands (UCI5-2C,H4N2, UCIs:2CgH~eN2 and UCI;:C;2HgN2) are precipitated from 
benzene solutions of the trichloroacryloyl chloride compound, UCI;-C;Cl,O, and the ligand. 
An anionic product of composition (Et,N)2UOCI;-C;,HgN2 has also been reported, but the 
reaction of salts of the [UOCI;]*~ ion with phenazine in nitromethane appears to yield a salt of 
a free radical cation, (C;,HsN2)H2Cl.*” 

(iii) Thiocyanates 

A salt of a dioxoneptunium(V) thiocyanato complex, Cs,[NpO2(NCS)5], has been recorded; 
the coordination geometry of the complex anion is presumably pentagonal bipyramidal. 

(iv) Nitriles 

Reaction of UF; with Me3SiCl or UCI; in methyl cyanide yields a complex with the mixed 
halide, UCI,F3:MeCN.!”8 Complexes with the pentabromides, MYBrs-xMeCN (MY = Pa, x = 3; 
MY =U, x =2 to 3) and with an oxonitrate, PagO(NO3)s-2MeCN, are also known. 

40.2.3.2 Phosphorus and arsenic ligands 

The only recorded compound appears to be the complex with o-phenylenebis(dimethyl- 
arsine), PaCls-xCsH,4(AsMez)2 (1<x <2).” 

COC3-LL* 
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40.2.3.3 Oxygen ligands 

(i) Aqua species, hydroxides and oxides 

(a) Aqua species. A selection of the reported hydrates is given in Table 49. The structure of 
one of them, K;NpO.(CO3;)2:xH2O (x <2), has been reported to consist of layers of 
[KNpO.(CO3),]*~ ions with K* ions in between the layers,” but in a later paper’® the MYO, 
group in the compounds MSMYO.(CO3).:xH,O (MY =Np or Pu with M'=Na, K or Rb) is 
reported to be coordinated to six oxygen atoms from three bidentate carbonate groups to form 
a distorted hexagonal bipyramid. In most cases it is not known whether any or all of the water 
molecules are bonded to the actinide(V) metal ion in these compounds. In the hydrated 
carbonates, KMYO.(CO3)-xH,O and K3MYO,(CO;3).-xH20 (MY=Np, Pu) the water is 
considered to be zeolite type.1””* 

Table 49 Some Hydrates of Protactinium(V), Uranium(V), Neptunium(V) and Plutonium(V) 

Compounds 

PaF,-xH,O x=1,2 
(Et,N)2(UOF,)-2H,O 

NpOF,:2H,O 

NpO,(ClO,)-xH,O0 t= 3h 7 

M'MYO,(CO,)-xH,O M!=Na, MY =Np, x =0.5, 1, 2, 3, 3.5 or 4; MY = Pu, 
x unspecified 

M!=K, Rb, MY =Np, Pu 
M! = NH,, MY =Np, Pu (x =3) 

(NH,)2Pu0,(CO3)(OH) -xH,O 

K,;MYO,(CO;),:xH,O MY =Np, Pu (x <2) 
Pa(C,0,).(OH)-6H,O 
PaO(C,0,)(OH):-xH,O 2<x<4 

NpO.(HC,O,)-2H,O 
(NpO,),C,0,"H,0° 
M!NpO,(C,0,)-xH,O M!=Na, x =1, 3; K, x =2; NHy, x =2; Cs, x =2,3 
M3NpO,(C,0,)2:xH,0 M! = Na, K, NH, 
M;NpO,(C,0,)3-xH,O M!'=Na, K, NH,, Cs 
PaO(NO;)3:xH,O 1 < x < 4 

NpO,(NO3) -xH,O t= di 5 

RbNpO,(NO;),-H,O 
PaO(H,PO,)3:2H,O 
NH,PuO,HPO,-4H,O 

[Co(NH3)s]NpO2(SO,)2°3H,O 
[Co(NH;),]NpO,(SO,)>-M3SO,:xH,O M! _ Na, K 

[Co(NH3).](NpO,)2(IO3);-4H,O 
PaO(ReO,)3-xH,O 

*“V. G. Zubarev and N. N. Krot, Sov. Radiochem. (Engl. Transl.), 1981, 23, 690. 

The basic structure of the hydrated oxalato complex, NaNpO,C,0,:3H,O, is made up of 
infinite chains of composition [NpO2C,0,(H20O)]?~ connected by Na* ions and H,O molecules 
in a three-dimensional network. The neptunium atom is at the centre of a pentagonal 
bipyramid, coordinated to four O atoms from two C,O, groups and a fifth from the water 
molecule in the equatorial plane.'” 

(b) Hydroxides and oxides. Protactinium(V), neptunium(V) and plutonium(V) hydroxides 
precipitate from alkaline aqueous solutions of the actinides(V); the last two appear to be of the 
form MYO,(OH)-xH,0. 

Oxides such as PazO;, Np2O; and U30g3 (+5 and +6 oxidation state metal centres) are well 
established and a number of mixed oxides such as LisMYO,, Li;MYO, (MY = Pa, U, Np, Pu) 
and Ba,U,O, have been recorded. 

(ii) Alcohols, alkoxides, aryloxides and silyloxides 

(a) Alcohols. The only known actinide(V) alcohol adducts appear to be the uranium(V) 
compounds UOCI;-EtOH, UO(OR)3-ROH (R = Et, Bu‘) and U(OBu');-Bu'OH. No structural 
information is available for any of these compounds. 
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(b) Alkoxides. A very large number of uranium(V) alkoxides are known (Table 50), for 
these compounds are more stable with respect to disproportionation than any other 
uranium(V) compound. However, protactinium(V) and neptunium(V) alkoxides have scarcely 
been investigated, and no examples of plutonium(V) alkoxides have been recorded. 

Table 50 Actinide(V) Alkoxides 

MY*(OR), MY =Pa, R=Et 
M’ =U, R=Me, Et, Pr’, Pr’, Bu", Bu’, Bu, But, 

n-CsH,,, CHMePr”, CHEt,, CH,Bu‘, 
CMe,Et, CHMePr', CH,Bu', CH,Bu', 
CMe,Pr", CMe,Pr', CMcEt,, CMeEtPr', 
CEt,, CH,CH=CH,, CH,CH,NH;, CH,CH,NEt,, 
CH,CF; 

UYO(OR); R=Et, Pr 
UY(OR),F; R=Me, Et 
US(OR) Cl, R=Et, n=1, 2,3 or 4 (MeCO,Et adduct) 

R=Pr*,n=1,2 
R= Pr’, n=1, 2,3 or 4 (MeCO,Pr' adduct) 
R=Bu',n=1 

U(OR),_,,Br,, R=Et, n =1, 2, 3 or 4 (MeCO,Et adduct) 
R=n-C,H,,, n =1, 3 or 4 (MeCO,n-C.H,, adduct) 

Np(OEt),Br 
NpO(OEt)Br, 
U(OR),CLBr R=Me, Bu? 
M[U(OR),] R=Me, M'=Li, Na, K, Rb, Cs, Me,N, Et,N, Ph,As 

R=Et or Bu’, M'=Na 
Ca[U(OEt).], 
Al[U(OEt).], 
M'[U(OEt).X,] X=Cl, M'=Et,N, Ph,As 

X=Br, M'=Et,N 

U(OEt)s is easily prepared by oxidation of U(OEt), by bromine in ethanol, followed by 
addition of the calculated quantity of sodium ethoxide, a reaction which yields'*’ only 
Np(OEt),Br in the case of Np(OEt),. U(OEt)s is commonly used as the starting material for 
the preparation of other uranium(V) alkoxides by alcohol exchange reactions. A comprehen- 
sive review of metal alkoxides includes a useful discussion of the uranium(V) compounds. '® 

Molecular weight determinations indicate that in solution U(OMe); is probably a tetramer in 
equilibrium with a dimer, whereas the other alkoxides are principally dimeric in non-aqueous 
media unless the alkyl group is bulky as in the compounds U{OCEt;); and U{OC(MeEtPr')};, 
which are monomers in solution. 

The reaction of U(OEt); with bidentate ligands, such as B-diketones, HL, has been reported 
to yield products of composition U(OR),L, U(OR)3L2 and U(OR)2L3, depending on the 
quantities of HL used, but the last two products are probably mixtures of U(OR)4L, UL, and 
dioxouranium(VI) compounds. 
The alkoxide fluorides, U(OR)2F; (R=Me, Et) are obtained by treating UF; with the 

calculated quantities of Me;SiOMe or U(OEt)s. The other alkoxide halides are commonly 

prepared by reaction of U(OR)s with the calculated quantities of hydrogen chloride, acetyl 

chloride or bromide in ether or benzene. 
Anionic compounds of the type M’[U(OR).] are also known (Table 50) and in these 

compounds the uranium atom is probably octahedrally coordinated. 
(c) Aryloxides. The only known compounds of this type are the phenoxides U(OPh),(OEt), 

U(OPh),Cl,Br, Na[U(OPh).] and a mixed uranium(V)/uranium(VI) compound of composition 

U,0.(OPh),0-4THF. This last is obtained by atmospheric oxidation of the product of the 

reaction of UCl,-xTHF with NaOPh in THF. The structure of the compound consists of two 

uranium(V) and two uranium(VI) centres which are connected by four bridging phenoxide 

groups and two triply bridging oxygen atoms, that is, {{UY(OPh)3THF],[U"'02(THF)]2(u- 

OPh),(3-O)2}. The coordination polyhedron about each uranium atom is a distorted 

pentagonal bipyramid.**° ey 
(d) Silyloxides. The few known uranium(V) silyloxides are similar in properties to the 

corresponding alkoxides; U(OSiMes)s is mainly dimeric in non-aqueous media and the degree 

of dimerization of the compounds U(OSiRs)s in solution decreases sharply in the order 

U(OSiMe;)s >> U(OSiMe,Et); > U(OSiMeEt2)s > U(OSiEts)s, the last being a monomer. Ani- 

onic species, Na[U(OSiR3).] (R = Me, Et), are also known. 
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(iii) B-Ketoenolates, tropolonates, ethers, ketones and esters 

(a) B-Ketoenolates. Apart from the  protactinium(V) compound of composition 
PaCl;(MeCOCHCOMe)),, all the reported compounds are uranium(V) products obtained by 
reaction of U(OR)s; with the stoichiometric quantity of the B-diketone in benzene under reflux. 
These products are of composition U(OR)s_,, (R'COCHCOR?’), (R = Et or Bu‘, R’= R?= Me 
and R'! = R*= Ph, both with n=1, 2 or 3; R=Et and n =1, 2 or 3, or Bu' and n =1 or 3, 
R'=Ph, R?=Me). As mentioned earlier (p. 1181) only the products of composition 
U(OR)4(R'COCHCOR?) are likely to be genuine compounds. The same applies to the 
majority of the B-ketoester products of composition U(OR)s_,(R'COCR7CO,R’), (R= Et, 
R!=Me, R?=H and R*=Me or Et or R'=R*=Me, R°=Et; R=Bu', R'=R?=Me, 
R?=Et, all n =1, 2 or 3), although the products of composition U(OR)3(CF;COCHCO,R’), 
(R= Me, R'=Et and R=Et, R'=Me, Et or Bu") may be genuine compounds. 

(b) Tropolonates. The tropolonates MY(trop); (MY =Pa,U) and M¥(trop)4X (MY =Pa, 
X=Cl, Br, ClO,; U, X=Cl) have been recorded. U(trop)s is precipitated when Htrop is 
added to a solution of U(OEt); in ether and is very unstable with respect to decomposition to 
U(trop)4. U(trop)4,Cl is isostructural with Pa(trop),Cl. The ethoxide, Pa(trop),(OEt), was 
subsequently shown to be Pa(trop)s. 

(c) Ethers. The only recorded compounds are UCI;-R2O0 (R= Me, Et, Pr’, Bu", i-CsH;;), 
UCI;-THF and the dioxane complexes, UCI;-xC,HgO 2 (x = 1 or 3). 

(d) Ketones. 1:1 Complexes, UCI;-L [L=anthr-10-one (C,4HjoO), 9-methyleneanthr-10- 
one (C;5Hi99), 1,9-benzoanthr-10-one (C;7Hi9O) and 9-benzylideneanthr-10-one (C2,H,4O)] 
and the bis complexes, UCI5-2L with L=C,4HjoO or C,7HioO have been reported. Benzil 
adducts, UCI;-xPhCOCOPh (x = 1 or 2) are also known. These products presumably involve 
six- and seven-coordinate uranium(V). 

(e) Esters. Ester complexes of composition U(OR)X,-MeCO.R (R=Et, X=Cl or Br; 
R=Pr', X=Cl) have been obtained by reaction of U(OR); with the acyl halide, MeCOX, in 
benzene under reflux. 

(iv) Oxoanions as ligands 

(a) Nitrates. The hydrated nitrates PaO(NO3)3;-xH,O (1<x<4) and NpO,NO3-xH,O 
(x =1, 5), as well as the hydrated nitrato complex, RUNpO2(NO3)2-H2O, have been mentioned 
earlier (p. 1180). The hexanitratoprotactinates(V), M'[Pa(NO3)6] (M' = Cs, Me4N, Et,N) have 
been prepared by treating the chloro complex salts, M'[PaCl,] with liquid NOs. The acid, 
HPa(NO3). is also known. In these compounds the protactinium(V) centre is presumably 
12-coordinate. 

(b) Phosphates. Some hydrated phosphates and phosphatocomplexes are included in Table 
49, p. 1180. Hydrated protactinium(V) phosphate, PaO(H2PO,)3-2H2O, dehydrates at 250°C 
and decomposes to PaO(PO3); at 700°C, then to (PaO)4(P207)3 at 1000°C. The structures of 
these compounds are not known. 

(c) Arsenates. A protactinium(V) phenylarsonate, H3PaO.(PhAsO3). and a number of 
hydrated salts of neptunium(V) arsenato complexes have been recorded, but no structural 
information is available for them. 

(d) Sulfates. Protactinium(V) oxosulfate, H3PaO(SO,)3, is obtained on evaporating 
HF/H,SO, solutions of protactinium(V); it decomposes at 375 to 400°C to HPaO(SO,)2, which 
yields HPaO,SO, at 525°C. (NpO2)SO4, has been reported and hydrated hexammine 
cobalt(III) salts of the [NpO2(SO,)2]*~ anion (Table 49, p. 1180) are also known. 

(e) Selenates. The protactinium(V) compound, H3PaO(SeQ,)3, is obtained from 
Hebe solutions of protactinium(V). Unlike the sulfate, it decomposes directly to Pa,O; 
on heating. 

(f) Iodates. Hydrated neptunium(V) iodate and a salt of the com i 
[(NpO2)2(103)s]}>" have been recorded (Table 49, p. 1180). BIE Sua 

(v) Carboxylates and carbonates 

(a) Monocarboxylates. Hydrated neptunium(V) formate, NpO.2(HCO,)-:2H,O, and the 
formato complex, Cs,NpO2(HCO,)3, have been reported, the latter precipitated from aqueous 
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solution. The HCO, group appears to be bidentate in both compounds.’ Salts of 
acetatodioxoactinates(V),'®° Cs,MYO.(MeCO,)3 (MY = Np, Pu) and Na,NpO,(MeCO;);, have 
been reported. The two cesium salts are isostructural’®® and presumably have the same 
hexagonal bipyramidal coordination as the anion of the barium _ salt, 
Ba[NpO.(MeCO,)3]-2H.2O, in which the oxygen atoms from the three bidentate acetate groups 
are in the equatorial plane.'®’ 
A number of mixed alkoxide/monocarboxylate compounds of the type U(OR)s;_,(R'CO;), 

(R=Et, R'=Me, Et, Pr” with n = 1, 2, 3 or 4; R=Et or Bu‘, R! = Ph with n = 1, 2 or 3) have 
been obtained by heating the alkoxide U(OR)s (R = Et) with the stoichiometric quantity of the 
acid in benzene under reflux or (R = Bu‘) by heating the appropriate ethoxide carboxylate with 
an excess of t-butanol in benzene. 

(b) Chelating carboxylates. The anhydrous pyridine-2-carboxylate, NpO(Cs;H,NCO,), is 
obtained by heating the dihydrate at 125 °C; its IR spectrum indicates that the pyridine N atom 
is bonded to the Np atom. Similarly, in the N-oxide analogue, NpO2(C;H,N(O)CO,), the 
amine oxide O atom is bonded to the metal. 

The hydrated furan-2-carboxylate, NpO2(C,sH;0CO,)-2H,O, and the  thiophene-2- 
carboxylate, NpO2(C4,H3;SCO2):2H,O, dehydrate at 90°C and 100°C respectively; it is possible 
that the ring O and S atoms in these two carboxylates are also bonded to the metal atom. 

(c) Carbonates. Hydrated neptunium(V) carbonate, NpO.CO3;-xH,O, and salts of hydrated 
carbonatocomplexes of the type KMYO,CO3-xH2O and K3MYO2(CO3)2-xH2O (MY = Np, Pu) 
are included in Table 49 (p. 1180); the structure of K;NpO2(CO3)2:xH2O is described on p. 
1180. The basic structure of the salts M'NpO,CO3-xH,O (M! = Na, K) consists of (NpO2)CO3 
layers with the M* cations distributed in between.'** Anhydrous salts of carbonato complexes, 
KMYO,CO; (MY = Np, Pu),'®° NH,PuO,CO; and M§NpO,(CO3)3 (M!' = K, Cs) have also been 
recorded. 

(d) Oxalates. Hydrated oxalates and oxalato complex salts are included in Table 49, p. 
1180. (NpO,)2C,O,:H,O dehydrates at 180°C and the anhydrous salt, CSNpO2C,O,, has been 
recorded. 

(e) Polycarboxylates. Salts of dioxoneptunium(V) mellitate and pyromellitate complex ions, 
Na,(NpO>)2(Cs(CO2)>):8H20 and {Na3NpO2(CsH2(CO2),4)}2:11H20, have been reported; in 

the pyromellitate complex the NpO? ion is coordinated to four pyromellitate anions, the 
carboxylate oxygen atoms of which form a pentagon in the pentagonal bipyramidal coordina- 

tion geometry.'®” 

(vi) Aliphatic and aromatic hydroxyacids 

(a) Aliphatic hydroxyacids. Uranium(V) — 3-hydroxypropionates, formulated _as 

U(OEt)(OCH2CH,CO,),, U(OEt)3(OCH,CH2CO,), U(OCH,CH2CO>)2(HOCH,CH2CO>) 

and U,(OCH,CH,CO,);, are obtained in the same way as the ethoxide monocarboxylates. 

Phenyl hydroxyacetates of composition U(OR)3(PhCH(O)COz,), U(OR)(PhCH(O)CO;), (R= 

Et, Bu‘), U(PhCH(O)CO,).(PhCH(OH)CO>) and U2(PhCH(O)COz); have been prepared in a 

similar manner. 
(b) Aromatic hydroxyacids. The only recorded compounds appear to be the uranium(V) 

salicylates, U(OEt)3(OCsH,CO>), U(OEt)(OC.H,CO2)2, U,(OCsH4COz2)s, HU(OC;H4CO>)s 

and the analogous t-butoxide salicylates, U(OBu')s—2,.(OCsH,CO2), (n =1 or 2), obtained in 

the same way as the analogous alkoxide monocarboxylates. 

(vii) Amides, P-Oxides and S-Oxides 

(a) Amides. The only amide complex appears to be U(OPh),Cl:-2DMF, obtained by 

reaction of CsUCI, with Na(OPh) in benzene under reflux, followed by extraction of the 

residue into DMF and evaporation of the extract to dryness. The reaction of UBrs with DMA 

in a mixture of acetone and SORA UTE meer in disproportionation to the mixed 

oxidation state compound [U’'O2(DMA)-;][U'* Bre]. ; 

(b) Trichlorbacryteyl OLEaE a product of composition UCI;-Cl,C=CCICOCI is obtained 

as an intermediate in the reaction of UO; with hexachloropropene (C3Cl.); its IR spectrum 

indicates that the acid chloride molecule is bonded to the metal atom via the carbonyl oxygen 

atom. 
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(c) P-Oxides. The known phosphine oxide complexes (Table 51) are nearly all derived from 

the actinide pentahalides. They are obtained from the pentahalide and the ligand in a 

non-aqueous solvent or by reaction of a chloro complex salt (e.g. Cs[UCl.]) with the ligand in 
dichloromethane. UBrs:(Me2N)3PO is obtained by bromine oxidation of a 1:1 mixture of UBr, 
and the ligand in MeCN, and the complexes UFs:2Ph3PO and UCI,F3-2Ph3PO have been 
isolated by addition of Ph3PO to UF; and to UCI,F; respectively. The structure of 

[UCI;(Ph3PO)] is a slightly distorted octahedron.’ 

Table 51 Complexes of Actinide(V) Compounds with P-Oxides 

MX,:R3;PO R= n-CgH,7, M= U, X= Cl 

R=Me,N, M=U, X=Br 
R=Ph, M=Pa, U, X=Cl, Br 

PaCl,-Ph,(PhCH,)PO 
MX.-2Ph,PO M=Pa, X=F, Cl, Br; M=U, X=F, Cl 
UCI,F,:2Ph,PO 
PaBr;-(PhPO).CH, 
Pa(OEt),X3"Ph,PO X=Cl, Br 
PaOX,:2Ph;PO X=Cl, Br 
NpO,NO, 4 3 (n -C,H,7)3;PO 

[NpO,{(n-CgHj7)3PO},]ClO,-H,O 

(d) S-Oxides. The dimethyl sulfoxide complex, Pa(trop),Cl-DMSO appears to be the only 
known complex with this type of ligand. The thionyl chloride compound, UCI;-SOCh, obtained 
by heating UO; with SOCI, in a sealed tube for 24 hours at 150-200 °C, is probably ionic, 
possibly SOCI*UCI¢ . 

40.2.3.4 Sulfur ligands 

(i) Thiols 

A compound of composition [UCI,(SPh)},, which is presumably a thiophenolate, is 
precipitated when diphenyl disulfide is added to a benzene solution of the trichloroacryloyl 
chloride complex, UCI;-Cl,C=CCICOCI.'% The thioglycolate ester compounds U(OEt)s_,,L, 
(HL = HSCH,CO,R with R= Me, Et or Bu" and n = 1, 2, 3, 4 or 5) have been obtained by 
heating U(OEt)s with the appropriate quantity of the ester in benzene under reflux and the 
t-butoxide analogues U(OBu')s_,L, (n =1, 2,3 or 4) have been prepared by treating the 
corresponding ethoxide compounds with Bu'OH in benzene under reflux. An ethoxide-p- 
thiocresolate U(OEt)(1-S-4-MeC.H,),4, thiosalicylate and thiolactate compounds of composi- 
tion U(OR)s-2,L, and UL,(HL) (H2L = 2-HSC,H4,CO2H or C,H,(SH)CO2H, R=Et or But 
and n = 1 or 2) and the thiobenzoate U2(2-SC;H,CO2); have been obtained in the same way as 
the ethoxide-thioester compounds. It is not clear whether the thiolactates'*! are a@- or 
f-mercaptopropionates. 

(ii) Thiocarboxylates 

Alkoxide-thiobenzoates of composition U(OR)s_,(PhCOS), (R= Et or Bu' and n =2, 3 or 
4) have been prepared in the same way as the thioglycollate ester analogues. 

(iii) Dithiocarbamates 

The only recorded complexes appear to be the protactinium(V) compounds, Pa(Et,NCS»)4X 
(X= Cl, Br), prepared by treating a suspension of the pentahalide in dichloromethane with an 
excess of Na(Et,NCS.), followed by vacuum evaporation of the filtrate. 

(iv) Thiourea 

A product of composition UFs-2SC(NH2)2 has been obtained by treating UF, in methyl 
cyanide with thiourea; this may be a mixture of uranium(IV) and uranium(VI) species. 
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(v) Phosphine sulfides 

The  protactinium(V) complexes of composition PaX;L (X=Cl, Br; R=Ph;PS, 
(Ph2PS)2CH2) have been recorded. 

40.2.3.5 Selenium and tellurium ligands 

(i) Diphenyl diselenide and ditelluride 

The complexes UCIs-Ph2X, (X = Se or Te) are precipitated when a solution of the diselenide 
or ditelluride in benzene is added to a solution of the trichloroacryloyl chloride complex, 
UCI;-C3;CL,O, in the same solvent. 

(ii) Phosphine selenides 

The protactinium(V) complexes PaXsL (X= Cl, Br; L= Ph3PSe, (Ph2PSe),CH2) have been 
recorded. 

40.2.3.6 Halogens as ligands 

(i) Pentahalides 

Two modifications of UF; are known; in the high temperature form, a-UFs, the structure 
consists of an infinite chain of UF, octahedra linked by opposite corners. The low temperature 
form, B-UFs, with which PaF; and NpF; are isostructural, was originally thought to consist of 
an infinite chain of UF, pentagonal bipyramids’”, but is now known to be an eight-coordinate 
arrangement with the geometry intermediate between dodecahedral and _ square 
antiprismatic.’*° The structure of PaCl; is a chain of PaCl, pentagonal bipyramids!™ whereas 
UCI; is a dimer with UCI, octahedra sharing an edge.'*° B-PaBr; and UBr; are also dimers, 
like UCI;. The only pentaiodide known is Pals. 

Intermediate oxidation state fluorides, such as PajF, and M,F,7 [M = Pa, U and Pu(?)] are 
also known. 

(ii) Oxohalides 

The main types of actinide(V) oxohalide are given in Table 52. The oxohalides can be 
prepared by heating the parent pentahalide with the appropriate quantity of oxygen; for 
example, PazOCl, is obtained by this method at 400°C. NpOF; has been prepared by heating 
the hydrate in dry HF at 100-150 °C. 

Table 52 Actinide(V) Oxohalides 

MyOX, MY =Pa, X=F, Cl; MY=U, X=F 
NpOF; 
MYOX, MY = Pa, X=Br, I; MY =U, X=Cl, Br 
MYO,X MY =Pa, X=F, Cl, Br, I; MY =U, X=Cl, Br; 

MY =Np, X=F 
Pa,O;Cl, 
Pa,;07F 

The structure of PaOBr; consists of a polymer in which the protactinium atoms are 
surrounded by a slightly distorted pentagonal bipyramidal arrangement of three oxygen and 
four bromine atoms; two of the latter occupy the axial positions,'”° and the same geometry has 
been reported for UO.Br, again with three oxygen and two bromine atoms in the equatorial 

plane.’? 
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(iii) Halogeno complexes 

Hexahalogeno complexes (Table 53) are well known; the cesium salts, CsMF,, are readily 
obtained by fluorination of the tetrafluoride in the presence of cesium fluoride (M = Np, Pu) 
and others have been prepared by reaction of the pentafluoride with the cation fluoride; for 
example, reaction of CuF, with UF; in methyl cyanide yields Cu[UF,], which is reduced to 
Cu[UF,] by metallic copper.!* In the compound [(Ph3P)2N][UF.] the anion is octahedral'” as 
in the salts Cs[MYF.] (MY=U, Np, Pu), whereas the protactinium atom in RbPaF, is 
dodecahedrally coordinated.”” In the protactinium(V) compounds of the type M}PaF,, the 
metal atom is surrounded by nine fluorine atoms in a slightly distorted tricapped trigonal 
prismatic array (K,PaF; type),””' while the salts MSUF, and Rb,MYF, (MY = P, Pu) have the 
seven-coordinate (K,TaF; type) structure. In the octafluoro complexes, Na3[M‘’Fs] (MY = Pa, 
U, Np), the coordination geometry is cubic.” The chloro complexes are obtained from the 
pentachloride and, in the case of uranium(V), from thionyl chloride solutions of UCI;-SOCL; 
examples are Cs,UCI, and K3UClg.”° The anion in [Ph3(PhCH2)P][UCI,] is octahedral*™ and 
the structure of PCI{UCIg has also been reported.”” 

Table 53 Actinide(V) Halogeno Complexes 

M'[MYF,] MY = Pa, M'= Li, Na, K, Rb, Cs, NH,, Ag 
MY =U, M'=Li, Na, K, Rb, Cs, NH,, Ag, Tl, Cu, (Ph3P),N, NO, NO, 
MY =Np or Pu, M'=Cs 

Cu[UF,], 
MIMYE; MY = Pa or U, M!=K, Rb, Cs, NH, 

MY =Np or Pu, M'= Rb 
M3MYF, MY = Pa, M!=Li, Na, K, Rb, Cs 

MY =U, M'=Na, K, Rb, Cs, NH,, Ag, TI 
MY =Np, M'=Na 

M'[M*Cl,] MY = Pa, M'=Cs, Me,N, Et,N, Ph,As 
MY =U, M'=Na,’ K,? Rb,? Cs,* Ph,(PhCH,)P 

Cs,UCl, 
M3M‘Cl, MY = Pa, M'=Me,N, NO 

MUM = Kk 
M'[M*Brg] MY = Pa, M'=Me,N, Et,N 4 

MY =U, M'=Na,” K,” Rb,” Cs,” Et,N, Ph,As 
Ph,MeAs|[Pal,] 

oN, L. Kudryashov, I. G. Suglobova and D. E. Chirkst, Sov. Radiochem. (Engl. Transl.), 1978, 20, 314. 
I. G. Suglobova and D. E. Chirkst, Koord. Khim., 1980, 6, 409. 

(iv) Oxohalocomplexes 

A few salts of composition (EtsN)2[M’OX;] (MY = Pa, X=Cl, Br; MY=U,X=F) are 
known; the uranium(V) compound is obtained from the dihydrate under vacuum, and the 
protactinium(V) chlorocompound is prepared by hydrolysis of the hexachloro complex salt in 
methyl cyanide containing 0.5% water. Salts of composition (Et,N)[Pa(OEt)2X,] (X = Cl, Br) 
are also known. 

Difluorodioxoactinates(V), M'MYO,F, (MY =Np, M'=K, Rb; MY=Pu, M!=Rb NH,) 
and the tetrachlorodioxoactinates(V), Cs3[MYO,Cl,] (MY = Np, Pu) are obtained from aqueous 
acid solutions of the actinide(V). Cs3[NpO2Cl,] and Cs3[PuO,Cl,] are isostructural and the 
[M”O,Cl,]*~ anion has a distorted octahedral geometry. 
A mixed oxidation state compound, Cs;(NpYO,)(Np“O),Cli. is obtained by treating 

neptunium(V) hydroxide with ethanolic hydrochloric acid saturated with cesium chloride or 
from Cs3[Np*O,Cl4] and hydrochloric acid.7” The analogous neptunium(V)/uranium(V1) 
compound, Cs;(Np‘O2)(U“'0,),Cly, is isostructural with the NpY/NpY complex.”°° Products of the composition M3Np’OCI; (M'= Cs, Ph,As) obtained in a similar manner appear to be 
disproportionation mixtures. 
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40.2.3.7 Mixed donor atom ligands 

(i) Complexones 

Roe only bee nds ee this type of ligand appear to be the hydrated neptunium(V) complexes with ethylenediaminetetraacetic acid (H,edta), (NpO,)sH,(edta)-5H,O d 
[Co(NH3)s]NpO,(edta) -3H,O : : ‘ ee ‘ f a 

(ii) 8-Hydroxyquinolines 

Complexes in which 8-hydroxyquinoline acts as a neutral donor ligand, UCI;-xC,.H;,NO 
(x =2 or 4), have been isolated from non-aqueous media. Hydrated dioxoneptunium(V) and 
dioxoplutonium(V) compounds of composition Np’O,(CsHsNO):2HO, MYO.L-HL-H,O 
(MY=Np, Pu; HL =2-MeC,H;NO), PuYO,L:2HL:xH,O (HL=C,H;NO, x unspecified; 
S-CICZHsNO, x =1; 5,7-Cl,CsHsNO, x =2) and (Ph,As)NpO2(Cy,H~NO)>.-H,O have been 
obtained from aqueous solution. 

40.2.4 The +6 Oxidation State 

40.2.4.1 Group IV ligands 

(i) Cyanides 

The only recorded compound has the composition K,UO,(CN)2(NOs3),; it was reported to be 
precipitated when a saturated solution of KCN in a 1:1 mixture of ethanol and ether was added 
to a solution of UO2(NO3)2-6H,0;°” however, this was not confirmed in later work.?!° 

(ii) Isocyanides 

A cyclohexyl isocyanide complex with UO,Cl, has been mentioned in the literature.*° 

40.2.4.2 Nitrogen ligands 

The available IR data for the complexes with ureas indicate that the ligands are bonded to 
the metal via the carbonyl oxygen atom and these compounds are therefore discussed in the 
section on oxygen ligands. 

(i) Ammonia and amines 

(a) Ammonia. Although a number of ammonia adducts of dioxouranium(VI) compounds 
are known (Table 54), analogous neptunium(VI) and plutonium(VI) systems do not appear to 
have been investigated. The uranium(VI) complexes are obtained by treating the parent 
compounds with anhydrous liquid ammonia, with gaseous ammonia in a non-aqueous solvent 
or (the 7-methyl-8-hydroxyquinolate) by precipitation from aqueous solution in the presence of 
ammonia. The complexes with f-diketonates, originally reported as UO ,(acac).-NH3 and 
UO,(ba), (Hba = 1-phenylbutane-1,3-dione) are now known to be f-ketoimine adducts?!’ 
but the analogous ammines UO,L,-NH3 (HL = PhCOCH,COPh and CF;COCH2COCF;) are 
genuine compounds. In the molecule [UO(CF;COCHCOCE3),(NHs)] the coordination 
geometry is pentagonal bipyramidal;””” this appears to be the only actinide ammine for which a 
crystallographic structure determination has been recorded. Basic compounds of composition 
U,0;Cl,:-xNH3 (x = OF 4), (NH,)2U03Clh:-xNH3 (x =1 or 2) and (NH,)2U20;Cl;-xNH3 

(x =1, 2, 4 or 7) have also been recorded. Sapa 
(b) Aliphatic and aromatic amines. The known amine complexes, all with dioxouranium(VI) 

compounds (Table 55), are obtained in a similar manner to the actinide(IV) complexes (p. 
1137). 
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Table 54 Ammonia Complexes of Dioxouranium(VI) Compounds 

UO,F,:xNH; x=2,30r4 

UO,Cl,:xNH3 x = 0:5,,1;-2; 3,4; 5-or 10 

UO,Y,:xNH, Y =Br, I, x=2,3 or 4 

UO2Y,'xNH;'Et,0 Y =Cl, Br, I, NO, and x = 2; Y=Cl, NO, and x =3 

UO,(NO3).:xNH3 x=2or4 

UO,(NO3)2:3NH3:2H,O 

UO,(NH):xNH, x=lor2 
UO,Y,:xNH; Y = MeCO,, 0.5SO, and x =2, 3 or 4; 

Y = HCO,, 0.5C,0, and x =2 

UO,(OH)Y-NH; Y = HCO,, 0.5C,0, ms 

UO,(C,>HgNO)2:NH; C,oH NO = 7-methyl-8-hydroxyquinoline 

UO,(RCOCHCOR),:NH; R=CF;, Ph 

Table 55 Amine Complexes of Dioxouranium(VI) Compounds 

eee trate 

UO,Cl,-2RNH, R= PhNH,, H,NC,H,NO,), 2-, 3-, 4-MeC,H,NH2, 
2-, 3-MeOC,H,NH2, 4-EtOC,H,NH2, H,NC,H,-3, 
4-Me,, 1-, sr 

UO,Cl,:2 to 3RNH, R=Me, Et, Pr”, 
UO,Cl,-R,NH R, = Ph, (Gnctl,), (Ph)(Et), (Ph)(PhCH,) 
UO,Cl,:2L L=Ph,N, PhCH=NPh, Et,N(C,H,OH) 
UO,(NO3),.-2L L=MeNH,, PhNH,, 2-H,NC,H,OH, Et,NH, Et,N 
UO,(HCO,),.-2MeNH,* 
UO,(MeCO,).:-2RNH, R=Me,* Ph 
UO,(EtCO,).:2MeNH,* 
UO,SO,:2PhNH,:3H,O 
UO,C,0,:2PhNH,:2H,O 
UO,(C,;H3NO,)-2C3H,N C,H.N = allylamine; C;H;NO, = pyridine-2,6-dicarboxylic acid 
UO,A,:L HA = H(acac) with L= Me3N and Et,N; PhCOCH,COPh, 

C,H,0O, (tropolone), CjHjNO (8-hydroxyquinoline) with L = PhNH, 

[UO,(S,CNEt,),(Et,NH)] 

*IR data are given in G. N. Mazo, N. A. Santalova and K. M. Dunaeva, Sov. Radiochem. (Engl. Transl.), 1981, 23, 547. 

The structure of the complex with the WN, N-diethyldithiocarbamate 
[U0,(S,CNEt,)2(Et.NH)] is pentagonal bipyramidal, with four sulfur atoms and the amine 
nitrogen atom in the equatorial plane.” > No other structural information is available for the 
remaining amine complexes, but it is probable that the monoamine complexes of the 
B-diketonates, tropolonate and 8-hydroxyquinolinate, UQ2A2L, have the same coordination 
geometry. The bis amine complexes of dioxouranium(VI) nitrate and the monocarboxylates, 
UO,A,L,, may involve eight-coordinate uranium(VI) if the anions A~ are bidentate, in 
which case hexagonal bipyramidal geometry would be expected. In other bis amine complexes 
of the type UO,Cl,L, the geometry is presumably octahedral. 
A number of aminoacid adducts, such as UO2(MeCO>2)2:x H2NCH2CO>H (x = 1, 2 or 3) have 

been recorded and in these the amino nitrogen is probably the only donor atom. Di- and 
tri-ethylamine adducts of several diolates are also known. 

(c) Hydrazines. The only recorded complexes are those with dioxouranium(VI) compounds 
(Table 56). Very little is known about them. 

Table 56 Complexes of Dioxouranium(VI) Compounds with Hydrazines 

UO,X,-4L* X= Cl, Br, I, NO3;, NCS; L=N,H,, PRANHNH,, Me.NNH, 
(UO,Cl,).:N,H,:6H,O 

UO,X-yN,H,:zH,O X =SO,, y=2, z=0; X=C,0,, y =1, z =0.75 
and y=2,z=1 

UO,SO,:PhNHNH, 
(UO,),(OH)2X2-yN,H,zH,O X=Cl, y=1, z=6 and y =3, z=0; 

X, =SO,, y=1, z=0 

“A. K. Srivastava, R. K. Agarwal, V. Kapur, S. Sharma and P. C. Jain, Transition. Met. Chem. (Weinheim, 
Ger.), 1982, 7, 41. 
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(d) Ethylenediamine and other diamines. In addition to the complexes listed in Table 57, a 
considerable number of 1:1 complexes of dioxouranium(VI) Schiff base compounds with en 
and Me,en are also known. No structural information is available for these compounds. The 
phosphate compound, UO,HPO,:en, precipitated when en is added to a 95% ethanol solution 
of UO,(NO3)2:2H2O containing phosphate ion, is probably an ethylenediammonium salt, 
(enH)UO,PO,. The hydrated 2,3-diaminotoluene complex, UO,(NO3)2:2L-:2H,O, is reported 
to be maroon violet,”"* a colour which is unusual for dioxouranium(VI) compounds. 

Table 57 Complexes of Ethylenediamine and other Polydentate Nitrogen Ligands 

with Dioxouranium(VI) Compounds 

Ethylenediamine, en 
UO,(NO,),:xen x=lor2 
UO,(HPO,)-en (7) 
L = 1,2-diaminopropane 

UO,(NO;)-L 
L = hexamethylenetetramine, (CH,)5N, 
UO,X,:L X= NCS, MeCO, 
Diaminoarenes 
UO,ClL,-xL x =1 or 2, L=1,2-diaminobenzene 
UO,CL:2L L=1,3- or 1,4-diaminobenzene 
UO,(NO;),:2L-H,O L = 1,2-diaminobenzene 
UO,(NO,),:xL-yH,O x =3, y=0, L=3,4-diaminotoluene; 

x=y=2, L=2,3-diaminotoluene 
UO,SO,:L:THF L = 4,4'-diaminobiphenyl (benzidine) 

(ii) N-Heterocyclic Ligands 

(a) Pyridine, C;H;N, and derivatives. The central metal atom in the complexes UO,Cl,-2L 
(Table 58), where L is pyridine or a monosubstituted pyridine, is probably six-coordinate, 
whereas in the complexes UO2X>L in which X is a B-diketone, N, N-dialkyldithiocarbamate or 
8-hydroxyquinolinate, and in [UO.(py)s](ClO.4)2, the coordination number is almost certainly 
seven, with pentagonal bipyramidal geometry, as in the diethylamine complex 
[UO2(S2CNEt2)2(NHEt2)] (p. 1188). The metal atom is probably eight-coordinate in the 
complexes UO2Cl,-4py and UO,(NO;)2:2py, but this requires confirmation. 

Table 58 Some Complexes of N-Heterocyclic Ligands with Dioxouranium(VI) Compounds 

Pyridine and substituted pyridines 

UO, X3-yL X=Cl, y =1 (+H,O) or 2, L=py; y =2, L=2-Me-, 3-Me- and 
2-H,N-C5H,N; y = 4, L=py 

X=NOs,, y =1 (+H,0 or Et,O) or 2, L= py 
X = OPh, O(2- or 4-MeC,H,), O(4-CIC,H,), y = 1, L= py 
X = O(2-MeC,H,), y = 3, L=py 
X =MeCOCHCOMe, MeCOCHCOPh, PhCOCHCOPh, y = 1, L=py 
X =MeCOCHCOMe, y = 1, L=3- or 4-H,N-, 4-HO-, 3- or 4-MeCO-, 

3- or 4-NC-, 3-Cl-, or 4-Me-C35H,N 
X=S,CNEt,, y =1, L=py, 4-Bu'-, 4-Ph-, 4-Ph(CH)),-, 

or 2-(CHEt,)-C;H,N 
X=C,H,NO, y = 1, L= py; CJH,NO = 8-hydroxyquinoline 

UO,X-ypy X=SO,, y =2 or 3; Cr,0,, y =2; dibasic Schiff base anions, y = 1 

[UO,(py)s](C10.)2 

Piperidine, C;H,,CN 

UO,L,:C;H,,N HL = CF,COCH,CO(2-C,H,S) or n-C;F;COCH,COBu' 

Quinolines 

UO,X,:L X =NO,, L = quinoline (+H,O) or 2-methylquinoline (+H 0) 

X = MeCOCHCOMe, L = quinoline 
X = C,H,NO (8-hydroxyquinolinate), L = quinoline 

UO,SO,:L L = 2-methylquinoline 
UO,Cr,07:2L L = isoquinoline 
EG RE Ee PEE GE EE Se ere 
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(b) Piperidine, CsH,,N. 1:1 complexes with the f-diketonates UO2{CF;COCHCO- 
(C4H3S)}2 and UO.(n-C3F;COCH,COBu'), are known; in both cases the uranium atom is 
probably seven-coordinate. 

(c) Quinoline and isoquinoline, CyH,N. The few known quinoline, isoquinoline and 
2-methylquinoline complexes with dioxouranium(VI) compounds are included in Table 58. The 
uranium atom in the quinoline complexes with the acetylacetonate and 8-hydroxyquinolinate, 
UO,(acac)2:C>H7N and UO.(CysHsNO)2:CoH7N, the uranium atom is presumably seven- 
coordinate. 

(d) 2,2'-Bipyridyl, bipy, and 4,4'-bipyridyl, Cjy)HgN2. In addition to the complexes listed in 
Table 59, a number of compounds with dioxouranium(VI) Schiff base products are also known. 
The complex with the cyanocyanamide, UO [N(CN).].:2bipy, is obtained by reaction of 
UO,(NO3)2. with K[N(CN)2] and bipy.”° The dioxoplutonium(VI) compound formulated as 
PuO,Cl,(bipy-HCl), should be regarded as the chloro complex salt, (bipy-H).[PuO,Cl]. 
UO2(MeCO>).:bipy and UO.(OH)(MeCO,):bipy behave as non-electrolytes in water or 
methanol whereas UO,Cl,-bipy.H,0 and UO,(NOs;),:bipy behave as 1:1 electrolytes, 

[UO2CI(H20)(bipy)]Cl and [UO2(NO;)(bipy)](NOs).””° 

Table 59 Complexes of 2,2'-Bipyridyl, bipy, and 4,4’-Bipyridyl, C;jH,N>, with 

Dioxouranium(VI) Compounds 

UO,X,-ybipy X= Cl, NO3;, MeCO,, 2-, 3- or 4-H,NC,H,CO,, 
C,H,F;3S (tta), y=1 

X= NCS, NCSe, NO;, N(CN),, y =2 
UO,X,-yC,oHgN> X=Cl, y=1; X=NO,, y =1.5 
UO,CL:bipy-xxH,O x=1or2 
UO,(OH)X-bipy X= NO;, MeCO, 
UO,X-ybipy X=SO,, y=1; X=Cr,0,, y =2 
UO,SO,:C, >H,N> 
UO,X-bipy-yH,O X=SO,, y =4; X=CrO,, C,O,, y =1 

(e) Imidazoles, C3H,N2. The only recorded complexes with this type of ligand appear to be 
those formed by 2-(2’-pyridyl)benzimidazole (C,,H,N3) with dioxouranium(VI) compounds, 
for which products of composition UO.X2(Ci.HoN3) (X=Cl, I, NO 3 or 0.5804), 
UO2(NCS)2(Ci2HoN3)2 and UO2(C1O4)2(Ci2HoN3)3 have been reported. 

(f) Dipyridylalkanes. Complexes of dioxouranium(VI) compounds with these ligands are 
listed in Table 60. Very little is known about them. 

Table 60 Complexes of Dipyridylalkanes with Dioxouranium(VI) 

Compounds 

1-(2-Pyridyl)-2-(3-pyridyl)ethane, C,,H,,.N, 
UO,(NCS),:C,.H,,N,"H,O 

1-(3-Pyridyl)-2-(4-pyridyl)ethane, C,,H,,N, 
UO,X,‘yC,,H,.N> xX — NO, , MeCO,, = 1 

X=NCS, ClO,, y =2 
1,2-Di(4-pyridyl)ethane, C,,H,.N, 
UO,X,:2C,,H,.N>, X= NCS, NO3, ClO,, MeCO, 
1,3-Di(4-pyridyl)propane, C,,H,4N> 
UO,X,:C,3H,4N> X= Cl, NO;, 0.5SO, 

(g) Di(2-pyridyl)amine, Cy oHoN3. Dioxouranium(VI) compounds of composition 
UO2X2-yCioHoNs (X=Cl, NCS, y=1; X=NO;, 0.5804, y=2) have been reported. The 
imine nitrogen atom is probably not bonded to the uranium atom in these compounds. 

(h) 1,10-Phenanthroline, phen. In addition to the compounds listed in Table 61, a few 
complexes with dioxouranium(VI) Schiff base compounds are also known. Conductivity measurements indicate that UO2Cl,:2phen is ionic in methanol, [UO2(phen),|Cl,, whereas UO.Cl,-phen is a non-electrolyte and UO.(NCS)2:2phen behaves as a 1:1 electrolyte [UO.(NCS)(phen),|NCS, in that solvent. Only one of the water molecules in the complex iterates A panes ined Se appears to be bonded to the metal atom. A roxo-bridged structure has been suggested f i i 
UO,(OH)(MeCO.) phen gg or the complex with the basic acetate, 
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Table 61 Complexes of 1,10-Phenanthroline (phen) with Dioxouranium(VI) Compounds 
(et ee 
UO,X,-phen X= F,* Cl,* NO; (also +0.5H,O),* MeCO, (also +2.5H,O), 

Me;CCO,, 2-, 3- or 4-H,NCgH,CO,, CF;COCHCO(2-C,H,8), 
n-C,F,COCHCOBu', CsH,NO (8-hydroxyquinolinate) 

UO,X,-2phen X= Cl, NCS, NCSe, N(CN),° 
UO,X-phen X = SO, (+H,0),” SO, (also +5H,O), CrO,, 

CsH3N(O)-2,6-(COz),,° C,0, (+H) 
UO,Cr,0,-2phen 
UO,(OH)X-phen-yH,O y=0, X=MeCO,; y =2, X=Cl, NO3; y =2.5, X=NO, 
UO,(NO;3)X-phen-yH,O y =0, X=2-H,NC,H,CO,; y =2, X = 4-H,NC,H,CO, 
(UO,)2(OH),(SO,):2phen-yH,O y=lor2 
ee ee 

» The corresponding 2,9-dimethyl-1,10-phenanthroline complexes are also known. 
R. N. Shchelokov, G. T. Bolotova and N. A. Golubkova, Sov. J. Coord. Chem. (Engl. Transl.), 1977, 3, 810. 
we L. Ivanova, V. V. Skopenko and Kh. Keller, Ukr. Khim. Zh. (Russ. Ed.), 1981, 47, 1024 (Chem. Abstr., 1982, 96, 45 232). 
Polymeric; S. Degetto, L. Baracco, M. Faggin and E. Celon, J. Inorg. Nucl. Chem., 1981, 43, 2413. 

(i) 5-Methylpyrazole, C4,HsN>. One complex only, UO.(S,CNEt,).-C,H.N2, has been 
recorded. 

(j) Pyrazine, C,H,N and derivatives. Hydrated complexes of composition UO,Cl,-L-H,O, 
where L = pyrazine, 2-methylpyrazine and 2,5- and 2,6-dimethylpyrazine, have been recorded. 

(iii) Triazenes, cyanates and thiocyanates 

(a) Triazenes. A few complexes with substituted 1,3,5-triazenes have been recorded, 
including those with the 2,4,6-tris(dimethylamino) derivative (hexamethylmelamine), 
UO,Cl,-CosHigNe, and the hydrated complex with the tris(2-pyrimidyl) derivative, 
UO,(NO3)2:CisHaNo:7H20. 

(b) Cyanates. The hydrated complex salt of composition (Et,N),[UO.(NCO),(H2O)] is 
precipitated when an acetone solution of UO,(NO3)2:6H,O is added to an ethanol solution of 
EtsN(NCO)*”’ and a basic salt, K3[(U20;)(NCO);]-H2O, has also been reported. There is IR 
evidence" for the formation of the cyanato complex anions [UO,(NCO),]’~ and 
[UO,Cl,(NCO)]’~ in non-aqueous solutions containing RsN[UO2Cl;] and R4N[Ag(NCO),] 
R= CioH2:).- 

(c) Thiocyanates. The anhydrous and a number of hydrated forms of dioxouranium(VI) 
thiocyanate, UO,(NCS),, are known, but no structural information is available for these. The 
complex thiocyanato anion is usually of the form [UO,(NCS)s]*~ (Table 62), and in the cesium 
salt of this anion the coordination geometry is a distorted pentagonal bipyramid.”!° A few salts 
of tri-, tetra- and hexa-thiocyanato complex anions are also known, but no structural 
information is available for them. Mixed thiocyanato-acetato and -oxalato complexes have 
been recorded, as well as salts of complex anions of the type [UO.(NCS)3L,]~, where L is a 
neutral ligand, but very little is known about them. 

Table 62 Dioxouranium(VI) Thiocyanate and Thiocyanato Complexes 

UO,(NCS),-xH,O x=0,1,2o0r8 
M'[UO,(NCS)3(H,0),] x =0, M'=N(C,oH>;)4; x =2, M'=K, Rb and NH, 
(NH,)2[UO,(NCS),(H,0),] x =O or I ; 
M3[UO,(NCS).]-xH,O x =0, M'=K, NH,, Cs, Et;NH, N(C,oH2;)4, bipyH 

x=1, M'=K, NH,, Et,NH, pyH, C,H,NH and C;H,,NH 
x =2 or 6, M'=K, NH, 

[Co(en)s3],[UO(NCS)_](NO3)2°5H,O 

{N(CioH21)4}2[(UO2)3(NCS)s] 

(iv) Nitriles 

Methyl cyanide complexes of composition UO2X2-yMeCN (X=Cl, y=1; X=NOs, y =2; 

X=ClO,, y =3), {(CioH21)4N}NpO2Cls-MeCN and UO2SB-xMeCN, where SB represents a 

Schiff base anion, have been recorded. In the IR spectra of the last, the frequency of v(CN) is 
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almost identical to that of the free ligand. A cyanogen chloride adduct, UO2Cl,-NCCI, is also 

known. 

(v) Oximes 

A wide variety of dioxouranium(VI) aldoxime and ketoxime complexes of composition 
UO,L, are known. Examples of the ligands used are 2-hydroxy-naphthaldehydeoxime, 
HOC, >HsCH=NOH, ssalicylaldoxime, HOCsH,CH=NOH, isatin a- and f-oximes and 
substituted 2-hydroxyacetophenone oximes.””° In the structure of the 1,2-naphthoquinone-2- 
oxime complex, [UO2L,(H2O),]‘2CHCl,, the coordination geometry is hexagonal 
bipyramidal." 

40.2.4.3 Oxygen ligands 

(i) Aqua Species, hydroxides and oxides 

(a) Aqua species. A short selection of the very wide range of aquated actinide(VI) 
compounds is given in Table 63. Although the hydrated thiocyanato complex salts have been 
reported as M'[UO.(NCS)3(H2O)2] (M'=K, Rb, NHy,), the number of bonded water 
molecules is uncertain. The coordination geometry of the anion in (enH,)[UO2F,(H2O)] is 
pentagonal bipyramidal*” and the same coordination geometry has been found for the uranium 
atom in UO,(MeCO,)2:2H,O, in which only one water molecule is bonded to the metal atom. 
Half of the acetate groups are chelated to individual uranium atoms, and the remainder link 
adjacent bipyramids to form chains.””* In the hydrated oxalate, UO2C,0,-3H,O, each uranium 
atom is again seven-coordinate in a pentagonal bipyramidal array with four oxygen atoms from 
two independent C,O, groups and one from the water molecule in the equatorial plane; the 
C,O, groups are tetradentate in this structure.” 

Table 63 Some Hydrates of Dioxoactinide(VI) Compounds 

UO,X,:yH,O X=Cl, y=1,3; X=Br, y=3; X=NCGS, y = 1, 3; 
X=acac, y=1 

M¥!0,(NO;),:6H,O M*‘'=U, Np, Pu 
M“'0,(C1O,)-xH,O M‘! =U, x =3, 5, 7; M“' = Pu, x =6 
M”10,(1O,)>°xH,O M‘? =U, x =1, 2; MY'=Np, x =2 
UO,(RCO,),:xH,O R=H, x=1; R=Me, Et, Pr, Pr’, Bu”, x =2 

M™“!0,(C;H,N-3-CO,).-2H,O M¥!=U, Np, Pu 
M™'0,C,0,:3H,O M‘! =U, Np, Pu 
UO,(H;PO,).°3H,O 
(UO,)3(PO,4)2°3H,O 

(enH,)[UO,F,(H,0)] 
M'PuO,F;-H,O M!=Na, K, Rb, Cs, NH, 
M"UO,F,:4H,O0 M" = Zn, Cd, Cu, Mn, Co, Ni 
Rb,UO,Cl,:2H,O 

M3U,0.C1,:2H,O M!= Rb, Cs 
M'[UO,(NCS),(H,O),] M'=K, Rb, NH, 
M"[UO,(MeCO,),],-xH,O M" = Mg, x =6, 7, 8, 12; M" =Ca, x =6; 

M" = Sr, x =2, 6; M7 =Ba, x =2, 3, 6, 10 
M}[UO,(CO;)3]-xH,O M! = Mg, x = 16-18, 20; M"=Ca, x =4; 

M" = Sr, x =9; M"=Ba, x =5, 6 
M'M“'0,PO,-xH,O M‘'=U, M'=H, Na, NH,, x = 3; M'=Li, Na, K, x =4; 

M¥! = Np, M'=H, Li, x = 4; M'=Na, K, NHy, x =3 
M"™(M“0,,PO,).:xH,O M‘'=U, M"™=Ca, Sr, x = 6; Cu, x =8; 

M¥!=Np, M!" = Ca, Sr, Ba, x =6 
M'M“'0,AsO,:xH,O Ml =U, M'=H, x=4; M'=NH,, x =3 

M‘'=Np, M!=H, Li, x = 4; M'=Na, x =3.5; 
M'=K, NH,, x =3 

M"™(M*!0,AsO,),:xH,O M‘T=U, M"™=Mg, Zn,® Ni,* Co,? x =8 
M‘'=Np, M"=Mg, x =8, 10; M"=Ca, x =6, 10; 
M" = Sr, x =8; M"=Ba, x =7 

Na,NpO,(O,)3-9H,0 

“M. A. Nabar and V. J. Iyer, Bull. Soc. Fr. Mineral. Crystallogr., 1977, 100, 272. 
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Four crystal modifications of [UO (acac)2(H,O)] have been reported; in the 6 form the 
molecular geometry is a pentagonal bipyramid with four oxygen atoms from the acac groups 
and one from the water molecule in the equatorial plane.” 

The compounds of composition M}U,0;Cl,-2H,O (M! = Rb, Cs), obtained by the reaction of 
UO,(OH)2 with M'UO,ClyxH,0 (M'=Rb, x=2 and M!'=Cs, x=0), are actually 
Mi[(UO2)402Cle(H2O)2]-2H,O, with the uranium atoms in the equatorial plane of a pentagonal 
bipyramidal arrangement of triply bridging oxygen and doubly bridging chlorine atoms.” In 
the analogous hydrated basic chloride, K,(UO2)402.(OH) 2Cl,-6H,O, the structure consists of 
discrete tetranuclear [(UO )402(OH)2Cl4(H20)4]’~ ions, with four almost parallel OUO groups 
linked through double oxo or mixed oxo-chloro or oxo-hydroxo bridges; there are two 
coordination sites, both pentagonal bipyramidal, one with three oxygen and two chlorine 
atoms, and the other with four oxgyen and one chlorine atoms in the equatorial plane.””’ 

It has been reported” that UO,HPO,:3H,O behaves as a solid ionic conductor because of 
H* mobility across the water network in the compound, and it appears that the two- 
dimensional network of hydrogen bonds serves as the conduction path.” In the IR spectra of 
the perchlorate hydrates, UO2(ClO,)2:-xH2O, the ClO, groups appear to be ionic for x = 5 and 
7, but covalent and monodentate for x =3. Structural information on other hydrated 
dioxoactinide(VI) compounds is included in the following sections which deal with the parent 
compounds. 

(b) Hydroxides. The trioxide monohydrates, MY'03;-H,0 (MY'=U, Np, Pu), can be 
regarded as hydroxides, MY'O,(OH),; however, the IR spectrum of NpO2(OH),:H2O does not 
appear to exhibit any feature assignable to the O—Np=O group.”*° The neptunium(VI) and 
plutonium(VI) compounds are obtained by ozone oxidation of aqueous suspensions of 
neptunium(V) and plutonium(IV) hydrated oxides; they cannot be dehydrated and decompose 
on heating to lower oxides. 

The basic compound of composition Zn(UO2)2SO,(OH),4-1.5H2O involves tridentate bridg- 
ing OH groups; the structure consists of chains of pentagonal bipyramidal UO,(OH)30, 
groups.~! Many other hydroxo complexes, such as TIUO(OH),(MeCO,) and 
M3[UO2(OH)(C,0,)2] (M'=Na, K, Et,NH2, CN3H¢), have been recorded, but structural 
information is lacking for them. 

(c) Oxides. UO; is the only anhydrous trioxide known, but a number of actinide(VI) 
ternary oxides have been recorded. The principal types are M3M‘'O, (M‘'= U, Np, Pu’; 
M! = Li, Na, K, Rb, Cs), M"M“0, (m™ =U, M™=Mg, Ca, Sr, Ba; MY'= Np, M™ = Ca, Sr, 

Ba; MY'=Pu, M"=Ca, Sr), LisM”10; (MY!=Np, Pu), M3#UO;s (M™=Ca, Sr), M3'UO. 
(M™ = Ca, Sr, Ba), Li,.U3Q0i0, Cs,Np3010,7” LigM™!06 (M™! = Np, Pu) and? M3Np.0, 

(M! = K, Rb, Cs). 
The structure of the anion in Li,U30,9 (= Li,[(UO.)30,]) consists of octahedral (UO2)O, 

and pentagonal bipyramidal (UO)O; groups linked by oxygen bridges.” 
(d) Superoxides and peroxides. The only simple actinide(VI) peroxide appears to be the 

hydrated compound, UO,-:2H,0, which is probably of the form [UO2(O2)(H2O)2]. Hydrated 

salts of peroxo complex anions, such as NasMYO,(O2)3-9H20 (M”'=U, Np) have been 

mentioned earlier, and complexes of composition [U(O)(O2)212]-H20, L=Ph3PO, Ph3AsO, 

pyNO) have also been reported.” 
UO,:2H,0 reacts with hydrated dioxouranium(VI) oxalate, UO2(C2O,)-H2O in the presence 

of aqueous alkali oxalate to form salts of peroxooxalato complex anions, M}[(UO.2)2(u- 

O,)(C,O4)4] (M'=Na, K, Rb). Salts of the peroxocarbonato complex anion, [(UO2)2(u- 

O,)(CO3)4]°, are obtained in a similar manner.”** Other reported salts of peroxooxalato and 

peroxocarbonato complex anions include M3[UO0.(O2)(C20.)] (M'=Na, K, NH4), 

M3[(UO>2)2(O2)2(C204)2(H20)]4:2H20 (M'=Na, _ K), Nag[(UO2)2(O2)2(C20.4)4]-7H20, 

K,[UO(O2)(CO3)(H20).]-xH20, K,[UO2(O2)(COs)2] and Ks[(UO2)2(O2)(COs)s]. 

(iii) Alcohols, alkoxides and aryloxides 

(a) Alcohols. A considerable number of alcohol adducts of dioxouranium(VI) compounds 

have been recorded, some of which are listed in Table 64. They are obtained either as the 

primary product in the preparation of the parent compound using an alcohol as the solvent, or 

by treating the parent compound with an alcohol. For example, UO,Cl,-2EtOH is obtained by 

dissolving the hydrated chloride in a mixture of ethanol and benzene, the displaced water being 
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Table 64 Some Alcohol Adducts of Dioxouranium(VI) Compounds 

UO,X,:yROH X=Cl, R=Et, y=2 
X =NO;, R=Me, Et, y =2 and R= Bu’, Bu’, y =3 
X = MeCO,, R= Me, Et, Pr', Me,CHCH,CH), y =2 
X =RjNCS, R=R’'=Et, y =4; R’ =Pr’, Bu’, Bu, Bu’, 
CH,=CHCH,, R= Et, y =6 

X= OR, R=Me, Pr’, Bu’, Me,;CHCH,CH), y = 1; 
R=Et, y=2 

X = tropolonate, R= Me, Et, y=1 
X = CoH,NO (8-hydroxyquinolinate), R = Me, y = 1 

[UO,L,(ROH)}(C1O,)," R=Me, Et and L = MeN[(Me,N) PO], 
[UO,L(ROH)] L = OC,H,CH=NCH,CH,N=CHC,H,O, R = Me 

L = OC,H,CH=NC,H,N=CHC,H,O, R= Et 
UO(OR),-ROH R= Pr, Bu’, Bu 
U,0.(OR),:2ROH R= Pri, Bu’, Bu' 

*L. Rodehuser, P. R. Rubini, K. Bokolo and J. J. Delpuech, Inorg. Chem., 1982, 21, 1061. 

removed as the HyYO—EtOH—C,Hsg azeotrope, followed by evaporation of the solution to 
dryness under reduced pressure. 

The coordination geometry about the uranium atom in the ethanol complex of the 
tropolonate, [UO,(trop).(EtOH)], is a distorted pentagonal bipyramid**° and the same 
geometry has been found for the alcohol complexes with the 2,2,6,6-tetramethylheptane-3,5- 
dionate (thd), [UO ,(thd),(MeOH)],”° and with the Schiff base compounds, 
[UO2.(MeC(O)—=CHCOCH>C (Me) NHCH2CH2NHC(Me)—=CHCOCH=C(0O) Me) (Me- 
OH)],~” [UO.(0Cs;H,CH=NCH,CH,N=CHC,H,0)(MeOH)]*** and [UO.(0C,H,CH=NC,- 
H,N=CHC,H,O)(EtOH)].”°? In the last two compounds two oxygen and two nitrogen atoms 
from the Schiff base anion and the alcohol oxygen atom take up the equatorial plane positions, 
whereas in the first three compounds four oxygen atoms are provided by the anion or anions 
and one by the alcohol molecule. 

(b) Alkoxides. The main types of uranium(VI) alkoxide are summarized in Table 65. The 
hexaalkoxides, U(OR)., are monomeric, slightly volatile, but thermally unstable compounds. 
U(OEt). was originally prepared by oxidation of Na[U(OEt),] with benzoyl peroxide, and this 
was then used as the starting material to prepare other hexaalkoxides by reaction with higher 
alcohols, but the most convenient preparative route to compounds of this type is via U(OMe)g, 
which can be obtained by the reaction of UF, with Si(OMe), in dichloromethane, followed by 
alcohol exchange as above. The compound U(OMe)F; has been prepared by reaction of UF, 
with the stoichiometric quantity of MeOH at 90°C in CFCI; and other fiuoride alkoxides, 
U(OMe)¢_,F, (nm =2-5), have been obtained by reaction of UF, with the appropriate 
quantities of U(OMe)., or Me3Si(OMe). U(OEt)sCl has been prepared by reaction of U(OEt). 
with the stoichiometric quantity of dry hydrogen chloride in ether. 

Table 65 Uranium(VI) Alkoxides 

U(OR), R=Me, Et, Pr”, Pr’, Bu’, Bu’, Bu', CH,CMe; 
U(OBu');(OMe) 
U(OMe),_,F,, n=1toS 
U(OEt),Cl 
UO(OR),:-ROH R= Pr’, Bu’, Bu‘ 
U;0;(OR)>2ROH R=Pr., Bu’ But 
UO,(OR), R= Me, Et, Pr’, i-C<H,,, t-C,H,, 

The monooxoalkoxides, UO(OR),-ROH, result from the reaction of UO,(OMe),;MeOH 
with the appropriate alcohol, and the isopropoxide of this type has also been obtained by 
reaction of UO,Cl, in Pr'OH with ammonia or NaOPr', apparently as a result of 
disproportionation: 

3U0,(OR),-ROH ——> UO(OR),-ROH + U;0,(OR),:2ROH(solid) 
The nature of these products is unknown, but they may be mixed oxidation state UY/UV! 
species. Dioxouranium(VI) alkoxides, UO2(OR),2, and some alcohol solvates are also known. 

(c) Aryloxides. The only aryloxides known are the dioxouranium(VI) compounds 
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UO,OR). with R=2-MeOC,H, or 1-NOC;oH¢-2, and the products formed when 
UO2(MeCO,), is dissolved in a carbon tetrachloride solution of a phenol in the presence of an 
amine; these may be salts of the form M3[UO,(OR),] where R= Ph, 2- or 4-MeC,H, with 
M'= Et,NH; or Et,;NH, and R = 2- or 4-CIC,H, with M'= Et,;NH. 

(d) Silyloxides. The only recorded compounds are U(OSiR;); (R=Me, Et), 
U{OSi(Me,Et)}, and U{OSi(MeEt,)}., prepared by reaction of U(OEt), with a slight excess of 
the trialkylsilanol in benzene under reflux. 

(iv) B-Ketoenolates, tropolonates, catecholates, quinones, ethers, ketones, aldehydes and esters 

(a) B-Ketoenolates. In a few instances the B-ketoenol can act as a neutral ligand, as in 
UO,(NO3)2-2PhCOCH2CO(2- or 4-CsH,N), but the common type of complex is of composi- 
tion UO2L,, for which a wide range of compounds is known (Table 66). In the compound 
UO,(PhCOCHCOCO,H),, the carboxylate group is probably bonded to the metal atom. 
Several B-ketoamide complexes, such as UO,(MeCOCHCONHR),-MeCOCH,CONHR (R= 
Ph, 2-CIC.H,, 2-MeOCsH,, 2-MeCsHy,, 3,5-Me.CsH3) and UO,(MeCOCHCONHR),:2H,O 
(R= Ph, 3-O,NC,H,), as well as a considerable number of complexes derived from cyclic 
B-diketones, such as 2-hydroxy-1-naphthaldehyde, 2-hydroxybenzaldehyde, 1-hydroxy- 
anthracene-9,10-dione and pyrimidine-2,4,6-trione (barbituric acid), are also known. 

Table 66 Some Dioxouranium(VI) B-Ketoenolates 

UO,(R'COCHCOR?’), 
R' = Me, R*=H, Me, Et, Pr”, Pr’, Bu‘, n-C5Hj,, n-CgHj,, n-C,7H35, Ph, CsH,(p-NHCH,CO,H), 2-C,H,0 (furyl), 2- 

or 3-CsH,N (+H,0) 
R!=Pr, R?=H, Pr 
R!'=Bu', R?=H, Bu' (+H,0) 
R' = CF;, R* = Me, CF; (+H,0), Bu', Ph, OEt (+H,O), 2-C,H,S (thienyl), 2- or 3-C;H,N 
Rie n-C3F;, R?=Bu' 
R'=Ph, R?=H, Ph (+H,0), m- or p-H,NC,H,, o-, m- (+H,O) or p-O,NC,H, (+H,0), o-, m- or p-MeOC,H,, 
2-C,H,O (furyl), CO,H, CO,Me (+H,0), CO,Et 

R! = R? =3,5-Me,C,H, 
-UO,(MeCOCHCICOMe), 
UO,{RCOCHCO(n-C,H,)Fe(n-C;H;)}> 
R=Me, CF;, Ph (+H,0) 
UO,(Fe{PhCOCHCO(n-C;H,)}>-H,O 
UO,(MeCOCHCO{n-C,H;Cr(CO),})2:H,O 

(b) Tropolonates. Tropolonates of composition M™”'O,(trop), (M‘'=U, Pu), 
MY'0,(trop)2-Htrop (M*'=U, Pu) and UO,(trop),-H,O have been recorded, as well as 
complexes of composition UO,L, with ligands related to tropolone, such as 3-hydroxy-2- 
methyl-4H-thiopyran-4-one (thiomaltol) and 3-hydroxy-2-methyl-4H-pyran-4-one (maltol; 
trihydrate), and derivatives of more complex 1,2-diketones. 

(c) Catecholates. Pyrocatecholates of composition UO,(1,2-Cs6H4O2)-xH2O (x = 1 or 3) and 
(pyH)H[UO,(1,2-CsH,O02)(OH)]-H20, as well as the resorcinol compound, UO,(1,3-CsH,O2), 
have been reported. 

(d) Quinones. A complex of composition UO,Il2, where HL=2-hydroxy-1,4- 
naphthaquinone, is known. 

(e) Ethers. Several complexes of dioxouranium(VI) compounds with ethers have been 
reported (Table 67). In the case of [UO2(NO;).(THF)] the eight-coordination geometry is 
hexagonal bipyramidal, with four oxygen atoms from two bidentate nitrate groups and two 
oxygen atoms from the THF molecules in the equatorial plane.“ The coordination geometry 
in the THF complexes with dioxouranium(VI) N-phenylbenzohydroxamate (L) chloride, 
[UO2CI(L)(THF)2],"" and the volatile hexafluoroacetylacetonate, [UO2(CF;COCHCOCFs)2- 
(THF)],*** are pentagonal bipyramidal. In the former the equatorial plane positions are occu- 
pied by two hydroxamate and two THF oxygen atoms, together with the chlorine atom. 

(f) Ketones. A selection of complexes of dioxouranium(VI) compounds with ketones is 
given in Table 68. In the dibenzylidene acetone complex, [UO 2Cl.{(PhCH=CH) 2CO},]- 
2MeCO>H, the acetic acid molecules, which were introduced when the complex was 



1196 The Actinides 

Table 67 Some Ether Complexes of Dioxouranium(VI) Compounds 

UO,Cl,:xEt,0-yH,O0 x=1, y=0o0r2;x=2, y=1 

UO,(NO;).:xL-yH,O L=Et,O, x =2, y=0or2;x=1, y=3;x=4, y=2 

L=Pr30, x =2, y=0or2;x=1, y=3 
L=Pr,0, x =2, y=0; x =3 or 4, y =3 or 4, 
L = Bu3O, (CIC,H,),0, THF or C,H,O, (dioxane), 
x=2, y=0 

L = EtOCH,CH,OEt or (Bu"OC,H,),0, x =1, y=3; x =y =2 

UO,(NCS),:3THF 
UO,(NCX):3C,H,O, X=S, Se 
UO,(C1O,).:xL-yH,O L=Et,0, x =3, y=0;x=4, y=1 

L=Bu50O, x =2, y= 
L= C,H,O2, x= 5; oy 

0 
=6 

UO,(acac),:xC,H,O, x=1or 1.25 
UO,(OBu'),:2THF 
UO,(Cl,CCO,).:xEt,0-yH,O x=1, y=0,lor2;x=y=2 

Table 68 Some Ketone Complexes of Dioxouranium(VI) Compounds 

L=ketones RCOR' 

[UO,CI,L,]:-2MeCO,H R=R’ = PhCH=CH 

UO,(NO3)2:xL-yH,O R=R’=Me, x= 1, y=2 or 3; x =2, y=0 
R=Me, R’=Et, x =1, y =3; x =2, y=0 

R=Me, R’=Bu', x=1, y=2; x =2, y=0 

UO,X,:L R=R'=Me, X=NCO, acac, trop 

UO,SO,-L:2H,O R=R’'=Me 

L=cyelic ketones 

UO,(NO3).:2L L=cyclohexanone 
UO,(trop),-L L = cyclopentanone, cyclohexanone 

recrystallized from that acid, are not bonded to the uranium atom and the octahedral 

six-coordinate geometry is made up of two trans ketone oxygen atoms, two trans chlorine 
atoms and the two trans oxygen atoms of the UO? group.*” 

(g) Aldehydes. Very few complexes with aldehydes are known. The formaldehyde complex 
of dioxouranium(VI) phosphite, VO2(HPO;)-2HCHO-H,0O, has been obtained from aqueous 
solution’* and the 2-furaldehyde complex UO.(NO3)2-OC,H3;CHO-H2O, has also been 
reported.**° The anhydrous complex, UO2(NO3)2*:H,NCH=CHCH=CHCHO, is obtained by 
irradiation of UO2(NO3)2-py-EtOH in ethanol at 254nm; the IR spectrum of the compound 
indicates that the aldehyde molecule is bonded to the uranium atom via the carbonyl oxygen 
atom only. 

(h) Esters. Complexes of composition UQ2X2-2RCO2R’ (X=Cl, R=Me, R’=Et; X= 
NO3, R= R’ = Me and R= Me, H2N, MeNH and Me>2N with R’ = Et) are obtained by vacuum 
evaporation of a solution of anhydrous UO,Cl, in the ester (R = Me, R’ = Et), whereas the 
ethyl carbamate complexes are prepared by heating the parent nitrate with an excess of the 
molten ester at 70 to 100°C for one to two hours. The coordination geometry about the 
uranium atom in [UOQ2(NO3)2(H2NCO>2Et)2] is an irregular hexagonal bipyramid, with the 
equatorial positions occupied by four oxygen atoms from the two bidentate nitrate groups and 
two carbonyl oxygen atoms from the ester molecules.**° An ill-defined methyl formate 
complex, UO2(NO3)2:xHCO2Me, has been recorded, and ethyl carbamate complexes of the 
tropolonate, UO ,(trop),-H,NCO2Et, and the basic acetate, [UO(MeCO,)(OH)- 
(H2NCO;Et)],, are also known. Polymeric ethyl carbamate complexes, [UO2X(L)],,, have also 
been recorded for X = C,04, CsH4-1,2-(CO2)2 and CsH3-2,6-(CO2)>. 

(V) Oxoanions as ligands 

(a) Nitrates. Hydrated dioxoactinide(VI) nitrates, MY'O2(NO3)2-6H,O (M‘'=U, Np, Pu) 
are included in Table 63 (p. 1192). A product of composition NpO2(NO3)2:N.0;-H,O is 
obtained by vacuum evaporation of a solution of NpO3-H,O in N,Os; this may be 
H2NpO(NO3)4, but the normal nitrato complex anions are [MY'0.(NO3)3]- (MY!=U, Np, 
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Pu), for which alkali metal, ammonium and tetraalkylammonium salts are known. The salts 
M'[M*?0,(NOs)3] (M¥" = U, Np, Pu with M'= K, Rb, Cs, NHy) are isostructural.” The anion 
in Rb[NpO2(NO3)3] consists of a hexagonal bipyramidal arrangement of oxygen atoms about 
the neptunium atom, with six oxygen atoms from the bidentate nitrate groups in the equatorial 
plane.“* The IR spectra of Rb[M“'0,(NO3)3] (MY! = U, Np, Pu) have been reported.” 

(b) Phosphites and phosphates. A phosphite of composition UO,(H2PO,), is precipitated 
from aqueous solution and the salts NaUO.(H2PO,)3-xH2O (x =3.5 or 5) are also known. 
Treatment of UO.(NO3). with KH2PO3 or K,HPO; in aqueous solution yields products of 
composition K,(UO>2).(HPO3)3-4H2O, and other hydrated salts of this type with Na, Rb, Cs or 
NH, in place of K, as well as Ba(UO 2)2.(HPO3)3-6H2O, have also been obtained. Other salts of 
composition M'UO2(HPO3)(H2PO3)-nHxO (M'=Na, K, Rb, Cs, NH), and 
BaUO,(HPO3)(H2PO3)2:5H2O, are obtained by treating the corresponding M}UO.,(HPOs), 
with a three- to five-fold excess of H3PO3.*°° Several hydrated phosphates and phosphato 
complexes are included in Table 63 (p. 1192). 

In the structure of the phosphato complex, K,UO,(PO,)2, the coordination geometry about 
the uranium atom is described as a tetragonal bipyramid with four oxygen atoms from four 
tetrahedral PO3” groups in the equatorial plane, making up a [UO,(PO,)2}*"~ layer 
structure.*’ The phosphate of composition UO,H(PO3)3; is obtained”? by heating 
UO,(NO3)2°6H2O with 85% H3PO, at 340-380°C and the salt NaUO,(PO3)3 crystallizes”°? 
from 85% H3PO, at 360°C. 

The pyrophosphates M5UO,P,0, (M'=Na,K,Rb,Cs) have been prepared by heating 
UO.(NO3)2:6H2O with (NH,)2HPO, in the presence of the alkali metal pyrophosphate or 
nitrate.>* The rubidium and cesium compounds are isostructural and in the latter, layers of 
UO.P,03~ groups are held together by cesium ions. The UO3* ion is coordinated by four 
oxgyen atoms from four P,O, groups in the equatorial positions of a tetragonal bipyramid.”° 

(c) Arsenates. A number of hydrated arsenates are included in Table 63 (p. 1192). Products 
of composition UO,HAsO,:-4H,O, UO,(H2AsO,)2:H20, (UO2)3(AsO,)>, (UO2)2As,07 and 

UO,(AsO3), have also been reported.”°° 
(d) Sulfites. Hydrated dioxouranium(VI) sulfite is precipitated when aqueous UO,(NO3), is 

treated with sodium thiosulfate;?*’ it is completely dehydrated at 130-150°C. The sulfito 
complex, [Co(NH3)«]4[UO2(SO3)3]s-22H2O, is precipitated from aqueous solution,”* and a 
basic compound of composition bipyH[(UO2SO3)2(O0H)(H2O),] has also been reported.*”” 

(e) Sulfates. Dioxouranium(VI) sulfate hydrates, UO,SO4-xH2O (x = 1, 2, 2.5, 3 or 4), and 

the fluorosulfate, UO,(SO;F)2, have been recorded; the last is obtained*® by treating 

UO.(MeCO,). with HSO;F. Salts of sulfato complex anions, such M3U0O,(SO,)2:2H2O 

(M! — K, NH,), (NH4)4U02(SO,)3:4H2O and (NH,)2(M“!02)2(SO4)3-5H2O (M™! a= 10s Pu), 

have been recorded. Other known salts include M'%UO,(SO,)2.xH2O0 (M"=Ni, Zn, x = 4; 

M#=Cu, x =3), M"(UO,)3(SO,)s-xH2O (M"=Mnh, x =5; M=Cd, x =2; M=Hg, x =3), 

Co3;U0,($O.)4-H2O, Ce(UO2)2(SO.)4:3H,07 and the two isomorphous hexammine 

cobalt(III) salts,°? {[Co(NHs)s]HSO.}2[M*'O2(SO,)3]:xH20 (MY! = U, Np), all of which are 
obtained from aqueous solution. 

The coordination geometry about the uranium atom in (NH,4)2U02(SO,)2:2H2O is pen- 

tagonal bipyramidal, with sulfate groups joining the polyhedra to make up a layered 

structure.“ The structure of K,UO,(SO,)3 involves the anion [(SO,)2UO2(SO4)2UO02(SOs)2]*, 

in which each UO) group is bonded to five oxygen atoms from four non-equivalent sulfate 

groups in the equatorial plane of a pentagonal bipyramid.*”* The structure of 

MgUO,(SO,)2°11H2O consists of infinite layers of composition [UO2(SO4)2(H20) Jn’ in which 

the coordination geometry about the uranium atoms is also pentagonal bipyramidal,” * and the 

same coordination geometry has been found for the metal atom in NH,UO,SO.F, in which the 

equatorial plane is made up from three O atoms from three tridentate sulfate groups together 

with two bridging fluorine atoms.” Crystallographic data for the hydrated salts 

MUO,(SO,):-5H2O (M" = Mg, Fe, Co, Ni, Cu, Zn, Mn, Cd) are also available.** 

(f) Selenates. Hydrated dioxouranium(VI) selenate, UOSeO,-4H20, is not isostructural 

with UO,SO,-4H;O; its structure consists of an infinite strip, [UO2SeO,(H20)2]... with the 

equatorial positions of the pentagonal bipyramidal arrangement of oxygen atoms surounding 

each uranium atom occupied by the oxygen atoms from three monodentate SeO, groups and 

two water molecules.7°’ Hydrated salts of the selenato complex anion, M UO,(SeO,4)2°6H2O 

(M! = Mg, Co, Zn), are also known.” 
(g) Tellurites. Compounds of composition UTeO;(UO3-TeO2) and UTe30.(UO3-3TeO2) 

are obtained by heating UO; with the appropriate quantity of TeO,. The structure of UTeO; 
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consists of infinite chains, [UO;]#"~°, in which pentagonal bipyramidal UO, groups share 

edges,” whereas UTe30, involves eight-coordinate uranium in which the UO3* group is 

surrounded by six oxygen atoms in a flattened octahedral array.*”” The structure of the lead 
compound, Pb,UO,(TeO;)3, prepared by hydrothermal treatment of a stoichiometric mixture 

of PbO, UO.(MeCO,)>:2H2O and TeO, at 230°C, consists of UO; pentagonal bipyramids in 

sheets, [UO2(TeO3)3]#”~, connected by Pb atoms.””’ 

(vi) Carboxylates, carbonates and nitroalkanes 

(a) Monocarboxylates. Most of the available information concerns dioxouranium(VI) com- 
pounds and very few neptunium(VI) or plutonium(VI) analogues have been reported (Table 
69). The hydrated formate, UO2(HCO2),.:H2O, precipitates when solid UO2(NO3)2-xH2O is 
added to anhydrous formic acid and when aqueous UO2(NO3), is heated with an excess of the 
acid. The structure of the compound consists of an infinite chain of seven-coordinate 
(pentagonal bipyramidal) uranium units linked by bridging HCO, groups and by hydrogen 
bonds involving the water molecules.*’”” The monohydrated neptunium(VI) and plutonium(VI) 
formates are isostructural with the uranium(VI) compound.*” The anhydrous formate is 
obtained by washing the hydrate with dry methanol or by heating it at 105—170°C. The basic 
formate, UO2(OH)(HCO,)-H,0, is obtained by hydrolysis of UO.(HCO2).-H2O; the structure 
again consists of a pentagonal bipyramidal arrangement of oxygen atoms about the uranium 
atom with the uranium atoms doubly bridged by OH groups and linked to the two second 
nearest neighbouring uranium atoms via HCO, groups. The pentagonal plane is completed by 
the water oxygen atom.?”* 

In the structure of Na[UO2(HCO,)3]-H,O the coordination arrangement is also pentagonal 
bipyramidal, with the bipyramids connected through two types of bridging bidentate HCO, 
groups and linked with the Na*, H2O layers by a third type of bridging bidentate HCO, 
group.””> The tetraformato complex salt, (NH4)2UO.(HCO,)4, is obtained when a solution of 
UO(HCO,). in aqueous HCO,H and HCO,NHy, is evaporated and then cooled; the 
pentagonal bipyramidal coordination geometry is made up of two oxygen atoms from one 
bidentate HCO, group, and the remaining three HCO) groups bridge U and N atoms, making 
a layer structure.*’”° The strontium salt, StUO,(HCO,)4.1-38H,O, obtained when a hot solution 
of Sr(HCO>)2-2H,O and UO2(HCO>)2:H2O in aqueous formic acid is cooled slowly from 80°C, 
shows a similar arrangement in which the HCO) groups bridge either two U atoms or one Sr 
and one U atom.””” 

The structure of the 2,6-dihydroxybenzoate, [UO2{(HO)2CsH3CO2}.(H2O).]-8H2O consists 
of an irregular hexagonal bipyramidal arrangement with two bidentate carboxylate groups and 
two H,O molecules in trans positions in the equatorial plane.?”* 

Five crystal modifications of anhydrous UO2(MeCO,), have been reported. The structure of 
the dihydrate consists of chains of pentagonal bipyramidal coordination polyhedra in which half 
of the MeCO, groups link adjacent bipyramids and the remainder are chelated to individual 
uranium atoms; one water molecule is bonded to each uranium atom.27®* 

The coordination polyhedron of the anion in Na[UO.(MeCO;)s] is a hexagonal bipyramid 
with three bidentate MeCO, groups in the equatorial plane*” and this has also been found for 
the anion in Na[NpO2(MeCO,)3].*“* Hexagonal bipyramidal geometry has also been reported 
for the anthracene-9-(or 10)-carboxylate, [UO2(C;s4H»CO2)2(H2O)2]-3C,HsO2; the dioxane 
molecules are not bonded to the uranium atom, and the six equatorial positions of the 
bipyramid are occupied by four oxygen atoms from two bidentate carboxylate groups and two 
oxygen atoms from the water molecules.**° The IR spectra of Na[M‘'O,(MeCO,)3] (MY! = U, 
Np or Pu) have also been reported.’ The coordination geometry in the crotonate, 
[UO2(C4HsO2)2(H20,)], is similar to that of the anthracene carboxylate, with the oxygen atoms 
of two bidentate carboxylate groups and two water molecules coordinated to the UO3* ion.?8! 

The precipitation of salts M'M"[UO2(RCO>)3]3 (Table 69) has been used for the gravimetric 
determination of alkali metals (particularly M'=Li and Na). For this purpose an anhydrous 
product is desirable, but in many cases hydrates of varying composition are obtained. 

Salts of basic species, such as TIUO2(MeCO,)(OH)2, and of mixed thiocyanato/carboxylato 
anions, such as Cs3(UO2)3(MeCO>)(NCS)2, have been reported, but require further investiga- 
tion. A variety of halo- and mercapto-propionates, UO,(RCO>),, are also known. 

(b) Chelating carboxylates. Furan-2- and thiophene-2-carboxylates are included in Table 70 
because the heterocyclic oxygen or sulfur atoms may be bonded to the metal atom. The 
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Table 69 Dioxoactinide(VI) Monocarboxylates and Carboxylato Complexes 

UO,(RCO,),-xH,O R=H («=0, 1 or 2), Me, Et, Pr® (x =0 or 2), CF; 
(x= 0) dior 1-5) ICC a(x: = 0; 1, 2 or 3), CH,Cl 
(x =0 or 1), PhCH, (x =0), Pr’, Bu", Me,CHCH, (x = 2), 
Me3C, n-C,,Hp3, n-Cy3H>7, n-C,5H31, n-C,7Hgs5 (x = 0), 
PhCH=CH (x = 0 or 3), PhC=C (x = 3), 1-C,,H, (x =3), 
Ph (x =0, 1 or 2), 2-C, oH, (x = 1) 

M¥'0O,(HCO,),-H,O M*'=Np, Pu 
[UO,(C,,4HgCO,).(H20),]-3C,H,O C,4HyCO>H = anthracene-9(or 10)-carboxylic 

acid; C,H,O = dioxane 
UO,(OH)(RCO,):xH,O R=H («=1); R=Me (x =0 or 2) 
U,0;(HCO,), 
M’'[M“'0,(RCO,)5] R=H, M‘'=U, M!=Na or TI (+H,0), Cs 

R=Me, M‘'=U, M'=H, Li (+2 or 5H,O), Na, K, Rb, 
Cs, Tl, Ag, NH,, NEt, 

MY! = Np, Pu, M!=Na, Cs 

R=CH,Cl, M¥'=U, M'=Na (+1 or 2H,O), Rb, Cs 
R=CHCL, MY'=U, M'=Na 
R=CCl,, MY'=U, M'=Li, Na, K, Rb, Cs, Tl, NH, 
R=PhCH,, MY'= U, M'=Na 
R= Et, MY'=U, M'=Li (also +2H,0), Na (also +H,0), 

K, Rb, Cs, Tl, NH, (also +2H,O) 
R= Pr", MY'=U, M'=Na, K, Rb, Cs, Tl, NH, 
R = PhCH=CH, M¥'= U, M'=NH, 
R= Ph, MY'=U, M'=H, Na (also +2H,O), NH,, AsPh, 

TIUO,(HCO,)(OH), 
M"[U0,(RCO,)3],-xH,O R=Me, M"=Be, x =0 or 2; Mg, x =0, 6, 7, 8 or 12; 

Ca, x =0 or 6; Sr, x =0, 2 or 6; Ba, x =0, 2, 3, 6 or 10; Zn, 

x =0, 7 or 8; Mn, x =0 or 9; Ni, x =0 or 7 
R=CCl,, M"=Be, Mg, Ni, x =0 
R=Et, M"=Ca, x =6; Sr, x =4; Ba, x =3; Zn, 

x =0 or 6; Mn, Co, x =0 or 7; Ni, x =0 or 8 

R=Pr", M™ = Mg, Mn, Ni, Co, x = 0; Mg, Mn, x =6; 
Ni Conx =7 

M''[NpO(MeCO,)s], M" = Sr, Ba 
M'M"™[UO,(MeCO,)3]3 M! = Li, M'" = Mg, Zn, Cd, Hg, Mn, Ni, Co, Fe, Cu 

M'= Na, M" = Be, Mg,’ Ca,? Zn,* Cd,* Hg,” Mn,? Ni,? Co,? 
Fe, Cu? 

M!=K, M"”=Be, Zn 
M!= Rb, NH,, M™=Be 

M'M"[UO,(EtCO,)3];-xH,O M!=Na, M!=Zn, x =8; Mn, x =0 or 6; Ni, Co, x =7 
M'=NH,, M"! = Mg, Zn, x = 8; Ni, x =7; Ca, Mn, Co, 

x =6; Sr, x =4; Ba, x =3 

M2[UO,(RCO,),]-xH,O R=H, M'=NH, 
R= Me, M'=NMe,, NEt, 

M"[UO,(RCO,),]-xH,O R=H, M!=Sr, x =1.38 
R=Me, M!=Cd, Mn, x =6 

(NH,)2[(UO,),(MeCO,).] au 
M'™U0O,(RCO,);:xH,O R=Me,.M™ =La, x =2 or 5;.Nd, x =3 

R=Et, M™=La, Ce; Nd, x =2; La, Nd, Eu, x =3 

* Hydrated. 

pyridine-2-carboxylates, MY'O.(NCsH4CO,-2). (MY'= U, Np, Pu), precipitate from aqueous 
solutions of the actinide(VI) in the presence of the acid, but at lower pH and higher 
NC;H,CO.H-2 concentrations the acid salts HM‘“'O,(NC;H,CO,-2)3 are obtained. In the case 
of the N-oxopyridine-2-carboxylates, MY'O,(ONC;H,CO,-2)., the primary products are 
hydrated, but are easily dehydrated at 120°C. Similarly, the hydrated pyridine-3-carboxylates 
lose water at 160°C (U) or 130°C (Pu). In addition to the compounds listed in Table 70, 
6-methylpyridine-2-carboxylates of composition UO,L,, HUO,L; and UO,L(OH)-3H20 (de- 
hydrated at 95°C) are known (L = 6-MeCsH3CO2-2). 

The pyridine-2,6-dicarboxylate groups in the polymeric compound [UO2(C;H3NO,)(H20)], 
are terdentate to each uranium atom and each of the UO2(C;H3;NO,) units is linked to an 
adjacent unit through one of the carboxylate group oxygen atoms, the slightly distorted 
pentagonal bipyramidal coordination of the uranium atom is completed by the oxygen atom of 
the coordinated water molecule.82 The coordination geometry of the anion in 
(AsPh,)2[U02(C7H3NO,)2]-6H2O is an irregular hexagonal bipyramid with four oxygen and 
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Table 70 Dioxoactinide(VI) Compounds with Chelating Carboxylates 

EEE REED 

Furan-2- and thiophene-2-carboxylates 

UO,(RCO,).:xH,O R = OC,Hs, SC,H3, x =0 or 1 
(M“!0,).(RCO>);(OH)-xH,O M*! =U, R=OC,H;, SC,H, x =0 

M*'=U, Np, Pu, R = OC,H;, SC,H3, x = 4 
M'[M¥!0,(RCO,)3]:xH,O M*! =U, Np, Pu, R= OC,H;, SC,H;, M'= NH, 

(x indefinite) 
M*!=Np, Pu, R= OC,H3;, SC,H3, M' = Na 

(x indefinite) 

Pyridine-2-carboxylates 

M¥!0,(NC;H,-2-CO,)> M¥'= U (also +H,O), Np, Pu 
HM™'02(NCsH,-2- COs), M*!=U, Np, Pu 
M'UO,(NC;H,-2-CO,)3 M!=Na, AsPh,(+3H,O) 

Pyridine-3-carboxylates 

M*!'0,(NC;H,-3-CO,).:xH,O M¥! =U, Np, Pu, x =0, 2 

N-Oxopyridine-2-carboxylates 

M'0,(ONC,H,-2-CO,),:xH,O M™' =U, Np, Pu, x =0, 2 

Pyridine-2,6-dicarboxylates (acid = C;H;NO,) 

[UO,(C,;H3NO,)], 
[UO,(C;H3NO,)(H20)], 
UO,(C,H3NO,):2H,O 
(AsPh,),[UO,(C,H3;NO,)>] -xH,O x= 0, Zz 5 or 6 

N-Oxopyridine-2,6-dicarboxylates* 

[UO,{ONC;H3(CO,)2} (HO) ]2°2H,O 

[UO,{ONC;H3(CO>)2}], 
[U0,{ONC;H3(CO,)2} (H,0)],,-H,O 

Pyridine-2,3-dicarboxylates (quinolinates) 

UO,(C,H3NO,):-xH,0 x=0,lor2 

Quinoline carboxylates (acid = C,,H,NO,) 

UO,(C,)H.NO,).-xH,O x= 0 or 2 

Oxydiacetates (acid = O(CH,CO,H)>) 

[UO0,{O(CH,CO,),}], ‘ 
Na,[UO,{O(CH,CO;)>}5:xH,O x=2o0r3 

Iminodiacetates (acid = HN(CH,CO,H)>) 

[UO,{HN(CH,CO,)>}], 
UO,{HN(CH,CO,).H}5 
Na[UO,{HN(CH,CO,),},H] -2H,O 

*S. Degetto, L. Baracco, M. Faggin and E. Celon, J. Inorg. Nucl. Chem., 1981, 43, 2413. 

two nitrogen atoms of the two terdentate pyridine-2,6-dicarboxylate groups in the equatorial 
plane. 

In the structure of the dimeric N-oxopyridine-2,6-dicarboxylate, [UOQ2(ONC;H3(COz2),)- 
(H,O)2]2:2H2O, the two units of the dimer are bridged by carboxylate group oxygen atoms and 
the coordination geometry is pentagonal bipyramidal, with one oxygen atom each from a 
monodentate carboxylate group, a bridging group and the N-oxide, and two from the water 
molecules, all in the equatorial plane.”® 

Both carboxylate groups in the iminodiacetate, UO.{HN(CH2CO2)2H},, are ionized, with 
the extra proton linked to the imino nitrogen atom. The iminodiacetate groups bridge UO3* 
ions in infinite chains, with one CO, group of each ligand monodentate and one bidentate to 
two adjacent uranium atoms, making up an irregular hexagonal bipyramid about each uranium 
atom.”*° In the polymeric iminodiacetate, [UO.{HN(CH2CO>),}],, each UO3* ion is bonded 
to two carboxylate oxygen atoms, the imino nitrogen atom of one HN(CH2CO,), group and 
oxygen atoms from two other dicarboxylate ligands to form an irregular pentagonal 
bipyramid.*°° The polymeric oxydiacetate, [UO2{O(CH2CO>2)2}],, has the same coordination 
geometry, with the ether oxygen atom in place of the imino nitrogen atom.”*’ In the anion of 
the oxydiacetato complex, Na,[UO2{O(CH2CO2)2}2]-2H20, each O(CH2CO 2). group is 
terdentate, making up an irregular hexagonal bipyramid about the uranium atom. 
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(c) Carbonates. The main types of carbonato complex are listed in Table 71; in addition, 
peroxocarbonato and fluorocarbonato complexes, such as K,[UO2(O,)(CO3)2] and 
K3[UO2F3(CO3)], are also known. The coordination geometry about the uranium atom in 
UO,CO; is approximately hexagonal bipyramidal, with two bidentate and two monodentate 
carbonate groups in the equatorial plane.”® The tricarbonato complex anion in 
(NH,)4[UO2(COs)3] is a distorted hexagonal bipyramid with three bidentate carbonate groups 
in the equatorial plane*° and the same geometry has been reported for the anion in 
K,[U0.(COs)3].7”! 

Table 71 Dioxoactinide(VI) Carbonates and Carbonato Complexes 

M“'0,CO,-xH,O M‘'=U, Pu, x =0; MY'=U, x =1, 2.2 or 2.5 (UO,)«(CO;)s(OH),-7H,0 The mineral sharpite se ee 
M2[UO,(CO,),] M' = Li (hydrated), Na, K, Rb, Cs, TI (hydrated), NH,, 

: CN3H,, (CH2)6N,H2 
M’[UO,(CO,;),]-xH,O M"™=Ca, x = 10; Ba, x =4 
Ba[PuO,(CO3)2(H20)2]:H,0° 
M{[M‘'0,(CO3)3] M’" =U, M'= Li (hydrated), K, Rb, Cs, Tl, NH, 

M*' = Np, M'=K, NH,,° Ag 
: M*'= Pu, M!=Li,° Na,° K,° NH, 

M;[UO,(CO;)3]:xH,O M" = Mg, x = 16, 18 or 20; Ca, x =0, 4, 8, 9 or 10; 
Sr, x = 9; Ba, x =5 or 6; Pb, Mn, x =0; 

: 2 Nix — 6; Co, x =2.Cu, += 1 
Mé[(M‘'0,)2(CO3)5] M®' =U, M!= Li (hydrated), Na, NH, (hydrated) 

M*'= Pu, M'= Rb,° Cs,° NH, (+2H,O) 
Ba,[(PuO,).(CO3);(H,0),]* 
NH,M¥'0,(CO,)(OH)-3H,O M‘!=U, Pu 

Ba[PuO,(CO3)(OH)(H,0O);],-8H,O* 
Ba,[(PuO,)2(CO3)3(OH)(H20)s],-6H,O* 

The assignment of water molecules within the coordination sphere requires confirmation. 

Yu. Ya. Kharitonov and A. I. Moskvin, Sov. Radiochem. (Engl. Transl.), 1973, 15, 240. 

“J. D. Navratil, US report RFP-1760, 1971 (Chem. Abstr., 1972, 77, 66 876). 

(d) Oxalates. Only one water molecule is bonded to the metal in UO,C,O,-3H,O; the 
pentagonal bipyramidal coordination geometry is made up of four oxygen atoms from two 
independent CO, groups and one from the water molecule in the equatorial plane. Each C,0, 
group is tetradentate, bridging two UO3* ions.” 

In addition to the salts of the type M'[UO.(C,O,)2] listed in Table 72, a wide range of 
hydrates are also known; some have been reported in the form M}[UO(C,0,4)2(H20),]-yH2O 
without adequate justification. The coordination geometry in the polymeric anion 
[UO2(C,0,4)2];"" of the ammonium salt is approximately pentagonal bipyramidal, with one 
bidentate C,O, group and one C,O, group which is bidentate to one uranium atom and 
monodentate to a second uranium atom.” The oxalate groups in the anion of 
(NH,)4[UO2(C,0,)s] are all bidentate, giving rise to distorted hexagonal bipyramidal coordina- 
tion geometry,”"* whereas in the polymeric anion of (NH4)2[(UO2)2(C2O,)3] the coordination 
geometry is pentagonal bipyramidal, with one quadridentate C,O, group coordinated 
to two uranium atoms and the other bidentate to one and unidentate to a second 
uranium atom, forming infinite double chains,”° [(C,O,)UO2(C,0,)UO2(C,O,)]?”~. In 
K,[(UO2)2(C2O.4)s]-10H2O, the coordination geometry is again pentagonal bipyramidal, with 
two oxygen atoms each from two bidentate C,O, groups and one from the bridging C,O, group 
in the equatorial plane.?”° 
A number of basic oxalates, such as (UO )2C,0,(OH)2:2H20, and salts of basic oxalato 

complex ions of the types M§UO,(C,0,).(OH) and Ms(UO2)2(C204)4(OH) have also been 
reported, as well as salts of a wide range of peroxo-, halogeno-, sulfito-, sulfato-, selenito-, 
selenato-, thiocyanato- and carbonato-oxalato complex anions: all need further investigation. 

(e) Other dicarboxylates. A number of peroxomalonato compounds, such as 

K,[(UO2)2{CH2(CO2)2}3(O2)(H2O)4], have been recorded in addition to the compounds listed 

in Table 73. The anion in (NH4)2[UO2{CH2(CO2)2}2]-H20 is polymeric, with one malonate 

group bidentate to one uranium atom and the second terdentate, with two oxygen atoms 

bonded to one uranium atom and one to an adjacent uranium atom, producing infinite chains 

in which the coordination geometry about the uranium atom is approximately pentagonal 

bipyramidal.2”” The coordination geometry in the polymeric anions of the salts 
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Table 72 Dioxoactinide(VI) Oxalates 

ee 

M™!0,C,0,:3H,O M¥! =U, Np,” Pu? 
UO,C,0,:xH,O0 x= 0 or 1 

M3[UO,(C,0,)2]* ‘ M! = Li, Na, K, Rb, Cs, NHy, Tl, CN3H, 

Cs,[NpO,(C,0,)2]:2H,0 
M"[UO,(C,0,)>] M" = Sr, Ba 
M4[U0,(C,0,)3] M! = H(hydrated), NH,, Tl, NBuj 

M3[(UO,)(C,04)3]* M! = Li, Na, K, Rb, Cs, NH,, Tl 

Cs,[(NpO2)2(C204)3]” 

M}[(UO,)(C,0,4)s]° M! = Na, K, Rb, Cs, NH,, CN3H, 

Ke[(NpO2)2(C,O,)s]:2-4H,0” 

“ Hydrates are also known. 
>M. P. Mefod’eva, M. S. Grigor’ev, T. V. Afonos’eva and E. B. Kryukov, Sov. Radiochem. 

(Engl. Transl.), 1981, 23, 565. The neptunium(VI) and plutonium(VI) compounds are 

isostructural with their uranium(VI) analogues. 

M"[UO2{CH2(CO>)2}2]-3H2O (M" = Sr, Ba) is similar, except that the terdentate malonate 
group in these salts has a boat conformation whereas a chair conformation is adopted in the 

ammonium salt.2%8 The coordination geometry in the succinate, [UO2{C2H4(CO>2)2}(H2O)],, is 
an irregular pentagonal bipyramid, with four carboxylate oxygen atoms from four different 

succinate groups and one from the water molecule in the equatorial plane.*” 

Table 73 Dioxouranium(V1) Dicarboxylates 

Malonates UO,{CH,(CO,),} 
M3[UO,{CH,(CO,),}.], M'= Li, Na, K, Rb, Cs, NH, 
M"[UO,{CH,(CO,),},]-3H,O, M" = Sr, Ba 

Succinates U0O,{C,H,(CO,)2}-xH,O, x = 1, 2 or 3 

Ca[UO,{C,H,(CO})}2] 
Fumarate and maleate UO,({cis- or trans-CH=CH(CO,),} 

(NH,)2[UO{cis-CH=CH(CO,),}>] 
Glutarate UO,{(CH,)3(CO>)>} 

M'[(UO,),{(CH)3(CO2)2}3], M'= Li, Na, K 
; UO,{(CH2)3(CO2)}-LiH{(CH2)3(CO2).}-4H,O 

Benzenedicarboxylates U0O,{C,H,4(CO>)>} 1,2-, 1,3- and 1,4-dicarboxylates; 
hydrates are also known 

In the glutarate of composition UO 2(CsH,O,)-Li(CsH7O4)-4H2O, one glutarate group 
bridges the UO3* ions in infinite chains and the other bridges UO3* and Li* ions, the 
coordination geometry about the uranium atom being hexagonal bipyramidal;* the same 
coordination geometry has been reported for the hydrated fumarate, UO2(C,H2O4)(H2O),, in 
which fumarate groups bridge the UO3* ion in chains, and the water molecules are trans in the 
hexagonal ring.*”! 

(f) Carbamates. The only recorded compound of this type appears to be UO,(Et,NCO,),, 
which is precipitated when the uranium(IV) carbamate, U(Et.NCO>),, is oxidized in heptane. 

(g) Hexacarboxylates. A  mellitate (benzene-1,2,3,4,5,6-hexacarboxylate), (UOz2)3{C.- 
(CO2)¢}-12H2O, has been recorded. 

(h) Nitroalkanes and nitroarenes. The nitromethane solvate, UO2(ClO,4)2-2MeNOz, is ob- 
tained by treating the anhydrous perchlorate with nitromethane, either alone or in solution in 
carbon tetrachloride, followed by evaporation of the resulting solution in the latter case. The 
ClO, groups may be covalent and bidentate in this product. Complexes of the corresponding 
nitrate, UO2(NO3)2-2RNO> (R = Me, Ph) crystallize from saturated solutions of UO,(NO3), in 
RNO,. The complex UO2(NO3;)2;:MeNO, has also been reported, and in this the MeNO, 
molecule may be bidentate. 

(vii) Aliphatic and aromatic hydroxyacids 

(a) Aliphatic hydroxyacids. A considerable number of dioxouranium(VI) compounds with 
aliphatic hydroxyacids are known (Table 74); alkali metal and barium salts of tartrato 
complexes, such as Na,[UO2(C,H4O6¢)2]-2H2O, have also been recorded. The glycolate, 
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UO.(HOCH,CO,),, is obtained on cooling a warm aqueous solution of the acid which has been saturated with UO3. The polymeric structure consists of infinite chains of pentagonal bipyramidal UO,(O); units with two sets of glycolate groups, one tridentate, which is bonded to one uranium atom and bridges two other uranium atoms, and the other bidentate, which bridges two uranium atoms.*” Salts of the type M'[UO,(HOCH,CO,);] are not known and very little information is available for the other compounds listed in Table 74. 

Table 74 Some Dioxoactinide(VI) Compounds with Aliphatic Hydroxyacids 
—— re Ee 
UO,(RCO,), R = HOCH,, PhCHOH (also +2H,O), Ph,C(OH)(+2H,0), 

MeCHOH (also +2 or 5H,O), MeC(OH)Ph (+2H,0), 
HOCH,CHPh, 2-HOC,H,CH,CH, 

PuO,(C;H,;CHOHCO,), 1-Hydroxycaprylate 
UO,(MeCH(O)CO,) 
UO,(PhCH(O)CO,)-2H,O 
M3[UO,{PhCH(0)CO,},] M!=Na, K, NH,, pyH 
M'[(UO,),(0)(HOCH,CO,),(OH)(H,0)] M!=Na, Cs 
Na,[UO,{Ph,C(O)CO,},] 
UO,{C(OH),(CO,),} Mesoxalate 
UO,{HOCHCH,(CO,),}-xH,O Malate; x =0, 1 or 3 
K[UO,{OCHCH,(CO,),}-H,O] Malate 
[Co(NH3),],[UO,{HOCHCH,(CO,),},];-xH>O Malate; x = 0 or 2 
UO,{(CHOH),(CO,),}-xH,O Tartrate; x =1 or 4 
K,[UO,{(CHOH),(CO,),},]-2H,O Tartrate 
[(UO,), {cis-O,CC(O)=C(O)CO,}(HO),], Dihydroxymaleate 
UO,{(CHOH);(CO,),}-xH,O Trihydroxyglutarate; x = 1 or 1.5 
UO,(C;H,O,):-4H,O C.Hg0O, = citric acid, HOC(CH,CO,H),CO,H 
(UO,)3(C,;H;O,),-2H,O Citrate 
[Co(NH3)¢],[UO,(C;H;O,),]3-4H,O Citrate 
SSS SSS a a ee 

(b) Aromatic hydroxyacids. In addition to the hydroxybenzoates listed in Table 75, a number 
of compounds derived from substituted hydroxybenzoic acids have been recorded; a 2,3,4- 
trihydroxybenzoate (pyrogallate) and salts of complex anions derived from 3,4,5-trihydroxy- 
benzoic acid (gallic acid) are also known. 

Table 75 Some Dioxouranium(VI) Compounds with Aromatic Hydroxyacids 

UO,(2-HOC,H,CO,),:xH,O x=0,2,3,50r9 

[UO,{(2-HOC,H,CO,)(NO3)} {4-Me,NC5H,N}>], i 
M'[UO,(2-HOC,H,CO,)s] M'=K, NH, (+4H,0) 
M;[UO,(2-OC,H,CO,),]-xH,O M'=Na, x =9; K, x =2 or 10; NH,, x =13 
UO,(3-HOC,H,CO,),:-6H,O 
pyH[UO,(3-HOC,H,CO,);]:7H,O 
UO,(4-HOC,H,CO,),:-4H,O 
pyH[UO,(4-HOC,H,CO,)3]:-4H,O 
UO,(2,4-(HO).C;H;CO,),:10H,O B-Resorcylate 
UO,(2,5-(HO),C,H;CO,).:-3H,O Gentisate 

UO,(3,4-(HO),C.H3CO>)2°8.5H,0 Protocatechuate 

The salicylato nitrato complex, [{UO(2-HOC,H,CO,2)(NOs3)} {(4-Me2N)CsH4N}2)}., is ob- 
tained when the aminopyridine is added to a mixture of UO2(NO3)2°6H20° and 2- 
HOC,H,CO2H in methanol. In this compound the pyridine molecules are not coordinated to 
the uranium atoms, but are hydrogen bonded to the phenolic oxygen atom of the salicylate 
group. The hexagonal bipyramidal arrangement of oxygen atoms about each uranium atom in 
the dimer is made up of one carboxylate oxygen from each of the two salicylate groups which 
bridge the two uranium atoms, and the second carboxylate oxygen atom of one salicylate group 
and the phenolic oxygen atom of the other, together with two oxygen atoms from the bidentate 
nitrate group.” In the structure of the p-aminosalicylato complex anion in Na[UO,(2-HO-4- 
H,NCsH3CO>)s]-6H2O, the coordination geometry is again hexagonal bipyramidal, with the six 
carboxylate oxygen atoms from three nearly planar aminosalicylate groups in the equatorial 
plane.*™ 

COC3-MM 
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(viii) Amides, carboxylic acid hydrazides, ureas, N-oxides, P-oxides, As-oxides and S-oxides 

(a) Amides and related compounds. The normal preparative route for complexes with these 

ligands (Table 76) is from the parent compound, usually hydrated, and an excess of the ligand 

in a non-aqueous solvent; in most cases the complex crystallizes on addition of a small amount 

of ether or a hydrocarbon to the solution. In some instances the complexes have been obtained 

from aqueous solution. The complexes with the peroxide chloride, formulated as CIL,U02(p2- 

O)UO,L,Cl (L=DMF or DMA), in which the bridging O%” group appears to act as a 

tetradentate ligand, are obtained by treating the complexes UO2Cl,L2 with H2O. in aqueous 

ethanol.°° 

Table 76 Amide Complexes of Dioxouranium(VI) Compounds 

[UO,F,(L)], 
UO,Cl,-xL 

UO,Bry:xL 

[UO,(DMA)s;][UBrg] 
UO,L,:4DMF 

Cl(L),UO,{u2-(O2)}UO,(L),Cl 
UO,(NO;).:xL 

[UO,L](C1O,), 
UO,(NCS),:2L:-H,O0 

UO,(MeCO,),.-xL 

UO,(Me,CCO,)>"L 
U0,(C,0,)-xL 

UO,SO,-xL-yH,O 

UO,SO,-xL-yH,O 

UO,CrO,:2L 
UO,(HPO,)-L 
UO,(HPO,)-2L 
[UO,(HPO;)(H20)L] 
UO,(Et,NCS),-xL 
UO,L,-DMF 
UO,L-DMF 

L=HCONMe,(DMF), MeCONMe,(DMA), MeCONH, 
X =1, L=Me,NCO(R)CONMe, with R = CMe, or 
CH,C(Me),CH, 

x = 1.5, L=Me,NCO(CH,),,CONMe, withn=1or3 _ 
x =2, L=MeCONH,(+H,0); MeCONHR with R = Pr’, 
p-H,NC,H, or p-EtOC,H,; HCONMe,,* MeCONR, 
with R = Me, Pr”, Pr’ or n-CgH;;; RCONMe, 
with R = Pr’, Me,CHCH, or Me3C 

3, L=MeCONH(p-EtOC,H,), MeCONHEt, HCONMe, 
2, L=DMA 
3, L= DMF 
4, L=MeCONH(p-EtOC,H,) a OO 

L=DMF,* DMA? 
x =1, L=R!INCOCH,CONR3 with R' = Bu" or Bu’ and 

R? = Me(CH,Ph) 
x =2, L= DMF, HCON(Me)(CH,Ph), MeCONH3, 
MeCONH(p-EtOC,H,), MeCONR, (with R = Et, 
Pr', n-CgH,7, n-C, 9H>,, n-C,2H>; or Ph), : 
MeCONEt(MeC,H,), RCONMe, (with R = Pr’, 
Bu", Me,CHCH, or Me,C), Pr°CONBu3, 
Me,CCONBu3 

x =3, L=MeCONHPh 
L=DMF, DMA or MeCONEt,° 
L = MeCONH, 
L = DMF, x =1 or 2; L= DMA,” MeCONP®}, x = 1 
L = MeCONPr,, 
x =1, L=MeCONH, 
x =2, L=MeCONH(p-EtOC,H,) 
x =3, L=DMF 
L=HCONH,, x = 1, y =2; L=MeCONH,, x =1, y=1.5 

or x = 1.5, y=0.5; L= DMF, x =1, y unspecified 

L=MeCONH,, x= 1, y=2; x =2, y=0O orx =3, y=1; 
L=DMF, x=2, y=0 
L=MeCONH,, DMF 
L = H,NCOCH,CONH,° 
L = MeCONH;,° 
L=MeCONH,,° DMF* 
x =1, L=DMF; x = 2, L=HCON(CH,Ph)(Me) 
L = CF,COCHCO(2-C,H;S) 
L = OC,H,CH=NCH,CH,N=CHC,H,O 

*R. N. Shchelokov, I. M. Orlova and A. V. Sergeev, Dokl. Chem. (Engl. Transl.), 1980, 250/5, 573. 

°V. E. Mistryukov, Yu. N. Mikhailov, I. A. Yuranov, V. V. Kolesnik and K. M. Dunaeva, Sov. J. Coord. Chem. (Engl. Transl.), 
1983, 9, 163. 

“K. A. Avduevskaya, N. B. Ragulina, I. A. Rozanov, Yu. N. Mikhailov, A. S. Kanishcheva and T. G. Grevtseva, Russ. J. Inorg. 
Chem. (Engl. Transl.), 1981, 26, 546. 

4 ALM. Hounslow, S. F. Lincoln, P. A. Marshall and E. H. Williams, Aust. J. Chem., 1981, 34, 2543. 

In the polymeric acetamide complex of the chromate, [UO ,CrO,(MeCONH,),],, the 
structure consists of chains of (UO 2)O; pentagonal bipyramidal coordination polyhedra in 
which the equatorial plane is made up from three oxygen atoms from [CrO,]*~ tetrahedra and 
two from the acetamide molecules.*” Similarly, in the dimeric DMA complex with the acetate, 
[UO.(MeCO,).(DMA)]2, the structure consists of two pentagonal bipyramidal polyhedra 



The Actinides 1205 

bridged by two bidentate acetate groups, the other two acetate groups each chelating a uranium atom.>°” 
Several complexes with ligands related to amides, such as lactams, lactones and antipyrine 

(atp) have also been recorded (Table 77); apart from preparative and IR spectroscopic 
information, little is known about them. The precipitation of UO,(NCS),-3atp from aqueous 
acid in the presence of thiocyanate has been used as a method for the determination of 
uranium in minerals. 

Table 77 Some Complexes of Lactams, Lactones and Antipyrine (atp) with 

Dioxouranium(VI) Compounds 

Lactams and lactones 

UO,(Et,NCS,),-L L=MeN(CH,),;CO 
[Saaecectel 

UO,X,-yL L=O(CH,);CO 
X=F, Cl, Br, y unspecified; 

X=NO;, y =2; X=0.5SO,, y = 1 (+2H,0) 

Antipyridine (2,3-dimethyl-1-phenylpyrazol-S-one) 

UO,F,-atp:-2H,O Probably polymeric 
UO,X,-3atp X = NCS, NCSe 
UO,(CI1O,)>:Satp 

UO,SO,-xatp*> x =1.5 (also +5H,O) or 2 (+H,O) 
UO,SO,:3atp-xH,O0 x=0or3 
U0,C,0,-3atp 

“A. Yu. Tsivadze, A. N. Smirnov, G. T. Bolotova, N. A. Golubkova and R. N. 
Shchelokov, Russ. J. Inorg. Chem. (Engl. Transl.), 1979, 24, 904. 

RLN. Shchelokov, G. T. Bolotova and N. A. Golubkova, Sov. J. Coord. Chem. 

(Engl. Transl.), 1977, 3, 810. 

(b) Carboxylic acid hydrazides. The IR spectra of many of the known complexes with this 
type of ligand (Table 78) suggest that the hydrazides are bidentate, with bonding to the metal 
atom via a carbonyl oxygen and a hydrazine nitrogen atom in the case of the ligands 
RCONHNHE)2. 

Table 78 Some Complexes of Carboxylic Acid Hydrazides with Dioxouranium(VI) Compounds 

UO,X,-2RCONHNH, X =Cl, NO; R = p-MeOC,H,, o-, m- and 
p-O,NC,H, (all hydrated) 

X= NO, R= Ph (also +2H,O), R = 2-HOC,H, (+2H,0) 
UO,X,:3RCONHNH, X=Cl, R= Ph; X=NO;, R=Ph 
UO,X,:3RCONHNH, X= Cl, NO3; R= Me, o-, m- and p-HOC,H,, 

o-, m- and p-MeOC,H, (all hydrated) 
UO,(NO3).-2RCONHNHCOMe R=Me (+2H,0), Ph 

(c) Ureas. A very large number of urea complexes with dioxouranium(VI) compounds are 
known, a selection of which is given in Table 79. In all of them the urea, or substituted urea, 
molecules are bonded to the metal atom through the carbonyl oxygen atom. The complex 
UO,F,-3urea is obtained by treating UO,F,:2H,O with urea in aqueous solution, and the 

dimeric complex, [UO.F,(urea)],, in which two pentagonal bipyramidal [UOF;(urea)2] 
groups share a common F(1)—F(1') edge, is obtained in the same way by slow crystallization 
from dilute aqueous solutions.*°** The coordination geometry in the complex 
[UO2(urea)4(H20O)](NO3)2 is again pentagonal bipyramidal, with four urea and one water 
molecule oxygen atoms in the equatorial plane*” and the structure of the dimeric basic iodide, 
[UO,(OH)(urea)3]2I4, is made up of two pentagonal bipyramidal UO; units bridged along one 
edge by two hydroxyl groups.*'” The same coordination geometry has been reported for the 
complex with the phosphite,*"’ [UO.(HPO3)(NH,CONMe,)(H2O)] and for the cation in the 
complex [UO.(MeCO,)(urea)3]* [UO2(MeCO2)3]— (= UO2(MeCO,),:1.5urea), in which two 
oxygen atoms from the chelating acetate group and three from the urea molecules lie in the 
equatorial plane.*°” 

The structures of three urea complexes of dioxouranium(VI) sulfate have also been reported. 
In the bis complex, UO2SO,-2urea, the structure consists of infinite ribbons of OUO groups 
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Table 79 Some Urea Complexes of Dioxouranium(VI) Compounds 

ae ee es. ee ee eee 

L=urea, OC(NH;), 
UO,X,:yL-zH,O X=F, y =2, z =0 (dimer) and z = 1; y =3, z=0 

X=Cl, y=2 or 3, z=1; y=4, z=0 
x= NCS, y= 2,z=O0or 1; y=3, z=0 

X =NO,, y =z =1; y=2 or 3, z=0; y =4, z=1or2; 

ves cee y=6, z=0 
X= ClO,, y =5, z=0 
X = MeCO,, y =1, 1.5, 2, 4 or 6, z=0 

[UO,XL,][UO,X,]° X =EtCO, 
[UO,(OH)L5),1, 
UO,X-yL X — SO;, y — z 

X =SO,, y =2, 3 or 4 

X=C0,, y=1 or3 

L = MeHNCONHMe 

UO,X,-yL X=Cl, y=2,40r5 

X=NCS, y =2 
X = NO,, y =4, 5 or 6 

X= ClO,, y =5 or 6 

UO;X-yL X=S0,,y =3 
X=C,0,, y= 

L = Me,NCONH, 
UO,(HPO;)-L:-H,O 
L=Me,NCONMe, 
UO,X,-yL X=Cl, NCS, NO,, MeCO,,* y =2 

X= 27 =5 
UO,X-yL X= S80, Cro, y =2 

xX = C,0,, By, — 

(UO,)(O2)Cl,-4L” 
L=H,NCONHEt 
UO,X,‘yL X=Cl, y=3 

X =NO,, y =2,3 or 5 
UO,X-yL X=SO,, y =3 

X=C,0,, y=1or3 

L=EtNHCONHEt 
UO,X,-yL X=C,y=3 

X =NO;, y=2 
UO,X-yL X=SOey— yong 

X=C,0,, y=1or3 

“Vv. I. Spitsyn, K. M. Dunaeva, V. V. Kolesnik and I. A. Yuranov, Russ. J. Inorg. Chem. (Engl. 

Transl.), 1982, 27, 473. 

>R.N. Shchelokov, I. M. Orlova and A. V. Sergeev, Sov. J. Coord. Chem. (Engl. Transl.), 1981, 7, 

441. 

“v. I. Spitsyn, V. V. Kolesnik, V. E. Mistryukov, Yu. N. Mikhailov and K. M. Dunaeva, Dokl. 

Chem., 1983, 268/273, 362. 

coordinated to two urea oxygen atoms and to three oxygen atoms from tridentate sulfate 
groups, making an approximately pentagonal bipyramidal arrangement about each uranium 
atom,*’? and in UO,SO,:3urea the polymeric structure is similar, with three urea oxygen atoms 
and one oxygen each from two bridging bidentate sulfate groups.*!* The same coordination 
geometry has been found for [UO 2SO,(urea),4] in which the four oxygen atoms from the urea 
molecules and one from a monodentate sulfate group lie in the equatorial plane.*!* 

(d) N-Oxides. A_ selection of the known MezsNO and pyNO complexes with 
dioxouranium(VI) compounds is included in Table 80; in addition, a large number of pyridine 
N-oxide complexes with B-diketonates, UO2L,-pyNO, and many complexes with substituted 
pyridine N-oxides, quinoline and isoquinoline N-oxides, 2,2'-bipyridyl N-oxide and 2,2’- 
bipyridyl N,N’-dioxide have also been recorded. Several complexes with p-nitroso N,N- 
dimethyl and -diethylaniline are also known; they are precipitated when an ethanol solution of 
UO2X, (X= Cl, Br, NO3 or MeCO2) or UO2X (X = SO, or C204) is treated with the ligand in 
the same solvent; their IR spectra indicate that the ligand is bonded to the uranium atom via 
the nitroso oxygen atom only. 

The uranium atom in [UO2(Et.NCS2).(Me3NO)] is seven-coordinate, with four sulfur and 
one oxygen atom from the amine oxide in the equatorial plane of a pentagonal bipyramid*!> 
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Table 80 Some Complexes of N-Oxides with Dioxouranium(VI) Compounds 

UO,X,-yL L=Me3NO; X=NO, y = 1 or 4 
X=ClO,, y=4 
X = Et,NCS, or Et,NCSe,, y = 1 
L=C.H;NO; X=Cl, y =2 or 3 
X=NCS, y =3 
X=NO,, y =2 or 3 
X=ClO,, y=5 
X = acac, trop or 2-OC,H,CHO, y = 1 

[UO,(Me3NO),][BPh,], 
UO,X-yL L=C5H;NO; X=SO,, y =2 

X = NC.H3-2,6-(CO,)>, y =2 
X = O(CH,CO,),, y = 1 (polymer) or 2 
L=2-MeC.H,NO; X = ONC;H,-2,6-(CO,)., y = 2? 

*S. Degetto, L. Baracco, M. Faggin and E. Celon, J. Inorg. Nucl. Chem., 1981, 43, 2413. 

and the coordination geometry in [UO{O(CH,CO;),}(pyNO),] is probably the same, with 
three oxygen atoms from the O(CH,CO,) group, including the ether oxygen atom, and the 
two N-oxide oxygen atoms bonded to the UO) group.?88 

(e) P-Oxides. In addition to the complexes listed in Table 81, several 1:1 complexes of 
UO,(NOs), with bis(dialkylphosphinyl)alkanes, R2P(O)(CH2),P(O)R>2, and many complexes 
of phosphine oxides, phosphate and phosphonate esters, (RO)3;PO and (RO).R’PO, with 
dioxouranium(VI) B-diketonates and Schiff base compounds have been recorded. 

In the complexes [M‘'O,CIL,], trans octahedral geometry has been reported for MY! = U 
with L=(Me,N);PO*® or Ph3PO*”” and for MY'=Np with Ph3PO;7!8 in the complexes 
[M*'O.(NO3)2(Ph3PO)2] (M¥!= U or Np), the coordination geometry is hexagonal bipyrami- 
dal, with the bidentate nitrate groups trans,*'® as found also for the structure of 
[UO2(NO3)2{(EtO);PO},].°”? The cation [UO2{Me,N)3PO},]** in the perchlorate2”° and in the 
polyiodide, [UO 2L,](I3)2, obtained by atmospheric oxidation of a mixture of UI, and 
(Me2N)3PO,°”' exhibits trans octahedral geometry. 

In the dimeric compound [UO2(MeCO;),(Ph3PO)],, which crystallizes when a cold acetone 
solution of UO,(MeCO>;):2H,O containing the stoichiometric quantity of Ph3PO is stirred for 
20-30 minutes, the coordination geometry about the uranium atom is pentagonal bipyramidal 
with two bridging and two chelating MeCO, groups.*** The same coordination geometry has 
been reported for monomeric [UO2(MeCSS),(Ph3PO)], which is precipitated from methanol 
solutions of the dithioacetate and Ph3PO,°* for the dithiophosphinate complex, 
[UO,(S2:PR>)2(Me3PO)]°””?, for the complex [UO2{CF;COCHCO(2-C,H3S)>2} {(m-CgH17)3- 

PO}]** and for the @ and £B forms of the complex [UO ,(CF;COCHCOCF;),- 
{(MeO)3PO}], which differ in that the 6-diketonate groups in the a form are tilted by 22.5° to 
the plane of the pentagon in a boat conformation*” whereas the pentagon is nearly planar in 
the 6 form.*”° 

(f) As-Oxides. Complexes with these ligands (Table 82) are usually obtained by treating the 
parent compound with the ligand in a non-aqueous solvent. The complexes 
[UO2(MeCO>;)2(Ph3AsO)]2. and [UO.(MeCO2)2(Ph3AsO),] are isomorphous with their Ph3PO 
analogues. The coordination geometry in the dithio- and diseleno-carbamate compounds, 
[UO,(Et,.NCX,)(Ph3AsO)] is pentagonal bipyramidal, with four sulfur*’’ or four selenium*”® 
and one oxygen atom in the equatorial plane. As expected, the coordination geometry in 
[UO.(NO3)2(Ph3AsO),] is hexagonal bipyramidal, as in the phosphine oxide analogue; the 
U—Oj(As) bond length is shorter than the U—O(P) bond length in the latter.°*° 

(g) S-Oxides. In addition to the compounds listed in Table 83, a large number of R2SO 
(R=Me, Bu’, i-CsHi:, n-CsHi3, PhCH, and Ph) complexes with dioxouranium(VI) p- 
diketonates and Me2SO complexes with analogous Schiff base compounds are known and a few 
complexes of dioxouranium(VI) compounds with thioxane S-oxide, thianthrene 5-oxide, 
substituted sulfoxidothiophenes (RC,H3SO) and thiourea dioxide ((H2N)2CSO 2) have also 
been reported. 
The structure of the polymeric complex [UO,F,(Me2SO)],, consists of zigzag chains of 

uranium atoms linked by di-y-fluoro bridges; the coordination geometry about each uranium 
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Table 81 Some Complexes of P-Oxides with Dioxoactinide(VI) Compounds; L = R,PO 

UO,X,-yL R=Me; X=Cl, Br, NO3, y =2; K=ClO,, y =4 
R=Et; X=Cl, Br, NO;, y =2 
R= Pr"; X=NO,, y=2; X=ClO,, y =4 
R=Bu"; X=F, y = 4/3; X=Cl, Br, NO3, ClO,, y =2; 

X =I, NCS, y =3; X=I, ClO,, y = 4; 
X = MeCO,, y = 1.5; X = Et,NCS,, (n-C;H;)Fe(n-C;H,CO,), 
(CO 3)Cr(n-PhCO,), y = 1 

R=n-C,H,,: X=F, y =1.5 or 3; X=Cl, NO, y =2; 
X = MeCO,, CF,COCHCO-2-C,H;S, CF; COCHCOPh, y = 1; 
X = CF,;COCHCO-2-C,H,S, y =3 

R=Me,N; X=F, Cl, Br, NCS, N3, NO3, N(CN)>,” y = 2; 
X=NCS, y =3; X=ClO,, y =4 or 5; 
X=I,, y=4 
X = MeCO, (dimer), Et,NCS, Et,NCSe,, y =1 

R=Ph; X=Cl, Br, I, NCS, NO;, MeCO,, y =2; 
X =ClO,, y = 4; X =N(CN),,” y =3; X = MeCO, (dimer), 
MeCOS, MeCS,, PhCS,, Et,NCS,, Et,NCSe,, 
S,PPr, (with R= Me, OMe, OEt, OPr", OPr', OBu", Ph), 
trop, X = R,PS,* (with R= OMe, OEt, OPr", OPr', 

OBu", Me or Ph), y = 1 
NpO,X,-2L R= Ph; X=Cl, NO, 
UO,X-yL R=Bu"; X=SQ,, y =2.5 or 3; X=C,O,, y=1 

R=Me,N; X=SOs,, y = 1;° X=SO,, y = 2; X = ONC.H3-2,6-(CO,),,° y = 1.5 
UO,X,-yL R=OMe; X = CF,COCHCOCF;, y = 1; X= ClO,, y =5 

R= OEt; X=NO3, y =2; X=ClO,, y=5 
R= OBu"; X=Cl, Br, NCS, NO3, ClO,, y =2; 
X=NCS, y =3; X=CF;COCHCOR’ with R’ = Me, 
CF;, Ph, 2-C,H3S, y =1 

PuO,X,L R = OBu"; X = CF,;COCHCO(2-C,H;$)* 

“I. Haiduc and M. Curtui, Synth. React. Inorg. Metal-Org. Chem., 1976, 6, 125. 
CRI Ivanova, V. V. Skopenko and Kh. Keller, Ukr. Khim. Zh. (Russ. Ed.), 1981, 47, 1024 (Chem. Abstr., 1982, 96, 

45 232). 

“§. Degetto, L. Baracco, M. Faggin and E. Celon, J. Inorg. Nucl. Chem., 1981, 43, 2413. 

eyuPy Shukla, V. K. Manchanda and M. S. Subramanian, J. Radioanal. Chem., 1976, 29, 61. 

©R. N. Shchelokov, G. T. Bolotova and N. A. Golubkova, Sov. J. Coord. Chem. (Engl. Transl.), 1977, 3, 810. 

Table 82 Some Complexes of As-Oxides with Dioxouranium(VI) Compounds 

UO,X,:R;AsO R= Ph, X= MeCO, (dimer), MeCSS, PhCSS, Et,NCSS, 
Et,NCSeSe, trop (C,H;O;, tropolonate), 
PhCOCHCSPh 

UO,X,:2R;AsO R=n-C,H,7, X=Cl 
R= Ph, X=Cl, NCS, NO3, MeCO, 

UO,X,:4R,AsO R=Ph, X=ClO, 

atom is pentagonal bipyramidal, with four fluorine and one oxygen atom in the equatorial 
plane.**° The same coordination geometry has been reported**! for [UO2(Me2SO)s](ClO,)2 and 
for the complex with the phosphite,*”* [UO.(HPO3)(Me2SO)(H,0)]. 

(ix) Hydroxamates, cupferron and related ligands 

A selection of the known dioxouranium(VI) complexes with this type of ligand is given in 
Table 84. These compounds are precipitated from aqueous solution, usually after the addition 
of alkali. The coordination geometry of the anion in the ammonium salt of the cupferron 
complex, NH,[UO2{(ON)N(Ph)O}s], is close to hexagonal bipyramidal.332 
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Table 83 Some Complexes of S-Oxides with Dioxouranium(VI) Compounds 
a a es ee eg pe oy adi ony 
UO,X,-:yR,SO y = Me, X=F (polymer), MeCO,, trop 

y = Me, Et, Bu", n-C,H,3, X = NO, 
C3H,,, X=Cl 
X= Cl, Br, NCS, NO;, MeCO, 

; R=Me, X=Cl, Br, NCS, NCSe 
R=Ph, X=Cl, Br 

le) 
I lac} = ~ | Q oO 

UO,X:2Me,SO SO,(+0.5H,O), SO,, CrO,, ONC;H,-2,6-(CO,), 
polymer)? —~ 

3U0,(C,0,) -SMe,SO 

(UO,),(O3) Cl: 4Me,SO° 

Ss el Le se 
SE ee oe ee ee es 

“S. Degetto, L. Baracco, M. Faggin and E. Celon, J. Inorg. Nucl. Chem., 1981, 43, 2413. 
PR. NS Shchelokov, I. M. Orlova and A. V. Sergeev, Sov. J. Coord. Chem. (Engl. Transl.), 1981, 7, 441. 

Table 84 Some Dioxouranium(VI) Complexes with Hydroxamates, Cupferron and Related 
Ligands 

Hydroxamates; HL = (RCO)(R')NOH 
UO,L, R= Ph, R’ =H (also +1H,0), Ph (also +2H,O), 2-MeC,H, 

(+1H,0 or HL) 
R= 2-HOC,H,, R' = H or Me (+2H,0) 
R =2-C,H,0, PhCH=CH (+1H,O), 3- or 4-O,NC,H,, R’ = Ph 

H,L = PhN(OH)C(O)(CH;),C(O)N(OH)P 
UO,L-xH,O n=3,x=3;n=4, x=2; 
UO,(HL),-xH,O n=4,x=5S;n=5,x=2 
(UO,),L(HL), n=2 
Cupferron {(ON)N(Ph)O™} 

M'[UO,{ONN(Ph)O},] M"=Na, K, Rb, Cs or NH, 
N-Nitroso-N-cyclohexylhydroxylamine, CsH,,N>O> 

NH,[UO,(C,.H,,N,0,)s] 

40.2.4.4 Sulfur ligands 

(i) Monothiocarbamates, dithiocarbamates and xanthates 

(a) Monothiocarbamates. The diethylammonium salt, (Et,NH2)[UO2(OEt)(Et,NCOS)>], 
precipitates when a saturated solution of UO,Cl,:3H,O in ethanol is added to the solution 
obtained by passing COS through ethanolic diethylamine at 0°C. The coordination geometry in 
the anion is pentagonal bipyramidal, with two sulfur and three oxygen atoms in the rather 
irregular pentagonal plane.**’ The anion structure is the same in the di-n-propylammonium salt 
of the [UO,(OEt)(Pr3NCOS),]|~ ion, prepared in a similar manner.*** In the structure of an 
analogous compound, (Pr3NH2)2[UO2(Pr3NCOS).(S.)], the uranium atom is at the centre of an 
irregular hexagonal bipyramid, with the equatorial plane positions occupied by the (S—S)*~ 
group bonded sideways on, together with two oxygen and two sulfur atoms from the 
monothiocarbamate groups.**° 

(b) Dithiocarbamates. The existence of the compounds reported as UO2(R2NCS2)2 (R = Et, 
Pr", Bu') and UO,(RHNCS,), (R = Et, Bu’) is dubious and these are more likely to be salts of 
the anion [UO,(R,NCS,)3]~. A number of salts of composition M'[UO,(Et,NCS,)3]-xH2,O 
[M'=Na (x=2,3 or 6), K (x=1), Rb, Cs, NH, and NMe, (all x=0)] and 
(R’R"NH,)[UO2(R'R’NCS;)3], with R’ = Me and R”=Me, Pr’, CH,CHMe2, CH(CHMez),, 
CH,CH2,CHMe,, CH(Me)CMe3 and CHMeCH,CMe,0H, or R’ = R"=CH,CHMe2, Bu” or 
CH,CH,OH, have been reported. The coordination geometry in the anion of 
(NMe.)[UO2(Et.NCS;)s] is approximately hexagonal bipyramidal, with six sulfur atoms in the 
non-planar hexagon. 
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(c) Xanthates. The salts K[UO,(ROCS,)3] (R= Et, Pr’) are precipitated when an excess of 

the potassium alkyl xanthate is added to an aqueous solution of UO,SO,. Early reports of the 

formation of xanthates of the type UO2(ROCS;), from aqueous solution appear to be doubtful. 

(ii) Dithiolates 

The cis maleonitriledithiolate salts (NR4)2[UO2(cis-C4N2S2)2] (R= Et, Pr") and the cor- 
responding isomaleonitrile compounds (NR4)2[UO2{(CN)2C=CS>}.] (R = Et, Pr") have been 
recorded. 

(iii) Thioureas 

A number of complexes of dioxouranium(VI) compounds with thioureas have been reported 
(Table 85) but little is known about them. In addition to those listed in the table, a number of 

complexes with dioxouranium(VI) nitrate formulated as [UO2L,(NO3;)|(NO3), with x = 4 and 
L=o-chlorophenyl thiourea, x = 3 and L=o- or p-hydroxyphenyl thiourea, and x =2 and 
L=o-methoxyphenylthiourea, as well as [UO2L(NO3).] with L=benzylthiourea, have also 
been recorded.**’ 

Table 85 Some Complexes of Thioureas with Dioxouranium(VI) Compounds 

L — SC(NH,)> 

UO,X,-yL X=Cl, y=2; X=NO,, y =2 or 4; X= MeCO,, y=1, 2 or 4 
UO,SO,-yL y=lor2 
L = SC(NHMe), 
UO,(NCS),-3L 
L = SC(NH,)(NHPh) 
UO,(MeCO,),-2L 
L = SC(NMe,), 
UO;X3-yL X= (C.NO;,” y =22X =NCS, y¥ =3 
UO,(NCS)(NO;)-2L 

“A. S. R. Murty and M. B. Adi, Proc. Nucl. Chem. Radiochem. Symp., 1980 (published 1981), p. 357, (Chem. 
Abstr., 1982, 96, 134 758). 

PAO: Baghlaf and K. W. Bagnall, Bull. Fac. Sci. King Abdul Aziz Univ., 1980, 4, 143. 

(iv) Dithiophosphinates 

Dithiophosphinates, UO2(R2PS2)2, have been obtained by ether (R = Me) or benzene! 
(R=Ph) extraction of a mixture of concentrated aqueous solutions of UO (NO;)2 and 
Na,(R2PS2), followed by concentration of the extract, or (R = p-tolyl, p-ClC,H,) by heating a 
methanol solution of the ligand under reflux with the calculated quantity of? UO,(MeCO,)>. 
These last, and the phenyl analogue, are monomers in benzene.** Alcohol adducts of the type 
UO,(S2PR2)2‘R'OH are obtained when UO,Cl, in R'OH (R!=Me, Et, Pr’) is treated with a 
salt of the dithiophosphinic acid, R,2PS,H (R=Me, Et, Pr, OMe, OEt, OPr', Ph or 
cyclo-C,H;,). In the presence of an excess of chloride ion, the adducted R'OH is displaced and 
salts of the type EtsN[UO2(S2PR2)2Cl] are formed. The coordination geometry about the 
uranium atom in UO,(S,PR2)..R'OH (R=Ph, cyclo-CsHi;; R'=Et) and in the anion 
[UO2(S2PR2)2Cl]" (R=Me, Ph) is pentagonal bipyramidal with four S$ atoms from two 
bidentate S,PR, ligands in the plane together with either one O atom from coordinated EtOH 
or one Cl atom, as in the structure of [UO,S,PMe2(Me3PO)] (p. 1207).27 

40.2.4.5 Halogens as ligands 

(i) Hexahalides 

Octahedral hexafluorides, MF. (M =U, Np and Pu), are usually prepared by fluorination of 
lower fluorides, MF,, at relatively high temperatures (e.g. M=Np, at ca. 500 °C). They are low 
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melting, volatile solids. The only known hexachloride is UCI, prepared by chlorination of 
UCl,, for example in SbCl;. This is also octahedral.228 

(ii) Oxohalides 

The oxotetrafluorides, MY'OF,, are prepared by hydrolysis of the hexafluoride in HF with the 
stoichiometric quantity of water or, more elegantly, by using the calculated quantity of silica 
wool to provide the water by reaction with the solvent (MY! = U,°? Np*° and Pu°!). The 
coordination geometry about the metal atom in a-UOF, is close to pentagonal bipyramidal, 
with an oxygen and a fluorine atom in the axial positions.°? NpOF, and PuOF,2*! are 
isostructural with a@-UOF,. The coordination geometry in B-UOF, is also pentagonal 
bipyramidal, but with the two non-bridging axial fluorine atoms and a non-bridging equatorial 
oxygen atom together with four equatorial bridging fluorine atoms.*? Complexes of the 
composition UOF,-xSbFs; (x = 1, 2 or 3) are also known. In these the structure consists of a 
fluorine-bridged network of UOF, and SbF; molecules in which each uranium atom is 
surrounded by a pentagonal bipyramidal array of one oxygen and six fluorine atoms.? The 
dioxodihalides, MY'O.X,, are known for KX=F (MY'=U, Np, Pu), X=Cl [MY'=U, Pu 
(+6H,O)] and X = Br (M“'= U, hydrated). 

(iii) Halo complexes 

Heptafluorouranates(VI), M'UF; (M'=Na, K, Rb, Cs or NF,), have been prepared by 
reaction of M'F with UF, in CjF,.; the NFf compound is obtained from UF, and NF,:HF, in 
HF.*“ Octafluorouranates(VI), M5[UFs] are obtained by heating M'UF, (M!=Na, K, Rb or 
Cs) at 100°C (M'=Na) to 210°C (M'=Cs).*4° The U—F bond lengths in Na,[UF] are all 
equal.**°* Oxidation of (NH,4)sU'YFs with XeF, at 55°C yields a product of composition 
(NH,)4UF1o which appears**®? to be an example of uranium(VI) with coordination number 
greater than eight. The compounds MSUF, (M'=K or Rb) are prepared by fluorination of 
MIUE, at 400 (K) to 500°C (Rb).247 

(iv) Oxohalogeno complexes 

A few salts of complex anions derived from monoxoactinide(VI) halides are known; 
(Ph,P)[UOCI,] is obtained when a solution of (Ph4P)2[UO,2Cl] in thionyl chloride is heated 
under reflux for a few minutes and then cooled. The U—Cl bond length trans to the oxygen 
atom is shorter than the equatorial U—Cl bond lengths. The chloro complex reacts with HF at 
low temperature and with HBr in dichloromethane to form (Ph,P)[UOFs] and (Ph4P)[UOCIBr4] 
respectively.*“® 
The more common complexes are derived from dioxoactinide(VI) dihalides. The structure of 

the aquated anion in (enH,)[UO2F,(H2O)] has been described earlier (p. 1192) and a number of 
hydrated salts of the type M'M“40,F3-xH,O0 (MY'=U, M'=an organic base and x = 0-6; 
M¥!= Pu, M!=Na, K, Rb, Cs, NHy, CoH7NH (quinolinium), x = 1), M}PuO,F, (M! = Na, K, 
Rb, NH,), M"UO,F,-4H,O (M" = Zn, Cd, Cu, Mn, Co, Ni), M'(M“O,).F5-xH,0 (M™'= U, 
M!=an organic base, x = 0-6; MY'=Pu, M'=Cs, x =3) and M'(UO2)3F7-xH2O (M! = an 
organic base) have been reported. The more usual fluoro complex anion is [M“'0,Fs]?~ 
(M‘! = U, Np, Pu), for which several alkali metal salts are known. The potassium salts for the 
three elements are isostructural; in K3[UO,F;]** and K3[NpO.F;]**”? the coordination 
geometry of the anion is pentagonal bipyramidal. The IR spectra of K3[M¥'O.Fs] (M‘¥'= U, 
Np, Pu) have also been reported.” se 

The compounds Cs,NH,(UO?)2F7,>° Na3(UO})2F7-6H,0*"* and Ni3{(UO2).F7}2°18H20 

each involve infinite chains, [(UO,).F7]?”~, formed by UO,F; pentagonal bipyramids joined by 
a common edge and a common apex, with three bridging and two terminal fluorine atoms in 
the equatorial plane. nt Ate ia 

Chloro complexes are normally of composition M3[M*'O2Cl,](M’°=U, Np, Pu, with 
M!=Cs, NEts; MY! = U, with M!=Li or Na (+6H,O), K (+2H2O), NH4, 1,10-phenH, PPh,, 
PBu3; MY! = Pu, M! = NMeg, NPri, Et3;NH), M"[U0,Cl,]-xH,0 (M" = Be, x = 4; Mg, Ca, Ba 
or VO, x =2; Sr, x =1). The coordination geometry of the anion in (1,10-phenH).[UO2Cl] is 

COC3-MM* 
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a flattened square bipyramid.”*° The IR spectra of Cs,[{MY'0,Cl,] (M¥' = U, Np and Pu) have 
also been reported.” Products of composition M™[UO,Cl;]-xH,O0 (M™'= Y, x =3 or La, 
x=2), M'[UO.Clk]-xH20 (M'¥Y=Ce, x=5 or Th, x=4), Mn3[UO-2Cls]-6H20, 
Al,[UO,Cls]‘6H2O and a number of salts which appear to contain the anion [(UO2)2Clh,}>- 
have been reported,** but these could be salts of the UO%* ion. For example, 
Ce[UO2Cl,]:5H2O is more likely to be [UO2(H20)s][CeCl.]. 

Relatively few salts of bromo and iodo complex anions, M2[UO2X4], have been reported 
(X = Br, M'= PPh3Bu", PPh;(CH>Ph), HPPh3, HPEt;, HPPr3,**” NBuz; X = 1, M' = PPh3Bu"). 
The coordination geometry of the anion in (NBu}),[UO,Br,] is again a flattened square 
bipyramid.*°° 

40.2.4.6 Mixed donor atom ligands 

(i) Schiff bases 

A very large number of dioxouranium(VI) compounds with this type of ligand have been 
recorded (see ref. 12, Uranium, vol. E2), examples of which are given in Table 86; these 
include some instances in which the mono- and di-basic ligands behave as neutral donors. 
Structure determinations indicate that the usual coordination geometry is approximately 
pentagonal bipyramidal; examples are [UO2(2-OC;H,CH=N(CH2)2NH(CH2)2NMe)(NO3)], 
in which four equatorial positions are occupied by one oxygen and three nitrogen atoms of the 
tetradentate Schiff base and the fifth by an oxygen atom of the monodentate nitrate group;*°’ 
[UO2(2-OCsH,CH=N(CH2)2NMez)2], in which the equatorial sites are occupied by two 
oxygen and three nitrogen atoms from the two potentially tridentate ligands;*°* [UO ,(2- 
OC,H,CH=N(CH2)2NH(CH2)2N=CHC,H,O-2)], with two oxygen and three nitrogen atoms 
of the ligand in the puckered equatorial plane;**’ and [UO2(2-OC;H,N—CHCH==NC,H,0-2)- 
(H,O)] with two oxygen and two nitrogen atoms from the ligand and one oxygen atom from 
the water molecule in the near planar pentagon.*°™ 

Table 86 Some Dioxouranium(VI) Schiff Base Complexes 

UO,(MeCO,),-LH LH®* = 2-HOC,H,CH=SNR and 2-HOC,,.H,CH=NR with 
R=Et, Pr’, Bu” and Ph 

UO,(MeCO,),-LH, LH,* = 2-HOC,H,CH=N(A)OH and 2-HOC,,H,CH=N(A)OH 
with A = CH,CHMe or (CH,) 

UO,X,:2LH LH = 2-HOC,H,CH=NR with X = Cl or NO, and 
R=Et, Pr", Bu", (CH,),NHPh 

UO,XL LH = 2-HOC,H,CH=NR with R = (CH,),NH(CH,),NMe, and 
X=F, Cl, Br, NCS, NO3, MeCO, or trop (tropolonate) 

UO,L, LH = 3-Me, 2-HOC,H;CH=NHCOPh and 
2-HOC,H,CH=N(CH,),NMe, 

UO,L LH, = 2-HOC,H,CH=N(CH,),NH(CH,);N=CHC,H,-2-OH 
[UO,L(H,0)] LH, = 2-HOC,H,N=CHCH=NC,H,-2-OH 

“R. G. Vijay and J. P. Tandon, Monatsh. Chem., 1979, 110, 889. 

(ii) Amino acids 

Dioxouranium(VI) compounds with aminoacetic acid (glycine), UO (H,NCH,CO,), and 
UO,(H,NCH,CO,)(OH)-2H20, and similar derivatives of a and B-aminopropionic acid (a- 
and f-alanine), _UO.MeCHNH2CO>2).-4H,0, UO.(MeCHNH>2CO,)(ClO,):2H,O and 
UO.(H2NCH2CH2CO>)2:xH2O (x =0 or 4), have been recorded. In the glycine compound 
[UO(0,CCH2NH3)4](NO3)2 all of the glycine ligands are in the zwitterionic form and act as 
oxygen donor ligands; two are bidentate and two unidentate, making up the equatorial plane of 
a hexagonal bipyramidal arrangement of oxygen atoms around the uranium atom.2? 
L-Arginine ~[H,NC(—=NH)NH(CH2);CHNH,CO,H (=HX)] compounds of the type 
UO,XY:zH20 (Y =NO3, z=2; Y=ClO, or MeCO2, z =3) are also known.>! 2-, 3- and 
4-H,NCsH,CO2H form compounds of composition UO L,; an acid salt of the 2-amino acid 
(= ay UO,L,-HL-2H,0, and a mixed oxalato salt, Na2[UO2(C,0,)(L)2]:2H2O, have been 
recorded. 
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(iii) Complexones 

Nitrilotriacetic acid, N(CH2CO->H)3( = H3L), forms the complexes UO,(HL)-xH,O (x =0, 2 
or 5) and (UO>)3(L)2-xH2O (x =3 or 10), and the analogous phosphorus tripropionic acid, 
P(CH,CH,CO,H)3(=H3L), forms the salt of the complex anion, Na[UO,L]-H,O. The 
hydrates are precipitated from aqueous solution. Similarly, ethylenediamine-N, N,N’, N’-tet- 
Taacetic acid, (HO,CCH2)2NCH2CH2N(CH,CO,H), (= Hyedta), yields compounds of compo- 
sition UO2(Hzedta)-xH20 (x =0, 1 or 2), (UO,),(edta)-xH,O (x =0, 2, 3 or 4) and salts of the 
complex anion, such as M3[UO,(edta)]-xH,O (M!= K, x unspecified; M! = NH,, x = 0, 2 or 3), 
[Co(NHs).]2[UO,(edta)];-22H,O and Na,[UO,(Hsedta).]. Mixed peroxo-edta compounds of 
composition [(UO2)2(H2edta)(O.)]-4H,O, [(UO2).(H4edta)(O2)2]-9H,O, [(UO2)2(Hyedta)>- 
(O2)2]-10H2O and Na,[(UO;)(edta)(O2)]-7H2O have also been recorded. 

Hydrated compounds of the type UO.(H2L):xH,O have been reported for 1,2-diamino- 
propane-N,N,N',N'-tetraacetic acid (x unspecified), trans diaminocyclohexane-N,N,N’,N’- 
tetraacetic acid (x =0 or 3; (UO2)2L-xH20, with x =0 or 6 also known), 2,2'-diaminodiethyl 
ether-N,N,N’,N’-tetraacetic acid (x =3), and 2,2'-diaminodiethyl sulfide-N, N,N’, N’-tetra- 
acetic acid (x =0 or 4); the hydrates are precipitated from aqueous media, but in the last 
instance a mixture of ethanol and acetone was added to induce precipitation. The analogous 
di(2-aminoethoxy)ethane-N,N,N’',N'-tetraacetic acid (H,L) forms the compounds 
[(UO2)2L(H20)>] and Na[UO.(HL)(H,0)]. 

(iv) Ligands containing N,O and S,O donor sites 

(a) 8-Hydroxyquinolines. Neptunium(VI) and plutonium(VI) are reduced to lower oxida- 
tion states by 8-hydroxyquinoline or its derivatives*” and only dioxouranium(VI) compounds 
are known; these are of composition UO2L,, UO2L,;-HL and M'[UO,L3] (Table 87). In 
addition, 1:1 adducts with the pyridine-2-carboxylate, UO2(NC;H,-2-CO,),-HL, are formed by 
8-hydroxyquinoline and the 2-methyl derivative. Further work on the wide range of substituted 
8-hydroxyquinolates is desirable, for the existence of some of the reported solvates, 
UO.L:HL, is uncertain. 

Table 87~ Dioxouranium(VI) Complexes with 8-Hydroxyquinoline and Substituted 

8-Hydroxyquinolines 

UO.L, HL = 8-hydroxyquinoline,? 2-, 5- or 7-methyl,” 
5-acetyl, 5-chloro, 5-nitro-, 5-pheny], 

7-t-butyl-, 2,7-dimethyl-,° 5-chloro-7-iodo, 
5,7-dibromo-” and 5,7-dichloro-8-hydroxyquinoline? 

UO,L,:HL HL = 8-hydroxyquinoline,° 2- or 5-methyl-, 5-nitro-, 
5-phenyl-, 5-acetyl-, 5-chloro-, 5-iodo-, 

7-fluoro-, 7-phenyl-, 7-(a@-anilinobenzyl)-, 
7-[a@](m- or p-nitroanilinobenzyl]-, 7-(p-carboxy- 
phenylaminobenzyl)-, 5,7-dichloro-, 5,7-dibromo- 

and 5,7-diiodo-8-hydroxyquinoline 
M“[UO,L,] HL = 8-hydroxyquinoline 

*Mono-, tri- and tetra-hydrate also known. 
: Monohydrate also known. 

“Mono- and di-hydrate also known. 

In the complex [UO2L,(HL)]-CHCl; (HL = 8-hydroxyquinoline), the additional molecule of 
HL is coordinated to the uranium atom through the phenolic oxygen atom; the coordination 
geometry is approximately pentagonal bipyramidal.°® 

(b) Ligands with S,O donor sites. The complex with S(cyclo-CsH;oOH)2, [UO2CIL], is 
obtained by adding an excess of the ligand in ethyl acetate to a solution of UO2Cl,-3H,2O in the 

same solvent. The ligand is terdentate in this compound, with the two oxygen atoms from the 
hydroxyl groups and the sulfur atom, together with the two chlorine atoms, in the equatorial 
positions of a distorted pentagonal bipyramid.** Thiovanol (HSCH,CH(OH)CH,OH = 
C3HgSO2) com lexes, [UO2(C3H7SO2)2(H20).] and [UO2(C3H7SO2)Cl(H2O)3]-H2O, have 

been recorded, and these may involve bonding to sulfur as well as oxygen, but the 
assignment of the water molecules to the coordination sphere requires confirmation. An 
8-mercaptoquinolinate, UO2(CosH.NS)2, the sulfur analogue of the 8-hydroxyquinolinate, has 
been prepared by reaction of UO2(NO3)2°6H2O with Ca(CoH,NS), in benzene.*” 
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40.2.4.7 | Multidentate macrocyclic ligands 

(i) Phthalocyanine and superphthalocyanine 

The dioxouranium(VI) phthalocyanine complex, UO2(C32Hi6Ng)-CeH4(CN)2 (C32HigNs = 
phthalocyanine), has been reported to be formed by reaction of UO,Cl, with o- 
phthalodinitrile, CsH,(CN)2, but this reaction in DMF has been shown to yield the 
cyclopentakis(2-iminoisoindoline) (C4oH22Nio) derivative, [UO2(CsoH20Ni0)], in which the 
coordination geometry about the uranium atom can be described as a compressed pentagonal 
bipyramid, with five nitrogen atom? of the CyoH2Nio ligand in the irregularly distorted 
pentagonal girdle.*°’ This compound reacts with di- and tri-valent metal halides with 
contraction of the ring and formation of the corresponding metal phthalocyanine complex.*® 

Complexes with 2,3,9,10,16,17,23,24,30,31-decaalkyl superphthalocyanines, (4,5-R2)sPcUO, 
(R = Me, Bu’), and the analogous pentamethylphthalocyanine complex, (4-Me)sPcUO2, have 

been reported. In these the uranium atom is bonded to five nitrogen atoms of the 
superphthalocyaninate group.*” 

(ii) Crown ethers and kryptands 

A number of crown ether and kryptand solvates of dioxouranium(VI) compounds have been 
recorded (Table 88). The IR and 'H NMR spectra of many of these products suggest that the 
crown ether is not bonded to the metal atom, and an X-ray study has shown that the 
18-crown-6 solvate, UO(NO3).‘L-4H2O, consists of layers of hexagonal bipyramidal 
[UO(NO3)2(H2O),] units with the crown ether lying between the uranium atoms.*”” However, 
IR evidence suggests that the ether in the hydrated and anhydrous 15-crown-5, 18-crown-6 and 
dicyclo-hexyl-18-crown-6 solvates of UO2Cl, may be bonded to the metal.*”! The constitution 
of the salt Na,UO,Cl,-2-benzo-15-crown-S has been shown to be [Na(benzo-15-crown- 
5)}.[UO2Cl.], with the anion octahedral.*” 

Table 88 Crown Ether and Kryptand Solvates of Dioxouranium(VI) Compounds 

L= 12-crown-4; 1,4,7,10-tetraoxacyclododecane 

UO,X,-L-yH,O X=Cl, y=0 or 2; X=NO;, y =2 
L= 15-crown-5; 1,4,7,10,13-pentaoxacyclopentadecane 

UO,X,-L-:yH,O X=Cl, y=3; X=NO;, y =2 
(UO.F,),°L-xH,O0 x=0Oorca. 4 
(UO,Cl,)2:3L-2HCl 
L = benzo-15-crown-5; 2,3,5,6,8,9,11,12-octahydrobenzo[b]-1,4,7,10,13- 

pentaoxacyclopentadecin 
UO.X,:L:yH,O X=Cl, y=2; X=NOs, y =2 or 5; X=ClO,, y=7 
L = 18-crown-6; 1,4,7,10,13,16-hexaoxacyclooctadecane 
UO,X,:L-yH,O X=Cl, y =2 or 3; X=NOs, y =2, 3, 4 or S; 

X = MeCO,, x =3 or 4 

(UO,C1,)2°L 
L = dibenzo-18-crown-6; 2,3,5,6,11,12,14,15-octahydrodibenzo[b, k]-1,4,7,10,13,16- 

hexaoxacyclooctadecin 
UO,X,:L-yH,O X=Cl, NO3, y=2; X=ClO,, y =6 
L = dicyclohexyl-18-crown-6; icosahydrodibenzo[b, k]-1,4,7, 10, 13, 16- 

hexaoxacyclooctadecin 
UO,(NO3),:L:2H,O 

(UO,Cl,).°L 

L=kryptofix(2,2,2); 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane 
UO,X,:L-yH,O X=Cl, y=2; X=NCS, y=1; X=NO,, y =4; 

X= MeCO,, y =0 or 3 

40.2.5 The +7 Oxidation State 

Salts of oxoderivatives of the types [MO,]~, [MO;]>~ and [MO,]°~ have been reported for 
neptunium(VIT) and plutonium(VIt). Compounds of composition M3MY"O, (MY! =Np, 
M'=K, Rb or Cs; MY"'= Pu, M'=Rb or Cs) have been prepared by heating the alkali metal 
peroxides with the actinide dioxide at 320 to 355 °C (Np) or 250°C (Pu). Hydrated compounds, 
M3(NpOs)2-xH2O0 [M"=Ca, Sr, Ba (x =3)] have been prepared from aqueous alkaline 
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solutions of neptunium(VII), as have the hydrated salts M"'NpO.-xH,O [M!" = [Co(NHs).], 
[Co(en)s3] (x = 5) and [Pt(NH3)sCl] (x = 1)]. The IR spectra of Ba3(MY"O;)o-xH,O (MY = Np, 
a 5: Pu, 26 = 3), [Co(NH3)6JM“"“O;-xH,O (MY" = Np, be 55 Pu, x= 3), ae 

[Pt(NH3)sCIIMY"Os5-xH,O (MY = Np, x =1; Pu”, x =3) suggest that the oxoanion structure 
consists of infinite chains of [NpOg];”~* units.*”* Structural investigations of compounds of the 
general composition M'NpO;-xH,O indicate that they are really M}[NpO,(OH),]-(x — 1)H2O; 
the coordination geometry of the neptunium(VII) centre in the anion is described as tetragonal 
bipyramidal, with the two OH groups in the axial positions (M' = Na,*”> x = 5; K,?” x =3). The 
anion preserves the same coordination geometry in Na3[NpO,(OH),]-xH2O (x = 0,37 237 
and 4°’); both hydrates lose all their water at 373 K. Ba3(NpOs), has also been prepared by 
heating NpO3-H,O with barium peroxide in oxygen at 500°C. 
Compounds of composition M'NpO, (M!'= K, Rb, Cs) are prepared in the same way as the 

hydrated salts M(NpO;).xH,O but with concentrated alkaline solutions of 
neptunium(VII).*”* The ammonium salt, NH,NpO,-nH,0O (n = 1.5 to 3) has been prepared by 
anodic oxidation of neptunium(VI) in (NH4)2CO3 solution; it is isostructural with 
M'NpO,:2.5H2O (M! = Li or Na).°” 

The compounds LisMY"O, (MY"=Np, Pu) have been obtained by heating the actinide 
dioxide with lithium oxide in oxygen at ca. 400°C(Np), and the analogous Ba,M'NpO, 
(M! = Li or Na) by heating NpO3-H,O with the alkali metal peroxide in oxygen above 400°C. 
The [NpO,}>~ anion appears to be octahedral. 

The IR spectrum of Li;sNpO2(OH). has been reported; it was prepared by dissolving 
NpO.(OH)3-3H2O in aqueous lithium hydroxide and then evaporating the solution.*®° In the 
structure of the compound Li[Co(NH3).¢][Np2Os(OH)2]-2H2O, precipitated from a lithium 
hydroxide solution of neptunium(VII) by allowing aqueous [Co(NH3).]Cl; to diffuse into it, 
there are two independent neptunium centres, each coordinated by an octahedron of oxygen 
atoms; the octahedra share corners to form a chain.**1 

40.3 THE TRANSPLUTONIUM ELEMENTS 

40.3.1 The +2 Oxidation State 

The americium halides AmX, (X=Cl, Br® and I°*) have been obtained by heating 
americium metal with the appropriate mercury(II) halide; they are isostructural with the 
corresponding europium dihalides. The californium(II) compounds CfX, [X = Cl,* Br*® and I 
(dimorphic***)], as well as the einsteinium analogues EsX, (X=Cl, Br, I),*’ have been 
prepared by hydrogen reduction of the trihalides at high temperatures. CfBr2 has also been 

obtained**> by heating Cf,O; in HBr at 500-625 °C, and there is also tracer level evidence** for 
the formation of FmCl,. The known monoxides and monosulfides, such as AmO and AmS, are 

probably semimetallic in character. 

40.3.2 The +3 Oxidation State 

Complexes involving group IV or group V ligands do not appear to have been recorded. 

40.3.2.1 Oxygen ligands 

(i) Aqua species, hydroxides and oxides 

(a) Aqua species. A selection of the known hydrates is given in Table 89. The hydrated 

xenate(VIII), Am,(XeOg)3-40H,O, has also been reported. The hydrated trichlorides, 

MCI,-6H,O (M = Am or Bk), and tribromides, MBr3-6H2O (M= Am or Cf), are isostructural 

with the hydrated lanthanide chlorides, LnCl,-6H,O, and involve aqua ions, such as 

[AmCl,(OH2)6]*Cl. In the hydrated salicylate, Am(C;Hs03)3-H20, each metal atom is linked 

to six different salicylate groups and is surrounded by nine oxygen atoms, eight from the 

salicylate groups and one from the water molecule; two salicylate groups are bidentate, one via 

its carboxylate group and the other via its carboxylate and phenolic groups, and the other four 

are monodentate via the carboxylate group.*”’ 
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Table 89 Some Hydrates of Transplutonium Actinide(III) Compounds 

M"™"X,:6H,O X =Cl, M™ = Am, Bk; X = Br, M™ = Am, Cf 
M3(SO,)3:-xH,O M" = Am, x =5; M™=Cf, x =12 
M'Am(SO,):xH,O M!=Na, x = 1; K, x =2; Rb, Cs, Tl, x =4 
K,Am(SO,)3"H,O 
Am,(CO;)3:xH,O x=4or5 
NaAm(CO,),:4H,O 
Na,;Am(CO,)3:3H,O 
M"(C,0,)3-xH,O M" = Am, x =0.5, 1, 3, 4, 7, 9 or 11 

M! = Cm, x = 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 
M"™PO,-0.5H,O M™= Am, Cm 
[Am(C,H,O3)3(H,O)] C5H,O, = salicyclic acid 

(b) Hydroxides. The hydroxides M(OH); are known for M=Am, Cm, Bk and Cf; 
Am(OH)); is isostructural with Nd(OH);.°” 

(c) Oxides. Three crystal modifications have been reported for both Am,O;3 and Cm,O3, 
two of which (the A and C types) have been found for Bk,O; and the A and B types have been 
reported for Cf,O3. Ternary oxides, such as LiAmQ3, obtained by heating AmO with Li,O in 
hydrogen at 600 °C, M"(AmO,), (M" = Sr or Ba) and M™AlO; (M"! = Am or Cm) have been 
reported. 

(ii) B-Ketoenolates 

The hydrated americium compounds, AmL3:xH,O (HL=MeCOCH,COMe, x=1; 
CF;COCH,COPh and CF;COCH,CO(2-C,H3S), x=3), are precipitated from aqueous 
media*”? and Am(Bu'COCHCOBu’); is precipitated from an aqueous ethanol solution of the 
components. It is isomorphous with the praseodymium and neodymium chelates, in which (Pr) 
the metal atoms are seven-coordinate.°** The berkelium compounds, Bk(CF;COCHCOR); 
(R=CF;, Bu‘ and 2-C,H3S), have been obtained by a solvent extraction method*” and the 
sublimation behaviour of M(Bu'COCHCOBu'); (M = Am,?”°397 Cm?” and Cf°%”) has also 
been reported. Compounds of composition CsM(CF;COCHCOCF3),4:xH20 have been isolated 
for M= Am (x =0 or 1) and Cm (x = 1), and there is evidence for the formation of analogous 
compounds with M= Bk, Cf or Es. In the structure of the anhydrous americium compound, 
the metal atom is surrounded by a dodecahedral arrangement of oxygen atoms.*” 

(iii) Oxoanions as ligands 

(a) Phosphates. Hydrated phosphates, MPO,-:0.5H2O (M=Am, Cm), are obtained from 
aqueous solution and can be dehydrated at about 200°C. 

(b) Sulfates. Hydrated sulfates and sulfato complexes are included in Table 89. Anhydrous 
Am,(SO4)3 is obtained by heating the pentahydrate at 500°C; anhydrous sulfato complexes of 
composition KAm(SO,).2 and MgAm.(SO4)7 (M'=K, Cs or Tl) are also known. The 
oxosulfates, M3"O2SO, (M''=Cm or Cf), have been reported; the curium compound is 
obtained by calcining the Cm** form of Dowex 50W-X§8 resin in air at 900°C. Cm (SO,)3 may 
be formed at 760 to 870°C in this process*” and the californium compound is obtained by 
heating Cf,(SO,)3-12H.O in air at 700 to 800°C.*” 

(iv) Carboxylates and carbonates 

(a) Monocarboxylates. The only recorded compound appears to be the formate, 
pine prepared by evaporating a solution of Am(OH); in concentrated formic acid at 

(b) Carbonates. Hydrated americium carbonate, Am2(COs;)3-4H2O, is precipitated from 
aqueous solutions containing americium(III) by NaHCO. It decomposes to Am,O(CO;)>, and 
then to Am,02(COs) on heating. The anhydrous carbonates, M3"(CO3); (M@= Am or Cm) 
are formed in the radiolytic decomposition of the oxalate (Am) or by heating the anhydrous 
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oxalate at 360°C (Cm); Cm,O(CO3;), and Cm 20,(CO3) are obtained at 420 and 510°C 
respectively. 

(c) Oxalates. The hydrated oxalate, Am2(C,04)3-xH20 (x =7, 9, 10 or 11), is precipitated 
from aqueous solutions containing americium(III) by oxalic acid and the anhydrous oxalate is 
obtained by heating the hydrate above 240°C. The corresponding berkelium and californium 
compounds are precipitated from aqueous nitric acid solutions of Bk™ or Cf by oxalic 
acid.*""* The oxalato complexes, MAm(C,0,4)2-xH20 (M=NHy, x =5, M=Na, Cs), have 
been prepared from Am (C,0,)3:10H2O and M,C,O, in neutral solution.‘ The potassium 
salts (x = 2.5, 3.5 and 5) have been obtained in the same way. 0 

(uv) Aliphatic and aromatic hydroxyacids 

The only recorded compounds appear to be the citrates, Am(C.;H;07):-xH,O and 
[Co(NH3)6][Am(CsH507)2]-xH20,*? and the hydrated salicylate, Am(C;H;O3)3-H2O, the 
structure of which is described on p. 1215. 

(vi) P-Oxides 

The only complexes known (Table 90) are those of B-ketoenolates with (n-CgH,7)3PO and 
(Bu"O)3PO, prepared by solvent extraction from aqueous solutions of the actinides(III) with a 
mixture of the B-ketoenol and the P-oxide. There is also solution chemistry evidence for the 
formation*’? of |Am[CF;COCHCO(2-C,H3S)];:2(Bu"O)3PO. Am[CF;COCHCOCESs)3: 
2(Bu"O)sPO is volatile at 175 °C* and a gas chromatography study of this complex and the 
curium analogue has been reported.*° 

Table 90 Complexes of Transplutonium Actinide(III) B-Ketoenolates with P-Oxides 

M"™L,-x(n-CgH,7)3PO HL = CF,COCH,COR, with R = Me, CF; or Bu’, 
M"™ = Am or Cm, x unspecified* 

ML ,-x(Bu"O);PO HL = CF,;COCH,COR, with R = Me or Bu’, 
M"™= Am or Cm, x unspecified* 
HL = CF,COCH,COCF;, M™ = Am, x =2;7° 
Cm, x unspecified;* Bk, x = 1° 

* A. V. Davydov, B. F. Myasoedov, S. S. Travnikov and E. V. Fedoseev, Sov. Radiochem. (Engl. 

Transl.), 1978, 20, 217. 
>A. V. Davydov, B. F. Myasoedov and S. S. Travnikov, Dokl. Chem. (Engl. Transl.), 1975, 220/5, 672. 

“E. V. Fedoseev, L. A. Ivanova, S. S. Travnikov, A. V. Davydov and B. F. Myasoedov, Sov. 

Radiochem. (Engl. Transl.), 1983, 25, 343. 

40.3.2.2 Sulfur ligands 

Compounds with sulfur containing ligands do not appear to have been reported, but the 
sulfides M3"S; (M™! = Am, Cm, Bk or Cf) and AmS, 9 [probably an americium(III) polysulfide] 
are known. Am,2S; is polymorphic, the w form having the a-Ce,S; structure, and the y form the 
Th3P, structure which is also adopted by the other sesquisulfides. Oxysulfides, M2°O.S 
(M™ = Am, Cm or Cf), are also known; Cf,0,S is obtained by heating Cf,(SO,)3:xH2O (x =0 
or 12) in hydrogen or in a vacuum at 800 °C. 

40.3,2.3 Selenium and tellurium ligands 

The only recorded compounds appear to be americium selenide and telluride, Am3X,. 
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40.3.2.4 Halogens as ligands 

(i) Trihalides 

The trifluorides, M™F, (Table 91), possess the 11-coordinate LaF; structure (M™' = Am, Cm 
and one form of BkF;), and a second modification of BkF; has the eight-coordinate high 
temperature LaF3-type structure, found also for CfF; and EsF3.“” The trichlorides, MCh, 
have the nine-coordinate UCl3-type structure (M"! = Am, Cm, Bk and one form of CfCl;), and 
the second modification of CfCl; has the eight-coordinate PuBr; structure. EsCl; has the 
UCI;-type structure at 425°C. The structures of the tribromides, M™'Br,; (M"'= Am, Cm and 
Bk), are PuBr3-type, and a-AmI; has this structure also. However, B-AmI; and the other 
triiodides MI, (M"! = Cm, Bk and Cf) have the six-coordinate Bil, structure. The structure of 
the hydrated trichlorides and tribromides, MX3-6H,O, has been discussed earlier (p. 1215). 

Table 91 Transplutonium Actinide(III) Halides and Halogeno Complexes 

MX, X =F, Cl, Br or I, M™!= Am, Cm, Bk, Cf and Es* 
M"0X X =F, M"'=Cf; X=Cl, M™ = Am, Cm, Bk, Cf and Es; 

X = Br, M™= Cm, Bk and Cf; X =I, M™ = Am,” 
Bk and Cf 

M'AmX, X =F, M'=Na, K,° Rb;* X= Cl, M!=Cs (also +4H,O) 
K,AmF,° 
K,AmF,° 
KAm.F, 
Cs,NaM"'Cl, M" = Am,** Cm* and Bk** 
(Et,N),LiAmCl, 
M3AmX, X=Cl, M'=Cs, Et,N and Ph,PH; X = Br, M! = Ph,PH 

* For EsF,, see D. D. Ensor, J. R. Peterson, R. G. Haire and J. P. Young, J. Inorg. Nucl. Chem., 1981, 43, 

2425. 

oR. G. Haire, J. P. Young and J. R. Peterson, J. Less-Common Met., 1983, 93, 339. 

“J. Jové and M. Pagés, Inorg. Nucl. Chem. Lett., 1977, 13, 329. 

*L. R. Morss, M. Siegal, L. Stenger and N. Edelstein, Inorg. Chem., 1970, 9, 1771. 

©M. E. Hendricks, E. R. Jones, Jr., J. A. Stone and D. G. Karracker, J. Chem. Phys., 1974, 60, 2095. 

(ii) Halogeno complexes 

The fluoro complexes M'AmF, (M'=K or Rb) are isostructural with the analogous 
plutonium compounds*” and the anion in the salts Cs,Na[M™Cl] is octahedral (e.g. 
Mu = Bk). 

40.3.2.5 Hydrides as ligands 

The only recorded compounds are the hydrides AmH; and MH2,, (M=Am, Cm or Bk, 
mal); 

40.3,2.6 Mixed donor atom ligands 

Compounds of composition AmL3, where HL is 8-hydroxyquinoline, 5-chloro- or 5,7- 
dichloro-8-hydroxyquinoline, are precipitated when an aqueous solution containing 
americium(III) is added to an aqueous, or aqueous dioxane, solution of the ligand in the pH 
range 5.1-6.5.% There is solvent extraction evidence for the californium(III) 5,7-dichloro-8- 
hydroxyquinoline complex.*!° 

40.3.2.7 Multidentate macrocyclic ligands 

The bis phthalocyanine (Pc) complex, AmPc;, has been obtained by heating AmI; with 
o-phthalodinitrile in 1-chloronaphthalene*’ or from americium(III) acetate and o- 
phthalodinitrile; it is probably a sandwich compound similar to those obtained with the 
tripositive lanthanides.*!” 
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40.3.3 The +4 Oxidation State 

40.3.3.1 Oxygen ligands 

(i) Oxides 

All the reported dioxides, M'YO, (M'Y = Am, Cm, Bk and Cf), possess the fluorite structure. 
Ternary oxides of the types MjAm'YO; (M'=Li or Na), M“Am'YO, (M"= Sr or Ba) and 
LigM'YO. (M'Y = Am or Cm) have been recorded; they are obtained by heating the dioxides 
with the alkali or alkaline earth metal oxide at high temperatures under vacuum or in nitrogen. 

(ii) B-Ketoenolates 

The berkelium(IV) complexes BkL, [HL = CF;COCH,COBu and CF;COCH,CO(2- 
C,H3S)°**7] are formed by solvent extraction of aqueous Bk! solutions with the B-ketoenol. 

40.3.3.2 Halogens as ligands 

(i) Tetrahalides 

The tetrafluorides M'VF, (M'Y = Am, Cm, Bk and Cf) are obtained by fluorination of lower 
oxidation state compounds; for example, CfF, has been prepared** by heating CfF3, Cf,O3 or 
CfCl;-xH,O in fluorine at 400-450°C under pressure (3 atm). All have the eight-coordinate 
UF, structure (p. 1173); for crystallographic data see refs. 415 and 416. 

(ii) Halogeno complexes 

The fluoro complexes LiM'YF; (M'Y = Am or Cm) and Rb,M!YF, (M'Y = Am or Cm) have 
the LiUF; and Rb,UF; structures (p. 1173) respectively. Compounds of composition M3M}’F;, 
(M' = Na, M'Y = Am, Cm, Bk or Cf and M' = K, M'Y = Am, Cm or Bk) are also known (see p. 
1174). 

Cs,BkCl, is not isomorphous with Cs,PuCl, or Cs,CeCl,;*°8 this compound would provide a 
useful starting material for the preparation of oxygen donor complexes of BkCly, which are at 
present unknown, by the methods used to prepare PuCl, complexes of this type (p. 1161). 

40.3.4 The +5 Oxidation State 

There is tracer scale evidence*”° for the formation of the CfOz ion during ozonization of 
4°Bk and subsequent f decay to Cf. However, the only compounds isolated in this oxidation 
state are all americium(V) species. 

40.3.4.1 Oxygen ligands 

(i) Aqua species, hydroxides and oxides 

(a) Aqua species. Hydrated americium(V) carbonato and oxalato complexes are discussed 
below in the sections on carbonates and oxalates. The hydrated hydroxide, 
AmO,(OH)-ca.2.3H2O, is precipitated from aqueous solution by alkali. It decomposes to 
AmO, on heating.*"® . 

(b) Oxides. Pentoxides, MYO;, are unknown, but ternary oxides, such as LizsAm Oz, 

Li;,AmO, and Na;AmOQ,, are obtained by heating AmO, with the alkali metal oxide (e.g. 

Li,AmO, in N2/O, at 900°C; this decomposes to LizAmO, at 1000 °C). Crystallographic data 
have been reported for these compounds.*”” 
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(ii) Carboxylates and carbonates 

(a) Monocarboxylates. The acetato complex salt, Cs,AmO,(MeCO;)3, is isostructural with 

the analogous neptunium(V) and plutonium(V) compounds (p. 1183)'* and its vibrational 
spectrum has also been reported.”® 

(b) Carbonates. The hydrated carbonato complexes KAmO,CO;3-xH,O and 

K3;AmO,(CO3)2:xH2O have been obtained by electrochemical reduction of americium(VI) 

solutions in the presence of carbonate. The carbonato complex salts M3AmO,(CO3)2:xH2O are 

isostructural with the analogous neptunium(V) compounds’ (p. 1180). The vibrational 
spectrum of CsAmO,CO; has also been reported.'*° 

(c) Oxalates. The hydrated oxalato complex salts M'AmO,(C,0O4):xH2O (M’ = K or Cs) are 
precipitated from aqueous solution.*"® 

40.3.4.2 Halogens as ligands 

The chlorocomplex salt, Cs3[AmO,Cl,], is isostructural with the analogous neptunium(V) 
and plutonium(V) compounds.”” Its vibrational spectrum has also been reported.**° 

40.3.5 The +6 Oxidation State 

40.3.5.1 Oxygen ligands 

(i) Aqua species and oxides 

(a) Aqua species. Hydrated phosphato and arsenato complex salts, M'AmO,XO,-yH2O 
(M'=K, Rb, Cs or NH, and X=P or As, with y in the range 0 to 3) are precipitated from 
americium(VI) solutions”! at pH 3.5. NH,AmO,PO,-3H,O is isomorphous with the analogous 
dioxouranium(VI) and neptunium(VI) compounds*” (Table 63, p. 1192). The hydrated 
sulfatocomplex salt, ({Co(NH3)«]HSO,4)2AmO,(SO,)3-xH2O, is isostructural*® with the cor- 
responding dioxouranium(VI) and neptunium(VI) compounds (p. 1197). 

(b) Oxides. AmO; is unknown, but ternary oxides of the type Mj;AmO, (M'=K, Rb or 
Cs), MiAmO, (M! = Li or Na), MSAmO, (M!= Li or Na) and BazAmO, have been recorded, 
prepared by heating AmQ, with the metal hydroxide or oxide in oxygen (e.g. M}AmQO,).*” 

(ii) Oxoanions as ligands 

The nitratocomplexes M'AmO,(NO3;)3 (M'= Rb or Cs*4) are precipitated from nitric acid 
solutions of americium(VI). The IR spectrum of RbAmO,(NO3)3 has been reported.?*? 
Hydrated phosphato, arsenato and sulfato complex salts are included under ‘Aqua species’ in 
the preceding section. 

(iii) Carboxylates and carbonates 

(a) Monocarboxylates. The IR spectrum of NaAmO.(MeCO,); has been reported.?*” 
(b) Chelating carboxylates. The pyridine- and N-oxopyridine-2-carboxylates, AmO,L, and 

HAmO,L;, have been obtained from aqueous solutions of americium(VI) and the acid HL; the 
N-oxide 2-carboxylate is formed as the dihydrate which is dehydrated at 100°C.‘ 

(c) Carbonates. The carbonato complex salts, MiAmO(CO3)3; (M'=Cs or NH), are 
obtained on addition of MCO; to a bicarbonate solution containing americium(VI).*24 

40.3.5.2 Halogens as ligands 

AmO,F, has been prepared by the reaction of NuAmO,(MeCO,)3 with anhydrous HF and 
fluorine at —196 °C. It is isostructural with UO,F,, NpO.F, and PuO,>F>.*”° The IR spectrum of 
Cs,AmO,Cl, has been reporetd*? and the corresponding rubidium salt has been mentioned in 
a report.”*’ The cubic phase of Cs,AmO,Cl,*”* is probably a mixed oxidation stat 
Cs7(AmYO,)( Am*'0,) 5Cl, 5.207 24 p y. 10on state compound, 
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36.1.1 THE ELEMENT 

Molybdenum occurs chiefly as molybdenite, MoS,, but also as molybdates PbMoO, and 
MgMo0O,. The largest known deposits are in Colorado (USA), but it is also found in Canada 
and Chile. The natural abundance in the earth’s crust (~1.2 p.p.m.) is about the same as that 
of tungsten, but is much less than of chromium (122 p.p.m.). The name in fact originates from 
the Greek molybdos meaning lead. 

The Swedish chemist Scheele (1778) produced the oxide of a new element from (black) 
MoS, thereby distinguishing the element from graphite with which it had been confused. The 
metal was isolated by Hjelm in Sweden three to four years later by heating the oxide with 
charcoal. In the procedure now used to isolate the metal, the MoS, component in ores is 
concentrated by flotation methods. The concentrate is then converted by roasting into MoO3, 
which, after purification, is reduced with hydrogen. Reduction with carbon is avoided since 
carbides rather than the metal are obtained. 

The chief use of molybdenum is in steels. The oxides and sulfides have some applications as 
catalysts. Molybdenum is the only element in the second and third transition series which 
appears to have a major role as a trace metal in enzymes. Several aspects of molybdenum 
chemistry have been widely studied in order to gain a better understanding of the biological 
relevance. Molybdenum is one of the few elements which currently has its own series of 
international conferences.’ 
Molybdenum and tungsten are similar chemically, although there are differences which it is 

difficult to explain. There is much less similarity in comparisons with chromium. In addition to 
the variety of oxidation states there is a wide range of stereochemistries, and the chemistry is 
amongst the most complex of the transition elements. 

36.1.2 AQUEOUS SOLUTION CHEMISTRY 

36.1.2.1 General Introduction 

Molybdenum has an extensive aqueous solution chemistry for oxidation states II through VI. 
It is unique in having aqua or aqua/oxo ions for all five states in acidic solution (pH < 2). These 
are well defined in all but the Mo”! case, the study of which is complicated by the existence of 
rapid equilibria involving protonated/deprotonated monomer/dimer (and higher) forms. The 
VI state is without question the most stable and in contrast to Cr’! is only the mildest of 
oxidants. Compounds which have contributed to the development of the aqueous solution 
chemistry, including the aqua ions themselves, are considered under Section 36.1.2. It is only 

since 1971 that the aqua forms of oxidation state II-V ions have been identified, and 
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1230 Molybdenum 

preparative as well as structural features defined.” The chemistry of aqua ions generally has a 

somewhat elevated position, since they are often regarded as a point of reference or prototype 

for the behaviour of a particular oxidation state. Since they are difficult to crystallize, structures 

of derivative complexes are relevant. The simple aqua ions of oxidation states II-V are 

indicated in Table 1. The quite different structures of adjacent oxidation states are to be noted, 

which gives rise to an interesting and varied redox chemistry. All but [Mo(H20),]** are 

diamagnetic and metal-metal bonding is a significant contributing feature. 

Table 1 Summary of Aqua Ions of Molybdenum at pH <2 

Description Formula Mo—Mo bonding Colour 

Mo}! [Mo,(H,0),]** Quadruple Red 
Mol! [Mo(H,0),]°* None Pale yellow 
Mo}! [Mo,(OH),(H,O),]** Triple Green 
Mo}Y [Mo,0,(H,O),|** Single Red 
Moy [Mo,0,(H,O),]** Single Yellow 
Mov! Different forms None Colourless 

x =1 and 2 

The three most often used ‘lead in’ compounds for the chemistry described are sodium 
molybdate, Na2[MoO,]:2H,O, molybdenum hexacarbonyl, [Mo(CO).], and potassium hexa- 
chloromolybdate, K3[MoCl,]. Synthesis of II and III state complexes generally requires 
rigorous O-free techniques, using a range of methods from those involving Schlenk apparatus, 
to the use of N2 or Ar gas, syringes, Teflon tubing and/or stainless steel needles, and rubber 
seals. In some cases solutions of IV and V state complexes must also be stored O, free. 
Perchlorate cannot be used with II and III aqua ions, and also appears to oxidize some trimeric 
Mo’ ions on leaving overnight. Instead weakly coordinating, redox inactive and strongly acidic 
trifluoromethanesulfonic acid, CF;5O3H (abbreviated HTFMS or triflate), or p-toluenesulfonic 
acid, CsH,(Me)SO3H (abbreviated HPTS), finds wide usage. Methanesulfonic acid, MeSO3H, 
has also been used. 

36.1.2.2 Oxidation State Il 

The aqueous chemistry of the II state is dominated by dimeric complexes. The latter 
constitute the largest group of compounds of any element containing quadrupule bonds, a 
subject extensively covered in the Cotton and Walton text.* Soon after the recognition of the 
quadruple bond in [Re2Clg]*~ in 1964 the structure of [Mo.(O2CMe).,], Figure 1, was published 
(Mo—Mo distance 2.09 A).* The [Mo2Cls]*~ complex, Figure 2, is obtained by treating 
[Mo2(O2CMe),4] in aqueous KCl solution with 12MHCI at 0°C when crystals of 
K,[Mo2Clg]-2H2O are obtained. Similarly the bromo analogue (NH4)4[Mo.Brs] has been 
isolated. There are no bridging ligands and in both cases the Mo—Mo distance remains short 
(2.14 A), consistent with retention of a quadruple metal-metal bond.° For comparison, typical 
M—M distances for quadruply bonded dimeric d* complexes are 2.21 A (for [W2(O,CCF3),]),° 
2.19 A (for [Te,(OxCCMe3)4Ch])’ and 2.2 A (for K2[Re2Cls]-2H20).3° The d*—d* technetium 
complex is the only Tc}’ example for which there is structural information, and the ease with 
which [Tc,Cls]°~ rather than [Tc2Cls]*~ is obtained is at present puzzling. The range of 
metal—metal distances in Mo! complexes (2.04—-2.18 A) is much smaller than that observed for 
Cr#! (1.83-2.54 A). 

Examples of monomeric Mo" complexes are much less common. It has been demonstrated 
that the [Mo(CN);}~ ion has a pentagonal bipyramidal structure. Other examples are nitrile 
(i.e. isocyanide) complexes [Mo(CNR),]**, which has a capped trigonal prismatic structure, 
and the diarsine complex [Mo(diars).X,]. 

The acetate complex [Mo,(O2CMe),] is obtained by heating [Mo(CO).] with glacial acetic 
acid or a mixture of the acid and its anhydride.® Yields are low (15-20%), but can be improved 
(~80%) when diglyme is used as solvent.? The low yields are the result of the formation of 
trinuclear Mo'Y complexes of the type [Mo3X2(O2CMe).(H2O)3]**, where the Mo3X> unit is a 
trigonal bipyramid with capping groups X either O or CMe (alkylidene). 
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Figure 1 The structure of the Mo} complex [Mo,(O,CMe),]** 

Figure 2 The structure of the Mo}! complex [Mo,Cl,]*~ > 

A listing of structural data of compounds containing Mo—Mo quadruple bonds with no 
bridging ligands (16 examples), with carboxylato bridges (23 examples), and a number of other 
compounds (25) up to 1981 has appeared.” A further listing of 67 structures from 1981 to 1984 
has been reported.'° The chemistry of this type of compound is therefore well established. As 
far as the bonding between two d* metals is concerned,” the eight electrons fill four bonding 
orbitals in a configuration 0?7*6*. The order of energies of the molecular orbitals beginning 
with the most stable is o< 17<«<6<6* «Km* <o%. Since there are eight bonding electrons and 
no non-bonding electrons the bond order is four. Features of the structures are the shortness of 
the M—M bond, and the tendency with no bridging ligands to get an eclipsed configuration. 
Whereas the o and a bonds are cylindrically symmetrical the 6 component is markedly angle 
sensitive. A rotation away from the eclipsed to the staggered conformation is expected to result 
in complete loss of the 6 bond component. The 6 bond is only weakly. bonding, and 
consequently the 5* orbital is only weakly antibonding. In the case of the [Mo2Cl,]*~ complex 
there is mutual repulsion of the chloro ligands in one plane with those in another, with 
Mo—Mo—Cl angles 105° as indicated in Figure 2. 

If more electrons are added the M—M bond order is reduced without loss of overall 
structure. Thus Rh" dimers such as [Rh,(O2,CMe),(H2O),] with an electron configuration 
o*1*675**2** contain a single bond, and oxidation to Rh’ gives a product of bond order 
1.5. This has been shown to bring about a decrease in Rh—Rh bond length from 2.39 to 
2.32 A.!! Similarly a large number of Ru!" dimers [Ru2(O2CR)4]X are known which have an 
electron configuration o72*676**2* (or o*1‘46?2**6*) and the bond order is 2.5.’ 

The mixed-metal dimer [CrMo(O2CMe),] has been prepared in ~30% yield by addition of 
[Mo(CO).] in acetic acid, acetic anhydride and CH Ch, to a refluxing solution of 
[Cr2(O2CMe)4(H20),] in acetic acid and acetic anhydride.'’ The yellow product is volatile and 
gives the expected parent ion peak in the mass spectrum. It has a Raman active v(Cr—Mo) 
mode at 394 cm7! consistent with quadruple bonding. The crystal structure gives a metal-metal 
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distance of 2.05 A, which is shorter than in [Mo,(O,CMe).] (2.09 A) and [Cr(0,CMe)4(H20)2] 
(2.36 A). A molybdenum~tungsten mixed-metal pivalato complex [MoW(O,CCMe;),] has also 

been prepared.'* The procedure involves refluxing a 1:3 mixture of [Mo(CO).] and [W(CO).] 
with pivalic acid in 1,2-dichlorobenzene. The purified product gives the [MoW(O2,CCMes)4]* 
parent peak in the mass spectrum. A structure determination gives an Mo—W distance of 
2.08 A,'* compared to 2.09A in [Mo,(O,CCMe;)4]. Attempts to prepare a mixed-metal 
octachloro complex from [CrMo(O,CMe),] were unsuccessful,’* and the chemistry of these 
mixed-metal complexes is not at present extensive. 

The carboxylate complexes [Mo.(O2CR),4] (R = Et, CMe; or Ph) are readily oxidized with 
iodine to give [Mo.(O2CR),]I; in 1,2-dichloroethane.’* The complexes are paramagnetic, 
uu = 1.66 BM for R=CMes, and give narrow ESR signals (g = 1.93) with hyperfine pattern 
consistent with two equivalent Mo(+2.5) nuclei. Oxidation of [MoW(O2CCMe3)4] with iodine 
to the 1+ ion was used in the separation from [Mo.(O0,CCMe:3)4]. The only example in which 
reduction of an Mo}! has been observed is in a pulse radiolysis study on [Mo2(O2CCF3),] in 
methanol.!° The transient product believed to be the 1— ion with a peak at 780 nm undergoes 
rapid decay. 

Studies on solutions containing 0.01 .M K,[Mo-2Clg] in 0.10M CF3SO3H have provided 
evidence for rapid loss of three Cl” ions per [Mo2Clg]*~.‘” A number of compounds have been 
characterized in which limited replacement of halide ions of [MozXs]*~ by H,O has been 
achieved.'® Preparative procedures include reacting the Mo’ compound (NH4)3[Mo2Cl,]-H2O 
in hydrobromic acid with pyridinium bromide to give (pyH)3;Mo,Br7-2H2O,” which has been 
shown to be the double salt (pyH)3[Mo2Bre(H2O).|Br. Other crystal structures of the 
4-methylpyridinium salt (pyH)2[Mo2X,(H2O),], and of (picH)2[Mo2X,(H2O).] (X" = Br and 
I-) have been reported.” All have the eclipsed configuration with one H,O on each 
molybdenum. The Mo—Mo distance is ~0.02 A shorter than in [Mo2Xs]*~ forms, possibly 
reflecting the decrease in anion charge. 

The reaction of K4[Mo Clg] with acetic acid (up to 0.5 M) in solutions of HCl and HPTS of 
varying ratios, [H*] =0.05-1.95 M, has been studied.” The reaction proceeds in two kinetic 
stages which have been assigned to the entry of the first and third acetate ligands. Since there is 
the possible involvement of aqua intermediates, such studies are complicated. Further 
information on the manner of substitution on dimeric Mo" will be considered below. 

The kinetics of the reaction of [Mo,Clg]*~ and protons to produce the triply bridged Mo™ 
dimer [Cl;Mo(u-Cl)2(u-H)MoCl3]°~ have been studied at 25 °C in 6-12 M HCI.” The reaction 
is first order in [MozClg]*~ and obeys a linear dependence with respect to the acidity function 
H,. Decomposition of the hydrido-bridged product in HCI solutions (<3 M) to yield hydrogen 
and the green di-u-hydroxo Mo™ dimer Mo,(OH),CI&~*~ is observed, and the kinetics have 
again been determined. 

The reverse of the [Mo2Clg]*~ to [Mo2ClsH]?~ conversion although not quite as facile has 
been accomplished.” Solutions of both the Mo3" complexes [Mo2ClsH]>~ and [Mo2Cl,}*~ can 
be reduced with amalgamated zinc to yield red Mo}! solutions. 

Electrochemical experiments on [Mo2Cls]*~ in 6 M HCI have also been reported.** In cyclic 
voltammetry studies a single oxidation peak is present at +0.5 V (vs. SCE), but except at high 
sweep rates (S00 mVs~'), the corresponding reduction peak is not observed. It is likely that 
[MozClsH]*~ is formed in an irreversible step. 

Replacement of chloro ligands on K,[Mo2Cls] occurs on treating with H,SO,, and the 
structure K,[Mo2(SO,)4]:-2H2O has been determined,” confirming an eclipsed structure with 
four bridging sulfates. An interesting feature is that the axial positions are occupied by O atoms 
of neighbouring sulfate groups. Air oxidation of a saturated solution of the red 
K,[Mo2(SO,)4]-2H2O0 in 2M H2SO, gives the blue Mo(+2.5) complex K3Mo2(SO,4)4°3.5H2O. 
The structure of the latter closely resembles that of K4[Mo2(SO,)4]-2H2O except that H,O 
molecules are bound in each axial position.*° The Mo—Mo distance is longer for the 
3— ion (2.17 A) as compared to the 4— ion (2.11 A). No further oxidation is observed. In the 
corresponding reaction of K4[Mo Clg] with 2M H3PO, in air for 24h in the presence of large 
cations, the purple crystalline u~-HPO, bridged dimeric Mo™ product is obtained,2” which has 
triply bonded Mo’s (2.23 A). Analogous Mo and Mo™"" phosphato-bridged complexes do not 
appear to be formed. 

Displacement of bridging acetate ligands of [Mo.(O2,CMe),] by treatment at 100°C with 
methyl sulfonate (in diglycine) and trifluoromethanesulfonate gives the bridged dimers 
[Mo2(O3SMe)4] and [Mo.(O3SCFs)4].”* These complexes find use in the synthesis of other Mo! 
complexes, since the ligands are good leaving groups. 
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On heating K,[Mo2Clg] with ethylenediamine, and then adding hydrochloric acid to an 
aqueous solution of the crude product, orange crystals of [Mo,(en),4]Cl, are obtained.'”? These 
give an absorbance (6— 6*) band at 475 nm. It is unlikely that the ethylenediamine ligand is 
bridging. Cyclic voltammetry measurements have shown that the complex exhibits an 
irreversible oxidation at +0.78 V (SCE). 

The red dimeric Mo" aqua ion is obtained under rigorous O,-free conditions by adding Ba?* 
to the sulfate complex [Mo2(SO,),]*” .’” Starting from [Mo(CO).] the preparative route can be 
summarized as in Scheme 1. Following centrifugation to remove BaSO, the aqua Mo}! solution 
in 0.1M CF3SO3H can be kept unchanged for up to 3h (under N2). As with [MoClg]*~ and 
[Mo(SO,),|*~, solutions are red in colour and a comparison of UV-visible spectra, Figure 3, 
leaves little doubt that the aqua ion is also quadruply bonded. The absorbance peak at 510 nm 
(¢ 370 M~‘ cm“! per dimer) has been assigned to a 6—> 6* transition.*? Although the aqua ion 
does not display a peak at ~370 nm, the absorbance is sufficiently intense in this region for the 
peak to have become concealed.*? Although the aqua ion is generally formulated as 
[Mo2(H2O)s]**, in solution weak additional coordination in the axial positions may be present 
in which case a more precise formulation is [Mo.(H2O)g(H20),]**. 

[Mo(CO),] —°2:"'s [Mo,(O;CMe),] *> [Mo,Clg]** 282 

Ba2*+ 

[Mo.(SO,)s]*" ——> [Mo,(H,0),]** 

Scheme 1 
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Figure 3 UV-visible spectra of [Mo,(H,O),]** in 0.1M CF;SO3H (---), [Mo,Cl,]*~ in 2M HCl (—) and 

[Mo,(SO,)4]*" in 2M H,SO, (a) 
== 

The kinetics of the 1:1 substitution of aqua Mo}! with NCS~ and HC,O; have been studied 

in trifluoromethanesulfonic acid solutions, J=0.10M (CF3;SO3Na), with the Mo} reactant in 

greater than ten-fold excess (to avoid higher complex formation).°° First-order equilibration 

rate constants, k.,, determined by the stopped-flow method can be expressed as in equation 

(1). At 25°C k, for the formation is 590 M~'s~', and k_, for the reverse reaction is O21 sat: 

With oxalate the rate law is equation (2), where K is the acid dissociation constant for H2C20,4 

to HC,O;, which is believed to be the reactant. In this case, at 25°C, kz for formation is 

43 M7!s7! and k_, is 4.7 x 107° s~?. 

Keq = ki[Mo3*] + k-1 (1) 

~ kaK[Mot"] ; 
fa (KEDE DS ” 

The mechanism of substitution is believed to be similar to that of oxo ions such as vO™ and 

TiO2* 31-32 Thus rapid (possibly approaching diffusion controlled) equilibration of NCS™ in the 

labile axial position (K) is followed by a subsequent slower step k leading to occupancy of an 
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in-plane position on the complex (1). The observed rate constant is therefore the product of the 

two terms kK. Clearly a similar mechanism is possible for Mo} (2). Hydrated 

(NH,)4[Mo2(NCS)s] has N-bonded (monodentate) thiocyanate, and formation of the N-bonded 

product is likely in the kinetic study. In the case of HC,O,, bridging to give the u-carboxylato 

product (3) can be presumed to occur in a rapid subsequent step. 

Uy ' * é 

aia, 
Pee al Nee of 
“IN 4NAo fipa 

7 iN v,'N Mo==Mo 

(1) (2) (3) 

Values of rate constants and activation parameters for the VO7*, TiO** and Mo3* reactions 
with NCS~ are quite similar. The same mechanism has been proposed for the exchange of 
CF;COz with [Mo.(O2CCF;),] in acetonitrile from studies using '"N NMR spectroscopy.* 

Oxidation of aqua Mo! in 1 M CF3SO3H to green aqua Mo3’ with evolution of hydrogen is 
observed on irradiating at 254nm.** More generally oxidation of Mo" to Mo" is difficult to 
bring about in a controlled manner. Studies on the oxidation of Mo} in 1 M HCl have reported 
a new Mo"! dimer (Amax 430 nm) possibly having a triple metal-metal bond and no bridging 
ligands.*° The same product is not observed however on addition of Cl” to the well- 
characterized green di-u-hydroxo Mo™ aqua dimer.*° The possible separate existence of 
dimeric Mo™ ions with and without bridging is of interest. 

36.1.2.3 Oxidation State III 

Hexachloromolybdate(III), prepared by electrolytic reduction of molybdate(VI) in 11 M HCl 
followed by addition of KCl,** provides a relatively easy route into Mo™ chemistry. The pink 
salt K;3[MoCl,] is stable indefinitely in dry air. In solution it aquates and is O> sensitive. The 
preparation of [MoCl,(H2O)]*~ has also been described, and can be isolated as the ammonium 
salt, (NH4)2[MoCl;(H2O)]. Air-free aquation (two days) of [MoCl.]*~ followed by Dowex 
cation-exchange resin gives the pale yellow monomeric aqua ion.'’*? In the earlier work, traces 
of O, resulted in contamination with the yellow MoY dimer, Mo,O%*, which because of its 

strong absorbance obscures the Mo™ spectrum.*° The most recent spectrum in 2M CF;SO3H 
gives peak positions A/nm (¢/M~* cm~*) at 320 (19) and 386 (13.3) assigned as *A>,—>*Th, and 
‘Az, a*T,, d—d ligand-field transitions.*1 The spectrum in CF;SO3H, which has only small 
background absorbance in the 250-300 nm range, contrasts with that of other inert electrolytes 
such as HPTS and HBF, which gives a peak at 310nm (¢€23.2M~'cm7’), Figure 4. A 
comparison of the spectrum with that of [MoClI,]*~ is consistent with the hexaaqua structure, 
Figure 4. This point has now been confirmed crystallographically following the isolation of the 
bright-yellow cesium molybdenum alum Cs[Mo(H20).](SO4)2°6H2O. The structure, belonging 
to the 6 class of alums,*” gives an Mo—O distance of 2.09 A. When exposed to air the crystals 
become brown within a few hours. 

e (M7! cm7') 

300 40) 10 500 
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Figure 4 UV-visible spectra of [Mo(H,O),]** in 1.0M CF,SO3H (---), p-CgH-MeSO;H (——) and HBF, (--—-) 
compared with [MoCI,]*~ in 12 M HCl (- - - -)*°* 
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An important advance in the above work was the isolation of a new compound, sodium 
hexakis(formato)molybdate(III), Na3[Mo(HCO,).],*1 which can be aquated in strong acid to 
give concentrated solutions (~0.5 M) of [Mo(H,O),]°*+ within a few minutes. To prepare the 
formato complex (NH4)2[MoCl;(H2O)] (10 g) is dissolved in saturated sodium formate (~9 M) 
in 0.1M formic acid. After one day the light green formato complex is filtered off. It gives in 
~10M saturated sodium formate a UV-vis spectrum with Amax/nm (¢/M7! cm") at 385 (115) 
and an absorption minimum at 357 (97). The second ligand-field transition is obscured by this 
intense absorption. 

From the energies of the two absorption bands for [Mo(H20)¢]** in 2M CF3SO3H, Figure 4, 
the values of the spectrochemical parameter separating the tog and e, levels is 25900 cm~', and 
the interelectronic repulsion parameter B is 476cm~!.*! The shift of bands into the UV as 
compared to those for [Cr(H2O).]** at 408 and 587 nm is noted. An additional very weak band 
(€ <0.5 M~'cm~*) has been observed for [Mo(H2O).]°* between 560 and 600 nm, which may 
be the spin-forbidden *A,,— 77, transition. At present [Mo(H2O).]°* is the only monomeric 
and paramagnetic (3.69 BM) aqua ion of Mo. The acid dissociation constant of [Mo(H2O).]°** 

_ has not yet been determined. 
Conversion of [MoCl.]’~ (10 g) into [Mo(NCS).]>~ can be achieved by dissolving in 50 ml of 

KNCS (7M), and heating on a steam bath at 60°C for 2h.** A red to orange colour change is 
observed, and K3[Mo(NCS)¢]-4H2O can be isolated. An X-ray crystal structure of the adduct 
K3[Mo(NCS).]-MeCO,:H;0 has provided conclusive evidence for octahedral coordination, as 
well as for N-bonded thiocyanate.** Studies on the rate of exchange of NCS~ on [Mo(NCS).]}?~ 
have indicated an inert Mo™ centre. The potassium and pyridinium salts of the Mo!” complex 
formulated as [Mo(NCS)«]’~ (and purple/red-brown in colour) have been obtained.** On 
further oxidation to the Mo” state there are three possible products: [MoO(NCS);]?~, 
[Mo203(NCS)s]*~ (u-oxo) and [Mo0,(NCS).]*~ (di-u-oxo). Oxidation of the Mo! complex 
through Mo’Y to the Mo’ state therefore requires inclusion of at least one oxo ligand per Mo. 
In the oxidation of [Mo(NCS),}?~ by [IrCl.]}*~ formation of the Mo!’ ion is rapid.*© The 
subsequent first-order stage monitored by stopped flow gives an inverse [H*] dependence 
which requires the presence of coordinated H2O. It is suggested that the rate-determining step 
corresponds to loss of NCS” from the hydroxo form of this complex, followed by (rapid) 
oxidation or disproportionation through to the Mo’ product. In studies relating to the one- and 
two-electron photooxidation of [Mo(NCS),]*~ in which [Mo(NCS),]*~ is first generated,” it has 
been demonstrated that the [Mo(NCS),]*~ undergoes deproportionation in a mixed 
MeCN/H2O0/CCl, solvent (62:31:7 w/w) to give, in 0.2MKNCS, [Mo,03(NCS).]*~ as the 
final MoY product. 

The Mo™ cyano complex K,[Mo(CN),]-2H2O has been isolated.** At room temperature it 
has a magnetic moment of 1.75 BM. The presence of only one unpaired electron has been 
attributed to d-orbital splitting in the low symmetry [Mo(CN),]*~ or [Mo(CN)7(H20)]*7 ion. 
The complex is readily oxidized to [Mo(CN)g]*~. 

The kinetics of the 1:1 substitution reactions of [Mo(H2O).]** with Cl” and NCS~ have been 
investigated in HPTS, J/=1.0M(LiPTS), and found to be independent of [H*] in the range 
0.17-1.0M.*” At 25°C formation rate constants are 4.6x10°*>M~'s"! for Cl (AH*= 
98.3kJ mol7'; AS* =40.2JK7'mol7'), and 0.28M7's7! for NCS” (AH* =68.2J mol7}; 
AS* = —26.8 J K~' mol~') (1 cal = 4.2 J). The ratio of the two rate constants of 59 suggests an 
associative interchange (J,) mechanism. This is also supported by the volume of activation 
(AV~) of —11.4cm?’ mol"! at 11.9°C for the reaction of NCS~ with [Mo(H,O),]**.°° On 
replacing PTS” by TFMS-“ the rate constant for the NCS~ reaction increases to 0.36M7~'s“", 
and a similar small effect is observed for the Cl” reaction. It is interesting that [Mo(H2O).]°* is 
more labile than [Cr(H2O),]** by ~10° for both NCS~ and Cl’, a trend which is in contrast to 
that observed with Co?*, Rh** and Ir’*. This is explained by the increased associative 
character of the reaction of [Mo(H,O),]**, stemming from the low (d’) electron population, 
and the size of 4d as opposed to 3d orbitals. While there is evidence for associative character in 
the reactions of Cr" complexes, AV* = —9.6 cm? mol™’ for H,O exchange on [Cr(H2O).]°*, 
this is less than observed for the da‘ ion [Ti(HO),]** (—12.1 cm? mol™’), and in some cases, e.g. 
with [Cr(NH;)s;H,O]°*, Cr™ is best regarded as displaying borderline J,/J; properties.” 
Pathways involving the conjugate-base form, here [Mo(H,O);OH]**, which often represent a 
more facile route for substitution involving an J, mechanism, make little or no contribution 
alongside the dominant associative pathway involving [Mo(H,0).]**. Alternatively, since Mo™ 
can adopt a higher coordination as in [Mo(CN);]"", an associative A-type mechanism is 
possible in the substitution of [Mo(H20O)<.]°*. 

COC3-NN 
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Other rate constants for 1:1 substitution into [Mo(H2O).]** include the value for HC,O4 ie 

Table 2. Also the observation that the [Co(C,O,)3]> oxidation of [Mo(H2O).]** is independ- 

ent of [H*], whereas that of [IrCl,]’~ displays an [H*]~' dependence, suggests a substitution- 

controlled process.°? The similarity of the rate constant to that for HC,O7; is noted. From 

kinetic studies on the O» oxidation of [Mo(H2O).]** two further rate constants, which may well 

be substitution-controlled processes, are obtained (see below). These are surprisingly large 

however, as are similar rate constants for the corresponding reactions of [V(H20).]?* (also d*) 

with O, (2000 M~!s~?), and with [V(H,O);O,]** (3700 M~'s~*). The latter are to be compared 

with values for NCS~ substitution (24M~!s~'), and H,O exchange (87 s~') on [V(H20)¢]’*. 

Table 2 Rate Constants for 1:1 Substitution Reactions of 

[Mo,(H,0),]°* in HPTS at 25°C, 1=1.0M(LiPTS) Ex- 

cept as Indicated 

Reactant k (M7's~') Ref. 

Cir 0.0046 49 

NCS~ 0.27 49 
HCO; 0.49 52 
[Co(C,0,),)>~ 0.34# 53 
O, 180 57 
MoO, 42 57 

* 7 =2.0M (LiPTS). 

Kinetic studies have been reported with three strongly coloured one-equivalent oxidants 
[IrCl.]?-, [Co(C,O,)3)>~— and [VO(H20)s]?*,°? which oxidize [Mo(H2O),]}°*, e.g. 2Mo™ + 
4Ir'Y > Mo + 4Ir™, to give the Moy product [Mo20,(H20),]?*. Reactions were studied with 
[Mo(H20),]** present in large excess. Rate laws are consistent with a rate-determining first 
stage as in equation (3), in which Mo'Y is formed. No monomeric aqua Mo’Y species has yet 
been identified, and no build-up of Mo!Y is apparent in this study. With [IrCl,]*— (0.89 V; all 
reduction potentials are quoted against NHE) first-order rate constants from the stopped-flow 
decay of [IrCl,]*~ at 489nm gave a dependence (4), where at 25°C, 1=0.2M (LiPTS), 
k,=3.4x10*M~'s! and k,=2.9x10*s~'. On replacing p-toluenesulfonate (PTS~) by 
trifluoromethanesulfonate (TFMS~) k,,, shows little variation (~12% greater). The oxidant 
decay was also monitored in the [Co(CO,)3]*~ (0.58 V) and [VO(H20)s;]?* (0.36 V) studies 
(t;.>1min). Here more complicated dependences are observed in the presence of PTS~. At 
25°C, 1=2.0M(LiPTS), the method of initial rates (R) gives dependence (5) for the 
[Co(C,0,4)3]°~ reaction, with k,=0.34M7's~'. Similarly for the [VO(H,O);]?* reaction (6) 
was obtained, with k;=3.3x10-*M~'s~'. On replacing PTS” by TFMS~ the oxidant 
dependent terms kg (1.87 x 10°? M~'s~") and k, (4.9 x 10-°s~'), which are common to both 
reactions, make no contribution. It seems likely therefore that kg and k, are spurious terms 
stemming from rate-determining processes involving PTS”, which are not observed for the 
much faster [IrCl.]*~ reactions (or with TFMS present). The rate constants for the [IrCl,]?~ 
reaction are much faster than those obtained for substitution into the [Mo(H,O),]?* 
coordination sphere, and an outer-sphere mechanism is implied. With [Co(C,O,)3]>~ on the 
other hand, as already indicated, the oxidation is independent of [H*] and consistent with an 
inner-sphere substitution-controlled process, Table 3. 

Mo™ + Ir'Y — > Mol + Ir (3) 

kops/2[Mo™] = k, + ky[H*]* (4) 

R = 2k{Mo™][Co™] + 4ka[Mo™} + 2k,[Mo™] (5) 
R = 2k{Mo™][ VY] + 4ka[Mo™]? + 2k,[Mo™] (6) 

In a further study with [Fe(H2O).]°* as oxidant, the concentration of [Mo(H20).]** (initially 
1.2 x 10-* M) was monitored at 450 nm (millisec timescale) with the Fe** reactant (0.045 M) in 
large excess.*° The rate constant (25°C) of 1.3 x 10?M7's7?, in J=1.0M (HPTS), is too fast 
for substitution into either coordination sphere to occur. The formation of Moy and its 
subsequent decay to Mo”! can also be monitored (half-lives of order of seconds), Figure 5. 
What is particularly interesting is that the rate of formation of Moy does not match the decay 
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Table 3 Rate Constants (25°C) for the First Stage in the Oxidation of [Mo(H,0),]?* 

k (M7's7?) Conditions Ref. 

[IrCl,]?~ 3.4 x 10*? I =0.2M (LiPTS) 53 
[Fe(H,O),]** 13e<10; I =1.0M (HPTS) 55 
O, ; 180° I =2.0M (HPTS) 57 
[Co(C,0,)3]*~ 0.34° I =2.0M (LiPTS) 53 
[VO(H,0)}** 3.3x 10° I =2.0M (HPTS) 53 

* Corresponds to kK, in a rate law dependence k, + k,{H7]"°. 
, May be a substitution-controlled process, 
Assigned as a substitution-controlled process (no [H*]"' dependence). 
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Figure 5 Oxidation of [Mo(H,O),]** (1.2 x 10°? M) with [Fe(H,O),]** (0.045 M) monitored at A 450nm, 25°C, 
I= 1.0M (HPTS)* 

of Mo, thus providing clearcut evidence for formation of an intermediate, Mo!Y and/or 
monomeric Mo’. Further studies on this system would be of interest. 

Perchlorate also oxidizes [Mo(H2O),]**, but the features displayed are quite unusual and 
different to all previous reactions involving ClO; and metal ions.*° The formation of Moy with 
time is indicated in Figure 6, the reaction being characterized by induction, propagation and 
termination stages. Remarkably in such studies at 25°C, J=1.0M/(LiPTS), solutions of 
Mo?*, (2.2-8.6) x 10°? M, give little or no detectable reaction with ClO; (0.2-0.7 M) over a 
period of at least 0.5 h and as long as 3h, after which complete reaction can be observed in as 
little as 1h. Overall the reactions are faster at higher [ClO7], higher [Mo(H2O)*] and higher 
[H*]. Details of the precise mechanism remain uncertain. Since perchlorate reactions are 
believed to involve O-atom transfer by either (7) or (8), substitution of ClOZ into the 
[Mo(H,2O).]** coordination sphere is required. In an J, substitution process a poor donor such 
as ClO; is not expected to react very rapidly, and this no doubt contributes to the slowness of 
the reaction. The higher [H*] is known to assist O-atom transfer. The instability and transient 
nature of monomeric Mo!Y and/or Mo” with a correspondingly high activation barrier for 
formation is also expected to contribute to the slowness of the reaction. Once under way the 
ClO; — Cl” eight-equivalent change, and presumably the ability of monomeric Mo'Y or MoY 
to reduce ClO;, will account for the rapid propagation of the reaction. The reaction of the 
green aqua dimer of Mo" with ClO; exhibits similar behaviour. 

Close =" (cioee* (7) 
ClOm= en = ClO tO. (8) 

0.2 

Absorbance 

° 

0 200 400 600 
Time (min) 

Figure 6 Absorbance changes at 385nm for the reaction (25 °C) of [Mo(H,O),]** (4.3 x 10-°M) with ClO; at 

[H*]=0.30M, J =1.0M (LiPTS). Concentrations of perchlorate introduced as LiClO, were 0.20 (@), 0.30 (M), 0.50 
(O) and 0.70 (@)°° 
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The reaction of [Mo(H,O),]°* with O, in p-toluenesulfonic acid solutions, I= 

2.0M (LiPTS), gives [Mo.0,(H2O).]** as product: 2Mo** + O, + 2H,0—> Mo,03* + 4H*.°” 

Three stages are observed (Figure 7). Use of isotopically labelled O, followed by IR 

spectroscopy on the isolated Mo,04* product has demonstrated that 18 is taken up in the 

-oxo positions. With Mo** in large excess an intense yellow intermediate MoO,Mo** (or a 

related form) with a peak at 395 nm (¢ = 2300 M~‘cm™') is observed. At 25°C stopped-flow 

studies on the decay of this intermediate give rate constants k3(.ps) which can be expressed as in 

equation (9). Various constants were obtained as defined in equations (10)-(12), where values 

indicated are for 2.0 M HPTS. 

K,Kk[Mo**}? 
Sem “TE KIMo" | + K.Ke[Mo"F . 

Mo** +O, == MoO;* (K, 360 M *) (10) 

MoO3* + Mo** == MoO,Mo** (K, 535 M“*) (11) 

MoO,Mo** + 2H,0 —~ Mo,0%* + 4H* (k;0.23s~') (12) 

re) 10 20 30 

Time (s) 

Figure 7 Identification of three stages in the reaction of [Mo(H,O),]}** (10.6 x 10° M) with O, (5.3 x 10°-*M) 
monitored at 395 nm (1.67 cm pathlength), at 25°C in 2.0M HPTS 4 

Estimates of rate constants for reactions (10) and (11) were obtained from studies on the 
formation of MoO,Mo**. All parameters were further refined by a fitting procedure using the 
program KINSIM for multistep reactions. The values of k; (180 M~'s~') and kz (42M™7's7’) 
are in excess of previous substitution rate constants for [Mo(H20).]** as already mentioned. 
An alternative mechanism is that Mo'Y and Oj are generated in an outer-sphere pathway and 
that substitution then occurs. A similar process might also be relevant for [V(H2O).]** with O2, 
where the substitution properties of [V(H2O).]** are already established and consistent with 
the results obtained. With O, in excess of Mo** (0.72 x 10°*M) there was no evidence for 

MoO,Mo°", and an alternative route for conversion of MoO3* to Mo,03*, which is first order 
in MoO3* (k4 = 0.037 s~'), was identified. In the refinement this step was included alongside 
equations (10)-(12). The reactions of MoO Mo°* (k3) and MoO3* (k,4) exhibit [H*]~! 
dependences consistent with an increase in hydrolysis of the metal on oxidation to a higher 
state. 

A green Mo" dimeric product is obtained on reduction of MoY! as [MoQ,]?~, or Mo” as 
[Mo20,(H20)¢]** in acidic solutions (not HCIO,), generally at [H*] in the range 0.5-2.0 M.*8 
The reduction can be achieved using a Zn/Hg Jones reductor column, or by electrolytic 
reduction at a Hg-pool electrode at —0.5 V (us. NHE). The product can be purified on a 
Dowex cation-exchange column. The charge per Mo has been determined as 2+ and the 
elution behaviour is consistent with a total charge of 4+.°° By comparison of the UV-visible 
spectrum (Figure 8) with that of the Mo?''—edta complex,*° the structure of which is known,°? a 
di-u-hydroxo structure is likely. This has been confirmed by EXAFS studies which indicate an 
Mo—Mo distance of 2.54 A.© Two different Mo—O components in the fit correspond to 
bridging Mo—OH (2.06 A), and terminal Mo—OH; (2.2 A), bond distances. 

il 
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Figure 8 UV-visible spectra (¢ values per dimer) for the Mo™ aqua dimer (—), [H*] =1.0M (HPTS), and the 
Mo%''—edta complex [Mo,(OH),(O,CMe)(edta)]~ (- - -) at pH 6°° 

From studies in aqueous HPTS there is some uncertainty concerning the applicability of 
Beer’s law at [Mo'] <4 x 10-*M, and comparative studies in TFMS~ are called for. Kinetic 
studies on substitution reactions of Mo} would also be of interest. Oxidation of Mo!!! to MoY 
is observed with [Co(C,O,)3]°~ (stopped-flow range) and [IrCl,]?~ (fast). Again no build-up of 
other Mo states is evident even when there is a deficiency of oxidant. The faster rates for Mo}! 
as compared to the [Mo(H20),]** implicate a more facile oxidation of the dimer, which is 
reasonable in view of the similar dimeric structures of the Mo#! and Mo ions. On oxidation of 
monomer 2Mo''—> Moy the interplay of electron uptake (4e~) and proton release (8H*) is 
noted. In the corresponding Mo}'—> Moy change 4e~ and 6H* are involved. In the first stage a 
dimeric Mo’ transient is presumably formed. From preliminary studies at least two stages 
are observed in the reaction of Mo#! with O,. 

The preparation of the binuclear Mo complex K[Mo,(OH)(O,CMe)(edta)] (edta = 
ethylenediaminetetraacetate) has been reported.®' The procedure involves Zn—Hg reduction 
of the Moy complex [Mo,O,(edta)]?~ in acetate buffer at pH 5. Incorporation of the bridging 
acetate was not anticipated. In the pH 3-4 range, with and without acetate, a water insoluble 
product [Mo.(OH).(H2O),(edta)] with no charge is obtained.®' The structure of the u-acetato 
complex has been determined, Figure 9.°° There are four bridging ligands in this complex with 
the edta coordinated to the binuclear unit in a ‘basket’ like conformation. The short Mo—Mo 
distance of 2.43 A is possibly due to the presence of the y-acetato ligand as well as the bridging 
edta. A bis(thiocyanato) complex [Mo.(OH).(NCS)2(edta)]?~ has been isolated following 
treatment of the p-acetato complex with thiocyanate. All three complexes are diamagnetic 
consistent with a triple metal-metal bond. A derivative with formate in place of acetate has 
been prepared. The p-acetato complex is stable in air for only limited periods (a few hours), 
and in water it reacts rapidly with O2 to give the Moy complex [Mo,O,(edta)]*~. 

Figure 9 The structure of the Mo; complex [Mo,(OH),(O,CMe)(edta)]~ °° 
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With the mild two-equivalent oxidizing agent azide as N; (and with hydrazine) at pH>6, 
the -acetato Mo!—edta complex gives a maroon-red Mo"!!Y—-edta complex.” The crystal 
structure has indicated a tetramer, K4[Mo,O,(OH),(edta)2]-16H2O (4), in which the four 
Mo atoms are in the same plane. The number of oxidizing equivalents per Mo has been 
determined by titration, and indicates an average oxidation state of 3.5. The complex is 
diamagnetic and all bridging groups are symmetrically disposed (equal bond lengths) to 
adjacent Mo atoms. The short Mo—Mo distance of 2.41 A bridged by the y-oxo-u-hydroxo 
ligands is consistent with metal-metal bonding. These two bridges can be distinguished from 
each other, the u-oxo Mo—O bonds (1.93 A) being shorter that the u-hydroxo Mo—O bonds 
(2.08 A). The single -oxo bridges have Mo—O bond lengths of 1.90 A and an MoOMo angle 
of 164°. It is possible to comment on the mechanism of formation. The products of the reaction 
of azide are both the Mo™"'V-IV tetramer and Mo} dimer. Quantitative formation of N, and 
NH; is observed, consistent with equations (13) and (14). A maximum yield (37%) of 
Mo™ULIV.Y is observed for a 1:1 ratio of reactants. Competition between Mo}! and Nj for an 
intermediate is implied. Since azide is capable of a two-equivalent change we tentatively 
suggest that this intermediate is an Mos” dimer. Reaction Scheme 2 is proposed. No reaction is 
observed at pH 4.7 (the pK, for HN; is 4.68) in the presence of free acetate, but reaction does 
occur slowly when no acetate is present. Displacement of acetate would therefore seem to 
favour reaction. As the pH is increased to 8 (even in the presence of acetate) the rate increases 
markedly. This corresponds to acid dissociation of one of the u-hydroxo ligands determined 
spectrophotometrically as pK,7.73 at 0°C (equation 15). Furthermore no reaction of the 
bis(thiocyanato) Mo}" complex is observed with N; at pH 8. It is concluded that coordination 
of N3 precedes reaction. 

aiitobs. «Thy a 

Bhosle 
J oe MP 

tt bites 

(4) 

+N; +N3 
Mo!!! > Mo!lv!¥ —> Mo™:Y 

[sem 

MolEtlavay 

Scheme 2 

2Mo$! +N; ——> Mo™™IvV 4 NL + NH, (13) 
Mo!" +2N; ——> MoY +2N,+2NH, (14) 

OH O 
se ™S 

Oo Mo == Mx Mo +H* (15) 
OH~ OH 
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Controlled O2 oxidation of the Mo"™V'V tetramer yields a product which titrates for Mo!Y 
and from an incomplete X-ray crystal study appears to be basically the same tetrameric 
structure, except that all the bridging ligands are now p-oxo. This Mo!” tetramer is also an 
intense red colour, Figure 10. The reduction potential for the couple involving the two 
tetramers is +0.07 V. Rapid reactions of both tetramers with O, are of interest in that there is 
no site for binding unless the coordination number increases. Mild oxidants such as 
[Co(NH3)sCl]’* react rapidly (t,2<1 min) with both tetramers to give the MoY dimer. 

As already mentioned under Mo" the reaction of K,[Mo2Cls] with 2M HPO, in air for 24h 
yields a dimeric Mo™ product. The structures of Cs,[Mo2(HPO,)4(H2O),], which has axial HjO 
molecules, and (pyH)3[Mo2.(HPO,),Cl], in which there are infinite chains with shared axial 
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Figure 10 UV-visible spectra (e values per tetramer) for the Mo™™"IV.IV complex [Mo O,(OH),(edta).|*~ (——), 
and the related Mo,” complex, [Mo,O,(edta),]*~ (- - -) in H,0” 

chloride ligands, have been reported (Figure 11).7”7 The Mo—Mo distance of 2.23A is 
consistent with a triple bond (o7z*). Interestingly the positions of the protons can be identified 
as attached to outer O atoms of the u-HPO, ligands, outer P—O distances being 1.48 A as 
compared to 1.54 A for P—OH. 

Figure 11 The structure of the Mo} complex [Mo,(HPO,),(Cl)]>-, where the chlorides are bridging?’ 

Binuclear complexes of Mo™ have been prepared from paramagnetic mononuclear halogeno 
complexes of the type LMoX;3, where L=1,4,7-triazacyclononane, sometimes referred to as 
9-aneN3.° Hydrolysis of LMoCl; in aqueous solution containing acetate or HCO; yields 
[LMo(OH)2(O2CMe)MoL]I3:H,O and [LMo(OH).(CO3)MoL I,-H,O. The acetato-bridged 

complex has been shown to have an Mo—Mo distance of 2.41 A, which compares with 2.43 
for [Mo,(OH)2(O2CMe)(edta)].°° On treating the u-carbonato complex with acids, products as 
indicated in Scheme 3 are obtained. A feature of the structure of the dichloro complex (Figure 
12) is the anti (sometimes referred to as trans) dichloro arrangement. The Mo2(OH), ring is 
planar and the Mo—Mo distance 2.50 A. On oxidation, e.g. with ClO7, the corresponding 
red-purple Moy complex with anti terminal oxo ligands (and planar Mo,O, ring) has been 
observed for the first time, and the structure verified. Cleavage of a bridge in triply bridged 
complexes to give anti rather than syn structures has been observed previously with 
[(NH;)3Co(OH)3Co(NHs)3]°*.% A comparison of different metal-metal bond distances is 
made in Figure 13, indicating the influence of M—M bonding.” All di-u-hydroxo Mo$! 
complexes are diamagnetic. 

Kinetic studies on the reaction of [L(H,O)Mo(OH),Mo(H,0)L]** with Cl” (0.11 M7!s7! at 
25°C) and ClO; (a redox process) (2.0 x 10°? M~!s7! at 21°C) give rate constants independ- 
ent of [H*] in the range 0.05-1.0M. It is proposed that the ClOZ reaction is substitution 
controlled. This reaction proceeds Mo}'— anti-Moy (red-purple)— syn-Mo} (yellow). No 
intermediates were identified. The reaction with NO; has also been studied (again strictly 
air-free), when quantitative formation of the red-purple anti-[L,Mo,0,]** complex and nitrite 
is observed (equation 16).°’ 

Mo3” + 2NO; ——> Mo}; + 2NO; (16) 
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Figure 12 The structure of the Mo}’ complex [Mo,L,Cl,(OH),|**, where L is the [9]aneN; ligand 1,4,7- 
triazacyclononane™* 

The formation of NOz was demonstrated by carrying out the reaction in acid solution in the 
presence of sulfanilic acid and qa-naphthylamine, neither of which reacts with the Mo 
complexes. The formation of the known red azo dye is diagnostic of NOz formation. The 
stoichiometry was confirmed by determining the N>2 evolved (equation 17). 

H,NSO,H + NO; —> HSO; +N,+H,O (17) 

At 25°C the kinetics give a rate law (equation 18), with k=0.10M™~'s"', and activation 
parameters AH* = 69 kJ mol’ and AS* = —33 J mol~’ K~', J = 0.50 M (CF;SO3Na). By using 
90% '®O-enriched NO3 it was demonstrated by IR that the terminal oxo ligands of the 
anti-Mo,0%* product were labelled and that reaction is therefore by O atom transfer. The 
increase in k with [H*] is possibly related to the need to transfer an Oatom as in ClO; 
reactions. 

—d[Mo3"]/dt = d[Moy]/dt = k[Mo3"][NO;] (18) 

A less extensive study of the reaction of [Mo(H20).]** with NO; has also been reported.® 
As in the above study rate constants are consistent with a substitution-controlled process. 
By adjusting conditions, aqueous HCI solutions of Na2[MoO,] can be reduced electrolytically 

to give [Mo2Cl.]*~ rather than [MoCl,]*~.© An alternative procedure” yielding a purer product 
is by electrolytic oxidation of [Mo,Cls]*~. The W' complex [W2Clo]*~ is known, but [WCl.]}°~ 
is more difficult to prepare. The [M2Xo]*” (X~ = Cl", Br-) complexes have three bridging 
halide ions in a cofacial bioctahedral arrangement, which is also present in [Cr2Clo]*~. 
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Figure 13. A comparison of M—M distances and bond angles in bridged binuclear complexes“? 

However, the strength of interaction between two d? ions increases markedly in the series, Cr, 
Mo, W. There is no M—M bond in the case of Cr, and the Cr atoms actually repel each other. 
The magnetic and spectroscopic properties are essentially those of two unperturbed d? ions. In 
the case of W2Cls~ the M—M interaction is very strong (2.45 A),”! with no unpaired electrons. 
The M—M distances in the case of [Mo2Clo]*~ (2.67. A) and [Mo2Bro]°~ (2.78 A) indicate 
intermediate behaviour.”’ In the latter a temperature dependent magnetism has been observed 
suggesting that the Mo—Meo interaction is weak enough to allow some unpairing of electrons. 

The reaction of [Mo.(O2zCMe),] and RbCl or CsCl in deoxygenated 12 MHCI at ~60°C 
gives green-yellow products,” initially assigned formulae Rb3[Mo Clg] or Cs3[Mo2Clg]. Until 
they were demonstrated to be diamagnetic they were thought to be mixed-valent II, III 
complexes. Tritium labelling experiments have demonstrated the presence of an H atom, and 
the complexes are therefore reformulated as [Mo2XgH]*" (X = Cl” and Br~) molybdenum(III) 
species. Consistent with Mo—H—Mo hydrido bridging, IR spectroscopy gives v(Mo—H—Mo) 
at 1260cm7!.” The structure has been verified crystallographically for the pyridinium salt, 
Figure 14.7 

36.1.2.4 Oxidation State IV 

Souchay and colleagues were the first to report a red Mo'Y aqua ion.” Since that time 
preparative procedures have changed very little and generally involve heating Mo’ as 
Na,[MoO,]-2H2O, or Mo’ as the aqua dimer Mo,03*, with K3[MoCl.] in 2M HPTS for 1-2h 
at 80-90 °C.” The product can be stored in this form and purified by Dowex cation-exchange 
chromatography as required. Elution can be carried out with 2 M acid, but in perchloric acid 

COC3-NN* 
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Figure 14 The structure of the Mo} complex [Mo,Cl,(Cl,)(H)]}*~ ” 

solutions accelerated conversion to yellow Moy occurs overnight. This process has not 

been studied and may have features similar to the reaction of [Mo(H20)«]** with ClO;. 

X-Ray crystal structures of the oxalate, Cs,[Mo304(C204)3(H2O)3]-H2O” (Figure 15), the thio- 

cyanate, [Me,N],[Mo30,(NCS)s(H20)],”° and the N-methyliminatodiacetate complex, 

Na2[Mo304((O2CCH2)2NMe)s]:7H20,”’ have indicated trinuclear structures. The Mo3O, core 

has an incomplete cube structure with one corner unoccupied. In the case of the edta complex 

Na,[Mo30,)2(edta)3]-4H2O, there are two trimeric Mo30, units per molecule, and the three 

edta ligands coordinate via two carboxylates and the imine group to an Mo of each Mo307* 

cluster, giving three bridging edta ligands. This results in a prolate spheroid shape.”* In much 

earlier work”? the Mo!Y complex K,Mo30,(C20,4)3-5H2O was reported, but full structural 

implications were not realized at the time. 

Figure 15 The structure of the Mol” complex [Mo;0,4(C,0,);(H2O)3)>- ”° 

The spectrum of the aqua Mo304*, peak at 505 nm (¢ = 63 M~‘ cm’ per Mo), is shown in 
Figure 16. Substituents often have little effect, and equilibration with 4M HCI followed by 
ion-exchange chromatography provides evidence for at least two chloro products, with visible 
spectra difficult to distinguish from that of the aqua ion. The colour originates therefore from 
the central Mo3;0{* core. With thiocyanate, on the other hand, changes in absorbance at 
340 nm are observed, and substitution processes can be monitored. There is no evidence in the 
aqueous solution chemistry for the existence of stable monomer and dimer forms, which are 
transients only in redox processes. Thus [Mo(H20),]** is oxidized to the Moy aqua dimer, and 
with a deficiency of oxidant unreacted [Mo(H2O),]** and Moy are the only identifiable Mo 
species present. Reports from a number of groups in the period 1973-1980 referring to the red 
aqua Mo’Y ion as dimeric or monomeric are now known to be incorrect. 
The Mo304* core has a coordination number of nine. Evidence for retention of the Mo,;03* 

unit in the aqueous solution has come from '*O studies, also directed at measuring the rate of 
oxygen-atom exchange.*°” The precipitating agent used was tetramethylammonium thiocyan- 
ate which gives [Me4N]s[Mo30,(NCS)o] within 2 min at 0°C. With 'O enrichment of the 
solvent the amount of label transferred to the solid after minimal contact times was <5%. 
Furthermore it was possible to convert the aqua Mo;O%* ion through the changes 
solid [Mo30,4(NCS)o]°- > aqua Mo304* — solid [Mo30,4(C,04)3(H2O)3]*- — aqua Mo;03* > 
solid [Mo30,(NCS)]°- with <4% core O-atom exchange with solvent. Since the crystal 
structures of the oxalate and thiocyanate complexes have demonstrated that the Mo304* core 
is present, all four core O atoms must exchange slowly in solution. Accordingly the aqua ion 
can be designated the Mo30%* structure, with nine water ligands attached (Figure 17). There 
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Figure 16 UV-visible-NIR spectra (€ values per Mo) for the Mo!” aqua ion [Mo,0,(H,0)9]** (---+), the Mo™ 
aqua trimer (— - —) and the mixed valence trimer Mo™™1V (__) in HPTS 

are four different types of O atom coordinated to each Mo. Present information suggests that 
the O atoms of type A exchange significantly faster than those of type B.8°*? At 30°C the 
half-life is about four days in 1.0 M MeSO3H, and the number of O atoms exchanging at this 
rate was determined as 1.1. The rate was not significantly affected by small changes in 
[H*] (0.8-1.2 M) or [Mo304*] (0.08-0.14 M). This result is difficult to explain because, in the 
process of exchange, a 3-0xo ligand (type A) should become a p-oxo ligand (type B). At 
25°C the type B O atoms exchange very slowly and only a fraction of exchange occurs in 
534 days in 1.1MMeSO3H. The half-life is estimated as 5+2years. To determine the 
exchange characteristics at type C_ positions the loss in enrichment’ of 
[Mo30,(H2O0*)6(H20*)3]** on conversion to [Mo304(C20,4)6(H2O*)3]** was determined, where 
the latter can be precipitated with [Pt(en)2]?*. The crystal structure of the product was 
confirmed.** These experiments indicated three type C waters, with a half-life for exchange of 
~1h at 25°C in 1.0M MeSO3H. Using [Mo(CN)s]*~ as a precipitating agent the half-life for 
type D waters was determined as 25 min at 0°C in 1.2 M MeSO3H. This is slower than might 
have been expected on the basis of NCS” for H,O substitution studies. 

Figure 17 Structure of the Mo}” aqua ion [Mo3;0,(H,O),]** and designation of four different O atoms, A-D 

Other relevant '*O exchange studies have demonstrated that through the sequence of 

changes aqua Mo304+ > Mo!” (hydroxide precipitate) —> aqua Mo304", there is at least 96% 

core O-atom retention. Apparently the core is retained in the precipitate and no dramatic 

base-catalyzed core O-atom exchange is observed. ’ 

From crystal structure information Mo—O bond lengths for the different O atoms are 

2.02 A(A), 2.92A(B), 2.16A(C) and 2.26A(D). EXAFS data for aqua Mo™ in 
4M MeSO3H are consistent with the accepted Mo304* structure,°° with an Mo—Mo distance 

of 2.49 A compared to 2.51 A from X-ray crystallography.”® ; 

The existence of equivalent and non-equivalent HO ligand sites on Mo304* results in 

unusual kinetic situations when the complexing with NCS~ is studied.** For the conditions in 

which [NCS_] is in large (>10-fold) excess, a statistically corrected rate constant is obtained 

assuming three equivalent sites on the Mo304* ion, and equilibration rate constants Req can be 

expressed as in equation (19). With [Mo30,(H20),]** in excess the reaction is constrained by 

the low [NCS~] to form only Mo30,(NCS)**, and the rate law in equation (20) applies. 

keq = (ki/3)[NCS"] + k_, (19) 

Kea cS k,[Mo;047] a k_, (20) 
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A comparison was made using the different anions, p-toluenesulfonate, trifluoro- 

methanesulfonate and perchlorate (J = 2.0M). At 25°C forward and backward rate constants 

at [H+] =2.0M are k, =0.78, 1.02, 2.13M~'s~’ and 10°k_, =1.57, 1.94, 2.18s~', for these 

three anions respectively. Rate constants k,; and k_, have [H*] dependences of the kind 

a+b[H*]"!, with 6 dominant for [H*]=0.8-2.0M. In common with other conjugate-base 

pathways, b can be assigned an J, mechanism. The large contribution from such a path for a 

low electron population metal (here d’) is believed to be in some part due to the steric 

crowding around each Mo!” resulting from Mo—Mo bonding. Thus with the inclusion of 

Mo—Mo bonding each Mo is eight-coordinate. Solutions containing higher complexes obtained 

by equilibrating Mo30$* (1.3 x 10-> M) with NCS~ (5 x 10~° M) give, on ion exchange, bands 
that in order of elution analyze (Mo and NCS~) for Mo;0,(NCS)3*, Mo;30,(NCS)?* and 

Mo,04*. A fraction not held on the column at [H*]=0.3M is believed to contain 

Mo3;0,4(NCS)+ as well as free NCS~. Two kinetic stages are observed in the aquation of 

Mo30.(NCS)3* in 2M HPTS, which are assigned to k_, (here 1.7 x 10~*s~*), and k_2 (0.24 x 
10657): 

The red aqua Mo30$" ion is reduced by amalgamated Zn under air-free conditions to a green 

Mo}! aqua ion.®** The spectrum, Figure 16, is different from that of the green Mo" aqua ion 
previously discussed. It is held more strongly on a Dowex column than Mo;30%4*, which suggests 
that it may have a fully protonated core Mo3(OH)3*. This is an interesting point which requires 
confirmation. The oxalato complex [Mo304(C,0,)3(H2O)3]*- can be similarly reduced.* Both 
nine-electron Mo}! complexes exhibit EPR spectra. On labelling the core with ‘*O atoms the 
complete redox cycle can be accomplished with as high as 97% retention of the labelling. In 
one experiment the Mo$"' ion was allowed to exchange with solvent for two months at room 
temperature, and no (+3%) exchange was detected.** 

Rapid (<1 min) equilibration of Mo§" with Mo}Y (2:1 amounts) gives quantitative formation 
of an orange pink Mo™-""V trimer (Figure 16) in 4.0 M HPTS (p-toluenesulfonic acid), 80% in 
2.0M HPTS, and 30% in 0.5 MHPTS.™ At [H*]>2.0M electrolytic reduction of Mo}” at a 
potential of —0.25 V (vs. NHE) confirmed these results with spectrophotometric evidence for 
the formation of the same Mo'"!V ion. There is no evidence for the other mixed-valence 
state, Mo™!Y-IV, which presumably rapidly disproportionates. Detailed electrochemical studies 
have suggested two forms of Mo3",°° but have failed to identify the nature of these. Krom 

studies on the dependence of the Mo$"/Mo}” equilibration on [H*] it is concluded that the 
Mo”-"IV trimer is also protonated, and at least 4+ in charge.** A feature of the spectrum of 
the Mo™-""1V form is the broad absorbance band at 1050 nm (¢€ 100 M~‘ cm™ per Mo). Both 
the Mo3’ and Mo"™-"4!V ions are diamagnetic.**:®° Exposure of the Mo" ion to QO; results in 
oxidation to Mo™!“!V and then Mo}Y.*4 
Whereas an oxidant such as [Co(C,0,)3]*~ readily converts [Mo(H2O),]** and aqua Mo} 

through to the aqua Moy state, it is not able to oxidize Mo}’.® The implication is that 
monomeric and dimeric Mo'Y containing forms generated as intermediates are readily oxidized, 
whereas Mo} is not. This is also borne out by electrochemical studies, in which it has been 
reported that it is difficult to electrooxidize Mo” to Moy. The trimeric form is oxidized by 
strong oxidants such as [IrCl,]*~ (0.89 V) and [Fe(phen)3]** (1.06 V), and conventional range 
kinetic studies have been reported.*° Reactions proceed exclusively by an [H*]~! dependent 
rate-law term, reflecting the greater degree of hydrolysis of the Mo” product. In the [IrCl,]*~ 
case oxidation to Mo is faster than the subsequent Mo} — Mo™! oxidation. The converse holds 
in the case of [Fe(phen)3]°*. Because of these differences it is likely that the mechanisms are 
different and that the [IrCl,]?~ reaction is of the inner-sphere type. The nature of the 
phenanthroline ligands of [Fe(phen)3]** precludes an inner-sphere mechanism. 

The synthesis of oxo-sulfido Mo}” complexes in the series Mo30,S,4_, as aqua ions has been 
reported. Synthesis of the grey-coloured Mo30,S3* u3-sulfido containing ion has been achieved 
by essentially the same route as for Mo304*, by reacting [MoCl,]*~ with the aqua di-y-sulfido 
Mo} complex [Mo202S2(H20).]** (5).°” The reaction can be expressed as in equation (21), 
where the transient Mo'Y (or some related form) presumably also gives an Mo” product. The 
~70% conversion of Moy to Mo30,S3* after column chromatography is consistent with 
retention of the dimer unit and attachment of Mo™ to the dimer. The product has been 
characterized crystallographically as (pyH);[Mo302S.(NCS)o]-2H20.°*’ 

2Mo™ + Moy ——> Mol’ + Mo!Y (21) 

Using different approaches the dark green Mo30S3* ion has been obtained along with the 
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green cubic cluster complex Mo,S3*. Two procedures have been described involving either 
NaBH, or electrochemical reduction of the di-y-sulfido Moy cysteinato complex, 
[Mo20,S,(cys)2]°~ (6), in HCI, under N> (or Ar), and followed by air oxidation.®®®° The green 
cubic complex Mo,S;* (7) yields Mo3S4* (8) on heating solutions in 1M HCl to ~90°C for 
3-4h. Another preparative route yielding both (7) and (8) has been described in which 
[Mo(CO).] is refluxed in acetic anhydride containing dry NajS under N>. Water is added to 
hydrolyze the cooled reaction mixture.! 
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The existence of the Mo3S4* core has been confirmed by X-ray structure analysis of the 
iminodiacetate and oxalate complexes, Ca[Mo3;S,(ida)3]-11.5H,O and Cs,[Mo3S,4(C,0,)3- 
(H2O)3]-3H,O.%*-? Selected mean bond distances from the first of these are Mo—Mo (2.7 A), 
Mo—13(S) (2.35 A), and Mo—,(S) (2.30 A). Corresponding values for the [Mo30,(mida)3]*— 

complex are Mo—Mo (2.50A), Mo—p3(O) (2.04A) and Mo—y,(O) (1.92 A).” 
The aqua ion of the Mo,S3* cluster has formal oxidation states III, III, II and IV. 

X-Ray crystal structure determinations of both Na3[Mo,S,(edta),],” and the NCS~ complex 
(NH4)6[Mo.4S4(NCS)2]-10H,O,”' which appears to be a derivative of Mo,S$*, have been 
reported. 
In the above preparations from di-y-sulfido Mo}, the cubic Mo,S3* product is obtained in up 

to ca. 20% yield.”* This suggests a mechanism involving dimerization of a reduced form of Mo} 
at some stage to give the cubic Mo, product. Some subsequent (partial) decomposition to the 
trimer then occurs, although details of the reaction and the oxidation states involved have not 
been fully established.” If alternatively a mechanism involving addition of mononuclear Mo to 
the dimer occurred it is difficult to see how retention of all four bridging S?~ ligands could be 
achieved. 

The p-oxo-y-sulfido, [Mo203S(cys)]*, and di-u-oxo, [Mo20,(cys)2]*- , complexes have also 
been used singly or in mixes in the above preparations, and other members of the Mo30,S{*, 
series have been identified.”* Structures of Mo30S3* and Mo30;S‘*, both with w3(S) ligands, 
have been determined.”?> Because, in the wider application of the preparative procedures 
using [Mo,O,(cys)2|*, it has been found that there is a tendency for cysteine to remain 
attached to the Mo, there are advantages in using the corresponding Moy aqua ions, and 
mixtures of these.*? Although Mo304* can be prepared by this route, the formation of Mo,O3* 
has to be confirmed. Complexes in the Mo30,S4_, series with a 43-0xo ligand have not been 
repared. 

F suidigs on the 1:1 complexing of NCS~ for H,O on aqua Mo;Sj* indicate an ~10? labilizing 
effect as compared to Mo304*.% A cyclic voltammogram of [Mo3S,(ida)3]*~ at a glassy carbon 
electrode shows two reversible one-electron waves indicating the existence of Mo™YV and 
Mo#4IV oxidation states.®® This is the first time the Mo'"!Y'Y state has been identified. 
Although evidence has been obtained in cyclic voltammetry for reduction of aqua Mo3S4* the 

products have not as yet been prepared quantitatively. In 2M HPTS the 4+ aqua ion at greater 

than 10~°M is extremely stable. It reacts (e.g. 25 ml of 0.05 M) with metallic Fe (5S g) over a 
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few hours to give the cubic mixed-metal complex Mo3FeSj*. From the crystal structure of 

[Mo3FeS,4(NH3)o(H2O)]|Cl, (Figure 18), the Fe is seen to be four-coordinate whereas the three 

Mo atoms remain six-coordinate.”’ 

Figure 18 The structure of [Mo,FeS,(NH;).(H2O)]Cl,” 

The aqua ion of Mo,S3* in acid (2 M HPTS) solutions is also stable,®’ but less so than with 
Mo;3S4*, and at 50°C (in air) gives Mo3S4* with a half-life of approximately four days. The 
reaction is slower under N>. It can be reduced to the orange 4+ ion, which is stable, whereas 

on oxidation the 6+ complex is unstable. UV-visible spectra of the 4+ and 5+ complexes are 
compared in Figure 19. With two edta ligands coordinated to Mo,S3* the corresponding orange 
4+ and red 6+ states are both stable, Figure 20.°° Complexes having mixed oxo-sulfido cubic 
Mo,O,S3*, clusters have not been isolated. 
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Figure 19 UV-visible-NIR spectra of [Mo,S,(HO),2]** (——) and [Mo,S,(H,0),,]°* (- - -) in 1M HPTS 

Cyano complexes [Mo30,(CN)o]°~ and [Mo4S4(CN),2]®-, with Mo3S* and Mo,S4* core 
structures, have been prepared by the reaction of amorphous MoS; with CN~ and charac- 
terized crystallographically.” It should also be mentioned that [Mo3S,(n°-CsHs)3]*° and 
[Mo,S,4(n°-CsH4Pr')4] have also been obtained. !° 10 

In addition to the extensive trinuclear chemistry of Mo'Y there are a few examples of 
mononuclear complexes. These include [Mo(CN)s|*~ and trans-[MoO(H,0)(CN),]*-. The 
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Figure 20 UvV-visible-NIR spectra of [Mo,S,(edta),]** complexes (n = 4, 5, 6) in H,O* 

variation of Mo—O bond lengths for the series of complexes [Mo(O).(CN),]*, 
[MoO(OH)(CN),}?~ and [MoO(OH;)(CN),]?~ has been noted.!® Increased protonation of one 
of the oxo groups results in an increase in Mo—O from 1.83 through 2.08 to 2.27A. 
Concomitantly the terminal Mo—O bond decreases from 1.83 through 1.70 to 1.67 A. In the 
case of [MoO(H2O)(CN),]?~ blue salts with [Ph,As]* and green salts with [Ph,P]* provide an 
example of distortional isomerism.‘“ The major structural difference is the Mo==O distance 
which is reported to be 1.72 A in the blue and 1.60 A in the green form. 
A number of Mo!Y complexes of the type [MoOCI,(PR3)3] have also been isolated in both 

blue and green forms.’® X-Ray structure determinations have shown that both forms possess 
the meridional stereochemical arrangement, with the oxo and the Cl” ligand trans to each 
other. !°7 The green form has a shorter Mo=O distance (1.68 A) compared to the blue 
(1.80 A) which is unusually long. No satisfactory explanation for the existence of distortion 
isomers in the crystalline state has been forthcoming. 

Octahedrally coordinated mononuclear complexes with S- and P-donor atoms (9) and (10) 
have also been reported.'°%1 
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36.1.2.5 Oxidation State V 

The Mo’ state is readily obtained as the binuclear orange-yellow Mo,07" ion by reduction of 

Mo! as Na2[MoO,]-2H2O in acidic solutions. Procedures used include reduction with 

hydrazine, shaking with mercury, or controlled potential reduction at a Hg-pool electrode. On 

addition of NCS~ three products [MoO(NCS)s]*-, [Mo2O,(NCS)«]*~ and [Mo203(NCS)¢]*~ 

(anti form) are obtained, depending on the concentrations of NCS~ and Mo as well as the pH. 

These forms are representative of the three different Mo” structures (11)—(13). 

Probably the best known monomeric Mo’ form is the green chloro complex, which can be 

isolated as the solid (NH4)2[MoOCIs], and is retained in solution at >7 M HCI. The closely 

related [MoOCl,]~ and [MoOC1,H,O]~ ions are also known, and chloro and iodo analogues 
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have been obtained.'!° Other preparative routes in addition to the reduction of [MoO,]*~ 
include the oxidation of [Mo2(O2zCMe),] in aqueous HX (X~ = halide), or by dissolving MoCl; 
in an appropriate acid. In aqueous solution, at lower HX concentrations, orange-yellow 
Mo,03* is obtained. Elution of Mo,07* from Dowex cation-exchange columns with 0.5- 
2.0M HCIO, gives the orange-yellow aqua ion [Mo,0,(H2O).]’*. 

Monomeric oxo—MoY complexes have a characteristic EPR spectrum with a strong central 
band, and EPR provides the most direct and definitive means of distinguishing this form.’ 
The 4d' electron is believed to be located in an orbital in the plane perpendicular to the 
Mo=O bond. The bond trans to the terminal oxo ligand is relatively weak and five- as well as 
six-coordinate complexes are known. The structure of K,[{MoOCI,] gives four Mo—Cl bonds 
at 2.40 A (mean) and one trans to the oxo at 2.95 A.""? The difference is similar to that for the 
VO?* aqua ion (0.18 A) in hydrated vanadyl sulfate. A bigger trans effect is expected in the 
case of the nitrido complex [MoN(Cl)s]*~.'° The length of the Mo=O bond is shorter in 
five-coordinate complexes, and is 1.61 A in (AsPh,)[MoOCl].'!* On addition of a sixth ligand 
as in K,[MoOCI;] the Mo=O bond is ~1.67 A. The presence of the terminal oxo results in 
doming as in (AsPh,)[MoOCl,(H2O)] (Figure 21),"° and this is also a feature of Mo,O, type 
structures with an O,MoO, angle between terminal and bridging oxo ligands of ~105°. The 
stabilization of [MoO(SR),]~ type complexes using small peptides containing cysteine residues, 

1 and with bulky aromatic thiolate ligands has been reported. 

Figure 21 The structure of the Mo’ complex [MoOCI,(H,O)]~*!° 

Typical UV-visible spectra of Mo,O%* complexes are shown in Figure 22. Crystal 
structures have been reported for the compounds (pyH)[Mo20,Cl,(H2O),]-H2O, 
(pyH)s[Mo204(HCO2)(NCS)4]-2H,O and the p-acetato analogue (Figures 23 and 24).!!? The 
complexes are diamagnetic and Mo—Mo distances are short (2.56-2.58 A), consistent with 
metal-metal bonding."’” Structure data for [Mo2O,(NCS).]*~ have indicated a difference in the 
cis and trans Mo—N bonds of 0.15A.8 However, for the oxalate complex 
[Mo20,(C20.4)2(H2O),]?~, it has been demonstrated that the waters are coordinated cis to each 
terminal oxo, with the oxalate cis and trans to the same oxo. No difference in the oxalate 
Mo—O distances is detected in this and the corresponding di-y-sulfido complex 
[Mo,02S2(C,04)2(H20)2]”~ (14)."° In a similar bipyridyl complex (15) the Mo—N bond length 
trans to the terminal oxo is 2.32 A, while that in the cis position is 2.25 A,!2° giving an 
intermediate elongation effect. The absence of a trans influence in the case of oxalate suggests 
it has a low trans susceptibility as compared with bipyridyl and other ligands. A more extensive 
list of compounds would be of interest to explain this effect. It has been noted that the 
°C NMR spectrum of [Mo,0,(C,0,)2(H2O)2)?~ in water at pH 4 gives only one sharp peak at 
168 p.p.m. at 34°C, which suggests that in solution there is some rapid exchange process taking 
place.?”1"8 
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Figure 22 UV-visible spectra (€ values per dimer) of the MoY aqua dimer [Mo,0,(H,0O),]** in 0.5 M HCIO 
and of [Mo,0,(edta) > (— ——) at pH S (acetate buffer), and (€ per Mo) for ite polymere Mo’ ion (- - yi med 

), 

Figure 24 The structure of the Mo} complex [Mo,0,(HCO,)(NCS),}°>~ 12? 
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As in the case of the Mo}!"—edta complex the edta ligand in [Mo,0,(edta)]?~ is coordinated 
to the binuclear core in a ‘basket’ like conformation. Studies on complexes of Mo,0%* having 
optically active amine-carboxylate ligands such as propylenediaminetetraacetate have been 
reported.’ 

Oxidation of the Mo" complex [L(H20)Mo(OH),Mo(H20)(L)]**, where L is the cyclic 
triamine 1,4,7-triazacyclononane ligand, with (for example) ClO; gives the red- -purple coloured 
anti- -[Mo,0,Ly] complex (Amax 525 nm), which undergoes irreversible acid-catalyzed isomeriza- 
tion to the yellow syn-[Mo,0,L,] complex (Figure 25).™ If the 1,5,9-triazacyclododecane ligand 
L’ is used the anti-[Mo,0,L)] form is likewise obtained, and in contrast to the behaviour 
observed with L, is stable for at least two days in 1MHCIO, at 25°C.© Base-catalyzed 
isomerization is observed in both cases. Structures of the anti forms have been determined. For 
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the L complex the short Mo—Mo distance (2.55 A) is essentially the same as that for the 

yellow isomer (2.56 A).!2 The diamagnetism in both cases is consistent with metal-metal 

bonding. The four-membered MoO, ring in the anti form is planar whereas for the syn isomer 

it is puckered with an O,MoO,° angle of 109°. Kinetic studies on the acid-catalyzed 

isomerization of the L complex (red-purple— yellow) give a dependence (equation 22), which 

is consistent with H*-induced reaction (equations 23-25). 

k{H*] Z 22 
Kovs [H*] te K, ( ) 

. 2+ + ky! . 3+ (23) anti-[L,.Mo,0,]** + H* == anti-[L,Mo,0,H] 

anti-[L,Mo,0,H}** ——> syn-[L,Mo,0,H] (24) 

syn-[L,Mo,0,H]}** — > syn-[L,Mo,0,] + H* (25) 

acid catalyzed 
isomerization 

red-purple yellow 

Figure 25 The structures and isomerization of anti- to syn-[Mo,0,L,]** , L = 1,4,7-triazacyclononane™ 

A mechanism involving protonation at a terminal oxo ligand followed by addition of a trans 
H,O has been proposed.“® At 21°C K,=2.3M and k=2.4x10-*M~'s”*. Theoretical 
calculations on syn- and anti-[Mo7S4(S2C2H,)2|?~ indicate that the Mo—Mo bond is stronger in 
the syn isomer.‘ At present these are the only examples of the anti form. 

The preparations of di-u-sulfido and u-oxo-y-sulfido complexes of MoY with edta, cysteine 
and cysteine-ester ligands have been described.’* Formulae with cysteine coordinated are 
shown in (16) and (17). To prepare (16) hydrogen sulfide is bubbled slowly through a solution 
of Na2MoO,:2H,0 in HO for ~2 h and after removal of excess H2S and adjustment of the pH, 
the appropriate ligand is added. To prepare (17) H.S is bubbled slowly through a solution of 
MoCl,; in 3 M HCI for 2h. Both types of complex are an orange-yellow colour. The ligands can 
be removed by addition of acid, e.g. 1-2 M HCI, followed by gel filtration chromatography to 
give the aqua ion analogues of [Mo,0,(H2O),]**. Absorption bands in the UV-visible for 
Mo,0,S3* (277, 311, 340 and 463 nm) are at lower wavelengths than the corresponding bands 
for Mo,07* (280, 324, 365 and 493nm). The edta and cysteine complexes undergo 
electrochemical reduction in a single four-electron step to Mo™ dimers in aqueous (buffered) 
solutions. Although the ease of reduction and electrochemical reversibility of the Moy /Mo}" 
couples increase with insertion of S*~ into the bridging positions, the Mo™ dimers become 
increasingly unstable for the S*~-bridged complexes. With 1,1-dithiolate ligands such as 
N,N-diethyldithiocarbamate and diisopropyldithiophosphinate bridging and terminal oxo 
positions of the Mo,O%* structure have been replaced to yield all the products from 
Mo,O, (dtc) to Mo2S,(dtc)2.'7° Using IR spectroscopy and '*8O for '°O replacement, it has been 
demonstrated that substitution of O*- by S?~ at the bridging positions is fairly facile. Much 
more extreme conditions using P4Sio for example are required to effect terminal oxo 
substitution. 
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The second main category of dimeric MoY complexes having a single w-oxo bridge can also give syn and anti (rotamer) forms. Structures of anti-[Mo.03(NCS)4(C2O4)2]*~ and anti- 
[Mo203(NCS).(HCO.),]*~ have been determined (Figures 26 and 27), and indicate a linear Mo—O—Mo bridge with Mo—O, distances 1.85 and 1.86 A, and Mo—O, of 1.68 and 1.67A respectively." Other examples of this type are with bidentate thiophosphate in [Mo203{(S2POEt),}4] and [Mo,03(LL),], where LL represents O-thiopyridine.'*° Examples of 
the syn structure (18) are with bidentate sulfur-donor ligands in [Mo,03(S,COEt),4] and 
[Mo203(S2CNPr),]. In the first of these (O-ethyldithiocarbonate) the Mo—Mo bond is 3.72 A, and the Mo—O, bond is 1.65 A.!”” All known u-oxo-bridged dimers are diamagnetic or exhibit 
only a small practically temperature independent paramagnetism. 

It is possible to use IR spectroscopy as a means of distinguishing between Mo,03* and 
Mo,07* complexes.'*° No interconversion of these two forms has been studied, and no aqua 
ion having the Mo,03$* structure has yet been identified. -. yt 

The staggered conformation of terminal oxo ligands observed for Mo! in Mo,0$ is not 
observed for Mo’.’8 However, in the tetraphenylporphyrin complex [Mo,03(TPP),] the linear 
Mo—O—M6o structure is retained, and the terminal oxo ligands lie trans to the u-oxo group 
giving the opposed O,-Mo—O,—Mo—O, structure.’” i 

In a recent comprehensive study of the coordination of polypyrazolylborate, HB(pz)3, to 
Mo” a number of complexes have been prepared.’”° First by reacting HB(pz)s;MoCl; with O, 
the mononuclear complex [HB(pz)sMoOCl,] is obtained (Figure 28). A pair of geometric 
isomers, [Mo,03Cl,(H(Bpz)3)2] and [Mo20.(HB(pz)3)2], can be isolated from the reaction of 
MoCl, with HB(pz)3 in dilute HCl. By further reaction of the latter with MeOH the zigzag 
tetramer [Mo,O,(OMe),(HOMe),(HBpzs)|2 is obtained (Figure 29). Crystal structures of all 
but the Mo,0%* complex have been determined. The Mo,03 geometric forms provide an 

example of distortional isomerism with terminal Mo=O distances of 1.67 and 1.78 
respectively. Both are however yellow-brown in colour, unusual for Mo,03 e which is generally 
purple with an intense band at ~525nm. The latter was thought to be independent of the 
ligands present, a belief which it seems has now to be modified. 
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Figure 29 Representation of the tetrameric zigzag chain structure as found in [Mo,(HBpz;),(O),(u- 
OMe).(HOMe),] *°° 

Complexes reported as mixed-valence tetramers Mo’’Y’Y’!, with formulae [Mo,0,Cl,(O- 
Pr").] and [Mo,OgCl,(OEt),]*" ,"°""? have been reformulated as [Mo,O,Cl4(OPr"),(HOPr)2} 
and [Mo,OgCl,(OEt)2(HOEt),]" ,’*° indicating the importance in this chemistry of distinguish- 
ing between a coordinated alkoxide and coordinated alcohol. Both are accordingly tetrameric 
Mo’, with close structure analogies to the above zigzag complex. The latter occurs also as a 
central unit in the [Mo¢0,9(OPr'’),2] complex.'** A cyclic MoY octamer has been reported.‘ 
One example of a distorted cubane (MoO), complex of Mo’, [Mo,Og(Me2POS),], having four 
terminal oxo ligands has been reported (Figure 30).’°° 

Figure 30 The structure of the Mo” tetramer core in [Mo,O,(Me,POS),] showing the Mo,O, cubic arangement with 
terminal oxo ligands attached to each Mo” '°° 

The structure of an amorphous orange-brown polymeric Mo” form obtained from aqueous 
solutions has not been determined.’* It has a distinctive peak at 318 nm (¢ 3300 M~! cm™! per 
Mo) and is stable in H,0 at pH~6. On adjustment of [H*] to 0.17-0.50, J= 
0.50 M (H*/LiC1O,4), aquation to Mo,04* proceeds by rapid protonation followed by a single 
rate-determining step. At 25°C the protonation gives an acid dissociation constant K, = 
0.13 M, and k=5.5 x 10°*M™'s7? for the kinetic step. 

The rate of “*O exchange of O?~ in [MoOCIs]*~ has been studied under conditions of high 
Cl” (~12M), and found to be slow, with a half-life of 1-2h.** One of the reaction paths is 
believed to involve formation of [MoOCl,(H2O)]~ as an intermediate. In dichloromethane the 
substitution of Cl”, Br’, NOz and NO3 for OPPh; (which is trans to the oxo group) in 
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[MoOCl;(OPPhs)9] is consistent with a dissociative (D) mechanism (equation 26). Rate 
constants obtained are k,=42.0, 41.6, 51.8 and 40.38"! and k2/k_,=27, 8, 47 and 31 
respectively.'®’? Thus in a non-coordinating solvent k, is seen to be relatively small. 
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Measurement of H2O solvent *O exchange into aqua Mo,03* has been possible, using a 
procedure in which complexing with edta was followed by precipitation of the [Pt(en),}** salt.®! 
The two types of oxo ligand were shown to have quite different exchange rates. Using 
vibrational spectroscopy it was demonstrated that the fast exchanging O atoms are those in the 
terminal positions. At 0°C in 0.50MH*, these two Oatoms exchange with a half-life of 
~4 min. The other two O atoms have a half-life of ~70h at 40°C in 0.5 MH?* and ~3 years at 
0°C in 1MH_”. The rate law for the latter exchange has an [H*]? dependence consistent with a 
mechanism involving MoO, ring opening. An involvement of other ligand positions in the 
exchange of terminal oxo ligands is strongly implicated by the observation that 
[Mo,O,(edta)]*~ gives <1% exchange of terminal ligands after 4.25days. With 
[Mo,04(C,04)2(H20)2]°-, four O atoms (the terminal oxo and H,O ligands) exchange at 
indistinguishable rates followed by the >10° times slower exchange of bridging O atoms.® 

Kinetic studies on the 1:1 complexing of NCS” for H,O on [Mo,04(H20)«)*,"** 
[Mo,0,(C,0,)(H20)2|*— ats and di-y-sulfido [Mo207S2(C20,4)2(H20)2|?~ a (the latter two at 

pH values of 3.0-4.5) have been reported. Formation rate constants (107*k) are respectively 
2.9, 0.50 and 21 M~'s~ at 25°C, with J at either 2.0 (first study) or 1.0 M in perchlorate. With 
pyridine as the incoming ligand the rate constant of 0.50 decreases to 0.30M~!s~!. The 
mechanistic interpretation has to take into account the observation that the oxalate of 
[Mo20,(C,0,)2(H2O).]*~ may be undergoing rapid rearrangement.*? Therefore substitution is 
not necessarily confined to a basal plane site, and as in the case of [VO(H,O).]**, rapid 
substitution at an axial position (equilibration process K) is believed to be followed by the 
slower exchange to a position in the plane of the complex. The not too dissimilar rate constants 
for [Mo,0,(H20).]?* and [Mo20,4(C,0,4)2(H2O).|?~ are noted. With the di-y-sulfido complex a 
faster rate is observed and the p-sulfido ligands produce a labilizing effect. The kinetics of the 
multistage equilibration reaction of [Mo.0,(H2O).]** with edta to give [Mo,O,(edta)]?~ have 
been studied, [H*] = 0.5-2.0 M, and are observed to be much slower (t,2. <1 min). 

From kinetic studies the oxidation of aqua Mo,0%* with [IrCle]™, [Fe(phen)3]°* and 
[(NH3)sCo(O2)Co(NHs)s]°* proceed by competing pathways.'*’*! The first is oxidant inde- 
pendent, and is the result of the dimer undergoing rate-determining change to a singly bridged 
form, or to monomeric Mo’, which then reacts rapidly with the oxidant. Interestingly, this path 
has an [H*]7’ dependence suggesting involvement of a conjugate-base form of Mo,04*, and 
gives k=3x10-°Ms‘". This contrasts with the [HCl]? dependence (not at constant ionic 
strength) indicated for the '*O exchange of bridging oxo ligands.'*” A second rate law term, 
first order in oxidant as well as [Mo 03*], and representing direct attack of the oxidant on the 
dimer, is observed. This has a dependence on [H*]! of the form a+b[H*]~’, where the 
contribution from b is presumably favoured because of the increase in extent of hydrolysis 
accompanying the Mo’—> Mo”! change. The reactions with I; , NO; and [PtCl.]’~ as oxidants 
are very much slower. 

In contrast to the above study the [IrCl,]’~ oxidation of [Mo,0,(edta)]’~ gives evidence for 

an Mo”! intermediate.'** In the presence of edta the Mo’’”! is presumably held together for a 
sufficiently long time for it to become kinetically significant. Thus on addition of the product 

[IrCl,}>~ the reverse reaction is seen to be effective, and there is a decrease in the rate of 

reaction, which can be quantified in terms of the mechanism shown in equations (27)—(29). 

Moy + Ir’ == Mo’ + Ir? (27) 

Mo’! —> Mo’ +Mo"™ (28) 

Mo” + Ir'¥ —> Mo™'+Ir™ (29) 

The reaction of Mo,03* with NO; in tartrate buffer (which is capable of coordinating to the 

Mo) at pH2.2-3.5 has also been studied.'** The kinetics give a half-order dependence on 
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[Mo,03*] consistent with a mechanism shown in equations (30) and (31). From EPR 

measurements it has been confirmed that mononuclear Mo’ is present. 

MoY == 2Mo’ (30) 

Mo’ +NO; —— products (31) 

Pulse radiolysis studies on [Mo,O,(edta)]*~, [Mo,0S,(edta)}’~, [Mo20,(cys)]*" and 

[Mo20,4(C204)2(H20),]*~ at pH ~6, in which the Moy is reduced with e., and Zn* to the 

Mo!Y:Y mixed-valence form have been reported.'** The latter absorbs in the visible range 
(e 300-500 M~!cm~! per dimer). In the absence of O, the decay is relatively slow (t12 ~5- 

10s), and does not result in Mo" production. With O, present there is rapid (~10° M~* s~’) 
oxidation back to Moy. 

Inner-sphere paths are observed in the Cr’* reduction of 10~*-10~*M solutions of Mo}, 

[Mo204(H20)<]**, and of Mo’, [Mo30,4(H20)o]**, at 25 cy I=2.0M (NaPTS).'* In 

1.9M HPTS and with [Cr?*] in a greater than ten-fold excess of Moy, the reaction proceeds via 

a grey-green Cr-containing intermediate (~1 min), to give a product with the Mo" spectrum 
(~24h). The rate law for formation of the intermediate is of the form k,[Cr°*}[Moy][H’], 
with k,=9.1x10°M~*s~!. Decay of the intermediate is independent of Cr’* and can be 
expressed as k,[intermediate][H*]. The rate constant k,=2.0 x 10-°M~'s~* is believed to 
correspond to a process involving loss of Cr™. With a Cr?*:Moy ratio of reactants of 2:1 
evidence for two intermediates is obtained (~1 min), one (green in colour) giving a Cr:Mo 
ratio of 1:1, and the other the same as that generated in the reaction of excess Cr** with Moy 
giving a Cr:Mo ratio of 2:1. Some 30% of the Mo remains as Moy. Over longer periods 
(~22 h) 60-70% overall conversion to Mo} is observed, and 24-30% of the Mo is present as 
MoY. In separate experiments, with Cr** in a greater than ten-fold excess, Mo}Y is reduced to 
Mo#LIV in a two-stage process, complete within 1 min, and then through to Mo" (~40 min). 
Reduction of Moy to either Mo‘ or Mo$" is observed therefore, depending on whether a 
single addition of excess Cr** or successive additions of Cr?* are made. 

36.1.2.6 Oxidation State VI 

The solution chemistry of the Mo’! state has been an area of intense research activity for 
several decades. It is dominated by the isopolymolybdate and heteropolymolybdate forms,’*’ 
brief mention of which is included here. Such studies remain an active area of research with 
applications in the area of industrial catalysis.. More than 65 elements from all groups of the 
Periodic Table (except the rare gases) are implicated as heteroatoms in such structures.’*’ In 
addition to the text by Pope,’*’ a review of isopolyanions has appeared.'*® An overview on the 
hydrolysis of cations is also relevant.'*? At pH>7 Mo”! exists as the monomeric tetrahedral 
[MoO,]*" ions. Polymers are generated by conversion of tetrahedral Mo’! to octahedral forms 
in which there is edge, corner and (occasionally) face sharing of coordinated O?~ ions between 
adjacent Mo atoms. In the absence of heteropolyanions protonation to give [HMoO,]~, more 
precisely [MoO3(OH)]” (pK.3.47 in 1 MHC), is followed by a second protonation to give 
[H.MoOg] (pK, 3.7 in 1 M NaCl). The latter at least (possibly both) is believed to be octahedral 
and is sometimes referred to as [Mo(OH),] although other formulations have been 
suggested.'° The incidence of protonation at pH ~7 triggers polymerization. Polymeric forms 
play a dominant role in the chemistry of Mo’ from pH 7 down to 2.'*? At pH 2 to 1 (depending 
on the concentration) break down of polymers to give dimeric and monomeric octahedral 
forms occurs, where the latter are often referred to as [Mo(OH),]. The first protonation 
constant for [Mo(OH).] has been determined.’*'? Singly and doubly charged cationic species 
are present in such solutions,’°’”’°? and formulae which have been suggested include 
cis-[MoO,(H20),]** and [Mo(OH),4(H20),]**. The cis-dioxo structure is found in a number of 
mononuclear coordination complexes, including cis-[MoO,(Et,dtc).] (Et,dtc = N, N-diethyl- 
dithiocarbamate),'°’ cis-[MoO,(tox)2] (tox=thiooxine or 8-mercaptoquinolate),* A-cis- 
[MoO,{(2R)-cysOMe}.] (cysOMe = 1-cysteine methyl ester)!°° and A-cis-[Mo,(S)-penOMe)] 
(penOMe = penicillamine methyl ester).'°° Two cis oxos are also present in the oxalato y-oxo 
complex [(H20)(C204)02MoOMoO,(C,0,)(H20)]?~ (Figure 31).'*” Facial trioxo coordination 
is on the other hand present in [MoOsdien] (dien = diethylenetriamine)'* and the ethyl- 
enediaminetetraacetate complex [03;Mo(edta)MoO3]*- }*° (Figure 32). Features of both struc- 
tures are the MoO; bond angles (~106°) which are approaching those of a regular tetrahedron, 



Aqueous Solution Chemistry 1257 

and the Mo—O(oxo) bond lengths of ~1.74 A which indicate a bond order of two. The bond 
angles N—Mo—N (75°) for the dien complex, and N—Mo—O (73°) and O—Mo—O (75°) for 
the edta complex also suggest that the structures should be regarded as pseudotetrahedral. 
From Raman studies’ it has been concluded that [MoO dien] is largely dissociated in water 
(equation 32), and reforms rapidly and quantitatively as a solid on addition of alcohol at 
Dane Thus although it is necessary to replace an oxo ligand on [MoO,]*~ the reaction occurs 
rapidly. 

[MoO,dien] + HxO == [MoO,]*- + dienH2* (32) 

Figure 32 The structure of the Mo! complex [O;Mo(edta)MoO,]*~ 1% 

The polymeric forms obtained on decreasing the pH from 7 have been extensively 
investigated. For solutions with Mo™! concentrations greater than 10-> M, and pH in the range 
3.0 to 5.5, the predominant form present is the heptamolybdate(VI) ion, [Mo,O,]°, 
sometimes referred to as paramolybdate (equation 33). Commercially available ammonium 
molybdate, (NH4)s6[Mo702,4]-4H2O, is obtained by crystallization of a solution of MoO; in 
aqueous NH3. In spite of numerous attempts, no intermediate has been unambiguously 
characterized in the aqueous conversion of [MoQ,]*~ to [Mo7O,J]®. At pH<4 the 
B-[MogO2.]*~ octamolybdate form is obtained (equation 34). Representations of [Mo7O2,]* 
and [MogO..]*— are shown in Figure 33. The existence of significant amounts of the 
[MogO.]*~ ion has been controversial, but recent Raman and X-ray scattering’™ studies would 
seem to provide confirmation of its existence. Previously the interpretation of EMF data 
(pH 2-3) has been uncertain, because equally acceptable fits are given by a series of protonated 
[Mo7O.,4]® forms, as by a mixture of protonated [Mo7O24]® and [MogO..]*-. From one set of 
stability constant determinations, Figure 34 has been obtained, indicating the distribution of 

different species. The ditetrahedral [Mo207]"- ion has recently been identified in Mg[Mo20,] 
and in the double salt K,[Mo,0,],KCI.'-1°? These structures are to be contrasted with the 
crystalline product (NH4)2[Mo20,], obtained from hot aqueous ammonium molybdate solution 
after some hours, which consists of infinite chains of tetrahedral MoO, and octahedral MoO, 
units. 1 

7[MoO,]?- + 8H* == [Mo,0,,]* + 4H,O (33) 
8[MoCl]?- + 12H* == [Mo,0,,]*" + 6H,O (34) 
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Figure 33 The structures of (a) heptamolybdate, [Mo,0,,]° , and (b) octamolybdate, [MogO2.]*” (one MoO, 
octahedron hidden) 
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Figure 34 Distribution of Mo™' forms with pH for a solution of 5 x 10-*M molybdate at 25°C, J = 1.0 M (NaCl), as 
calculated by A. Nagasawa and R. Iwata (unpublished work) from data in ref. 151 

Solutions of Mo”! acidified to H*/[MoO,]* ~1.8 contain one or more very large 
polymolybdate structures. Earlier measurements based on ultracentrifugation and EMF 
“studies, through to a recent structure report,’ are consistent with a formula 
[Mo360112(H2O),8]®". The reaction can be summarized as in equation (35). There are two 
seven-coordinate Mo”! atoms in this structure. In all isopoly and heteropoly structures the 
metal ion does not lie at the centre of its polyhedron, but is displaced towards the exterior of 
the structure and towards a vortex or edge of its own polyhedron. Structures appear to be 
governed by electrostatic and radius-ratio principles as observed for extended ionic lattices. 
The Mo”! tetrahedral radius is 0.55 A (0.56 A for W), the octahedral radius 0.73 A (0.74 A for 
W), and the radius of O?~ is 1.40 A.'* 

36[MoO,]*- + 64H* == Mo;,0%, + 32H,O (35) 

Important differences are observed in comparing the behaviour of Mo’! and WY!. Equilibria 
involving [MoO,]*~ and polymolybdates in aqueous solution are established rapidly and are 
complete in a matter of minutes, whereas those for W‘' can take several weeks. The 
polyanions of tungsten are made up of WO, octahedra, but in other respects the behaviour of 
W™ solutions is quite different, and structurally the polyanions in one series do not have 
precise counterparts in the other. Known structures of isopolytungstates from aqueous solution 
include [W40i6]®-, [WsO9]*~ , [W10O32]*7 , [H2W12042]'°- and [H2W20 40]. 147 
A number of other isopolymolybdate anions including [Mo¢Q,0]*, a-[MogO2.]*- and 

[MosO,7H]°~ can be stabilized in non-aqueous or mixed solvents.’ The [Mo,0,]*7 ion is also 
obtained from acetonitrile solution. Tetrahedral coordination is retained in the latter.!©° There 
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are two distorted tetrahedra in a@-[MogO..]*~ above and below a crown of six octahedra formed by edge sharing. A tetrahedron spanning a ring of four edge- and face-shared octahedra is also believed to be present in [Mo;O,;H]°~.'” The w and B structures can coexist in solution, and a cation dependent isomerization of a into B has been observed.}7! 
Isopolymolybdates are generally colourless, and heteropoly forms can be coloured if another 

transition metal ion is present. Some other heteropolyanions can be coloured, for example that 
obtained by addition of ammonium molybdate to phosphoric acid to give ammonium 
12-molybdophosphate, [NH4]3[PMo12040], which is yellow. The [Mo.O,.]*- anion is unique 
for an isopolyanion in being yellow (Amax 325 nm) and having a structure with a monocoordin- 
ated terminal oxo group rather than MoO, units. This ion is electrochemically reduced to the 
mixed valence [Mo,0,9]*~ and [Mo¢O,.]*~ forms in DMF. Incorporation of the Mo” state in 
blue-red and yellow mixed-valence species formulated as [MoYMo}'0js]*~, [Mo¥Mo3!0,.]?~ 
and [MoyMo;"O,,H]*~ respectively has also been reported. The reduction of addenda atoms in 
heteropolyanions results in the formation of heteropoly blues, and gives rise to a vast 

chemistry. The added electrons are delocalized according to varying timescales over certain 
atoms and/or regions of the structure. 

Because the surfaces of polyanions have some similarities to those of metal oxides, it is 
thought they may have some relevance in the area of heterogeneous catalysis. As a result a 
whole new area concerned with the synthesis and study of organic and organometallic 
derivatives of polyanions is being investigated.” 
A kinetic investigation of the “*O exchange between water and molybdate [MoO,]*~ at 

pH > 11, [OH] =3 x 10°°-0.15 M, J = 1.00 M (NaClO,), has been carried out.!”4 The rate law 
(equation 36) indicates paths involving reaction with H,O and OH- (k, =0.338s"', Kon = 
2.22 M~*s~" at 25°C). The corresponding k, values for [CrO,]*~ (3.2 x 10-7 s~*) and [WO,]?— 
(0.44 s~*) provide one of the few kinetic comparisons for Cr, Mo and W. The difference in rate 
constants is attributable to the larger enthalpy of activation in the case of chromate, reflecting 
tighter CrY'—O bonds. It has to be borne in mind that there are other contributing paths for 
chromate, the full rate law having been determined as equation (37). The molybdate exchange 
cannot readily be studied by '8O labelling at pH 11, because protonation is effective and much 
faster rates are observed.'” 

Rate = k,[MoO3] + kou{[MoO2-][OH"] (36) 
Rate = k,[CrO% ] + k.[HCrO;] + k3[H*][HCrO;] + k.[HCrO,;] + k,[HCrO; iF (37) 

Fast monomer-—dimer equilibria involving Mo‘! in 0.2-0.3M HCIO,, I =3.0M (LiClO,), 
have been studied by the temperature-jump method.’ A major pathway involves rapid 
dimerization of a monomer form, referred to as [HMoO;]*, which might alternatively be 
written [MoO,(OH)(H20);]* or a related form. At 25°C, 1=3.0M[LiCIO,], rate constants 
are ks=1.71X10°M_'s"!, and k,=3.2x10°s~!. Information has been obtained by the 
stopped-flow method for the interconversion of tetrahedral chromate and dichromate ions.'”” 
At pH 2-4 hydrogen chromate, [HCrO,]~, is specified as the reactant. From this and other 
similar studies on the substitution reactions of [HCrO,]~ there is evidence for a dissociative 
process.'’® Further information concerning precise formulae of Mo! in acidic solutions is 
required to enable more extensive comparisons. 

Temperature-jump studies of Mo™! solutions at pH 5.50-6.75 have been reported for the 
monomer-—heptamer and heptamer—octamer interconversions which are complete within a few 
milliseconds.'”? Molybdate as [HMoO,]” (here assumed to be tetrahedral) reacts with 
bidentate 8-hydroxyquinoline’®® and catechol,’®! to give octahedral products in net 46 
conversions.'*” Table 4 summarizes the kinetic data, where different degrees of protonation of 
the ligating groups are indicated. For the reaction with edta a path assigned to the reaction of 
[Hzedta]’~ with [HMoO,]- gives a rate constant of 2.3 x 10°M~'s"'."’ A reaction in which 
the tetrahedral geometry of [MoO,]*~ is retained is the rapid stopped-flow equilibration of 
molybdate with [Co(NH3)s(H2O)]** (pK, 6.3) at pH 7-8 (equation 38).' 

[Co(NH;);(H,O)]** + [MoO,]*> == [Co(NH;),(OMoO,)]* + H,O (38) 

Substitution is at the Mo! centre with retention of the Co—O bond. The first-order 
[H*]-dependent term is consistent with [HMoO,] as a reactant, and the [H*]-independent 
term is assigned to the reaction of [HMoO,]~ with [Co(NH3)sOH]**. An interesting situation 
arises in the reaction of [MoO,]*~ with [Cr(edta)(H,O)]~ at pH 7.3-8.7.'** As in the case of 
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Table 4 Second-order Rate Constants for Reactions of [HMoO,]~ at 25°C 

Coordination change 
Ligand Ionic strength at Mo“! k (M~'s~*) 

H-oxine 0.20 46 4.5 x 10° 
H-oxine-SO; 0.20 46 3.9 x 10° 
oxine 0.20 46 1.5 x 108 
oxine-SO3~ 0.20 46 4.0 x 10’ 
H-catechol™ 0.10 46 1.9 x 108 
H,-edta 0.10 46 2.3 x 10° 
[Co(NH3)sH,0]°* 1.0 44 3.2 x 10° 
[Co(NH;);OH]** 1.0 44 6.6 x 104 
[Cr(edta)H,O]— 1.0 44 3.1 x 10* 
HS 0.50 44 1.3 x 10° 

H-oxine = 8-hydroxyquinoline. 
H-oxine-SO, = 8-hydroxyquinoline-5-sulfonic acid. 
H-catechol = product of first acid dissociation of catechol. 

[Co(NH3);(H2O)]**, there are two terms for complex formation in the rate law, one of which 
can be assigned to the reaction of [Cr(edta)(H2O)|~ with [MoO,]*~ (rate constant 21 M~'s~’). 
The second, which is first order in [H*], corresponds to replacement of the H,O of 
[Cr(edta)H,O]~ by [HMoO,]~ (3.1 x 10*M~'s~*). Whereas the first is believed to correspond 
to replacement of the H,O (labilized by the presence of the carboxylate) at the Cr’, the latter 
as in other cases corresponds to substitution at the Mo¥! centre. There are proton ambiguities 
however because the first reaction could also be assigned to the reaction of [Cr(edta)OH]*~ 
(pK,7.4) with [HMoO,]~. In all these examples the interpretation requires that there are 
pathways in which there is protonation of [MoO,]?~ prior to complexation. Protonation 
labilizes at least one oxo ligand and may itself induce a 4— 6 change in coordination to give a 
more labile species. Consistent with this, rates are much more rapid than for H,'*O exchange 
with [MoO,]*-. 

Tetrahedral sulfido or thiolate complexes are known for a number of d° transition metal ions 
including Mo’'.'®° Preparative procedures involve the reaction of solutions of oxyanions with 
H2S. In addition to [MoS,]’~ the mixed oxo/sulfido complexes [MoOS3]*~, [MoO.S,]*- and 
[MoO,S]*~ are well characterized. Although the latter is difficult to obtain in a pure crystalline 
state, X-ray crystal structure information on (NH,).[MoS,] (Mo—S = 2.17 A),'*° and 
Cs.[MoOS;] (Mo—S = 2.18 A; Mo—O = 1.79 A)'8” have been reported, and the Mo—O dis- 
tance is slightly longer than in MoY! complexes K,[MoOg] (1.76 A), [MoO,(dien)] (1.74 A) and 
[Mo205(C,04)2(H2O)2]*~ (Mo—O, 1.69 A). Bridged Mo! w-sulfido complexes do not appear 
to be formed and there are no counterparts in the polymeric (and heteropoly) species found 
from [Mo0,]" Kinetic studies on the interconversion of [MoO,S,4_,]* forms have been 
cont out.'** The 1:1 equilibration of HS with [MoO,]?~ can be expressed as in equation 
39). 

koi 
[MoO,]* + H* +HS~ == [Mo0,S]* + H,0 (39) 

There are few quantitative studies with H2S as a reactant, and some difficulties were 
experienced in choosing conditions appropriate to the study. At pH9.2- 
10.2 (0.25 M NH3/NHj buffer), 1=0.50M (NaCl), plots of equilibration rate constants ke, 
against [MoO] are in accord with equation (40). 

es i k{MoOz ] ott ky (40) 

The formation constant k; is dependent on [H*] giving k = 4.0 x 10? M~*s~!, and k, for the 
reverse reaction is 6.5 x 10~*s~'. Interpretation of k in terms of a reaction between [HMoO,]~ 
and HS™ is preferred rather than the alternative of [MoO,]*— with H,S, and on this basis a 
second-order rate constant of 1.3 x 10°M~'s~' is obtained, of similar magnitude to those listed 
in Table 4. Other formation rate constants for the different [MoO,S,_,]*~ ions have to be left 
in the form of the experimental third-order rate constants since the relevant protonation 
constants are not known. For the rate law k[MoO,Sj_,][HS~][H*], k values range from 
4.0 x 10?M~*s"" for the reaction of [MoQ,]?~ to less than 1.6 x 10°M~2s~! for [MoOS;}*-. 
Rate constants for aquation of [MoO3S]*~ (6.5 x 10-*s~'), [MoOS3]?- (~5 x 1075s~!) and 
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Figure 35 The structure of the Mo™' peroxo complex, [Mo(O,),]”~ !%° 

Figure 36 The structure of the Mo’! peroxo/hydroperoxo complex [(O),0Mo(OOH),MoO(0,),]*~ 1° 

[MoS,]*" (1.6 X 10-°s~*) indicate a trend to smaller values as more sulfide ligands are 
introduced. The presence of sulfide does not appear to give a labilizing effect. 

Different crystalline phases can be separated from aqueous solutions of potassium 
molybdate(VI) following reaction with varying amounts of hydrogen peroxide, pH 4-8.'* 
Crystal structure determinations of [Zn(NHs3)4][Mo(O>2),],’°° K2[O{MoO(O;).(H2O)}>]- 
2H20,'” K4[Mo402(O>)2]'”” and Ke[Mo7022(O2)2]-8H20’”* have for example been reported. 
In all cases the O3~ is bound sideways to the metal, with O—O distances varying from 1.38 to 
1.55 A, but generally around 1.48 R which is the expected value for peroxide. The peroxo 
ligands in the dark red [Mo(O;)4]*~ compound (O—O distance 1.55 A) are positioned 
tetrahedrally about the Mo’! (Figure 35). A CrY analogue [Cr(O.)4]*~, having a similar 
configuration (O—O distance 1.48 A), is known. An interesting variation is the occurrence of 
hydroperoxide as a bridging ligand in (pyH)2[(O2)20Mo(OOH).MoO(O;),],'"* where the 
bridge has a pendant —O(OH)— arrangement (Figure 36). Only one other example of this 
structure is known in the Cos" complex [(en)2Co(NH2, O2H)Co(en),]**.'°° The complex 
K,[MoO(O>)2(C20.4)] is monomeric,’ and to be regarded as five- or seven-coordinate 
depending whether the O3~ is assigned one or two coordination positions. 
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36.2.1 INTRODUCTION 

This survey of the lower oxidation states of molybdenum concentrates on those compounds 
which have a minimum of metal—carbon bonds. This is because there is an extensive literature 
of low-valent carbonyls, arene, alkene, alkyne and other organometallic complexes of 
molybdenum which has been thoroughly reviewed in ‘Comprehensive Organometallic Chem- 
istry’. We therefore exclude compounds of alkenes, alkynes and higher organic entities. 
Nevertheless, reference is made to significant compounds which contain molybdenum-carbon 
bonds where it is judged appropriate. Coverage of complexes containing molybdenum- 
molybdenum bonds is also kept to a minimum because these compounds are reviewed in 
Chapter 36.3. ea es 

In certain cases the nature of the ligands involved makes definition of the metal oxidation 
state difficult, e.g. NO, N2R, dithiolenes, etc. For simplification, therefore, arbitrary assign- 
ment of ligand charge and therefore metal oxidation state has been made in the text, e.g. NO is 

1265 



1266 Molybdenum 

defined as being NO* in its compounds and N>R is arbitrarily regarded as N2R. Hydride is 

regarded as H~. Complexes of formal oxidation state below zero, e.g. the anion [Mo(CO)s]?-, 
are not reviewed here because of the high number of Mo—C bonds, as explained above. 

36.2.2 MOLYBDENUM(0) 

36.2.2.1 Carbon Ligands 

36.2.2.1.1 Carbon monoxide 

There is an extensive chemistry of Mo® formally based upon substitution of [Mo(CO).] by 
various ligands, without oxidation of the metal. These include hydride; nitrogen donors such as 
bipy, phen, NR3, RCN, NCS~; oxygen donors such as OH”, THF, RCO;; sulfur donors such 

as RS, Me2PhPS; selenium and tellurium donors such as R2Se and R2Te; and halogens. In 

general compounds of the type [Mo(CO) ;L], [Mo(CO)4L,], [Mo(CO)3Ls] and [Mo(CO) L4] 
result from direct substitution reactions using [Mo(CO).], which are summarized in ‘Compre- 
hensive Organometallic Chemistry’ (COMC).'* 
A recent significant development has been the application of "Mo NMR to the study of 

these carbonyl compounds. Ranges of chemical shifts (p.p.m. relative to [MoO,]?) which have 
been determined are: [Mo(CO),.] —1858; [Mo(CO);L] (L=N, P, As or Sb donor) —1350 to 
—1870; [Mo(CO),4L,] —1100 to — 1600; [Mo(CO)3L;3] (here L may also be an arene or related 
ligand) —1100 to —1750; [Mo(CO),L4] —1400 to —1800.? 

Alternative routes to carbonyl compounds are also known, e.g. by direct reduction of a 
higher oxidation state compound in presence of CO or by displacement of a more labile ligand 
by CO. Reaction (1) illustrates these routes.'* Mixed substituted complexes can also be 
obtained, e.g. [Mo(CO)2(PR3)2(CNMe)>].’* 

[MoCl,(dppe).] + Mg -gg> cis-[Mo(CO),(dppe)2] 

trans-[Mo(Nz).(dppe)2] <*> trans-[Mo(CO).(dppe)2] + 2N> (1) 

A series of monocarbonyl complexes is known of which the five-coordinate complex 
[Mo(CO)(dppe)2] may be regarded as the parent. It has an almost square pyramidal structure 
and adds ligands L to give the series [Mo(CO)(L)(dppe)2] (L = N2, DMF, C,H4, 4-CIC,H4CN, 
PhCN, CsHsN, Mez.NCHO, CN~, SCN~ or N;).°** Further analogues of this series, 
fac-[Mo(CO){PhP(CH,CH2PPh2)2}(PMe2Ph)2] and [Mo(CO)(PF3)4(dppe)], have also been 
prepared.* These compounds are notable for their low values of v(CO) for mononuclear 
compounds, in the range 1690-1820 cm~’. 

36.2.2.1.2 Isocyanide ligands 

Molybdenum carbonyl—isocyanide complexes may be obtained as in Section 36.2.2.1.1. In 
most respects isocyanides behave in a very similar way to carbon monoxide, with which they 
are isoelectronic. As for the carbonyls, the isocyanide complexes may be regarded as 
derivatives of [Mo(CNR).] and have been reviewed comprehensively. !*” 

Isocyanides are rather more reactive than CO at low-valent molybdenum centres and may 
react with nucleophiles, e.g. R'NH2, to give carbene complexes,’ e.g. equation (2), or with 
electrophiles to give carbyne complexes,'* e.g. (3). 

[Mo(CNR) ;(NO)]* + R'NH; = [Mo{C(NHR)(NHR’)}(NO)(CNR),]* (2) 

trans-[Mo(CNMe).(dppe),] => trans -[Mo{CN(R)Me}(CNMe)(dppe),]* (3) 

R* =H"* or Me* 

Simple oxidation/reduction has also been studied for a wide range of isocyanide complexes. 
Again those complexes containing mainly molybdenum-carbon bonds have been reviewed in 
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COMC and here we merely give as an example the series trans-[Mo(CNR),(dppe)2] (R = alkyl 
or aryl). They are not reducible under normal conditions, but they can be reversibly oxidized 
electrochemically*” by one electron to give the series [Mo(CNR).(dppe).]* (see Section 
36.2.3).*° Complexes with aryl substituents are less easily oxidized than those with alkyl 
substituents, as might be expected and these compounds are notable for their low v(NC) 
values, 1850-1920 cm~!. The X-ray structure of trans-[Mo(CNR),(dppe).] confirms the trans 
geometry of the series.° 

36.2.2.2 Dinitrogen Complexes 

These complexes are reviewed in a variety of articles®” and are collected in Table 1. 
In general they are prepared by the following methods. 
(A) Reduction of a high-valent molybdenum species in presence of dinitrogen, e.g. reaction 

(4). 

[MoCl,(THF)3] “gas cis-[Mo(N;).(PMe,Ph),] (4) 

(B) Displacement of a ligand from a preformed complex by dinitrogen, free or coordinated, 
e.g. reactions (5) and (6).°° 

trans-[Mo(N>)2(PPr3Ph)4] + No ——~> mer-[Mo(N,)3(PPr3Ph);] + PPr3Ph (5) 

[MoH,(Ph,PCH,CH,PPh,), +N, —> trans-[Mo(N,),(PhoPCH,CH,PPh,),] + 2H, (6) 

(C) Displacement of dinitrogen by a ligand, e.g., reaction (7).° 

trans-[Mo(N,)2(PhyPCH;CH,PPh,),] + RCN —-> trans-[Mo(N>)(RCN)(Ph;PCH,CH,PPh,)>] (7) 

(D) Displacement of a coligand by a second coligand, e.g. reaction (8).'° 

trans-[Mo(N;)2(PPh,Me),] + CsH;N —— [Mo(N,).(PPh2Me)3(C;H;N)] + PPh.Me (8) 

The binding of dinitrogen to the metal centres in these mononuclear complexes is end-on to 
the molybdenum as shown, for example, by the X-ray structures of trans- 
[Mo(N;>)2(Ph2PCH,CH3PPhz)2] (1)'? and mer-[Mo(Nz2)3(PPr3Ph)s3] (2). (Data for other struc- 
turally characterized complexes are in Table 1).% Characteristic of this bonding mode for 
dinitrogen are slight elongation of the N=N bond on binding (by about 0.01—0.02 A from that 
of 1.0976 A in free N) and a v(N2) value some 300-400 cm“! less than the 2331 cm~! value of 
free N2 in its Raman spectrum. 

N N 
||: I 

Ph, N Ph, N 

ie PhPr°P | PPr2Ph 

Mo Mo 

b Ph a op N Ph, 2 . T3 Ww 3 ‘ SC 

, I: 
N N 

(1) (2) 

The majority of complexes contain tertiary phosphines or arsines as coligands but there is 
also a class which has z-arene coligands which is included in Table 1 for completion. 

Despite the obvious relevance of dinitrogen complexes to the chemistry of the molybdenum- 

sulfur site of nitrogenase,° dinitrogen complexes of molybdenum with sulfur ligation have 

proved to be very’ elusive. They are confined to the compounds 

COC 3-00 
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Molybdenum(0), (J) and (IT) {PAR 

[Mo(N2)2(PhSCH2CH2SPh)(PMePh),]'*__ (said to decompose at 20°C) and 
[Mo(N>)2(Ph2PCH2CH2SMe) (PPh2Me),]} ; ves 

**N NMR data can be used to characterize these compounds and to follow their reactions in 
solution. Characteristic resonances are shown in Table 1. Dinitrogen occupies a low position in 
a spectroscopic series of ligands based on Mo NMR spectroscopy.!*"4 
Many dinitrogen complexes show a reversible one-electron oxidation in solution but are not 

reducible under normal conditions. The complexes [Mo(N2)(RCN)(PhoPCH2CH2PPh»)2] are 
exceptional in that they show two successive one-electron polarographic oxidation waves.’ E12 
values (0— 1), shown in Table 1, can be used to deduce that dinitrogen is a relatively good 
electron-accepting ligand to molybdenum(0).'° Dinitrogen complexes of molybdenum(I) are 
generally poorly stable (see Section 36.2.3). 

Because of the electron-accepting properties of dinitrogen when bound to molybdenum in 
the phosphine complexes, it is susceptible to attack by acids (HX) to give ammonia via 
complexes of the type [MoX(N2H)(PR3),4] (X = anionic ligand, PR; = tertiary phosphine) and 
[MoX(NNH,)(PR3;)4]X. Hydrazine can also be formed, depending upon the solvent and acid 
used. Attack by organic reagents RX can also occur to give analogous compounds 
[MoX(N2R)(PR3)4] and [MoX(NNR>)(PR3)4]X. The first step in this process can involve a 
radical mechanism for certain RX. The chemistry involved in these reactions has been reviewed 
in depth”* and the diazenido complex products are described in Section 36.2.4.3. 

Attack at terminal nitrogen by other electrophilic reagents can also be used to give binuclear 
complexes with bridging dinitrogen. Thus treatment of trans-[Mo(N2)2(Ph2PCH2CH2PPh.),] 
with AlMe3-Et,O gives trans-[Mo(N2AlMe3)(N2)(Ph2PCH2CH2PPh,)2.]_ and __[(n°- 
CsH;Me)(PPh3)2Mo(N2)Fe(°-CsHs)(Me2PCH2CH2PMe,z) |BF, is obtained by displacement of 
acetone from [Fe(n°-CsHs)(Me2?CH2CH2PMe,)(Me2CO)|BF, by the dinitrogen of [Mo(n.- 
CsH;Me) (N2) (PPhs)>] é a 

Although displacement of one dinitrogen in trans-[Mo(N2)2(dppe)2] and its analogues can 
give rise to a new series of dinitrogen complexes trans-[Mo(N2)(RCN)(dppe)2], more generally 
dinitrogen is completely displaced by such ligands as CO, Hz, RNC, CO, and alkenes to give 
new series of complexes, e.g. trans-[Mo(RNC),(dppe)2],* trans-[Mo(C2H,)2(PMes)a],’ 
[Mo(CO;).(PMes).]’ and cis-[Mo(CO).(dppe)2].” (See above and Section 36.2.2.6.) 

36.2.2.3 Nitrogen Monoxide Complexes 

With our definition of NO in its complexes as NO*, a range of compounds is then formally of 

Mo®. Often they have analogues containing the isoelectronic ligand N2R, which we formally 

regard as N,R~. This consequently means that the N.R analogues of NO complexes will appear 

in a section concerning the higher oxidation states and we cross refer to, or list, analogous 

complexes where this occurs. Nitrosyl complexes have been extensively reviewed. !8-19.20 

36.2.2.3.1 Complexes of the type MoX2(NO) 

These complexes may be regarded as the precursors of a wide range of derivatives, 

[MoX.,(NO).L,], etc. discussed in subsequent sections. 

[{MoX,(NO)>},,] (X = Cl, Br or I) are generally prepared by the reaction of [NO]X with a 

carbonyl derivative, sometimes followed by metathesis (method A). Thus [{MoX,(NO)2},] 

(X = Cl or Br) are obtained by treatment of [Mo(CO)«] with NOX, whereas [{Mol,(NO)2} 1] is 

obtained from [{MoBr,(NO),},] and KI in acetone.**"”° [MoX2(CO)4] when treated with NO 

also gives these complexes (method B). Alternatively (C) the reduction of MoCl; or MoOCl 

with NO in CH>Cl,, CsH;Cl, CHCl; or CCl, gives [(MoCl,(NO)},,].” The structure of these 

compounds appears to be halide-bridged polymers, with a linked structure caused by a cis 

disposition of NO ligands [X = Cl, v(NO), 1805 and 1609 em”). mee ‘ 

Compounds of the type [MoXCp(NO).] (Cp=n°- CsHs or 7 -CsMes) and 

[MoX(Rpzb)(NO)2] are also known (Rpzb™ = anion tris(2-pyrazolyl)(R)borate)"™* and are 

monomeric in solution, the Cp derivatives having the ‘three-legged piano stool’ structure (see 
1a,19 

i The °°Mo chemical shifts of this class of compounds are in the range —800 to —985 p.p.m. 

(rel. [MoO,]*).77 
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36.2.2.3.2 Complexes of the type [MoX2(NO),L2] (L =monodentate or 1/2-bidentate 
neutral ligand)” 

This is the largest class of nitrosyl complex and the members are shown in Table 2, together 
with notable physical properties. They are prepared by the following routes. 

(A) By treatment of [{MoX,(NO),},] with neutral ligands. For example, treatment of 
[{MoX2(NO)>},] with ligands L gives the series [MoX,(NO),L,] (L = MeCsH4NH2, CsHii,NH2, 
PPhs, AsPhz, py). 

Table 2 Dinitrosyl Complexes of Molybdenum 

Compound Preparation* v(NO)?(cm™') Ref. 

Uncharged complexes 
[MoCl,(NO).(PPh3)2]° A,B 1796,1670 1,2 
[MoBr,(NO).(PPh3)>] A,B 1795,1675 2 
[MoI,(NO),(PPh;)>| A,B 1795, 1675 2 
[MoCl,(NO).(PMePh),] A,B 1795) 46757 | 173 
[MoCl,(NO),(PEtPh,),] B 1785,1693 4 
[MoCl,(NO).(PEt;)>] B 1775,1660 4 
[MoCl,(NO),(PBu;),] B 1760,1670 4 
[MoBr,(NO),(PEtPh,),] B 1795,1677 4 
[MoCl,(NO),(AsPh3)>] A,B 1795,1680 2 
[MoCl,(NO).(dppm)] B 1790,1670 4,5 
[MoCl,(NO).(dppe)] A 1805,1685 4 
[MoBr,(NO).(dppm)] A 1770,1650 5 
[MoCl,(NO).(dpam)]} A,B 1765,1680 5 
[Mo(NCS),(NO).(dppe)] B 1787,1675 4 
[Mo(NCS).(NO),(dppm)] B 1788,1680 4 
[MoCl,(NO).(OPPh;)>] Bye 1780,1660 3,6 
[MoBr,(NO).(OPPh;)>] B,C 1780,1660 3,6 
[MoCl,(NO).(Opy)>] A,B 1785,1675 3 
[MoBr,(NO),(Me,SO),]° A 1784,1645 7 
[MoCl,(NO),(EtOH),] A 1790,1680 3 
[MoCl,(NO).(H,O),] GC 1810,1680 3 
[MoCl,(NO),(PhNC),] A 1780,1680 3 
[MoCl,(NO).(py)2] A,B 1790, 1680 3,8 
[MoCl(NO),(bipy).] A,B 1785,1675 3,9 
[MoCl,(NO),(phen)}* A,B 1780, 1670 3,8 
[MoCl,(NO),(en)] A,B 1790, 1680 10 
[Mo(NCS).(NO),(bipy)] See text 1785, 16/2.) “11 
[Mo(NCS).(NO),(phen)] See text 1780,1665 11 
[Mo(CN).(NO),(phen)] See text 1785,1665 11 
[MoCl,(NO)2(MeCN),] A,B 1805,1685 9 
[MoCl,(NO),(CH,=CHCN),] A 1800,1680 9 
[MoCl,(NO),(PhCN),] A 1800,1690 9 
[MoCl,(NO),(PhCH,CN),] A,B 1795,1695 3 
[MoCl,(NO).(C,H,,NH,).} A,B 1785,1665 3 
[MoCl,(NO),.(MeC,H,NH,)>] A,B 1775,,1665%. 3 
[MoBr,(NO).(Me,S)>] A 1790,1682 6 
[Mo(S,CNMe,).(NO),]® See text 1750, 1645 8 
[Mo(S;CNEt,).(NO)] See text 1750,1640 8 
[Mo(acac),(NO),]' See text 1703,1645 8 
[Mo(oxine)(NO)>] ce 1700,1640 8 
[Mo(mbt),(NO).] 8. 1740,1620 8 
[Mo(mp).(NO),] € 1755,1620 8 
[Mo(etg).(NO)>] Cc 1715,1620 8 
[Mo(ttp)(NO),}’ Cc 1740,1600 12 
[Mo(tacn)(NO),] A 1755,1660 8 
[Mo(MeSC,H,S).(NO),] A 1765,1665 8 

Cationic complexes 
[MoCl(NO).(MeCN),]* D 1830,1720 13 
[MoCl(NO),(CH,==CHCN),]* D 1830,1720 13 
[MoCl(NO).(PhCN);]* D 1830,1720 13 
[MoCl(NO).(MeCN)(py)>]* D 1810,1690 13,14 
[MoCl(NO).(MeCN)(bipy)]* D 1810,1700 13 
[MoCl(NO),(diars),]* A,B 1773; 1667 = 15. 
[MoBr(NO),(tacn)] B 1750,1650 16 
[MoH(NO),(tacn)]* B 1770,1640 16 
[Mo(acac)(NO).(MeCN),] See text — 14 
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Table 2 (continued) 
pe A a eR Dd 

Compound Preparation*® v(NO)?(cm~') Ref. Se ene 
[Mo(NO),(OPPh;),]?* B,D 1800, 1680 13 
ME OMCOMS tGren ot D 1860,1750 13 

fe) 2(Me 3 B,D T8272 tsi 913 WANG E Crcoy aa Yale" D 1850, 1730 13 
te) 2 4 D 1850,1750 13 

[Mo(NO),(MeNO,),]2* B,D 1853, 1743 13 
[Mo(NO),(MeCN)s(py)a}°* D 1830,1720 13 
[Mo(NO),(MeCN),(bipy)] D 1830, 1730 13 
[Mo(NO),(diars), A A,B 1816, 1733 15 
[Mo(NO).(bipy)2] an B,D 1816,1707 = 13 
[Mo(NO),(dppe),] B,D 1800, 1676 13 
Anionic complexes 
[Mo(S3C,Cl,).(NO).]~ See text 1773, 1658 17 
[Mo(S2C.H3Me),(NO)2]~ See text 1760,1650 17 
[MoCl,(NO),] B 1720, 1600 8,17 
a tea B 1720, 1610 17 

oCl,Br, 2 B 1720, 1630 17 
[Mo(CN),(NO),]?~? B 1790, 1660 18 
[Mo(CNS),(NO),]°~ = B 1786, 1658 11 
[Mo(OH),(NO),|~ c 1740, 1610 3 
[Mo(S,C.Cl,),(NO),]”- See text 1704, 1595 17 
[Mo(MNT),(NO),] See text 1742, 163317 
[Mo(NO),(ox) . See text 1785, 1630 8 
[Mo(NO),(C,H,S.)9]*7 . 1690, 1580 19 

* See text. » Solid state spectra (Nujol or KBr).° 6°°Mo (DMF) —500p.p.m. rel. 

[MoO,]°; X- “Tay structure—see text. “X-ray structure; d(NO) 1.167, 1. 153 A; Me,SO 
is O-bonded. gs *Mo (DMF) —263 p.p.m., X- “Tay structure—see text. *6°°Mo (RMF) 
—265 p.p.m. ®6°°Mo (DMF) —438 p.p. m. "8° °Mo (DMF) 7430p. p.m. '6”Mo 
(DMF) 7298 p.p.m. ’ X-Ray structure—see text. “6°°Mo (HCl) + 
152p.p.m. '6° "Mo (DMF) -104p.p.m. ™X-Ray structure, cis NO’s d(NO) 
1.146 A (av.). "6”°Mo (DMF) +201 p.p.m. 
ttp = meso-tetra-p-tolylporphyrinate; tacn = 1,4,7-triazacyclononane; oxine = 8-quinolino- 
late; mbt =2-mercaptobenzothiazolate; mp =2-pyridinethiolate; etg = ethylmercapto- 
acetate; dttd = 2,3,8,9-dibenzo-1,4,7,10-tetrathiadecane(2 — ). 

1. E. I. Stiefel, Prog. Inorg. Chem., 1976, 22, 1 

2. M. O. Visscher and K. G. Caulton, J. Am. Chem. Soc., 1972, 94, 5293; B. F. G. 
Johnson, J. Chem. Soc. (A), 1967, 457. 

3. F. A. Cotton and B. F. G. Johnson, Inorg. Chem., 1964, 3, 1609; U. Sartorelli, F. 

Zingales and F. Canziani, Chim. Ind. (Milan), 1967, 49, 751; K. H. Al-Obaidi and 

T. J. Al-Hassani, Transition Met. Chem., 1978, 3, 15; S. Bhattacharyya, N. N. 
Bandyopadhyay, S. Rakshit and P. Bandyopadhyay, Z. Anorg. Allg. Chem., 1979, 
449, 181. 

. T. Nimry, M. A. Urbancic and R. A. Walton, Inorg. Chem., 1979, 18, 691. 

. J. A. Bowden, R. Colton and C. J. Commons, Aust. J. Chem., 1972, 25, 1393. 

. F. King and G. J. Leigh, J. Chem. Soc., Dalton Trans., 1977, 429. 
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1985, 520, 25. 
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11. R. Bhattachararya and G. P. Bhattachararjee, J. Chem. Soc., Dalton Trans., 1983, 

1593; with A. M. Saha, Polyhedron, 1985, 580; A. Miiller, W. Eltzner, S. Sarkar, H. 
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(B) By treatment of a molybdenum(II) compound such as [MoX,(CO)3L,] with NO. 

Typically [MoX,(CO)3(PPh3)2] (X=Cl or Br) gives, on treatment with NO, 

[MoX2(NO)2(PPhs)2].” 

(C) By ‘reductive nitrosylation’, i.e. reaction of a high-valent molybdenum compound with 

NO in presence of a reductant and another ligand, e.g. [MoCl,(PPh3)2] + NO + PPh3 + AICLEt 

in hexane gives [MoCl,(NO)2(OPPhs)]. 

For completion, we list compounds of the class [MoX(n°-CsHs)(NO)2L2] in Table 2. Their 

analogues, [MoCl{Rpzb}(NO)2L] are also included. 

As can be seen from the data of Table 2, these compounds have in general a cis arrangement 

of nitrosyl groups (two v(NO) values) and the X-ray structure of [MoCl,(NO)2(PPh;)2] 

confirms this'®!° as shown in (3). The average Mo—N distance (1.19 A) is consistent with the 

NO~ formalism and the Mo—N—O angle is significantly less than linear (162° average). 

Bending in nitrosyl complexes commonly occurs as a result of removal of the degeneracy of the 

a*(NO) levels and has been discussed in detail elsewhere.'* The cis NO structure has also been 

confirmed by X-rays for [MoCl.(NO)(bipy)],!® and for [MoBr2(NO).(OSMe,),]."* 

The reaction of [{MoCl,(NO),},] with diars and en gives [MoCl,(NO),(diars)] and 

[MoCl,(NO),(en)] but if these compounds are left in solution their colour changes from green 

to yellow and the formation of a hyponitrite-bridged complex, product (4), has been 

suggested.”° 

36.2.2.3.3 Other dinitrosyl complexes 

Treatment of [{MoX2(NO)>},] with sodium dialkyl dithiocarbamates (Nadtc) affords the 
dinitrosyl complexes cis-[Mo(NO)2(S2CNRz2)2] (R = Me or Et). These compounds may also be 
prepared by treatment of [Mo(NO).(MeCN),][PF.]2 with Nadtc and the complex 
[Mo(NO),(acac)2] is obtained using Na[acac].”°’ 

The cationic precursor complex [Mo(NO).(MeCN),]** is itself prepared from 
[Mo(CO)3(MeCN)3] and [NO]PF, in MeCN.”° The exchange reactions of the MeCN in this 
dication have been studied by NMR, two MeCN ligands being relatively easily dissociated. It is 
assumed that these are trans to the cis NO groups. The cationic complexes 
[Mo(acac)(NO)2(MeCN)2]* and [MoCl(NO)2(MeCN)3]* have also been prepared, the former 
in which the MeCN groups are mutually trans does not dissociate MeCN, whereas the latter 
exchanges the one MeCN which is trans to NO.*8 
Two series of cationic complexes, [Mo(NO),L,4]?* (L = RCN, py, etc.) and [MoCl(NO),L3]* 

have been prepared by halide abstraction from [MoCl(NO),L,] using silver salts in DME 
(method D). Some members of the series catalyze the polymerization of norbornadiene, 
whereas the uncharged parent compounds do not.” The series [Mo(NO),L,}** (L is a 
displaceable solvent such as THF) may also be obtained by treatment of [Mo(CO).] with 
NO[PF.] followed by addition of further ligands such as bipy.” This latter reaction also gives 
[{Mo(NO).(PFe¢)2},] which is assumed to be a polymer with weak PF, bridges.”° 

The reduction of [Mo(ttp)Cl,] (ttp = tetra-4-tolylporphinate) with zinc amalgam in benzene 
under NO followed by chromatography gave the dinitrosyl complex [Mo(ttp)(NO).]-CsHs 
which has the cis NO geometry established by X-rays. The NO groups are bent towards each 
other [NMoN = 78.4(5)° and OMoO = 60.0(3)°], a mutual NO attraction which is observed in 
other dinitrosyl compounds. In order to accommodate the cis geometry, the Mo is displaced 
0.99 A from the porphinato skeleton towards the nitrosyls.°% 
A further class of dinitrosyl complex is that containing dithiolene and related ligands. 

Because of electronic delocalization, there are problems of assignment of oxidation state in 
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these complexes,” e.g. in [Mo(NO).(MNT),]*— and [Mo(NO),(S,C¢Cl.)2]*~, but they are 
included in this section (see Table 2) for convenience. A further series of anionic complexes in 
this class are the green compounds [MoX,(NO),|*- (X=Cl, Br or I), prepared from 
[{MoX,(NO))},,] and e.g. [NEt,]X, and [MoCIBr(NO),]*-, prepared from [{MoCl,(NO)},] 
and [Ph,P]Br.* A binuclear, bromide-bridged dinitrosyl [Mo,Br,(NO),]?~ has been structurally 
characterized by X-rays.°”° 
An important use of dinitrosyl complexes of molybdenum has been as catalyst precursors in 

the alkene disproportionation reaction. Thus [MoCl,(NO),L,] (L = PPh; or py) together with 
AICI,Et forms an active homogeneous catalyst for alkene disproportionation. The catalysis 
appears to require loss of NO from the metal and the field has been reviewed. !9*! 

36.2.2.3.4 Mononitrosyl complexes 

These complexes are generally prepared by methods similar to those employed for the 
dinitrosyl compounds, treatment of a low-valent molybdenum compound with NO or a nitrosyl 
derivative being the principal method. Compounds and major physical properties are collected 
in Table 3. 

Treatment with nitrosylating reagents of molybdenum—carbonyl precursors leads to a variety 
of carbonyl—nitrosyl complexes. Examples of these are included in Table 3, but they are not 
reviewed in depth for the reasons cited earlier. They have been reviewed in COMC (vol. 3, pp. 
1112-1115), e.g. [Mo(CO),(diars)] with NO[PF.] gives? [Mo(diars)(CO);(NO)]*, and 
[Mo(CO).(bipy)] gives [MoX(CO).(NO)(bipy)], (X = Cl, Br or I)** (method A). This method 
has also given the series trans-[MoX(NO)(dppe)2] (X = F, Cl, Br, I, OH, SCN, CN, NCO, N3, 
SPh or PPh), by treatment of trans-[MoX(N2H)(dppe)2] with NO or trans-[Mo(N2)2(dppe)2] 
with MeN(NO)C(O)NH) (X = CNO) or Et,.NNO (X = OH).*? 

The trans structure of this latter series has been established by X-rays for X = OH, disorder 
preventing accurate determination of the NO distance.*? The carbonyl analogues 
[MoCl(NO)(CO).(diphos)2] (diphos=dppe or dppm) have been obtained from 
[Mo(CO)3(MeCN)s3], diphos and NOCI.** Use of PPh; gives [MoCl(NO)(CO)(MeCN)(PPhs)2]. 
The compound [MoCl(NO)(PPh2H),] results from treatment of [MoCl;(NO)]?~ with PPh,H 
and Mg. 

The Crean pont complexes [Mo(CO)(NO)(dppe)2]* (method A, [Mo(CO),(dppe)] + 
NO[PF.]) on treatment with §=NaS,CNR, R='Me™* of © Et)** “give™ 
[Mo(CO)(NO)(S2CNR;)(dppe)]; the analogues [Mo(S,CNR2)(CO)(NO)(diars)] were 
similarly prepared*> (Table 3). The anionic complex [Mo(NO)(MNT),]*" obtained*® 
from [{MoCl,(NO)>},,] and Na2MNT is also included in this section. 

_ The compounds [Mo(n°-Cp)(NO)(CO)2] (Cp = CsHs or CsMes) are also included in this 

section for completion (Table 3) (see COMC vol. 3 for details). Their analogues with 

pyrazolylborate ligands [Mo(CO),L(NO)] [L = HB(3,5-Me,HC3N2)s, HB(C3H3N2)3 or 

B(C3H3N2)4] have been prepared by treatment of [Mo(CO).] with the appropriate pyrazolyl- 

borate salt followed by NO or an NO source.*° The complexes [Mo(°-Cp)(NO)(CO)z] have 
been shown to have the ‘three-legged piano stool’ structure (5) by X-ray spectroscopy”’ and 

presumably the pyrazolylborates have a similar structure. Treatment of the compound 

[Mo(Bpz4)(NO)(CO)2] (pz = pyrazolyl) with RNC (R=CsHsMeCH, PhCH), Et) gives the 

adducts [Mo(Bpz4)(NO)(CO)(RNC)] which are enantiomeric and diastereoisomeric because of 

the asymmetry at molybdenum and in the isocyanide chain (Table Base Phosphine analogues 

[Mo{3,5-X.pzb}(NO)(CO)(PPh2R’)] (Table 3) are also diastereoisomeric.*° 

ZI S 

HAN 

ea 
(5) 

The complexes trans-[MoX(NO)(dppe)2] show a well-defined reversible one-electron oxida- 

tion in solution and the monocations can be isolated. They are described in Section 36.2.3.3. 

Treatment of ¢trans-[Mo(OH)(NO)(dppe)2] with | Ag[BFs] in MeCN _ gives 

[Mo(NO)(NCMe)(dppe)2][BF4] as well as its dicationic, oxidized analogue. 

coc3-00* 
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Table 3. Mononitrosyl Complexes of Molybdenum(0) 

Preparative 

Complex method v(NO) (cm7')* Ref. 

trans-[MoX(NO)(dppe),]” A 1500-1600 1,2 
(X=F, Cl, Br, I, OH, SCN, See text 
CNO, CN, N3, SPh, OPh) 

[MoCl(NO)(PPh,H),] See text 1542 3 
[MoCl(NO)(CO),(dppe)] A 1648 4 
[MoCl(NO)(CO),(dppm)] A 1632 4,5 
[MoCl(NO)(CO)(PPh;)(dppe)] A 1597 4 
[MoCl(NO)(CO)(PPh3).(MeCN)] A 1617 5 
[MoCl(NO)(CO)(PPh;)(py)2] A 1595 5 
[MoX(NO)(CO),(diars)] A 1642-1649 6a 

(X = Cl, Br, I) 
[MoCl(NO)(CO)(dppe),] A 1601 4 
[MoCl(NO)(CO)(diars),] A 1605 6a 
[Mo(S,CNMe,)(NO)(CO),(diars)] See text 1597 4 
(R= Me or Et) 

[Mo(S,CNMe,)(NO)(CO),(diars)] See text 1589 6a 
[Mo(O,PF,)(NO)(CO).(diars)] See text 1658 6a 
trans-[MO(NO)(MeCN)(dppe).] * © See text 1685 1,2 
mer-[Mo(NO)(CO),(dppe)]* A 1735 4 
mer-[Mo(NO)(CO),(diars)]* A 1741 6a 
[Mo(NO)(CO)(dppe)]* A 1645 4 
[Mo(NO)(CO)(diars)]* A 1659 4 
[Mo(NO)(CO),(PMe,Ph)(diars)]* A 1671" 6a 

17 
[Mo(NO)(CO),{P(OMe);}(diars)]* A ue 6a 

[Mo(NO)(CO),(ttacn)]* A 1665 6b 
[Mo(NO)(MNT)]?~ A a 7 
[Mo(°-CsHs)(NO)(CO),]* A T 8,9 
[Mo(n>-C;Me,)(NO)(CO).]* A 1642 8,9 
[Mo(Me,pzb)(NO)(CO),]é A 1655 9 
[Mo(pzb)(NO)(CO),]° A 1660 9 
[Mo{B(H3C3N2)4}(NO)(CO),] A 1665 10 
[Mo{B(H,;C3N,)4}(NO)(CO)(RNC)] A 1620(R=C,H;MeCH) 10 

1620 (R = C<H<CH,) 10 
: 1615 (R = MeCH,) 10 

[Mo(R-3,5-X,pzb)(CO)(NO)L]' 1600-1640 11 
(R= pz, X=H; R=H, X=Me) 

K,[Mo(CN),NO} 1455 12 

“Solid state spectra (Nujol or Kbr), X-Ray structure for X= OH confirms trans structure; 6 Mo 
—490 to —800p.p.m. rel. [MoO,]” (THF). °6”Mo —553 (CH,Cl,). “Two isomers. * X-Ray 
structure, three-legged piano stool, CO and NO disordered; 5 : Mo —1584 (MeCN). * X-Ray structure 
as e; 6° Mo —1404 (MeCN). %5”Mo -751 (MeCN). ‘L=PPh,NRCH(Me)Ph (R’=H or 
Me). ’ X-Ray structure d(NO) 1.23 A. 
ttacn = N,N’, N"-trimethyl-1,4,7-triazacyclononane. 

1. C. T. Kan, P. B. Hitchcock and R. L. Richards, J. Chem. Soc., Dalton Trans., 1982, 79. 
2. S. Donovan-Mtunzi, M. Hughes, G. J. Leigh, H. Mohd-Ali, J. Mason and R. L. Richards, J. 

Organomet. Chem., 1983, 246, C1. 
3. F. King and G. J. Leigh, J. Chem. Soc., Dalton Trans., 1977, 429. 
4. W. R. Robinson and M. E. Swanson, J. Organomet. Chem., 1972, 35, 315. 
5. N. G. Connelly, J. Chem. Soc., Dalton Trans., 1973, 2183. 
6. (a) N. G. Connelly and C. Gardner, J. Chem. Soc., Dalton Trans., 1979, 609. (b) G. Backes- 

Dahmann and K. Wieghardt, Inorg. Chem., 1985, 24, 4044. 
7. J. A. McCleverty, Prog. Inorg. Chem., 1968, 10, 145. 
8. J. T. Malito, R. Shakir and J. L. Atwood, J. Chem. Soc., Dalton Trans., 1980, 1253. 
9. M. Minelli, J. L. Hubbard, K. A. Christensen and J. H. Enemark, Inorg. Chem., 1983, 22, 2652. 

10. E. Frauendorfer and J. Puga, J. Organomet. Chem., 1984, 265, 259. 
11. E. Frauendorfer and H. Brunner, J. Organomet. Chem., 1982, 240, 371. 
12. A. Miiller, W. Eltzner, S. Sarkar, H. Boégge, P. J. Aymonio, N. Mohan, U. Seyer and P. 

Subramanian, Z. Anorg. Allg. Chem., 1983, 503, 22 and references therein. 

36.2.2.4 Nitrogen Donor Ligands 

The complexes [Mo(bipy)3] can be prepared by reduction of [Mo(bipy)3]** with Li,bipy”’ or 
of [MoCl,(MeCN),] with sodium in presence of bipy.*® Formally, the oxidation state is zero, 
but there must be considerable distribution of electronic charge in orbitals which are 
ligand-based. 
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There are a considerable number of molybdenum carbonyl! derivatives with nitrogen bases, 
e.g. of the types [Mo(CO),,L¢_,] (L = RCN, py, DMF, amines, various diamines, etc., n = 1-4) 
which are not reviewed here but have received extensive coverage in COMC (vol. 3, p. 1087). 
We include [Mo(PF3)2(bipy)2] in this section.*®° It is obtained by substitution of CO by PF; in 
[Mo(CO),(bipy).]. 

36.2.2.5 Phosphorus Donor Ligands 

These compounds, of the general formulation [MoP.] (P = PMe3, PH,Ph or P(OMe);3, or 
P,=dmpe or dppm), may be synthesized by displacement of CO from [Mo(CO).] under 
forcing conditions (for dmpe);** by reaction of molybdenum vapour with the ligand (for PMe3 
and dmpe);* by reduction of a molybdenum complex, in presence of the ligand, with AIEt, 
(for dppm) or Mg (for PMe3, PH2Ph or P(OMe)3];!? or by displacement of Nz from 
trans-[Mo(N2)2(dppe)2]. These compounds are red or brown, octahedral and react readily with 
dioxygen in solution. The X-ray structures of [Mo(PMe;).] and [Mo(dmpe)3] confirm the 
Biotest octahedral structures (there is disorder in the case of [Mo(PMe3).]) with d(Mo-P) 
2.467(2) A (for PMe3) and 2.421(3) A (P, = dmpe).*° [Mo(PMes)<] is particularly reactive; thus 
PMe; is displaced by N2, CO and C,H, to give [Mo(N2)(PMes3)s],~" [Mo(PMe3)3(CO)3] and 
[Mo(C2H,)2(PMes;)4] respectively; H. adds to give [MoH,(PMes),] in which a PMe; group will 
oxidatively add a C—H bond to the metal and a variety of organometallic and oxidized 
compounds may be obtained.“ In contrast to this high reactivity, [Mo(dppe)s] is very inert to 
substitution and [Mo{P(OMe)s3}.] is only substituted when photolyzed.” This difference is 
reflected in the relatively long Mo—P bond in [Mo(PMes).] (see above) compared to that of 
[Mo(dmpe)3], presumably because of greater steric pressure in the former complex. The 
complex [Mo(triphos)(1*-dppFe)(1 '-dppFe)] (dppFe = Ph,PC;H,FeC;H,PPh2) has also been 
prepared. 

36.2.2.6 Miscellaneous Compounds 

36.2.2.6.1 Complexes with dithiolene ligands 

Compounds of the type [Mo{S,C,(CF3)2}3]”" (” = 0-2) present a problem of assignment of 
oxidation state because ligands of this type may be regarded as having two limiting structures 
(6) and (7) in their complexes. Thus the oxidation state of complexes if the limiting form is (7) 
would be low, i.e. (0), (I) and (II) in the above series. However, a range of spectroscopic and 
other investigations indicate that these compounds have oxidation states at the higher range 
[e.g. the above series could be viewed as (VI), (V) and (IV)] and therefore they are not 
included in this survey; they have been reviewed elsewhere.’ 

es S 
-» as 

fi f 
(e C 

SS Dice Dy: 
(6) (7) 

36.2.2.6.2 Complexes of CO2, COS and SO, 

Complexes of these ligands are included in this section, again because of an ambiguity of 

oxidation state. This is exemplified by the X-ray structure of [Mo(CO2)2 (PMes)s(CNPr')] (8) 

where the CO, ligands are C—O bonded to the metal. For the purposes of this review, CO, is 

regarded as a neutral ligand, and its bonding in the above complex resembles that of C,H, in 

the analogue [Mo(C,H,)2(PMes),].“* Compound (8) was obtained by treatment with RNC 

(R = Me, Pr' or Bu‘) of [Mo(CO,)2(PMes)4], which in turn is obtained by displacement of Nz 

from [Mo(N>)2(PMes)4] by CO2.** The analogue [Mo(CO2)2(dppe)2] is similarly prepared from 

trans-[Mo(N>)o(dppe)2], but treatment of this complex with MeNC evolves CO, to give 

trans-[Mo(CNMe),(dppe)2].“* Reaction of COS with [Mo(N2)2(PMes)s] gives the complex 
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[Mo(S2CO)(CO),(PMes3)2]. The disproportionation of CO, and COS to give carbonato species 
commonly occurs at Mo? centres.” 

(8) 

Several SO, complexes of molybdenum have been prepared which are assigned both the 
n?-(S—O)— and n'(S-bound)-bonding modes. Generally the metal coordination site has a 
mainly carbon environment and we give here only the examples fac-[Mo(CO)3(dmpe)(n7- 
SO.)]; | mer-[Mo(CO)3(dmpe)('-SO2)], _ mer, trans-[Mo(CO)3(PR3)('-SO2)] and trans- 
[Mo(CO).(dppe)(PR3)(7'-SO2)] (PR3 = PMe;, PPh,Me or PPr3) and fac-[Mo(CO); 

(MeCN).(n?-SO2)]. They are generally prepared by displacement of a labile ligand, such as 
MeCN, from a precursor complex, e.g. [Mo(CO)3(MeCN)3] by SO2.* 

36.2.3 MOLYBDENUM(D 

36.2.3.1 Carbon Ligands 

36.2.3.1.1 Carbon monoxide 

In this section we mention the paramagnetic monocationic complexes [Mo(CO)2(dppe)2]* 
and [Mo(CO),(bipy)2]*, both of which are produced by oxidation of the parent Mo® 
complexes. In the former case, the oxidants used include [MeC,H,N>][BF,],*° NO[PF.], L 
and Ag'!*47 and a variety of analogues [Mo(CO),L,]* has been obtained (L, = dppm, dmpe, 
diars, etc.).'**” Electrochemical oxidation has also been used, with other measurements, to 
show that a rapid cis— trans isomerization follows oxidation and an explanation for this 
phenomenon has been proposed on the basis of extended Hiickel molecular orbital calcula- 
tions, the stereochemical change being dependent on the number of valence electrons and the 
nature of the coligand z-donor or z-acceptor capacity. Similar studies have been made upon 
the compounds [Mo(CO).L,]* (L = bipy or phen).*’ 

36.2.3.1.2 Isocyanide ligands 

The isocyanide analogues of the above carbonyls, trans-[Mo(CNR)2(dppe)2] (R = alkyl or 
aryl) undergo a reversible one-electron oxidation in solution*® and oxidation with I, or Ag! 
salts allows isolation of the paramagnetic cation [Mo(CNC,H,Me),(dppe)2]* (eg = 2.01 BM). 
With other isocyanides, substitution at the metal centre occurs on further oxidation. 

36.2.3.2 Dinitrogen Complexes 

Oxidation of trans-[Mo(N2)2(dppe)2] with I, in methanol allows isolation of the unstable 
cationic complex trans-[Mo(N2)2(dppe)s]I3.° This cation has also been prepared electrochemi- 
cally and the rate of its decomposition by loss of N2 studied.® A range of dinitrogen complexes 
shows reversible one-electron oxidation in solution, but in general the monocations are too 
unstable to be isolated for molybdenum.°® 

Species of the type [MoX(N2)(dppe)2] (X= Cl, Br or I) are thought to be intermediates in 
the alkylation reactions of coordinated dinitrogen in trans-[Mo(N2)2(dppe)2] and their isolation 
for X = Cl or Br has been claimed. The analogue [MoCl(N2)(PMes).] was also thought to exist 
but subsequent studies have indicated that the properties attributed to [MoX(N2)L,4] (L = PMe; 
or L, = dppe) can be reproduced by an equimolar mixture of [MoX,L,] and [Mo(N,)2L4] and at 
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best it appears that [MoX(N2)L,] very rapidly disproporti i ion.” portionates in solution.*? However, th analogue [Mo(SCN)(N>)(dppe).] is stable at room temperature.~° ; 

36.2.3.3 Nitrogen Monoxide Complexes 

These complexes are collected in Table 4. 
The pale green paramagnetic complexes [MoCl,(NO)L,] (Table 4) result from reaction?! of 

alkyl phosphines with the red solution obtained from MoCl; and NO in CHCl. Treatment of 
[MoCl,(NO)(PMePh,)(PMePh,0)] with [NEt.JCl gives?! the green paramagnetic salt 
[NEt.][MoCl;(NO)(PMePh,),]. Other complexes in this series are generally obtained by 
oxidation of the formally Mo? nitrosyl (Section 36.2.2.3) or reduction of the formally Mo! 

_ nitrosyl (Section 36.2.4.2). 

Table 4 Nitrosyl Complexes of Molybdenum(I) 

Complex v(NO)? (cm~') Other data Ref. 
a a ge SO SCO ee hey 
[MoClL,(NO)(PMePh,).(PMePh,O)] 1585 Meg 1.91 BM 1 
[MoCl,(NO)(PPr"Ph,),(PPr°Ph,O)] 1600 Meg 1.93 BM 1 
[Mo(NCS),(NO)(bipy)] 1678 Hep 2.1 BM 2 

(Gay) 1.99 
[Mo(NCS).(NO)(phen)]° 1665 Meg 1.8 BM 2 

(Sav {1299 
[Mo(NCS),(NO)(phen)]° 1600 Heg 1.9 BM Z 

(fee) 197 
[MoBr,(NO)(ttacn)] 1565 Leg 1.83 BM 3 
[Mo(NCO)(S,CNR,)(OPPh;,] 1640 — 4 
R=Me or Et 

[Mo(ttp)(NO)(MeOH)]:2C,H, 4 1540 Meg 1.71 BM 5 
{g) 1.968 
(A ?°°7Mo) —99.66 

[Mo{HB(Me,C;NH,);}I(NO)] _ (g) 1.998 6 
[MoX(NO)(dppe),] 1645-1650 (g,,) (X = Cl) 2.02 7,8 
(X = Cl, Br, I, OH, H, NCO, NCS) Meg 1.9-2.02 

[Mo(Me,pzb)(NO)(MeCN),]* 1652 (g) 1.982 6 
[Mo(NO)(MeCN)(dppe),]** 1685 Meg 2.2 BM 7,8 

(8av) 2.02 
[Mo(NO)(PhCN)(dppe),]** 1700 Leg 2.1 BM 7 
[Mo(NO)(MeCN).]** 1796 (Zay) 1.98 8 
[MoCl,(NO)(PMePh,),]~ 1610 Meg 1.89 if 
[MoCl,(NO)(OH,)]?— 1624 d(NO) 1.158 A 9 
[Mo(CN),(NO)]>~ 1585 X-Ray structure disordered 9 

Meg 1.96 BM 
sat (Sav) 2.00 

[Mo(SCN),(NO)] 1676 — 9 

*Solid state spectra (Nujol or KBr). : Square pyramidal structure. °Trigonal pyramidal structure. * X-ray 
structure—NO trans to MeOH, disorder precludes accurate d(NO). 
ttacn = N,N’, N”-trimethyl-1,4,7-triazacyclononane; ttp = meso-tetra-p-tolylporphinate. 
1. F. King and G. J. Leigh, J. Chem. Soc., Dalton Trans., 1977, 429. 

2. R. Bhattacharyya, G. P. Bhattacharjee, A. K. Mitra and A. B. Chatterjee, J. Chem. Soc., Dalton Trans., 1984. 
487. 

. G. Backes-Dahmann and K. Wieghardt, Inorg. Chem., 1985, 24, 4044. 
. K. H. Al-Obaidi and T. J. Al-Hassani, Transition Met. Chem., 1978, 3, 15. 
. T. Diebold, M. Schappacher, B. Chevrier and R. Weiss, J. Chem. Soc., Chem. Commun., 1979, 693. 
. J. A. McCleverty, Chem. Soc. Rev., 1983, 12, 331. 
. P. B. Hitchcock, C. T. Kan and R. L. Richards, J. Chem. Soc., Dalton Trans., 1982, 79. 

. §. Clamp, N. G. Connelly, G. E. Taylor and T. S. Louttit, J. Chem. Soc., Dalton Trans., 1980, 2162. 

. A. Miiller, W. Eltzner, S. Sarkar, H. Bégge, P. J. Aymonio, N. Mohan, U. Seyer and P. Subramanian, Z. 
Anorg. Allg. Chem., 1983, 503, 22 and references therein. 

WOMANIAMKNHLW 

The compound [Mo(NO)(NH2O)(NCS),(phen)] on heating under reflux in acetophenone or 
on photolysis at 80°C gives the five-coordinate, paramagnetic isomeric pair 
[Mo(NCS)2(NO)(phen)] (Table 4); a square pyramidal analogue [Mo(NCS).(NO)(bipy)] was 
also obtained. In all compounds the NCS is N-bonded.*! 
The reaction of HNO; with [Mo(Hacn)(CO);] (Hacn=WN,N',N"-trimethyl-1,4,7- 

triazacyclononane) gives the air- and water-stable complex cation [Mo(CO).(NO)(Hacn)]* 
which on bromination and reduction gives the paramagnetic complex [MoBr,(NO)(Hacn)] 
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(Table 4). The complexes [MoX,(NO)(Hacn)]* can be reduced electrochemically by one 
electron to give the formally Mo! species in  solution.°* The complexes 
[Mo(S2CNR.)2(NO)(OPPh3)] (R = Me or Et), obtained by treatment of [Mo(S,CNR2)2(CO),] 
with NO, are formulated solely on the basis of analysis and IR spectroscopy.*? The compound 
[Mo(ttp)(NO)(MeOH)]:2C,Hg is obtained upon reduction of [Mo(ttp)Cl,] by zinc followed by 
chromatography on Al,O3 with CH,Cl, containing traces of MeOH (ttp = meso-tetra-p- 
tolylporphinate). Its X-ray structure confirms octahedral coordination with NO trans to 
MeOH.” 

Electrochemical reduction of [Mo{Me2pzb}NOI,] (Me2pzb = tris(3,5-dimethylpyrazolyl)- 
borate) gives the green, paramagnetic monoanion, which dissociates I~ to give the uncharged, 
green, paramagnetic [Mo{Me2pzb}NO].* A range of pyrazolylborate-Mo" complexes can also 
be reduced electrochemically to give the Mo! species in solution, e.g. the compounds 
[Mo{Me2pzb}XY(NO)] (X, Y=anions) and the bimetallic series {Mo}NHRNH{Mo} 
({Mo} = Mo(Mezpzb)I(NO); R= CsH4R’C.Hy; R’= CH2, C,H,, SOz, O) and 

{Mo}NHC,H,Y (Y = NH; or OH).™ 
The magenta, paramagnetic complex [Mo{Me2pzb}(NO)LLi(OEt),] was also isolated by 

reduction of [Mo{Me,pzb}I,(NO)] in ether with LiPh.”* 
An alternative procedure for the production of Mo! nitrosyl species is to oxidize Mo? 

complexes. Thus oxidation*’ (electrochemical, Ag’, Fe™ or Cu") of the series trans- 
[MoX(NO)(dppe)2] (X =F, Cl, Br, I, OH, SPh, CN, H, NCO, NCS or N;) gives the violet or 
brown, monocationic series [MoX(NO)(dppe).]*. 

The green-brown, monocation [Mo{Me2pzb}(NO)(MeCN),]* is obtained by oxidation of the 
uncharged parent compound with Ag’ in MeCN™ and the dications [Mo(NO)(RCN)(dppe).]** 
are similarly obtained from the monocationic precursors®’ (Table 4). Treatment of [Mo(CO),] 
with an excess of NO[PF,] in MeCN gives [Mo(NO)(MeCN),]**. 

The complex anions [Mo(CN);(NO)]*~ and [MoCL,(NO)(OH,)]*~ have been prepared by 
oxidation of [Mo(CN)s(NO)]*~ with air (in conc. HCl in the latter case) and have been 
structurally characterized as the expected octahedral complexes, with NO trans to H,O in the 
dianion.*° A compound formulated as [Mo(NCS),(NO)]?~ has also been prepared®® by 
treatment of [MoO,]?~ with NH2OH in presence of SCN. 

36.2.3.4 Nitrogen Donor Ligands 

The one member of this class is the cation [Mo(bipy)3]* obtained by reduction of MoCl, with 
Mg in THF in presence of bipy, or by oxidation of [Mo(bipy)].°* 

36.2.3.5 Phosphorus Donor Ligands 

The green, paramagnetic cation [Mo(dmpe)s]* is obtained by oxidation of [Mo(dmpe)3] with 
iodine or methyl iodide in toluene.~’ 

36.2.4 MOLYBDENUM(I) 

36.2.4.1 Carbon Ligands 

36.2.4.1.1 Carbon monoxide 

Here in general we exclude compounds with more than two Mo—C bonds as discussed 
earlier. 

(‘) Complexes of the type [MoX2(CO),L,] and [MoX(CO),L.]* 

These complexes (in which X = anionic, L = uncharged ligand) form the largest class of Mo” 
carbonyls and examples are shown in Table 5 with pertinent physical properties. We have 
excluded complexes of the type [{MoX2(CO),}2], [MoX(CO),L,]* and related compounds for 
the reasons cited earlier and for the same reasons [MoX3(CO),]~, [MoX(CO)3L,]~ and related 
anions are excluded. They are reviewed in COMC.'* Complexes of the type [MoX,(CO),L,] 
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where L is not a carbon ligand are prepared generally by two main routes: oxidation and 
substitution of a zero-valent carbonyl derivative with halogen (method A), e.g. reaction (9);1#19 
and reduction of a high-valent molybdenum compound in presence of CO and another ligand if 
necessary (method B), e.g. reaction (10).1*"° Simple displacement of CO by another ligand 
may also be used (method C), e.g. reaction (11). 

[Mo(CO),(diars)] + I, ——~+[Mol,(CO),(diars)] + 2CO (9) 

[MoCl,(PPh;),] + AIEtCl, +CO+PPh; —> [MoCl,(CO);(PPh;).] (10) 

[{MoBr,(CO),},] + 2dpam ——> [MoBr,(CO),(dpam),] + 2CO (11) 

Table 5 Dicarbonyl Complexes of Molybdenum(II) 
a 

Compound Preparation® —_v(CO) (cm™')° Other data Ref. Sa ees ee 
[MoX,(CO),(PMe;)s] See text 1920-1950 X = NCO, mer-PMe;, 1 
(X = Cl, Br, I, NCO, NCS) 1820-1860 CO caps one face 

of octahedron 
[MoCl,(CO),(PMe,Ph);] A 1934, 1842 Cap O/CTP 2 
[MoBr,(CO).(PMe,Ph);] A 1934, 1834 Cap O 2 
[MoBr,(CO),(PPh;).] A,B 1920, 1795 V, distorted octahedron 2 
[MoCL,(CO).(py)2] A 2010, 1920 ae es 
[MoCl,(CO),(btp),]° A 1950, 1880 ad 253 
[Mo(OBu’),(CO)2(py)2] See text 1908, 1768 — 4 
[Mo(S,CNR,)(CO).] D : 1925-1945 TP for R=Pri 5,6 
(R= Me, Et, Pr’) 1855-1875 

[Mo(S,CNR,),(CO)>L]® D 1940-1850 CTP for L=C,H,S 4,5,6 
(R = Me, Et, Pr’) R= Me, L= PPh, 

[Mo{S,P(OEt),)>}(CO)>PPhs] D 1955, 1875 ee 5 
[Mo(acac)Cl(CO),(PPh3).] C,D 1933, 1832 — 7 
[Mo(O,CH),(CO),(PEt,).] GD 1929, 1833 4:3 piano-stool, n?- 7 

and n'-O,CH 
[MoCl,(CO).(dpam),] C 1940, 1855 Cap O 2 
[MoBr,(CO),(dpam),] A,B 1940, 1865 Cap O 2 
[MoCl,(CO),(dppm), A 1940, 1865 Cap O/CTP 2 
[MoI,(CO),(triphos)] A,B 1940, 1870 ie 2 
cis-[MoI(CO),(dppm),]* A 1940, 1865 Cap O 2 
trans-[Mol(CO),(dppm)>}* A 1890 ie 2 
[MoCl(CO),(diars),]* A — = 2 
[MoF(CO),(dppe).]* A,B 1945, 1889 CIP i 
[MoH(CO),(chel),]* See text circa 1880 Cap O 8 

(chel = diphosphine, diarsine or mixed 
chelate ligand) 

[MoCl(CO),(bipy),]* A,B 1965, 1875 J pins 
[MoCl(CO),(phen),]* A,B 1960, 1890 Ez 2,3 
[Mo(CO),L(dppe),}"* A,B 1965, 1905 ete 9 
(L= MeCN or PhCN) 

cis-[Mo(CO),(phen),(MeCN)]** A 1988, 1898 — 10 
cis-[Mo(CO),(bipy)(L) }** A 1988 + 4, 1908 + 10 _ 10 

(L = MeCN, HO, Me,CO) 

"See text. "Solid state spectra (Nujol, KBr), unless otherwise stated. ‘°btp=N-n-butylthiopicolinimide. ° 6(°°Mo) 
390 p.p.m. (R=Et). “L=range of ligands, see text. A triphos = bis(o-diphenylphosphinopheny!)phenylphosphine. 
Cap O = capped octahedron; CTP = capped trigonal prism, TP = trigonal prism. 
1. E. Carmona, K. Doppert, J. M. Marin, L. Poveda, L. Sanchez and R. Sanchez-Delgado, Inorg. Chem., 1984, 23, 530. 
2. M. G. B. Drew, Prog. Inorg. Chem., 1977, 23, 67 and references therein. 
3. R. Colton, Coord. Chem. Rev., 1971, 6, 269 and references therein. 
4. M. H. Chisholm, J. F. Huffmann and R. L. Kelly, J. Am. Chem. Soc., 1979, 101, 7615. 
5. G. J. Chen, R. O. Yetton and J. W. McDonald, Inorg. Chim. Acta, 1977, 22, 249. 
6. C. G. Young and J. H. Enemark, Aust. J. Chem., 1986, 39, 997 and references therein. 
7. D. C. Bromer, P. B. Winston, T. L. Tonker and J. L. Templetra, Inorg. Chem., 1986, 25, 2883. 
8. S. Datta, B. Dezube, J. K. Kouba and S. S. Wreford, J. Am. Chem. Soc., 1978, 100, 4404. 
9. M. R. Snow and F. L. Wimmer, Aust. J. Chem., 1976, 29, 2349. 
0. 10. J. A. Connor, E. J. James, N. El Murr and C. Overton, J. Chem. Soc., Dalton Trans., 1984, 255. 

The coordination number for these complexes may be six or seven and extensive X-ray 
structural studies have been carried out, particularly on the seven-coordinate complexes. The 
geometry and some other details of a representative selection of these compounds are shown in 
Table 5. In some cases, e.g. [Mo(CO)2Cl,(dpam),], one potentially chelating ligand is 
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monodentate to maintain seven-coordination.** Sulfur coordination may also be introduced at 

the metal centre by use of displacement metathesis by e.g. the dithiocarbamato ligand, see 

reaction (12) (method D).*? 

11(MoCl,(CO),}2] + 2Na[Me,NCS,] —> [Mo(CO),(Me,NCS,),] == [Mo(CO).(Me,NCS,),] oy. 

The reversible loss of CO from [Mo(CO)3(Me,NCS,),] is a property shown by other Mo" 
carbonyls. For example, the complexes [MoX2(CO)3(PR3)2] (X = Cl or Br) also lose one mole 

of CO reversibly to give blue, diamagnetic [MoX,(CO)2(PRs)2], which (for X = Br) has been 
structurally characterized as a ‘badly distorted octahedron’.*”®” A common geometry for the 
seven-coordinate complexes is the capped octahedron, with a CO ligand in the capping 
position, although there are variations (Table 5), in particular [MoCl(CO),(diars)]* is a 
capped trigonal prism.” 

A further series of dithiocarbamato complexes has been obtained from 
[MoCl,(CO).(PMe3)3] (obtained from [MoCl,(PMe;)4] and CO directly)° by treatment with 
Na[S,CNR,]. These are the dicarbonyls [Mo(SxCNR2)2(CO)2(PMe3)] and the monocarbonyls 
[Mo(S2CNR2)2(CO)(PMes)2], the latter being obtained when a slight excess of PMe; is used in 
the reaction of [MoCl,(CO),(PMe;3)3] with Na[S,CNR,].° The analogues 
[Mo(S2CNEt,).(CO)L,] (L =PMe2Ph or PMePh,; L,=dppe) have also been synthesized.” 
These monocarbonyl compounds are notable for their very low value of v(CO) (1760- 
1735 cm!) implying a very electron-rich metal centre in these complexes.” They transform 
readily into the dicarbonyl complexes with CO. 

The structures of the [Mo(SCNR2)2(CO).(PR3;)] series appear to be analogous to that 
determined for [W(S:CNEt,)2(CO)2(PPhs;)], namely a tetragonal base (4:3 ‘piano stool’) 
geometry.” As is often observed for dithiocarbamate complexes, the alkyl groups of the 
S.CNR, ligands show 'HNMR equivalence at room temperature. The fluxional process 
required for this does not appear to involve phosphine dissociation.®*' The series 
[Mo(S2CNEt2)2(CO)2L] derived from [Mo(S:CNEt,)(CO).] has been investigated by 
°>Mo NMR spectroscopy. The resonance region (310 to —430p.p.m. relative to [MoO,]?~) 
has shown that all the resonances are shielded relative to [Mo(S,CNEt2)2(CO).] (390 p.p.m.) 
and the dependence of nuclear shielding upon L is NH,NHSO2C,H4Me < Cl” < OPPh; < p- 

pyrazine < py < NH,NHCOPh < NH.NMe, —< u-NH,NHMe < u-NH,NH, =< u-NH,CH,CH,NH, 

< NH; < Nz; < F< AsPh; < PPh; < SbPh; < PPh,Et < PPhoMe < PMe; < P(OPh)3; < 
P(OEt); < P(OMe)3< CO. The OPPhs, halide and nitrogen donor ligand adducts participate 
in a dynamic equilibrium with [Mo(S,CNEt,).(CO),2] on the NMR timescale. The chelating 
oxygen donor series [Mo(B-—B)Y(CO),L,] (B-B = acac, hexafluoroacetylacetonate, tropolon- 
ate or carboxylate, L = PEt; or PPh3, Y = halide or carboxylate) has also been prepared from 

[MoY.(CO).L,] by metathesis. The structure of one member of the series 
[Mo(O2CH)2(CO)2(PEts)2] shows the formate ligand to engage in monodentate (7') and 
bidentate (n*) bonding modes in the solid state. These bonding modes exchange very rapidly in 
solution.” The series [{Mo(S,CNEt,)2(CO)2}(u — L)] (L = pyrazine, NH;NHMe, NH2NH; or 
NH,CH,CH,NH;) noted above were obtained by treatment of [Mo(S2sCNR2)2(CO)3] with the 
appropriate difunctional ligand. 

The hydride complexes [MoH(CO),(chel)2]* (chel = variety of chelating diphosphines and 
arsines) are prepared by protonation of the parent Mo® dicarbonyls and appear to have a 
monocapped octahedral structure in solution, with the fluxional hydride moving around the 
possible capping positions. This process has been extensively studied by NMR.® A number of 
other cationic seven-coordinate analogues [MoX(CO),(chel)2]* (X= halide or pseudohalide; 
chel = chelating ligand usually phosphine or arsine) are also known (Table 5).'* 

The complexes [Mo(CO)2(py)2(OR),] (R = Pr’ or Bu‘) have been prepared by treatment of 
[Mo.(OR)s] with CO in presence of pyridine and their octahedral structure established by 
X-ray diffraction; they have low v(CO) values (1906, 1768cm™'). The (u-OR) dimers 
[Mo2(OR)g(CO),] also have low v(CO) values.® Because of steric pressure in the potentially 
seven-coordinate complexes, a chelating ligand may also act as a bridge, to form dinuclear 
complexes, e.g. [Mo2(CO),(dppm)3Br,].® 

The anions [Mo(S,CNR2)X(CO),]~ (R = Me or Et; X=F or Ns) are obtained by treatment 
of [Mo(S,CNR2)(CO)2] with X~; the crystal structure of [NEt,][Mo(S:CNR,)F(CO),] shows 
the geometry at molybdenum to be a fluoride-capped trigonal prism, very similar to that seen 
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for [MoF(CO).(dppe).][PF.]. Oxidation of [Mo(CO),(chel)2] (chel = bipy or phen) with Ag* in solution gives the dications [Mo(CO),(chel),|?* (Table 5).® 
The zwitterion Et;PCS, reacts with [Mo(CO).] or [Mo(C,Hs)(CO)3] to give 

[{Mo(CO),(PEts)(u-S2CPEts)}.]. X-Ray structural determination has shown that both zwit- 
terions coordinate one metal through an 7?-S,C linkage and the second metal through a single 
sulfur atom. 

The monocarbonyl complexes [MoX(n’-COR)(CO)(PMe;)3] (X=Cl, Br, I or NCO; 
R=Me, CH.,SiMe3, CH2CMes, CH,CMe,Ph) have been prepared by the action of the 
appropriate Grignard or lithium reagent with [MoCl,(CO)2(PMe;)3] followed by metathesis. 
The v(CO) values are low (in the region of 1800 cm7'), and the n’-aryl coordination has been 
confirmed by X-ray crystallography for [MoCl(n?-COCH,SiMe;3)(CO)(PMe3)3]. The analogue 
[Mo(COMe)(S,CNMe)(CO)(PMe3)2] attains an 18-electron configuration for molybdenum by 

_ a B-C—H interaction of the acetyl group (X-ray structure).”° 

36.2.4.1.2 Isocyanide ligands 
The majority of complexes in this category have a high number of Mo—C bonds and they 

have been reviewed elsewhere.'*®* Typical examples are [Mo(CNR).X]* (X = Cl, Br, I, SnCh, 
or O,CCF3; R=aryl, Me, Bu' or CsHi);  [Mo(CNR).(PRs;)]**; _[Mo(CNR);Xo]; 
[Mo(CNR)7]’*; [Mo(CNR)s(chel)]’* (chel = dppm, dppe, bipy, etc.); [MoCl(CNBu'),(bipy)]*; 
[Mo(CNC.Hi1)5(bipy)]’*; [Mo(CNR);(bipy)2]’*. They are generally prepared by displacement 
of CO, bipy, OAc, NO or other ligands from a suitable precursor by RNC and have capped 
octahedral or capped trigonal prismatic structures.1*”° 

Protonation of the series [Mo(CNR).(dppe)2] (Section 36.2.2.1.2) gives the seven-coordinate 
hydrides [MoH(CNR),(dppe)2]* which, like their carbonyl analogues (Section 36.2.4.1.1), are 
fluxional in solution with the hydride moving between face-capping sites in an octahedral 
structure.” 

Oxidation of trans-[Mo(CNR),(dppe)2] with Ag* or halogen gives the cations 
[Mo(CNR)2(dppe)]’* (R = Me or CsH,Me-4) and [MoX(CNR),(dppe)]* (X = Cl or Br).” 
The alkyne complex [MoI{C(NHBu'‘)}.(CNBu'),]* results from ‘reductive coupling’ upon 

reduction of [MoI(CNBu').]*.'* The thiolate—isocyanide complex [Mo(SBu'),(CNBu'),], pre- 
pared from [Mo(SBu'),] and CNBu', forms the adduct [Mo(CNBu'),(u-SBu'),CuBr]. All these 
compounds have been structurally characterized.” 

Isocyanide acts as a reducing agent in the preparation of [MoCl,(CNMe).(N—N)] [N— 
N = Me2NCH2,CH2NMe2, RN=CHCH=NR or R=NCMeCMe=NR (R = CsH,OMe-4)] from 
[MoCl;(THF)3], MeCN and N-N.” 

36.2.4.1.3 Cyanide ligands 

Cyanide complexes of molybdenum(II) generally appear elsewhere under other class- 
ifications, where CN™ is an ancilliary ligand. The homoleptic anions [Mo(CN).]*~ and 
[Mo(CN),]°~ (pentagonal bipyramid) have been reviewed elsewhere. '* 

36.2.4.2 Complexes of Group 15 and Group 16 Ligands 

36.2.2.4.1 Complexes of the type [MoX2L4] (X =anionic ligand, L = monodentate 
uncharged ligand, Lz = bidentate chelate ligand, L3 = tridentate chelate ligand) 

The largest group of this class are those of general formula [MoX,P,] (where X = H, Cl, Br, 
I, SR, O2R and P= PR;, P,=chelating diphosphine, P; = chelating triphosphine). The main 
route to their preparation (method A) is by reduction of a higher-valent molybdenum 
compound under argon or dinitrogen in presence of the ligand. Thus the complexes 
trans-[MoCl,(PR3)4] (PR; = PMe3 or PMe2Ph) are obtained by reduction of [MoCl;(PRs)s] in 
presence of PR; with zinc or sodium amalgam (PMe;), or LiR (PMe2Ph, R= Bu or Ph). a 
Both compounds have their trans octahedral structures confirmed by X-rays and have similar 
structural parameters [d(Mo—Cl) = 2.420, d(Mo—P) = 2.496 A]. The compounds are 
paramagnetic, with 4. values in the region of 2.8 BM. The analogue [MoI,(PMes)4] has also 
been prepared by interaction of molybdenum vapour with PMe; and Mel. 
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The analogues trans-[MoX.,(dppe)2] (X = Cl, Br or I) have been obtained by method (A) and 
their electrochemical reduction studied.” In the presence of ligands L (L = CO, N2, RNC, Hz) 
the [MoX2(dppe)z] compounds are reduced to give [MoL,(dppe)2]; detailed mechanistic studies 
are reported.’”° The structure of trans-[MoCl,(dppe)2] has been confirmed as trans octahedral 
by X-rays and cis-[MoCl,(dppe)2] was also structurally characterized as a very distorted 
octahedron.’”” The preparation of the latter compound was by oxidation of srans- 
[Mo(N2)2(dppe)2] using SnCl,Ph2 over a long period and the apparent distortion could be due 
to the presence of hydride ligands; HCl (from e.g. hydrolysis of SnCl,Ph2) is known? to 
produce [MoH.2Cl,(dppe)2] from trans-[Mo(N2)2(dppe)z].° The compound 
[MoCl,(triphos)(PPh3)] has been obtained by route (A) and reacts with HCl to produce 
[MoCl,(Ph,PCH,CH,PPhCH,CH,PHPhz) [HCl]. 

The arsine analogues of this series, [MoX,(diars)] (X = Cl, Br, I) have been obtained by the 

anaerobic reaction of acid molybdenum(III) halide solutions with diars in water and/or alcohol. 
They are paramagnetic (U.@ 2.8-2.9BM), with a possible d-d UV band at 11000cm~° in 
[MoCl,(diars)2| sig 

A number of molybdenum(II) compounds have been obtained by oxidation of trans- 
[Mo(N2)2(chel)2] (chel=chelating diphosphine). Thus treatment of trans-[Mo(N2)2{(S,5S)- 
chiraphos},] [(S,5)-chiraphos) = (—)-(25,3S)-bis(diphenylphosphino)butane, PhaPCH(Me)CH- 
(Me)PPh,] with bromooctane gives inter alia, a small amount of [MoBr2{(S,S)-chiraphos},].% 
Treatment of trans-[Mo(N2)2(diphos),] (diphos = dppe or dmtpe) with RSH gives the diamag- 
netic compounds trans-[Mo(SR),(diphos).] [R= Me, Et, Pr", Bu" or Cs5H,X-4 (K= Me, H, 
NH, OMe, F or Cl)], the trans octahedral structure being confirmed by X-rays for R = Bu®.™ 
If bulky thiols R'SH (R’=Pr'’, Bu’, 2,4,6-Me3CsHo, 2,4,6-Pr3CsH2 or 4-Br-C,H2Pr}-2,6) are 
used in this reaction, the green diamagnetic hydride complexes [MoH(SR’)(dppe)2] are 
obtained. Hydride complexes of this type appear to be intermediates in the formation of 
trans-[Mo(SR)2(dppe)2] described above. They have Mo—'H chemical shifts in the range —4 to 
—5 p.p.m. (rel. SiMe,).*? 
The diamagnetic dithiolate complexes trans-[Mo(SR).(diphos)2] are reversibly oxidized to 

the Mo™ species and the E% values for R = CsH4X-4 (X = Me, H, NH2, OMe, F, Cl) show a 
linear dependence upon the Hammett o function for X, as do the *!P chemical shifts of these 
compounds.*? 

The hydride compound trans-[MoH.2(dppe)2] was claimed from reaction of trans- 
[Mo(N2)2(dppe)2] with H2, but some doubt exists about its formulation because its low 
solubility prevents accurate 'H NMR integration.*? Preparation of a more soluble analogue 
with (2-MeCsH,)2P?CH2CH2P(CsH4Me-2), allowed accurate integration and demonstrated the 
presence of four hydrides per Mo. By analogy, the above dihydride is probably [MoH,(dppe),], 
although one could not exclude the existence of it and of [{trans-MoH.(dppe),}2(u-dppe)] 
which also appeared to be formed by reaction of trans-[Mo(N2)2(dppe)2] with H>.® 
A number of other hydride complexes have been prepared; the purple, diamagnetic hydride 

[MoH(BH,)(PMe3)4] has been obtained by reaction of NaBH, with [MoCl3(PMe;)3]. The 
essentially trans octahedral structure of this molecule has been determined by X-rays as shown 
in (9); the hydride, the molybdenum and the boron atom of the bidentate BH, group lie 
precisely on the intersection of two mirror planes in the molecule.*° 

Py | way 7 
iar ak 
P | H H 

(9) P= PMe, 

In a related reaction, treatment of [MoCl,(PMes),4] with LiAIH, gives the bridged hydride 
aluminohydride complex [(Me3P),HMo(u-H)2AlH(u-H)2AlH(u-H)2MoH(PMes),], which has 
os by NMR to be non-rigid in solution. The central core of the structure is shown in 

The carboxylato hydrides [MoH(O,CR)(PMe;3)4] (R=H, Et or CF;) ar i 
treatment of [MoH2(PMes)s] (see Section veh as CO, (R=H) or leinepe Sp a 
CF;)*° or by reaction of [Mo(C,H,)2(PMes)4] with CO, followed by H, (R= Et).® The X-ray 
structure of [MoH(O,CH)(PMes).] is essentially pentagonal bipyramidal, with a chelating 
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H H 
BS CLUDE ee Lye Mo Ak eMo 
SSE ORS at H 

(10) 

formate trans to hydride (11). The interaction of [MoH,(PMes);] with PhNCO gives a 
moderate yield of the analogous, red complex [MoH{PhNC(H)O}(PMe;).], formally by the 
insertion of the isocyanate into the Mo—H bond.°*° 

(11) P = PMe, 

The phosphite analogue, [MoH(O,CCF;){P(OMe3},], is obtained by treatment of 
[Mo{P(OMe)3}.] (see Section 36.2.2.5) with CF;CO,H; it has 6(MoH) at —4.6p.p.m. (rel. 
SiMe,). It has a similar solid-state structure to [MoH(O,CH)(PMes3),], but is fluxional in 
solution with non-pairwise exchange of phosphorus-donor atoms being the dominant process.® 

36.2.4,2.2 Complexes of the type [MoH2Ps] (P = tertiary phosphine or phosphite) 

The reduction of [MoCl,(THF)2] by magnesium in presence of PMe3 in THF under 
dihydrogen gives a high yield of the yellow, air-sensitive hydride [MoH(PMes)s]. Its crystal 
structure contains two crystallographically independent molecules which have essentially 
pentagonal bipyramidal goemetry, equal within the limits of experimental error. The Mo—P 
bond lengths vary in the structure. The axial Mo—P distances are very similar (2.424-2.428 A) 
but one unique Mo—P(equatorial) bond in each molecule, which lies between two hydrogens, 
is some 0.6-0.7 A shorter than the other two Mo—P(equatorial) bonds, probably because the 
long bond is almost trans to hydride.®’ The hydride resonance is a sextet at —5.23 p.p.m. (rel. 
SiMe,) indicative of fluxionality at ambient temperature. [MoH2(PMes;)s] reacts with CO, and 
RCO.H (R=Me or CF3) to give the monohydrides [MoH(CO,CR)(PMes)4] as described in 
Section 36.2.4.1.% 

Photolysis of [Mo{P(OMe)3}.6] (Section 36.2.2.5) in presence of dihydrogen gives the 
off-white hydride [MoH2{P(OMe);3}5]. The hydride resonance is indicative of fluxionality in 
solution [sextet at —5.8 p.p.m. (rel. SiMe,)] down to —90°C, and its structure is most likely a 
pentagonal bipyramid, analogous to that of [MoH2(PMe;);] above. The analogous cation 
[MoH{P(OMe);3}6]*, is obtained in low yield by treatment of [Mo{P(OMe);}.] with acids; the 
cation [Mo{P(OMe) 2}{P(OMe)s3}5]* was also obtained by the same route. These products are 
not interconvertible and the isolation of the one or the other depends upon as yet undefined 
kinetic factors.®° 

36.2.4.2.3 Nitrosyl complexes 

The largest group of molybdenum(II) complexes is constituted by the nitrosyls (oxidation 
states being assigned on the somewhat arbitrary assumption that nitrogen monoxide, as a 
ligand, is NO*). Tables 6 and 7 give a selection of the compounds discussed. 

The most important molybdenum nitrosyl, used in many studies as a starting material or as a 
catalyst, particularly for alkene metathesis, is {MoCl,(NO)},.°”' It is produced” in a 
reasonably pure state by reaction of NOC! with [Mo(CO),Cl,], the chief contaminant probably 
being {MoCl,(NO),}, or K,[Mo2Cls].”° The greenish-black hygroscopic, air-sensitive solid has 
v(NO) at 1590cm7'. It reacts with acid species to eliminate chloride, for example with 
1,2-MeSC,H.SLi it generates ,[Mo(NO)(SC,H,SMe)s],"* and forms adducts with neutral 
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Table 6 Nitrosyl Complexes of Molybdenum(II) (Excluding Pyrazolylborates) 

Complex 

{Mo(NO)C1}, 
[Mo(NO)(SC,H,SMe);] 
[Mo(NO)C1,(OPPh;).] 
[Mo(NO)Cl,(bipy)] 
[Mo(NO)Cl,(MeCN),] 

[Mo(NO)CI,(py)2] 
[Mo(NO)Cl,(HCONMe,),] 
[Mo(NO)Cl,(OSMe,).] 

[Mo(NO)CI,{OP(NMe,)3}2] 
[Mo(NO)Cl;(OPCI,),] 

[Mo(NO)C1,(PPh;)2] 
[Mo(NO)Cl,(AsPh;)9] 
[Mo(NO)Cl,(OPMePh,),] 
[Mo(NO)Cl,(OPEt,Ph),] 
[Mo(NO)Cl,(PMe,Ph),] 

[{Mo(NO)CI,}2(dppe)s] 
[Mo(NO)(CN);(triazacyclononane)] 

[Mo(NO)(CN)3(phen)] 
[Mo(NO)(CN),(bipy)] 
[Mo(NO)(N3)3(terpy)] 
[Mo(NO)(SC.H>Pr3)3(NH;3)] 
[Mo(NO)(acac).{ON==C(COMe),}] 

[Mo(NO)(SPh),] ” 
[Mo(NO)CI(SBu')3]~ 
[MO(NO)(SC,H,Me3)4]~ 
[Mo(NO)(SC,H,Me).]~ 
[Mo(NO)X,(trimethyltriazacyclononane)]* 
[Mo(NO)CI(OEt)(trimethyltriazacyclononane)]* 
[Mo(NO)Cl(salen)] 

[Mo(NO)(S,CNR2)3] 

[Mo(NO)(NCO)(S,CNEt,),X]~ 
[Mo(NO)(NCO)(SCNEt,),B] 

[Mo(NO)(N3)(S,CNEt,).(Me,SO)] 
[Mo(NO)(N3),(S,CNEt,)2]~ 
[Mo(NO)(NCO)(S,CNMe,),(Me,SO)] 
[Mo(NO)(NCO),(S,CNMe,)2]~ 
[Mo(NO)(NCO),(S,CNPr2)2]~ 
[Mo(NO)CL.]~ 
[Mo(NO)Br,]~ 
[Mo(NO)CI,]7~ 

[Mo(NO)Br.]7~ 
[Mo(NO)C1,L]~ 

[Mo(NO)C1,(O,PCI,)]?~ 
[Mo(NO)(CN).)~ 
[Mo(NO)(H,NO)X,]? 
[Mo(NO)(pyridine-2,6-dicarboxylate)(H,NO)L]"— 

[Mo(NO)(H,NO)(H,NOH)(terpy)]** 
[Mo(NO)(H,NO),(phen)]* 
[Mo(NO)(H,NO)(phen),]** 
[Mo(NO)(H,NO)(pyridine-2-carboxylate),] 
[Mo(NO)(H,NO)(NCS),]?~ 
[Mo(NO)(H,NO)(NCS),(bipy)] (3 isomers) 
[Mo(NO)(H,NO)(NCS),(phen)] (3 isomers) 
[Mo(NO)(H,NO)(S,CNEt,),] 

[Mo(NO)(H,NO),(bipy)]* 
[Mo(NO)(HNO)(CN)(terpy)] 
[Mo(NO)(Me,C,N7H,)3(OC,H,O)]I, 

v(NO) (cm~*) 

1590 (Nujol);! 1739, 1851 (KBr)? 
1655 (KBr) 
1710 (Nujol),' 1705 (CH,CI,),” 1710 (Nujol)* 
1705 (Nujol),’ 1706 (CH;Cl,)” 

la 1 2Cl, 
1713 (CH,Cl,)”, 1712 (CH,C1,)* 
rf ny 1692 (CH,Cl,)* 
1 2 
1725 (Nujol)* 
1700 (CH,Cl,)* 
1720 (CH,C1,)* 
1695 (Nujol) 
1701 (Nujol)® 
1630 (Nujol)° 
1660 (Nujol)® 
1660 (?)’ 
1700 (KBr)® 
1690 (KBr)® 
1675 (KBr)? 
710 

11 LCA Et) 
912 
912 
910 

1565, 1545 (Br); 1695, 1640 (Cl); 1710 (I) (all KBr)* 
1660, 1665 (KBr) 
1660 mniy 
1640 (Me); 1635 (Et); 1630 (Pr*); 

1625 (Bu”) (all CHCI,)'* a: 
1634 (NCO); 1630 (N3); 1641 (NCS) (all KBr) 
1648 (Me,SO); 1651 (py); 1645 (NH); 
, ae (all KBr) 

T 

1626 (KBr)}° 
1633 (KBr) 
ca. 1635 (KBr)'° 
1633 (KBr) 
1695," 1715,° 1690 (all Nujol)° 
1692 (Nujol)'® 
1676 (Nujol), 1670 (Nujol),° 

ea uepe 
ca. 1700 (OPMePh or OPEtPh,); 
; ey ie or PMe,Ph) (all Nujol)® 

ujo. 

1645 (KBr),'® 1650 (KBr)® 
1590 (Cl); 1620 (N3) (all KBr)!8 

saeeey a eas 
1650 Kay” ? 
1625 (KBr)’? 
1690 (KBr)? 
1690 (KBr)'® 
1658 (KBr)”° 
1655; 1657; 1647 (KBr)”° 
1657; 1652; 1645 (KBr) 
1650 (KBr)”° 
1615 (?)'° 
1630 (2)? 
1671 (KBr)* 

Ts 88 a a a eee eee 

1. R. Davis, B. F. G. Johnson and K. H. Al-Obaidi, J. Chem. Soc., Dalton Trans., 1972, 508. 
2. R. Taube and K. Seyferth, Z. Anorg. Allg. Chem., 1977, 437, 213. 
3. D. Sellmann, L. Zapf, J. Keller and M. Moll, J. Organomet. Chem., 1985, 289, 71. 
4. L. Bencze and J. Kohan, Inorg. Chim. Acta, 1982, 65, L17; L. Bencze, J. Kohan, B. Mohai and L. Marko, J. Organomet. Chem., 1974, 70, 421. 
5. K. Dehnicke, A. Lickett and F. Weller, Z. Anorg. Allg. Chem., 1981, 474, 83. 
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Table 7 Molybdenum(II) Nitrosyls with Pyrazolylborates 

Complex 

[Mo(NO)(Me,pzb)X.] 

[Mo(NO)(pzb)X3] 

[Mo(NO)(4-X-Me,pzb)X,] 
[Mo(NO)(pzb)Br(OR)] 
[Mo(NO)(Me,pzb)X(OEt)] 

[Mo(NO)(4-Cl-Me,pzb)Cl(OR)] 
[Mo(NO)(Me,pzb)X(OPr')] 
[Mo(NO)(Me,pzb)Br(OR)] 
[Mo(NO)(Me,pzb)I(OR)] 

[Mo(NO)(Me,pzb)(OR),] 

[Mo(NO)(Me,pzb)(OR)(OR’)] 
[Mo(NO)(Me,pzb)I(OAr)] 

[Mo(NO)(Me,pzb)(OPh)(OR)] 
[Mo(NO)(Me,pzb)X(NHMe)] 

[Mo(NO)(Me,pzb)X(NHEt)] 

[Mo(NO)(Me,pzb)X(NH,)] 

[Mo(NO)(Me,pzb)X(NHPr)] 
[Mo(NO)(Me,pzb)I(NR’R")] 

[Mo(NO)(Me,pzb)Br(NR’R")] 

Mo(NO)(Me,pzb)(OEt)(NR’R’)] 
IMotNOy(Mezpzb)(OPr)(NR’R)] 
Mo(NO)(Me,pzb)X(NMe,)] 
MM o(NOy(Me-pzb)CK(NHR)] 

. H. Adams, N. A. Bailey, A. S. Drane and J. A. McCleverty, Polyhedron, 1983, 2, 465. 

v(NO) (cm™*) 

1688 (F) (KBr); 1702 (Cl) (KBr); 1702 (Br) 
(KBr);' 1700 (I) (KBr);? 1718, 1723 (Cl) (CH,Cl,)? 
1700, 1710 (Cl); 1700, 1710 (Br); 1656, 1700 (I) (all 
KBr)? 
1705 (Cl) (KBr);* 1722 (Br) (CHCI,)? 
1677 (Me);? 1677 (Et)* (all CHCI,) 
1666 (F) (KBr);” 1676 (Cl); 1673 (Br); 1678 (I) (all 
CHCI,)* 
1704 (Et); 1682 (Pr’) (all CHCI,)* 
1674 (Cl); 1674 (Br); 1673 (I) (all CHCI,)* 
1676 (Bu'); 1697 (C;Hs) (all CHC1,)* 
1688 (CH,CH,OMe); 1675 (CH,CH,Cl); 
1673 (CH,CH,OH); 1670 (CH,CH,CH,OH); 
1666 [CH,(CH,),CH,OH]; 
1672 [CH,(CH,);CH,OH]; 
1668 [CH,(CH,),CH,OH] (all KBr); (exact values 
not quoted* for R = CH,OH or CH,CH,CH,Br, ca. 
1675); 1665 (H); 1675 (CgH,1); 
1675 (CH,C=CCH,OH) (all KBr)® 
1640 (H); 1640 (Me); 1640 (Et); 1640 (Pr’); 
1640 (Bu') (all KBr)® 
1640 (Et, Pr’); 1640 (Pr', Bu’) (all KBr)° 
1673 (Ph); 1672 (4-C,H,Me); 1686 (4-C,5H,CN) 
(all KBr)’ 
1656 (Me); 1655 (Et); 1656 (Ph) (all KBr)” 
1640 (F);° 1643 (Cl);' 1654 (Br);° 1640 (1);* 
1625 (OMe);° 1628 (OEt);° 1637 (OPr'); 
1650 (OPh)’ (all KBr) 
1649 (Cl);11655 (I);® 1633 (OMe);° 1630 (OEt);° 
1631 (OPr')° (all KBr) ; 
1630 (I);° 1635 (OMe);° 1630 (OEt);° 1637 (OPr')® 
(all KBr) ; 
1630 (OEt; n); 1638 (OPr’, i) (all KBr)° 
1646 (H, Bu"); 1661 (H, Bu’); 1658 (H, CH,Ph); 
1660 (H, C¢H,,); 1655 (H, C3Hs); 1665 (CMe,) (all 
KBr 
1630 (H, H); 1615 (H, Pr'); 1625 (H, CH,Ph) (all 
KBr 
cats CH,Ph); 1625 (H, C.H,,) (all KBr)° 
1638 (H, Pr’): 1633 (H, CgH,,) (all KBr)° 
1672 (Cl)?; 1659 (Br)?; 1638 (1)® (all CHCl) 
Mean, R= Me, Et or Bu", 16467; 1654 (Ph); 
1653 (4-C,H,Me) (all KBr)’ 

1287 

rg. Chim. Acta, 1985, 101, 
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Table 7 (continued) 

Complex v(NO) (cm™') 

[Mo(NO)(Me,pzb)I(NHAr)] 1659 (Ph); 1668 (4-C,H,Et); 1647 (4-C,H,OMe); 
1654 (4-C.H,OEt); 1659 (4-C,H,F); 1661 (4- 
C,H, Cl); 1660 (4-C,H,Br); 1657 (4-C,H,1); 1646 (4- 
CsH,CO,Me); 1666 (4-CgH,NO,); 1666 (4- 
C,H4CN); 1654 (C,oH,) (all KBr) 

[Mo(NO)(Me,pzb)I(SR)] 1677 (Et); 1669 (Bu”; 1685 (C,,H33); 1672 (C.H),); 
1672 (CH,Ph); 1689 (Ph); 1692 (4-C.H,Me) (all 
KBr) 

[Mo(NO)(Me,pzb)X(SBu")] 1653 (SBu");? 1625, 1636 (NHMe);? 1625 (NHEt);? 
1634 (NHPr*);° 1649 (OMe);? 1643 (OEt);? 
1655 (Cl);' 1665 (Br)' (all KBr) 

[Mo(NO)(Me,pzb)X(SPh)] 1681 (SPh); 1624, 1635 (NHMe); 1630 (NHEt); 
1652 (NHPr"); 1637 (NHBu”); 1658 (OMe); 
1653 (OEt) (all KBr) 

[Mo(NO)(Me,pzb)Cl(SR)] 1662 (Bu”); 1671 (CgH,1); 1671 (CHPh); 1684 (Ph) 
ll KB 

[Mo(NO)(Me,pzb)I{hydrazide(1 — )}] sass eee 1635 (NHNHMe); 
1634 (NHNMe,); 1630 (NHNHPh); 
1639 (NHNHC,F;); 1640 (NHNHC,H,Me-4); 
1636 (NHNMePh); 1654 (NHNHCSNH,); 
1652 (NHNHCO,Me); 1623 (NHNHCOPh); 
1658 (NHN = CMe,) (all KBr)’° 

[Mo(NO)(Me,pzb)Br{hydrazide(1 — )}] 1615 (NHNH,); 1615 (NHNHMe); 
1615 (NHNHPh); 1630 (NHN=CMe,) (all KBr)'° 

[{Mo(NO)(Me,pzb)I},0] 1663 (7)! 
[Mo(NO)(Me,pzb)I(NHC,H,XH,)] 1675 (N, 2); 1670 (O, 1); 1668 (S, 1) (all KBr)” 
[Mo(NO)(Me,pzb)I(SC,H,MeSH)] 1684 (KBr)'? 
[Mo(NO)(Me,pzb)(NR’R”"),] 1620 (Et, H); 1632 (Ph, H); 1628 (4-C.H,Me, H); 

1682 [CH,(CH,)3CH,] (all KBr)* 
[Mo(NO)(Me,pzb)(NHPh)(NHC,H,Me)] 1638 (KBr)** 
[Mo(NO)(pzb)Cl(N,Ph)] 1710 (?)"* 

1. A. S. Drane and J. A. McCleverty, Polyhedron, 1983, 2, 53. 

2 A. McCleverty, Chem. Soc. Rev., 1983, 12, 331. 
3. S. Trofimenko, Inorg. Chem., 1969, 8, 2675. 
4. J. A. McCleverty, D. Seddon, N. A. Bailey and N. W. Walker, J. Chem. Soc., Dalton Trans., 1976, 898. 

5. G. Denti, J. A. McCleverty and A. Wtodarczyk, J. Chem. Soc., Dalton Trans., 1981, 2021. 
6 

Hnuyp 

Q 
. J. A. McCleverty, E. A. Rae, I. Wotochowicz, N. A. Bailey and J. M. A. Smith, J. Chem. Soc., Dalton Trans., 

1982, 951. 
7. J. A. McCleverty, G. Denti, S. J. Reynolds, A. S. Drane, N. El Murr, A. E. Rae, N. A. Badley, H. Adams and 

J. M. A. Smith, J. Chem. Soc., Dalton Trans., 1983, 81. 
8. J. A. McCleverty, E. A. Rae, I. Wotochowicz, N. A. Bailey and J. M. A. Smith, J. Chem. Soc., Dalton Trans., 

1982, 429. 
9. J. A. McCleverty, A. S. Drane, N. A. Bailey and J. M. A. Smith, J. Chem. Soc., Dalton Trans., 1983, 91. 

10. J. A. McCleverty, A. E. Rae, I. Wotochowicz, N. A. Bailey and J. M. A. Smith, J. Chem. Soc., Dalton Trans., 
1983, 71. 

11. H. Adams, N. A. Bailey, D. Gianfranco, J. A. McCleverty, J. M. A. Smith and A. Wiodarcyzk, J. Chem. Soc., 
Dalton Trans., 1983, 2287. 

12. H. Adams, N. A. Bailey, A. S. Drane and J. A. McCleverty, Polyhedron, 1983, 2, 465. 

13. N. Al Obaidi, K. P. Brown, A. J. Edwards, S. A. Hollins, C. J. Jones, J. A. McCleverty and B. D. Neaves, J. 
Chem. Soc., Chem. Commun., 1984, 690. 

14. M. E. Deane and F. J. Lalor, J. Organomet. Chem., 1973, 57, C61. 

donors, sometimes with oxidation. Thus Ph3P and also OPPh; react to give 
[MoCl,(NO)(OPPh;)2],” and bipy reacts to generate [MoCl,(NO)(bipy)].°* The former 
complex is also attainable from [Mo(CO)4(PPhs3)2], or [Mo(CO)3(PPh3)3] with NOCI.®? 
An alternative synthesis of {MoCl;(NO)}, (described as brown-black) is from MoCl; and 

NO. The temperature and reaction time need to be controlled to avoid further reductive 
nitrosylation to the green Mo°® species {MoCI,(NO),},,. Addition of pyridine to such a reaction 
mixture yields [MoCl,(NO)py.], and similarly OPPh; yields [MoCl,(NO)(OPPhs),].*° It is 
puzzling that the two sources for {MoCIl;(NO)}, quoted give different products with different 
IR spectra, yet the OPPh; complexes appear the same from either source, whereas the bipy 
complexes are different. 

It is also pertinent that MoCl; and NO react in benzene rather than in dichloromethane to 
give a red solid. This is not {MoCl;(NO)},, and may even be [MoCl,(NO)], and has v(NO) at 
2000 cm~*.* However, it is a good source of nitrosyl complexes such as [MoCl,(NO)]?-. 
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The complex [Mo(NO)(SC.H.SMe);]”* is probably seven-coordinate, although its NMR 
spectrum in CD2Cl, is more complex at 0 °C than one might expect. It reacts with nucleophiles, 
such as NoH,, PMe; and OH~.™ 

The adducts of the general formula [MoCl,(NO)L,] (see Table 6) are all probably obtainable 
by reaction of {MoCl,(NO)}, with the neutral ligand, L.*° However, reductive nitrosylation 
can be used directly. Thus, reaction of NOCI with [Mo2(O2CMe),] followed by treatment with 
OPPh; gives [MoCl;(NO)(OPPhs)2] directly.°° Alternative preparations have been reported. 
Molybdenum(II) chloride and NOC! react in POCI, to yield [MoCl;(NO)(POCI,)2], which loses 
one POC, in solution in CH,Cl, to generate [{MoCl;(NO)(POCI)}.].% The dinuclear species 
has chloro bridges, with chlorides in the axial positions and the POCI; molecules, NO ligands 
and remaining chlorides bound to give similar octahedral coordination about the molybdenum 
atoms, but all trans with respect to the pair of metal atoms. The MoNO system is 
approximately linear (178°), with Mo—N=1.81 and N—O=1.08A.% The mononuclear 
complex reacts with chloride to generate [MoCl,(NO)]~ and [MoCl;(NO)}*~. 

All the complexes [MoCl,(NO)L,] are presumably six-coordinate and octahedral. Clearly, 
this is not a limiting coordination number, since seven-coordination is allowed by electron- 
counting rules for molybdenum(II), and is observed among nitrosyls (cf. 
[Mo(NO)(SC.H,SMe)3]). Specific examples based on this chloro system include 
[MoCl;(NO)(PMe2Ph)3] and [{MoCl;(NO)}.(Ph2PCH,CH,PPh,)3], prepared by variation of 
the routes discussed above.*! 

Complete replacement of chloride to give complexes based upon {Mo(NO)X3}, (X= 
CN,””°* N3,” SR'®° or S,CNR2) has also been observed. For example, the compound 
[Mo(CO)s3L] (L = 1,4,7-triazacyclononane) reacts with nitric acid to yield [Mo(CO),(NO)L]* 
which contains Mo°, but inclusion of KCN in the reaction mixture causes formation of 
[Mo(CN)3(NO)L].” Probably all the nitrogens of the cyclononane are coordinated, making this 
complex seven-coordinate. Reaction of molybdate [MoO,]*~ at pH 8 in the presence of KCN 
and L (L=bipy or phen) with hydroxylamine can give rise to [Mo(CN)3(NO)L]-H.2O, though 
the precise products are a function of reaction conditions.” In an unusual reaction 
[Mo(CO);(terpy)] and MeSiN; in nitromethane produce yellow [Mo(NO)(N3)3(terpy)]. This 
has a pentagonal bipyramidal structure with NO and a bent azide in axial positions. Mo—N is 
1.777(4) and N—O 1.196(5) A, and ZMoNO is practically linear [176.2(4)°].” 
The reaction of SR~ with {MoCl,(NO)}, does not normally stop with [Mo(NO)(SR)s3]. 

Exceptions to this are [Mo(NO)(SC,H4SMe)s] cited above** and [Mo(NO)(NH)(SC.H2Pr3)s], 
which has a thiolate ligand with exceptional steric requirements.’ This is produced by reaction 
of Pr}CsH2S~ with ‘Mo(NO)(NH,O)’.*” This is a genuinely five-coordinate, trigonal bipyramid 
with a thiolate in the trigonal plane and NO trans to NH3. Again ZMOoNO is close to 180° 
[176.1(3)°] with Mo—N = 1.78(3) A and N—O not reported. In contrast Me3;C.H.S~ gives rise 
to [Mo(NO)(SCsH2Me3),4]~,’% Bu'S~ produces [MoCl(NO)(SBu')3]~, and PhS~ yields 
[Mo(NO)(SPh),]~.* The last complex has a trigonal bipyramidal structure (note that 
[MoCL,(NO)]~ is essentially square pore) a linear NO occupying an axial position, 
Mo—N = 1.766(6), N—O = 1.188(8) A and ZMoNO = 178.5(5)°.!” The steric influences at 
work are obvious, though not the precise way in which they operate. 
We now discuss some compounds which may be formally considered to be based on 

{MoCl,(NO)},, though they include a collection of miscellaneous species not easy to 
categorize. A complex described as [Mo(NO)(acac),(hia)] [acac = 1,3-pentadionate, hia = 
hydroximinoacetylacetone (sic)] with v(NO) at 1635 cm~* (CH2Cl,) has been mentioned. '° 
The complex [LMo(CO)s] (L = N,N’,N"-trimethyltriazacyclononane) reacts with nitric acid to 
give [LMo(CO).(NO)]*, and this with HBr gives rise to [LMoBr,(NO)]", isolated as the 
hexafluorophosphate. The dichloride and diiodide were obtained similarly. The former reacts 
with ethanol to produce [LMoCl(NO)(OEt)]*.°*”? The electrochemistry of the species has 
been reported, and the structures and NMR spectra rationalized. Several of these complexes 
are present in two isomeric forms. A comparison is made between L and tris(pyrazolyl)borate 
as a ligand. Finally, {MoCl;(NO)}, reacts with the Schiff base Hysalen to give 
[Mo(NO)Ci(salen)], which has not been characterized in detail.°1* The reaction is probably 

general for Schiff bases. A range of complexes can be synthesized from [Mo(CO).(Schiff base)] 

and NO in benzene. They analyze for [Mo(NO)2(NO2)2(Schiff base)] and may contain Mo”. 

The values of v(NO), two bands in the ranges 1770-1785 and 1650-1670cm™', would be 
consistent with this. 

The seven-coordinate complexes [Mo(NO)(S2CNR2)3] (R=Me, Et, Pr® or Bu) were 

originally prepared from {MoCl,(NO)}, and the appropriate Na(S,CNRz2), although 
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irradiation of [Mo(NO)2(S,CNRz2)2] also leads to [Mo(S,CNRz)s].°° They are volatile, and 
have NMR spectra consistent with the structures established by X-ray analysis.‘ The 
compound with R = Bu” is pentagonal bipyramidal, with NO in the axial position, 2MoNO = 
173.2(07)°, Mo—N = 1.731(8) and N—O = 1.154(9) A. A detailed discussion of the structure 
has been provided,’” and the °°*Mo NMR spectra have been reported for the complexes with 
R=Me, and R= Et." The structure of [Mo(NO)(C,0,)3] has been reported. It is similar." 
Compounds formally related to these are [Mo(NO)(NCO)(S2CNEt2)2X]~ (XK = Cl, N3, NCS 

or NCO), [Mo(NO)(NCO)(S.CNEt,)2B] (B = NH, Me,SO or py) and 

[{Mo(NO)(NCO)(S2CNEt,)2}2N2H,].'"*'"* These are also all reckoned to be seven-coordinate 
species, with one of two possible structures admitted as likely on the basis of NMR and IR 
data. The general relationships are indicated in Scheme 1. These compounds are of interest in 
the context of nitrogen fixation, and the observation that the azido ligand in 
[Mo(NO)(N3)(S2CNEt2)2(Me2SO)] reacts with acid to give ammonia (via a nitrido complex) 
and N;j is particularly interesting in view of the reduction of azide by nitrogenase. A reasonably 
comprehensive list of compounds is given in Table 6. 

The dithiocarbamato complex [Mo(NO)(S2CNR2)3] has a homologue based upon NS rather 
than NO. The preparation (for R = Me) is not related to that of the nitrosyl, but is by reaction 
of propylene sulfide or S on [MoN(S2CNMe_)3].'°"?© However, its structure is very similar, 
pentagonal bipyramidal with NS in an axial position, and ZMoNS = 172.0(7)°, Mo—N= 
1.738(11) and N—S = 1.592(11) A. These complexes are part of a series of approximately 
isostructural compounds [MoX(S,CNR2)3] (X =N, O, NS or NO).*’” Thionitrosyl compounds 
with R, = Et, or (CH2)4 have also been prepared. A band assignable to v(NS) could not be 
identified in the IR spectra, though it is characteristically found in other complexes at ca. 
1160 cm™. 

[Mo(NO).(S,CNR;)2] . Me,SO. 80°C 
y KCN 

Mo(NO)(S;CNR;); “ie [Mo(NO](NCO).(S:CNMe;)2] [Mo( ) ] Se 60°C pain 

[Mo(NO)(NCO)(S:CNR;)2(Me2SO)] 

af NoH, 

[{Mo(NO)(NCO)(S,CNEt,)2}2N2H4] 

“or py 

[Mo(NO)(NCO)(S,CNEt,),B] 

[Mo(NO)(NCO)(X)(S,CNEt,)2] - 

Xx + Cl- or NCS~ 

Scheme 1 

The **Mo NMR spectra of [Mo(NS)(S2CNRz2)3] (R = Me or Et) have been reported.!!! 
The complex {MoCl,(NO)}, is capable, formally, of adding chloride ions to form 

[MoCL(NO)]~ and [MoCl;(NO)]?~. The six-coordinate species seems to crystallize as the 
cesium salt, and the five-coordinate as the tetraphenylphosphonium salt, from similar reaction 
mixtures which use K4[Mo(CN)s(NO)]-2H2O as the starting material.!!® There is an alternative 
route to the tetraphenylarsonium salts starting from [MoCl;(NO)(POCI;),].% (The bromo ana- 
logues have also been reported.'’*) An alternative preparation from MoCl, + NO seems rather 
more easy to use.”* The complex [EtsN][MoCl,(NO)] reacts with tertiary phosphine and 
phosphine oxides (L) to give adducts [EtsN][MoCl,(NO)L] (see Table 6). The other adduct of 
[MoCl,(NO)]~ which has been described is [MoCl,(NO)(O2PCI,)|?~, obtained by reaction of 
[AsPh4](O2PCl,) with [MoCL,(NO)]~. This mildly air-sensitive complex has a roughly oc- 
tahedral structure, with the O2PCl, binding through one oxygen only, ZMoNO being 
176.8(10)°, Mo—N = 1.701(13) and N—O = 1.182(11) A." A hint that [Mo(CN),(NO)]- can 
be synthesized'’® has not been amplified. 
The complex [MoCl;(NO)]’~ has had its structure determined as the tetraphenylarsonium 

salt. It has an octahedral structure, with ZMoNO = 173.9(25)°, Mo—N =1.751(32) and 
N—O = 112.0(38) A.® It is apparently a rather inert complex, said not to be of much value for 
synthetic work.*"* It can be prepared from K,[Mo(CN)<(NO)]-2H,O,"8 MoCl, and NO,3!4 
{MoCl,(NO)},,°° or [NEt,][Mo2Clo] and nitrosyl chloride.® Finally, the ion [Mo(NO)(CN)s]?- 
has been prepared by the action of cyanide on the complex material obtained from the reaction 
of sodium molybdate with hydroxylammonium chloride.” Some interesting nitrosyls, 
formally of molybdenum(II), have been obtained using this complex. These contain protonated 
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nitrosyl as well as NO. Thus HCl reacts to give [MoCl,(NO)(H,NO)]?~, and sodium azide 
produces [Mo(NO)(H,NO)(N3)4]*~.'" The latter, as the tetraphenylphosphonium salt, has 
been shown to contain seven-coordinate molybdenum, with pentagonal bipyramidal coordina- 
tion. The hydroxylamido(1 — ) ligand is side-on, and the axial NO has ZMoNO = 172.4(5)°, 
Mo—N = 1.761(8) and N—O=1.21(1)A.1" The structure is very similar to that of 
[Mo(NO)(H2NO)(NCS),]?~,'7° and can be compared with [Mo(NO)(H2NO),(bipy)]*, which 
has two side-bonded hydroxylamido groups, [Mo(NO)(H,NO)(phen),]**, which has one,!2! 
and [Mo(NO)(H2NO)(H2O)(terpy)]?*, which also has one.!? All these structures contain 
seven-coordinate pentagonal bipyramidal molybdenum, with linear, axial NO. The nitrosyl 
complexes containing hydroxylamine derivatives include [Mo(NO)(H,NO)(dipic)(L)]"~ 
(dipic = pyridine-2,6-dicarboxylate, n=0 or 1, L=H,O, CN, N3 or SCN),’”? 
[Mo(NO)(NH2OH)(H,NO)(terpy)], 7" [Mo(NO)(H2NO)(phen),}**, [Mo(NO)(H2NO), 
(terpy)]* ** and [Mo(NO)(H2NO)(pic.] (pic = pyridine-2-carboxylate). !2! 

The molybdate/hydroxylamine reaction which gives rise to the species which is the source 
of these materials is clearly complex, and its constitution depends upon the pH of its 
preparation. For example, reaction in water at pH4-4.5 can give rise to 
[Mo(NO)(H,NO)(NCS)4]?~, __ [Mo(NO)(H,NO)(NCS),L]  (L=bipy or phen) and 
[Mo(NO)(H,NO)(S,CNEt,),].’*° At higher pH the products are similar, but formally Mo! or 
Mo®. Possibly hydroxylamine derivatives could also be used, to give, for example, 
[Mo(NO)(EtsCNO)(NCS),]?~ "7° and [Mo(NO)(Me,CNO)(NCS),]?~ 124 which have actually 
been synthesized from the HNO precursor and a ketone. The structure of the latter has been 
shown to contain side-on hydroxylaminate.'!*’”° They again fit the usual pattern, with axial 
NO. However, MeHNOH and molybdate do not give rise to a homologue, but to 
[MoO.(MeHNO),],'* so that the reactivity pattern seems to depend upon the particular 
hydroxylamine used. 

The H,NO~ ligand can be deprotonated to give HNO* complexes. Thus, 
[Mo(NO)(H2NO)(terpy)(H2O)}** and CN~ yield a complex [Mo(NO)(HNO)(CN)- 
(terpy)]..* The deprotonation is reversible and the proposed structure has been 
confirmed by X-ray analysis. In this case, too, the basic seven-coordinate pentagonal 
bipyramidal structure is observed, with NHO side-on, and NO axial, ZMoNO = 178.0(7)’, 
Mo—N = 1.802(7) and N—O = 1.209(9) A.1”2 

Tris(pyrazolyl)borate has a formal resemblance to cyclopentadienide, in that it can behave as 
a six-electron donor and occupy three sites in a coordination sphere. Consequently, one might 
expect a similarity between complexes containing the Mo(pzb)(NO) group and _ those 
containing the Mo(Cp)(NO) group _ [pzb=tris(pyrazolyl)borate(1—), cp = cyclopenta- 
dienide(1 — )]. This is indeed the case, and an extensive chemistry has developed for complexes 
of the types [Mo(NO)(pzb)X,] and [Mo(NO)(pzb)XY} (XK and Y = anionic ligands). Much of 
this chemistry developed from an attempt to synthesize [{Mo(NO)(pzb)X>}.], analogous to 
[{Mo(NO)(cp)X2}.].°* In this work, the differences between tris(pyrazolyl)borate and tris(3,5- 
dimethylpyrazolyl)borate (Me2pzb) also became evident. 

The compounds [Mo(NO)(Mezpzb)X,] (listed in Table 7) are obtained by the general 
reaction of [Mo(CO).(NO)(Mezpzb)] with X,. This is not always a straightforward reaction, 
and is sometimes accompanied by halogenation of the tris(pyrazolyl)borate. The Me2pzb 
derivatives tend to be monomeric, whereas those based on pzb itself are dimeric.'?°»!”° 

The dihalides react with alcohols leading to the formation of an enormous range of alkoxides 
and even aryloxides [Mo(NO)(Me2pzb)X(OR)] as detailed in Table 7. The crystal structure of 
[Mo(NO)(Me2pzb)Cl(OPr')] has been determined,’ and the molybdenum shows normal 
octahedral six-coordination, albeit with a very short Mo—O bond. 

Reaction of [Mo(NO)(Mezpzb)I(OR)] with silver acetate in the presence of the alcohol 
ROH leads to the bis(alkoxides) [Mo(NO)(Me2pzb)(OR),]. The mixed alkoxides were 
similarly prepared.’”° The structures of several dialkoxides (Et, Pr’; Pr’, Pr’; Et, Et) have been 
investigated in detail in view of the rather bulky character of the ligands at molybdenum. 
The reaction of the dihalides with alcohols is paralleled by their reactions with other organic 

species containing acid hydrogens, such as phenols, amines and thiols. The resulting 
compounds are all detailed in Table 7. Representative structures include 
[Mo(NO)(Mezpzb)I(NHCsH,OMe)] and [Mo(NO)(Me2pzb)I(NHC.H4Me)]'*” which are oc- 
tahedral and very similar, with linear ZMoNO systems [Mo—N = 1.754(11) and 1.78(2), 
N—O = 1.211(14) and  1.16(3)A, _respectively].' The thiolato —_ complex 
[Mo(NO)(Me2pzb)I(SC.H;:)] is also distorted octahedral with a rather short Mo—S (2.31 A); 
ZMoNO = 176(3)°, Mo—N = 1.74(4) and N—O = 1.18(5) A.18 
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The compounds with NHNH; are unusual and rare examples of hydrazide(1— ) as a ligand, 

and have end-on, rather than side-on, hydrazide coordination. The structures are otherwise as 

expected with ZMoNO = 174(3) and 174.8(9)°, Mo—N = 1.70(3) and 1.80(2), and N—O= 

1.24(4) and 1.17(3)A for X, Y=I, NHNMePh and X, Y=I, NHNMe, in 
[Mo(NO)(Me.pzb)XY], respectively.'?? So far, the rich hydrazine/hydrazide chemistry of the 
cyclopentadienide homologues’ has not been reproduced. 

The NO sstretching frequencies quoted in Table 7 fall into classes as shown 

[Mo(NO)(Me2pzb)XY]: X, Y =I, SR (mean 1679 + 5) > SR, SR (1675) > 1, NHR (1667) > SR, 

OR (1656) >OR, OR (1646) >SR, NHR (1635) >OR, NHR (1632) (all cm~*), generally 
consistent with the donor capacities of X, Y.'** For a discussion of the reactions of the 
cyclopentadieny! analogues of some of these pyrazolyborate complexes, see the references 
cited.>4:19? 
Whereas these reactions of dihalides with proton-active compounds seem reasonably simple, 

[Mo(NO)(Mezpzb)I,] reacts with MexCO, MeEtCO or diacetone alcohol in complex fashion, 
affording some [Mo(NO)(Me2pzb)I(OEt)] but also some [{Mo(NO)(Mezpzb)I}20],°*'? 
presumably via a reduced species such as the paramagnetic Mo(NO)(Mezpzb)I.'** The possible 
reaction course has been discussed, and it has been established that the dinuclear species has a 
slightly bent MoOMo system [171.0(15)°], with linear ZMoNO (176(3)°, mean), Mo—N = 
1.74(3) and N—O =1.21(4) A (mean values). The two molybdenum coordination shells are 
eclipsed with respect to each other.'*? 

Less usual reactions of [Mo(NO)(Mezpzb)I,] are with 1,2-C;H,(XH)(YH) where X and Y 
bind replaceable (acid) protons. In general, only one group loses its proton, giving 
[Mo(NO)(Mezpzb)(XC,H,YH)I] for X=N, Y=N; X=N, Y=O; X=N, Y=S and X=S, 
Y=S. Why this should be isn’t clear. Even more, for X=O, Y=O, the product is 
[Mo(NO)(3,5-Me2CsN2H3)3(OC.H,O)]I, in which the catechol is still monodentate though 
dianionic, and from which a proton has been lost. The mechanism is again unclear, though the 
structure is unequivocal.'** The molybdenum is still six-coordinate, with ZMoNO = 173.3(12)°, 
Mo—N = 1.771(13) and N—O = 1.188(18) A.1*4 

The Mo” diiodide reacts with heterocyclic compounds to give [Mo(NO)(Me2pzb)Z,]* 
(Z = pyridine, etc.), and with sodium amides to give diamido species, as detailed in Table 7. 
The product containing pyrollidides has the usual octahedral structure with ZMoNO 
approaching linear, and N—O = 1.163 A.» 

Although 1,2-CsH4(XH)(YH) (see above) do not form chelate or bridging (dinuclear) 
species, dinuclear species are formed if the groups XH and YH are far enough apart to enable 
the two centres to react with different metal ions quite independently. Thus 4- 
H2NC.6H4,CH2CsH4NH2-4 forms [Mo(NO)I(Me2pzb)(NHCsH,CH2C.sH,NH2)] and thence 
[{Mo(NO)(Me2pzb)I}2NHC;H,CH2CsH,NH]. The species so formed, together with their 
reduction potentials, are reported in Table 8.'°° The two metal ions may be the same or 
different. Apart from those species listed in Table 8, [Mo(NO)(Me,pzb)I- 
{NHC.H4Pd(PPhs;)2I}] and [Mo(NO)(Me2pzb)I{NH(CH2)3PPh2}.Hgl>] have also been 
mentioned.'*° 

The electrochemical properties of these species have been studied, and it is apparent that 
there is no electrochemical influence of one metal atom upon the other if there are CH groups 
in the bridge, However, if the bridge contains S$, SO, or O, which allow transmission of 
electronic effects, two overlapping reduction waves are observed, suggesting some interaction. 
Finally, where the bridge is CsH4, the interaction is very strong. There is a linear correlation 
between F,,. and the Hammett o para constants for compounds containing appropriate 
para-substituted groups.!*° 

This study is part of a wider discussion of the electrochemistry of these Mo" species.!37 In 
particular, [Mo(NO)(Mezpzb)I,] is reduced reversibly in a range of solvents, S, to generate 
[Mo(NO)(Mezpzb)I(S)], in a one-electron process. The product is itself redox active. The E,> 
value is +0.22 V (THF) whereas the corresponding dichloride is reversibly reduced at —0.09 V, 
under similar conditions. The reduction product is substantially more stable than 
[Mo(NO)(Mezpzb)I2]~, and shows little sign of the production of free chloride. The only 
product isolated from the reduction of the diiodide is [Mo(NO)(Me2pzb)I,{Li(OEt,)}].!37 

36.2.4.2.4 Diazenido complexes 

The principal interest of diazenido complexes of molybdenum(II) is that they are formed by 
the alkylation or protonation of coordinated dinitrogen. They thus represent a unique group of 
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Table 8 Reduction Properties of Some Bimetallic and Monometallic 

Mo" Species 

Complex Ey, (V)? 

MoNHC,H,NH, —0.98, —1.52 (Ep/red) 
MoNHC,H,NHMo —0.48 
MoNHC,H,NHW —0.74, —1.66 (Ep/red) 
MoNHC,H,OH —1.01 (Ep/red) 
MoNHC,H,OMo (it S ee lial 6 
MoNHC,H,OW —0.28, —1.60 (Ep/red) 
MoNHC,H,XC,H,NHM' 
X= CH,, M’=H —0.85 
X= CH,, M= Mo —0.84 (two-electron process) 
X= (CH,)., M’=H —0.85 
X = (CH,)., M’ = Mo —0.84 
X=SO,, M’=H —0.54 
X=SO,, M’ = Mo —0.49, —0.60 
X=0O, M'=H —0.86 
X= 0,M'=Mo —0.88 (two-electron process) 
X=0O,M'=W (0.81. —ieo7, 

“For one-electron process unless otherwise stated, Mo = Mo(NO)(Me,pzb)I, 
W = W(NO)(Me,pzb)I. See G. Denti, C. J. Jones, J. A. McCleverty, B. D. 
Neaves and S. J. Reynolds, J. Chem. Soc., Chem. Commun., 1983, 474; and T. N. 
Briggs, C. J. Jones, J. A. McCleverty, B. D. Neaves, N. El Murr and H. M. 
Colquhoun, J. Chem. Soc., Dalton Trans., 1985, 1249 for a complete discussion. 

compounds, since well-defined species from the reactions of coordinated dinitrogen which 
contain dinitrogen hydride residues are uncommon. The general formula of the majority is 
[Mo(N2R)X(diphosphine).] (R = H or alkyl, X = halide, diphosphine usually dppe). They are 
listed in Table 9. 

The base members of the series [Mo(N2H)X(dppe)2] (X = F or Br) were obtained initially by 
treatment of [Mo(N2H>2)X(dppe)2]* (themselves obtained from reaction of [Mo(N2)2(dppe)s] 
with HX) with exactly one mole of NEt3.'%° If an excess of base is used, reaction under N2 
regenerates the parent [Mo(N2)2(dppe)2]. They react with acid, primarily to regenerate the 
hydrazide(2 — ) complexes, and kinetic studies suggest that they are also formed as intermedi- 
ates during the conversions of coordinated dinitrogen to hydrazide(2 — ).'°° 

Mo—N, == Mo—N,H == Mo—N.H, (13) 

Their proton base strengths are less than that of the dinitrogen complex, but greater than 
that of the hydrazido(2 — ) complexes.’*° Their structures are likely to be similar to those of the 
alkyldiazenido complexes discussed below, that is trans octahedral with a linear MoNN system 
and NNH = 120°, but definite evidence is lacking. 

The alkyldiazenido complexes [MoX(N2R)(dppe)2] are generally synthesized by reaction of 
alkyl halides with [Mo(N2)2(dppe)2]. The reaction mechanism has been elucidated in some 
detail,'*° and is believed to involve a step in common with substitution reactions of the 
bis(dinitrogen) species, namely rate-controlling reversible thermal loss of N2 (equation 14). The 
full reaction sequence is set out in equation (15). 

[Mo(N2)2(dppe)2] == [Mo(N-)(dppe)2] + Nz (14) 

[Mo(N,)2(dppe)2] = [Mo(N,)(dppe)2] “> [Mo(N2)(XR)(dppe)2] 

— [Mo(N,)X(dppe)2] +R: (15) 

The radical R- may then attack the solvent, as it does with THF, affording RH and a solvent 

radical. If R: is unreactive, it may eventually dimerize, yielding R2 (e.g. for R = PhCH2) and 

the principal complex product is [MoX,(dppe)2)2]. If R- is unstable, then it can decay (e.g. 

BrCH,CH;: yields C,H, and [MoBr2(dppe).]). Finally, and in the most significant case, R- (or 

the solvent radical produced by it) can attack the remaining coordinated N, to produce 

[Mo(N2R)X(dppe)2]. The compounds obtained by this route are all listed in Table 9. In 
general, reactivity of alkyl halides falls in the sequence RI > RBr > RCI, but certain activated 
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Table 9 Diazenido Complexes of Molybdenum(II) 

Complex 

[Mo(N,H)X(dppe).] 
[Mo(N,Me)X(dppe).] 

[Mo(N,Et)Br(dppe),] 
[Mo(N>Et)Br{(CF3C,H,)2PCH CH P(CsH4CFs)>}2] 
[Mo(N,Et)Br{(CIC;H,)»PCH,CH,P(C,H,Cl)>}>] 
[Mo(N,Et)Br{(MeC,H,),PCH,CH,P(C,H4Me),} 2] 
[Mo(N,Et)Br{MeOC,H,),PCH,CH,P(C,H,OMe)>}>] 

[Mo(N,Bu)X(dppe).] 

[Mo{N,CH,(CH,),CH,OC(O)Me}Br(dppe)>] 
[Mo(N,CHOCH,CH,CH;)Br(dppe),] 

[Mo{N,CH,(CH,),CH,0OH}Br(dppe),] 
[Mo(N,CH,CH,CMe;)Br(dppe),] 

[Mo(NC,H,,)X(dppe)2]* 

[Mo{N,CH,CHCH,(CH,),CH,}Br(dppe)>] 

[Mo(N,C,H,,)I(dppe)>] ? 

[Mo(N,C,H,7)Br{2S,35)(dppb)},] 
[Mo(N,COR)Cl(dppe),| 
[Mo(N,CONHPh)Br(dppe),] 
[Mo(N,CO,Et)Cl(dppe)>] 

[Mo(N,COCF3)(O,CCF;)(dppe)>] 
[Mo(N,CH,CO,Et)X(dppe),] 

[Mo(N,C,H,F)(bipy)(CO),]BF, 

[Mo(N,Ar)(bipy)(CO)(PPh;)]* 

[Mo(N,Ar)(phen)(CO)2(PPh;3)]* 

[Mo(N,Ar)(bipy)(CO)2X] 

[Mo(N,C,H,Me)(phen)(CO),X] 
[Mo(N,Ar)(pzb)(CO),] 

[Mo(N,Ar)(pzpzb)(CO),]° 

[Mo(N,CsH,Me)(LL)(CO)(PPhs).]* 
[Mo(N,Ar)(pzb)(CO)(PPhs)] 
[Mo(N,Ar)(pzb)(NO)CI] 

v(N=N) (cm~') 

Not assigned (F); 1940 (Br) (Nujol)! , 
1540 (Br);? 1535 (Br);* 1542 (I)* (all KBr); 1550 (I) (?),° not 
assigned in ref. 6 
1560-1540;? 1555-1505’ (all KBr) 
1560-1515 (KBr)’ 
1560-1515 (KBr)’ 
1540-1500 (KBr)’ 
1535-1500 (KBr)’ 
1530, 1516(Br) (CsI);*? 1529, 1511 (I) (KBr);* 1535 (CN) 
(Nujol);®> 1529 (CNS) (KBr);?>  1525(SCN) (Nujol); 
1523 (N;) (KBr);? not assigned (OMe)? 
1540 (KBr)'° 
1510 (KBr)" 
1527 (KBr)?° 
1525 (KBr)° 
1550 (D) (KBr);* 1550 (I) (?);° not assigned (I);° 1475 (OH) 
CsI 
cia 1516 and 1535, not assigned* 
1535 (CsI);* not assigned in ref. 12 
Not assigned’® 
Not assigned (Me);” 1330 (Et) (Nujol);* 1356 (Ph) (KBr)'* 
Not assigned’ 
1632 (KBr)'° 
1345 (?)*° 
ca. 1508 (KBr) (for X = Cl, Br or I)” 
1622, 1570 (CH,Cl,)"* 
1632, 1561 (4-C;H,Me); 1628, 1565(4-C,H,F); 1621, 
1564 (3-C,H,F); 1623, 1560 (Ph) (all CH,Cl,)™ 
1623, 1562 (4-C,;H4Me); 1625, 1567 (4-C,H,F); 1628, 1656 
(sic) (3-CgH,F); 1633, 1561 (Ph) (all CH,Cl,)"* 
1545 (4-C;H,Me, Cl); 1546 (4-Cs;H,Me, Br); 1550 (4-C,H,F, 
Cl); 1543 (4-C,H,F, Br); 1553 (4-C,H,F, I) (all CH,Cl,)"® 
1546 (Cl); 1547 (Br) (all CH,Cl,)"® 
1559(Ph); 1568 (4-C,H,F); 1538 (3-C,H,F); 1530 (4- 
CeH4NO 2); 1562 (2-CsH,Me); 1579 (2,5-C5H;Me,) (solid 
state Raman);'? IR values for v(N5) are ca. 16207° 
1569(Ph); 1582 (4-C,H,F); 1554 (3-C,H,F); 1528 (4- 
CsH,NO,); (solid state Raman);’? IR values for v(N,) ca. 
1620°° 
1534 (bipy); 1535 (phen) (all CH,Cl,)'® 
1530, 1485 (4-C5H,Me); 1532, 1486 (4-~C,H,F) (all CH,Cl,)”" 
probably Ar= Ph only, 1642 (?)”* 
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chlorides form diazenido complexes although most simply give [MoCl,(dppe),].'° This 
mechanism has received support from studies involving chiral phosphines.®°-!4! The rarer 
acylation reactions are believed to follow the same pattern.'*° An alternative reaction route for 
electron-rich _ dinitrogen complexes, such as [Mo(N3)(SCN)(dppe)2]” _ giving 
[Mo(N2Bu")(SCN)(dppe).], has been described,” as has a rather restricted reaction sequence 
for [Mo(N2).(dppe)2] and (CF;CO),O yielding [Mo(N,COCF;)(O,CCF, (dppe)2]. This is 
believed to involve non-radical nucleophilic reaction of the coordinated N>.!” 

The general reactions of the compounds are much as expected. They react with strong 
reducing agents to give ammonia and amines, with complete destruction of the com- 
plexes.""*"*’ The halides are labile and can be substituted.'“4 The compounds react with acids 
to form alkylhydrazido complexes,'** and with alkyl halides to form dialkylhydrazido(2 — ) 
complexes, in reactions which are typical Sy2 reactions,” though electrophilic attack (viz. by 
Me”) is also a possibility.!°° 

The structures of some of these complexes have been determined. They all have a trans 
configuration, with octahedral coordination around the molybdenum, with a linear MoNN 
system, and ZNNC ca. 120°. For [MoI(N2C.Hi;)(dppe)2], ZMoNN = 176(1)°, ZNNC= 
142(2)°, Mo—N = 1.95(1) and N—N =0.91(1) AS This last value is almost certainly an 
artefact of the poor quality of the crystals used, and a value of ca. 1.15 A might be expected. In 
[MoCl(N.CO,Et)(dppe)], ZMoNN = 178.9(5)°, ZNNC = 117.0(6)°, Mo—N = 1.732(5) and 
N—N = 1.382(10) A.’ The acyldiazenido complex [MoCl(N.COPh)(dppe),] has ZMoNN = 
172.1(6)°, ZNNC = 116.7(7)°, Mo—N = 1.813(7) and N—N = 1.255(10) A.?? 
XPS data on [MoI(N2Me)(dppe)2] and [MoI(N2CsHi:)(dppe)2] have been reported, and in 

the latter case suggest the presence of two types of nitrogen, as expected, but for the former 
the two nitrogens give rise to only one signal.'°*!°° "N NMR spectroscopy has been carried out 
on [MoBr(N2Et)(dppe).].!*° 

The other diazenido complexes of Mo" are generally carbonyl species and almost all are 
phenyldiazenido complexes. None is obtained via coordinated dinitrogen. 

The complex [Mo(CO);3(N2C.H4F)(bipy)]BF, was prepared by reaction of (p-FC,H4N2)(BF,) 
with [Mo(CO),(bipy)].'°’ This is the only compound of the class characterized, although the 
preparative route is suggested to be quite general for aryldiazonium salts. The complex shows 
two IR bands assigned to v(CO), which were used as a basis for ascribing a fac conformation to 
the carbonyls.’°’ The presence of two IR bands associated with v(N=N) was explained by 
mixing of N=N and phenyl-ring vibrations, which finds support from '°N-labelling studies.'*” 

Dicarbonyl complexes [Mo(CO).(N2Ar)(L-L)(PPhs;)]* (L-L = phen or bipy, Ar= aryl) can 
be prepared by reaction of the tricarbonyls with PPh, but the preferred route appears to 
involve the reaction of [Mo(CO)3(L—L)(PPh3)] with the appropriate diazonium salt at —78 °C. 
The compounds so prepared are listed in Table 9. No discussion of structure is provided. These 
dicarbonyls react with triphenylphosphineiminium salts to lose phosphine and generate another 
series of dicarbonyls. [Mo(CO)2(N2Ar)X(L-L)] (X=Cl, Br or I). Again, no structural 
discussion is provided. Finally [Mo(CO)2(N2Ar)(L-L)(PPh;)|* react with PPh; in acetone at 
reflux to yield [Mo(CO)(N2AR)(L—L)(PPh;)2]*. Preparations and characterizations of all these 
compounds are fully described.'*’ The structures (not fully discussed) are presumably the same 
as those of their nitrosyl analogues (classified under Mo’). 

The last considerable group of diazenido complexes contain tris(pyrazolyl)borate as a ligand. 
The complexes [Mo(CO).(N2Ar)(pzb)] and [Mo(CO),(N2Ar)(pzpzb)] (pzpzb = B(pz)4, where 
pz=pyrazolyl) were first obtained by the reaction of the appropriate 
tricarbonyl(pyrazolylborato)molybdenum(1 — ) with a diazonium salt.’°* The values of v(CO) 
follow the trends expected from the electronic properties of the pyrazolylborate and 
arenediazenide groups. Where appropriate, the '7F NMR spectra were discussed, but no 
specific values of v(N=N) were reported. These compounds are remarkably stable, and 

[Mo(CO),(N>Ph)(pzb)] is unaffected by hot 70% sulfuric acid.°* However, halogens produce 
very stable {Mo(N2Ph)(pzb)X},, (X = Cl, Br or I).’°” Later Raman studies, involving labelling 
with 7H and/or *N enabled assignments of v(N=N) to be made with more precision. The 

band assigned to v(N=N), or predominantly to (N=N), occurs in the region of 1550 cm7' and 

is strongly Raman active.'™ Za 

The crystal structure of [Mo(CO),(N2Ph)(pzb)] shows the expected octahedral coordination 

around molybdenum, with a ‘singly bent’ ZNNPh and Mo—N = 1.83 Ae 
The pyrazolylborate dicarbonyls react with PPh; in refluxing xylene to generate monocar- 

bonyls [Mo(CO)(N2Ar)(pzb)(PPhs)], and = with» (4-MeC.H,S). to _ produce 

[Mo(N2Ar)(pzb)(SCsHMe),]."° They also undergo oxidative additions with NOCI in CH2Ch,, 
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to produce [Mo(Cl)(N2Ph)(pzb)(NO)], for example. The chloride seems inert to Grignard 
reagents and to halide abstractions. 

36.2.4.3 Miscellaneous 

The five compounds in this group are unrelated, and even open to question to some degree. 
Thus, reaction between [MoO,]*~ and H,S in the presence of cyanide yields [Mo2S,(CN)s]°~ 
which has a double sulfide bridge’™ and hence is formally Mo™'. However, if there is significant 
S—S interaction, this could be formulated as Mo". In the presence of QO», this plus 
[Mo(CN)]°~ yields [Mo2S(CN),2]°®-, which has a single Mo—S—Mo bridging system, the first 
of its kind reported, with short Mo—S [2.172(5) A] and a linear MoSMo[169.5(3)°].!™ 

The reaction of [MoCl,(bipy)] with Me3SiN3 results in a mixture of [MoN(N;)(bipy)] 
(isolated and characterized by X-ray structural analysis) and an insoluble material which 
analyzes for MoCl,(N2)(bipy), and possesses no IR bands assignable to v(Mo=N), v(N3) or 
6(N3) [nor, apparently, to v(N2)]. It has ug =2.2 BM. If confirmed, it would be the first stable 
Mo!" dinitrogen complex.'® 

Carbon dioxide reacts with [Mo(N2)2(PMe2Ph),4] to produce not a carbon dioxide complex, 
but a carbonato-carbonyl, whose formation involves reductive disproportionation of CO, 

(equation 16). The structure of the Mo” product [{Mo(CO)(PMe2Ph)3}2(u-COs3)2] has been 
determined by X-ray structure analysis.’ 

4CO; + 4e7' —> .2CO2 +260 (16) 

Nitrobenzene reacts with [Mo(CO)2(S,CNEt,)2] to yield [Mo(ONPh)O(S,CNEt,)2] which is 
reduced by PPh; giving [Mo(ONPh)(S,CNEt,).] and OPPh3. This is regarded as a n7- 
nitrosodurene complex on the basis of NMR evidence. If PhNO is regarded as a neutral ligand, 
this material contains Mo™. It does not isomerize to ,[MoO(NPh)(S,CNEt,),], a known 
compound, either thermally or photolytically.'©’ 

The complex [Mo(CO)2(S:CNEt2)2] also reacts with acetylenes, losing one CO, to be 
replaced by acetylene, and with diazenes, yielding [Mo(RN2R’)(S:CNEt,).] and 
[Mo(RN>R’)2(S,CNEt,)2] (R=R’=CO,Et). Both complexes hydrolyze to give 
EtO,CNHNHCO.Et.'® There is, of course, an extensive organometallic chemistry, some of it 
of Mo", based on the Mo(S,CNEt,)2 moiety. Only the little discussed above is appropriate to 
this chapter. 
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36.3.1 INTRODUCTION 

Molybdenum displays a remarkable propensity to form metal-metal bonds, in all of its 
oxidation states—even Mo’! if one allows the close (ca. 2.7 A) approach of metal atoms in 
complexes of [MoS,]?~ (see Section 36.6.1) to be considered as a direct metal—metal 
interaction. As with other second row transition metals, this tendency to form metal—metal 
bonds can be rationalized in terms of the effective covalent overlap that can be achieved using 
the 4d orbitals, especially for the metal in its lower oxidation states. As a clear indication of 
this, the heat of formation’ of atomic Mo(g) is 658kJ mol’, the bond dissociation energy of 
Mo,(g) is? 404 + 20 kJ mol! and the Mo—Mo separation 1.93 A.? The electronic structure of 
this molecule has been discussed in some detail and potential energy curves calculated.* Simple 
MO considerations lead to the conclusion that the maximum Mo—Mo bond order will occur in 
Moz, which could be considered to possess the configuration o,(s)?0,(d)?m,,(d)*6,(d)*, 
corresponding to a sextuple bond; however, correlation effects mean that such a simple 
description is inappropriate. These effects are also important in molybdenum compounds which 
involve a close approach of two metal atoms and, hence, there has been vigorous discussion 
concerning the nature, strength and the interpretation of spectroscopic properties of complexes 
involving multiple Mo—Mo bonds. 

The formal bond order for Mo—Mo interactions in compounds ranges from 4 to <1, with 
fractional bond orders being well established. The distance between a pair of Mo atoms, in 
compounds where a definitive and direct interaction between two Mo atoms seems plausible, 
ranges from 2.037(3) A in [Mo(pyNC(O)Me),]° to 3.267(6) A in the guaiazulene (G) complex 
[GMo2(CO).].° Although the former is considered to involve a quadruple bond and the latter a 
single bond (perhaps lengthened by steric effects), the length of an Mo—Mo bond gives a 
general, rather than a precise, indication of the bond order. Discrete systems involving 
Mo—Mo bonds range from Mo, dimers, through Mo; and Mo, to Mog clusters and 

1301 
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molybdenum also displays considerable versatility in forming metal-metal bonds with other d 

transition metal atoms. 
The preparation and properties of compounds containing metal-metal bonds, in which 

molybdenum features prominently or exclusively, have been the subject of several recent and 

authoritative reviews.” '° The following sections will, therefore, concentrate on the salient 

aspects of the coordination chemistry of these systems and the reader is referred to these 

reviews for further information. 

36.3.2 DIMETALLIC COMPLEXES 

36.3.2.1 Complexes Containing a Quadruple Metal—-Metal Bond 

36.3.2.1.1 Synthesis and structure 

Aspects of this topic are included in Section 36.1.2. Complexes based on the Mo3* centre 
presently constitute the largest group of compounds known to contain a quadruple bond (see 
Table 1). The ligation sites of this centre are illustrated by the structure of 
[Mo.(OCMe)2(MeCN).][BF,]2"’ (Figure 1). Each metal atom binds one axial and four 
equatorial ligands. There is a strong preference for an eclipsed arrangement of the two sets of 
equatorial ligands, even when there are no bridging ligands, e.g. [Mo2Cls]*~.’* The length of 
the Mo—N.g and Mo—N,x, bonds (2.148(4) and 2.759(19) A, respectively) of 
[Mo2(O2CMe)2(MeCN),]** provide clear evidence of the static trans effect of an Mo—Mo 
quadruple bond and many Mo3* complexes do not involve axial ligands. 

Mo.2(O2CR),4 compounds are the most important systems containing an Mo—Mo quadruple 
bond because, traditionally, they have been the starting point for the synthesis of other Mo3* 
derivatives. The popular preparative procedure is that developed by Wilkinson ef al.;° 
[Mo(CO).] is heated with the carboxylic acid and (if available) the anhydride, either without an 
additional solvent or dissolved in diglyme. Generally, the derivatives of mono-'*' and 
di-carboxylic’® acids can be obtained by carboxylate exchange from [Mo2(O2CMe),], excepting 
[Mo,(O2CH),4] which is obtained by reacting [Mo(n°-PhMe)(n°-C3Hs)Cl], with anhydrous 
NaO.CH in EtOH, followed by treatment with HCO;H,” or by reacting K4{[Mo Cls]-2H,O0 
with 90% formic acid and recrystallization of the resultant K[Mo2(O2CH),Cl] from 90% formic 
acid.'® Substitution of K,[Mo Clg] by glycine’? or by pL-amino acids in aqueous solution has 
been used to prepare Mo3* dimers in which four chiral ligands are arranged around the 
dimetallic centre in the cyclic order of ppiL.”” The reaction of an aqueous solution of Mo$* 
with p-mandelic acid, to form [Mo,(p-mandelate),],”1 provides a further example of the 
synthetic routes to [Mo2(O2CR),4] compounds. 
Many [Mo.(O.CR),4] compounds have been characterized by X-ray crystallography.'*7* 

Although in [Mo2(O2Cbiph)4] (HO2Cbiph = 2-phenylbenzoic acid) the bulky ligands prevent 
axial ligation, the general observation is that [Mo.(O2CR),4] compounds crystallize with the 
molecules linked in infinite chains formed by axial coordination of each molecule by the oxygen 
atoms of its neighbours. In the case of [Mo.(O2CH).,], three different intermolecular 
arrangements have been identified.’* Alternatively, axial ligation may be provided by 
functional groups on the ligands, as established for [Mo2(O2CCsH,OH).,] (Figure 2),7* or by a 
wide variety of ligands including halides, HO, DMSO, THF, diglyme, phosphine oxides, py, 
bipy, phosphines or arsines.'*** In all of these systems, the basic stereochemistry of the Mo3* 
centre remains essentially as shown in Figure 1 and the length of the Mo—Mo quadruple bond 
(ca. 2.1 A; Table 1) is insensitive to the nature of the carboxylate. There is, at most, a slight 
(ca. 0.01 A) lengthening of this bond upon axial coordination and the absence of any significant 
effect is clearly demonstrated by comparison of the dimensions of [Mo2(O2CCF3),4] in the gas 
phase** and solid state,*? for which the Mo—Mo separations are 2.105(9) and 2.090(4) A, 
respectively. In the case of [Mo2(O2CMe),], the corresponding values are 2.079(3)* and 
2.093(1) A.” 

Several reactions have been reported which involve the partial displacement of the 
carboxylate ligands of an [Mo2(O2CR),4] compound and a wide range of products have been 
characterized. Simple reactions include halide substitution; thus, [Mo.(O2CMe).,] reacts with 
dilute HCI to form [ 02(O2CCMe) Cl] *° and [Mo(O2CCF;)4] reacts with [NBu,]Br to form 
[Mo2(O2CCF3)2Br,]’~ *° and both of these anions have a trans arrangement of the carboxylate 
groups. In contrast, [Mo2(O,CMe)2(acac)2]*° and [Mo2(0,CH(NH3)R)2(NCS),]:7H2O (R = H, 
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Table 1 A Representative Selection of Compounds Considered to Contain an Mo—Mo 

Quadruple Bond’”” 
eee eh RR pee 

Mo—Mo bond 
Compound length (A) Ref. ae Bel ee oe 

[Mo,(O0,CH),] 2.091(2) 24 
[Mo,(O,CMe),] 2.093(1) 22 
[Mo,(O,CCF3)4] 2.090(4) 23 
[Mo,(0,CCH,NH3),]Cl,:-3H,O 2.112(1) 19 
K[Mo,(O,CH),Cl] 2.105(4) 18 
[Mo,(O,CH),]:-2H,O 2.100(1) 34 
[Mo,(0,CC,H,OH),] 2.092(1), 2.094(1) 28 
[Mo,(O,CCF;)4(py)>] 2.129(2) 39 
[Mo,(O,CCF;),(PBu;)>] 2.105(1) 42 
[NBu,],[Mo,(O,CCF;),Br5] 2.134(2) 30 
[AsPh,],[Mo,(O,CMe),Cl,]-2MeOH 2.086(2) 46 
[Mo(0,CMe),{(pz),BEt,}5] 2.129(1) 48 
[Mo,(0,CMe),(CH,SiMe,)o(PMe;)>] 2.098(1) 52 
[Mo,(u-O,CCF;),(O,CCF;)(PPhEt,)>] 2.100(1) 41 
[Mo,(O,CMe){(PhN),CMe};] 2.082(1) 67 
[Mo,{(PhN),CPh},] 2.090(1) 68 
[Mo,(mhp),]* 2.067(1) 69 
[Mo,(map),]-2THF° 2.070(1) 70 
[Mo,(dmp),]° 2.064(1) 71 
[Mo,(ambt),]-THF* 2.103(1) 72 
[Mo,(MeNC(PPh,),S)4] 2.083(1) 73 
[Mo,(u-PBu}).(PBu'),] 2.209(1) 74 
[Mo,(S,CPh),]-2THF 2.139(2) 75 
[Mo,(u-S,PEt,),(SPEt,)>] 2.137(1) 76 
K,[Mo,(SO,)4]-2H>O 2.110(3) 77 
[pyH],[Mo,(HAsO,),]:2H,O 2.265(1) 78 
[Mo.(C3Hs)4] 2.183(2) 79 
[Mo,(C,Hs)5] 2.302(2) 80 
[Mo,{(CH;)»PMe,} 4] 2.082(2) 81 
K,[Mo,Cl,]-2H,O 2.139(4) 10 
[NH,],[Mo,Brsg] 2.135(2) 82 
[C,HioNO],[Mo,Cl,(H,O),] 2.118(1) 83 
[Mo,Cl,(dppe),]° 2.183(3) 84 
[Mo,Cl,(pic)4]-CHCI,' 2.153(6) 85 
[Mo,Cl,(Et,S),] 2.144(1) 86 
[Mo,(OPr'),(Pr'OH),] 2.110(3) 87 
[Mo,(OPr’)4(py)] 2.195(1) 87 
[NH,]4[Mo.(NCS).]-4H,O 2:162(1) 88 
Li,[Mo,Me.]-4THF 2.148 89 
[Mo,Me,(PMe;),] 2.153(1) 90 
[Mo,H,(PMe;)6] 2.194(3) 91 

* Hmhp = 2-hydroxy-6-methylpyridine. : Hmap = 2-amino-6-methylpyridine. “dmp= 2,6-dimethoxy- 
phenyl. “ Hambt = 2-amino-4-methylbenzothiazole. © dppe = 1,2-bis(diphenylphosphino)ethane. © pic = 4- 
methylpyridine. 

Figure 1 Structure of the [Mo,(0,CMe),(MeCN),]** cation’? 
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Figure 2. Molecular arrangement in [Mo,(O,CC,H,OH),]-C.H,Cl,-1,2” 

n=1; R=CH(Me)Et, n =4.5)*’ involve a cis arrangement of the bridging carboxylato groups. 
Apart from the steric constraints imposed by the chelating ligands in the above and other’**°° 
di-u-carboxylato complexes, the factors which determine a cis or trans arrangement of the 
carboxylato ligands remain obscure. Further subtleties in the detailed coordination geometry of 
Mo3* centres are revealed in the products of the reaction between [Mo2(O2CR),4] (R = Me or 
CMe;) and lithium silylamides [LiN(SiMe3)2., LiN(SiMe.H), or LiN(SiMe3)(Me)] in the 
presence of tertiary phosphines (PMe3, PMe2Ph or PEt;). Complexes of the type 
[Mo2(O2CMe)2(NR>)2(PR3)2] are formed and their stereochemistry has been probed by NMR 
and IR spectroscopy. The stereochemistry of these complexes is independent of the carboxylate 
or phosphine but dependent upon the nature of the silylamide. For R’=SiMe2H the 
phosphines and silylamide groups are oriented trans, relative to the metal-metal bond. In 
contrast, for R’ = SiMe; or R; = (SiMe;3)(Me), the phosphine and silylamide groups are trans to 
each other on the same metal atom.*’ 
Loss of carboxylate ligands from [Mo2(O2CR),4] compounds can be assisted by protic or 

Lewis acids. Thus, [Mo.(O2CCF3;),4] and bipy react in the presence of [Et,;O][BF,] to produce 
[Mo2(O2CCF3)2(bipy)2][BF4]2-EtzO.°* Also, replacement of two of the acetato groups of 
[Mo2(O2CMe)a,] is readily achieved by reaction with strong acids;'?*?"™ thus, with [Me3O][BF,] 
(ca.1:4molratio) in MeCN, [Mo2(O.CMe).(MeCN),][BF,]2 (Figure 1) is produced." 
[Mo.(O2CMe),] reacts with the zwitterion S,CPEt,; in the presence of H[BF,] to yield 
[Mo2(S:CPEt3)(O2CMe)3(OPEts) ][BF,].©' As an example of an alternative means of removing 
carboxylate groups from an Mo3* centre, treatment of [Mo2(O2CCF3)4] in toluene with Me3SiCl 
and EtCN at low temperature affords [Mo.(OCCF3)2(EtCN)2Cly]-[Mo2(O2CCF3)3(EtCN)Cl].°° 

The above examples of the partial substitution of an [Mo2(O2CR),4] molecule serve to 
demonstrate the considerable scope and variation that exists for the substituted derivatives of 
Mo3*. This versatility is greatly increased by two other major factors; firstly, the large number 
of bidentate ligands capable’ of bridging the metal atoms of the Mo3* cation (Figure 3) and, 
secondly, the facile substitution reactions of o[Mo2Xs]*~ (X = Cl, Br, NCS),’ [Mo2(O3SR)a] 
(R= Me, CF3),° [Mo2(MeCN)s]** © or Mo3tq)™ (see Section 36.1.2). 
Mo3* complexes can also be prepared by the reduction of molybdenum complexes in a 

higher oxidation state. Reduction of Mo’ in HCl to form [MoCl,]*~, condensation of this 
anion to produce [Mo,Cl,]*~, and quantitative reduction of the latter by a Jones reductor 
provides a convenient, if little exploited, route to Mo3* complexes.® Furthermore, in principle, 
an Mo—Mo quadruple bond can be formed by reductive elimination from a compound 
containing an Mo—M6o triple bond. This potential has been realized for [Mo2R2(NMez),] 
(R = an alkyl containing a B-hydrogen atom) upon reaction with CO, or 1,3-diaryltriazines, 
according to equations (1) and (2), respectively. 

[Mo,R,(NMe>)4] + CO, ——~ [Mo,(O,CNMe,),] + alkene + alkane (1) 

[Mo,R3(NMe,)4] + 4ArNNNHAr —> [Mo.(ArNNNAr),] + 4HNMe, + alkene + alkane (2) 

Table 1 illustrates the range of compounds known to contain an Mo—Mo quadruple bond 
and more comprehensive compilations have been provided.” This wide range of compounds 
manifests a variation in the length of the Mo—Mo quadruple bond (from 2.037(3)° to 
2.302(2) A®) and provides a specific reinforcement of the point that there is not a direct 
correlation between the length and (formal) bond order of a metal-metal bond. 
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Figure 3 Examples of ligands capable of bridging the metal atoms of a Mo$* centre’ 

As represented by the material covered so far in this review, much of the early investigations 
of Mo3* systems involved u-carboxylato ligands. However, there are a large number of other 
ligands capable of bridging a dimetal centre (Figure 3) and this is encouraged if: (i) the ligand is 
bidentate; (ii) the preferred, or only, conformation is such that the donor orbitals of X and Y 
are parallel; (iii) the distance between X and Y is in the range 2.0-2.5 A.” These criteria are 
met by a large number of oxyanions, of which sulfate,’’ arsenate,’* methylsulfonate, 
trifluoromethylsulfonate,” carbamate™ and, of course, carboxylates have been established as 
binding to Mo3*. Relatives of the carboxylates, with S or RN in place of one or both oxygen 
atoms, also form Mo3* complexes’’*:”° but perhaps the most important innovation in this area 
was the introduction of aromatic ligands capable of bridging across a dimetal centre via the 
carbon or nitrogen of the aromatic ring and another donor atom (usually oxygen or nitrogen) 
of a substituent in the 2-position. The most important sub-group of this latter class of ligands 
are the anions of the 2-hydroxypyridines, 2-HOC,;H,-6-X (X =H, Hhp; X = Me, mhp; X = Cl, 
chp; X=F, fhp). It was with mhp that the first complete series of stable Group VI M3*t 
complexes was obtained.© Also, ligands of this type have permitted the properties of 
heteronuclear CrMo and MoW quadruple bonds to be determined.” These ligands, and their 
relatives (Figure 3), have a profound effect on the extent of axial ligation because of the 
location of the X groups (see Figure 4). This figure also shows the normal pattern of these 
unsymmetrical bridging ligands, i.e. the arrangement of the eight donor atoms of the square 
antiprismatic {Mo.X,Y,} central skeleton has D.g symmetry. However, systems have been 
recognized in which a less symmetrical pattern of ligation occurs and one such example is 
[Mo (fhp)4]“-THF, in which the four fhp ligands are all oriented in the same direction. Thus, 
one metal atom is coordinated entirely by nitrogen atoms and the other entirely by oxygen 
atoms; a THF molecule is axially coordinated to the latter, sterically unhindered, molybdenum 
atom.” 

Reactions between Mo3* centres and thiocarboxylates (RCOS~),”*° dithiocarboxylates 
(RCSz),”°°>?? xanthates (ROCS;),°°* thioxanthates (RSCSz),”’ dithiophosphinates 
(R2PS;)’°**’ and dithiocarbamates (R2CNS7)*”’™ generally lead to products in which the 
S donor ligands are bridged across the dimetal centre. However, unusual behaviour has been 
observed and a notable example of this is the isolation of the green dimers ‘Mo2(S2CNR2),’ 
(R = Et, Pr’), which are constituted as [Mo2S2(u-S»CNR2)2(SCNR2)2] with the bidentate thiocar- 
boxamide (SCNR,) ligands being formed by sulfur abstraction from dithiocarbamate groups.” 
Stoichiometric reactions of K,[Mo2Clg] with M(S2PR2.) (M=K, Na; R=Et, Ph) in aqueous 
MeOH yield the corresponding green dimer [Mo2(S2PR2)4]. The structure of the complex with 
R=Et has been determined and shown to contain two bridging and two chelating ligands. 
Recrystallization of the compound from THF leads to a novel isomerization and a crystal 
structure has shown that [Mo2(S,PEt,)4]-2THF possesses the usual quadruply bridged Dy, 
structure with a single axial THF ligand.” One of the products of reaction of [Mo2(O2CMe)a] 

with [(pz)2BEt,]~, [Mo2{(pz)2BEt2},4], is unusual in containing four chelating ligands coordina- 

ted to the Mo$* core.!™ Similarly, unbridged Mo3* centres in which each metal is coordinated 
to a porphyrin have been characterized.’ Reaction of Li(PBu) with [Mo2(O02CMe),] (1:4) in 
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Figure 5 Structure of [Mo,(PBu5),]”* 

Et,O at —78°C gives [Mo2(PBu}),]. The molecule (Figure 5) possesses a central Mo2P2 
butterfly and a terminal phosphide on each molybdenum completes a planar MoP; arrangement 
about each metal centre.” 

[Mo.(C3Hs)4] (C3H; = 7°-allyl) exists in solution as a mixture of two isomers. Each isomer 
has two inequivalent allyl groups which are mutually trans and bridge the Mo—Mo quadruple 
bond; the other allyl groups are each bonded to one metal. In the major (90%) isomer, these 
latter two allyls are cis, and in the minor isomer they are trans. At >80°C, 'H NMR studies 
showed that interconversion takes place via exchange of the anti protons of the non-bridging 
allyl group of the major isomer with the anti protons of the non-bridging allyl group of the 
minor isomer.’ The crystal structure of [Mo.(C3Hs)4]” is in agreement with the structural 
predictions made for the major isomer. This compound, and more especially [Mo2(CgHs)s] 
(CsHg = cyclooctatetraene),® involve longer Mo—Mo separations than normal (2.183(2) and 
2.302(2) re respectively) but the reasons for this have not been established. 

The conversion of [Mo,(O2CMe),] to K4[Mo2Clg]:-2H,O” stimulated the synthesis of related 
anions,’ including the centrosymmetric species [MoBrg]*~ ®* and [Mo2X,(H20),|*— (X = Cl, 
Br, I’). Two routes have been, developed for the synthesis of [Mo2(NCS)s]*"; the reaction of 
[NH,][NCS] with [Mo.(O2CMe),]!™ or with K,[Mo2Clg].8° The latter produces a mixture of the 
tetra- and hexa-hydrates of [NH4,],{[Mo2(NCS)x], both of which possess an anion with the 
expected eclipsed D,, symmetry and approximately linear MoNCS groups. 

Partially substituted derivatives of [MoXg]*~ (X = Cl, Br, NCS) abound’ and, of these, the 
most interesting group are the neutral [Mo.X,(PP).] (X = Cl, Br; PP = bidentate phosphine).!© 
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These systems adopt two types of structure; one, designated @, has two chelating diphosphines 
and the other, designated 8, has two bridging phosphines (Figure 6).’°” When the bidentate 
ligand possesses one carbon atom linking the phosphorus atoms, e.g. PhaPCH>PPh,, only the B 
isomer is formed with an eclipsed conformation about the Mo—Mo bond. With other, less 
rigid, bis(phosphines) both a and f isomers are obtained! and, for R,P(CH2).PR, systems, 
the former spontaneously isomerizes to the latter with first-order kinetics.!°? The w isomers 
have an essentially eclipsed conformation, but the B isomers display a variety of angles of 
internal rotation. The strength of the 6 component of a quadruple metal-metal bond depends 
inversely on the angle of rotation (@) away from the eclipsed conformation according to cos 20, 
i.e. the maximum overlap is achieved for @ =0 and zero overlap for 6 = 45°. A correlation 
between the Mo—Mo bond length and cos 2@ has been defined and complete loss of the 6 
bond is associated with an increase of 0.097 A in the bond length.!!° 
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Figure 6 Arrangement of ligands in isomers of [Mo,X,(PP),] (X = Cl, Br; (PP) = bidentate phosphine) 

The alkoxides [Mo,(OR),4L,] (R= Pr’, Bu'CH); L= py, PMe3, PriOH, HNMe,) have been 
prepared and subjected to structural scrutiny. The systems for L=py, PMe; involve a long 
(ca. 2.2 A) Mo—Mo quadruple bond but the introduction of hydrogen bonds to the RO ligands 
(L = Pr'OH, HNMez;) causes a shortening of the Mo—Mo distance and a lengthening of the 
Mo—OR distance. These variations are considered to reflect the influence of the RO 2 donors 
on the Mo3* centre. Thus, filled oxygen a orbitals interact with vacant Mo—Mo z* and 6* 
MOs, thereby weakening the bond and hydrogen bonding to the RO ligands reduces their 2 
donating ability.®’ 

Alkyl and aryl derivatives of Mo3* centres are well known. The neatest example, 
[Mo.Meg]*~, has been isolated as Li,[Mo Meg]-4THF following the reaction of LiMe in Et,O 
with [Mo(O2CMe),]®? or [MoCl(THF)3].'"* This anion adopts the usual eclipsed Mo,l¢ 
structure and is a very reactive species and reaction with [PMe,]Cl provides a useful route to 
[Mo.{(CH2)2PMe>}4].°*1? Several compounds involving alkyl groups and other ligands bonded 
to an Mo3t centre are known, including: [Mo 2R,(PMe3),4] (R=Me, CH,CMe;'!%), 
[Mo2(O2CMe)2(CH2SiMes3)2(PMes).] and [Mo2(CH.SiMe3)2{(CH2)2SiMe2}(PMe3)3].°"1* Also, 

[Mo2(O2CMe)R3(PMe;)3] (R=Ph,4-FCsH,) have been prepared by the reaction of 
[Mo.(O2CMe),] and MgR, in Et,O containing an excess of PMe3.'"° 

The hydrido-bridged dimer, [(Me3P);3HMo(u-H)2.MoH(PMes)3], has been synthesized by 
reacting [Mo2(O2CMe),] with Na/Hg in THF containing an excess of PMe; under H, (3 atm). 
This compound is pyrophoric and reacts rapidly with a variety of small molecules.” 

The chemistry of the heteronuclear quadruple bonded species CrMo** and MoW** is 
severely restricted, as compared to that of Mo3*. [CrMo(O2CMe),] may be obtained by the 
slow addition of [Mo(CO).] in MeCO,H/(MeCO)20/CH2Cl, to [Cr2(O2CMe),4(H20),] in 
refluxing MeCO,H/(MeCO),0."° Synthesis of [MoW(O,CCMes)4] can be achieved by 
refluxing [Mo(CO).] and [W(CO).] with pivalic acid in 1,2-dichlorobenzene. Recrystallization, 
followed by selective oxidation of the heteronuclear dimer by I, produces the insoluble 
[MoW(02CCMes)]I and reduction of this precipitate by stirring with Zn in MeCN yields pure 
[MoW(O.CMes),].""” These heteronuclear derivatives adopt the expected structure but the 
Cr—Mo and Mo—W distances (2.050(1) A and 2.080(1) A, respectively) are each shorter than 
the Mo—Mo quadruple bond in the corresponding [Mo,(O2CR),] compound. [MoW(mhp).] 
(Hmhp = 2-hydroxy-6-methylpyridine) has been prepared by refluxing a mixture of [Mo(CO)g] 
and [W(CO).] with Hmhp in diglyme/heptane and small amounts of impure [CrMo(mhp).] can 
be obtained in an analogous manner.”” The Mo—W distance in [MoW(mhp),] (2.091(1) A) is 
intermediate between the corresponding Mo—Mo and W—W separations. The first examples 
of an unbridged heteronuclear quadruple metal-metal bond, [MoWCL,L,] (Ls = (PMePhz)a, 

COC3-PP* 



1308 Molybdenum 

(PMe;3)2(PMePh)2), were prepared by reacting [Mo(7°-PhPMePh)(PMePh,)3] in benzene with 
[WCl,(PPh3)2] suspended in benzene under N>. This produces the former derivative which may 
be converted to the latter by reaction with PMe3.'"® 

36.3.2.1.2 Properties of Mo—Mo quadruple bonds 

The high metal-metal bond order and short intermetallic distances in Mo3* complexes, and 
the general observation that a wide range of ligand substitution reactions proceed without 
affecting this entity, imply the existence of a strong Mo—Mo bond. Various estimates of the 
bond strength have been advanced, including 480-550 kJ mol~* for [Mo2X]*~ (X = Cl, Br) on 
the basis of a Birge-Sponer extrapolation of the frequencies observed in the v(Mo—Mo) 
vibrational progressions.''? However, thermochemical measurements for [Mo2(O2CMe),] and 
[Mo2(O2CMe),(acac)2], together with assumptions about the transferability of bond enthalpy 
contributions, have led to the suggestion that D(Mo—Mo)=334kJmol™’* in these 
molecules.'”° This value seems reasonable, especially with reference to D(Mo—Mo) for Mo,(g) 
of 404+ 20kJ mol™!.? Variable temperature ‘H NMR studies of meso-substituted porphyrin 
derivatives of Mo3* have shown that the activation energy for rotation about the Mo—Mo 
bond is 42 +2 kJ mol7!.1 

The electronic structure of the Mo—Mo quadruple bond has been the subject of several 
investigations, especially by relating the theoretical interpretation’**"’* to the results of PES 
studies on [Mo2(O2CR)a],!”!* ,[Mo2(mhp),],°”°?!5 [Mo2Cl4(PMe3)4]'° and related molecules. 
There is general agreement about the essential nature of the ground state of the quadruple 
bond, o*2*6’, and that the first ionization occurs from the 6 orbital and the second ionization, 
some 1.3 to 2.2 eV to higher energy, involves the a electrons. The position of the o ionization 
has been controversial’”~??!7416 but, especially due to the clarification provided by the PE 
spectrum of [W2(O2CCF%3),],'*’ there is now agreement!*?-!8 that the o and z ionizations of 
Mo3* compounds occur within the same’” band envelope of the PE spectrum. The gas-phase 
core-electron ionization energies of [Mo2L,4] (L = OCH, O,CMe, mhp) have been reported!” 
and the carbon 1s spectrum shows an intense satellite peak close to the main 1s line which is 
assigned to a 6— C2p, transition of the core hole ion. 

The v(Mo—Mo) stretching frequency of Mo3* complexes has been an important aspect of 
their spectroscopic characterization.’ This vibration occurs in the range 336-425 cm™', with the 
unbridged species generally exhibiting a lower frequency than tetrabridged complexes (e.g. 
K,[Mo2Clg]’*° = 345 cm7' and [Mo2(O2CMe),]** = 406cm~'); given the symmetry of these 
compounds, this mode is invariably IR inactive and Raman active. In the case of 
[Mo2(O2CMe),], isotopic labelling has shown that this mode primarily involves the isolated 
v(Mo—Mo) vibration.'* Resonance Raman spectroscopy has been used to good effect for a 
selection of these compounds; in the case of [Mo2Cls]*~, 514.5nm excitation produces a 
beautiful vibrational progression of v;(Mo—Mo), up to and including 11v,.'°° Such spectra 
allow an estimate of the dissociation limit of the Mo—Mo bond?!’ and provide a useful 
confirmation of the assignment of the lowest energy absorption in the electronic absorption 
spectrum. 

The lowest energy electronic absorption arises due to the 6— 6* transition.’ Polarized single 
crystal data, recorded for Ky[Mo2(SO,)4]-2H2O, are consistent with the 6— 6* ('Ai,—>1Ao,) 
assignment; thus, the lowest energy transition (centred at ca. 525 nm) is z polarized and has an 
intensity which is temperature independent.'** However, this particular 6— 5* transition is 
unusual in showing no vibrational structure. The corresponding feature of the electronic 
spectrum of K,[Mo2Clg]:2H2O (also centred at ca. 525cm7') displays vibronic coupling with 
v(Mo—Mo) at low temperature and, as expected, the v(Mo—Mo) vibration in the first 
electronic excited state is lower (by some 30 cm™*) than in the ground state.'*° The assignment 
of the electronic absorption spectra of [Mo2(O2CR),4] compounds has been controversial. 
However, definitive studies’®:!** have established that the first observed electronic transition, 
with highly resolved vibrational structure, is due to a weak but electric dipole allowed 
"Aig— ‘Az, promotion. The relationship between the energy of the 6— 6* promotion and the 
torsional twist about the Mo—Mo bond has been discussed for B-[Mo2X,(PP)2] (X = Cl, Br; 
PP = bidentate phosphine) complexes;’** the CD spectra of these systems have been 
reported’”° and the principles established have led to the prediction!’ of a bridged structure for 
[Mo,(en),4]**. The emission spectra of [Mo,Cl,(PMes)a], B-[Mo2Cl,(Me2PCH,CH2PMe,)2], and 
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several other Mo3* complexes have been reported and the energy of the triplet 66* state 
determined.'°8 

'H and, especially for phosphine complexes, *4P NMR spectroscopy have proved a useful 
means of characterizing Mo3* complexes and assigning their stereochemistry. The diamagnetic 
anisotropy induced by Mo—Mo quadruple bonds has been discussed with special reference to 
the **P NMR spectra of [Mo2Cl,(PR3)4] complexes. 1°? 

Several Mo3* complexes have been investigated by °*MoNMR spectroscopy.’ The 
resonances are broad (v; = 320-1440 Hz) and the chemical shifts (2900 to 4200 p.p.m. relative 
to [MoO,]*~ at 0 p.p.m.) correspond to the lowest observed shielding of the ?°Mo nucleus; this 
: ea with the extent of ”°Mo shielding decreasing steadily with an increase in Mo—Mo 
ond order. 

36.3.2.1.3 Reactions of compounds containing an Mo—Mo quadruple bond 

Several aspects of this topic are covered in Section 36.1.2 and this should be consulted for 
further information. 

Ligand substitution reactions of Mo3* centres have been investigated in some detail (Section 
36.1.2) and evidence for a trans effect is seen in the phosphine exchange of 
[Mo.(O2CBu'),R2(PMe2Et).] (R=e.g. CH2CMe3, CH»SiMe3, OSiMe3) complexes.!*! 
[Mo2Cl,]*- has been shown to act as a template for the self-condensation of 2- 
aminobenzaldehyde’*” and [Mo,0,CCF3),] observed to catalyze the anti-Markovnikov addition 
of CF;CO>H to propylene in benzene at 50°C with a selectivity of >90%.'* 
Redox reactions of Mo3* complexes are of interest, not least because the simple processes 

can involve changes in the population of the Mo—Mo orbitals and, therefore, a change in bond 
order.”’"** [Mo2(O2CR)4] complexes are capable of undergoing one-electron reduction'* or 
oxidation’? and this latter aspect has been employed to good effect in the preparation of 
[Mo2(O2CR)a]I; (R= Et, Bu', Ph), by I, oxidation. These paramagnetic complexes (u = 
1.66 BM for R= Bu‘) all display a sharp ESR signal and possess Mo—Mo bonds of order 3.5 
with a o**6' ground state. This description of the electronic structure of the Mo—Mo 
interaction is also appropriate to [Mo2(OC,H3-3,5-Me2)2(PMe3)4]*, prepared by one-electron 
electrochemical oxidation of its neutral parent; the ESR spectrum of this cation shows that the 
unpaired electron is delocalized and coupled to all four phosphorus nuclei.'*” [Mo2(SO,)4]°~ 
also involves a o*2*6' ground state; this anion may be prepared by aerial oxidation of 
K,4[Mo(SO,)4] in 2M H,SO,,'* UV irradiation of K,[Mo2(SOx)4] in 5M H,SO,,'” or by H,0, 
oxidation of K,{Mo,Clg] in 2MH,SO, containing KCl.'°° Electrochemical studies of 
K,[Mo,Clg]*! and [Mo2X4L,4] (X = Cl, Br, NCS; L=PMes, PEt;, PPr3, 4dppe, 4dppm) have 
identified a one-electron oxidation process for all complexes, but reduction appears to be 
confined to [Mo,Cl,(PMe3).]'*” and the phosphine-isothiocyanate complexes. '* 

[Mo,Cl,L4] (L = PEts, PPr3, 4dppe) undergo oxidation in refluxing CH2Cl,/CCl, to produce 
a phosphonium salt of [Mo,Cl,]°~ °? and, for monodentate phosphines, photochemical 
oxidation also appears to produce a compound with an Mo—Mo triple bond.’** The most 
definitive studies of the conversion of an Mo—Mo quadruple bond to a triple bond are 
reactions of [Mo2(O2CMe),] with HX (X=Cl, Br). This may be considered to occur in two 
stages; the initial process produces [Mo,Xs]* with retention of the quadruple bond but, at 
60°C, oxidative addition’’> of HX across the Mo—Mo bond occurs. The final product, 
[Mo,XsH]>-, has a confacial (u-H,X,X) bioctahedral structure’*® analogous to that of 
[Mo2Cly]*~ (Section 36.3.2.2). The corresponding iodo complex has been prepared by reacting 

[Mo.(O2CMe),] and [NEts]I in aqueous HI.’*” [Mo2Cl,(RSCH2CH2SR)2] (R = Et, Bu") reacts 
slowly in CHCl, to form the corresponding [MoCl(RSCH2CH2SR)2] compound with an 

Mo—Mo triple bond;?°* this type of bond is also present in [Mo,Et(OPr')s], formed when 
[Mo,(OPr'),(Pr'OH),] reacts with HNMe in the presence of ethylene*’ and in [Mo,(HYO,)a]* 
(Y =P,!°° As!) obtained by O, oxidation of [Mo Cls]*~ in H3PO, or [Mo,(02CMe),] in 

H3AsO,, respectively. A reduction in metal-metal bond order can occur upon dimerization of 

compounds containing Mo—Mo quadruple bonds to form tetramers in which alternating triple 

and single Mo—Mo bonds occur (Section 36.3.2.3.2). 

Reactions in which an Mo—Mo quadruple bond has been converted into a single 

bond include the following oxidations: [Mo,(S,COEt),] by X2: (X=Br,I) (forming 

[Mo,X2(S2COEt)4]);*% [MoCls]*~ by EtSSEt in the presence of EtSCH2CH2SEt (dto) (forming 

[Mo2Cl,(u-SEt)2(dto)2]), and B-[Mo2Cl,(dmpe)2] (dmpe = bis(dimethylphosphino)ethane) by 
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EtSSEt (forming [Mo2Cl4(u-SEt)2(dmpe)2]).’ Cleavage of Mo—Mo quadruple bonds has 

provided a useful synthetic route to several mononuclear compounds’ and, of special 

significance, are the reactions of alkyl and aryl isocyanides with Mo$* compounds.’ 

36.3.2.2 Complexes Containing a Triple Metal—Metal Bond 

36.3.2.2.1 Synthesis and structure of [MozL6] (L = CH2SiMe3, NMe2, OR) molecules 

These compounds are the parents of the most important class of complexes containing an 

Mo—Mo triple bond; not only do they exhibit a rich coordination chemistry, but also a 

versatile reactivity.”*!°!™ Many of the compounds of this class have been characterized by 

X-ray crystallography and a selection of these is presented in Table 2, together with their 

Mo—Mo separation. The chemistry of these systems has been developed in parallel to that of 

their tungsten analogues and the latter has helped illuminate the former. 

Table 2. Examples of Complexes Containing an Mo—Mo Triple Bond 

Mo—Mo bond 

Complex length (A) Ref. 
en en OS ee eee 

[Mo,(CH.SiMe3).] 2.167 165 

[Mo.(NMe,)6] 2.214(2) 169 

[Mo,(O,CH,CMe3)g] 2.222(2) 171 

[Mo,(SC,5H,Me3)¢] 2.228(1) 199 
[Mo,(MeN(CH,).NMe)3] 2.190(1) 183 
1,2-[Mo,(OC,H3-2,6-Me).(CH,SiMe;3).] 2.218(2) 174 
1,2-[Mo,(OBu'),(CH,SiMe3)¢] 2.209(2) 175 
1,2-[Mo,Cl,(NMe,)4] 2.201(2) 176 
1,2-[Mo,Me,(NMe,)a] 2.201(1) 177 
1,2-[Mo,(OSiMe;3).(NHMe;)>] 2.242(1) 188 
[Mo,(OBu'),(O,COBu'),] 2.241(1) 189 
[Mo,(OBu'),(O,CPh),] 2.236(2) 190 
[Mo,(OPr'),(N(Ph)C(O)OPr’).] 2.221(5) 191 
[Mo,(OCH,CMe;)4(acac) ] 2.237(1) 193 
[{Mo,F,(OBu'),}>] 2.263(2) 195 
1,2-[Mo,(SBu‘),(NMe>)4] 2.217(1) 198 
1,2-[Mo,(OPr').(SC.H2Me3)4] 2.230(1) 200 
1,2-[Mo,{Sn(SnMe3)}2(NMez)4] 2.201(2) 202 

The first example of MozL, compounds, [Mo2(CH2SiMe3)¢], and its neopentyl and benzyl 
analogues, were obtained by reacting MoCl; with Grignard reagents. MoCl; reacts with 
LiCH.SiMe3, or Me3SiCH2MgCl, to produce [Mo2(CH2SiMe3).], the molecules of which have a 
staggered, ethane-like, D3, Mo2C, skeleton and a ‘H NMR spectrum which indicates that all 
the Me3SiCH, groups are equivalent.’ There is general agreement that the Mo—Mo triple 
bond in these Mo2L¢ derivatives has the o7* configuration.” Therefore, the metal—metal 
interaction has cylindrical symmetry and it is considered that the ligand—ligand repulsions are 
responsible for the adoption of a staggered conformation (see Figure 7). 

[Mo2(NMez)¢] is conveniently prepared by adding MoC\; to a solution of LiNMe, in THF at 
0°C with subsequent warming; purification by sublimation provides the compound as a yellow 
crystalline solid in good yield.’°”"® [Mo.(NEt2).] and [Mo.(NMeEt).] may be prepared in an ~ 
analogous manner using the corresponding lithium amide. In the solid state’®? [Mo2(NMez)6.] 
molecules (Figure 7) adopt the staggered conformation with Mo—Mo = 2.214(2) A; the NMe, 
groups are essentially planar, these planes contain the Mo—Mo axis, and Mo—N z-bonding 
interactions are important.'”° The orientations of the planar NC, moieties and the restricted 
rotation about the Mo—N bonds leads to the presence of two types of Me groups, classed as 
proximal or distal according to their locations with respect to the Mo—Mo bond. Variable 
temperature 'H NMR studies have shown that the two types give rise to distinct signals at 
—71°C, but at higher temperatures interconversion occurs and the signals coalesce at —30 °C. 
The large (ca. 2 p.p.m.) chemical shift separation between the resonances of the proximal and 
ee methyl protons arises due to the significant diamagnetic anisotropy of the Mo—Mo triple 
ond. 
Several [Mo2(OR).] compounds have been isolated and characterized and, in order to obtain 
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Figure 7 Structure of [Mo,(NMe,),] viewed nearly along the Mo—Mo axis! 

discrete molecular species, R is required to be a bulky group (e.g. R=Pr', But, CH(Me)Ph, 
CH2CMe:3, Si3Me3, SiEt3).”"° The molecules have been obtained by reaction of [Mo.(NMez)o] 
with the alcohol or trialkylsilanol'®’”"’’? and a crystal structure determination of 
[Mo,(OCHCMes).] has identified a staggered conformation and an Mo—Mo bond of length 
25222(2).A 17 

36.3.2.2.2 Substitution and adduct formation of [Mo,L.] molecules 

[Mo2(CH2SiMe3).] is very reactive and provides an excellent entry into chemistry of 
compounds with an Mo—Mo triple bond (Scheme 1). Compounds of the general formula 
[Mo2X2R,] (R = CH2SiMes3; X = Br, Me, OPr', OBu', 2,6-dimethylphenoxide, NMe,)!”>”> have 
been reported; the pattern of substitution may be 1,1-[X,RMo=MoR;3] or 1,2- 
[XR,Mo=MoR>X], depending upon the nature of X and the preparative route. These 1,1- and 
1,2-[Mo2X2R,4] compounds do not isomerize, but alkyl group transfer may occur during 
substitution reactions, e.g. 1,2-[Mo2Br2R4] and LiNMe, (1:2) yield 1,1-[Mo.(NMez)2R,]. 
Variable temperature 'H NMR spectra for 1,1- and 1,2-[Mo.X,R4] (X=NMe, OBu') are 
consistent with rotation about the Mo=Mo bond; this occurs rapidly for the alkoxide 
(rotational barrier <33 kJ mol‘) and significantly slower for the dialkylamide. These results 
are compatible with the rotational barrier arising due to steric and not electronic effects.'”° 

[Mo2(NMez).] and [Mo2(OR).] molecules are versatile reagents (Scheme 1). The conversion 
of [Mo2(NMez).] to 1,2-[Mo2Cl.(NMez),]'”° and thence to 1,2-[Mo.R2(NMez),]’”” opens up a 
considerable field of chemistry. In each case, the ‘HNMR spectrum of 1,2-[Mo,R2(NMe2)a] 
(R = Me, Et, Pr', Bu", Bu’, CH,CMe;3, CH2SiMes;) in toluene at —60 °C indicates the presence 
of a mixture of two rotamers, anti and gauche; the latter is always predominant and the 
preference is greater for bulky R groups. 1,2-[Mo2R2(NMez)4] compounds are thermally stable, 
implying that B-hydrogen elimination is unfavorable and the stabilizing influence has been 
attributed to Mez.N— Mo az bonding. This view is supported by studies accomplished on 
1,2-[Mo,Ar.(NMe2)4] (Ar = CH2Ph, 2- or 4-tolyl); in these compounds the MoNC, units are 
planar with the NC; blades aligned along the Mo—Mo axis, and solution 'H NMR studies have 
identified relatively high (ca.59kJ mol~’) energy barriers for rotation about the Mo—N 
bonds.!”® 1,2-[Mo2R2(NMe;)4] (R = alkyl) compounds react with CO, by selective insertion 
into the Mo—N bonds. Compounds containing alkyl groups lacking the B-hydrogen produce 
1,2-[Mo,R2(O2CNMez),], in which the Mo—Mo triple bond is retained, but the other 
compounds react according to equation (1) to produce the quadruply bonded species 
[Mo2(O2CNMez)a] — 

Addition of alcohols (R'OH) to 1,2-[Mo2R.(NMez)4] compounds yields either 1,2- 
[Mo2R.(OR’),4] or [Mo2R(OR’);] (Scheme 1). The latter reaction involves the elimination of 
the alkane RH and production of the quadruply bonded dimer which then undergoes oxidative 
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addition with R’OH, to form (Mo=Mo)(H)(OR’), and metal hydride alkene insertion. 
1,2-[Mo2Me,(OBu'),4] is coordinatively unsaturated and reacts with Lewis bases to form 
adducts, e.g. [Mo2Me.(OBu'),(py).].!”” 
The reaction of [Mo,(NMez).] and 1,2-[Mo.Me,(NMez)4] with the precursors of several 

bridging ligands, viz. 6-methyl-2-hydroxypyridine (Hmhp), lithium 2,6-dimethylpyridine 
(Lidmp) and ditolyltriazine (Hdtz), have been described and the compounds isolated include: 
[Mo.(mhp).(NMez2)4], which contains two mutually cis bridging mbhp__ligands,'® 
[Mo2(dmp)2(NMez),], which exists as the non-bridged gauche isomer,'*! [Mo2(NMez)4(dtz),] 
and [Mo2Me2(NMez,)2(dtz)2], which involve chelating and bridging dtz ligands, respectively.'® 
1,2-[Mo,Cl,(NMe)4] reacts with Li(MeNH(CH2),NMe) to produce [Mo,(MeNH(CH,),- 
NMe)3], in which the three bridging N,N’-dimethylethylenediamido ligands give rise to an 
Mo2Ng skeleton with a near eclipsed conformation.'®? The Mo—Mo bond length (2.190(1) A) 
is within the range (Table 2) found for the normal, staggered [Mo.L.] compounds. 

Phenols (ArOH = 2-t-butyl-6-methylphenol, 2,6-diphenylphenol, 2,6-dimethylphenol) react 
with [Mo,(NMez).] to produce [Mo2(OAr),,(NMez)6_,] (7 = 2-4) depending on the nature of 
Ar; the molecular structure and dynamic behaviour of these molecules have been 
determined.'* In contrast, the addition of 4-methylphenol (Ar’OH) to [Mo.(NMe,).] produces 
[Me2NH2][Mo2(OAr’);(NHMe,).], which possesses a biconfacial octahedral structure with three 
u-OAr’ groups and overall C, symmetry. The Mo—Mo separation (2.601(2) A) is similar to 
that in [MozCl ]*~ (see Section 36.3.2.2.3) and, like this anion, the complex exhibits a slight 
paramagnetism at room _ temperature.4”’® In a more conventional reaction, 
[Mo2(OPr'’)2(OAr)4] (ArOH = 2,6-dimethylphenol) has been prepared by the addition of an 
excess of ArOH to [Mo.(OPr').] and the structural characterization of this molecule has 
allowed | a direct comparison of the bonding of alkoxide and aryloxide ligands to an Mo$* 
centre. 

Tertiary phosphines react with 1,2-[Mo2Cl.(NMez)4] to give a variety of products depending 
on the phosphine. Monodentate phosphines (L = PMe3, PMe2Ph) induce ligand redistribution 
reactions, producing [Mo2(NMez).], [Mo2Cls(NMez)3L2] and [Mo2Cl4(NMez)2L,]; these last 
compounds undergo f-elimination from an NMe; ligand in the presence of added phosphine to 
give the quadruply bonded [Mo,Cl,L,4] compound. Bidentate phosphines (LL= 
Me,P(CH2),PMe2, 1 =1, 2) produce stable 1:1 adducts, [Mo2Cl,(NMez)4(LL)], the 'H and 
31P NMR spectra of which are consistent with a bridging phosphine and two MoN,CIP planes 
with an eclipsed conformation.’®” 

[Mo.(OR).] (R = CH2CMes, SiMes3) react rapidly with N and P donor ligands to give the 
adduct 1,2-[Mo(OR).L,].‘” The conformation about the Mo—Mo axis of 1,2- 
[Mo(OSiMe3)«(NHMez)2] is intermediate between staggered and eclipsed, but closer to the 
former.'®8 This adduct formation is an equilibrium which has been monitored closely by NMR 
spectroscopy and the mono adducts, [Mo,(OR).¢L], shown to be unstable with respect to 
disproportionation to [Mo2(OR).] and [Mo(OR)6L2].”° . 

[Mo.(OR).] compounds react readily and reversibly, both in the solid state and solution, 
with CO, to produce [Mo,(OR),(O2COR),] (Scheme 1). This insertion is considered to 

proceed by the direct attack of CO, on the Mo—OR bond. In [Mo2(OBu'),(O2,COBu'),], the 

bridging carbonato groups are mutually cis and the rotational conformation about the Mo—Mo 

bond is essentially eclipsed.'*° The related compound [Mo,(OBu'),(O2CPh),] has been 
prepared by the reaction of [Mo2(OBu').] with benzoyl peroxide and shown to have the same 

conformation.!% Organic isocyanates will also insert into the Mo—O bond of [Mo.(OR).] 

compounds; thus, [Mo2(OPr')6] reacts with PhNCO to produce 

[Mo.(OPr')4(N(Ph)C(O)OPr')2], which contains two cis bridging bidentate ligands. !*! 
[Mo.(OR).] compounds react with bidentate ligands (HLL=1,3-diaryltriazine, 2- 

hydroxypyridine) to produce [Mo.(OR)4(LL)2], in which the bidentate ligand spans the 

Mo—Mo triple bond.*”” However, reactions between [Mo,(OR).] and a B-diketonate produce 

[Mo2(OR)4(R’COCHCOR"),] in which each B-diketonate is chelated to one molybdenum 

atom; in solution there is rapid rotation about the unbridged Mo—Mo triple bond.” 

[Mo(OR)4(acac)] (R = CH,CMes) reacts with isocyanides to produce edge-shared (u-OR)2 

octahedral complexes [Mo.(OR),(acac)2(R'NC)2]. This is a novel conversion, thus: (i) an 

L,MoMoL, compound is converted to an LsMo(u-L)214 derivative; (ii) the multiple bond is not 

cleaved by isocyanide ligands; (iii) the unbridged o*z* triple bond is converted to an 

edge-bridged d°-d? dimer with a formal o*m76* configuration. This change in electronic 

structure is accompanied by a significant increase in the Mo—Mo distance, from 2.237(1) to 

2.508(2) A (R’ = Bu').’" 
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Figure 8 Structure of [Mo,F,(OBu'),]’”° 

[Mo,(OBu'),] reacts with PF; to produce [Mo,4F4(OBu')s] (Figure 8). This molecule consists 

of two Mot centres linked by four bridging fluorides’? which may be cleaved by PMe; to yield 
[Mo.F2(OBu')4(PMes)2] : 16 

Thiolato derivatives of Mo$* were initially elusive,”’ but the use of 2,4,6-alkyl-substituted 

aryl thiolates has permitted the isolation of several such compounds. 1,2-[MozCl,(NMez)a] 
reacts with LiSR (R = Me, Bu') to produce 1,2-[Mo(SR)2(NMez),]'** and this compound reacts 
with RSH (R=2,4,6-Me3CsH2) to produce [Mo,(SR).].'°° [Mo2L6] (L=NMe2, OPr', OBu', 
CH>CMe;) react with this thiol at room temperature to form the corresponding [MoL,(SR)a] 
derivatives, but at 80°C complete substitution is achieved.“ An alternative route to 
[Mo2(SR).] derivatives has been developed which involves the reaction of MoCl, with RSNa 
(R = 2,4,6-Me3CeHp, 2,4,6-PriCsHz) in 1,2-dimethoxyethane.*” 

Metathesis between 1,2-[Mo2Cl.(NMez),4] and [(THF)3Li][M’(M’Mes)3] (M’ = Si, Sn) yields 
1,2-[Mo.{M’'(M’'Mes)3}2(NMez)4], compounds which involve a branched chain of 10 
(M,Mo==MoM;) metal atoms. The compounds possess high barriers to rotation about the 
Mo—N bonds (67-80 kJ mol“) as a consequence of the severe steric crowding about the Mo$* 
centre. 

36.3.2.2.3 Properties of Mo—Mo triple bonds 

Thermochemical measurements have been made in an attempt to establish D(Mo=Mo). 
The interpretation of the data is dependent upon assumptions of the relevant metal—ligand 
bond energies and, in view of these uncertainties, ranges of values have been quoted; 

592 + 196 kJ mol~' for [Mo.(NMez).] and 310-395 kJ mol~' for [Mo2(OPr'’).].2°° MO calcula- 
tions have indicated that the strength of the Mo—M6o triple bond is affected significantly by the 
nature of the attached ligands and a donors, such as NHb, stabilize this bond.** 

The o7z* description’! of the electronic structure of the Mo—Mo triple bond in [Moz1_¢] 
molecules and their relatives has been reinforced by PES studies’? for molecules with 
L=CH),SiMe3, NMe2 and OR (R=Pr’, Bu‘, CH,CMe;). The observed spectra have been 
interpreted successfully by calculations on simpler analogues. The electronic absorption spectra 
of these molecules have been described and the lowest energy absorption assigned to 
promotion of an Mo=Mo za electron into an orbital of e symmetry, which is an admixture of 
the Mo=Mo 6* and z* orbitals.’° 

Unlike their Mo3* counterparts, the v(Mo—Mo) stretching mode of Mo$* complexes is not 
a distinctive feature of their Raman spectra. Rather, as shown by a study of [Mo.(NMez).] and 
[Mo2{N(CD3)2}«],° this mode is strongly coupled with other internal vibrations. 

Considerable attention has been paid to the dynamic behaviour of Mo$* complexes in 
solution and 'H NMR spectroscopy has been an essential probe. These properties have been 
reviewed”’° and emphasis given to the point that the barrier to rotation about the triple bond is 
determined only by steric factors associated with ligand-ligand interactions.2° "Mo NMR 
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spectroscopic studies of [Mo2L¢] (L = NMe2, OPr', OBu', OCH,CMe;, CH,SiMe3) have been 
accomplished. The resonances all occur in a very deshielded portion of the known chemical 
shift range; for [Mo2(CH2SiMe3)¢] resonance occurs at 3624 p.p.m. and for the other molecules 
between 2430 and 2645 p.p.m.7% 

36.3.2.2.4 Reactions of Mo—Mo triple bonds 

Compounds containing an Mo—Mo triple bond have been shown to exhibit novel 
reactivity’*!°' with a versatility which goes well beyond the Lewis base association, ligand 
substitution and CO, insertion reactions described in Section 36.3.2.2.2. These compounds 
undergo reductive elimination and oxidative addition reactions which result in a change in the 
order of the Mo—Mo bond; the conversion of {Mo=Mo}*%*t— {Mo=Mo}** has been 
mentioned in Section 36.3.2.1.1 and further information concerning the products of the 
transformations {Mo=Mo}°* — {Mo=Mo}** or {Mo—Mo}!°* is provided in Sections 
36.3.2.3 and 36.3.2.4, respectively. These reactions, and the interesting 6 hydrogen effects 
observed in the reactions of alcohols with 1,2-[Mo.R,(NMe,)4] compounds,!” have no 
precedence in the chemistry of mono-metal centres. 

Oxidative additions to compounds containing an Mo—Mo triple bond can (equation 3) give 
products containing an Mo—Mo double bond.’”!°?°? Aiso, [Mo.(OCH>Bu').] reacts with 
PhCHBr, in hexane/pyridine to form [Mo,(OCH,Bu'),<Br,(py)] which contains an Mo—Mo 
double bond.** The direct addition of halogens (X:=Ch, Br2, Iz) to [Mo,(OPr').] gives 
[Mo.(OPr')<X4] which contains a pair of octahedrally coordinated molybdenum atoms linked by 
two u-OPr' groups and a single Mo—Mo bond’ and [Mo.(OR).] compounds react with 
tetrachloroquinone to produce [Mo2(OR)¢(OzC.Cl4)2] which contains an Mo¥ centre.1° 

[Mo,(OPr').] + X. —~ [Mo2(OPr')<X,] (3) 
(X = Pr'O, PhCO,) 

Compounds containing an Mo—M6o triple bond have been shown to produce a variety of 
interesting products in reactions with molecules containing a C—O, C—N or C—C triple 
bond.’°1** These may be considered to be oxidative addition reactions, in which electron 
density is removed from the Mo—Mo triple bond to form metal—ligand bonds. A solution of 
[Mo2(OBu').] in a hydrocarbon solvent reacts with CO; in the first instance, reversible addition 
to [Mo2(OBu')«(CO)] occurs and, eventually, [Mo(CO),] and [Mo(OBu'),] are formed.”” 
Carbonylation of [Mo2(OPr').] proceeds in a similar manner and, in the presence of pyridine, 
[Mo.(OPr')6(py)2(CO)] is formed.”*° [Mo.(OR)s] compounds form simple adducts with 
dimethyl- and diethyl-cyanamide (R;NCN), the process being reversible for R=Bu and 
R’ = Me and Et, in which an electronic redistribution occurs forming {R3NCN}?~ and an Mo§$* 
centre.°?1! Aryl-substituted diazomethanes react with [Mo.(OR).] compounds and are 
reduced to {Ar,CN,}* moieties in compounds such as [Mo,(OPr').(N2CPh2)2(py)].7)” 
Alkynes react with [Mo,(OR)«], or their adducts [Mo,(OR)cL,], in hydrocarbon solvents at 
25 °C to give a wide variety of products. Careful control of the conditions is required to isolate 
compounds such as [Mo2(OPr').(py)2(u-C2H2)] since the alkyne adducts are labile towards 
C—C coupling. This coupling can lead to alkyne polymerization, but the interesting derivative 
[Mo,(OCH,Bu').(u-C4H,)(py)] has been isolated and structurally characterized.“ _ 
Mo—Mo triple bonds may be cleaved by reactions with molecules containing multiple bonds 

and several interesting products have been isolated and characterized. [Mo2(OPr').] reacts with 
NO (1:2) to form 1,2-[Mo.(OPr')s(NO),], in which the Mo—Mo distance of 3.335(2) A is 
spanned by two -alkoxy groups. Therefore, the formation of the two Mo—NO triple bonds 
results in the loss of the Mo—Mo triple bond.”"* Reactions of 1,2-[Mo2(OPr').(NO)2]”” and the 
formation of the mixed-metal dimer [CrMo(OPr')s(NO),]”"° have been described. Hydrocarbon 
solutions of [Mo,(OBu').] react with aryl azides and molecular oxygen at room temperature 
according to equations (4) and (5), respectively.”"” [Mo2(OBu')4(NC;Hg)4] has a structure 
which resembles that of [Mo2(OPr')(NO).], with an Mo—Mo separation of 3.247(1) A bridged 

by two NC,Hsg ligands. Although (equation 5) O, will cleave Mo—Mo triple bonds, interesting 

oligomers have been isolated in other reactions. Thus, [Mo2(OR)¢] (R = Pr’, CH2CMes) react 

with O, to form [Mo3;O(OR)o] initially, subsequently [MoOio(OPr’),2], and _ finally 

[MoO,(OPr'),].7*® [Mo2(OBu').] reacts with PhyCN2 with cleavage of the Mo—Mo triple bond 
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and formation of [Mo(OBu'),(NsCPh,)}*” and, in a similar manner, [Mo,(OPr').] reacts with 
bipy to produce [Mo(OPr').(bipy)2].7"° 

[Mo,(OBu').] +4ArN,; —> [Mo,(OBu’),(NAr),] + 4N, + 2Bu'OH (4) 

[Mo,(OBu'),] + 20, —~ 2[MoO,(OBu'),] + 2Bu'OH (5) 

36.3.2.2.5 Dicyclopentadienyltetracarbonyldimolybdenum 

[Cp2Mo(CO),] is an important member of a group of cyclopentadienyl compounds and, like 
its chromium and tungsten analogues, this species is considered to involve a metal—metal triple 
bond.”?”° These and related compounds manifest a rich and novel chemistry,” but this falls 
outside the field of this review. 

36.3.2.2.6 Halide and related complexes’ 

[Mo2Xo]* (X=Cl, Br) anions are readily prepared by a variety of methods, including: 
electrolytic reduction of a solution of MoO; in aqueous HX,”” thermally induced reactions of 
molybdenum(III) halides with alkali metal halides,”* conproportion reactions of carbonyl 
halide anions of molybdenum with molybdenum halides,** and (Section 36.3.2.1.3) the 
oxidation of complexes containing an Mo—Mo quadruple bond in the presence of X-. These 
[Mo,Xo]*~ anions consist of two MoX, octahedra sharing a face and, in their Cs* salt, the 

’ Mo—Mo separation is 2.655(11) and 2.816(9) A for X = Cl and Br, respectively.7> Although 
the potential for formation of an Mo—Mo triple bond exists in these anions, this is not 
realized; thus, as compared to their tungsten counterparts, the molybdenum atoms are shifted 
but little from the centre of the halide octahedron towards each other and the anions display 
effective magnetic moments at room temperature of 0.6 (Cs;[Mo2Cl]) and 0.8BM 
(Cs3[Mo,Bro]).7“° The substitution of u-H for u-X in these anions has a significant effect upon 
the Mo—Mo interaction. The [Mo,XsH]*~ anions are diamagnetic and involve Mo—Mo 
separations which are some 0.3 (X=Cl) or 0.4A (X=Br)”” shorter and, in contrast to 
[Mo2Xo]*- (X= Cl, Br), the Mo—Mo distance in [Mo,XsH]}>~ (X = Cl, Br, I) anions is little 
affected by a change in X.”” Initially, these anions were incorrectly formulated as [Mo2Xs]°~ 
species, but the presence of the u-hydrido ligand was demonstrated by isotopic labelling, 
vibrational spectroscopy, and its location determined by X-ray crystallography and neutron 
diffraction; the Mo—H bonds in [NMeg,];[Mo2ClsH] are 1.73(1) and 1.823(7) A.%° The 
heteronuclear anion [MoWClsH]°~, prepared by the reaction of [MoW(O.CMe),] with HCl, 
has the [Mo2ClsH]*~ structure and involves an Mo—W distance of 2.445(3) A.73! 

[NBu,][Mo2Br¢] has been obtained from the reaction of [Mo2(O2CMe),] with HBr in MeOH 
in the presence of [NBu,]* and this anion considered to possess a strong Mo—Mo 
interaction.** The synthesis, redox properties and reactivity towards phosphines of 
[NBu,].[Mo2Br.] have been investigated.~*° 

The formation of [Mo.(HYO,),]*> (Y=P,As) anions has been described in Section 
36.3.2.1.3; these anions contain an {Mo,}°* centre spanned by four (u-OYO>H) ligands in an 
eclipsed conformation and involve Mo—Mo separations of 2.228(5)? and 2.265(1) A,1© 
respectively, consistent with the existence of a triple bond (Table 2). 

36.3.2.3 Complexes Containing a Double Metal—Metal Bond 

MoO, adopts a distorted rutile structure in which the metal atoms are drawn together in 
pairs some 2.511 A apart,”** a distance (vide supra) which is consistent with the presence of an 
Mo—Mo double bond. ’ 

[Mo(NMez),4] reacts readily with alcohols (ROH) to form the corresponding [Mo(OR),],, 
compound and, for R=CHMe, and Pr’, it has been established that the diamagnetic, 
[Mo2(OR)s], dimer is formed.*° [(Pr'O);Mo(u-OPr'),Mo(OPr')3] is centrosymmetric, with an 
Mo—Mo separation of 2.523(1) A spanned by two bridging isopropoxide ligands which form 
Mo—O bonds of length 1.958(3) and 2.111(3) A.%° Thermochemical measurements for 
[Mo2(OPr')«] and [Mo2(OPr')s] have led to a value in the range 837-962 kJ mol~’ being 
suggested for the Mo=Mo bond strength in the latter compound.”° 
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Reactions of [Mo2L.] compounds containing an Mo—Mo triple bond can lead to the 
formation of compounds with an Mo—Mo double —_ bond (Section 
BO02222 04 Jo) 220 20011217 3,00 197,198 207-209.213. "Thus < as van. alternative. to the above procedure, 
[Mo2(OPr')s] may be prepared by the oxidative addition of PriOOPr' to [Mo.(OPr').],”°” and 
[Mo.(OR)¢] (R=Pr', Bu‘) reacts with PhCO,—O,CPh to form [Mo2(OR).(O2CPh).].1 
[Mo2(OBu').(CO)] separates as dark purple crystals when [Mo2(OBu').] is reacted with CO 
and the reaction mixture is cooled to —15°C. Molecules of this compound possess a structure 
involving | an Mo—Mo separation of 2.489(1) A spanned by one y-CO and two u-OBu' 
groups.” Carbonylation of [Mo2(OPr').] proceeds to give [Mo(CO).], but in the presence of 
pyridine the adduct [(Pr'O)2(py)Mo(u-OPr').(~Z-CO)Mo(py)(OPr'),] can be isolated; this 
molecule involves an Mo—Mo separation of 2.486(2) A consistent with the presence of a 
double bond.”"° This bond order is also considered to occur in the related compound 
[Mo2(OPr’)s(py)2(u-C2H2)], in which the Mo—Mo separation is 2.554(1) A.23 [Mo2(OR)6] 
compounds form 1:1 adducts with dialkylcyanamides, R}NCN, and a crystal structure 
determination for R = Bu‘ and R’ = Me has shown that the Me,NCN ligand spans the Mo=Mo 
bond of distance 2.449(1) A.°?!1_ [Mo,(OCH>Bu').(py)2] and PhCHBr, react to form 
[Mo.(OCH2Bu'),Br2(py)] which has a distorted confacial (u-Br, (u-OR)») bioctahedral struc- 
ture with an Mo=Mo bond of length 2.534(1) A.?°° [Mo.(NMez).] and [Mo,(SBu')(NMe).] 
react with Bu'SH to form [(HNMe,)(Bu'S),Mo(u-S),Mo(SBu'),(HNMe;)] which involves an 
Mo—Mo separation of  2.730(1) A.1971® ~~ [Mo2(OAr)2(CH)SiMes)4]_ (OAr = 2,6- 
dimethylphenoxide) undergoes smooth loss of one equivalent of Me,Si in the presence of 
pyridine to form [Mo,(u-H)(u-CSiMe;)(CH,SiMe3),(OAr)(py)2] which is considered to in- 
volve an {Mo,}** core and an Mo=Mo bond of length 2.380(2) A.1”4 

The variation in the length of Mo=Mo bonds is a demonstration of the general observation 
that there is no strict correlation between the bond order and the length of Mo—Mo bonds;’ 
the molybdenum atoms in these compounds will have different electronic structures leading to 
different types of double bond (e.g. o??1 or 27677), a difference augmented by the 
particular stereochemical demands of the bridging ligands. With this perspective, it may be 
possible to view the formally Mo'Y dimers [Mo.S.(u-S,CNR>)2(SCNR>)]? as involving an 
Mo—Mo double bond, even though the metal-metal separation of 2.705 A is longer than 
usual. 

36.3.2.4 Complexes Containing a Single Metal—Metal Bond 

The vast majority of these compounds are to be found in Section 36.4.3.5 which describes 
the chemistry of systems containing an {Mo,}?°* core. Several other complexes containing an 
Mo—Mo single bond have been prepared by the reaction of dimeric complexes possessing a 
quadruple (Section 36.3.2.1.3)’1°""™ or triple (Section 36.3.2.2.4)”1!™ Mo—Mo bond. Also 
[Mo.(OPr').] reacts with X. (X=CI,Br,I) to produce [Mo.(OPr')<X,]; an X-ray crystal- 
lographic study of the chloro and bromo derivatives has shown that both compounds have 
central Mo20.¢X, moieties with virtual D2, symmetry and Mo—Mo separations of 2.731(1) and 
2.739(1) A, respectively.?°” [Mo2(OPr')s(N2CPhz)2(py)], formed by addition of diphenyldiazo- 
methane to [Mo,(OPr').] in the presence of pyridine, involves an Mo—Mo single bond of 
length 2.662(1) A spanned by three (u-OPr') ligands.*’? The Mo—Mo. separation in 
[Mo2(OCH,Bu')<(py)(u-C4H,)] of 2.69(1) A approaches that of an Mo—Mo Single bond, but 
there are alternatives to this description of the Mo—Mo interaction.”’° A similar situation per- 
tains in [(Me2NCS2)2Mo(u-S)(u-EtC=CEt)Mo(S,CNMe2)(SCNMez)], in which the Mo—Mo 
separation is 2.647(1)A.%” [Cp2Mo.(CO).]*® and [GMo.(CO).]® (G = guaiazulene) 
involve Mo—Mo bonds of length 3.235(1) and 3.267(6) A, respectively, and are generally 
considered to involve an Mo—Mo single bond. 

36.3.3 METAL CLUSTERS 

36.3.3.1 Trimeric Clusters 

Despite the proposal*® in 1929 that molybdenum(IV) complexes such as Mo30,(C,0.)3* 
contains an {Mo30,}** core, it was some 50 years later that the significance of trimeric 
molybdenum clusters was clearly appreciated.” Three types of Mo; cluster have been 
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Figure 9 Structural arrangements recognized for Mo, clusters (@ = Mo, O = ligand donor atom)? 

recognized (Figure 9), involving differing patterns of ligation to an equilateral triangular array 
of molybdenum atoms. The common types are A and B and a fundamental understanding of 
the metal-metal bonding in these species has been achieved.” 

The bicapped Mo3X,7 clusters (A) involve two orbitals per metal being used for metal-metal 
bonding and, therefore, a maximum of six electrons can be accommodated in the Mo—Mo 
bonding orbitals, thereby forming a metal-metal single bond over each edge of the triangle. 
Such a centre may be designated as {Mo3}'**. Several compounds exist with an oxidized 
version of this centre, viz. {Mo3}!°* or {Mo3}!4*, which have Mo—Mo bond orders of 2 or 4, 
respectively, and the relative length of the Mo—Mo bonds (typically between 2.75 and 2.80 A) 
are consistent with this MO picture. An important reaction in the context of these clusters is 
the formation of the [Mo20,(CMe)2_,(O2CMe).(H20)3]”* (n =0, 2, m =2;n =1, m =1) ions 
in the reaction of MeCO,H/(MeCO),O mixtures with [Mo(CO).].%* 7? Although the initial 
report**' was incorrect in some details, the successful isolation and characterization of these 
species was important as it stimulated further investigations which led to the synthesis of 
several [Mo3(u3-X)2(O2CR).L3] derivatives, in which X is an oxygen atom or an alkylidene 
group.~7*49 The presence of one ws-alkylidene ligand maintains the electron count 
of six electrons in the Mo—Mo bonding orbitals, as in [Mo;0(CMe)(O.CMe),(H203]*, 
but the presence of two such ligands stabilizes the {Mo3}'** core, as in 
[Mo3(CMe)2(O2CMe).(H20)3]** ‘ 

The monocapped Mo3X;,;3 clusters (B) have an electronic structure which can accommodate 
six Mo—Mo bonding electrons,” but one or two more electrons can be accommodated in an 
orbital that has little if any M—M antibonding character. Therefore, in addition to the 
{Mo3}!* clusters, other type B systems based on {Mo3}"'* and {Mo3}?°* cores exist. Type B 
clusters are known for a wide variety of ligands and those containing {Mo30,}** and the 
corresponding partial or completely substituted sulfur cores have special importance; details of 
the synthesis, substitution and redox chemistry of many of these systems are described in 
Section 36.1.4 with particular attention being given to the trimeric species involved in the 
aqueous chemistry of Mo'Y.**° The Mo NMR chemical shift of the Mo'Y aqua ion in acidic 
media and those of the Mo'Y complexes containing oxalate,”***>! 1,2-diaminoethanetetra- 
acetate>* and N-methyliminatodiacetate, whose solid state structures are based on an 
{Mo30,}** core, fall in the relatively narrow range 990-1162 p.p.m. and this observation 
serves as a useful spectroscopic probe for the presence of this core in solutions of molybdenum 
complexes.”°* Thiocyanate ligands bind readily to the {Mo30,}** core and kinetic studies have 
indicated that there are three equivalent sites on this cation to which these ligands have 
access.*°* The synthesis and characterization of complexes involving {Mo30,S,4_,,}** (n = 3-0) 
cores have been described****°’ and, as the number of sulfur atoms in the core increases, so 
does the Mo—Mo separation, from ca. 2.5 A in {Mo30,}** centres to ca. 2.75 A in {Mo3S4}** 
centres. [Mo3S,4(CN)o]°- has been structurally characterized>*° and electrochemical studies 
have identified the quasi-reversible one-electron oxidation of this anion. [Mo3(13-S)(S2)6]*~ 
(Figure 10, Section 36.6.1) is also based on an {Mo3}'?* core, but involves a (u-S>) ligand 
spanning each edge of the triangle and possesses one terminal disulfide ligand on each 
molybdenum.” {Mo3({43-S)(u-S2)3}** cores have been shown to bind chloride*®-2©? and 
dialkyldioxo*’ and dialkyldithiophosphinate ligands;? in respect to the last ligation, the 
reaction of [Mo(CO).] with R2P(S}—S,—P(S)R2 (R= Et, Pr) affords [Mo3S;(R2PS>)3][R2PS2] 
and reaction of this cation with PPh; leads to sulfur abstraction and formation of the 
[Mo3S4(R2PS2)4] compound.*° 
As indicated above, type B clusters can accommodate one or two additional electrons, 

beyond the six needed to form the three Mo—Mo bonds of the triangular array. This redox 
versatility is clearly manifest in mixed-metal oxide phases of molybdenum. Examples include 



Complexes Containing Metal—Metal Bonds 1319 

M2Mo30g (M=Mg, Mn, Fe, Co, Ni, Zn, Cd),%° LiZn,M3;0, and Zn3;Mo30,7°7 
which, respectively, involve Mo30,3 units with six ({Mo3}!2*), seven ({Mo3}!!+) and eight 
ae in i Bean, orbitals; La;Mo,SiO,,7° appears to involve six elec- 
trons in these orbitals. Mo; U3-O)(u-Cl)3(u-O2CMe)3(H20)3]?*, 2 Mo3 L3-O 2-Cl 3\U- 

O2CMe),Cl5]?~ ,761:27° [Mo3(3-O)("2-X)3(u-O2CR)3Cls]~, (X= Cl, Bees SEE u 

H?’") and [Mo3(u3-CMe)3({12-Br)3(u-O2CMe)3(H2O)s]* *” are all based on an {Mo3}?°* core. 
Type C_ (Mo3X;,) clusters occur for [Mo3(u3-O)(u3-OR)(u-OR)3(OR).] (R= Pr, 

CH2CMe;).!*77°.274 These species may be considered to involve an {Mo;}!2* centre and 
involve Mo—Mo separations of ca. 2.53 A; their electronic structure has been described and 
related to their electronic spectra.””” These species are obtained in the simple conproportiona- 
tion reactions between the [Mo.(OR).] and [MoO(OR),] derivatives and this route has 
permitted the synthesis of the triangulo-Mo,W cluster.*”* The related systems [Mo3(u3-S)2(- 
Cl)3Cl,]>~ and [Mo3(u3-S)2(u-Cl)3{S,P(OEt)2}3] involve an {Mo3}'°+ centre and Mo—Mo 
bonds of ca. 2.6 A’’”® and a compound containing an {Mo3(3-S)(u-S)3} core appended by 
diethoxythiophosphinate ligands has been shown to involve a triangular arrangement with two 
Mo—Mo separations of 2.808(1) and 2.839(1) A and one longer distance of 3.337(1) A.2”° The 
complex [Mo3Ss(N2Me>).|?~ has been synthesized by the reaction of [Mo2S,(N2Me,)2PPhs] with 
LiSPh in MeCN. X-Ray structure analysis of the [PPh,]* salt has revealed the anion to be a 
linear molybdenum trimer with two distinct coordination sites. The central metal atom enjoys 
pseudooctahedral geometry, through coordination of the N atoms of two end-on, linearly 
bound hydrazido(2—) groups and to four bridging sulfido groups and crystallographic symmetry 
which gives a rigorously planar MoS, unit, with trans hydrazido-groups. The terminal 
molybdenum atoms are tetrahedrally coordinated to two bridging and two terminal sulfido 
groups. The unusual Mo—N and N—N bond lengths of 2.13(1) A and 1.16(2) A, respectively, 
suggest that the —NNMe, ligands are best described as isodiazene groups.”’ 

Infinite chains of Mo; triangles occur in a variety of solid phases of molybdenum 
chalcogenides, including MMo3S; (M=K, Rb, Cs) and Tl,Mo,Seg; the electronic structure of 
the latter and related systems has been investigated.*”® 

36.3.3.2 Tetrameric Clusters 

Complexes involving four molybdenum atoms are known for several types of systems 

including pairs of {Mo,0,}**, {Mo2(NR)2S2}7* and related systems (Section 36.4.3.5.4) and 

[Mo4S4(NO)4(CN)s]® (Section 36.6.4). This section will describe moieties in which a 

framework of metal—metal bonds links all the molybdenum atoms. 

[MouI,,]?~ has been synthesized by the attack of HI on [Mo,(O,CMe),]’” and by the I, 

oxidation of [Mo(CO),I3]~ ;%° the structure of this entity involves a distorted Mo, tetrahedron 

and may be viewed as containing an {Mo,I;}?* fragment of an [Mo,Ig]** cluster (Section 

36.3.3.3) with an iodide bound as a terminal ligand to each molybdenum. [Mol]? reacts 

with diphos to produce [Mo,I.(diphos)2].”” [Mo2Cl,(PPhs)2(MeOH),], a typical quadruply 

bonded Mo! dimer (Section 36.3.2.1), undergoes an interesting condensation reaction upon 

dissolution in benzene; thus, it loses MeOH to form {MoCl,(PPh;)}, which reacts with PR; 

(R' = Et, Bu”) to form the corresponding, diamagnetic, tetramer [Mo,Cle(PR3)4] (Figure 10). 

The Mo—Mo distances for the unbridged and bridged edges of the Mo, rectangle are 2.211(3) 

and 2.901(2) A respectively, consistent with their formulation as Mo—Mo single and triple 

bonds respectively. Thus, these systems are molybdenum analogues of the cyclobutadiynes. 

Alternative procedures may be used to prepare these and analogous tetramers; treatment of 

K,[Mo2Clg] with the stoichiometric amount of PR; in refluxing MeOH, or reaction of 

[Mo2(O2CMe),4] with AICI and PR; (2:4:4) in THF, produces these systems and other 

derivatives corresponding to the general formula [Mo,XsgL4] (X = Cl, Br, I; L= neutral donor 

ligand, e.g. PR3, PPh; MeOH, THF, RCN) have been isolated.” Also, [MogCls{P(OMe)s}4] is 

formed when [MoCl,{P(OMe)s},] is dissolved in CH,Ch, or when K,[Mo,Clg] reacts with 

P(OMe); in MeOH.”* The relationship of these tetrameric structures to B-MoCl, has been 

considered and the reaction of [Mo,Clg(PR3)4] with [Mo(CO)4Cl] or [Mo(CO)g] in refluxing 

chlorobenzene shown to lead to phosphine extraction and the formation of the condensation 

products [MoClg(PRs)2]x, for which the formulation x =2 is favoured.”™ [Mo4X3(OPr')o] 

(X = Cl, Br), which have a structure similar to that of [Mo,F,(OBu )4] (Figure 8), react with 

MeCOX to form [MoX,(OPr')s]; an alternative preparative procedure is the reaction of 

[Mo,(OPr').] and MeCOX (1:2). The chloride derivative has a structure based on a square of 
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molybdenum atoms, some 2.37 A apart, with eight u-OPr' groups and four terminal chloride 

ligands. This system may be viewed as a molybdenum analogue of cyclobutadiene. However, 
the bromide involves a butterfly arrangement of molybdenum atoms with five Mo—Mo 
distances of ca. 2.5A and one of 3.1 A; the bromide ligands are all terminal and two of the 
OPr' groups are terminal, two y- and three y3-bridging.~° 

Figure 10 Structure of [Mo,Cl,(PEts)4]" 

Ba,;.13MogOj¢ contains two types of Mo,O,.¢ subunits which differ most significantly in their 
Mo—Mo distances and this difference can be correlated with the number of electrons involved 
in cluster bonding.”°?*’ [MoN(OBu');] reacts with [Mo.(OPr'’).] in hexane/Pr'OH to form 
[Mo,(t43-N)2(u-OPr')2(OPr'):0], the structure of which is shown in Figure 11 and involves 
contiguous Mo—Mo separations of 2.918(1), 2.552(1) and 2.918(1) A.78° The aquated 
{Mo,0,}°* ion has been claimed**® and considered to possess a cubane-like structure, as 
identified in its sulfur analogue (vide supra). 

Figure 11 Structure of [Mo,(N)(OPr),.]** 

Mo, clusters have been identified in many solid phases of molybdenum chalcogenides 
including PbMo<Sz,””* MoSX (X= Cl, Br, I)? and GaMo,(YY’) (Y, Y’ =§, Se, Te) the 
physical properties of these systems are of particular significance. Tetrahedral arrays of 
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molybdenum atoms occur in {Mo,S,}"* cubane-like clusters which have been identified with a 
variety of ligands appended to the cluster. The number of electrons involved in the 
metal-metal bonding framework of these systems is variable and the most extensive, 
homologous, series is [(Pr'CsH4)4Mo,S,]"* (n=0, 1,2). These complexes are related by 
reversible, one-electron, redox reactions and oxidation causes only a slight decrease in the 
volume of the Mo, tetrahedra (Mo—Mo =2.9-2.8 A). The electronic structure of these 
systems has been discussed with reference to the MO scheme originally presented for 
[Cp,4Fe,S,] and the PES data recorded for the neutral compound. The 12 electrons available for 
metal-metal bonding in [(Pr'CsH,),Mo,S,] are assigned to a,, e and t) Mo—Mo bonding 
orbitals of the 7, cluster, with the a, and e orbitals being strongly bonding, but the f, orbital is 
less stable as manifest by its relatively low ionization potential.”’ [Mo,S4(CN),.]* also 
possesses a regular Mo, tetrahedron with 12 electrons in the Mo—Mo bonding orbitals and 
involves Mo—Mo separations of 2.855(1) A.”°?°* An {Mo,S4}>* cluster has been prepared as 
the aquated ion and the complexes [Mo,S,(NCS),.]’~ *° and [Mo,S,(edta),]>~ 7°? have been 
isolated; the latter complex approximates to S$, symmetry with Mo—Mo distances which 
average 2.808 A, possesses one unpaired electron, and is capable of undergoing a quasi- 
reversible one-electron oxidation or reduction. {Mo,S,}°* has been prepared as the aquated 
species and crystallized as its [Mo,S,(NCS),2]° salt; the central cluster possesses 10 electrons 
for metal-metal bonding and the observed change in structure from T, to C3, symmetry is 
consistent with a Jahn-Teller type distortion removing the degeneracy of the t, orbital to give a 
filled e and an empty a2 orbital. The Mo, unit is a triangular pyramid with slant edges of length 
2.791(1) A and basal edges of 2.869(1) A.7°* [Mo4S4(S2CNEt2)6] also involves an {Mo,S,}°* 
cubane-like cluster in which two of the dithiocarbamate ligands each form a bridge between the 
two molybdenum atoms on the opposite sides of the cube, the remaining four each coordinate 
to one molybdenum atom in a bidentate mode; the Mo—Mo distances range from 2.732(5) A 
for two Mo atoms bridged via the same dithiocarbamate, to an average value of 2.861(6) A for 
the other four Mo—Mo distances.**° The cubane-like {Mo,S,}°* aquated ion is converted by 
aerial oxidation to the triangular {Mo;S,}** aquated species (Section 36.3.3.1).?% 

36.3.3.3 Hexameric Clusters and Related Extended Arrays 

The halides of molybdenum(II) were first described in 18487°° and the structural charac- 
terization of the cluster species accomplished a century later for [MogClg(OH),4]-14H,O and 
[NH4].[Mo¢Cl,4]-H20.”*” In idealized cubic symmetry, the [Mo¢Cl,4]*~ ion consists of an 
octahedron of metal atoms (Mo—Mo is ca. 2.6 A), ligated by eight 3 and six terminal chlorine 
atoms. This {MogXs}** (X =Cl, Br, I) moiety has been demonstrated as a constituent of a 

large number of compounds,” including the dihalides MogX,2 which are isomorphous and 

possess a central Mo¢Xg unit ligated by four u and two terminal halides.” The reduction of 

higher molybdenum halides by aluminum in the appropriate NaAlX, (X=Cl, Br) melt 

provides a convenient and safe synthesis of the corresponding molybdenum(II) chloride or 

bromide in good yield.*” The coordination chemistry of these {MoeXs}** species is well 

developed and includes the ligation of other halides, carboxylates, thiocyanates, alkoxide ions 

and a wide variety of neutral donor molecules at the terminal positions.”*°* The bonding in 

these clusters has been defined and spectroscopic studies have shown that. the [Mo¢X14]’~ 
(X=Cl,Br) ions are luminescent; these clusters undergo a one-electron oxidation and 

reduction and? electrogenerated [Mo¢Cl,4]”~" (n = 1 or 3) ions react with electroactive donors 
or acceptors, respectively, to produce the luminescent state of [MogCh4]?~.™ 

The ions [Mogl,;]*~ 778° and [MosCl,3]*~ *° may be considered as fragments of the 
{Mo¢X¢}** cluster; the former involves a distorted tetrahedron, and the latter a square-based 

pyramid, of metal atoms. The mixed-metal halide cluster cations {TasMoCh2}) Ls and 

{TasMo,Cl,2}** have been obtained by reduction of TaCls-MoCls mixtures with aluminum in 

fused NaAIClL,—AICI, at 325 °C and these cations are considered to be molybdenum-substituted 

derivatives of {TasCl,2}"* clusters.*”° 

Substitution of sulfide and selenide into {MogXg}** (X = Cl, Br, I) centres has been achieved 

in a host of solid phases and cores such as {Mo¢Cl,S}°*, {MoeBrgS2}, {MoclsY2} (Y =S, Se), 

{Mo,Br6S3}, {MogClS.}?” and MMo,(S;-,Se,)s (M=La, Yb, Sm, Ca, Sr, Ba, Eu, Sn, 

Pb)*8 have been characterized. Chevrel phases, i.e. ternary molybdenum chalcogenides, 

M,Mo¢Xs (typically M = Pb, Sn or a rare earth element; X= S or Se) are of particular interest 

because of their physical properties—high superconducting critical temperatures, high critical 
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fields and coexistence of magnetic order and superconductivity. Considerable flexibility in 

composition exists for these phases since, in addition to the variations indicated above, the 

ratio of Mo:X can be increased from the ideal 6:8 value. The fundamental structural unit in 

the Chevrel phases is an Mog cluster and these units are coupled together to give linear arrays 

of the general composition Mo3,X3n+2 (n =2, 3,4...%; X=S, Se, Tel oA combined MO 

and crystal orbital analysis*’® has been presented for these systems and for NaMo,40O,, which is 

also a metallic, infinite-chain polymer, derived from the condensation of Mog octahedra.” 

Oxygen-donor ligands will also support discrete Mog clusters; thus, Mo,Cl,2 when refluxed with 

NaOMe in MeOH forms Na,[{Mog¢Cls}(OMe).] and eventually Na2[{Mog(OMe)s} {OMe}«]. 
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36.41 MOLYBDENUM(IID 

36.4.1.1 Introduction 

Molybdenum(III) is a relatively rare oxidation state and is easily oxidized to more stable states 

by air and other mild oxidants. However, recent work has shown the existence of many Mo™ 
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compounds in both aqueous and nonaqueous systems. Also, Mo" may be involved in catalytic 
and biological reactions of molybdenum, such as dinitrogen reduction, but there is no firm 
evidence for this. 

This section omits the aqueous chemistry of Mo" (see Section 36.1.2), Mo—M6o triple bonds, 
including [Mo.Xo]*~ (see Chapter 36.3), [CpMo(SR),] and related compounds, and Mo—S 
clusters (see Section 36.6.5). 
Molybdenum trihalides may be prepared either by reduction of higher halides or by direct 

combination of the elements.’ They all adopt extended lattice structures: MoF; has a 
rhombohedral structure similar to VF; and CrF3;? MoCl, exists in two polymorphic forms in 

which Mo atoms occupy octahedral holes in cubic (a) or hexagonal (f) close-packed arrays of 
chlorines;? MoBr; and Mol; have structures containing polymeric strings made up of 
face-sharing MoX, octahedra.* The magnetic moments of the trihalides given in Table 1° show 
an increase from Cl to I, indicative of antiferromagnetic coupling between adjacent Mo atoms 
which decreases with the increase in the metal-metal distance. 

Table 1 Magnetic Moments of Molybdenum(III) Complexes 

Compound Leg (BM) T (K) Ref. 

MoCl, 0.7 a 1 
MoBr, iy? a i! 
Mol, 1.4 a 1 
Mo(SPh); 0.77 293 6 
Mo(SC;H,;)3 1.17 293 6 
K,[MoCl,] 3.79 300 37 
K,[Mo(NCS),]:-4H,O 3.79 300 37 
[Mo(en)3](NCS); 3.65 300 34 
Mol,(phen),]-I 3.69 293 15 
[Mo(acac);] 3.82 302 23 
[Mo(S,PF,)3] 3.53 b 28 
K,[Mo(CN),]:2H,O 1:73 298 35 

* Room temperature. ” Temperature not specified. 

Compounds of the stoichiometry Mo(SR); can be prepared by oxidation of Mo® complexes 
using thiols or disulfides.° Their spectroscopic properties and low magnetic moments, ranging 
from 0.77 to 1.17 BM (Table 1), indicate a polymeric structure with considerable metal-metal 
interaction. 

36.4.1.2 Monomeric Complexes 

36.4.1.2.1 Halide complexes 

K3[MoF.] can be prepared by reacting K3[MoCl] or MoO; with KF or KHF;; the anion 
contains Mo octahedrally coordinated with Mo—F bond lengths of 2.00(2) A.” M§[MoCl.] and 
M3[MoBrg] (M'= Li*, K*, NH) have been obtained by electrolytic reduction of MoO; in HCl 
or HBr solution respectively, followed by addition of the appropriate alkali metal halide. Other 
products isolated from these reactions include salts of the [MoCl;(H,O)]*~ and 
[MoBr;(H2O)]*~ anions.® Crystal structure determinations of salts containing these ions all 
show that the Mo" possesses simple octahedral coordination with typical average bond 
lengths of, for example, 2.452(3) A for Mo—Cl in [Ph2HP(CH2)2PHPh»]3[MoCl,]2-12H,0,° 
2.591(1) A for Mo—Br in [LH]2[HsO2][MoBre] (L = 2-amino-4,6-dihydroxypyrimidine),!° and 
2.155(3) A or 2.185(3) A for Mo—O in the hydrolysis products [NH,],[MoCl,(H2O)] and 
[NH,]2[MoBr;(H2O)], respectively.’ Other monosubstituted halide anions, such as the nitrile 
complexes [MoCl;(NCR)]’~,'* can be prepared by ligand substitution from [MoX.]°~ species. 
[NEt;H][MoCl,(THF),], obtained from the reduction of [MoCl,(THF),] in the presence of 
NEts, involves octahedral stereochemistry around the Mo, with the THF molecules adopting a 
trans geometry. This complex can be used as a starting material in the synthesis of other 
disubstituted anions.'’ A trans geometry has also been established for the anion of 

- [SMe3][MoBr,(SMez)2], formed in the reaction of MoBr, with Me.S.'4 
A large number of neutral complexes of the form [MoX3Ls] (X = halide; L = neutral ligand) 

are known. These are easily prepared by direct combination of MoX; and L, or by substitution 
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reactions of [MoX,]*~. They can also be formed by a disproportionation reaction of the 
corresponding Mo” complex [Mo(CO),X2], with L acting as the solvent,!° or by reduction of 
the appropriate Mo'Y complex [MoX,L,]. This last reaction has been used to prepare, in high 
yield, [MoCl,(THF)3], which is a useful starting material for the synthesis of other Mo!!! 
compounds.’® Generally, these complexes adopt a meridional configuration, even for the 
tridentate macrocyclic polythiaether 1,4,7,10,13,16-hexathiacyclooctadecane, which forms 
polymeric chains.’ However, the facial isomer is formed with the tridentate ligand 1,4,7- 
trimethyl-1,4,7-triazacyclononane.'® Crystal structure determinations have confirmed the 

meridional geometry of [MoCl;(py)3] and [MoX;,(pic)3]:0.5pic (X=Cl, Br; pic=4- 
methylpyridine).'? 

Mo"! halide complexes formed with chelating diazadienes or diamines (N—N) include 
[MoCl;(CNMe)(N—N)] species; with aromatic chelates such as 1,10-phenanthroline or 
2,2'-bipyridine, salts containing the cation cis-[MoCl,(N—N),]* have been isolated.”? Com- 
pounds of stoichiometry [MoX3L,4] are known for X=Cl, Br; L=RCN and X=Br; 
L, = 2,6-lutidine,'> but it is not clear whether these involve seven-coordinate Mo. 

The reaction of potassium hydrotris(3,5-dimethyl-1-pyrazolyl)borate, K[HB(3,5-Me2pz)s], 
with [MoCl;(THF)3] gives the yellow crystalline compound [K(THF)3][HB(3,5-Me2pz)3;MoCls]. 
Its magnetic susceptibility (3.69 BM), electronic spectrum and ESR spectrum are consistent 
with a d°*, S=3 ground state. An X-ray diffraction study of [NEt,][HB(3,5- 
Me2pz)3MoCls]|;:MeCN has revealed a monomeric anion with near octahedral facial 
coordination about the metal. This compound undergoes two one-electron oxidations: 
Mo"™/Mo!'Y at +0.49 V and Mo!Y/Mo’Y at +1.55 V (us. SCE). As anticipated from the value of 
the former couple, [HB(3,5-Me2pz)3;MoCl3] is readily reduced to the Mo™ anion by mild 
reductants such as sulfide and alcohols. The stabilization of the Mo™ by the polypyrazolylbor- 
ate has been attributed to the interaction of the Mo d, orbitals with the ligand 2* orbitals. This 

view receives support from the preparation of [(HBpz3;)MoCl,(pyrazole)] by reacting MoCls 
with potassium hydrotris(1-pyrazolyl)borate, K{HBpzs], in aqueous HCl without the addition 
of a reducing agent. The structure of this Mo™ derivative has been determined and shown to 
be similar to that of [HB(3,5-Me2pz);MoCl,], with replacement of a chloride by a pyrazole 
group.”’ [NBu,][MoBr4(dppe)] has been obtained as a minor product of the reaction of 
[NBu,]2[Mo Bre] with dppe in MezCO and its crystal structure has been determined; the Mo 
atom displays a distorted octahedral coordination geometry.” 

36.4.1.2.2 Complexes with oxygen and sulfur donor ligands 

[Mo(acac)3] is conveniently prepared from [MoCl]?- and Na(acac) or by oxidation of 
[Mo(CO).] with Hacac;”? the molecule has an octahedral geometry of approximately D; 
symmetry, with Mo—O bonds of average length 2.04(1) A.™ Several other tris(6-diketonates) 
of Mo! are known and, with an unsymmetrical ligand, facial and meridional isomers have been 
isolated.2° Oxidative decarbonylation of [Mo(CO),] has also been used to prepare the 

O,S-bound analogue tris(monothiadibenzoylmethanato)molybdenum(III).*° A complex of the 
stoichiometry [Mo(HL)L] is formed in the reaction between the tridentate O,S,N ligand 

salicylidenethiosemicarbazone (H2L), and [Mo(NCS)g]*~.”” 
Dithiophosphate’®* and dithiocarbamate” ligands, (S—S)~, form pseudogctahedral com- 

plexes [Mo(S—S),] with Mo"; in [Mo{S,P(OMe),}3], the Mo—S average distance is 

2.507(2) A.%° The Mo'Y complex [MoCl(S,CNEt,)3] can be reduced by SO, to give 

[Mo(S2CNEt2)3(77-SO2)], which has an eight-coordinate structure, with the SO, bonded 

through the sulfur and one oxygen atom. ° Mixed thiolate diphosphine complexes trans- 

[Mo(SR)2(diphos)2]* can be oxidized by FeCl, or CuCl, to give [Mo(SR)2(diphos)2]*, which 

has been isolated as the [FeCl,]~ or [BPh,]~ salt.*? 

36.4.1.2.3 Complexes with nitrogen donor ligands 

A variety of salts containing the [Mo(NCS).]*~ ion are known, in which the ligand is bonded 

through nitrogen with almost linear Mo—N—C arrangement. In K3;[Mo(NCS)¢]-H2O:-MeCO2H 

the average Mo—N distance is 2.09 A. A selenocyanate complex, [NEts],[Mo(NCSe).], has 

also been isolated.*? Substitution reactions between [Mo(NCS).]°~ and bidentate nitrogen 

COC3-QQ 
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ligands, such as 1,2-diaminoethane, give various products containing one, two or three chelates 
per molybdenum.* 

36.4.1.2.4 Cyanide complexes 

The cyanide ligand, when present in excess, replaces chloride in [MoCl,]*~ to give the 
seven-coordinate complex [Mo(CN),]*~. In aqueous solution a pentagonal bipyramidal 
geometry is adopted, but in the solid state spectroscopic studies indicate a lower symmetry for 
K,[Mo(CN)7]:2H20.*° The crystal structure of NaK3[Mo(CN),]-2H,O shows a relatively 
undistorted Pentagonal bipyramidal coordination sphere, with average Mo—C distances of 
2.160(3) A.3 

36.4,.1.2.5 Magnetic and electronic properties 

All the monomeric molybdenum(III) complexes are paramagnetic, and in Table 1° the 
magnetic moments of some typical examples are given. For six-coordinate compounds the 
values lie between 3.53 and 3.86 BM, with most in the region 3.7 to 3.8 BM as predicted for 
octahedral d* complexes.*” The value of 1.73 BM in K,4{[Mo(CN)]-2H2O is consistent with a 
spin-doublet ground state d? system.*° 
ESR spectroscopy has been used to examine molybdenum(III) complexes with Cl, O, S 

and N donor ligands.** At temperatures between 5 and 80K, these compounds show broad 
axial or rhombic signals centred at g=2 and 4. For [Mo(acac)s] the estimated A values are 
10+1 (x,y) and 12.2+0.5 (z)mK. Complexes with sulfur atoms which are part of an 
extended z system have typical ESR spectra, with all g values near 2. 

Electronic absorption spectra of Mo"! species can be interpreted using a ligand field 
approach for a d® ion with octahedral symmetry.*’ Three spin-allowed transitions should be 
seen, corresponding to excitation from the ground state *A2, to *Tn, *Ti,(F) and *T;, (P) 
states. Bands due to spin-forbidden transitions to 7E,, *T,, and *Th, states can also be detected 
because of spin—orbit coupling. Table 2 lists the absorption bands observed in some typical 
complexes.° For compounds of the form [MoX3L;], the lower symmetry leads to a loss of 
degeneracy within the T states and this has been observed in some systems, and used to 
demonstrate the formation of meridional rather than facial isomers.’ 

Table 2 Electronic Absorption Spectra of Molybdenum(III) Complexes (transitions in cm~', molar 

extinction coefficients in parentheses) 

Complex "Aggy * Egy lig, (1 \ Age MP Tage) Ange Toe *Aog— “Thy (F) Ref. 

[Mol 9500 (1.4) 14800(2.0) 19 400 (23) 24 200 (38) 39 
[MoCl,(H,0)] 8500 (4.0) 15 300(3.1) 19 700 (29) 25 500 (51) 39 
[MoCl,(py)3] 8800 (7.0) 14 500 (7.0) 39 
[Mo(S,PF>)3] 20 020 (205) 24 310 (99) 28 

Phosphorescence has only been observed in [MoX3L;3] complexes with L = urea or thiourea. 
The emission lies between 9000 and 10000cm™', and has been assigned to the 7E,—> Arg 
transition. 

36.4.1.3 Dimeric and Polymeric Complexes 

The best characterized Mo™' dimers are those with a Mo—Mo triple bond alone between the 
metal atoms or bridged by halides, as in [MoXo]*~, complexes which are discussed in Section 
36.3.2.2.6. Substitution of three halides by neutral ligands gives complexes of the type 
[Mo2X¢Ls], which probably retain the halide bridges. One example is [Mo>Cl,(THF)3], which is 
formed from the monomeric [MoCl;(THF)s3] in solution.*! 

The reactions between K3[MoCl.] and various thiols yield dimeric or polymeric complexes of 
uncertain stoichiometry, thought to be [Mo2Cl,(SR)2(H20)s3] or [Mo,Cl,(SR);(H2O),], with 
magnetic moments which indicate considerable metal-metal interaction.” Crystal structures 
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have been determined for the chloride-bridged compounds JPPh,][(Me2S)ClMo(u- 
Cl);MoCl,(SMe,)] and [(Me2S)ClMo(u-SMe2)(u-Cl)»MoCl,(SMe,)],“° and of the bromide- 
bridged compound [LBrMo(u-Br)(u-OH)MoBrL]Br,:4H,O (L = 1,4,7-triazacyclononane).“ 
In the chloride complexes, the structure around the Mo atoms is confacial bioctahedral, with 
three bridging atoms. For the bromide, each molybdenum is octahedrally coordinated and the 
two centres share a common edge. The short Mo—Mo distances in these compounds indicate 
strong metal—metal bonding. 

Oxo-bridged dimers such as [Mo.03(H2O);(DMEF)] and [Mo203;(DMSO);] can be obtained 
by heating [Mo(CO)<] in wet DMF or DMSO.*° Other dimeric species have been characterized 
with a variety of O and N donor ligands, including [Mo,02Cl,(H20),L,] (L = bipy, 4,4’-bipy, 
pyrrole, _pyridazine, —_py),*°  [Mo2O(C,0,4)L2(H2O),] (HL =phenylalanine),*” and 
[Mo,0.(HL),]’~ (HL = cysteine).** Low magnetic moments of these and analogous com- 
plexes, of between 0.4 and 0.6 BM, provide clear evidence for spin pairing between the metal 
centres. 

Molybdenum(III) complexes of 1,4,7-triazacyclononane (L) dimerized by hydroxide bridges 
can be prepared by hydrolysis of the corresponding [LMoCls] complexes.*°° Crystal structure 
determinations on [LCIMo(u-OH),MoCIL]I, and [LMo(u-OH)2(u-O2CMe)MoL]I;-H,O have 
revealed a distorted octahedral geometry around the Mo atoms in both cases, with short 
Mo—Mo distances thought to indicate a formal bond order of three.” In the complex 
K[Mo.(u-OH)2(u-O2CMe)(edta)], the hexadentate ethylenediaminetetraacetate also bridges 
the Mo—Mo bond via the two N atoms (see 9, Section 36.1.2).°! Edta is thought to bridge in a 
similar manner in the oxo-bridged complexes MH[Mo,(u-O),(edta)]-1H,O (M=Li, Na, 
K, NH,).* A mixed oxidation state tetrameric molybdenum(III,IV) complex 
Na,[Mo,0,(OH),(edta)]-12H2O has been structurally characterized, and shows essentially two 
dimeric species connected via oxo bridges (see 4, Section 36.1.2). With the optically active 
ligand (R)-propylenediaminetetraacetate [(R)-pdta], strong peaks are observed in the CD 
spectrum of [Mo2(u-OH)2(u-O2CMe){(R)-pdta}]”, indicating that the four coordinated 
carboxylate oxygens arrange asymmetrically.* 

Dithiocarbamate compounds of Mo" can be prepared by oxidative decarbonylation of 
[Mo(CO).], giving complexes of the form [Mo2(Rz2dtc).].°* Spectroscopic evidence is consistent 
with the presence of two bridging R2dtc ligands. The crystal structure of [(Et,.NCS2),Mo(u- 
CSC(S)S)(u-S3C,NEt,)Mo(S2CNEt,)], a product of the reaction between CS, and 
[Mo(CO),(S2CNEt,)2], has been determined; the bridging ligands appear to be formed by the 
insertion of CS into CS, and Et,NCS;.°° Mixed oxidation state molybdenum(III,VI) complexes 
[PPh,].[S2Mo(u-S)sMoBr3(SMe>)]| and [PPh4][S2Mo(u-S)2MoBr2(NO),], in which the Mo 

atoms are linked by sulfido bridges, have been prepared by the reaction between [PPh,]2[MoS,] 
and MoBr, or [MoBr2(NO),].*° A disulfide bridge and a sulfur dioxide bridge are found in the 
[Mo(t14-S2)(42-SO2)(CN)s]*~ anion, the structure of which has been determined as its [PPh,]* 
and K* salts; in the former the Mo—Mo separation is 2.730(4) A, whereas the latter involves 
two different anions with Mo—Mo distances of 2.691(1) and 2.974(1) A, respectively.°” The 
salts Ke[Mo2(CN)j2S]-4H,0°*? and Ke 6s[MoOu,]o.34[Mo2(CN)2S]-5.32H,0*8 have been iso- 
lated. The crystal structure of the latter has shown that the anion involves the two metal atoms, 
each in a pentagonal bipyramidal environment, bridged by an axial sulfur atom (Mo—S—Mo 
ca. 170°). The diamagnetic nature of the compounds and their electronic spectra are consistent 
with S(p,,)—> Mo(d,,) bonding over the Mo—S bonds of length ca. 2.17 A. 

36.4.2 MOLYBDENUM(IV) 

36.4.2.1 Introduction 

The coordination chemistry of Mo!” is diverse and involves an extensive range of monomeric 
and trimeric systems; the latter are described in Chapter 36.3 together with the few dimeric 
systems which involve a Mo—Mo double bond. Although there are many examples of 
monomeric oxo complexes, unlike the higher oxidation states, Mo'Y forms a comparable range 
of non-oxo complexes and exhibits a greater versatility in coordination number, with examples 
of four to eight, inclusive, being well established. 4 : 

The most important binary systems which (formally) involve Mo’ are the chalcogenides 
MoS, and MoSez; some comments on these systems are included in Section 36.6.3. The 
synthesis and properties of molybdenum(IV) halides have been thoroughly investigated.” 
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Fluorination of [Mo(CO).] at —75 °C forms the olive green material Mo2F,, which decomposes 

on heating to the volatile MoF; and the light green, involatile MoF,; reduction of MoF; with 

elemental silicon (4:1) provides an ‘alternative route to MoF,. The Raman spectrum of MoF, 

suggests that the material possesses a structure similar to that of NbF,.°! MoCl, exists in three 

forms. a-MoCl,, conveniently prepared™ by the prolonged refluxing of MoCl; and C,Cl, in 
CCl, is isomorphous with NbCl, and comprises infinite chains of MoCl, octahedra sharing 

opposite edges over alternating long and short Mo—Mo distances, with magnetic exchange 

occurring down these chains leading to a room temperature effective magnetic moment of 

0.85 BM. B-MoCl, is obtained by reduction of MoCl; by molybdenum metal under carefully 

controlled conditions;? the structure consists of cyclic (MoCl,). aggregates in which each 

molybdenum is octahedrally coordinated by two terminal and four bridging chlorines (Figure 

1).© The closest approach between the Mo atoms (3.67 A) does not lead to any significant 

spin-pairing (Weg ca. 2.4BM). A third form of MoCl, has been obtained by treatment of MoO, 

in a stream of CCl, vapour. MoBr, may be synthesized by the reaction between MoBr; and 
warm (60°C) liquid bromine.® The tetrahalides are reactive, for example to air and water, and 
may be used as starting materials for the synthesis of Mo'Y complexes. 

Figure 1 The structure of the (MoCI,), molecule in B-MoCl,° 

MoOCl, has been prepared by various chemical transport reactions’ and MoSCl, and 
MoSeCl, have been described. MoO, may be prepared by reduction of MoO; by Hb, the 
compound adopts a distorted rutile structure with Mo---Mo separations of 2.5106(5) and 
3.1118(5) A,” the former leading to spin pairing and the absence of a permanent magnetic 
moment on the metal centres.® 

Mononuclear Mo!Y oxo complexes have special relevance to the molybdenum centres in the 
molybdenum-containing enzymes. [MoO(S,CNR>)2] complexes undergo addition reactions 
with a wide variety of unsaturated molecules. ”? These were once held to be of relevance to 
the activation of the substrates of nitrogenase prior to reduction; however, the nature of the 

molybdenum centre in these [MoO(S,CNR:>)2] molecules has not been demonstrated to have 
any significant similarity to the catalytic site within the Fe—Mo—S cluster of the nitrogenases 
(see Section 36.6.2) and, therefore, detailed comparisons are unwarranted. [MoO(S:CNR2)2] 
and a selection of other Mo!’ complexes are special in respect of participating in reversible 
oxygen atom transfer, MoO** + XO— MoO3* + X, which have particular relevance to the 
catalyses effected at the molybdenum centres of oxomolybdoenzymes such as xanthine oxidase, 
sulfite oxidase or nitrate reductase.*° The forward reaction was first observed in 1972 for 
[MoO(S2CNR;)2] complexes*' and X = Ph;P and this reaction has been developed and used for 
the preparation of MoO** complexes®*’** and the mechanism defined.***° A complicating 
feature of this reaction is the dimerization (equation 1) which is prevented in the oxomolybdo- 
enzymes by structural constraints within the macromolecular assembly. Macrocyclic ligands 
have been employed in chemical studies to prevent such dimerization and, thereby, have 
allowed the development of more realistic chemical analogues of the oxomolybdoenzymes. 
These ligands include the anions of the molecules (Figure 2)***’*! and these studies represent 
elegant developments in the coordination chemistry of molybdenum. 

[MoO,(S,CNR,)] + [MoO(S;CNR,),] === [Mo,0;(S;CNR,),] (1) 
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Y=O 2,6-Bis(2,2-diphenyl-2-hydroxoethanyl)pyridine 
Y=S 2,6-Bis(2,2-diphenyl-2-mercaptoethanyl)pyridine 

Figure 2 Precursors of macrocyclic ligands which allow redox reactions for monomeric molybdenum centres 

36.4.2.2 Monomeric Complexes with Oxo Groups 

36.4,2.2.1 General comments 

Oxo complexes dominate the chemistry of molybdenum in its higher oxidation states,>*-9?-%3 
and play a major role in the catalytic activity of molybdenum in biological systems (see Section 
36.6.7). Mo’ complexes have been characterized containing the monooxo {MoO}?* and the 
trans-dioxomolybdenum(IV) {MoO,} cores, but no compound has been isolated analogous to 
the cis-dioxomolybdenum(VI) species described in Section 36.5. Crystal structure determina- 
tions have been accomplished for a number of Mo'Y complexes, and some typical examples are 
listed in Table 3.°° 

Table 3 Molybdenum—Oxygen Bond Lengths of some Oxomolybdenum(IV) 

Complexes® 

Compound Mo—O, (A) Ref. 

[MoO(S,CNPr2),] 1.665 100 
trans-[MoO(hd)(SH)][CF;SO3]* 1.667 103 
cis, mer-[MoOCl,(PEt,Ph);]° 1.803 107 
cis, mer-[MoOCl,(PMe,Ph)s]° 1.676 108 
[MoOCl(dppe),][ZnCl,(OCMe,)] 1.69 111 
NaK,[MoO,(CN),] 1.834 120 
[Cr(en)3][ MoO(OH)(CN),] 1.698 121 
[Pt(en),][MoO(OH,)(CN)a] 1.668 121 
[MoOCl(CNMe),](I;) 1.636 126 

* hd = 1,5,9,13-tetrathiacyclohexadecane. °Green isomer. ‘Blue isomer. 

The nature of the bonding of oxo groups to molybdenum has been discussed in several 
reviews.®”°”-? There are three components to molybdenum-oxygen terminal bonds (Mo—O,), 
comprising a o interaction along the bond axis (z axis) and two mutually perpendicular z 
components, each formed by the overlap of an oxgyen p, orbital (p, Or Py) with the 
appropriate molybdenum d, orbital (d,, or d,,). Normally, each component is considered to 
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involve donation of an electron pair from O?~ to a vacant orbital of the metal, and the formal 

bond order varies according to the degree of a interaction. Correlations have been observed 

between the bond order of a Mo—O, bond and its length and force constant, with a high bond 

order corresponding to shorter and stronger bonds.** °° Generally, the Mo—O, bond lengths in 

monooxomolybdenum(IV) compounds are ~1.67 A (Table 3), consistent with a triple bond: 
for the trans-dioxo species a longer bond length of ~1.83 A (Table 3) is found, indicative of a 
bond order between one and two. 

In monooxomolybdenum(IV) centres the Mo—O, bonding dominates the ligand field at the 
molybdenum, so that the two valence electrons of the metal are spin-paired in an orbital which 
is in the plane (xy) perpendicular to the Mo—O, bond, and the complex has the (dxy)” 
configuration. The dioxo anion trans-[MoO,(CN),]*~ also possesses this configuration;”’ the 
two d electrons are in an orbital which is nonbonding with respect to the oxo groups and the o 
orbitals of the cyano groups and, hence, at a lower energy than the other d orbitals. This 
situation may be further stabilized by back-bonding from (d,,)” into the 2* orbitals of the CN~ 
ligands. Similarly, ligand field stabilization may explain the formation of trans-[MoO2(CO)a] in 
the photooxidation of [Mo(CO).].” 

The coordination sphere of molybdenum in the oxomolybdenum enzymes is believed to 
contain oxo and sulfur ligands,®° and, therefore, interest has focussed on oxo complexes of 
Mo!Y with S-donor ligands as possible models for the reduced state of these systems. A number 
of oxomolybdenum(IV) complexes contain a five-coordinate MoOS, coordination sphere, 
including the dithiocarbamate species [MoO(S2CNR>)2]. These can be prepared by reduction of 
the Mo* dimers [Mo,03(S.CNR>)4] using zinc dust or thiophenol, or by reduction of aqueous 
solutions of Na2[MoQ,] and Na(S,CNR2) with dithionite.” An alternative route is by the 
reaction of PPh; with the corresponding MoY! complex, [MoO.(S2CNR;),],® in which one 
atom of oxygen is transferred from the molybdenum to the phosphorus in a reaction which may 
be analogous to the role played by the molybdenum in xanthine oxidase and other related 
enzymes.” The reverse reaction, involving abstraction of an oxygen atom from a substrate 
molecule by the monooxo Mo'Y complex to give the cis-dioxo Mo’! complex, has been 
observed with dioxygen or pyridine N-oxide;” the claim that this also occurs with Ph;PO 
appears to be erroneous. A kinetic study of the forward and reverse oxygen atom transfer 
reactions with [MoO(S,CNEt,)2] has shown that the dominant factor in determining reaction 
rate is the breaking of the bond to oxygen in the substrate.*° The act of oxygen atom transfer 
has been suggested to involve a transition state comprising one molecule of each reactant, and 
the donation of the lone pair of electrons on phosphorus into the Mo=O z* orbital, thus 
weakening the Mo—O bond and forming the P—O bond to produce the molybdenum(IV) 
complex [MoO(Et,dtc)2(Ph3PO)]. Isomerization followed by the loss of PhsPO would produce 
the reaction products.*° The Mo!Y complexes can also react with one of the oxo groups of 
[MoO.(S2CNRz2)2] to give the oxo-bridged MoY dimer [Mo.03(SxCNR2>)4] (equation 1). 

The crystal structure of [MoO(S,CNPr3),] has shown that the molecules possess a square 
pyramidal geometry, with the molybdenum displaced out of the plane of the four sulfur atoms 
in the direction of the axial oxo ligand;!” the Mo—O, distance is 1.695 A. Complexes of this 
type are coordinatively unsaturated and react with ligands, such as pyridine, phosphines, 
alkynes and alkenes, to form 1:1 adducts. Spectroscopic evidence has indicated that the 
unsaturated molecules add to produce a seven-coordinate complex,’* and this has been 
confirmed by a crystal structure determination of the tetracyanoethylene (TCNE) adduct of 
[MoO(S,CNPr3)2],’7 which shows distorted pentagonal bipyramidal coordination around the 
molybdenum. The equatorial plane contains the two ethene carbons of TCNE and three of the 
sulfur atoms; the fourth sulfur occupies an axial position trans to the oxo ligand, and the 
Mo—O, bond length is 1.682(4) A. Although the oxidation state of the molybdenum is difficult 
to define in these compounds, IR spectra of some ethyne adducts suggests that they are 
complexes of Mo™', formed by oxidative addition,” the d* electrons of the molybdenum being 
donated into the 2* orbital of the multiple bond. Kinetic studies of these addition reactions 
indicate that they proceed via a monocapped trigonal prismatic intermediate, followed by 
intramolecular rearrangement.’7’”8 

[MoO(S,CNR;)2] forms 1:1 adducts with molecules containing nitrogen—nitrogen double 
bonds in which the —N=N— moiety is thought to be sideways bonded to the molybdenum via 
both nitrogen atoms. In contrast, an end-on nitrogen—molybdenum o bond is formed in the 
reaction between molecules of the type [MoO,(S,CNR2)] and R’NNH, to produce the adducts 
[(R'NN)Mo(S,CNRz)3].” These complexes may be of interest as models for the intermediates 
formed during reduction of N> by the nitrogenases;° the adduct [MoO(S,CNEt,).(R'NNR’)] 
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(R'=CO,Et) can be hydrolyzed in moist CHCl; to produce R’NHNHR’ and 
[MoO,(S2CNEt,)], showing that the N=N bond is activated by adduct formation.” The crystal 
structure of the adduct [MoO(PhCONNCOPh)(S,CNMe,)2]-C,H,Cl has been determined.” 
The stereochemistry about the molybdenum is that of a distorted pentagonal bipyramid; the 
sulfur atoms of the dithiocarbamate ligands and a nitrogen atom of the benzoyldiazene ligand 
occupy the equatorial positions and the axial sites are occupied by the terminal oxo group and 
an oxygen atom of the diazene, which thus forms a five-membered chelate ring. 

Studies of Mo'Y/Mo’! redox reactions involving [MoO(SCNR,)2] complexes are complicated 
by the formation of the MoY dimer, [Mo203(S,CNR>)4] (equation 1). In biological systems this 
type of dimerization is prevented by structutal constraints exercised by the enzyme, and 
attempts have been made to emulate this by preparing model compounds with chelates, some 
of which introduce steric constraints at the metal. Complexes with polydentate ligands of the 
form [MoOLL’] (L = salicylaldehyde-2-hydroxyanil, salicylaldehyde-2-mercaptoanil; L’ = bipy, 
phen) and [MoOL] (L=N,N’-bis(2-mercapto-2-methylpropyl)-1,2-diaminoethane) have been 
investigated.** They undergo electrochemical one-electron oxidation or reduction reactions, but 
can not be easily oxidized to Mo%! species. [MoO(PPh,Et)(dttd)] (H2dttd = S,S’-bis-2'- 
mercaptophenyl-1,2-dimercaptoethane, Figure 2), prepared by reduction of the Mo‘! complex 
[MoO,.(dttd)] with PPh,Et, loses the phosphine in DMF/[Et,N]Cl solution to form 
[MoOCl(dttd)|~. This anion undergoes a reversible one-electron oxidation to produce 
[MoOCl(dttd)] but is not oxidized further to a MoY! species.” 

The ligand 2,6-bis(2,2-diphenyl-2-mercaptoethanyl)pyridine (Figure 2) (LN(SH)2) has been 
used to prepare the Mo!” complex [MoO(LNS,)(DMF)] and the complementary dioxo Mo%! 
complex [MoO,(LNS,)]; in both cases, the ligand acts as a tridentate N,S,S donor. The Mo!” 
complex can be oxidized electrochemically to a Mo” species but not to Mo™!. However, 

[MoO(LNS,)(DMF)] reacts with DMSO to abstract an oxygen atom, forming [MoO,(LNS,)]: 

the reverse reaction can be accomplished using Ph3P, generating Ph3;PO and 

[MoO(LNS,)(DMF)].”? These reactions produce a catalytic system for the oxidation of Ph3P 
by DMSO, and provide an interesting model for the reactions catalyzed by the oxo- 

molybdoenzymes. 

36.4.2.2.2 Complexes of oxygen and sulfur donor ligands 

Reduction of [NH4],[MoOCl,] with hydrazine, followed by extraction of the product with 

glacial acetic or malonic acid, gives the Mo!Y complexes [MoO(02CMe).(H20)] or 

[MoO(O,CCH,CO,)(H20)3], respectively.'°' Spectroscopic evidence has indicated that the 

molybdenum in these species is coordinated to six oxygen atoms. Other oxomolybdenum(IV) 

complexes with oxygen donor ligands include [MoO(CN)4(OH)]*~ and [MoO(CN).4(OH2)]?~ 

(see Section 36.4.2.2.4), [MoO(dppe)4(OH)]* and the aqua ions MoO?*(aq) and 

MoO(OH)*(aq) (see Section 36.1.4). [MoO(dppe)2(OH)]* contains a linear O=Mo—OH 

group, with the two bidentate dppe ligands completing the octahedral coordination sphere.” 

An analogous sulfur-bound complex has been isolated, using the macrocyclic tetrathioether 

1,5,9,13-tetrathiocyclohexadecane (hd) to form [MoO(hd)(SH)]*.’°° This cation contains a 

linear O=Mo—SH group, with a Mo—S distance of 2.486(1) A and an Mo—O, distance of 

1.667(3) A. The thioether acts as a tetradentate ligand to form a square planar arrangement 

around the molybdenum. Difiuorodithiophosphate forms the five-coordinate complex, 

[MoO(S,PF>)2], from which the (S,PF2)” ligands are easily displaced by pyridine to give 

[MoO(py)4](S2PF2)2. The bidentate S,O ligands, (SCH,CO>) ~, (SCH(Me3)CO2) and 

(SCH(CH,CO,H)CO,)*- (S—O), also form five-coordinate complexes of composition 

[MoO(S—O)(H20)2], which have been isolated as solids. A cysteine complex of MoO*™ has 

been identified in solution, but not characterized as a solid.'"** With the S,P-donor ligand 

(SCH,CH2PPh2), the coordination geometry around the molybdenum in 

[MoO(SCH,CH2PPh>),] has been shown to be intermediate between trigonal bipyramidal and 

square pyramidal.’ ( 

36.4.2.2.3 Complexes of phosphine ligands 

In ethanol solution, tertiary phosphines react with [MoCl,(NCEt)2] to yield mer- 

[MoOCl,(PR3)3], which can undergo exchange reactions to give mer-[MoOX,(PR3)3] (X = Br, 
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I, NCS, NCO).!° Some of these complexes are green, with v(Mo=O) stretching frequencies 
below 946cm~!, and others blue-green, with v(Mo=O) above 946cm™'. In the case of 
[MoOCl,(PMe-Ph)3], both a blue isomer and a less stable green isomer have been isolated. 
Crystal structure determinations of green cis,mer-[MoOCl,(PEt.Ph)3]'°’ and blue cis,mer- 
[MoOCl,(PMe-2Ph)3]’°’ have shown that both complexes have an octahedral geometry with 
notable differences in particular bond lengths and angles. Therefore, it is considered that a 
balance exists between metal—ligand attraction and ligand-ligand repulsion which, in this case, 
is very sensitive to the nature of the ligands and results in two possible distortional isomers of 
the same structural unit. Alternative routes to [MoOCl,(PR;3)3] complexes have been 
developed and these include the reaction of the phosphine with Na2[MoO,] in EtOH in the 
presence of HCl and Zn—Hg reduction of [MoOCI;(PR3)] in THF.” 

The reaction of an excess of a diphosphine (PP), such as dppe, with [MoOCI.(PR3;)3] yields 
[MoOClI(PP).|Cl; the cation has been isolated as [BF,]~, [BPh4]~, [NCS]~ and [NCSe]~ 
salts.'°?"!° When a stoichiometric (1:1) amount of (PP) is present, the intermediate, mixed 
phosphine complex IMOOCLOPPER can be prepared.’” A crystal structure determination 
of [MoOCl(dppe),][ZnCl;(OCMe,)] has shown that the cation contains octahedral Mo!Y.1!! 
MoO** complexes with other bidentate ligands have also been prepared, and these include 

[MoOCl,L(PMePh2)] (L=bipy, phen) and [MoOL'(PMePh,)] (H2L’ =8-hydroxy- or 8- 
mercaptoquinoline). All, except the mercaptoquinoline system, undergo an essentially revers- 
ible one-electron oxidation.” 

36.4.2.2.4 Complexes of nitrogen donor ligands 

Complexes of Mo'Y with tetraphenylporphyrin (TPP) or tetratolylporphyrin (TTP) ligands 
are generally obtained by reduction of the corresponding Mo” species. Zn—Hg reduction of 
[MoOCl(TPP)]-HCI yields [MoO(TPP)], the structure of which has been determined.!!* The 
Mo’ atom is in a square pyramidal geometry, slightly displaced from the plane formed by the 
four N ligands, in the direction of the apical oxo group. The Mo—O and Mo—N bond lengths 
are 1.656(6) and 2.110(6) A, respectively. 
ESR and electronic spectral data suggest that, in the reduction of [MoYOBr(TPP)] by O; to 

give [Mo'YO(TPP)], an intermediate dioxygen complex [Mo'YO(TPP)(O>)]~ is formed, which 
is stable in solution at —72°C.'!* The photochemical reduction of [MoYOX(TPP)] (X = NCS, 
F, Cl, Br) to [Mo'YOX(TPP)]~ at 77 K has also been investigated. On warming the solution, 
X™ is released to give the [Mo'YO(TPP)] complex.!> 
The reaction of [MoO(P)] (P= TPP, TTP) with HCl in benzene yields the corresponding 

dichloro complex, [MoCl,(P)], and these are the only Mo'Y complexes with porphyrin ligands 
which do not contain an oxo group.!° 

[MoO(Pc)] (Pc=phthalocyanate dianion) can be prepared from the reaction between 
phthalodinitrile and [Mo(CO).]"*® or [NH4].[Mo70.,]-4H2O.'!” A crystal structure determina- 
tion has shown that this complex possesses the same structure as [MoO(TPP)], with a Mo—O 
bond length of 1.668(4) A. 

The reaction between MoX; (X= Cl, Br), aniline and 2,6-diacetylpyridine in butanol yields 
[MoO {py(anil),}X2], where py(anil) is a tridentate Schiff base ligand formed in situ.'!8 These 
complexes are isomorphous with [VO{py(anil).}X.] and, therefore, are considered to have 
octahedral coordination of the molybdenum. 

36.4.2.2.5 Cyanide and isocyanide complexes 

The photolysis of aqueous solutions of K,[Mo(CN)s] gives compounds containing the 
trans-[MoO,(CN)a]*" ion." These are easily protonated to given trans-[MoO(OH)(CN),}>~ 
and trans-[MoO(OH2)(CN)4]*~, and crystal structure determinations have been accomplished 
for compounds of each of these anions. In NaK3[MoO,(CN),], the Mo—O, bond length is 
1.834(9) A,’”° which is significantly longer than found in MoO** complexes (Table 3). In 
proceeding from [Cr(en)3][MoO(OH)(CN),] to [Pt(en)2][MoO(OH;)(CN).], the Mo—O, bond 
length decreases from 1.698(7) to 1.668(5) A, whilst the Mo—O distance for the protonated 
oxygen increases from 2.077(7) to 2.271(4) A.1 In the trans-[MoO(OH;)(CN),]*~ anion, a 
significant degree of distortional isomerism can occur, and compounds of this anion have been 
isolated from the reduction of aqueous solutions of Na2[MoO,] in the presence of CN, in 
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which the Mo—O, distance varies between 1.60(2) A, for the [AsPh,]* salt, and 1.72(2) A, for 
the [PPh,]* salt. !22 

The only ligands, apart from cyanide, which are known to stabilize a dioxomolybdenum(IV) 
group are carbonyls, in the complex trans-[MoO,(CO),], which is formed in the photooxidation 
of [Mo(CO).].”* The strong -acceptor capacity of both CN~ and CO removes electron density 
from the filled d,, orbitals of the molybdenum, thereby increasing the (formal) positive charge 
on the metal and increasing the o and z donation from the two terminal oxo groups. 
Protonation of an oxo group reduces this donation, resulting in the relative bond lengths 
Mo—O < Mo—OH < Mo—OH, with the concomitant decrease in the length of the bond to the 
trans-oxo ligand. 
Monooxo complexes containing the [MoO(CN);]°>~ anion have also been isolated from 

reactions involving the reduction of [MoO,]’’” or the photolysis of [Mo(CN),]*~.! The 
crystal structure of [PPh,4];[MoO(CN)s]-7H2O shows octahedral coordination around the Mo, 
with the Mo—O, bond length being 1.705(4) A.}” 

The reaction between [MoO,(CN),]*~ and 1,10-phenanthroline yields [MoO(CN)3(phen)]~. 
A crystal structure determination of Na[MoO(CN)3(phen)]-2phen-MeOH-H;O has shown that 
one nitrogen of the phen ligand is trans to the oxo group, with the other nitrogen and the three 
CN™ ligands completing the octahedral coordination sphere of the Mo.!”* The Mo—N distance 
trans to Mo—O, is 2.363(7) A, as compared to a distance of 2.173(8) A for the bond trans to a 
CN™ ligand, showing the large structural trans influence of the oxo group. 
Mo™ isocyanide complexes of the form [MoOX(CNR),]Y (R= alkyl; X=Cl, Br; Y=Cl, 

Br, Brl;, 13, PFs) have been prepared by several synthetic routes.'*° These complexes contain a 
trans O—Mo—X arrangement, and in [MoOCI(CNMe),](I;) the Mo—O, distance is 1.64(4),'7° 
a length typical of the multiple terminal oxomolybdenum(IV) bond (Table 3). 

36.4,.2.2.6 Spectroscopic studies 

Oxomolybdenum(IV) complexes have been studied by a wide variety of spectroscopic 
techniques, including NMR, vibrational, electronic and electrochemical measurements. Each of 
these provides information about different aspects of the compounds, and can be used in 
conjunction to illustrate various aspects of the bonding. 

A survey of 38 complexes of MoO?* has been made using *°Mo NMR spectroscopy and some 
typical chemical shifts and line widths are given in Table 4.'7” The compounds display a large 
chemical shift range and highly variable line widths: the most deshielded resonance occurs for 
[MoOCL,(bipy)(PPh2Me)], with 6 3160 p.p.m. (referenced to [MoOZ] of Op.p.m.), and the 
most shielded resonance is that of [MoOCI(CNMe),]*, which is 1035 p.p.m. '7O NMR spectra 
have been recorded for [MoO(S.CNEt,)2] and [MoO(S.2PEt,)2], and compared with spectra of 
oxomolybdenum(V) and (VI) compounds. The '’O chemical shifts vary with the strength and 
multiplicity of the Mo—O, bond, but changing the oxidation state of molybdenum produces a 
bigger change, so comparisons between Mo—O bonds using ‘70 NMR data can only be made 
within a particular oxidation state.’ 

Table 4 °°Mo NMR data?’ 

Compound Chemical shift (p.p.m.) Line width (Hz) 

[MoO(S,CNEt,).] 2400 2700 
[MoOCl,(PEt,Ph)3]* 2200 1200 
[MoOCL,(bipy)(PPh,Me)] 3160 800 
[MoOCl(dppe),][BPh,] 1260 1780 
K,[MoO,(CN),]:6H,O 1220 240 
K,[MoO(OH)(CN)a] 1444 240 
[MoOCl(CNMe),][BPh,] 1035 330 

* Green isomer. 

Anomalies in the ‘H and *4P NMR spectra of complexes mer-[MoOX,(PMe,Ph)3] (X= 
Cl, Br) have been interpreted as being due to second order effects caused by the small 

difference in chemical shifts between the two trans phosphines and the unique phosphine trans 

to Cl.'”? 
The vibrational spectra of oxomolybdenum(IV) complexes all show a band due to Mo—O, 

COc3-QQ* 
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stretching at ca. 900-1000cm™'. '%O isotopic substitution has been used to make definitive 
assignment of this vibration for a series of complexes,° and some values are given in 
Table 5.5 The frequency of the vibration is a sensitive indicator of the strength and formal 
order of the bond, and can distinguish between distortional isomers such as the green and blue 

forms of [MoOCI,(PMe-Ph)3].’” 

Table 5 Molybdenum—Oxygen Stretching Frequencies® 

Compound v(Mo—O,) (cm~*) Ref. 

[MoO(S,NCPr3)9] 975 100 
[MoOCL,(PEt,Ph),]* 940 107 
[MoOCI,(PMe,Ph),]” 954 108 
[MoOCl(dppe)][ZnCl,(OCMe,)] 948 111 

[Cr(en)3][MoO(OH)(CN),] 900 121 
[PPh,]Cs[MoO(OH,)(CN),]-2H,O 980 122 
[MoOCl(NCMe),](I;) 946 125 

: b : . 
“Green isomer. ° Blue isomer. “Asymmetric stretch. 

Electronic absorption spectra have been recorded for a large number of 
oxomolybdenum(IV) species but, in addition to d-—d transitions, there is the possibility of 
two-electron excitations, charge transfer bands and splitting of degenerate energy levels due to 
low symmetry. These factors make it difficult to interpret or even to compare spectra.° 

Electrochemistry has been used to investigate the redox properties of Mo'Y oxo complexes, 
particularly those used to model some aspects of molybdenum enzyme chemistry, such as 
complexes with a {MoOS,} core.'*? [MoO(S,NCR;).] complexes undergo a reversible 
one-electron oxidation to the Mo’ species but cannot be further oxidized to Mo¥'. Complexes 
of the type [MoOLL’] (L=salicylaldehyde-2-hydroxyanil, salicylaldehyde-2-mercaptoanil; 
L' = bipy, phen) can also be reversibly oxidized to the Mo” species, and reduced to the Mo™ 
complex.’ Other complexes which undergo reversible one-electron oxidation include 
[MoOCl,(bipy)(PMePh2)], [MoOCl(phen)(PMePh,)] and [MoOL(PMePh,)} (H2L=8- 
hydroxyquinoline).*” 

-36.4.2.3 Complexes Involving Multiple Molybdenum-Nitrogen Bonds 

The chemistry of molybdenum with nitrogen ligands has been extensively studied, with 
particular attention being paid to those species which may serve as models of the nitrogen 
fixation process catalyzed by the nitrogenases. Complexes of Mo'Y which contain multiple 
Mo—N bonds are known with diazenide (NNR)~, hydrazide (NNRR’)*~ or (NHNRR’)-, 
nitride (N)*, imide (NR)*~ and azide (N3)~ ligands, and interest has focussed on reactions 
involving changes in the oxidation state of the molybdenum and the related reaction of the 
coordinated ligand. 

Arenediazenide ligands, such as (NNPh)~, are electronically analogous to NO and, 
therefore, can act as one- or three-electron donors. Thus, in mononuclear complexes they can 
coordinate to form linear Mo—N=N groups, in which the ligand can be regarded as (NNAr)* 
with the ligand acting as a three-electron donor, or to form bent Mo—N=N groups, with 
(NNAr)~ acting as a one-electron donor.'** The degree of multiple bonding in the Mo—N 
bond is reflected in the Mo—N—N interbond angle and the closer the angle is to 180° the 
higher is the bond order. 

Diazenide complexes can be obtained by reacting a diazonium salt with a metal complex 
containing suitable leaving groups, such as carbonyls.'** [Mo(SC,HPr3-2,4,6)3(CO)2]~ reacts 
with [NNPh][BF,] in MeCN to give [Mo(NNPh)(SC;H2Pr4-2,4,6)3(NCMe)], in which the NNPh 
and MeCN ligands occupy the axial sites of a trigonal bipyramid with the sterically hindered 
thiolates equatorial.'*° The Mo—NNPh bond length is 1.78(1) A, with a bond angle of 171(1)°, 
suggesting a considerable amount of Mo—N multiple bonding. This was the first reported 
example of a molybdenum-thiolate—diazenide complex and its existence supports the 
suggestion that bulky ortho-substituted arenethiolate ligands stabilize the binding of t-acceptor 
molecules to the molybdenum and, thereby, may provide interesting models for metal—sulfur 
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sites that will interact with dinitrogen. Diazenide complexes can also be formed by reduction of 
hydrazide compounds. The Mo’ complex [Mo(NNHPh),L,]-H,NNHPh (H>L =2,3- 
butanedithiol) reacts with PhSH in MeOH, in the presence of NEt3, to give 
[NHEts][Mo2(NNPh),4(SPh)s].'** In this dimer each Mo!Y atom is octahedrally coordinated to 
two terminal diazenides, one terminal thiolate and three bridging thiolates. The Mo—Mo 
distance is 3.527(1) A, which is one of the largest separations identified in any simple 
molybdenum dimer. 

For molybdenum dithiocarbamates, several compounds are known with both diazenide 
and hydrazide ligands attached. In [Mo(NNCO,Me)(NHNHCO,Me)(S,CNMe,),] the 
overall geometry corresponds to that of a distorted pentagonal bipyramid, with the 
NNCO2Me group in one axial site and one sulfur atom from a S,CNMe group in the other. 
Two of the equatorial sites are occupied by the nitrogen atoms of the side-on hydrazide ligand, 
and the remaining three by sulfur atoms of the dithiocarbamates. The Mo—N distances of the 
hydrazide are 2.13(1) and 2.11(1) A, whilst the Mo—N distance of the diazenide is 1.71(1) A, 
this last value indicating considerable multiple bonding.'*° The reaction of alkyldithiocarbazates, 
NH,NHC(S)SR’, with [MoO.(S,CNR;)2] (R, R'=Me, Et) yields mixed diazenidohydrazido 
complexes of composition [Mo{NNC(S)SR’}{NH2NC(S)SR’}{S;CNR>},]. A structure deter- 
mination of the complex R= Me, R’ = Et has identified pentagonal bipyramidal coordination 
at the molybdenum with the axial positions occupied by the diazenide ligand and one sulfur 
atom of a dithiocarbamate group. The hydrazide ligand is bound as a N,S chelate, via the NH2 
nitrogen and the unsubstituted sulfur atom, giving a five-membered ring. The other three 
equatorial positions are occupied by dithiocarbamate sulfur atoms. The Mo—N distance to the 
diazenide ligand is 1.77(1) A, and to the hydrazide ligand is 2.250(8) A.!*° Treatment of this 
complex with HCl in MeOH leads to the formation of the dimer [(Me2NCS,)(O)Mo(u- 
NNC(S)SEt),Mo(S,CNMe,)], in which the bridging ligands are coordinated to both molybde- 
num atoms, via the terminal nitrogen, and are also bonded via the unsubstituted sulfur atoms 
to the non-oxo bound molybdenum.’*’ The N—N distances in the bridging ligands are longer 
than found for bridging diazenido(1—) ligands in other compounds’® and, hence, can be 
regarded as hydrazido(3—) groups with the formal oxidation state of each molybdenum 
being V. 

The hydrazido(2—) complexes [MoBr(NNRR’)(dppe)2]* (R, R’ = H, alkyl) can be prepared 
in a two-stage process by the reaction of RBr with [Mo(N2)(dppe)2] to give 
[MoBr(NNR)(dppe)2], which reacts with R’Br to give [MoBr(NNRR’)(dppe),]Br.’*? Two- 
electron reduction of these complexes, followed by reaction with HBr, yields the imido- 
molybdenum(IV) species [MoBr(NH)dppe)2]Br, which can be converted by treatment with 
base to the nitrido complex [MoBr(N)(dppe)2].’“° This series of reactions converts a terminally 
bonded dinitrogen ligand into a nitrido group, thereby breaking the N—N bond and forming an 

amine; the sequence provides a model of a possible mechanism for the fixation of dinitrogen. A 

crystal structure determination of [MoBr(NH)(dppe)2]Br-MeOH has shown that the cation 

possesses octahedral geometry, with the bromide trans to the imido ligand. The Mo—N 

distance is 1.73(2) A, typical of a multiple Mo—N bond."*' The reaction of Me3Si(N3) with 
[Mo(N,)2(dppe),] yields the nitrido azido complex [Mo(N)(N3)(dppe)2]. The crystal structure 

of this compound shows a trans N—Mo—N; arrangement, with an unusually long Mo-nitrido 

distance of 1.79(2) A and a Mo-azide distance of 2.20(2) A. The Mo—N—N azide angle is 

167.1(11)°, suggesting some 2 interaction in the metal—nitrogen bond." ; 
Complexes of molybdenum(IV) with 4-tolylimido ligands, (Ntol)?~, have béen prepared by 

reduction of Mo”! and Mo’ species. Thus, [MoO(Ntol)(S2CNEt2)2] reacts with PPh; to form 
[Mo(Ntol)(S,CNEt)2], which is easily oxidized by O, or DMSO to reform the starting 

material.'**!43 These oxygen transfer reactions are analogous to those of the cis- 

[MoO,(S2CNRz)2]/[MoO(S2CNRz2)2] systems (see Section 36.4.2.2.1) and form a catalytic cycle 

for the oxidation of tertiary phosphines by O2 or DMSO. Reduction of [Mo(Ntol)Cl;(PMes)2] 

by Na—Hg in the presence of PMe; yields [Mo(Ntol)Cl,(PMe;)3].“* The geometry of this 

complex is pseudooctahedral, with the phosphines in a meridional sang alae and the 

chlorine atoms in mutually cis positions. The Mo—N distance is 1.739(2) A, with an almost 

linear Mo—N—C arrangement. MI Le 

15 NMR spectroscopy has been used to characterize hydrazido, imido, and nitrido 

complexes of Mo!Y, and to monitor the reaction of [MolI,(’°N'°NH2)(PMe,Ph),] with HI in 

THF to give "NH3.!“ In the imido complexes, coupling between the 'H and *°N in the (NH)*~ 

ligand was observed, confirming that the proton remains on the nitrogen, a fact which was not 

clear from other techniques. 
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36.4.2.4 Other Monomeric Complexes 

36.4.2.4.1 Halide complexes 

The simplest monomeric molybdenum(IV) halide complexes are the [MoX.]*~ anions. 
Na2[MoF.] was first prepared by reacting MoF, with Nal in liquid SO2, and was obtained as a 
water sensitive powder. "*° A crystal structure determination has been carried out on Li,[MoF.], 
showing octahedral coordination with Mo—F distances between 1.927(2) and 1.945(2) AP 
Potassium salts of [MoCl]?~ can be prepared by fusing MoCl, with KCI at 200°C, or by 
reacting [MoCls] with ICI and KCI at 150°C.'*” MoCl; or [NEt,][MoCl,] dissolved in either of 
the room temperature ionic liquids AlCl,/N-n-butylpyridinium chloride or AlCl;/1-methyl-3- 
ethylimidazolium chloride gives [MoCl,]?~ in solution as a stable entity.'** No full crystal- 
lographic determination has been reported for an [MoCl,]*~ salt, but interpretation of the 
powder diffraction pattern of K2[MoCl,] has given an Mo—Cl distance of 2.31(5) A.'% 
Hexabromomolybdates, M2[MoBr.6] (M=Rb, Cs), have been prepared by reacting MoBrs, 
MBr and IBr in a sealed tube at 200°C.'*’ 
Molybdenum(IV) tetrahalides react easily with a variety of ligands to form complexes of 

stoichiometry [MoX,L,] (X =F, Cl, Br; L,=two neutral monodentate ligands or a neutral 
bidentate ligand). Examples of these complexes are known with N donor,’ *? P 
donor, 1150152155 As donor’®° and O donor ligands.°° Complexes of this type can also be 
prepared by reduction of MoCl; with an excess of the ligand,’*’ reaction between PR; and 
[Mo.(NCMe)sCle],'* or by oxidation of [Mo(CO),4(PR3)2] with X, (R= Me, Et, Ph; X =Cl, 
Br).'°? An alternative and convenient synthesis is via [MoCl,(OEtz)2], which can be prepared 
from MoCl,; and Et,O in the presence of alkenes which act as Cl acceptors; the Et,O ligands 
of this complex are easily exchanged to give [MoCl,L,]. Vibrational studies have shown that 
the [MoX,(PR3)2] complexes adopt a trans octahedral configuration but, as expected in view of 
the span of the bidentate ligand, [MoCl,(dppe)] is obtained as the cis isomer.'® Spectroscopic 
studies have indicated that [MoCl,L,] (L= pyrazine, quinoxaline, 4,4’-bipyridyl or L, = 4,4’- 
bipyridyl) complexes contain a _ cis-[MoCl,N,] chromophore.’ In contrast, for 
[NRg].[MoCl,(SnX3)2], prepared from [MoCl,] and [NR,][SnX3] (R = H, Me, Et; X = Cl, Br), 
vibrational spectroscopic evidence favours a trans structure.'*° 

Oxidation of [Mo(CO);(PMe2Ph)3] with X, (X=Cl, Br) gives the seven-coordinate 
complexes [MoX,(PMe-Ph);].'°* The structure of these is monocapped octahedral, the capped 
face consisting of three phosphorus atoms, while the cap and remaining three vertices are 
occupied by the halogen. A five-coordinate complex [MoF,(NEt2Ph)] has been isolated, but 
not structurally characterized.'°° 

The reaction of, [NR4][LMo(CO)3] with SOCI, yields [LMoCl:] (L = {HB(pyrazolyl)2}~, 
{HB(3,5-Mezpyrazolyl)3}~), in which the tris(pyrazolyl)borate anion acts as a tridentate 
N donor ligand. An analogous compound is obtained from the oxidation of [Mo(nane)(CO)s] 
(nane = 1,4,7-trimethyl-1,4,7-triazacyclononane) by Br2, which yields the cationic complex 
[MoBr;(nane)]*. This has been isolated as the [PF,]~ salt and a crystal structure determination 
accomplished; the geometry around the molybdenum is octahedral, with a facial configuration 
of the ligands and an average Mo—Br distance of 2.427(4) A.'8 

Anionic ligands can replace chloride in MoCl,, giving complexes of the form [MoChL,], 
where L is a uninegative bidentate ligand. Thus, heating MoCl, or MoCl; with a B-diketone, 
HL, yields the corresponding monomeric [MoCl,L,] complex.'°’? Analogous complexes with the 
anions of 8-hydroxyquinoline and N-substituted salicylidenimines can be prepared by the 
direct substitution of chloride in [MoCl,(NCMe),], or of (acac)~ in [MoCl,(acac),].15%1% 
Although two bands are observed in the Mo—C\ stretching region of the IR spectra of these 
complexes, implying a cis geometry,’’’°? the crystal structure of [MoCl,(N- 
methylsalicylaldimate)2] shows this complex to be the all trans isomer, with Mo—Cl, Mo—O 
and Mo—N bond lengths of 2.388(2), 1.953(6), and 2.137(8) A, respectively.’ 

Complexes with tetradentate ligands L (L=(salen)*~, (acacen)*~), of the form [MoCLL], 
have been prepared by reaction of [MoCl4(NCMe),] or [MoCl3(py)3] with H>L.'5° The reaction 
of HCl with [MoO(TPP)] (TPP=dianion of 5,10,15,20-tetra-4-tolylporphyrin) forms 
[MoCl,(TPP)]; the structure of the latter involves a planar porphyrin ring with the trans 
chlorides at distances from the molybdenum of 2.347(4) and 2.276(4) A, although they appear 
to be chemically equivalent.1!3 

Seven-coordinate compounds [MoCIL3] (L=anion of picolinic acid or a derivative of 
8-quinolinol) have been prepared by prolonged reaction between [MoO,Cl,] and HL; these 
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complexes have been characterized by spectroscopic and magnetic measurements but no 
structural conclusions were possible. !* 

36.4,2.4.2 Dithiocarbamate and dithiocarboxylate ligands 

Eight-coordinate dithiocarbamate complexes, [Mo(SxCNRR’),], have been prepared by 
several different methods including: substitution reactions between MoCl, and (S;CNRR’)~ 
salts;*® oxidative decarbonylation of [Mo(CO),] with K(S,CNRR’),’® and of [Mo(CO).]* or 
[Mo(n°-C;Hs)(CO)s]”? with (RR’NCS,)». The crystal structure of [Mo(S,CNEt,),4] has shown 
that the molecule possesses a distorted square antiprismatic (or triangular dodecahedral) 
geometry around the central molybdenum atom.'® The reaction between MoCl, and potassium 
pyrrole-N-carbodithioate in aqueous solution yields [Mo{S,C(NC,H,)},4], which also has 
dodecahedral coordination about the metal, with the two different sulfur sites at average bond 
lengths of 2.541(6) and 2.507(6) A.1© 

Dithiocarbamate ligands are also known to form seven-coordinate mixed-ligand complexes 
with Mo'Y. The complex [Mo(SH)(S,CNEt,)3]‘THF has been isolated as a product of the 
reaction between [Mo(CO)2(S»CNEt2)2] and [Fe4(Cp)4S¢].’°’ The coordination around the 
molybdenum is pentagonal bipyramidal, with the axial sites occupied by the (SH)~ ligand and 
one sulfur of a dithiocarbamate ligand. Complexes [MoX(S,CNR;).L,]Y and 
[MoX,(SxCNR2)2L] (R2 = Me2, Et2, (CH2);; X= Cl, Br; Y = Cl, PFs, BF,, BPh,; L = 4(dppe), 
PPh,Me, PMe2Ph, PEt,Ph) have been prepared by the reduction of the corresponding 
[MoOX.(S,CNR>2)2] complex with the phosphine. The crystal structures of 
[MoCl(S2CNEt,)2(PMePhz2)2|[BF,] and [MoCl(S,CNEt,).(dppe)][PF.] both show pentagonal 
bipyramidal coordination around the molybdenum but, in the former, both axial positions are 
occupied by phosphorus atoms and, in the latter, the chlorine atom and one phosphorus of the 
dppe are in the axial positions.’ 

The reaction between [MoCl,(NCPr),] and dithiocarboxylic acids is a general route to the 
preparation of eight-coordinate [Mo(S2CR),4] complexes.’ The crystal structure of 
[Mo(S2CPh),] reveals these compounds to be isostructural with the dithiocarbamates, with a 
dodecahedral coordination around the molybdenum and average Mo—S distances of 2.475(1) 
and 2.543(1) A to the two different sulfur sites.!”° Cyclic voltammetry has shown that in 
[Mo(acda),4] (Hacda = 2-aminocyclopent-1-ene-1-dithiocarboxylic acid) the Mo'Y can be revers- 
ibly oxidized and reversibly reduced in one-electron processes. '”" 

The cyclopentadienedithiocarboxylate dianion, (Cs;H4CS2)*, reacts with [MoCl,] to give the 
six-coordinate complex [Mo(S,CC;H,)3]?", which has been isolated as its [NEt,]* salt. This has 
been characterized by spectroscopic measurements but the structure has not been 
determined.*” 

36.4,2.4.3 Eight-coordinate complexes with other bidentate ligands 

In addition to dithiocarbamate and dithiocarboxylate compounds, Mo'Y forms eight- 

coordinate complexes with several other chelating ligands. For example, [Mo(CO).] reacts with 
{PhCOCHC(Ph)S}, to form [Mo{OC(Ph)CHC(Ph)S},], in which the monothio-B-diketonate 
ligands are bound to the metal via oxygen and sulfur atoms to form six-membered rings.*” 
Compounds have also been prepared and studied with ligands containing both a heterocyclic 

nitrogen and anionic oxygen donor, such as 8-quinolinolate or picolate derivatives. ver? hese 

are prepared by stepwise substitution of chlorides in MoCl, and, by isolating intermediate 

partially substituted species, it is possible to prepare mixed-ligand [MoL,L4_,,] complexes, 

where L and L’ are anionic bidentate N,O-donor ligands.’”° 

36.4.2.4.4 Alkoxy and thiolate ligands 

Alkoxy complexes of stoichiometry [Mo(OR),] can be prepared from the reaction of 

[Mo(NMe,),] with alcohols. With bulky groups (R=Bu', €H,Bu') the complexes are 
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monomeric, but for R=Pr', Et or Me polymeric species are formed.’”° The reaction of 
[Mo(NMe,)4] with 1-adamantol (Hado) yields [Mo(ado),(NHMe,)], The structure of this 
compound is trigonal bipyramidal, with the amine ligand and one alkoxy group occupying the 
axial sites.!77 Phenoxy complexes can also be prepared by reacting [Mo(NMez),4] with phenols: 
the stoichiometry of the products obtained with a series of alkylated phenols was found to be 
dependent on the size of the substituent. [Mo(NMez2)4] reacts with 4-methylphenol (Hmp) to 
yield [Mo(mp)4(NHMez),] but 2,6-diisopropylphenol (Hdpp) only substitutes three amido 
ligands to give [Mo(dpp)3(NMe2)(NHMe;)2].'”8 Trialkylsilanols also react with [Mo(NMez),] to 
give the six-coordinate species [Mo(OSiR3)4(NHMez)2], (R = Me, Et). The crystal structure of 
[Mo(OSiMes)4(NHMe>)2] shows a trans octahedral geometry, with an average Mo—O bond 
length of 1.951(4) A.” 

[Mo(SBu')4] was the first monomeric four-coordinate thiolate complex of Mo'Y to be 
reported. The compound was prepared by treating MoCl, with Li(SBu'‘) and characterized by 
X-ray crystallography; the arrangement of the four sulfur atoms around the molybdenum has 
approximately D,, symmetry, with the Mo—S distance 2.235(3) A.1” This complex is very 
labile and readily undergoes ligand exchange reactions with Bu'NC, CO and PMe,Ph to yield 
cis-[Mo(SBu')2(CNBu'),], [Mo2(u-SBu')2(CO)s], and [Mo2(u-S)2(SBu')4(PMePh),], 
respectively.'°° The reaction between [Mo(SBu'),] and the peptide ligands Ac-Cys-OH, 
Z-Ala-Cys-OMe and Z-Cys-Ala-Ala-Cys-OMe (Z=carbobenzoxy) (in which the free amino 
groups at the N terminus is blocked to enforce coordination via the cysteine sulfur atoms) give 
[Mo(Ac-Cys-OH),], [Mo(SBu')2(Z-Ala-Cys-OMe),] and [Mo(Z-Cys-Ala-Ala-Cys-OMe)], 
respectively. Reaction of [Mo(SBu'),] with [Fe,S,(SPr'),]*~— has been followed by CD 
spectroscopy, and the formation of a Mo—Fe cluster observed."** 

The bulky thiolate ligand 2,4,6-triisopropylbenzenethiolate (tipt) forms the stable complex 
[Mo(tipt),], which gives monoadducts with alkynes, nitriles, CO and other small ligands and, 
unlike [Mo(SBu'),], the molybdenum does not appear to be reduced in these reactions.‘ 

The reaction of MoCl; with (HSCH2CH2)2S, (H2mes) yields [Mo(mes),], in which the 
(mes)? dianions act as tridentate S donor ligands. The molecule possesses trigonal prismatic 
geometry with average Mo—S bond distances of 2.427(8) and 2.361(9) A for the thioether and 
mercapto sulfurs, respectively. The complex undergoes a reversible one-electron oxidation and 
a reversible one-electron reduction;'® an attempt to oxidize the complex with Ag[PF,] yielded 
the adduct [{Mo(mes)2}2Ag][PF.]-;DMF. In this latter compound the molybdenum atoms 
retain a distorted trigonal prismatic coordination, and one of the mercapto sulfur atoms of each 
(mes)*~ ligand is also coordinated to Ag, forming a severely distorted tetrahedron.‘ The 
reaction between [MoCl,(PPh3)2] and (HSCH2CH2),PPh gives [Mo{(SCH2CH>2),P}.]. The 
structure of this compound is analogous to that of [Mo(mes),], with the ligands acting as 
tridentate P,S,S donors in a trans octahedral configuration; the average Mo—S distance is 
2.348(9) A. 

Addition of CS, to [PPh,][(S4)2MoS] leads to insertion of the CS, into the Mo—S bonds 
and formation of perthiocarbonate ligands, (CS,)*~. The crystal structure of 
[PPh,].[(CS,4)2MoS] shows that the anion possesses a square pyramidal geometry, with an 
apical sulfido ligand at a Mo—S distance 2.126(3) A and two nearly planar CS?~ ligands in a 
trans arrangement with average Mo—S distances of 2.327(3) and 2.383(3) A for the persulfido 
and sulfide S atoms, respectively.'*° 
Molybdenum(IV) complexes with dithiolenes, of general formula [Mo(S,C,R>)3]*~, adopt 

trigonal prismatic coordination. These compounds are discussed in Section 36.6.6. 

36.4.2.4.5 Dialkylamide and other nitrogen donor ligands 

The tetrakis(dialkylamido) complexes [Mo(NR2),4] (R= Me, Et) have been synthesized by 
the reaction of MoCl; with Li(NR2) and spectroscopic evidence suggests a monomeric distorted 
tetrahedral geometry for the MoN, core. These compounds are highly reactive and the methyl 
derivative is readily converted into [Mo(S,xCNMe,),4] by insertion of CS, into the Mo—N 
bonds,’*’ and reactions with alcohols, phenols and silanols yield alkoxy, phenoxy or silanoxy 
complexes'’*178 (see Section 36.4.2.4.4). 
The reaction of [MoCl,(NCMe),] with K(SCN) in MeCN solution yields [Mo(NCS).]*~ and 

this anion has been isolated as its [NBu,]* and [AsPh,]* salts.’** Vibrational spectroscopy has 
indicated N-bonded rather than S-bonded thiocyanate ligands. The adduct [Mo(NCS),(bipy)] 
has also been obtained. °° 
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36.4.2.4.6 Cyanide and isocyanide complexes 

The octacyanomolybdate(IV) anion [Mo(CN).]*~ has long been known and characterized 
and many aspects of its chemistry have been reviewed.'**' This complex is readily obtained 
from the addition of cyanide ions to aqueous solutions of Mo™ or Mo¥ compounds. A simple 
preparation is by the reaction between molybdate(VI), K[BH,] and CN™ in the presence of 
acetic acid, followed by precipitation with ethanol.'** The crystal structure of several complexes 
containing the [Mo(CN)s]*~ anion have been reported. In K,[Mo(CN)s]-2H,O,!” 
[CsHsNO>]4[Mo(CN)s]'** and Rb,[Mo(CN)s]-3H,O' dodecahedral coordination has been 
found, but all the Mo—C bond lengths are equal, at 2.163(7) A.!°? However, the molybdenum 
atoms in [NH4],[Mo(CN)s]-0.5H,O exist in two different coordination geometries, dodeca- 
hedral and square antiprismatic.’*° The structure of H,[Mo(CN)s]-4HCI-12H,O has not been 
completely determined, but the compound is isomorphous with the tungsten analogue, which is 
known to have a square antiprismatic geometry about the metal.’°° [NHEts].[H30].[Mo(CN)s] 
contains anions with a coordination polyhedron which is half-way between a dodecahedron and 
a bicapped trigonal prism.’?’ Energy differences between the various topologies of 
[Mo(CN)s]*~ are small (see ref. 8, pp. 11-22), and rapid interconversion between them may be 
expected in solution, with crystal packing forces determining the more stable arrangement in 
the solid state. : 

Vibrational spectroscopy has been used to investigate the structure of aqueous solutions of 
[Mo(CN).]*~. Raman spectra of K,[Mo(CN)s]-2H2O in the region 500-200 cm~ are identical 
for solid and solution species and the number of totally symmetric modes is consistent with 
dodecahedral rather than square antiprismatic geometry.’°® **C NMR spectroscopy detects only 
one sharp carbon resonance even at temperatures of —160°C, which may be due to the 
formation of square prismatic species, dodecahedral species with negligible differences in 
chemical shift between the two carbon sites, or rapid interconversion between the two.’” 
Polarized UV absorption spectra of [Mo(CN)s]*~ in the temperature range 4.2-300 K have 
been recorded and show dodecahedral geometry, with appreciably less distortion from 
idealized geometry at low temperatures than at room temperature.” 

Salts of stoichiometry MFe[Mo(CN)s] (M=Cs, Rb, K, NH,) can be prepared by treating 
Li,[Mo(CN)x] with FeCl; and MCI, and the corresponding M2Fe[Mo(CN).] complexes are 
obtained using FeCl). There is weak interaction between the [Mo(CN)s]*~ and the Fe™ or Fe™ 
atoms, and IR spectroscopy has indicated the presence of Mo—CN—Fe bridges.) 
Evidence for the formation of Co,[Mo(CN)s], on mixing CoCl, and K,[Mo(CN)g] solutions, 
has been obtained from radiometric titrations’ and, in a series of complexes 
M.[Mo(CN)s]-xH2O (M=Mn-Zn), magnetic studies have demonstrated weak electronic 
interactions between the Mo!Y and M" centres.*™ 

Photolysis of aqueous solutions of [Mo(CN)s]*~ produces [MoO,(CN),]*, 
[MoO(OH)(CN),]°~ or [MoO(OH2)(CN),]*~ species, depending upon the pH.’” In liquid 
NH3, photolysis of [NH4]4[Mo(CN)s] yields the six-coordinate [Mo(CN)4(NH3)2] complex.” 
The eight-coordinate complexes K[Mo(CN) ol] (L=bipy, phen) can be prepared via 

substitution reactions of [Mo(CN)s]*~.7°° 
A number of isocyanide complexes, [Mo(CN)4(CNR)4] (R= Me, Pr, Bu’, allyl, NCPhz), 

have been made by the action of RI on Ag,[Mo(CN)s]. The crystal structure of 

[Mo(CN)4(CNMe),] shows a dodecahedral geometry, with the CN™ ligands at 2.177(8) A and 

the MeNC ligands at 2.148(8) A from the molybdenum.” Both “C NMR and vibrational 

spectroscopy indicate that only one isomer is present in solution. £429 

Treatment of an aqueous solution of Ks[Mo(CN),] with acetic, hydrochloric br ascorbic acid, 

or with hydrogen sulfide gives the hydride complex K4[MoH(CN),]:2H.0.** This has been 

characterized by 1H and °C NMR and by vibrational spectroscopy. 

36.4.2.4.7_ Magnetic and electronic properties 

The magnetic moments of some non-oxo molybdenum(IV) compounds are listed in Table 6.” 

The six-coordinate complexes are all paramagnetic, with moments ranging between 1.9 and 

2.8BM. The temperature dependence of the magnetic susceptibility of these complexes is 

consistent with a configuration derived from a °7;, ground state split by spin-orbit coupling 

and/or a ligand field of low symmetry. Electronic absorption spectra have been recorded for 

many six-coordinate species but assignments have generally been tentative.’°? Seven-coordinate 
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Table 6 Magnetic Moments of some Non-oxo Molybdenum(IV) Complexes* 

Compound Hey (BM) T (K) Ref. 

K,[MoCl,] 2.28 300 147 
[MoCl,(NCMe),] 2.48 a 149 
[MoCl,(PEt,Ph),] 2.61 300 106 
[MoCl,(acac).] 2.63 297 159 
[MoCl,(salen)] 2.61 292 159 
[MoCl(pic)s] 2.70 294 161 
[Mo(S,CNEt,),] 0.68 a 164 
[Mo{SC(Ph)CHC(Ph)O}4] Diamagnetic 173 
[Mo(SBu'),] Diamagnetic 179 
[Mo(NMe,),] Diamagnetic 187 
K,[Mo(NCS)¢] 3.02 a 188 
[Mo(CN),(CNMe),] Diamagnetic 207 

“Temperature not reported. 

species, such as [MoCl(pic)3], are also paramagnetic with magnetic moments slightly below the 
spin-only value for a d* system because of spin-orbit coupling.’® 

Most of the eight-coordinate complexes are diamagnetic; although some compounds have 
been reported to possess a magnetic moment, this may be due to impurities.” The dodecahedral 
geometry results in a d orbital splitting pattern that leaves the d,, level lowest and this is 
thought to contain the two electrons in [Mo(CN)s]*~ and [Mo(L-L),4] complexes.'®’ This 
interpretation is in agreement with X-ray PES studies and CNDO/INDO MO calculations.” 

The four-coordinate complexes [Mo(SBu'),] and [Mo(NR2),4] are also diamagnetic. The 
UV-PE spectrum of [Mo(SBu'),] exhibits a low ionization potential at 6.8 eV which has been 
assigned to the ionization of electrons with predominant molybdenum 4d, character, on the 
basis of discrete variational-X, MO calculations on the model compounds [Mo(SH),] and 
[Mo(SMe),].7*° For [Mo(NR2)4] (R= Me, Et), the UV-PE spectrum contains a low energy 
ionization at 5.3eV which has been attributed to ionization from the molybdenum 4d,2_,2 
orbital. This assignment was based on Fenske—Hall calculations on [Mo(NMe>),].71 

36.4.2.5 Cyclopentadienyl Complexes 

Complexes of the general formulae [Cp,MoLL']**, [Cp»MoLX]* and [Cp.MoXY] (L, L’ = 
neutral ligand; X, Y = uninegative ligand) are known for a wide variety of ligands (ref. 212 and 
refs. therein). The structure of [Cp2MoCl,] is a typical example of these complexes. The 
cyclopentadiene rings are staggered with respect to each other and lie on either side of the 
MoCl, plane; the angle between normals of the two Cp planes is ca. 135° and the overall 
geometry about the metal is that of a distorted tetrahedron.*’? Other compounds are known in 
which a second metal atom is coordinated to the Cp2Mo centre via bridges formed by the other 
ligands, such as the hydrides in [Cp2MoH,]*"* or the thiols in [Cp2Mo(SR),]*> complexes, but 
there appears to be little direct metal-metal interaction in these systems. Generally, in the 
course of chemical reactions the two Cp ligands remain coordinated and unchanged while the 
other two sites are reactive. 

36.4.2.6 Dimeric and Polymeric Complexes 

Molybdenum(IV) forms a variety of dimeric and polymeric complexes with oxido, hydroxido 
and carboxylato bridges in aqueous solution, which are discussed in Section 36.1.4. Oxide 
bridges have also been found in non-aqueous systems. The reaction between [MoCl,(TTP)] 
(TPP=dianion of _ tetra-p-tolylporphyrin) and N-phenylhydroxylamine _ yields 
[{MoCl(TPP)}20], in which each Mo is octahedrally coodinated and is displaced 0.08 A from 
the N, plane towards the bridging oxygen. The complex is paramagnetic (u = 2.82 BM per Mo) 
with no magnetic interaction between the metal centres.”!° A similar structure has been found 
in _ethoxooxidobis(1,5,9,13-tetrathiacyclohexadecane)--oxidodimolybdenum(IV) __ trifluoro- 
methylsulfonate hydrate: the cation contains a linear OMoOMo=O unit, with each macrocycle 
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Sih Rg planar coordination around a molybdenum atom and staggered 43° relative to each 
other. 

The oxo-bridged mixed oxidation state Mo'Y, MoY compound [{Mo(S,CNEt,)3}2O][BF,] has 
been prepared by the reaction of [MoO(S,CNEt,)3][BF,] and PPh3. The cation contains two 
pentagonal bipyramidal units linked by an almost linear Mo—O—Mo bridge, with the oxygen 
occupying an axial site in each coordination sphere. The complex is paramagnetic (u = 2.17 BM 
per Mo) and is the first example of a dimolybdenum oxo-bridged species with no terminal oxo 
or sulfido ligands.*’* The dimeric complexes [Mo203(S2xCNR2)2] (R=alkyl) have been 
identified spectroscopically and isolated as intermediates in the oxidation of [Mo2(S2CNRz)6] to 
Mo and Mo”! compounds. They have low magnetic moments (1.29 BM per Mo), suggesting 
the presence of a significant metal-metal interaction. 

Molybdenum sulfides react with CN~ in aqueous solution to form a wide variety of 
oligomeric cyanothiomolybdate anions, which contain MoS, Mo.S,, Mo3S, and Mo,S, cores>? 
(see Section 36.1.4). These types of complexes are formed under conditions thought to occur 
in prebiotic times on this planet and, thus, they could be important in the evolution 
of molybdenum enzymes. Sulfur bridges are also important in other non-oxido 
dimolybdenum(IV) species. In [{(HS)Mo(hd)},][CF3;SO3], (hd =1,5,9,13-hetrathiacyclo- 
hexadecane) there is an MoSMoS ring, in which each sulfur atom belongs to an intact 
macrocycle coordinated in the endo form.”’? An Mo,S, ring is also found in the sulfido- 
bridged complex [(Pr,NCS,)(Pr,.NCS)Mo(u-S)2Mo(SCNPr,)(S»CNPr,)], which also contains 
bidentate dithiocarbamates and thiocarboxamido ligands bound to the molybdenums in 
a side-on manner, and in [Mo2(-S)2(SBu‘),(HNMez),]. These compounds involve Mo—Mo 
distances of 2.707(2) and 2.730(1) A, respectively, consistent with the formation of a 
metal-metal bond.”° A triply-bridging sulfur atom is found in [Mo3S,(Cp)s]*, in which there is 
a triangular cluster of Mo atoms triply-bridged by one sulfur atom above the centre of the 
triangle, with three doubly-bridging sulfur atoms below.77! 

[NEt,},[ClsMo(u-S2)(u-Cl),MoCl;] contains a dimolybdenum(IV) centre bridged by one 
disulfide and two chloride ligands; the Mo—Mo distance is 2.763(2) A and the low magnetic 
moment (1.40 BM per Mo) indicates formation of a metal-metal bond, leaving one unpaired 
electron per Mo.” Disulfide bridges are also found in [AsPh,],[MoBr¢(S2)2(SMe>).], which 
has been obtained from [MoBr,(SMe,),] and [AsPh,],(S7).*° 

Chlorides act as bridging ligands in [{MoCl,(PhC,Ph)}.] and [PPh,][Mo2Clio]. The 
[Mo,Clio]*~ anion contains two bridging Cl groups, with a Mo—Mo distance of 3.80 A and, 
therefore, there is no direct metal-metal interaction.”? The bromide-bridged anion 
[(NO),Br,Mo(u-Br),MoBr,(NO),]*~ also contains a long Mo—Mo distance (3.978 A).*° 

36.4.3 MOLYBDENUM(V) 

36.4.3.1 Introduction 

Molybdenum(V) chemistry is dominated by oxo complexes: many of these exist as dimers, 
but monomeric species can be isolated from strongly acidic solutions or under nonaqueous 
conditions. Non-oxo compounds are also known, both as monomers and as dimers or polymers 
with halide or sulfur bridges. ESR spectroscopy has been used extensively to investigate the 
properties of monomeric Mo” systems, and has shown the participation of this oxidation state 
in the reactions of the oxomolybdoenzymes (see Section 36.6.7). 

Of the binary halide compounds of Mo’, only fluoride and chloride species have been 
isolated and characterized. [{MoF;},] can be prepared by the reduction of MoF, with Si 
powder in the presence of dry HF; it is also a product of the reactions between [MoF,] and 
[Mo(CO)«] or Mo, and of the direct combination of Mo with F. The crystal structure shows 
formation of a tetramer, in which the four molybdenum atoms form a square plane bridged by 
four fluorines. Each molybdenum is octahedrally coordinated to four terminal fluorines with an 
average Mo—F bond length of 1.78(8) A, and to two bridging fluorines at a distance of 
2.06(4) A.?74 Monomeric [MoFs] can be prepared by condensation of [MoFs] vapour in an 
argon matrix at liquid hydrogen temperature, or by UV photolysis of [MoF.] in an argon 
matrix. Vibrational spectra of [MoFs] formed by the condensation route are consistent with a 
D,, trigonal bipyramidal structure, but the IR spectrum of the photolysis product has been 
interpreted assuming a C4, square pyramidal geometry.” In the liquid and vapour states 
[MoF:;] exists as a monomer: the electronic spectrum of liquid [MoFs] suggests a trigonal 
bipyramidal shape but '"F NMR data are consistent with a square pyramidal structure. 
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In the solid state MoCl; forms dimers of edge-sharing MoCl, octahedra, with the two 
bridging chlorides involving significantly longer Mo—Cl bonds (2.53(1) A) than the terminal 
chlorides (2.24(1) A).”2”7 The long Mo—Mo distance of 3.84(2) A and magnetic moment of 
1.64 BM per Mo are consistent with the absence of significant metal-metal interaction. In the 
gas phase monomeric [MoCl,] is formed, which has been shown by electron diffraction and 
Raman studies to have a trigonal bipyramidal structure.” 

The reaction of MoF; with Cl, at 120°C yields MoF3;Cl,. Magnetic measurements indicate 
antiferromagnetic exchange between Mo’ centres in a polymeric structure and mass spectro- 
scopic data show the presence of [MoFCl,4], [MoCls], [Mo2F10-nCln] (n=0-6) and 
[Mo3F15—mClm] (mm = 0-7) in the vapour above solid MoF;Cl,.” 
MoOCl,(s) exists in two structural forms; the monoclinic form contains a terminal oxo group 

and the tetragonal form involves bridging Mo—O—Mo units. The former is obtained by the 
reduction of MoOCl, with Al at 130°C, the thermal decomposition of MoOCl,, or by reacting 
SO,(liq) or SbO3 with MoCl;.7*°?? The structure is based on an infinite zigzag chain of 
molybdenum atoms, each possessing two pairs of 2-Cl atoms and cis terminal oxygen and 
chlorine atoms in a distorted octahedral environment; the length of the Mo—Cl bond (2.81 A) 
trans to the oxo group is significantly longer than those cis to this group.”~* The room 
temperature magnetic moment of this material is ca. 1.65 BM. The latter form of MoOCl, is 
obtained by reduction of MoOCl, with HI in SO,(liq) at —23 °C; the compound is isomorphous 
with NbOCI,;7*° MoOBr; also adopts this structure.**? MoCl; reacts with Sb2Y3 (Y =S, Se) at 
an elevated temperature, or with Sb2S; in CS, solution at room temperature, to produce 
MoYClh.© 

36.4.3.2 Monomeric Complexes with an Oxo Group 

36.4.3.2.1 General comments 

Molybdenum(V) forms many mononuclear complexes containing one oxo group but no 
analogues have been’ reported of the _ cis-dioxomolybdenum(VI) or  trans- 
dioxomolybdenum(IV) species. The O, group possesses a multiple bond (see Section 
36.4.2.2.1) and dominates the ligand field at the molybdenum, so that the 4d’ electron is 
located in an orbital which is in the plane (xy) perpendicular to the oxo group (z).°°°”%3 Most 
monomeric MoY oxo complexes adopt a square pyramidal or octahedral geometry, and their 
electronic configuration is (d,,)’. 

36.4,3.2.2 Halide complexes 

A large number of compounds are known containing the anions [MoOX;]*- (X =F, Cl, Br). 
These complexes are stable in acidic solution, but magnetic measurements show that as the pH 
is increased towards neutrality the magnetic moment decreases, indicative of dimer formation, 
which allows an antiferromagnetic metal-metal interaction. Various other equilibria exist in 
solution (see Section 36.1.5) and these produce, inter alia, the monomeric species [MoOX,]~ 
and [MoOX,(H,0)]~ (X = Cl, Br), which have been characterized by ESR spectroscopy.”°° 

Crystal structures have been obtained for several salts containing the six-coordinate 
[MoOXs]*~ and the five-coordinate [MoOX,]~ anions. In K,[MoOF;]-H2O the molybdenum is 
octahedrally coordinated; the Mo—O, distance is 1.66(2) A. The length of the four cis Mo—F 
bonds (1.88(3) A) is significantly shorter than that of the trans Mo—F (2.02(1) A)** and the 
molybdenum is displaced out of the equatorial plane in the direction of the oxo ligand so that it 
is located close to the centre of the donor atom array; these are common features of all 
oxomolybdenum complexes. In K,[MoOCI;], the Mo—O, distance is 1.67A and the bond 
lengths to the cis and trans chlorides are 2.40 and 2.63A, respectively,2’ and 
[AsPh4][MoOCL,(H,0)] involves the following bond lengths: Mo—O = 1.672(15), Mo—OH> = 
2.393(15) and Mo—Cl = 2.359(3) A.”*8 A shorter Mo—O, bond is found in [AsPh,][MoOCl], 
which has a square pyramidal geometry with the oxo group axial; the Mo—O, distance is 
1.610(10) A and the Mo—Cl distances are 2.530) A Crystal structure determinations for 
related complexes include: [MoOX,(H,0)]> (X=Cl, Br, 1), [MoOBr,]~7*! and 
[MoOBr;]?~. 

Complexes containing [MoOX,]~ anions (X = Cl, Br) are coordinatively unsaturated and 
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react readily with neural or anionic ligands to give octahedral species. The mixed halide 
complex [NEt,],[MoOCl,Br] can be obtained by treating [NEt,][MoOClL,] with [NEt,]Br; spectroscopic data indicate that the trans isomer is formed.2% 
Complexes of the form [LH,][MoOX;] (L = bidentate N donor ligand; X = Cl, Br) can be 

isolated from the reaction between MoO; in hot HX and HI, followed by addition of L. These 
compounds lose HCl when dissolved in dry solvents, yielding [MoOX;L], which form as the 
mer or fac isomers depending on the conditions. With the ligand 2,2’-biquinolyl (biquin) an 
intermediate complex, [biquinH][MoOCl], has also been isolated. Monodentate ligands L’ 
form the compounds [L’H],[MoOCls], which can lose HCl to yield [MoOC1,L5].7* For the 
ligand 8-hydroxyquinoline and its derivatives, IR spectra indicate that there is hydrogen 
bonding between [LH]* and [MoOCI.}*~ in [LH],[MoOCl.].45 
Molybdenum halides and oxyhalides, including [Mo.Cljo], [Mo.0Cl.] and [NH,],.[MoOCl.], 

are useful starting materials for the preparation of monomeric MOY oxo compounds. A large 
number of these compounds are of the form [MoOCI3L,,] (n =1, 2) and commonly involve O 
or S donor ligands.*"°4” [Mo.0,Cl] reacts with THF to give [MoOCI;(THF),],2°" from 
which the loosely bound THF molecules are easily displaced by a wide variety of ligands, L, 
yielding [MoOCI;L,]. Many neutral ligands react directly with [Mo20,Cl.] to give [MoOCIL,] 
or [MoOCI,L] species; [MoCl;o] can also form oxo complexes by abstracting oxygen from the 
ligand or solvent. Equilibria exist in solution between the five- and six-coordinate products; for 
the oxygen-donor ligands Ph3;PO, (Me,N);PO or THF, the only product formed is the 
corresponding [MoOCI;L,] compound, but for sulfur-donor ligands Ph3PS, (MeN),CS or Me.S, 
the five-coordinate complex [MoOCl,L] predominates.“> [MoOCl,L,] (L=Ph3PO; 
P(NMe,)30) possess an octahedral coordination around the molybdenum, with the chloride 
ligands adopting a mer configuration and the phosphine oxides mutually cis. In the Ph;PO 
adduct the Mo—O, bond length is 1.662(13) A, and the Mo—O distances to the phosphine 
oxide ligands trans to the oxo group and trans to chloride are 2.136(11) and 2.065(10) A, 
respectively.° This compound reacts with halide ions and the rate-determining step is the loss 
of the Ph3PO ligand trans to the oxo group; subsequent to halide substitution, exchange of the 
substituted halide with the other Phz;PO molecule occurs.7' [MoOCl3(SPPh3)] adopts a 
geometry intermediate between square pyramidal, with an axial oxo group, and trigonal 
bipyramidal, with sulfur and chloride ligands axial. The Mo—O, bond length is 1.647(3) A.?>? 
Molybdenum(V) forms a wide range of complexes with bidentate and polydentate ligands. 

The reaction of [pyH],[MoOXs] (X= Cl, Br) with acetylacetone yields [pyH][MoOX;(acac)] 
which, on heating, is converted to [MoOX,(acac)(py)]; [Mo2Cl,o] reacts with Hacac and other 
B-diketones, HL, to give the disubstituted complex [MoOCIL,].”°? In all of these compounds, 
spectroscopic evidence suggests that the diketonate acts as a bidentate ligand to form an 
octahedral mononuclear complex. Dithiocarbamates, R.dtc, form mononuclear 
[MoOX(Ro2dtc)2] (X =F, Cl, Br, I) products in reactions involving the reduction of MoO; by 
N2H,-HX.?* An analogous complex, [MoOCl(dttd)] (H2dtdd = S,S'-bis(2'-mercaptophenyl)- 
1,2-mercaptoethane, Figure 2; Section 36.4.2.2.1), is formed in the reaction between 
[NH,]}.[MoOCl;] and H2dttd. This complex undergoes a reversible one-electron reduction to 
[MoOCl(dttd)]~ but is not easily oxidized to an Mo! species.” 

Interest in the nature of the molybdenum coordination sphere in the oxo—molybdenum 
enzymes has led to investigation of complexes formed by Mo” with Schiff bases and related 
ligands. [MoOCI;(THF)2] has been shown to react with a variety of Schiff bases (HL), 
including salenH, and its substituted derivatives, in the presence of base, with Li,L or 
L(SiMe3)2 to give the corresponding [MoOLCl] complex, the configuration of which was 
assigned from ESR and IR data.» The anionic complex [MoOClL]~ (H,L=N-2- 
hydroxysalicylidenimine) has been prepared from [pyH],[MoOCls] and H>L, and the crystal 
structure of its [AsPh,]* salt has been determined. The molybdenum atom in the anion is in a 
distorted octahedral environment in which the planar tridentate Schiff base occupies meridional 
positions, with the nitrogen atom trans to the terminal oxo group; the Mo—O, bond length is 
1.673(3) A.*° ESR spectroscopy has been used to investigate equilibria in a solution of 
[MoOC\(salpn)] _ (salpnH, = N, N’-bis(salicylaldehydo)-1,3-diaminopropane); the results 
showed that considerable dimer formation occurred, with the dominant monomeric species 
being [MoOCl(salpn)].7°” aie : 

The reactions of [MoOCI,(THF)2] with substituted quinolines yield a number of different 
types of complexes containing one or more quinoline: ligands. The crystal structure of 
[H20x][MoOCl,(0x)] (Hox = 8-hydroxyquinoline) has been determined; the hydroxyquinolate 
acts as a bidentate O,N ligand, with the oxygen bound trans to the oxo group in an octahedral 
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geometry.*°* [Mo,0,Cl.] reacts with 8-mercaptoquinoline, H(tox), to give [MoOCl,(tox)Q] 
(Q = solvent) in which tox is bidentate, [MoOCI(tox)2Q] in which one tox is bidentate and the 
other monodentate, and [MoO(tox)3] in which two tox ligands are bidentate and the third is 
monodentate. [MoOCl(tox)2] has been prepared by the reaction of [MoCl,(DMF);] and 
8,8’-diquinolyl disulfide and its crystal structure determined. The molybdenum atom is in a 
distorted octahedral environment, with two bidentate tox ligands; the oxo and chloride ligands 
occupy cis positions, and the sulfur atoms of the tox ligands are trans to each other; the 
Mo—O, bond length is 1.716(4) A. 

The reduction of nitrate and nitrite by a number of monomeric oxomolybdenum(V) 
complexes, including [MoOCl;(OPPhs)2], [MoOCl,L] (L=bipy, phen), and [MoOCIL;] 
(L' = ox, tox), has been studied.°°7?* These reactions have relevance to the reduction of 
nitrate and the competitive inhibition by nitrite which occurs at the molybdenum cenire of the 
nitrate reductases. The molybdenum centres of the MoO** complexes reduce nitrate in a 
one-electron step with concomitant transfer of an oxygen atom, producing NO» and the 
corresponding cis-MoO3* complex. The initial substitution of nitrate occurs at the labile 
position trans to the oxo group, but the redox reaction proceeds only after ligand 
rearrangement so that the nitrate is coordinated by an oxygen atom cis to the oxo ligand.”” 
Nitrate is also reduced to NO, by tripeptide (Gly-Gly-Met or Gly-Gly-His) molybdenum(V) 
complexes formed in the reaction of [NH4]2.[MoOCl;] with the tripeptides immobilized via the 
terminal glycine to a polystyrene matrix. Analysis shows a molybdenum to tripeptide ratio of 
1:1, but it is unclear how these potentially tridentate ligands bind to the molybdenum and 
which other ligands are present in the coordination sphere.**? Molybdenum(V) chloro 
complexes of a  cysteinyl-containing peptide have been prepared by reaction of 
[MoOCl;(THF)2] with the peptide alone and in the presence of Et;N. Although the compound 
produced under the former conditions is capable of reducing nitrate, this is not the case for the 
latter compound, perhaps because the chelation of the Mo’ prevents nitrate from ligating at a 
site cis to the oxo group.”™ 

The properties of [MoOCI(TPP)] (H2TPP = meso-tetraphenylporphyrin) and related com- 
plexes are covered in Section 36.4.3.2.4. 

36.4,3.2.3 Complexes with sulfur and selenium donor ligands 

Complexes of the type [MoO(SR),]~ are important, both in their own right as interesting 
chemical species and as systems which provide information of relevance to the molybdenum 
centres of the oxomolybdoenzymes.”?*°** [MoO(SAr)4]_ (Ar=Ph, 4-MeC,Hy, C,Cl;) and 
[MoO(SePh),]~ have been prepared by the reaction of the corresponding thiol, or selenol, with 
[MoOCl,(THF)2], [pyH][MoOCls] or [pyH][MoOBr,] in MeCN containing Et;N and isolated 
as their quaternary ammonium salt. Their alkanethiolato analogues, [MoO(SR),4]~ (R = Et, 
CH,Ph) have been prepared in solution at —60°C. [MoO(SPh),]~ has a square pyramidal 
structure with Mo—O, = 1.669(9) A and Mo—S = 2.403(5) A. The spectroscopic and magnetic 
properties of these species have been investigated in considerable detail” and chemically 
reversible one-electron reduction has been observed; oxidation leads to the formation of the 
dimer [Mo,02(XR)<Q] (X=S, Se; Q=solvent) and RXXR.?© An alternative synthesis to 
[MoO(SPh),]~, which has also been used to prepare [MoO{S(CH2),S}2]~ ( = 2, 3), involves 
the reaction of the Mo! butanediolato complex, [MoO2{MeCH(O)CH(OH)Me},]- 
2[MeCH(OH)CH(OH)Me] with the appropriate thiolato anion in MeOH. The crystal structure 
of [PPh,][MoO{S(CH2)3S}.] has been determined and the anion (Figure 3) has a square 
pyramidal geometry with Mo—O=1.667(8)A and Mo—S=2.389(4) A. Although 
[MoO(SPh),]" reacts with R,NNH2 (R2= Me, or (CHz)s) in refluxing MeOH to produce 
[MoO(NNR,)(SPh)3]~, it is inert to HN3; however, [MoO{S(CHz2)3S}2]~ reacts with HN; in 
MeOH to produce [Mo,02(u-N3){S(CH2)3S}3]~.”°” [MoOCl.]~ in MeCN containing Et,N 
reacts with the sterically hindered thiol, 2,4,6-Pr;CsH,S~ (Htipt) to produce [MoO(tipt),]~.78 
Oxomolybdenum(V) centres can form five- and seven-coordinate complexes with bidentate 

carbodithioate ligands. The reaction between Na,(CsH4,CS,)-THF and [Mo,0.Cl,] in the 
presence of [NEt,]Br gives [NEt4][MoO(S,CC;H,).]. ESR spectra of this complex in solution 
and frozen solution indicate a d' monomer with square pyramidal C,, symmetry.'”? Reductions 
of [MoO,L,] with HL’ (HL' = 2-aminocyclopent-1-ene-1-carbodithoic acid and its N-alkylated 
derivatives) yield the mixed ligand compounds [MoOL,L’]. The magnetic moment values (ca. 
1.60 BM) and ESR spectra are consistent with the (d,,)! ground state. [MoO(NCS)(R2dtc)2] 
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Figure 3 Structure of [MoO(SCH,CH,CH,S),]~ in its [PPh,]* salt?®© 

(Radtc = substituted dithiocarbamate) have been prepared and IR spectra show the thiocyan- 
ates to be N-bonded. ESR, electronic spectra and magnetic moment values (1.69 BM) confirm 
the monomeric nature of the complex. Cyclic voltammetry has been used to demonstrate 
reversible one-electron reduction to the corresponding Mo!” species.?”° 

Interesting redox behaviour is exhibited by the complexes [MoOL]~ where L is a 
tetradentate S,S’,N,N’ aromatic aminothiol group (N,N ’-bis-2'-mercaptophenyl-1,2- 
diaminoethane (Figure 2) and its 1,2-diamino-1,2-dimethylethane analogue). In these com- 
plexes the amino groups are deprotonated, giving the ligand dithiolene characteristics. The 
compounds undergo both one-electron oxidation and reduction at a platinum electrode in DMF 
and show no tendency to form dimeric species due to the geometrical restraint of the ligand 
L.*” The electrochemistry of a series of MoO** complexes, including MoOCIL, (L =8- 
mercaptoquinoline) and MoOCIL (L=N,N’-dimethyl-N, N’-bis-2'-mercaptoethyl-1,2- 
diaminoethane (Figure 2) and N,N ~bis-2-mercapto-2-methylpropyl-1,2-diaminoethane), has 
been reported; the complexes undergo a facile reduction to an Mo!” species but oxidation was 
not observed.®’ 

36.4.3.2.4 Complexes with nitrogen donor ligands 

Solutions containing [MoOCl;]*~ react with thiocyanic or selenocyanic acid to produce 
[MoO(NCS)s]*~ and [MoO(NCSe);]?-, respectively.?”” Magnetic, vibrational and electronic 
spectra indicate that in both anions the ligands are N-bonded, forming monomeric complexes 
with close similarities to the corresponding halide [MoOX;]*~ species. 

In HCI solution, in the presence of SnCl,, MoY forms complexes [MoO (Hd),]" with the 
dioximes (Hd) of cyclohexane-1,2-dione and cyclopentane-1,2-dione.”” Several compounds of 
tetradentate Schiff bases*°?’* with oxomolybdenum(V) have been prepared and the crystal 
structure of trans-[MoO(salen)(MeOH)]Br has been determined.””* The Mo—O, distance is 
1.666(10) A, and there is close interaction in the crystal between each cation and an attendant 
bromide anion. 

Tetraphenylporphyrin, H2TPP, reacts with [Mo(CO).] in refluxing decalin to give 
[MoO(TPP)(OH)]. Derivatives of the type [MoO(TPP)X] are known with a wide variety of 
uninegative ligands X, including Cl, O.H, F, Br, BF,, NCO, N3 and NCS.’ Vibrational, 
electronic and ESR spectroscopy confirm the presence of one unpaired electron and a central 
Mo—O, group with a trans octahedral geometry of C,, symmetry. The cyclic voltammograms 
of [MoO(TPP)X] (X = MeO, AcO, Cl) show a reversible one-electron reduction to a Mo!Y 
species, whereas that for the related corrolate complex, [MoO(mec)] (mec =trianion of 
2,3,17,18-tetramethyl-7,8,12,13-tetraethylcorrole) shows both one-electron reduction and oxi- 
dation processes. In addition to one-electron reduction, [MoO(TPP)(OMe)] exhibits other 
redox couples, involving dissociation of (OMe)~ and formation of Mo™ and Mo" complexes.?”° 
[MoO(TPP)Br] can be chemically reduced by superoxide to give [MoO(TPP)], via Mo’ and 

Mo!Y superoxide complexes, which are stable at low temperatures.''* In the presence of 
superoxide, the substitution reaction of [MoO(TPP)Br] with MeOH to_ give 
[MoO(TPP)(OMe)] proceeds via an Mo™ species rather than via [MoO(TPP)(MeOH)]*, 
which is the pathway in the absence of superoxide.?”” Photochemical reduction of 
[MoO(TPP)(OMe)] yields [MoO(TPP)], which reacts with O, in MeOH to re-form 
[MoO(TPP)(OMe)] and produce H202, thus giving a catalytic route for the photoassisted 
reduction of molecular oxygen to hydrogen peroxide.” 
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36.4,3.2.5 Spectroscopic studies 

A comprehensive tabulation of such data is available in ref. 5 and selected details will be 
presented here. Monomeric oxomolybdenum(V) complexes are paramagnetic, with magnetic 
moments in the range 1.65-1.73 BM (Table 7) due to the single unpaired electron. This makes 
Mo’ complexes accessible to investigation by ESR spectroscopy, and many studies have been 
reported, both with well-defined coordination compounds and_ with biological 
systems, !31,238250,252,299,265,280-284 A monomeric MoY complex in solution which possesses 
sufficient thermal motion to average the molecular anisotropy on the ESR timescale has a 
characteristic ESR spectrum. This consists of a strong central line, due to resonance of 

molecules with even molybdenum isotopes (J=0), flanked by six hyperfine lines due to 
interaction between the unpaired electron and the Mo and *’Mo nuclei (J =3). When 
molecular tumbling does not occur, for example in solids and frozen solutions, or is slow on the 
ESR timescale, the spectrum becomes more complex, displaying major features due to the 
principal g values. Monomeric Mo’ centres with axial symmetry should manifest two principal 
resonances, g,(g-7) and g, (gx, 8yy), Whereas in systems of lower symmetry three principal 
resonances should be observed, each associated with six hyperfine lines.*° A low-symmetry 
ligand field allows extensive d orbital mixing, which generally results in the principal molecular 
g values being displaced from the metal—ligand axes. ESR can provide a fingerprint of a Mo” 
centre in a coordination complex or an enzyme, and Table 8 lists the ESR parameters recorded 
for some typical complexes. ESR spectra of MoY complexes can be grouped into two types 
according to the degree of g anisotropy.”*’ One group is typical of octahedral and the other of 
square pyramidal complexes and, using this criterion, the Mo” centres of the oxomolybdoen- 
zymes would appear to be square pyramidal; this correlation is based on circumstantial 
evidence and, so far, no definitive structural prediction has been derived from ESR data alone. 

Table 7 Magnetic Moments of some Oxomolybdenum(V) Complexes” 

Compound Leg (BM) T (K) Ref. 

[bipyH,][MoOCl.] 1.73 303 243 
[NEt,],[MoO(NCS)5] 1.67 294 272 
[MoOCl,(THF),] 1.73 a 248 
[MoO(R,dtc)Cl]> 1.65 293 254 
[MoO(TPP)OH]* 1.70 79 275 
[NPr,][MoOCl,] 1:71 297 279 
[NEt,][MoO(SPh),] L7z 293 265 

“Temperature not reported. : R,dt = 4-morpholinodithiocarboxylate. “TPP = dianion 
of meso-tetraphenylporphyrin. 

Table 8 ESR Data for some Oxomolybdenum(V) Complexes 

Compound Medium g values* A values” Ref. 

[NH,].[MoOCl.] DMF 1.938, 1.938, 1.970 34.0, 34.0, 74.5 280 
[AsPh,][MoOCl,(H,O)]° 1,935; 1.935, £970 45.5, 45.5, 72.8 238 
[AsPh,][MoOCl1,]° 1.950, 1.950, 1.967 47.9, 47.9, 72.8 239 
trans-[MoOC\(acac),] DMF 1.950, 1.940, 1.927 33.4, 36.2, 77.6 280 
cis-[MoOCl\(ox),]* DMF 1.939, 1.953, 1.970 46.5, 9.1, 74.2 280 
[MoOCl(S,CNEt,).]° 1.945, 1.958, 1.984 24.1, 27.5, 61.4 281 
[MoO(S,CNEt,),]° 1.970, 1.978, 1.985 56.9, 33:6,27.1 281 
[MoOClL,(pz)]° C,H, 1.934, 1.941, 1.971 38.1, 18.1, 71.4 282 
eee 
* For axial systems in the sequence, g,., 8yy, 827: ° x10“ cm™*, for axial systems, the sequence is A,,, A,,, 
A,,- Single crystal. ~ Hox = 8-hydroxyquinoline. ° pz = hydrotris(3,5-dimethylpyrazolyl)borate. a 

The use of ESR spectroscopy to probe Mo’ centres in biological systems has stimulated 
attempts to reproduce the ESR spectra of molybdoenzymes using well-defined chemical 
systems. The similarity between ESR parameters of species formed by reacting Na2[MoQ,] 
with S-donor ligands and those of xanthine oxidase imply that in the enzyme (cysteinyl)S 
ligation of molybdenum may occur.”** However, no well-characterized MoY complex has an 
ESR spectrum which reproduces all the aspects of one observed for the Mo” centre of an 
oxomolybdenum enzyme. A particular problem is the absence of superhyperfine coupling 
constants for well-defined Mo’ systems; a notable exception is the observation of 170 
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superhyperfine coupling in '7O-enriched [**MoO(SPh)4]~, a complex which exhibits exception- 
ally narrow ESR linewidths. 

According to molecular orbital calculations, for a ligand field of C,, symmetry which is 
dominated by a strong molybdenum-oxygen interaction along the z axis, the d orbitals 
transform according to a; (d,2), b; (d,2_,2), e (d,z, dy,) and b2 (d,,) representations, in order of 
decreasing energy.“ The ground state configuration of a Mo” complex is 2B, (d,,)', and three 
d—d transitions are predicted: 7B, 7E, 7B,—>7B, and 2B,—>7A,. Several interpretations of the 
electronic spectra of MoO** complexes have been proposed.?**8*?88 The lowest energy band, 
which appears in the near IR region of the spectrum between 600 and 850nm and (at low 
temperature) often manifests vibronic coupling with v(Mo—O,) of ca. 900 cm™?, is due to the 
*B,—>’E promotion. The other two d-d bands are often obscured by intense ligand to metal 
charge transfer bands,”°*** but the 7B, *B, transition is generally responsible for the second 
absorption band which is usually observed between 400 and 450nm. In the case of 
[AsPh,4][MoOCl,], the *B,—>*A, promotion has been observed as a shoulder at ca. 380 nm on a 
intense Cl— Mo charge transfer band.7** 

The vibrational spectra of oxomolybdenum(V) complexes display an intense band in the 
range 940 to 1020cm™* due to v(Mo—O,);>®° the higher frequencies, corresponding to the 
shorter molybdenum—oxygen bonds, are found in square pyramidal complexes, in which there 
is no ligand trans to the oxo group. 

36.4.3.3 Complexes Involving Multiple Molybdenum-Nitrogen Bonds 

Monomeric non-oxo molybdenum(V) complexes have been isolated with nitride (N*-), 
imide (NR*-) and amide (NRR'~) ligands, which may act as models for intermediates in the 
degradation of dinitrogen in nitrogenase. However, no molybdenum(V) compounds are yet 
known which correspond to the diazenide or hydrazide analogues of the molybdenum(IV) 
complexes described in Section 36.4.2.3. 

[PPh3Me].[MoNCl,] can be prepared by reduction of [PPh;Me][MoNCl,] or MoNCl, with 
[PPh3Me]I. A crystal structure determination has shown the presence of a square pyramidal 
coordination around the molybdenum in the anion, with an axial nitride ligand at a bond length 
of 1.634(6) A.78° [MoNCl,(PPh3),] may be obtained by treating [MoCl,(THF),] or 
[MoCl3(THF)3] with Me3SiN3, followed by addition of PPh3.7”? The ESR spectrum of this latter 
compound at 20°C shows superhyperfine coupling to two phosphorus nuclei which are 
equivalent on the ESR timescale. The analogous complexes [MoNCl.(bipy)]’ and 
[MoNBr,(bipy)]?”’ have also been prepared and characterized. The IR spectrum of all of these 
nitrido complexes shows a strong absorption in the range 950-1050 cm™’, which is assigned to 
the stretching of a molybdenum-nitrogen triple bond. 

Imido ligands bind to molybdenum in a manner equivalent to the binding of oxo groups, and 
several compounds have been synthesized which are analogues of known oxo species. 
4-Tolylimido (Ntol?~) complexes of molybdenum(V) can be prepared from the reduction of 
molybdenum(VI) compounds; for example, reaction of [Mo(Ntol)Cl,(THF)] with tertiary 
phosphines, L, yields [Mo(Ntol)Cl3L2]. These complexes display magnetic moments close to 
the spin-only value for one unpaired electron and show strong ESR signals at room 
temperature. The structure of [Mo(Ntol)Cl3;(PEtPh2)2] displays a meridional arrangement of 
chlorine atoms and trans phosphines in octahedral geometry; the molybdenum-nitrogen bond 
length is 1.725(6) A.2* The reaction of [Mo(CO),Cl,] with [NH4][S2P(OEt).] and RN; 
(R=Ph, 4-tolyl) gives [Mo(NR){S2P(OEt)2}3] and [Mo(NR)CI{S2P(OEt)2}2]. The ESR 
spectra of these compounds show that the unpaired electron is coupled to “N, 3IP and *7Cl 
nuclei and an unambiguous determination of the superhyperfine coupling constants was 
achieved using °N labelling.2”? ESR and IR spectroscopy have been used to monitor the 
reactions of [Mo2Clio] and [MoOCl,(DMF)]” with PhNH>. The reactions proceed to give 
[Mo(NPh)(NHPh)<]?~ via [Mo(NPh)Cl,_,,(NHPh),,(DMF)] (n = 0-3) intermediates.””* 

36.4.3.4 Other Monomeric Complexes 

36.4.3.4.1 Halide complexes 

The hexahalide ions [MoF.]~ and [MoCl,]~ form well-characterized compounds which are 
unstable towards hydrolysis. MoF, readily accepts electrons to form [MoF¢]~ ions and will 
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oxidize Ag metal or I, in MeCN at ambient temperatures, yielding the molybdenum(V) salts 
[Ag(NCMe),][MoF.]2 or [I(NCMe)2][MoF¢], respectively.7” Simple salts of [MoCl,]~ are 
readily prepared, for example reaction of [Mo,Clo] with [NEt,]Cl gives [NEta][MoCl.].7° 
[MoCl,]~ is also obtained in a KCI—MoCl, melt.” 

The reactions of various ligands with [Mo2Cl,o] in dry solvents provide a general route for 
the preparation of non-oxo chloromolybdenum(V) complexes. [Mo2Clio] reacts with ICN, to 
produce [MoCl;(NCI)] in which the added molecule is N-bonded,””* and with Y(CN)2 (Y =S, 
Se) in CS, to give [MoCl;{Y(CN)2}2], in which the new ligand is coordinated through its Y 
atom.” The reactions of [Mo2Cl,o] or [MoOClL,(DMF)]~ with thiols, RSH, in py have been 
monitored by ESR and IR spectroscopy; [MoSCl4_,,(SR),,(py)]~ ( = 0-3) and [MoS(SR)s]*~ 
were suggested as possible products, in a reaction exactly analogous to that using PhNH, 
instead of RSH (see Section 36.4.3.3).7°* The dimer [Mo2S,Cl,] dissolves in MeCN to form 
[MoSCl,(NCMe),], which reacts with pyridine and HCl to give [pyH][MoSCl,(py)]. Direct 
reaction of [Mo2SCl.] with pyridine gives the seven-coordinate compound [MoSCl,(py)s].°” 

The chloro alkoxide complexes [MoCl,(OR)2]~ (R=Me,Et) have been prepared by 
low-temperature reaction of [Mo2Cho] with ROH, and have been isolated as their [NMe.]*, 
[pyH]* and [quinH]* salts.?” The vibrational, electronic and ESR spectra of these materials 
are consistent with a trans octahedral structure for these anions. [MoCl,(NPPrPh,)(OPPrPh,)] 
has been obtained by oxidation of [MoCl,(PPrPh2)2] with tolyl-4-sulfonyl azide.*°’ An 
eight-coordinate complex [MoCl,(diars),]I; has been prepared, and the crystal structure 
determined; the ligands adopt a dodecahedral geometry around the molybdenum, with arsenic 
atoms on the A sites, and chlorine atoms on the B sites.*” 

36.4.3.4.2 Complexes of sulfur donor ligands 

Compounds containing the [Mo(S,CNEt,),4]* cation can be prepared by the reaction of 
[Mo,0,Cl,] with [Et,NH][S.CNEt,],* or by oxidation of the corresponding Mo!’ or Mo™! 
complexes.***°° Crystal structures have been determined for salts with various anions, all of 
which display the same geometry for the cation. Crystals of [Mo(S2CNEt,)4]I; are monoclinic, 
with dodecahedral coordination of sulfur atoms around the molybdenum; the mean Mo—S 
distances to the two sites are 2.545(2) and 2.500(2) A.* The electrochemistry of several 
eight-coordinate complexes, including the dithiocarbamate, [Mo(S,CNEt,),]*, dithiolenes, 
[Mo(S2C,R2)4]°-, and the thioxanthate, [Mo(S,CSBu'),]*, has been investigated.°® All the 
systems exhibit a reversible one-electron reduction and, with the exception of the thioxanthate 
complex, a reversible one-electron oxidation. | 

Reaction of [Mo20,(S,CNR2)2] (R = Et, Pr’) with thiol-containing ligands 2-NHR'C,H,SH 
or 1,2-(HS),CsH, yields the monomeric complexes [Mo(S,CNR2)(NRC.H,S)2] or 
[Mo(S,CNR,)(SCsH4S)2], respectively.°°’ A determination of the crystal structure of 
[Mo(S,CNEt,)(NHC,H,S),] has shown a coordination geometry at the molybdenum midway 
between that of a trigonal prism and an octahedron, in which the two nitrogen atoms are 
mutually trans.° 

[NEt,][MoO(S-4-tolyl)4] reacts with N-(2-hydroxybenzyl)-2-mercaptoaniline (H3hbma) to 
yield [NEt,][Mo(hbma),], the anions of which possess a highly distorted, all-trans, octahedral 
geometry. Cyclic voltammetry has been used to demonstrate reversible one-electron oxidation 
and reduction processes for this complex.°” 

36.4.3.4.3 Cyanide complexes 

The octacyanide ion [Mo(CN).]*~ can be prepared by oxidation of [Mo(CN)s]*~. Like the 
Mo’Y anion (Section 36.4.2.4.6) [Mo(CN)s]>- has been structurally characterized in more 
than one geometry. In [NBu,]3[Mo(CN)s] the anion possesses a near-regular, D4 triangular- 
dodecahedral structure, with an average Mo—C distance of 2.12(2) A.*!° However, the eight 
cyano groups in Css[Mo(CN)s]-2H2O are arranged in a 4,4’-bicapped trigonal prism around the 
molybdenum, with an average Mo—C distance of 2.17(2)A.5"! Furthermore, 
K3[Mo(CN)s]-H2O0 is isomorphous with K3[W(CN)s]-H.O, which has square antiprismatic 
geometry, although a full structure was not determined for the molybdenum analogue as it 
decomposed under X-ray irradiation.” The ESR spectrum of K3[Mo(CN)s] in glycerine 
solution indicates that all the cyanides are equivalent, consistent with a square antiprismatic 
structure, or with stereochemical non-rigidity on the ESR timescale .3!3 
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36.4.3.4.4 Spectroscopic studies 

The magnetic moments of monomeric non-oxo molybdenum(V) complexes typically lie 
between 1.55 and 1.73 BM,> corresponding to the spin-only value for one unpaired electron. 
The ESR spectra of these complexes usually show one strong line with six hyperfine lines due 
to *°’Mo coupling; a typical example is [Mo(S,CNEt),]I5 with isotropic g and A values of 
1.9794(1) and 37.1(1) x 10-* cm™", respectively.°°* [Mo(S,CNEt,)(NHC,H,S)9] displays super- 
hyperfine splitting for two equivalent nitrogen and two equivalent hydrogen atoms, with A 
values deduced from spectral simulation of 2.4x10-4cm7! and 7.4x10-4cm~!, 
respectively.*°’ These couplings are the same order of magnitude as those observed for 
Superhyperfine splittings in the spectra of the molybdenum oxidases, demonstrating the 
possibility that these may be caused by coordinated N—H groups. 

[NEt,][Mo(hbma),] (H3hbme = N-(2-hydroxybenzyl)-2-mercaptoaniline) exhibits an axial 
ESR spectrum, with g, >g, and A, >A,. Superhyperfine coupling to the two nitrogens was 
not detected over a temperature range from room temperature to 77 K.2 The single crystal 
Q-band ESR spectrum of the D2, anion of [NBug];[Mo(CN)s] has been determined at room 
temperature. The sense of the anisotropy in g values (g, >g_,) contradicts predictions based on 
simple crystal field theory, and possible explanations have been proposed.°!* 

The electronic absorption spectrum of the [MoCl,]~ ion in solidified KCI—MoCl, melt shows 
an absorption band at 24100cm™’, assigned to the (t2,)!—>(e,)' transition of an octahedral 
complex.*” In [NEt,][MoCl«] this band is split by symmetry lowering (as suggested from ESR 
data obtained for this salt)?’ and/or spin-orbit coupling.2°° Other, more intense, bands at 
higher energies in [MoCl,]~ complexes are due to ligand-to-metal charge transfer transitions. 
Low energy absorption bands in [MoCl,(OR)2] (R= Me, Et) complexes can be interpreted 
assuming a trans octahedral structure.7”” The UV-vis spectrum has been reported for 
[Mo(S,CNEt),]I;, but no assignments have been proposed.*° 

36.4.3.5 Dimeric and Polymeric Complexes 

36.4.3.5.1 General comments 

Dimeric species play a major role in the chemistry of molybdenum(V), and of particular 
importance are compounds containing one or more oxygen bridges. Examples are also known 
of complexes bridged by sulfur, selenium or nitrogen, and halide bridges are found in 
[{MoFs}4]”° and [{MoCl;},].72° Many dimeric compounds are diamagnetic due to interaction 
between the two molybdenum(V) atoms, either directly and/or via the bridging atoms, which 
lead to spin-pairing of the two unpaired electrons. However, in some (MoY), systems spin- 
pairing does not occur or is incomplete and ESR signals are observed characteristic of 
monomeric species, with one electron associated with each molybdenum. 

36.4.3.5.2 Dimeric complexes with one bridging ligand 

Almost all of these compounds are based upon an {Mo,03}** core and a representative 
selection of these compounds is given in Table 9. In these compounds, each molybdenum is 
coordinated to a terminal oxo ligand with a linear, or near-linear, Mo—O—Mo bridge. The 

terminal oxo groups are usually cis to the oxo bridge, directed either cis (syn) or trans (anti) to 
each other across the bridge, and no complexes are known in which the two terminal oxo 
ligands are cis to the Mo—O—Mo bridge in a skew arrangement, forming a dihedral angle of 
90°. Bonding considerations for these {Mo,03}** complexes show that the molybdenum d,, 
orbitals, which are nonbonding in mononuclear oxo complexes, are in proper alignment with 
the p, orbital on the oxygen bridging atom to form three-centre delocalized molecular orbitals, 
producing a bonding, a nonbonding and an antibonding level.” This interaction is maximized 
at dihedral angles between the terminal oxo ligands of 0° (syn) and 180° (anti), but cannot occur 
at 90° (skew). Two electrons from the oxygen and one from each molybdenum fill the bonding 
and nonbonding orbitals, to give diamagnetic compounds. In the skew arrangement each 
molybdenum d,, orbital would interact with a different oxygen p orbital, giving, for each 
Mo—n-O x bond, one bonding and one antibonding level occupied by one molybdenum and 
two oxygen electrons; therefore, the electronic structure of the centre would involve the two 
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degenerate antibonding orbitals each containing one unpaired electron, to give a paramagnetic 

complex with an S =1 ground state. Although no crystal structures are known with the skew 

geometry, it is possible that in solution rotation about the Mo—O—Mo bonds may occur, 

giving rise to paramagnetic species. Bending of the Mo—O—Mo bridge would also reduce the 

Mo—O—Mo z interaction and lead to paramagnetism. 

Table 9 A Representative Selection of Dimeric Molybdenum(V) Complexes Contain- 

ing a {Mo,0,}** Core 
a EEE 

Complex Ref. 
CREE TOE EE I TS, EE eR et ee 

[Mo,0,;Cl,(DME),] 316 

[Mo,0,(acac),] 318 

[Mo,0,(acac)2(facac).]* 317 

[Mo,03(H,PO>),] 319 
[Mo,0,(O,CNR,)4] (R = e.g. cyclohexyl, Me) 344 

[Mo,03(S,CNR,)4] (R = e.g. Me, Et) 100, 320, 321 

[Mo,0(S2CSPr),] ; 
[Mo,0,(S,COR),] (R = e.g. Me, Et, Pr’) 324, 325 

[Mo,0;(S,CR),] (R = e.g. hexyl, pentyl, Ph) 326 
[Mo,0,{S;P(OR),},4] (R= e.g. Et, Ph) 327, 328 
[Mo,0,(R-L-cysteinate),] (R = Me, Et) 329 
[Mo,03{S(CH,CH,S),},], [Mo203{O(CH,CH,S),}>] 330 
[Mo,0,{MeN(CH,CH,S)>}>] 331 
[Mo,0,{S(CH,CH,)NMe(C,H3,R)NMe(CH,CH,)S}>] 332 

[Mo,0,F,(bipy)2], [Mo,03F,(phen)2] 333 
[Mo,0,Cl,(glycine),], [Mo,03Cl]*~ 334 
[Mo,0;(NCS),]*~ 335 
[Mo,03(NCS)4(C,O,)2]*~ 336 

[Mo,0,(NCS),(bipy)2], [Mo,03(NCS),(phen)] 337 
[Mo,O,(salicylaldiminate) 4] 338 
[Mo,0;Cl,(ONN),]° 339 
[Mo,0,(8-hydroxyquinolinate) 4] 340-343 
[Mo,03(NCS),(8-hydroxyquinolinate)] 337 

* Hfacac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione. 
P H(ONN) = RC,H,C(O)NHNC(Me)C(Me)NOH, 2-H,NNHC(O)C,H,NC(Me)C(Me)NOH. 

Rarely, a linear O=Mo—O—Mo=O arrangement is adopted, in which the molybdenum d,, 
orbitals are orthogonal to the oxygen p, orbitals and, therefore, the system is paramagnetic. 
A typical example of a complex with a normal {Mo,O3}** core in the anti arrangment is 

[Mo,03Cl,(DME),], prepared by refluxing [Mo2Clio] with DME. Each molybdenum is 
octahedrally coordinated to a bridging oxo group, a terminal oxo group, two chloride ligands 
and the two oxygen atoms of a bidentate dimethoxyethane ligand; one oxygen of the DME is 
trans to the oxo bridge.*'© The crystal structure of [Mo.O3(acac)2(facac).] (Hfacac = 
1,1,1,5,5,5-hexafluoropentane-2,4-dione) displays a similar geometry, with the terminal oxo 
groups cis to a linear Mo—O—Mo bridge in an anti conformation, and the diketonates 
completing the octahedral coordination spheres of the molybdenum.*’” Magnetic susceptibility 
measurements of [Mo03;(acac),4] between 77 and 292 K show this material to be paramagnetic, 
with a temperature dependent magnetic moment suggesting some direct or indirect interaction 
between the molybdenums. The paramagnetism may be due to the presence of a bent 
Mo—O—Mo bridge, which would be consistent with the IR spectrum of this compound.*!® 

There are a large number of well-characterized complexes with 1,1-dithiolate ligands which 
contain an {Mo,0;}** core; these include compounds of dithiocarbamate (S,CNR2)~, 
trithiocarbonate (S,CSR)~, dithiocarboxylate (S,CR)~ and dithiophosphate (S,P(OR)2)~ 
ligands**? *8 (see Table 9). All of these complexes are diamagnetic, or have very low magnetic 
moments, and crystal structure determinations have shown examples of syn and anti 
conformations of the {Mo203}** core; the oxo groups in [Mo,03{S2P(OEt),}4] adopt the anti 
configuration,** but in both [Mo,03(S,COEt),}°> and [Mo.03(S,CNEt)),]! the syn 
configuration is preferred. The length of the Mo—O, bonds is significantly shorter than that of 
Mo—O, bonds (e.g. in [Mo.03(S,COEt)4] the distances are 1.65(2) and 1.86(2) A, respec- 
tively) and the longest Mo—S bonds are those trans to the terminal oxo ligands. The xanthate 
complexes, [Mo,03(S,COR),] (R= alkyl), react with dialkylamines, alcohols or hydrogen 
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sulfide to lose xanthate and produce [Mo,0,S,(S,COR),], which contains two sulfido bridges.*** 
The dithiocarbamates [Mo,0;(S,CNR,)4] disproportionate in solution to generate an equi- 
librium with Mo'Y and Mo¥! species (equation 1, Section 36.4.2.2.1), and can easily be 
prepared by reacting [MoO,(S,CNR2)2] with [MoO(S,CNEt,)2].”° The mixed MoY—Mo¥! 
dimer [Mo,0;3(S,CNEt,)4]~ has been prepared and structurally characterized in a material also 
containing [Mo203(S,CNEt,)4] and (probably) [H;O]*.*? The anion is paramagnetic, and 
ESR spectroscopy has shown the unpaired electron to be localized on one molybdenum, rather 
than over the whole molecule. 

Complexes with an {Mo,03}** core which contain five-coordinate molybdenum atoms have 
been isolated with tridentate sulfur donor ligands. These complexes have the form [Mo203L,] 
(L = S(C,H4S)5~ , O(C,H4S)3-, MeN(C,H,S)3-), and crystallize with the terminal oxo groups in 

_ the anti configuration.*°°**' The coordination geometry around each molybdenum is that of a 
distorted trigonal bipyramid, with the axial positions occupied by the bridging oxygen and the 
central sulfur, oxygen**? or nitrogen**? atom of the tridentate ligand. With the tetradentate 
ligands ¥{SCH,CH,N(Me)CH,CHRN(Me)CH,CH,S}*-, L, (R=H, Me) the molecules 
[Mo,03L,] possess an anti configuration and the molybdenum atoms are octahedrally 
coordinated.*°? . 

Structure determinations of the isothiocyanate complexes K4[Mo.03(NCS)s]-4H,O**> and 
[pyH]4[Mo,03(NCS)4(C,0,)2]°°° have shown that they adopt the anti configuration, with 
N-bound isothiocyanates. A report has suggested that [Mo03(oxine),] (Hoxine = 8- 
hydroxyquinoline) can be isolated in four isomeric forms, one of which is strongly paramag- 
netic (u = 1.83 BM).**° However, a later 1H NMR study of this compound in DMSO showed 
no evidence of such isomer formation, and indicated that all the N atoms of the oxine ligands 
are coordinated trans to an oxo group.**’ The electrochemistry of [Mo,03(oxine),] in DMSO 
has shown that this molecule can be reduced in two reversible one-electron steps, but oxidation 
to an Mo’'—Mo’ dimer causes decomposition.*”” An electrochemical study comparing MoY 
dimers with one, two or three bridging ligands has shown that the monooxo-bridged species 
are reduced by successive one-electron processes, rather than by a two-electron process which 
is observed for dioxo-bridged complexes.*** 

Assignments have been made of both terminal and bridging v(Mo—O) stretching modes in 
the IR spectra of complexes containing the {Mo.03}** core.°*4 In the Mo—O, region 
(900-1000 cm~') one band should be observed for the anti and two for the syn conformer; 
however, only one band has been found in all cases, which may be due in the syn complexes to 
overlap of the two bands or to a low intensity of the antisymmetric mode. A distinctive feature 
of the electronic absorption spectra of {Mo,03}** complexes is an intense band at ca. 
19000 cm~’, which is not appreciably ligand dependent and appears to be characteristic of a 
linear Mo—O—Mo bridge, as it is not present in the monomers or dimers with two bridging 
ligands.” The '70 NMR chemical shifts of the oxo ligands of molybdenum(V) and (IV) 
complexes have been used to compare relative Mo—O s-bond strengths.'”® 
A complex closely related to those possessing an {Mo,03}** core is 

[Mo,O(Ntol)2(S2CNEt2)4] (tol = 4-tolyl), prepared by reducing [MoO(Ntol)(S,CNEt)2].'4? IR 
and '7O NMR studies have indicated an oxo-bridged structure for the dimer; there is an intense 
absorption at 18 760 cm“? in the electronic spectrum, which does not obey the Lambert—Beer 
law due to a disproportionation reaction which sets up an equilibrium with Mo'Y and Mo™! 
species. : 

The only complexes which are known to contain an {Mo,03}** core in’ which the two 
terminal oxo groups are trans to the Mo—O—Mo bridge are [Mo,0;(TPP)2] and 
[Mo203(OEP).] with tetradentate porphyrin ligands (TPP =tetraphenylporphyrin, OEP = 
octaethylporphyrin).**’"* In [Mo203(TPP)2] the Mo—O, and Mo—O, bond lengths of 
1.707(3) and 1.936(3) A, respectively, are sli htly longer than the corresponding distances 
observed in the other {Mo,03}** systems,’2°-3*8 presumably because of the mutual trans 
effect of the oxo ligands. . 

A complex containing a mixed MoY—Mo™! oxidation state {Mo205}* core can be obtained 
by reduction of [Mo20;(nane),][Br3], (nane = N,N ’, N"-trimethyl-1,4,7-triazacyclononane). In 
the Mo! dimer there is a linear Mo—O—Mo bridge, and each molybdenum is also 
coordinated to two oxo ligands cis to the oxo bridge in an anti conformation, but the structure 
of the MoY—Mo™! species is not known. An MoY—Mo’Y dimer of this system can be produced 
electrochemically, but not by chemical reduction.**? The reduction of [MoO(S,CNEt,)3][BFs] 
results in the formation of [Mo,O(S,CNEt,).][BF,], an Mo’—Mo'Y dimer which contains a 
linear Mo—O—Mo bridge. Each molybdenum is seven-coordinate, and the equal Mo—O bond 
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lengths and equivalent environments suggest that the unpaired electron is likely to be 
delocalized.?"® 
Two types of complex are known with only one bridging ligand which is not an oxo group. In 

[Mo.0,X4(C,0,4)] (X=F, Cl, Br) the oxalate is bidentate to each molybdenum; the 
coordination geometry around the molybdenum is square pyramidal, with axial oxo ligands, 
and the room temperature magnetic moments of 1.67 BM per molybdenum indicate that the 
interaction between the two molybdenum atoms is weak.*”° The reaction of [MoCl;(THF)s] 
with 4-C6H4(NO>2)(N3) and [Et2NH2][S.P(OEt).] yields [Mo2(NC.H4N) {S2P(OEt)2}6], which 

is bridged by the diimide, (4-NCsH,N)*, ligand. Each molybdenum atom is in a distorted 
octahedral environment, comprising an imido nitrogen and five sulfur atoms from one 
monodentate and two bidentate dithiophosphate ligands.**’ 

36.4.3.5.3 Dimeric complexes with two bridging ligands 

The majority of these complexes contain an {MooY, Y4_,}?* (Y =O; Y’=S, Se; n =4-0) 
core, and such systems constitute an important class of molybdenum compounds;?*”’”? Table 10 
provides a reasonably comprehensive summary of the known complexes and shows the 
extensive range possible, given the versatility in the nature of both the core and the appended 
ligands. These cores consist of two molybdenum atoms, each coordinated to one terminal and 
two bridging O, S or Se atoms and involve a relatively close approach (2.5-2.9 A) of the two 
metals. Related dimeric systems with one (or two) terminal imido (RN*) ligands in place of 
the Y, atom(s) are known. Also, Mo” dimers, in which two Mo = Y; groups are linked by two 
bridging ligands of another type, notably Cl~, [S.]?~, [SO,]?~, have been characterized and are 
included in this section, as are complexes containing an {MozY,4}** (Y=O,S) core, the 
bridging of which is supplemented by an additional polydentate ligand. Compounds involving 
oligomeric aggregates formed by the association of {Mo2Y4}** (Y =O, S) cores are described 
in Section 36.4.3.5.4. 

The first structural characterization of a compound containing a {Mo O,}** core was 
achieved*** for Ba[Mo20,4(C204)2(H2O)2]-5H2O, the anion of which (Figure 4) consists of two 
distorted octahedra sharing an O—O edge. The anion possesses a C2 axis, with the two 
terminal ligands cis to the oxo bridges to give the syn conformation, and each molybdenum 
centre has structural features identified earlier for MoO** and {Mo,03}** moieties. The 
shortest Mo—O bond is that involving the terminal oxo group (1.70(3) A) and the bonds to the 
bridging oxygen atoms (1.88(3) and 1.93(3) A) are shorter than those to the oxalato and aqua 
oxygens cis to the Mo=O, groups (2.14(4) and 2.22(4) A, respectively), but there is no 
structural trans effect (Mo—O(oxalate) trans to Mo=O, = 2.11(3) A). Each molybdenum lies 
out of the equatorial plane defined by the four donor atoms cis to Mo=O, and this results in a 
rough equality in the O---O distances at ca. 2.78 A, close to the van der Waals separation for 
these atoms.** The atoms of the MoO; bridge are not coplanar and there is a dihedral angle 
of 152° between the two MoO, planes. The terminal oxo groups of the {Mo,0,}?* core point 
away from each other; if they were not so aligned, their separation would be the same as the 
Mo—Mo separation (2.541 A) and much closer than the van der Waals separation. This short 
Mo—Mo approach, and the essentially diamagnetic nature of the compound imply a direct 
Mo—Mo bonding interaction, and the bent bridge permits a closer approach of the Mo atoms 
without unduly enlarging the O,—_Mo—O,, and/or contracting the Mo—O,—Mo, angles. The 
qualitative description of the Mo—Mo bonding follows from the electronic structure of MoO?* 
centres. Each molybdenum centre can be considered to possess a (d,,)! configuration and the 
geometry of the bridge allows a direct overlap of the two d,, orbitals with the resultant bonding 
level accommodating the two electrons.>>** . 

[Mo20,(dane),][ClO4], (dane = 1,5,9-triazacyclododecane) has been obtained both as a 
purple and a yellow material. The purple form contains® an {Mo.0,}?* core with the anti 
conformation in which the four-membered Mo,0O, ring is planar with an Mo—Mo separation of 
2.586(1) A This separation, and the diamagnetic nature of the compound, are consistent with 
the formation of an Mo—Mo bond, as in a syn structure, by overlap of the molybdenum dy 
orbitals. The cation of the yellow form of this compound is considered to possess an 
{Mo,0,}7* core with the syn conformation by analogy with [Mo,O,(nane),]** (nane = 1,4,7- 
triazacyclononane), which has been shown*® to exist in both syn (cis) and anti (trans) conformers, 
with the immediate environment at molybdenum almost identical in the two forms and the 
Mo—Mo separation being 2.555(1) A and 2.561(1) A, respectively. trans-[Mo,O,(nane),]** is 
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Table 10 Dimeric Molybdenum(V) Complexes Containing an {Mo,Y, Y4_,,}?* (Y=O; Y’=S, Se; 1 = 4-0) Core — er ee 
Complex Bridging atoms Ref. 

[Mo,0,Cl,(H,0),]*~, [Mo,0,Br,(H,0),]*-, 0,0 
[Mo,0,Cl,(OH),(H20)2)"~ , [Mo,0,Cl,(OH),]*~ ce 

Ione ; ss 384 204, al 0,0 372 
He caater awe AiWier eens aes 0,0 352, 402 

Ze De 4/2 2 2. 

[Mo,0,(acac),(H0)>] O O 313 [Mo,0,(catecholate),(H,O),]?~ 0.0 403 
[Mo,0,(0,CNR,),] (R = alkyl) 0,0 344 
[Mo,0,S(0,CNR;),] (R = alkyl) OS 344 
[Mo,0,S,(0;CNR,)»] (R = alkyl) S, 344 
Me ONoseeR ee reeaee 0,0 383 

203 2 O,S 383 
[Mo,0,(S,CNR,)s] (R = alkyl) 0,0 360-363 
[Mo,03S(S,CNR,),] (R = alkyl) O,S 362-365 
[Mo,0,S,(S,CNR.)0] (R = H, alkyl) S,S 361-363, 365, 366 
[Mo,0S3(S,CNR,)»] (R = alkyl) S,S 363, 365, 367 
[Mo,S,(S,CNR,),] (R = alkyl) S,S 362, 363, 365, 368-371 
[Mo,Se,(S,;CNR,)»] (R = alkyl) Se,Se 404 
Aetietee See teehee O,S 405 

058,{S> Ds5 SS 373 
[Moz02S4{S:COR)a rah S,S 324 

020292 2.-1129)2 S,S 
iM SCLCHS T= S,S Se 382, 406 
[Mo,S,(SPh),]2~ 5,8 309 
ee 5 0,0 329 

920 252(92 2)2 S,S 35 
[Mo,0,(dmmpd),]* 0,0 zai 
[Mo,0,(L-cysteinate),]°— 0,0 329, 389 
[Mo,0,S,(L-cysteinate),]”~ S,S 329, 390 
[Mo,O,(Et-L-cysteinate),] 0,0 329, 391 
eo (R= Me, Et) S,S 392 
Mo,0,(L-histidinate), 0,0 393 
[Mo,0,S,(L-histidinate),] S 394 

MeO renee 0,0 401 
020 252\PY)4 S,S 407 

[Mo,0,(mpr),(py)2]° 0,0 408 
[Mo,0,F 2(bipy)2] 0,0 333 
[Mo,0,Cl,(bipy)>] 0,0 385 
[Mo,0,(O,PH,)2(bipy)2] 0,0 386 
[Mo,0,F,(phen) ] 0,0 333 
[Mo,0,C1,(phen),] 0,0 329 
[Mo,O,(nane),]** © 0,0 355 
[Mo,O,(dane),]** ¢ 0,0 50 
[Mo,0,(oxine),]° 0,0 343 
[Mo,0,S(oxine),]° O,S 343 
[Mo,0,S.(oxine),]° S, 343 
[Mo,0,(NCS).]*~ 0,0 387 
[Mo,03S(NCS).]*~ O,S 409 
[Mo,0,S,(NCS)¢]*~ S,S 409 
[Mo,0,S,(Sz)2] 3 S,S 21 
[Mo,0S,(S.)2]"~ ee S,S 376 
[Mo,0,S,(S2)(S30>)] S3s 374 

[Mo,0,S,(S2)(S4)]*~ S,S 377 
[Mo2S4(S2)2]" 5 8,S a8 
[Mo,S,(S2)(S,)] 5.5 pian 
[Mo2S,(S4)2]"— SS 380, 381 
[Mo,0,S2(Cp)2] 8,8 410 
[Mo,S,(C;Hs_,,Me,,)2] (n = 0-5) S,S 359, 411 

* Hdmmpd = N,N'-dimethyl-N, N’-bis(2-mercaptoethyl)propylenediamine. 
Hmpr = 2-mercaptopyrimidine. °nane = 1,4,7-triazacyclononane. 

* dane = 1,5,9-triazacyclododecane. “ Hoxine = 8-hydroxyquinoline and substituted derivatives. 
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Figure 4 Structure of the anion of Ba[Mo,0,(C,O,),(H,O),]-5H,0°” 

irreversibly converted into cis-[Mo,O,(nane)4]** via acid—base catalysis and reasons for the 
relative thermodynamic stabilities have been attributed to the increased, local, O,---O, 
nonbonding distances in the latter as compared to the former.**° Other factors may be 
important in determining the most stable conformation of {Mo,O,}** and related complexes 
and the effects of Mo—Mo bonding*’’ and steric interactions among coordinated ligands****°? 
have been considered. 

The series of dithiocarbamato complexes [Mo20,,S4-,(S2CNR2)2] (n = 4-0; R = alkyl)*® >”! 
demonstrate two important properties of these systems. Firstly, it is the u-oxo groups which are 
substituted initially and, secondly, this substitution leads to an increase in the Mo—Mo 
separation, from 2.580(1) A in [Mo.02(u-O)2(SxCNEty)2],°° through 2.673(3) A in [Mo,02(u- 
O)(p-S)(S2xCNPr2)2],° to 2.820(1), 2.826(3) and 2.814(1) A in [Mo,0.(u-S)2(SxCNH2)»],°° 
[Mo2OS(u-S)2(SsCNEt,)2}>” and [Mo2S2(u-S)2(SxCNEt»)2], >? respectively. 

Molybdenum(V) dimers with {MovY,Y4-n}** (Y=O, S; n=4-0) may involve both 
molybdenum atoms with five-coordination or six-coordination (not including the Mo—Mo 
interaction). Examples of five-coordinate complexes include [AsPh4],[Mo2O,Cl4],*” 
[Mo20,,S4—n(S2CNRo)2] (n = 4-0, R= i. alkyl) °° 37? [Mo.S4{S2P(OEt)2}2],°”° 

[Mo202S2(S2)(S302)] Sorin: and [Mo20,,S4—-n(S2)2-x(S4)x]>~ (n = 2 t= 0, Le n= ) #3 x= a n= 0, 

x =0, 1, 2).°” 3%! In these compounds the coordination around each molybdenum atom is 
square pyramidal, with the Mo—X, (X = O, S) groups axial, cis to the two bridging ligands and 
in the syn conformation. The Mo2X> bridging unit is not planar, but involves a dihedral angle 
between the two MoxX, planes of 150-160°. The  1,2-dithiolate complex 
[NEt,]2[Mo2S,(SC,H,S)2] has been isolated and structurally characterized in both syn and anti 
conformations.*** The syn form has a geometry similar to that of the corresponding 
dithiocarbamate complexes, with an Mo—Mo distance of 2.863(2) A; in the anti conformation 
the Mo,S> bridge is planar, and the Mo—Mo distance is 2.878(2) A. 

In the five-coordinate species with an {MozY,4}** (Y=O,S) core there is a vacant 
coordination site trans to each terminal oxo or sulfido ligand. These can be filled to give species 
in which each molybdenum is six-coordinate; for example, recrystallizing ,[Mo.20,(OSCPh),] 

from pyridine yields |§.[Mo,0,(OSCPh).(py)2].°°° The crystal structures _ of 
[Mo.02X2Cl4(H2O)2]*- (X =O,S) show octahedrally coordinated molybdenum atoms, with 
two bridging oxides or sulfides and syn terminal oxo ligands; the water molecules are trans to 
the oxo groups.*°°*** Other complexes with similar geometries include [Mo,0,Cl.(bipy)2],>*° 
[Mo20,(O2PH2)2(bipy)2}**° and [Mo204(NCS)g]*7 .°87 Also, [Mo203S{S,P(OPr’).}>] reacts with 

various ligands to form 1:1 adducts, in which the addended molecule is located in the 
‘molecular crevice’ formed by the phosphorodithioato ligands*** and forms a third bridging 
group. 

Complexes of molybdenum(V) with biologically relevant ligands, such as L-cysteine, have 
been investigated as possible models for the molybdenum sites in enzymes. In [Mo,0,(1- 
cysteinate),|"", the {Mo.0,}** core possesses the syn conformation and each (cysteinate)?~ 
acts as a tridentate O,S,N donor ligand giving octahedral coordination at each molybdenum 
with a carboxylato oxygen atom trans to the terminal oxo group.** A similar geometry is found 
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in [Mo20,S,(L-cysteinate),]*~, which contains two bridging sulfide atoms.” In the correspond- 
ing derivatives of the methyl and ethyl cysteinate esters, (Me-Cys)~ and (Et-Cys)~, a 
carboxylate oxygen does not bind to molybdenum and [Mo,0,(Et-Cys)] and [Mo,02S2(Me- 
Cys)2] involve five-coordinate metal atoms;*?!** in both cases the syn conformation is adopted 
and the geometry around each molybdenum is perhaps best described as distorted trigonal 
bipyramidal, with one bridging oxygen and the nitrogen of the ester in the axial positions. 
[Mo,0,(L-histidinate).] and [Mo,0,S,(L-histidinate).] have structures closely resembling those 
of the corresponding (L-cysteinate)’- complexes, with the amino acids acting as tridentate 
O,N,N donors and with the carboxylate oxygen trans to the terminal oxo ligands.3°3% 

IR and Raman studies of molybdenum(V) dimers with {Mo,0,}**, {Mo,03S}** and 
{Mo20,S2}** cores have established that in complexes with syn geometry two bands are 
observed in the region 900-1000 cm™* which can be assigned to molybdenum-terminal oxygen 
stretching.'°°°”° Vibrations associated with the bridging framework give rise to weaker bands at 
lower frequencies, which are often obscured by vibrations of other ligands. 

°°Mo NMR spectra have been measured for a number of oxo and sulfido-bridged spin-paired 
dimers; the majority of complexes examined to date involve the syn-{Mo,0,Y,}** (Y =O, S) 
core and possess a chemical shift in the range 320-982 p.p.m.*°°°°” The chemical shifts are 
sensitive to the electronic environment of the molybdenum; for example the yellow 
syn-[Mo2O,(nane),] and the purple anti-[Mo,0,(nane),] (nane = 1,4,7-triazacyclononane) are 
readily distinguished by *Mo NMR spectroscopy, having chemical shifts of 586 and 342 p.p.m., 
respectively. Furthermore, their interconversion and its catalysis by acid are readily monitored 
by this technique.~° 
CD spectra have been recorded for complexes containing {MoO,XY}** cores (X, Y = O, S) 

liganded by optically active chelates, such as (S)-cysteinate and (S$)-histidinate. These spectra 
manifest two distinctive peaks with opposite signs at ca. 26000 and 33 000 cm7', which can be 
related to the nature of the asymmetric distortion around the Mo—Mo axis.°** Unlike the 
{Mo,03}** dimers, those containing an {Mo,0,}** core do not exhibit any characteristic 
absorption in their electronic spectra, although the compounds are generally yellow/orange in 
colour. 

The electrochemistry of selected systems containing an {Mo.Y,}?* (Y =O, S) core has been 
extensively investigated. For the series of dithiocarbamato complexes [Mo20,_,S,(S2CNRz2)2] 
(n = 0-4; R=alkyl) the u-dioxo species are reduced by a two-electron process, whereas all 
other species are reduced by two successive one-electron processes. The substitution of oxygen 
by sulfur enhances the ease of reduction of the binuclear centre.24°36!367,30°.371 
[Mo202S2(S2xCNH2)2] is reduced irreversibly in a two-electron process, with dissociation of 
the dithiocarbamates.*° Both syn and anti isomers of [NEts]2[Mo.S,(SC2H,S)] undergo 
a reversible one-electron reduction in DMSO; they also exhibit two irreversible oxida- 
tion processes, each of which appear to involve two electrons per dimer.**’ Cyclic 
voltammetric studies of [NEt,]2[Mo2S,(SC.Hs)4], | [NEts]2[Mo2S,(2-SCsH,NH)2] and 
[Mo2S,{SC(Me)2sCH2NHMe},] have shown that reversible one-electron reductions occur with 
complexes of the bidentate ligands, but that the thiophenolate complex is irreversibly reduced 
and decomposes.*”’ The cysteinato complexes [Mo204-nSn(L-cysteinate)2]°~ (n = 0-2) undergo 
electrochemical reduction in a single four-electron step to Mo™ dimers in aqueous buffers. The 
ease of reduction and electrochemical reversibility of the Moy¥/Mo%" couple increase with 
insertion of sulfur into the bridge system. However, the corresponding ethyl cysteinate 
complexes [Mo70,_,S,(Et-Cys)2] (n =0-2) are reduced by two successive one-electron 
transfers to Mo} species.*°° [Mo.O,(glycinate)2(H2O)] is reduced in a two-electron transfer to 
give monomeric Mo!Y species, which can be electrochemically oxidized to MY monomers that 
dimerize to re-form the initial complex. Proton-assisted oxidation of an aqueous solution of 
[Mo,0,(glycinate),(H2O)2] yields the MoY/Mo%! dimer [Mo,O,(glycinate),(OH)(H20)2], 
which can be electrochemically reduced in a one-electron step to a Mo} dimer, which is further 

reduced in a two-electron step to monomeric Mo’Y species.*”" 
The references in Table 10 should be consulted for other studies on {MozY,}?* (Y= 

O, S, Se) systems. Dimeric complexes, analogous to those containing an {Mo2Y4}** (Y = O,S) 

core, but with one or two terminal NR*~ ligands have been reported. (Me3CN)2S reacts with 

[{CpMo(CO)s}.] to form [{CpMo(NCMe3)2}2S2], in which the central Mo,S, moiety is planar 

with an Mo—Mo separation of 2.920(1) A.“ [Mo,S,(Ntol),{S2P(OEt)2}4] reacts with 

(S,CNBu2)~ to produce [Mo,(Ntol),S2(SxCNBuz)2], which has a structure very similar to that of 

[Moz02S2(SxCNBuz)2]; the imido ligands are cis to the two sulfide bridges, in the syn 

conformation, and each molybdenum is five-coordinate with an approximately square 
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pyramidal geometry. The Mo—Mo distance is 2.807(2) A.‘ The acid-assisted hydrolysis of 

[Mo,S4(Ntol)4{S2P(OEt)2}4] to give [Mo02S2{S2P(OEt)2}2], proceeds via the binuclear inter- 

mediate [Mo2O(Ntol)S2{S2P(OEt)2}3], which contains one terminal oxo group and one terminal 

4-tolylimido group, on different molybdenum atoms, and adopts a syn conformation, with an 

Mo—Mo distance of 2.812(1) A.*!4 
A crystal structure determination of [pyH]4{[Mo203(SO4)(NCS).] has shown the two 

molybdenum atoms to be bridged by one oxo and the sulfato ligand. The terminal oxygens are 

syn and each molybdenum has a distorted octahedral geometry.*’” Persulfide bridges have been 

identified in several dimeric MoY complexes. In [NH,]2[Mo2(S2)s5] each molybdenum is 
coordinated by four S3~ ligands in a distorted dodecahedron, with two bridging and two 
terminal groups. The complex is diamagnetic, and has an Mo—Mo distance of 2.827(2) A.4° A 
similar geometry is found in [PPh3Me]2[Mo.(S2)2Cls], in which each molybdenum is coordin- 
ated to two bridging persulfides and four terminal chlorides; the Mo—Mo distance is 
2S7G)}AL 

[Mo,02Cl(OPCI;)2] contains two chloride bridges; each molybdenum is also coordinated to 
two terminal chlorides, a terminal oxo ligand and a phosphate oxide in an octahedral geometry. 
The oxo groups are cis to the chloride bridges, in an anti conformation, and are trans to the 
OPCI; ligands.*!® [MozCl.Ls]Cls (L = H2N(CH2),NHz2, n = 2-6, 8) can be prepared by reacting 
[Mo2Clio] with the appropriate diamine under an inert atmosphere. These complexes are 
diamagnetic, and IR data suggest that they possess a dimeric structure with two bridging 
chlorides and monodentate diamines. In [Mo 2Cl,L4]Clg (L = H2N(CH2),NHo, n =9, 10) the 
diamines appear to be bidentate.*!” 

Asymmetric dinuclear molybdenum(V) complexes with two nitrogen bridges are formed on 
reaction of [MoO.(S,CNEt,)2] with the hydrazines PhC(Y)NHNH2 (Y = O, S) in methanol. A 
structure determination of [(Et,.NCS.)Mo{OC(Ph)NN},MoO(S,CNEt,)] has shown that one 
molybdenum is six-coordinate, bound in a trigonal prismatic geometry to two sulfur atoms, two 
oxygen atoms, and two bridging nitrogen atoms of the {OC(Ph)NN}> ; the other molybdenum 
is five-coordinate, bound to the two bridging nitrogens, two sulfurs and an oxo ligand which 
occupies the axial position of a square pyramid.*”? These dimers undergo a reversible 
one-electron reduction. [Mo2Cl,o] reacts with thioureas to give [Mo2Cl,4{ RNHC(S)NHR’ }4]Cl, 
(R= pyridyl, 5-nitropyridyl, 4-methylpyridyl, 6-methylpyridyl; R’=Ph, 2-MeC,H4, 4- 
MeC,H,). Two thioureas are believed to be bridging, coordinated to one molybdenum via the 
sulfur atom and to the other via the pyridyl nitrogen atom; the other two thioureas are 
bidentate N,S donor ligands, and two chlorides on each molybdenum complete an octahedral 
coordination sphere.*”’ 

Complexes based on an {Mo2Y,4}** (Y=O,S) core may involve an additional ligand 
bridging the two Mo” atoms. (Section 36.4.3.5.5). However, many of these complexes share 
characteristics with the dimeric complexes having only two bridging ligands, especially if the 
two sites trans to the terminal ligands are occupied by different atoms of a polydentate ligand. 
[Mo,03S{S2P(OPr’)2}2] reacts with pyridine or pyridazine (pydz) to give a 1:1 adduct. The 
structure of these two adducts are similar, in that the basic core of the parent compound is 
maintained, but there are major differences in the manner of the bonding of the py and pydz 
molecules; the py molecule is weakly bonded to both molybdenums through nitrogen with 
Mo—N distances of 2.97(2) and 2.93(1) A, whereas each nitrogen atom of the pydz molecule 
coordinates to a different molybdenum atom with Mo—N distances of 2.59(2) and 2.58(1) A.388 
Bidentate heterocyclic ligands bipy, phen, 5-NOzphen and 2,9-Mezphen (L,) react with 
[Mo,0,(ab)2(py)2] (Hab =picolinic acid, 8-hydroxyquinoline) to give the corresponding 
[Mo,0,(L2)(ab)2] derivative, in which the bidentate ligand bridges the {Mo 0,}?* core. The 
products are diamagnetic, indicating retention of the metal—metal interaction.*7* 

Crystal structure determinations of [pyH]3;[Mo.0,(O2CR)(NCS),4] (R =H, Me) have re- 
vealed N-bonded thiocyanates, with the molybdenum atoms bridged by two oxo groups and a 
bidentate carboxylate, coordinated to each molybdenum through a different oxygen atom, trans 
to the terminal oxo groups. The Mo—Mo distances are 2.566(1) and 2.560(1) A for the formate 
and acetate complexes, respectively.°°*? A similar structure has been found for the 
[Mo203(OEt)(O2.CCsH,OH)Cl,]*~ anion, in which the bridging ligands are one oxo group, the 
ethoxide group and the salicylate; the Mo—Mo bond length is 2.646 A.474 

The potentially six-coordinate ligands (edta)* and (pdta)* (Hyedta=N,N,N’,N’- 
tetrakis(2-ethanoic acid)-1,2-diaminoethane, H,pdta = N,N,N’,N’-tetrakis(2-ethanoic acid)- 
1,2-diaminopropane) add to dimeric molybdenum(V) centres to form complexes such as 
[Mo,02Y2(edta)]*> and [MoO ,Y,(pdta)?— (Y=O,S).4°“ The — structure of 
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Cs[Mo20.S,(edta)] shows a syn {MoO,S,}?* core with sulfide bridges; the nitrogen atoms of 
the (edta)*~ are coordinated trans to the terminal oxo groups, and the octahedral coordination 
spheres of the molybdenums are completed by oxygen atoms of the carboxylate groups.**° The 
structures of Na,[Mo,0,_,,S,,(R-pdta)] (n =0-2) are exactly analogous to this.42”7 The low 
magnetic moments (ca. 0.5 BM) of [Mo20,(edta)]~ and [Mo,0,S,(edta)]*~ indicate a strong 
interaction between the molybdenum atoms.*”® The kinetics of formation of [Mo,O,(edta)]?~ in 
aqueous solution have been investigated, and a detailed mechanism for dissociation 
proposed.” Cyclic voltammetry has been used to study the electrochemistry of 
[Mo.0,X,(edta)]?~ (X = O, S) in aqueous buffers; the complexes undergo reduction in a single 
four-electron step to molybdenum(III) dimeric species, but no oxidation process was 
observed.*° 

The reaction of [PPh,].[MoS,] with the mineral realgar, As,S4, yields 
[PPh4].[Mo,02S2(As,S12)]. The structure of the anion consists of a sulfido-bridged syn- 
{Mo,0,S>}** core and a tetradentate S-bonded (As,S,,)*~ chelate. Each molybdenum is in a 
Square pyramidal geometry with the terminal oxo groups in the axial positions. The (As4S;2)*~ 
ligand contains a 1,5-(As)Sg) eight-membered ring, which is broken in the reaction between 
[PPh«]2[Moz02S2(As4S12)] and [PPh,].[MoO.S,], yielding [PPha]4[(Mo202S2)2(As2Ss)2]. In this 

complex two {Mo,0,S>}** units are linked by two (S,AsSAsS,)*~ ligands to give a symmetrical 
16-membered macrocycle.*° 

36.4.3.5.4 Oligomeric complexes based on an {Mo,0,}7* and related cores 

Oligomers may be formed by ligands linking two or more {Mo,0,}** units together; 
alternatively ligands may join other molybdenum centres to an {Mo,O,}** core. 

The anions of Cs6[{Mo203S(C,04)2}2(C204)]-H2O and Ke[{Mo203S(C,04)2}2(C20.)]- 

10H2O consist of two {Mo,03S(C,0,)2}* dimers bridged by a quadridentate oxalate ligand, 
in which each carboxylate group bridges one dimeric unit. The Mo—O bond lengths to the 
quadridentate oxalates (av. 2.303(4) A) are longer than those to the bidentate, terminal 
oxalates (av. 2.106(4) A), due to the rans influence of the terminal oxo ligands.**! A similar 
Structure is adopted by the anion of K,[{Mo.0,(0.CCH2CO>),}.(02.CCH2CO,)]- 
4H,O in which one malonate dianion forms a bridge between two dimolybdenum species.*%” 

Methoxide bridges between {Mo,Q,}** dimeric units are found in 
[{Mo20,(PMe;3)}4(OMe)s], in which four dimers are joined in an eight-membered Mo ring by 
four pairs of bridging (OMe) ligands. In each dimer one molybdenum is square-pyramidally 
bound to a terminal oxo group, two bridging oxo groups, and two methoxides; the other 
molybdenum has an additional phosphine ligand, and is in an octahedral coordination 
geometry (Figure 5).*°° [{Mo20,(HBpz3)(MeOH)}.(OMe)>] (pz = pyrazolyl) contains a zigzag 
arrangement of four molybdenum atoms composed of two dimeric units, joined by two 
methoxide bridges. Each dimer consists of one molybdenum octahedrally bonded to a 
tridentate tris(pyrazolyl)borate ligand, a terminal oxygen, and two bridging oxygens; the other 
molybdenum is also octahedrally coordinated to two bridging oxygens, one terminal methanol 
trans to a terminal oxo group, and to the two bridging methoxides.*** In [Mo,O¢Cl4(OPr)], 
propoxide bridges are present in two {Mo,03(OPr)}°* cores (with Mo—Mo separations of 
2.669(2) A); these two cores are linked by two propoxide bridges and by two bridging oxygens 
of the {Mo,03(OPr)}** units (Figure 6). This complex formally possesses two Mo’ and two 
Mo’! centres.*?° [MosOsCl(QEt)4]°” adopts a similar structure, but involves a shorter 
Mo—Mo separation (2.587(3) A).*%° [Mo2(OPr').] in pyridine is oxidized by O, to yield, as a 
minor product, [Mo,Og(OPr')4(py)4], which has been characterized by X-ray crystallography. 
The complex contains four terminal, two m3- and two u-oxo groups, two terminal and two 
u-bridging OPr' ligands, plus two localized Mo—Mo single bonds.* [Mo,Os(Me2POS)a] also 
involves the pairing of two {Mo2O,}7* cores and partial substitution of the Me2POS ligands by 
Me,PO, has been achieved.**® . 

[Mo0,4(CO3)(OH)4{Mo(CO)(PMe3)3}2] involves a central {Mo20,}** unit in which each 
molybdenum is also bound to an {Mo"(CO)(PMe;)2}** group via two bridging hydroxides, 
with the carbonate ligand bridging all four metal atoms. The two outer Mo” atoms are 
seven-coordinate and the Mo” atoms are six-coordinate, with an Mo—Mo distance of 
2.5522(9) A.*° Another tetranuclear arrangement occurs in [Mo.0,(0,CMe).{MoOC]},], with 
each of two {MoOCI}** units coordinated to one molybdenum of the {Mo20,}** core through 
two acetates, to the other through one acetate, and directly bonded to one of the oxygen 
bridges (Figure 7). The Mo—Mo distance in the central core is 2.609(3) Ate Mo¢0,0(OPr’) 12, 
an intermediate in the reaction between [Mo2(OPr').] and O, consists of a serpentine chain of 
COC3-RR 
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Figure 5 Representation of the tetrameric assembly of dimeric molybdenum(V) centres in 

[{Mo,0,(PMe;)}4(OMe),]*** 

Cl {| 

T 

Figure 6 Structure of [Mo,0,Cl,(OPr).]** 

oe Cl iI le pape 

Me O O Cl Me 
Figure 7 Representation of the structure of [Mo,0,(0,CMe),{MoOCI},]* 

molybdenum atoms, supported by y-oxo and w-OPr' ligands, in which two MoY—MoY 
interactions (2.585(1) A) occur.** 

The tetranuclear complexes [{Mo2Y(NR)S,.[S2P(OEt)2]2}2.] (Y=O, NR; R=Ph, 4-tolyl) 
contain two {MoY(NR)S;}7* units linked by weak coordination of the bridging sulfides of one 
unit to the molybdenums of the other unit, in positions trans to the terminal oxo or imido 
ligands.*!3-4!4 Addition of CF;CO2H to solutions of [{Mo2(Ntol)2S.[S,P(OEt)2]2}2] leads to 
formation of [Mo2(Ntol)2S(SH){S2P(OEt)2}2(O2CCF3)], in which one of the bridging sulfides is 
protonated, and the trifluoroacetate bridges the dimolybdenum unit in the positions trans to the 
imido ligands. In solution two conformers have been detected by 'H NMR spectroscopy, 
thought to be due to different orientations of the S—H_ bond.*** Treatment of 
[Mo.(Ntol)2S(SH){S2P(OEt)2}2(O2CCF3)] with triethylamine, followed by addition of MeBr, 
yields the methylated complex [Mo2(Ntol)2S(SMe)}S2P(OEt)2}2(O2CCF3)], which has an 
identical structure to the (SH)~-bridged compound.*** 

36.4.3.5.5 Dimeric complexes with three bridging ligands 

One of the products of the reaction between thiophenol and [Mo 0,(S,CNEt)2] is 
[Mo20;3(SPh)2(S2CNEt2)2]. A crystal structure determination has shown that this dimer is 
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bridged by two thiols and an oxo group, and that each molybdenum has distorted octahedral 
coordination (Figure 8). One of the bridging thiols is trans to the two syn terminal oxo groups 
and the average Mo—S bond lengths to this thiol is ca. 0.2 A longer than that to the cis ligand. 
The Mo—Mo distance is 2.678(9) A. Prolonged exposure of [Mo203(SPh).(S,CNEt,).] to 
CHCl; gives [Mo20,CI(SPh)2(S2CNEt»)2]*, in which the three bridging ligands are a chloride 
and two thiophenolate anions. The chloride is trans to the terminal oxo roups, the two 
thiophenolate ligands are equivalent and the Mo—Mo distance is 2.822(2) Aas The reaction of 
[NBu,][MoO(SPh),] with HCl yields [NBu,][Mo20,Cl;(SPh),], which has been characterized 
by X-ray crystallography. The structure of the anion is analogous to that of 
[Mo,02Cl(SPh)2(S2CNEt,).]*, with one chloride and two thiolate bridges, the chloride being 
trans to each terminal oxo ligand. However, the Mo—Mo distance of [Mo20,Cl;(SPh),]~ is 
2.915(1), which is significantly longer than that of the related cation. The reduction of 
[Mo0O,(S,CNMe>)2] by thiophenol yields [Mo,03(SPh).(S:CNMe>)], which is isostructural 
with its diethyldithiocarbamate analogue, and involves an Mo—Mo distance of 2.649(1) A.4#4 

Figure 8 Structure of [Mo,0,(SPh),(S,CNEt,)2]? 

The reaction between {MoOCl,(THF),] and alkanethiols in the presence of base yields 
[Mo0.(SR)7]~ anions, which have been isolated as their tetraalkylammonium salts. Physical 
data indicate that these binuclear monoanions contain three bridging thiolates. The arylthiolato 
anions [MoO(SAr),]~ (Ar = Ph, 4-tolyl) react in the presence of an alkoxy or amido ligand, Z, 
to form [Mo,0,(SAr).Z], in which the Z group and two thiolates act as bridging ligands.**>*° 
A rich electrochemistry of [Mo202(YR).«Z]~ (Y =S, Se) has been demonstrated and stepwise 
reduction of these Mo} centres to Mo'Y’Y and Mo species has been observed.” The reaction 
between [MoOCl;(THF),] and Na(S-4-tolyl) in methanol, followed by addition of [NEt,]Br, 
yields [NEt,][Mo20,(S-4-tolyl)s(OMe)], which has been structurally characterized. The anions! 
involve an Mo—Mo separation of 2.919(5) A, with two syn terminal oxo groups, four terminal 
and two bridging thiolate ligands, and a bridging methoxide ligand trans to each of the terminal 
oxygens.*“* Interconversion of [MoO(SR),]~ (R = aryl, alkyl) and [Mo202(SR).Z]~ (Z = OMe, 
OEt, SCH,Ph) anions has been shown to occur via redox processes involving both the 
molybdenum and the thiolate redox centres.7** 

Several examples are known of triply bridged dimers in which one ligand provides two of the 
bridging atoms. The reaction of [Mo,O,(py)2(oxine)2] (Hoxine = 8-hydroxyquinoline) with 
2-hydroxyethanethiol gives [Mo,03(SCH,CH,O)(oxine),], the X-ray structure of which shows 
an Moy unit bridged by one oxo group and by the sulfur and oxygen atoms of the 
(SCH,CH,O)?~ ligand. The two syn terminal oxo groups are trans to the oxygen atom of the 
mercaptoethanolate, with the nitrogen atoms of the oxines trans to the bridging sulfur.” A 
similar structure is found in [Mo,0,S(SCH2CH2O)(S2CNEt,)2], in which the three bridging 
atoms are the sulfide ligand and the oxygen and sulfur atoms of the (SCH2CH2O) ligand; the 
bridging oxygen is trans to each of the terminal oxo groups.*”° 

Reactions of 2-hydroxyethanethiol and various bases with (MoOCl,(H2O)]” or 
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[MoOCl;(THF)2] yield many products, including the triply bridged dimers 
[Mo202(SCH2CH20)2X2Y]~ (X =Y= % { Xo = SCH,CH,0O, Y= Cl, SCH,CH,OH). These 

complexes involve bridging atoms which are the oxygen and sulfur of one (SCH,CH20) 
ligand and the oxygen atom of another, the sulfur atom of which is coordinated to one of the 
molybdenum atoms in a terminal position. The terminal oxo groups are trans to the oxygen 
atom of the doubly bridging ligand. In each case the Mo—Mo distance is 2.734(6) At The 
reaction of [Mo20.(SCH,CH20),Cls]” with excess 2-hydroxyethanethiol and base, B, yields 
[BH]2[Mo203(SCH2CH,0);] (B = piperidine, morpholine, pyrrolidine). The bridging atoms of 
the anion are one oxo group and the oxygen and sulfur of a (SCH2CH20) ~ ligand; each 
molybdenum atom is also coordinated to a terminal oxo group and a bidentate (SCH,CH,O)*— 
ligand. The Mo—Mo separation is 2.676(1) A.*#° 

Figure 9 Structure of [Mo,(NNHPh)(NNPh)(SCH,CH,S)3(SCH,CH,SH)}*~ *? 

Treating [Mo(NNHPh),(butane-2,3-dithiolate),] with dimercaptoethane and trimethylamine 
in methanol gives [NEtsH].[Mo.(NNPh)(NNHPh)(SCH>CH,S)3(SCH,CH,SH)], which con- 
tains terminal and bridging bidentate thiolate ligands and a bridging monodentate thiolate 
ligand (Figure 9). The Mo—Mo distance is 2.837(2) A, which is longer than in triply 
bridged molybdenum(V) dimers involving one or more bridging oxygens.**! The 
anion [(MoO(SCH2CH,2CH,S),]~ reacts with HN; in methanol to give 
[Mo202(N3)(SCH2CH3CH2S)3]~. The crystal structure of this dimeric anion shows that the 
three bridging atoms are provided by a nitrogen atom of the azide, and by sulfur atoms of two 
different dithiolates, which are both chelated to the same molybdenum; the third dithiolate 
ligand is chelated to the other molybdenum. Two terminal oxo groups trans to the bridging 
azide complete octahedral coordination spheres for each molybdenum, and the Mo—Mo 
distance is 2.893(3) A.*°2 
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36.5.1 INTRODUCTION 

The chemistry of hexavalent molybdenum is dominated by the oxo ligand and its analogs. This 
highest of Mo oxidation states requires for its stabilization the presence of ligands that are not 
only good o donors but also good z donors. Thereby, sufficient charge density can be placed on 
the Mo to avoid violating the Pauling Electroneutrality Principle.’ This requires ligands with 
filled p orbitals that are not otherwise engaged in bonding with other atoms. Formally, this 
engenders a situation in which a multiple bond is formed between the Mo and its donor ligand. 
About 10 years ago? the oxo ligand was virtually alone in stabilizing large numbers of formally 
Mo¥! complexes. This situation has changed dramatically in recent years. It is now clearly 
recognized that the sulfido ligand, S*-, can, in a significant number of cases, isomorphously 
substitute for the oxo ligand, O?~. Moreover, in certain cases selenido (Se*-), peroxido (03° ), 
persulfido (S3~), imido (NR), nitrido (N*-), alkylcarbido (RC*~, equivalent to alkylidyne), 
hydrazido(2—) (R2NN?~) and hydroxylamido (R,NO~) ions can form complexes with strict 
analogs in oxo chemistry. The oxo chemistry stands as a guidepost from which one can 
extrapolate to make predictions of the structural chemistry of its analog ligands. ; 

Mononuclear examples are dominant in the simple coordination chemistry of 
molybdenum(VI). This is due in part to the absence of d electrons in Mo’! complexes, which 
precludes the formation of Mo“'—Mo™! metal-metal bonds. However, note must be taken of 
the very large class of homo- and hetero-polymolybdates which contain polynuclear Mo. These 
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are discussed elsewhere in this treatise. A substantial number of dinuclear complexes of Mo¥! 
are also known and these are discussed in this chapter. 

In presenting the chemistry of Mo¥! we first discuss complexes in which oxo groups provide 
the sole a-donating ligands. We then discuss complexes in which sulfido, selenido, imido, 
nitrido, alkylcarbido, peroxido, disulfido, hydrazido and hydroxylamido can substitute in a 
direct way for oxo. Within the mononuclear class we make distinctions between complexes with 
four, three, two and one oxo ligands. Within the dinuclear class we distinguish between singly, 
doubly and triply bridged species. Finally, we discuss examples of non-oxo Mo™' complexes. 
Aspects of MoY! chemistry have been considered in recent reviews.7° 

36.5.2, MOLYBDATE AND RELATED SPECIES 

The tetrahedral molybdate ion is the key antecedent for much Mo”! chemistry. This ion 
serves as the starting point for many of the preparative schemes in the chemistry of Mo™! and, 
directly or indirectly, often for low oxidation state chemistry as well. The molybdate ion is 
found naturally in alkaline solutions such as sea water (pH = 8.0-8.5). It is the form in which 
Mo is often added to culture media used for the growth of microorganisms. In solutions of 
moderate concentrations the mononuclear ion is only present above pH = 7. Below pH =7, the 
equilibria in equations (1) and (2) have considerable effect and the heptamolybdate ion 
predominates at moderate concentrations in aqueous solution. Detailed treatment of equilibria 
in aqueous Mo’! solutions has been presented.° Although the chemistry of polyoxoanions of 
Mo is discussed elsewhere in this volume, it is worth pointing out that the six-coordinated 
octahedral MoO3* and MoO** units can be viewed as the mononuclear building blocks of these 
polynuclear anions.’ For example, PMo;,O% has a central phosphate surrounded by an 
Mo,,03. unit in which each Mo! has a single terminal oxo in its coordination sphere. 
Similarly, Mo,O,.CH,0,OH?~ can be pictured as an Mo,Q,, ring containing dioxo Mo’ with 
each Mo additionally bridged to all others by the OH~ and CH,03~ anions. 

7TMoO2 + 8H* ==> Mo,0%; + 4H,O a 

Mo,O$; +MoOz + 4H* == Mo,04; + 2H,O (2) 

At low concentrations hexavalent molybdenum in dilute acidic solutions is likely 
mononuclear.* At higher acidity the ion MoO,(H,O)%* is probably present.® In special 
situations the dimolybdate ion, Mo,03~, is formed whose structure is analogous to that of the 
better known dichromate ion, Cr.07~. (Dinuclear Mo™' ions are discussed separately below.) 

36.5.2.1 Structure of MoO7 -containing Compounds 

Molybdate, MoO7-, is isolated in the form of salts of monovalent, divalent and trivalent 
cations. The salts of the simple monovalent cations are usually water soluble while salts with 
larger cations, e.g. N-propylammonium, N-ethylpyridinium and tetra-n-butyl ammonium may 
also have solubility in non-aqueous solvents.? The salts of di- and tri-valent cations are 
generally insoluble and form three-dimensional structures in the solid state. As discussed 
below, although many of these maintain the MoO? structural unit, some salts which 
stoichiometrically contain MoO3~ have octahedral six-coordinate Mo™!. 

In K,MoO,,"° discrete MoO%- ions have an Mo—O distance of 1.76 A and the O—Mo—O 
bond angles of a regular tetrahedron. This distance is among the longest for terminal oxo 
mea linkages, henceforth designated Mo—O,. The (NH4)2MoQ, salt is isomorphous to 

2IV10U4. 

The MoO 7" ion can act as a ligand to many metal ions. In some cases, as with higher valent 
metal ions containing labile coordination spheres, all or most of the original ligands around the 
second metal can be replaced by the O-donor MoO? leading to three-dimensional solid state 
structures. Recently studied examples, among many,’ include Fe,(MoO,);,’°"* NiMoO,,” 
MgMo0O,-H,O,’° KDy(Mo0O,),,° Tb,(MoO,),,"® _Me,SnMo0,,"” MnMo0O,-:H,0O” and 
CdTh(MoO,)3.” In the last six compounds the MoO? ion maintains an approximately 
tetrahedral four-coordination and performs a bridging role. However, in other cases these 
polymeric structures have six coordinate Mo¥!, e.g. NiMoO,.?° 
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In cases in which the full coordination sphere of the second metal is not accessible to 
substitution, MoO% can serve as a mono- or bi-dentate ligand. Examples of monodentate 
MoO" include Co(NH3)sMoOj ” and Cr(edta)MoO3-.?? An example of bidentate MoO 7 is 
Co(NH3)4MoO/. A rare example of bridging MoO37 in a non-polymeric structure involves the 
D24 symmetry K(MoO,)K unit which is isolated in a matrix of frozen N2.?? X-Ray structural 
studies are notably lacking for compounds containing MoO3~ as a ligand. One exception is the 
homopolymolybdate ion MogO.¢(MoO,)$~ which contains two monodentate MoO” units.”4 
The tetranuclear complex anion Mo,Og(OMe),(NNPh)3~ also contains bridging bidentate 
MoO{" ligands.” The structure, shown in Figure 1, is roughly centrosymmetric in its inner 
coordination sphere. In this complex two Mo(NNPh)3* units are bridged by two trans- 
methoxy groups and by two MoO% groups trans to each other.2° The non-molybdate Mo—Mo 
distance of 3.46A indicates the absence of metal—metal bonding. The terminal Mo—O, 
distance of 1.72 compares with 1.80 A for the bridging Mo—O,. The near-tetrahedral angles 
show that two MoOj'-like ions are present.” This brief discussion of MoO3~ as a ligand 
contrasts with the extensive structural chemistry of MoSj~ as a ligand discussed elsewhere in 
this volume. 

Figure 1 The structure of Mo,O,(OMe),(NNPh)3~ in its HNEt3~ salt (unlabelled atoms are carbon)*° 

36.5.2.2 Thio and Seleno Derivatives of MoO2- 

There are a significant number of strict analogs of MoO% that contain oxo-analog ligands 
in place of O while maintaining a tetrahedral or pseudotetrahedral structure about Mo". For 
example, the treatment of basic solutions of molybdate with sulfide leads successively to thio 
substituted anions according to Scheme 1. : 

MoO2> — > MoO,S?7 — > MoO,S3> — > MoO,S* —> MoS{- 

Scheme 1 

Although the chemistry of these conversions had been known for many years, recent 
thermodynamic and kinetic work”’ has provided quantitative information. Similarly, treatment 
with Se? leads to MoSe%" °° while treatment with H2O, gives the Mo(O,)3~ ion discussed 
below. The compound MoO,Cl, is also well known and, although containing six-coordinate Mo 
in the solid state, has a four-coordinate approximate tetrahedral structure in solution or in the 
gas phase. 

Tetrathiomolybdate has been prepared with a number of organic cations including 
NEt7,*?_NC,H¢$ (pyrrolidinium),*”** N.C,Hj, (piperazinium), NC;H{, (piperidinium)** 
and N,C;H,3 (monoprotonated hexamethylene imine).***? These salts are useful for structural 
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and preparative studies. The structure of the MoS{~ ion was determined in its tetraethylam- 
monium salt.*° The average Mo—S distance of 2.177(6) and S—Mo—S angle of 107.5(9)° are 
found in a near perfect tetrahedral arrangement of sulfur atoms about the molybdenum. 

The ion MoOS3~ in Cs,MoOS;*° has Mo—O = 1.78 and Mo—S =2.18 A, values that are 
indistinguishable from the Mo—O and Mo—S distances found in MoOZ and MoS, 
respectively. Further, the angles in MoOS%~ are all within 1° of the 109.5° tetrahedral angle. 
This identity indicates that Mo—O and Mo—S bonds are similar in their electronic and steric 
effects on the Mo”! center (barring, of course, fortuitous cancellation of steric and electronic 
factors). 

Reaction of Mo,03~ with (Me3Si)2S leads to the series MoO3_,S,(OSiMe3)~ (x = 0-3) with 
the x =3 member of the series cleanly isolated. The anions are tetrahedral, derived from 
MoO7Z-. MoO;3(OSiMe3)> has Mo—O=1.881(7), O—Si=1.631(8) and Si—O—Mo= 
146.6(4)° and Mo—S averaging 2.154.°7 Clearly OSi(Me); can substitute for oxo in an 
isostructural series.*” 

36.5.2.3 Spectra and Bonding in the MoO7 and Related Ions 

1 In the UV region MoO? displays two band systems, one in the range 42000-46000 cm™ 
and a second, more intense system, in the range 46000-53000 cm~'. In single crystal studies 
(e.g. MoO?” in Cs,SO,) both bands show vibrational structure.** The progression observed 
with v, = 780 cm! corresponds to v(Mo—O,) for the excited state compared to v; = 897 cm™! 
for the ground state. 

The bonding in the 4d° tetrahedral molybdate and related systems has been treated by 
molecular orbital approaches.*?**! An approximate energy level diagram in 7, symmetry is 
shown in Figure 2. The oxo (or thio or seleno) ligands are involved in both o and z bonding 
with Mo. The difference between the 3t7 and 2e* levels represents the A, value for the system. 
Since there are no d electrons, this splitting is not discernible from d—d spectral transitions. It 
can, however, be estimated from the difference in energy of charge-transfer bands or X-ray 
absorptions, provided they can be properly assigned. 

E=-0 

Mo Ato S (or O or Se) 

Figure 2 Qualitative energy level diagram for T,, ions such as MoO?” and MoS27 

The assignment of charge-transfer spectra in tetrahedral oxoanions and their tetrathio 
derivatives has been a controversial area. Electronic spectra have been studied in some 
detail.’“° The assignments of ‘charge-transfer’ bands for MoS3~ are likely to be t; > 2e*(v,) 
2t2— 2e*(V2), t1—> 3t3(v3) and 2t,— 4t3(v3).*1 The difference between v» and v, is the A, 
value. Assignments differ somewhat for other ions. The assignments are supported by detailed 
electronic spectral studies,“ valence photoelectron spectroscopy** and MCD data.“ 

Interestingly, for MoO 7" the theoretical studies*” show that little O— Mo charge transfer 
occurs in going from the ground to excited states. It is nevertheless clear that the configuration 
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changes from 4d° to 4d! due to excitation of an electron from mostly ligand-based into 
predominantly metal-based levels. However, electronic rearrangement in the remaining levels 
makes the net charge transfer negligible. It is therefore more appropriate to call these 
electron-transfer transitions as a guide to the configurational nature of the transition, since they 
do not necessarily reflect large net redistribution of charge. 

The IR and Raman spectra of the tetrahedral molybdates, tetrathiomolybdates and 
tetraselenomolybdates have also received study.7°4**3 For the T,, tetrahedral dianion 
MoO", the two stretching modes (A, and F)) are Raman active and one (F,) is IR active as 
well. Bending modes are of E and F, symmetry, and while both are Raman active, only F,is IR 
active. Bands at 897 and 837 cm~' have been assigned as stretches, whereas those at 325 and 
317cm7* are assigned to bends. Detailed vibrational analyses of MoO% have included 
*Mo/'™Mo isotopic substitution effects!” and polarized IR measurements.!” Studies on 
MoO;3S2— and MoO,S3~ reveal the v(Mo—O) bands expected for C3, and C>, structures, 
respectively.*” 
When MoO" coordinates to a metal ion, as in [Co(NH3)sMoO,]Cl or [Co(NH3)4MoO,]NO3, 

the IR and Raman spectra of the MoO7” grouping are perturbed.” An instructive example 
considers the coordination isomers [Co(NH3)sCl|MoO, and [Co(NH3)sMoO,]Cl.” 

36.5.2.4 Reactions of MoOQ2- 

In alkaline solutions the exchange reaction of equation (3) occurs in hydroxide-independent 
and hydroxide-dependent paths.** Rate constants, activation parameters and isotope effects 
have been reported.** Although proton transfer is implicated in the rate-determining step of 
the OH -independent path and an association involving MoO%” and OH is likely for the 
OH -dependent pathway, no firm mechanistic conclusions can be drawn. 

MoO; + *OH, — > Mo’8OO3- + °OH, (3) 

The kinetics of reactions of MoO% leading to the binuclear complexes Co(NH3)s;OMoO3z 

and Cr(edta)OMoO3~ have been studied around pH = 7.>° Interestingly, the reaction mechan- 
isms for the formation of these two species differ. The Co complex is formed by equation (4) 
where Mo—O bond breakage occurs. The Cr complex is formed as in equation (5) where the 
uncoordinated carboxylate of the edta*” ligand apparently plays a key role in labilizing the 
H,O ligand on the otherwise normally inert Cr™ linkage. 

Co(NH,),OH3* + MoO#2- —> Co(NH,);OMoO} + H,0* (4) 
Cr(edta)H,O*" + MoO% ——> Cr(edta)MoO; + H,O* (5) 

These species are of interest as they represent examples of Mo bridged to a first transition 
row element. This is a suspected occurrence in nitrogenase where Mo bridged to Fe (through O 
or S) is implicated.° 

36.5.3 COMPLEXES CONTAINING THE MoO, CORE 

The MoO; structural unit is found in a few monomeric oxo Mo™! complexes. The complex 
MoO;,(dien) has a six-coordinate octahedral structure**°’ with the cis-trioxo arrangement, an 
Mo—O distance averaging 1.74 A, O—Mo—O angles averaging 106° and Mo—N averaging 
2.32 A. MoO;(dien) shows little stability in solution.°’** A similar six-coordinate monomeric 
structure with Mo—O,=1.74A is found in the MoO;(nta)*~ ion in K;[MoO(nta)]-H,O.” 
Here, as shown in Figure 3, one of the nta®*" carboxylate arms is uncoordinated. Interestingly, 

the NMR spectrum shows that the coordinated and free carboxylate arms of nta*” exchange 

rapidly.” 
a emia nominally dinuclear complex is the long studied edta complex found in 

Na,(MoO;),edta-8H20. Here the two MoO; groups are connected only by a —-NCH,CH,N— 

bridge. A six-coordinate structure with Mo—O = 1.74 A makes the MoO, coordination similar 

to that in the nta* complex. Several amino acid complexes appear by spectroscopic criteria to 

have MoO; core structures.” 
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Figure 3 The structure of MoO,(nta)>~ in K,[MoO,(nta)]-H,O” 

The MoO; unit is characterized by vibrational bands at ~890 and 840 cm~?.°7-*?- 170 and 
°5Mo NMR spectra may also be used to identify the MoO; core. In fact, 70 NMR is sensitive 
to the nature of the group trans to oxo® as is also the case in MoO3* complexes. 

In addition to the above structurally characterized complexes there are other cases where the 
presence of 88 MoO; unit seems possible on stoichiometric grounds. Reaction of K,MoO, 

weep th: 
with O=C(CF,);C=O (perfluoroglutaric anhydride) leads to Na2{MoO3[O2C(CF,)3CO,]} 
which is likely to be polynuclear.®’ A band at 945cm~* due to Mo—O, and bands at lower 
energy possibly attributable to Mo—O, make the presence of the MoO; unit in this complex 
unlikely. Likewise, the stoichiometry MoO;(Hars)*~ ,°° where Hars is alizarin red-S (9,10- 
dihydro-3 ,4-dihydroxy-9,10-dioxo-2-anthracene sulfonic acid), does not necessarily implicate a 
cis-MoQ; core. 

Interestingly the Mo enzyme formate dehydrogenase shows an EXAFS pattern that has been 
interpreted in terms of approximately three Mo—O=1.74A distances indicating the likely 
presence of an MoO; unit bound to non-sulfur ligands.© 

Of late there are also reports of molybdate-like monoanions, namely CIMoO; , R3SiQMoO; 
and MeMoO3;, which contain an MoO; grouping and a single monodentate monoanonic ligand. 
CIMoO; is prepared”? as the PhyAs* or Ph,P* salts by reacting MoO; with [Ph,As]Cl or 
[Ph,P]Cl, respectively. The Mo—O stretching vibrations occur at 930 and 894cm™1.” 
R3SiOMoO3; (with R = Ph or t-C,Ho) is prepared” by the reaction of equation (6). The crystal 
structure of the NBuj* salt of PhsSiOMoO; shows the expected tetrahedral (C3,) structure and 
v(Mo—O) stretching frequencies are identified at 906 and 884cm™'.”! The complex anion 
MeMoO; prepared from MoO2MeBr(bipy) by base hydrolysis has only been characterized in 
solution.” It shows a single 'H NMR peak at 0.611 p.p.m, downfield from TMS.” All of the 
XMo0O; ions are colorless. 

| 2R3SiOH + Mo,0;, ——> 2R,SiOMoO; + 2H,O (6) 

36.5.4 COMPLEXES WITH THE Mo03+t CORE STRUCTURE 

Complexes containing the MoO3* core are by far the most common in Mo! chemistry. These 
complexes are usually six-coordinate although some four-coordinate compounds are known. 
The latter are tetrahedral or pseudotetrahedral and related to MoO7-. Examples include 
MoO.S3~, MoO.Se3~, MoO-Br, and MoO,(R2NO),. An example of a five-coordinate complex 
now exists.” 

The vast majority of MoO3* core complexes are six-coordinate and mostly of distorted 
octahedral structure. Some non-octahedral complexes are known. In the octahedral structure 
the two Mo—O, bonds are invariably cis to each other. The strong o- and a-donor nature of 
the oxo ligands makes it favorable for them to avoid competing for the same p and d orbitals. If 
the oxo groups were trans they would be forced to share two d orbitals and one p orbital. By 
residing on adjacent coordination sites they are forced to share only a single d orbital. 
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Repulsion between the short Mo—O, bonds and between these and other bonds determines 
remaining details of geometry. Several articles have addressed structural trends in 
oxomolybdenum(VI) complexes.””*78 
An MoO3$* unit is likely to be present in the oxidized form of sulfite oxidase and in the 
desulfo form of xanthine dehydrogenase.” The reactivity of the MoO3t+ unit has been 
thoroughly studied, especially with regard to oxygen atom transfer reactions. 

36.5.4.1 Structures Containing cis MoO3+ Cores 

The MoO$* unit has by far received the most attention in the structural chemistry of Mo’. 
There have been over 50 X-ray crystallographic structure determinations of six-coordinate 
complexes containing this structural unit. All but five of these determinations have revealed a 
near-octahedral structure with cis dioxo groups. The structural results in Table 1 clearly show 
the narrow range within which both the Mo—O, distances and the O.—_Mo—O, angles lie. The 
five exceptions shown at the bottom of the table are complexes in which a sterically demanding 
substituted amine thiolate ligand or a porphyrin ligand forbids the molybdenum from having 
the otherwise highly favored cis-octahedral structure. In addition to the mononuclear structures 
listed in Table 1, there are several dinuclear complexes discussed below and many polymeric 
structures (see e.g. ref. 79) which also have MoO3* cores with dimensions similar to those 
found in the mononuclear complexes. 

Table 1 Structural Studies on MoO3* Complexes? 

Complex Distance Mo—O (A) Angle O—Mo—O (°) Ref. 

MoO,(PhCOCHCOPh), 1.695(8), 1.697(8) 104.8(4) 92 
MoO,(acac), 1.71(2), 1.62(2) 111.1(9) 196 

1.72(2), 1.66(2) 104.3(8) 
1.66, 1.70 105 197 

MoO,(oxine), 171 104 198 
MoO,(Et,dtc), 1.703(2) 105.8(1) 80 
MoO,(Pridtc), 1.695(5) 105.7(1) 196 

1.696(5) 
K,[Mo0,(0,C,H,)2]-2H,0 1.77 102 199 
MoO,[H(OCH,CH,);N] 1.75(4), 1.80(4) 200 

1.77(4), 1.83(4) 
MoO,(bipy)Br, 1.643(17), 1.826(18) 103.3 201 
K,[MoO,F,]:H,O 1.68(2), 1.73(1) 95(1) 202 
MoO,Cl,[OPPh;], 1.695(1), 1.673(1) 103.17(7) 14 
MoO,Br,[OPPh;], 1.69(1), 1.73(1) 103.2(5) 14 
MoO,Cl,(DMF), 1.68(1) 102.2(7) 203 
(Cs),{MoO,(Hmal),] 1.708(9) 104.5(6) 204 
MoO,(OCH,CH,OCH,CH,0) 1.63(4), 1.73(2) 101(3) 205 
MoO, [C,H;N-2,6(CH,CH,S)9](C,HSO) 1.723(3), 1.694(3) 106.0(2) 176 
MoO,[C,H.N-2,6(CH,CPh,0),][Me,SO] 1.702(3), 1.708(3) 105.4(2) 79 
MoO,(OC,H,CHNMe), 1.688(7) 107.7(4) 206 
MoO,(uramil-N, N-diacetato)-H,O 1.689(5) 106.6 207 

MoO,[OC,H,CHNCH,CHMeNCHC,H,0] inde 103.3. 208 

MoO,Cl,(phen) 1.695(3) 106.8(2) 209 
MoO (NCS). (HMPA), 1.68(1), 1.68(1) 101.4(5) 210 

1.67(1), 1.69(1) 100.9(5) 
MoO,Cl,(HMPA), 1 9618 102.46(46) 211 

MoO,Cl,(MeOCH,CH,OMe), 1601(H 105.0(5)_ 36 

CH,CH,O 1.723(10), 1.729(10) 107.6(5) 213 
Me OCG 1.704(10), 1.737(11) 104.6(5) 
MoO,Cl,[(Pr'O),P(O)CH,C(O)NEt,] elle 102.8(1) 214 

MoO,Cl,(H,O),:2[CsH.N*CI7] 1.701(8) 103.0(5) 35 
MoO {OC HANCHMeCH,NC.H,O] 170963 103.2(1) 215 

Mo0,[OC,H,CHNMe], 1.682(8) 107.7(4) 216 
Moo {SC(Catip Me)NMeO], 1.706(5) 103.7(2) 22 

1.713(5) 
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Table 1 (continued) 

Complex Distance Mo—O(A) Angle O—Mo—O(°) _ Ref. 

MoO,[ONMeC(N-Bu')O], 1.726 212 
MoO,[OCMeN(C,H,-p-OEt)O] 1.703(2) 103.94(11) 154 
MoO,[OCMeN(Ph)O}, tea 105.2(2) 154 

i 
MoO,Cl,(9,10-phenanthroquinone) 1 ee, a 104.8(2) 129 

4. 
MoO,[OC,H;(Bu')CHNCH,CH,NCHC,H;(Bu')O] 1.706(10), 1.718(9) 109.2(6) 190 

1.703(9), 1.708(10) 109.2(5) 
MoO,[(Pr')C,H;NCH,CH,NC,H,(Pr')O] 1.706(10), 1.718(9) 109.2 94 
Peston ioe Ra 1.70 103.5(2) 109 
MoO,(L-CysOMe), 1.714(4) 108.1(3) 217 
MoO. [(S)-PenOMe], 1.711(3), 1.720(4) 107.0(2) 218 

1.714(4), 1.703(3) 107.6(2) 
MoO.[SCH,CH,NMeCH,CH,NMeCH,CH,S] 1.693(9), 1.684(7) 109.1(5) 219 

1.677(9), 1.750(10) 107.8(7) 219 
MoO,[SCH,CH,NMeCH,CH,CH,NMeCH,CH,S] 1.704(6) 107.8(3) 219 
MoO,[SC,H,NHCH,CH,NHC,H,S] 1.708(3), 1.715(3) 109.9(1) 219 
MoO,[SCH,CH,NHCH,CH,SCH,CH,S] 1.721(3), 1.718(3) 106.0(1) 219 
MoO.[SC,H,SCH,CH,SC,H,S] 1.69(2), 1.70(2) 111.0(1) 81 
MoO. [(SCH,CH,),NCH,CH,CH,NMe,] 1.705(5), 1.699(2) 101.6(2) 

MoO, [(SCH,CH,),NCH,CH,SMe] 1.694(5), 1.694(5) 101.8(2) 220 
1.709(6), 1.703(6) 100.8(2) 221 
1.688(5), 1.705(2) 100.1(2) 

MoO.[SCH,Me,CH,NHCH,CH,NHCH,CMe,$] 1.714(2), 1.710(2) 109.8(1) 85 
MoO,[SCH,CMe,NH;], 1.705(3), 1.705(3) 106.7(2) 85 
MoO,[MeNHCH,CMe,S], 1.711(5), 1.723(5) 122.2(3) « 

MoO,[MeNHCMe,S], 1.731(1), 1.727 120.8(1) 84 
MoO,[Me,NCH,CMe,S], 1.720(3) 122.0(2) 84 
MoO.[C,H3N-2,6-(CH,CPh,S)] 1.69(6), 1.696(6) 110.5(2) 79 
MoO,(ttp) 1.709(9) 95.1(4) 91 

1.744(9) 

* The ligand is 2-o-hydroxyphenylbenzimidazole. 

Representative structures are shown in Figures 4—9. In addition to the characteristic Mo—O 
distance and O—Mo—O angle, there are several other features that the octahedral complexes 
in Table 1 have in common. The bond trans to the Mo—O linkage experiences a structural 
trans influence and is significantly longer than corresponding bonds to the same donor type that 
are cis to the oxo. For example in the complex MoO,(Et,dtc).®° shown in Figure 4, which has 
two-fold symmetry, the Mo—S distance trans to Mo—O is 2.639 A, whereas that cis to oxo is 
2.450 A. This effect is clearly attributable to the competition for the o and z orbitals along the 
shared axis between the oxo group and the sulfur atom trans to it. 

The complex MoO,L with L=~SCs;H,SCH,CH,SC,H,S~ has the typical distorted oc- 
tahedral structure*' with the two thioether donors of the tetradentate ligand lying trans to 
Mo—O, at Mo—S = 2.69 and the two thiolate donors trans to each other with Mo—S = 2.41 A. 
The longest known thioether Mo—S distance is 2.79 A found?? in the complex of the tripodal 
ligand N(CH,CH2S),(CH,CH2SMe)*~ shown in Figure 5. The dimensions of this complex 
closely parallel those found by EXAFS for sulfite oxidase. ®? 

In complexes where there is a choice, the general rule is that the weaker 2-bonding donor 
atoms are found trans to Mo—O, since they do not compete for the empty p and d orbitals 
along the same axis.’**°®°.885 For example in MoO,Cl,[OPPh3]2. the z-donating chloride 
ligands are found trans to each other and cis to the Mo—O, bonds. Likewise, in 
MoO,[(SCH2CH2)2NCH2CH2NMe,] the thiolate sulfur atoms are found trans to each other 
and cis to the terminal oxo groups.*' After this preference has been exercised the trends in 
bond angles can be rationalized qualitatively in terms of interligand repulsions in the Mo 
coordination sphere.*°?-83.84.85 

There are several complexes now known to possess a cis dioxo structure and to be 
non-octahedral in nature. In a number of these the coordination number about Mo is lower. 
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80 

Figure 5 The structure of MoO,[N(CH,CH,S),CH,CH,SMe]”* 

For example, four-coordinate MoO,S3~ and MoO,Cl, have tetrahedral structures related to 
MoQ z~. 

In some cases there may be formal six-coordination as in the complexes of deprotonated 
hydroxylamine ligands.8~°? These complexes have, in addition to two oxo ligands, two 
deprotonated hydroxylamine ligands (R,NO~) in the Mo coordination sphere. The 
hydroxylamine(—H) ligands can be considered as bidentate N,O donors, in which case the 
complexes are formally six-coordinate. Alternatively, the complexes may be considered as 
four-coordinate with the hydroxylamine(—H) ligands occupying two of the tetrahedral sites 
about the Mo atom. If the center of the N—O bond is taken as representing the donor site for 
the ligand, a geometry very near to tetrahedral is indeed obtained. 

The monodentate diatomic ligand formulation seems a structurally more consistent way of 
thinking about the deprotonated hydroxylamine ligands. As illustrated in Figure 6, if the 
structure of MoO,[Et,NO], is considered to be six-coordinate then it is distinctly non- 
octahedral. The O—Mo—O angle of 113.7° is significantly larger than the angles found in 
the octahedral complexes in Table 1. The N and O atoms of the ligands and the Mo atom lie in 
a plane with the two oxo ligands roughly equidistant above and below that plane. The structure 
superficially resembles the skew trapezoidal bipyramid structure that is described more fully 
below. However, in the present case the trapezoid defined by the N2O> ligand set does not 
contain the Mo atom within its boundary. The structure is therefore distinctly different from 
the skew trapezoidal structure discussed below and is really best represented as being 
tetrahedral with hydroxylamine(—H) ligands occupying two tetrahedral binding sites. Addi- 
tional complexes containing hydroxylamine(—H) ligands are discussed separately below. 
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Figure 6 The structure of MoO,[Et,NO],” 

There is one example” of a five-coordinated Mo’! complex wherein the atypical coordina- 
tion number is enforced by sterically bulky ligands. This structure” shown in Figure 7 is 
describable as a trigonal bipyramid in which two S-donor atoms of the tridentate ligand occupy 
the apical sites. The oxo groups and pyridine nitrogen of the tridentate ligand define the 
trigonal plane. Interestingly, the oxygen analog’”’” of this sulfur donor ligand forms a 
conventional near-octahedral complex with MeOH or DMSO as the sixth ligand donor. 
Apparently, the difference in steric bulk and/or donor ability of two sulfur donors compared to 
two oxygen donors in the tridentate ligand is sufficient to cause the observed change in 
coordination tendency. 

Figure 7 The structure of MoO,[NC;H;(CPh,S),] (unlabelled atoms are carbon)” 

There are two types of non-octahedral unequivocally six-coordinate formally Mo! com- 
plexes. The first type involves a complex of the ligand tetra(p-tolyl)porphyrin.®! Here the 
structure shown in Figure 8 reveals the molybdenum atom to possess a distorted trigonal 
prismatic coordination in which the two oxo groups are found on the same side of a highly 
deformed porphyrin ‘plane’. The O—Mo—O angle of 95.1° is the smallest known for any high 
resolution crystallographic determination of a cis-MoO3+ core. The simple alternative. of 
having the oxo groups on opposite sides of the porphyrin ring is apparently not viable as this 
geometry is only known and expected for the 4d” configuration of Mo!Y. The Mo atom in 
MoO,(ttp) is fully 1.095 A above the mean plane of the saddle-shaped porphyrin ligand. That 
the Structure is stable, despite the fact that the small O,—Mo—O, angle must entail a 
significant oxo—oxo repulsion, is a testimony to the proclivity of Mo! to adopt the cis dioxo 
configuration. 
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Figure 8 The structure of MoO,(ttp) (unlabelled atoms are carbon)”? 

The second type of six-coordinate complex in which a distinctly non-octahedral structure is 
adopted involves N-substituted cysteamine ligands. When N is not substituted, a complex such 
as MoO,[NH2CMe,CH,S], forms and adopts the expected octahedral structure® shown in 
Figure 9. In contrast, as illustrated in Figure 10, a skew trapezoidal bipyramidal structure” is 
found to be present***?* for MoO.[Me,NCH,CMe,S]>. The two N- and two S-donor atoms 
form an approximate plane in which the Mo atom also lies. The oxo donors lie equidistant 
above and below this plane. The non-octahedral nature of the complex is seen by looking for 
the atom that is expected to be trans to oxo in the octahedral structure. Indeed, the largest 
angle about the oxo ligand is 122° and this is the O—Mo—O angle. This is the largest 
O,—Mo—O, angle which has been found in oxo Mo%! complexes and it raises the interesting 
question as to whether these complexes are best formulated as containing Mo™'. Indeed, it has 
been suggested that the observed short S--S contact of ~2.74A may represent the partial 
formation of a sulfur—sulfur (i.e. disulfide) bond. If a full disulfide bond had been formed, the 
complex would be formulated as one of Mo!Y with oxidized ligands. Such a complex would be 

' Figure 9 The structure of MoO,[NH,CMe,CH,S],*° 
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expected to have a trans dioxo structure with O,—Mo—O, = 180°. However, the observed 

‘bond’ length may indicate partial reduction of Mo. This would be consistent with the observed 

angle being increased from the roughly 105° expected to the larger value actually observed. 

Figure 10 The structure of MoO,[Me,NCH,CMe,S],™ 

Clearly there is a universal tendency for dioxo Mo’! complexes to adopt a cis configuration 

and there is a strong disposition toward octahedral structures. The distortions within these 
structures are clearly attributable to interligand repulsions. However, recent work reveals that 
appropriately rigid or sterically demanding ligands can enforce lower coordination numbers or 
non-octahedral coordination geometry on the Mo sphere.”* In molybdoenzymes there is strong 
evidence for the presence of an MoO3* grouping.”** While octahedral coordination must be 
considered as a candidate structure for these enzymes, non-octahedral structures and lower 
coordination numbers cannot be eliminated. Indeed, proteins are capable of acting as 
extraordinarily sterically demanding ligands. 

36.5.4.2 Spectra and Characterization of Complexes with MoOQ3* Cores 

The MoO* group manifests itself in the infrared and/or Raman spectrum in the form of an 
intense two-band pattern corresponding to the symmetric and asymmetric Mo—O stretching 
vibrations. Values for representative complexes are shown in Table 2 which also displays the 
lowest visible absorption bands for those complexes where these are available. The infrared (or 
Raman) absorptions are by far the most characteristic feature by which to identify the presence 
of the MoO3* unit. 

Several studies °* of IR and Raman spectroscopy have concentrated on systematics of 
the MoO3* core vibrations. Substitution of '8O for '°O is useful in confirming assignments and 
calculating forces constants.°°°* The frequency shifts between complexes are dependent upon 
the donor ability of the remaining ligands, the geometry of the complex and the participation of 
the Mo—O, linkage in H-bonding.”® Often the IR spectrum along with elemental analysis data 
is sufficient to identify the MoO3* core. Proton and carbon NMR data (see, for example, refs. 
99-102) are often useful in a complementary way in establishing the disposition of the 
remaining non-oxo ligands. NMR can also be useful to establish the liability or fluxionality of 
the coordinated ligands.” 
“ONMR spectroscopy of oxomolybdenum complexes can give valuable structural 

information.’ Since the sensitivity of the quadrupolar J=3 '’O nucleus is inherently 
low, enrichment with '’O is required to obtain signals in acceptable time periods. Apparently, 
170 can be incorporated by exchange into already formed MoO3* core complexes.® The rates 
of exchange, although not quantitatively measured, appear to be qualitatively different for 
Mo—O, groups in somewhat different ligand environments, i.e. with different trans groups.® In 
certain skew-trapezoidal bipyramidal structures’ '?O NMR was used to support the main- 
tenance in solution of the structure found by single crystal X-ray diffraction in the solid.** The 
Mo—O, resonance occurs at 850-1000 p.p.m. downfield from HO making it readily distin- 
guishable from bridging (~400) and ligand oxygen atoms.®:!”” 

°°Mo NMR has been applied to MoO3* core complexes. The chemical shifts range over 
900 p.p.m. and display potentially useful ligand dependence.’* "© A comprehensive review of 
°>Mo NMR summarizes key trends.'2” 

Detailed electronic spectral studies for MoO2Cl, and MoO,Br, have been performed (rer. 
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Table 2 Vibrational and Electronic Spectra of MoO3* Core Complexes 

Complex 

MoO,Cl[OPPh,], 
MoO,Br,[OPPhs], 
MoO,Cl,(bipy) 
MoO,Cl,(DMF), 
(C35H;)MoO,Cl 
(NEt,)MoO,Cl,(acac) 
MoO,(acac), 

MoO,(oxine), 

MoO,(N-MeSal), 
MoO,(salen) 
MoO,(Cys-OMe), 
Na,[MoO,(Cys)2]- DMF 
MoO,(Me,dtc), 

MoO,(Et,dtc), 
MoO,(Bujdtc), 

MoO,(S,PPh,)2 
MoO,(S,PPr’2)2 
MoO,(SCH,CH,NH,), 

MoO,,(SCMe,CH,NH,), 

MoO,(SCMe,CH,NMe,) 

MoO,(SC,H,SCH>CH,SC,H.S) 
MoO,|(SCH,CH,),NCH,CH,NMe,] 

MoO,[(SCH,CH,),NCH,CH,SMe] 

MoO,(Et,dtc), 

MoO,(CysOMe), 
MoO,(OC,H,NHCH,CH,NHC,H,O) 
MoO,[OC,H,CHNHC(0O)C;H,N]H,O 
MoO,[OC,H,CHNHC(O)C;H,NJDMF 
MoO,[OC,H,CHNHC(O)C;H,N]DMSO 
MoO.[ON(Et)COMe], 
MoO,Cl(9-ane) 

(NEt,)2[MoO,(NCS),] 
Na,[MoO,Cl,] 

Na,[MoO,F,]-H,O0 

MoO,Cli~ in HCl 

MoO.F, (gas) 

MoO.Cl, (gas) 

MoO.Br, (gas) . 

MoO,I, (gas) 

IR or Raman (R 
v(Mo—O,) ue A(nm) E(cm™') e(M'cm™') _ Ref. 

947, 905 
944, 903 
935, 906 
939, 905 
920, 887 
931, 897 
935, 905 
925 (R), 898 (R) 
926, 899 

922, 904 
920, 885 
912, 884 
922, 892 
909, 875 

905, 877 
909, 877 
925, 890 
925, 890 
891, 866 

907, 872 

893, 879 

910, 885 
921, 893 

921, 891 

910, 877 
910 (R), 880 (R) 
912, 884 
930, 910 
922, 898 
932, 908 
910, 894 
935, 900 
930, 900 
925, 890 
964, 925 

948, 912 
951 (R), 920(R) 
960, 922 

1007, 987 
1009, 987 
994, 972 

991, 969 

972, 950 

320 
270 
370 
250 
242 

351 
306 
377 
290 
252 
380 
395 
375 
371 
354 
272 
246 
230 
355 
260 
228 
327 
278 

391 
325 
287 
236 
366 
350 
326 
286 
248 

351 
322 

274 

310 
226 

306 
259 
225, 
296 
252 
235, 

31 200 
37 000 
27 000 
39 100 
41 400 

28 500 
32 700 
26 500 
34 500 
39 700 
26 320 
25 320 
26 700 
26 950 
28 250 
36 760 
40 650 
43 480 
28 170 
38 460 
43 860 
30 500 
35 970 

25 600 
30 800 
34 800 
42 400 
27 300 
28 600 
30 600 
35 000 
40 000 

28 500 
31 100 

36 500 

32 300 
33 200 

32 680 
38 610 
44 440 
33 780 
39 680 
42 500 

3200 
22 000 

$300 
12 000 
3770 
6300 

15 000 
3700 
1020 

sh 

3270 
4000 
4200 
4400 
5100 
5600 
7200 
8000 
3200 
3980 

2930 
sh 

4430 
9530 

6130 
4570 

19 000 - 

5000 
7000 

74 
74 
222 
223 
224 
225 
225 

225, 
226 

137 
138 
227 
227 
228 
226 

228 
228 
229 
229 
106 
227 

106 

106 

124 
65 

65 

96 
417 
227 
189 

97 
97 
153 
192 
157 
164 
230 
231 

230 

157 
157 
157 
118 

157 
118 

157 

1387 
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118 and refs. therein) and interpreted by SCF-Xa-SW calculations.'’? However, the electronic 

spectra of the six-coordinate species, which are the major group discussed in this section, have 

not received much attention. 
EXAFS studies!”° have shown that the MoO3* core is readily identifiable in a variety of 

known compounds. These have been used'”’ to calibrate the EXAFS technique which was 
subsequently used to identify this core in sulfite oxidase and in desulfo xanthine oxidase.* 

36.5.4.3 Preparation and Scope of MoO3*+ Core Complexes 

The method of choice for the preparation of many dioxo Mo”! complexes involves the use of 
MoO,(acac)2 which is easily prepared from MoO% and acacH by adjusting the pH. 
Thermodynamic data for the formation of MoO,(acac), have been presented.” 

The reaction of equation (7)'”* is typical and proceeds readily in THF. Alcohols, especially 
MeOH, are also much used in related syntheses with base (often a tertiary amine) sometimes 
used to help ionize the incoming ligand. In the absence of base, the free acacH (b.p. = 139 °C) 
formed can be readily distilled under partial vacuum from the reaction solution along with the 
solvent. 

S ~ 
MoO,(acac). + peas Hs — MoO,L + 2acacH (7) 

LH, 

Alternative preparative approaches, while not systematically directed toward MoO3* 
complexes can nevertheless be useful. For example, oxidation of Mo(CO),(bipy) with Br> in 
C,H;OH—CH,Ch, yields MoO-Br2(bipy).* The corresponding dichloride can be prepared by 
ligand exchange in boiling acetone.’ The complexes MoO,X(9-ane) (X=Cl, Br; 9-ane = 
1,4,7-trimethyl-1,4,7-triazanonane) are also prepared by oxidation of the low valent complex 
Mo(CO),(9-ane) with the appropriate halogen and subsequent hydrolysis.‘ 
MoO,(R.dtc)2 complexes can be prepared from the Mo!’ complexes, MoO(R2dtc)2. As the 

latter are often formed from the former, the route is not synthetically useful. However, since 
the oxygen atom donor can be DMSO (forming dimethyl sulfide)'*°'’ the route is reminiscent 
of the enzymic reduction of biotin sulfoxide.° Other oxidants capable of effecting the 
conversion include N-oxides such as pyridine N-oxide or N-hexylmorpholine N-oxide’*’ and 
oxygen’”*-”° but not N,O'*? as originally claimed.'?’ 

Certain classes of ligand deserve special mention as their MoO3* complexes have received 
particular attention. The 1,1-dithiolate ligands, especially N,N-disubstituted dithiocarbamates, 
have been very thoroughly studied.'*"’*? Evidence for the existence of the dithiophosphate 
complex MoO.[S,P(OEt)2], in solution has been obtained.”> This and a number of other 
dithiolate complexes may be unstable toward internal redox in which the S ligand serves as the 
reductant to produce a lower valent Mo—S complex. 
A related ligand is the ferrocenecarbodithioate ligand which behaves similarly to dithiocarb- 

amates in forming an isolable series of Mo'Y, MoY and Mo¥! complexes.'**!*> The 
MoO,(S2CCsH4FeCsHs)2 complex shows v(Mo=O) at 920 and 889cm™! and gives a 
quasireversible reduction wave with E12. of —0.89 V us. SCE attributable to Mo reduction and 
a quasireversible oxidation wave at +0.95V us. SCE attributable to ligand (ferrocene) 
oxidation.‘**1°5 

The interesting ligand (1)'*° has two potential chelating modes upon ionization. Depending 
on its tautomeric state, either N,S or S,S coordination allows it to act as a bidentate chelating 
ligand. Apparently, it acts as a 2-aminocyclopent-1-ene-1-carbodithioate, i.e. as a 1,1- 
dithiolate, to form MoO,L, complexes.'*° 
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Complexes containing Schiff base chelating ligands have been extensively studied.!3”-! Here 
the ligands include bidentate, tridentate and tetradentate representatives where O or S donors 
supplement the imine nitrogen. Examples are listed in Tables 2 and 3. Sample ligands include 
(2), (3) and (4). 

H R H CH CH, HiNG CH SCHs oH 
aS eA aS va ~ Ss C=N C=N NH, bn N=C 

: ti so gear 
(2) L (3) L’ (4) Salen 

The bidentate ligands (L) form MoO,L, complexes while the tetradentate ligands form 
complexes such as MoO,(Salen). The tridentate ligands (L’) form complexes MoO,L'(Y) 
where Y can be a variety of O-, N- or S-donor ligands, often the solvent from which the 
complex is isolated. Extensive studies have probed the effect of substitution on the aromatic 
ring, substitution for the hydrogen of the Schiff base carbon, and the length of the group 
pendent (or bridging) on N, the Schiff base nitrogen.%-14*14” Mixed Fe, Mo complexes with 
Schiff base ligands have been reported’ but not structurally characterized. 

The complex anion, MoO,(cat)3~ (where cat = catecholate = benzene-1,2-diolate) has been 
extensively studied as the starting point for a series of complexes in the Mo™, Mo!Y and Mo! 
oxidation states.'4?'°!°° MoO,(cat)3~ in slightly acidic aqueous solutions undergoes sequential 
electrochemical one-electron and two-electron reductions leading to penta- and tri-valent 
Mo.” In slightly alkaline solution four oxidation states are electrochemically accessible.'*! 
Upon reduction the number of oxo groups per Mo decreases leading to reactivity and lability 
which may be related to the function of oxomolybdenum centers in enzymes.'°° Complexes 
containing 3,5-di-tert-butylcatecholate behave in a somewhat different fashion” involving an 
isolated dinuclear Mo™! species. 

The biologically active compounds glycine,” hydroxamate,’*’ phenacetin’* and acetanilid’™ 
each form MoO ,L, complexes. While these complexes help define the ways in which these 
organic molecules may serve as ligands, they have, at present, no obvious biological relevance. 
Several heterocyclic N-oxides also form MoO3* complexes.'*° 

Neutral complexes are known of the form MoO,X, where X=F,’°° Cl,'’® Br,'® I,'°’ 
OSiBu$,°? R,NO®%*®? and mesityl.°° These complexes contain the MoO3* core and two 
monodentate ligands. The halo complexes”"1®119-1°° are mononuclear in the gas phase and di- 
or poly-nuclear as solids or in solution. The —OSiBu$'°? and —C,H,Me,’’ complexes are 
apparently mononuclear. The siloxy compound’® is made by the direct reaction of tris(t- 
butylsilanol) with MoO;, presumably according to equation (8). 

2Bu3SiOH + MoO; — MoO,[OSiBus], + H,O (8) 

The mesityl complex’? is prepared by the reaction of the Grignard reagent and 
MoO,Cl,(THF), in THF presumably according to Scheme 2. 4 

Me 

2[Cs;H.Me3]MgBr ——> MoO,Cl,(THF) —> MoO, Swe + MgCIiBr + 2THF 

Me 2 

Scheme 2 

These complexes likely have approximate tetrahedral structures and resemble MoO rather 
than the largely octahedral MoO3* complexes discussed in this section. 

The series of complexes MoO,X, (X=F, Cl, Br) can be used to prepare MoO 2X, 

complexes where L, is py2, bipy, (DMSO), or other ligands. Examples of these complexes, 

which are formally adducts of MoO,X2, are given in Table 1. The structurally characterized 

complexes have the z-donor halides trans to each other and cis to the Mo—O, bonds. 
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36.5.4.4 Reactivity of Complexes with the MoO3* Core 

The dioxo core is susceptible to redox reactions which lead to reduction of the Mo center in 

conjunction with oxo removal,!9!:16.161,16.163.164 Schematically, the core reaction in equation 

(9) gives the Mo! complex. The reactant and product of this reaction, however, can combine 

with comproportionation as in equation (10) to give the dinuclear Mo’ core. 

VI IV 

2+ (0] 2+ 
MoO; ar MoO (9) 

IV VI Vv 

MoO?* + MoO3* — > Mo,03* (10) 

A general treatment has been published of oxygen atom transfer kinetics for complexes 

wherein the dimerization/comproportionation reaction is a complicating feature.’ This 

treatment critically summarizes all pertinent earlier information. The assumption that 
dimerization is very fast with respect to oxygen atom transfer is born out by the agreement of 
the observed and calculated kinetic parameters. 

The oxo removal reaction can be effected by a variety of trialkyl and triaryl group V 
reactants. For example, the reactivity of MoO ,(Et,dtc). with regard to oxo removal is 
reported’® to qualitatively follow the order Ph3P > Et,;N ~ Ph3As > Ph3Sb > Ph3Bi > Ph3N. 
For phosphines, the rates of reaction follow the expected order of nucleophilicity’® 
PEt; > PEt,Ph > PEtPh, > PPh3. 

As far as the ligand is concerned, toward oxidation of either PPh; or PRNHNHPh, the order 
of reactivity is‘®* S,CNEt, > thiooxinate >Cys-OMe. The oxidizing ability of MoO3* com- 
plexes is enhanced by the presence of S-donor ligands.'® 

The reaction of MoO,(R2dtc), (R= Et, Pr” and Bu') with PPh; and other phosphines has 
been thoroughly studied.’®’ The reaction is first order in both complex and phosphine which, 
along with the large negative entropy of activation, fits a simple bimolecular mechanism.*®’ 
Similar studies have been performed on MoO,(Cys-OEt)2 with similar results. The general 
equation (11), (with the previously mentioned comproportionation as a complication) is clearly 
well established.’©””8 It has potential analytical applications for the determination of PPh; by 
monitoring the intensely colored Mo,O,(Et,dtc), formed in the comproportionation of 
equation (12). 

Mo™'0,L + PR; —> OPR;+Mo'YOL, (11) 

MoO,[Et,dtc], at MoO[Et,dtc], —=—> Mo,O,[Et.dtc], (12) 

Kinetics of the reaction of certain MoO 2L complexes (L = S-containing salicylaldehyde Schiff 
base) with PEtPh, also show the reactions to be first order in complex and in phos- 
phine,’**1*7"8 The rate constants depend upon the substituent on the aromatic (salicylal- 
dehyde derived) ring and correlate with reduction potentials of the complexes. !*° 

The kinetics of the equilibrium reaction (13) was studied by concentration-jump relaxation 
techniques’*’® for L=S,CNEt,, SSeCNEt,, SexXCNEt:, S,P(OEt). and S,PPh2. The diethyl 
diselenocarbamate complex is found to be the most highly dissociated and the rate constant for 
its dissociation is the highest. The diphenyldithiophosphinate complex is the most stable and 
slowest to dissociate.'°!® 

MoyO,L, —— Mo’YOL, of Mo™0,L, (13) 

The porphyrin complex MoO,(tpp) also reacts with phosphines to form phosphine oxides!”° 
or with secondary alcohols to produce ketones.'’' The latter reaction appears to occur by 
one-electron (radical) steps showing the versatile reactivity of the Mo-—oxo—porphyrin 
grouping.'” A one-electron oxidation of MoO;(tpp) forms the radical cation which readily 
undergoes oxygen atom transfer to yield the Mo’ complex MoO(tpp)*.!” The reaction has 
some features in common with those of cytochrome P450.172 

Reaction of MoO,(MeHNO), with heterocumulenes such as alkyl or aryl isocyanate 
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yields*® by equation (14) an adduct with a five-membered chelating ring. Related ‘heterocumul- 
enes’ such as SCN and CS; yield similar structures (see below). 

~O=—NHR 
MoO,[MeHNO], + RNCO —> MoO, (14) 

O Me 2 

Reaction of MoO,(Et,dtc). with CsH,;,NCO forms the dinuclear Mo,0;(Et2dtc), complex. 
However, MoO,(Et,dtc), or MoO,(acac). yields with ArNSO the oxo arylimido complexes 
MoO(NAr)(Etdtc), and MoO(NR)(acac)2, respectively.°° The former compound has also 
been prepared by the reaction of MoO(Et,dtc), with ArN3.!77 . 

The reactions’® of equations (15) and (16) illustrate the substitution of a hydrazide(2—) 
ligand for an oxo ligand. Similar reactivity is seen for the complex 
MoO,(SCH,CH,NMeCH,CH,NMeCH,CH2S) = MoO,L which yields MoO(N2R2)L and 
Mo(N2R2)2L.'* Interestingly, the related complex, MoO,(SCH,CH,NMeCH,CH,CH>- 
NMeCH,CH2S) =MoO>,L’ reacts only with benzoylhydrazines to give MoO(Ph- 
CONNH),L’, a possible seven-coordinate MoO*t core complex.!” 

MoO,(R,dtc), +NH,NHR —> MoO(N>HR)(R.dtc), (15) 

Thermodynamic considerations indicate that the oxygen atom transfer reactions between 
MoO,(R2dtc)2 and enzyme substrates should be largely irreversible.!’?> For example, 
the hypothetical reaction of equation (17) has AH =~—28.5+5.5kcalmol”! (=—119+ | 
23.0 kJ mol‘). The reaction should have a small AS and hence should have a negative AG and 
proceed spontaneously.'”” There are, however, complicating factors. 

MoO,(Et,dtc), +MeCHO — > MoO(Et,dtc), +MeCO,H (17) 

The formal transfer of an oxygen atom is one way of describing the function of the Mo site in 
molybdoenzymes.° The formation of dinuclear reduction products is a complication that causes 
difficulty in trying to model the mononuclear site.°’® This difficulty can be overcome by the 
use of sterically demanding ligands that prevent the formation of the dinuclear 
complex,’?”?!75-17-177 For example, the cycle shown in Scheme 3 can be effected without 
dimerization. Further, in this case DMSO and the enzyme substrate biotin sulfoxide, can serve 
as the oxo donor to form the Mo™! dioxo complex during the catalytic cycle.””'”” The Mo¥! 
complex involved is discussed structurally above (Figure 7). 

Ph Ph 

PPh, O=PPh; 
O ee , yi, 

— Mo 
\ Ss 

MeSMe Mere 

Ph Ph One a 
Mo’! 

[biotin] biotin 

sulfoxide 

Scheme 3 

MoO,(Cys—OEt), and other dioxo-Mo™' complexes have also been studied as reactants 

toward enzyme substrates. '7°-1”?'81-185 The original report of aldehyde oxidation to a carboxylic 
acid mimicking the action of the enzyme aldehyde oxidase’”* has not been substantiated,’””"’*" 
Ligand, solvent and photochemical reactions are occurring’”” rather than the simple oxo 

transfer reaction postulated for the enzyme. Aldehydes react with MoO,(Cys-OEt). to form 

thiazolidines.1”? Reaction of aldehydes with MoO,(acac), or MoO,(Et,dtc), require photo- 
chemical initiation and chlorinated solvents (CH2Cl,, CHCl;) and are clearly not related to 
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enzymic activity. Photolysis of MoO,(Et,dtc),'*° or MoO,(dibenzoylmethanato),"** leads to yet 
uncharacterized but interesting reduced Mo-containing products. MoO2(Et,dtc)2 is reported to 
catalyze the reduction of NOy to’.N,O by HCO,H in DMF."*® This reaction involves the 
reduction of MoO,(Et,dtc), by HCO2H, giving MoO(Et,dtc),,'** a reaction that may be similar 
to the one catalyzed by formate dehydrogenase. 
MoO,(Cys-OMe)2, MoO,(S,CNEt,) and other complexes are reported” to catalyze the air 

oxidation of benzoin to benzil. The complex MoO,(Cys-OR)2 (R= Me, Et, Pr' and CH2Ph) 
catalyzes the O, oxidation’**:!** of PPh; in DMF by a mechanistically involved process in which 
excess HO prevents the catalytic redox cycle.'**1°° 

The electrochemistry of _MoO3*t core complexes has _ been _ extensively 
studied 0° :73:106,136,126,151,193,149,174,186-193 Virtually all compounds studied show irreversible 
electrochemistry. However, one complex, MoO(SCH,CH,NMeCH,CH,NMeCH,CH,S), 
displays a reversible, one-electron reduction wave.‘ The one-electron reduction 
product!” has been characterized by EPR spectroscopy as 
MoYO,H(SCH2CH,.NMeCH,CH,NMeCH,CH,S)~. This MoY complex displays proton super- 
hyperfine splitting reminiscent of that found in xanthine oxidase.’ 

The formation of MoO3* complexes and their substitution, ligand exchange and rearrange- 
ment (fluxionality) reactions have been reviewed.’”° 

36.5.5 COMPLEXES WITH Mo0O** CORES 

The MoO** core structure is found in Mo%! chemistry in a relatively small number of 
authenticated structures and in a few suggested examples shown in Table 3. The simplest set of 
complexes which potentially contains the MoO** core is MoOX,(X =F, Cl, Br). While a 
square pyramidal structure seems probable for the chloro and bromo complexes,” the fluoro 
complex is polymeric in the solid state and in solution as well.~**° 

Table 3 Complexes Containing MoO** Cores 

Complex n(MO—O,) (cm~*) Mo—O, (A) Ref. 

MoOF3 1030 1.65(11)* 232 
MoOCl, 1015 232 
MoOBr, 998 232 
MoOS,(Pr°dtc), 917 240 
MoOF,(Et,dtc), 945 1.701(4) 246 
MoOCL(Et,dtc), 947 1.701(4) 246 
MoOBr,(Et,dtc), 960 246 
MoO(C;H,,NO),(O5C,H,) 920 1.68(6) 247 
MoOC1,(acda), 955 136 
MoO(abt)(acda), 940 136 
MoO(MeNHO),[MeN(O)C(S)S] 928 1.689(6) 244 
MoO(PhCONNH)[SCH,CH,NMeCH,CH,CH,NMeCH,S] 890 174 
[MoO(Et,dtc);]BF, 935 239, 238 
MoO(MeNHO),[HNC(S)NMeO] 926 1.677(8) 87 
MoO(MeNHO)[HNC(S)NMeO][H,NC(S)N(Me)O] 1.691(3) 87 
Cs,[MoO(S,).(SC(O)C(O)O)] 1.660(8) 248 

“Polymeric solid. 

The reaction of MoO,(R2dtc)2 (R= Me, Et, Pr") with HF, HCI or HBr*° eliminates H>O 
and gives MoOF,(Rodtc)2, MoOCl,(R2dtc), and MoOBr,(Ro2dtc)2, respectively. The structure 
of MoOCl,(Pr3dtc)., shown in Figure 11, reveals a seven-coordinate complex. An approximate 
pentagonal bipyramid is formed with an apical oxo and a trans chloro ligand. The four sulfur 
donors of the R2dtc™ ligands and the second chloride ligand form the equatorial plane. An 
alternative route to MoOCI,(R2dtc), involves oxidative addition of Cl, to MoO(R2dtc).7° The 
ligand CsHsNH,CS; = acda™ **’ displays similar chemistry.1*° 

The cation MoO(R,dtc)3; has been isolated in a number of salts™*-? with BF; , PFs, ClOz, 
Mo20.F§- and Mo,Ojs as counterions. The structure of the Mo,0,F%~ salt shows that the 
cation has a seven-coordinate pentagonal bipyramidal structure”*® with terminal oxo in an 
apical position. Proton NMR indicates this structure to be present in solution”? although 
variable temperature work indicates significant fluxionality. The complex cation can be 
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Figure 11 The structure of MoOCI,(Pr3dtc),*° 

prepared from MoO,(R2dtc). and a hydrohalic acid. These reactions, although obviously 
complex, can give >50% yield of product with the remainder of the Mo presumably ending up 
as MosO{9. The characteristic Mo—O stretching band appears at ~935cm7! in the IR 
spectrum for MoO(Et,dtc)3. 

The blue complexes MoOS,(R2dtc). have been prepared by several routes.74°?4? The 
structure shown in Figure 12 again reveals a pentagonal bipyramid with S3~ in the equatorial 
plane, one R2dtc~ ligand in the equatorial plane and the second R2dtc™ ligand spanning axial 
and equatorial positions. 

Figure 12 The structure of MoOS,(Pridtc).°° 

Among the reactions which lead to the MoOS,(R2dtc), complex are those of equations (18) 
to (21). 

MoO(R.dtc), +S; ——~ MoOS,(R.dtc), (18)°° 

MoO,(R,dtc), +H;S —> MoOS,(Rdtc), (19)40241 
S 

MoO,S2- + R,NO_s—s—ENR; — Mo0OS,(R.dtc), (20)* 

Mo,0,(R.dtc), + NaS, — > MoOS,(R.dtc); Gi 

The Mo!Y complex MoO(Rodtc), is a potential source of new MoO** complexes. Thus, 
reaction with Sg gives MoOS,(R2dtc).° while reaction with Cl, gives MoOClL,(Ro2dtc)>.7*° 

Reaction with MeO,CC=CCO,Me yields the acetylene adduct MoO(R2dtc)2- 

(MeO,CCCCO2Me) which, upon protonation with CF;CO2H, gives the complex MoO(R2dtc)2- 

(MeCO,C=CHCO,Me)(O2CCF3) with coordinated trifluoroacetate**? according to equation 

(22). 

MoO(R.dtc),(MeO,CCCCO,Me), + CF;CO,H Tempe HE) EOC CHICO MEN OES Ee 

Complexes containing a single oxo and hydrazido(2—) ligand are discussed separately below. 

The reaction of MoO,(MeNHO), in the presence of the hydroxylamine ligand and CS; 

proceeds according to Scheme 4.” The resultant formally seven-coordinate complex has a 

distorted pentagonal bipyramidal structure with the lone oxo group in the apical position. The 

five equatorial positions are occupied by two formally bidentate O,N hydroxylamido ligands of 
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the starting material and the sulfur atom of the N-methyl-N-oxodithiocarbamate ligand. The 

oxygen of this ligand binds trans to Mo—O, in the apical position with the O,—Mo—O angle of 

162.1°. As discussed below other heterocumulenes such as RCN, SCN~ and OCS are also 

reactive toward hydroxylamine to form related ligands and complexes.” 

S SH S S Me \/4 Mee Ei led aad SR 
Ss }~ oe iaen | MoO,(MeNHO), + > N—OH + CS, —> xn —> MoO nN 

be 
H me. OH O Noonan 

2 

Scheme 4 

°°Mo NMR spectra of a representative sampling of MoO** complexes containing R2dtc™ 
ligands reveal a relatively narrow distribution (55 to 183p.p.m.) of chemical shifts. The 
complexes MoO(Rzdtc)+ fall in the range 55-80p.p.m. A combination of IR, **Mo and 
170 NMR spectra should prove powerful in characterizing MoO**-containing complexes in the 
future. 

There is one reported example in Mo¥! chemistry of a MoS** and MoSe** core. These are 
presumably found in MoSF,2*° and MoSeF,.”° The band at 564 cm~’ in the former compound 
is assigned to the Mo—S stretch.”*° 

36.5.6 NITRIDO COMPLEXES 

The nitrido ligand N*~ is isoelectronic with the oxo ligand O?~. Known nitrido complexes 
contain a single nitrido ligand and are often structurally related to analogous oxo complexes. 
However, unlike the situation for oxo complexes, there are as yet no examples of dinitrido or 
trinitrido complexes. The majority of known nitrido complexes are mononuclear and can be 
five-, six- or seven-coordinate. Such complexes possess square pyramidal, distorted octahedral 
or pentagonal bipyramidal structures, respectively. Structural results are given in Table 4 where 
the Mo—N distance can be seen to be extremely short, even shorter than Mo—O distances. 
This is due to stronger multiple bonding between Mo and N compared to O. For similar 
reasons v(Mo—N) is usually above 1000cm~*, whereas v(Mo—O,) is usually found below 
1000 cm~*. The ability of the N°~ ligand to o- and z-bond and hence donate very strongly to 
Mo may be the reason for the absence of multinitrido or oxo-nitrido complexes of Mo%!. 

Table 4 Nitrido Mo¥’ Complexes 

Complex Mo—N (A) v(Mo—N) (cm~*) Ref. 

MoNCI,(OPPh;), 1030 253 
MoN(N;),Cl(terpy) 1.662(7) 260 
MoN(N;)3(bipy) 1.642(2) 948 261 
MoNCI,(bipy) 1010 252, 253 
MoNCI,(OPPh;), 1020 253 
MoN(N;)3(py) 1.643(3) 249, 251 
[AsPh,][MoN(N3)4] 1.630(6) 1040 250 
[AsPh,][MoNF,] [1.83(4)] [969] 263 
[AsPh,][MoNCl,] 1.66(4) 1054 264 
[PPh,][MoNCl,] 1.637(4) 265 
[PPh,][MoNBr,] 1.63(2) 1060 266 
[AsPh,],[MoNCl,(PO,Cl,),] 1058 255 
MoN(Me,dtc); 1.641(9) 1019 267 
[MoN(tpp)]Br, 1014 254 
[MoNCl,], 1.638(11) 268 
[MoNCI,-OPCI,], 1.659(5) 1042 269 

[2.150(5)] 
[MoNBr3], 1025 257 
{[MoN(Et,dtc),],Mo(Et,dtc),}(PF,)3 1.65(1) 259 

1.66(1) 
2.12(2) 
2.14(2) 
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Structurally, the Mo nitride bond exerts a significant trans influence. In the extreme this 
leads to empty sites trans to Mo—N, such as in MoNClz or MoN(N3)3(py).7”” In the octahedral 
complex, MoN(N3)3(bipy) the nitrogen of the bipy ligand trans to Mo—N, is 2.42 A while the N 
of the same ligand cis to Mo—N, is 2.24 A.7*1 In the seven-coordinate pentagonal bipyramidal 
complex MoN(Mez.dtc)3 the S trans to Mo—O, has Mo—S = 2.85 A while S in the same ligand 
cis to Mo—N (in the equatorial plane) has Mo—S = 2.51 A. Clearly, Mo—N, has a structural 
trans effect comparable to or greater than that of oxo in analogous complexes. 

The most common preparative route for Mo”! nitrido complexes involves the reaction of 
azides such as CIN; or Me3SiN3 with lower valent Mo complexes.” The resultant azido 
complexes are often unstable and eliminate N, to form the nitrido complex as shown in 
equations (23) and (24) or equation (25). 

MoCILN, <a. MoNCl, + N, Se Cl, (24) 

MoCl,(MeCN), + Me;SiN; + bipy ——> MoNCl,(bipy) + Nj + 2MeCN + Me,SiCl (25) 

Once the nitrido complexes are formed they are reactive toward ligand substitution as in 
equations (26) and (27). Many complexes have been prepared exploiting this substitutional 
reactivity ,~°!?>” 

MoNCl; + bipy —> MoNCl,(bipy) + Cl” (26) 

MoNBr, + H.tpp —~ [MoN(tpp)*]Br; + H2 (27) 

The nitrido nitrogen is reactive nucleophilically leading in some cases to di- or tetra-nuclear 
complexes in which nitrido binds to a second molybdenum as a weak ligand. For example, the 
structure of [MoNCI;,(OPCI;)], is illustrated in Figure 13. The complex MoN(R2dtc); reacts 
with Sz or propylene sulfide to give the thionitrosyl complex MoNS(R2dtc)3.7°8 

Figure 13 The structure of [MoNCI,(OPCI,)]47° 

Reaction of MoN(Etpdtc); with NH,OSO3H (in an attempt to make a hydrazido complex) 

yields an unusual trinuclear species.>° The diamagnetic tricationic brown complex 

[MoN(Etzdtc)3]}2Mo(Etzdtc); formed?’ has been shown by X-ray studies to have two bridging 

nitrido ligands such that the central Mo is eight-coordinate (dodecahedral) while the terminal 

Mo atoms have pentagonal bipyramidal seven-coordinate structures. The Mo—N distances to 

terminal Mo atoms are comparable to those in MoN(Mezdtc)3 at 1.65(1) and 1.66(1) but the 

Ccoc3-ss 
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distances to the central Mo are significantly longer at 2.12 and 2.14A. The bridging is 
reminiscent of that found in [MoNCls], and [MoNCI,(OPC1,) ]4. 

36.5.7 IMIDO AND ARYL- AND ALKYL-IMIDO COMPLEXES 

Imido (NH?~) and arylimido (NR?~) complexes have been prepared for Mo™’ as well as for 
lower oxidation states of Mo. The alternative formulation for the ligand is that of a nitrene 
wherein the ligand is neutral. This, of course, makes the formal oxidation state of the metal 
two units lower for each ligand compared to the corresponding arylimido formulation. We 
prefer the arylimido formulation as the resultant complexes all have analogs in the chemistry of 
oxo Mo”! species and do not have analogs in lower oxidation state Mo chemistry. 

The lone structurally characterized imido complex is MoO(NH)CI,(OPEtPhz)..7” Here the 
oxo and imido ligands are cis to each other with Mo—O=1.66 and Mo—N=1.70 A, 
respectively. The N—H hydrogen has been located and the Mo—N—H angle is 157°. The 
orange-yellow complex was prepared by the reaction of MoOCI, with Me3SiN; followed by the 
addition of the tertiary phosphine oxide.*” 

The arylimido complexes are prepared by the reaction of an arylazide with an appropriate 
Mo starting material. For example, the reaction of Mo(CO),(R2dtc), with phenyl azide?” 
yields the complex Mo(NPh)2(R2dtc). whose structure is shown in Figure 14. The structure is 
clearly analogous to that of MoO.(R2dtc). with cis phenylimido ligands in place of the cis oxo 
ligands. The two phenylimido ligands differ significantly in their Mo—N—C angles and Mo—N 
bond lengths. These correspond to 139.4° and 1.789 A, respectively, for one ligand and 169.4° 
and 1.754 A, respectively, for the other. Interestingly, the phenylimido ligand does not appear 
to exert a significant trans influence in this or other complexes. The reaction of MoO(R2dtc), 
with phenyl azide gives the mixed oxo—phenylimido complex MoO(NPh)(R2dtc),.7”7 These 
complexes contain two oxo-equivalent ligands (i.e. one oxo and one arylimido) and 
approximate octahedral coordination: geometries. In contrast to these complexes is the 
p-tolylimido complex Mo(N-p-CsH,Me)Cl,(THF)?” which has a single oxo-analog ligand and 
an octahedral six-coordination. 

Figure 14 The structure of Mo(NPh),(R dtc), (unlabelled atoms are carbon)*”! 

Other aryl imido complexes seem to resemble more closely the seven-coordinate pentagonal 
bipyramidal complexes with a single oxo-equivalent ligand (in this case an arylimido or 
alkylimido ligand). The complex cation Mo(NMe)(R2dtc)3 ?” is closely related both to the 
nitrido complex MoN(Rz2dtc)3 and to the oxo complex MoO(R,dtc)3. As anticipated, the 
Mo—N bond distance is, at 1.73 A, significantly longer in the arylimido compared to either the 
corresponding nitrido or oxo complex. The complex Mo(NPh)CI,(R2dtc):?”°?” has the 
pentagonal bipyramidal structure found for its oxo analog MoOCl,(R2dtc)>.24 
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36.5.8 HYDRAZIDO(2—) COMPLEXES 

Hydrazine is one of the suggested intermediates on the pathway of the reduction of 
dinitrogen.”’”° Hydrazine can serve as a conventional ligand using the lone pairs on each N atom - 
as donors to a transition metal. However, hydrazine can also be deprotonated by one or two 
steps to produce monoanionic and dianionic ligands, respectively. The double deprotonation of 
N>H, leads to the hydrazido(2—) ion which, in its disubstituted manifestation R,N3", is a ligand 
to a significant number of Mo™! complexes. A majority of these have exact analogs in the 
chemistry of simple oxo complexes and so hydrazido(2—) joins the ranks of ligands that are 
oxo-like in character. In a significant number of cases a hydrazido(2—) complex can be 
prepared directly from the corresponding oxo complex by simply refluxing the oxo complex and 
the corresponding hydrazine in an appropriate solvent. 

For example, reaction of MoO.(SCH,CH2.NMeCH,CH,NMeCH,CH,2S) with NH,NPh, 
yields the hydrazido(2—) complex MoO(N2Ph2)(SCH2CH,.NMeCH,CH,NMeCH,CH,S) whose 
structure?’”*”® is shown in Figure 15. Note the placement of the hydrazido(2—) ligand cis to 
oxo, the relatively short Mo—N distance of 1.778(3), and the O—Mo—N angle of 105.9(1)°. 
These features are reminiscent of the starting cis dioxo complex. The near linear Mo—N—N 
angle of 172.9(2)° and the N—N distance of 1.309 reveals some multiple binding between the N 
atoms of the hydrazide(2—) ligand.*”’ The Mo—N distance at 2.464(3) trans to oxo and 
2.359(3) trans to hydrazido(2—) reveal that the oxo group has a stronger trans bond 
lengthening influence than does the hydrazido(2—) ligand.?” In most cases the Mo—N—N 
angle is near linear. A compilation of key distances in hydrazido(2—) complexes is given in 
Table 5. 

Figure 15 The structure of MoO(N;Ph;)(SCH,CH;NMeCH,CH,NMeCH,CH,S) (unlabelled atoms are carbon)” 

Table 5 Hydrazido(2—) Complexes of Mo™" 

Complex Mo—N (A) N—N(A) Mo—O(A) _ Ref. 

— 280 {Mo(NNPhEt)[(CH,)sdtc],}BPh, 1.715(16) 1.37(2) 
Mo(NNMe,)(SCH,CH,PPhCH,CH,S), 1.775(6) 1:57 — 281 

[Mo(NNMePh)(NHNMePh)(Me,dtc),]BPh, 1.752(10) 1.285(14) — 279 

Mo(NNPh,)(Mezdtc), _ 1.790(8) 1.31(1) a 282 
Mo(NNMePh),(Mezdtc)2 : too ; oe — a 

MoCl(NNMe,)2(PPhs)2]Cl ; : — 
[MoCi( €2)2(PPhs)2] 1752(5) 12168 pa i 

bi BPh. 1.80(1) NP) — 
[Mo(NNMe,),(bipy)2](BPh,) 179(1) 1280) i 0 

MoO(NNMe,)(Me-dtc 1.85(2) 1.24(2 — 

oc ran 1.800(9) 1.28(1) 1.6719) 284 
MoO(NNPh,)(SCH,CH,NMeCH,CH,NMeCH,CH,S), 1.778(3) 1.309(4) 1.696(2) 277 

(PPh, ][MoO(NNMe,)(SPh)3]-Et,O 1.821(9) 1.292(14) 1.705(8) 285 
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Reaction of the MoY complex MoO(SPh); with H,NNMe, leads to MoO(N2Me2)(SPh)3.7°° 
This complex anion has a_ distorted square pyramidal _ structure in_ the 
([PPh4][MoO(N,Me,)(SPh)3]-Et,O salt with the oxo ligand in the apical position.“ The 
complex has an unusually small Mo—N—N angle of 152.5(10)° in contrast to the near linear 
linkage Mo—N—N = 169°—180° found in all other complexes in Table 5. 

The oxo hydrazido complex MoO(N2Me>)(oxine), reacts with HX (X=Cl, Br, SPh, cat, 
4tdt) to give MoO(N2Me;2)X.(oxine),.*** This reactivity is analogous to that of the dioxo 
complexes reacting with HX to give the corresponding seven-coordinate oxo dihalogeno 
complexes.”“° 

The bis[hydrazido(2—)] complex Mo(NNMePh).(Mezdtc), reacts with one equivalent of HCl 
to produce the cationic complex Mo(NNMePh)(NHNMePh)(Me.dtc)z which contains one 
near-linear hydrazido(2—) and one hydrazido(1—) ligand bound to Mo through both N 
atoms.””? The side-on bound hydrazido(1—) ligand has Mo—N = 2.069(8) and 2.185(9) and 
N—N = 1.388(12) A. Other side-on bound hydrazido complexes are known.” 

36.5.9 PEROXO COMPLEXES 

Early work on peroxo compounds of molybdenum has been reviewed.” The stoichiometri- 
cally simplest Mo peroxo complex is the red-brown Mo(Q;)3~ ion formed by the reaction of 
MoO? with H,O0,. Although the complex is not stable in solution and decomposes slowly with 
the evolution of O,, the anion can be crystallized as the Zn(NH3)3* salt whose structure has 
been determined. In a sense, Mo(O;)% is an intermediate in the thermodynamically favored 
decomposition of hydrogen peroxide to water and oxygen. 

As discussed above, the peroxido ligand, O37, is capable of substituting for the oxo ligand, 
O7~, such that there is no gross change in geometry of the resultant complex. There is no more 
striking example of this than Mo(O2)4-. The structure of the anion in [Zn(NH3)4][Mo(O2)a,] is 
shown in Figure 16. It consists of a D,qg dodecahedron of eight oxygen atoms about Mo.” 
However, if the centroid of each O—O bond is taken, the four points describe a geometric 
figure close to the tetrahedron, which is, of course, the geometry of MoO7-. 

Figure 16 The structure of Mo(O,)3~ in [Zn(NH;)4][Mo(O,),]**” 

A substantial number of Mo! peroxo complexes has been structurally characterized. These 
complexes all have nearly symmetrically side-on-bound peroxide. Among them are mono- 
nuclear, dinuclear, tetranuclear and heptanuclear compounds. The tetranuclear and hep- 
tanuclear complexes are related to the isopolymolybdates. Structural studies have identified 
Ke[Mo7O22(O2)2]-8H2O (O—O = 1.38 A),”** Ks[HMo70.(O>)2(H20).] (O—O = 1.38 A)?88289 
and K,[Mo40;2(O2)2](O—O = 1.48 A) A? 

The designation of coordination number in peroxo complexes is equivocal since a 
side-on-bound peroxide can be considered to occupy either one or two coordination sites. For 
the purpose of the following discussion we initially consider that O3- occupies two coordination 
sites when bound side-on. 

36.5.9.1 Mononuclear Peroxo Complexes 

Mononuclear peroxo compounds of known crystal structure are listed in Table 6. Except for 
Mo(O,2)4~ and Mo(O;),(ttp), all structurally characterized mononuclear peroxo complexes have 
one Mo—O, in addition to one or two peroxo ligands. The Mo—O, bond lengths fall in the range 
1.63 to 1.73 A. The Mo—O (peroxo) distances span from 1.83 to 1.96A. The peroxo 
ligand is always found cis to the oxo group and two peroxo ligands are always found cis to each 
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other. In mixed oxo-peroxo complexes, the plane determined by the Mo—O—O ring is nearly 
perpendicular to the Mo—O, direction. The overall coordination geometry is often describable 
as a pentagonal bipyramid with the oxo ligand in an apical position and peroxo groups in the 
equatorial plane. 

Table 6 Structural Details for Mononuclear Peroxo Complexes 

Ek 

Complex O—O(A) Mo—O(peroxo) (A) Mo—O(oxo)(A) _ Ref. 

[Zn(NH),][Mo(O,),] 1.55(5) 2.00(2) 287 
1.93(3) 

(NH,),[MoO(0O,)F,]F 1.36(3) 301 K,[MoO(O,)F,]-H,O 1.44(3) 1.93(2) 1.64(3) 332 
1.94(2 

[MoO(0,),(H,0),]-C,7H>,0,-H,O 1.445(6) smn 1.647(5) 290 
1.920(5 

K,[MoO(O,),C,0,] 1.47(2) ees 1.68(1) 333, 292 
1.44(2) 1.93(2) 

MoO(0;)2(Gly)H,O 1.464(1) 1.947(1) 1.680(1) 238 
1.481(1) 1.962(1) 

1.943(1) 
1.932(1) 

MoO(0,),(Pro)H,O 1.46-1.48 1.92-1.96 1.673(1) 238 
MoO(0,),(O,C.H,°)H,O 1.482(12) sn) 1.655(8) 293 

1.975(8 
MoO(O,)9[OP(NMe,)3]HO 1.478(3) 1.929(5) 1.662(5) 308 

1.4748 1.952(5) 
1.952(5) 
1.935 

MoO(0;),[OP(NMe,)]py 1.44(2) 1 SD 1.66(1) 308 

MoO(O,),(phen) 1.459(6) 1.948(4) 1.682(4) 344 
1.912(5) 
1.908(4) 
1.953(4) 

MoO(O,),[(S)-MeCH(OH)CONMe,]” 1.459(6) 1.935(5) 1.671(5) 335 
MoO(O;)[PhN(O)C(O)Ph], 1.212(5) 1.830(3) 1.733(2) 300 
MoO(O,)Cl(C;H,NCO,)[OP(NMe,)s] 1.414(5) 191668) 1.663(3) 336 

H[Mo(0)(O,),(C;N,NCO,)]:2C;H,NCO,H-H,O —‘1.447(8) Sule 1.670(5) 337 

Mo(O;),[ttp] 1.399(6) 1.958(4) 294 

* The ligand is citrate bound through a single carboxylate oxygen and alcohol. ” The chiral ligand is (S)-N, N-dimethyllactamide. 

The simplest diperoxo structure is that of MoO(O2)2(H2O)2 which cocrystallizes with 
18-crown-6 and H,O.”” In this pentagonal bipyramidal structure shown in Figure 17 the HO 
ligands occupy equatorial and axial sites at Mo—O,=2.325 and 2.084A, respectively. 
Interestingly, this product was formed from the reaction of MoO3, THF and oxygen. The 
source of the reducing equivalents necessary to form the peroxo complex was not specified but 
is likely to be the THF molecule.” MoO; appears to serve as a free radical initiator causing 
THF and O, to form a-hydroperoxytetrahydrofuran, which leads in acid to H2O>. 

Figure 17 The structure of MoO(O,),(H,O), (O, is an oxygen atom from a water ligand)*” 
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The structure of MoO(O;).(phen) is formally related to that of MoO(O2).(H20)2 by 

substitution of two water ligands by phen. Again the oxo ligand occupies one of the apical 

positions of the pentagonal bipyramid and the peroxo ligands occupy four of the five positions 

in the equatorial plane. The phen ligand spans the axial—equatorial edge. The structure of the 

yellow MoO(O,)2(C20,4)*~ complex was recently redetermined*” and is shown in Figure 18. It 

is representative in having a distorted pentagonal bipyramid around Mo with an oxo ligand in 

the apical position and the peroxo ligands and one O donor of the bidentate oxalate bound in 

the equatorial plane. The Mo—O stretch is identified at 970 cm~! and ~865 cm~' approximates 

the O—O stretching vibrational frequency. 

Figure 18 The structure of MoO(O,),(C,O,)* in its K* salt?” 

Interestingly, MoO(O2)2(C,0,)*~ can be prepared from an aqueous solution of MoO; and 
H,O, in which the only carbon source is malonate, ~O,CCH,COz or malate, 
-~O,CCHOHCH,CO3, but not succinate ~“O,CCH,CH,CO;z. The formation of the degraded 
two-carbon oxalate complex is proposed””* to require a five- or six-membered ring chelated 
intermediate for the oxidation of the organic ligand to oxalate to occur. However, the isolation 
and structure determination of the apparently stable MoO(O;),(citrate)?>~ complex”? which has 
a five-membered chelate ring must be noted. 

The structures of MoO(O2)(Pro)(H2O)** and MoO(O>)2(Gly)(H20)** also show the 
pentagonal bipyramidal geometry familiar to this class. The glycine is bound as a monodentate 
ligand through its carboxylate group in an equatorial position. The water ligand is found trans 
to the terminal oxo group. Although this is the first known amino acid peroxy molybdenum 
complex, its biological relevance is uncertain as Mo peroxy complexes are not known to play a 
biological role. The Mo—O, stretch is found at 970-978 while the O—O stretch appears in the 
870-880 cm™' region in the IR spectrum for these complexes. 

Despite the utility of the bidentate formulation of O3~ for descriptive purposes, structural 
systematics of peroxo complexes are nicely understood by considering the O3~ ligand as an 
isomorphous replacement for an oxo ligand. As discussed previously, if the four oxo groups in 
MoO" are replaced by properly oriented peroxo ligands, the Mo(O2)%~ structure quite nearly 
obtains. In the monooxo, monoperoxo complexes the cis arrangement of the oxo and peroxo 
ligands is reminiscent of the cis dioxo structure. Moreover, the orientation of the O—O bond 
allows it to be a a donor analogously to an oxo ligand. The analogy weakens somewhat for the 
oxo—diperoxo complexes. Although the oxo and peroxo groups are mutually cis as in MoO; 
complexes, there are only two additional coordination sites filled, making the structures 
analogous to five-coordinate trigonal bipyramidal rather than the more common six-coordinate 
octahedral MoO; core compounds. 

The unusual complex Mo(O>2)2(ttp) (ttp = tetra-p-tolylporphyrin) has been synthesized and 
structurally characterized.** As shown in Figure 19, the peroxo ligands are bound side-on on 
opposite sides of the planar heme group. The two O—O vectors eclipse a perpendicular pair of 
trans N—Mo—N linkages. The O—O distance of 1.40 A is marginally shorter than that found 
in the other peroxo complexes. This is perhaps not surprising insofar as the porphyrin may 
participate significantly in delocalizing the charge placed on Mo by donation from O37 z levels. 
This delocalization allows further O7°— Mo donation and concomitant slight lengthening of 
the O—O bonds. The diperoxo porphyrin complex is photochemically active,?*> ejecting an O, 
ligand upon irradiation with a tungsten lamp to produce the cis dioxo complex MoO,(ttp). 
Interestingly, Mo(O )2(ttp) is thermally stable and reacts neither with cyclohexene or 
triphenylphosphine.*”? This complex is, however, electrochemically reactive displaying one 
quasireversible one-electron oxidation and two quasireversible one-electron reduction waves.2% 
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The oxidation may involve extensive porphyrin contribution as a dramatic optical spectroscopic 
change is observed, reminiscent of porphyrin cation radical formation. Further, the EPR 
spectrum of the oxidized complex, presumably Mo(O,)2(ttp)*, generated in situ, is devoid of 
observable *°°’Mo hyperfine splitting. In contrast, the first one-electron reduction leads to an 
EPR active species with g = 1.980 and *°”’Mo splitting characteristic of MoY.”* Interestingly, 
neither redox process involves the peroxo ligands, a point to be pondered in attempting to 
understand the lack of reactivity of the ligands in this complex compared to other peroxo Mo¥! 
complexes. The complex MoO(O,)ttp reveals once again the oxo/peroxo interchangeability in 
the Mo coordination sphere. !”! 

Figure 19 The structure of Mo(O,),(ttp) (unlabelled atoms are carbon) 

Structurally yet uncharacterized peroxo complexes include MoO(O;)(dtbc),”*’ (dtbce~ = 3,5- 
di-tert-butylcatecholato) prepared by reaction of Mo,O0.(dtbc)2 with [NMe7][Oz] and isolated 
as the (Me,N)2[MoO(O,)(dtbc)2]-3DMSO salt. The reaction presumably involves dispropor- 
tionation of Oz according to equation (28). The first step may involve Oz acting as a 
nucleophile followed by electron transfer from free Oz to bound O2. Mo2O,(dtbc), is known to 
be reactive to donor organic solvents.*”’” The v(Mo—O) at ~950.cm7? is clearly distinguished 
from a band at ~870 cm™’ assigned to the v(O—O) characteristic of side-on bound O3-. 

Mo,0,(dtbc), +40; ——» 2MoO(O,)(dtbc)3~ + 20, (28) 

Many complexes written as MoO;-:L, or MoO;L’ (L’ = bidentate ligand) undoubtedly 
contain the MoO(QO;)2 unit. For example, L may be Me3NO, Bu3PO, Pr3AsO, Ph3AsO, 
CsH;NO, etc.*°8 The analytical data and the observation of v(Mo—O) at 950-970 and 
v(O—O) at ~850cm™ leave little doubt about the formulation of these complexes.””? The 
complexes stoichiometrically epoxidize alkenes or catalyze alkene epoxidation by t-butylhydro- 
peroxide.”*8 
MoO(O,)(oxinate), can be formed*” from MoO,(oxinate), by treatment with H2O.. The cis 

dioxo and cis oxo peroxo complexes are electrochemically distinct with the latter converting to 

the former irreversibly upon electrochemical reduction.” 
When O37 is bound to a transition metal its formal oxidation state and that of the metal are 

ambiguous. In the compounds discussed above the MoY'—peroxide formulation is used. 

However, in the absence of structural data an Mo'Y—dioxygen or Mo’-superoxide formulation 

is possible. The hypothetical reaction of Mo'Y and O, can be considered an oxidative addition, 
wherein the extent of charge transfer determines the proper formulation. In the complexes 

discussed here the O—O distance lies in the range 1.44 to 1.55A. Comparison of these 
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distances with 1.44 A in H,O, and 1.21 A in O, indicates that the Mo”! peroxide formulation is 

quite appropriate for these compounds. Only MoO(O2)[PhN(O)C(O)Ph], with O—O distance 
1.212(5) A seems to be an exception.» The intermediate 1.36(3) A distance reported®” for 
(NH,)3[MoO(O,)F,4] may be inaccurate. 

The electronic structure of Mo(O2);~ has been studied using SCF-MS-Xq@ molecular orbital 

calculations.*” The MoY!—peroxide formulation is appropriate as a configurational starting 
point for discussion of the bonding. However, there is significant lengthening (weakening) of 
the O—O bond in the complex compared to that in free O%" , a feature that may be responsible 
for the reactivity of peroxo—molybdenum complexes in epoxidation reactions. Moreover, the 
significant electrophilic character of the bound O% (in the form of low-lying virtual 
o-antibonding orbitals) accords well with the proclivity of the peroxo-Mo™! complex to attack 
and epoxidize electron-rich alkenes. ) 

36.5.9.2 Dinuclear Peroxo Complexes 

Dinuclear complexes have been structurally characterized with a single bridging oxo or 
fluoride ligand or with a set of two bridging hydroperoxo ligands. The dinuclear ion 
(H20)(O2)20MoOMoO(0,).(H20)?~ in its pyH* *°* and K* salts*°> has a non-linear 
monooxo bridge (136 and 148°, respectively). The bridging oxo is found to be cis to the 
Mo—O, group on each Mo. The peroxo ligands on each Mo are cis to the Mo—O, bonds as in 
the mononuclear compounds. The structure as illustrated in Figure 20 has two-fold symmetry 
and contains two pentagonal bipyramids bridged through an oxygen atom shared by their 
equatorial planes. It is clearly related to the MoO(O;)2(H2O), structure shown in Figure 17. 

Figure 20 The structure of (H0)(O2),0MoOMo0(O,)2(H,0)* in its K* salt (O,, is an oxygen atom from a water 
ligand) 

The unusual complex -F-[MoO(O,)(pydca)]z (see 5) is formed as the NEt? salt upon 
treatment of Mo(O2)(pydca)(OH2) with F~ *’* in the presence of NEt{. The complex, shown in 
Figure 21, is a centrosymmetric dinuclear ion with each Mo atom possessing pentagonal 
bipyramidal seven-coordination.*”’ The linear O,.Mo’'FMo"!0, unit is to date unique to this 
complex. The Mo—O, distance is 1.659(3) A and the Mo—F trans to it has the very long 
distance of 2.135(1) A. The O—O distance of 1.43 A is similar to that found in mononuclear 
peroxo compounds of Mo¥!. 

i SS 
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The structure of (pyH)2[(O2)sMoO(O,H)2MoO(O;))°*°8 shown in Figure 22 has two 
bridging hydroperoxo ligands. Each Mo coordination sphere is a heptacoordinate pentagonal 
bipyramid. Sharing of an axial-equatorial edge gives a centrosymmetric structure. The peroxo 
ligands occupy the remaining equatorial sites while the remaining axial position on each Mo 
contains a terminal oxo ligand. The Mo—O, distance is 2.05 A. The bridging and non-bridging 
peroxo groups both have distances near 1.47 A consistent with their peroxide formulation. 
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Figure 22 The structure of (O,),MoO(O,H),MoO(O,)*— in its pyH” salt (terminal H atoms on bridging 
hydroperoxide are not shown)**3% 

36.5.9.3 Spectral Indicators 

Spectroscopically, in the IR region the O—O stretch can be identified between 845 and 
895cm7!. 7ONMR has proven useful insofar as the oxo and peroxo ligands are clearly 
distinguishable.” For example, in MoO(O,)(CN)% the peroxo signal (although broad) 
appears at 487 p.p.m., while the oxo signal appears at 705 p.p.m. downfield from HO. The 
latter value is well within the range found for oxo-molybdenum species.’ ?° The peroxo '7O 
chemical shift in MoO(O,),(HMPA) at ~450 p.p.m. with oxo at 850 p.p.m.*" again illustrates 
that oxo and peroxo are readily distinguished. Further, in this latter example oxo and peroxo 
are shown not to exchange their '’O labels. Thus, '?O NMR could prove a powerful tool in 
elucidation of reaction pathways in oxo—peroxo complexes. Although oxo—peroxo exchange is 
indeed slow on the NMR time scale, it can occur at a significant rate.*!* Indeed, Mo! 
compounds are reported to catalyze the exchange of '*O between H2O and H20>.*” 

36.5.9.4 Reactivity Toward Organic Molecules 

Peroxomolybdenum complexes have been used stoichiometrically to effect a variety of 
organic conversions and catalytically, usually with t-butylhydroperoxide or H,O:, to effect 

coc3-ss* 
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similar reactions.*!> The Mo! complexes have been anchored on polymers’”’ and used under 
phase-transfer conditions.*!*7!> Selective and asymmetric reactions have been reported.”””*"° 
We cannot even partially review this area which is part of a general thrust in reaction chemistry 
of early transition metal facilitated or catalyzed peroxidation/epoxidation/oxidation 
chemistry.*!°7!°3!7 Reactions catalyzed or carried out include alkenes to epoxides,'%°71571% 37 
sulfides to sulfoxides,*”? secondary alcohols to ketones,*!*°™ aldehydes to carboxylic acids, 
azo benzenes to azoxy benzenes,*”° N-heterocyclics to N-oxides,*”° amides to hydroxamates 
and more complex reactions.**?’**° Theoretical studies offer potential mechanistic insights 
into reactivity of the Mo—O, group.*”’ 

There is no evidence that dioxygen or peroxides interact with Mo in enzymes in 
physiologically relevant processes. The evidence is strong that in Mo oxidases the dioxygen 
reagent interacts with the Fe—S, heme or flavin parts of the protein and not with the Mo 
site.7'°* The reduced Mo states of enzymes, however, are susceptible to oxidation by O, in 
vitro. 

316 

154 

36.5.10 HYDROXYLAMIDO(1—) AND HYDROXYLAMIDO(2—) COMPLEXES 

Deprotonated substituted hydroxylamines have provided potent ligands to MoY'. The 
N,N-dialkyl hydroxylamine, R,NOH, in its singly deprotonated form, R,NO', N,N- 
dialkylhydroxamido(1—), serves as an N—O bound ligand with some similarity to peroxide. 
N-Alkylhydroxylamine, RNHOH, in its doubly deprotonated form, [RNO*, N- 
alkylhydroxamido(2—)] forms complexes quite analogous to those formed by peroxo or 
disulfido ligands. For example, the complex MoO(R2dtc),(ONR)**® is analogous to 
MoO(R2dtc)2S2. The complex Mo(O)(pydca)(ONR)(HMPA)****"? whose structure is shown in 
Figure 23 has an exact analog in peroxo chemistry, Mo(O)O>2(pydca)(HMPA). The hydroxyla- 
mido complexes can be thought of as metallooxaziridines.*****? A systematic study of the 
one-electron reduction of MoO(Et,dtc),(ONR) complexes as a function of R and in 
comparison to MoO,(Et,dtc)2 leads to the conclusion that the oxaziridine group is a better 
donor than the oxo group.” 

Figure 23. The structure of MoO(pydca)(ONR)(HMPA) (unlabelled atoms are carbon)*28 

_The dioxo complexes containing two O,N-coordinated N,N-dialkylhydroxylamido(1—) 
ligands have been extensively studied.*°*789,°°.191,244.341 They are prepared by the reactions of 
are i N,N: pai ah ag rare usually in aqueous solution. 
MoO,(CsHioNO)2_ reacts in toluene with H,S to give MoOS(C;HioNO and 

MoS,(CsHioNO)2.** With H2Se only MoOSe(CsHioNO)) is formed. The it aba the 
dioxo, disulfido and oxo-sulfido complexes are known.®*°*42,343 As discussed above, they can 
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be viewed as distorted tetrahedral structures with each ‘bidentate’ hydroxylamido(i—) ligand 
occupying a single coordination site. The hydroxylamido(1—) complexes can therefore be 
considered as derived from MoO -. Alternatively, the structure shown in Figure 6 is 
describable in terms of non-octahedral six-coordination in which the N and O of the 
hydroxylamido(—1) ligand lie in a plane with O, atoms equidisposed above and below the 
plane. It is related to the  skew-trapezoidal  six-coordination found in 
MoO,(SCMe,CH2NMe,),.°*** NMR studies of MoO,(R,NO), and MoS,(R,NO), reveal 
configurational lability attributed to rapid dissociation and reformation of the Mo—N bond.341 

Spectroscopic characterization of the cis-MoOS?* unit in MoOS(R,NO), was used to discuss 
the occurrence of an MoOS?* center in oxidized xanthine oxidase.*4*!%! Comparison of the 
voltammetric behavior of MoXY(CsHioNO)2 (X = Y = S, O; X=S, Y =O) leads to the finding 
that the presence of the S atoms lowers the redox potential of the complex.'*! The great 
difference observed between the MoOS(C;HioNO), and MoO.(CsHioNO), complexes (vol- 
tammetry differing in potential by 0.6 V)’*' contrasts with the tiny difference found between the 
proposed (inactive) MoO3* and (active) MoOS?* forms of xanthine oxidase. This unusual 
behavior in the pseudotetrahedral complexes may be due to their significantly different 
electronic structure compared to that of the MoO3* and MoOS?* cores found in xanthine 
oxidase. 

The reaction of MoO,(R2NO), with catechol derivatives yields complexes containing one 
oxo, two dialkylhydroxylamido(1—) and one catecholate ligand. The structure of 
MoO(C;HsNO)2(CsH,O2)“’ is reminiscent of that of the analogous peroxo complex. Here the 
hydroxylamido (piperidinolato) ligand binds side-on to the Mo in the equatorial plane of a 
seven-coordinate Mo structure. The catecholate ligand bridges axial and equatorial positions 
with Mo—O, at 1.69A typical of monooxo MoO** core complexes. The N—O distance of 
1.38-1.39 A is shorter than that in MoO,(C;HsNO), (1.43-1.47 A). perhaps indicating a greater 
zt donation by the 1-piperidinolato(1—) group in this complex where it competes with only one 
oxo ligand. One remarkable feature of this structure is the virtual identity of Mo—O distances 
cis and trans to oxo in the same cathecholate ligand Mo—O(cis) =2.016(5) and Mo— 
O(trans) = 2.012(5) A. This complex also had its structure determined by 2D NMR techniques 
(‘H-}8C chemical shift correlations and ‘H—'H scalar coupling correlations) .”*” 

Reaction of N-methylhydroxylamine and various unsaturated triatomic reactants yield 
chelating ligands that form yellow MoO,L, complexes.”/* MoO.(MeHNO), reacts with the 
appropriate unsaturated molecule to yield complexes with five-membered chelate rings. For 
example, in equation (29) the resulting complex has the cis dioxo distorted octahedral 
structure. 

4 O~, Me 
MoO.[MeHNO] + [Bu‘INCO —> MoO, I; (29) 

SO aN 
We 
Uo, 

Scheme 5 shows the relationship of the starting hydroxylamido ligand to the final ligand.*** 
Complexes that contain remaining hydroxylamido as well as these bidentate chelates are also 

formed (Table 3). For example, MoO(MeNHO),[HNC(S)N(Me)O] forms by reaction of 
MoO%-, MeNHOH and SCN“ at 60°C. Its structure, illustrating the two ligand types, is shown 
in Figure 24.°’ 

36.4.11 COMPOUNDS WITH Mo—C BONDS 

Molybdenum(VI) compounds containing Mo—C bonds are a recent addition to the 

literature. These compounds include both oxo and non-oxo species. The latter have an 

alkylidyne (alternatively formulated as an alkylcarbido) group which is a bonding equivalent to 

the oxo group. 
Several srexpestenl stable series of Mo—C bonded compounds**+’*-%° have been 

reported. The compounds are of the form MoO,RBr(bipy) (purple), MoO,R,(bipy) (yellow) 

and MoO,R° (in solution, colorless). R can be Me, CH2Mes or CH,Ph, which, by lacking 

B-hydrogen atoms, are unable to undergo f elimination. The compounds are prepared by 

reacting MoO.Br,(bipy) with a Grignard reagent according to Scheme 6. 
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RC=N 

RNCO % 

Scheme 5 

Figure 24 The structure of MoO(MeNHO),[HNC(S)NMeO]*’ 

MoO,Br,(bipy) ——> RMoO,Br(bipy) ——> MoO,R,(bipy) 24> RMoO; 
Scheme 6 

The last complex, which has yet to be isolated as a salt, decomposes, albeit slowly (t,2 is 
26.5 h at pH 11) in basic aqueous solutions at room temperature according to equation (30). 

Me—MoO; +OH-> — > MoO7 +CH, (30) 

The dimethyl complex, MoO2(Me)2(bipy), shows the expected cis dioxo structure**> with the 
methyl groups trans to each other and bent back from the oxo ee (C—Mo—C = 149°). The 
Mo—C distance is 2.19A in the R=Me complex and 2.20A in the R = CH>Me; complex. 
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MoO,Me,(bipy) shows v(Mo—O,) at 934 and 905 cm™! in the IR and has UV bands at 303 nm 
(24 900); 293 nm (17 000); and 245 nm (19 600). The near UV band may be responsible for the 
complexes’ photosensitivity.*“° In the NMR the Mo—Me protons resonate at 0.58 p.p.m. 
downfield from TMS.” The neopentyl analog MoO,(CH,CMe;)2(bipy),2° whose structure is 
shown in Figure 25, has high thermal stability (to 182°C in air) attributed to the absence of 
B-hydrogen atoms. Structurally, it is very similar to the Me derivative with deviations 
attributed to repulsions due to the bulky neopentyl groups. Thermolysis of the complex in the 
presence of abstractable hydrogen atoms from silicone oil leads to formation of neopentane, 
presumably from neopentyl radicals. Reaction with alkaline Na*BH;, Zn in HCl or 
1-thioglycerol yields neopentane, quantitatively, through reductive cleavage of the Mo—C 
bond. In H,SO, a mixture of dineopentyl and neopentane is formed. 

Figure 25 The structure of MoO,(CH,CMe;),(bipy) (unlabelled atoms are carbon)*° 

Use has been made of Grignard reagents and organolithium reagents to prepare other alkyl 
Mo™! complexes. For example, reaction of MoO,Cl,-2THF with (mesityl)MgBr (mesityl = 
2,4,6-trimethylphenyl) gives the four-coordinate complex MoO,(mesityl),.°° This complex 
reacts with the ylide Bu$PCH) to give Bu3PO and (mesityl)MoO,[C(mesityl)PBu3] wherein a 
P-substituted carbene is bound to Mo.*’ 

Reaction of LiCH,CMe; with MoCl; gives the remarkable alkylidyne complex 
(Me3;CCH2)sMo(CCMes).** This complex can also be prepared from MoO,Cl, and 
(Me3CCH,)MgCl in ether.*? Reaction of Mo(CCMes)(CH2CMes)3 with HX in DME 
(1,2-dimethoxyethane) gives Mo(CCMe3)X;DME (X= Cl, Br).*°? These complexes are all 
formally Mo’ if the alkylidyne ligand is considered as RC*~. 

The Mo™ complex Mo2(OCMes)s reacts with phenylacetylene in pentane to give the 
alkylidyne complex Mo(CC.Hs)(OCMes)3 in 60% yield.** In the presence of quinuclidine 
(quin) both Mo(CC.Hs;)(OCMes)3(quin) and Mo(CH)(OCMes)3(quin) have been identified. 
These reactions are remarkable as equation (31) formally involves the breaking of metal-metal 
and carbon-carbon triple bonds and the formation of a metal—organic triple bond. 

(Me;CO);Mo=Mo(OCMe;) + CsHs;CCH —> (Me,;CO);MoCC,H; (31) 

The complex Mo(CCMe;)(OR)3 is formally Mo™! having a substituted molybdate structure. 
Here the alkylidyne ligand, formally RsCC*~, obviously displays the powerful o- and 2-donor 
ability required to stabilize Mo”’. The complexes MoOCI(CH,CMes)3 and MoO(CH;CMes), 
have been isolated**> by reaction of MoOCl, with bis(neopentyl)magnesium dioxane along with 
the non-oxo Mo(CCMe;3)(CH,CMe;)3 complex prepared previously.**° | 

The organic reactivity of the alkylidyne complexes has been extensively studied especially 
with regard to alkene and alkyne metathesis reactions.*°?*° 
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36.5.12 DINUCLEAR COMPLEXES OF Mo”! 

In addition to the multitude of mononuclear and heteropolynuclear complexes that contain 

Mo”! there are a significant number of dinuclear complexes. These include complexes in which 

the Mo atoms only coincidentally find themselves in the same ion such as (MoO3),edta*~ ° 

(where the two Mo atoms are more than 4A apart) to ions such as Mo20;(C,04)2(H20)3— 
(where the two Mo atoms are bridged by a single oxygen atom). In no case are Mo—Mo bonds 
present in the 4d°, Mo%', dinuclear complexes. ? 

The dinuclear complexes are diverse in structure. They can have a single, double or triple 
bridge. The single bridge is almost always a lone oxo group. The double bridge contains either 
a single oxo plus a non-oxo ligand or, more commonly, two non-oxo ligands. Besides this 
variety in the nature of the bridge, the remaining three, four or five ligands on Mo can also be 
a diverse mixture of oxo and non-oxo groups. As many as three oxo groups in Mo,03" '%’ to 
one oxo group as in Mo,0,(3,5-dtbcat),°”? may be present in non-bridging positions. There are 
even examples of dinuclear, formally Mo‘ complexes, containing no oxo groups such as 
Mo2(O2C6Cl4)6*°” (see below under non-oxo complexes). 

The simplest dinuclear ion is the dimolybdate ion. Discrete Mo,0%~ ions exist in 
K,Mo,07:KBr,°”’ in molten K3Mo0, above 520 °C”? and in MgMo,0,,*°!*°8 the latter having 
a dichromate-like structure with an Mo—O—Mo bridging angle of 160.7(3)°. However, the 
Mo,02- stoichiometry does not guarantee the presence of discrete Mo,03~ ions as, for 
example, crystalline K,Mo,0, and (NH,)2Mo20, consist of infinite chains of edge-shared 
octahedra.*° 

The discrete Mo,03~ anion has been structurally characterized as its NBuz *°'°°? and 
[(CsH4Me)Mo(CO),(u-dppm)Pt(dppm)]* *® salts. In the latter salt, Mo.03~ shows Mo—O, 
distances from 1.68-1.79 and Mo—O, distances of 1.82 and 1.95A with the Mo—O—Mo 
angle equal to 160°. In the (NBu,)2Mo.0, complex, the Mo—O—Mo angle is 153.6°. This 
complex is soluble and stable in organic solvents and serves as a starting material in various 
preparations. Its stability in non-aqueous media compared to higher polynuclear species is 
attributed to counterion effects. ''O NMR studies show peaks at 741 and 248 p.p.m, down field 
from H,O in the expected 6:1 ratio assigned to the terminal and bridging O atoms, 
respectively.*°139? 

Other dinuclear complexes having a single oxo group as the sole bridge contain Mo,O0$* or 
Mo,03* cores. Of these, the latter is by far the most common. Complexes of known structure 
containing the Mo,02* core with a single bridging oxo ligand are listed in Table 7. The 
Mo—O—Mo angle varies from 136 to 180°. For example, the structure of Mo,O;L, (where 
L = hydrotris(3,5-dimethyl-1-pyrazolylborate) contains an Mo,0%* core with a singly bridging 
O atom and an Mo—O—Mo angle of 167.1°. The MoO3* unit of each Mo atom in the dimer 
is, as shown in Table 7, quite similar to the same unit found in mononuclear complexes 
displayed in Table 1. 

Table 7 Structural Data on Oxo-bridged Mo,02* Complexes 
ee i 

Distances Angles 
Complex Mo—O, (A) Mo—O, (A) Mo—O—Mo (°°) Ref. 

K,[Mo,0.(O,)4(H,O),]-2H,O 1.664(12), 1.662(10 1.933(10 136.1 
Mo,0,[Me.NCH,CH,NHCH,CMe,S], 1.715(6), mes paar ah ie 

1.714(5), 1.709(6) 1.917(5) 
Mo,0,(Me,NCH,CH,NHCH,CH;S), 1.685(8), 1.737(7) 1.908(3) 147.0(5) 382 
Mo,O.(phen),(NCS), 1.685(5), 1.688(4) 1.865(4) 162.7(2) 211 

1.691(6), 1.694(5) 1.885(4) 
Mo,0.[HB(Me,pz)3]2 1.701(2), 1.696(2) 1.889(1) ~ 167.1(2) 383 
Mo,0,(DMF),Cl, 1.68(3) 1.90(3) 171 199 
K,[Mo,0,(C,0,).(H20),] 1.680(19), 1.700(20) 1.876(2) 180 384 
Na,[Mo,0,(Hnta),]-8H,O0 1.680(6), 1.710(6) 1.880(1) 180 385 (pyH);[Mo,0,(Hnta),]-H,O 1.695(3), 1.695(3) 1.870(3) 167.0(2) 386 

1.700(3), 1.683(3) 1.881(3) 
Mo,0,(DMSO),Cl, 1.691(5), 1.686(5) 1.864(1) 180 387 Mo,0.(C,H>,N3)2" 1.694(7) 1.898(1) 180 388 

1.696(7) 
SB ea eee 

“The ligand is N ',.N",.N"-trimethyl-1,4,7-triazacyclononane. 
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In the salt K,[Mo20;(C20,)2(H20)2], the complex anion is _ crystallographically 
centrosymmetric.*** As shown in Figure 26, the two terminal oxo ligands on each Mo are 
mutually cis and cis to the bridging oxo. One oxalate and one water ligand complete the 
six-coordination sphere of each Mo atom. The Mo—O, distance of 1.69 A is similar to those 
found in mononuclear cis dioxo complexes. The Mo—O, distance is 1.88 A. The long 
Mo—OH, distance (trans to Mo—O,) of 2.33 A illustrates the large structural trans effect of the 
O, ligand. The two Mo—O distances to the oxalate ligand of 2.09 A (trans to O,) and 2.19A 
(trans to O,) indicate that O, has a larger trans bond-weakening effect than O,. The largest 
O—Mo—O bond angles correspond to the shortest Mo—O bond distances in agreement with 
the idea that interligand or interbond repulsions determine the details of such coordination 
spheres. A centrosymmetric structure such as that in Mo2O;(C,O,)2(H2O)3” with an Mo,03* 
core is found in a number of complexes. In other cases, a structure closer to C2 symmetry is 
found with the dioxo moieties on the two Mo atoms adopting a quasieclipsed conformation. In 
the complex Mo,O,(phen),(NCS),, the phenanthroline ligands are eclipsed,”"’ i.e. stacked in 
almost parallel planes as shown in Figure 27. 

Figure 27 The structure of Mo,0;(phen),(NCS), (unlabelled atoms are carbon)*"? 
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Complexes containing a triple bridge and an Mo,0%* core are listed in Table 8. The 
prototypical complex (NH4)2[Mo205(O2CsH4)2]-2H2O, shown in Figure 28,°* has a triple 
bridge consisting of non-linear oxo and two oxygen atoms of different catecholate ligands. The 
structure can be considered as two shared distorted octahedra with the three bridging oxygen 
atoms at average distances of 1.92, 2.16 and 2.37 A from each Mo. The catechol oxygen atoms 
do not bridge symmetrically as each catechol is chelated to a single Mo and bridges by one O 
atom to the second Mo. The two six-coordination spheres are completed by two terminal oxo 
groups and one non-bridging catechol oxygen on each Mo. The Mo—Mo distance is 3.13 A as 
expected for this 4d° system where no Mo—Mo bonding is possible. A similar triple bridge has 
been found in the complex Mo,0.(PhenSQ), (where PhenSQ is the 9,10-phenanthrenequinone 
radical anion)*® and in complexes containing mannitol,** dithiothreitol, 2- 
mercatophenolato*® and 4-xanthopterin.””* The latter complex*”* shown in Figure 29 is the first 
example of Mo bound to a pterin ligand (as proposed for the molybdenum cofactor Moco). 
Interestingly, the pterin binds in a mode reminiscent of 8-hydroxyquinolinate ligands. 
However, the relevance of this binding mode to Moco is uncertain in view of the dinuclear 
nature of the complex, the proposed reduced nature of the pterin in Moco and the suggested 
sulfur binding by the Moco pterin.*?”4 

Table 8 Doubly and Triply Bridged Complexes Containing Mo,02* 

Complexes Mo—O, (A) Mo—O,—Mo (°) Ref. 

(NH,)[Mo,0;(C.H,,0,)]-H,O* 1.68(1), 1.72(1) 107.98(7) 364 
1.69(1), 1.71(1) 

Na[Mo,0.(C,H,,0,)]-2H,0* 1.727(3), 1.693(7) 107.98(7) 389 
1.716(2), 1.703(2) 

Mo,O.(phenSQ), 1.691(5), 1.678(5) 112.7(2) 390 
[NBu4].[Mo,0.(dbcat).] 1.700(1), 1.707(10) 109.4(4) 363 

1.701(9), 1.674(10) 
(NH,)2Mo,0.(cat).-2H,O 1.68(2), 1.69(2) 119.3 362 

1.73(2), 1.71(2) 391 
Mo,0,(n-pobb),” 1.698(3), 1.691(3) 368 

1.683(3), 1.699(3) 
[PPh,],[Mo,0.(SC,H,O),] 1.712(2) 367 

1.699(2) 
(NEt,)2[Mo,O,(dtt)] 1.702(12), 1.716(12) 85.3(3) 365 

1.674(9), 1.657(12) 
[Na(DMSO),],[Mo,0,(xanthop),] 1.691(7), 1.707(5) 146.2(3) 274 

“The organic ligand is the ionized sugar, mannitolate. : n-pobb = 1-n-2a-hydroxybenzimidazole (deprotonated). 

Figure 28 The structure of Mo,0,(O,C,H,)3~ in its NH{ salt (unlabelled atoms are carbon)*? 



Molybdenum(V1) 1411 

Figure 29 The structure of Mo,O.(xanthopterinate)>~ as found in the salt 
[Na(DMSO),],[Mo,0,(xanthopterinate),]°”* 

In certain Mo,03* complexes, the bridging ligand would appear to have a choice between an 
O and S bridge. In the case of the ligand CsH,OS*~ (monothiocatecholate) the oxygen atoms 
of the ligand are the (non-oxo) bridging atoms.*®’ Similarly, in Mo,O,(dtt)?~ © again O rather 
than S bridging is found. In both cases this allows the S ligand to occupy a position trans to the 
bridging oxo rather than trans to the terminal oxo. This is the more favorable position for the 
strong z-donor S atom. This preference for not being trans to oxo may be the dominant factor 
in the adoption of the observed structure. 

One interesting complex has a deprotonated 1-n-2a@-hydroxybenzylbenzimidazole ligand 
whose O atom forms an additional bridge to an oxo.*® The complex is unusual in having a 
double (rather than more common single or triple) bridge. Further, one of the Mo¥! atoms is 
five-coordinate while the other has the more conventional six-coordinate near-octahedral 
structure.*® 
A related tetranuclear complex having Mo,03*-like units is formed between Mo! and 

malate, and has the formula (NH,)2[(MoO2)403(C4H3Os)2]-H2O.7*4 
Yellow complexes with the Mo,03* core are formed with substituted glycol ligands such as 

pinacol (pinH).*® For example, the structure of Mo2O;(pin)2(Hpin) has a 162.2(9)° Mo—O— 
Mo bridging angle with intramolecular H bonding presumably helping to stabilize the complex. 

There are a few examples in which only non-oxo bridges occur. In these cases alcoholate or 
phenolate type oxygen atoms form a double bridge. Some of the complexes have MoO3* cores 
bridged doubly by alcoholate ligands. For example, as shown. in Figure 30, 
{MoO,[OCMe,CMe,0H]}.(—“-OMe)2 has a double methoxide bridge,?”” while [Mo20,(u- 
OCH.2CMe.2CH,0)(H,0),] has bridging oxygen from a chelating 2,2-dimethylpropanediolato 
ligand.>7! A related compound is Mo2I,0§5, which can be thought of as containing MoO3* 
groups bridged by IO octahedra as represented in Figure 31.°” 
We have not dealt explicitly with preparative procedures for dinuclear complexes. These 

preparations have, in most cases, been fortuitous and no general protocol exists. Most 
preparations leading to dinuclear complexes did not seek them, whereas some efforts actually 

sought to avoid them! 
One class of complexes, that of substituted catecholate ligands, has yielded a variety of 

mono- and di-nuclear Mo’! complexes. Mo(CO). reacts with the oxidized form of the 

3,5-di-tert-butylcatechol (i.e. 3,5-di-tert-butyl-1,2-benzoquinone) to yield Mo(dbcat); which 

reacts with O, to give the dinuclear complex [MoO(dbcat),},.°” In contrast, reaction of 
Mo(CO), with 3,4,5,6-tetrachloro-1,2-benzoquinone yields the dinuclear non-Oxo complex 

Mo,(O2C¢Cl)¢.2°” The complex Mo,0;(phenSQ) has already been discussed.** This complex 
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Figure 31 The structure of Mo,I,O$; as found in its K* salt*”” 

differs by two electrons, i.e. is formally oxidized (neglecting the ligand difference) with regard 
to Mo,0.(cat)?~ or Mo,O;(dbcat)3~, each prepared from MoO7 and the respective catechol. 
Mo,0,;(phenSQ), reacts by ligand substitution with 3,5-dbcatH2 to give Mo(dbcat)3. At least in 
this class of catecholate complexes, there seem to be some reactions that systematically 
interconnect the mononuclear and various dinuclear complexes. 

Infrared and/or Raman spectroscopy are useful in identifying the core structures involved in 
dinuclear complexes. The Mo—O, vibrations stand out as they do for mononuclear complexes 
and the Mo—O,—M6o stretch can often be detected between 650 and 770 cm~’. For example, 
in Mo,0;[SCMexCCH,NHCH,CH2NMez}2, v(Mo—O,) is found at 860 and 900cm~* while 
v(Mo—O,—Mo) occurs at 665cm~*. '7O NMR spectroscopy on enriched samples is particu- 
larly informative. For example, in Mo,O;[SCMexCCH,NHCH,CH2NMe))2,°”* the *7O re- 
sonance for Mo—O, ligands occur at 873 and 857 while the bridging Mo—O,—Mo resonance 
occurs at 366 p.p.m. downfield from H,O. *Mo NMR spectra of dinuclear complexes are also 
observable*”? and, as more data become available, could also become a structurally useful 
technique. 

In a number of studies spectroscopic techniques have led to the postulation of a dinuclear 
Mo”! structure for complexes wherein crystallographic information is not yet available. For 
example, a fluoro-bridged structure has been assigned to Mo,02Fs by IR*” and °F NMR 
techniques. IR spectroscopy has been used to assign an Mo,O3* structure with a single oxo 
bridge to Cp2Mo.0;**’ (v(Mo—O,) = 920, 898 v(Mo—O—Mo) = 770 cm~?). Certain oxalate, 
citrate?”* 8° and a@-amino acid**' complexes studied in solution (or isolated) are also indicated 
to be dinuclear. 

36.5.13 COMPLEXES LACKING OXO-TYPE LIGANDS 

Although the oxo group and its analogs dominate the chemistry of Mo%', there are several 
examples of compounds that lack the oxo ligand or any of its analogs. Perhaps the best known 
of these is molybdenum hexafluoride. MoF,, prepared by reaction of Mo metal and F), has a 
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regular octahedral structure. The volatile liquid (m.p. = 17.5, bp. = 35 °C) is reactive toward 
addition, substitution and reduction. Lewis bases including F-,°? Cl- °° and Me,O*” form 
adducts with MoF,*” whose structures have not yet been determined. For example, K3MoFs 
has been isolated**? but not crystallographically characterized. Fluoride in MoF, can be 
substituted by FsTeO” or CF;CH,O™ to form the series of complexes MoF,,(OTeFs)._,,°?> and 
MoF,,(OCH2CF3)6_, (m =1-6),°* respectively. As an oxidant, MoF, has a potential of 
+0.93 V vs. Cu/CuF,(1.0 M NaF/HF) in HF*”° and +1.60 V vs. Ag*/Ag® in MeCN*” for the 
MoF,/MoF, couple as determined by cyclic voltammetry. MoF, is thus a strong oxidant and 
reacts with metals,*** I,,°°7 NO*? and many other molecules. For example, the explosively 
reactive amber MoSF, and MoSeF, molecules have been reported to be prepared from MoF, 
according to equation (32).**° The vibrational spectrum of MoF, has been extensively studied*” 
and exploited in laser isotope separation.’ Although MoCl, has been briefly reported*” its 
existence has not been confirmed and seems unlikely. Mo(OMe). has been reported as a 
low-melting solid (m.p. = 67.6 °C).“°? The unusual complex MoCl,(NSNSN)* can formally be 
considered to contain an Mo’! core, which is consistent with a qualitative bonding scheme for 
the dithiatriazene ligand.*™ 

3MoF, ate Sb,X, >. 3MoXF, + 2SbF, (X = S, Se) (32) 

The remaining non-oxo complexes contain O-, N- or S-donor polydentate ligands. The 
tris(dithiolene) complexes are the oldest known members of this class. For example 
Mo(tdt)3,°24? Mo(bdt)3*°-49 and Mo(S2C>H2)3*% are six-coordinate trigonal prismatic com- 
plexes whose structural, spectroscopic and redox properties have been thoroughly investigated 
and reviewed,**°’“” The amidothiolate ligand CsH,SNH?~ = abt?~ forms an analogous nearly 
trigonal prismatic complex Mo(abt); with the cis arrangement of the ligands illustrated in 
Figure 32.1*1*1° MoO,(acac). reacts with thioaroylhydrazines, e.g. NH,NHC(S)Ph, to give 
Mo(HNNHCSPh); which has a somewhat distorted trigonal prismatic coordination*"' related to 
that of Mo(abt)3.*1°*!2 A related complex containing three chemically distinct N,S chelates has 
been reported.” Interestingly, these S,S and N,S donor ligands react with oxo molybdenum 
starting materials to give non-oxo products. Significantly, the N donors are always found in a 
deprotonated state such that they can serve as as well as o donors to the Mo”! ion.*""*!* The 
amidothiolate complexes are more difficult to reduce than are the corresponding dithiolene 
complexes. Complexes of catecholate ligands such as Mo2(O2C.Cl4)6°°’ and Mo(phenQ)3*”* 
have dinuclear and distorted trigonal prismatic coordination, respectively. These complexes are 
prepared from Mo(CO), and the oxidized (o-quinone) form of the catecholate ligand.***» 

Figure 32 The structure of Mo(abt),; = Mo(NHSC,H,)3 (unlabelled atoms are carbon)*?° 
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In addition to these complexes of bidentate ligands, several related tri- and tetra-dentate 
ligands are capable of removing all oxo groups from an Mo™! coordination sphere. The 
tridentate ligand hbma®~ forms Mo(hbma), (6), a six-coordinate complex with a structure 
halfway between meridianal octahedral and trigonal prismatic geometries.’ The related 
potentially tetradentate ligand H,bpmp?~ (7) forms the yellow MoO,(H2bpmp) complex*”’ on 
reaction of the ligand with MoO,(acac).. However, the brown complex Mo(Hbpmp)2;‘MeOH 
formed by a less reliable procedure*”’ has an octahedral structure with a meridianal 
arrangement of two of the ligands acting in a tridentate fashion. Each ligand has one 
uncoordinated phenolic OH group.*”? Complexes of en(abt)z of the form Mo.[en(abt),]3 [see 
(8)] have also been reported.*”” 

a NH wa S NH HCH 

N N ee Mk Spe es 
(6) hbma* (7) H, bpmp (8) en(abt), 

The non-oxo Mo¥! complexes have in common the presence of good o- and a- donor 
ligands. These serve the same purpose as the oxo group, namely the neutralization of high 
formal charge on Mo by strong donation. 
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36.6.1 MOLYBDENUM-SULFUR SPECIES AS LIGANDS 

36.6.1.1 Introduction : 

The thiomolybdate(VI) anions [MoO,,S,_,]?~ (n = 0-3) have been prepared by a number of 
methods’? and, with the exception of [MoO;S]-, act as versatile ligands to a wide variety of 
metal ions* (see Table 1). In each of the compounds listed in this table, the [MoO,,S,_,]*~ ion 
acts as a bidentate ligand to the metal and the resultant structural versatility has been clearly 
demonstrated for copper(I) (Table 2). In addition, thiomolybdate(VI) anions are of interest 
since they have special relevance to aspects of bioinorganic chemistry. Thus, [MoS,]?~ has been 
widely used in the synthesis of Fe—Mo—S clusters, examples of which serve as spectroscopic 
analogues for the iron—molybdenum cofactor of the nitrogenases (see Section 36.6.2), and — 
Cu—Mo-—S aggregates, which are relevant to the copper deficiency induced by molybdenum in 
ruminant animals. 

36.6.1.2 Synthesis and Properties of [MoO,S,_,,]’~ (n = 0-2) Complexes 

A variety of divalent d transition metal cations (M = Fe,’ Co,” Ni,**** Pd and Pt,”>”° or 
Zn? 445) react with thiomolybdate(VI) anions to form the corresponding 
bis{thiomolybdate(VI)} complex, which has usually been isolated as its quaternary ammonium 
or tetraphenylphosphonium salt. Copper(II) reacts with [NH4].[MoS,] to form a polymeric 
copper(I) derivative [NH4],[CuMoS,],, the anion of which is composed of chains of 
edge-sharing CuS, and MoS, tetrahedra.”’ Such polymerization of Cu’ and MoW'S, is inhibited 
by a variety of ligands which bind to the copper. Discrete aggregates with up to four Cu! atoms 
bound to a thiomolybdate(VI) anion have been characterized (Table 2). [(PhSCu)MoS,]*~ 
(type I) and [(PhSCu)2MoS,]*~ (type II) have been prepared* by the action of KSPh on the 

corresponding cyanide complexes and X-ray crystallography has shown that coordination to the 

copper causes relatively little perturbation of the MoS, unit. Reaction of CuCl and [MoS,]?~ 

(3:1) in MeCN produces [(ClCu)3MoS,]*— (type III), which has a T-shaped structure.*° 
MoS,]’~ reacts with an excess (>4moles) of CuX (X = Cl, Br) in acetone to form 

[(XCu)4MoS,}*~ (type IV). The bromo complex is a one-dimensional polymer, in which four 

edges of the MoS, tetrahedron are bridged by copper atoms; two trans copper atoms have 

trigonal planar stereochemistry with a terminal bromine atom, while the other two coppers are 

1421 
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Table 1 (MoO,S,_,,]* (n =0-2) Complexes of the d Transition Elements 

C—O 

Complex Ref. Complex Ref. 

[Fe(MoS,)2]*~ 5 [NH,][CuMoS,] 27 
[(PhS),Fe(MoS,)]*~ 6,7,8 [(PhSCu)MoS,]”~ 28 
[Cl,FeMoS,]*~ 7,9, 10 [(NCCu)MoS,]” 29, 30, 31 
[(S;)FeMoS,]?~ 8, ldad?2 [(NCCu)MoOS,]*~ 29 
[Cl,FeMo(0)S,]*~ 13 [(PhSCu),MoS,]}*- 28 
[(PhO),FeMoS,]*~ 14 {(NCCu),MoS,]?- 29, 31 
[(NO),Fe(MoS4)2}° 15 aeigoncrm . oi 33 
[(Cl,Fe),MoS,]*~ 16, 17 (Ph,P),;CuMoOS, 
[Fe(MoO,S,)]”~ 18 [Cu,MoS,(py).] 35 
[(4-MeC,H,S).FeS,FeMoS,]>~ 19 [(ClCu),MoS,]*~ 36 
[(bipy),RuMoS,] 20 [(ClCu),;MoOS,]?- 34, 37 
[{(bipy),Ru}MoS,]** 20 [{Cu,;MoS,Cl}(PPh3);S] 32, 38, 39 
[Co(MoS,)]>~ 21, 22 [{Cu,;MoS,Cl}(PPh;),0] 32, 39 
[Co(MoOS;).]~ ye) est stra , 
[Co(MoO,S,)]*~ 23 NCAg)MoS,]?~ 
[Ni(MoS,),}° 24 Espo: 
[Ni(MoOS;),]”~ 23 (Ph3P,Ag),MoS, 1 
[Ni(MoO,S,).]?~ 23 [{Ag,Mo,S,}(PPh3),S.] 42, 43 
[Ni(S,;CNEt,)(MoS,)]~ 25 [(Et,;PAu),MoS,] 44 
[Pd(S,CNEt,)(MoS,)]~ 25 [(Ph;PAu),MoS,] 41 
[Pd(MoS,)2]?— 26 [(Ph;P);Au,MoOS,] 41 
[Pd(MoOS,),]*~ 25 [Zn(MoS,),]*— 24, 45 
[Pt(MoS,).]*~ 26 [Zn(MoOS;),]?~ 23 
[Pt(MoOS,),]*~ 25 

each tetrahedrally coordinated and are bonded to two bromines which are attached to the 
copper of an adjacent Cu,MoS, unit.*° 
Compounds of the type [{Cu;MoS3Cl}(PPh3)3Y] (type V) (Y=O,S), which contain a 

distorted Cu--S—-Mo—Cl cubane-like cluster, have been prepared from the reaction between 
[MoYS3]*~, CuCl, and PPh; in CH2Cl.*****? [(ClCu);MoOS;]*~ (type VIII) involves three 
copper atoms each bound across an S—S edge of the tetrahedral anion; the MoS;Cu; core 
corresponds to a cubane-like framework with one position vacant.***’ Extraction of this 
complex with a solution of CuCN and PPh; in CH2Cl, gives [(Ph3P);Cu,.MoOSs3] (type VII),** 
which can be considered to have a cubane-like framework with two vacancies. The analogous 
complex of [MoS,]?~, [{(Ph3P)2Cu}(Ph3PCu)MoS,] (type IX),*?°° and its silver analogue* 
possess a structure similar to [(PhSCu),MoS,]*~ (type II) but with one coinage metal in a 
trigonal planar and one in a tetrahedral environment, rather than two with a trigonal planar 
coordination geometry. [{(PhsP)-Ag}(Ph3PAg)MoS,] was obtained by reacting [MoS,]?~ with 
PPh; and AgNO; in CHCl; by adjusting the stoichiometry of the reaction 
[{Mo2SsAg,}(PPh3)4] may be formed.*”*? The central unit of this latter compound is a novel 
cage, arising from the fusion of two MoS;Ag) rings. Gold(I) thiomolybdate(VI) derivatives 
have been prepared; [(R3PAu),MoYS;] (Y=S, R=Et;“* Y=O, S, R=Ph*) have been 
obtained by reacting [MoYS3]*~ and R3PAuCl (1:2). [(RsPAu)2MoOSs] in CHCl, reacts with 
Cs,[MoOS;] to form [{(Ph3P),Au}(Ph3PAu)MoOS;],"* which has a structure related to type 
VII of Table 1. 

[(Bipy)2RuMoS,] has been prepared by reacting [MoS,]*~ with [(bipy)»RuCl] (1:1) and this 
compound will bind a further ruthenium centre to form [{(bipy)2Ru}2MoS,]?*. Both complexes 
have been investigated as catalysts for C,H2 reduction and, in the presence of MeOH or other 
proton source, the electrochemically reduced species react to give C,H, and C,H,.”° 

Thiomolybdate(VI) complexes of d* metal centres [M'(MoYSs)2]*— (M=Ni, Pd, Pt) have 
been prepared by the reaction of MCl, with [MoYS;3]*~ (Y=O,S) (1:2) in H,O/MeCN 
solution.27-**768 The ‘mixed ligand’ complexes [(Et,.NCS2)M'(MoS,)]~ (M’' = Ni, Pd) have 
been prepared by the reaction of [MoS,]*" and [M’(S,CNEt,)] (1:1) in acetone. These 
systems involve a square planar geometry at the d*® metal. [Co(MoS,),]°~, formally a Co! 
complex, has been prepared by reacting CoCl,, [Et; NH][SPh] and [MoS,]*~ in MeCN”! and the 
ae properties of the complex are consistent with a tetrahedral environment about the 
cobalt. 

Heating [NH4]2[MoS4] in DMF, alone or in the presence of benzenethiol, leads to the 
formation of [Mo3Ss]*~.*° [PPh4],[MoO(MoS,)2] has been prepared by heating [NH4].[MoS,] in 
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Table 2 Structural Diversity Observed for Thiomolybdate(VI) Complexes of Copper(I) 
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MeCN-EtOH in the presence of Na[BH,].?* These anions involve a central Mo'YY (Y = O, S) 
moiety coordinated by two bidentate Mo”'S, groups and the central Mo'Y atom has a square 
pyramidal geometry. In the case of.[Mo3So]*~ the central molybdenum is located 0.62 A above 
the plane of the four thiomolybdate(VI) sulfurs; the shortest Mo—S bond (2.086(4) A) is that 
of the Mo'Y—S group; within the Mo’'S, groups, the terminal Mo—S bonds (Mo—S, = 
2.231(3)-2.251(3) A) are significantly shorter than the bridging bonds (Mo—S, = 2.369(3)- 
2.429(3) A; S,—Mo—S, (104.1(1) and 103.0(1)°) are reduced from the value in [MoS,]*~; and 
the Mo: -- Mo separations are ca. 2.95 A.* Several of these features, viz. the lengthening of 
the Mo—S, bonds, the reduction in S,—Mo—S, below the tetrahedral value, and the close 
approach of the metal atoms, are general to the complexes formed by [MoS,]*~ and related 
anions. For the 3d transition metals (M = Fe, Co, Ni and Cu) the Mo- -- M separations are in 
the range 2.63-2.80 A. Thus, the Mo---M separations in the thiomolybdate(VI) complexes 
are sufficiently close to be consistent with the formation of an Mo—M bond; this could arise by 
donation of a pair of electrons from a filled orbital on M into an empty orbital on Mo. 

[MoO,,S4_,|* (n = 0-2) and their complexes have been extensively investigated by IR and 
Raman spectroscopy, especially in respect of their v(Mo—O) and v(Mo—S) stretching 
vibrations, which occur in the ranges 800-1000 and 400-500 cm™', respectively. The Mo—S 
stretching modes of [MoS,]?~ have been assigned;* the totally symmetric (a,) stretching mode 
occurs at 458 cm™! and the triply degenerate, asymmetric (t,) stretching mode at 472 cm~’*. The 
symmetry of the MoS, group is lowered upon complex formation and, in general, the number 
of IR and Raman active vibrations observed is consistent with the symmetry of the 
ageregate.** °°? Resonance Raman spectra have been recorded for thiomolybdate(VI) 
complexes,”*! with excitation using laser lines of energy within the contour of the lowest 
energy sulfur-to-metal charge-transfer transition. The totally symmetric v(Mo—S) stretches are 
easily identified as giving rise to the most intense bands and, especially for [MoS,]*~ complexes 
of Cu’, the pattern (i.e. the number of bands, their frequencies and relative intensities) 
observed in the v(Mo—S) region is distinctive for the number of Cu’ atoms coordinated to 
[MoS,] so 

The UV/visible absorption spectra of [MoO,,S4_,]?~ (n = 0-2) complexes are dominated by 
the sulfur-to-metal charge transfer transitions of the anion and these bands often serve to 
characterize the particular system, even though these absorptions may be correlated with those 
of the parent anion.* The reduction in symmetry due to complex formation often leads to a 
broadening or splitting of the bands and, in the majority of the d transition metal complexes, 
the lowest energy band is red-shifted by an amount which is dependent both upon the nature of 
the transition metal and the number of such metals bound per Mo%!0,,S,4_, group. 

*°Mo NMR spectra have been reported for Cu’, Ag’ and Au! complexes of the [MoO,,S4_,,]7~ 
(n = 0-2) ions.*?*?-4! The resonance position is characteristic of the complex and, as is seen 
clearly for the Cu’ systems, the chemical shift (from [MoO,]*~) decreases regularly (by 
ca. 500 p.p.m.) for each CuX unit bound to the thiomolybdate(VI) core. 

Cyclic voltammetric investigation**°**°? of [M(MoO,,S4_,)2]> (M=Ni, n =0-2; M=Pd, 
Pt, n =0) complexes has shown that each can be reduced reversibly in a one-electron process 
and a further one-electron reduction is possible for some of the complexes. The first reduction 
is primarily centred on the d* metal but the second reduction is not so easily described, since 
the nature of it shows a sensitivity to both the nature of M and the thiomolybdate(VI) anion.” 
The electrochemical behaviour of [Co(MoS,)2}°~ has also been investigated and two reversible 
processes, assigned to the 2—/3— and 3—/4— couples, have been observed.”! 

36.6.1.3 Other Mo—S Species as Ligands 

The molecular fragment cis-Mo(SBu'), is capable of acting as a bidentate ligand; reaction of 
[Mo(SBu'),] or cis-[Mo(SBu'),(CNBu'‘),] with [CuBr(CNBu')3] in acetone under dinitrogen 
produces [(Bu'NC),Mo(u-SBu'),CuBr]. Two isomers, differing in the relative arrangements of 
the t-butyl substituents on the thiolato bridges, have been crystallized and structurall 
characterized and their interconversion in solution demonstrated by 1H NMR spectroscopy.°* 
Similarly, [Mo(SBu'),] reacts with [Fe2(CO).] in toluene to give [MoFe,(SBu'),(CO)s] as the 
main product. Two carbonyls have been transferred to the molybdenum in the reaction and the 
resultant coordination about this metal corresponds to that of a distorted trigonal prism. The 
1H NMR spectrum shows two Bu'S signals at room temperature which coalesce upon 
warming.” cis-[Mo(SBu‘),(CNR).] (R = cyclohexyl, t-butyl) reacts with FeX, (X =Cl, Br) to 
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give [(RNC),Mo(u-SBu'),FeX,], and the related system [Cp»Mo(y-SBu').Fe i 
Mo: : - Fe separation of Lae Ay : Pie Grea S 

cis-[MoS,(pipNO),] (pipNO = piperidine-N-oxide) reacts with CuCl to form the chloride- 
bridged dimer [{(pipNO),MoS,CuCl},] (Figure 1). Coordination to the copper atom lengthens 
the Mo—S from 2.145(2) A, in the parent Mo™! complex, to 2.179(4) A; concomitantly the 
S—Mo-—S interbond angle is reduced from 115.0(1) to 110.3(1)°. The Cu--- Mo separations 
are 2.639(1) A.°” All of these structural features are typical of the coordination of [MoS,]*~ 
molybdenum-sulfur centres as bidentate ligands to Cu! and other metals. 

Figure 1 Structure of [{piperidine N-oxide(1 — )),MoS,CuCl},]*” 

36.6.2 IRON-MOLYBDENUM-SULFUR CLUSTERS 

Interest in the chemistry of FE—Mo—S clusters has been stimulated by the discovery that the 
iron—molybdenum cofactor (FeMoco) of the nitrogenase enzymes is an aggregate of these 
elements, organized in a manner yet unidentified. The nitrogenases catalyze the reduction of 
dinitrogen to ammonia in nitrogen-fixing organisms. The enzyme complex consists of two types 
of protein, the Fe protein and the FeMo protein, and activity requires both proteins, ATP, a 
divalent cation (preferably Mg’*) and a reductant. The Fe protein, which involves an 
Fe,S,-cubane-like cluster, acts as an electron transfer agent to the more complex FeMo protein 
which contains the catalytic site for substrate reduction.** There are two molybdenum atoms 
per FeMo protein molecule and each is involved with one FeMoco; these entities may be 
extracted from the protein,” have been shown to be common to molybdenum-containing 
nitrogenases of various organisms, and can activate extracts of the FeMo protein component of 
inactive mutant strains of different microorganisms.°! In the organism Klebsiella pneumoniae, a 
cluster of 17 genes in seven transcriptional units has been associated with nitrogen fixation. 
One class of mutants, the nif V~ mutants, has altered substrate specificity and‘the enzyme from 
these mutants is relatively ineffective at dinitrogen reduction. This altered substrate specificity 
has been shown to be associated with FeMoco,™ directly implicating this entity as part of the 
catalytically active site of the nitrogenases. The elemental composition of FeMoco has been 
estimated by a variety of analytical and spectroscopic procedures, leading to ranges of values 
for iron and sulfur per molybdenum of MoFe¢-sS49.°” There is no evidence for the 
presence of any organic entity associated with FeMoco, other than solvents™ such as 
N-methylformamide (NMF) used in its abstraction.°? 
FeMoco, both as a constituent of the FeMo protein and an isolated entity, has been the 

subject of detailed spectroscopic examination.” *’Fe Méssbauer and EPR studies of the 
cofactor have been interpreted in terms of an S =3 centre that contains one molybdenum and 
ca. six irons in a spin-coupled structure. The EPR signal serves as a valuable fingerprint of 
FeMoco; furthermore, release of FeMoco from the FeMo protein produces an EPR spectrum 
with broader features, but the same profile, thereby indicating that the core of this cluster is 
little changed by the extraction procedure. Treatment of FeMoco with ca. one equivalent of 
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benzenethiol sharpens the EPR spectrum so that it more closely resembles that of the MoFe 

protein. In the FeMo protein, FeMoco is capable of existing in at least three distinct levels 
of oxidation. The S = 3 level is oxidized by the removal of one electron per molybdenum to an 
EPR-silent species and, during steady-state turnover, the cofactor is converted into an 
EPR-silent, super-reduced state.” The oxidized state can be reproduced by oxidation of 
FeMoco in NMF solution by methylene blue.* 

The most definitive structural information concerning the molybdenum site in FeMoco and 
the FeMo protein has been provided by X-ray absorption near edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectroscopy. ”° The profile of the 
molybdenum K-absorption-edge indicates the absence of terminal oxo groups and the position 
of this edge suggests an oxidation state of ca. +IV. Interpretation of the EXAFS has shown 
that, in the MoFe protein, the molybdenum possesses a first coordination sphere of three to 
four sulfur atoms 2.36 A away, with a shell of two to three iron atoms at a distance of 2.68 A; 
these structural features remain essentially unchanged for FeMoco in NMF, but there is 
evidence for an additional shell of two to three oxygen (or nitrogen) atoms at 2.10 A. These 
latter atoms could originate from the solvent and IR spectroscopic studies of solutions of 
FeMoco in NMF have identified an intense band at 1600 cm~', which has been assigned to the 
C=O stretching of N-bonded, deprotonated solvent.™ 

The lack of precision in the structural definition of FeMoco has allowed much scope for the 
synthesis of possible chemical analogues and, thereby, stimulated the preparation and 
structural and spectroscopic characterization of FR—Mo—S clusters.’’’”* The majority of these 
synthetic approaches employ [MoS,]*~ as a reagent and they can be classified in two main 
categories: (a) ligand exchange reactions between Fe(L),, complexes and [MoS,]*~ to give 
complexes containing tetrathiomolybdate(VI) anions acting as ligands’! and (b) ‘spontaneous 
self-assembly’ reactions between [MoS,]*~ and FeCl, in the presence of a thiol, which yield 
Fe3;MoS, cubane-like clusters in dimeric species which, by subsequent manipulations, have 
been converted into monomeric species.” 

Examples of complexes formed between iron and tetrathiomolybdate(VI) anions are given in 
Table 1,>'° and aspects of the vibrational and electronic spectra associated with their 
molybdenum centres are discussed in Section 36.6.1.2. Magnetic moments and °’Fe Méssbauer 
spectra of [S,MoS,FeS,MoS,]*~ ,”* [X2FeS,MoS,]?~ (X = Ph, Cl, SPh, OPh; X, = S;)’*1!-4 and 
[Cl,FeS,MoS,FeCl,]*~ '*'”:”4 have been recorded and interpreted in terms of Fe” centres which 
are spin coupled to the {MoS,}*~ groups, with some transfer of electron density from the 
former to the latter. [NEt,].[(PhS)sFeS,FeS,MoS,] has a °’Fe Méssbauer spectrum consistent 
with an Fe (S = 3) centre antiferromagnetically coupled to a formally {Fe"S,Mo”'S,} (S = 2) 
unit to give an S =4 ground state.’ The °’Fe isomer shift in [S;MoS,FeS.MoS,]}*~ is smaller 
than that expected for an oxidation state of I or II for the iron, suggesting extensive Fe— Mo 
charge transfer; the EPR spectrum indicates an S=3 ground state, similar to that of 
FeMoco.*”’ Electrochemical studies on [X;FeS,MoS,]*~ complexes (X = SPh,’ OPh"*) show an 
irreversible reduction at —1.34V or —1.51V vs. SCE for the thiophenolate and phenolate 
complexes, respectively. The [(PhS)2FeS,FeS,MoS,]°~ ion displays an irreversible oxidation at 
0.05 V and an irreversible reduction at —1.1V vs. SCE."° The irreversible electrochemical 
reduction of [ClFeS.MoS.FeCl.]’~ occurs at —0.56 V us. SCE, with loss of a chloride to form 
[MoS,Fe2Cl3]*", which may exist as a dimer in solution.‘° Mo K-edge EXAFS spectra have 
been recorded for the binuclear complexes [X2FeS,MoS,|?— (X=Cl,SPh,OPh) and the 
trinuclear complexes [(4-Me3CsH,S)2FeS,FeS;MoS,]*-, [S2MoS,.FeS,MoS,]*— and 
[Cl,2FeS,MoS,Cl,]*~ .”-”° The Mo—S and Mo—Fe distances determined agree with the X-ray 
crystallographic data to better than 0.5%. Comparisons of the Fourier transforms of the 
EXAFS spectra with that of the MoFe protein of nitrogenase show them to be significantly 
different, and suggest a first coordination sphere around molybdenum in the enzyme that is not 
simply tetrahedral. 

Despite the undoubted chemical interest of the complexes involving [MoS,]*~ ligated to iron, 
the second category of Fe—Mo—S clusters, involving Fe;MoS, cubane-like cores, appear to 
have more relevance to FeMoco. Reactions between FeCls, [MoS,]*~ and an excess of a 
thiolate anion in methanol solution yield several products based on cubane-like clusters 
containing one molybdenum and three iron atoms in a tetrahedral arrangement, with each face 
bridged by a ws-sulfide ligand.” By varying the stoichiometry, reaction times and cations 
present in solution, three different types of product have been isolated from this system: 
[FesMo2S.(SR)o]*~ , [FesMo2Ss(SR)6(OMe)3]>~ and [Fe7Mo2S,(SR)12]?~ (Figure 2), Each of 
these anions contains two {(RSFe)3(3-S)4Mo} clusters with each molybdenum atom bonded to 
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three atoms of a bridging system. The anions [FesMoS,(SR)o]°~ (R= Et, Ph, 4-CIC.Hy, 4- 
MeC,H,) and [FesMo2Ss(SPh).(OMe)3]°~ contain three bridging (SR)~ or (OMe)~ ligands, 
which have been shown by 'H NMR spectroscopy not to interchange with the terminal ligands 
in solution.””78 [MesNCH_Ph],[Fe7Mo2Sa(SEt):2],” and the related (reduced) anion of 
[NBud].[Fe7Mo,Ss(‘ CH,Ph),.],’° involve a (u-S)3Fe(u-S); bridging arrangement containing a 
central Fe™, or Fe", atom, respectively. 
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Figure 2 Structure of some dimeric assemblies of Fe;MoS, cubane-like clusters;”” (a) [Fe,Mo,S,(SR)o]°; (b) 
[Fe-Mo2S,(SR).(OMe)s]"~; (c) [Fe7Mo,S,(SR);2}— 

The bridging system in [Fe7Mo2S,(SEt),.]>~ can be broken by reaction with catechol, catHh, 
which yields [Fe,MoS,(SEt)3(cat)3]>- (Figure 3). The crystal structure of its [NEt,]* salt shows 
this anion to consist of a single {(EtSFe)3MoS,} cluster, with the molybdenum coordinated via 
three Mo—O—Fe bridges to an Fe(cat)3 group acting as a tridentate ligand.®° The reaction 
between [NEt,]3[Fe7Mo2S<(SEt),2] and 3,6-dipropylcatechol, Pr.catH,, yields 
[NEt,]4[FesMo2Sa(SEt)¢(Pr2cat)2]. This anion contains two {Fes;MoS,} cubane-like clusters with 
each molybdenum chelated by a (Pr.cat)*~ ligand; two of the iron atoms in each cube are 
coordinated to one terminal ethanethiolate, and the third iron atom is bridged to the 
molybdenum atom of the other cube by a bridging ethanethiolate group. Similar products have 
been obtained with 3,6-diallylcatecholate, (al,cat)*~ (Figure 4) and tetrachlorocatecholate, 
(Clycat)?~, ligands. *?-* 

“ales 

Figure 3 Structure of [Fe,MoS,(SEt)3(cat)3]°~ *° 

Ligand exchange reactions between [FesMo2S(SEt)o]°~_or [Fe7Mo2S,(SEt):2]*" anions and 

thiols, acetyl chloride, benzoyl chloride, benzoyl bromide or phenol have shown that the 

Coc3-TT 
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Figure 4 Structure of [Fe,Mo,S,(SEt),(3,6-diallylcatecholate),] (O O= 3,6-diallylcatecholate)* 

terminal thiolate ligands are labile and easily replaced by other thiolate groups, halides, 
or phenolates; the bridging ligands are inert to substitution.*** However, the reaction 
between arenethiols .(RSH) and [FesMo2S,(SEt).(Ricat).|*" (see Figure 4) yields 
[FesMo2Ss(SR).(R3cat)2]*" (R=Ph, 4-MeCsHy, 4-CICsH,; R’=Pr, allyl) in which both 
bridging thiolates have been substituted as well as the terminal ligands. In coordinating 
solvents, including DMSO, DMF, THF and MeCN, [FesMo2S(SR)«(R3cat)2]*~ double cubane 
aggregates are cleaved to give the single Fe;MoS, cubane-like cluster solvates 
[Fes;MoS,(SR)3(R3cat)(solvent)|*~ (see Figure 5). These systems possess specific reactivities at 
both the molybdenam and the iron sites.*"**-8*®’ Thus, the solvent molecule is readily replaced 
by a variety of ligands (RS~ (Figure 5), Nz, CN”, RO™ and PR;) and catecholate exchange can 
be effected at the molybdenum site. Normal thiolate exchange at the iron sites occurs and using 
acetyl chloride results in chloride for thiolate substitution. Reaction of the product 
[Fes;MoS,Cl,(cat)(solvent)]*— with CN~ produces [Fe;MoS,(CN),(cat)]>~, in which this sub- 
strate of nitrogenase is bound at each iron and molybdenum atom. 

RS ——Mo—O 

Figure 5 Structure of [FesMoS,(SC.H,CI-4),(3,6-diallylcatecholate)}°~ (R = 4-CIC,H,; L = 4-CIC,H,S; od = 3,6- 
diallylcatecholate) 

A novel double Fes;MoS, cubane-like complex bridged by two persulfide groups has been 
prepared via an intermediate carbonyl cluster. Displacement of the chlorides from 
[Cl,FeS,MoS,]’*~ by [(CO)sFe2S2])?~ yields [(CO)sFe,S,FeS,MoS,}*-; this reacts with (4- 
CICsH4S)2 to give [FesMo2Sg(S2)2(SCsH4Cl-4),]?~, in which the two persulfides form a bridge 
between the molybdenum atoms of two {Fe3;MoS,} units. This type of cluster can also be 
prepared in a self-assembly reaction from [MoS,]?~, FeCls, a thiolate and NaS, in methanol.® 

The electronic structure of compounds containing the single and double Fe;MoS, cubane-like 
clusters has been investigated by *’Fe Méssbauer, EPR and NMR spectroscopy, and by 
magnetic moment measurements.’”**** These results have shown that each {Fe;MoS,}3* 
framework is electronically delocalized and the coupling of electron spins produces an S =3 
ground state. The EPR spectra of these single cubane systems show little dependence on the 
nature of the ligands bound to molybdenum and, of particular significance, closely resemble the 
EPR spectrum characteristic of FeMoco with the same magnetic ground state. Furthermore 
none of these spectra manifest molybdenum hyperfine coupling. In the triply bridged double 
cubanes [FesMo,S,(SR)o]*~, the two {Fes;MoS,}°* sub-clusters are only weakly coupled, but in 
the doubly bridged anions [FesMo2Se(SR)6(Racat)2]*- there is strong spin coupling between the 
cubanes to give an S=0 ground state. The *’Fe Méssbauer isomer shifts of compounds 
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ere one or two {Fe;MoS,}** clusters compare closely with those for the S =3 state of 
eMoco. 
Electrochemical studies have shown that each {Fe3MoS,}3* cubane-like cluster exhibits a 

reversible one-electron reduction and oxidation process, giving rise, for example, in the dimeric 
species [FesMo2S,(SR)o]°~ to 1—/2—, 2—/3—, 3—/4— and 4—/5— couples.7”85,8589.91,93.94 57Fe 
MOssbauer isomer shifts indicate that the redox changes occur primarily at the iron centres.*! 
Chemical reduction using sodium acenaphthylenide generates the reduced complexes in 
solution, and the doubly reduced complex [FesMo2S,(SPh)o]°- has been crystallized as its 
[NEt,]* salt. This anion retains the double cubane structure of its parent, but with an increased 
Mo—Mo separation.” The reduced clusters react with PhSH to produce dihydrogen, and can 
catalyze electrochemical reduction reactions, including the conversion of ethyne to ethene and 
reduction of dinitrogen to ammonia.”>! | 

Crystal structure determinations of the single and double cubane complexes have 
shown that the internal dimensions of the {Fe;MoS,} clusters are independent of the 
nature of the other ligands present and, with Mo—Fe distances of 2.72+0.01A and 
Mo—S bond lengths of 2.35+0.01A, closely resemble the environment suggested for 
molybdenum in FeMoco on the basis of molybdenum K-edge EXAFS measurements. The 
molybdenum K-edge EXAFS of [NBu,]3[FesMo2S,(SEt)o], [NEt,]3[FesMo.S9(SEt)s] and 
[NEt3(CH2Ph)]3[FesMo2S,(SEt)3;(OPh).] agree well with crystallographic results, showing 
back-scattering from both a shell of sulfur atoms and a further shell of iron atoms. The 
molybdenum XANES of nitrogenases are similar to those of Fes;MoS, cubane-like clusters 
possessing an MoS;0; coordination.”? However, unlike FeMoco, the iron K-edge EXAFS 

spectra of Fes;MoS, clusters show no net back-scattering from the molybdenum and iron atoms 

due to destructive interference of the Fe-Fe and Fe—Mo waves.’” Therefore, the Fe;MoS, 
cubane-like clusters are deficient in this respect as models of FeMoco. A more fundamental 
objection is that their composition is not encompassed by the range of Fe:Mo:S values 
suggested for FeMoco. 

Other approaches to the synthesis of Fe—Mo—S clusters have been made, especially using 
metal carbonyls as starting materials. The reaction between [RMo(CO),]2 (R = Cp, MeCp) and 
[FeS(CO)3]2 yields two isomeric iron—molybdenum-sulfur clusters with different {Fe,.Mo.S»} 
skeletons, but both products can be formulated as [R2MoFe2("3-S)2(u-CO)2(CO)¢].’* The 
major isomer (80%) has the expected butterfly arrangement, with the two molybdenum atoms 
in the hinge positions and a butterfly angle of 104°; each sulfide bridges an {Mo Fe} face and 
two carbonyls bridge different Mo—Fe bonds; the Mo—Mo distance in the Cp product is 
2.846(5) A, and the average Mo—Fe distance is 2.817(56) A. The minor isomer (20%) is a 
centrosymmetric cluster (Figure 6) with a planar {Fe2Mo,} skeleton, with the two (u3-S) groups 

bridging different {Mo.Fe} triangles above and below the plane; in the MeCp complex the 

Mo—Mo distance is 2.282(1) A, indicating considerable metal-metal interaction; the average 

Mo—Fe distance is 2.791(11) A.! [R2Mo.S.(SH),] reacts with [Fe(CO)s] in the presence of 
Me3NO, or with [Fe2(CO) ] to yield [R2Mo2Fe2(u3-S)2(u-S)2(CO).], the structure of which 

(Figure 7) is related to that in Figure 6, by replacing the two -CO groups by p-S*” ligands. '°° 
[MoOCl;(THF),] reacts with [Fe2(CO),S2]’~ to give [MoOFe;S,(CO),2]?~, in which the 

central {MoO} unit is bonded to two {Fe(CO)3} groups by two ys-sulfides, forming an 

{MoFe,} triangle, and to a tetrahedral {FeS,} group via two p-sulfides; the other sulfides of 

the {FeS,} form p3-bridges to two {Fe(CO)3} groups.’”° : 
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Figure 6 Structure of [(MeCp),Mo,Fe,(3-S)2(u-CO),(CO),]' 

The interaction of [(Cp’)2Mo.S,] (Cp'=CsMes) with [Fe(NO)(CO)3]* yields 

[(Cp')2Mo,Fe2S4(NO)2] which, on the basis of spectroscopic evidence, is considered to have a 
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Figure 7 Structure of [(MeCp)Mo,Fe,(13-S)2(u-S)2(CO),] °° 

cubane-like {Mo2Fe2S,} core. This reaction demonstrates how attack of a metal-metal bond by 
an electrophilic metal species can be used to build up larger clusters.’”’ [(Cp’)2Mo7S,] reacts 
with [Fe2(CO) ] in THF to form [(Cp’),.MoS,Fe(CO),], [(Cp’)2Mo2S2(S2CO)Fe(CO),2] and 
[(Cp')2Mo2S4{Fe(CO)2}2], the structures of which have been confirmed by X-ray crystal- 
lography, the last compound having an  Mo»Fe2S,  cubane-like core. 
[(MeC;H,)2MozFe2(CO).S,4] has also been reported.’ 
The addition of {Mo(CO)3} fragments to iron carbonyl anions has also been used to 

synthesize iron—molybdenum-sulfur compounds. Thus, the _ reaction between 
[Mo(CO)3(MeCN)3] and [FeeSsX6]*> (X =Cl,4-OCsH4Me) yields [FesSsX¢{Mo(CO)s3}2]”~ 
(n =3, 4). A crystal structure determination accomplished for [NEt,]4[FesS¢Cls{Mo(CO)s3}.] 
(Figure 8) has shown that the molybdenum atoms cap the top and bottom of the {FegSsCl.} 
‘prismane’ cluster. Derivatives containing such {FesMoS,} and {Fe7MoS,} units have been 
suggested as models for the Fe—Mo—S centre in nitrogenase but have not yet been 
synthesized.'” 

Figure 8 Structure of [Fe,S,Cl,{Mo(CO),},]*~ 18 

Several complexes have been prepared containing tetrahedral iron atoms coordinated to 
two molybdenums through two pairs of w-sulfido ligands. [NH4].[MoS,] _ reacts 
with Naj(SCH2,CH2S) and FeCls; this mixture, on addition of [NMe,]Br, yields 
[NMe,]3[FeS,{MoS(SCH2CH,S)},], the anions of which involve molybdenum atoms with a 
distorted square pyramidal geometry, and axial Mo—S ligands."”° The catalytic activity of this 
and related complexes in the hydrogenation reaction of ethyne has been investigated,!! 
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36.6.3 MOLYBDENUM CHALCOGENIDES 

The principal ore of molybdenum is molybdenite, MoS,, which occurs as fine crystals 
embedded in quartz. Molybdenum deposits exist in many parts of the world, but few are 
sufficiently rich to warrant the extensive processing required for commercial exploitation. The 
two most important molybdenum mines are at Climax and Henderson in Colorado, USA and 
the alternative source of molybdenum is as a by-product of copper mining. MoS, exists as an 
S—Mo-—S : : -S—Mo-—S layer lattice, in which each molybdenum atom is surrounded by a 
trigonal prism of six sulfur atoms. MoS, is of considerable commercial importance as a 
lubricant, catalyst precursor and support, precursor of intercalation superconductors, and as an 
electrode for photoelectrolysis. Therefore, the physical properties of MoS, and its derivatives 
have been extensively examined.'’* MoSe, and the low temperature form of MoTe, adopt the 
same structure as MoS,, but in the high temperature form of MoTe2 each molybdenum atom is 
located in an octahedral arrangement of tellurium atoms and is involved in two close Mo—Mo 
approaches.''* The amorphous trichalcogenides, MoS; and MoSe3, have _ interesting 
electrochemical and other physical properties;'? molybdenum and selenium EXAFS studies 
have led to the proposal that an important structural unit of these systems is a binuclear metal 
site (Mo—Mo ca. 2.75 A) with a triple bridge consisting of one Y?~ and one Y3~ (Y= 
S, Se) ion.*?° 
Mo—Mo and Y—Y bonding and their interrelationships are a dominant feature of the 

chemistry of discrete molybdenum chalcogenide entities.'’’"! The clearest demonstration of 
this interrelationship is the oxidation of [MoS,]*~ by organic disulfides to form [Mo,Sg.]*~, 
thereby achieving reduction of molybdenum (from Mo™! to Mo’), production of persulfide ions 
and the formation of an Mo—Mo bond.’”° Many other examples of oligomeric molybdenum 
systems bound to persulfide ligands exist;*"!” two important examples are [Mo2(S»)6]*~ 
(Figure 9)!21 and [Mo3S(S2).]* (Figure 10),’”* both as interesting systems in their own right 
and as synthetic precursors. Another important aspect of Mo—S chemistry is the demonstra- 
tion that [NEt,].[MoS,] reacts with either elemental sulfur or organic trisulfides (RSSSR) in 
MeCN to produce [NEt,],[MoS.]. This anion involves an {MoS}** (Mo—S = 2.128(1) A) core 
coordinated by two tetrasulfide ligands (Mo—S = 2.36(3) A) to give a square pyramidal 
geometry at the metal. Heating an MeCN solution of [MoS.]*~ in air produces the 

[MoO(S,)2|*~ analogue.’? Oxomolybdenum centres ligated by groups containing one or more 
S—S bonds have been identified in many other systems, including: [MoOS,(S2CNPrz)s],~* 

[Mo2(S2O)2(S2CNEty),],"~° [Mo2S4(S2)(S3O) }?— 126 and [Mo20,S4-n(S2)2—x(S4)x]°~ (n =2, X= 

0,1; n=1, x =1).!?’ Anions of this last type, with n =0 and x =0, 1, 2 have been shown to 

participate in a complicated series of equilibria which arise in reactions of [MoS,]°~ with 

elemental sulfur, organic trisulfides or [NH,4],S,, and thiols; these equilibria involve monomeric 

and dimeric molybdenum sulfide complexes and the equilibrium position depends upon several 

factors, including the nature of the solvent and the counterions.’*!*” One product of these 
reactions [(S,)Mo(S)(u-S)2Mo(S)(S4)]?~ (Figure 11) is an isomer of [Mo2(S2)6]?~ (Figure 9) 

with a remarkably different arrangement of sulfur atoms. Complexes involving S3— and S27 ions 

ligated to molybdenum have also been characterized."* 

or 121 Figure 9 Structure of [Mo,(S2). 5 

Molybdenum complexes of polysulfide ligands are reactive and, for example, readily make 

and break sulfur—carbon bonds, a property undoubtedly relevant to the involvement of Mo—S 
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Figure 11 Structure of [(S,)Mo(S)(u-S)2Mo(S)(S,)]>~ *” 

centres in hydrodesulfurization catalysis. Addition of CS, to [PPh,].[MoS,] and 
[PPh,][(S4)Mo(S)(u-S)2Mo(S)(S2)] produces [PPh,4]2[(CS,)2MoS] and [PPh,].[(CS4)Mo(S)(u- 

S)2Mo(S)(CS,)], respectively, both products containing the perthiocarbonate ligand bound as 
an S,S chelate. The former anion contains an {MoS}** core coordinated by two nearly planar 
{esa7- ligands in a trans configuration; the latter anion consists of a syn-{Mo2S,}** core with 
two {CS,}*~ ligands coordinated to the molybdenum atoms in a cis configuration.'*° 2-Butyne 
dimethanoate, MeO,CC==CCO2Me, reacts with [MoS.]*~ to form, as one of the products, 
[Mo{S.C,(CO.Me)2}3]?~, a trigonal prismatic complex with three dithiolene ligands.’ 
Similarly, MeO,CC=CCO.Me reacts with [(S)4Mo(S)(u-S)2Mo(S)(S4)]}?~ or [(CS4)Mo(S)- 
(u-S)2Mo(S)(CS,)]*~ to form [Mo2S4{S2C,(CO.Me).}2]* and with [MoO(S,)]*~ to form 
[MoO{S,C,(COzMe)}2]*~. Reaction of [(S3)Mo(O)(u-S)2Mo(O)(S2)]?~ with 
MeO,C=CCO.Me_ results in the formation of the  dithiolene complex 
[Moz02S2{S2C2(CO2Me)»}2]*-, which is an isomer, in respect of the C—S framework, of the 
vinyl disulfide complex (Figure 12) obtained by reacting [(S2)Mo(O)(u-S),MoO(S,)}*— with 

Figure 12 Structure of the bis(vinyl disulfide) complex [Mo,0,S,{S,C,(CO,Me),},]*~ 123 
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MeO,CC=CGO2Me. Further important reactivities of Mo—S—C systems have been demons- 
trated by Rakowski DuBois et al., for dimeric Mo—S complexes involving each metal ligated 
by a cyclopentadieny] ligand (Section 36.6.5). 

36.6.4 NITROSYL AND CYANIDE MOLYBDENUM-SULFUR COMPLEXES 

The structural chemistry of these systems is interesting and a considerable versatility exists, 
especially in respect of the nature of the Mo—S framework to which nitrosyl or cyanide ligands 
are attached.118-154155 

[Mo,(NO)4(S2)6O]?~ can be obtained by the reaction of [MoO,]*~ with NH,OH-HCI with 
H.2S in H,O. This anion (Figure 13) consists of a central oxygen atom bound to four 
molybdenum atoms, arranged as a tetragonal bisphenoid over whose edges two handle-shaped 
and four roof-shaped S3~ ligands are located; each molybdenum is bound to a terminal nitrosyl 
ligand.’*° The related anion [Mo,(NO),S,3]*~ ( igure 14) involves a central sulfur bound to 
four {MoNO}%* moieties, five S3~ and two S*~ ligands (rather than the six S3~ ligands in 
Figure 13). [Mo4(NO),S,3]*~ is one product of the reaction of molybdate with ammonium 
polysulfide in aqueous solution in the presence of hydroxylamine.’**1*’ 
[Mo.(NO)2(S2)3(Ss)(OH)]}>- (Figure 15) has been obtained and involves an unusual (u-S;)*~ 
ligand.1°* Other studies of these and related anions have been reported.’ 

Figure 13 Structure of [Mo,(NO),(S2).O]*" °° 

Nitrosyl and cyanide ligands can coexist bound to a molybdenum -sulfur core, as in 

[MoS2(NO)2(CN)«]° 1° and [Mo4S4(NO)4(CN)s]*~.’ The latter anion has been obtained by 

reacting [Mo,(NO)4(S2)6O]* with KCN and it possesses a distorted cubane-like Mo,S, 

framework, composed of two Mo,S, quadrilaterals (Mo—Mo = 2.99(3) A) linked with long 

(3.67(4) A) Mo--- Mo separations; each molybdenum is bound to one nitrosyl and two 

cyanide ligands external to the Mo,S, cluster.“ [Mo,S,(CN)12]®~ also contains an Mo,S, 

cubane-like cluster, but the molybdenum and sulfur atoms are arranged as two, almost regular, 

interpenetrating tetrahedra with all the Mo—Mo separations essentially the same (2.85 A); 

each molybdenum is octahedrally surrounded by three CN" and three S ligands. 

Ks[Mo3S4(CN)o]-3KCN-4H,0 has been structurally characterized and shown to involve cyanide 

ligation of a normal {Mo;S,}** core.’*° Cyanide ligation to {Mo,S}°* (see Section 36.4.1.3), 

{Mo,S,}?* and {Mo,S.}** cores has also been demonstrated; [Mo2S2(CN)s] i involves a 

significantly longer (2.758(7) vs. 2. 644(5) A) Mo—Mo bond than in [Mo2S2(CN)s] ei 

The redox chemistries of di-, tri and tetra-nuclear Mo—S cyanide complexes have been 

discussed in relation to their electronic structures.'°° Passage of oxygen into an aqueous 

solution of [Mo,S2(CN)s]° leads to the formation of a dark violet mixed-crystal compound of 

the composition K44:{Mo2(SO2)(S2)(CN)s].[Mo2(SO2)(S2)(CN)s]i-x-4H20 
(x= 0.3). In the 

crystal the two anions, whilst structurally similar, are located at crystallographically independ- 

ent positions; each involves both molybdenum atoms surrounded by an approximately 
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Figure 15 Structure of [Mo,(NO),(S>)3(Ss)(OH)]°~ 

pentagonal bipyramidal array of four terminal CN™ and three sulfur atoms of the bridging 
SO3- and S3 ligands. However, these anions involve the significantly different Mo—Mo 
separations of 2.790 and 2.684 A, respectively, and the results of spectroscopic studies have led 

to the suggestion that the former is a mixed Mo™Mo!Y dimer whilst the latter involves two 
Mo!” atoms.**? 

36.6.5 CYCLOPENTADIENYL MOLYBDENUM-SULFUR SYSTEMS 

Cyclopentadienyl molybdenum-sulfur compounds are useful synthons for the preparation of 
Mo—M-—S (e.g. M = Fe (see Section 36.6.2), Co, Ni) clusters!“ in reactions with metal 
carbonyls. However, the principal interest in molecules of this class has arisen because of the 
reactivity of the Mo—S system, primarily in respect of the making and breaking of S—H 
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and/or S—C bonds, leading to novel chemistry and an illumination of processes relevant to 
hydrodesulfurization catalysis. 

[Cp2Mo2(CO).] reacts with elemental sulfur to form insoluble products,'*> but the introduc- 
tion of methyl substituents on the cyclopentadienyl ring permits the isolation of the soluble 
products [(MesCs)2Mo2S,], [(MeCsH,)2Mo.S,] and [(MesCs)2Mo.(S>);]. The first two products 
possess an anti-{Mo-2S,}** core (Section 36.4.3.5.3) and the last one involves two n?-S> ligands 
bound to each metal with each bonded to a single sulfur atom of a fo-S, ligand.'*° Molecules 
of the composition [R3Mo,S,] (R' = Me,,C;Hs_,, =0, 1,5) may exist in one of three iso- 
meric forms (Figure 16) and photochemical isomerization between them has been demon- 
strated."“°" Dimers related to form I with oxo or imido ligands have been characterized,'*° 
the electronic structure of these molecules has been investigated,'°’ and their intramolecular 
steric effects have been modelled.'*? 
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Figure 16 Isomers of molecules with the composition [Rj}Mo,S,] (R' = Me,,CsH;_,, n =0, 1, 5)" 

The molecules [R:Mo,S,] and their relatives manifest interesting reactivity towards H, 
alkenes, alkynes and other compounds with unsaturated linkages.'°5*15° [RSMoS,] com- 
pounds react with H, under mild conditions to form a quadruply bridged structure with two 
hydrosulfido—ligands, [R3Mo2(u-S)2(u-SH)2]. These systems catalyze H—D exchange between 
H, and Dy, as well as between H, and D,O, and catalyze the reduction of elemental sulfur and 
SO,.***:!>* Both alkene and arenethiols (RSH) react with [R3Mo.(u-S)2(u-SH),] to release H2S 
and form the corresponding [R3;Mo,(u-S)(u-SR),] derivative; the structure of the n=1, 
R= Me derivative has been determined and the molecules shown to be centrosymmetric with 
an Mo—Mo separation of 2.582(1) A. [R3Mo.(u-S)2(u-SH)2] reacts with various unsaturated 
molecules, for example ethylene or benzyl isocyanide, releasing H, and forming dimers with 
two bridging ethane-1,2-dithiolate or dithiocarbonimidate groups, respectively. The kinetics 
of the reactions of benzyl isocyanide with [(MeCp).Mo,(u-S)2(u-SH)2] and [(MeCp)2Mo,(p- 
S)2(u-SCH2CH2S)], to form the same dithiocarbonimidate complex, [(MeCp),Mo2(- 
S,CNCH2Ph),], have been determined and the results suggested that the former reaction 
proceeds by an associative mechanism whilst the latter proceeds by a dissociative pathway.'> 
Deprotonation of [R;Mo2(u-S)2(u-SH)2] with NaOMe (1:2) in the presence of excess CH2Br2 
results in the formation of the dimer [R:Mo2S.(S,CH,)] with a bridging methanedithiolate 
ligand;’°° this compound will catalyze the homogeneous hydrogenolysis of CS,.1°” 

Addition of C,H, or C,H» to [R2Mo_S,] yields a quadruply bridged dimer with, respectively, 
two u-ethane-1,2-dithiolate or u-ethylene-1,2-dithiolate ligands.’*° Complexes related to the 
former, viz. [(Cp)2Mo(u-SC,,H2,S)2] (1 =2 and 3), have been prepared by the reaction of 
ethylene sulfide and propylene sulfide, respectively, with [CpMoH(CO)s] or [(Cp)z2Mo2(CO).] 
and their redox properties have been studied. These neutral dimeric complexes undergo a 
unique reaction with alkenes and alkynes, in which the hydrocarbon portion of the bridging 
dithiolate ligand is exchanged.’*® A series of these complexes, in which the molybdenum atoms 
are bridged by two inequivalent dithiolate ligands, have been synthesized and the relative 
tendencies of the ethanedithiolate ligands to eliminate ethylene investigated. Alkenes and 
cumulenes react with these complexes, displacing ethylene to form derivatives with dithiolene 
bridges. °° 

[Cp;Mo,(CO)«] reacts with [Zn(S3CPh)2] to form [CpMo(CO).(S2CPh)] and [Cp2Mo,(u- 
S)a(S2CPh)2], and with 3,4-dimercaptotoluene to yield a purple dimer which, on irradiation, 
decomposes to produce the green compound [(Cp)2Mo2(u-S2CsH3Mez)2], which has a structure 
in which the core is similar to that of [(Cp)2Mo2(u-SCHCHS),].'°? [Cp2Mo2(u-SMe)4] may be 
obtained by reacting [Cp2Mo.(CO).] with MeSSMe and oxidation by Ag[PF.] yields the 
monocation; the neutral and cationic species possess the same geometry and oxidation leads to 
no essential change in dimensions.’ 
A wide variety of other cyclopentadienyl molybdenum-sulfur compounds are known 

including: monomeric [CpzMo(SR)2],°" [Cp2zMoS,] and [Cp2MoS,], dimeric 

coc3-TT* 
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[(BuCp)2Mo.(u-S2)Cl4] and [CpMoCl,(u-X)(4-SMe)2CIMoCp] (X=OH, SMe), trimeric 
[Cps;Mo;3(u-S)3(u3-S)]"* (n =0,'47 11) and [Cp3Mo3(t43-S)(CO).]*,’ and the tetrameric 
[(Pr'Cp)4Mo4(t3-S)4]"* (n =0, 1, 2)'®7 and related systems (see Section 36.3.3.2).'* 

36.6.6 DITHIOLENE AND RELATED COMPLEXES 

Transition metal complexes of unsaturated 1,2-dithiolates (metal dithiolenes) have attracted 
much attention because of their interesting structural and redox properties.” Molybdenum 
dithiolene complexes have featured prominently’”’ in these studies and have special significance 
following the suggestion’’'!” that the molybdenum-containing cofactor of the oxomolybdoen- 
zymes (Section 36.6.7) incorporates a molybdenum complex of an unsymmetrically substituted 
alkene-1,2-dithiolate. 

The best characterized complexes are the tris(dithiolenes) which are known for several 
ligands, including: {S,C2(CN)2}?~ (mnt),’7**” {S.C,R.}*?- (R=H, Me, CF3;, CO2Me, Ph, 
4-MeC,Hy),!94:17"18 {S,CeH4}?, {S2CeHs-4-Me}?~ (tdt), {S2CeH2-4,5-Me}*~, {SoCF,}?~ *8 
and quinoxaline-2 ,3-dithiolate.'®° These complexes are intensely coloured, due to S—~Mo 
charge-transfer transitions and they have been synthesized by a variety of procedures, this 
versatility being required by the instability of some of the free ene-1,2-dithiols. cis-1,2- 
Dicyanoethane-1,2-dithiolate (maleonitriledithiolate, mnt), however, is a stable species and 
MoCl; reacts with Nasmnt in THF to produce [Mo(mnt)3]*~.1”7* Also, Hztdt reacts with 
molybdate in acidic solution,'®* or with MoCl; in CCl,,’** to form [Mo(tdt)3]; H2tdt reacts with 
[MoOCl,(MePPh2)3] in MeCN in_the présence of Et;N to form [Mo(tdt)3)~.'*° 
Bis(trifluoromethyl)dithieten, CF3;C(S)(S)CCF; is a convenient reagent and reacts with 
[Mo(CO).] to form [Mo{S2C2(CFs)2}3]3"” reduction of this compound by hydrazine in ethanol 
affords the corresponding dianion.'’’ Procedures for the in situ synthesis of dithiolene ligands 
have extended the range of metal—dithiolene chemistry. Thus, cyclic thiophosphate esters, 
prepared from benzoins or acyloins and P,4Si0, have yielded ene-1,2-dithiolate complexes when 
treated with transition metal salts under acidic conditions.‘7® Also, hydrolysis of 2-(N,N- 
dialkylamino)-1,3-dithiolium salts affords a general method for the synthesis of ene-1,2- 
dithiolates and allows different substituents to be bound to the alkenic carbons.'” 
Molybdenum tris(dithiolene) complexes undergo electrochemically reversible, one-electron, 

redox processes. [Mo(mnt);3]”~ displays redox changes corresponding to the 0/1—, 1—/2-, 
2—/3— and 3-—/4— couples; [Mo(S,C,R2)3]"" (R=H, Me, Ph, CF;)!7718? and 
[Mo(tdt)3]”~ '** manifest 0/1-, 1—/2— and 2—/3— couples. These observations have en- 
couraged chemical oxidations or reductions of these species, and stimulated a lively debate as 
to whether the processes are primarily metal- or ligand-based. The ligands are ‘non-innocent’ 
and this renders the precise definition of oxidation state difficult in these systems, but it is often 
assumed that each coordinated dithiolene contributes +II to the count of the metal’s oxidation 
state. Discussions of the electronic structure of these systems have generally incorporated the 
information available from EPR studies of the paramagnetic species and X-ray crystallographic 
data. 131:175,181,183,189 

Metal trisdithiolenes were the first non-octahedral, six-coordinate transition metal complexes 
to be structurally characterized. Much of the interest shown in these complexes has 
concentrated on attempts to explain the observed trigonal prismatic geometry’™ and it is 
generally considered that the unusual structures of these complexes are due to electronic, 
rather than steric, effects. Two MO schemes have been proposed’”!® which differ slightly in 
the ordering of the valence orbitals and that due to Gray et al.'*? gives better agreement with 
spectroscopic data. In this scheme, the stability of the trigonal prismatic geometry is attributed 
to two 2-bonding interactions. Firstly, the 2, interaction which results from overlap of the 
metal d,2 orbital with the sulfur sp” lone pair orbitals at 120° to the M—S and S—C bonds and, 
secondly, the 2, bonding which arises from overlap of the metal d,, and d,2_,2 orbitals with the 
butadienoid z orbitals of the ligand S,C, groups. The optimal electron configuration for 
trigonal prismatic geometry is that of the neutral trisdithiolene complexes of the Group VI 
transition metals, i.e. the bonding 2, and 2, orbitals are filled and their antibonding 
counterparts unoccupied. The LUMO in these complexes is an antibonding 2, orbital; 
therefore, the occupation of this orbital in monoanionic and dianionic trisdithiolene complexes 
of the Group VI transition metals should destabilize the trigonal prismatic structure and allow 
distortion towards octahedral geometry. In support of this argument, the structure of 
[Mo(mnt);]*~ is severely distorted from trigonal prismatic geometry. !”> 



Molybdenum: Special Topics 1437 

[MoH(C.H,S,-1,2)3]°~ has been synthesized!” and the selenium analogue of a trisdithiolene 
complex [Mo{Se2C,(CF3)2}<] shown to involve the six selenium atoms arranged in a trigonal 
prismatic manner about the molybdenum.!” 
A wide variety of other molybdenum dithiolene complexes have been prepared and 

characterized. Mononuclear complexes involving other ligands in the primary coordination 
sphere include: [NBu,][Mo(mnt),(S,CNEt,)], which possesses an essentially trigonal prismatic 
MoS, arrangement,’ [CpMo(mnt),]~, [Cp2Mo(mnt)] and [Cp,Mo(tdt)].!°"9° Several dimeric 
molybdenum complexes with dithiolene ligands are known and, of these, [Mo,(tdt);]!” is the 
only system based on dithiolene ligands alone. One of the products from the reaction of 
[NH4],[Mo.07] with benzoin and P,Sio is the binuclear dithiolene complex 
[Mo2(S2)(S2C2Ph2)4]. An X-ray analysis of the structure has revealed that each molybdenum 
atom is coordinated by seven sulfur atoms, in an approximately monocapped trigonal prismatic 
arrangement; the two metal atoms are bridged by four sulfur atoms of a shared face of the 
trigonal prisms, two of the bridging sulfur atoms are supplied by a bridging S, ligand and the 
other two are supplied by two bridging dithiolene ligands.’ The structure of 
[Mo202S2{S2C2(CN)2}2]*~ has been determined; each molybdenum atom possesses distorted 
Square pyramidal coordination geometry with the sulfur atoms forming the basal plane and an 
oxygen atom in the axial position.’ Other dimeric molybdenum complexes with dithiolene 
ligands have been considered earlier in Sections 36.6.3 and 36.6.5. 

36.6.7 OXOMOLYBDOENZYMES 

The existence of a biological role for molybdenum was first recognized in 1930.7 Since that 
time, an increasing volume of evidence has accumulated to show that molybdenum is essential 

for a significant number of biological processes. For example, molybdenum is required both for 
nitrogen fixation (Section 36.6.2) and nitrate reduction, and its participation in some animal 
hydroxylase enzymes and several fungal and bacterial enzymes is now firmly established.”°! The 
molybdoenzymes are all reasonably large proteins, the functions of which involve the 
molybdenum centres undergoing redox reactions in concert with other redox active con- 
stituents. An important aspect of the composition of the molybdoenzymes has been the 
demonstration of the existence of a low molecular weight prosthetic group (or cofactor) 
containing molybdenum necessary for catalytic activity and which may be dissociated reversibly 
from the main body of the protein. The original concept was of a cofactor common to all the 
molybdoenzymes.”” Subsequently, studies demonstrated*””™ that there are at least two such 
cofactors; nitrogenases yield FeMoco (Section 36.6.2) which is distinct from the molybdenum- 
containing cofactor, or Moco, of enzymes such as xanthine oxidase and dehydrogenase, sulfite 
oxidase and nitrate reductase. 
Molybdoenzymes other than the nitrogenases are usually termed oxomolybdoenzymes. This 

prefix relates to the nature of the catalysis effected, i.e. the net effect of the conversion 
(xanthine to uric acid, sulfite to sulfate, nitrate to nitrite, or aldehyde to carboxylate) 
corresponds to the transfer of one oxygen atom to or from the substrate. Furthermore, 
molybdenum K-edge EXAFS studies have established that this metal is coordinated to one or 
more terminal oxo groups in each enzyme studied by this technique.*™ 
EPR spectroscopy has been extensively applied to the oxomolybdoenzymes.”” These studies 

have established that all of these enzymes have similar molybdenum centres, at which the 
substrate undergoes the catalytic conversion. The redox states of molybdenum, involved in the 
normal catalytic cycle of these enzymes, are Mo%', Mo’ and Mo’Y and the EPR characteristics 
of the Mo’ centres, and hence the Mo! and Mo!” states, are mononuclear in molybdenum and 
coordinated to sulfur.7°° EPR spectroscopic studies have established that, at least in the 

EPR-detectable form of each of the oxomolybdoenzymes at low pH, there is a minimum of one 

proton magnetically coupled to the unpaired electron of the Mo’ centre which is chemically 

exchangeable with the protons of the external aqueous medium. Furthermore, for xanthine 

oxidase, EPR spectroscopy has provided direct evidence” in support of the hypothesis””* that 
the mechanisms of all the molybdoenzymes involve coupled proton—electron transfer at the 

molybdenum centre. EPR spectra using ‘’O-enriched HO have established that oxygen atoms 
are bound to the Mo” centres” and studies with *°S suggest that the difference between active 
and desulfo xanthine oxidase involves the replacement of an Mo=S, group in the former by the 

Mo=O, group in the latter.7° The results of molybdenum K-edge EXAFS studies” are 
complementary to those of EPR spectroscopy, not only since it is easier to probe the EPR 
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silent states by the former technique, but also because the results provide additional 
information, in respect of the nature, number and distance of the ligand donor atoms attached 
to molybdenum. For example, in oxidized sulfite oxidase molybdenum is bound to two oxygen 
atoms at 1.68 A and two to three sulfur atoms at 2.41 A; reduction to the Mo!” state results in 
the loss of one of the oxo groups. The molybdenum centre of Chlorella vulgaris nitrate 
reductase resembles that in sulfite oxidase, but some important differences occur for 
molybdenum in Escherichia coli nitrate reductase.”"’ Also, molybdenum K-edge EXAFS 
studies have strengthened the view that an Mo=S, group is present in active, but not desulfo, 
xanthine oxidase and dehydrogenase”’* and identified a close approach (ca. 3.0 A) of Mo and 
As atoms in arsenite-inhibited xanthine oxidase.”'* 
A major development in the definition of the constitution of Moco was the recognition”’* 

that an oxidized, inactive, form of this cofactor has the fluorescence properties characteristic of 
a pterin. Further studies indicated that the fluorescent material was derived from a novel, 
sulfur-containing reduced pterin substituted at the C-6 position.’”’ Subsequently, a metabolic 
relationship was established between Moco and urothione, since persons genetically deficient in 
Moco are unique in having no detectable urothione in their urine. This metabolic relationship, 
and the chemical reactions of the cofactor, formed the basis from which Johnson and 
Rajagopalan proposed a structure (Figure 17) for Moco.!” 

0 H a 
N C= —C—CH(OH)CH,O0PO; 

aoe ys S 
Mo 

HINA N 
H 

Figure 17 Proposed structure for the molybdenum cofactor of the oxomolybdoenzymes!”” 

The biological importance of molybdenum, and the challenge to reproduce the spectroscopic 
properties and the reactions of the molybdenum centres of the oxomolybdoenzymes, have been 
considerable stimuli for the development of the coordination chemistry of this element (see 
Chapters 36.4 and 36.5). 

36.6.8 HYDRIDE AND DIHYDROGEN COMPLEXES 

The most extensive group of molybdenum hydride complexes are those which contain 
phosphine ligands, and mononuclear systems with one to six hydride ligands have been 
identified. 

The reaction of [Mo(acac)3] and diphos in toluene with AIEt,; under Ar affords 
[Mo(C,H,)(diphos).] and [MoH(acac)(diphos).]. The former complex reacts with Hacac to 
produce the latter and this hydrido complex initiates the polymerization of acrylonitrile.?!5 
[MoCl;(THF)s] reacts with PMe; in Et,O or THF to form [MoCl;(PMe;)3] which reacts with 
Na[BH,] to yield [MoH(BH,)(PMe;3)4], whose structure has been determined by X-ray 
crystallography; the molecular unit involves a distorted octahedral environment at the 
molybdenum, with the bidentate [BH,]~ group considered to occupy one vertex, and 
Mo—H=1.63A.2% The carbonyl hydrides of molybdenum include [u- 
H{Mo(CO),PMePh2}2]", which has been obtained by reacting [u-H{Mo(CO);}.]~ with a 
10-fold excess of PMePh,; its structure has been determined for the [NEt,]* salt, the 
Mo --- Mo separation in the three-centre, two-electron hydride bridge is 3.443(1) A, sig- 
nificantly shorter than that of 3.7436(1) A in [u-H{Mo.(CO) PPh3}]~ and only 0.02 A longer 
than in [u-H{Mo(CO)s},.]~.7” A combined structural and spectroscopic study has been 
performed to examine the stereochemical consequences resulting from the deprotonation of the 
bent Mo—H—Mo bond in [(u-H)(u-PMe2){CpMo(CO),}.]; the most significant structural 
change is the reduction of the Mo—Mo separation from 3.262(2) A in the hydride to 
3.157(2) A in [(u-PMe2){CpMo(CO),},]~.248 

Reduction of [MoClL,(THF),] by Mg under Hz in the presence of PMe; gives [MoH,(PMes)s] 
which possesses a _ distorted pentagonal bipyramidal stereochemistry with Mo—H 
bonds of length 1.67A. Both the 'H and **P{'H}NMR spectra of this compound are 
consistent with a fluxional structure; the former manifests a binomial sextet at 
6 = —5.23 p.p.m.”” [MoH,(PMe-Ph),] reacts with Ag[BF,] (1:2) in MeCN to give 
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[MoH,(PMe,Ph)4(NCMe),][BF,]2, the cation of which has been shown by spectroscopy and 
X-ray crystallography to possess a fluxional dodecahedral structure. The same salt is obtained 
by treating the tetrahydride with H[BF,]-Et,O in MeCN, but [MoH,(PMePh,),] reacts with 
Ag[BF,] or H[BF,]-Et,0 in MeCN to produce [MoH,(PMePh,)3(NCMe)3]**.7? As a further 
variation on this theme, [MoH,(PMePh,),] reacts with H[BF,] in THF to produce 
[{MoH2(PMePhz)3}2(u-F)3][BF,], the structure of which has been determined by X-ray 
crystallography. Only one hydride per metal was revealed directly by the crystallographic 
analysis, but the presence of the second hydride was confirmed by IR and NMR studies; the 
ligands adopt a dodecahedral arrangement about each metal centre.”*1 [MoH,(dppe),] reacts 
with Ph3CCl in CHCl, to form [MoH,Cl,(dppe)2]-CH2Clh”” and [MoH2(diphos),] has been 
prepared by reacting [Mo(acac)3] with AlBu} in benzene in the presence of diphos under an 
atmosphere of H,”” and by reacting [Mo(N>)2(diphos),] with [FeH,(PEtPh,)s3].7~ 

[MoH,L,] (L = tertiary phosphine; L, = diphosphine) complexes are conveniently prepared 
by borohydride reduction of [MoCl,L,] in the presence of the phosphine,” or by treatment of 
[Mo(N2)2L4] with H>.7° "HNMR spectroscopy has shown that [MoH,L,] molecules are 
non-rigid; the nature of this non-rigidity has been discussed with reference to the molecular 
structure of [MoH,(PMePh.),], which has been shown by X-ray analysis to contain a trigonal 
dodecahedral MoH,P, framework, with the hydrogen atoms at the vertices of the elongated 
tetrahedron and the phosphorus ones at those of the flattened tetrahedron.””’ The dinuclear 
complex [(PMe3);HMo(u-H)2.MoH(PMes)3] has been mentioned in Section 36.3.2.1.1. 

[MoH,.L3] (L=PPr3, PPhPri, PCy3, PCy2Ph; Cy=cyclohexyl) have been prepared by 
reacting [MoCl,(THF),], L and Na[AlIH,(OCH;CH,OMe),] and characterized by 'H and 
31P{7H} NMR spectroscopy; the hydridic resonance occurs at ca. —4p.p.m. These complexes 
have been claimed as the first examples of nine-coordinate mononuclear molybdenum, but 
attempts to prepare [MoH,]*~ were unsuccessful.””* 
An exciting recent development has been the isolation of transition metal complexes 

containing a coordinated dihydrogen molecule, bound as an 7” ligand. Toluene solutions of the 
16-electron compound [Mo(CO);3(PCy3)2] react readily and cleanly with H, (1 atm) to form 
mer-trans-[Mo(CO)3(PCy3)2(H2)]. The H2 is extremely labile and, for the corresponding PPr3 
complex, the addition is reversible in solution. Neutron and X-ray diffraction performed for 
[W(CO)3(PPri)2(H2)] confirmed the n? bonding of the H, molecule and this is consistent with 
vibrational spectra obtained for the H2, D2 and HD forms.”? These complexes are important, 
not only because of their relevance to the participation of metal centres in catalytic 
hydrogenation, but also since they pose an interesting theoretical challenge. In respect of this 

latter point, at present it is not clear why [Mo(CO)3(PR3)2(H2)] complexes involve an n?-H2 
molecule whereas, for example [MoH,(PR3)s] involve two hydride ligands. 

Dimeric molybdenum halide complexes involving a “-hydride ligand are described in Section 

36.5.2.2.6. The novel dithiolene hydride complex [MoH(C,H,S2-1,2);]}>> has been 

characterized;!®* K4[MoH(CN),]-2H,O has been prepared by acidification of Ks[Mo(CN),] and 
its reactivity investigated.7°° Hydrido-cyclopentadienyl,”*! -n°-benzene”” and -carbonyl”* molyb- 
denum complexes have a rich chemistry which is outside the scope of this review. 

[Mo2(OAr),(CH2SiMes)4] (OAr = 2,6-dimethylphenoxide) in the presence of pyridine un- 

dergoes the loss of Me,Si to form [Mo2(u-H)(u-CSiMes)2(OAr)(py)2].7** 
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Molybdenum, 1229 

aqueous solution chemistry, 1229 
biological relevance, 1229 

occurrence, 1229 

uses, 1229 

Molybdenum, dicyclopentadienyltetracarbonyldi-, 1316 
Molybdenum, hexacarbonyl-, 1230 
Molybdenum complexes 

alkoxides, 1307 
alkyl, 1307 
allyl, 1306 
aqua, 1230 
aryl, 1307 
bis(trifluoromethyl)dithietene, 1436 
bromide, 1306 

carboxylates, 1232 
decarboxylations, 1304 
reactions, 1302 
stereochemistry, 1304 
structure, 1302 

synthesis, 1302 

chalcogenides, 1431-1436 

Chevrel phases, 1321 
tetrameric clusters, 1321 

chlorides 

pentameric, 1321 

tetrameric clusters, 1319 
chromium derivatives, 1307 

clusters, 1317-1322 
bonding, 1318, 1319 
hexameric, 1321 

°5Mo NMR, 1318 
structure, 1317, 1319 

trimeric, 1317, 1319 
cyanide sulfur, 1433 

redox reactions, 1433 
cyclooctatetraene, 1306 

cyclopentadienyl dithiolene, 1435 
cyclopentadieny] y1-ethane-1,2-dithiolate, 1435 
cyclopentadienyl sulfur, 1435 
L-cysteine, 1360 

cis-1,2-dicyanoethane-1,2-dithiolate, 1436 
dihydrogen, 1438 



dimeric, 1230, 1355 
carboxylates, 1362 
chloride bridges, 1362 

cyclic voltammetry, 1361 
cysteinato, 1361 

dioxo, 1358 

dithiocarbamato, 1360, 1361 

dithiocarbonate, 1356 

dithiocarboxylate, 1356 

1,1-dithiolate, 1356 
dithiophosphate, 1356 
electrochemistry, 1361, 1365 

electronic absorption spectra, 1357 
glycinate, 1361 
heterocyclic ligands, 1362 
L-histidine, 1361 

2-hydroxyethanethiol, 1366 
8-hydroxyquinoline, 1357, 1366 

IR spectra, 1357, 1361 

isothiocyanate, 1357, 1362 

nitrogen bridges, 1362 
NMR, 1357 
one bridging ligand, 1355 
oxalate, 1358 

persulfide bridges, 1362 
porphyrins, 1357 
pyridazine, 1362 
pyridine, 1362 

realgar, 1363 

thiolate bridges, 1365 
thiol bridges, 1365 
thiophenolates, 1361, 1365 

thiourea, 1362 
three bridging ligands, 1365 
4-tolyl, 1357 
1,5,9-triazacyclododecane, 1358 

1,4,7-triazanonane, 1361 

trithiocarbonates, 1356 

two bridging ligands, 1358 
xanthate, 1356 

dimeric dioxo 
CD spectra, 1361 

dimeric disulfido 
CD spectra, 1361 

dimeric oxo 

95Mo NMR, 1361 
structure, 1355 

dimeric sulfido 
95Mo NMR, 1361 

dimetallic, 1302-1310 

dinitrosyl, 1272 

dithiocarbamates, 1305 

dithiocarboxylates, 1305 
dithiolenes, 1432, 1436 
dithiophosphinates, 1305 

double bonds, 1316 

extended arrays, 1321 

halides, 1306 
dimetallic, 1316 
tetrameric, 1321 

heteronuclear quadruple bonded, 1307 
hexaaqua dimers 

substitution reactions, 1236 

hydrides, 1438 
’ hydrido-bridged, 1307 

hydridotetraoxo 
reaction rates, 1260 

2-hydroxypyridine, 1305 
iodides 

tetrameric clusters, 1319 

isothiocyanates, 1306 

metal-metal bonds, 1301-1322 

molybdenum-molybdenum bonds, 1301-1322 

Subject Index 1461 

monomeric, 1230 

nitrosyl sulfur, 1433 

oligomeric, 1355, 1363 

hydroxide bridging, 1363 
methoxide bridging, 1363 
oxalate, 1363 

sulfide bridges, 1364 

trifluoroacetate, 1364 

persulfides, 1431 

perthiocarbonates, 1432 

phosphines, 1306 
polysulfides, 1431 
porphyrins, 1305 
quadruple bonds, 1308 

cleavage, 1310 

ligand substitution, 1309 
metal-metal, 1302-1310 

oxidation, 1309 

reactions, 1309 

redox reactions, 1309 

single bonds, 1317 
sulfur ligands, 1421-1425 
N,N,N’ ,N'-tetrakis(2-acetic acid), 1362 
N,N,N’ ,N’-tetrakis(2-acetic acid) 1,2-diaminopropane, 

1362 
thiocarboxylates, 1305 
thioxanthates, 1305 

1,4,7-triazacyclononane, 1358 

N,N' ,N"-trimethyl-1,4,6-triazanonane, 1357 

triple bonds, 1315 
cleavage, 1315 

molybdenum=molybdenum, properties, 1314 
oxidative addition, 1315 

reaction with alkynes, 1315 
reaction with CO, 1315 

reaction with cyanamide, 1315 
reaction with diazomethane, 1315 

triple metal-metal bonds, 1310-1315 
alkoxy, 1310, 1311 

diethylamino, 1310 
dimethylamino, 1310, 1311 

dimethylcarbamoyl, 1311 
ethylmethylamino, 1310 
properties, 1314 

reactions, 1311-1314 

reaction with alcohols, 1311 

reaction with bidentate ligands, 1313 
reaction with bridging ligands, 1313 
reaction with CO,, 1313 
reaction with B-diketonates, 1313 
reaction with isocyanates, 1313 
reaction with isocyanides, 1313 
reaction with N donor ligands, 1313 
reaction with P donor ligands, 1313 
reaction with PF3, 1314 
reaction with phenols, 1313 
reaction with phosphines, 1313 
silyl, 1310, 1311 
thiolato, 1314 

tris(thiolene) 
electrochemistry, 1436 

preparation, 1437 

structure, 1436 

tungsten derivatives, 1307 
vinyl sulfide, 1432 
xanthates, 1305 

Molybdenum(0) complexes, 1265, 1266 
carbon dioxide, 1277 

carbon monoxide, 1266 
diphenylphosphinoethane, 1266 
°5Mo NMR, 1266 

carbonyl sulfide, 1277 
dinitrogen, 1267, 1268 



1462 Subject Index 

binding, 1267 oxidation, 1251 

1SN NMR, 1271 preparation, 1239, 1241 
oxidation, 1271 substitution reactions, 1239 

preparation, 1267 dithiocarbamates, 1331, 1333 

reactions, 1271 dithiophosphates, 1331 
dinitrosyl, 1271 electronic absorption spectra, 1332 
dithiolene, 1277 electronic properties, 1332 

isocyanides, 1266 ESR, 1332 
oxidation/reduction, 1266 ethylenediaminetetraacetate, 1333 

mononitrosyl, 1275, 1276 1,4,7,10,13,16-hexathiacyclooctadecane, 1331 

nitrogenase, 1267 magnetic properties, 1332 
nitrogen donor ligands, 1276 nitrogen ligands, 1331 
nitrogen monoxide, 1271 oxo-bridged dimers, 1333 

phosphine ligands, 1277 oxygen ligands, 1331 
sulfur dioxide, 1277 phosphorescence, 1332 

Molybdenum(I) complexes, 1265, 1278 polymeric, 1332 
carbon monoxide, 1278 sulfide bridges, 1333 
dinitrogen, 1278 sulfur ligands, 1331 

isocyanide, 1278 thiols, 1330 

nitrogen donor ligands, 1280 1,4,7-triazacyclononane, 1333 

nitrogen monoxide, 1279 trichlorotris(tetrahydrofuran), 1331 
nitrosyl, 1279 1,4,7-trimethyl-1,4,7-triazacyclononane, 1331 

phosphorus donor ligands, 1280 Molybdenum(IV) complexes, 1243, 1332-1347 
Molybdenum(II) complexes, 1230, 1265, 1280 alkoxy, 1343 

arsines, 1283 azides, 1340 

azido, 1296 2,6-bis(2,2-diphenyl-2-mercaptoethyl)pyridine, 1337 
bimetallic bromides, 1334, 1342 

reduction, 1293 t-butylthio, 1344 

carbonato carbonyl, 1296 carbonyldioxo, 1339 
carbon monoxide, 1280 chloride bridges, 1347 

alkoxy, 1282 chlorides, 1334, 1342 

coordination number, 1281 cyanides, 1338, 1345 

dithiocarbamato, 1282 cyanothio, 1347 

hydride, 1282 cyclopentadienyl, 1346 
loss of carbon monoxide, 1282 dialkylamides, 1344 

monocarbonyl, 1283 diazenides, 1340 

preparation, 1281 dichloroseleno, 1334 
structure, 1282 dichlorothio, 1334 

cyanide, 1283 difluorodithiophosphate, 1337 
diazenido, 1292, 1294, 1295 dimeric, 1346 

dicarbonyl, 1295 dioxide, 1334 

reactions, 1295 dithiocarbamates, 1336, 1343 

synthesis, 1293 dithiocarboxylates, 1343 

dicarbonyl, 1281 dithiolenes, 1344 

diethyl dithiocarbamato electrochemistry, 1340 
reactions, 1296 electronic properties, 1345 

disulfido, 1296 electronic spectroscopy, 1339 

halides, 1321 fluorides, 1334, 1342 

hydrazide, 1292 halides, 1333, 1342 

isocyanide, 1283 hydrazides, 1340 
alkyne, 1283 imides, 1340 

oxidation, 1283 isocyanides, 1338, 1345 

protonation, 1283 isothiocyanato 
monometallic reduction, 1247 

reduction, 1293 magnetic properties, 1345 
n?-nitrosodurene, 1296 molybdenum nitrogen bonds, 1340 
nitrosyl, 1285, 1286 NMR, 1339 
nitrosyl dithiocarbamato, 1290 nitride, 1340 

nitrosyl pyrazolylborates, 1287 nitrogen ligands, 1338 
pentachloronitrosyl, 1290 oxo, 1336 
pentacyanonitrosyl, 1290 bonding, 1335 
phosphines, 1283 crystal structure, 1336 
phosphites, 1285 monomeric, 1335 
sulfido, 1296 mononuclear, 1334 
tertiary phosphines, 1285 oxo-sulfido trimers 
thionitrosyl, 1290 synthesis, 1246 
trichloronitrosyl, 1285 oxychloride, 1334 

Molybdenum(III) complexes, 1234, 1329-1332 oxygen ligands, 1337 
acetylacetone, 1331 perthiocarbonates, 1344 
cyanides, 1332 : 1,10-phenanthroline, 1339 
diamines, 1331 phosphines, 1337 
diazadienes, 1331 photolysis, 1345 
dimeric, 1332 phthalocyanate, 1338 



Subject Index 1463 

polymeric, 1346 trichlorooxo, 1348 

8-quinolinolate, 1343 trichloroseleno, 1348 

redox reactions, 1337 trichlorothio, 1348 

Schiff bases, 1338, 1342 Molybdenum(VI) complexes, 1256, 1375-1414 

spectroscopy, 1244, 1339 alkyl, 1407 
sulfur ligands, 1337 alkylidyne, 1407 
tetracyanoethylene, 1336 alkylimido, 1396 
tetraphenylporphyrin, 1338 arylimido 1396 
1,5,9,13-tetrathiocyclohexadecane, 1337 
tetratolylporphyrin, 1338 
thiocyanates, 1344 
thio-1,3-diketones, 1343 

thiolates, 1343 

2,4,6-triisopropylbenzenethiolate, 1344 
trimers 

oxidation, 1246 

bipyridyldibromodioxo, 1388 
bis(acetylacetonate) dioxo, 1388 
catecholate dioxo, 1389 

dimethyl, 1406 
dinuclear, 1408 

IR spectroscopy, 1412 
O or S bridge, 1411 

UV spectroscopy, 1345 preparation, 111 
vibrational spectroscopy, 1339, 1345 Ragman SPeetrOscopy, ie 

Molybdenum(V) complexes, 1249, 1347-1366 eee oe pies 08 
bidentate ligands, 1349 SURES 1408 

N,N'-bis(2-mercapto-2-methylpropyl-1 ,2- : paprem nase, 1410 
ethylenediamine, 1351 dioxe 

N,N'-bis(2'-mercaptophenyl-1,2-ethylenediamine, 1351 as reactants toward enzyme substrates, 1391 

carbodithioates, 1350 catalysis of air oxidation of benzoin to benzil, 1392 

chlorides, 1348 electrochemistry, 1392 

chloro alkoxides, 1354 f oxo removal, 1390 
cyanides, 1248, 1354 reactions with phosphines, 1390 

cyclohexane-1,2-dione dioxime, 1351 reactions with cyclohexyl isocyanate, 1391 

cyclopentane-1,2-dione dioxime, 1351 reactions with heterocumulenes, 1390 

dichlorotrifluoro, 1348 reactivity, 1390 

dimers redox reactions, 1390 

u-oxo bridged, 1253 dioxo Schiff bases, 1389 

reduction, 1256 1,1-dithiolate dioxo, 1388 

N,N’-dimethyl-N,N’ -bis(2'-mercaptoethyl-1,2- ferrocenecarbodithioate dioxo, 1388 

ethylenediamine, 1351 hydrazido, 1397 
di-u-sulfido hydroxylamido, 1404 

preparation, 1252 reactions, 1405 
di-u-sulfidocysteinato dimers, 1247 structure, 1404 

dithiocarbamates, 1354 imido, 1396 

dithiolenes, 1354 monomer-dimer equilibria, 1259 
electronic spectra, 1353 MoO,2*, 1380 
ESR, 1352 cis structure, 1381 

fluorides, 1347 distorted trigonal prismatic, 1384 

halide oxo EXAFS, 1388 
monomeric, 1348 IR spectra, 1386 

crystal structures, 1348 °5Mo NMR, 1386 

halides, 1347, 1353 octahedral, 1381-1386 

imido, 1353 170 NMR, 1386 

8-mercaptoquinoline, 1351 preparation, 1388 

monomeric Raman spectra, 1386 

oxo, 1250 skew trapezoidal bipyramidal, 1385 

mononuclear, 1248 spectra, 1386 

nitrate reduction, 1350 tetrahedral, 1383 

nitrido, 1353 trigonal bipyramid, 1384 

nitrite reduction, 1350 MoO4*, 1392 bs 

nitrogen bonds 95Mo NMR, 1394 

multiple, 1353 nitrido, 1394 

Oxo preparation, 1395 

monomeric, 1348 reactions, 1395 

u-oxo-u-sulfido, 1252 structure, 1395 

polydentate ligands, 1349 peroxo, 1398 
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quinolines, 1349 dinuclear, 1402 

Schiff bases, 1349, 1351 mononuclear, 1398 

selenium ligands, 1350 mononuclear, structure, 1399 
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Silatranes, 212 
Silica 

structure, 192, 201 

Silicates, 202 

structure, 203 

Silicon 
elemental structure, 183 

Silicon complexes, 183-223 
coordination geometry, 185 

multiple bonding, 188 
tetravalent, 205 

Silicones, 188 

Silicon halides, 197 

Lewis acidity, 199 
Silicon monoxide, 191 

Silylenes, 192 
structure, 193 

Sodiuim hexakis(formato)molybdate, 1235 
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fluorides, 174 

hydrides, 175 
hydrogen, 175 
hydroxides, 172 
iodates, 173 

iodides, 174 
macrocyclic ligands, 175 
mixed halides, 174 

nitrates, 173 

orthophosphates, 173 
oxides, 172 

perchlorates, 173 
1,10-phenanthroline, 172 

porphyrins, 175 
pseudohalides, 172 

pyridines, 172 
selenates, 173 

sulfides, 174 

tellurates, 173 
terpyridyl, 172 

Thallium cyanate, 168 
Thallium nitride, 168 

Thallium selenocyanate, 168 

Thallium thiocyanate, 168 

Thioantimonates, 265 

Thioarsenates, 248 

Thioarsenious acid, 248 
esters, 248 

Thioarsenites, 248 

Thiomolybdate anions, 1421 
copper derivatives, 1421 
cyclic voltammetry, 1424 
gold derivatives, 1422 
IR spectoscopy, 1424 
nickel derivatives, 1422 

NMR, 1424 
palladium derivatives, 1422 
platinum derivatives, 1422 

properties, 1421 
Raman spectroscopy, 1424 
resonance Raman spectroscopy, 1424 

ruthenium derivatives, 1422 

silver derivatives, 1422 

structure, 1421 

synthesis, 1421 
UV spectroscopy, 1424 

Thiostibinous acid 

esters, 269 

Thorium complexes, 1131-1215 
Tin 

elemental structure, 184 

Tin, cyclopentadienyl-, 218 

Tin, methoxytrimethyl-, 208 
Tin, tri-n-butylmethoxy-, 208 
Tin bromide, 194 

Tin bromide hydrate, 195 

Tin carboxylates, 222 
mixed valence, 222 

Tin chloride, 194 

Tin chloride dihydrate, 195 
Tin complexes, 183-223 

n®-arene, 220 
bivalent 

stereochemistry, 188 

coordination geometry, 185 

dialkyl or diaryl, 216 
multiple bonding, 188 
tetravalent, 205 

Tin fluoride, 193 

Tin halides, 197 
bivalent 

structure, 193 
Lewis acidity, 199 



Tin iodide, 194 
Tin oxides 

structure, 192, 202 

Tin phosphates, 222 
Tin selenide 

structure, 202 

Tin sulfate, 222 
Tin sulfide 

structure, 202 

Tin telluride 
structure, 202 

Titanium, 323-358 
coordination numbers, 327 

discovery, 324 

isotopes, 325, 326 
oxidation states, 327 

preparation, 324 
properties, 325 

Titanium, tetrakis(trimethysilyl)oxy-, 334 
Titanium complexes 

alloy hydrides, 353 
amino acids, 342 

antimony, 345 
arsenic, 345 

bromides, 357 

chlorides, 355, 356 
fluorides, 354 

Group IV derivatives, 352 
halides, 354 

electron spectra, 358 
hexamethylphosphoramide, 335 
iodides, 357 
macrocyclic ligands, 349 
mixed donor ligands, 340 

sulfur, 343 

nitrogen ligands 
low valent, 327 

oxygen-nitrogen ligands, 345 
phosphorus, 345 
phthalocyanine, 352 
porphyrins, 349 
Schiff bases, 340 
stereochemistry, 327 
sulfur ligands 

anionic ligands, 338 
neutral donors, 338 

trifluoromethanesulfonic acid, 335 

tritium isotope effects, 353 
Titanium(II) complexes 

antimony, 346 
arsenic, 346 
phosphorus, 346 

Titanium(III) complexes 
antimony, 347 
arsenic, 347 
charge-transfer spectra, 357 
nitrogen ligands, 328 

magnetic properties, 328 
oxygen ligands 

bidentate, 330 
electronic spectra, 330 
monodentate, 330 

phosphorus, 347 
porphyrins, 349 
six-coordinate 

electronic spectra, 331 
Titanium(IV) complexes 

alkoxides, 333 
antimony, 347 
arsenic, 347 
charge-transfer spectra, 357 
B-diketonates, 336 
nitrogen ligands 
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bidentate, 329 

monodentate, 329 

polydentate, 329 
oxygen ligands 

bidentate, 335 

monodentate, 333 

peroxo, 350 
crystallography, 351 

phosphorus, 347 
Titanium dihalide 

porphyrin complexes, 352 
Titanium salts 

catalysts, 348 

Titanyl complexes, 350 
Transition metals 

arsenic compounds 
coordinated open-chain, 244 

basicity 
borane complexes, 101 

boron complexes, 99 
Transplutonium complexes, 1215-1220 
Transplutonium(II) complexes, 1215 
Transplutonium(III) complexes, 1215 

aliphatic hydroxy acids, 1217 
aqua, 1215 
aromatic hydroxy acids, 1217 
carbonates, 1217 

halogeno, 1218 
hydrides, 1218 
hydroxides, 1216 
B-ketoenolates, 1216 
monocarboxylates, 1216 
oxalates, 1217 

oxides, 1216 

phosphates, 1216 

phosphorus oxides, 1217 
phthalocyanine, 1218 
selenium ligands, 1217 
sulfates, 1216 

sulfur ligands, 1217 
tellurium ligands, 1217 
trihalides, 1218 

Transplutonium(IV) complexes, 1219 
halogeno, 1219 
B-ketoenolates, 1219 
oxides, 1219 

tetrahalides, 1219 
Transplutonium(V) complexes, 1219 

aqua, 1219 
carbonates, 1220 
halogens, 1220 
monocarboxylates, 1220 

oxalates, 1220 
oxides, 1219 

Transplutonium(VI) complexes - 
aqua, 1220 é 
carbonates, 1220 
carboxylates 

chelating, 1220 
halogens, 1220 
monocarboxylates, 1220 
nitrato, 1220 
oxides, 1220 

oxoanions, 1220 

Triethanolamine 
alkali metal complexes, 23 

Triethylamine, 2,2’ ,2’-trimethoxy- 

alkali metal complexes, 24 
Trimolybdates, 1032 
Trithioarsenates, 249 
1,3,6,2-Trithioarsocane, 2-chloro-, 249 

Trithiomolybdates, 1378 
Trivanadates, 1027 
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Tungstates, decachlorooxydi-, 990 
Tungstates, nonahalodi-, 999 

Tungstates, thio-, 982 

Tungstate X, 1034 

Tungsten, hexahalodi-, 1000 

Tungsten complexes, 973-1015 
dinitrogen, 1011-1014 

dioxo, 978 

hydrido, 1014-1015 
nitrosyl, 1014 

quadruple bonds, 1010 
triple bonds, 1002 

Tungsten(II) complexes, 1005 
hexanuclear clusters, 1011 

monomeric, 1005 

quadruple bonds, 1008 
seven-coordinate, 1007 

Tungsten(III) complexes, 998-1005 
dinuclear, 998 
mononuclear, 998 

Tungsten(IV) complexes, 988-998 
carbon 

multiple bonds, 997 
cyanides, 997 
eight-coordinate complexes, 996 

metal-metal bonds, 990 

metal-metal double bonds, 991 

nitrogen 
multiple bonds, 997 

sulfur 
multiple bonds, 997 

trinuclear clusters, 993 

Tungsten(V) complexes, 984-988 
metal-metal bonds, 986 

oxo, 985 

selenium, 986 

sulfur, 986 
thiocyanato, 988 

Tungsten(VI) complexes, 974-983 
alkylidene, 981 

alkylidyne, 981 
azobenzene, 977 

carbon 
multiple bonds, 979 

dioxo, 977 

dithiolene, 983 

nitrido, 980 
nitrogen 

multiple bonds, 979 
oxo, 976 

peroxy, 977 
selenium 

multiple bonds, 979 

structure, 980 

sulfur 
multiple bonds, 979 

trioxo, 978 

Tungsten halides, 974, 984, 988 

synthesis, 974 

Tungsten oxyhalides, 985, 990 
synthesis, 976 

Tungsten steel, 974 
Tungstoarsenates, 1040 

12-Tungstoborates, 1041 
Tungstomolybdates, 1036 

Tungstophosphates, 1038 
cryptands, 1049 
non-Keggin, 1042 
reduced, 1050 

Tungstosilicates, 1036 
Tunicates—see Sea squirts 
Tunichrome B-1, 486 
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Uranium complexes, 1131-1215 

Urothione 
oxomolybdoenzymes and, 1438 

Valence-shell electron-layer repulsion theory 
halogenium species, 312 
noble gas compounds, 312 

Valinomycin 
alkali metal complexes, 3, 62 

potassium complexes, 60 
synthetic analogues, 65 

Vanadates 
biochemistry, 456 

protonation, 1026 
Vanadates, hexafluoro-, 482, 531 

Vanadates, oxoperoxo-, 501 
Vanadates, pentacarbonyl-, 457 
Vanadium 

oxidizing/reducing properties, 454 
Vanadium complexes, 453-569 

biochemistry, 455 
1,2-bis(dimethylphosphino)ethane, 460 

low oxidation states, 457 
bipyridyl, 457 
cyanides, 457 
dinitrogen, 459 

diselenolene, 460 
dithiolene, 460 
hydrido, 462 
nitrosyl, 458 

o-phenanthroline, 457 
phosphorus ligands, 460 
terpyridyl, 457 

mixed IV/V valence, 510 
oxidation state, 454 

trifluorophosphine, 460 
Vanadium(II) complexes, 462 

acetonitrile, 464 

alcohols, 466 
amines, 463 

ammonia, 463 

benzimidazole, 463 
bipyridyl, 464 
bromide, 467 

carbonates, 467 
chloride, 467 

cyanides, 462 
B-diketones, 466 
dimethylimidazole, 463 

ethers, 466 

fluoride, 467 

halides, 467 

imidazole, 463 

iodide, 467 
isocyanides, 462 

isoquinoline, 463 
isothiocyanates, 464 

macrocyclic ligands, 469 
1-methylimidazole, 463 
2-methylimidazole, 463 
oxalates, 467 

oxygen ligands, 465 
phenanthroline, 464 
phosphines, 465 
B-picoline, 464 
y-picoline, 464 
polypyrazolylborate, 463 
polypyrazolyl ligands, 463 
poly(1-pyrazolyl)methane ligands, 463 
porphyrins, 469 
pyrazole, 463 

pyridine, 463 
reducing agents, 469 



terpyridyl, 464 
tris(1-pyrazolylethyl)amines, 463 
water, 465 

Vanadium(III) complexes, 473 
adenine, 475 
alcohols, 478 
amides, 474, 480 
amines, 474 
amino acids, 484 

ammonia, 474 

aqua, 477 
arsines, 476 

azide, 475 
bipyridyl, 475 
bromides, 483 
carboxylates, 479 

catecholates, 478 

chlorides, 482 
complexones, 485 
cyanides, 474, 476 

dimethyl sulfoxide, 480 
dioxygen, 478 
dithiocarbamates, 481 
dithiolates, 481 
dithiophosphinates, 481 
ethers, 478 

ethylenediaminetetraacetic acid, 485 
guanine, 475 
halides, 482 

hydroxy acids, 480 
isocyanides, 474 
B-ketoenolates, 478 
mixed donor atom ligands, 483 
nitrilotriacetic acid, 485 
oxoanions, 479 

oxygen ligands, 477 
phenanthroline, 475 
phosphates, 479 

phosphinates, 479 
phosphines, 476 
phosphonates, 479 
purine, 475 
pyridine, 475 
Schiff bases, 483 
sea squirts, 486 
seleninates, 479 
selenocyanates, 475 
silazanes, 476 

sulfates, 479 
sulfinates, 479 
sulfur ligands, 481 
thiocyanates, 475 
thioethers, 481 

Vanadium(IV) complexes, 487 
acetates, 513 
acetylacetonates, 504 

electrochemistry, 505 
ESR spectra, 505 

adenine, 568 
adipates, 516 

alcohols, 502 
amines, 489 
amino acids, 544 

equilibria, 544 
ammonia, 489 
arsenates, 513 
arsenic ligands, 496 
arsines, 498 _ 
ascorbic acid, 502 
benzilato, 522 
biguanide, 496 
binucleating ligands, 561 
bipyridyl, 492, 494 
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bromides, 530 

butanediaminetetraacetate, 548 

carbazole, 492 

carbonato, 515 

carboxylates, 513 

carnosine, 547 

catecholates, 502 
chlorides, 530, 531 
chlorophyll, 557 
citrates, 522 

compartmental ligands, 561 
complexones, 547 

cyanides, 489, 496 
cysteine, 546 
deoxophylloerythroetioporphyrin, 557 
N,N-dialkyl-2-aminoethanethiol, 554 
dicyclohexylphosphide, 498 
diethylenetriaminepentaacetic acid, 548 
4,6-dihydroxycoumaran-3-one, 510 
B-diketonates, 504 

solvent effects, 505 

3,7-dimethyl-7-hydroxyoctan-1-al, 510 
2,6-dimethylpyrazine, 492 
dithioarsinate, 527 

dithiocarbamates, 524, 526 

spectra, 524 
structure, 524 

dithiocarboxylates, 524 
dithiolates, 528 
dithiophosphates, 527 
dithiophosphinates, 527 
ENDOR, 489 
ESR spectroscopy, 488 
ethylenediaminetetraacetic acid, 548 
fluorides, 529 
formates, 513 

fulvic acid, 568 

glutarates, 516 
glycine, 546 
Group IV ligands, 489 
guanine, 568 
halogen ligands, 529 
halogenoacetates, 513 
heteropolynuclear, 565 
histidine, 494, 547 
humic acid, 568 
hydrazine, 494 
hydrolysis, 489 
hydroxyaldehydato, 510 
hydroxycarboxylates, 517 
1-hydroxycyclohexanecarboxylate, 522 
hydroxyketonato, 510 
2-hydroxy-6-methlylpyridine, 523 
6-hydroxynaphthaldehyde, 510 
hydroxyoximes, 552 . 
3-hydroxyquinazoline-4(3H)-thiones, 554 
8-hydroxyquinoline, 551 
imidazole, 494, 547 

iodides, 531 

lactates, 520 

lutidinato, 551 

malates, 522 
maleates, 516 
malonates, 516 
mandelates, 522 
8-mercaptoquinoline, 553 
methanol, 502 
2-methyl-8-quinolinol, 552 
mixed donor atom ligands, 531, 553, 555 

N heterocycles, 492 
stoichiometry, 492 

N macrocycles, 557 

naturally occurring ligands, 567 
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nitrates, 513 xanthates, 527 

nitrilotriacetic acid, 548 Vanadyl ions 
nitrogen ligands, 489 hydrolysis, 499 

nucleotides, 568 oxidation, 501 
oxalates, 516 rate of exchange, 498 
N-oxides, 522 redox behavior, 501 

P-oxides, 522 Vanadyl porphyrins, 558 

Oxo Vanadyl uroporphyrin I, 558 

aqueous solutions, 498 
bonds, 488 Water 

oxoanions, 511 reduction 
oxygen ligands, 498 vanadium(II) complexes, 471 

perchlorates, 513 
perfluoropicanolate, 523 Xanthine oxidase, 1334 
phenanthroline, 494 molybdenum complex center, 1405 

1-phenyl-1,3-butanedionato, 504 structure, 1438 
phosphates, 512 Xenates, octafluoro-, 315 
phosphines, 496 Xenon anions 
[(phosphononomethyl)imino]diacetic acid, 551 XeF, , 316 
phosphorus ligands, 496 KERR =7 315; 316 
phosphotungstates, 513 Xenon cations 
phthalocyanines, 559 fluoride, 313 

polycarboxylates, 515 XeF3*, 314 
polynuclear, 561 XeF,*, 315 
porphyrins, 557 Xe2Fi,*, 315 

structure, 557 Xenon complexes 

proteins, 567 FXeN(SO,F)>, 319 
ENDOR, 567 nitrogen ligands, 319 

ESR spectra, 567 oxygen ligands, 319 
purine, 568 Xenon(II) complexes 
pyrazine, 492 difluorides, 313 
pyridine, 492, 494 FXeOSO,F, 320 
pyridinecarboxylic acid, 551 [(FeXO) SOF], 320 
[1-(2-pyridyl)ethyl]iminodiacetic acid, 548 nitrogen ligands, 312 
[1-(2-pyridyl)methyl]iminodiacetic acid, 548 Xe(OTeFs)>, 320 
pyrrole, 492 Xenon(IV) complexes 
Schiff bases, 531 Xe(OTeFs),4, 320 

bidentate, 536 Xenon(VI) complexes 
B-diketone diamines, 535 Xe(OTeFs),, 320 
polydentate, 544 Xenon hexafluoride, 315 
salicylaldehyde diamines, 531 monomer, 315 
tridentate, 538 Xenon hexafluorobismuthmate, trifluoro- 

salicylaldehydato, 510 fluorine bridging, 313 
salicylates, 520 Xenon pentafluorotellurate, 320 
selenates, 513 Xenon tetrafluoride, 315 

selenides, 529 
selenites, 513 Ytterbium complexes 
selenium ligands, 529 dipositive oxidation state 
selenoporphyrins, 559 hydrated ions, 1109 
spectra, 488 Yttrium complexes, 1059 

structure, 487 

succinates, 516 Zeolites, 113 

sulfates, 511 Ziegler—Natta catalysis, 358 

sulfides, 529 Zirconates, bromo-, 430 

sulfites, 513 Zirconates, chloro-, 430 

5-sulfosalicylates, 520 Zirconates, fluoro-, 423 

sulfoxides, 522 alkali metal salts, 425 

sulfur ligands, 523 alkylammonium salts, 427 
tartrates, 517 divalent metal salts, 427 

tetraaza[14]annulenes, 559 guanidinium salts, 427 
N,N,N' ,N'-tetramethylurea, 523 hydrazinium salts, 427 

tetrasulfur tetranitrides, 554 vibrational spectra, 429 
thio, 523 Zirconates, iodo-, 430 

electrochemistry, 524 Zirconate salts 
IR spectra, 523 tris(tetraphenyldisiloxanediolato) structure, 418 
stability, 523 Zirconium complexes, 363-440 
structure, 523 coordination geometries, 364 

thiocarbohydrazones, 553 oxidation states, 364 

thiocyanates, 495 tetrakis chelate 
thio-B-diketones, 554 stereochemistry, 364 

thiophene, 529 Zirconium(0) complexes, 364 
triethylenetetraminehexaacetic acid, 547 2,2’-bipyridyl, 366 

tropolone, 510 cyanides, 364 
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Group IV ligands, 364 
nitrogen ligands, 366 
tris(1,10-phenanthroline), 366 

Zirconium(III) complexes, 366-370 
acetonitrile, 366 
ammines, 366 

aqua, 370 
arsenic ligands, 369 

2,2'-bipyridyl, 366 
1,2-bis(dimethylarsino)-3 ,3,4,4-tetrafluorocyclobutene, 

369 
halogen ligands, 370 
2,4-lutidine, 369 
3,5-lutidine, 369 
nitrogen ligands, 366 
oxygen ligands, 370 
1,10-phenanthroline, 366 
phosphines, 369 

dissociation, 369 

structure, 369 

phosphorus ligands, 369 
pyridine, 366 
X-ray structure, 364 

Zirconium(IV) complexes, 370-440 
2-acetylpyridine, 373 
acylamido, 375 
4-acyl-3-methyl-1-phenyl-2-pyrazol-5-one, 401 
aldehydes, 403 

aldimines, 434 

alizarin red S, 403 

alkoxides, 389 

bimetallic, 392 

degree of association, 389 
reactions, 390 

reactions with isocyanates, 391 
S-alkyldithiocarbazates 

Schiff bases, 434 

alkyl thioglycolates, 439 
amides, 414 

amines, 371 

amino acids, 410 

aminopolycarboxylates, 436 
ammines, 371 

aqueous solution 
NMR, 384 
polynuclear, 384 
Raman spectra, 384 

arsenic ligands, 383 
arsines, 383 

N-arylnaphthylaldimines, 438 
aryloxides, 389 
N-arylsalicylaldimines, 437, 438 
azides, 379 

azines, 434 
benzoquinolines, 372 
2,2'-bipyridyl, 372, 374 
bis(amido)silane, 375 
bis(benzeneseleninato)oxo, 418 
bis(diketonates), 400 
bis(trimethylsilylamido), 375 
NMR, 377 
spectroscopy, 377 
X-ray structure, 377 

carbamates, 410 
carbonates, 410 

carboxylates, 409 
catecholates, 403 
chlorooxo, 386 

citric acid, 412 

cupferron, 417 
cyanates, 379 
cyanides, 370 
cyanogen iodide, 381 

cyanogen selenide, 381 

cyanogen sulfide, 381 
3-cyanopyridine, 373 
diacyl hydrazines, 436 

dialkylamido, 375 
photoelectron spectra, 375 
reactions, 375 

diamines, 372 

dichlorooxo 
anhydrous IR spectra, 386 

dichlorophosphates, 407 
diethanolamine, 437 

diethyldithiophosphate, 421 
diethylenetriaminepentaacetate, 436 
N,N-diethylhydroxylamido, 438 
2,6-dipicolinoyl dihydrazine, 440 
dithiocarbamates, 419 
dithiolenes, 420 

esters, 403 

ethanolamine, 437 

ethers, 403 

ethyl acetoacetato, 402 
ethylenediaminetetraacetate, 436 
N-ethylsalicylaldiminato, 438 
fluorosulfates, 407 

glycolic acids, 412 
glycoxides, 391 
Group IV ligands, 370 
halogenoids, 381 
hydrazine, 374 
hydrides, 432 
hydroborates, 432 
hydroperoxo, 387 
hydroxamates, 417 
hydroxide, 384 
hydroxy acids 

aliphatic, 412 
aromatic, 412 

hydroxyalkylamines, 434 
imidazoles, 372, 377 

indazoles, 372 

interhalogen-halogenoids, 381 
interhalogenoids, 381 

isopropoxides 
Lewis base adducts, 391 

NMR, 389 
ketamines, 434 
B-ketoenolates, 392 
ketones, 403 

lactic acid, 412 

2,4-lutidine, 372 
2,6-lutidine, 372 

3,5-lutidine, 372 
malic acid, 412 
mandelic acid, 413 

mercaptoalkylamines, 434 
o-mercaptophenolato, 421 
3-methoxysalicylaldehydato, 402 
N-methylaminoalkoxides, 391 
methyl isothiocyanate, 439 
molybdates, 408. 

mono(diketonates), 401 
monothiocarbamates, 419 
N heterocyclic ligands, 372 

IR spectra, 372 
oxo, 374 

nicotinamide, 373 

nitrates, 406 

nitriles, 382 

IR spectra, 382 
Raman spectra, 382 

nitrilotriacetate, 436 
nitrogen ligands, 371 
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nitro ligands, 374 
octaethylporphyrin, 439 
oxalates, 411 
oxides, 384 
N-oxides, 414 

P-oxides, 414 
oxoanions, 406 
oxycyanogen, 381 
oxygen ligands, 384 
perchlorates, 408 
peroxo, 387 

IR spectra, 388 
Raman spectra, 388 

1,10-phenanthroline, 372 

1,10-phenanthroline mono-N-oxide, 439 
phenyl isocyanate, 439 
phosphine, 383 
phosphorus ligands, 383 
phthalocyanines, 440 
phthalonitrile 

IR spectra, 382 

poly(pyrazolyl)borates, 381 
porphyrins, 439 
primary amines, 372 
pyrazine, 373 
pyridine, 372 
N-(2-pyridyl)salicylaldimine, 438 
pyrrolyl, 377 
8-quinolinol, 437 
quinones, 403 
Schiff bases, 434 

salicylaldehydato, 402 
salicylic acid, 413 
selenates, 407 
selenium ligands, 421 
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selenocyanates, 380 
selenoxides, 414 
semicarbazones, 434 
sulfates, 407 

sulfoxides, 414 

sulfur ligands, 418 
tartaric acid, 412 

tertiary amines, 371 
tetrahalides, 422 

tetrakis(diketonates), 397 
bromination, 398 

intramolecular rearrangement, 398 
ligand exchange, 398 
mass spectra, 399 
NMR, 398 
volatility, 399 

X-ray crystal structures, 397 
tetrakis(perfluoroalkanesulfonates), 418 
tetraphenylporphyrin, 440 
thioacetylacetonato, 439 

thiocyanates, 380 
thioethers, 418 

thiolates, 418 

thiosemicarbazones, 434 

thiourea, 421 

tin-containing ligands, 370 
trialkylsilyloxides, 389, 391 
triazenes, 378 

triethylamine, 371 
trihydroxyglutaric acid, 412 
tris(diketonates), 399 
tropolonates, 402 
urea, 382 

water, 384 
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AgCioHioF 702 
Ag(CF;CF,CF,COCHCOBw'), 1104 

AgCs34Hs530 
Ag(lasolocid), 67 

AgC36He1011 
Ag(monensin), 66 

AgCrCH,5N.S 

[Cr(NH3)s(u-NCS)Ag]?*, 841 
AgCrCgHieNe 

[Ag(CN).Cr(en),]?*, 776 
AgCrO, 

AgCrQ,, 943 
AgCrS. 

AgCrS,, 882 

AgCrSe, 
AgCrSe2, 889 

AgCr208 

[Ag(CrO,)2]>", 943 
AgMo,C16H32S12 

[{Mo{(SCH,CHz)2S}2}2Ag]*, 1344 
AgoCr' O,4 

Ag2CrO,, 943 

Ag2MoCs,HasP3S4 
MoS,{Ag(PPh;)2}(AgPPhs), 1422 

Ag,MnS,Sb, 

MnAg,Sb2S.¢, 265 

Ag4Mo2C72H¢0P4Ss 

(Mo2SsAg4)(PPh3)4, 1422 
AIAsCi, 

AICI,(AsCl,), 112 
AIBC,Hio 

AlMe,(BH,), 125 

AIBH, 
AlH,(BH,), 125 

AIBO 

AIBO,, 115 
AIB,CHi 

AlMe(BH,)s, 125 
AIB,H, 

AIH(BH,)2, 125 
AIB3C,Hi4 

AlMe,(B3Hg), 125 

AIB,C3H2,N 

Ai(BH,)3(NMes), 125 
AIB3C3H2P 

Al(BH,)3(PMe;), 111 
AIB3C.H30P2 

Al(BH,)3(PMes)2, 111 

AIB3H,2 

Al(BH,)s, 125 
AIB3H,2Cl 

[AICI(BH,)3]~ , 125 
AIB3His 

Al(BH,)3(NHs), 125 
AIB7H29 

Al(BH,)(BsHs)2, 125 
AIBiBrg 

AIBr,(BiBr3), 112 
AIBrCl, 

AICLBr, 123 
AIBr,Cl 

AICIBr,, 123 
AIBr,N3 

AIBr,(N;), 110 
AIBr; 

AIBr;, 121 
AICCI1;O 

AICl;(COCI,), 119 
AICH; Cl 

[AIMeCl,]~, 123 
AICH3CI,NO, 
AICl,(MeNO,), 118 

AIC,HN, 
AIH(CN)>, 106 

AIC,H3C1,N 
AICI,(MeCN), 111 

AIC,H3Cl,0 
AICl,(AcCl), 118 

AICH,Br;N20, 
AIBr3(MeNO,),, 118 

AIC,H,Cl 
AlCIMe,, 122 

AIC,H,C1,0 
AICI,(OMe,), 119 

AIC,H.Cl,S 
AICI,(SMe,), 120 

AICSH,F 
AlMe.F, 121 

AIC,H.I2 
[AlMe-Io]~, 123 

AlMe,(N), 110 

[AlMe,(N;)o]~, 111 
AIC,H,N 
AlH,(NMe,), 109 

AIC3H30¢ 
Al(O,CH)s, 117 

AIC3H,Cl 
[AIMe,Cl]-, 123 

AIC3H,Cl,N 
AICI,(NMe;), 107 

AIC3Hol 
[AlMe,I]~, 123 

AIC,;HgNO3 
[AlMe3(NOs3)]-, 116 

AIC3HN3 
[AlMe,(N;)]~, 111 

AIC3H,O3 
Al(OMe)s, 114 

AIC3Hi10 
[AIHMe,]~, 123 

AIC3Hi2N 
AIH3(NMe;), 107, 123, 124 

AIC3Hi3N2 
AIH,{H,N(CH;)3NH;}, 108 

AIC3N3 
AI(CN)s, 106 

AIC3N3S3 
Al(NCS)s, 111 
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AIC3;0,2 

[Al(C04)3]?~, 118 
AIC,H3NS 

[AlIMe,(NCS)]~, 111 
AIC,H6Cl3N2 
AICl;:2MeCN, 111 

AIC,HeN2S2 
[AlMe,(NCS),]~, 111 
[AlMe2(SCN)2]~ ; 111 

AIC,HgCl;0 
AICI3;(THF), 118 

AIC4Hj9Cl,;0 
AICI,(OEt,), 118 

AIC4Hi0Cl30¢ 
AICI,(C1O,)(DME), 117 

AIC4Hiol3S 
AIl,(SEt,), 120 

AIC,H,;CIN 
AICIEt(NMe,), 109 

AIC,H4;Cl,0 
AIHCI,(OEt,), 118 

AIC,H;,0 
AIH, (THE), 124 

AIC,4H,,Cl,0, 

AICI,(OMe,)>, 119 
AIC,H,2N 

AIH,(NEt,), 109 
AIC,H,2.N2 

AI(NMe,)>, 120 
AIC,H;203 

[AIH(OMe),(OEt)]~, 124 
AIC,H,3;0 

AIH,(OEt,), 109, 123, 124 
AIC,N, 

[AI(CN),]~, 106 
4N4S4 

[AI(NCS),]~, 111 
AIC5H;C1,N 

AICl,(py), 108 
AIC;H;IN 

All;(py), 108 

AlMe;(MeCN), 111 

[AlMe3(OAc)]~, 118 
AIC;Hi;S 
AlMe3(SMe;), 120 

AIC.F,0¢ 
Al(O,CCF;)s, 117 

AIC,H3N305 
[Al(NHCOCO,);]>~, 126 

AIC.H,O¢ 
Al(OAc)s, 117 

AICH,,CI0, 
AICK(OPr'),, 113 

AIC.HisCl.N2 
AICI,(NEtCH,CH,NMe,), 109 

AIC.Hi503 
AI(OEt);, 114 

AIC.H1604 
[AlH,(OCH,CH,OMe),] fe 124 

AIC,H,,Br,N2 

AIHBr,(TMEDA), 108 
AIC,HisClsP2 

AICI,(PMe;)s, 111 
AIC,Hi.N 
AlMe;(NMe;) ’ 107 

AIC.HigN2 
[AIH,(TMEDA)]*, 108 

AIC,Hi3N3 

Al(NMe,)3, 109 

AIC.HisP 
AlMe3(PMes;), 111 

Formula Index 

AICsH21N2 
AIH;(NMes3)2, 107 

AIC6H24N1206 
[Al(HjNCONH,)6]?*, 119 

AIC6N6S6 

[AI(NCS)¢}?~, 111 
AIC,H2;CIN3Siz 
AICI{{NMe(SiMe,)}zNMe}, 109 

AICgHi1F12N203 
Al(OH){OCH(CF5)3}2(en), 114 

AICgHy2ChLNa 
[AICL,(MeCN),]*, 111 

AICgH,6Cl,02 
AICI,(THF),, 118 

AICsHy,Cl,0 
AICI,(OCH,CH,OCH,CH,)2, 118 

AICsHigCl;N,0 
AICI,(HNCH,CH,OCH,CH;)», 108 

AICgH 902 

[AIH,(OBu'),]~, 114 

[AI(OEt)4]~, 114 

AIH(NEt,)>, 109 
AICsHo4Ng 

[Al(NMe,)4]~, 109 
AICsHo4P, 

[Al(PMe;)4]~, 112 
AIC.Brs 

AIBr3-Br,-Co, 122 
AIC H3F 1303 
AI{OCH(CF3)3}3, 114 

AIBr3(1,3,5-Me3C,H3), 122 

Al(S,CNMe,)3, 120 
AIC,H21,03 

Al(OPr')3, 108, 113, 114, 125 
AIC,H2303 

[AIH2(OPr'’)3]?~, 114 
AIC,H27Si3 

Al(SiMe3)3, 107 

[AICl(MeCN)s]?*, 111 

[Al(acac)2(OH2)2]*, 115 

AlCy: 234%4 

Al(NMe;)3(py), 110 

AIC11H3503 
Al(OPr')(OBu'),, 113 

AIC y2Hy0Cl3N204 
AICI,(PhNO,)., 118 

[Al(MeCN).]3*, 111 

Al(OBu')s, 113 
AIC,2H30OP383 

AL{SP(O)(OEt)2}3, 126 

[Al(EtOH),]3*, 119 
AIC12H3606S6 

[Al(DMSO),]3*, 119 

AIC, 2H36Sig 
[Al(SiMe3)4]~, 107 

AIC1;(benzo-15-crown-5), 119 
AIC, 5H3F 130. 

Al(hfacac)3, 115 

AIC,sHiiCl3N3 
AICl,(terpy), 108 

AIC,5HisCl3N3 

AICI,(py)s, 108 
AICisHisNS2 



AlMe,(S,CNPh,), 120 
AIC,5H2106¢ 

Al(acac)3, 106, 114, 115 
AIC,6H32Cl,0, 

[AICI,(THF),]*, 118 
AIC16H3604 

[Al(OBu'),]~, 114 
AIC,gH;5Cl3P 

AICI,(PPhs), 111 
AIC,gH<2N; 

AI(NPr',)3, 109 
AICigH42NoO¢ 

[Al(DMF),]3*, 119 
AICigHs4N3Sig 

AL{N(SiMe3)2}3, 109 
AICigH540igP6 

[Al{P(OMe)3}.]3*, 112 
AIC, gH54024P6 

[Al{OP(OMe)3}.]?*, 120 
AIC, oH20Cl.Ng 

[AICI,(py)4]*, 108 
AICzoHs0N20¢ 

{Al(OPr')3}2(en), 108 

AIC,,Hi506¢6 
Al(tropolonate)3, 115 

AIC,,Br3.3 

AIBr3Bro.3°Co4, 122 

AICz4H4g06S6 
[Al{OS(CH,)4}6}3*, 119 

AIC39H24Ne 
Al(bipy)3, 108 

AIC32HisFNg 
AIF(phthalocyanine), 126 

Al(OH)(octaethylporphyrin), 126 

AIC36H72Na 
Al(N=CBu',),4, 109 

AlC36HiosNisO6Po 
[Al(HMPA)g]3*, 119 

AIC,;H3,N,0 

Al(OMe)(tetraphenylporphyrin), 126 

AlC46H33Nq4 
AIEt(tetraphenylporphyrin), 126 

AIC54H4503Sis 
Al(OSiPh;)3, 114 

AICI 
AICI, 121 

AICIS 
AISCI, 120 

AICLH;0; 
Al(OH)(O2CH)2, 117 

AIC1,0,S 
[AIC1,(SO,)]~, 117 

S 2 

[AISCL]~, 120 
AICI, 

AICI,, 119, 121, 122 
AICI,F3P 

AICI,(PF3), 112 
AIC1,0.S 

AICI,(SO,), 119 
AIC1,0,2 

Al(C104)3, 117 
AIC, 

[AICI,]~, 111, 112, 118, 119, 122, 123 
AICL,NO 

AICI,(NOC1), 119 
AICL,O, 

[AICI,(ClO4)]~, 117 
AICl4042S,4 

[Al(SO3Cl)4]~, 117 
AlCl4O16 

[Al(ClO4)4]~, 117 

Formula Index 

AICI,N,O, 
AICI,(NOCI),, 119 

AICI;O29 
[Al(ClO,)s]2~, 117 

AICI,OP 
AICI,(POCI,), 119 

AICl.O24 
[Al(Cl1O4)6]2~, 117 

AICL106P¢ 
AICI,(POCI3)¢, 119 

AICrC,Hy,0, 
Cr{Al(OMe),}, 860 

AICrCygH4:NOsPSi, 
Cr(CO).(u-PPh2) Al(CH,SiMes),(NMes), 112 

3 

AIF;, 120, 123 

[AIF5]?~, 121 
AIF. 

[AIF,]3~, 121 
AIF,O,P3 

Al(PO.F,)3,116 
AlGeC,H, 
AlMe(GeMes)2, 107 

AlGeC,gHig 
[AIH3(GePh;)]~, 107 

AlGe3;CoH>7 
Al(GeMe3)3, 107 

AIHCl, 
AIHCI,, 123, 125 

AIHCLO, 
Al(OH)(C1O,4)2, 117 

AIHCI, 
[AIHCl,]~, 125 

AIHFO,P 
AIF(HPO,), 116 

AIHO, 
AlO(OH), 112 

AIH,Cl 
AIH,Cl, 125 

AIH,Cl, 
[AIH,Cl,]~, 125 

AIH,NS 
AISNH), 120 

AIH,0O 
AIH(OH), 113 

AIH,O3 
[AlO(OH),]~, 113 

AIH,0,P 
[Al(H,PO,)]?*, 116 
1H, 
AIH,, 123 

AIH3Br3N 

AIBr3(NH3), 107 
AIH3C1,N 

AICI;(NH3), 107 
AIH,CI1,P 

AIC1,(PH3), 111 

Al(OH)3, 112, 133 
AIH,;0,P 

[Al(H3PO,)]?*, 116 
AIH3012P3 

[Al(HPO,)3]?, 116 
AlH;0,,S3 

Al(HSO,)3, 117 
AIH, 

[AIH,]~, 114, 123-125 
AIH,0O, 

[Al(OH),]~, 113 
AIH,F303 
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AIF;(OH;)3, 121 

Al(H;PO,)3, 116 
AIH,Ng 

[AI(NH,),]~, 109 
AlHgP, 

[AI(PH,),]~, 112 
AIHioNs 

[Al(NH2)s]?~, 109 
AIH, 9009S 

[Al(SO,)(OH3)s]*, 113, 117 
1106 

[Al(OH)(OH2)s]?*, 113 

126 

[Al(OH,)6]3*, 113, 115, 116, 117, 118, 133 
AlHisNe6 

[AI(NH3)¢]2*, 107 
AIH24P,Sis 

[Al{P(SiH3)2}4]~, 112 
All,O5 

Al(IO3)3, 117 
All 4 

[AlL,]~, 122, 123 
Allns, 

InAIS3, 120 
AILiCsH>90, 

LiAIH,(THF)>, 124 
AILiH, 

LiAIHg, 124 
AILi;H, 

Li,AIH,, 124 
AIMeF; 

MpAIF,, 121 
AIMn3C24H1g018 
Al{(OCMe),Mn(CO),}3, 115 

AIMoCssHs;N,P4 
Mo(N>AlMe;)(N>)(dppe)>, 1270 

AIMo,0>, 
[AIMo¢03,]?~, 117 

AINO, 
AIONO3 , 116 

AIN; 
AIN;, 109 

AIN3O, 
AI(NO,)3, 113, 115, 116 

AIN,Ov 
[Al(NO3)4], 116 

AIN5044 
Al(NO3)3(N2Os), 116 

s™15 

[Al(NO3)s5]?~, 116 
IN 9 
AI(N3)s, 110 

AINaCl, 

NaAICl,, 122 
AINaF, 

NaAIF,, 121 
AlNa3H, 

Na;AIHg, 124 
AINbClg 

NbAICl., 591 
AlO 

[AlO]*, 113 
2 

[AlO,]~, 112 
AlO, 

[AlO,]5~, 112 
AlO,P 

AIPO,, 116 
AlO,P3 

[Al(PO,),]?~, 116 
AlO,S, 

[Al(SO4)2]~, 117 

Formula Index 

AlO,P3 
Al(PO3)3, 116 

AlPuO, 

PuAlO,, 1133 
AISbBr¢ 

AIBr,(SbBr;), 112 
AISi;CyH2703 

Al(OSiMe;)3, 113, 114 
AlTaC,gH4g04P, 

Ta{H,Al(OCH,;CH,OMe),}(dmpe),, 679 
AITIH, 

TIAIH,, 170 

AIV 14040 
[AIV 14040]? , 1045 

{W(CO)3Cp},Al(THF)s, 119 

{WCI(py)(PMe2Ph)3(us-N2)}2(AICI2)3, 1012 
28 

[Al(WO,)2]~, 117 
AIW 12040 

[AIW 040], 117 
AIZnF, 

[ZnAIFo]*~, 121 
AIZrC2sH490, 

AIZr(OPr’),, 392 
ALBr, 

ALBre, 121, 122 
ALBr, 

[AlBr,]~, 123 
Al,C,H,2.Cl, 

(AIMe>)2(u-Cl)2, 122 
Al,C,H,,.Cl,N> 

{AICl,(NMe,)}>, 109 

Al,C4H,,0,4S 
(AlMe2)2SO4, 117 

Al,C,4H,2S 
(AlMe,),S, 120 

ALC,Hi.4 

(AIHMe,),, 123 
Al,C,H,Br, 
ALBr¢(CeHe), 122 

AlL,C,HigBr40.Si, 

{AIBr,(OSiMe;)}>, 114 
Al,CeHisF 

[(AlMe3)2(u-F)], 121 
2Cs5HisNO; 

[(AlMe3)2(NO3)]~, 116 

Al,CeHig 

[(AlMe3)2H]~, 123 

2C7HgBre 
AIBr3(u-Br)AIBr,(PhMe), 122 

AlL,C,HigN 

[(AIMes),(u-CN)]-, 106 
Al,C,HisNS 

[(AlMe3)2(NCS)]~, 111 

1,C,H,sNSe 
[(AlMe3)2(NCSe)]~, 111 

Al,C3sH2;02 
[(AlMe3)2(OAc)]-, 118 

Al,CgH26Nq4 

{AIH(NMez)2}2, 109 
Al,Ci9H23N2,0 

{(AIMe,),0}(TMEDA), 108 
ALCi2H24ClL.N4Ss 

{AICI(S;CNMe,),}2, 120 
Al,C,2H39Br.N, 

{AIBrEt(NHBu')}5, 110 
AlL,C12H36Ne 

{Al(NMez2)3}2, 109 
Al,C14H22ClO5 

Al,Cl,(benzo-15-crown-5), 119 
Al,Ci6H3i1NO 



1,Cig 28N2 

{AlMe.(NMePh)},, 110 
Al,C,3H47NO. 

{Al(OPr’)3}2(py), 108 
22644426 

(AlMe;)2(dibenzo-18-crown-6), 126 
Al,Cs2Hs2N2P, 

{AlMe2{N(PPh,)>}}2, 112 

Al,Cl., 121, 122 
ALCIl,NO 

(AICI;).(NO), 119 
AL CI,.N2S> 

(AICI3)2S2N>, 121 
Al,Cl,0.2S 

(AICI,)2(SO,), 119 
2 

[Al,Cl,]~, 112, 122, 123 
Al,ClgOS 

(AICI;)2(SOCL), 119 
Al,Cl,5;03P3 

(AICI;)2(POCI,)3, 119 
Al,CrC12H2s0¢ 

Cr{OAl(OPr'),}., 738 
ALCrCl, 

(AICI3)2(CrCl;), 122, 755 
2* 6 

ALFe, 120 

Al,H,010S2 

AL(OH),(SO,)2, 116 

2446 

ALH,, 123 
ALH,O, 

[Al,O(OH),]2~, 113 
2th7 
[Al,H,]~, 123 

Al,H18010 
[Al,(OH),(OH,)s]}**, 113 

ALI. 

ALI,, 121 

ALLiH, 

LiAl,H,, 124 

ALMgCi¢6H400s 

Mg{Al(OEt),}., 114 

AlL,MgC24Hs560 
Mg{Al(OPr')4}>, 114 

Al,MgO, 

MgALO,, 112 

Al,Mo,C24H¢2Ps 

{MoH(PMes;),(u-H)2AIH} 2(u-H)2, 1284 
ALN,4Oi3 
Al,0(NO3),, 116 

AlNiCly 
(AICI,)2(NiCl,), 122 

AL,O3, 112 
Al,01283 

Al,(SOx)s, 116, 117 
AlL,PbC.H6Clg 

Pb(CgH)(AICla)2, 220 
ALS3 

ALS3, 120 
Al,SeC7HigN 

[(AIMe;),(NCSe)]~, 111 
AlSe3 

Al,Se3, 120 
Al,SnCeHeCle . 

Sn(CeH,)(AICl,)2, 220 
ALSn2C,2Hi2Clhio 

{Sn(CgH¢)CI(AICl,)}2, 220 
Al,Te; 

ALTe3, 120 

Formula Index 

ALTiO, 

TiAI,O3, 331 
ALTIH Cl 

TICI(AIH,)2, 175 

AlL,W3012 
Al,(WO,)3, 117 

Al;CeHigCleP3 

{AICI,(PMe,)}3, 112 

AlsCeH24N3 
{AlH,(NMe,)};, 109 

Al;CoH2703 
{AlMe2(OMe)}5, 114 
13Cl, 

[AICL,O(AICI,)]~, 114 

3Clio 
[AlsClio]~, 122 

AlsCrC36Hg4012 
Cr{Al(OPr'),}5, 860 

Al3H3010P2 
[Als(PO.)2(OH),]~, 116 

AlsInC36H34012 
In{Al(OPr'),};, 161 

Al3InH,, 

In(AlH,)3, 166 
Al,O0, 

[Al,Og]7—, 112 
ALTIH,, 

TI(AIH,)3, 175 
Al,C,H220 

Al(AIH,)3(OEt,), 125 
AlgCi9H30Cl4aNg 

{AICl(NMe)}4(NMe),, 110 

Al4Ci9H3002 
[{AlMe,OAIMe3},]?, 114 

Al,CioH32N4 
{(AIH2)2(NCH,CH,CH,NMe,)}>, 110 

Al4Cy2H27ClsN3 
{AICIl,(NBu)}3Al, 110 

AlgCi6H4oNa 
{AIH(NBu')},, 110 

Al,C,.Hs56Os 
(AlMe3)4(15-crown-5), 126 

Al,CasHaoNa 

{AIPh(NPh)}4, 110 
Al4CeaHg4012 

{Al(OCH,Ph)3}4, 113 
Al,ClgO0, 

[{(AICI,)20},]?~, 114 
AlgH16016 

[Al,(OH):6]*”, 113 
Al4H29014 

[Al,(OH)s(OH2)«]**, 113 
4UCag 112V16 
U[AI(OPr')4]4, 1147 

Al,ZrH 2 
Zr(AlH4)4, 432 

AlsCisH46Ns5 ; 
{AIH(NPr)}5{AlH>(NHPr')},, 110 

AlsC17H47No F 

{AIH(NPr')},{AlH>(NPr'),}- 
{AIH(NCHMeCH,NMe,)}, 110 

AlsO16 
[Al;O16]17_, 112 

AlgCisHasNe 

{AlH(NPr’)}., 110 

Al¢C30H7gNi2 

{AlH(NCH,CH,CH,NMe,)}., 110 
AlsCasHeoNe 

{AIH(NCHMePh)}«, 110 
Al,Ci4H42N7 

{AlMe(NMe)},, 110 

AlgCieHasNs | 

{AlMe(NMe)}., 110 
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AlgCisHseNo 

{AlMe(NMe)}.{AlMe(NHMe)}>, 110 
Alis3H47040 

[Al,304(OH)2s(OH2)11]®*, 113 
Ali3H4sO40 

[Al,304(OH)24(OH2)12]7*, 1036 

AmCO,; 

[AmO,(CO3)]~, 1220 
AmC,0, 

[AmO,(C,0,)]~ , 1220 

AmC,0, 

[AmO,(CO3)2]3~ , 1220 

AmC3H30.¢ 

Am(O,;CH);, 1216 
AmC,0,,; 

[AmO,(CO3)3]*~ , 1220 

mC,H;O, 
Am(citrate), 1217 

AmC,H,Og 

[AmO,(AcO)3]~, 1220 

[AmO,(OAc)3]?~, 1220 

AmC,5H210¢ 
Am(acac)3, 1216 

AmC21,H17010 
Am(2-HOC,H,CO,)3(H,0), 1215 

AmC33H570¢ 
Am(Bu'COCHCOBv');, 1216 

AmC39HegFig014P 2 
Am(hfacac)3{(BuO)3;PO},, 1217 

AmC64H32Ni6 
Am(phthalocyanine),, 1218 

AmCl, 

AmCl,, 1215 
AmCl, 

AmCl,, 1133, 1218 
AmCl1,0, 

[AmO,Cl,]?~, 1220 

[AmO,Cl,]3~, 1220 

AmF3, 1218 
AmF, 

[AmF,]~, 1218 
AmH, 

AmHsg, 1218 
AmH,0O, 

Am(OH)s3, 1216 
AmH,,Cl,0, 

[AmCl,(OH,)¢]*, 1215 
Aml, 

Aml,, 1218 
AmLiO, 
LiAmO,, 1216 

AmLi,0, 

LizAmO,, 1219 
AmN;0,, 

[AmO,(NO3)3], 1220 

AmO 
AmO, 1215 

AmO, 

AmO,, 1219 
AmO,P 

[AmO,(PO,)]~, 1220 
MUg52 
[Am(SO,)2]~, 1216 

AmO,,S3 

[AmO,(SO,)3]*~, 1220 
AmS 
AmS, 1215 

Am,C,0, 

Am,0(COs;)2, 1216 

Am,C;0, 

Formula Index 

Am,(CO3)3, 1216 

Am,C,012 

Am,(C,0,4)3, 1217 

Am,0,S 

Am,0.S, 1217 
Am,0O; 

Am,03, 1216 

Am20,2S3 
Am,(SO,)3, 1216 

Am202¢S7 
[Am,(SO,),]8~, 1216 

Am,S3 

Am,§S3, 1217 
AsAICl, 

AICI,(AsCl,), 112 
AsBC3H,Cl; 

BCI,-AsMe;, 82 
‘AsBC3H.F3 

BF;-AsMe;, 87 
AsBC3H,, 
BH,-AsMe;, 82 

AsBH;3Br3 
BBr,-AsH3;, 86 

AsB,AIC3H>; 
Al(BH,)3(AsMe;), 111 

AsBiC,HgNO, 

AsO(OH)(OBiO)(C,H,NHCOCH,OH-4), 256 
AsBr3 

AsBrs, 251 

AsCH,F, 
AsMeF,, 251 

AsCH3F;NOS 
AsF;(SOF,NMe), 252 

AsCH,Si 
AsH,(SiH2Me), 239 

AsCH,Cl, 
AsCl,(CH=CHC])), 256 

AsCoHgClaN 
AsCl,(NMe,), 240 

AsC3F,Se3 
As(SeCF;)3, 249 

AsC3Ho 

AsMe3, 256 
AsC3H.Br 

[AsBrMe3]*, 251 
AsC3H,Cl, 

AsCl,Me3, 251 

AsC3H,Cl,N 
AsCl;-NMes3, 252 

AsC3H,O,4 

AsO(OMe)s3, 245 
AsC3N3 

As(CN)3, 252 
AsC,N;0, 

As(NCO)3, 252 
AsC3N383 

As(NCS)3, 252 
AsC,H,ClS; 

AsCl{(SCHCH,)2$}, 249 
AsC4H,O, 

As(OH)(OCH;CH,0)>, 246 
AsC,H;,CIN, 

AsCl(NMez)2, 240 

AsCyHi CaP 
AsMeClI,(PMe3), 244 

AsC;H,;CIP 

AsMe,Cl(PMe;), 244 
AsCcFi3N; 

{AsN(CF3)2}3, 243 

AsCeHisl2P2 

AsI,(PMe3)2, 244 
AsC.H,gNP, 

[AsMe,(PMe,N=PMe,)]*, 244 



AsC.eHigN3 

As(NMe,)3, 240, 241 

AsMel,(PMe;)>, 244 
AsCgHjgCloF.NSi, 

As(CF3)2Cl,{N(SiMe;).} 5 242 

AsCgHgF.NSi, 

As(CF3)2{N(SiMe3)2}, 242 
AsC,H,4Cl,P 

AsPhCl,(PMe;), 244 
AsCgHigN30, 

As(O,CNMe,)3, 241 
AsCgHigN3S¢ 

As(S,CNMe,)3, 241 

As(SiMe3)3, 239 
AsC,,H,CIN 

AsCl(CgsH,NHC,H,), 256 
AsC,2Hj9Cl 

AsCIPh,, 256 

AsC12H270, 
AsO(OBu)3, 245 

AsC2H27S3 
As(SBu')3, 248 

AsCi3HioN 
As(CN)Php, 256 

AsC13H270, 
AsMe(OCMe,CMe,0),, 246 

AsCi5H30N3S6 
As(S,CNEt,)3, 249 

ASC,5H39N3Se, 
As(Se,CNEt,)3, 250 

AsCgH130, 
AsPh(1,2,-OC.H,4)2, 246 

AsCigHi5F2 
AsF>Ph,, 251 

AsCigHi5S3 
As(SPh)3, 248. 

AsCjgH 2904 
AsPh(OCMe,CMe,0),, 246 

AsC,sH3 9N3Se, 

As{Se,CN(CH;)5}3, 250 
ASC3oH54PSig 

As{C(SiMe3)3}{PC(SiMe3)3}, 243 

AsC27Hs4N3Se¢ 

As(Se,CNBu’2)3, 250 

AsC2gH410, 
As(OH)(O,C,H,Bu',)2, 246 

AsC79H4304 
AsMe(0,C,H,2Bu',)2, 246 

AsC,3H330 

AsPh,(CCPh—=CPhCPh=CC OMe), 239 
AsC,45H,2.N3Se6 

As{Se,CN(CH,Ph),}3, 250 
AsCIF, 

ASCIF,, 253 
AsCl, 

AsCl,, 251, 252 
AsCl, 

[AsCl,]*, 251, 253 
AsCl, 

AsCl,, 253 
AsCrC,gH,5O0¢ 
CrO(O,)2(OAsPh3), 946 

AsCrC,9H,4,0; 

CrO(2-Ph,AsC,H,COz), 901 

AsCrF, 
CrF,-AsF,, 756 

AsCr3HO,3 
[(CrO30);AsOH]?, 1024 

AsF, 

ASsF;, 251 
AsF; 

Formula Index 

AsFs, 251, 252 
AsF. 

[AsF¢]~, 251, 253 
AsGaO, 

GaAsQO,, 135 
AsH;Si 

AsH,(SiH3), 239 

AsH-Si, 
AsH,(SiH,SiH;), 239 

AsI, 

AsI,, 250 
AsI, 

AsI;, 251 
AsLiSi,C,4H34,0, 

LiAs(SiMe;).-2THF, 240 
AsMo,C,H,0;5 

[Mo,0,2(Me,AsO,)(OH)]?, 1054 
AsMo.¢CH,5027 

[Mog013(MeAsO3)(H2O)¢]?", 1054 
AsMo09H,6034 

[AsMo,03,(H,0)3]3~, 1042 
AsNbC,3H;,5Cl, 

NbCI,(AsPh3), 600 
AsNbC,gH,5CI.N 

[NbCI;(NAsPh3)]~, 620 
AsO,S, 

[AsO_S,]3—, 249 
AsO;3S 

[AsO3S]3~, 249 
AsO, 

[AsO,]3~, 255 
AsS, 

[AsS,]?~, 248 
AsS3 

[AsS3]?~, 248 
AsSe; 

[AsSe3]?—, 249 
AsTaC,gH,;Cl; 

TaCl;(AsPh;), 600 
AsTiC,gH,5Cl, 

TiCl,(AsPh3), 347 
AsUHO, 

UO,HAsO,g, 1196 
AsWC,H,.Cl,0OP 
WOCI;(Me,PCH,CH,AsMe,), 985 

AsW,033 

[AsW.,033]?, 1042 

AsWigH20¢60 

[As(H2)W1g0¢0]”", 1042 
AS; sCrCy5H24Cl3Ni.5 

CrCl3(2-Me,AsCgH4NMe,),.5, 854 

AS, 5CrCisH24ClsP1.5 
CrCl; (2-Me,PC.H4AsMez)1.5, 854 

As,BC,.H9 
[BH2(AsMe3)2]*, 98 : 

{As(CF3)2Cl(NSiMe3)}2, 242 
As,Cl5S 

[As,SCl5]~, 251, 253 
As,Cl¢ 

[AszCle], 251 
As,Cl,S 

[As2SCl_]?~ , 253 
AS,Clo 

[As2Clg]?~, 253 
As,CrC7HigCly 

[CrCl,{Me,As(CH,)3AsMe,}]~, 853 
As2CrCi9Hi¢Cl, 

[CrCl,(diars)]~ , 853 

[Cr(PhAsO3H).(H,NCSNH,)2]*, 888 
As,CrC,4H32N4S4 

[Cr(NCS),(diars)]~ , 838 

1483 
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As,CrC36H22Cl, 

[CrCl,(Ph,AsCH=CHAsPh,)]~ , 853 
As,CrC3¢6H39Cl,02 

CrCl,(OAsPh3)2, 754 

As2CrC3gH 2905 

Cr(2-Ph,AsC,H4,CO2)2(OH), 901 
As,CrC3gH390¢ 

Cr(2-PhAsC.HyCO,)2(OH)>, 901 
As2Cu3W1gH4O06¢6s8 

[(AsW5033)2Cu3(H20).]!?~, 1049 

As2FsO0, 
[As,F,0,]?~, 251, 255 

As2F 190 

[As,F yO]? , 251, 254 
As,GaC,oHi6Br3 

GaBr,(diars), 132 
As,GazCioH 16Cle 

Ga,Cl,(diars), 132 
ASoI4 

As2I4, 250 
As,MoC,oHi6Cl,N202 

MoCl,(NO),(diars), 1274 
As,MoC,,Hi6F2NO4 

Mo(O,PF,)(NO)(CO)(diars), 1276 
As,MoC,,Hi,.NO, 

[Mo(NO)(CO)(diars)]*, 1276 
As,MoC,,Hi6CINO; 

MoCl(NO)(CO),(diars), 1276 
As,MoC,2H2I,0, 

Mol,(CO),(diars), 1281 
As,MoC,3Hig6NO,4 

[Mo(NO)(CO);(diars)]*, 1276 
As,MoC,5H22N,0;3S, 

Mo(S;CNMe,)(NO)(CO),(diars), 1276 
As,MoC,;H,;NO,P 

[Mo(NO)(CO),{P(OMe)s}(diars)]*, 1276 

{[Mo(NO)(CO).(PMe,Ph)(diars)]* , 1276 
As,MoC,5H22Cl,N20, 

MoCl,(NO).(dpam), 1272 
As,MoC36H3oCl.N,O2 

MoCl,(NO),(AsPh;)2, 1272 

Mo(NO)Cl,(AsPh;)2, 1286 

Mo(N,)2(arphos),, 1269 

As,Moe6C,H.024 
[Mog013(MeAsO3).]*~, 1053 

As2M06C12H 12025 
[Mo,014(PhAsO3)(OH;)]*~, 1053 

As,0,S 

(As,0,)(SO4), 247 

As20.S. 
(As,0)(SO«4)2, 247 

As20;2S3 
As2(SO,4)3, 247 

As2PaCio9HigCly 
PaCl,(diars), 1144 

As,S3 

AS2S3, 239 
As2TaC,9Hi6Cl, 

TaCl,(diars), 642 
AS2TiCi9Hi6Cl, 

TiCl,(diars), 349 
As,TiC,9H,,Cl,0 

TiCl,(diars)(H,O), 349 
As2TiC36H3oCl, 

TiCl,(AsPh3)2, 347 

As2Ti2CioHi6F 5 
(TiF4)2(diars), 349 

As,UCioHi¢Cly 

UCI, (diars), 1144 
As,UC,,H3,Cl,0, 

Formula Index 

UCL,(Et3;AsO),, 1170 

As,UC36H30N2010 
UO,(NO3)2(Ph3AsO),, 1207 

As,UC4oH36O8 
UO,(OAc),(Ph3AsO),, 1207 

As,U3C44H 42014 
{UO,(OAc)2(Ph3AsO)}>, 1207 

As,VC4H,20S, 

VO(S,AsMez2)2, 527 

AS. VCy4Ho4Cly 

VCl,{1,2,-(Et,As)2Ce6H,4}, 498 

As2WC 10H i6Cls 
WCI,(diars), 984 

As,WC,3H,.Br,03 

W(CO),(diars)Br2, 1005 
As,WC14H 16104 

[W(CO),(diars)I]*, 1007 
As2WCi6H22Cl4P2 

WCL1,(AsMePh),, 989 

As,WC,H2,1,03 

W(CO),3(dpam)I,, 1007 

As2W6Ci2H11025 
[W.6018(PhAsO3)2.(OH)]> , 1053 

As2W6Ci2H 12025 
[W,.O1s(PhAsO3).(OH,)]*- , 1053 

AS2W 8062 
[As2W1g062]® , 1040 

[As2W18062]”_, 1052 

As2W 19067 
[As2W19067]!4, 1042 

As2W20068 

[As2W200¢s]*° , 1042 

As2W21H207 

[As2W210¢9(H20)]® , 1042 
As,ZrCgHi2ClF4 

ZrCl;{F, C(AsMe,)=C(AsMe;) F,} > 366, 370 

As3CrCi9,5H27Cl, 

CrCl; {Me,As(CH2)3;AsMe>};.5, 854 
As3;€rC,,H>7Cl, 

CrCl, {AsMe(CH,CH,CH2AsMe>).}, 854 
CrCl; {MeC(CH,AsMe,)3}, 854 

As3CrC,5H4Cl, 

CrCl,(diars); 5, 854 

As3NaSbe W206 
[NaSbgAs3W210g6]!8~ , 1042 

As3PaC1gH 1,04, 

PaH30,(PhAsQO3)3, 1182 

As3TiC;;H27Cl, 
TiCl,{MeC(CH2AsMez)5}, 344 

As3TiC4,;H39Cl, 

TiCl,{MeC(CH,AsPh;3)3}, 338 
As3ZrC,,H27Br4 
ZrBr4{MeAs(CH,CH,CH,AsMe,)>} ’ 383 

As4gCo,Wa4oHgNOj42 

[AsqW4o(NH4)O140{Co(OH2)}2]?3~, 1049 
AsgCrC,;H3.Cl, 

[CrCl {As(CH;CH,;CH2AsMe,)3} , 855 

As4CrC,5H3.Cl; 

CrCl; { As(CH,CH,CH,AsMe,)3}, 854 
AsgCrC39H32Br2 

CrBr.(diars)2, 734 
As4CrC39H32,CINO 

Cr(NO)Ci(diars), 830 
[Cr(NO)Cl(diars),]* , 830 

As4CrC,9H32Cl, 

CrCl,(diars)2, 734 
[CrCl,(diars),]*, 854 

As4CrC29H321, 

CrI,(diars),, 734 
As4CrCs,H4Cls 

CrCl;(Ph,AsCH,CH,2AsPh,)>, 854 

AsgCrC72H¢9Br2,04 

CrBr.(OAsPh3;),4, 754 



AsgCrC72H¢69Cl,O12 

Cr(ClO,4)2(OAsPh3)4, 754 

AsgEuC72H60N2010 
[Eu(NO3)2(OAsPh;)4]*, 1082 

AsgFe2C19H 1206 
{Fe(CO)3}.(AsMe),, 244 

AsgHfC2oH32Cl, 

HfCl,(diars)2, 383 
As,InC29H32Cl, 

[InCl,(diars).]*, 160 
As,4InCz2H¢o 

[In(AsPh3)4]3*, 160 

AsaKW400140 
[KAs,W4o0140]?”, 1042 

As4MoC,9H32CIN.O, 

[MoCl(NO),(diars)2]*, 1272 
As4MoCj9H32Cl, 

MoCl,(diars)., 1284 
As4MoCj9H32Cly 

[MoCl,(diars).]*, 1354 

[Mo(NO),(diars).]?*, 1273 
As4yMoC,,H32CINO, 

MoCl(NO)(CO)(diars)2, 1276 

As4yMoC,,H32Clo, 
[MoCl(CO),(diars)2]*, 1281 

As,MoC;2H44Br2,02 
MoBr,(CO).(dpam),, 1281 

As,MoCs2H44Cl,02 

MoCl,(CO).(dpam),, 1281 
As4gMoCs2H4sNq4 
Mo(N,)2(Ph,AsCH,CH2AsPhz)2, 1269 

As,MoC.,H7,N2P3 

Mo(N,)(triphos)(diars), 1268 
As4Mo2Hy4Oi6 

[Mo.(HAsO,)a4]?_, 1303, 1309 

As4Mo,02Si4 

[Moz0,S.2(As4S12)]?, 1363 

As4Mo,0,4S8i4 

[(Mo202S2)2(As2Ss)2]*~, 1363 
As4Mo12C24H 28046 
Mo12034(H3NCsH4AsO3)4, 1053 

AsaMo12H,Os0 
[As4Mo120soH,]*_, 1043 

As4gNbC29H32Br4 

NbBr,(diars)., 642 
As,NbC29H32Cl, 

NbCl,(diars)., 644 
[NbCl,(diars)2]*, 599 

As,Nb2C29H32Cle 

Nb,Cl,(diars)., 656 

As4S4 

As4Sq, 239 

As4TaC29H32Br4 

[TaBr,(diars)2]*, 594, 599 
As4TaC29H32Cly 

TaCl,(diars), 644 
[TaCl,(diars),]*, 599 

As4TiC29H32Cl, 

TiCl,(diars), 348, 356, 357 

As4TiCzoH3214 

Til,(diars)., 349 

Asy4TiC2gH36Cl, 

TiCl,{1,8-(Me2As)2CioH}2, 349 

As4VC20H32Cly 

VCI,(diars)2, 498 

As4VC72H600s 
[VO(OAsPhs),]?* , 522 

As,WC0H3212 
W(diars)2I., 1006 

As,WC2,H32BrO2 

[W(CO),(diars),Br]*, 1005 
As,WC53H44Br203 

Formula Index 

W(CO)3(dpam),Br2, 1007 
As4ZtC9H32Cly 

ZrCl,(diars)>, 383 

AssMgCi5H45sCl2013 
Mg(ClO,)2(Me3AsO)s, 9 

AssMo2C19H1504 
{MoCp(CO),}2(AsMe)s5, 244 

AseCrC2,Hs4I2 
[CrI,{MeC(CH,AsMe,)3}2]*, 856 

AS,6ScC7gH72Cl,01¢ 

Sc(ClO,)3{Ph,As(O)CH,CH,As(O)Ph;)3, 1065 
AS6Ti2C7gH72Clg 

(TiCl,)2(Ph,AsCH,CH,AsPh,)3, 347 
AsgMo2C2gHs604 

Mo,(CO),4(AsPr)3, 244 
Au,MoC,,H3 oP 284 

MoS,(AuPEts)., 1422 

MoOS,;(AuPPhs)., 1422 

Au,MoC;4H,4;,OP3S3 

MoOS;{Au(PPh;),}(AuPPhs), 1422 
Au,WCs52H52P4S4 

{Au(PMePh),}.(WS,), 982 

Au,W2Ss 

[Au.(WS,)2]?— 9 982 

BAIC,H 

AlMe,(BH,), 125 
BAIH, 

AlH,(BHg,), 125 
BAIO 
AIBO, 115 

BAIO, 
AIBO,, 115 

BAsC3H.Cl; 
BCl,-AsMe3, 82 

BAsC;H.F3 
BF,:-AsMes, 87 

BAsC3H,» 

BH;-AsMes, 82 
BAsH;Br3 

BBr;-AsHs3, 86 

BAs,BC,H20 
[BH.(AsMes)2]*, 98 

BBrClF, 
[BF,CIBr]~, 93 

BBrCl,F 
{[BFCI,Br]-, 93 

[BCl,(NCO)]~, 93 
BCF, 

[BF;CF,]~, 93 
BCF,O3S 

[BF;03SCFs3]~, 93 
BCH,F,0 
BF;-OCHb, 86 

BCH,Br,S 
BBr,(SMe), 82 

BCH,F30 
[BF;OMe]~, 87 

BCHN 
[BH,CN]-, 90, 91 

BCH,NS 
[BH3(SCN)]~, 90, 91 

BCH;O 
BH;-CO, 84, 91 

BCH;0, 
[BH3(CO,)]?~, 91 

BCH.N,S 
BH,(NCS):NHs, 85 

BCH.NO, 
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BH,CO,H-NHs, 84 [BH3P(OMe)s] ", 91 
BC,F, BC3H42P 

[BF,(CF3)]~, 93 BH;:PMe3, 82 
2F2N2 BC,H,F3;0 

[BH,(CN),]~, 90 BF;-THF, 87 
[BH,(NC).]~, 90 BC,HgO 

BC,H;Cl,N [B(OCH,CH,0),]- , 95 
BCl;:MeCN, 82, 86 BC,HioF30 

BC,H,CIF, BF;-OEt,, 86, 87 

[BF,CIEt]~, 93 BC,H iF 38 
BC,H,CI,N BF;'SEt,, 87 

BCI,(NMez,), 82 BC,H,,NPS 
BC;H,C1S BH,(NCS)-PMes, 85 

BCI,-SMe,, 86 BC,Hy,N2 
BC,H Cl.N3P BH,CN:NMe3, 85 

Cl,NMePCI,NPCI,N Me, 89 BH,NC-NMes, 85 
BC,H,N BC,H,,N2,0 
BH;-MeCN, 82 BH,(NCO)-NMes, 85 

BC,H,O BC,H,4028,. 
[B(OH),{OCHCH,O}-, 95 [BH,(DMSO),]*, 98 

BC,H,CI1,N BC,H,4S2 

BCl,-HNMez, 86 [BH2(SMe,)2]", 98 
BC,H,CIS BC,4Hi6N, 

BH,Cl-SMez, 85 [B(NHMe),]", 97 
BC,HsP BC,N, 

BH,(PMe,), 82 [B(CN)4]", 97 
BC,H oN BC4N4S4 

[BH;NMe,]~, 91 [B(NCS),], 97 
BC,H.S BC;5H3N,S3 

BH,-SMe;, 84 B(NCS)3-MeCN, 88 
BC;HN; BC;H;Cl,N 

[BH(CN)3]~, 90 BCl,-py, 82, 89 

{[BH(NC)3]~, 90 BC;HsI, 

BC;HN;S;3 [BI;Ph]~, 93 

[BH(NCS),3]~, 91 BC;H;N, 

BC;H,0, BHCN(NCH=CHCH=CH), 84 
([BH(O,CH),]~, 91 BC;H;N,O3 

BC,;H,Cl,0 B(NO3)3:py, 89 

BCI,-OCMe,, 86 BC;H5N0 

BC,H O, B(N3)3:py, 88, 89 

[B(OH),0(CH3)30)]~, 95 BC H.N; 
BC,H,Br,FN [BH,(CN)(N CH=CHCH=CH)]~ , 92 

BFBr,-NMe;, 86 BC5H.N, 

BC,H,Br3N [B(CN)3NMe.]-, 97 

BBr3-NMes;, 83 BC;HsN 

BC,H,CIF,N BH3py, 82 

BF,Cl-NMes, 86 BC;HioN 

BC3HoCl,N [BH,(NN=CMeCH=CMe)}-, 91 
BCl;-NMe3, 82, 83, 87 BC;Hi,F,.NP 

BC,H,Cl,P BH,P(CF3)2.-NMes, 85 

BCl;-PMes, 82, 87 BC5H,4Cl,N 
BC3HoF3N BCI,Pr-HNMe,, 86 

BF;-NMe;, 83, 87 BC.H,5C,2N2 

BC3;H.F3P BCI,(NMe,)-NMes, 86 

BF;-PMes, 87 BC;H,.N2 
BC3H.I,N [B(NMe3)(NHMe;)]* A 98 

BI;-NMes, 83 BC,H;CI,N, 
BC;H N40, BCI,CN:py, 86 

B(NO;3)3:NMe3, 89 BC,H,CILN 

BC3Hi9CI,N [BCl,(4-Mepy)]* ° 98 

BHCI,-NMes3, 84 BC,H,CI,N 
BC3H0S3 BCl;:-H,NPh, 86 

[BH(SMe)3]~, 91, 92 BC,HoFoNS3 
BC,H,,CIN B(SCF3)3:NMe3, 88 

BH,ClI:NMes, 84, 85 BC6H 1904 
BC3H,,FN [B(OH)(O3C.Hg)], 95 
BH,-NMes, 84 BC.H100¢ 

BC3Hi:N, [BH(OAc)3]~, 91 
BH,N3:NMe;, 85 BC,H,,NO, 

BC3H,.N B(OCH,CH,)3N, 89 

BH3:NMes, 82-84 BC,H,5BrCl,P 
BC3H,,03P BBrCl,:PEts, 86 

BH,;-P(OMe)3, 91 BC,H;;CIN2 



Formula Index 

[BHCl(MeNCH,CH,NMeCH,CH,)]*, 98 
BC,.H17N; 
[B(CH,NMe),(NHMe,)]*, 98 

BC,H,,CIN, 

[BHCI(NMe;,),]*, 98 
BCsH;N,O 

B(NCO);-py, 88 
BCsHgN, 
[BH(CN)(NN=CHCH=CH)(NCH=CHCH=CH)]-, 

91 
BC,H,.N, 

[BH,(N N=CMeCH=CMe)(NN=CHCH=CH)]_, 91 
BC,H,,.0g 

[B(OAc),4]~, 96 
BCgH,3,0, 

[BH.(THF),]*, 98 
BCgHCl,0, 

[BCI,(OEt,).]*, 98 
BC,H,.F,NO, 

BF,(8-quinolinolate N-oxide), 89 
BC,H.N; 
[BHCN(NCH=CHCH=CH),]~, 92 

BCoHioNo 
[BH(NN=CHCH=CH),]~, 92 

BC,H,;N3 

[B(CH2NMe),(py)]*, 98 
BC,H,,;BrN, 

[BHBr(NMe;)(4-Mepy)]*, 99 
BCsH2203_ 

[BH(OPr’)3]~, 92 
BC, )HsCLN, 

[BCL,(bipy)]*, 98 
CioHsgF.NO, 

BH(O,CCF;).-(4-Mepy), 85 
BCi9H140, 

[B(acac)]*, 98 
BC, 9H21N 
[BMe{NCMe,(CH3)3CMe,}]*, 98 

BC,,Hi6Nz ; 
B(NN=CHCH=CH),;-HNMey, 88, 89 

BC,,H2.NP 
[BH2(NMe;3)(PMe,Ph)]*, 98 

BC,,H24N> 
[B(NMe.){NCMe2(CH2);3CMe,}]*, 98 

BC,,.H3F,,NO; 
B{OC(CF3)3}3-NH3, 88 

BCy,HsO, 
B(OC,H,O-2)>, 95 

BC,2Hi0F2 
[BF,Ph,]~, 93 

BC,2Hi2Ns 
[B(NCH=NCH=CH),]~, 97 

BC,2Hi3N3 
[BH(NCH=CHCH=CH),]-, 91 

BC,2H23N,4 

[B(NPr'2)2]*, 98 
BC,2H36F2N6O2P2 
[BF,(HMPA),]*, 98 

BC,2H36Si, 
[B(SiMe3)4]~ , 97 

BC,3Hi9Cl,0 

BCl;-OCPh, 87 

BC,3H11N202 
B(OH),{2-(2-NHC=NC,H,)C¢H4}, 89 

BCi3H2sN> 
[B(NEt,){NCMe,(CH;);CMe,}]*, 98 

BC,,HoFNO3 
BF{2-(2-OC,;H,CH=N)C,H,CO >}, 89 

BC,4Hi2N206 

[B(2-O-4-H,NC.H,CO;).], 96 
BC,4H20NO¢ 

B(O,CEt)s-py, 88 
BC,4H20N, 
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[B(NMe,),(bipy)]*, 98 
15 16N3 

[BH(py)s]?*, 98 
BC,;H>3N 
[BPh{NCMe,(CH2);CMe,}]*, 98 

BC,.H,,N,0, 

[B(O2C.H,)(bipy)]*, 98 
164416: %4 

[B(NCH=CHCH=Ch),]~, 97 
BCisHaoP4 

[B(PEt,)4]~, 97 
BC,7H20N3 

[BH(4-Mepy)2(py)]?*, 98 
BC,sH,.N,0, 

[B(O.C.H,)(phen)]*, 98 
BC,sH2,N203 

B(OPh)3-2NHg, 88 
BC,sH2.N3 

[BH(4-Mepy);]?*, 98 
20Hi6N4 

[B(bipy).]°*, 98 
BC,,H><CIP, 

[BHCI(PMe;)(PPh;)]*, 98 
BC,2H2i1N,O, 

B(OAc),NNPhCPhNPAEN, 89 
BC,7H,47NO 
[B(OC,H,Bu';){NCMe,(CH)3CMe,}]*, 98 

BCs2Hs0P4 

[BH2(dppe)2]*, 98 
3 

[BF;Cl]~, 93 
BCIF;0, 

[BF,C10,]~, 93 
BCLN; 

[BCI,N3]~, 93 
BC, 
[BCl,]~, 92 

BC1,0, 
[BCI,ClO,]~, 93 

BC1,01.S4 
[B(SO3Cl)4]~, 96 

BCLO16 
[B(C1O,)4]~, 96, 97 

BCoW,,H2O.0 

[BW1;Co(OH,)O35]®~, 1048 
BCrC,3H,.NsO3 
[Cr(CO3){B(NN=CHCH=CH),}]~, 846 

BCrC,7H,7N,0> 
Cr(CO),{B(NN=CHCH=CH),}(1-C3Hs), 846 

BF,;O3Te; 
B(OTeF;)3, 88 

BF,,.0,Te, 

[B(OTeFs)4]~, 96 

[BF,NO,]~, 93 
4 

[BF,]~, 92, 93 
BF,03S 

[BF;(SO3F)]~, 94 
sN4O484 
[B(NSOF,),]~, 97 

BF,;03Te3 

B(OTeFs)3, 88, 975 
BFeC.H,-NO, 
Fe(BNMe,)(CO),, 99 

BFeC,H,oNOq 
Fe(BNEt,)(CO),, 99 

BFeC,.H,50, 

Fe(BPh;)(CO),Cp, 100 
BGaC,Hio 

GaMe.(BH,), 141 
BGaC,H,,F3N 

GaH,(NMe;)(BF3), 130 



1488 Formula Index 

BGaCl, 

GaCl ;-BCl,, 139 
BGaO, 

[GaBO,]?-, 134 
BGeCl, 

[BCl,GeCl,]~, 93 
BGeH, 

[BH,GeH,]~, 91 
BHCI,S 

[BCI,SH]~, 93 
BHF, 

[BHF;]~, 91 
BHF,0 

[BF,OH]~, 93 
BHF;S 

[BF,SH]~, 93 
BH,Cl, 

[BH,Cl,]~, 90 
BH,F,N 

([BF;NH,]~, 93 
BH,F,;NO 
[BF,ONH,]~, 93 

BH,F;0 
BF;:-H,0O, 85, 86 

BCl;-PH, 86 
BH,F 
[BHF], 90, 91 

BH,FO, 
[BF(OH),]~, 93 

BH3F3N 
BF;-NH;, 81, 86 

BH,N; 
([BH3N;]~, 91 

BH, 
[BH,]~, 90, 101, 125 

BH,F;0; 
BF;-2H,0, 85, 86 

BH,O 
[BH,OH]-, 90 

BH,O, 
[BH2(OH),], 90 

[BH(OH),]}-, 90 
BH,O, 

[B(OH),]~, 93, 94 
401654 

[B(HSO).)4]~ , 96 
BH,S 

([BH,SH]-, 90, 91 
5 

([BH3PH,]~, 91 
BHfC,,H4CIN Sig 

HfCl(BH,){N(SiMe3)2}2, 377, 433 
4 

[BI,]~, 92 
BLiC,,H;,0, 
Li{2,4,6-Me3C.H;).BH}(MeOCH,CH,OMe), 14 

BLiMoC,3Hy91,N,O 
Mo{HB(NN=CMeCH=CMe);}(NO)I,Li(OEt)>, 

1280 
BMoC,Hj9Cl,N,O 

MoOClI,{HB(NN=CHCH=CH));}, 1253 
BMoC,Hi9Cl,N;O 
MoCl,(NO){HB(NN=CHCH=CH);}, 1287 

BMoCg,HoCl3Ne 

MoCl,{HB(NN=CHCH=CH);}, 1342 
BMoC,,H,)N,O 

Mo{HB(NN=CHCH=CH),}(NO)(CO)», 1276 
BMoC;,,H,;BrN7;O 

Mo(NO){HB(NN=CHCH=CH),}Br(OEt), 1287 

BMoC,3H,4Cl N, 

MoCl,(HNN=CHCH=CH){HB(NN= 
CHCH=CH);}, 1331 

BMoC,,H41P,4 

MoH(BH,)(PMe;),, 1284, 1438 
BMoC,,H,,N,0 
Mo(B(NN—CHCH—=CH),}(NO)(CO),, 1276 

BMoC,5Hi5CINg 
Mo(N>Ph){HB(NN=CHCH=CH),}Cl, 1295 

BMoC,5H,;CIN,O 
Mo(NO){HB(NN=CHCH=CH);}CI(N,Ph), 1288, 

1294 
BMoC,;H,,CI,N O 

MoOCl,{HB(NN=CMeCH=C Me);}, 1352 
BMoC,5H,Cl,N7P 

MoCl,(NO){HB(NN=CMeCH=CMe);}, 1287 
BMoC,;H>,CI,N 

MoCl,{HB(NN=CMeCH=CMe)5}, 1342 
[MoCl,{HB(NN=CMeCH=CMe),}]~, 1331 

BMoC,;H,,I,N7O 

Mol,(NO){HB(NN=CMeCH=CMe);}, 1287, 1292 
BMoC,;H24INgO 
Mo(NO){HB(NN=CMeCH=CMe),}I(NH,), 1287 

BMoC,;5H24N703 

Mo(NO){HB(NN=CMeCH=C Me);}(OH),, 1287 
BMoC,;H,;IN,O 

Mo{HB(Me,C;NH,)3}I(NO), 1279 
BMoC,<H;<IN,O 
Mo(NO){HB(NN=CMeCH—=C Me),}I(NHNH,), 

1288 
BMoC,.Hi7Ni90 
Mo{B(NN—=CHCH—CH),}(NO)(CO)(EtNC), 1276 

BMoC,.H2.CINsO 
Mo(NO){HB(NN=CMeCH=CMe);}Cl(NHMe), 

1287 
BMoC,,.H27IN,O 
Mo(NO){HB(NN=CMeCH=CMe),}I(NHNHMe), 

1288 
BMoC,,.H27Ns0, 

Mo(NO){HB(NN=CMeCH=CMe);}(OMe)(NH;), 
1287 

BMoC,7H,;Ns,0, 

Mo(N,Ph){HB(NN=CHCH=CH),}(CO),, 1294 
BMoC,7H2.N O 

Mo{HB(NN=CMeCH=CMe);}(NO)(CO)», 1276 
BMoC;,;H27,CIN;O 
Mo(NO){HB(NN=CMeCH=CMe);}Cl(OEt), 1287 

BMoC,7H,7IN7;OS 

Mo(NO){HB(NN=CMeCH=CMe)3}I(SEt), 1288 
BMoC,7H27IN;O 

Mo(NO){HB(NN=CMeCH=CMe),}I(OEt), 1292 
BMoC,7H2s,CINsO 

Mo(NO){HB(NN=CMeCH—C Me);}Cl(NHEt), 1287 
Mo(NO){HB(NN=CMeCH=CMe);}Cl(NMe,), 1287 

BMoC,7H2,IN,O 

Mo(NO){HB(NN=CMeCH=CMe);}I(NHNMe,), 
1288 

BMoC,sH2;CIN;O 
Mo(NO){HB(NN=CMeCH=CMe);}CI(OPr), 1287 

BMoC,sH3iN,0, 

MONG TE N=CMeCH=CMe);3}(OEt)NHMe), 

BMoC,.H23N O 

[Mo{HB(NN=CMeCH=CMe);}(NO)(MeCN),}*, 
1279 

BMoC,.H3,CIN;OS 

Mo(NO){HB(NN=CMeCH=CMe);}Cl(SBu), 1288 
BMoC,,.H32N,0; 

Mo(NO){HB(NN=CMeCH=CMe);}(OEt)>, 1287 
BMoC,.H33N,02 

Mo(NO)(HB(N N=CMeCH=CMe),}(OEt)(NHEt), 

BMoC, ,H34N oO 
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Mo(NO){HB(NN=CMeCH=CMe);}(NHEt)», 1288 
BMo0C29H17N 100g 
Mo(N>Ph){B(NN=CHCH=CH),}(CO)>, 1294 

BMoC,.H3,N70; 

Mo(NO){HB(NN=CMeCH=CMe),}(OEt)(OPr'), 
1287 

BMoC,,H27CIN,OS 
Mo(NO){HB(NN=CMeCH=CMe);}CI(SPh), 1288 

BMoC,,H27IN7,OS 
Mo(NO){HB(NN=CMeCH=CMe),}I(SPh), 1288 

BMoC,,H,7IN7,O, 

Mo(NO){HB(NN=CMeCH=CMe);}I(OPh), 1287 
BMoC,,H2sCIN,O 

Mo(NO){HB(NN=CMeCH=CMe),}Cl(NHPh), 1288 
BMoC,,H2sINgO 

Mo(NO){HB(NN=CMeCH=CMe),}I(NHPh), 1288 
BMoC,,H2sINsOS 
Mo(NO){HB(NN=CMeCH=CMe),}I(NHC.H,SH), 

1288 
BMoC,,HosgINgO2 

Mo(NO){HB(NN=CMeCH=CMe);}I(NHC,H,OH), 
1288, 1293 

BMoC,,H2 INO 

Mo(NO){HB(NN=CMeCH=CMe);}I(NHNHPh), 
1288, 1293 

BMoC,,H33IN7;OS 
Mo(NO){HB(NN=CMeCH=CMe);}1(SC¢H:1), 1288 

BMoC,,H,,IN,O 

Mo(NO){HB(NN=CMeCH=CMe);}I(NHNMePh), 
1288 

BMoC,,H3 9CINgO 

Mo(NO){HB(NN=CMeCH=CMe);}Cl(NHC,H,- 
Me-4), 1288 

BMoC,,H3oINsO2 
Mo(NO){HB(NN=CMeCH=C Me) }I(NHC.Hu- 

OMe-4), 1288 

Mo(NO){HB(NN=CMeCH=CMe);}(OPh)(OMe), 
1287 

BMoC,,H;3,N,0S 

Mo(NO){HB(NN=CMeCH=CMe);}(NHMe)(SPh), 
1288 

Mo(NO){HB(NN=CMeCH=CMe);}(OEt)(SPh), 
1288 

BMoC,3H49N7OS, 

Mo(NO){HB(NN=CMeCH=CMe);}(SBu)>, 1288 
BMoC,7H32N70S, 

Mo(NO){HB(NN=CMeCH=CMe);}(SPh)2, 1288 
BMoC,7H3,N,O 

Mo(NO){HB(NN=CMeCH=CMe);}(NHPh),, 1288 
BMoC23sH3sIN,O 
Mo(NO){HB(NN=CMeCH=C Me);}I(NHC,H,CH.- 

C,H,NH,), 1292 
BMoC,;H3,NsOP 

Mo(N,C.H,Me){HB(NN=CHCH=CH);}(CO)- 
(PPh;), 1294 

BN; 

[B(NO3)4]", 96 
BNi2 

[B(Ns)4]~ ? 97 

BNaCs2H 60010 
Na(benzo-15-crown-5)(BPh,), 39 

BO,S, 

[B(SO,)2], 96 
BPbCi9H10F 3 

PbCp2:BF3, 219 
BPtC24H4oClP2 

PtCl(BPh,)(PEts)2, 100 
BSbC3H.Cl3 

BCl,:SbMes3, 82 

BSbC3HoF3 
BF;3:SbMes, 87 

BSbC3Hi2 
BH3:SbMes, 82 

BSi,ZrC,,H4 CIN, 

ZrCl(BH,){N(SiMe3)2}2, 377, 433 
BSnC3H,, 

[BH3SnMes3]_, 91 
BSnC,.Hi9Ne 

SnMe;{HB(NN=CHCH=CH);}, 185, 211 
BSnCl, 

[BCl3SnCl3]~, 93 
BTi,C,H,_Cl,N 

Ti,Cle(Me,NBCl), 356 
BTIH, 

TIBH,, 170 

BUC 2H3506 
U(BH,)3(18-crown-6), 1136 

BUHC,H3,0, 
U(BH,)4(THF)2, 1132 

BUHie 
U(BH4g),4, 1132 

BWC,4Hs9BrClNP3 
WHCIBr(PMe,Ph)3{NN(H)BPh;}, 1013 

BW 11039 

[BW,1039]?, 1048 
BW 12040 
[BW12040]> , 1048, 1050 

BZrCyHi9Cl,N 
ZrCl; {HB(NN=CHCH=CH);3}, 381 

BZrC,5H22Cl3Ne 
ZrCl,{HB(NN=CMeCH=CMe);}, 381 

BZ1rC,9H3;Cl,NsO 
ZrCl,(OBu') {HB(NN=CMeCH=CMe);}, 381 

BZrC,3H39ClL,N.6O 

ZrCl,(OBu') {BuB(NN=CMeCH=CMe);}, 381 
B,AICH,,; 

AlMe(BH,g)2, 125 
B,AlH, 

AIH(BHg)2, 125 
B,BeC3H,7P 

Be(BH,)2(PMes), 10 
B,BeC,gH23P 

Be(BH,)2(PPhs), 10 
B,CF.N 

[(BF5)xCN], 95 
B,CH.N 

[(BH3)2CN] -, 91 
B,C.HgOg 

[{B(OH)}(O.CsHe)}?, 95 
B,C7H2;N2S 

[(BH,NMe;3)2SMe]*, 98 

B,CgH1205 
B,O(OAc)a4, 96 

B,CgH12010 
[B.02(OAc),4]?", 96 

B2Ci9Hi13Ch,Ns 

[(BCINH),NH(py)2]*, 98 
B2Ci0H 15011 
[B2.0(OAc)5] , 96 

B2C12H18013 
[B,0(OAc)¢]?, 96 

B2CoCysHsaP, 
Co(BPh,),(diphos),, 99 

B,CrC,H2,0, 

Cr(BH,)2(THF)2, 766 
B,CrC,.HieN 

Cr{H,B(NN=CHCH=CH),}>, 732, 772 
B,CrC,gH, Ni 

Cr{HB(NN=CHCH=CH)3}2, 732 
B,CrC29H32N 

Cr{Et,B(NN=CHCH=CH),}2, 732, 772 
B,CrCz4H24N16 
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Cr{B(NN=CHCH—CH),}>, 732 
[Cr{B(N N=CHCH=CH),}2]*, 845 

[CrO,(BF;)2]?~, 944 
B,CrHg 

Cr(BH,)2, 929 
B,F,NO, 

[(BF3)2NO2]~, 93 
2F604S 
[(BF3)2SO4]?~ ’ 93 

B,FeC,H;O, 

[Fe(B2Hs)(CO),]~, 101 
B,FeC,H,,.02 

Fe(B3H;)(CO),Cp, 101 
B,Ga Ho 

{GaH(BH,)}., 141 
B,HF,O 

[BF,(OH)BF;]~, 93 
B,H,O, 

[B2(O2)2(OH)4]?, 94 
2Ms5U¢6 

[B,O(OH)s] , 94 
BHsP 

[(BH3)2PH2] , 91 
BMo2CigH9Cl.N 1203 
Mo,0,;Cl,{HB(NN=CHCH=CH)},, 1253 

B2Mo3CigH20N 1204 
Mo,0,{HB(NN=CHCH=CH);}>, 1253 

B.Mo,C.4H3gNs04 
Mo,(OAc),{Et,B(NN—=CHCH=CH),}>, 1303 

B2Mo2C3oH4412N 1403 
{Mo(NO){HB(NN=CMeCH=CMe),}I},0, 1288 

B2Mo02C39H44N 1205 
Mo,0;{HB(NN=CMeCH=CMe);}>, 1408 

B2Mo,4C22.H34N12012 
[Mo,0,{HB(NN=CHCH=CH);,}(MeOH)}2(OMe)>, 

1363 

Mo,0,(OMe)2(HOMe),.{HB(NN=CHCH=CH)},, 

1253 

B,013S3 
[B;0(SO,)3], 96 

B,PtC54H4s5Cl_P3 
Pt(BCl;)2(PPh3)3, 101 

[Re(B2H,.)(CO)s]~, 101 

B,ThC,4H24Br2Ni6 

ThBr,{(pyrazol-1-yl),B},, 1143 
B,TiC,H,,Brs;N> 

TiBr,{Br.B2(NMe2)2}, 357 
B,Ti;CgH»4Bry4N,4 

[(TiBr4)3{(Me2N)2BBr}.], 357 

B,Ti3CgH24Cly4N, 

{TiCl,}3{(Me2N) BCI} 2, 356 
B,TIH,Cl 

TICI(BH,)2, 175 

B,UC,gH20Cl.N12 
UCI, {(pyrazol-1-yl);BH},, 1143 

B,UCz4H24ClNi6 

UCI,{(pyrazol-1-yl),B},, 1143 

B2V2C190H36Cl2P4 
{V(u-Cl)(u-Me,PCHPMe2)BH,}>, 465 

B2V2CsoHs2CloP, 
{V(u-Cl)(u-dppm)(BH,)}2, 465 

B,V2.Zn2Cs2He4P4 

V.2Zn2H,4(BH,)2(PMePH;2),4, 460 
B,ZrC,4H2,Cl N, 

ZrCl,{B(NN=CHCH=CH),},, 382 
B3AIC,Hi,4 

AlMe.(B3Hg), 125 

B3;AIC3H», 

Al(BH4)3(NMes3), 125 

B3AIC,H,,P 

Al(BH,)3(PMe;) x alatil 

Formula Index 

B3AIC.H30P2 
Al(BH4)3(PMes)2, 111 

B3AlHi2 
Al(BH,4)3, 125 

B3AIH,.Cl 
[AICI(BH4)3]~, 125 

B,AIH;; 

Al(BH4)3(NH3), 125 
B3AsAIC3H, 
Al(BH,)3(AsMe;), 111 

B3CrF,O, 
[CrO,4(BF3)3]?" , 944 

B3FoN 

((BF;)3N]-, 93 
B3F,0,4P 

[(BF3)3PO,]?, 93 
B3H,O, 

[B;03(OH),]-, 94 
3H;0z 

[B;03(OH)s]?~, 94 
B3HfC, 9H49NP2Siz 

Hf(BH,)3{N(SiMe,CH,PMe,).}, 384, 433 
B3Hf,C29H71N2P4Sig 

{Hf{N(SiMezCH,PMe,)>}}2(H)3(BH4)s3, 384, 433 
B,InH,, 

In(BH,)3, 166 
B;ScCgH2g02 

Sc(BH,)3(THF)., 1064 
B3ThC27H39CINig 

ThCl{(pyrazol-1-yl);BH}3, 1142 
B;TiH,, 

Ti(BH,)3, 348 
B3UH12 

U(BHg)3, 1135 
B3VCisH24Ny 
[V{H,B(NN=CHCH=CH),}3]~, 463 

B;YbC,7H3.N, 

Yb{HB(NN=CHCH=CH);}3, 1073 

ByCrC29H39022 
Cr{B,O0(OAc)s}2, 752 

B,H30. 
[B4Os(OH)s], 94 

B,H,O, 

[B,0;(OH),]2~, 94 
aHfFii6 
Hf(BH,4)4, 384, 432, 433 

ByMo2CaoHosNi 

Mo2{Et,B(NN=CHCH=CH),},, 1305 
BsNpHi6 

Np(BHg)4, 1175 
B4PuHi., 

Pu(BH4),4, 1175 

ByTizC32H35N4O4 

{Ti[{2-OC.H,CH,N(BH,)CH2}2]}2, 340 
B,sUC34H32Ni6 

U{(pyrazol-1-yl),BH}4, 1142 
BysUC36H4oN24 

U{(pyrazol-1-yl);BH}4, 1143 

4 16 

U(BHy4)4, 1135, 1175 
B,ZrC,H, 

Zr(BH3Me)4, 443 
ByZrCygHygN 

Zr{B(NN=CHCH=CH),},, 382 

Zr(BHy4)4, 432, 433 

BsH4Oi0 
[B;O.(OH),]~, 94 

BsHfH2 
(Hf(BH,)s]~, 432 

BsThC30H4oN20 
[Th{(pyrazol-1-yl),BH3}5]~, 1142 
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(Zr(BH,)s]~, 432 
B,AlH 29 

Al(BH,)(B3Hg)2, 125 
BoSnC,H,s5 

SnMe,C,ByHo, 219 

BoSnC,4H23N2 
SnMe,C,BoH,(bipy), 220 

BioCrC,H2.BrN, 

Cr(B19H,9)Br(en)>, 787 
BioCrC4H3oBrN, 

Cr(BioHi0)Br(MeNH,)4, 787 

BaoCrC4H 24 

[Cr(C,B10Hi2)2]? , 732 
BaC,H,N.0,S, 

Ba(NCS).(H20)3, 7 

BaCioH140, 
Ba(acac)>, 27 

BaC,2H4gCl2Ni2 
BaCL(en)., 11 

BaC,,4H331,N305 
Bal, {HOCH,CH,N{CH,CH,N(CH,CH,OH),},}, 23 

BaC16H36N2010 
Ba(OAc).{N(CH2CH,OH)3},, 23 

BaC,gH36N20¢ 
[Ba((2.2.2]cryptand)]*, 46 

BaC,.H33N30-7S 

[Ba([2.2.2]cryptand)(NCS)(H,O)]*, 46 
BaC2oH4oBr20 10 

Ba(15-crown-5),Bry, 39 

BaC22HigNe6S2 

Ba(NCS),(bipy)2, 13 
BaC,,.H.CIN,O, 

Ba(ClO4){N=CMe(2,6-py)C(Me)—=NCH,CH,N= 
CMe(2,6-py)C(Me)=NCH,CH>}, 1096 

BaC,4H24N404 

[Ba(phen),(H2O),4]?*, 13 
BaCz4H26Ng 
[Ba{HN{CH,CH,N=CMe(2,6-py)C(Me)= 

NCH,CH,},NH}]?*, 44 

BaC34H32.ClNe6010 
Ba{{MeCO(2,6-py)C(Me)=NCH,CH,NHCH,;}>}- 

(C1O4)2, 30 

BaC24H32Cl,O016 
Ba(dibenzo-24-crown-8)(ClO4)., 40 

BaC24H34Ne60, 
[Ba{HOCH{CH,N=CMe(2,6-py)C(Me)==NCH3}- 

2CHOH}(H,0),]?*, 44 

BaC32H32NgO4 
[Ba{N=CHC=CHCH=COCH=NCH,CH,N= 

CHC=CHCH=COCH=NCH,CH>}.,]?*, 44 

BaC36H4oNoO24 
Ba(dibenzo-24-crown-8) {2,4,6-(O.N)3C.H20}.2(H20),, 

40 

BaC35H4aNs0o 
[Ba{N=CHC—=CHCH=C }OCH=N(CH,)3N== 

CHC=CHCH=COCH=N (CH,)3}> 

(H20)2}]?*, 44 
BaC39H26N 10015 
Ba{2,4,6-(O.N)3C.H.O}.(phen)2(MezCO), 13 

BaCygH3o0N10010 

Ba{2,4-(O2N)2Ce6H30}.(phen)s, 13 
BaH,Cl,0, 

BaCl,(H,O)>, 7 

BaSb,CgH32.NgSe. 

Ba(SbSe).(en),, 11 

BazC32H76Cl4NgO26 
Ba,(AcNMez)s(H20)2(C1O4)4, 9 

Ba2Co6Hi16NoO25 
[Ba,(beauvericin),{2,4,6-(O2N);C.H2O}]*, 63 

Ba,U,0, 

Ba,U,0,, 1180 

BagsH106016 
Ba(lasolocid),, 68 

COC3-VV 

BeB,C,sH23P 

Be(BH,)2(PPh;), 10 
BeC,H,O; 

Be(OH)(OAc), 31 
BeC,HgCl,N> 

BeCl,(en), 11 
BeC,O, 

[Be(C,0,)]?, 33 
BeC3HioCIN 

BeHCl(NMe;), 7 
BeC,H,CI,N, 

BeCL,(HCN),, 8 
BeC,H,Cl.N2 

BeCl,(MeCN),, 8 
BeC,H,0, 

Be(OEt)(OAc), 31 
BeC,HoCl.N, 

BeCL,(H,NMe).,, 7 
BeC,N,S, 

[Be(NCS),]?~, 10 
BeC;H3N,S3 

[Be(NCS)3(MeCN)]?—, 10 

BeCsH.N,S2 
Be(NCS)2(MeCN),, 8 
BeCgH 2 Br,0, 

BeBr,(Et,O)p, 8 
BeCgH9Cl,O0, 

BeCL,(Et,0),, 8 

BeC9Hi404 
Be(acac)., 25, 26 

BeC,4Hi2N2,0,4 

Be(2-OC,H,CH=NOH),, 29 

BeC,,H24N2.0, 

Be{MeCOCH,COCH,CH(NH)Me}>, 29 
BeC,16H4N202 

Be(salen), 29 

BeCi6Hi6N203 
Be(salen)(H,O), 29 

BeC2oH24N2.02 
Be{2-OC,H,CH=NPr},, 28 

BeC39H220,4 
Be(PhCOCHCOPh),, 26 

BeC32Hi6Ng 
Be(phthalocyanine), 59 

BeC32H3oN4Os 
Be(salen),(H,O), 29 

BeCl, 
[BeCl,]?~, 10 

BeClOi6 
[Be(ClO,)]?-, 8 

BeF, 
[BeF,]?", 10 

BeH,Br,S, 

BeBr,(H,S)2, 10 
BeH,LS, 

Bel,(H.S),, 10 
BeH,Cl,N, 

BeCl,(NH3)2, 7 
BeH,N3 

[Be(NH2)3]", 10 
BeH,0, 

[Be(H,0),]?*, 6, 8 
BeH,,Cl.N, 

BeCl,(NHs3)4, 7 
BeH,.Cl.Ns 

BeCl,(H,NNHz2)aq, 8 
BeHygCloNe 

BeCl,(NH3)¢, 7 
BeH36Cl.Ni2 

BeCl,(NH3)12; 7 

BeMnW,1H2O40 

[BeW1:Mn(OH2)O39]7_, 1048 

BeN,O12 
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[Be(NO3)4]2~, 10 
BePdC9H2;CIN,O, 

Be(acac){MeCOCH,COCH,PdCl(bipy)}, 26 
BeW,,CoH,049 

[BeW,,Co(OH2)O39]® , 1037 

[BeW,,Co(OH2)O39]7, 1037 

Be2C34H340gP 2 
Be,(acac)2(O2PPh.)2, 27 

Be2F; 
[Be,Fs]?~, 10 

Be,F, 
[Be.F,]>~, 10 

Be3CgH 204 
Be3;0(OAc),, 31 

Be3Ci2H36Ne 

{Be(NMe2)2}3, 8 

[Be3(OH)3]3*, 7 

Be3H,5Cl,0, 

{[Be(OH)(H20);]CI}s, 6 
BeyCyoH 16012 
Be,O(OAc);(OH), 31 

BesC 12H 18013 
BeyO(OAc)e, 31 

BeyCy2H54N 12013 
BexO(OAc)6(NH3)12, 31 

Be,4Cl,O25 

Be,O(C1O4)¢, 8 

BeyNeOro 
Be,O(NO3)6¢, 32 

BesCy2H1g014 
Be;50,(OAc)., 32 

BesCi6H24018 
Be,O2(OAc)g, 32 

BegCigHy2NeO18 
Be,O2(OAc)3(NH3)¢, 32 

BiAIBr, 

AIBr,(BiBr;), 112 

BiAsCgH.NO, 

AsO(OH)(OBiO)(C,H,NHCOCH,OH-4), 256 
BiBr; 

BiBrs, 291 
BiBr, 

[BiBr,4]~, 291 
BiBr; 

[BiBr.]?~ , 291 
BiBr, 

[BiBr,]3~ , 291 
BiC,H,.N3 

BiMe,(N3;), 283 
BiC3;H, 

BiMe;, 294 
BiC,H,OS, 
BiMe,(S,COMe), 289 

BiC4N,S, 
[Bi(NCS),4]?*, 285 

BiC;H,,OS, 
BiMe,(S,COEt), 289 

BiC;H,3S, 
BiMe(SEt),, 287 

BiC,H; 
(BiPh),,, 284 

BiCg,HoN2S 
BiMe,(SC=NCH=CHCH=N ), 287 

BiC,H,3;0S, 
BiMe,(S;COPr'), 289 

BiC,H,;0,S; 
Bi(SCH,CH,OH));, 287 

BiC.H,;S3 
Bi(SEt)3, 287 

BiCgH,3NSi 
BiMe,{NMe(SiMe3)}, 282 

BiCoH,,N3 

Formula Index 

Bi(NMe,)3, 282 

BiC,H,S, 
BiMe(1 ,2-S,C.H,), 287 

BiC,H,5N2S4 

BiMe(S,CNMey)2, 288 
BiCgH.S2 
BiPh(SCH,CH,S), 287 

BiCgH,,Se 

BiMe,(SePh), 289 
BiCgH,;OS, 

BiMe2(S;COBu), 289 
BiC,H,1S. 

BiMe({1,2-(SCH,)zC¢H,}, 287 
BiC,gH27N2Si, 
BiMe{NMe(SiMe;)}2, 282 

BiC,9H,3;0S8, 

BiPh{(SCH,CH,),0}, 285 
BiC,oHi5S2 

BiPh(SEt)>, 287 
BiC,,H23N2S,4 

BiMe(S,CNEt,)2, 288 
BiC,2HioN3 

BiPh,(N;), 283 
BiC;2H17N2S,4 

BiPh(S»CNMe,)3, 288 
BiC,2H24Cl,N.S 
BiCl,(SCNHCH>CH,CH.NH);, 291 

BiC,2H27S3 

Bi(SBu')3, 287 
BiC,2H30N3 

Bi(NEt,)3, 282 
BiC,3H43S2 

BiMe(SPh),, 287 
BiC,3;H,3Se, 

BiMe(SePh)>, 289 
BiC,3H23N2S4 

BiMe{S,CN(CH,)s}2, 288 
BiC,4H,;0S, 
BiPh,(S;COMe), 289 

BiC,;H,,N S,4 

BiMe(SC_NGH.8-2)>, 287 
BiC,;H,;OS, 

BiPh,(S,COEt), 289 
BiC,6HioF6O4 

[BiPh,(O,CCF;).]~, 280 
BiC,.H7OS, 

BiPh,(S,COPr'), 288, 289 
BiCy6H2sN2S4 

BiPh(S,;CNEt;), 288 
BiC,7H,,OS, 

BiPh,(S,;COBu), 289 
BiC,sHis 

BiPh;, 294 
BiCereCle 

BiPh;Cl,, 280 
BiC,sHisNe 

BiPh3(N3), 283 
BiC,gH15S2 

BiPh(SPh)>, 287 
BiC,sH,5S3 

Bi(SPh)3, 287 
BiC,sHisN3S; 

Bi(2-SC,H4NH2)s, 283 

BiPh{S,CN(CH;)}0, 288 
BiC,3H39N Se 

Bi{S,CN(CHz)s}, 288 
BiCigH42N3 

Bi(NPr;)3, 282 
BiC,sH,;Si; 

Bi(SiEt,)3, 280 
BiCigHs4N;Sig 

Bi{N(SiMe;)2}3, 282 



Formula Index 

BiCz9H4oCl3N 1901285 
Bi(C1O,)3(SCNHCH,CH,CH,NH),, 290 

BiC2,H2,S3 
Bi(SCH,Ph)3, 287 

BiC,4H20 
[BiPh,]*, 280 

BiC,;H,,;CINO 
BiPh3(8-quinolinolate)Cl, 280 

BiC33H36Cl3Ni200S3 
BiCl,{N=NC(NHSO,C,H,NH,)—=CHCH=COMe},, 

293 
BiC;,H,<Si; 

Bi(SiPh;)3, 281 
BiClO 

BiOCl, 294 
BiCl, 

BiCl,, 290, 291 
BiCl,NO 

BiCl,(NOCI), 290 
BiCl,(NO), 290 

BiCl,N,0O, 
BiCl,(NO>)2, 290 

BiCl, 
[BiCL,]~, 291 

BiCl, 
[BiCl.]2~, 291 

BiCl, 
[BiCl.]3~, 291 

BiF, 
BiF3, 290, 291 

BiF, 
[BiF,]-, 291 

BiF, 
BiFs, 291, 292 

BiF; 
[BiF.]~, 292, 314 

BiF Si; 
Bi(SiF;)3, 280 

BiEt(GeEts),, 281 
BiGe,C3gH5F 30 

BiEt(Ge(C.Fs)3}2, 281 

Bi(GeEt,)3, 280 
BiGe3;C;4H4s5 

Bi(GePh;)s, 281 
BiHO, 
BiO(OH), 284 

BiH,Cl.N 
(BiCl,),(NHs), 282 

BiH,O3 
Bi(OH);, 284 

BiH,C1,N3 
BiC1,(NH;)5, 282, 290 

Bil, 
Bil, 291, 292 

Bil, 
[Bil,]~, 292 

Bil, 
[Bil,]>-, 291, 292 

BiN,O. 
Bi(NO3)3, 284 

BiN3;O 
BiO(N;), 283 

BiN30, 
Bi(NOs)3, 294 

BiO,P 
BiPO,, 284 

BiSnC,H,7 

Bi(SnMe;)s, 281 
BiSn;C,gH4s 

Bi(SnEts)s, 281 

BiSn3C54H,5 

Bi(SnPh;)3, 281 
Bi,Br, 

[Bi,Brg]?~ , 291 
Bi,Bro 

[Bi,Bro]~, 291 

[Bi,Bro]3~ , 291 
Bi,Brio 

[Bi.Brio]*~ > 291 

Bi,C1.H3,6Si, 

Bi,(SiMe3)4, 284 
Bi,Cls 

[BizCls]?", 291 

Bi.Ge3C36F30 

Bi,{Ge(CeFs)2}3, 281 
BigIy 

[BizIo]? , 291 
Bi,MoCgH,,04P, 

(BiMe),Mo(CO),4(PMe)>, 283 
Bi,0; 

Bi,O3, 284 

Bi,012S3 
Bi,(SO4)3, 284 

Bi.S34 
[Bi2S34]* , 284 

Bi3;C7H23CloNi4S7 
(BiCl;)3(H,NCSNH,)7, 290 

BigH,Og 
[Bis0,(OH)4]°*, 284 

BkC,5H3F i306 
Bk(hfacac)3, 1216 

BkC32H4oF 120g 
Bk(CF,COCHCOBv'),, 1219 

BkCl; 
BkCl,, 1218 

BkCl, 
[BkCl,]?~ , 1219 

BkF; 
BkF;, 1218 

Bk,O; 
Bk,O3, 1216 

CaCH1oN4010 
Ca(NO3)2(H2NCONH,)(H20)3, 9 

CaC,H,0O; 

Ca{(O2,CCH,),0}, 33 

CaC4Hi6N 10010 
Ca(NO3)2(H2NCONH;)a,, 9 

CaC,H.NO, 

[Ca{N(CH,CO>2)s}]~, 33 
CaC,H,5Br.N30¢ 

CaBr,(H,NCH2CO>H)s, 9 

CaC,H,sBr2.03 
CaBr,(a-p-fucose)(H20)3, 25 

CaC,H2.Br2,01; 

CaBr,(myoinositol)(H2O)s;, 25 
CaC,gH24Br2.N1206 

CaBr2(H,NCONH)2)6., 9 

CaCioHi12N20¢ 
[Ca(edta)]?~, 33 

CaCi9H1404 

Ca(acac),, 26 

CaC,2H26Br2013 
CaBr,(p-lactose)(H2O)., 25 

CaC12H36N2012 
Ca(NO3)2(EtOH)e, 8 

Ca€y2H4gCl.N12 
CaCl,(en)., 11 

CaCy4H29Cl2010 
CaCl,(B-p-mannofuranose)(H2O),, 25 

CaC,5H1102 
Na(PhCOCHCOPh) , 26 

CaC1;H2iN303 

1493 
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[Ca{N=CH(2,6-py) CH=N(CH2C H,0),CH,C H;} | a ’ 

44 

CaC16H360s8 
[Ca{MeO(CH,CH,0)3Me},.]?*, 17 

CaC17HigN4Ox 
Ca{(2-HOC,H,CH=NCH,;)2CH2}(NO3)2, 29 

CaCy7H24N206S2 
Ca(benzo-15-crown-5)(NCS)2(MeOH), 39 

CaC,gH36Cl,.N20, 

CaCl, {{Pr,.NC(O)CH,OCH;}>2}, 23 

CaC,gH3gN207 
[Ca({2.2.2]cryptand)(H,O)]?*, 46 

CaCzoH oF 12N204 
Ca(hfacac)2(bipy), 13 

CaC29H24N5020 
Ca{2,4,6-(O2N)3C6H20}2{HO(CH2CH20),4H}(H20), 

17 

CaC,.HisN,OS2 

Ca(NCS),(bipy)2(H20), 13 
CaC3oH2204 
Ca(PhCOCHCOPh)>, 26 

CaC35H43N2016 
Ca(benzo-15-crown-5)2{(O2N)2CsH3CO>}, 39 

CaC4oHs55012 
[Ca(nonactin)]*, 65 

CaC41H 6905 
Ca(ionomycin), 68 

CaC42H54N2021 
Ca(O,CC,H,NO,)2(benzo-15-crown-5)2(H2O)3, 1093 

CaCl, 
[CaCl,]?~, 10 

CaCl,CsHisCl,0. 
CaCl,(B-p-fructose).(H2O)3, 25 

CaH,Cl,N> 
CaCl,(NH3)z, 8 

CaHgCl,O,4 
CaCl,(H,0)4, 7 

CaH,,Br,0, 
CaBr,(H20)6., 7 

CaH,,Cl,0. 
CaCl,(H2O)6¢, 7 

CaH,,4,Cl.Ngs 

CaCl,(NH3)g, 8 

CazC1oH12N20s 
Ca,(edta), 33 

CazC12H 28018 
{Ca(O,CCH,0CH,CH,0CH,CO,)(H20)3}2, 33 

Cd,ZrF,:6H,0, 428 

CeC,;O15 
[Ce(CO3)s]® , 1114 

CeC,H;5Cl,03S3 

CeCl,(DMSO);3, 1115 

CeC1oH12N205 
[Ce(edta)]~, 1089 

CeC,,H3.6Cl4N.P20>2 

CeCl,(HMPA),, 1115 

CeC2oH2808 
Ce(acac),4, 1114 

CeCzoH4oN4Se 
[Ce(S,CNEt,)4]~ , 1087 

CeC2,H23NsO07 
Ce(NO3)2(H2O) {N=CMe(2,6-py)C(Me)= 

NCH,CH,N=CMe(2,6-py)C(Me)= 
NCH,CH}, 1096 

CeC22H30N1404 
[Ce{H,NCONHN=CMeC=CHCH=CHCC(Me)= 

NNHCONH;},]3*, 1090 

CeC24H16O0s 
[Ce(1 ,2-0,C6H,)4]4*~ AS 

CeC36H3oCl,O2P, 

CeCl,(OPPh;),, 1115 

CeC36H30N4O14P 2 

Formula Index 

Ce(NO3)4(OPPh3)2, 1115 

CeCeoH 440s 
Ce(PhCOCHCOPh),, 1114 

CeCl, 
CeCl;, 1113 

CeCl, 

[CeCl,]?~, 1116 
CeCr,0¢ 

Ce(CrO,4)2, 943 
CeF; 

[CeF;]~, 1115 
CeF, 

[CeF6]?~, 1115 
CeF, 

[CeF,]3~, 1115 
CeFs 

[@eFs |? his 
CeKCygH 4406 

K{O(CH,CH,OMe),}2Ce(cot)>, : Sf 

CeMo,2042 

[CeMo,2042]* , 1045 
CeN;0,5 

[Ce(NO3)s5]?_ , 1086 

CeN,Oi8 

[Ce(NO3)6]?_, 1114 

CeO16S4 

[Ce(SO4)4]*, 1114 

CeW 10036 
[CeW 1 036]® , 1046 

CeW340122P4 
[Ce(P2W170¢1)2]!© , 1048 

Ce2F 14 
[CesFagle =: Lia 

CezH 302,83 
Ce 2(SO4)3(H2O)o, 1086 

Ce6Fs1 
[CegF31]7-, 1115 

CfBr, 
CfBr,, 1215 

CfCl, 

CfCl,, 1215 

CfCl, 

CfCl;, 1218 

CfF, 

CfF,, 1218 

[CfO,]*, 1219 
Cf,0.S 
Cf,0S, 1217 
£05 
Cf,03, 1216 

Cf,0.S 
Cf,02(SO4), 1216 

Cf,012S3 
Cf,(SO4)3, 1216 

CmCl, 
CmCl, 1218 

CmF; 

CmF3, 1218 
Cm,CO; 
Cm,0,(CO3), 1217 

Cm,C,0, 
Cm,0(CO3)2, 1217 

Cm,C;0, 

Cm,(CO3)3, 1216 
Cm,0,S 

~ Cm,0,8, 1217 
Cm,0; 

Cm,0;, 1216 

Cm,0,S 

Cm,0,(SO,), 1216 



Cm,0,,S, 

Cm,(SO,);3, 1216 

CoBW11H2O.40 

[BW,,Co(OH,)O,9]®, 1048 
CoB2C4gHs2P, 

Co(BPh,).(diphos),, 99 

CoCsHroNe 

[Co(py)(NHs)s5]**, 1110 
CoC,H,N2O¢, 

[Co(en)(C,0,)2]~, 472 - 
CoC,Hi.N, 

[Co(NH3)<(4-CNpy)]3*, 846 
CoCsgH24Ne 

[Co(en)3]3*, 1110 
CoC,O1. 

[Co(C,0,)3]3-, 472, 1236 

CoC,H2,Ns02S 
[Co(en).{SCH,CH(NH,)CO,}]*, 904 

CoCsH,7N,0, 

Co(HDMG),(NH3)(N3), 472 

[Co(NH3)2(HDMG),]*, 472 
CoC,H,7N,0,S 

Co(HDMG),(NH3)(NCS), 472 

[Co(NH3)4(H20).]>* , 846 
CoCigsH24N6O4 

[Co(HDMG).(py)2]*, 472 
CoCzoH23N6O4 
[Co(HDMG),(PhNH,).]* , 472 

CoC36H24Ne 
[Co(phen)3]?*, 712 

Cr(H,O)5(u-NC)Co(CN)s, 777 

CoCrC,H12.Ni90 
Cr(NH3)4(H2O)(u-NC)Co(CN)s;, 779 

CoCrC,HisNi1 
Co(NH3)5(u-NC)Cr(CN)s, 779 

CoCrC,gHisNi1S¢6 

Co(NH3)s5(u-SCN)Cr(NCS)5, 842 

CoCrC,Ne 
Cr(CN)6Co, 779 
Cr(NC).Co, 779 

CoCrC,9HigFNio 
[CrF(en)3(u-NC)Co(CN)s]~, 778 

CoCrC,,HoFNio0 

[CrF(pn)2(u-NC)Co(CN)s5]~ , 778 
CoCr,S, 

CoCr,S,, 883 
CoFeW1,H2040 

[CoW1,Fe(OH2)O39]”", 1048 

CoH,,N70 

[Co(NH3)4(H20)(N3)]?", 472 
CoH,;CIN; 

[CoCl(NH3)s]?* , 472 

CoH,;N;O 
[Co(NH3;)5(H2O)]>* > 1259 

CoHigNe 
[Co(NH3).6]?*, 1110 

CoKC,7H34N205 

Co(Pr-salen) K(CO,)(THF), 16 
CoLiC,.Hi4N202 

Co(salen)Li, 16 
CoMoH,2N,0,4 

[Co(NH3)4MoO,]", 1377, 1379 

CoMoH,;N;504 

[Co(NH3)sMoO,]*, 1377, 1379 

[Co(NH;);0MoO,]* ; 1379 

CoMo,Sg 

[Co(MoS,)2]>", 1422, 1424 

CoMo,H,O24 

[CoMogH,O2r4]*, 1044 

CoNaC9H22N203 

Formula Index 1495 

Co(salen)Na(THF), 16 
CoW.Ss 

[Co(WS,)2]?~ , 982 

[Co(WS,)2]?~ , 982 

CoW11H4O4o 
[W11(H2)Co(OH2)O39]7~, 1048 

CoW 12040 
[CoW42040]5 , 1037 
[CoW42040]® , 1042, 1052 

Co,As4WaoHsNO142 
[As4Wa4o(NH4)O140{Co(OH,)}.]?3~ , 1049 

Co,CsgH35N 50, 

[{Co(en)2}2(u-NH2)(u-O2H)]**, 1261 
Co2Mo19H4O3 

[Co,Mo19H4O039]*~ , 1044 
Co,NaC4oH44N4Oo 

[{Co(salen)},Na(THF),]*, 16 

Co2W11H2040 
[CoW,1,Co(OH2)O39]® , 1037 

Co3NaC4oH36N40o 

{Co(salen)},NaCo(CO),(THF), 16 
Co3WoH6O040Si 

[WoSi{Co(OH2)}3037]!°, 1049 

041112130 24 
[CoI,;Co30;s(OH2).6]* , 1044 
[Co4I,024H;.|* , 1024 

Co4WigH4O7oP2 
[(W5PO034)2Co4(H2O).]?°_, 1049 

CrAgCH,5N¢S 

[Cr(NH3)5(u-NCS)Ag]3*, 841 
CrAgCeHieNe 

[Ag(CN),Cr(en),]?*, 776 
CrAgO, 
AgCrO,, 943 

CrAgs, 
AgCrS,, 882 

CrAgSe, 
AgCrSe,, 889 

CrAg,0O4 
Ag.CrO,, 943 

CrAIC,H,2.0,4 
Cr{Al(OMe),4}, 860 

CrAlSi,C,3,H,,NO;P 
Cr(CO) 5(u-PPh,)Al(CH2SiMe3)2(NMe3), 112 

CrAl,C12H2306 

Cr{OAI(OPr')2}, 738 

CrALClg 
(AICl3)2(CrCl,), 122 

CrAl,Clg, 755 

CrAl3C36Hs4O12 
Cr{Al(OPr'),4}3, 860 

CrAsC,3H,5O¢ 
CrO(O2)2(OAsPhs3), 946 

CrAsC,9H,403 

CrO(2-Ph,AsC,H,CO;), 901 4 

CrAsF, 
CrF,:AsF5;, 756 

CrAs, 5CisH24Cl3Ni.s 
CrCl,(2-Me,AsC,H4NMe,), 5, 854 

CrAsy.sCisHogClsP 1.5 
CrCl,(2-Me,PCsH,AsMez),.5, 854 

CrAs,C7H43Cl, 
[CrCl,{MezAs(CH2)3;AsMe,}]~, 853 

CrAs,CioHi6Cly 

[CrCl,(diars)]~ , 853 
CrAs,Ci4H29N4O06S2 , 

[Cr(PhAsO3H).(H,NCSNH2)2]*, 888 

CrAs,C24H32.N4S4 

[Cr(NCS),(diars)]~ , 838 

CrAs,Cy6H22Cl, 

[CrCl,(Ph,AsCH=CHAsPh,)]~ , 853 

CrAs,C36H3oCl2O2 

CrCl,(OAsPh;)2, 754 
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Cr(2-Ph,;AsC,H4CO;)2(OH), 901 
CrAs 3C3gH300¢ 

Cr(2-Ph,AsC,H4CO,)2(OH)>, 901 

CrAs3Cjo.5H27Cls 
CrCl; {Me As(CH2)3AsMe,},.5, 854 

CrAs3C,,;H27Cl; 
CrCl, {AsMe(CH,CH,CH,AsMe,),}, 854 
CrCl,{MeC(CH2AsMe,)3}, 854 

CrCl,(diars); 5, 854 

CrAs3;HO,; 

{(CrO,;0);AsOH]?~, 1024 
CrAs4C,5H36Cl. 

CrCl, {As(CH,CH,CH2AsMe,)3}, 855 
CrAs,4C,5H3.6Cl 

CrCl; {As(CH,CH,CH,AsMe;)3}, 854 
CrAs4C29H32Br, 

CrBr,(diars),, 734 
CrAs4C29H32CINO 

Cr(NO)Cl(diars)2, 830 
[Cr(NO)Cl(diars)]*, 830 

CrAs4C29H32Cl, 
CrCl,(diars),, 743 
[CrCl,(diars),]*, 854 

CrI,(diars)., 734 
CrAs4Cs52HasCls 
CrCl,(Ph,AsCH,CH,AsPh,),, 854 

CrAs4C72H¢69Br2.04 

CrBr2(OAsPh3)4, 754 
CrAs4C72H¢oCl,012 

Cr(ClO,4)2(OAsPh3)q, 754 

CrAsgC22Hs4I2 
[CrI,{MeC(CH,AsMe,)3}.2]* , 856 

[Cr(CO;){B(NN=CHCH—CH),}]~, 846 
CrBC,7H,7Ns0, 
Cr(CO),{B(NN=CHCH=CH),}(-C;Hs), 846 

Cr(BH,)2(THF)>, 766 

CrB,C;2Hi6Ng 
Cr{H,B(NN=CHCH=CH),}>, 772 

CrB,C,sH, N> 

Cr{HB(NN=CHCH=CH),}>, 732, 772 
CrB2CigsH26N2 
Cr{HB(NN=CHCH=CH);}>, 732 

CrB,C2.H32N 

Cr{Et,B(NN=CHCH=CH)>}., 732, 772 

Cr{B(NN=CHCH=CH),},, 732 

[Cr{B(NN=CHCH=CH),}.]*, 845 

CrB,F,0, 

[CrO,4(BF;)2]?_, 944 

CrB,Hs 
Cr(BH,)2, 929 

CrB4C2oH30022 
Cr{B,0(OAc)5}>, 752 

CrBi9C4H39BrN, 

Cr(B19H19)Br(MeNH,),, 787 

CrBrO, 
[CrO3Br]~ , 944 

CrBr,0, 

CrO,Br,, 940 

CrBr, 

[CrBr3]~, 764, 765 

CrBr, 

{CrBr,4]?~, 753, 763 

CrBr; 
[CrBrs]3~ , 766 

CrBr,O 
[CrOBr.]?~ , 935 

CrBr, 

Formula Index 

[CrBr¢]*”, 763 
CrCH3;Cl,O 

{Cr(OMe)Cl,),,, 860 
CrCHg,N20; 
[Cr(NO)(CN)(H,0),]* , 823, 825 

CrCH NO,S2 
[Cr(NCS)(SH)(H,0)4]*, 877 

CrCH,)NO,S, 

[Cr(NCS)(H;0)4(H.S))?*, 877 
CrCH, )NO; 

[Cr(CN)(H20)5]?* , 774 
[Cr(NC)(H,O).}2*, 774, 842 

CrCH,oNO;S 
[Cr(NCS)(H30)s]?*, 842 
[Cr(SCN)(H20)s]?* , 841, 842 

CrCH,3N;O 
[Cr(CN)(NH3)4(OH)]* , 776 

CrCH,4N;O 

[Cr(CN)(NH3)4(H2O)}?* , 776 
CrCH,s5Ne 

[Cr(CN)(NH3)s5]?* , 776 
CrCH,;5N,O 

[Cr(NCO)(NH3)s5]?” , 783, 844 
CrCH,5N¢S 

[Cr(NCS)(NH3)s5]?* , 844 
CrCH,5N,Se 

[Cr(NCSe)(NH3)s5]?~ , 844 
CrCH,3N7O 
[Cr(NH3);(NHCONH,)]?* , 852 
[Cr(NH3)s{OC(NH)NH>}]?*, 852 

CrCH,,.N7O 
[Cr(NH3)s(H2NCONH,)]3*, 852 

CrC,CINO; 
Cr(NO)CI(CO)>, 826, 827 

CrC,ClI,N20, 
CrO,CL,(ICN)>, 941 

CrC,F3;NO, 
CrO.(NO3)(O2CCF3), 940 

CrC,F,O,S2 
CrO,(O3SCF3)2, 940, 941 

CrC,H,Cl;O, 
[CrCl,(AcOH)]?~, 848, 936 

CrC,H,NO, 
[Cr(Gly-O) }2*, 769 

[CrCls(MeCN)]?~, 848 
CrC,H,~N30,4 
Cr(NO)(CN)2(H,0)3, 825 

CrC,H,O, 

Cr(OMe)>, 737 
CrC,HsCl,N,4,0, 

CrCl,(H,NCONH,)>, 739 
CrC,HgCl,N,S> 

CrCl,(H,NCSNH,)3, 754 
CrC,HgF,N2 

[CrF,(en)]~ , 796, 798 
CrC,HsN,0,S; 

[Cr(NCS)(SCN)(H,0),]}*, 842 
[Cr(NCS),(H,0)4]*, 838, 842 

CrC,HsO, 

[Cr(C0,)(H,0).]*, 811 
CrC,H, N20; 

Cr(en)(H,0)(O,)>, 946, 947 
CrC,Hi90,S 

[Cr(H,0),(SCH,CO,)}*, 901 
CrC,H,,N3;0, 

Cr(NH3)(en)(O2)>, 946 

[Cr(H2O)4(SCH,CO,H)]?*, 901 

CrC,Hi2Ne 

[Cr(CN),(NHs)4]*, 776, 777, 782, 919 
CrC,H,;NO; 

[Cr(MeCN)(H,0).]°*, 846 



CrC,H,,NO;S 

[Cr(SCH,CH,NH;)(H,0)s}?*, 879 
CrC,H,sCIN,OS 

[CrCl(DMSO)(NH;),]2*, 782 
CrC,H,3;N7;0 

[Cr(NH3)s(MeNHCONHMe)]?*, 852 
CrC,0O, 

Cr(C,0,), 752 
CrC3F,0,S; 

Cr(O3SCF;)3, 941 

CrC3H,N,0, 
[Cr(NO)(CN)3(H20)]~, 825 

CrC,;H,N3;0, 

Cr(CN)3(H,O)s3, 775 
CrC3H.N303S83 

Cr(NCS)3(H20)s, 838 

CrC3HoF12N3P. 

Cr{(PF2),NMe};, 714 
CrC;HeN.S. 
Cr(S;CNHNH,)3, 885 

CrC3H,O3 
Cr(OMe);3, 860 

CrC3H,O,Se;3 

Cr(O,SeMe);3, 869 
CrC;H,0,S; 

Cr(O3SMe)3, 815 
CrC3H.S3 

Cr(SMe)s, 881 

CrCl, {H,N(CH;),;NH,}, 721 
CrC;H,,Cl;N.S; 
CrCl3(H,NCSNH;)3, 888 

CrC3H,.N0; 

Cr(pn)(H20)(O2)2, 946 
CrC3H1305 
[Cr(H,0),(0,CCH,CO,H)}?*, 873 

CrC3Hi.N.0;S 

[Cr(H,0),(SCNHCH,CH,NH)}*, 888 
CrC3H,gN;OS 

[Cr(CN)(DMSO)(NH3)4}2*, 776, 782 

[Cr(NH,)s(DMF)]>*, 853 
CrC3N30, 

[Cr(CN)3(O,)2}°~, 947 
CrC3So 

[Cr(CS3)3]>~, 885 
CrC,F,O. 

CrO,(0,CCF;)>, 939-941 
CrC,HO; 

Cr(C,0,)(OH), 873 
CrC,H,N;O, 

[Cr(NO)(CN),(H0)]2~, 825 
CrC,H,0, 
Cr(O,CCHOHCHOHCO,), 753 

CrC,H,40O10 

[Cr(C,0,)2(H2O).2]~ > 870-872 

CrC,H,¢Cl.N, 
CrCl,(MeCN),, 717, 732, 899 

CrC,H,_Cl,N2 
[CrCl,(MeCN).]~, 848 

CrC4H.O. 

Cr(C,H303)2, 53 

CrC,HsBr,0,4 
[CrBr,(AcOH),]2~, 758, 762 

CrC,HgCl,O 

CrCl,(THF), 739 
CrC,HgCl,O, 

[CrCl,(AcOH),]~, 848, 936 
CrC,HsN20, 

Cr(Gly-O),, 768, 769 
CrC,HgO; 

Cr(OAc),.(H20), 740 

CrC,HsS4 

Formula Index 

[{Cr(S.C2H,)2},]”", 886 
Cr(SCH,CH,S),, 772 

[Cr(SCH,CH,S),]?~ ) ies) 

CrC4HioCl,N,O, 
CrCl,(H,NCONHCONH,),, 739 

CrC,4H, 0, 

Cr(OEt),, 737 

CrC,H 90. 

CrO(O2)2(OEt,), 945 

CrC,H,,Cl.N, 

CrCl,(H,NCH,CMe,NH;)», 721 
CrC,H,,Cl,0,S, 

CrCl,(DMSO),, 754 

CrC,H,.ClP, 

{CrCl,(MePPMe,)},,, 733 

CrC,H,3ClL,N; 
CrCl, (dien), 722 

CrC,H43Cl,N3 

CrCl,(dien), 807 
CrC,H,3N; 

[Cr(dien)]?*, 721 
CrC,H,3N30, 

Cr(dien)(O2)2, 807, 946 
CrC,H,4N,O0, 

[Cr(N=CHCH=NCH=CH)(H,0),;]3*, 822 
CrC,H,5Cl,N3;0 

[CrCl,(dien)(H,O)]*, 807 
CrC,H,.BrFN, 

[CrBrF(en),]*, 795 
CrC,H,.BrN;O2 

[CrBr(NO,)(en)2]*, 795 
[CrBr(ONO)(en).]*, 789 

CrC,H,.Br.N, 

CrBr,(en),, 721 
[CrBr2(en)2]*, 795 

CrC,H,.Br.NgS4 
CrBr,:4(H,NCSNH,), 755 

CrC,H,.6ClFN, 
[CrClF(en).]*, 796, 798 

CrC,H,.Cl,N, 
[CrCl,(en)2]*, 795, 796, 798, 809, 816 

CrC4Hy6Cl,NgO, 
CrCl,(H,NCONH),),4, 739 

CrC,Hi.Cl,Q,4 

[Cr(MeOH),Cl,]*, 860 
CrC,Hi6F.N4 

[CrF,(en)2]* , 796, 798 
CrC,H,.6N303 

Cr(OH)3(dien), 807 
CrC,H,6N,0,4S 

Cr(SO,)(en)2, 721 
CrC,H,6N7O> 

Cr(en)2(NO3)3, 867 

CrC4Hi6Ni0 
[Cr(N3)2(en)2]*, 844 

CrC,H,7CIN302 
[CrCl(dien)(H,O),]?*, 807 

CrC,H,sBrN,O 
[CrBr(H,O)(en).]|?* , 794, 796 

CrC,H,gCIN,O 
[CrCl(H,0)(en),}?*, 795 

CrC,H,gFN,O 
[CrF(H,O)(en),]*, 796 
[CrF(H,O)(en),]?* , 796-798 

Cr@4HigN4,O,4 

Cr(OAc)2(NH3)4, 746 
CrC,HigN7O 

[Cr(N3)(en)2(H20)]?”, 844 
CrCyHigNi002 

1497 

[Cr{H,NC(=NH)NHC(=NH)NH,}2(H20),]>*, 851 
CrC,H,9CINs 

[CrCl(NH;)(en)2]?", 795 

CrC,HioFN; 
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[CrF(NH,)(en),]?*, 795-797 
CrC4H19N303 

[Cr(dien)(H,0),}>*, 807 
CrC4Hj9N4O2 

[Cr(OH)(H,0)(en),}2* , 799 
CrC4,H i oN,O2 

[Cr(NO,)(NH;)(en),}?*, 795 
CrC,H2oF2N4 

[CrF,(MeNH,),]*, 787 
CrC,H,,N;O 

[Cr(NH3)(H;0)(en),}>* , 795 
CrC4,H22N304 

[Cr(dienH)(H,0),]**, 807 
CrC4H22Ne 

[Cr(NH3)2(en)2]** , 795 
CrC,H24N,02S, 

[Cr(DMSO),(NH3)4}?*, 782 

[Cr(dienH,)(H,0)s}5* , 807 
CrC,N, 

[Cr(CN)4]°-, 74 
CrC,N4S4 

[Cr(NCS)q]2~, 730 
CrC,N,O 

[Cr(NO)(CN)4}?~, 825 
CrC;HN,O 

[Cr(CN)<(OH)}3~, 774, 775 
CrC;H;CIN,O, 
CrCp(NO),Cl, 833 

CrC;H;Cl,NO, 

CrO,Cl,(py), 935 
CrC;H;NO; 

CrOspy, 941 
CrC;H;NO, 

CrO(O2)2(py), 945 

[Cr(py)(H20)s]**, 815 
CrCsH,<FN«S 

[CrF(NCS)(en)2]*, 796 
[CrF(SCN)(en),]*, 796 

[Cr(CN)(H,0)(en),}?*, 795 

[Cr(NO)(MeOH),]?*, 824 
CrC;H,;BrN; 

[CrBr(MeNH,)s]?* , 787 
CrC;H,;CIN; 

[CrCl(MeNH,)s]?*, 787, 788 
CrC;H,;N;O 

[Cr(MeNH,)(H,0)]3*, 787, 788 
CrCsH25Ne 

[Cr(MeNH,)5(NH;)]3*, 787 

CrC;N;S 
[Cr(CN).S]?-, 774 

CrC;N;Ss5 
[Cr(NCS)5}>~, 730 

CrC;N,O 
[Cr(NO)(CN)s]?~, 774, 823, 831 
[Cr(NO)(CN)«}4~ , 823 

CrC;N,OS; 

[Cr(NO)(NCS)5}>~, 824 
CrC;N,S5 

[Cr(NCS)«(N3)}>~, 843 
CrC,Cl4N,O4S_ 

(CrO,Cl,(SCN)5}2, 941 
CrCeF oO. 

Cr(O,CCF;)5, 941 
CrC,F,Og 

[CrO,(O,CCF;)3]~ ‘ 944 

CrC,H,O3 

[Cr{(O.C),CH2}.]?~, 752 
CrC,H;N,0.S 

[CrCp(CO)(NO)(NS)]*, 833 

Formula Index 

CrC,He. 

[Cr(CN).}°~, 773 
CrCgHeN706 

[Cr(N3)2{N(CH2CO2)3}]?~ , 845 
CrC,H,O;S3 

[Cr(SCH,CO,)3]?- , 901 
CrC,HgCIN30, 

CrCl{O,CCH(NH,)CH,C—=CHNHCH=N }, 768 
CrCgHgCl,N 
CrCl,(HNN=CHCH=CH),, 727 

CrCgHgN20g 
[Cr(en)(C,04)2]~ , 871 

[Cr(N3){N(CH2CO?2)3}(H20)]” , 845 
CrC,HsgN.S3 

[Cr(CN)(NCS)3(en)]~, 838 
CrC.HoBr3N3 

CrBr3(MeCN)3, 846 
CrC,H,ChN3 

CrCl,(MeCN)3, 846 

CrC,HoI,N3 
[CrI,(MeCN)3]* , 846 

CrCgHioN20,4S, 

[Cr{SCH,CH(NH,)CO,}]- , 904 

CrC.,Hi2Cl,N,S 
CrCl,(HNCSNHCH,CH;)2, 754 

CrC,H1.N,S, 

Cr(S,CNMe,)>, 754 

CrC,Hi2N306 

Cr(Gly-O)3, 902 
CrC,Hi2N,0.2S, 

Cr(NO)2(S2CNMez)2, 826 

CrCgH12N4O, 

Cr(hexamine)(O,), 947 
CrC,H,4N,0; 

[Cr(H20)5(4-NCpy)]?* , 848 
CrC.Hi4N20. 

[Cr(O,CCH,NHCH,CH,;NHCH,CO,)(H,0),]*, 910 

CrCgHi4Ni0O4 

[Cr{H,NC(=NH)NHC(=NH)NH;>}.(C20,4)]*, 851 

CrCgH14Ni2S2 
[Cr{H,NC(—=NH)NHC(=NH)NH,}.(NCS),]*, 851 

CrC,H,5Cl,P 

{CrCl,(PEts)},,, 733 
CrC,Hi5Cl3P 

{CrCl;(PEt3)},,, 853 

CrC,Hi;S3 

Cr(SEt)3, 881 

CrC,Hi<N,O, 

[Cr(en)2(C,04)]*, 871 
CrCegHieNe 

[Cr(CN)2(en)2]*, 776, 777, 795, 797 

CrCgHisN,S 

[Cr(CN)(NCS)(en)2]*, 838 
CrCgHi6N.¢S2 

[Cr(NCS),(en)2]*, 838 
CrC,H,7NO;S 

[Cr(4-SCsH,NH3)(H2O);]3*, 877 
CrC.HigBrCliN, 

[CrCIBr{(H,NCH,CH,)3N}]*, 811 
CrC,H,sBr,0,S; 

CrBr,(DMSO);, 754 
CrC,gHigCl.N, 

[CrCl,{(H,.NCH;CH,NHCH,)3}]*, 808, 809, 810 

[CrCl,{(H,NCH2CH2)3N}]*, 811 
CrC,H,sCl,N, 

CrCl,(Me3N)>2, 788 

CrC.HisClN, 

CrCl; {(H,.NCH,CH;)3N}, 788, 812 
CrC,HjsCl,N,O3 

CrCl,(AcNHNH,);3, 834 

CrCegHigCl3N.S3 

CrCl,(H,NCSNHMe);, 888 



CrC,H,,Cl,S; 

CrCl,(SMe,)s, 881 

CrC,HisF,N, 

[CrF,{(H2NCH,CH,)3N}]* ; 811 

CrCsHisN; 

Cr(NMe,)3, 835 

CrC,H,3N3;0; 

Cr(OCH;CH>NH;)3, 897 
CrCegHigN, 

[Cr{(H,NCH,CH,NHCH,),}]?*, 722 
CrC,HieN,0,8 

[Cr(SCH,CO,)(en),]*, 796, 879 
CrCeHisNio 
[Cr(N3)2{(H,NCH,CH,NHCH,),}]*, 811, 844 

[Cr(N3)2{(HaNCH,CH,)3N}]*, 811 
CrCgHigNis 
Cr{H,NC(=NH)NC(=NH)NH;};, 850 

CrC.H,,0,Si, 

CrO,(OSiMe;)>, 941 

[Cr(2-pyCO2)(NH3)5]?*, 899 
CrC,H2 )BrFN, 

[CrFBr{H,N(CH,)3;NH;}2]*, 797 
CrCgH2oClFN, 

[CrCIF{H,N(CH,);NH,}3]* , 798 
CrCgH2oClIN,O 

[CrCl{ (H,NCH,CH;NHCH,),}(H,0)}?*, 808 
[CrCl{ (H,NCH,CH,)3N}(H,0)]?*, 811 

CrCgH2oCLN, 

CrCl, {H,N(CH;),NH3}>, 721 
[CrCl, {HjN(CH,)3;NH3},]*, 798 

CrCgH29FN,O 
[CrF{(H,NCH,CH,).N}(H,0)}?*, 811 

CrCgHooF2Ny4 
[CrF,(pn).]*, 798 

CrCgH2N,S, 

[Cr(SCH,CH,NH,)2(en)]*, 879, 900 
CrC,H,,CIN,O 

[CrCl(H,O)(trenH)]3*, 811 
CrC,H,;Cl,N; 

CrCl,(EtNH,);, 788 
CrC,H,,N3;0; 

[Cr(1,4,7-triazacyclononane)(H,O)3]3*, 924 
CrC,H2,N,0, 

[Cr(OH) {(H,NCH,CH,NHCH,),}(H,0)]2*, 809, 810 
CrC.H,,N,0; 

Cr(OH)3{(H2.NCH,CH,NHCH,)3}, 810 

CrC.H21Nis 
[Cr{H,.NC(=NH)NHC(=NH)NH,}3]3*, 850 

[CrF(OH2)(pn)2]?*, 798 
[CrF(H,O){H,N(CH,)3NH>}.]?* ; 797 

CrC,H,2N;S 

[Cr(SCH,CH,NH,)(en).]|?* , 879, 880 

[CrCl(H,O).(trenH)]3*, 811 
CrC,H,3CIN; 

[CrCl(en)(dien)]?*, 807 
CrC.H23FNs 

[CrF(NH;){H,N(CH2)3NH>}.]?*, 797, 798 

CrC,H,3;3NO;S 

[Cr(4-SCsH,NMe;3)(H20)s5]*", 877 

[Cr(en)(dien)(H,O)]3* , 807 

CrCsH23N70, 
[Cr(N;)(trienH)(H,O)9]°*, 811, 844 

CrCgHo4l.N12S6 
CrI,-6(H,NCSNHz2), 755 

[Cr(en)3]*, 838 
[Cr(en)3]?*, 721 
[Cr(en)3]3*, 797 

CrCgH24Ni20¢ 

COC3-VV* 

Formula Index 

[Cr{OC(NH2)2}6]3*, 867 

[Cr(trienH)(H,O) ]**, 810 
CrC,H.;N;F30,S 

[Cr(OSO,CF;)(MeNH;);]?*, 788 

[Cr(MeNH;)2(en)2]3*, 787 
CrC.gH2.N7,0; 

[Cr(N3)(H2O);(trienH,)]**, 811 
CrCgH23N,0, 

[Cr(trienH,)(H,O),]5*, 810, 811 
CrCgH29N7O,4 

[Cr(N3)(H2O),(trienH;)]5*, 811 
TCeH30N6 
[Cr(MeNH,)¢]3*, 787 

CrC,H3,N,05 

[Cr(trienH3)(H,O)s;]®*, 810 
CrC.Ne 

[Cr(CN).]?~ , 703, 708, 774, 775, 797, 823, 838 
[Cr(CN)6]*~ , 703, 708, 774, 775 
[Cr(CN)6]®& , 704, 774 

CrCgNgO. 
[Cr(NCO).]3~, 843 

CrC.N,.S 

[Cr(CN)5(NCS)]3~, 841 

TUsIN6S2 
[Cr(CN)4(NCS).]3~, 841 

CrC.N,S3 

[Cr(CN)3(NCS)3]3~, 841 
TCeN6S4 

[Cr(CN)2(NCS),4]3~, 841 
CrC.N,S5 

[Cr(CN)(NCS)5]3~, 841 
CrCgNeSe 

[Cr(NCS).]3~ , 837, 838, 842, 843 
[Cr(NCS).]4~, 730 

CrC,N,Se. 

[Cr(NCSe).]3~, 842 
CrC,O¢ 

Cr(C,404)3/2, 873 
CrCgO¢Se 

[Cr(C2S202)3]>~ , 885 
CrC,0,S3 

[Cr(C,SO3)3]3~, 901 
CrC,O12 

[Cr(C,0,)3]?~ , 799-871 
CrC,H,03 

Cr(2-OC,H,CO,), 753 
CrC,H;NO,S 
CrCp(CO),(NS), 832 

CrC,H,N,0, 

Cr(NO){2,6-py(CO2)2}(H20)2, 826, 835 
CrC,HgCl.N, 

CrCl, {H,C(N —=CHCH=CH),}, 728 
CrC,H N,0O7 ~ 

Cr(NO){2,6-py(CO2)2}(NH2OH),,°826, 835 
CrCzHi9Cl,N2 

CrCl,(2-pyCH,CH,NH,), 727 
CrC,H,4,N,0, 

Cr{2,6-py(CO2)2}(NH2O)(NH2OH)2, 835 
CrC,Hi1Ni4O07 

Cr(NH,0){2,6-py(CO2)2}(NH2OH)2, 826 
CrC,HisCIN;S 

[CrCl(NCS) {(H,NCH,CH2)3N}]*, 811 
CrC,HgCIN;Se 

[CrCl(NCSe) {(H,NCH,CH,)3N}]*, 811 
CrC7H9Cl.N, 

[CrCl, {(H,NCH,CH,NHCH,CH,).CH,}]*, 812 
CrC,HioF.N, 

[CrF.{(H2.NCH,CH,NHCH,CH,),CH,}]*, 812 
CrC,H2.N,02S 

[Cr(SCH,CH,CO,)(en),]* , 879 
CrC,H,,Cl,N3;0S 
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[CrCl,{(H,NCH2)3;CMe}(DMSO)]*, 808 
CrC,H23CIN; 

[CrCl{H,N(CH,);NH,} (dien)]?* , 807 
[CrCl(pn)(dien)]?*, 807 

CrC,H2;N;O 

[Cr(pn)(dien)(H,O0)]?*, 807 
[Cr{H,N(CH,)3NH,}(dien)(H2O)]?*, 807 

CrC,H25N;S 

[Cr(MeSCH,CH,NH,)(en),]3*, 880 

CrCgF 12010 
[CrO,(O,CCF3)4]? , 944 

CrCgH yN4O3 
[Cr(NO)(CO)2(MeCN)3]*, 827 

CrCgH,,CIN;O 

[Cr(NO)Cl(MeCN),4]*, 827 
CrCgH,2CloN, 

CrCl,(MeNCH=NCH=CH),, 727 
CrC,Hi2N, 

[Cr(MeCN),]?* , 732 
CrCgH,4N20,S, 

Cr{{O,CCH(NH,)CH2CH,S},}, 768 
CrC,H,.Cl,O2 

CrCl,(THF),, 717, 739 

Cr{O,CCH(NH,)CH2SMe},, 768 
CrCgH,3Cl,S; 

Cr{CMe(CH2SMe)3}Cl;, 886 
CrCgHjgCl3S4 
Cr{(MeSCH,CH2SCH,),}Cl;, 886 

CrCgHisN4O, 
[Cr(C,0,){(H2.NCH,CH,NHCH,),}]*, 809 

[Cr(C,04){(H2NCH2CH2)3N}]*, 811 
CrCsH,3,0, 

CrO,(OBu'),, 928 

(CrCl, {1,4,7,10-tetraazacyclododecane)]*, 922 
CrCgH2 N> 

Cr(NEt,)2, 931 
CrCgHooN¢S2 

[Cr(NCS),(pn)2]*, 838 
[Cr(NCS),.{H2N(CH2)3NH2}2]*, 798, 838 

CrCgH2,N,0; 

[Cr(C,0,4)(H2O)(trienH)]?*, 809, 811 

[CrCl,{H,N(CH2);3NHCH,CH,NH(CH;)3NH>}]* > 812 

CrCgH,.N,0, 

[Cr(OH).(1,4,7,10-tetraazacyclododecane)]* , 922 
[Cr{(H,.NCH,CH,N=CMe),}(H20),]*, 895 

[Cr(SCMe,CO,)(en),]*, 879 

[CrCl{HN(CH,CH,NHCH,CH,NH,),}]?* > 814 

[Cr(OH)(1,4,7,10-tetraazacyclododecane)(H,0)]?*, 
922 

CrCgH2,4Br.N, 

CrBr.(H,NCH,CH,NMe,),, 721 
CrCgH24Cl,N, 

CrCl,(H,NCH,CMe2NH;),, 721 

CrCl,(MeNHCH,CH,NHMe),, 721 
CrCgH24Cl,NgO4 

CrCl,(MeNHCONH;),, 739 
CrCgH24Cl,N, 

CrCl, {H,N(CH,)4NH>}>, 798 

CrCgH4I,0,S, 

CrI,(DMSO),4, 754 
CrCgH4N,0, 

[Cr(1,4,7,10-tetraazacyclododecane)(H,O),]* , 922 
CrCsH,;N;O 

[Cr{HN(CH,CH,NHCH,CH;NH,;),}(H20)]3*, 814 
CrCgH26Ne 

[Cr(dien),]?*, 721 
[Cr(dien),]3*, 806 

Formula Index 

CrCgNe 
Cr{C(CN)s}2, 709 

CrC,H 5604 

CrCp(O,CCF3)>, 816 

CrC,H sN;O 

[CrO(CN)4(py)]?”, 927 
Cr 612 

[Cr{(O2C),CHz2}3]* , 872 
Cr CoHgCl,N2 

CrCl,(8-aminoquinoline), 727 
CrC,H,O¢ 

Cr(HCOCHCHO),, 861 
CrC,H,;5F3P 

Cr(PF;)(C3Hs)s, 714 
CrC,H 1 sO 396 

Cr(S,COEt), ’ 884, 885 

CrC,HigN3;0. 

Cr{O,CCH(NH,)Me};3, 902 

Cr C,H 1 aN; S6 

Cr(S,CNMe,)3, 885 
CrCyH29N404 

[Cr(C,0,){(H,NCH,CH,NHCH,CH,),CH,}]*, 812 
CrCyHoN¢S2 

[Cr(NCS),{(H;NCH,CH,NHCH,CH,),CH,}]*, 812 
CrCyH21Cl,N303 

CrCl,(DMF)3, 920 

Cr(NCS)3(EtNH,)3, 788 
CrC,H2.N 5OS 

[Cr(NCS)(1,4,7,10-tetraazacyclododecane)(H,O)]?*, 
922 

CrCsH23Ne6S 
[Cr(NCS) {HN(CH,CH,NHCH,CH,NH;),}]?*, 814 

CrC,H24F,N, 

[CrF,{H,N(CH,)3;NH(CH);NH(CH,)3;NH,}]*, 812 
CrC,H27Cl,P3 

CrCl,(PMe;3)3, 713, 733 
CrC,H27ClsP3 

CrCl;(PMe3)3, 713 

CrCgH27Fy2NsP¢ 
Cr(PF,NMe,)4{(PF2)2NMe}, 715 

CrC,H3oN¢ 

[Cr(pn)3]?*, 721 
CrC,.HsClI,N> 

Cri, (3 ,5-Clypy)2 ; 724 

CrC,oHgBr2I,N2 

CrI,(3-Brpy)2, 724 
CrC; 9HsCl,N2 

CrCl,(bipy), 710 
CrC, ,HsCl,N> 

CrC,.9HsCl,N,0 

CrOCI3(bipy), 848, 935 
CrC,.9HsN, 

[Cr(bipy)]?*, 712 
CrCyoHgN20¢, 

CrO(O2)2(bipy), 945 
CrC;oHgN,O 

Cr(NO)(N3)2(bipy), 824 
CrC,oHi9B rN, 

CrBr2(py)2, 724 
CrC 49H 9Cl,N, 

CrCl,(py)2, 724, 725 
CrCj9Hi9Cl,N20, 

CrO,Cl,(py)2, 935 
CrC19H10Cl2Ni0 

CrCl,(adenine),, 728 
CrCyoHioCl,N> 

[CrCl(py)a}-, 815 
CrCi9Hi9N203 

CrOspy2, 941 

CrCj9H12NsOg 

[Cr(N3){(O2CCH2)2NCH,CH,N(CH2CO,),}]~, 844 
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[Cr(Ns){(OxCCH,),NCH,CHN(CH,CO,),}]2~, 845 
CrCjoH12N6S2 
Cr(NCS),{HNC(Me)=NCH=CH},, 727,773 

CrC,oHi4Br,N,0, 

CrBr,(H,0),(py)2, 725 

CrC,oH14N203 
[Cr{(O,CCH,),NMe},]~, 911 

CrCj9H14N20. 
[Cr(edta)(H,O)]~, 1259 

CrCj9H 140, 
Cr(acac)., 717, 738, 772, 912 

CrC,9H,5Cl,O, 

CrCl,(acac)(acacH), 861 
CrCjoHisN20, 
AGS Ta)ANCHSCEGN(CH:CO;H)CH,CO;}HL0, 

[Cr(NO)(MeCN),]2*, 826, 829, 848 
[Cr(NO)(MeNC)s]*, 826 

[Cr(NO)(MeNC).]?*, 826 
CrC,oH,5N,S 

[Cr(NS)(MeCN),]2*, 832, 848 
CrC,oHi¢Cl4P, 

[CrCl, {2-(Me2P).C¢H4}]~, 853 

CrCj9H1607 
[CrO(O,COCM€eE?t),]7 , 937 

CrC,9HjgCl,N,O, 

Cr(NO).CL,(CNBu'),, 827 

CrC,oHigN,P2S, 
[Cr(NCS)4(Me3P).]~, 838 

CrCi9H1g0¢ 
[Cr(acac)(H,O),]*, 861 

CrCi9H29N20,S2 
Cr{O,CCH(NH,)CH,CH.SMe}>, 768 

CrCipH20N2S4 
Cr(S,CNEt,)>, 754, 884 

CrC,oH2oN6S2 
[Cr(NCS),(1,4,7,10-tetraazacyclododecane)]* , 922 

CrCyoH22N,0, 

[Cr(C,04) {H2N(CH2);NHCH,CH;NH(CH,)3NH,}]*, 
812 

CrCj9H24Cl,N, 

[CrCl,(1,4,7,11-tetraazacyclotetradecane)]* , 922 
[CrCl,(1,4,8,11-tetraazacyclotetradecane)]*, 919 

CrCioH24Ne6O4 
[Cr(NO,).(1,4,8,11-tetraazacyclotetradecane)]*, 919 

CrCioH24Ni0 
[Cr(N3)2(1,4,8,11-tetraazacyclotetradecane)]*, 919 

CrC,)9H2.CIN,O 

[CrCl(1,4,7,11-tetraazacyclotetradecane)(H,O)]?*, 922 
[CrCl(1,4,8,11-tetraazacyclotetradecane)(H,O)|?*, 919 

CrCyoH26N,02 
[Cr{ (H,.NCH,CH,CH,N=CMe),} (H,0),] ii ; 895 

CrCipH26NsO04 
[Cr(1,4,8,11-tetraazacyclotetradecane)(NO;3)(H,O)]?*, 

919 
CrC,9H27NO;Si, 

CrO(NBu')(OSiMe3)2, 945 

CrCj9H27N,02 
[Cr(OH)(1,4,8,11-tetraazacyclotetradecane)(H,O)]?*, 

919 

CrC1o0H2gN4O2 
[Cr(1,4,7,11-tetraazacyclotetradecane)(H,O),]>*, 922 
[Cr(1,4,8,11-tetraazacyclotetradecane)(H,O).]3*, 919 

CrC19H3sCINs 
[CrCl(EtNH2)s]?* , 788 

CrC,,Hi7N,0,S 

Cr{O,CCH(NH,)CH,C=CHNHCH=>N }- 
{SCMe,CH(NH2)CO3}, 904 

CrC,,H21N70, 
[Cr{2,6-py{C(Me)—=NHNHCONH;},}(H20).]3*, 899 
[Cr{2,6-py{C(Me)—=NHNHCONH,},}(H20)2]>*, 896 

CrC,,H2.Cl.N, 
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[CrCl,(1,4,8,12,-tetraazacyclopentadecane)]*, 921 
CrC,,H2sCIN,O 

[CrCl(1,4,8, 12-tetraazacyclopentadecane)(H,O)]?*, 
923 

CrC1,H39H,O, 
[Cr(1,4,8,12-tetraazacyclopentadecane)(H,O),]2*, 921 

CrC,,H39N,0, 
[Cr(1,4,8,12-tetraazacyclopentadecane)(H,O),]?* , 770 
[Cr(1,4,8,12-tetraazacyclopentadecane)(H,O),|°*, 924 

CrC,2F 3S, 
[Cr(S2CgF4)2]7, 886 

CrC12FigS6 

Cr{S2C,(CF3)2}3, 886 
[Cr{SC,(CF3)2}3]~, 886 

[Cr{S2C2(CF5)2}3]?-, 886 
CrC,2F 2405 

[CrO{(CF3)2C(O)C(O)(CFs)2}2]” , 938 
CrC,,HgCl,N> 

CrCl3(phen), 821 
CrC,,HgIN,0¢ 

Cr(IO¢)(phen),, 936 
CrC,,HsN;OS, 

Cr(NO)(NCS).(bipy), 824 
CrC,,H,N,O 

Cr(NO)(N3)2(phen), 824 
CrC,,HoNoS,4 

[Cr(NCS),(2-guanidinobenzimidazole)]~ , 838 
CrCj3H i902 

Cr(OPh),, 737 
CrC,2H,,Cl,N; 

CrCl;(bipy)(MeCN), 848 
CrC,,H,,Cl,N,O, 

[Cr(2-pyCH=NOH),Cl,]*, 849 
CrC,2Hi2N2S2 

Cr(SC.H,NH,-2)>, 770 
CrC,2H2NoS3 
Cr(NCS)3(HNCH=NCH=CH),, 837 

CrC,,H,,0 

[Cr(R,R-tartrate);]3~ , 873 
CrC,.HieBroN, 

[CrBr2(2-pyCH,NH;).]*, 804 
CrC,.Hi¢Cl.N, 

[CrCl,(2-pyCH,NH,).]*, 803-805 
CrC,.Hi¢CL,N 

CrCl(HNCH=NCH=—CH),, 727 
CrCl,(HN N=CHCH=CH), 5 PT] 

CrC,2Hi6F2Na 
[CrF,(2-pyCH,NH,).]*, 804 

CrCj2Hi6N205 

Cr(3-pyCO,)2(H20)., 725 
CrCy2Hi6N4Ou 
[Cr(2-pyCH=NOH),(H,0),]3*, 849 

CrCi2Hi6N6O4 
[Cr{O,CCH(NH,)CH,C—=CHNHCH=N }a]*, 904 

CrC,,HigBr.N ~ 
CrBr,(MeNN=CHCH=CH)), 727 

CrC,.H,3CIN30; 

Cr(NO)CI(CO)2(CNBu'),, 827 

CrC,2HisCl,N.S2 

[CrCl,(py)2(H,2NCSNH,),]*, 888 

CrC,2HisCl,N3 

CrCl;(bipy)(NCMe), 936 

CrC,2HisN202 
Cr{{MeCOCHC(Me)=NCH,>},}, 772 

CrCy2HigN2010 
[Cr{(O,CCH,),.NCH,CH,OH},]~, 911 

CrC,,HisN;O 

Cr(NO){N=CHCH=CMeNCH,CH,NC(Me)= 

CHCH=NCH,CH,>}, 832 

CrCy2HisNe 
[Cr(MeCN).]2*, 718, 732 

CrC12HisP3S6 
Cr{S,PMe(C=CMe)}3, 885 



1502 Formula Index 

CrC,2Hi9N4O2 
[Cr(H,0)(OH)(2-pyCH2NH;)2]*", 804, 805 

CrC,,H 2 Cl.Ng 

CrCl,(pentamethylenetetrazole),, 726 

CrC12H20FN10 
[CrF{H,N(CH2)3NH2}2(u-NC)Cr(CN)5]~ , 778 

CrC,2H20N202 
Cr{(MeCOCHCHMeNCH,),}, 767 

CrCy2H29N402 
[Cr(H,O)2(2-pyCH2NH2)2]** , 804 

CrC12H207 
[CrO(O,COCEt,)2]~, 937 

CrC,2H21:0.683Se3 

Cr(SSeCOCH,CH,0Me)3, 886 

CrC;2H22N202 
Cr(MeCOCHCHMeNMe),, 767 

CrC,2H22N204 
[Cr{{MeCOCHC(Me)=NCH,}2}(H20)2]*, 894 

CrC,.H24Cl,03 
CrCl,(THF)3, 855, 867, 892 

CrC,.H24Cl,S3 

CrCly{S(CH2)a)s, 881 

CrC,2H24F303 
CrF3(THF)s3, 855 

CrCy2H24l,NeS4 
Crl,-4(HN CSNHCH,CH,), 755 

CrC,2H 241303 
CrI,(THF)3, 856 

CrC12H24No 
[Cr(CN).(1,4,8,11-tetraazacyclotetradecane)]*, 777, 

919 

CrC,2H24N6S2 
[Cr(NCS),(1,4,8,11-tetraazacyclotetradecane)]*, 919 

CrC12H24S6 
[Cr(MeSCH=CHSMe),]?*, 886 

CrC,.H27Cl,P 

{CrCl,(PBu3)},,, 853 
CrC,,H27NO, 

Cr(NO)(OBu');, 831 

CrC,2H2703 
Cr(OBu');, 928 

CrO(O,)2{OP(OBu)3}, 946 
CrC,,H2gCl,N, 

CrCl,(Me,[14]aneN,), 771 

CrC12H2gN604 
[Cr(OCONH,),(1,4,8,11-tetraazacyclotetradecane)]”, 

919 
CrC,,H3oBrN, 
[CrBr{N(CH,CH,NMe,)3}]*, 735 

CrC,,H39Cl,S83 

CrCl,(SEt,)3, 881 
CrC,,H3 9Cl,P2 

[CrCl,(PEt;)2]~, 853 

CrC1,H30N3 
Cr(NEt,)3, 835, 928, 930 

CrC12H3906P3S6 
Cr{S,P(OEt).}3, 885, 886 

CrC,,H390¢P3Se6 

Cr{Se,P(OEt)}53, 885 

CrC,,H3,N,0 

[CrMe(1,4,8,12-tetraazacyclopentadecane)(H,O)]?*, 
923 

CrC,,H32ClP, 

CrCl,(Me,PCH,CH,PMe,)>, They 15S) 

CrC,2H32N4P, 
Cr(N2)2(Me2PCH2CH2PMe,)2, 713 

CrC,2H33N603 
[Cr2(u-OH)3(1,4,7-triazacyclononane),|>* , 924 

CrC12H36F6012P6 
Cr{PF(OMe).}., 716 

CrC12H36Fi2NePo 
Cr(PF,NMe,)¢, 715 

CrCy2H36NaP4 
Cr(N2)2(PMes3)a, 713 

CrC12H36Ns 
[Cr{(H,NCH,CH2)3N}]*", 812 

[Cr{N(CH,CH,NHz)3}]>", 788 

CrC12H36N 1286 
[Cr(H,NCSNHMe).]**, 888 

CrCy2H3606S6 
[Cr(DMSO)6]?* , 874 

CrCy2H36P4 
CrH4(Me,PCH,CH2PMez)2, 733 

CrC,,N,683Se3 
[Cr{SSeC=C(CN)2}3]*, 886 

CrCy2N6S6 
[Cr{S,C,(CN)2}3]? , 886 

[Cr{S2C,(CN)2}3]* , 886 
CrC,3HgCl,F7N2 

Cr(C3F7)Cl,(bipy), 899 

CrCy3H12N208 

[Cr{(O2C)2CH2}2(bipy)]?”, 873 
CrC13H17N206S3 

Cr(O3SMe)3(bipy), 815 
CrC,3HigN7OS; 
Cr(NCS)3(EtC—=NCH=CHNH),(H,0), 837 

CrC,3H24Cl,N.S 

CrCl,(Cs5H;;,NHCSNHC,H;;), 754 

CrC,4HgN208 

[Cr(C,04)2(bipy)]” , 819 
CrC,,4HgN;OS, 

Cr(NO)(NCS).(phen), 824 

CrC,4HsN.6S, 

[Cr(NCS),4(bipy)]*, 838 
CrC14Hi9Cl,;04 

Cr(O,CPh),Cl;, 938 

CrCy4,HipFsNO, 

CrCp(O2CCF;).(py), 815 
CrC,4Hi.CIN. 

[CrCcl{H,C( NN=CHCH=CH) 2}2]*, 728 

CrCy4Hi16N2010S2 
Cr(C,;H4NO3S)2(H20)4, 725, 762 

CrC,4H17F7N3S,4 
Cr(C3F7)(S;CNMe;)2(py), 884, 885 

CrC,4HigCl.N, 

[CrCl {(2-pyCH,NHCH,),}]*, 812, 813 

CrC,4HisF2N4 

[CrF,{(2-pyCH,NHCH,),}]*, 813 
CrCy4H29Cl.N, 

CrCl,(2-pyCH,CH,NH;)>, 727 

CrCy4H22Ni2 
[Cr{H,NC(—=NH)NHC(=NH)NH;},(bipy)]}3*, 851 

CrCy4H26N2010 4 

[Cr{(O,CCH2)2NPr'}2(H20).]", 911 
CrC,4H32Br2.N,4 

CrBr,(1,4,8,11-tetramethyl-1,4,8,11- 

tetraazacyclotetradecane), 770 
CrC,4H32CIN, 

[CrCl(1,4,8,11-tetramethyl-1,4,8,11- 
tetraazacyclotetradecane)]*, 770, 773 

CrC,4H32N203 
Cr(NO)(NPr',)(OBu'),, 831 

CrC,4H34,NO_Si, 

Cr{N(SiMe3)2}(THF)>2, 730, 772 
CrC,4H3.N20,Si, 

Cr(NBu')2(OSiMe;3)2, 945 

CrCi4H3eP4 
CrMe2(Me.PCH,CH2PMez;)., 714, 733 

CrC15H3Fi1g0¢ 
Cr(hfacac)3, 863 

CrC,5H,,Cl,N3 

CrCl;(terpy), 821 

CrC15H12F90¢ 
Cr(F3;CCOCHCOMe);, 863, 864 
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CrCl,(bipy)(py), 848 
CrC,5H,3Cl,N,0 

CrCl,;(bipy)(py N-oxide), 848 
CrC,,;H;;Cl,N,O 

CrCl,(phen)(DMF), 820 
CrC,5H,5Cl,N; 

CrCl, (py), 788, 815 
CrC,,;H,;Cl,N,O0 

CrCl,(OCH=CHCH=C CH=NOH));, 850 

CrC,5HisN.O5 

Cr(NO)(ONO),(py)s, 823 
CrC,5HisNi2 

Cr(N3)a(py)3, 843 
CrC,s5H2 Cl,N,4 

[CrCl,(2-pyCH,NHCHMeCH,NHCH,py-2)] WIS) 
CrC,;H,,BrN, 

[CrBr{N(CH,CH,N N=CHCH=CH)),} ]*, 728 

CrC15H21F90¢ 
Cr(F;CCOCHCOMe);, 864 

CrC,5H210¢ 
Cr(acac)3, 738, 861-864, 892 

CrCy5H21S¢6 
Cr(MeCSCHCSMe)s, 884, 885 

CrC,5H24Br.Ne 
CrBr,(HN N=CMeCH=CMe);, 27, 

CrCl,(EtN CH=NCH=C H)3, 727 

CrC15H24Cl3Ni 5Pi.5 
CrCl3(2-Me2PC,H,NMe_); 5, 854 

CrCl; {2-(Me2P)2CsH4}1.5, 854 

CrC,;H24N O;3S 

Cr(S,CN CH,CH,OCH,CH,);, 885 

CrC,5H24N30.S3 

Cr(O3SMe)3(py)3, 815 
CrC,5H27NsO2 

[Cr(NO).(CNBu')3]?*, 827 

CrC,sH3oBr2Ni0S5 
CrBr:5(HN CSNHCH,CH,), 755 

CrC,5H39N30S., 

Cr(S,CNEt,)2(OS,CNEt,), 884, 885 

CrCisH30N3Se6 
Cr(S,CNEt,)3, 884, 885, 931 

Cr(S,NCEt,)3, 885 
CrC,5H39N4OS., 

Cr(NO)(S,CNEt,)3, 826, 896 

CrC,;H3,N5S 

[Cr(NCS)(1,4,8,11-tetramethyl-1,4,8,11- 
tetraazacyclotetradecane)]*, 771 

CrC,5H33N,0Si, 

Cr{N(SiMes)2}(Et,O)(py), 730 
CrC,5H36Cl;N6S3 

CrCl,(EtNHCSNHE?);, 888 

CrC,5H47015Ps 
CrH,{P(OMe)3}5, 714, 734, 896 

CrC,.HsgN208 

[Cr(C,0,)2(phen)]~ , 799, 819 

CrCygHioN10S4 
[Cr(NCS),(benzimidazole),]~ , 822, 837 

CrC,¢H,4CIN,O, 

Cr(salen)Cl, 893 

CrC16Hi4N203 
[CrO(salen)]*, 918 
[CrO(salen)]?* , 894 

CrC16Hi4N2O0g 
[Cr(C,04)2(PhNH2)2]~ , 789 

CrCigHi4N302 
CrN(salen), 894, 918 

CrCisHigNsOo 
[Cr(salen)(ONO),]~, 893 

CrC,6HigNsO2 
CrN, (salen), 894, 918 

CrCigHigNoS4 
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[Cr(NCS),(PhNH,)2]~ , 789 

CrC16H15N2,03 
Cr(salen)(OH), 893, 894 

CrC,6HigN20, 
[Cr(salen)(OH),]~, 893 

CrC,6HisN503 
Cr(N3)(salen)(H,O), 845 

CrC,¢6HigCl,OP 

{CrCl,(dppe)o.s(Me2CO)},,, 733 
CrC,¢6HigN20, 

[Cr(salen)(H,O),]*, 892-894 
[Cr(salen)(H,O),]?*, 894, 918 

CrCi6H2oN4O2 
[Cr(salen)(NH3),]*, 893 

CrC,6H2.ClLN, 

[CrCl, {(2-pyCH,NHCHMe),}]*, 814 
CrC,.H,.Cl,P, 

CrCl,(PMe,Ph),, 733 

CrCi6H22Ni2 
[Cr{H,NC(=NH)NHC(=NH)NH;>},(phen)]3*, 851 

CrC,¢.H24CIN 
[CrCl(N=CMeNHCH=CH),]*, 773 

CrCl,(HNC(Me)=NCH=CH),, 727 
CrCl,(MeNCH=NCH=CH),, 727 
[CrCl,(N=CMeNHCH=CH),]*, 821 

CrCi6H24F,Ns 
[CrF,(HNN=CHCH=CMe),]*, 822 

CrC,.H,7CIN,O, 

Cr(NO)CI(CO)(CNBu')3, 827 

CrCj6H32N.603 
[Cr(NO)(NO2){N=CMeCH,CMe,NHCH,CH,N= 

CMe CH,CMe,NHCH,CH,}]*, 832 

CrCi¢6H35Ns5 
[Cr(MeCN)(1,4,8,11-tetramethyl-1,4,8,11- 

tetraazacyclotetradecane)]?*, 771 

CrCl,(Me,[14]aneN,), 771 
[CrCl,(HNCH,CH,NHCHMeCH,CMe,NHCH,CH,- 

NHCHMeCH,CMe,)]*, 920 

CrC16H36Ne0c 
[Cr€(NO3)2(HNCH,CH,NHCHMeCH,CMe,NHCH,- 

CH,NHCHMeCH,CMe,)]*, 921 

CrCi6H36Nio 
[Cr(Na)2( HN CH,CH,NHCHMeCH,CMe,NHCH.,- 

CH,NHCHMeCH,CMe,)]*, 921 

CrC16H3.04 
Cr(OBu'),, 928, 929 

[Cr(OBu'),4]~, 928 

CrC16H36S6 
[Cr{S(CH,CH,CH.2SMe),}2]>*, 886 

CrCi6H3gClIN,O 

[CrCl(HNCH,CH,NHCHMeCH,CMe,NHCH,- 

CH,NHCHMeCH,CMe,)(H,0)]*, 921 

CrCisH3gN402 is 
[Cr(OH)2( HNCH,CH,NHCHMeCH 2CMe,NHCH,- 

CH,NHCHMeCH,CMe,)]*, 921 

CrC16H39N4O2 
[Cr(OH)(HNCH,CH,NHCHMeCH,CMe,NHCH)- 

CH,NHCHMeCH,CMe,)(H20)]?*, 921 

CrCy6HaoN 
Cr(NEt,),4, 884, 928, 930, 931 

CrC16H4oN,0. 
[Cr(HNCH,CH,NHCHMeCH,CMe,NHCH,CH,- 

NHCHMeCH,CMe,)(H,0),]3*, 921 

CrCi¢H44Sig ‘ 

Cr(CH2SiMe3),4, 930 

CrC,7H23CIN,O, 

Cr{ {MeCOCHC(Me)=NCH;}_.}(py)Cl, 894 

CrC,7H25N20,4 
Cr{{MeCOCHC(Me)=NCH,},}(acac), 894 

CrC,7H27N,03 
[Cr(NO)(CO),(CNBu')s]*, 827 
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CrC,7H3.N;O 

[Cr(DMF)(1,4,8,11-tetramethyl-1,4,8,11- 
tetraazacyclotetradecane)]?*, 770 

CrC4gCl,20¢ 

Cr(1,2-O2C,Cl4)3, 865 

CrCygCly2S6 
[Cr(1,2-S2C¢Cl4)3]?~ , 886 

CrC,gH1,Cl.F7N3 

Cr(C3F7)Cl,(terpy), 899 
CrC,gH,2Cl,Ne 

CrCl,(CNpy)3, 815 

CrCjgH120¢ 
[Cr(1,2-O2C.H4)3]° , 865, 866 

CrCigHigNgS2 
[Cr(NCS)2(2-pyC=NCH=CHN H),]*, 838 

CrC,gH;5Cl,F7N3 

Cr(C3F7)Cla(py)s, 899 
CrC,gH,5Cl3P 

{CrCl3(PPh3)},,, 853 

CrCigHisFi2N3P6 
Cr{(PF,)2NPh};, 714 

CrC,gHisNeO3 

Cr(NCO)3(py)3, 843 
CrCygHisNoS3 

Cr(NCS)3(py)s, 843 
TCigHi5S3 
Cr(SPh)3, 881 

CrC,sHisClN, 

CrCl,(8-aminoquinoline),, 727 

CrCigHigFsN204 
Cr(O,CCF3)3(2,6-Me.py)2, 724, 772 

CrC;sHisN6O3 
[Cr(2-pyCH=NOH)3]9*, 849 

CrC;gHigNs02S, 
Cr(NO)2(CNBu')2{S2C2(CN)2}>, 827 

CrC,gH2,ClN3 
CrCl3(4-Mepy)3, 815 

CrCl,(PhNH;)3, 788 

CrCigH22N20, 
[Cr(salen)(MeOH),]*, 893 

CrC1gH22N402 
[Cr(2-OC,H,CH=NCH,CH,NH,)2]*, 894, 895 

CrC,gH4Cl.N, 

[CrCl, {2-pyCH,NHCH(CH,),C HNHCH,py-2}]* , 814 

CrCygH24No 
[Cr(2-pyCH,NH,)3]** , 803 

CrCigH25F7N3S4 

Cr(C3F,)(S2CNEt,)2(py), 884 
CrC,gH3 oN Se 

Cr{S,CN(CH2)s}5, 885 
CrC,gH32N202 
Cr{MeC(O)=CHC(Me)=NBu},, 772 

CrC;gH34N202 
Cr(MeCOCHCHMeNBu),, 767 

CrCigH36N4O4 
[Cr(C,04,)(HNCH,CH,NHCHMeCH,CMe,- 

NHCH,CH,NHCHMeCH,CMe,)]*, 921 

CrCigH36NeS2 
[Cr(NCS),(HNCH,CH,NHCHMeCH,CMe,NHCH)- 

CH,NHCHMeCH,CMe,)]*, 921 

CrCigH42N3 
Cr(NPr'2)3, 835, 836, 930, 931 

CrC,gH42N302 : 

CrO(NPr'z)2(ONPr'2) , 931 

CrO,(NPr’2)3, 836, 931 

CrC1gH42N303 
CrO3(NPr'2)3, 836 

CrC,gH42N,O ; 

Cr(NO)(NPr'2)3, 830, 836 

CrCigHy2NoOc 
[Cr(DMF).,]**, 875 

CrCygHy3F1206P. 
Cr(PF,OPr)., 716 

Formula Index 

CrCigHagN 12S6 
[Cr(MeNHCSNHMe)g]**, 888 

CrCigH4gPo 
Cr(Me,PCH,CH2PMe;)3, 714 

[Cr(Me2PCH,CH2PMe,)s]>* ‘ 856 

CrC,gHs4Cl3NoO3P3 

Cr{OP(NMez)3}3Cls, 876 

CrCigHs4N3Sig 

Cr{N(SiMe3)2}3, 836 

CrCigHs4N4OSic 

Cr(NO){N(SiMe3)2}3, 701, 729, 830 

CrCjgHs4015P6 
Cr{P(OMe)3}.6, 714 

CrCigHs4024P6 
[Cr{OP(CH,OH)3}.]>* , 876 

CrC,9HisNsPSs 

[Cr(NCS);(EtPh2P)]?~ , 838 

CrC, 9H3;Cl,03 

Cr(CgH4Me-4)Cl,(THF)s, 821 

CrC19H33N3F7S4 

Cr(C3F;)(S2CNEtz)2(H2NC6H11), 884 
CrCj9H3gN4O4 

[Cr{(O2C)2CH>}( HNCH,CH,NHCHMeCH,CMe,- 

NHCH,CH,NHCHMeCH,CMe,)]*, 921 

CrCj9H42N302 
Cr(NPr',).(O2CNPr') , 836 

CrCx9Hi6ClLN, 

[CrCl,(bipy)2]*, 713, 818, 819 

CrCzoHr6laNg 
CrI,(bipy)2, 710 

CrC,9H17CIN,O 

[CrCl(OH)(bipy)2]*, 819 

CrC,9HigCIN,O 

[CrCl(bipy).(HO)]?*, 818, 819 

CrCzoHigN204 
[Cr{1,2-(2-OCs;H,CH=N).2C.H,}(H20)2]*, 894 

CrCzoHisN4O2 
[Cr(OH),(bipy).]* , 818, 819 

[CrCl,(py)s]*, 813 
CrC,oH2oF Ng 

CrF,(py)s, 788 
[CrF2(py)4]*, 797, 804, 811, 813, 815 

CrCzoH2ol2Nq 

CrIa(py)a, 725 
CrCzoH2oNaF2 

[CrF2(py)4]*, 781 
CrCz9H29N402 

[Cr(bipy)2(H20).]?*, 713 

[Cr(bipy)2(H2O).]5*, 713, 818, 819 

CrCzoH20N1 
[Cr{HC(N N=CHCH=CH);} 3)772 728 

CrCz9H22Cl,N,S2 

[CrCl,(quinoline).(H,NCSNH,)2]*, 888 
CrC39H N 

[Cr(NCH=CHCH—NCH,CH,NCH=CHCH= 
NCH,CH;2)(py)a]*, 924 

CrC, 9H. N,O 

Cr(NCH—=CHCH—NCH,CH,NCH=CHCH= 
NCH,CH;)(NO), 924 

CrC,9H26N4O2 
[Cr(2-OC,H,CH=NCH;CHMeNH,),]*, 895 

CrC,oH3oN 
[Cr{HN C(Me)=NCH=CH} sl?" 727 

CrC39H32CloP,4 

[CrCl,{2-(Me2P)2CsH,}2]*, 854 
CrC,9H36CIN;O 

Cr(NO)CI(CNBu'),, 827 

[Cr(NO)CI(CNBu'),]*, 827 

CrC,9H36Cl.P, 

CrCl, {1 ,2-(Me2P)2C.H4}>, 733 

CrCz9Hs52Cl3N12 
CrCl, {HN=C(NMe,)2}4, 851 
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CrC,.Hs52N,0.Si, 

Cr{N(SiMe3)2}2(THF).2, 729, 737 

CrC29Hs6N202Si, 
Cr{N(SiMe3)2}2(Et,O)., 729 

CrC,,H,;5CIN,O, 

Cr(salen)(py)Cl, 893 

CrC2,HisFyN30¢ 

Cr(O,CCF3)3(py)3, 815 
CrC,,Hi50¢ 

Cr(tropolonate);, 865 
Cr(2-OC,H,CHO);, 892, 895 

CrC,,H21N20, 
Cr(salen)(acac), 893 

CrC2,H2,S3 
Cr(SCH2Ph)3, 881 

CrCz;H24Cl;NeO3 
CrCl,(PhCONHNH,);, 834 

CrC,,H24NeSs 
CrCl3;(H,.NCSNHPh);, 888 

CrC,,H33BrN, 

[CrBr{N(CH,CH,NN=CMeCH=CMe);}]*, 728 

CrC2,H36NsO2 
[Cr(NO)(CO)(CNBu'),4]*, 827 

CrC2,H37Ns5 
[Cr(Me,[14]4,11-dieneN,)(py)]*, 772 

CrC,,H43N,02 
[Cr(acac)( HNCH,CH,NHCHMeCH,CMe,NHCH,- 

CH,NHCHMeCH,CMe,)]?*, 921 

CrC,2HisN4O4 
[Cr(C,0,)(bipy).]*, 819, 820 

CrC22Hi6NeS2 
Cr(NCS).(bipy)2, 710, 712 

CrC,2Hi9N4O2 

[Cr(OH)(bipy)(phen)(H,0)]?”, 818 
CrC,2H24N202 
Cr{(PhCOCHCHMeNCH,),}, 767 

CrC,2H24NsS 

[Cr(NCS) {(2-pyCH2CH2)3N}]*, 823 
CrCz2H24NsS2 

[Cr(bipy)2(H2NCSNH),)]**, 888 

CrC22H2.N202 
Cr(PhCOCHCHMeNMe),, 767 

CrC22H26N4O02 
[Cr{{MeCOCHC(Me)=NCH>},}(bipy)]* , 894 

CrC,,H3,CINg 

[Crcl{H,C(N N=CMeCH=C Me),}.2]*, 728 

CrC,2H3g04 
Cr(Bu'COCHCOBu'),, 739 

CrC,3H,.ClF7N, 

[Cr(C3F7)Cl(bipy)2]*, 899 
CrC,3Hi¢Cl.F7N, 

Cr(C3F7)CL(bipy)., 899 

CrC,3H2sN4,0oS3 
Cr(O2SMe),(bipy)2, 815 

CrC34Hi6Cl, Ng 

[CrCl,(phen),]* 
CrCz4HigN4O 

[Cr(C,0,)(bipy)(phen)]}* , 820 
CrC,,4HigCIN, 

[CrCl(phen),(H,O)}?*, 819 
CrCz4HisN4O2 
LOH s(Ppeabal, 819 

CrC,4HigN. 

Cr{NC(py-2)=NCH=CH}s, 822 

CrCz4H20N402 
[Cr(phen)2(H2O),]?", 936 

[Cr(phen)(H2O).]°* , 819 

CrCz4H2004P2 
Cr(O,PPh;)3, 740 

CrCz4H230¢6P2 
{Cr(H,0)(OH)(O2PPh2)2},., 868 

CrCy4H2gCl.N, 

CrCl,(Mepy)4, 724 

, 818, 819 

[CrCl,(PhNH,),4]*, 788 

CrCz4H3oN4P 28, 
[Cr(NCS),(PhEt,P).]~, 838 

CrC,4H 4806 
[Cr(THF).]3*, 855, 867 

CrC,4H5204 
Cr(OCHMeBu'),, 929 

CrC34Hs54Cl4P. 

[CrCl,(PBu3)2]~, 853 

[Cr(NO)(CNBu')s]*, 827 
[Cr(NO)(CNBu').]?*, 827 

CrC,5HysN6S 

[Cr(NS)(Bu'NC).]*, 833 

[Cr(NS)(Bu'NC),.]?*, 833 

CrC26HigN4O4 
[Cr(C,0,)(phen).]*, 799, 819, 820 

CrCx6HisNeS2 
Cr(NCS).(phen),, 710, 712 

Cr@,,H22Cl,P, 

[CrCl,(Ph,PCH—=CHPPh,)]~, 853 

{CrCl,(dppe)},,, 733 
CrC,,H24Cl,OP, 

CrCl,(H,0)(Ph,PCH—=CHPPh,), 854 

CrC26H24Cl4P, 

[CrCl,(dppe)]~, 853 
CrC,6H26Cl,0OP, 

CrCl;(H2O)(dppe), 854 

CrC26H34N202 
Cr(PhCOCHCHMeNPr'),, 767 

CrC,¢H42BrN3P 

[CrBr{Ph,PCH,CH,N(CH,CH,NEt,)2}]*, 735 

CrC,7Hi¢Cl,F7N, 

Cr(C3F7)Cl,(phen),, 899 

CrCz7HigN303 

Cr(8-quinolinolate), 899 
CrC,7H24Cl,N,03 

Cr{(5-Cl-2-OC,H;CH=NCH,CH,)3N}, 895 

CrC27H5703 
Cr(OCHBu',)3, 930 

CrC,7H¢0ClsNe6S3 

CrCl;(BuNHCSNHBu);, 888 

CrCygHi4Ni0 
Cr(TCNQ),(MeCN)z, 848 

CrCzgHigN20¢ 

1505 

Cr(phenanthroquinone monoximate),(OH)(H2O), 850 
CrC gH. Br.N, 

CrBr,(CNPh),, 707 
CrC,gH29Cl Ny 

CrCl,(CNPh),4, 707 

CrC,gH23Cl,N,OP 

CrCl;(bipy)(OPPhs), 848 

CrC,9H24NO,P, 

. oe ENCO), (pre)! 829 ~ 

TU39f122'N6 
Cr(terpy)2, 713 

[Cr(terpy)2]>*, 817 
CrC3oH24Ne 

Cr(bipy)3, 710, 712, 713, 817 

[Cr(bipy)3]~, 817 
[Cr(bipy)s]?", 817 
[Cr(bipy)3]>~, 817 
[Cr(bipy)3]*, 710, 712 
[Cr(bipy)3]?* , 710-712, 817, 818 
[Cr(bipy)3]>* , 710, 712, 816, 817, 818 

CrC39H2404P2 
Cr(CO),(dppe), 829 

[Cr(CO).4(dppe)]*, 829 
CrC39H27N.O 

[Cr(bipy)2{4,4’- bipyH(H,0)}]§*, 712 

CrC3pH2gN204 
Cr(PhCOCHCOMe),(py)2, 738 
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CrC3oH30Ne [{Cr(OH) {2-pyCH,NHCH(CH,),CHNH- 

[Cr(py)6]?* , 724 CH2py-2}}2]**, 814 
CrC39H4sClO3; CrC36H7.6.04 

[Cr(1-adamantyloxy)3Cl]*, 930 Cr(OCHBu',),4, 930 
CrC39H4sNO,4 [Cr(OCHBu',),4]~ , 930 

Cr(1-adamantyloxy)3(NO), 930 CrC37H21N190 

CrC39H4s03 Cr(phthalocyanine)(NO)(py), 831, 926 

Cr(1-adamantyloxy) , 930 CrC3gH3oNo 
CrC3oHs4Ne Cr(PhNNNPh)3, 845 

Cr(CNBu'),, 706 CrC39H2.Ng03P 
[Cr(CNBu'),]*, 707 Cr(phthalocyanine)(H,0)(MePhPO,), 926 
[Cr(CNBu‘),]|?*, 707, 709 CrC39H33N6Se 

CrC39H7gClsNig Cr(S,CNHNPh,)3, 885 
CrCl,{HN=C(NMe,)2}6, 851 CrC4oH3oNe 

CrC31,H3sNq Cr(CNPh);(py), 707 
CrO(tetraethyltetramethylcorrole), 917 CrC49H33N502 

CrC32Hi2Ng012S4 Cr(O,)(tetraphenylporphyrin)(py), 913 
[Cr{(O3S)4phthalocyanine}]3~ , 927 CrC4oH 44 
[Cr{(O3S)4phthalocyanine}]*~ , 927 Cr(CPh=CMe,),4, 928 

CrC32H,.Cl,Ng CrC49H 6004 

Cr(phthalocyanine)Cl,, 926 Cr(1-adamantyloxy),4, 929, 930 
[Cr(phthalocyanine)Cl,]~ , 926 CrC,,H39Cl5P; 

CrC32HigNg CrCl,(triphos), 854 
Cr(phthalocyanine), 925, 926 CrCy2H6Ni0 

[Cr(phthalocyanine)]|?~ , 926 Cr(phthalocyanine) (py), 925, 926 
CrC32H,6N oO CrC4.H3oNe 

Cr(phthalocyanine)(NO), 831, 925 Cr(CNPh)., 704, 706, 708 
CrC33H,7N,0, [Cr(CNPh).]*, 706, 707, 708 

Cr(phthalocyanine)(NO)(OH), 926 [Cr(CNPh),]?* , 706, 708, 709 
CrC3,H33N,OP, [Cr(CNPh).]3*, 706, 708 
[Cr(NO)(MeCN)3(dppe)]* 5 829 CrC4.H30S6 

[Cr(NO)(MeNC),.(dppe)]*, 829 Cr(S2C,Ph.)3, 886 

CrC32H4sNgO2 [Cr(S,C,Ph2)3]- , 886 
[{Cr(OH){(2-pyCH,NHCHMe),}}.]**, 814 CrC42H39N6O¢ 

CrC32H6gO4P2 Cr(S-ON-2-OC,H;CH=NCHMePh),, 895 
Cr{O2P(CgHi7)2}>2, 740 CrC42H42.CINP3 

CrC33H,7N,O [CrCl{N(CH,CH,PPH,)3}]* , 735 
[Cr(phthalocyanine)(CN)(OH)]~, 926 CrC4,H,4,ClP, 

CrC34Hi9NgO [CrCl{P(CH,CH,PPh,)3}]*, 735 
Cr(phthalocyanine)(OAc), 926 CrC42H42ClP, 

CrC34H21Ns03 [CrCl, {P(CH,CH2PPhz.)3}]*, 855 
Cr(phthalocyanine)(OAc)(H,O), 926 [CrCl,{ {Ph,PCH,CH,P(Ph)CH;},}]*, 855 

CrC34H.4N,O0, CrC,,H4.Cl,P, 

Cr(phthalocyanine)(MeOH),, 926 CrCl, {P(CH,CH,PPh,)3}, 854, 856 
CrC3,H33Cl,P3 CrCl, { {Ph,PCH,CH,P(Ph)CH,}>}, 854 
CrCl,{PhP(CH,CH,PPh,),}, 854 CrC42H7sCINP, 

CrC34H33P3 [CrCl{N {CH,CH2P(C.H;)2}3}]*, 735 
[Cr{PhP(CH,CH,PPh,),}]3*, 856 CrC44H2sCIN, 

CrC34H790, CrCl(tetraphenylporphyrin), 912, 913, 916, 917 
Cr(OBu';).(THF)>, 738 [CrCl(tetraphenylporphyrin)]* , 917 

CrC35H2s5CINs CrC44H2gCIN,O 
[CrCl(CNPh)5]*, 706, 707 CrO(tetraphenylporphyrin)Cl, 912, 916 

CrC35H.3N7 CrC44H>sCIN,O4 

[Cr(CNBu'),]?*, 708, 896 Cr(ClO,)(tetraphenylporphyrin), 916 
CrC3¢6H24No CrC44HgNaq 

Cr(phen)3, 713 Cr(tetraphenylporphyrin), 772, 912, 916, 917 
[Cr(phen)3]?*, 710-712, 818 CrC4,H23N,O 
[Cr(phen)3]3*, 817 CrO(tetraphenylporphyrin), 912, 913, 916 

CrC36H26N4 CrCygH2gNgO14Sq 
[CrPh,(bipy)2]*, 821 [Cr{(4-O;SC,H,)4porphyrin}(H,0),]?~, 913 

CrC36H39Cl,02P, CrC44H23N;O 

CrCl,(OPPh3;).2, 754 Cr(tetraphenylporphyrin)(NO), 831, 912, 913, 916 
CrC3,H3.0,Si, CrC44H23N, 

CrO,(OSiPh3)2, 941 Cr(tetraphenylporphyrin)(N3), 845 
CrC36H3oP3S¢ CrC44Hes 

Cr(S,PPh2)3, 886 Cr(1-adamantylmethyl),, 928 
CrC36H4oN4O, CrC,;H3,N,0 

Cr(mesoporphyrin IX dimethyl ester), 911 Cr(OMe)(tetraphenylporphyrin), 831, 916 
CrC3sHy4N4 CrC,;H3,N,O, 

Cr(octaethylporphyrin), 912 Cr(OMe)(tetraphenylporphyrin)(NO), 916 
CrC3,H4,N,O CrC,;H33;038, 

CrO(octaethylporphyrin), 916 Cr(PhCSCHCOPh),, 901 
CrC3.HsoN,0, CrC47H3,CIN3P, 



Formula Index 

[CrCl(CNPh)3(dppe)]*, 706 
CrCygH36N5 

CrN{(4-MeC,H,),porphyrin}, 917 
CrCygH36N7 

CrN3{(4-MeC,H,),4porphyrin}, 917 
CrC4gH3,N,0 

Cr(OH){(4-MeC,H,),porphyrin}, 917 

CrCygHa2No 
[Cr(CNC.H4Me-4).]*, 706, 707 

CrCygHysNoO. 
Cr(5-ON-2-OC,H3;CH=NCHEtPh);, 895 

CrCggHiosCl.012P, 
[Cr(OPBus3)4(ClO,)2]* , 876 

CrC5,H42NoO¢ 
[Cr{PhC(—=NOH)C=C(O)NPHN=CMe},]>* , 850 

CrC5,HeoNsP2 
[Cr(CNBu');(dppe)]?*, 896 

CrC,,H3gClsNgOg 

{Cr(2-O-3,5-Cl,CsH,CONHCH,CH,NCOC,H,CL-3,5- 

O-2)(py)2}2, 853 
CrC5,H,4,Cl3P, 

CrCl,(Ph,CH—=CHPPh,),, 853 
CrCs.H,gsCINOP, 

Cr(NO)Cl(dppe)2, 828 
[Cr(NO)Cl(dppe),]*, 828 

CrC;,H4sCl,P, 

CrCl3(dppe)., 853 
CrC,,H,gsFNOP, 

Cr(NO)F(dppe)., 828 
[Cr(NO)F(dppe)2]*, 826, 828, 829 

CrCs4H3gNe 
Cr(tetraphenylporphyrin)(py)2, 912, 913 

CrC,;,H,.ClP, 

[CrCl{P(C.H,PPh.-2)3}]* , 735 
CrC,;4Hs5,N,OP, 

[Cr(NO)(MeCN)(dppe).]?*, 828 
CrC54Hs54Ne 

[Cr(CNC.H3Me,-2,6).6]3* , 708 
CrC;,Hs5.N,0 

CrO(tetramesitylporphyrin), 916 

CrCeoH47NsP2 
[Cr(CNPh)<(dppm)]?*, 706, 896 

CrC64HgsNi1200S2 
Cr{{Me(CH,);NHO,S},phthalocyanine}(OH), 927 

CrC¢5H120Br2N10Ss 
CrBry-5(Cg6Hi;NHCSNHC,H11), 755 

CrC¢gHeoClsP. 

CrCl,{PhP(CH,CH,PPh,)9}>, 856 
CrCygHiowNe 

Cr(CNC,H3Pr'3-2,6)6, 706 
[Cr(CNCgHsPr'z-2,6)e]*, 707 

CrC7gH14412Ni2S6 
CrI,-6(C6HisNHCSNHC,H;, 1) > WES 

CrClFO, 
CrO,CIF, 938 

CrCIN,O, 

CrO,CIN3, 940 
Crclo, 

[CrO3Cl]~ , 927, 936, 944, 946 
CrCclo; 

[CrO(O,),CIJ~, 946 
CrCl,N,0, 
Cr(NO),Ch, 826 

CrCl,0, 
CrO,Cl,, 935, 936, 938, 940, 941, 943 
[CrO,Cl]~, 935 

CrCl,0,S2 

Cr(SO3Cl)2, 740 

CrCl,0,S2 
CrO,(SO;C1)2, 940 

CrCl,0O10 

CrO,(C10,)2, 940 

CrCl, 

1507 

[CrCl3]~ , 764, 765 
CrCcl,0 

CrOCl,, 932, 933 
Greely 

[CrCl,]~, 889 
[CrCl,]?~ , 759-762 

CrCl,O 
[CrOCl,4]~, 935, 936 

CrCl, 
[CrCl] , 766 
[CrCl5]>~ , 762 

CrCl,O 

[CrOCl;]?~ , 848, 932, 935, 936, 938 
CrCl, 

[CrCl,]4- , 760, 761 
CrCl,,H5Fo0¢ 

[CrCp(O,CCF;)3]~ , 816 
CrCoC,HioN,O5 
Cr(H,O)5(u-NC)Co(CN)5, 777 

CrCoC,H,2Ni9O) 

Cr(NH3)4(H2O)(u-NC)Co(CN)s, 779 
CrCoC,His5Ni1 
Co(NH3)5(u-NC)Cr(CN)s, 779 

CrCoCegHi5Ni1S¢ 
Co(NHs3)5(u-SCN)Cr(NCS)5, 842 

CrCoC,N, 

Cr(NC).Co, 779 
CrCoC,9Hi¢6FNio 

[CrF(en)2(u-NC)Co(CN)s]~, 778 
CrCoC,,H2FNio 

[CrF(pn)2(u-NC)Co(CN)s]-, 778 
CrCs,02S, 

CrSO,:Cs,SO4, 736 
CrCuS, 

CuCrS,, 882 
CrCuSe, 

CuCrSe,, 889 

CrCu,C,04gP,S, 
Cr{(C,SO3)Cu(PO3)>}2, 901 

CrCu3Ci14H 9 oP 6S3 
Cr{(C,SO3)Cu(PPh3)3}>, 901 

CrFO; 
[CrO3F], 944 

CrFO, 
[CrO,F]* , 945 

CrF,NO, 

CrO,F,:NO, 939 
CrF,N20¢ 

CrO3F,(NO>2)>2, 939 
CrF,N,Og 

[CrO,F,(NO3)2]?", 939 
CrF,0 

CrOF,, 927, 938 
CrF,O, 

CrO,F,, 938-940, = 
CrF,O,S, : 

CrO,(SO3F)2, 939, 940 

CrF, 

[CrF3]~, 756, 757, 762 
[CrF3]3—, 757 

CrF,0 

CrOF;, 932, 933 
CrF;0, 

[CrO,F3]~, 939, 945 

CrF;0.S3 

Cr(SO3F)3, 933 

CrF, 
[CrF,]~, 889 
[CrF4]?", 756, 757 

CrF,O 
CrOF,, 938 
[CrOF,]-, 932 

CrF,0, 
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[CrO,F,]?~ , 939, 945 CrH6Fe 

CrF,0,¢P2 [Cr(FH).]?* ’ 756 

CrO,(O,PF;)2, 940, 941 CrH,N20,S 
CrF, Cr(NH3)2(SO4), 719 

[CrF5]~, 927 CrHgBr,04 
[CrF;]?~, 889 [CrBr2(H20).]*, 812 

CrF;O CrHgCl,N, 

[CrOF;]~, 938 CrCl,(N2H4)2, 729 
[CrOF;]?~ , 935 CrHgCl,O, 

CrF, [Cr(H,0),4Cl,]*, 892 

[CrF.]~, 933 CrHgCl3N4O12 
[CrF.]?~, 927 Cr(N2H4)2(C1O4)s, 834 
[CrF.]*~ , 756, 798, 889, 890 CrHgF.N, 

[CrF.]*~ , 757 CrF,(N2H,)2, 729 
CrF,O¢P3 CrHgN,6O, 

Cr(OPF3)3, 941 [Cr(N3)2(H20)4]?*, 844 
CrF.P3S_¢ CrHoBrCl,N; 

Cr(S,PF,)3, 884, 886 CrBrCl,(NH3)3, 781 
CrF, CrH,Br,CIN; 

[CrF,]>~ , 927 CrBr,Cl(NH3)3, 781 

CrFg0i0P4 CrHy,Cl3N3 

[CrO,(O2PF2)4]?~ , 941 CrCl3(NHs3)3, 781 
CrF,.0,4Se, CrH,N304 

CrO,(OSeF;)2, 941 Cr(NH3)3(O2)2, 946 
CrF,,.0,Te, CrHgN,O. 

CrO,(OTeF;)2, 940 Cr(NH3)3(NO2)s, 867 
CrFioXe CrHNi2 

CrF,-XeF,, 933 Cr(N3)3(NHs3)3, 843 
CrF,.Xe CrH,.Br,N,0, 

CrF,-XeF¢, 755 [CrBr2(NH3)2(H20)2]*, 781 
CrF iP. CrH,,ClO; 

Cr(PF3)¢, 714 [CrCl(H20)s]?* , 842 
CrFeC,Hi4Ni90 CrH,9Cl,N,0, 

Cr(NH3)4(H2O)(u-NC)Fe(CN)s, 778 [CrCl.(NH3)2(H2O).]*, 781 

CrFeC,Hi5Ni1 CrHipNO. 

Cr(NH3)s5(u-NC)Fe(CN)s;, 778 [Cr(NO)(H2O)s;]?* , 824-826, 842 
CrFeCgsH;,.NsgO CrH49N30; 

Cr(tetraphenylporphyrin)(u- [Cr(N3)(H2O)s]?*, 842, 844 
O)Fe(tetraphenylporphyrin), 917 CrHioNs0,S. 

CrFeH,,040S, Cr(SO4)2(N2Hs)2, 736 

[Cr(H,O).(u-S2H)Fe(H,O)s]**, 877, 882 CrH,,0.¢P 

CrGezC36H3904 [Cr(H20)4(H2PO,)]?~, 868 
CrO,(OGePh;)., 942 CrH,,.0.S 

CrGe,Clis [Cr(H20)5(SO4)]* , 867 
[Cr(GeCl3)6]® , 709 CrH,,Cl3N3;0 

CrH [Cr(NH3)3(H20)Cl,]*, 947 

CrH, 766 CrH,,0,S 

CrHO, [Cr(SH)(H20).]?*, 876, 877 
[CrO,H]~, 941, 946, 1259 CrH,,CIFN, 

CrHO, [CrClF(NH3)4]*, 782 
[CrO(O,)2(OH)]~ ; 946 CrH,,CIN,O3S 

CrH, CrCl(SO,)(NH20OH)., 835 

CrH,, 766 CrH,2.Cl.N, 

CrH,0, [CrCl,(NH3)4]* > 782, 798 

CrH,0,, 941 CrH,.F,N, 

CrH,0, [CrF,(NH3)4]*, 782 

CrO(O2)2(OH;2), 945, 946 CrHy2Nio 

CrH,010S2 [Cr(N3)2(NH3)4]*, 844 

CrO,(HSO,)>2, 940 CrH,,0;S 

CrH,0,S [Cr(H,O)5(H2S)]**, 877 
Cr(OH)(SO,)(H20O), 867 CrH,20¢ 

CrH30.P; [Cr(H,0).,]?* > 735, 736 

[Cr(HPO;)3]3~, 867 [Cr(H20).]3*, 774, 856, 857, 867, 876 
CrH,Br,0, CrH,3;CIN,O; 

CrBr,(H20),, 772 [CrCl(NH,OH),(H,0),]*, 835 
CrH,Br,0, CrH,3;NO,; 

[CrBr,(H,O),]?~, 759 [Cr(H,0);(NH3)]?*, 842 
CrH,Cl,0, CrH,3N30, 

[CrCl (H20),]~, 758, 765 [Cr(OH),(NH,OH),(H,0)}*, 835 
CrH,Cl,O, CrH,,BrN,0 

[CrCl,(H,0),]?~, 758 [CrBr(H,0)(NHs)4]?*, 782 
CrH,Cl,N2 THighNg 

CrCl,(NH3)2, 719 [CrF(H,0)(NH3),]?*, 782 



CrH,,N,O 

[Cr(NH;),(H,0)}2*, 719, 773 
TH,5N303 
[Cr(NH3)3(H20)s]9*, 781 

CrH,5N,0, 

[Cr(NH3)4(H.O)(OH)]2*, 782 

THisNs 
[Cr(NH;)s]2*, 719, 773 

CrH,,;N,O 

[Cr(NO)(NH,)s]2*, 824, 835, 845 
CrH,;Ng 

[Cr(N3)(NH,)5]2*, 843, 844, 845 
CrH,.N,0, 

[Cr(NH,)4(H,0),}°*, 776, 782 
CrH,.Ns5 

[Cr(OH)(NHs)s]?* , 783 
CrHi.N;O, 

[Cr(OH)(NH,OH),]*, 835 
CrH,,N;O 

[Cr(H,O)(NH,)s}3*, 783, 857 
Trigs 
[Cr(NH;)¢}2*, 719 
[Cr(NH,)¢}?*, 783, 787 

CrIO, 

[CrO,I]-, 944 
CrlO, 

[CrO,0I10,]-, 1024 

Cri, 

[CrI,]-, 764, 765 
Cri, 

[CrI,]*~ , 764, 765, 766 
CrLiC,,H7).ClO, 

Cr(OCBu',)7-LiCl(THE)3, 717, 738 
CrLiS, 

LiCrS,, 882 
CrMoC,H,,0, 

CrMo(OAc),, 745, 747, 1231, 1307 
CrMoC19H12N2012 

[Cr(edta)MoO,]3~, 1377 
[Cr(edta)OMoO3]?-, 1379 

CrMoC,gH42N20g 

CrMo(OPr'),(NO)>, 830, 1315 
CrMoC,,H24N,0, 

CrMo(N=CMeCH=CHCH=C0O),, 747, 1307 
CrMogH,Or,4 

[CrMogH,¢O2,4]?", 1024, 1044 

CrMo,,HO, Si 
[Mo1:SiCr(OH)O46]®~, 1048 

CrMo,,H,O040Si 

[Mo,,SiCr(OH2)O39]>, 1048 

CrN,O3, 

CrO,(NO3)2, 939, 940 
CrN,O, 

Cr(NO),, 832 
CrN,,O 

[Cr(NO)(Ns)s]?" , 824 
TINig 
[Cr(N3)6]>~ ’ 844 

CrNiCsH,.BrNg 

CrBr(en)2(u-NC)Ni(CN)s3, 778 
CrNiCsH,.CINg 

CrCl(en),(u-NC)Ni(CN)s, 778 
CrNiC,9H2oFNg 

CrF(pn),(y-NC)Ni(CN)s, 778 
CrF{H,N(CH,)3NH2}2(u-NC)Ni(CN)s, 778 

CrO, 

[CrO,]?~ , 936, 938, 941-943, 947, 1259 

[CrO,}?-, 936 
[CrO,]4~, 928 

CrO; 

[CrOs]6-, 928 

Formula Index 

CrO, 

[CrO,]*-, 928 
CrO,S 

[CrO,0SO,]?", 1024 

[CrO3SO,]?", 944 

CrO, 

[Cr(O2)4]3~ , 936, 1261 

[CrO,]3~ , 936 

CrPS, 

CrPS,, 883 

CrPbC3,H390, 

CrO,(OPbPh;),, 942 

CrPdCgH,.BrNg 
CrBr(en)2(u-NC)Pd(CN)3, 778 

CrPdCgH,.CINg 

CrCi(en)2(u-NC)Pd(CN)3, 778 

CrPdC, 9H2oFNg 

CrF(pn)2(u-NC)Pd(CN)3, 778 
CrF{H,N(CH,)3NH>}2(u-NC)Pd(CN)3, 778 

CrPtCgH1,CINg 

CrCl(en)(u-NC)Pt(CN)s, 778 
CrPtC, oH2oFN, 

CrF(pn)2(u-NC)Pt(CN)3, 778 
CrF{H,N(CH2)3NH>}2(u-NC)Pt(CN)3, 778 

CrRe3C24HisO1g 
Cr{(OCMe).Re(CO),4}3, 861 

CrS 
CrS, 882 

CrS, 

[CrS.]~, 882 

CrSbC3;H,O, 

CrO,(SbMe;), 942 

[CrCl,(2-Me.PC.H,SbMe,)]~, 853 

CrSbF,0O, 

CrO,F,:SbFs, 940 

CrSb, 5CisH24ClsP 5 
CrCl3(2-Me,PC.H,SbMe,), 5, 854 

CrSb2F,5 

CrF,Sb2F 11, 933 

[CrF,Sb,F 1], 933 

CrSb,02F,5 

(CrF,Sb2F11)O2, 933 

CrSe 
CrSe, 889 

CrSe, 
[CrSe2]~, 889 

CrSnC3¢6H3 90, 

CrO,(OSnPh3;)2, 942 

CrSrF, 
CrSrF,, 762 

CrTaF,0O, 

CrO,F,:TaF;, 940 

CrTe 
CrTe, 889 7 

CrThH,0O, . 

Th(OH),(CrO,)(H2O), 1146 

CrUC,H1 9N2,08 

UO,(CrO,)(AcNH,)., 1204 

CrUS; 

CrUSs, 883 

CrZrF, 
CrZrF., 757 

Cr,AgOg 

[Ag(CrO,)2]*", 943 

Cr,Bro 

[Cr2Bro]3~ , 891 

Cr,C,H,Og 

Cr,(O2CH),, 749 

Cr2C4H,O14 

[Cr,(CO3)4(H20)2]*", 742, 746 

Cr,C,HgN,O, 

Cr,(HCONH),, 749 

1509 
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Cr2C,H 10011 
Cr,(O,CH)4(H20O)3, 741 

Cr,C6ClaNgO4S6 

{CrO,Cl,(NCS)3}2, 941 

Cr,C,H;N7O 

Cr(NH3)(H2O)(u-NC)4Cr(CN)2, 779 

CrzCgHisNiiS6 
Cr(NH3)s5(u-SCN)Cr(NCS)<;, 842 

Cr2CgHagNeFs 

[Cr(en)2F2][Cr(en)F 4], 796 

Cr2CeHo4NsO16 
Cr2(C,04)3:4N2H4:4H20, 834 

Cr2CsH30N 14013 
Cr2(C,04)3°7N2H4:H20, 834 

CrzCsH33N9012S3 

Cr2(OH)3(en)3(SO3NH2)3, 800 
Cr2CgNe 

Cr(CN).Cr, 779 

Cr2CgH2015 

[{Cr(C204)2}2(u-OH)2]?, 873 
T2CgH1208 
Cr2(OAc)4, 717, 741, 750, 752, 816 

Cr2CgH 16010 
Cr2(OAc)4(H20)>, 717, 741, 746, 749, 751, 892, 1231 

CrzCgHigN2O0g 
Cr2(OAc)4(NH3)2, 746, 751 

CrzCgHigN4O10 
Cr2(Gly-O)4(OH)2, 902, 903 

Cr2CsgH29Cl,N,Og 

Cr,(O,CCH,NH3)4Cly, 742, 746 

Cr,CgH2oF4N,O2 

{CrF,{H2N(CH2)3NH2}}2(u-OMe)2, 800 
Cr2CsHo4 

[Cr2Meg]* , 744, 747, 751 

Cr,CgH24Cl_S4 

[CrCl,(SMe,)2]2, 881 

Cr,CgHo4P, 

Cr2{H,P(CHz2)2}4, 749 

Cr,CgH32Ns0;S 

[{Cr(en)2}2(u-O)(u-SO,4)]?* , 800 
Cr,CgH33Cl,NsO 

[{Cr(en)Cl}2(u-OH)]>* , 795 
Cr,CgH33NsO2 

[{Cr(en)2}2(u-O)(u-OH)}>*, 800 
Cr,CgH33N,0;S 

[{Cr(en)2}2(u-OH)(u-SO,)]?* , 800 
Cr2CgH34NgO2 

[{Cr(en)2}2(u-OH)2]** , 800 
Cr,CgH3;Ns03 

[{Cr(en)2(OH)}2(u-OH)}**, 800 
Cr,CgH3,.Ns03 

(Cr(H,0)(en)(u-OH)Cr(en),(OH)}**, 800 
Cr2CyHi6FN100 

[CrF(en)2(u-NC)Cr(CN)4(NO)]~ , 778 
Cr,CyH27Cl_N3 

Cr2Cle(NMes3)s, 788 

Cr,CyH35Ns03 

[{Cr(en)2}2(u-OH)(u-AcO)}**, 800 
Cr2C1oHi12N20S2 

[Cr.(OAc)4(NCS).]?~, 751 

Cr2Ci9Hi4Cl4N204 

{Cr(OH)2Cl2(py)}2, 927 
Cr2CioHisFN10 

[CrF(en)2(u-NC)Cr(CN)s5]~ , 778 
Cr2CioH34N6O4 

[{Cr(OH) {(H2NCH2)3CMe} }2(u-OH)2]?*, 808 
Cr2CioH35N6O4 

[Cr(HO) {(H2NCH2)3CMe}(u-OH)2Cr(OH)- 
{(H,NCH,)3;CMe}]3*, 808 

Cr2C11H29FN19O 

[CrF(pn),(u-NC)Cr(NO)(CN)4]", 778 
[CrF{H,N(CH.)3;NH;}2(u-NC)CrNO(CN),]~, 778 

Cr2Cy2HigNeSi2 

Cr2(S,CNHCN 2CH,NHCS,);3, 885 

CrzCy2H2oFNi0 

[CrF(pn)2(u-NC)Cr(CN)s]-, 778 
Cr2C12H36No 

Cr2(NMez2)e¢, 835 

CrzCi2H36N604 
[{Cr(u-OH)(1,4,7-triazacyclononane)(H,O)}.]** , 924 

CrzCy2H39N606 
[Cr,(OCH,CH,NH,);(HOCH;CH,NHz)3]?* , 897 

Cr2Cy2H 42 
[Cr,(OH)2{(H,NCH,CH,NHCH2)2}2]*", 810 

CrzCy2H42NgO2 . 

[{Cr{H,N(CH2)3NH2}2}2(u-OH)2]* , 800 

CrzC13H32N605 
[Cr2(u-OH)2(u-CO3)(1,4,7-triazacyclononane),|?* , 924 

Cr2Cy4H14N208 

Cr2(O,CH),4(py)2, 746 

Cr2C14H29N202S2 
[Cr2(O,CEt)4(NCS)2]?~ , 742,751 

Cr2C16H20F 12010 
Cr,(O,CCF3)4(OEt2)2, 741 ; 746, 749 

CrzCisH3oN,Sir 
{CrCp(NH)(NSiMez) }2, 945 

CrCi6H32 

[Cr2(C4Hg)4]*” , 744 
CrzCigHgoBreS4 

{CrBr3(SEt)2}2, 881 

CroCy6HaoP4 

Cr2{(CH2)2PMe2}4, 744, 749 

Cr.CigHigN20g 
[Cr(3-O,C-2-OC,H;CH=NCH,),}(H2O)2]~ , 896 

Cr2CigH22N20g 

Cr,(OAc)4(py)2, 741 
Cr2CigH2g02 

{CrCp(OBu')},, 737 

Cr2C1gH42N20g } 
Cr,(NO),(OPr')., 830 

Cr2C29H12Cl4N,O 

Cr,(N=CCICH=CHCH—CO),, 743 

Cr2C29HigN4O4 

{Cr(OH)(O)(bipy)}2]** , 819 
Cr2C29H20CleNa 

CrzCle(py)4, 815 

Cr2C29H3508 
Cr,(O,CBu'),4, 741, 746, 748 

Cr2CroH4oN4Szg 
{Cr(S;,CNEt,)2}2, 773 

Cr2C22H30N204 
Cr,(OAc)2(2-Mez,NC,H,CH;)>, 745 

CrzC22H34010 
{Cr(acac)2}2(u-OMe)>, 862 

Cr2Cz2H62P2Si4 
Cr,(CH,SiMe3)4(PMe3)2, 744 

Cr2C24Hi6Br204 
[Cr2(2-OC.H4)4Bra]® , 744 

CrzCz4HigN4O4 

[{Cr(OH)(O)(phen)}.]°*, 819 
CrzC24HisN4O10 

Cr2(4-pyCO,)4(OH),, 899 

Cr,C,,H F,N,O0 

Cr,(N=CFCH—=CHCH=C0),(THF), 743 
Cr,C,,H N,O 

Cr,(N=CMeCH=CHCH=C0O),, 743, 747, 749 -751 
Cr,Cz4H23N 

Cr,(N=CMeCH=CHCH=CNH),, 734, 742 
Cr,C,,H N,O 

Cr,(N=CMeN=CMeCH=C0),, 743, 747 
Cr2C24H320¢6 

Cr2(OAc)2(2-Bu'OC,H,),, 745 

Cr2C24H34N302 
[{Cr(2-pyCH2NH;2)2}2(u-OH)»]** ; 805 

Cr2C24H42Ne6Si2 
Cr, { S,CNH(CH2)s.NHCS,} 3> 885 
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Cr2C24HeoCleP, 
{CrCl3(PEt;)2}2, 853 

Cr2C24H0Ne 
Cr2(NEt,)., 835, 931 

Cr.CrgH2g0,4 
Cr2(2-MeOC,H,),, 747 

Cr2C2sH3gNO2 

[{Cr(OH) {(2-pyCH,NHCH,),}}2]**, 812 
Cr2CrgHyoNgO2 

[{Cr(2-pyCHMeNH2)2} 2(u-O)2]?* , 806 
Cr2C2gH4i:NgO2 

[{Cr(2-pyCHMeNH,).}2(u-O)(u-OH)]>*, 805 
Cr2Cyg3H42NsO2 

[{Cr(2-pyCHMeNH,).(OH)},]**, 805 

Cr,CrsHeoNeOs 
Cr,(O2CNEt,)4(u-NEt,)2, 931 

Cr,C2sH62Ne6Os 
Cr,(O2CNEt,)4(NEt.H)>2, 742, 931 

CrC3oH42NgO02 
[{Cr(OH)(2-pyCH,NHCHMeCH,NHCH,py-2)}2]**, 

814 
[{Cr(OH) {(2-pyCH,.NHCH2)2CH)} }2]**, 814 

Cr,.C32H23N,O5 
{Cr(salen)},0, 894 

CrC32H2gN12S8 
[{Cr(NCS)4(PhNH,)>}2]?~ , 789 

Cr,C32H32N404 
Cr,(PhNCOMe),, 743 

CrC32H3604 
Cr,(2-MeO-5-MeC,H3)4, 744, 749 

Cr2C32H36O0s 
Cr,{2,6-(MeO)2C.H3}4, 744 

Cr2C34H36Cl4N4P2 
Cr,Cl,(dppe)(MeCN),, 733 

Cr,C3gHa4Np 
Cr,(MeNCPhNMe),, 744 

CrC36H44012 
Cr,{2,4,6-(MeO)3CeH2}4, 744 

Cr2C3gH3oN4 
Cr,{PhC(NPh)>»}>, T47 

Cr2C49H32NsO2 

[{CrO(bipy)2}2]?*, 819 
T2C4oH34NgO2 
[(Cr(OH)(bipy)2}2 ]**, 818, 819 

CryC4oH44NsO4 } 

[{Cr(H30)2(bipy)2}2]**, 819 
Cr2C4oH4gN404 
Cr>(2,6-Me,CsH;NCOMe),, 743 

CrC42H32012 
Cr2(O,CPh)4(PhCO2H)2, 741, 748 

Cr2C42Hs2Cl4N4Ou 
Cr,(2,6-Me2CsH3;NCOMe),4(CH2Cl2)2, 743 

Cr2C44H34N02 

[{Cr(OH)(bipy)(phen)},]**, 818 
Cr,C4gHagNi00S2 

[{Cr(NCS) {(2-pyCH2CHz2)3N}}20]?*, 822 
CrzC44H4g012P 2 

{Cr(acac)2}2(u-O2PPh2)2, 862 

CrzC4sHs6NgOs 
Cr,(2,6-Me2Cs.H;NCOMe),(THF), 743 

Cr2C44HooNsOs 
Cr,(4-Me2.NC,H,NCOMe)4(THF), 743 

Cr,C4gH32NsO2 
[{CrO(phen),}2]?*, 819 

CrzCygH34Ns02 
[{Cr(OH)(phen)2}2]**, 818, 819 

Cr2C4gHsoN12 
Cr,(PhNNNPh),, 744, 747, 845 

Cr2CasHogN40Oc 
Cr,(2,6-Me2Cs5H3;NCOMe)4(THF)2, 743 

Cr2CagHiosCleP 

[CrCl,(PBus)2}2, 853 

Cr2CsoHsgN6O4 

Cr2(2,6-Me,C,H3NCOMe),(py)., 743 

Cr2C52H350 
Cr,(2-PhCg,H,CO,)4, 748 

Cr2C52H4oClsNgOz 

{Cr{(3,5-Cl,-2-OCsH,CONHCH2)2} (py)2}2, 900 
Cr2C60H52010 

Cr2(2-PhC,H,CO.)4(THF),, 742 

CryCeoHeoNsOo 
Cr2.{PhNC(O)NHPh},(THF),, 743 

Cr2Ce4H2gN16O27Ss 
Cr(OH){(O3S)4phthalocyanine}(u-OH)Cr- 

{(O3S)4phthalocyanine}(H,O), 926 

Cr2C64H32N16O2 
{Cr(phthalocyanine)(u-O)}>, 925, 926 

Cr2C64H356Ni603 
{Cr(phthalocyanine)(H,O)}.(u-O), 926 

Cr2Ce4H37N1702 
Cr(NH3) (phthalocyanine) (u-OH)Cr(phthalocyanine)- 

(OH), 926 

Cr2CegHs6012 
Cr,(9-anthracenecarboxylate),(DME),, 741, 748 

CrzCggHs6NgO 
{Cr(tetraphenylporphyrin)}20, 913, 917 

Cr2Cio04Ho6N2Ps 

{Cr(dppe)2}2N2, 713 
Cr,CeOg, 

Ce(CrO4)2, 943 
Cr,Cly 

[Cr2Clo]3~ , 890 
Cr,CoS, 

CoCr,S,4, 883 
Cr,CuS, 

CuCr,S,4, 883 

Cr,F3N 
Cr,NF3, 755 

Cr,F,0¢S 

(CrO2F2)2°SO2, 939 

Cr.F; 
Cr2Fs5, 757, 762 

Cr,FeS, 
FeCr,S,, 883 

Cr2Fe3Cy2N12 
Fe3[Cr(CN).]2, 774 

Cr,HO, 
[Cr.HO;] , 944 

Cr2H4018S4 
[Cr2(SO,4)4(H2O)2]*", 749, 751 

Cr,Hi2N40O4 

[Cr(CrO,)(NH3)4]*, 943 
Cr,H,5N50, 

[Cr(CrO,)(NHs)s]* 5 943 

Cr2H1gO010 

[{Cr(H20)4}2(u-OH)}]**, 857 
[{Cr(OH)(H20).}2]**, 826 

Cr2H29010S2 t 

[{Cr(H2O)5}2(u-S2)]**, 877, 882 * 
CrpH29011 

[(Cr(H0)s}2(u- -O]5*, 859 

Cr2H20 

[{Cr(H;0)s}a(u-O.)}**, 860 
Cr,H1 Ou 

[{Cr(H2O);}2(u-OH)]>", 857 
Cr,H22N6O4 

[{Cr(NH3)3(OH)}2(u-OH)2]?*, 785 

Cr,H 33N.604 

[Cr(NH3)3(H20)(u- -OH)2Cr(NH3)3(OH)]**, 785 
Cr,H2.Ng02 

[(Cr(NHs)4}2(u-OH)a]**, 784, 799 
Cr,H.7,Ng02 

[{Cr(NH3)4}2(u-OH)(u-OH2)]>*, 786 
Cr2H.7 Ng O; 

[{Cr(NH)4(OH)}.(u-OH)}*, 784 
Cr,H23CIN,O 
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[Cr(NH3)5(u-OH)Cr(NH3)4Cl]** ; 784 

Cr,H23Ns03 

[Cr(NH3)4(H2O)(u-OH)Cr(NH3)4(OH)]**, 784, 786 

Cr2H29NgO03 

[{Cr(NH3)4(H2O) }2(u-OH)]>*, 784 
Cr,H29NoO02 

[Cr(NH3)s(u-OH)Cr(NH3)4(OH)]**, 784 
Cr2H39N 502 

[Cr(NH3)5(u-OH)Cr(NH3)4(H20)]5* , 784 

CrH39Ni90 

[{Cr(NH3)s5}2(u-O)]**, 784 
Cr2H31Ni0 

[{Cr(NH3)s5}2(u-OH)]§*, 784 
Cr2Hs2H360 

Cr,(2-PhC,H4,CO2)4, 742 

Cr, LigC24Hs6O4 

{Li,CrMe,(THF),}>, 744 

Cr2Li4C32H7204 

{Li,Cr(C4Hg)2(Et2O)2}2, 744 
Cr2Mg4C20H4oClaN205 

Cr2N.Mg4Cl4(THF)s, 713 

Cr,MnS, 
MnCr,S,, 883 

Cr2N24N604 

[{Cr(NH3)3(H20)}2(u-OH)2]** , 785 
T2U02 
[CrO,Cr]** , 860 

Cr,0; 
Cr,03, 859 

Cr,0, 
[Cr,04]?~ , 936 

[Cr,0,]>~ , 859 

Cr,0; 

Cr,0s, 945 

Cr,0, 
[Cr,0,]?~, 859, 937, 941-943, 1024 

Cr,0, 

[(CrO4)2]~, 936 
Cr2040 

[Cr2049]*4, 859 

Cr,049P 

[(CrO4)2PO,]?" , 942 

Cr,042 
[Cr,02(O2)s|?~ , 946 

T2S3 

Cr,S3, 882 

Cr,Se, 
Cr,Se;, 889 

Cr,SigC22Hy6Na 

{Cr(=NSiMe;3)Cp}.(u-NSiMe3)2, 945 

Cr,Te; 
Cr,Te;, 889 

Cr3C6H10014 
Cr3(O,CH).(H20)., 742, 746, 762 

Cr3C19H44Ni10O4 
[Cr3(OH),(en)s]>* , 800 

Cr3C12H22045 
Cr3(OAc).(OH)2(H20), 869 

Cr3C12H24015 
[Cr3(OAc).(H20)3]*, 869 

Cr3CigsHspNoOs 
[Cr3(u-OH),(OH)(1,4,7-triazacyclononane),]** , 924 

Cr3C22Hi0F 18012 
Cr3Cp2(O2CCF3)¢, 752, 762 

Cr3Cz4H32N2015 
[Cr30(AcO).(py)2(AcOH)]*, 935 

Cr3C30HisF12N6013 
Cr30(O,CCF2H).(4-CNpy)s3 ; 746 

Cr3C31H3iFi2N3014 
Cr30(O2,CCF2H).(py)3(Et.O), 746 

Cr3Clio 

[CrsChol*, 763 

Cr3Cl,2 

[Cr3Cl12]* , 762 

Cr3H22013 

[Cr3(OH)4(H20)9]**, 857 
13H34N 1004 
[Cr3(OH)4(NH3)10]>* ’ 785 

Cr3,04 

[CrO,CrO,Cr]5* , 860 
Cr3;08 

[Cr30.]~ ’ 945 

13040 
[Cr,O10]2~, 941-943, 945, 1024 

Cr3Se4 
Cr3Se4, 889 

Cr3Te, 
Cr3Te,, 889 

Cr3W3C65H1190 28 
W3{OCH,Bu'}03Cr3(O2,CBu'),2, 994 

Cr4CgH2gClgOg 

{Cr(OMe)Cl,}4(MeOH),, 860 

Cr4Cy2Hs54N120¢ 

[Cr{(OH),Cr(en)2}3]°", 801 
[Cr4(OH),(en).]®* , 801 

Cr4C24Hs2N4O12 
Cr4(OAc)4(OCH,CH,NMe,)4, 745, 747 

Cr4C30H24N3018 
Cr(THF)3{(u-NC)Cr(CO)s}3, 777 

Cr4CgoHs4N4Os 
Cr4O0(2-Me,2NCH,C,¢H,4)4(OAc)>, 745, 747 

Cr4H,02S7 
Cr4H,(SO,4)7, 856 

Cr4H25016 
[Cr,0(OH)s5(H20),0]5* , 857 

T4t26V 16 
[Cr4(OH)6(H20)40]®*, 858 

Cr4H2g017 
[Cr4(OH).(H20),1]®* , 857 

T4t30V ig 
[Cr4(OH).(H20O),2]®*, 858 

CrgH42N120¢6 
[Cr{(OH)Cr(NH3)4}3]®*, 785 
[Cr4(OH)¢(NHs)13]®*, 785 

Cr4Li3C120Hig0Cl3012 
{Cr(1-adamantyloxy)3}4(LiCl);, 930 

Cr4O43 
[Cr4043]?~ , 941-943, 945, 1024 

CrsO12 
Cr,(CrO4)3, 945 

CrsQ,2, 945 

Cr;Ss 

CrsSg, 882 

Cr.Ses 

Cr5Seg, 889 

CrsTe, 
CrsTe,, 889 

CrsTeg 
Cr5Teg, 889 

Cr6C12H 24030 
{Cr2(O,CH),4(H20)>2}3, 746 

Cr7Se, 

Cr7Seg, 889 

Cr7Teg 

Cr7Teg, 889 

Cr2H29N402 

[Cr(H2O)2(2-pyCH2NH2).]**, 805 
CsC12H240¢ F 

[Cs(18-crown-6)]*, 39 
CsC,;H,,NO;S 

Cs(SCN){PhCOCH,0C6=CHOC)(CH,OH)= 
CHCO}, 15 



Formula Index 

CsC24H4s012 
[Cs(18-crown-6)2]*, 39 

CsC,5;H32NO,S 

Cs(tetramethyldibenzo-18-crown-6)(NCS), 38 
CsC36H720ig 

[Cs2(18-crown-6)3]?*, 39 
CsC37H42N4Oo 

[Cs(spherand)]* , 43 

CsCgoHs6012 
[Cs(nonactin)]* , 65 

CsCq4H 64012 
[Cs(tetranactin)]*, 65 

CsEuF, 
CsEuF;, 1112 

CsMgCl, 

CsMgCls, 891 
CsScCl, 

CsScCl,;, 1067 
CsYbF, 

CsYbF;, 1112 

Cs2C26H4gN2012S2 
{Cs(18-crown-6)(SCN)}., 38 

CsoC168H336O84 
[Cs9(18-crown-6)44]9* , 39 

CuCrS, 

CuCrS,, 882 
CuCrSe, 

CuCrSe,2, 889 

CuCr,S, 
CuCr,S,4, 883 

CuMgC,3H,2N,0, 

CuMg{3-0,C-2-OC,H;CH=NCH,},, 28 

CuMgC26HieFi2N206 
Cu(salen)Mg(hfacac)2, 16 

CuMoC,H.S; 

[MoS,(CuSPh)]?~, 1421 
CuMoC,,H;4,BrN,S2 

Mo(CNBu'),(u-SBu‘),CuBr, 1283, 1424 
CuMoS, 

[CuMoS,]"~, 1421 

CuNaC,H,CINO, 

Cu{OCH,C(NH,)(CH,0H)CH,0}Na(C10,), 17 

CuVC,.H14N,0. 

Cu(Me,NCH,CH,NMe,)(C,0,)VO(C20,), 565 

CuVC,6H,,Cl,N,03 

(VO)CuCl, {2-OC,H,CH=N(CH,),N—=CH= 

C.H,O-2}, 565 

CuVC,.H2.N.0; 

Cu(VO){(MeCOCHCOCHCMeNCH,),)}, 562 

CuVC,7Hi.N2,08 

Cu(VO){(2-O-3-O,CC,H;CH==NCH;),} (MeOH), 565 

CuV2C32H28Cl2N4O14 

CHC,H,0-2},Cu(ClO,)2, 565 

CuW 12040 
[CuW12040]° , 1042 

[CuW12040]7, 1050 

CuZrF, 
CuZrF¢, 427 

CuzCi4H32N4Oc 
{Cu(Me,NCH,CH,NMe,)(H20)}2(C204), 565 

CuzMoC,2Hi0S6 : 
[MoS,(CuSPh),]?~, 1421 

Cu,MoC;3.6H3,O0P.2S3 

MoOS,Cu.2(PPh3;)2, 1422 

Cu,MoCs4H4s5P3S,4 

MoS,{Cu(PPh3)2}(CuPPh;), 1422 

Cu,Mo,C, H4oCl2N,O4S4 

({Mo{ON(CH,)s}2S,CuCl} , 1425 
Cu,NaC32H»gCIN,Og 

{Cu(salen)},Na(ClO,), 16 
Cu,ZrF, 

Cu,ZrF¢, 428 

Cu3As.WisH4O¢5 
[(AsW50z3)2Cu,(H,0),]!2-, 1049 

CugCrC1 14H 9OoP,S3 

Cr{(C,SO3)Cu(PPhs)3}2, 901 
Cu3;MoC,,H,;ClOP;S, 

(Cu3MoS;3Cl)(PPh3)30, 1422 

Cu3;MoC;4H,5CIP3S, 

(Cu,MoS,Cl)(PPh;)3S, 1422 
Cu3;MoCl,OS, 

[MoOS,(CuCl),]2~, 1422 
Cu3;MoCl,S, 

[MoS,(CuCl),]?~, 1421 
Cu3ZrF 1,4 

Cu3(ZrF7)2, 428 
Cu,4MoCl,S, 

[MoS,(CuCl),]2~, 1421 
CugW2C72H6002P4S6 

Cu,(WOS;)2(PPh3)4, 983 

DyC3H12N30,S3 
Dy(NCS)3(H,O)., 1076 

DyCeH24NoOo 
[Dy(H,NNHAc)3(H20)3]3*, 1090 

DyC33Hs70¢ 
Dy(Bu'COCHCOBu'),, 1078 

DyC36HeeP3Se 
Dy{S2P(CeHi1)2}3, 1087 

DyCl, 
[DyCl5]?~, 1100 

DyF, 
[DyF,]3~, 1115, 1116 

DyMo,0, 

[Dy(MoO,).]~, 1376 

ErCegN¢6Se 

[Er(NCS).]3~, 1073 

ErCgH2.NsO; 

[Er(H,.NNHAc),(H,0)]3*, 1090 

ErC,oH4F 240g 
[Er(hfacac),4]~, 1081 

ErC,4Hs4Ns0i4P2 : 
Er(NO3)3{OPPr',(CH,CONEt,)}2(H2O), 1084 

Er(phthalocyanine)Cl, 1095 

ErC33Hs570¢ 
Er(Bu'COCHCOBu'‘);, 1078 

ErH,Cl,0, 

{ErCl,(H,0),]*, 1074 

[ErI,(H,O),]*, 1074 

ErH,,Cl,043 

Er(ClO,4)3(H20)6., 1074 

ErN;O,5 

[Er(NO3)s]?~ , 1086 

Er.Mo,2UH 20052 ~ 
[(UMo12042) {Er(OH2)s5}2]?", 1047 

EsCl, 

EsCl,, 1215 

EsCl, 

EsCl,, 1218 

EsF; 

EsF;, 1218 

EuAs4C72H¢60N2010 
[Eu(NO3)2(OAsPh3)4]*, 1082 

EuCgHi6N3013 
Eu(NO3;)3(12-crown-4), 1092 

EuCjoH20N3014 
Eu(NO3)3(15-crown-5), 1092 

EuC,,H,CIN, 

[EuCl(phen)]*, 1113 

EuC,2H24Cl30148, 
Eu(ClO,)3(1,4,10,13-tetrathia-18-crown-6), 1087 

EuC,;H;,CIN3 

1513 



1514 Formula Index 

[EuCl(terpy)]*, 1113 
EuC,;H,,Cl,N; 

EuCl,(terpy), 1111 

EuC,5H210. 
Eu(acac)3, 1077 

EuC;sH26N4Oo 
[Eu{O,CCH,NCH,CH,N(CH,CO,)CH,CH,N- 

(CH,CO,)CH2CH,N(CH2CO,)CH2CH>}- 
(H,0)]~, 1096 

EuC,6H32N20s 
[Eu(2,2,1-cryptate)]?*, 1097 
[Eu(2,2,1-cryptate)]>*, 1097 

EuC,gH23N208 
Eu(O,CCF;)3(4-picoline N-oxide), 1081 

EuC,gsH23N3;O0 
[Eu{H,NCH( NH,)CH(CH,CHO,)CH(CH,CO;)- 

CH(CH,CO,)CHCH,CO;} {(O2C- 

CH,).NH}]?~, 1088 

EuC,gH36CIN2010 
[Eu(ClO,)(2,2,2-cryptate)]?*, 1098 

EuC,gH36N20¢ 
[Eu(2,2,2-cryptate)]?*, 1113 
[Eu(2,2,2-cryptate)]3*, 1097 

EuC,gH54N3Si¢ 

Eu{N(SiMe3)2}3, 1072 

EuCzoH4oN4Sg 
[Eu(S,CNEt2)4]~, 1087 

EuC,9H;,N,02Si, 

Eu{N(SiMe3)2}2(THF)2, 1111 

EuC, oHs.N20,Si, 
Eu{N(SiMe3)2}2(MeOCH,CH,OMe),, 1111 

EuC,,H »N3012 

[Eu{2,6-(O02C)spy}3]> , 1090 
EuC,,HieChN, 

EuCl,(phen),, 1111 

EuC24Hi6N7O5 
Eu(NO3)3(phen)., 1109 

EuCz7H29N206 
Eu(acac)3(phen), 1079 

EuC39H2706 
Eu(PhCOCHCOMe)s, 1079 

EuC3o9H30F 2106 
Eu(CF3;CF,CF,COCHCOBuv');, 1078, 1079, 1104 

EuC32.H4gN204 
Eu(Bu'COCHCOBu'),(py)2, 1079 

EuC3,Hs2.N¢Si4 

Eu{N(SiMe3)2}2(bipy)2, 1111 

uC33H570¢ 
Eu(Bu'COCHCOBu');, 1078, 1081 

EuC,;,H F5N,0,S 

Eu(SCH=CHCH=CCOCHCOCF;);(phen), 1081 

EuC3¢6H4gN7Oo 
Eu(NO3)3(4,4’-Bu',bipy)2, 1070 

EuC3¢HooN202Si,4 

Eu{N(SiMe3)2}2(PBus)2, so 

EuC36HiosNisO6P5 
[Eu(HMPA).]?*, 1084 

EuC33H.707S 

Eu(Bu'COCHCOBu'),(OSCH,CMe,CH,), 1080 

EuC,oH360 
[Eu(PhCOCHCOMe),]~, 1081 

EuCy4oH7p.NO¢ 

Eu(Bu'COCHCOBu');{N(CH,CH2)3CH}, 1079 

EuCy42H42F 2106 
Eu(3-heptafluoropropylhydroxymethylene-(+)- 

camphor), 1104 

EuC43H¢7N206 
Eu(Bu'COCHCOBu'),(py)2, 1100 

EuCysH33No 
[Eu(terpy)3]3*, 1070, 1071 

EuCy9H35N,O02 
Eu(acac)(tetraphenylporphyrin), 1095 

EuC,,H,4;Cl,03P; 

EuCl,(OPPh;)3, 1082 

EuCsF, 

CsEuF;, 1112 
EuH,,Cl,0O, 

[EuCl,(H20).]*, 1076 

EuH,4NOj0 

[Eu(NO3)(H20),]?*, 1076, 1107 

EuH 9.2096 

[Eu(H20)o 6]°* , 1075 
EuN,;0,; 

(Eu(NO3)s]?~ , 1108 

EuNaC,gHs4N3Sig 

NaEu{N(SiMe3)2}3, 1111 

EuzCeoH60F 42012 
Eu,(CF,;CF,CF,COCHCOBu')., 1078 

Eu3Co0Ho0H63018 
Eu;(CF;CF,CF,COCHCOBu'),, 1078 

FCI, 
(FCI,]*, 314 

F;N,0gS4Xe2 

[F(Xe{N(SO2F)}2}]*, 319 
FeBC;H,NO, 
Fe(BNMe,)(CO),, 99 

FeBCgHioNO, 
Fe(BNEt,)(CO),, 99 

FeBC,9H;;O, 
Fe(BPh,)(CO)sCp, 100 

FeB,C,H;O, 

[Fe(B2Hs)(CO),], 101 
FeB,C;H,,02 
Fe(BzH;)(CO);Cp, 101 

FeCNS 
[Fe(NCS)]?*, 842 

FeCO, 

[FeCO,]?-, 46 
FeCoW,,H2040 

[CoW,;Fe(OH,)O30]”~, 1048 
FeCrC,Hi4Ni.0 

Cr(NH3)4(H20)(u-NC)Fe(CN)s, 778 
FeCrC,Hi5Ni1 

Cr(NH3)s(u-NC)Fe(CN)s, 778 
FeCrH,,040S3 

[Cr(H,O)<(u-S,H)Fe(H,0)s]**, 877, 882 
FeCr,S4 

FeCr,S,, 883 

FeH,,0, 

[Fe(H,0).]°*, 1236 
FeMoC,2H1902S,4 

(Fe(OPh),S,MoS,]?~, 1426 
FeMoC2.Hs4Cl,N,S> 

Mo(CNBu'),(u-SBu');FeCl,, 1425 
FeMoCs4Hs59N2P4 

[Mo(n®-CsH;Me)(PPh3)2(N2)FeCp(dmpe)]*, 1270 
FeMo,C,4H¢Sio 

[FeS,{MoS(SCH,CH,S)},]>~, 1430 
FeMo2C,3H3902S,4 

Mo2(C;sMes)2S4Fe(CO)>, 1430 

FeMo2C23H3903S, 

Mo2(C;Mes)2S2(S2CO)Fe(CO),, 1430 

FeMo,.Sg, 

[Fe(S,MoS;),}?~, 1426 
FeMo3H2.N OS, 

[Mo3FeS,(NH3)9(H2O)]** ’ 1248 

FeMo;30,, 

Fe,(MoQO,)3, 1376 

FePuC,N, 

Pu[Fe(CN).], 1133 
FeSbC,,Ho2sF6N4 

Fe(tetraphenylporphyrinate)(FSbF;), 271, 275 
FeW.Ss 

[Fe(WS,)2]?~, 982 
[Fe(WS,)2}?~, 982 



FeZrC,.H,,Cl,N 

ZrCl,{(NCCH2C;H,)FeCp}, 382 

Fe,As4Ci9H120¢ 
{Fe(CO)3}3(AsMe),, 244 

Fe,MoC,2Hi0Ss 

[FeS.(SPh),FeS,MoS,]?— , 1426 

Fe,MoC,.H,,0,S, 

MoO,(S,CC;H,FeCp),, 1388 
Fe,MoC,,H3,O03S, 

MoFe,(SBu'),(CO),, 1424 
Fe,MoCl,S, 

[MoS,Fe2Cl3]?~, 1426 

Fe,MoCl,S, 

[MoS,(FeCl,).]?~, 1426 

Fe,Mo2.C,6Hi9O,¢S,4 

Mo2Cp,Fe2(t3-S)2(u-S)2(CO)., 1429 

Fe,Mo2C,gHi9O03S2 

Mo2Cp2Fe2(t43-S)2(u-CO)2(CO)., 1429 
Fe,Mo,C,3H140,S, 

Mo,(C;H4Me).Fe(CO).¢S,, 1430 

Fe,Mo2C2oH39N202S,4 
Mo2(C;Mes)2Fe.S4(NO)>, 1429 

Fe,Mo,C4H3.0,S, 

Mo,(C;Mes)2S4{Fe(CO).}>, 1430 

Fe,Sn2C2g3H29O0g 
{SnCp,Fe(CO),}>, 219 

Fe.W2C2.H34N4O4 
W.{CpFe(CO),}2(NMe.)4, 1002 

Fe3;MoC,0,S, 

[MoS,FeS,Fe,(CO).]?", 1428 
Fe3;MoC,)H4N,0.S, 

[Fe3MoS,(CN),4(1,2-O.C.H,)]3~, 1428 

Fe3;MoS, 

Fe;MoS,, 1426 

Fe3W3S12 
[Fe3;W3S12]* , 982 

Fe3Yb2C5,;H¢60011 

{Yb(CsMes).}2Fe3(CO)11, 1112 
Fe,MoC,,4H,70,S7 

[Fe,MoS,(SEt)3(1,2-O,C,H,4)3]>" , 1427 

Fe;MoC,,0,3S, 

[MoOFe-;S,(CO),.]?~, 1429 

Fe,Mo,C,Cl,O.S_ 

[Fe¢SsCl.{Mo(CO)3}.]4— 1430 

FesMo2CigH45Si7 
[FesMo2S,(SEt)o]3~ , 1427, 1429 

FegsMo2C3.H24Cl.Sis 
[FesMo2Se(S2)2(SCeH,4Cl-4)6]?_, 1428 

FesMo02C36H6204S14 
[FesMo.S(SEt).(1,2-O2.CsH2Pr.2)2]*", 1427 

FesMo2C39H3903S14 
[FesMo2Ss(SPh).(OMe)s3]?" , 1427 

FesMo2C42H4s06S11 
[FesMo,S,(SEt)3(OPh).]>" , 1429 

FegMo2C54H45S17 
[FesMo2S,(SPh)o]3~_ ’ 1427 

[FegMo2S,(SPh)]> , 1429 

FesMo2S16H40S17 
[Fe,Mo,S(SEt)g]*_, 1429 

Fe7Mo2C24H 60820 
[FezMo,S,(SEt)12]*", 1427 

Fe;Mo2Cg4H 94820 
[Fe,;Mo,Ss(SCH2Ph),2]*~ 5 1427 

GaAsO, 
GaAsO,, 135 

GaAs,C,oHi6Br3 

GaBr,(diars), 132 
GaBrCll, 

[GaClBrI,]~, 140 
GaBrCl, 

GaCl,Br, 140 
GaBrCl,I 

Formula Index 

[GaCl,BrlI]~, 140 
GaBrCl, 

[GaCl,Br]~, 140 
GaBr,Cl 

GaCIBr,, 140 
GaBr,Cll 

[GaClBr,I]~, 140 
GaBr, 

GaBr;3, 139 
GaBr;Cl 

[GaCIBr3]~, 140 
GaBr, 

[GaBr,]~, 139 
GaCH,0O; 

[Ga(OH),(CO3)]~, 134 
GaCH3O 

[Ga(OMe)]?*, 134 
GaCH,N 

{GaMe(NH)},,, 131 
GaCNS 

[Ga(NCS)]?*, 131 
GaC,H,ClO 
GaClMe(OMe), 134 

GaC,H.Ne 
[GaMe,(N3).]_, 131 

GaC,H,O, 
[Ga(OMe),]*, 134 

GaC,H, .N 
GaH3(NHMe;), 130 

[GaMe.(NH3).]*, 129 

a2V04 

[Ga(C,0,)]*, 136 
GaC3H,.N30;3S3 

Ga(NCS)3(H2O)3, 131 

Ga(S,CNH),)3, 138 

GaC,H,Br3N 

GaBr3(NMe;), 130 

GaCl,(NMes), 130 
GaC3H,Cl,P 

GaCl,(PMe;), 132 
GaC3H,N; 

[GaMes3(N3)]-, 131 
GaC;,H,O 
GaMe,(OMe), 134 

GaC3H,O; 
G(OMe);, 133 

GaC3H,,.N 
GaH,(NMe;), 129-132, 140 
GaMe;3(NH3), 129 

GaH;(PMe3), 132 
GaMe;(PH3), 132 

GaC3N3S3 

Ga(NCS)3, 138 
GaC,H,.Cl,N2 

[GaCl,(MeCN),]*, 132 
GaC,H,.N, 

[GaMe2(CN).]~, 129 
GaC,H,Cl,O 
GaCl,(OCH,CH,OCH,CH,), 137 

GaC,Hi9Cl,0 
GaCl,(OEt,), 136 

GaC,H1.CIN, 
GaCl(NMe,),, 131 

GaC,Hi6N2 
{GaMe,(NH;)}>, 131 

GaC,N,S,4 

[Ga(NCS),]-, 131 
GaC,N,Se,4 

[Ga(NCSe),]~, 131 
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GaC,0, 

[Ga(C204)2] , 136 
GaC;H;Cl,NO 

GaCl,(py N-oxide), 136 
GaC,;H,O, 

GaMe(OAc),, 135 
GaC;H,3CIP 

{GaClMe(PEt,)},, 132 

GaC,;H,;O 
GaMe;(OMe,), 136 

GaCgFo0¢ 

Ga(O,CCF3)3, 136 

GaC.H3N;S,4 
[Ga(NCS)4(MeCN)]~, 131 

GaC,H30, 
Ga(O,CH);, 135 

GaC,H,O. 
Ga(OAc)s3, 135 

GaC,H,2.N3S¢6 

Ga(S,CNHMe);, 138 

GaC.Hi4Ne 

GaH,{N(CH2)2}5, 131 
GaC,H,;50; 

Ga(OEt)3, 133 

GaC,.HisCl,N2 
GaCl,(NMe3)2, 130 

GaC,HigN 
GaMe;3(NMes), 130 

GaC,HisN3 

Ga(NMez,)s, 131 
GaC,HisP 
GaMe;(PMe3), 132 

GaH;3(NMe;3)>, 129 

GaC.gNe6O¢ 
[Ga(NCO).]*, 131 

GaC,0,, 

[Ga(C,04)s]s_, 136 
GaC,H,30, 

GaMe,(acac), 134 
GaC,F,,0, 

[Ga(O,CCF;)4]~ , 136 

GaCgH,,.Cl,O, 

Ga,Cl,(OCH,CH,0CH,CH;),, 128 

GaCgH,,Si, 
GaCl(CH,SiMe3),, 139 

GaCgHi4N, 

[Ga(NMez),4]~, 131 
GaC,H2,0, 

{GaMe,(OH)},4, 133 

GaC,H,,0, 

GaMe,(tropolonate), 134 
GaCgHisN3S¢ 

Ga(S,CNMez3)3, 131 

GaC,H2103 
Ga(OPr')3, 133 
Ga(OPr)3, 133 

GaC,H24NoS3 

Ga(en)3(NCS);3, 131 
GaC,H2703Si; 

Ga(OSiMes;)3, 134 

GaC,H,7Si, 
Ga(SiMe;)3, 129 

GaCjoH13N203 
Ga{(O,CCH,),.NCH2,CH,N(CH,CO2H)CH,CO3}, 142 

GaCoH241,P2 
[Gal,(depe)]*, 132 

GaC,.Hi2 
[Ga(C.H.)2]*, 127 

GaC,2HigNe 
[Ga(MeCN).]?*, 132 

aC,2H2703 
Ga(OBu');, 133 

Ga(OBu)3, 133 

GaC,,H3.0,Si, 

[Ga(OSiMes3)4]~, 134 

GaC12H3606S6 

[Ga(DMSO).]**, 137 
GaC12N6So 

[Ga{S,C.(CN),}3]>- , 138 

GaC,3HgN;03 

Ga(NCO),(bipy), 131 
GaC14H,,CIN2 

GaClMe,(phen), 130 

GaC,4Hy4N2 
[GaMe.(phen)]*, 130 

GaC,5HgN;O3 

Ga(NCO),(phen), 131 

GaC,5H4,Cl,N3 
GaCl,(terpy), 130 

GaC,5H210. 
Ga(acac)3, 134 

GaC5H30N3S¢ 
Ga(S,CNEt,)3, 138 

GaC,.Hi4ClIN,0, 
GaCl(salen), 142 

GaC6H2gN206 
[Ga(acac),(DMF),]*, 134 

GaC,7H35N4O06 
[Ga(acac)(DMF),]?* , 134 

GaC,3H,;Cl,OP 
GaCl,(OPPh3), 136 

GaC,gH,>5Cl3P 
GaCl;(PPh3), 132 

GaC,sH,503 
Ga(OPh)3, 134 

GaC,gH42N60c 
[Ga(DMF),]**, 137 

GaC,sHs4N3Sig¢ 

Ga{N(SiMe3)2}3, 131 

GaCyoHy6Cl.Ng 
[GaCl,(bipy).]*, 130 

GaCzoHy0ClNg 

[GaCl,(py)4]*, 130 

GaCl,Ph(PPh3), 132 

GaC3o9H24Ne 

[Ga(bipy),]**, 130 
GaC32HisFNs 

GaF(phthalocyanine), 142 
GaC36H3oP 

GaPh3(PPh3;), 132 

GaCl 
GaCl, 127 

GaClO 
GaOCl, 133 

GaClTe 
GaTeCh, 137 

GaCl,S 

[GaSCl,]~, 138 

GaCl, 

GaCl,, 133, 136, 139 
GaCl,0,8; 

Ga(SO3Cl)3, 135 

GaCl;0,, 
Ga(ClO,4)3, 135 

GaCl, 
[GaCl,]~, 123, 127, 130, 132, 139, 140 

GaCl,O,,S,4 

[Ga(SO3Cl)4]~, 135 

aCl4O16 
[Ga(ClO,4)4]~, 135 

GaF 

GaF, 127 
[GaF]?*, 138 

GaFO 



GaOF, 133, 138 
GaF, 

[GaF,]*, 138 
GaF, 

GaF;, 138 
GaF30,S, 

Ga(SO3F)3, 135 
GaF, 

[GaF,]~, 138 
GaF; 

[GaF,]?~, 138 
GaF, 

[GaF,]3~, 138 
GaGeC,H, 
GaMe,GeHs, 129 

GaGeC,H,Cl 

[GaMe,Cl(GeH3)]~, 129 
GaGeCl, 

GeGaCl,, 139 
GaHBr, 

GaHBr,, 141 
GaHCl, 
GaHCl,, 141 

GaHF,O 
GaF,OH, 138 

GaHO, 
GaO(OH), 133 

GaHO,P 
[Ga(HPO,)]*, 135 

GaH,F;0, 

[GaF,(OH),}?~, 138 
GaH.,N, 

[Ga(NH),]-, 131 
GaH,0,P 

[Ga(H,PO,)]?*, 135 
GaH, 

[GaH,]-, 141 
[GaH,]*, 141 

GaH;Br,N 
GaBr3(NH3), 129 

GaH;Cl,N 
GaCl,(NH3), 129 

GaH,Cl,P 

GaCl,(PH;), 132 
GaH,0, 

Ga(OH);, 133 
GaH,0;S 

[Ga(OH),S]-, 137 
GaH30,P 

[Ga(H,PO,)}>*, 135 
GaH,S, 

Ga(SH);, 138 
GaH, 

[GaH,]~, 125, 140 
GaH,F,0O, 

[GaF,(OH2)2]~, 138 
GaH,N 

{GaH,(NH2)},,, 131 

aH,0O, 

[Ga(OH),]~, 133, 136 
[GaO,(OH,)2], 133 

GaH, 

[GaH.}*-, 140 
GaH,N;3 

Ga(NH,);, 131 
GaHsN, 

[Ga(NH,)4]~, 130 
GaH.F3N3 

GaF;(NH;)3, 129, 138 
GaHioNs 

[Ga(NH,)s]?~, 131 
GaH,,0¢, 

[Ga(OH2)6]?*, 136 

Formula Index 

[Ga(OH,).]5*, 133, 139 
GaH,,0, 

[Ga(H,0),]3*, 133 
Gal, 

Gal,, 139 
Gal30, 

Ga(IO3)3, 135 
Gal, 

[Gal,]~, 123 
GalInCl, 

[InGaCl,]?~, 128 
GaInO 

GaInO, 127 
GaN; 

[Ga(N3)]?*, 131 
GaN,;0, 

Ga(NO3)3, 135 
GaN,0,, 

[Ga(NO3),4]~, 135 
GaNbCl, 

NbGaCl,, 593 
GaO, 

[GaO.]~, 133 
GaO, 
[GaO,]>, 133 

GaO,P 
GaPO,, 135 

GaO,Si 
[GaSiO,]~, 135 

GaPS, 
GaPS,, 138 

GaS 
GaS, 127, 128 

GaS, 

[GaS,]~, 137 
GaS, 

[GaS3]3~, 137 
GaSe 

GaSe, 127, 128 
GaSnC,Hi 
[GaMe3SnMe;], 129 

GaTe 
GaTe, 128 

Ga,As2Ci9Hi6Cl, 

Ga,Cl,(diars), 132 
Ga BrCl, 

[Ga,Cl,Br]~, 140 
Ga,Br,Cl, 

Ga,Cl,Br2, 140 
Ga,Bre 

[Ga,Bre]?", 128 

Ga,Br7 
[Ga,Br,]~, 139, 140 

Ga,C,H,.Br;O 
[Ga,Brs(OEt,)]~ , 128 

Ga,C,Hi2Ne 

{GaMe,(N3)}2, 131 

Ga,C,HisN2 
{GaH,(NMe,)}», 130, 131, 141 

Ga,C.H120, 
(GaMe,)2(C20,), 136 

GazCeHisN3 

[(GaMes).(N3)]~, 131 
a2&6U 12 
Ga2(C,04)3, 136 

Ga,C7HigN 

[(GaMe3)2CN]~, 129 

Ga,CgH,.Cl O 

Ga,Cl,(OCH,CH,OCH,CH,), ; 127 

Ga,CgH29Br4O02 

Ga,Br,(OEt,)., 128 

Ga,CgH24N2 
{GaMe,(NMe,)}2, 131 
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Ga,CgH2.CIN>2Si, 

{GaClMe(NHSiMe;)}>2, 131 

GazC,oH;oBr4N> 
Ga,Br4py2, 128 

GazC1oH24CleP2 
Ga,Cl,(depe), 132 

Ga2C,2H32.N20 
{GaMe,(OCH,CHNMe;)}>, 142 

Ga zC24H¢0P2 
{GaEt,(PEt,)}>, 132 

GazCzgH30S2 
{GaPh,(SEt)},, 138 

GazC52Hs52N>2P, 
{GaMe,N(PPh;)}>, 132 

Ga,Cl, 
Ga 2Cly, 127 

Ga2Cle 
Ga2Cl,, 139 
[Ga,Cl,]?-, 127, 128 

Ga,Cl, 

[Ga,Cl,]~, 127, 140 
Ga2F, 

(GaF;)., 138 
Ga2Fi2 

[Ga,F,,]>~, 138 
Ga,H,Cl, 

(GaHCl,)», 139 
Ga,H,NO, 
Ga,(OH).(NO;), 135 

Gal, 
Gayl, 127 

Gal, 
Ga.I,, 127 

Gaz, 

Gazl, 139 
Gaz.I, 

[Gag],]~, 140 
Ga,N,0,; 
Ga,O(NO3),, 135 

Ga,0 
Ga,O, 127 

Ga,0; 

Ga,O3, 127, 133, 134 
Ga,0, 

[Ga,0,]®-, 133 
Ga,0,Si, 

[Ga,Si,0,]*-, 135 
Ga,012S3 

Ga,(SO,)3, 135 
Ga,Pb2S,4 

Pb,Ga.S,, 137 
Ga,S 

Ga,S, 127 
Ga,S,Te 

Ga,S,Te, 137 
Ga,S; 

Ga,S3, 137 

Ga,S,4 

[GaS,]?, 137 

GaSe 
Ga,Se, 127 

Ga,Se, 

Ga,Se3, 137 

[Ga2Se3]?, 128 

GaSe, 

[Ga2See]® , 137 
Ga,Si,O, 

[Ga2Si,0.]?-, 135 

Ga,SnCl, 

Sn(GaCly)>, 139 
Ga Te; 

Ga,Tes, 137 

Ga,W302 

Formula Index 

Ga,(WO,)3, 135 
Ga3Bryo 

[Ga3Brio] , 140 
Ga3Clyo 

[Ga3Clio], 140 

Ga3Fi4 
[Ga3F,4]> , 138 

Ga3H,040S 

[Ga3(OH)(SO4)]~, 135 
Ga;TIH, 

Tl(GaH4)3, 175 

GagCgHy214S¢6 

Ga,(SMe),4S2I4, 138 

GayF34 
[Ga4F 34]? , 138 

Ga,O, 

Ga,O>, 127 

Ga,O2,P.6 
Ga,(P207)3, 135 

Ga,S; 

Ga,Ss, 127 

Ga4Sio0 
[Ga4So]*, 137 

Ga,Ge,0,;3 

Ga,Ge,20,3, 135 
Ga,Se14 

[GagSe44]?° , 137 

GagCisHs6Nz 
{GaMe(NMe)}.{GaMe.(NHMe)}>, 110 

GdC,2H30N301s 
Gd(NO3)3(H2O)3(18-crown-6), 1093 

GdC,4H39Cl,07 
[GdCl,(EtOH)(18-crown-6)]* , 1092 

GdC,5H210¢ 
Gd(acac)3, 1077 

GdCz9H4F 2408 
[Gd(hfacac),4]~ , 1081 

GdC3oH39F 2106 
Gd(CF3;CF,CF,COCHCOBu');, 1104 

GdC32HggCl,N4O2Sig 

Gd>(u-Cl)2{N(SiMe3)2}4(THF)2, 1087 
GdC33HooN4S2Sig 

Gd,(u-SBu)2{N(SiMe3)2}4, 1087 
GdH,N30;2 
Gd(NO3)3(H2O) 3, 1086 

GdH,,Cl,0, 
[GdCl,(H20).]* , 1076 

GdN305 
Gd(NO3)3, 1076 

Gd,0,8; 
Gd,(SO3)3, 1076 

Gd,0,;.83 
Gd(SO4)3, 1076 

GeAIC,H,, 

AlMe(GeMe;)2, 107 
GeAIC,sHis 

[AlH;(GePh,)]~, 107 
GeBCl|, 

[BCl,;GeCl,]~ , 93 
GeBH, 

[BH;GeH,]~, 91 

GeCFg, 
[Ge(CF3)F;]?~, 201 

GeC.Fio 

[Ge(CF3)2F,4]?~, 200, 201 
GeC,F, 

[Ge(CF3)3F2]~, 201 

CUstis 
[GeCp]*, 217 

GeC;H;Cl 
GeCpCl, 217 

GeC;H,IO, 

Gel(acac), 221 



GeC;H,,NO, 

Ge(OCH,CH;),NMe, 221 
GeCgH,,0, 

Ge(OBu'),, 220 

GeBu',(OH),, 206 

GeCioHio 
GeCpz, 218 

GeC,oHi5 
[Ge(CsMes)]*, 218 

GeC,oH,;Cl 

Ge(CsMe;)Cl, 217, 218 
GeC,,H;FO, 

Ge(OC,H,O-2),F, 214 
GeC,,HgFS, 

Ge(SC.H,8-2).F, 214 

GeC,2Hi, 
Ge(n-CsH4Me),, 218 

GeC,2HosP2 
GeEt,(PBu'),, 216 

GeC,2H36N2Si4 

Ge{N(SiMe;)2}2, 220 

GeCzoH30 
Ge(CsMe)p, 218 

GeC,,H37P; 
GePh,(PBu')3, 216 

GeCrgH46P4 
GePh,(PBu'),, 216 

GeC39H4,02 
Ge(OC,H2Me-4-Bu',-2,6)>, 220 

GeCl, 

[GeCl,]~, 195 
GeF, 

[GeF,]~ , 200 
GeF, 

[GeF.]?~ , 200 
GeGaC,Ho 
GaMe,GeHs;, 129 

GeGaC,H,Cl 
[GaMe,Cl(GeH;)]~, 129 

GeGaCl, 

GeGaCl,, 139 
GeH,F,NP 

Ge(NH.)(PF,), 215 
GeMo,2040 

[GeMo120,49]*” , 1037 
[GeMo420,40]>_, 1052 

GeO, 
[GeO,]?~ , 203 

GeS, 

[GeS,]?~ , 205 
GeS; 

[GeS,]*~ , 205 
GeSi,C14H3¢ 
Ge{CH(SiMe3),}>, 216 

GeWC,;3H,Br,N,0, 

W(CO),(bipy)(GeBrs)Br, 1007 
GeW 12040 
[GeW12040]*, 1038 

Ge,BiC,,H35 

BiEt(GeEt,)>, 281 
Ge,BiC3g3H5F 30 

BiEt{Ge(C,Fs)3}>, 281 
Ge,C32H38P2 

(GePh,)(PBu’)», 216 
Ge,C36H3 50 

(GePh;),0, 206 
Ge2C36H30S > 

(GePh3;).S, 213 

Ge2CyoHs6P4 
(GePh,),(PBu'),, 216 

Ge,CrC36.H3 90, 

CrO,(OGePh3)>, 942 

Formula Index 

Ge,Ga,0O,3 

GagGe,0,3, 135 

Ge,UW 207. 
[U(GeW11039)2]!2~, 1048 

Ge3AIC,H7 

Al(GeMe3)3, 107 
Ge,BiC,,H,; 

Bi(GeEt3)3, 280 
Ge3BiC,,H4;5 

Bi(GePh;)3, 281 

Ge3BizC36F 30 

Bi.{Ge(C.Fs)2}3, 281 
Ge3InC,gH4; 

In(GeEt;)3, 158 
Ge3So 

[Ge3S]®, 205 
Ge3SbC,,H,; 

Sb(GeEt3)3, 259 
Ger 

[Ge,]?~ , 46 
Ge,4PbO, 

PbGe4Oo, 203 

Ge,4Si0 
[Ge4S1o]*, 205 

Ge,Seio 

[Ge,Seyo]*”, 205 
Ge4Tero 

[Ge,Tero]® , 205 

GesF,2 
GesFi>, 195 

Ge¢Cz4Hs5409 
(GeBu')¢Oo, 206 

GeeCrClis 

[Cr(GeCl3)6]®& , 709 

HfAsgCooH32Cl, 
HfCl,(diars),, 383 

HfBC,HaoCIN2Sig 
HfCl(BH,){N(SiMe;),}2, 433 

HfB3CioH4oNP. Si 
Hf(BH,)3{N(SiMe,CH,PMe,),}, 433 

HfBr, 

HfBr,, 422 
HfBr, 

[HfBr,]?~>; 430, 431 
HfCH;Cl4N;0 
HfCL,(H,.NNHCONH,), 438 

HfCH;C1,N,S 
HfCl,(HsNNHCSNH,), 438 

HfC,Cl,N,0, 
[HfCl,(NCO),]?~, 379 

HfC,Cl_,N, 
HfCl4(NCCl),, 381 

HfC,H,Cl,0, 
[HfCl,(OMe),]?~ , 392 

HfC3;H,N;30.S, 

[HfO(NCS)3(H,O)]~, 287, 380 
HfC,H,.ClLN>, 

HfCl,(MeCN),, 382 
HfC,HsCl,O, 
HfCl,(OCH,CH,O0CH,CH,), 404 

HfC,HgCl,O, 
HfCl,(HCO2Me),, 404 

HfC,H,,Cl,0, 
HfCl,(Me,0),, 404 

HfC,H,,0, 

Hf(OMe),, 389 
HfC,N,O,4 

Hf(OCN),, 379 
HfC,0,, 

[Hf(CO3)4]*~ , 410 
HfC,H,2.Cl,0, 

HfCl,(Me,CO),, 404 
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HfC.H120, 
HfO(O,CEt).(H,0O), 410 

HfCeHi4NoO10 
Hf(NO2)4(DMF)>, 374 

HfC.HigCl4N> 
HfCl4(NMe3)2, 371 

[Hf(NCO).]?~ , 379 
HfC.N¢6S¢ 

[Hf(NCS).]?~ , 380 
HfC.N,Se6 

[Hf(NCSe).,]?~ , 380 
HfC3H,4F4N202 

HfC1,(8-quinolinol),., 438 
HfCgH,.Cl,O2 

HfCl,(THF),, 403, 404 
HfCgHi¢Cl,S. 

HfCl,{$(CH2)4}2, 418 
HfCgHCl4O2 

HfCl,(Et,O)>,, 404 
HfCgH24Cl,N2Si; 

HfCl,{(NSiMe3)2SiMe,}, 378 

[Hf(C,O4)4]*", 411 
HfCyHyCl4N303 
HfCl4(MeCOCN)3, 405 

HfC,oHgCl,N2 
HfCl,(bipy), 374 

HfC19H1oCl4N2 
HfCl,(py)2, 372 

HfCi90H16N2010 
Hf{(O,CCH,),NCH,CH,N(CH2CO;)2}(H20)2, 436 

HfC,,HsClN, 
HfCl,(phen), 374 

HfC,,H2.0, 
Hf(OPr'),4, 389, 390 

HfC,,H3oCl4N, 

HfC1,{N(CH,CH,NMe,)3}, 372 
HfC,,H36CI,N2Si, 

HfCl,{N(SiMe3)2}>, 377 
HfC,4HjgCl,N.O; 

HfCl,(2,6-Me,py N-oxide),, 414 

HfC14H23N3S6 
HfCp(S.CNMe;)3, 419 

HfC,;H,;Cl,N; 

H£Cl,(py)3, 372 
HfC,;H2,ClO, 

Hf(acac)3Cl, 399 
HfC,<H,sCIN,OSis 

HfCl(OSiMe3){N(SiMe3)2}2, 377 

HfC,6H2gNgO4S4 
Hf(NCS),(DMF),, 380 

HfCi6H360, 
Hf(OBu'),, 389 

HfCi6H4oN4 
HE(NEt,)4, 375 

HfCicHasN,Sic 
Hf{(NSiMe3).SiMe,}>, 378 

HfCigH120¢ 
[Hf(1,2-O,C.H,4)3]? , 403 

HfC,gHs4CIN3Si¢ 
HfCl{N(SiMe3)2}3, 377 

HfC,9Hs4N4Si¢ 

Hf(CN){N(SiMe3)2}3, 370 

HfC29Hi6F 1208 
Hf(MeCOCHCOCEF;),, 398, 399 

HfC9H29CI3N4 
HfCl,(py)4, 366, 369 

HfC29H2s0 
Hf(acac),4, 397, 398 

HfC29H4404 
Hf(OCMe,Et),, 389 

HfC2z9Hs6Cl,N2P,Si4 

Formula Index 

HfCl,{N(SiMezCH2PMez)>}2, 383 

HfC24HisNgSe4 

Hf(NCSe),4(bipy)2, 380 

HfCz4Hi6Os 
[Hf(1,2-O,C.H,4)4]*” , 403 

HfC24H29NsOx 
Hf(ONPhNO),, 417 

HfCy4H2gCl4N4O, 

HfCl4(4-H,NC,H,OH)a,, 438 
HfC,,H22Cl,N,0, 

HfCl,(2-HOC,H,CH=NPh),, 438 
HfC,6H24Cl,P2 

HfCl,(dppe), 383 

HfC2gH29Og 
Hf(tropolonate),, 402 

HfC3oH24Ne 
Hf(bipy)3, 366 

HfC3,H,5Cl3Ng 
Hf(chlorophthalocyanine)Cl,, 440 

HfC32H22012 
Hf{(+)-PhCH(OH)CO,}4, 413 

HfC36H.4N4O, 

Hf(8-quinolinolate),, 437 

HfC35H24No 
Hf(phen);, 366 

HfC36H4oN4O04S4 
Hf{4-MeC,H,C(S)N(O)Me},4, 439 

HfC3,.H44NsO, 

Hf(NPhCONMe;),, 439 

HfC49H3608 
Hf(acac).(PhCOCHCOPh),, 398 

HfC49H59N,04 

Hf(octaethylporphyrin)(OAc)», 439 
HfC,2H,63ClO3 

HfCl(OC,H;Bu',-2,6)3, 392 
HfC,44H32Ni90OSe,4 

Hf(NCSe),4(phen)3(THF), 380 

HfCyeHsgN4O4 
Hf(octaethylporphyrin)(acac)>, 440 

HfCs2H40N4Og 
Hf(ONPhCOPh),, 417 

HfC.4H32Ni6 
Hf(phthalocyanine),, 440 

HfCl, 
HfCl,, 422 

HfCI4O 46 
Hf(ClO4)4, 408 

HfCl, 
[HfCl,]?~ , 430, 431 

HfCl,O,4P, 
HfOCl(O,PCI,)(POCI), 407 

HfClgHigCl4N.S2 
HfCl,(PhCH=NNHCSNH,),, 437 

HfC1,,02P, 
HfCl,(POCI;)2, 414 

2 

HfOF;, 287 
HfF, 

HfF,, 422 

[HfFs]~, 423 

6 

[HfF.]?~, 423, 426, 429 
: 

(HEF, ]?~, 423, 426 
HfHF,O, ' 

[HfF,(OOH)]?~, 388 
62 

[HfF.(OOH)]3~, 388 
2021Ss 

[Hf(SO,)s(H2O)]*~, 385, 408 
62 

HfF,(H2O)., 422 



Formula Index 1521 

HfH,0,,S; 

[Hf(SO,)3(H20),]?~, 408 
4018 4 

[Hf(SO,)4(H2O).]*~, 385, 408 
6F403 

HfF,(H,O)3, 422 
HfH,0,;5S3 

[Hf(SO,)3(H20)s]?~, 408 
81.416 

Hf(NO3)4(H2O),, 407 
fl 4 
Hfl,, 422 

Hfl, 

{HfI,]?~, 430, 431 
HfMo;0,, 

[Hf(MoO,)3]?—, 408 
HfMo,O 24 

[Hf(MoO,).]&— 6 408 

4V12 
Hf(NO3)4, 406 

HfN,Oig 

[Hf(NO3).6]? , 406 

HfRe,CigH1s012 
Hf{(OC)3;Re(MeCO);3},, 402 

HfTiCgH24Cl4N, 

HfC1,{Ti(NMe,),4}, 372 

Hf,B3C290H71N>P,Si, 

{Hf{N(SiMe.CH,PMe,)>}}2(H)3(BH4)3, 384, 433 
Hf,C,H2029 

[Hf,(OH).(CO3).]®* , 411 
Hf,C,N70,S, 

[(Hf£O).(NCS),]3—, 287, 380 

{HfCl; {N(SiMe.CH,PMe,)2}HfCl4},,, 384 

Hf,Ci2H30N4 
{Hf(NBu')(NMe;)}.2, 375 

2h 13 
[Hf,.F13]5~ , 423 

Hf,F,.0, 
Hf,F 1.02, 287 

Hf,F,,0 

Hf,F,40, 287 

Hf4H 40024 
{Hf,(OH)g(H20),16]8* , 384 

Hf.F31 
[Hf<F31]7~ , 423 

HgCioH20N2S4 
Hg(S,CNEt,)2, 884 

HgSb,Sg 

HgSb,Sz, 265 

Hg3NbCz5HaoN3Se 
Nb(Cp)2(HgS2CNEt,)3, 639 

HoC,H24N.0¢ 

[Ho(H,NNHAc)3(H20)3]**, 1090 

HoC,5H2106¢ 
Ho(acac)3, 1077 

HoC2,HigN, 

[Ho(phen),]3*, 1069 

HoC33Hs706 
Ho(Bu'COCHCOBu');, 1078, 1106 

HoC,45H3306 
Ho(PhCOCHCOPh);, 1077 

HoC,5H71N206 
Ho(Bu'COCHCOBu');(4-picoline),, 1079 

HoH,N30;2 
Ho(NO3)3(H20)s, 1086 

InAlS; 
AlInS,, 120 

InAl3C3¢6Hg4O12 
In{Al(OPr’)4}3, 161 

InAs4C29H32Cl, 

[InCl,(diars).]*, 160 

InAs4C72H¢0 
[In(AsPh3)4]5*, 160 

InBr 

InBr, 154 

InBrCl, 
[InCl,Br]~ , 166 

InBr, 

InBr,, 157 
InBr, 

InBr3;, 165 
InBr3Cl 

[InBr3Cl]~, 166 
InBr, 

[InBr4]~, 155, 166 
InBr, 

[InBr¢]*~ , 166 
InCH,;O 
InMeO, 161 

InCH,P 
{InMe(PH)},,, 160 

InC,H, 
[InMe,]*, 165 

InC,N, 
In(CN),, 157 

InC,N,0, 
[In(NCO),]~, 155 

InC,N,S, 
[In(NCS).]~, 155 

InC3;H,0, 

In(O,CH)3, 163 
InC;H,O 
InMe2(OMe), 161 

InC3H,,P 
InMe;3(PH3), 160 

InC3N3 
* In(CN)3, 157 
InC3N3S3 

In(NCS)3, 159 
[In(NCS)3]?~, 155 

InC,H4O19 
[In(C,0,4)2(OH2)2]~ , 163 

InC,H,Cl,N, 
InCl,-2MeCN, 160 

InC,H,O, 
In(OAc),, 156 

InC4,HgS4 
[In(SCH,CH,S),]-, 164 

InC,H,O, 
InMe(OAc), 163 

InC,H, 
InH,Et,, 166 

InC4H,6Cl.N, 
[In(en)Cl,]*, 158 

InC,N,O,4 

[In(NCO),]~, 159 
InC,Og 

[In(C,0,4)2]~, 163 
InC;H; 

InCp, 155 
InC5H,;OSi 

InMe,(OSiMe3), 161 

InC;NsSs5 

[In(NCS)5]?~, 160 
InCgFo0¢ 

In(O,CCF3)3, 163 
InCgHoCl3Oig 

[In(OAc)3(ClO4)3]?, 163 
InC,;H.F,O 
InMe,{OC(CF3)2Me} 5 161 

InC,H oO, 

In(OAc)3, 156, 163 
InC;H,3;0, 

InEt,(OAc), 163 
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InCgH24Ne 
[In(en)3]**, 158, 159, 163 

InCgNeS6 

[In(NCS)¢]?~, 160 
InCgN,See 

[In(NCSe).]3~ , 160 
InC,O,2 

[In(C,0,)3]>-, 163 

InC,H,30, 

InMe,(acac), 162 
InCgCIN,S, 

[In{$,C—=C(CN),}2Cl}?-, 164 
[In{$.C,(CN),}Cl]-, 164 

InCgH,4F30,S 
In(SCH=CHCH=CCOCHCOCR;), 155 

InCgH,,N,0 
[In(NCH,CH,0CH,CH,),]*, 155 

InCgH,,Br.N, 

InBr,Et(TMEDA), 158 
InCgH 41,048, 

[InI,(DMSO),]*, 164 

[InMe2(OSiMe;).]~, 161 
InCgN4S4 

[In{S,C,(CN)2}2]~, 164 
InCsH,NO 

In(8-quinolinolate), 155 
InC,H,3N30,S3 

In(NCO)3(DMSO);, 159 
InC,H2,0; 

In(OPr')3, 161 
InC,H7Si; 

In(SiMe;)3, 158 
InC,.)HsCl,N, 

[InCl,(bipy)]~ , 159 

InC,oH24Ne 
[In(1,4,8,11-tetraazocyclotetradecane)]*, 155 

InC,2Hio 
[InPh,]*, 165 

InC;2HisNe 
[In(NCMe).]3*, 160 

InC,2H1g0¢ 
[In(OAc).]3~, 163 

InC,,H>,4Cl,0, 

[InCl,(18-crown-6)]*, 167 

InC,2H24Fs04S¢6 
[In{S2C.(CF3)2}(DMSO),]*, 165 

InC;2H3606S¢6 
[In(DMSO),]3*, 163 

InCyN6Se 

[In{S,C—=C(CN)2}3]>~, 164 
InC,3Hi9NsO03 

In(NCO)3(py)2, 159 
InC,4H12S, 

[In(3,4-S.C.H3Me).]~, 164 

InC,4Hi6FeN4S2 

[In{S2C,(CF3)2}(bipy)2]*, 165 
InC,;HsNsO3 

In(NCO)3(phen), 159 
InC,5H,,Cl,N; 

InCl,(terpy), 159 

InC15H12F,0. 
In(MeCOCHCOCF;);, 162, 163 

InC,;H,;Cl,N,0, 

InCl,(acac)(bipy), 162 

InC,5H;5S4 
InMe(3,4-S,C,.H3;Me),, 165 

InC,5H21;0. 
In(acac)3, 156, 161, 162 

InC,7H,.Cl,N,0O, 

InCl,(O,CPh)(py)2, 163 

InCigHgF12N2S,4 

[In{SC,(CF3)2}2(bipy)]~, 165 

Formula Index 

InC,3H;,,ClS, 

[InCl(SPh)3]~, 164 
InC,gH,5N,O03 

In(NCO)3(py)3, 159 
InCigH,,O 

In( OCH—=C(O)C(O)CH=CMe},, 156 
InCgHi5S3 

In(SPh)3, 164 

InC,gsHs54N3Si¢ 

In{N(SiMe3)2}3, 159 

InC29Hi¢Cl.N, 

[InCl,(bipy)2]*, 159 
InC,9H2406 

[In(dibenzo-18-crown-6)]* , 155 
InC,,H,50. 

In(tropolonate),, 156, 161 

InCy4H29N2S,4 

[In(3,4-S.C,;H;Me),(bipy)]~ , 164 

InC,4H20S4 

[In(SPh),]~, 164 

InC,4H23N,4 

[In(PhNH,)4]*, 155 

InC27HigN303 
In(8-quinolinolate),, 156, 166 

InC,gH2 903 
[In(tropolonate),]~ , 162 

InC3o0H22Ne 
[In(terpy)2]?*, 158 

InC3o9H24Ne 

[In(bipy)3]>*, 158 
InC36H24Ne 

[In(phen)3]?*, 158 

InCl3(PPh;)>2, 160 

InC395H24NoO3 
In(NCO)3(phen)3, 159 

InC35H39N305P2 
In(NCO)3(OPPh3)2, 159 

InCs2H4gP4 
[In(diphos),]?*, 160 

InCj,H69O04P4 

[In(OPPh3),4]?*, 163 

InC,2H¢0P4 
[In(PPh3),4]?*, 160 

InCl 
InCl, 154, 155 

InClO 

InOCl, 161 
InCl, 

InCl,, 157 

[InCl,]~, 155 

[InCl,]*, 165 

InCl, 

InCl;, 165 

[InCl,]?~, 155 
InCl, 

[InCl,]~, 157, 166 
InCl,; 

[InCl;]?~, 166 
InCl, 

[InCl,]3~ , 166 
InF; 

InF3, 165 

InF;0,S; 

In(O3SF)3, 162 
InF, 

[InF,]~, 165 
InF; 

[InF,]?~ , 165 
InF, 

[InF.]3~ , 165 

InGaCl, 

[InGaCl,]?~, 128 



InGaO 
GalInO, 127 

InGe3C,gH,5; 
In(GeEt3)3, 158 

InHClO 
[In(OH)Cl]*, 161 

InHF,O 

In(OH)F2, 161 

InHO 

[In(OH)]?*, 161 
InHO, 
InO(OH), 161 

InHO;S 

In(OH)(SO,), 162 
InH,.5O;.5 

In(OH),.5, 161 
InH,Cl,O 

[InCl,(H2O)]~, 166 
InH,F;O 

[InF;(H2O)]?~, 165 
InH,0; 

[InO3H,]~, 161 
InH, 

(InHs),,, 166 

[InH,]*, 141 

InH3F,;N 
InF3(NHs3), 165 

InH,0, 
In(OH)3, 161 

InH, 

[InH,]~, 166 
InH,Cl,0, 

[InCl,(H2O).]~, 166 
InH,F,0, 

[InF,(H2O).]~, 165 
InH,O, 3 

[In(OH),]~, 161 
InH,040S2 

[In(H2O)2(SO.4)2], 162 
InH,O, 

[In(OH)¢]?, 161 
InHoF3N3 

InF;(NH3)3, 129 
InH,,Cl,Ne 

InCl,(N2H,)3, 158 

InH,,0, 

[In(H,O).]>*, 160, 166 
InH,;BrN; 

[In(NH3);Br]?*, 158 
InH,Ne 

[In(NH3).]?*, 158 

InI, 
InI,, 157 

[InI,]~, 155 

InI, 

InI;, 165 
[InI3]?-, 155 

In], 

[InI,]~ , 166 
InN30¢ 

In(NO;)3, 162 
InN3;0, 

In(NO3)3, 162 

InN,O12 

[In(NO3)4], 162 

InOgP2 

[In(PO,4)2]>", 162 
InO,S, 

[In(SO,)2]~, 162 

InO,Se2 

[In(SeO,)2], 163 
InO,2S3 

[In(SO,)3]>", 162 

COC3-WwW 
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InS, 
InS,, 164 

InSg 

[InSg]~, 164 
InSiC,H,3N; 

InMe3(N3SiMe;), 159 
InSnC,2H3 

[InMe3(SnMes)]~, 158 
InSnC,gHis5Cl, 

InCl,(SnPhg), 158 
InSnC,3H,;5Cl, 

[InCl,(SnPh,)]~, 158 
InSnC3,H3 N> 

In(CsH,CH,NMe,-2)2(SnPh;), 158 
In,Br3I 

In,Br,I, 156 

In,C,Hi2,0 

(InMe,)20, 161 
In,C,HgO16 

In2(C,04)3(H2O).4, 163 

InyCgH2oNe 

{InEt,(N3)}2, 159 
In,CgH24N> 

{InMe,(N=CMez,)}., 159 

InzC19O0 10910 

[In.(C,02S2)5]*”, 167 

In,C,.H3 9Br4P, 

In,Br4(PEts)2, 156 
In,C12H3902 

{InMe,(OBu')}2, 161 
In,Cy2H42I4Ne 

InjI4(H2NEt)., 156 
In,C,gH2sN2 

{InMe2(NMePh)}>,, 159 

InzCyoHaoBr4gNg 

In2Bra(py)s, 156 
In,C34H290 

(InPh2)2O, 161 
In,CogHa4l4Ng 

In21,(bipy)2(H2NEt)4, 156 
In,CygHs6l4Ni2 

InjL,(Et,bipy)(bipy)(NHs3)s, 156 
n,Cl, 
In,Cl,, 157 

In,Cl, eg 

[InzCl,]?~, 157 

In,F, 

[In.F7]~, 165 

In2I3 
In,I;, 165 

In|, 
In,I,, 157 

In,O0 

In,O, 127 

InzO16P4 
5 

[In2(PO.4)4]® , 162 . 
In2S¢ 

[In.S.]?", 164 
In;CeHigNe 

{InMe2(N2)}3, 159 
In3;Cl, 

In3;Cl,, 157 

In3Fy1 

[In3F1i]?, 165 

IngCi2H24Nq 
{InMe,(CN)}4, 158 

IngSio 
[In4Sio]*, 164 

In,Se3 

In,Se3, 157 

In,Te3 
In,Tes, 157 

InsCly 
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InsClo, 157 

InsFy4 
[InsF,4]>~ > 165 

InsS4 

InsS,4, 157 

IngS7 

IngS7, 157 

IngSe7 

IngSe7, 157 

IrCl, 

{IrCl,]2~, 1236 

KAs4W400140 

[KAsgW4o0140]?”_, 1042 
KBC32H4oF 1208 
BK(CF;,COCHCOBu'),, 1219 

KC,H,0O, 
K(acac), 26 

KCgH,4IN,O, 
KI(Ac,NH),, 15 

KC, 9H29N;OS 
K{HOCH,CH,CH(CH,NCH,)3;CH2N }(NCS), 42 

KC,2H240¢6 
[K(18-crown-6)]*, 38 

KC,3H24NO;S 
K{$(CH,CH,0);CH,CH>}(NCS), 41 

KC,3H26N30,S 
K{HN(CH,CH,OCH,CH,OCH,CH,),NH}(NCS), 41 

KC,4H1iN20s 
K(2-OC,H,NO,)(PhCOCH=NOH), 30 

KC,;5H3,INO, 
K{MeOCH,CH,N(CH>CH30);CH,CHG}I, 41 

KC,7H3108 
K(18-crown-6)(acac), 38 

KC,7H32N30;S 
K((2.2.1]cryptand)(NCS), 46 

KCigH36N20¢6 
[K((2.2.2]cryptand)]*, 46 

KCy, 34+ *4\10 

[K{CH(CONMe,)(OCH,CH,),0CH(CONMe;)- 
CH(CONMe;)(OCH;CH,),0CH- 
(CONMe,)}]*, 55 

KC gH 241040 
KI{PhCOCH,OC=CHOC(CH,0H)=CHCO},, 15 

KCygH 41010 
K(benzo-15-crown-5),I, 39 

KC2gH 40010 
[K(benzo-15-crown-5).]*, 39 

KC 9H49NO10S 
K(dibenzo-30-crown-10)(NCS), 40 

KCy9H4oNO12S 
K(4’-HO-benzo-15-crown-5)2(NCS), 42 

KC33Hs7N3059 
[K(enniatin B)]*, 63 

KC4.Hs560112 
[K(nonactin)]*, 64 

KC44H 64012 
{K(tetranactin)]*, 64 

KCs4HoN6O18 
[K(valinomycin)]*, 62 

KCeCgH4406 
K{O(CH,CH,0Me),}2Ce(cot)2, 17 

Co(Pr-salen)K(CO,)(THF), 16 
KHI,0, 
KIO,(HIO3), 31 
Hi608 
[K(H;0)s]*, 4 

K2C26H32N20S2 
K,(dibenzo-24-crown-8)(NCS)>, 40 

K,MoO, 
K(MoO,)K, 1377 

KrF 

Formula Index 

[KrF]*, 313 
Kr,F; 

(Kr,F3]*, 313 

LaBrg 

{LaBr,]?~ , 1068 
LaCioHigN2011 
[La{O,CCH,),NCH,CH,N(CH2CO,)2}(H20)s], 1088 

LaCi9H21N2012 
La{O,CCH,),NCH,CH,N(CH,CO,2)CH,CO,H}- 

(H,0),4, 1088 

LaC,.H24N3015 
La(NO3)3(18-crown-6), 1092 

LaC12H26Cl,013S2 
{La(ClO,)2(H2O)(dithia-18-crown-6)]*, 1092, 1093 
[La(ClO,4)2(H2O)(1,10-dithia-18-crown-6]* , 1087 

LaC,2H26N2012 
[La(NO3).{MeO(CH,CH,0);Me}]*, 1094 

LaC,5H2106¢ 
La(acac)3, 1077 

LaC,gH3.N30. 
[Sm(NO3)(2,2,2-cryptate)]?*, 1098 

LaCigH36N4012 
[La(NO3)2(2,2,2-cryptate)]*, 1098 

LaC,gH36NsO15 
La(NO3)3(2,2,2-cryptate), 1097 

LaCzoHi6N7Oo 

La(NO3)3(bipy)2, 1069 
LaCzoH4oN4Sz 

[La(S,CNEt,)4]~ , 1087 

LaC22H26N110 
La(NO3)3{N=CMe(2,6-py)C(Me Fab ode ire 

CMe(2,6-py)C(Me)==NCH,CH;}, 1095 

LaC,2H30ClsNgO14 

La(ClO4)3{N=CMe(2,6-py)C(Me Ree in ae 
CMe(2,6-py)C(Me)=NCH,CH,}(H20)>,, 1096 

LaC23H21NsO11 
La{PhC(OH)=NN=CMeC—CHCH=CHCC(Me)}= 

NN=C(OH)Ph}(NO3)3, 1090 

LaC,4H72N1204P,4 
[La(HMPA),]3*, 1084 

LaC3oH3oF 2106 
La(CF3;CF,CF,COCHCOBu');, 1078 

LaC3,.H..N3OPSi, 

La{N(SiMe;3)2}3(OPPh;), 1072, 1083 

LaC37Hs,Cl,N,0. 

LaCl,(CPh3)(2,2,2-cryptate), 1098 

LaC4oH32NgO3 
[La(bipy dioxide),]3*, 1081 

LaC4oH4oNgOz 
[La(py N-oxide)s]?*, 1081 

LaC4gH32Cl3Ns012 
La(ClO,4)3(phen),4, 1069 

LaCggHeoOgP5S¢ 
La{S,P(OEt).}3(OPPh3)2, 1083 

LaCl, 

LaCl,, 1106 

LaH,2Cl,04, 

La(ClO4)3(H20)6¢, 1074 

LaH,,0, 

[La(H,0O),]3*, 1068 

LaN,Oi. 

[La(NO3).]~, 1068 

LazCeoH192N4O4P2Sig 

{La,{N(SiMe3)2}2(OPPh3)}2(u-O2), 1072, 1083 
LazH1s02;S, 

La2(SO,4)3(H20)>, 1076 

LiAIC,H 2.0, 

LiAIH,(THF)., 124 

LiAlH, 

LiAIHy,, 124 

LiAl,H, 

LiALH,, 124 
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LiAmO, 
LiAmO,, 1216 

LiAsSi,C,,H3,0, 

LiAs(SiMe3).:2THF, 240 
LiBC,,H3,0, 
Li{(2,4,6-Me3;C,H3)2BH.2}(MeOCH,CH,OMe), 14 

LiIBMoC,3H1,N70; 

Mo{HB(NN=CMeCH=CMe),}(NO)I,Li(OEt),, 
1280 

LiC,HsIN,O2 
Lil(H,.NCONH,),, 6 

LiC,Hi6CIN, 
LiCl(en),, 11 

LiC;H,O, 
Li(acac), 26 

LiC;H; ClO 
LiCl(dioxane), 6 

LiC;H,,BrN,0; 
LiBr(alanylglycine)(H,O),., 6 

LiC,H24INg 
Lil(en)3, 11 

LiC,H,.NO,S 
Li(12-crown-4)(NCS), 40 

LiC,H,3BrN3 
LiBr{MeN(CH,CH,NMe,)>}, 11 

LiC,)9H,,CIN,O 

LiCl(H,0)(py)2, 5 
LiC19H140, 

[Li(acac)]~, 25 
LiC,9H2)>N;OS 
Li{HOCH,CH,CH(CH,NCH;)3CH2N }(NCS), 42 

LiC,,Hi;F.N202 
Li(hfacac)(Me,NCH,CH,NMe,), 13 

LiC,,H2sClO, 

LiCl(AcNHMe),, 4 
LiC,3H,NO,S 

Li(16-crown-4)(NCS), 40 
LiC,,HisNO,S 
Li{2-OC,;H,OCH,CH,0(CH2);30CH,CH;} (NCS), 40 

LiC,,H.F,N20>2 

Li(hfacac)(phen), 13 
LiC,9.H29NO,S 
Li{2-OC,H,O(CH?)3-2-OC;H,O(CH2)3}(NCS), 40 

LiCzoHisNa 
[Li(bipy)2]*, 13 

LiC,.H,,BrOP 
LiBr(PhCH,COPPh,), 15 

Li{(Me,Si)3Cp} {MeN(CH,CH,NMe,),}, 12 
LiC,4H2406 

[Li(spherand)]*, 43 

LiCsoH4g0c 
[Li(spherand)]*, 43 

LiCs2H5208 
[Li(spherand)]*, 43 

LiC63H11304P2 
Li(PhCOCHCOPh) {(CgH17)3PO}2, 6 

LiCe4H78N 10010 
[Li(antamanide)]*, 64 

LiCo9H7;I1O5P5 

LiCoC,,Hi4N,0, 

Co(salen)Li, 16 
LiCrC3,H7 ClO, 

Cr(OCBu';)2:LiCl(THF)2, 717, 738 
LiCrS, 

LiCrS,, 882 
LiH,2.N, 

[Li(NH3)4]*, 4 
LiSigC3¢6Hg6O4 

[Li{C(SiMes)3}2](THF)., 4 
LiUC,0H13010 
UO,{O,C(CH2)3CO>2}-Li{O,C(CH2)3CO2H}, 1202 

LiZrC3,H74Cl,0, 
ZrCl,(OCBu',)>:Li(OEt,),, 392 

Li,C;H,O, 
[Li,(acac)]*, 25 

LigC25H4gl,0, 
Li,{CH,(OCH,CH2);O0CHC CH,0(CH,- 

CH,0);CH3}Iy, 41 
Li,SnC,oHs 

Sn(CsH,Li),, 218 
Li, UC.Hig0¢ 

Li,U(OMe),, 1147 
LizU2Cgp.HgoN6O4 

[UO(Ph,N) Li(OEt,)]>, 1141 
Li,WC,H 4 

Li.W(Me)g ’ 976 

LizAlH, 
LizAlHg, 124 

Li,AmO, 
LizAmOg, 1219 

Li3CrgCy20Hig9Cl3032 

{Cr(1-adamantyloxy)3}4(LiCl)3, 930 

LigCr2Cy4H56O4 
{Li,CrMe,(THF),}., 744 

LiyCr2C32H720,4 

{LizCr(C4Hg)2(Et2O)2}2, 744 
LuC39H3oF 2106 
Lu(CF3;CF,CF,COCHCOBu')3, 1078 

LuC36He6P3S¢ 
Lu{S,P(CsH;1)2}3, 1087 

LuC3.H¢4NO, 

Lu(Bu'COCHCOBv'),(3-picoline), 1080 
LuCl, 

[LuCl,]?~, 1099 
LuH,O, 

[Lu(OH),]*~, 1076 
LuyF32 

[LusF3,]5~, 1099 

MgAIF;s 
MpAIEFs, 121 

MgAl,C16H4008 
Mg{Al(OEt)s}2, 114 

MgAl,C24Hs6Og 
Me{Al(OPr'),}2, 114 

MgAl,Q4 

MgAI,O,, 112 
MgAss5C,5H45Cl2013 

Mg(ClO,)2(Me3AsO)s, 9 
MgC,H2oBr2NgO¢ 
MgBr,(H,NCONH,),(H,0)2, 9 

MgC,HoB rN; 

MgBr2(MeCN)s, 8 
MgC.H2Cl,0 10 

MgCl,(myoinositol)(H2O),, 25 
MgCgHieB 1,02 

MgBr,(THF), 8 

MgCgH28Cl2010 
Mg(H,0).Cl.(12-crown-4), 1093 

MgC10H1404 
Mg(acac)., 26 

MgCioHi6Cl2012 
Mg(ClO,)2(acacH) ; Pa 

MgCi2Hisl2Ne 
MglI,(MeCN)g, 8 

MgC,2HisNe 
[Mg(MeCN)<]?*, 8 

MgC12H2006 
Mg(acac).(HOCH,CH,0H) 5 14 

MgC2H36Br2NeO2P2 
MgBr,.(HMPA)., 9 

MgC,3H N;O 

[Mg{N—=CH(2,6-py)CH—N(CH;CH,NH),CH;CH;}- 
(H,0)2]?*, 44 
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MgC15sH3F 1806 
[Mg(hfacac)3]~, 27 

MgC,s5H29BrN2 
MgBrCp(Et2.NCH,CH2NEt,), 13 

MgC,sH4sCl2.013Ps 
Mg(ClO,4)2(Me3PO)s, 9 

MgCysH47Cl2014P5 

Mg(ClO4)2(Me3PO)5(H20), 9 
MgCi6Hi4N202 

Mg(salen), 29 

MgCi6H20N205S2 
Mg(benzo-15-crown-5)(NCS)>., 39 

MgCi6H32Br204 
MgBr2(THF),, 8 

MgC,6H36Br20¢ 

MgBr,2(THF)4(H20)2, 8 
MgC i6H360 
Mg{MeO(CH;CH,0)3Me}., 17 

MgC30H2204 
Mg(PhCOCHCOPh),, 26 

MgC3oH3oBraNe 
MgBr,(py)6, 8 

MgC32HisNeg 
Mg(phthalocyanine), 59 

MgCy4HogNq4 
Mg(tetraphenylporphyrin), 59 

MgCy4HoNq 

[Mg(tetraphenylporphyrin)]* , 59 

MgCo6H72ClaN12014 
Mg(Cl0,).(antipyrine)., 9 

MgCl, 
[MgCl,]?-, 10 

MgCsCl, 
CsMgCls, 891 

MgCuC,sHi2N20¢ 
CuMg{3-O,C-2-OC,H;CH=NCH}}z, 28 

MgH,20. 
[Mg(H20).]?*, 7, 10, 33 

MgHsClNe 
MgCl,(NH3)o, 8 

MgHisClaNeOg 
Mg(ClO4)2(NH3)6, 8 

MgMoO, 
MgMo0O,, 1376 

MgNaC,5H2106¢ 
NaMg(acac)3, 27 

MgNb2C36Hg4012 
Mg[Nb2(OPr'),2], 602 

MgCl, 
[Mg,Cl,]3~, 10 

Mg2VCi3H24Cl,NOs 
VO(NCO)Mg,Cl,(THF)3, 471 

Mg4Cr2CroHaoCl4N205 
Cr.N.Mg4Cl4(THF);, 713 

MnAg,Sb.S, 
MnAg,Sb2S.¢, 265 

MnBew,,H2040 
[BeW,,Mn(OH2)O39]7, 1048 

MnCy2H3oNe 
{[Mn(CNPh).]*, 708 

MnCr,S, 
MnCr,S,, 883 

MnMoO, 

MnMoQO,, 1376 

MnSnC,gH,70;, 
SnCp,Mn(CO).2(CsH4Me), 219 

MnV 13038 
[MnV1303]7_, 1045 

MnwW,0O,, 

[MnW,024]® , 1044 
MnZrF, 

MnZrF,, 428 
Mn,ZrFg 

Formula Index 

Mn.2ZrFg, 428 

Mn,AIC,4H 1,018 
Al{(OCMe),Mn(CO),4}3, 115 

MoAg,Cs4H4sP3S4 

MoS,{Ag(PPh3)2}(AgPPh;), 1422 
MoAIC;5Hs57NaP4 

Mo(N,AIMe3)(N2)(dppe)2, 1270 
MoAI,O2, 

[AIMo,O2,]?-, 117 
MoAs3Ci9Hi6Cl,N202 

MoCl,(NO),(diars), 1274 
MoAs2C 19H g1,02 

Mol,(CO),(diars), 1281 
MoAs,C,,Hi¢6F2NO,4 

Mo(O2PF,)(NO)(CO)(diars), 1276 
MoAs,C1;HigNO2 

[Mo(NO)(CO)(diars)]* , 1276 
MoAs,C1.Hi.CINO3 

MoCl(NO)(CO),(diars), 1276 
MoAs,C13HigNO,4 

[Mo(NO)(CO)3(diars)]* , 1276 
MoAs,C,5H22N203S2 

Mo(S,CNMe,)(NO)(CO),(diars), 1276 
MoAs,C,5H2;NO.P 
[Mo(NO)(CO).{P(OMe)3}(diars)]* , 1276 

MoAs,C3)9H2z,NO3P 

[Mo(NO)(CO).(PMe2Ph)(diars)]* , 1276 
MoAs,C,5H2Cl,N,0> 

MoCl,(NO),(dpam), 1272 
MoAs,C36H39Cl,N202 

MoCl,(NO).2(AsPh3)2, 1272 
MoAs,C36H30Cl,NO 

Mo(NO)CI1;(AsPh;)2, 1286 

MOo(N>;)2(arphos)>, 1269 
MoAs,4C39H32ClIN,O0> 

[MoCl(NO),(diars)2]*, 1272 
MoAs4C39H32Cl, 

MoCl,(diars)2, 1284 
MoAs4C39H32Cl,y 

[MoCl,(diars).]*, 1354 
MoAs4C29H32N203 

[Mo(NO),(diars).]?*, 1273 
MoAs,C3,H32CINO, 

MoClI{NO)(CO)(diars)2, 1276 
MoAs,C,2H32ClO, 

[MoCl(CO),(diars).]*, 1281 
MoAs,C;,H44Br,0; 

MoBr,(CO).(dpam)3, 1281 
MoAs,4C52H44Cl,02 

MoCl,(CO).(dpam),, 1281 
MoAs4Cs,HygNq4 

Mo(N;3)2(Ph,AsCH,CH,AsPh3)>, 1269 
MoAs,4C,,H71N2P3 

Mo(N,)(triphos)(diars), 1268 
MoAu,C2H30P284 

MoS,(AuPEt;)2, 1422 
MoAu,C36H390P,S; 

MoOS,(AuPPh;),, 1422 
MoAu,C;4H,;,OP3S3 

MoOS;3{Au(PPh3).}(AuPPh3), 1422 
MoBC,Hi9Cl,N,O 

MoOCl,{HB(NN=CHCH=CH);}, 1253 
MoBC,HoCl,N7O 

MoCl,(NO){HB(NN=CHCH=CH));}, 1287 
MoBC,Hi9Cl,Ne 

MoCl;{HB(NN—=CHCH=CH);}, 1342 
MoBC, 1Hi9N70; 

Mo{HB(NN=CHCH=CH)3}(NO)(CO)>, 1276 
MoBC,,H;,;BrN,O, 

Mo(NO){HB(NN=CHCH=CH),}Br(OEt), 1287 
MoBC,,Hi4Cl.Ng 



Formula Index 

MoCl,(HNN=CHCH=CH){HB(NN= 
CHCH=CH);3}, 1331 

MoBC,,H4iP, 

MoH(BH,)(PMe;)4, 1284, 1438 
MoBC,4Hi2N,0; 

Mo{B(NN=CHCH=CH),}(NO)(CO),, 1276 
MoBC,;5H,5CINg 

Mo(N,Ph){HB(NN=CHCH=CH),}Cl, 1295 
MoBC,;H,;CIN,O 

Mo(NO){HB(NN=CHCH=CH)3}Cl(N>Ph), 1288, 
1294 

MoBC,;H2.Cl,N,O 
MoOCl,{HB(N N=CMeCH=CMe);}, 1352 

MoBC,;H,,CI,N,O 

MoCl,(NO){HB(NN=CMeCH=C >Me)3}, 1287 
MoBC,;H,,CI,N, 

MoCl;{HB(N N=CMeCH=—CMe);} , 1342 
[MoCl, {HB(NN=CMeCH=CMe);}]~, 1331 

MoBC,;H3.1,N,O 
Mo(NO){HB(NN=CMeCH=CMe)5} >, 1287, 1292 

MoBC,;H4IN,O 
Mo(NO){HB(NN=CMeCH=CMe);}I(NH;), 1287 

MoBC,;H24N70; 
Mo(NO){HB(NN=CMeCH=CMe);}(OH),, 1287 

MoBC,;H,;IN,O 
Mo{HB(Me.C3NH,)3}I(NO), 1279 

MoBC,;H,;IN,O 

Mo(NO) {HB(N N=CMeCH=C Me);}I(NHNH,) ; 
1288 

MoBC,6H17N1002 
Mo{B(NN=CHCH=CH),}(NO)(CO)(EtNC), 1276 

MoBC,.H¢CINgO 
Mo(NO){HB(NN=CMeCH=CMe)3}Cl(NHMe), 

1287 
MoB Ci6H27IN,O 

Mo(NO){HB(NN=CMeCH=CMe)3}I(NHNHMe), 
1288 

MoBC,.H27N,0, 

Mo(NO){HB(NN=CMeCH=CMe)3}(OMe)(NH3), 
1287 

MoBC,7H,;N,0, 

Mo(N,Ph){HB(NN=CHCH=CH),}(CO),, 1294 

Mo{HB(NN=CMeCH=CMe);}(NO)(CO),, 1276 
MoBC,7H2,CIN,O, 

Mo(NO){HB(NN=CMeCH=CMe),}CI(OEt), 1287 
MoBC,7H,7IN;OS 

Mo(NO){HB(NN=CMeCH=CMe);}I(SEt), 1288 

Mo(NO){HB(NN=CMeCH=CMe);}I(OEt), 1292 
MoBC,7H2,CINs,O 

Mo(NO){HB(NN=CMeCH=CMe),}Cl(NHEt), 1287 
Mo(NO){HB(NN=CMeCH=CMe),}Cl(NMe;), 1287 

Mo(NO){HB(NN=CMeCH=CMe);}I(NHNMe,), 
1288 

MoBC,sH7CIN7O, ; 

Mo(NO){HB(NN=CMeCH=CMe),}Cl(OPr'), 1287 
MoBC,3H3,N,0, 

Mo(NO){HB(NN=CMeCH=C Me);}(OEt)NHMe), 
1287 

MoBC, oH 5N. O 

[Mo{HB(NN=CMeCH=CMe);}(NO)(MeCN),]*, 
1279 

MoBC,.H3,CIN,OS 

Mo(NO){HB(NN=CMeCH=CMe),}Cl(SBu), 1288 
MoBC,.H32N70; 7 

Mo(NO){HB(NN=CMeCH=CMe);}(OEt)», 1287 
MoBC,.H33NsO02 

Mo(NO){HB(NN=CMeCH=CMe),}(OEt)(NHE1), 
1287 

MoBC,.H34N oO 

Mo(NO){HB(NN=CMeCH=CMe)3}(NHEt)s, 1288 

1527 

MoBC9H17N90 
Mo(N,Ph){B(NN=CHCH=CH),}(CO),, 1294 

MoBC,9H34N,0; 
(SIS) {HB(NN=CMeCH=CMe),}(OEt)(OPr'), 

1287 
MoBC,,H>,CIN,OS 
Mo(NO){HB(NN=CMeCH=CMe);}(SPh), 1288 

MoBC,,H7IN,OS 
Mo(NO){HB(NN=CMeCH=CMe);}I(SPh), 1288 

MoBC,,H),IN,O, 
Mo(NO){HB(NN=CMeCH=CMe);}I(OPh), 1287 

MoBC),HogCIN,O 
Mo(NO){HB(NN=CMeCH=CMe)3}Cl(NHPh), 1288 

MoBC,,HgINsO 
Mo(NO){HB(NN=CMeCH=CMe),}I(NHPh), 1288 

MoBC,,HgINsOS 
Mo(NO){HB(NN=CMeCH=CMe);}I(NHC,H,SH), 

1288 
MoBC>;HgINsO> 
Mo(NO){HB(NN=CMeCH=CMe);}I(NHC,H,OH), 

1288) 1293 
MoBC,,H>9IN,O 
Mo(NO){HB(NN=CMeCH=CMe);}I(NHNHPh), 

1288, 1293 
MoBC,,H33IN,OS 
Mo(NO){HB(NN=CMeCH=CMe)3}I(SCeH11), 1288 

MoBC,,H>,INsO 
Mo(NO){HB(NN=CMeCH=CMe);}I(NHNMePh), 

1288 
MoBC,,H39CINgO 
Mo(NO){HB(NN=CMeCH=C Me) }Cl(NH- 

CH4Me-4), 1288 
MoBC,,H3oINsO> 
Mo(NO){HB(NN=CMeCH=CMe);}- 

I(NHC,H,OMe-4), 1288 
MoBC,,H3 .N70; 

Mo(NO){HB(NN=CMeCH=C Me);}(OPh)(OMe), 
1287 

MoBC,,H3,N,OS 
Mo(NO) {HB(NN=CMeCH=CMe) }(NHMe)(SPh), 

1288 
MoBC,3H32N702S 
Mo(NO){HB(NN=CMeCH=CMe)3}(OEt)(SPh), 

1288 
MoBC33H4.N70S, 

Mo(NO){HB(NN=CMeCH=CMe);}(SBu),, 1288 
MoBC,,7H32N70S, 

Mo(NO){HB(NN=CMeCH=CMe);}(SPh)», 1288 

Mo(NO){HB(NN=CMeCH=CMe);}(NHPh)>, 1288 
MoBCygHsIN5O 
Mo(NO){HB(NN=CMeCH=CMe);)- 

I(NHC,H,CH2C,H4NHz), 1292 
MoBC3sHy,N,OP 
Mo(N,C.H,Me){HB(NN=CHCH=CH),}(CO)- 

(PPh;), 1294 
MoBLiC,3H31,N,O 
Mo{HB(NN=CMeCH=CMe)3}(NO)I,Li(OEt)2, 

1280 
MoBi,CsH,20,4P. 

(BiMe)2Mo(CO),4(PMe)2, 283 
MoBrCl,O 

[MoOClL,Br]?”, 1349 
MoBr,Cl,N,0, 

[MoCl,Br,(NO),]?", 1273 
MoBr,0, 

MoO,Brp, 1380, 1387 
MoBr; 

MoBr;, 1330 
MoBr3;0 
MoOBrs, 1348 

MoBr, 
MoBr,g, 1334 
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MoBr,O 

MoOBrg, 1392 
MoBr,;O 

[MoOBrs]?-, 1398 
MoBrg, 

[MoBre]?-, 1342 

[MoBrg]?~, 1330 

(MoNBr;)4, 1394 
MoCCI,IN 

MoCl,(NCI), 1354 
MoCH,0, 
[MoMeO,]~, 1380 

MoC3H,Cl,0, 
MoCl,y(OMe),, 1355 
[MoCl,(OMe).]~, 1354 

MoC,H,.NOs 
MoO(O,)2(Gly-O)(H20), 1399, 1400 

MoC,Hg,Cl,N,O, 
MoCl,(NO),(en), 1272, 1274 

MoC,HsN,0, 
Mo0O,(ONHMe),, 1391, 1393, 1405 

MoC,0,S; 
[MoO(S,)2(O0,CCOS)]?~, 1392 

MoC,0, 
[MoO(O,)2(C20,4)]?~, 1261, 1399, 1400 

MoC,S, 
[MoS(CS,)2]?~, 1344, 1432 

MoC3H,7N,0;3S, 

MoO(ONHMe)(ONMECS,), 1394 
MoC,H gO, 

MoO(0,CCH,CO,)(H20)3, 1337 
MoC3H,OS;Si 
MoS,(OSiMe;), 1378 

MoC,HN,O, 
[MoO(OH)(CN).4]?~, 1249, 1335, 1337, 1338, 1345 

MoC,H,N,0O, 

[MoO(H,0)(CN),]?-, 1248, 1335, 1337, 1338, 1345 
MoC,H,N,0,S, 
[Mo(NO)(H,NO)(NCS)4]?~, 1291 

MoC,H,.Cl,N,O, 

MoCl,(NO),(MeCN),, 1272 
MoC,H,CIl,N,S 

MoSCl,(NCMe),, 1354 
MoC,H,Cl3;N3;0 
Mo(NO)Cl,(MeCN)>», 1286 

MoC,H,.Cl,N, 
MoCl,(NCMe)>, 1346 

MoC,H,.Ne 
Mo(CN),(NH3)2, 1345 

MoC,H,0; 
MoO,{O(CHCH,0),}, 1381 

MoC,H,0, 

MoO(OAc),(H30), 1337 
MoC,H9Cl4,O2 

[MoCl,(OEt).]~, 1354 

MoC,H190, 

MoO,(OCH,CH,OH),, 1381 
MoC,H,1N30,S8> 

MoO(ONHMe),{S;CN(O)Me}, 1392 
MoC,H,,.Br,N,0,S, 

MoBr,(NO),(Me,S)>, 1272 

MoC,H,,Br,N,0,S, 

MoBr,(NO)(DMSO)>, 1272, 1274 
MoC,H,2Br,S, 

[MoBr,4(SMe,).]?~ , 1330 

MoCG,4H,,Cl,N,0, 

MoCl,(NO),(EtOH),, 1272 
MoC,H,,Cl;NO3S, 
Mo(NO)Cl,(DMSO),, 1286 

MoC,H,,N,0,.S, 

MoO,(SCH,CH,NH,;)2, 1387 
MoC,H,.N,0,S 

MoO(ONHMe)2{ONMeC(S)NH}, 1392, 1405 

MoC,4H12N6010 
[Mo(NO),(MeNO,)4]?*, 1273 

MoC,H420,4 

Mo(OMe),, 1344 
MoC,H,3N30; 

MoO,(dien), 1256, 1379 

MoC,N20 4 

[Mo(NO).(C204)2|?~ , 1273 

MoC,N,0, 

[MoO,(CN)4]*~, 1249, 1335, 1336, 1338, 1345 

MoC,N,0,S, 

[MoO,(NCS),4]?~, 1387 
MoC,N,0; 

[MoO(O,)(CN),4]?~, 1403 

MoC,N;O 

[Mo(CN)4(NO)]~, 1290 
MoC,N;OS 

[Mo(SCN)4(NO)]?~, 1279 

OU4N6U2 
[Mo(CN),4(NO).]?~, 1273 

MoC,N,02S, 

[Mo(CNS)4(NO),]?~ , 1273 

OU4U 6 
MoO,(CO),, 1336, 1339 

MoC,F,O, 

[Mo0O3{O0,C(CF2)3CO,}]?~, 1380 
MoC;H,ClO, 

MoO,CICp, 1387 
MoC;H;Cl,0, 

[MoClL,(OEt).]~, 1354 

MoC;HsCl,NS 

[MoSCl,(py)]~, 1354 

MoN(N3)3(py), 1394 
MoC;H,Br,N0, 

[MoBr,(NO){ON=C(COMe),}]*, 1289 
MoC;H,Cl,N20,4 

[MoCl,(NO){ON=C(COMe),}]*, 1289 
MoC;H,FNO,S, 

[Mo(S2CNMe,)F(CO),]~, 1282 
MoC;H,Cl,0,4 

[MoO,Cl,(acac)]~ , 1387 
MoC;H,Cl,0, 

[MoOCl,(acac)]~, 1349 
MoC;HgCINO 
MoO(S,CNCH,CH,0OCH,CH,)Cl, 1352 

MoC;H,.NO,S, 

MoO,(S,CNEt,), 1337 
MoC;H,.NOs 

MoO(O,)2{O;CCH(CH,);NH}(H,0), 1399, 1400 
MoC;H,,;NO, 
MoO(O;)2{(S)-MeCH(OH)CONMe;}, 1399 

MoC;H,3N;0,S, 

MoO(ONHMe){ONMeC(S)NH} {ONMeC(S)NH3}, 
1392 

MoC,.N;O 

[MoO(CN)s]3~, 1339 
MoC;N;OS, 

[MoO(NCS).]?~, 1235, 1249, 1351, 1352 
MoC;N,;OSe; 

[MoO(NCSe).]?~, 1351 
MoC;N,O 

[Mo(CN);(NO)]?~, 1290 
[Mo(CN),(NO)]3~, 1279 
[Mo(CN),(NO)]}*~, 1276 

MoC,H,ClN;0; 
Mo(NO)CI;(DMF),, 1286 

MoC,H,NO, 

[Mo(O)(O2)2(pyCO2)]~, 1399 
MoC, 9 

[MoO3{N(CH2CO;),}]?~, 1379 
MoC.H,012 



[MoO(O,).(citrate)]?~, 1400 
[Mo(O,CH).]?~, 1235 

MoC,H.Se 
Mo(S,C;H,)s, 1413 

MoC,H30,3 
MoO(0,)2(O,CeH,)(H,0), 1399 

MoC,H.CIN,O, 
[MoCl(NO),(MeCN),]*, 1272 

MoC,H,O,;PS 

Mo(CO);(PMe;)(n?-SOz), 1278 
MoC,Hi9N20;,S2 

[MoO,{SCH,CH(NH,)CO,}3]2~, 1387 
MoC,H,,NO; 

[MoO,{N(CH,CH,0);}]~, 1381 
MoC,H,,.N,0,S, 

MoO,(S,CNMe;)2, 1387 
MoC,H,2.N,0.S, 

Mo(NO),(S;CNMe,)>, 1272, 1274 
MoC,H,,0S, 

[MoO(SCH,CH,CH,S),]}~, 1350 
MoC,H,3;NO,S; 

MoO,(SCH,CH,NHCH,CH,SCH,CH,S), 1382 
MoC,H,,4Cl,N,0O,4 

MoO,Cl,(DMF),, 1381, 1387 
MoC,H,4NO,S 

MoO,(SCMe;CH,NMe,), 1405 
MoC,H,,0, 

MoO,(OPr'),, 1315 

[MoBr(NO),(1,4,7-triazacyclononane)]*, 1272 

MoCl,(1,4,7-triazacyclononane), 1333 
MoC,H,;N;0, 

Mo(1,4,7-triazacyclononane)(NO),, 1272 
MoC,H..N;0, 

[MoH(NO),(1,4,7-triazacyclononane)], 1272 
MoC,HigN20, 

MoO,(ONMes)2, 1383 

MoC,HigN30,¢P 

MoO(0,),(HMPA), 1403 
MoC,Hi,0¢ 

Mo(OMe)., 1413 
MoC,Hig0¢6P3S6 

Mo{S,P(OMe)>.}3, 1331 
MoC,H2.N307P 

MoO(O,),(HMPA)(H,0), 1399 
MoC,H24Ne 

[Mo(en)3]3*, 1330 
MoC,NO,;3 

Mo(NO)(C,04)3, 1290 

MoC,.Ne 

[Mo(CN)¢]*~, 1283 
MoC,N.¢S¢ 

[Mo(NCS)¢]2~, 1235, 1344, 1346 
[Mo(NCS)¢}?~, 1235, 1331 

MoC,N¢Se6 

[Mo(NCSe)¢]?~, 1331 
MoC,O. 
Mo(CO),, 1230 

MoC,HN, 
[MoH(CN),]*~, 1345, 1439 

MoC,;H;NO, 
MoCp(CO),(NO), 1275, 1276 

MoC,H,Cl,NO; 

[MoOCl,(2-OC.-H,CH=NH)]-, 1349 
MoC,;H,N20;S 
Mo(CO)3(MeCN)2(n?-SO2), 1278 

MoC,H,N20¢ , 

[Mo(CO),(NO){ON=C(COMe),}]*, 1289 
MoC,H,N,O2S4 

[Mo(NO)(Me,CNO)(NCS)4]2~, 1291 
MoC,H,,CIN,O; 

[MoCl(NO)(OEt) {ON=C(COMe),}]*, 1289 

Formula Index 

MoC,H,;NO,S, 

MoO, {(SCH,CH,)2.NCH,CH,SMe}, 1382, 1387 
MoC,N, 

[Mo(CN),]*~, 1235, 1332 
[Mo(CN)q]5~, 1230, 1283, 1345 

MoCgHgCl4N 
MoCl,(N=CHCH=NCH=CH),, 1342 

MoCsH,.CIN, 
[MoCl(CNMe),]*, 1335 

MoC,H,.CIN,O 

[MoOCl(CNMe),]*, 1339 
MoCgH12N,0.S, 

Mo(S,CNMe;)2(CO),, 1281, 1282 
MoCs3H,2N;03S, 

[Mo(NO)(NCO),(SxCNMe;),]~, 1290 
MoC,;H,2N.0; 
[Mo(NO),(MeCN),]2*, 1273, 1274 

MoC,H,<N,O; 
[Mo(CO).(NO)(1,4,7-triazacyclononane)]*, 1289 

MoOCl,(THF),, 1349, 1352 
MoCsH;,,.Cl,O, 

[MoCl,(THF),]-, 1330 
MoC,Hi¢N20,4 

MoO,(ONEtAc),, 1387 
MoC,H,,.N20,S, 
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MoO,{SCH,CH(NH3)CO,Me},, 1256, 1382, 1387, 
1392 

MoCgH¢P2Sa 
Mo{SCH3CH,),P}2, 1344 

MoCgHi6S6 

Mo{(SCH,CH;)2S}>, 1344 
MoCgH;,3N,0,S, 

MoO,{(SCH,CH,NMeCH,)>}, 1382, 1391, 1392 
MoO,{(SCH,CH2)2.NCH,CH,NMe,} > 1387 

MoCsHsN,OS, 

MoO(NNMe,)(S,CNMe;)2, 1397 
MoCgH29Cl,O¢ 

MoO,Cl,(DME)>, 1381 
MoC,H2oCl,O> 

MoCl,(OEt,)2, 1342 

MoO,(SCH2,CMe2NH2)2, 1382 

MoO,(SCMe.CH,NH2)2, 1387 
MoO,(SCMe,NHMe)>, 1382 

MoCgH9N20, 
MoO,(ONEt,),, 1391 

MoCgH2o0P2S4 

MoO(S3PEt,)2, 1339 
MoCgH.2.0S, 

[MoO(SEt)a]~, 1350 
MoCgH2906P2S4 

Mo0,{S;P(OEt)2}2, 1388 
MoCgH24N,4 

Mo(NMe,)4, 1343, 1346 
MoCgH.N, 

Mo(NMe,),, 1344 
MoC,Ng 

[Mo(CN)s]°~, 1354, 1355 
[Mo(CN)g]4~, 1248, 1338, 1345, 1346 

MoC,H,Cl,NO, 

[MoOCl,(8-quinolinolate)]~, 1349 
MoC,H,CIN;O> 
[MoCl(NO),(H,C—=CHCN),]*, 1272 

MoC,H,,.NO3S 
MoO,,{ONMeC(S)CcH,Me-4}, 1381 

MoC,H,,02 
MoO,(C.H,Me:;-2,4,6), 1389 

MoC,H12N203S, 

Mo(CO)3(S2CNMez)2, 1282 

MoC,H,3N,0,4 

[Mo(acac)(NO),(MeCN),]*, 1272 
MoC,H.5N303 
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Mo(CO),(1,4,7-triazacyclononane), 1289 

Mo(CN)3(NO)(1,4,7-triazacyclononane), 1289 
MoC,H,.05P2S 

Mo(CO)3(dmpe)(n1-SO2), 1278 
Mo(CO)3(dmpe)(n?-SO2), 1278 

MoC,H,gN,OS, 
Mo(NO)(S;CNMe,)3, 1289, 1290 

MoCogHigN4S6 

MoN(S,CNMez,)3, 1394, 1395 
MoC,HigN,S7 
Mo(NS)(S2CNMez)3, 1290 

MoC,H03P2S, 
Mo(S,CO)(CO)2(PMe3)2, 1278 

MoC,H,9Cl,0, 
Mo(CBu')Cl,(DME), 1407 

MoC,H2oN,0,S, 
MoO,{(SCH,CH,NMeCH;)2CH>}, 1382, 1391 
MoO,{(SCH,CH2)2N(CH,)3NMe>}, 1382 

MoC,H>;Br,N,O 
MoBr.(NO)(1,4,7-trimethyl-1,4,7-triazacyclononane), 

1279 
MoC,H3,Br3N3 

[MoBr3(1,4,7-Me3-1,4,7-triazacyclononane)]|*, 1342 
MoC,H,,CIN30, 

MoO,Cl(1,4,7-trimethyl-1,4,7-triazacyclononane), 1387 

MoC,,.HgBr,N,0, 

MoO, Br,(bipy), 1381, 1388, 1405 
MoC, .HsBr.N; 

MoNBr,(bipy), 1353 
MoC,oHgCl,N,0, 
MoO,CL(bipy), 1387 

MoC, oHsCl,N3 
MoNCL,(bipy), 1353 

MoC,oHsgCl,N,O, 
MoCl,(NO).(bipy), 1274 

MoC,oHgCl,N,0 
MoOCl,(bipy), 1350 

MoC,oHgClN3 
MoNCL,(bipy), 1394, 1395 

MoC,oHsCl,N30 
MoCl,(NO)(bipy), 1288 

MoC,,HgCl,N, 
MoClL,(bipy), 1342 

MoC, oHgN,0,2S> 

Mo(2-pyS)2(NO),, 1272 
MoCioHgNg 

MoN(N;)(bipy), 1296 

MoC,oHgNi2 
MoN(N3)3(bipy), 1394, 1395 

MoC,oHi9Cl, 

MoCL,Cp,, 1346 
MoC,9Hi9Cl,N4O2 

MoCl,(NO),(py)2, 1272, 1275 
MoC,oHi9Cl,N4,O, 

MoCl,(NO),(py N-oxide), 1272 
MoC,9Hi9Cl;N3;0 

MoCl3(NO)(py)2, 1288 

MoC,oH 1082 
MoCp,S;, 1435 

MoC 4H 10S4 
MoCp,S,, 1435 

MoO,{Cs.H3N-2,6-(CHCH,S),}, 1381 

MoC,oHi2 
MoH,Cp,, 1346 

MoC,9H,2Cl,NO; 
MoOClL,(acac)(py), 1349 

MoC,oHi2N2044 
[Mo,0,(edta)]*~, 1256 

MoC,9H,2N;03 

[Mo(NO)(H2NO),(bipy)]*, 1291 
MoCi9H13N205 

Mo(NO)(acac){ON=C(COMe),}, 1289 
MoC,9H,,ClOs; 

MoOCl(acac), 1352 
MoCi9Hi4Cl,O4 

MoCl,(acac)2, 1346 

MoC19H14N20¢ 
Mo(NO),(acac)2, 1272, 1274 

MoC 19H 1406 
MoO,(acac),, 1381, 1387, 1391 

MoC,ioHis5F4N 

MoF,(NEt,Ph), 1342 

MoC,9H,i,;N,O 

[Mo(NO)(MeCN).]?*, 1279 

MoC,9H29CIN,OS, 

MoOCl(S,CNEt,)2, 1352 
MoCi9Hy9Cl,N,OS, 

MoOCL,(S,CNEt,)2, 1392 

MoC,9H29F2N20S, 

MoOF,(S,CNEt,)2, 1392 

MoC,9H29N,0S, 

MoO(S,CNEt,)2, 1336, 1339, 1391 
MoC,9H29N20,2S, 

MoS2{ON(CH,)s}>, 1404 

MoCjoH29N202S,4 
MoO,(S,CNEt,)2, 1256, 1381, 1387, 1390-1392 

MoC,,9H2.N203Se 
MoOSe{ON(CH,)s}2, 1404 

MoCjoH29N204 
MoO,{ON(CH,;)s}2, 1404, 1405 

MoC,oH29N20¢S2 
MoO,{SCH,CH(NH,)CO>Et}>., 1390, 1391 

MoCjoH29N6O4S4 
Mo(N,CO,Me)(NHNHCO,Me)(S;CNMe;)>, 1341 

MoCj9H29N,OS, 

[Mo(NO)(N3)2(S2CNEt,)2]?_, 1286 

MoC;.H22.N,0,S, 
MoO,{(SCMe,CH,NHCH,)>}, 1382 

MoC,oH22N4O2S, 
Mo(NO)(H,NO)(S3;CNEt,)2, 1291 

MoC,oH24N202S2 
MoO,(SCMe,CH,NHMe),, 1382 

MoC,,H,;Cl4zNO 

Mo(NC,H4Me-4)Cl,(THF), 1396 
MoC,,HCIN,O2S,4 

[Mo(NO)(NCO)(S,CNEt,)2Cl]~, 1290 

MoC,,H 2 9N7028,4 
[Mo(NO)(NCO)(N3)(S2CNEt)2]~, 1290 

MoC,,H2,N20>3PS, 

Mo(S;CNMe;)2(CO)2(PMe;), 1282 

MoC,,H2;N4O3 
[Mo(NO)(CO),(1,4,7-trimethyl-1,4,7- 

triazacyclononane)]*, 1276 
MoC,,H23N4,0,.P 

MoO(O,).(HMPA)(py), 1399 

MoC,,H23Ns02S,4 
Mo(NO)(NCO)(S;CNEt)2(NH3), 1290 

MoC,,H>27Cl,0,P; 

MoCl1,(CO).(PMe3)3, 1281 

MoC,,ClgsN,038, 

[Mo(S2C.Cl,4)2(NO).]~ , 1273 

[Mo(S2C6Cl4)2(NO),]?~, 1273 

MoC,2Fi8S6 
Mo{S,C,(CF3)2}3, 1436 

MoC,,HsCIN3;0; 

MoCl(CO),(NO)(bipy), 1275 
MoC,,HsCl,N,O, 

MoO,Cl,(phen), 1381 
MoC,,HsCl,N,O, 

MoCl,(NO),(phen), 1272 
MoC,.HsN,0,S, 

[Mo(NO).(C.H4S)2]?~, 1273 
MoC,,HsN,0; 

MoO(O,)2(phen), 1399, 1400 



Formula Index 

MoC,,HgN,;OS, 

Mo(NCS),(NO)(bipy), 1279 
MoC,,HsN,0,S, 

Mo(NCS).(NO).(bipy), 1272 
MoC,,HsOS, 

[MoO(S.CC;H,)2]~, 1350 
MoC,,Hs0, 

[MoO,(0,C,H,)2]?-, 1381 

{[MoO,(1,2-O0,C,H,)2]?-, 1389 
MoC,,Hi9Cl,N,0, 

MoCl,(CO),(py)2, 1281 
MoC,,HioN,O2S, 

Mo(NO)(H2,NO)(NCS),(bipy), 1291 

MoC,2HioN6O¢ 
Mo(NO)(H,NO)(2-pyCO,),, 1291 

MoC,,H,,CIN,O, 

[MoCl(NO).(MeCN)(bipy)]* 272 

MoC,.H,.N;05 
[Mo(NO)(H,NO),(phen)]*, 1286 

MoC,.Hi2N6O2 
[Mo(NO).(H,C=CHCN),]2* 31273 

MoC,,H,.Ns 
Mo(CN)4(CNMe)a,, 1345, 1346 

MoC,2H1200S, 
[MoO{S,C,(CO,Me),}.]?~, 1432 

MoC,,H,3;CIN;O, 

[MoCl(NO),(MeCN)(py)2]*, 1272 
MoC,2H,4N,0, 
MoO.Me,(bipy), 1406 

MoC,,H,;NO, 

Mo(C;Mes)(NO)(CO),, 1276 

MoC,,H,.CLN,OS, 

MoOCl,(S,CNH2C;He)2, 1392 

MoC,,.HigCINg 

[MoCl(CNMe).]*, 1283 

MoC,2H20N502Ss 
[Mo(NO)(NCO)(NCS)(S,CNEt,).]~, 1290 

MoC,2H20N503S8,4 
[Mo(NO)(NCO).(S,CNEt,)2]~, 1290 

MoC,,H2,CIN,O,.P 

MoO(O,)Cl(pyCO,)(HMPA), 1399 

MoC,,H,.NsgOS¢, 

MoO(S,CNMe,)(u-N2CS,Et)2Mo(S,CNMez,), 1341 

MoC,,H24Cl,03 

MoCl,(THF)3, 1331 

MoC,,H24N20¢S2 
MoO,.{SCMe,CH(NH,)CO.Me}>., 1256, 1382 

MoC,,H24N406 
MoO,(ONMeCONBu'),, 1405 

MoC,2H24NeSs 
Mo(N,CS,Et)(H2NNCS,Et)(S,CNMe,)2, 1341 

MoC,,H,25OS; 

[MoO(1,5,9,13-tetrathiacyclohexadecane)(SH)]*, 1335, 
1337 

MoO.Cl,{(Pr'O)P(0)CH,CONEt,}, 1381 

MoC,,H2.Cl,N,O, 

MoCL(NO),.(CeHi1NH2)2, 1272 

MoC,2H26N602Ss5 
Mo(NO)(N3)(S2CNEt2)2(DMSO), 1290 

MoC,,H,,CINOS; 

[MoCl(NO)(SBu')3]~, 1289 

MoC,,H,7NO>P.S, 

Mo(COMe)(S;CNMe,)(CO)(PMes)2, 283 
MoC,,H,70,Si 

[MoO,(OSiBu';)]~, 1380 

MoC,,H2gN202S. 
MoO,(SCMe,CH,NMez)>, 1382, 1387 

MoC,2H2.02P2S, 

MoO,(S2PPr'3)>, 1387 

MoC,2H280, 
Mo(OPr'),, 1344 

MoC,,H36Cl,.N.O.4P2 

COC3-wWw* 

MoO,Cl,(HMPA),, 1381 

MoC,,H3.6Cl,N7O;P, 

Mo(NO)Cl,(HMPA),, 1286 
MoC,2H36Cl,P, 

MoCl,(PMe;),, 1283 

MoC;2H36Cl;N,O3P, 

MoOCl,(HMPA),, 1349 
MoC,2H3612P, 

Mol,(PMe3),4, 1283 

MoCi2H36N4P4 
Mo(N;2)2(PMes)., 1268 

MoC,.N¢S¢ 

[Mo{S,C,(CN)2}3]?~, 1436 
MoC,3H;N4S, 

[MoCp{S2C,(CN)2}2]~, 1437 
MoC,;HsN,O 

Mo(CN)3(NO)(bipy), 1289 

MoC,3HioNsS¢ 
[Mo{S.C,(CN)2}2(S2CNEt,)]~, 1437 

MoC,3H,2N20; 
MoO,(OCs;H,CHNHCOpy)(H,0), 1387 

MoC,3H2oN20P,S, 

Mo(S,CNMe,)2(CO)(PMe;)2, 1282 

MoC,3H25N,03S5 
Mo(NO)(NCO)(S,CNEt,)2(DMSO), 1290 

MoH(O,CH)(PMe3)4, 1284 

MoC,4H70i0S 

{[MoO,(alizarin red-S)]?~ , 1380 
MoC,,4H,Cl,0, 

MoO,Cl,(9,10-phenanthroquinone), 1382 
MoC,4HgN,02S, 

Mo(2-mercaptobenzothiazolate),(NO),, 1272 
MoC,4,H,N;OS, 

Mo(NCS).(NO)(phen), 1279 
MoC,4,HsN,O, 

Mo(CN).(NO),(phen), 1272 
MoC,,HsN,0.S, 

Mo(NCS).(NO),(phen), 1272 

MoC,4HsN.6S,4 

Mo(NCS),(bipy), 1344 

MoC,4Hi9Cl,N,O2 

MoCl,(NO),(PhCN),, 1272 

MoCl,(NO).(PhNC),, 1272 

MoC,4HioN2S2 
MoCp,{S2C2(CN)>}, 1437 

MoC,4HioN¢O2S2 
Mo(NO)(H,NO)(NCS),(phen), 1291 

MoC,4H1902S2 
MoCp(CO),(S2CPh), 1435 

MoC,4Hi1N302 
[Mo(CO).(bipy)(MeCN)]?*, 1281 

MoC,,H,,ClOS, 

MoOCl{(2-SC,.H,SCH,),}, 1337, 1349 

MoC,4H12N2028,4 
[Mo(S2CsH3Me).(NO).]~, 1273 

MoC,4H12028,4 
MoO,{(2-SCg.H4SCH,)2}, 1337, 1382, 1387 

MoC,4,Hi,N,0S, 

[MoO{(2-SCsH,NHCH,).}]~, 1351 

MoC,4H14N202S2 
MoO,{(SCs;H,NHCH,),} r 1382 

MoC,4Hi4N202S, 
Mo(SC,H,4SMe).(NO)., 1272 

MoC,4Hi4N20, 
MoO;3{(OCsH,NHCH,)2}, 1387 

MoG;4Hi4NoO2 
[Mo(NO).2(MeCN).(bipy)]?*, 1273 

MoC,4HigN.O2 

[Mo(NO),(MeCN)2(py)2]?*, 1273 
MoC,4HiS4 
MoCp,(u-SCH,CH.S),, 1435 

MoC,4H2;CINO,P.2S, 

1531 
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Mo(NPh)CI{S,P(OEt)2}2, 1353 

MoC,4H23Cl,N2OS, 

MoOCl,(S,CNPrz)2, 1392 

MoC,4H2gN,0OS, 

MoO(S,CNPrz2)2, 1335, 1336 

MoC,4H23N,0S, 

MoOS,(S,CNPrz2)2, 1392, 1393, 1431 

MoC,4H2gN202S, 
MoO,(S,CNPr2)2, 1381, 1390 

MoC,4H36NsO04P2S2 
MoO,(NCS)2(HMPA),, 1381 

MoC,4H36O04P4 
Mo(CO,)2(PMe3)4, 1277 

MoC,4H37F3014P4 
MoH(O,CCF;){P(OMe)3}4, 1285 

MoC,4H4o02P, 
MoH(OAc)(PMe3)4, 1284 

MoC,;HsN;O 

[MoO(CN);3(phen)]~, 1339 
MoC,;HgN,O 

Mo(CN)3(NO)(phen), 1289 
MoC,5H,,CINio 

MoN(N3)2Cl(terpy), 1394 

MoC,5H,1N130 
Mo(NO)(N3)3(terpy), 1289 

MoC,5H14N204 
MoO,(OC,Ha4NCHMeCH,NC,H,0), 1381 

MoC,;5H;;Cl,N3 

MoCl,(py)3, 1331, 1332 

MoC,;5H;5Cl;N3S 

MoSCl,(py)3, 1354 

MoC,5HisN503 
[Mo(NO)(H,NO)(H,0)(terpy)]?*, 1291 

MoC,5HisN6O3 
[Mo(NO)(H>NO),(terpy)]*, 1291 

MoC,;5Hi,N,0;S 

MoO.(OC,H,CHNHCOpy)(DMSO), 1387 

MoC,5HieN6O3 
Mo(NO)(H,NOH)(H,NO)(terpy), 1291 

MoC,5H210¢6 
Mo(acac)3, 1331, 1332 

MoC,5H3o9CIN3S._ 

MoCl\(S,CNEt,)3, 1331 

MoC,;5H39N3;0S¢_ 

MoO(S,CNEt,)3, 1352 

[MoO(S,CNEt,)3]*, 1392, 1393 

MoC,5H30N302S, 
Mo(S,CNEt,)3(n?-SO2), 1331 

MoC,;H39N4,OS, 

Mo(NO)(S,CNEt,)3, 1289 

MoC,5H3oN4S¢ 
MoN(S3CNEt,)3, 1395 

MoC,;H3,N3S7 
Mo(SH)(S,CNEt,)3, 1343 

MoC,;H33ClO 

MoOCl(CH,Bu')3, 1407 

MoC,;H33S;3 
Mo(SC;H;;)3, 1330 

MoC,;5H34NO,P3 : 

Mo(CO,)2(PMe3)3(CNPr'), 1277 

MoC,5rH33ClO2P3Si 

MoCl(n?-COCH,SiMe3)(CO)(PMe3)3, 1283 

MoC,5H4sN2Ps 
Mo(N,)(PMe3)s, 1268 

MoC,5H47015P5 
MoH,{P(OMe)3}5, 1285 

MoC,5H47P; 
MoH,(PMe;3)s5, 1285, 1438 

MoCi6Hi2N6O2 
Mo(NO)(HNO)(CN)(terpy), 1291 

MoC,.Hi4CIN,O; 

MoOC\(salen), 1349 

MoC,.H14CIN;0; 

Formula Index 

Mo(NO)Cl(salen), 1289 
MoC,.6H14Cl,N20, 

MoCL,(salen), 1342, 1346 

MoCi6Hi4N20,4 
MoO,(salen), 1387, 1389 

MoC,6Hi6Cl,N202 

MoCl,(2-OC,;H4,CH=NMe),, 1342 

MoC16Hi6N204 
MoO,(2-OC,H,CH=NMe),, 1381, 1387 

MoCi6HigN206 
MoO,(ONPhAc),, 1382 

MoC,6H17N305 
MoO,(OC,H,CHNHCOpy)(DMF), 1387 

MoC,.H22Cl,N,0,P 

MoCl,(NO)2(PMe2Ph),, 1272 

MoC;6H22S4 
MoCp,(u-SCH,CH,CH.S),, 1435 

MoC;6H241.N2P2 
Mol,(NNH,)(PMe2Ph)>, 1341 

MoC,,.H4N O; 

MoO{ON(CH;)s}2(1,2-02C<H,), 1392, 1405 

MoC,.H25N30S, 

Mo(ONPh)(S,CNEt,)2, 1296 

MoC,;6H25N302S, 
Mo(ONPh)O(S,CNEt,)2, 1296 

MoC,6H25Ns028, 
Mo(NO)(NCO)(py)(S2CNEt,)2, 1290 

MoC,6H25N,02S2 
MoO(NHNCOPh){(SCH,CH,NMeCH,;)2CH>}, 1392 

MoCi6H3oN4O4S4 
Mo(EtO,CNNCO,Et)(S,CNEt,)2, 1296 

MoC,6H3oN4OsS4 
MoO(S,CNEt,)2(EtO,CNNCO,Et), 1336 

MoC,6H320¢6P2 
Mo(0,CH).(CO).(PEts)2, 1281 

MoC,6H32S4 
Mo(SBu'),, 1346 

MoC,6H34Cl,NP3 

Mo(NC,H4Me-4)Cl(PMe3)3, 1341 

MoC,6H3604 
Mo(OBu'),, 1343 

MoC,6H36S4 
Mo(SBu'),, 1344, 1346 

MoCisHaoN4 
Mo(NEt,)4, 1344 

MoC,i6HsoN204Sig 

Mo(OSiMe3)4(NHMe,)2, 1344 

MoC,7H;.CIN,O, 

MoOCl{2-OC,H,CH=NCH,),CH>}, 1349 

MoC,7Hi.N202 
MoO,(OCsHs,CHNCH;CHMeNCHCG,H,0), 1381 

MoC,7H46S2 
MoCp,(S2C,.H3;Me-4), 1437 

MoCi7HigN204 
[MoO(salen)(MeOH)]* np ai} 

MoC,7H29N3S4 
Mo(S,CNEt,)(NHC,H,S)., 1354, 1355 

MoC,7H27N3;0S, 

MoO(NC,H4Me-4)(S;CNEt,)2, 1341 

MoC,7H27N3S4 
Mo(NC.H4Me-4)(S2CNEt,)>, 1341 

MoC17H40s _ 
Mo,Et(OPr'),, 1309 

MoC,7Hs1017P., 
Mo{P(OMe),}{P(OMe)3}5, 1285 

MoC,3H,,CIFN,O, 

Mo(N2CH4F-4)(bipy)(CO),Cl, 1294 
MoC,sH;,CIN,OS, 

MoOCI(8-quinolinothiolate),, 1350 
MoC,sH;,CIN,O, : 

MoOCI(8-quinolinolate),, 1350, 1352 
MoC,gH;,CIN3;0. 
MoCl(pyCO,)s, 1346 



MoC,H,2N,0.S, 
MoO,(8-quinolinothiolate),, 1256 

MoO,(8-quinolinolate),, 1381, 1387 

MoO(O,)(8-quinolinolate),, 1401 

Mo(8-quinolinolate),(NO),, 1272 

[Mo(S2CC;H,)3]?~ , 1343 

Mo(S2C.H,)3, 1413 

MoC,gH13S¢ 
MoH(1,2-S,C,H4)3, 1439 

[MoH(1,2-S:C.H,)3]>~, 1437 
MoC,,H;;Cl,P 

{MoCl,(PPh;)},,, 1319 
MoC,sH;5Cl,OPS 
MoOCl,(SPPh3), 1349 

MoC,gH.5N3S3 
Mo(HNC,H,S)3, 1413 

MoC,.H;,;0,Si 

[MoO,(OSiPh;)]~, 1380 

MoC;sH;5S3 
Mo(SPh);3, 1330 

MoC1gH1g012S¢6 
[Mo{S2C,(CO2Me),}3]?, 1432 

MoC,,H22N,0,4 
MoO,(OC,H,CHNMe,),, 1381 

MoC;gH220, » 
MoO,(C,H2Me;-2,4,6)2, 1407 

MoC,sH24N,0,4 ; 

Mo(CO),(py)2(OPr’)2, 1282 
MoC,gH35;NO¢P3S_ 

Mo(NPh){S,P(OEt).}3, 1353 

MoCigH36N202S, 
MoO,(S,CNBu,),, 1387 

MoC;gHasPo 
Mo(dmpe) 3, 1277 
[Mo(dmpe)3]*, 1280 

MoC,gHs40i8P¢ 
Mo{P(OMe)3}¢, 1277 

MoC,gHs54P6 
Mo(PMes3)¢, 1277 

MoC,gHs50i8P¢ 
[MoH{P(OMe)3}.]*, 1285 

MoC,H,2FN,O3 

[Mo(N2C.H,F)(bipy)(CO)s3]*, 1294 
MoC,.H,;CIN,O, 

Mo(N2C.H4Me-4)(bipy)(CO),Cl, 1294 
MoC,.H4;NOP, 
MoH(PhNCHO)(PMes3),, 1285 

MoC,9H16Cl,N.O2 

MoC9Hi6ClaN, 

MoCl,(bipy).2, 1342 

MoC2oHi6F6NaP2 

Mo(PF3)2(bipy)2, 1277 
MoC,oHi¢6NaSs 
Mo(S,CN CH=CHCH=CH), , 1343 

MoC2oHi6N6O2 
[Mo(NO).(bipy)2]?*, 1273 

MoC2oH1gN204 
MoO,{1 ,2-(2-OCs,H4,CH,NH)2C.H,} 5 1414 

MoCoHigN,02 
MoO(NNMe,)(8-quinolinolate)2, 1397 

MoC2oH29N,O0 

[MoO(py)4]?”, 1337 
MoC,9H2,N20S; 

[MoO(NNMe,)(SPh)3]~, 1350, 1397 

MoC2oH22N403S4 
MoO(S,CNMe;)2(PhCONNCOPh), 1337 

MoC29H24N204 

MoO,{(O(Pr')Cs5H3NCHz)2}, 1382 

Formula Index 

MoC,.H24N20g 
MoO,{ON(C.H,OEt-4)Ac}>, 1382 

MoC,.H26N20, 
MoO,(CH,Bu').(bipy), 1407 

MoCH2sN20, 

Mo(OBu'),(CO)2(py)2, 1281 
MoC29H2sN,OS, 

MoO(NNPh,){ (SCH,CH,NMeCH,),}, 1397 

MoC,oH2sN4S4 
Mo(NNHPh),(SCHMeCHM6éS),, 1341 

MoC2oH2gNeOS, 

MoO(S,CNPr;).(TCNE), 1336 

MoC2oH29N6Sq 
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[Mo(NNMePh)(NHNMePh)(S,CNMe,),]*, 1397, 1398 
MoC,9H30Cl4P, 

MoCl,(PEt,Ph),, 1346 

MoC2oH34P, 
MoH, (diphos),, 1439 

MoC29H36S12 
[Mo(S,CSBu'),]*, 1354 

MoC2oH4oN,Se 
Mo(S,CNEt,),4, 1343, 1346 

[Mo(S,CNEt2)4]~, 1355 

[Mo(S,CNEt,)4]*, 1354, 1355 

MoC,.H,4,NO, 

Mo(CH)(OBu')3(quinuclidine), 1407 
MoC2oH42 

Mo(CBu')(CH,Bu‘);, 1407 
MoC,9H44O0 

MoO(CH2Bu'),, 1407 

MoCoHagNaP4 
Mo(N;)2(depe), 1269 

MoC,,H,;CIN,O, 

Mo(N,C.H4Me-4)(phen)(CO),Cl, 1294 
MoC,,Hi.;CIN;O, 

[MoCl(NO).(PhCN)3]*, 1272 

MoC,1HigS¢ 
Mo(S2C.H3Me-4)3, 1436 
[Mo(S.C.H3Me-4) 3]? , 1436 

MoC,,H2i:NOS, 

Mo(NO)(SC.H,4SMe)3, 1285 

MoC,,H2iN6S3 
Mo(HNNHCSPh);, 1413 

MoC,2Hi¢CIN,O, 

[MoC€l(CO),(bipy).]*, 1281 

MoC,2HisN4O2 
Mo(CO),(bipy)2, 1277 

[Mo(CO),(bipy)2]”, 1278 
MoC;,H,.NO,P 

MoO(8-quinolinolate)(PPh,Me), 1340 
MoC,,H,,N,0,PS, 

Mo(NCO)(S2CNMe,)(OPPhs), 1279 

MoC,,H23Cl,.N4O.S. 

MoCl,(CO),(2-pyCSNHBu),, 1281 

MoC,2H39N203S.6 ~ 
Mo,0;(SPh)2(S,CNEt,)., 1365 

MoC,2H32N2P2S,4 
Mo(NNMe,){(SCH2CH2)2PPh}., 1397 

MoC,2H36P4 
Mo(C,H,)(diphos),, 1438 

MoC,2HaoNoOeS4 
Mo(EtO,CNNCO,Et)2(S,CNEt)2, 1296 

MoC,3H,1,Cl,N,OP 

MoOCL,(bipy)(PPh2Me), 1339 

MoC4F36Se12 
Mo{Se,C2(CF3)2}«, 1437 

MoC24HislaN4 
[Mol,(phen).]*, 1330 

MoC,4HigN6O2 
[Mo(NO)(H,NO)(phen),]?*, 1291 

MoC,,H2oNOS, 

[Mo(NO)(SPh),]~, 1289 

MoC24H20O0S, 
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[MoO(SPh),]~, 1350, 1352, 1353 

MoC,4H290Se4 

[MoO(SePh),4]~ , 1350 

MoC34H2002P 28,4 
MoO,(S2PPh2)2, 1387, 1390 

MoC,4H2sNg 
[Mo(NNMe,)2(bipy)2]*, 1397 

MoC24H39N204 
MoO,{(OC,H3(Bu')CHNCH,),}, 1382 

MoC24H32N4Ss 
Mo{S,CC=C(NH2)(CH2)3}4, 1343 

MoC,4H33ClL,OP3 

MoOCl,(PMe2Ph)3, 1335, 1338, 1339 

MoC,,4H33Cl,NOP3 

MoCl,(NO)(PMePh)3, 1289 

MoC,4H33Cl4P3 
MoCl,(PMePh)3, 1342 

MoC34H540,4Si2 

MoO,(OSiBu')2, 1389 

MoC,4Hs6Cl4Og 

MoCl,(OPr')g, 1319 

MoC24H600s8 ; 
Mo,(OPr')4(HOPr’),4, 1303 

MoC,;H,,Cl,N,OP 
MoOCl,(phen)(PPh2Me), 1340 

Mo(acac)Cl(CO).(PPh3)2, 1281 
MoC,;5H22Cl],N202P, 

MoCl,(NO).(dppm), 1272 

MoC,5H4o02P, 
MoH(acac)(diphos),, 1438 

MoC,,.H;.CIN,O, 

[MoCl(CO),(phen).]*, 1281 

MoC3,HigN,0O4 
MoO.,(OC,H,C7HS5N2)2, 1382 

MoC,5H20N202S.2 
[Mo(2-SC,H4,NCH,C,H,O-2).]-, 1354, 1355 

MoC,.H29N207 
MoO(0O,){PhN(O)COPh},, 1399, 1402 

MoC,,.H24ClL,.N2O2P, 

MoCl,(NO).(dppe), 1272 
MoC,,.H24Cl,P, 

MoCl,(dppe), 1342 
MoC,¢H26Cl,NOP, 

[MoCl,(NO)(PMePh,).]~, 1279 

MoC,,.H27N,0>PS, 

Mo(S;CNMe,)2(CO).(PPh3), 1281 

MoC36H3o0N402 
Mo(OPr'),(bipy)2, 1316 

MoC,6H33Cl,02P3 

MoCl,(CO),(PMe2Ph) 3, 1281 

MoC6H37Ns5S¢ 
[Mo(NNPhEt){S,CN(CH;)s}3]~, 1397 

MoC,,H4;NO; 

Mo(CPh)(OBu')3(quinuclidine), 1407 
MoC,7H:,N;0S, 

MoO(8-quinolinothiolate);, 1350 
MoC,7H2,CINO3P, 

MoCl(NO)(CO),(dppm), 1276 

MoC7H24F120P., 
Mo(CO)(PF3)4(dppe), 1266 

MoC,7H,,NO,P, 

[Mo(NO)(CO)(dppe)]*, 1276 

MoC,7H3,N703 
[Mo(NO)(3,5-Me2C;N2H3)3(OC,H,O)]*, 1292 

MoC,7Hs54N4,OS, 

Mo(NO)(S,CNBuz)3, 1289 

MoC27HeoP3_ 
MoH,(PPr’3)3, 1439 

MoC,gHi9N5O02 
[Mo(CO).(phen)2(MeCN)]?*, 1281 

MoC2gH2oN6O2 
[Mo(NO).(PhCN).,]?*, 1273 

Formula Index 

MoC2gH20S¢8 
Mo(S3;CPh)4, 1343 

MoC,gH24CINO3P, 

MoCl(NO)(CO),(dppe), 1276 

MoC2gH24N4O2P2S, 
Mo(NCS),(NO).(dppe), 1272 

MoC,,H70PS, 

MoO(PPh,Et){(2-SCs.H4SCH2)2}, 1337 

MoC,gH2,O0P,S, 

MoO(SCH,CH,PPh;),, 1337 

MoC2gH31,Cl,NO;3P, 

MoO(NH)CI,(OPEtPh;),, 1396 

MoCgH35N202PS, 

MoO(S,CNEt,)2(OPPh;), 1336 

MoCgH3s06P3S,4 

MoCgH4o07 
[MoO(O,)(1,2-O2-3,5-Bu',C.H2)2]?, 1401 

MoCygHy6gN6OS, 

MoO(NNPh,){(SCH,CH,NMeCHz)2}2, 1397 

MoCzgHs54N4S2 
Mo(SBu'),(CNBu'),4, 1283, 1344 

MoC39H»,NO4P, 

[Mo(NO)(CO)3(dppe)]*, 1276 

MoC29H4sN204 
Mo(OBu'),(N,CPhz2), 1316 

MoC39H220¢ 
MoO,(PhCOCHCOPh),, 1381, 1392 

MoC3oH24Ne 
Mo(bipy)3, 1276 
[Mo(bipy)3]*, 1280 

MoC3.H2gNoS4 
Mo(NNMePh).(S,CNMey)2, 1397 

MoC3oH3oN2P2 
[Mo(CNMe),(dppe)]?*, 1283 

MoC39H34Cl,NOP, 

MoCl,(NPPrPh,)(OPPrPh,), 1354 

MoC3oH36N4P2S2 
Mo(N;)2(PMe2Ph)2(PhSCH;CH,SPh), 1269 

MoC39H4s5Cl,OP3 

MoOCL,(PEt,Ph)3, 1335, 1338 

MoC3oH4sN4P3 

Mo(N>)2(PEt2Ph)3, 1268 

[MoI(CNBu’),]*, 1283 

MoC3oHs6INg 

[MoI(CNHBu'‘).(CNBu'),4]*, 1283 

MoC;,H23;NO,S, 

MoO,{(SCPh.)2py}, 1391 

MoC3;H39N203P2S2 
Mo(S,CNMe2)(NO)(CO).(dppe), 1276 

MoC,,H3304P3S2 
Mo(CO),(dppe)(PMe3)(y?-SO2), 1278 

MoC3;H4902P 
MoO,(C.H2Me3-2 ,4,6){C(PBu3)CsH.Me3-2,4,6} > 1407 

MoC32H;.Ns,O 

MoO(phthalocyanine), 1338 
MoC3,H42N20,4 

Mo(OC,.H4Me-4)4(NHMez2)2, 1344 

MoC32H44CloP4 
MoCl,(PMe2Ph)4, 1283 

MoC32Hy4N4P4 
Mo(N2)2(PMe2Ph),4, 1268 

MoC3,H4gN4O4 
Mo.(OPr')4(py)a, 1303 

MoC;3H27NO,S, 

MoO,{2,6-py(CH2CPh,S)3}, 1337 

MoC3,4H27NO_S, 

MoO,{C,.H3N-2,6-(CH2CPh,S),}, 1382 
MoC34H27NO, 

MoO,{C.H3N-2,6-(CH,CPh,0),} ’ 1381 

MoC34H34Cl4P3 

[MoCl,(Ph,PCH,CH,PPhCH,CH,PHPh,)] *, 1284 
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MoC,;H37Cl,NP, 

Mo(NC,H,Me-4)Cl,(PEtPh,)», 1353 
MoC3¢HgN,O,P 

[Mo(N,Ph)(bipy)(CO,)(PPhs)]*, 1294 
MoC3.6H3 Br,0,4P, 

MoO,Br,(OPPh;)>, 1381 
MoC,.H3oCl,NO3P, 

MoCl;(NO)(OPPh;)>, 1288 
MoC3,H3 Cl,NP2 

MoNCI,(PPh;)2, 1353 

MoCl,(NO),(PPhs)>, 1272, 1274, 1275 
MoC3¢H39Cl.N20,4P, 

MoCl,(NO),(OPPh;)>, 1272 
MoC3,.H39Cl,0,P, 

MoO,Cl,(OPPhs),, 1381, 1387 
MoC3¢HsoClsNOP, 

Mo(NO)Cl;(PPh;)2, 1286 
MoC;.H39Cl,NO2P, 

MoNCI,(OPPh;)», 1394 

MoOCl,(OPPh;)2, 1349 
MoC;3,.H39Cl;03P, 

MoOCl,(OPPh;)2, 1255, 1350 
MoC36H32Ne6S4 
Mo(NNPh,)2(S:CNMe;)2, 1397 

MoC36H34N202S. 
MoO ({2,6-py(CH;CPh,$),}(DMF), 1337 

MoC36H35Ne 
[Mo(NPh)(NHPh).]2~, 1353 

MoC3.H3.6Cl,NOP, 

Mo(NO)Cl,(OPMePh,),, 1286 
MoC36H44CIN2P.S, 

[MoCl(S,CNEt,)(dppe)]*, 1343 
MoC,,.H44,NOS, 

[Mo(NO)(SCgH2Me;)4]~, 1289 
MoC,,H4.CIN>P2S, 

[MoCl(S,CNEt,)2(PMePh,)2]*, 1343 
MoC36H4gN4P4 

Mo(N,)2(dppe)(depe), 1269 

MoC36Hs2N2P4 
[MoH,(PMe-Ph)4(NCMe),}2*, 1439 

MoC36Hs7Ne6P3 
Mo(N,)3(PPr3Ph)3, 1267 

[Mo(N2Ph)(phen)(CO,)(PPh3)]* , 1294 
MoC3gH39Br2,02P2 

MoBr,(CO),(PPh;), 1281 
MoC39H3 9Cl,03P2 

MoCl,(CO)3(PPhs)2 3 1281 

MoC;3,H33CIN,O2P, 

MoCl(NO)(CO)(PPh;)2(MeCN), 1276 
MoC39H3.Cl,NO2P3 

MoCl,(NO)(PMePh,);(OPMePh,), 1279 
MoC39H¢gO03P2 
Mo(CO); vie 1)3 } 2(H2), 1439 

MoC,oH34N, 
Mo { 1- (2- _OC.H, CH, N)- -2- (2-HO C,H,CH,N) C,H, } 2» 

1414 

MoC4oH36N4O4P2 
[Mo(NO),(MeCN),(OPPhs),]2*, 1273 

MoC,9H,42CIN,P. 

[MoCl(NNMe,).(PPhs)2]*, 1397 
MoCyoHooNa4P4 

Mo(N,)2(PEtsPh)4, 1268 
MoC,4,H43N,4P3S 

Mo(N;),(PPh,Me),(Ph»PCH,CH,SMe), 1269 
MoC,,H2406 
Mo(02C,4Hs)3 9 1413 

MoC,2Hs4N303 ‘ 
Mo(OC<H;Pr'z-2,6)3(NMe)(NHMe)2, 1344 

MoCy42H6006 
Mo(1,2-O0,-3,5-Bu',CsH2)3, 1411 

MoC,4,H67NO, 

Mo(1-adamantoxy),(NHMe,), 1344 
MoC,,H2sBrN,O 

MoOBr(tetraphenylporphyrinate), 1351 
MoC,,H2sCIN,O 

MoOCl(tetraphenylporphyrinate), 1351 
[MoOCl(tetraphenylphenylporphyrinate)]~ , 1338 

MoC4,HogCLN, 

MoCl,(tetraphenylporphyrinate), 1338 
MoC,,H23N,O 

MoO(tetraphenylporphyrinate), 1338, 1351 

MoC,,H23N,03 
[MoO(tetraphenylporphyrinate)(O2)]~ , 1338 

MoC,44H29N,02 
MoO(tetraphenylporphyrinate)(OH), 1351, 1352 

MoC,44H331,02P3 
MoI,(CO).{PhP(CsH,PPh,-2),}, 1281 

MoC,4Ha4NsP3 

Mo(N>)2(py)(PPh2Me)3, 1269 
OC 44H agNoP4 

Mo(N,).(triphos)(PMe3), 1268 

MoC,5H3,N,02 
MoO(tetraphenylporphyrinate)(OMe), 135 

MoC,5H3303S83 
Mo(PhCOCHCSPh);, 1331 

MoC,;H39CINO2P3 

MoCl(NO)(CO)(PPh3)(dppe), 1276 

MoC,sHs0N3P3 
[MoH,(PMePh,)3(NCMe)3]?*, 1439 

MoC,;H;5iCl,NO.P; 

MoCl,(NO)(PPrPh2).(OPPrPh.), 1279 
MoC,;H7.N28;0 

Mo(NO)(NH3)(SC.H,Pr'3)3, 1289 
MoC,47H4oCIN302P2 

MoCl(NO)(CO)(PPhs3)2(py)2, 1276 
MoC,4gH36Cl.N4 

MoCL,(tetratolylporphyrinate), 1342 

MoC,3H36N,02 
MoO,(tetra-4-tolylporphyrinate), 1382, 1390, 1400 

MoCy4gH36N4O4 
Mo(O,),(tetra-4-tolylporphyrinate), 1399, 1400 

MoCagH36Ns5 
[MoN(tetra-4-tolylporphyrinate)], 1395 
[MoN(tetra-4-tolylporphyrinate)]*, 1394 

MoC,4gH36N.O2 

Mo(tetra-4-tolylporphyrinate)(NO)., 1272, 1274 
MoC4gH44ClINOP, 

MoCl(NO)(PPh3H)4, 1276 

MoCggH76NeP4 
Mo(N2)2(PPr2Ph),4, 1268 

MoC49H4oNsO02 
Mo(tetra-4-tolylporphyrinate)(NO)(MeOH), 1279 

MoCsoH44N4P4 

Mo(N2)2(dppm)2, 1269 
MoC;,H;s5OP; 
Mc (CO) (PRP(CHCHPPh;),}(PMexPh)>, 1266 

MoCs,H4oN4P, 
Mo(N;2)2(PPh2Me).(dppe), 1268 

MoC,,H44Cl,O2P,4 

MoCl,(CO).(dppm)2, 1281 
MoC;,H441O2P, 

[MoI(CO),(dppm).]*, 1281 

MoCs,H44N4P, 
Mo(N,)2(Ph2PCH=CHPPh;)., 1269 

MoC;,H4sBrNP, 

MoBr(N)(dppe)2, 1341 - 
MoC;,H4sBr4P, 

[MoBr,(dppe)], 1331 
MoC,;,H4gCINOP, 

MoCl(NO)(dppe)2, 1276 
[MoCl(NO)(dppe)2]* , 1279 

MoCs,HagCIN2P, 

MoCl(N,)(dppe)2, 1278 
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MoC,,HygClOP, 

[MoOCl(dppe).]*, 1335, 1338 

MoCl,(dppe)2, 1266, 1284 

MoCl,{PhP(CH,CH,PPhz2)2}(PPh3), 1284 

MoC;,H4gN202P, 
[Mo(NO).(dppe)2]?*, 1273 

MoCs2HagNaPq 

Mo(N)(N3)(dppe)2, 1341 
Mo(N2)2(dppe)2, 1266, 1269, 1293 

[Mo(N2)2(dppe)2]*, 1278 
MoC,,H4,BrNP, 

[MoBr(NH)(dppe).]*, 1341 
MoC,,Hy BrN2P,4 

Mo(N,H)Br(dppe).2, 1293 

MoC;,H4FN2P, 
Mo(N,2H)F(dppe)2, 1293 

MoC,,Hy,NO2P,4 

Mo(OH)(NO)(dppe),, 1275 

MoC;,H4.02P, 
[MoO(dppe)2(OH)]*, 1337 

MoC;,HsoCl,P, 
MoH,Cl,(dppe)2, 1284, 1439 

MoCs2HsoP4 
MoH,(dppe)2, 1284 

MoC;,Hs.N,P,4 
Mo(N;)2(PPh2Me),, 1267 

MoC;,Hs2P4 
MoH, (dppe)2, 1284 

MoCs,Hs6P4 
MoH,(PMePh,),, 1439 

MoC,;3H4sCINO.P, 

MoCl(NO)(CO)(dppe),, 1276 

MoC;3H4gN,OP, 

Mo(N2)(CO)(dppe)2, 1269 
MoCs3HygN3P, 

Mo(CN)(N2)(dppe)2, 1269 

MoCs3HagN3P4 
Mo(SCN)(N,)(dppe)2, 1279 

MoC;3H4,0P, 

Mo(CO)(dppe)>, 1266 

Ma{N,Me)I(dppe)., 1294 

MoC;3H77N3S;3 t 
Mo(N,Ph)(SC,H2Pr'3-2,4,6)3(NCMe), 1340 

MoC,4H4;N,OP, 

Mo(N2C,H,Me)(bipy)(CO)(PPh;)2, 1294 
MoC,4Hy4gFO>P, 

[MoF(CO),(dppe).]*, 1281 
MoC;4H4g02P4 

Mo(CO),(dppe)2, 1266 

[Mo(CO)2(dppe)2]*, 1278 
MoCs4H4g04P, 

Mo(CO,).(dppe)2, 1277 
MoC,,H;iCIN,OP, 

Mo(N,COMe)Cl(dppe)., 1294 
MoC,,Hs5,N,OP, 

[Mo(NO)(MeCN)(dppe)2]*, 1275, 1276 
[Mo(NO)(MeCN)(dppe).]?*, 1279 

MoCs4Hs5,N3P4 
Mo(N,)(MeCN)(dppe)2, 1269 

MoC,,H;3BrN2P, 

Mo(N>Et)Br(dppe)., 1294 

MoCs4Hs4P4S2 
Mo(SMe).(dppe)2, 1284 

MoCg4HiosP3 
MoH, {P(C.H,1)3}53 5 1439 

MoC;;H;3CIN,O.P, 

Mo(N,CO,Et)Cl(dppe)., 1294 
MoC,5Hs6P4S 

MoH(SPr')(dppe)2, 1284 
MoCs¢H4sN,OP, 

Mo(N2CsH,Me)(phen)(CO)(PPh;)2, 1294 

Formula Index 

MoCs6HagF6N2O03P, 
Mo(N,COCF;)(O2CCF;)(dppe)2, 1294 

MoC,,H;,;,NO2P, 

[Mo(CO).(MeCN)(dppe),]?*, 1281 
MoC,6Hs54CINP, 

[MoCl(CNMe),(dppe)2]*, 1283 
MoCs6Hs54N2P4 ° 

Mo(CNMe),(dppe)2, 1266, 1277, 1283 

MoCs6HssN3P4 
Mo(N,)(PrCN)(dppe)., 1269 

MoC;6Hs.Br2P2 
MoBr,(Ph,PCHMeCHMePPh,),, 1284 

MoCs6HssN4P, 

Mo(N;)2(dppb)2, 1269 
MoC;.6Hs7IN2P, 

Mo(N,Bu)I(dppe),, 1294 

MoCs7Hs7N3P, 
Mo(N,Bu)(CN)(dppe)., 1294 

MoC;7Hs7N3P,S 

Mo(N,Bu)(CNS)(dppe)2, 1294 
Mo(N,Bu)(SCN)(dppe)2, 1294 

MoC;,H;3CIN,OP, 

Mo(N,COPh)Cl(dppe)., 1294 

MoCsgHs53N3P,4 
Mo(N,)(PhCN)(dppe)., 1269 

MoC;,gHs4BrN30P, 
Mo(N,CONHPh)Br(dppe)., 1294 

MoCsgHsoINP, 
Mo(NC,H;1)I(dppe)2, 1294 

MoC;,.Hs3N,O0P, 
[Mo(NO)(PhCN)(dppe),]?* , 1279 

MoC;9Hs54N4P4 

MOo(N;).(triphos)(PPh3), 1268 

MoC oH 4oF24NaP4 

Mo(N;2)2(dmpte)>2, 1269 

MoC¢oH 440484 
Mo(PhCOCHCSPh),, 1343, 1346 

MoCgoHssNP, 
[Mo(CNC,H,Me)(dppe).]*, 1278 

MoCgoHe6P 482 
Mo(SBu).(dppe)2, 1284 

MoC¢oHo2O0S4 ’ 

[MoO(SC,.H2Pr'3-2,4,6)4] , 1350 

MoCgoHo2S4 ; 
Mo(SC,H>Pr'3-2,4,6)4, 1344 

[Mo(CO).(PhCN)(dppe).]?*, 1281 

MoCgeHoiN2Ps 
Mo(N;)(triphos)(dppm), 1268 

MoCg¢He3N2Ps 
Mo(N;)(triphos)(dppe), 1268 

MoC;2HeoN206P4 
[Mo(NO).(OPPh;),4]2*, 1273 

MoCl,(NO),(dppe)3, 1289 
MoC;gH72P¢ 

Mo(dppe)s3, 1277 
MoClO, 

[MoClO,]~, 1380 
MoCIS 

MoSCl, 1320 
MoCLF; 

MoF;Cl,, 1348 
MoCl1,N,0, 

MoCl,(NO),, 1271 
MoCl,0 

MoOCh, 1334 
MoCl1,0, 

MoO.Cl,, 1377, 1383, 1387, 1389 
MoCLS 

MOoSCl,, 1334 
MoCIl1,N 

MoNCI,, 1395 
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MoCl,NO 
MeOE 

MoCl,(NO), 1285 
oOF,, 1392 

MoCl,0 
MoF,OP,S, 

MoOCl;, 1348 MoO(S,PF;)2, 1337 

MoCl1,N 
MoF,O, 

[MoNCl,]~, 1394 [MoO,F,]?-, 1381, 1387 

[MoNCL,]?~, 1350 MoF,O3 
MoGuNG ne alte 1399 

MoCl,(NO)]~, 1289, 1290 Sa 

MoCl,N;0; 
cee 1394, 1413 

[MoCl,(NO),]?~, 1273 
OF Se 

MoCl,N,S. ‘ 
bee 1394, 1413 

MoCl,(NSNS), 1413 7 OF s 

MoCl,O 
[MoOFs]?-, 1348 

cod. 12 ce 1412, 1413 
oOCl,]~, 1249, 1250, 13 Aerator 

MoCL,O, , 1348, 1350, 1352 [MoF,]~, 1353 

[MoO,Cl,]?~, 1387 
[MoF,]?~, 1342 

MoCI,N 
[MoF.]?~, 1330 

[MoNCl,]3~, 1250 
MoF 6P3S¢ 

MoCl,NO 
Mo(S,PF2)3, 1330, 1332 

[Mocis(NO}E= MTMOF,)>~, 1413 
oCl,(NO)]?~, 1288 

8} > 

[MoOCl,]?~, 1249, 125 
oO 2(PF6)2, 1274 

we s] , 1250, 1254, 1337, 1348, 1349, 1352 MoFeC,2H100S, 

MoCk,, 1413 
[Fe(OPh)2S,MoS,]?~, 1426 

[MoCl,]~, 1353, 1355 MoFeCosHsqClN.S2 

[MoCl,]?~, 1342, 1346 ne po wae SBul)FeChs 1425 

[MoCl,]*~, 1230, 1234, 1304, 1330 satisgN20 4 

MoCl,NO3P obese Ree Me (EER, )a( Na) rec eee as 1270 

[MoCl,(NO)(O,PCI,)]?~, 12 
212111098 

MoCINO.P, )(O2 2)]?~ , 1290 ee 1426 

MoNCl,(PO,Cl,)2, 1394 
OF €2C22H1g0254 

MoCl,NOP, ies 
Septet ease ebe oe 1388 

MoCl,(NO)(OPCI 12 
OF E2U 7411360 954 

Paes tak ua 3)2, 1289 3 «Mokes(SBu) (CO) 1424 

[Co(NH3)4(MoO,)]* 
sore Os apie al yoo Ce 

Co(NH:)-(MoO,)]* 
€2Ul454 

SDS OSE 
ee Nene. 

CrMo(OAc),, 745, 747, 1231, 1 orer ue 
hee ae nee ee Facs ke Nee a 

[Cr(edta)(MoO,)]?~, 1377, 1379 
3CioH14N4O2S4 

MoCrCz4HoaNzOx : 
Pee Tea Mia ciel Erase 

aD re ieee Gt O)4, 747, 1307 FesMoS,, 1426 
64455 

[MoS,(CuSPh)]?~, 1421 pe eee 

MoCuCzgHs4BrN.S2 
Mee C. De erate) Le 1428 

Mo(CNBu'),(u-SBu' 
5©1201396 

ae C u')4(u-SBu'),CuBr, 1283, 1424 Moor esSslCO)nal 1429 

[CuMos,}"~, 1421 [MoHO,]*, 10 
MoCu,C,2Hi0S¢ 

a 3]*, 1030, 1259 

[MoS,(CuSPh),]?~, 1421 a “4 

Maca HnOES, PusoeD 
MoOS,Cu,(PPh;)2, 1422 cit ae , 1259, 1260 

MoCu,Cs4H4s5P3S,4 
[MoBr,(H 0)}- 1330 

MoS,{Cu(PPh,),}(CuPPhs), 1422 MoH,CNO, | 
MoCu3C;4H,sClOP3S3 

[MoCl, (NO)(OH ) 2- 127 

(CusMoS,Cl)(PPhs)30, 1422 MoH,Cl,N,O se cad 
MoCusCs«HsCIP3S, [MoCl,(NO)(H,NO)]2~, 12 
Se SCUREE IA) Ss 1422 

eaiio Mt jj >y1291 

oCu3Cl,O0S 
iS 

‘ee Ose ea ea enero , 1249, 1250, 1348, 1352 

MoCu,Cl,S. 
an by 

[MoS,(CuCl),}-, 1421 
Sena , 1234, 1330, 1332 

MoCu,Cl,S4 ; iMo oe = 

[MoS,(CuCl),4]?~, 1421 
o(NO)(H2NO)(Ns)4]?", 1291 

MoF,0, 
; 

MoH,Cl,N20,4 

MoO,F>, 1387, 1389 wee 

Mok as 0 MoO;CLUH,0)>, 1381 
[MoNF,]", 1394 MoH,N0, 

MoF,O [Mo(OH)4(NO),]2~, 1273 
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MoH,O, 
MoO(0,)2(H20)2, 1399 

[MoO(0O,)2(H20)2]?", 1261 
MoH,O, 

Mo(OH)., 1256 
MoH,0. 

[Mo(OH),4(H,0),]?*, 1256 
[MoO.,(H20)4]?*, 1256, 1376 

MoH,20, 

[Mo(H,0).]?*, 1230, 1234-1238, 1242, 1244 

MoH 204 
[Mo,04(H20).]?*, 1236 
oI,0, 

MoO,I,, 1387 
MoK,0, 
K(MoO,)K, 1377 

MoMg0O, 
MgMoOa,, 1376 

MoMnO, 

MnMoO,, 1376 
MoN;; 

[MoN(N3)4]_, 1394 
MONiC;HioNS, 

(MoS,)Ni(S,CNEt,), 1422 
MoNiO, 
NiMoO,, 1376 

MoOS, 

[MoOS3,]?~, 1260, 1377, 1378, 1424 
MoOSg 

[MoO(S,)2]?~, 1431 
MoO, 

MoO,, 1316, 1334 
[MoO,]?*, 1030 

MoO,S, 
[MoO.S,]~, 1383 
[MoO,S,]?~ , 1260, 1377, 1379, 1380, 1424 

MoO.Se, 
[MoO,Se,]?~, 1380 

MoO,S 

[MoO,S]?~, 1260, 1377, 1379 
MoO, 

[Mo(O;)2]?” , 1377 
[MoO,]?-, 1030, 1229, 1230, 1238, 1242, 1256-1260, 

1376-1379 
MoO, 

[Mo(O2),4]?~, 1261, 1398, 1399, 1402 
MoPdC.HioNS, 

(MoS,)Pd(S,CNEt,), 1422 
MoRuCyo9Hi¢N,4S,4 

MoS,Ru(bipy),, 1422 

[MoS,{Ru(bipy),}2]?*, 1422 
MoS, 

[MoS,]?” , 1260, 1261, 1377-1379, 1424, 1426, 1431 
MoS, 

[MoS,]?~, 1431 
MoSnC,H,O,4 
SnMe,(MoO,), 1376 

MoSn.2Clio 
[MoCl,(SNCI,)2]?~, 1342 

MoTa;Cl,, 

[TasMoCl,,]3*, 1321 
MoWC3H,208 
MoW(OAc),, 1307 

MoWCH3608 

MoWw(0O,CBu'),, 999, 1232 
[MoW(O,CBu'),]*, 1009 

MoWC,,4H24N4,0,4 

MoW(N=CMeCH=CHCH=C0),, 1009, 1307 
MoWC,,H5,Cl,P, 

MoWCI1,(PMePh,),4, 1308 
MoWHC, 
[MoWCl,H]?~, 1316 

Formula Index 

MoWHCI, 

[MoWCI,H]?— , 999 

Mow ,040S1 
[MoW,,0,40Si]* , 1036, 1038, 1041 

Mo2AgCi6H32S12 

[{Mo[(SCH,CH,)2S],}2Ag]*, 1344 
Mo2Ag4C72H6oP4Sg 

(Mo2SsAg4)(PPh3)4, 1422 

Mo2Al,C24Hs2P, 

{MoH(PMe;3)4(u-H),AlH}2(u-H)2, 1284 
Mo,As,H4Oi46 

[Mo,(HAsO,),4]?~ , 1303, 1309 

Mo,As,02844 

[Mo,0,S,(As,S12)|?_, 1363 

Mo2AssCi9H2504 
{MoCp(CO),}(AsMe)s;, 244 

Mo2AsgCxgH5604 
Mo,(CO),4(AsPr), 244 

Mo2B,CigH29Cl,Ni20 

Mo,0,Cl,{HB(NN=CHCH=CH);}>, 1253 

Mo2B2CigH29N 120 
Mo,0,{HB(NN=CHCH=CH)3},, 1253 

Mo2B2C,4H3gNs04 
Mo,(OAc){Et,B(NN=CHCH=CH)>}>, 1303 

Mo2B.C39H44N 1205 
Mo,0;{HB (NN=CMeCH= Me)s3}> ’ 1408 

Mo2B2C39H44l.Ni40 
[Mo(NO) {HB(NN=CMeCH=CMe),}I],0, 1288 

Mo2BsCgoHo4Ni 
Mo,{Et,B(NN=CHCH=C >H)2}4, 1305 

Mo,Br,N,0,S, 

[MoS.(u-S),MoBr,(NO),]~, 1333 
Mo,Br.N,0, 

[Mo2Br,(NO),]?~, 1275 
Mo,Bre, 

[Mo2Bre]~, 1316 
Mo,BreN4O, 

[{MoBr2(NO).}2(u-Br)2]?, 1347 
Mo,Brg 

[Mo2Brg]*~, 1230, 1303, 1306 
Mo,Bro 

[Mo2Bro]?~, 1243, 1316 
Mo,C,Cl,O, 
Mo,0,Cl4(C,0,), 1358 

Mo,C,H,4N,0.S, 

Mo,0,(u-S)2(S2CNH3)2, 1360, 1361 
Mo,0,S2(S2CNH;2)>, 1361 

Mo,C,H.Br3S; 

[MoS,(u-S),MoBr3(SMe,)]?-, 1333 
Mo,2C,S12 

[{Mo(S)(CS4)}2(u-S) 2]? , 1432 
02C3;H;NO, 
Mo,0;3(H20);(DMF), 1333 

Mo2C,Br4F.O,4 

[Mo.(O2CCF3)2Br,4]?~, 1302 

Mo2C4F 1201284 
Mo.(O3SCF3)4, 1232, 1304 

Mo,C,4H,ClOg 

[Mo2(O2CH),4Cl], 1302, 1303 
Mo,C,H,Og 

Mo,(02CH),, 1302, 1303 

Mo2C,4H,0,2S> 

[Mo,028,(C,0,)2(H20),}2, 1250, 1255 
Mo,C4H,O44 

[Mo,0,(C204)2(H20)2]~, 1358 
[Mo,04(C,0,)2(H2O),]?~, 1250, 1255, 1256 

Mo.C,H,0O,5 

[Mo,05(C,0,)2(H20),]2~, 1256, 1408 
Mo2C,H.6Cl4,O,4 

[Mo,(OAc),Cla]2~, 1302, 1303 
Mo.2C,HsCl,0,S, 

[Mo,0,(SCH2CH,0),Cl] , 1366 

Mo.2C,4HgSg 



Formula Index 1539 

[Mo,S,(SCH,CH,S).]?~ , 1252, 1360, 1361 
Mo.C,H,.Br.S, 

[Mo.Br¢(S2)2(SMe2)2]?~ 5 1347 

Mo,.C,H,,Cl,S, 

[{MoCl,(SMe,)}2(u-Cl)3]-, 1333 
Mo2C4Hi2N2010 
Mo,0,(Gly-O),(H20),, 1361 

Mo2C,H120128,4 
Mo,(O3SMe),, 1232, 1304 

Mo2C,Hi3N201; 
Mo,0,(Gly-O)(H,0),(OH), 1361 

Mo,C,Hi6N,4 

[Mo,(en),4]**, 1233 
Mo.2C;HN,O;S, 

[Mo,0,(0,CH)(NCS),]°~, 1250, 1362 
Mo.C,H3N40¢S4 

[Mo,04(OAc)(NCS)4}~, 1362 
Mo.,C,H,0, 

[Mo,0s(1,2-O,C.H,)}2~, 1412 ° 
Mo,C.Hg01; 

[Mo,0s(C<H~0,)]7, 1410 
Mo,C,Hi9N 04S, 

[Mo,S,{SCH;CH(NH,)CO,},]~, 1361 
Mo.CeHi9N206S4 

[Mo,0,S,{SCHCH(NH)CO,},]2~, 1247, 1361 
Mo,C,Hi9N,0,S; 

[Mo,0,S{SCH,CH(NH,)CO,}3]?~, 1247 
Mo,C,Hi.N20;S, 

[Mo,0,{SCH,CH(NH,)CO,},]?~, 1247, 1256, 1360, 
1361 

Mo2C.6H1011 
[Mo,0,(mannitolate)]~, 1410 

[Mo,03(SCH;CH,0)3]?~, 1366 
Mo,C.HigCl_S3 

{MoCl,(SMe,) }2(u-SMe2)(u-Cl)2, 1333 

Mo,C,.H180¢S3 

Mo,03(DMSO);, 1333 
Mo,C.N,O4S¢6 

[Mo,0,4(NCS)¢]*~, 1235, 1249, 1250, 1360 
Mo,C,N,07S, 

[Mo,03(SO,)(NCS).]*~, 1362 
Mo,C,N,0,2S, 

[Mo2S2(NO)2(CN)«]® , 1433 
Mo,CsBr2F,2.08 

[Mo,(O,CCF;),Br,]?~, 1303 
Mo2CgF i208 
Mo,(O,CCF3)4, 1232, 1302-1304, 1309 

Mo,CgH,N,O7S. 

[Mo,03(NCS)¢(HCO,)2]*~, 1253 
Mo,CgH,208 

Mo,(OAc)4, 750, 1230, 1302-1304, 1308, 1309 
Mo2,CgHisN20¢6S4 
Mo,0.S,{SCH,CH(NH2)CO2Me},, 1361 

Mo,CgH1603S6 
Mo,03{(SCH;CH,)2$}2, 1357 

Mo,CsgHi605S4 

Mo,O; { (SCH,CH2)20 } 2» 1357 

Mo,CgH29Cl,07 

Mo,0;Cl,(DME),, 1356 
Mo,CgH2oN4Og 
[Mo,(0,CCH,NHs)a]* rt > 1303 

Mo2CgH2904P2S8 

Mo,S,{S2P(OEt)2}2, 1360 
Mo2CgHo,4 

[Mo2Meg]*~ , 1303, 1307 
Mo2,CgH24Cl.N4 

Mo,Cl,(NMez)a., 1310, 1311 > 1313 ’ 1314 

Mo.2CsH24Cl,00S,4 

Mo,0;(DMSO),Cl, > 1408 

Mo,C,H32Ns 
[Mo.(en),]** , 1308 

Mo,CgN402S6 

[Mo20,S,{SC,(CN),}.]?", 1437 

Mo2CgN4011S4 

[Mo,03(NCS)4(C30,)2]*~, 1253, 1357 
Mo2CsNg0_S;3 

[Mo,(SO,)(S3)(CN)s]*~, 1433 
Mo,CgN,0;Sz 

[Mo,03(NCS)s]*~, 1235, 1249, 1357 
Mo,CgNgS 

[Mo2S2(CN)s]|*~, 1433 

[Mo,S2(CN)g]°~, 1296 
Mo,CgNgS302 

[Mo (1t-S2)(t2-SO2)(CN)e]*-, 1333 
Mo2CgNgSg 

[Mo,(NCS),]*~, 1303, 1304, 1306 
Mo,CoHi9Cl,O, 

[Mo,0,(OEt)(O,CC,H,OH)CI,)2~, 1362’ 
Mo2CoHigN302S¢ 
[Mo,0,(N3)(SCH;CH,CH,S);]~, 1350, 1366 

Mo2C19H10O05 
Mo,0;Cp,, 1412 

Mo2Ci9H12N2010 
[Mo(u-0){(OsCCH,),NCH,CH.N(CH,CO,)3)]", 

Mo2Ci9H12N2040S2 
[Mo,0.S,(edta)]?~, 1256, 1363 

Mo2Ci9H12N2012 
[Mo,O,(edta)]?~ , 1239, 1251, 1255, 1256, 1367 

Mo2CioHi2N2014 
[(MoO;).(edta)]*~ , 1024, 1379, 1408 

Mo2Ci9HigN2012 
Mo,(OH),(H20),(edta), 1239 

Mo,CioH29N20S, 
Mo,OS(u-S)2(S2CNEt,)2, 1360 

Mo2C19H29N202Se, 
MoO,(Se,CNEt,)2, 1390 

Mo3Ci9H20N204S,4 
Mo,0,(S2,CNEt,)2, 1252, 1360 

Mo2CjoH20N208S2 
Mo,0,{SCH,CH(NH,)CO,Et}., 1361 

Mo2CipH2oN2S4 
Mo,(S,CNEty)2, 1305 

Mo2CioH20N2Ss8 
Mo,S4(S2CNEtz)2, 1252, 1360 

Mo2C19H22N203S4 
Mo,03{(SCH,CH2),NMe}>., 1357 

Mo,CioH24N2S6 
Mo,S,(SCMe,CH,NHMe),, 1361 

Mo2Ci9H 24010 
Mo,0,(u-OCH,CMe,CH,0),(H20)>, 1411 

Mo,Ci9H30Cl4N2P2 

Mo,Cl4(NMez)2(PMes)2, 1313 

Mo2CioH30N4 
Mo2Me,(NMez)4, 1310, 1311, 1313 

Mo2C2HgNi0O9 
[Mo,0.(xanthopterinate),]?~ , 1410~ 

Mo,C,,Hs0-S2 z 
[Mo,0;(SC.H,O)s], 1410 

[Mo,0;(1,2-O,C.H,)2]* , 1410 

Mo2C,2Hi90Cl,O2S, 

[Mo,0,Cl;(SPh)2]-, 1365 

Mo2Ci2Hi0N2S6 
Mo,S,(2-SCsH,NH)2, 1361 

Mo2C;2Hi0N407 
Mo,0,(2-benzimidazolate)., 1410 

Mo2Ci2H120¢88 
[Mo2S,{S2C2(CO.Me)2}2]?~ ; 1432 

Mo2C12H 1201086 
[Mo,02S2{S2C,(CO2Me),}2]? , 1432 

Mo2C12Hi4N4O10S2 

[Mo,(OH).(NCS).(edta)]>~ , 1239 

Mo2Ci2H14S4 
Mo,S4(CsH,Me)2, 1435 
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Mo2Ci2Hi6NeO6S2 
MoO sSel ACCA CH Ce eee } 2> 

saiepena! Os; 

Mo.0,{0,CCH(NH,)CH,C=C HNHCHSN },, 1361 

Mo2C12Hi6S4 

Mo2(CsH4Me)2(u-S)2(u-SH)2, 1435 
Mo2C12Hi7Cl,0S, 

{MoCpCl,}2(u-OH)(u-SMe)>, 1436 

Mo2C12Hi7N2012 
[Mo2(OH)2(OAc)(edta)]~, 1239, 1333 

Mo2C,2Hi9Cl4S3 
{MoCpCl,}2(u-SMe)3, 1436 

Mo2C,2H20 
Mo2(C3Hs)4, 1303, 1306 

Mo2C 12H 290488 
Mo,(S,COEt),, 1309 

Mo2C12H2907S¢8 
Mo,03(S,COEt),4, 1253, 1356 

Mo2Cj2H24ClsO3 
Mo,Cl.(THF)3, 1332 

Mo2C33H24N2038¢ 
Mo,0,S(SCH,CH,0)(S,CNEt)2, 1365 

Mo2C;2H24N4Ox 
Mo2(O,CNMe;),4, 1304, 1311 

Mo2C;2H2gCl,N4Oo 
Mo,0;(DMF)4Cl, 1408 

Mo2C,2H2Cl6S4 
Mo,Cl,(EtSCH,CH.SEt),, 1309 

Mo2Ci2H2sN4O5S2 
Mo,0,;(Me,NCH,CH,NCH,CH,S)>, 1408 

Mo,C,2H2,07P2S,4 : 
Mo,0;3{S,P(OPr’)2}2, 1360 

Mo2C,2H2g07P2S5__ 
Mo,03S{S2P(OPr'’)2}2, 1362 

Mo2C,2H30Ne6 
Mo,(MeNCH,CH,NMe);, 1310, 1313 

Mo3Cj.H39N6O4 
Mo,0O,(1,4,7-triazacyclononane),, 1251, 1361 

[Mo,0,(1,4,7-triazacyclononane)]?*, 1241, 1358 
Mo,C,,H3:Br3N,O 

[{MoBr(1,4,7-triazacyclononane)}.(u-Br)(u-OH)]?” , 
1333 

Mo,C;,H32Cl,NsO2 
[{MoCI(1,4,7-triazacyclononane)}(u-OH),]?*, 1242, 

1333 

Mo,C;,H32Cl4P, 
Mo,Cl4(Me,PCH,CH,PMe;),, 1308, 1309 

Mo,C,2H36Cl3N3P2 
Mo,Cl3(NMe)3(PMes)2, 1313 

Mo2C12H36Cl4P, 
Mo,Cl4(PMe3)4, 1308, 1309 

Mo2C12H36Ne6 
Mo.(NMez)6, 1310, 1311, 1313, 1314 

Mo2C12H36N604 
[Mo.(OH).2(H2O).(1,4,7-triazacyclononane)]**, 1241, 

1251 

[Mo2S(CN),12]® , 1296, 1333 

Mo2C13Hi9N2012 

[Mo2(u-OH)(u-OAc)- 
{(O,CCH2)N(CH2)3N(CH2CO>)2}], 1333 

Mo2C,3H32N605 
[Mo2(OH).2(CO3)(1,4,7-triazacyclononane),]?*, 1241 

Mo2C,4H6FN2014 

[{MoO(0O,){2,6-py(CO2)2}2F]~, 1402 
Mo2C14Hi004 
Mo,Cp,(CO),, 1316 

Mo2C,4H;308 
Mo,(OAc),(acac)2, 750 

Mo2C14Hi8S4 

Mo.(CsH4Me)2(u-S)2(u-SCH2CH,S), 1435 
Mo2C,4H90g 

Mo,(OAc),(acac)2, 1302, 1308 

Mo2C14H22S4 
Mo,Cp2(u-SMe),4, 1435 

Mo2C;4H2gN203Ss5 

Mo20,(u-O)(pu-S)(S2CNPr2)2, 1360 

Mo2Cy4H2gN2S,4 
Mo,(S,CNPr'2)2, 1305 

Mo2C14H32010 
{MoO,(OCMe,CMe,0H)}.2(u-OMe)2, 1411 

Mo2C14H35N6O4 
[{Mo(1,4,7-triazacyclononane) }(u-OH)2(u-OAc)]?*, 

1241, 1333 

Mo2Cy4H4oCl,N4P2 
Mo,Cl,(NMe2)4(Me2PCH,CH2PMez;), 1313 

Mo2CisHisF609 
Mo,0,(acac).(hfacac), 1356 

Mo2€;5H27NO5P 2S, 

Mo,0(NC,H4Me-4)S,{S2P(OEt)2}2, 1362 

Mo2C16H100¢ 
Mo,Cp2(CO)., 1317 

{MoCp(CO),}2(u-H)(u-PMez), 1438 
Mo2C;6H;g03S2 

Mo,(u-SBu')2(CO)g, 1344 

Mo2C16H24N6O4 
[Mo2(OAc)2(MeCN).]?*, 1302, 1304 

Mo2Ci6H24Ne 
[Mo2(MeCN)g]**, 1304 

Mo2Ci6H2gN4O38s 
Mo,0;3(S,CNPr),4, 1253 

Mo2Ci6H36N403S4 
Mo,03{(SCH,CH,NMeCH,)>}2, 1357 

Mo2Ci6H36N4OsS2 
Mo,0;(SCMe,CH,NCH,CH,NMe;)>, 1408, 1412 

Mo2Ci6H3gCl4S¢ 
Mo,Cl,4(u-SEt)2(EtSCH,CH,SEt),, 1309 

Mo2Cy6H4oCl4S4 
Mo,Cl,4(SEt,)4, 1303 

Mo2Ci6H4.04P2Si2 

Mo,(OAc)2(CH2SiMe2)2(PMes)2, 1303 

Mo2Ci6H4o011P 4S 
Mo,03{S2P(OEt)2}4, 1253, 1356 

Mo2Ci6H4oP4 
Mo2{(CH2)2PMe>},4, 1303, 1307 

Mo2Cy6H4oP4S6 
Mo,2(u-S2PEt,)2(SPEt,)2, 1303 

Mo2CisH4oP4Ss 
Mo,(S3PEt,),4, 1305 

Mo2Ci6H42Cl4P, 
Mo,Cl,4(u-SEt)2(Me2PCH,CH,PMe,)2, 1310 

Mo2CisH42N,S2 
Mo,(SBu')(NMez)4, 1310 

Mo2Ci6H4sP4 
Mo2Me,4(PMes3)a, 1303, 1307 

Mo2Ci6H64Ch Nice 

[MoCl,(en)g]®*, 1362 

Mo2C;7H30N3S10 
{Mo(S,CNEt;)}2(u-CSCS,)(u-S3;CNEt,), 1333 

Mo2CygHioF 12N208 

Mo,(0,CCF3)4(py)2, 1303 
Mo2C;gH22N203S¢ 

Mo,0,3(SPh)2(S2CNMez)2, 1365 

Mo2CisH26Cl,S2 
Mo,(C;H,Bu).(u-S)2Cly, 1436 

Mo2CigH34N4Sg 

Mo(SCNMe, (1:5) (uEtC=CEt)Mo(S,CNMe,)- 

(SCNMe,), 1317 

Mo2CigH4 0, 
ee ey elma nanan: 1411 

Mo2CigH42Cl4Og 
Mo,(OPr'),Cl., 1315, 1317 

Mo2C;gH42N20¢ 
Mo,(OPr'’),(NO)2, 1315 
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Mo2CisH42N.0, 
Mo,0,(1,5,9-triazacyclododecane),, 1251 
[Mo,0,(1,5,9-triazacyclododecane),]2*, 1358 

Mo2C,sH,2N.O5 
Mo,0,(1,4,7-trimethyl-1 ,4,7-triazacyclononane),, 1408 

Mo2C;gH420, 
Mo2Me,(OBu'),, 1313 

Mo2CigH420¢ 
Mo,(OPr'),, 1313-1316 

Mo2CigH4.04P_,Si, 

Mo,(OAc),(CH2SiMe3)2(PMe;)2, 1307 

Mo2CisHasNo 
Mo,(NMeEt),, 1310 

Mo2CisHsgPc 
{MoH(PMe3)3}2(u-H)2, 1303, 1307 

Mo2CoH, F,N,0, 

Mo,(N=CFCH=CHCH=CO),, 1305 
Mo2C29Hi¢6Cl,N4,O, 

Mo,0,Cl,(bipy)2, 1360 
Mo2CzoHisN20,¢S ; 
Mo,03(SCH,CH,0)(8-quinolinolate),, 1365 

Mo2CzoHigN4O3S4 
Mo,03;(SC=CHCH=CHCH=N )ae253 

Mo2C2oH29N4OgP2 
Mo,0,(02PH,).(bipy)2, 1360 

Mo2CzoH2sN4Ss 
[Mo.(NNPh)(NNHPh)- 

(SCH,CH.S)3(SCH,CH,SH)]?", 1366 

Mo2C29H23011 
Mo,0(acac),4, 1356 

Mo2C2oH30S4 
Mo.S,(CsMes)2, 1435 

Mo2C7oH30S10 
Mo.(S2)s(CsMes)2, 1435 

Mo2CoH3.N.O2 
Mo,(N=CMeCH=CHCH=CO),(NMe;),, 1313 

Mo2C2oH36Og 
Mo.(O,CBu'),, 1232 

[Mo2(O,CBu'),]3*, 1232, 1309 

Mo2C2oH49N402S12 
Mo,(S20)2(S,CNEt,),, 1431 

Mo2C2oH4oN403S3 
Mo,0;3(S,CNEt,),4, 1356, 1390, 1391 

Mo2CroHsoN2Se 
{Mo(SBu'),(HNMe,)}2(u-S)2, 1317, 1347 

Mo2C71Hs9P3Si3 ; 
Mo-(CH,SiMe3)2{(CH2)2SiMe,}(PMe;)3, 1307 

Mo,C,2H39CIN,0-2S, 

{Mo,0,Cl(SPh)(S,CNEt,).]*, 1365 

Mo,C22H3gN4 
Mo,(CH2Ph)2(NMe2)q, 1311 

Mo,(CeH4Me)2(NMez;),, 1311 

Mo2C,2H42Ne 

Mo,(2,6-Me2py)2(NMez2)4, 1313 
Mo2C72H44N1004Ss 

{Mo(NO)(NCO)(S2.CNEt,)2}2(N2H4), 1290 

Mo2C32Hs54F,04P2 
Mo,F,(OBu'),(PMe;)2, 1314 

Mo2C2HesN206 
Mo,(OSiMe3)6(NHMez)2, 1310 

Mo2C22H6gN20¢Si¢ 

Mo.(OSiMe3)6(NHMe,)2, 1313 

Mo2C73H4902P3 
Mo,(OAc)Ph,(PMes)3, 1307 

Mo2Cz4HigFeN,O, s ¢ 

[Mo,(O,CCF3)2(bipy)2]?* , 1304 
Mo,C24His0, F : ” 

Mo,0,(9,10-phenanthroquinone radical anion), 1410, 
1412 

Mo2C24H20N206S2 

Mo,0,(OSCPh),(py)2, 1360 
Mo2C24H20S¢ « 

Mo2Cp2(u-S)2(S2CPh)2, 1435 

1541 

Mo,C24H 2S 
[Mo.S,(SPh),]?~ , 1361 

Mo,C24H24 
Mo,(cyclooctatetraene)3, 1303, 1306 

Mo2C24H24N,O 
Mo,(N=CMeCH=CHCH=—CO),, 750, 1303, 1306, 

1 308 
Mo,C24HsCl,N, 

Mo,Cl,(4-pyMe),, 1303 
Mo,C,4,H N 

Mo,(N=CMeCH=CHCH=CNH),, 1303 

Mo,C24H30N602S, 

Mo2C24H35F3N206P2S¢ 
Mo2(NC.H4Me-4),S(SH) {S2P(OEt).}.(O2CCF3), 1364 

Mo2C4H4oP2S6 
Mo,(u-S)2(SBu')4(PMe,Ph)>, 1344 

Mo,C4H50S10 

[{Mo(SH)(1,5 ,9,13-tetrathiacyclohexadecane)},|?*, 
1347 

Mo,C24H5406 

Mo,(OBu')., 1001, 1313-1315, 1317, 1407 

Mo2Cr4Hs4P, 
Mo,(u-PBu',).(PBu')., 1303 

Mo,C,4Hs56Og 
Mo,(OPr')s, 1316 

Mo2Cz4HeoNe 
Mo,(NEt)., 1310 

Mo2Cr4H66Si¢ 

Mo,(CH,SiMe3)., 1310, 1311, 1314 

Mo,C25H37F3N206P2S6 
Mo2(NC.H4Me-4).S(SMe) {S,P(OEt).}2(O2CCF3), 

1364 

Mo,C25Hs407 
Mo,(OBu').(CO), 1315, 1317 

Mo2C26Hi6N,05S2 
Mo,0;(phen)2(NCS),, 1408 

Mo2C2¢H23S4 

Mo2Cp2(u-S,CsH3Me,)2, 1435 

Mo2C26H46N4S2 
{MoCp(NBu'),}.S., 1361 

Mo,(2,4,6-Me3C.H.S).(NMe,)4, 1314 

Mo,C36Hs4010 

Mo,(OBu'),(O,COBu'),, 1310, 1313 

Mo2Cr6H7N,Sis 
Mo.{Si(SiMe3)3}2(NMez2)4, 1314 

Mo2C gH Cl, 

{MoCl,(PhCCPh)},, 1347 
Mo2C2gH29012 
Mo,(0,CC,.H,OH),, 1302, 1303 

Mo2C2gH 20S 
Mo,.(S2CPh),, 1303 

Mo2CzgH2gN2S, 
Mo,(C;H,Me).2(u-S2CNCH,Ph),, 143, 

Mo2C2gH3oF 120 gP2 % 
Mo,(u-O,CCF3)2(O2CCF3)2(PPhEt,)., 1303 

Mo2C2gH400¢ 
Mo,0,(1,2-O,-3,5-Bu',CsH,)2, 1401 

Mo2C2gH4009 
[Mo,0;(1,2-O,-3,5-Bu',C,H2).]?_, 1410, 1412 

Mo,C,3H,707PS, : 

[Mo.(S2CPEt;)(O,CBu'‘)3(OPEt;)]*, 1304 

Mo,Cz3Hs2N20,4 
Mo2Me,(OBu'),4(py)2, 1313 

Mo,C2gHs402P4 
[Mo.(3,5-Me.C.H30).(PMes),4]*, 1309 

Mo2CrsHseNaSs 
[Mo(SCNPr2)(S2CNPr2)}2(u-S)2, 1347 

Mo,C29Hs2N,07 : 

{Mo(py)(OPr’)2}2(u-OPr’)2(u-CO), 1317 
Mo2C39H4608 

Mo.(OBu'),(O2CPh)., 1310, 1313 

Mo2C3oHsoN2P, 

1 
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{Mo(1°-CgH3Me,)(Me,PCH,CH,PMe,)}2(Nz), 1270 
Mo3C39Hs4N206 

Mo,(OPr').6(py)2(u-C2Hz2), 1315, 1317 

Mo2C3oHs5g0g 
Mo2(OCH,Bu'),4(acac)., 1310, 1313 

Mo2,C3oH6oN50S12 
[{Mo(S,CNEt,)3}20]*, 1347, 1357 

Mo2C39H6004P4S4 

{Mo(CO),(PEt3)(u-S2CPEt;)}2, 283 
Mo2C39H64N2012P6S12 
Mo.(NCsH4N){S2P(OEt)2}6, 1358 

Mo2C3oH 6606 
Mo,(OCH,Bu').,, 1310, 1311, 1315 

Mo2C3,H49N2OSi, 

Mo,(u-H)(u-CSiMe,;)(CH2SiMe3)(OC,H3Me,-2,6)- 

(py)2, 1317 
Mo,C32HagN, S4 

Mo,{MeC,H,;N—C(NH)$}4, 1303 

Mo2C32H36012 
Mo,{2,6-(MeO),C,H30},4, 1303 

Mo2C32Hs5oN4S¢ 
Mo.(NC.H4Me-4)2S2(S,CNBuz)2, 1361 

Mo2C32Hs52N20g . 
Mo,(OPr')4(PhNCO,Pr'),, 1310, 1313 

Mo2C32Hs4Fi20gP2 
Mo,(O,CCF3)4(PBu;)2, 1303 

Mo2C32H¢202Si4 
Mo,(2,6-Me,C,H30)2(CH2SiMe3)4, 1310 

Mo2C32H66OgP5 

{Mo(CO)(PMe>Ph)3}2(u-CO3)2, 1296 
Mo,C32H72P, 

Mo,(PBu',)4, 1306 

Mo,C32Hg40-Sig 

Mo,(OBu'),(CH,SiMe3)., 1310 

Mo2C34H270gP, 

[{Mo(CO)4(PMePh2)}2(u-H)], 1438 
Mo,C34H4sNg 
Mo,Me,(NMe>)2(MeCsHaNNNC,H4Me),, 1313 

Mo,C34H47N,0-Si, 

Mo,(u-H)(u-CSiMe3)2(OCsH3Me>2-2,6)2(py)2, 1439 
Mo,C34Hs54N,OSs 

Mo,0(NC,H4Me-4)2(S,CNEt2)4, 1357 

Mo2C35H64N207 
Mo,(OBu').(py)2(CO), 1315 

Mo,C;,;H7,Br,NO, 

Mo,(OCH,Bu').Br,(py), 1315, 1317 

Mo2C36Cl240 12 
Mo,(O02C,Cl4).¢, 1408, 1411, 1413 

Mo2C36H24N4O7 
Mo,0,(8-quinolinolate),, 1357 

Mo2C36Hs2Ni0 
Mo.(NMe2)4(MeCgHs,NNNC,H4Me),, 1313 

Mo2C3gH540¢ 
Mo,(OPr’)2(2,6-Me2CsH,O),, 1313 

Mo2C39H7s;NO. 
Mo,(OCH,Bu').(u-C4H,)(py), 1315, 1317 

Mo,C42Hs5302S,4 
Mo,(OPr'’).(SCsH2Me3)4, 1310 

Mo2C43H4503S.¢ 
[Mo,02(SC.H4Me-4).(OMe)]~, 1365 

Mo2C44H42N602 
Mo.2(OAc){(PhN)2,CMe}3, 1303 

Mo,Cy4HogN4O4 
Mo,(OBu')4(NC,Hs)a, 1315 

Mo2CysHagoSe 
Mo,2{(2-SCsH,NCH,CH,).}3, 1414 

Mo2CyHo7Ns0¢ 
Mo,(OPr')6(N2CPh2)2(py), 1317 

Mo2C49H7NgOv 
Mo,(OPr'’)6(N2CPh2)2(py), 1315 

Mo,Cs2H36O 
Mo,(2-0,CC.H4Ph),4, 1302 

Mo,2Cs,Hy4sCl4P4 

Mo,Cl,(dppe)., 1303, 1307 

Mo,Cs3H49N207 
[Mo,(OC.H4Me-4)7(NHMez)2] -, 1313 

Mo2Cs4H4sNeSs 
[Mo2(N2Ph),4 (SPh)s]", 1341 

Mo2Cs4Ho6Se 
Mo,(SC.H2Me3)¢, 1310, 1314 

Mo2C56H40S10 

Mo,(S2)(S2C2Ph2)4, 1437 

Mo2Cs6Hg0010 
{MoO(1,2-O0,-3,5-Bu',C.H2)2}>, 1408, 1411 

Mo2C72H6oNaP4 

{(Mo(u-n1,n-CeHsPPh,)(N2)(PPh3)}2, 1270 
Mo2C72HggNg03 

Mo,O,(octaethylporphyrin),, 1357 

Mo2C76HeooNs 
Mo,{(PhN),CPh},, 1303 

Mo2C7gHg2F3P 6 

[{MoH2(PMePhz);}2(u-F)3]*, 1439 
Mo2C79H66Br4O4P 

Mo,(CO),4(dppm)3Br4, 1282 

Mo2Cg4H72N2P4 

{Mo(°-CeH.)(PPh3)2}2(N2), 1269 
Mo2CggHs6NsO03 

Mo,O,(tetraphenylporphyrinate),, 1253, 1357 
Mo,Co,.H72Cl,N,O 

{MoCl(tetratolylporphyrinate)},0, 1346 

Mo2Cj94Ho2N4P5S4 
Mo,2{MeNC(PPhz2)2S}4, 1303 

Mo2C430H22 

{MoH,(dppe)2}2(u-dppe), 1284 
Mo,Cl,O,4 

[Mo,0,Cl,]?—, 1360 

Mo,Clg 

([Mo2Clg]*— , 1230-1232, 1302-1304, 1306, 1308, 1309 
Mo,Cl,S> 

[(MoCl3)2(u-S2)(u-Cl)2]?~, 1347 
Oz 1gS4 

[Mo2(S2)2Clg]?" , 1362 
Mo,Clo 

[Mo,Cl,]3~ , 1232, 1242, 1304, 1309, 1316 
Mo,Clio 

Mo2Clhio, 1354, 1355 
[Mo2Cl,o]?~, 1347 

Mo,Cl,2N204P2 

{MoCl,(NO)(OPCI;)}2, 1289 
Mo,Cl,204P 

Mo,0,Cl,(OPCl;)2, 1362 
Mo,CoS, 

[Co(MoS,)2]~, 1422, 1424 

Mo,Cu,C,, H4oCl,N4O,4S,4 

[Mo{ON(CH,)s}45,CuClp, 1425 
Mo,DyOg 

[Dy(MoO,)2]~, 1376 
Mo.2F,O,4 

[Mo20,4F¢]?~, 1392 
Mo3F, 

Mo>Fo, 1334 

Mo,F,0O, 

[Mo,0,F.]~ , 1412 

Mo2FeC,H¢S10 

[FeS,{MoS(SCH,CH,S)},]>~, 1430 

Mo2FeC22H3 02S, 
Mo2(C;Mes)2S4Fe(CO),, 1430 

Mo2FeC,3H3903S84 

Mo,2(C;Mes)2S2(S23CO)Fe(CO),, 1430 

Mo,FeS, 
[Fe(S.MoS,).]3~, 1426 

Mo2Fe2C16H 190684 

Mo,Cp,Fe>(t43-S)2(u-S)2(CO)., 1429 
Mo2Fe2CigH 190382 

Mo,CpFe2(t43-S)2(u-CO)2(CO)g, 1429 
Mo2Fe2CisH1406S, 



Formula Index 1543, 

Re Ose 1430 Mo,0, 

02Fe€2C290H39N202S8, Mo,0,]?", 1030, 1032, 1257, 12 
Mo,(CsMes)2Fe2S4(NO)2, 1429 oe Ae rae 

Mo,2Fe2C24H3 90.48, [Mo2(SO,).]?", 1232, 1309 Mo2(CsMes)2S4{Fe(CO)>}>, 1430 [Mo3(SO,)4]*~, 1232, 1233, 1303, 1308, 1309 
M[FesSeCl MOCO) Wives C6d6Cl6{ Mo a}2]*, 1430 Mo,0,S.(S = 
Mo,Fe6C16H40S17 é . eae 

[FesMo,So(SEt)s]3~, 1429 [Mo,Ss]?~, 1431 
Mo2Fe.C13Hy5S17 Mo2S12 [FesMo,S,(SEt)o]3~, 1427, 1429 [{Mo(S)(Sa)}2(u-S)a]2~, 1431, 1432 
Mo2Fe.C36H24Cl,Sig [Mo2(S2)6]?_, 1362, 1431 

[FesMo2S,(S2)2(SCeH4CI-4)6]?~, 1428 Mo,Se, 

Mo2Fe6C36H6204814 [Mo.Seg]? , 1319 
[FesMo.S,(SEt),(1 ,2-O,C,.H2Pr2).|*", 1427 Mo,SngCy6H7gN, 

Mo2Fe¢C39H3903844 Mo,{Sn(SnMe.),}(NMe;)s, 1310, 1314 

[FesMo,Ss(SPh)<(OMe)3]3~, 1427 Mo3Ta,Clis 
Mo2Fe6C42H4506S14 [TasMo,Cl,,]**, 1321 

[FegMo,Ss(SEt)3(OPh),]>~, 1429 Mo3Tb3Oz 
Mo,Fe¢CsgHasS1; Tb;(MoO,)2, 1376 

[FesMo,S3(SPh)|3~, 1427, 1429 Mo2W 190 40Si 
Mo,Fe;Co4HeoSc0 [Mo,W19O4oSi]*~, 1036 

[Fe,Mo,Sa(SEt)12]?~, 1427 Mo3CNO,S 
Mo,Fe;CosHeaSrq [Mo,04(NCS)]3*, 1245 

[Fe;Mo,Ss(SCH,Ph)3]*~, 1427 Mo;C;N,0,S> 
Mo;HCl, [Mo,0,(NCS),]?*, 1246 
[Mo.ClsH]3~ , 1232, 1243, 1309, 1316 Mo3C3N30,S83 

Mo;HI, [Mo,0,(NCS),]*, 1246 
[Mo.IsH]3~, 1309 Mo3C,H.ClgO5 

Mo2HN,03S1; [Mo3(t3-O)(t2-Cl)3(u-OAc)2Cls]?~, 1319 
[Mo,(NO),(S2)3(Ss)(OH)]3~, 1433 Mo3CaHi2N,Ss 

Mo,HO,; [MosS(NzMe,)]2~, 1319 
[Mo,HO,]*, 1030 Mo3CeH.045S4 

Mo,H>O14 [Mo3S4(C;O4)3(H,0)3}2~, 1247 
[{MoO(O,),}2(u-OOH),}2~, 1261, 1402 Mo;C.HeO1 

Mo,H,Br,O> [Mo30,(C;0,)3(H:0)s]2~, 1244, 1246 
[Mo,Br¢(H,0)3]?~, 1232 Mo;C,H.Cl,0, 

Mo,H4ClOx<P [Mo3(11-O)(1tp-Cl)3(u-OAc)3Cls]~, 1319 
[Mo,(HPO,)4Cl]2~, 1240 Mo3C.HisCl,O19 

Mo2H,Cl,0,S2 [Mo3(u3-O)(u-Cl)3(u¢-OAc)3(H2O)s]?*, 1319 
[Mo,0,8,Cl,(H,0),}?~, 1360 Mo3CsH,N,OsSs 

Mo;H,Cl,0¢ [Mo;0,(NCS)q(H,0)]*~, 1244 
[Mo,0,Cl4(H20),]2~, 1250 Mo3;CoN,02811 

Mo,H,Cl<O, [Mo3028.(NCS)s]5~, 1246 
[MoCl<(H20)2]2~, 1303, 1306 Mo3CoNoOg 

Mo;H,1,O3 [Mo304(CN)o]~, 1248 
[Mo 2I,(H,0),]?-, 1232 Mo3C.NoO4So 

Mo2H,0,3 [Mo30,(NCS)o]>~, 1244 

[{MoO(O;),(H;0)},0}°~, 1402 MosCsNoS« 
Mo,H,O15 [MosS4(CN)o]5~, 1318, 1433 

[Mo,05(O2)4(H20)2]?" , 1408 Mo3C,2H15N3012S4 
Mo,H,016P4 i [Mo3S,4{HN(CH2CO,).}3]?", 1247 

[Mo,(HPO,)a]2~, 1309, 1316 Mo3CizHisBr3O5 
Mo2Hg0isP4 [Mo3(s-CMe)s(t42-Br3)(u-OAc)3(H20)3]*, 1319 

[Mo.(HPO,),4(H20).]?— ’ 1240 Mo3C,2H309Cl;06P3S¢ 

Mo.2H,20;S, [Mo3(ts- S)2(u- -Cl)3{S,P(OEt).} alece 1319 

[Mo,0.S,(H20)6«]?*, 1246 Mo3Ci2H P3813 
Mo2H,200 [Mo3S,(S2PEt,)3]*, 1318 

[Mo,0,(H,O)¢]2*, 1230, 1238, 1250-1252, 1255, 1256  Mo3Cy4H27046 
02H 60s [Mo;0(CMe)(OCMe)¢(H20)s]*, 1318 
[Mo,(H0)¢]**, 1230, 1233 Mo3CisHisSe 

Mo2H48010 Mo3S4Cp3, 1248 

[Mo,(OH),(H,0)s]**, 1230 [MosSaCpa]*, 1347 
Mo2H29010 Mo3C15H2iN3016 

[Mo.2(H20O)3(H20),]*"~, 1233 Mo30,{MeN(CH,CO,)>}3, 1244 

Mo,I,0i6 [Mo3;0,{MeN(CH2CO,)2}3]?", 1247 

[Mo.I,046]® , 1411 Mo3Ci6H30015 
Mo,0S, [Mo3(CMe).(O.CMe).(H20)s3]?”, 1318 

[Mo2S,4(S2)(S30)]?~, 1431 Mo3Ci6H4oP4S12 
Mo,0,S.¢ Mo3S,4(S2PEt2)4, 1318 

[(Mo(O)(S,)}2(u-S)2}2~, 1432 Mo3C21Hi5,O¢S 

Mo,0, [Mo3Cp3(3-S)(CO).]*, 1436 
[Mo,0,]?*, 1249 Mo3C39H70011 
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Mo3(t3-O)(3-OPr')(u-OPr')3(OPr')., 1315, 1319 

030 45Fl90N 11918 
{MoN(S,CNEt,)3}2Mo(S,CNEty)s, 1395 

[{MoN(S,CNEt,)3}2Mo(S2CNEt,)3]?* ’ 1394 

Mo;Cl,S2 

[Mo3(3-S)2(u-Cl)3Cl.]?-, 1319 

Mo3FeH2.NoOS, 

[Mo3FeS,4(NH3)9(H20)]**, 1248 

Mo3Fe,0,2 

Fe2(MoO,)3, 1376 

Mo3H18013 
[Mo3;04(H20)o]**, 1230, 1244-1246, 1256 

Mo3H24012S3 
[Mo3S3(H20),2]**, 1246 

Mo3H24042S4 
[Mo3S4(H20),2]5*, 1247 

Mo3HfO,, 

[Hf(MoO,)3]?, 408 

Mo,;OS, 

[MoO(MoS,)2]?", 1422 
Mo,;0,S, 

[Mo;0.S,]**, 1246 

Mo;O03, 

[Mo3Og]*, 1319 

Mo304 
[Mo3040]?, 1032 

Mo;S3 

[Mo3S3], 1319 

0359 

[Mo3So]?_, 1422 

Mo3813 
diss i Saal 1318, 1431 

Mo 3 

[Th(Mo0,)3]-, 1376 

Mo,AsC,H,0,; 

[Mo,012(Me2AsO,)(OH)]?, 1054 

Mo,4As4,O48i4 

[(Mo20,S,)2(As2Ss)2]*", 1363 

Mo4B2C22H34N 12012 
Mo,0,(OMe)2(HOMe),{HB(NN=CHCH=CH)),},, 

1253, 1363 

Mo,CH30,; 

[Mo,0,2(0,CH,)(OH)]~, 1054, 1376 

Mo,C,H3016 
[Mo,0,2.(0,CHCHO)(OH)]?~, 1054 

Mo,CsH,O,2; 

[(MoO2)403(C4H3O5)2]?-, 1411 
Mo4CgH22Cl,O;2 

[Mo4,O,Cl,(OEt),(HOEt).|?~ , 1254 

Mo4CgH24012P4S4 
Mo,0,(SOPMe,)4, 1254 

Mo4CgN4204S84 

[Mo,4S4(NO)4(CN).]&— 5 1433 

Mo4CioHi4N2014 
[Mo,0,(OH,){(O,CCH,),NCH,CH,N- 

(CH,CO,).}]4~, 1333 

Mo4C19026S2 
[{Mo203S(C204)2}2(C204)]*, 1363 

Mo4C12HigCl,Oig 
Mo,0,(OAc).(MoOCI,),, 1363 

Mo4C12H36Cls012P 4 ; 
Mo,Clg{P(OMe)3}4, 1319 

Mo4Cy2Ni2S4 
[Mo,4S4(CN)12]® , 1248, 1321, 1433 

Mo4C12N12Si6 
[Mo4S4(NCS)12]®, 1247, 1321 

[Mo,4S4(NCS),2]7~, 1321 

Mo4C15H19025 
[{Mo,0,(0,CCH,CO,)2}2(O02CCH2CO,)]* , 1363 

Mo4CisH36F4O4 
Mo,F,(OBu'),, 1319 

Mo4CigH42Cl,012 
Mo,O¢Cl4(OPr),, 1363 

Mo4CigH4gCl4O12 
Mo,4O¢Cl4(OPr),(HOPr)2, 1254 

Mo4C2oH24N40O16S4 
[Mo4S4{(O,CCH2),NCH,CH,N(CH,CO,)2}2]*, 1321 

Mo4C2o0H24N4O22 
[Mo,4O,(edta)2]*~, 1241 

Mo4C2o0H26N4O22 
[Mo,0,(OH),(edta).]*~, 1240, 1241 

Mo4C2oH32l6P4 
Mo,I,(diphos),, 1319 

Mo,4C21H5g043 P, 

Mo;04(COs)(OH).{Mo(CO)(PMes)s} 1363 
MogCr4H60ClgPs 

Mo,Cl,4(PEt3)4, 1309 

MogCr4HooCleP4 

Mo,Cl(PEts)4, 1319 

Mo4C26H30N4010 
[Mo4,Og(OMe)2(NHPh).4]?- , 1377 

Mo4C27H.63Cl304 
Mo,Cl3(OPr’)y, 1319 

Mo4C3oH36N6O24S4 
[Mo,S,(edta)2]*~, 1247, 1249 

Mo4C3oH4gN2010P 4812 
{Mo,0(NC,.H4Me-4)S2{S2P(OEt).}2}2, 1364 

Mo,4C3oHeoNeSie 
Mo,S,4(S2CNEt2)¢, 1321 

Mo,4C32H2.042 
Mo,{O,CCH(OH)Ph},, 1302 

Mo4C32H44S, 
Mo,S4(CsH4Pr'),, 1248, 1321 

[Mo4S4(CsH4Pr’)4]* . 1436 

Mo,4C32H72F40g 
{Mo,F,(OBu'),4}2, 1310, 1314 

Mo.C36HegN2012 : 
Moa4(ps-N)2(u-OPr'’)2(OPr) 10, 1320 

Mo,4Cs2HasCl4P, 
Mo,Cl,(dppe)2, 1309 

Mo,4Cli2N4 

(MoNCl)q, 1394 

Mo4Cly4NqOuP, 

{MoNCl,(OPCI3)},4, 1394, 1395 

Mo4F 20 
(MoFs)4, 1347, 1355 

Mo4H24012S4 
[Mo,S4(H20),2]**, 1248 

[Mo4S4(H20),2]5* A 1248 

Mogli1 
[MogI13]?~, 1319, 1321 

Mo4N,40,4S33 

[Mo4(NO)4Si3]*", 1433 

Mo,4N,05S12 

[Mo,(NO)4(S2).6O]?-, 1433 

[Mo,O.]~, 1322 

[Mo,01(O3)2]*~, 1261, 1398 
Mo.;Cl,3 

[MosCl,3]?, 1321 

Mo;HO,, 

[Mos0,7H]?~, 1030, 1032, 1258 

Mos5H;30,7 
[Mo;0,¢H(H;0)}-, 1032 
0s023P2 
[Mos0.3P3]®, 1039 

Mo,AlO,, 

[AIMo,0,;]3~, 117 

Mo,AsCH,;03, 

[Mo,03.(MeAsO3)(H20)¢]?— ’ 1054 

Mo¢As,C,H,O 24 

[Mo.01e(MeAsO3),]*~, 1053 
Mo¢As2Ci2H 12025 

[Mo,Ois(PhAsO3)2(OH,)]*~, 1053 
MogC6HigClgO¢ 



[(Mo¢Cl.)(OMe),]2~, 1322 
06C14H42014 

[{Mog(OMe)s}(OMe)¢]?~, 1322 
MoeC39H36NcO32 

[{Mo3;0,}.(edta)3]4~ 9 1244 

Mo6C36He4022 2 
Mo6019(OPr') 12, 1254, 1315 

Mo,Cli4 
[Mo,Cl,4]?7, 1321 

Mo,.CoH,024 

[CoMogH,.O24]3~ , 1044 

MogCrH,O24 

[CrMogH.024]3~ > 1024, 1044 

Mo,HO,, 
[Mo,0,7H]?~, 1259 

Mo.H,ClsO, 

Mo,Cl,(OH),, 1321 

Mo.H,20,S, 

MoO, {(SCH,CH,SCH,);}, 1388 
Mo,HfO,, 

[Hf(MoO,)«]®~, 408 
Mo,I02, 

[Mo.IO24]5~ , 1044 

Mo,0is 
[Mo.0,8]? , 1259 

O60 19 
[Mo,O,9]?~, 1024, 1030, 1031, 1258, 1259 
[MogQ,0]?~, 1052, 1259 
[Mo,O,0]*~, 1259 

Mo,0.2,4Te 

[TeMo.024]® , 1043, 1044 
Mo,S, 

[Mo,Ss]2~, 1320 
Mo,SbH202,4 

[SbM,H,0,,]5~ , 1044 
Mo6V202 

[V2Mo0.¢026]>, 1043 

Mo,¢ZrO,4 

[Zr(MoO,)«]®~, 408 
075133032 
[Mo7HO,2(O2)2(H20)6], 1398 

Mo702, 
[Mo7024]® , 1030, 1043, 1044, 1054, 1257, 1376 
07026 
[Mo,O22(Oz)2]6~, 1261, 1032, 1398 

MogC,H2025 
[Mog02¢(OCH),]®~, 1054 

MogC,H12028 
[MogO24(OMe).]*~, 1054 

MogC29H 600 24P 4 
[Mo,0,4(PMe3)]4(OMe)s, 1363 

MogH2Org 

[MogO2«(HO),]®~, 1030, 1032 
0gO26 
[MogO2.]*" , 1030, 1031, 1257, 1258, 1376 

Mo,027 
[Mo,0,7]* , 1032 

Mo.,AsH,034 

[AsMo,03:(H20)s]?—, 1042 

MooH,034P 

[Mo,03,P(OH,)s]?~, 1039, 1041, 1042 
Mo,NiO32 

[NiMo,032]* , 1045 

Mo,0Co2H,4O3 
[Co2Mo19H,038]*", 1044 

Mo10034 
[MogO26(MoO,)2]®, 1030, 1032, 1377 

910 V3U 40 ; 
[V3Mo30O40]° , 1037, 1041 

Mo,,CrHO,oSi 

[Mo,,SiCr(OH)O39]*_, 1048 
Mo,,CrH,O49Si 

[Mo,,SiCr(OH2)O39]>", 1048 

Formula Index 1545 

Mo 42As4Cz4H2g046 
Mo,2034(H3NC,H,AsO3),4, 1053 

Mo,2As,H4Os0 
[AssMo1205.H,]*, 1043 

Mo,2CeO,, 

[CeMo420,2]®, 1045 

Mo,2Er,UH200s2 
[(UMo,2042){Er(OH2)5}2]?~, 1047 

Mo12GeO4o 
[GeMo12040]*", 1037 

[GeMo12040]5" , 1037 

Mo12040P 
[Mo12040P]?—, 1037, 1039, 1041, 1259, 1376 
[Mo3204P]*" , 1052 

M0420 40Si 

[Mo42049Si]*~ , 1037, 1038, 1051 
Mo,2ThUH,O,; 

[(UMo1:042)(Th(OH);}}*, 1047 
Moig0¢62P2 

[Mo38062P2]* , 1039 

Mo36H320128 
[Mo360112(H20)16]®" , 1030, 1031 

Mo036H360130 
[Mo360112(H20)19]°~, 1258 

NaAs3SbgW210¢6 
[NaSbeAs3W210g6]28" , 1042 

NaCH,CIN,O, 

NaCl(H,NCONH,)(H,0), 6 
NaC,H, BrN,0, 

NaBr(AcNH,)p, 5 
NaC,H,,IN.O; 

Nal(glycine).(H,O), 6 
NaC,;H,0, 

Na(acac), 25 
NaC.HigBrN, 

NaBr{H,N(CH,CH,NH).CH,CH,NH;>} Aili! 

NaBr{N(CH,CH,NH,)3}, 11 
NaC.Ha4INg 

Nal(en)s3, 11 
NaCgH,,4BrN,O, 
NaBr(Ac,NH),, 15 

NaC,H;s10; 

NalI(Me,CO);, 4 
NaC,H2,INO; 

Nal {N(CH,CH,0Me)3}, 23 
NaC,H2,IN303; 

NaI(DMF);, 4 

NaC1oH 30, 
Na(OH,)2(PhCOCHCOMe), 2 

NaC, 9H29N;OS 

N a{HOCH,CH,CH(CH,NCH,)3;CH,N }(NCS), 42 
NaC,,H.2.BrO,, 

NaBr(sucrose)(H2O)>, 25 
NaC,3H24NO-;S 1? 
Na{§(CH,CH,0);CH,CH,}(NCS),"41 

NaC,3H,4,NO,S 

Na(18-crown-6)(SCN), 37 
NaC,,H221O, 

Na(benzo-15-crown-5)I(H,O), 41 

NaC,4H220¢ 
[Na(benzo-15-crown-5)(H,O)]*, 39 

NaC,5H1,0, 
Na(PhCOCHCOPh), 14 

NaC,6H32N205 
[Na((2.2.1]cryptand)]*, 46 

NaCi6H34N206 
[Na{HOCH,CH,N(CH,CH,0CH,CH,0CH,CH,),- 

NCH,CH,OH}]*, 42 

NaC,7Hi,FsN203 
Na(hfacac)(phen)(H,O), 13 

NaCigH36N20c 
[Na((2.2.2]cryptand)]*, 46 



1546 Formula Index 

NaC,.H2.BrO, Na,ATP(H,0)s, 34 

Na(dibenzo-18-crown-6)Br(H,0), 41 Na2C24H320g 
NaCooH4oN4Ou [Na,(dibenzo-24-crown-8)]?*, 40 
[Na{[CH,N(CH,CH,O0CH,CH2)2NCH)]2}]*, 46 Na2C39H4oN2010S2 

NaC,,H2.NO,¢S Na2(dibenzo-30-crown-10)(NCS)2, 40 

Na{(2-MeOC,H,OCH2CH20CH)2)2} (SCN), 19 NbAICl, 
NaC,2H,2Fi12N205 NbAICI,, 591 

Na(hfacac)2(phen)(H,O), 13 NbAsC,gH,5Cls; 
NaC.4H240¢ NbCI,(AsPhs;), 600 

[Na(spherand)]*, 43 NbAsC,gHis5ClsN 
NaC,,4H32ClO,, [NbCl,(NASPh;)]~ ’ 620 

Na(dibenzo-24-crown-8)(ClO4), 40 NbAs4C29H32Br,4 
NaC,;H22BrO,P, NbBr,(diars)2, 642 
NaBr{Ph,P(O)CH,P(O)Ph>}, 15 NbAs4C20H32Cl, 

NaCzgH21012 NbCl,(diars)2, 644 

Nal{PhCOCH,0C=CHOC(CH,0H)=CHCO},- [NbCl,(diars),]* , 599 
(H20)2, 15 NbBC,Hi9CI5Ne 

NaC zgHaoClOi4g [NbCl, { (pyrazolyl);BH} |] iE 622 

Na(benzo-15-crown-5)2(ClO4), 39 NbBr;O 

NaC3o9H2oNs03 NbOBr;, 626 

Na(2-O,NC,H,O)(phen),, 13 NbBr, 
NaC32H64N4010 NbBrg, 640 
[Na{O{CH,CH,N(CH,CH,0CH,CH,0CH,CH2)>- NbBr4N 

NCH,CH,},0}]*, 46 [NbBr4N]?-, 620 
NaC34Hs303 NbBr; 

Na(lasolocid), 67 NbBrs, 589, 590 

NaC36Ho1011 NbBr;N3 

Na(monensin), 66 [NbBrsN3], 619 
NaC36H62011 NbBr;O 

[Na(monensin)]*, 66 [NbOBrs]? , 627 
NaC37H,2N40. NbBr, 

[Na(spherand)]*, 43 [NbBr¢] , 594, 640 
NaC4oHs56012 NbCCI,N 

[Na(nonactin)]*, 65 [NbCI,(CN)]~, 623 
NaC44H,4012 NbCHCI;N 

[Na(tetranactin)]*, 65 NbCI;(HCN), 598, 623 
NaCe4H7gN19010 NbCH;C1,O 

[Na(antamanide)]*, 64 [NbCl,(OMe)]?~, 649 
NaCoC,9H22N,03 NbC,3Cl1,0, 

Co(salen)Na(THF), 16 NbCl3(C,04), 606 
NaCo,C4oHy4N406 NbC,H;CI,N,O 

[{Co(salen)},Na(THF).]*, 16 NbC1,(NO)(MeCN), 655 
NaCo3C49H36.N40o NbC,H3CI;N 

{Co(salen)},NaCo(CO)4(THF), 16 NbCI,(MeCN), 595 
NaCuC,H,CINO, NbC,H;Cl,O 
Cu{OCH,C(NH,)(CH,O0H)CH,0}Na(C10O,), 17 NbCL,(OEt), 606 

NaCu,C3,H>gCIN,Og NbC,H;Cl,;O 
{Cu(salen)},Na(ClO,), 16 [NbCI,(OEt)]~, 606 

NaEuC,3Hs54N3Si¢ NbC,H,.Br,S, 

NaEu{N(SiMe3)2}3, 1111 NbBr4(SMe)>, 643 
NaH,.N, NbC,H,CI,;N,04 

[Na(NH3)4]*, 4 NbCl,{ON(Me)NO},, 623 
NaH,,0, NbC,H,CI,N, 

[Na(H20).]*, 4 NbCI,(NCCH,CN), 597 
NaMgC,5H210¢ NbC3H,Cl,03 

NaMg(acac)3, 27 NbCI,(OMe)3, 606 
NaNi,C3,.H34N.6O4 NbC,F,0, 

[{Ni(salen)},Na(MeCN).]*, 16 [NbO(C,0,4)2F2]*~, 634 
NaRb,C,5H3F 1.0. NbC,4H;0,, 

Rb,[Na(hfacac)3], 27 [NbO(C,0,)2(OH)(H20)]?~, 634 
NaSbyW21,0g6 NbC,H,0,, 

[NaSbyW210g6] 18, 1042, 1049 [NbO(C,04)2(H20)]", 634 

NaV2C32H2sN4O¢ NbC,H,CI,N,0 
[{VO(salen)},Na]*, 16, 534 NbOCI,(MeCN),, 630 

[{VO[1,2-(2-OC,H,CH=N),.C.H,]}.Na]*, 534 NbCL,(MeCN)>, 641 
NaW300110Ps NbC,H,Cl,0, 

[NaW300410Ps] 14~. 1039-1041 NbOCI,(OCMes;), 631 

NaYbC,,H54N;3Si¢ NbC,H, .Br;S 

NaYb{N(SiMe;)2}3, 1111 NbBr;(SEt,), 596 
NaYbCzoHs6N202Si, NbC,4Hi9C1;S2 

NaYb{N(SiMe3)2}2(OEt,)2, 1111 NbCl;(MeSCH,CH2SMe), 596 

NazCioH22NsO0i6P3 NbC,H,,C1,0,S, 



NbOCI;(DMSO),, 630 

Formula Index 

Nb(OEt),, 649 
NbC,0,, NbC,Ng 
[Nb(O2)2(C204)2]~ , 635 [Nb(CN)s]*~, 644, 645 
sH3NO; [Nb(CN),]>~, 666 

[Nb(CO);(NH3)]~, 685 NbC.H;0, 
sHsCl, Nb(CO),(Cp), 682 

NbC1,(Cp), 682 NbC,oHsCl,N,0 
NbC;HsNS; NbOCI,(bipy), 629 

NbS;(py), 654 NbC,9HgCl;N, 

NbC1,(CN)(OEt,), 623 NbC,oHi9Br4N, 
NbC;H,5N,O, NbBr,(py)2, 641 
NbMe2{ON(Me)NO},, 623 NbC, 9H19C1O 

NbC;H,,0; NbOCI(Cp),, 632 
Nb(OMe)s, 601 NbC, HipC1O, 

NbC,N,OS, Nb(O2)CI(Cp)2, 636 
[NbO(NCS),]?~ , 634 NbCjoH10Cl, 

NbC,O, NbC1,(Cp)2, 632 
[Nb(CO);]3~, 684 NbCi9H10F4N> 

NbC,BrO,; NbF,(py)2, 640 
[NbO(C,0,)3Br]*~, 634 NbC,,H,4C1,0, 

NbC,H,O. NbCL,(acac),, 650 
NbO(OH),(ascorbate), 634 » NbC,oHi4,0; 

NbC.H2CI3N2S, NbO(acac),, 644, 646 
NbCl;{NMeC(S)Me}>, 623 NbC,9H23CINO, 

NbC,H,,ClO.P.S, NbCI(OEt),(MeCN), 606 
Nb(OMe),CI{S,P(OMe)>}>, 607 NbC,,H,;0; 

NbC.N,S¢ Nb(OEt);, 600 
[Nb(NCS),]~, 624 NbC,9Ho7N, 
[Nb(NCS),]?~, 645 Nb(NBu')(NMe,)3, 613 
[Nb(SCN),]~, 624 NbC,oH30Ns 

NbC,N,Se6 Nb(NMe2)5, 609 
[Nb(NCSe),]~, 624 NbC,,Hi)NS, 
[Nb(NCSe),]?~, 645 Nb(S,)CN(Cp)>, 638 

NbC,O, NbC,,H,3N,03 
[Nb(CO).,]~, 684 NbO(ONMeNO)(Cp)3, 632 

NbC,0,3 NbC,,H,3S5 
[NbO(C,0,)3]?~, 634 Nb(S.)Me(Cp)., 638 

NbC,Br,O, NbC,,H;,3Se, 
NbBr;(MeCO,Ph), 603 Nb(Se,)Me(Cp)>, 638 

NbC,;H,CI,F;0;S NbC,,H>4N5S¢ 
[NbOCI,(CF;COCHCOC=CHCH=CHS)]~, 633 Nb(NNMe,)(S,CNMe,)3, 614 

NbC;H,C1,0; NbC,,HsN20, 
NbC1,(CO);(Cp), 666 [Nb(O,)3(phen)]~ , 635 

NbC;H,I,0, NbC,,HioN30, 
NbI,(CO)3(Cp), 666 Nb(CNO).(Cp)>, 645 

NbC,H;O, NbC1,HioN2S2 
[Nb(CO)3(Cp)]?~, 685 Nb(SCN)>(Cp)>, 645 

NbC,;H,Br,N> NbC,5H;,C1;N3 
NbBr,(MeCN)), 642 NbCI;(bipy)(MeCN), 596 

NbC,H,O; NbC,,H,> 
[NbH(CO),(Cp)]~, 685 Nb(n°-CeHe)2, 683 

NbC,H,,S, NbC,,H;3C1,N,O 
Nb(S,CMe),, 651 NbOCI,(OEt)(bipy), 632 

NbC,H,.Br,S; NbC12H14Cl,N, 

NbSBr,($(CH2)3CH2)2, 626 NbCI,(4-picoline)>, 644 
NbCsH,.Br4S, NbC,2.HigNO 

NbBr,(SCH,CH2SCH,CH,)>, 644 NbMe,(Cp)2(NO), 632 
NbCgH,.Cl1,05 NbC12H46S2 

NbCI;(OMe);(acac), 607 Nb(SMe)2(Cp)2, 652 
NbC,H,.C1,0, NbCi,H24N201._. 

NbC1,(THF)2, 641, 644 [Nb(NO;)2(18-crown-6)]*, 1092 
NbC,H,.Cl4S,4 NbC,.H2,N,S3 

NbC1,(SCH,CH2SCH,CH,)., 644 Nb(S,CNMe,)q, 651 
NbC,Hi614S, NbC1,H2.CIN,O,S, 
NbI,(SCH,CH,SCH,CH,),, 643 NbCl(OMe).(Et,NCS,)2, 606 

NbC3H;,,Cl,0, NbC,2H2,CIO3P, 

NbCI;(OEt),(AcOEt), 606 NbCI(CO)3(PMes)s, 680 
NbC,H,sCl,N, NbC,2H2704 

NbCI,(NEt;)(MeCN), 597 NbO(OBu');, 600 
NbC;H2 ClO, NbC,2H30Cl4P2 

NbCI(OEt),, 606 NbCL,(PEts)2, 644 
NbCgH2 90,4 NbC,2H3006 

1547 



1548 

[Nb(OEt),]~ , 606 
NbC,2H32CloP, 

NbCl,(dmpe)., 675 

NbCI,(OPr'),(HMPA), 606 
NbCj2H36Cl2P4 

NbCI,(PMe3)4, 678 
NbC,2H36CI,N,03P2 

NbOCI;(HMPA),, 594, 595, 629, 630 

NbC13H27N4Oo 
Nb(NBu')(O,CNMe,)3, 613 

NbC,3H270¢ 
Nb(OEt),4(acac), 604 

NbC,3H39Cl,N6O3P.2 
NbOCI,Me(HMPA),, 630 

NbC,3H39CI,N6O04P2 
NbOCI1,(OMe)(HMPA),, 633 

NbC,4H32BrO,P, 
NbBr(CO),(dmpe)>, 680 

NbC,4H36CIP, 
NbCl(dmpe)2(H,C=CH,), 683 

NbC,4H4iCl,N6O4P2 
NbOCI,(OEt)(HMPA),, 630 

NbC,5H,5Cl3N3 
NbCl;(py)3, 657 

NbC,5H1902 
Nb(O,CBu')(Cp)., 664 

NbC,5H39N30S, 

NbO(S,CNEt,)3, 616, 634 

NbC,5H30N3S¢ 
Nb(S,CNEt,)3, 660, 665 

NbC16H2202S> 

{Nb(CO)2(Cp)2}(u-SMe2)2, 682 
164 433+ *46 

Nb(NMe)(S,CNEt,)3, 614 
NbC,6H4oClO2P2 
NbCI(OBu')2(PMe3)2(C,H,), 664 

NbCi6H4oOgP4Sg 
Nb{S,P(OEt)2}4, 652 

NbC,3H,20, 
[NbO(1,2-O,C.H,)3]3~ , 632 

NbCi8H12S, 
[Nb(1,2-S2C¢H,)3]~ , 608 

NbC,,H,;ClsP 
NbCl;(PPh;), 599 

NbCigHisN6S3 

Nb(NCS)3(py)s, 666 
1844153 

Nb(SPh);, 664 

NbC1,(4-picoline)3, 657 

NbCigH3004P2S4 

Nb{S,P(OEt),}2(Cp)2, 652 
NbCigH4oN4 

Nb(NEt2)4, 644, 652 

NbCigH4sP6 
Nb(dmpe)3, 683 

NbC29H2sO08 
Nb(acac),4, 650 

NbC29H3603 
Nb(O,CBu'),, 650 

NbCz9H4505 
Nb(OBu').;, 600 

NbC,,H150, 
NbO(tropolonate)3, 632 

NbC,,H21N20,S, 
Nb(NCS),(OEt)2(PhCOCHCOPh), 624 

NbC,,.H>;Cl,02P 

NbCI;(OEt),(PPh;), 607 
NbC,2H37N4S¢ 
Nb(4-NC,H4Me)(S,CNEt,)s, 616 

NbC24HieNgS4 

Nb(NCS),(bipy)2, 645 

Formula Index 

NbClI,(dppe), 600 
NbC,7H,gBr2N;303 

NbBr,(8-quinolinolate),, 606 

NbC3gH 00g 
[Nb(tropolonate),4]* , 604 

NbCygH39Cl4P2 

NbCl1,(PPh2Et),, 642 

NbC33H3gN202 

{Nb(Bu)(Cp)2}2(N2)(O2), 655 
NbC30H2505 

Nb(OPh)<;, 603 

NbC39H2509 
Nb(OEt)(tropolonate),, 604 

NbOCI1,(OPPh;)2, 630 

NbC39H30N307 
NbO{PhC(O)N(O)Ph}3, 632 

NbC 4H 6004 
Nb(1-adamantyloxy),4, 650 

NbC44H76O0g 
Nb(Bu'COCHCOBu'),, 650 

NbC46H3i1N4O3 
NbO(tetraphenylporphyrinato)(OAc), 633 

NNbCygHsPs 
Nb{P(C6H11)2} 4, 653 

NbCasHgsP4 
Nb{P(CeHj1)2} 4, 665 

NbC,49H35N403 

NbO(tetraphenylporphyrinato)(acac), 621 
NbCI,0 
NbOCh, 646 

NbCLS, 
Nb(S,)Cl>, 646 

NbC1,0 
NbOCI,, 625 

NbC1,0; 
[NbO,Cl;]2~, 628 

NbC1,S 
NbSCl,, 626 

NbCl, 
NbCl,, 640 

NbC1,0 
[NbOCI,]~, 606, 628 

NbCL,S 
[NbSCl,]~, 596 

NbCl, 
NbCls, 589, 590, 625 

NbCI;N3 
[NbCI,N3]~, 619 

NbC1,O 
[NbOCI,]2~, 603, 627 
[NbOCI.]3~, 646 

NbCl, 
[NbCl.]~, 590, 593 
[NbCl,]2~, 644 

NbFO, 
NbO,F, 625 
[NbO,F]~, 646 

NbF,N 
NbF2N, 620 

NbF;0, 
[Nb(O,),F3]?~, 637 

NbF, 
NbF,, 640 
[NbF,]*, 592 

NbF,O 
[NbOF,]~, 627 

NDF; : 
NbFs, 589, 590 

NbF,O 
[NbOF.]?~, 591, 626 

NbF,O, 



[Nb(O,)F;]2~, 637 
bE 6 
[NbF.], 592 

NbF,O 

[NbOF,]3-, 626 

NbF,O, 

[Nb(O,)F.}?~, 636 

[NbF,]?~, 591 

[NbF,]3~ , 640 

[Nb(PF3).]~ , 684 
NbGaCl, 

NbGaCl,, 593 

NbH,Cl,0, 

[NbOCL,(H,0)]?~, 644, 646 

[Nb(O2)F4(H20)]~, 636 
2U4 

Nb(O,)(OH)2, 635 
NbHg3C25H4oN3S¢ 
Nb(Cp).(HgS2CNEt,)3, 639 

NbIN 

NbNI, 654 

NbI,O 

NbOL, 626, 646 

NbI, 

NbI;, 655 

NbI,O 

NbOI,, 626 

NbI, 

NbI,, 640 

NbI; 

NbI,, 589, 590 

NbN,O,3 

NbO(NO3)4, 638 

NbOS, 

[NbOS,]?~ , 626, 638 

NbO.S, ; 

[NbO.S,]*~ , 626, 638 

NbO;P 

NbOPO,, 639 

NbO, 

[Nb(O,)4]?~ , 635 

NbO,S, 

[Nb(SO,)2]~, 666 
3 

NbS,, 654 

NbSbCl, 

NbSbClj9, 591 

NbSe, 

NbSe,, 654 

NbSe, 

NbSe;, 654 

NbSiC,,9H29N3 

Nb(NMe2)3(CH.SiMes), 653 

NbSiC,,H,;O, 

Nb(CH,SiMe;)(n?-CO2)(n5-CpMe)2, 666 
NbTaCj9H39010 

NbTa(OMe),o, 601 
NbTaF,, 

[NbTaF,,]~ , 592 

NbZnC,;H;7 

NbH,(Cp)2Zn(Cp), 639 
Nb2As,C29H32Cle 

Nb,Cl,(diars)., 656 

Nb.Bro 
[NbBro]?~, 655 

Nb,C,F,Og 

[Nb.(O2)2F6(C20,)]?”, 636 
Nb2C4H4ClioN2S2 

Nb2Clio{u-C,H4(SCN)2} , 624 
Nb,C,HgClsS 

Formula Index 1549 

[Nb,Cl.{S(CH2)sCH,}]2~, 655 
Nb2C.HigCl6S3 

Nb2Cl.(SMez2)3 OST, 

Nb2CgCl,08 
[Nb,(CO)sCls]~, 681 

Nb2CgHi2Cl4N,S2 
{NbSCI,(MeCN),},, 647 

Nb,CsH,,Cl,N, 

[Nb,Cla(MeCN)9(u-NCMeCMeN)]?~, 615 
Nb2C5H2705 

[Nb,(OMe).]~, 649 
Nb2Ci0H29Cli0S4 
(NbCI,)>{S(CH,CH,SCH,CH,CH,),$}, 596 

Nb2Ci,HgCl,S,4 
[NbC1,(1,2-S2C<H,)]>, 652 

Nb,C,2H2,Br,S 

NbBr.{$(CH2)3CH2}5, 658 
Nb2Ci2H24Cl6S3 
Nb,Cl,{S(CH2)3CH>}3, 656 

Nb2C12H300¢ 
{NbO(OEt)3}>, 633 

Nb2Cy2H36CleP, 
Nb2Cl.(PMe3)4, 656 

Nb2Ci,H36ClgP, 
Nb2Clg(PMe3)4, 644 

Nb2C14H100,S2 
{Nb(CO)2(Cp)}2(u-S)2, 682 

Nb2.Ci6Hi9Cl,O¢ 

Nb2Cl,(CO)¢(Cp)2, 679 
Nb2Ci6H32Br4S7 
Nb,S3Br4(S(CH,CH),, 648 

Nb2C2oHisCleNg 
Nb,Cl,(bipy)2, 656 

Nb2C29Hi6ClsN4O 
Nb,OCIlg(bipy)2, 631 

Nb2C29H29Cl,0 

[{NbCI(Cp)2}20]*, 632 

{NbCl,(Cp)2}20, 631 
Nb C29H20PS,4 

[{Nb(Cp)2}2(PS.)]*, 652 
Nb2C39H34Cl,06 

Nb2Cl,(1,2-O2C.H,)2(THF)>, 649 

Nb2C22H40Cl2N206 
Nb2Cl,(OEt)6(py)2, 649 

Nb2C24Hs54CleP2 

Nb2Clg(PBu'3)2, 644 

Nb2C24H64Cl2NoPs 
{NbCl(dmpe),}2(u-N»2), 617, 680 

Nb2C2sH3gN202 

{NbBu(Cp)2}2(N2)(O2), 617 
NbzC3oHs4CleNo 

Nb,Cl,(Bu'NC),4(u-Bu'NCCNBu’), 663 

Nb2C3oH6oNgS12 
{Nb(S,CNEt)3}2(N2), 618 

Nb2C32H44Cl_P4 

Nb2Cl.(PPhMe,),4, 656 

Nb2C33Hs7Cl30. 
Nb,Cl,(Bu'COCHCOBu');, 664 

Nb2C36H30ClsN2P2 
{NbCl,(NPPh3)}., 619 

Nb2C36H54Cle 
[Nb2Cl.(CeMeg) 3] 9 > 669 

Nb2C36HgiCleN2P3 
Nb,Cl,(Bu'3P)3(N2), 617 

Nb2C36HgiClsP3 
Nb2Cls(PBu'3)3, 644 

Nb2C72HgsNs03 
Nb,O,(octaethylporphyrinato),, 621 

Nb2CgsHseNgO3 
Nb,(tetraphenylporphyrinato)O3;, 621 

Nb2ClgNe 
(NbCI,N3)2, 619 
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Nb,2Cl, 
[NbzCly]>~ , 655 

Nb,Cl,O 
[Nb2Cl,O]~ , 628 

Nb2Fi1 
[Nb2Fi1]~ , 595 

Nb,H,O, 

Nb202(O2)2(OH)2, 635 
Nb, I¢Te2 

Nb2(Te2)I¢, 647 

Nb.MgC36H4012 
Mg[Nb,(OPr'),.], 602 
p ph I 

Nb,Os, 1028 
Nb,0,S 

Nb,0,4(SO,4), 638 

Nb2011S2 
Nb,03(SO4)2, 638 

Nb2014S3 
Nb,02(SO4)3, 638 

Nb2017S4 

Nb,O(SO4)4, 638 
Nb,ReW,C3022 

[Re(CO)3(Nb2W4049) |? , 1047 

Nb2RhAW4Ci0H15O019 
[Rh(C;Me;)(Nb2W4040)]?_, 1047 

Nb2RhsW4C3sH40019 
[{Rh(nbd)}5(Nb2W4O19)2]*, 1047 

Nb2SigC24H72Cl4Ng 
Nb,Cl,{N(SiMe3)2}4, 652 

Nb2W40159 
[Nb2W4049]* , 1047 

Nb3Brg 

Nb3Brg, 667 

Nb3CigH20010 
{Nb(O,CH)(Cp)}3(OH)2(O)2, 651 

Nb3C22H1507 

Nb3(CO),(Cp)s, 682 
Nb3C25H4sClgNs 

Nb3Cl,(Bu‘NC)s;, 668 

Nb3C36Hs4Cls 
[Nb3Cl,(CeMec¢)3]*, 669 

Nb3C36Hs4Cle 
[Nb3Cle(CeMeg)3]?* , 669 

Nb3C42H7g017 
[Nb3;0,(O,CBu'),(THF)3]*, 664 

Nb3;ClO, 
Nb30,Cl, 626 

Nb3Cl,Ses 
Nb3Se;5Cl,, 647 

Nb3Clg, 667 
Nb3;FO, 

Nb30,F, 625 
Nb3H,O020S6 

Leo) ga a , 668 

aig 
Nbslg, 667 

Nb3RhW.CgH12040Si 
[Rh(cod)(SiWoNb3040)]®_, 1047 

Nb3;RhWoC 19H 450 40Si 
{[Rh(C;Mes)(SiWaNb3040)]>~ , 1047 

Nb,CgH12BrioN4Se3 

Nb,Brio(Se2)(Se)(MeCN),4, 648 

Nb,Cs6H4oCli2 
{NbCl;(PhC=CPh)}4, 656, 659 

Nb,Cly1 

[Nb4Cli1]~ , 670 
Nb,Cl,,0sP,4 

[NbOCI;(OPCI3)}4, 630 
Nb;FO,, 

Nb;0,,F, 625 

Formula Index 

Nb,Bri4, 671, 672 
Nb¢CgHi2ClicO2 

(Nb¢Cl,2)Cl4(EtOH)2, 675 
Nb6C2gH60CliaPs 

(Nb,Cl;2)Clo(PEts)s, 674 
Nb6C72H60Cli4O4P4 

(Nb,Cl;2)Cl,(OPPh;)4, 673 
Nb6C72H08Cli2 

[Nb¢Cli2(CeMes)]**, 669 
Nb,Cli2 

[Nb¢Cl,2]?*, 670, 674-676 
[Nb¢Cl13}?*, 670, 676 
[Nb¢Cly}**, 675 

Nb,Cli2F. 

[(Nb¢Cli2)Fe]*~, 673 
Nb.Clis 

Nb,Clis, 670, 671 
Nb.Chis 

[Nb.Clis]*~, 671, 675 
Nb6Fi5 

Nb.F 1s, 670, 671 
Nb,.HI 
Nb,HI 1, 677 

Nb¢H¢Cli206 
[(NbCli2)(OH)6}*~ , 674 
6ls 
[NbeIs]?*, 677 

Nbeli1 
Nbl11, 670, 677 
[Nbgli1]~, 677 

Nb,6O19 
[Nb,O10]®~, 1028, 1047 

Nb¢S17 
[Nb,S17]*~, 638 

Nb,O25P 
Nb,O25P, 639 

Nb10O28 
[Nb39O2¢]®, 1029 

NdC3H30. 
Nd(O,CH)s, 1134 

NdC,H14N3013 
Nd(NO3)3{H(OCH,CH;)3;0H}, 1093 

NdC,H;.Cl,02 
NdCl,(THF)2, 1110 

NdCgHjsN2011 
[Nd(NO3)2{H(OCH2CH,),0H}]*, 1093 

NdCj9H22N2012 
[Nd(NO3)2{H(OCH,CH,);O0H}]*, 1093 

NdC,2H12015 
[Nd{(O,CCH,)20}3]3~ , 1085 

NdC,2H24Cl3016S2 
Nd(C1O,)3(1,10-dithia-18-crown-6), 1087 

NdC,3H24N30i5 
Nd(NO3)3(18-crown-6), 1092 

NdC12H309012P3 
Nd{O3P(OEt)3}3, 1084 

NdC,2.H36Ng 
[Nd(H,.NCH;CH,NHCH,CH,NHCH,CH,NH,),]3*, 

1072 

NdC,5H2106 
Nd(acac)3, 1077 

NdC,gHisN30i0P 
Nd(NO3)3(OPPh;), 1083 

NdC,gHs54N3Si¢ 
Nd{N(SiMe3)2}3, 1072 

NdC3oH4F 2408 
[Nd(hfacac),4]~, 1081 

NdC,,H N3012 

[Nd{2,6-(O2C)2py}3]>" , 1090 
NdC2.H3oN 905 

[Nd(NO3)(H20).{ N=CMeC=CHCH=CHCC( Me)= 
NCH,CH,N=CMe(2,6-py)C(Me)=NCH,- 
CH,}]?*, 1096 



NdC,4Hs6NgOg 
[Nd(DMF).]3*, 1086 

NdCagHsoN,O 
Nd(NPr',)3(THF), 1072 

NdC36HogNisO Po 
[Nd(HMPA),]3*, 1084 

NdCyoHaoNgOz 
[Nd(py N-oxide)s]3*, 1081 

NdC54H33FsOoP.S3 
Nd(SCH=CHCH=C >COCF3)3(OPPh;)2, 1083 

NdCe4H33Ni6 
Er(phthalocyanine)(H-phthalocyanine), 1095 

NdCo¢HagN24 
Er(phthalocyanine),, 1095 

NdCl, 
NdCl,, 1110 

Nd(ClO,4)3, 1108 
NdF, 

[NdF,]~, 1135 

7 

[NdF]3~, 1115, 1116 
NdHO,P, 
NdHP,O,, 1076 

NdH,N;0,3 
Nd(NO3)3(H2O)4, 1086 

Nd(BrO3)(H2O)o, 1074 

[Nd(H2O).]3*, 1074 
39 

Nd(IO3)3, 1076 
NdN;O, 

Nd(NO3)3, 1108 
NdN;0;5 

[Nd(NO3)5]?" , 1076 
Nd2Ci9H16N19O28 

[Nd.(NO3)s(H2O).4(bipy)]? , 1086 
Nd2S;012 

Nd,(SO,)3, 1086 

Ni{(PhCOCH,COCHCMeNCH,),}, 561 
NiCrCgH,.BrNg 

CrBr(en)2(u-NC)Ni(CN)3, 778 
NiCrCgHi6CINg 

CrCl(en)2(u-NC)Ni(CN)3, 778 
NiCrC, 9H2oFNg 

CrF(pn)2(u-NC)Ni(CN)3, 778 
CrF{H,N(CH2)3NH>}.(u-NC)Ni(CN)3, 778 

NiMoC;Hj )NS. 
(MoS,)Ni(S,CNEt,), 1422 

NiMoO, 
NiMoO,, 1376 

NiMo,03, 

[NiMo,O3,]° , 1045 
NiSbC3C1,03 

Ni(CO)3SbCl3, 271 
NiVC,,.H2.N.0; 

Ni(VO){(MeCOCHCOCHCMeNCH;)>}, 562 
NiVC,,H24N.,0; 

Ni(VO){(PhCOCHCOCHCMeNCH,)>}, 561 
NiW,H.O24 

[NiWe6H.O2.4]*, 1044 
NiW.6024 

[NiW.O24]®~, 1044 
NiW11H20,40Si 

[W1,SiNi(OH2)O39]®° , 1048 
Ni,NaC3.H34N,.0, 

[{Ni(salen)},Na(MeCN),]*, 16 

Ni. VCigH34013P4 
VO[{OP(OMe),.}2NiCp}2], 567 

NpB,Hie 
Np(BHg,)4, 1175 

Formula Index 1551 

NpBr3 
NpBrs, 1135 

NpBr,g 
[NpBre]?~, 1175 

NpCHO, 
NpO,(O,2CH), 1182 

NpCo,; 
NpO,(CO3), 1183 
[NpO,(CO3)]~, 1183 

NpC,H3Cl,NO, 
[NpO,Cl;(MeCN)]~, 1191 

NpC,0, 

[NpO2(C,04)]~, 1183 
NpC,Og 

[NpO2(CO3),]>~, 1183 
NpC3H30, 
Np(O2CH)3, 1134 

NpC3H303 
[NpO2(O.CH)3]?~, 1182 

NpC301; 

[NpO.(COs)3]>~, 1183 
NpC,H,O3 
Np(O.CH),, 1154 

NpC;H3;0,S 
NpO,(thiophene-2-carboxylate), 1183 

NpC;H30; 
NpO,(furan-2-carboxylate), 1183 

NpC;N;0.S; 

[NpO.(NCS)<]*~, 1179 
NpC.H,NO, 

NpO,(pyridine-2-carboxylate), 1183 
NpC,H.Og3 

[NpO,(OAc),]~, 1183, 1198 
NpCgH2Cl,N, 
NpCl3(MeCN),, 1133 

NpCgH2 9BrO, 
Np(OEt),4Br, 1181 

NpCgH2904 

Np(OEt),, 1146, 1181 
NpC,HgNO; 

NpO,(8-quinolinolate), 1187 

NpCioH20 16 
[NpO.(pyromellitate)]3~, 1183 

NpC1oH15012 
{NpO.(OAc)5]*—, 1183 

NpCisH30N3S6 
Np(S2CNEt,)3, 1135 

NpCigHi2N2.04 
[NpO,(8-quinolinolate),]~, 1187 

NpC2oH28Og 
Np(acac),4, 1148 

NpC21Hi5O05 
Np(2-O,CC,H,OH)s3, 1134 

NpC27H3903 
NpCp3(THF)3, 1134 bs 

NpCl, 
NpCl,, 1173 

NpCl,0, 
[NpO2Cl,]3~, 1186 

NpCl;O 
[NpOCl;]?~ , 1186 

NpCl. 
[NpCl,]2~, 1175 

NpF30 

NpOFs, 1185 
NpF,O 

NpOF,, 1211 
NpF; 

NpFs, 1185 
NpF, 

NpFe, 1210 
NpF, 

[NpF,]?", 1186 
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NpFs 

[NpF,]?~, 1186 
NpH2F,0 

NpF,(H30), 1174 
NpH2N,O, 
NpH,0,(NO3),, 1196 

NpH20.¢ 

[NpO,(OH),}?~, 1215 
NpH;O; 

NpO,(OH),(H,0), 1193 
NpH,Os 

[NpO2(OH)¢]>~, 1215 
PN3V0 11 

[NpO2(NO3)3]~, 1196 
NpO, 

[NpO,]~, 1215 

NpO,; 
[NpOs] , 1215 
[NpOs]*, 1214 

NpO. 
[NpO.]>, 1215 

NpO,S2 

[Np(SO,)2], 1133 
NpO10S2 

[NpO2(SO,)2]*, 1182 
Np2C,08 

(NpO2)2(C204), 1183 

Np2C.O12 
Np2(C204)3, 1134 

Np2Ci0H12N2010 
[NpO,{(O,CCH,)2.NCH,CH,N(CH2CO>)2}]>, 1187 

Np2C10Hi14N2012 
(NpO2)2H2{(O,CCH2)2.NCH,CH,N(CH2COz2)2}, 1187 

Np2C12016 
[(NpO2)2(mellitate)]*~ , 1183 

Np2H2010 

[Np2Os(OH)2]*~, 1215 
P2lsO19 

[(NpO2)2(IO3)s]?~, 1182 
Np20,S 

Np20.S, 1135 

Np2Os 
Np2Os, 1180 

Np2O, 
[Np20,]?_, 1193 

Np,0,S 

(NpO2)2(SOq), 1182 
Np2S3 

Np.2S3, 1134 

Np2Ss 
Np2Ss, 1171 

Np3F 12 
Np3Fi2, 1173 

Np3010 
[Np3010]?_, 1193 

PaAs zCi9Hy6Cly 
PaCl,(diars), 1144 

PaAs3CisHig011 
PaH3;0,(PhAsO3)3, 1182 

PaBr3,O 
PaOBr;, 1185 

PaBr, 
PaBry, 1173 

PaBr; 
PaBrs, 1185 

PaBr, 

[PaBr.]?~, 1175 
PaC,H,Og 

Pa(O,CH),, 1154 
PaC,1 9H,4Cl,0, 

PaCl,(acac), 1182 
PaC,gH,5ClsPSe 

Formula Index 

PaCl,(Ph3PSe), 1185 
PaCzoH4oClINySg 

Pa(Et,NCS,)4Cl, 1184 
PaCzgH2oClOg 

Pa(tropolonate)4Cl, 1182 

PaC2gH200g 
Pa(tropolonate),, 1149 

PaC39H26ClO,S 

Pa(tropolonate),Cl(DMSO), 1184 

PaC35H25O010 
Pa(tropolonate)s;, 1182 
[Pa(tropolonate).]~, 1150 

PaCl,0 

PaOCl,, 1173 

PaCl, 
PaCl,, 1173 

PaCl, 
PaCl,, 1185 

PaCl,;O 
[PaOCls]?, 1186 

PaF, 

PaFs, 1185 

PaF, 
[PaF,]~, 1186 

PaF, 
[PaF,]?~, 1186 

PaFg 
[PaF,]>~ , 1132, 1186 

PaHN,Oi¢ 

PaH(NO3)6¢, 1182 

PaHO,S, 

. PaHO(SOg4)2, 1182 

PaH;0;3S3 

PaH,0(SO,)3, 1182 

PaH,O(SeO,)3, 1182 

PaH00;5P3 
PaO(H,PO,)3(H20)2, 1182 

Pal; 

Pal,, 1185 

PaN,Oig 
[Pa(NO3).]~, 1182 

PaO(PO3)3, 1182 

Pa,C4H6N 10025 
Pa,0(NO3)s(MeCN)>, 1179 

Pa,Cl,O 

Pa,O0Cle, 1185 

Pa,Fo 

Pa2Fo, 1185 

Pa,O; 

Pa,Os, 1180 

Pa,O25P¢ 

(PaO),4(P207)3, 1182 

PbC,H,O, 

Pb(O,CH),, 222 
PbC3H.N3 

PbMe3N3, 210 

PbC,;H,;Cl 

PbCpCl, 218 

PbC;H,,0, 

PbMe;(OAc), 210 

PbC.H;Cly 

[PbPhCl,]~ , 200 

PbC,H;Cl; 

[PbPhCl,]?~ , 200 

PbC,H,O2 

PbPh(OH)O, 206 

PbCeH24N12S¢6 
[Pb{SC(NH2)2}«]?*, 188 

PbC7H,4N,0, 

PbMe3{C(N,)(CO-,Et}, 205 

PbC,H,,0, 



Pb(OAc),, 212 
PbC3H,,0 

PbBu',O, 206 

PbCgH2904P2S4 
Pb{S,P(OEt).}2, 222 

PbCioH 10 
PbCp,, 218 

PbC12H2g04P2S, 
Pb{S,P(OPr'),}., 222 

PbC12H36N2Si, 
Pb{N(SiMe3)2}2, 220 

1st116 
PbPh3(OH), 210 

PbCigH 190.6 
[PbPh.(OAc)3], 211 

PbC,3H2sCl,N,OP 
PbPh,Cl,(hmpt), 200 

PbC,.H,;NO 
PbPh3(NCO), 210 

PbC20H1gO02 
PbPh3(OAc), 210 

PbC2.H 2.0 
Pb(C,H3Et,-2,6).0, 206 

PbC20H30 
Pb(C.Mes)., 218 

PbC,,H,.BrS 

PbPh3(SC,H,Br-2), 213 

PbC24H2004P2S4 
Pb{S,P(OPh),}., 222 

PbC,,H33;CIN,0P 
PbPh3;Cl(hmpt), 200 

PbC24H34S2 
Pb(SC,H3Pr'-2,6)2, 220 

PbC24H3s04P2S4 
PbPh2{S,P(OPr')}2, 215 

PbC,,H4.ClL.N,O2P2 

PbPh,Cl,(hmpt)., 200 

PbC39H 4602 
Pb(OC,H2Me-4-Bu',-2,6)2, 220 

Pb(OSiPh;),, 220 

PbCe6H72N 1206 
[Pb(antipyrine).,]?*, 188 
TC35H300, 

CrO,(OPbPh;),. > 942 

PbF, 
[PbF.]2~, 200 

Pbl; 
[PbI,]~, 195 

PbO, 
[PbO,]~, 205 

PbO; 
[PbO,]2~, 204 

PbO, 
[PbO,]*~, 204 

PbSiC36H30O 
PbPh,(OSiPh;), 206, 208 

PbSi,C14H38 
Pb{CH(SiMes)2}2, 217 

Pb2C32H320s 
(PbPh,(OAc)3}2, 211 

Pb,Ga.S, 

Pb.Ga,S, > 137 

Pb,Og 
[Pb,O.]*~, 205 

Pb30, 
Pb30,, 202 

Pb3014 
[Pb,0,4]!°-, 205 

Pb3SbC,H27 
Sb(PbMe;)5, 259 

Pb4Ci0sHo9O7Si¢ 
Pb,O(OSiPhs)s, 221 

Formula Index 1553 

Pb,H,O, 
[Pb,(OH),]**, 202 
5 

[Pb]? , 46 

[PbsO(OH).]**, 202 
PdBeC,.9H2,CIN,O, 

Be(acac){MeCOCH,COCH,PdCl(bipy)}, 26 
PdCrCgH,.BrNg 

CrBr(en)2(u-NC)Pd(CN);, 778 
PdCrCgH,,.CINg 

CrCl(en)2(u-NC)Pd(CN);3, 778 
PdCrC, 9H2oFNg 

CrF(pn)2(u-NC)Pd(CN)3, 778 
CrF{H,N(CH2)3NH2}2(u-NC)Pd(CN)3, 778 

PdMoC;H,oNS, 
(MoS,)Pd(S,CNEt,), 1422 
PdT1C 19H 15019 

TIPd(OAc)s;, 173 
PdVC,4H2,00P, 

VO(acac)[{OP(OMe).}2PdCp], 567 
PoBr, 

[PoBr.]?—, 302 

PoCzoH4oNaSzg 
Po(S,CNEt,),4, 307 

PoCl, 
PoCl,, 302, 304 

PoCl4,O46 
Po(ClO,4)4, 304 

PoH,O, 
Po(OH),, 301 

Pol, 

[PoI;]~ , 302 

Pr(NCS)3(H2O)., 1076 
PrCgH24P4S3 

[Pr(S2PMe.)4]~, 1087 

PrCy2H24N3015 
Pr(NO3)3(18-crown-6), 1094 

PrC,5;H2,CIN3;0; 

[PrCl(terpy)(H2O).]?*, 1070 

PrCl;(HMPA);, 1084 

PrC39H36Cl3018 
Pr(ClO,4)3(dicyclohexyl-18-crown-6), 1093 

PrC390H30F 2106 
Pr(CF;CF,CF,COCHCOBu');, 1079, 1104 

PrC3gHe6P3S6 

Pr{S2P(Ce6Hi1)2}3, 1087 

PrC,3H7507 
Pr(Bu'COCHCOBu')3(borneol), 1101 

PrCygH36N12 
[Pr(1,8-naphthyridine),]3*, 1070 

PrC;,H7,07P 

Pr(Bu'COCHCOBu')3(OPPh)3, 1080° 
PrCl, 

PrCl,, 1105, 1113 
PrF, 

[PrF¢|2e, 1115 
PrF, 

[PrF,]>~, 1115 
PrH,gO09 

[Pr(H,0).]3*, 1074 

PrzC19020 
[Pr2(C20.4)s]*", 1076 

Pr,C3,4H, Cl,O 

Pr,(OC=CCIC(O)C(O)=CICO} (EtOH), 1085 

PryCeoH6oF 42012 
Pr,(CF3;CF,CF,COCHCOBu'),, 1078 

Pr2Co6Hi14012 
Pr,(Bu'COCHCOBvu')., 1077 

Pr2CiosHi41F 1gO18 
Pr,(3-CF;CO-(+)-camphor),.(Bu'COCHCOBv');, 1080 
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Pr3CooHo0H63018 
Pr;(CF3;CF,CF,COCHCOBu'),, 1078 

PreF31 
[PreF31]7_, 1115 

PtBC,4H4 CIP 

PtCl(BPh,)(PEt;)2, 100 

PtB,C54H4sCleP3 
Pt(BCl;)2(PPh3)3, 101 

PtCyoH 1404 
Pt(acac)>, 1104 

PtCrCgH,.CINg 

CrCl(en)2(u-NC)Pt(CN)3, 778 

PtCrC,oH20FNg 
CrF(pn)2(u-NC)Pt(CN)3, 778 
CrF{H,N(CH,)3NH3}2(u-NC)Pt(CN)3, 778 

PtTa,C.4H32S,4 

TaCp2(u-SMe) Pt(u-SMe)2TaCp., 608 
PtTisC54H45Cli2P3 

Pt(TiCly-PPh3)3, 347, 356 
PtTisC54H4sClooP3 

(TiCl4)2Pt(TiCly:-PPh3)3, 347 
PtW,.H3024 

[PtW.H3024]> , 1044 
PtW,O24 

[PtW.O24]®, 1044 
PuAlO, 

PuAlO3, 1133 
PuB,Hie 

Pu(BH,)4, 1175 
PuBr3 

PuBr;, 1132, 1135 
PuCO,; 

[PuO,(CO3)]-, 1183 
PuC3;H30, 

Pu(O,CH)3, 1134 

PuC,2H2,0,4 
Pu(OPr'),, 1146 

PuC,5H,,ClO, 
Pu(acac)3Cl, 1148 

PuC,sH30N3S¢ 
Pu(S,CNEt,)3, 1135 

PuC,.H,30 

PuCp3(THF), 1134 

PuC27HigN303 
Pu(8-quinolinolate);, 1136 

PuCzgH200g 
Pu(tropolonate),, 1149 

PuC4oH36Og 
Pu(MeCOCHCOPh),, 1148 

PuCl, 
PuCl,, 1132 

PuCl,O, 
[PuO,Cl,]>~ , 1186 

PuCl, 
[PuCl,]?~, 1137 

PuF, 

PuF3, 1133 
PuF, 

[PuF,]~, 1135 
PuF,O 

PuOF,, 1211 
PuF, 

PuF,, 1210 
PuF, 

[PuF,]?~, 1132, 1186 
PuFeC,N, 

Pu[Fe(CN).], 1133 
PuH,O,P, 

Pu(HPOQ,),, 1152 

PuH,0, 

Pu(OH)s, 1133, 1134 
PuH,,Cl,0, 

PuCl,(H,O)., 1133 

Formula Index 

Pul, 

Pul,, 1132 
PuO,P 

PuPO,, 1133 
PuO,S, 

[Pu(SO,)2]~, 1134 
PuS, 

PuS,, 1135 

Pu,C3;05 

Pu,(CO3)3, 1134 

Pu,C,O12 
Puz(C20,)3, 1134 

Pu,F, 
(Pu,F,]~, 1136 

Pu,HO,,P; 

Pu,H(PO,)3, 1152 
Pu,0,S 

Pu,0,S, 1135 

Pu,0,S3, 1171 
Pu,0; 

Pu,0;3, 1133 

Pu,0.S3 

Pu,(SO3)3, 1133 

Pu,O22S7 
[Pu,(SO,),]®~, 1132 

Pu,S; 

Pu,S3, 1134 
Pu3O016P, 

Pu3(PO,),, 1152 
Pu3S4 

Pu3S4, 1135 

RbC,3;H,,NO,S 
Rb{§(CH;CH,0);CH>CH;}(NCS), 41 

RbCigHosIN,O, 
Rb{NCCH,N(CH,CH;,0CH,CH,OCH,CH;).- 

NCH,CN}I, 42 
RbCisH36N206 

[Rb[2.2.2]cryptand)]*, 46 
RbC,,H24NO,S 

Rb(dibenzo-18-crown-6)(NCS), 38 

RbC,,H29N203 
[Rb{(8-quinolinylOCH,CH,),0}]*, 19 

_ [Rb{[8-quinolinyl(OCH,CH,)2],0}]*, 19 
RbCz9H49NO10S 

Rb(dibenzo-30-crown-10)(NCS), 40 

Rb(2-O,NC,H,O)(phen),, 13 
RbC33Hs7N305 

[Rb(enniatin B)]*, 63 
RbC44H 64012 

[Rb(tetranactin)]*, 65 

RbCy6HegN2015 

[Rb{[8-quinolinyl(OCH,CH,),],0}]*, 19 
RbCs4Ho0N6018 

[Rb(valinomycin)]*, 63 
RbYDbE; 

RbYbFs, 1112 

Rb2C26H4ygN2012S2 
{Rb(18-crown-6)(SCN)}>, 38 

Rb,NaC,5H3F 130, 

Rb.[Na(hfacac)3], 27 
ReB,C;H,O; 

[Re(B2H.)(CO)s] ", 101 
ReC32H44CIN2P, 

ReCI(N3)(PPhMe;),, 329 
ReNb,W,C;0,, 

[Re(CO),(Nb;W,010)]>~, 1047 
ReTiC3,Hs2Cl;N,OP, 

{ReCl(N2)(PPhMe,)4}(TiCl,)(THF), 329 
ReTizC3¢Hs4Cl,N20, 



{ReCl(N2)(PPhMe,),}(TizCl,O)(Et,0), 329 
Re, 8° 

[RezClg]?~, 1230 

Re,HfC1gH13012 
Hf{(OC);Re(MeCO),}., 402 

Re ,TiCe4HggCleNaPs 

{ReCl(N2)(PPhMe,)4}2(TiCl,), 329 

Re2ZrC1gH1g012 
Zr{(OC);Re(MeCO),}>, 402 

Re3CrC,4H1g01¢ 
Cr{(OCMe),Re(CO),}3, 861 

RANb.W,4CyoH1 5019 
[Rh(C;Mes)(Nb2W40,5)]?~, 1047 

RhNb3W.CgH12040Si 
[Rh(cod)(SiWyNb3040)]® , 1047 

RhNb3W.Ci9H15040Si 
[Rh(C;Mes)(SiWgNb3O40)]>, 1047 

Rh2CgH16019 
Rh,(OAc),4(H,O),, 1231 

RhsNb2W4C35H49019 
[{Rh(nbd)}5(Nb2W40,5)2]>”, 1047 

MoS,Ru(bipy),., 1422 
Ru,MoC4oH32N3S, 

[MoS,{Ru(bipy).}2]2*, 1422 

SbBr¢ 
[SbBr,]~, 271 

SbCCI,N 
[SbCI,(CN)]~, 277 
bCH; 
(SbMe),,, 262 

SbC,C1,N2 
SbCI,(NC)>, 277 

SbC,H,.Cl, 
SbCl;Me2, 257 

SbC;C1,N3;03 
SbCI,(NCO)3, 277 

SbC;F, 
Sb(CF3)3, 258 

SbC3H,IN 
SbI(NPr), 261 

SbC3H,Cl 
[SbMe,Cl]*, 257 

SbC3H,ClO, 
SbMe3(OCIO ), 264 

SbC;3H,Cl, 

SbC1L,Mes, 257 
SbC3N, 

Sb(CN)3, 271 
SbC,H,Cl 
[SbCl(CH=CH,),]*, 257 

SbC,HsClOS, 
SbCI{(SCH,CH,)0}, 265, 266 

SbC;H,3;0, 

SbMe(OEt)., 269 
SbC5H,S, 

SbMe(SEt)>, 269 
SbC;5H,,0 . 
[SbMe,(CH,CH,OH)]*, 279 

SbC,H; 
(SbPh),,, 262 

SbC,H;IN 
SbI(NPh), 261 

SbC;HoCl, 
SbCl,(CH=CH,)3, 257 

SbC.HigCl,0 
(SbMe,Cl)20, 264 

SbC,Hi,NSi : 

SbMe,{NMe(SiMe;)}, 260 
SbC.HigN3 

Sb(NMez)3, 259, 271 
SbC;HisN.O 

COC3-XX 

Formula Index 

{SbMe,(N3)},0, 264 
SbC.H, OPS 
SbMe,{OP(S)Me,}, 258 

SbC6H1s06P3S< 
Sb{S,P(OMe),}3, 268 
6O12 

[Sb(C,0,)3]3~, 268 
SbCsH,.N,Si, 

Sb{NEt(SiMe,)}>, 260 
SbC5H, 50,8. 

Sb(S,COEt)s, 266 
SbC5H>,N,Si, 
SbMe{NMe(SiMe;)}2, 260 

Sb(SiMe;)3, 259 
SbC1oH>,N 

SbBu',(NMe,), 260 
SbCi3H oF 

SbPh,F, 258 
SbC13HyC1,N 

[SbC1,(Ph,NH,)]* , 272 
12H27S3 

Sb(SBu')3, 265 
SbC,,H3,.N3Si, 

Sb{NMe(SiMe;)}3, 260 
SbC13HioCl3N> 

SbCI,Ph(N,CPh), 260 
SbC15H30N3S6 

Sb(S,CNEt,)s, 266 
SbCigClisS; 

Sb(SC,Cls)3, 265 
SbCigH,S 

SbSPh3, 266 
SbCigH 2904 
SbPh(OCMe,CMe,0),, 269 

SbCisH30NaS¢ 
Sb{S,CN(CH,);}3, 266 

SbCigH42N3 
Sb(NPr.)3, 260 

SbCigH4206P3S¢6 
Sb{S,P(OPr').}3, 268 

SbCzoH1sN202 
Sb(NCO),Phs, 260 

SbC29H19S 
SbSPh,(C.H3Me,-2,6), 266 

SbC21H1503S3 
Sb(SOCPh)3, 267 

SbCz1H17N203S, 
Sb(S,COEt)(8-quinolinolate),, 267 

SbC,,H3.N3S 
Sb{S,CNCH,CHMe(CH;)s}3, 265 

SbC2,H42N3S6 
Sb(S,CNPr3)3, 266 

SbC24H1902 
SbPh,(1,2-O,C.H,), 270 

SbC>4H210 
Sb(OH)Ph,, 258 

SbCo4Ha4PSiz 
Sb(PC.H>Bu',){CH(SiMe;),}, 261 

SbC30H25 
SbPhs, 258 

SbC36H30P 38.6 
Sb(S2PPh3)s, 267 

SbCl1O 
SbOCI, 264, 271 

SbCI,F, 
SbCI5F>, 274 

SbCl, 
[SbCl,]~, 274 

SbCI,F 
SbCI,F, 274 

SbCIANg 
SbCI,(N3)2, 276 
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1556 Formula Index 

SbCl, Sb2C36H30N60 
SbCl, 271, 272, 276, 278 {SbPh3(N3)}20, 260 
[SbCl,]?~, 271, 274 Sb2Cl,F5 

SbCI;OS, [SbzCl,Fo]~ , 274 

SbCI;(SgO), 276 SbzCleNe 
SbCI,OSe (SbCI4N3)2, 271 

SbCl,(SeOCI,), 276 Sb,CrF 15 
SbCrC3H,O,4 CrF,Sb2F11, 933 

CrO4(SbMe;), 942 [CrF,Sb2F,,]~ , 933 
SbCrCjoHy6Cl4P Sb,CrO2F is 

[CrCl,(2-Me,PC,H,SbMe,)]~ , 853 (CrF,SbF;;)O2, 933 
SbF Sb2F, 

[SbF]2*, 272 [Sb.F,]?", 271, 272 
SbFeCysHogF6Nq Sb2Fi1 

Fe(tetraphenylporphyrinate)(FSbF;), 271 [Sb2F31]~, 271, 275 

SbFO Sb2H30oP3 
SbOF, 264 Sb2(HPO3)s, 263 

SbFO,P Sb,03 
[SbF(PO,)], 271 Sb,03, 278 

SbF, Sb200S2 
[SbF,]*, 272 Sb,0(SO,)2, 263 

SbF; $b20 1283 

SbFs, 271, 272, 940 Sb2(SO4)3, 263 
SbF, Sb2S3 

[SbF,]~, 271, 276, 314 Sb,S3, 986 
SbGe3CisHas Sb2SngCi2H36 

Sb(GeEts)3, 259 {Sb(SnMe;)2}2, 261 
SbH3F,0, Sb3C,Cl2N303 

[SbF,(OH),]~ , 265 {SbCl,(NCO)}3, 260, 271 
SbH,0.P Sb;CsH, 
SbO(H3PO,), 263 Sb3{(CH2)3CMe}, 262 

SbH,O, Sb3I1O, 
[Sb(OH).]~, 265 Sb30,I, 265 

SbH.Si; Sb4CieH6 
Sb(SiH3)3, 258, 259 (SbBu'),4, 262 

SbMo,H,024 Sb,Cl,O; 

[SbMo,H,024]>- , 1044 Sb,O;Cl,, 264, 270 
SbNbClio Sb4Cli2Fs 

NbSbCljo, 591 (SbCI;F2)4, 271 
SbO, Sb4Cli3F7 

[SbO,]"~ , 265 Sb,4ClisF7, 275 

Sb(PbEt;)3, 259 (SbFs)4, 274 
SbSn3C54H,s5 Sb,HgSs 

Sb(SnPh3)3, 259 HgSb,Ss, 265 
SbW.033 Sb;IO, 

[SbW,033]?”, 1042 Sb;O,I, 265 
Sharer isbladClsPis SbsAs3NaW210g6 
CrCl,(2-Me,PC.H,SbMe;), 5, 845 [NaSbgAs3W210g6] 18, 1042 

Sb,Ag,MnS, Sb¢C36H30 
MnAg,Sb.S¢, 265 (SbPh)., 262, 263 

Sb,BaCgH32NgSe2 $b,0,5S2 

Ba(SbSe),(en),4, 11 Sb,07(SO4)2, 263 
Sb,Bro b; 

[Sb,Bro]>~, 271, 274 [Sb]>~, 46 
Sb,C,H,Cl,0, Sb.CL.Ou 

{SbCl,(OMe)}>, 271, 276 Sbg01;Cl5, 270 
SbC,4H,2 SbsI2011 

(SbMe,)>, 261 Sb,04115, 265 
Sb.C;5H,,Cl, SbygNaW 2106 

(SbCl,Me,)2CH3, 258 [NaSbyW210g6]?® , 1042, 1049 
Sb,CsH,0,2 ScAs¢C7gH72Cl, O18 

[Sb2(C4H20¢)2|?~ 7 278 Sc(C1O,4)3{Ph,As(O)CH,CH,As(O)Ph>}3, 1065 

Spee ScB3CgH2302 
b(CsH4SbC,H,)Cl, 258 Sc(BH,)3(THF)>, 1064 

(SbCl,)2(PhPh), 270 [ScBre]>~, 1067 
$b2C,2HiiCleN ScC3H;O, 

(SbCl3)2(Ph2NH), 272 Sc(OH)(O,CCH,CO,)(H20), 1063 
Sb2C12Ai6 ScC,4Hi6Cl,NgO,4 

(SbCMe—=CHCH=CMe),, 261 ScCl;(H,NCONH,),, 1065 
Sb2C24H20 ScC4Hi6N10010 

(SbPh2)2, 261, 263 Sc(NO3)2(H,NCONH,),, 1065 



Formula Index 

SeC6H1301; 
Sc(O,CCH,OH)3(H20),, 1063 

ScCgHy4Cl3N120¢ 

ScCl3(H,NCONH,)¢, 1065 
ScC,Ha4Ne 

[Sc(en)3]3*, 1060 
ScC,H,NO, 

Sc(OH)(2-0O.CC,H,NH,), 1066 

ScC19H12.N20g 
[Sc{(O,CCH,)z,NCH,CH,N(CH,CO;),}]7, 1066 

ScCi;Hi9N7O4 
[Sc{H,.NCONHN=CMe(2,6-py)C(Me)= 

NNHCONH, }(H,0),]3*, 1067 

ScC,2H2iN603S3 

ScC,,H4Cl,0, 
ScCl;(THF)3, 1064 

ScC14Hi4N7O 
Sce(NO3)3(2-pyCH=NCH,CH,N=CHpy-2), 1061 

ScCy4H24N3016 
Sc(NO3)3(H2O).(benzo[15]crown-5), 1065 

ScC15H3Fig0¢ 
Sc(hfacac)3, 1062 

ScC15H1iN6Oo 
Sc(NO3)3(terpy), 1061 

ScC15H12F50¢ 
Sc(F;CCOCHCOMe)s, 1062 

ScC,5HigBr30, 
Sc(MeCOCBrCOMe);, 1062 

ScC15H210¢ 
Sc(acac)3, 1061, 1062 

ScC17H29N305S3 
Sc(NCS)3(benzo[15]crown-5), 1065 

ScC,7H22N7S3 
Sc(NCS)3( N=CMeCH—CMeNCH;,CH,N=CMeCH= 

CMeNCH,CH,), 1062 

ScCigHisNeS3 
Sc(NCS)3(py)3, 1061 

ScCisHs4N3Si¢ 
Sc{N(SiMe3).}3, 1062 

ScCigHs4024P 6 
[Sc{OP(OMe)3}.6]3*, 1065 

ScCz9H4F 2403 
{Sc(hfacac),4]~ , 1063 

ScC29Hi6Cl3N,4 

ScCl,(bipy)., 1061 

ScC2oH6F 1208 
[Sc(F;CCOCHCOMe),]~ , 1063 

ScCy9Ha9Ch Na 

ScCl;(py)4, 1061 
ScCy9Hy4Cl,0¢ 

ScCl,(dibenzo[18]crown-6), 1065 

ScC21H150¢ 
Sc(tropolonate)3;, 1063 

ScC,1;HigN30¢ 
Sc(2-O,CC.H,NHz)3, 1066 

ScC21H42Cl3N6Oi8 
Sc(C1O,4)3(Me2NCOCH,CONMe,)3, 1066 

ScC23H4902 
Sc(CH,Bu')3(THF)2, 1065 

ScC 4H, F,0,¢S 

Sc(SCH=CHCH=CCOCHCOCF;)s, 1062 

ScCy4Hi6ClaN, 

ScCl3(phen),, 1061 j 

ScCy4H4gCl,024S 

Sc(C1O,)3(OSCH,CH20CH,CH2)., 1065 

ScC,5H22N7S3 pee 

Sc(NCS)2(2-NC.H,N=CMeCH=CMeN-2-C,H,N= 

CMeCH=CMe), 1062 

SeC27HigN303 
Sc(8-quinolinolate);, 1066 

ScC27H21CleN,O3 

Sc{(3,5-Cl,-6-OC,H,CH=NCH2CHz2)3N}, 1066 

ScC2gH200g 
[Sc(tropolonate),]~, 1063 

ScC39H270¢ 
Sc(PhCOCHCOMe);, 1062 

ScC3.H16CINg 

Sc(phthalocyanine)Cl, 1062 

ScC33Hs70¢ 
Sc(Bu'COCHCOBv');, 1062 

ScC36H3oN3011P2 
Sc(NO3)3(OPPh3)>, 1065 

ScC3,H4;N,0O 

Sc(octaethylporphyrin)(OH), 1062 

ScC36HiosCl3N1sO0igP6 
Sc(ClO,4)3( HMPA)., 1065 

ScC3gH47N4O 
Sc(octaethylporphyrin)(OAc), 1061 

ScC43H4gN301283 
Sc(NCS)3(dibenzo[18]crown-6),, 1065 

ScC45H330¢ 
Sc(PhCOCHCOPh), 1062 

ScCysH¢6903 
Sc(4-O-3,5-Bu',C;H.Me), 1065 

ScCy9H770,4 
Sc(4-O-3,5-Bu',C.H,Me)3(THF), 1065 

ScCe3Hg40O4P 

Sc(4-O-3,5-Bu',C,H.Me)3(OPPhs), 1065 

ScCl4 
[ScCl,]~, 1067 

ScGle 

[ScCl.]?~ , 1067 

ScCl, 

[ScCl¢]*~ , 1067 

ScCsCl, 
CsScCl;, 1067 

ScF, 
[ScF,]~, 1067 

ScF, 
[ScF¢]>", 1067 

ScH,Cl,O, 

[ScCl,(H2O),]~, 1064 

[ScCl,(H2O).]|?*, 1067 

ScH,F3N, 

ScF3(N2H,), 1060 

ScH,O.¢ 
[Sc(OH).]?, 1064 

ScHgCl,0, 

[ScCl,(H2O),4]*, 1064 

ScH,oClO; 

[ScCl(H2O)s]?*, 1064 

ScH 1908 

[Sc(OH).(H2O),]*" , 1064 

ScH12Cl,N, 

ScCl3(NH3)4, 1060 

ScH,20¢ 
[Sc(H2O).]3*, 1064 

cH1305 
[Sc(OH)s5(H2O),]?" , 1064 

ScH,;Br3N5 

ScBr3(NH3)s5, 1060 
ScH,;5CINs 

[ScCl(NH3)s]?*, 1060 

ScH,5Cl,N; 

ScCl;(NH3)s, 1060 

ScN;50i5 
[Sc(NO3)s5]?", 1064 

ScO;S, 

[Sc(SO4)2]-, 1064 

Sc,Bro 

[Sc.Bro]*-, 1067 

Sc2C6H12018 

Se,(C2O4)3(H20)., 1063 
Sc.C6H36N12012 

{Sc(NH3)6}2(C20.)3, 1060 

1557 
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Sce2C2gH30N 100s 
[Scy(NOs)9(\-OH)9(2-pyCH=NCH,CH,N=CH- 

py-2)2]?", 1061 
Sc,C7,.HggNsO 

{Sc(octaethylporphyrin)}2O, 1061 
Sc2Clo 

[Sc2Clo]3~ , 1067 

$¢2H12040 

[Sc2(OH)s(H20)2]?" , 1064 
$¢2H}2012 
[Sc2(OH),2]® , 1064 

Sc3C2gH4oCloO10 
(ScCl;)3(benzo[15]crown-S),, 1065 

Sc5Clg 

ScsCls, 1068 

Sc7Cli2 

Sc7Cl,2, 1068 
SeC3N3S3 

[Se(SCN)3]*, 305 
SeC4Hi6ChNg 

[SeCl,(en).]?*, 304 
SeCioHi0ClsN2 

[SeCl,(py)2]*, 304 
SeCl, 

[SeCl,]?~ , 303 
SeF; 

[SeFs]~, 301, 302, 319 
SeF, 

[SeF,]?- , 302 
Sel, 

[SeI,]?~ , 303 
Se, 

[Ses]? , 46 
Se,C3N; 

[Se(SeCN) 3]*, 305 
SiCH, 
Si(H)=CH, 190 

SiCH3F, 
[SiMeF,]~ , 200 

SiC,H, 
SiH(Me)==CH), 190 

SiC,H,¢F3 
[SiMeF3]~, 200 

SiC,H oN 
SiH;(NMe,), 216 

SiC3Hg, 
Si(Me),—CH,, 188-190 

SiC,Hio9 
Si(Me).—=CHMe, 188 

SiC,H0N2 
SiMe3;(HC=N,), 188 

SiC,H,3N 
SiHMe2(NMe,), 216 

SiC;H. 
§i(H)=CHCH=CHCH=CH, 190 

SiC;H, 
Si(CH,)3Me,, 188 

SiC,HsF; 
[SiPhF;]?~ , 200 

SiC,H, 
i(Me)=CHCH—CHCH=CH, 190 

SiC;HoF3N2 
SiF;{N(Me)CH)py-2}, 199 

SiF;(CH,0,CC,H,F-4), 199 
SiCgH2,0, 

SiBu',(OH),, 206 
SiC,9HgF,N, 

SiF,(bipy), 200 

SiCi9H1304 

§i(OCH,CH;0),Ph, 214 
SiC;,HsFO, 
§i(OC.H,O-2)2F, 214 

Formula Index 

SiC 2H ioF3 
[SiPh,F5]~, 200 

SiCi2Hy0F 4 
[SiPh,F4]2~, 200 

SiC,,Hi4CIN,O 
§i(OCH,CH,N H)MeCI(8-quinolinolate), 212 

SiC,.H;.NO 
§i(OCH,CH,NHCH,CH,0)Php, 212 

SiCisHa6P4 
Si(PBu'),, 216 

SiC,,H,Cl,O 
§i(OC,C1,0-2)2Ph, 214 

SiC,gH,,ClO, 
§i(OC,H40-2)2(CsH4Cl-2), 214 

SiCzoH6P2 
SiPh,(PBu'),, 216 

SiC,,H;5O,4 
§i(OC,H4O-2)2(CioH7-1), 214 

SiC26H1704 
Si(O2C1 9H¢-2,3)2Ph, 214 

SiC36HiosN1gO6Po 
[Si(hmpt).]**, 199 

SiF; 
[SiF;]” , 200 

SiF, 
[SiF.]?~ , 200 

SiGaO, 
[GaSiO,]~, 135 

SiH3F,N 
SiF,(NH3), 200 

SiH3F,NP, 
(SiH3)N(PF2)2, 215 

SilInC;H,;O 
InMe,(OSiMe;), 161 

SilnCgH,sN3 
InMe3(N3SiMe3), 159 

SiMoW 11040 
[SiMoW,,0,]*", 1036 

SiINDC,9H29N3 
Nb(NMe,)3(CH2SiMe;), 653 

SiNbC,7H,;02 
Nb(CH,SiMe;)(n2-CO3)(n5-CpMe)>, 666 

SiO, 
[SiO,}2-, 203 
[SiO,|*~, 203 

SiS4 
[SiSq]*~, 205 

SiTisC59H4608 

Ti,(OPh),(SiMe,), 335 
SiZrC,HiaClaN> 

ZrCl4{(NMez2)2SiMe>} ; 372 

Si,AIC,H,,CIN3 
AICI[{NMe(SiMe2)}2NMe], 109 

Cr(CO)s5(u-PPh2)Al(CH,SiMe3)2(NMe3), 112 
Si,Al,C,HigBr402 

{AIBr,(OSiMes)}>, 114 
Si,B;HfC, oH, NP> 
Hf(BH,)3{N(SiMe,CH,PMe,),}, 384, 433 

Si,C,H,Cl 
SICI,CH,SIC,CH,, 206 

Si.C,H,, 
Si(Me2)=SiMe,, 184 

SizC4H.S 
iMe,SSiMe,S, 206 

SizC12H29 F 
$i(Pr'),—=SiPr',, 190 

Si2C16H36 
Si(Bu').=SiBu‘,, 190 

SizC16H3,04S 
i(OBu'),SSi(OBu'),S, 206 

SizCisH2202 

{Si(Cg6H2Me3-2,4,6)},02, 206 



Formula Index 1559 

SizC36H3oN2 In(SiMe;)3, 158 
] SiPh,NPhSiPh,N Ph, 206 SizLiC,,H;;N3 

SizC36H300 Li{(Me3Si);Cp} {MeN(CH,CH,NMe,)>}, 12 
(SiPh3),0, 206 Si3Mo0.C2,Hs9P3 

SizCs6Haa Mo,(CH,SiMe3)2{(CH2)2SiMe} (PMes)3, 1307 

Si(C6H2Me3-2,4,6)2=Si(CgH2Me;-2,4,6)>, 190 $i3;ZrCgH4Cl,N> 

SizCrCgHg0,4 ZrCl,{(NSiMe3)2SiMe,}, 378 
CrO,(OSiMe3)., 941 Sig AIC} ,H3, 

SizCrC,9H2,NO; [Al(SiMe3)4]~, 107 
CrO(NBu')(OSiMe;)., 945 Sig,BC1.H 36 

SixCrC,4H3.N203 [B(SiMes)4]", 97 
Cr(NBu').(OSiMe;)>, 945 Si,BHfC,,H4oCIN> 

SipCrC3¢.H3 90,4 HfCl(BH,){N(SiMe3)2}2, 377, 433 

CrO,(OSiPh3)2, 941 Si,BZrC,,H4 CIN, 

SipCr,C,5H3oN, ZrCl(BH,){N(SiMe3)2}2, 377, 433 

{CrCp(NH)(NSiMe;)}., 945 Si,B3Hf,Cy9H71N2P4 

Si,GaCgH,, [Hf{N(SiMe,CH,PMe,).}]2(H)3(BHg)3, 384, 433 

GaCl(CH,SiMe3)., 139 Si,C,,H;,0 

Si,Ga,CgH2,CIN, Si(SiMe3)2—=C(OSiMe;)Bu', 189 

{GaClMe(NHSiMe;)}>, 131 SigCy9H420 

Si,Ga,0, Si(SiMe3)2=C(OSiMe3)(Ci9Hi5), 190 

Si,Ga,0, SigPhg, 206 

[Ga2Si,O.]*-, 135 Si,CrC,¢6.H4.CkN,O, 

SipH, CrCl, {N(SiMe3)2}.(DME), 1151 

Si(H,)=SiH,, 184 SigCr,C22Ha6N4 

Si,H.F,NP {Cr(=NSiMe2)Cp}2(u-NSiMe3)2, 945 
(SiH3)2N(PF,), 215 Si,GaC,.H3,.0, 

Si,Hf,Ci9H2gCl,NP, [Ga(OSiMe3)4]~ , 134 

[HfCl,{N(SiMe,CH,PMe,).}HfCly],,, 384 Si,HfC,.H3.CL.N, 

Si,InCgsH2,0, HfCl,{N(SiMe3)2}2, 377 

[InMe2(OSiMe;).], 161 Si,HfC,.H;¢Cl,N2P, 

Si,.Mo2C;¢H4904P2 HfCl, {N(SiMe,CH,PMe,)>}2, 383 

Mo,(OAc)2(CH2SiMe,)2(PMes)2, 1303 Si,MoC,¢Hs50N2.04 

Si,Mo,C,gH4.04P, Mo(OSiMe3)4(NHMey,)>, 1344 

Mo,(OAc)2(CH2SiMe3)2(PMe3)2, 1307 Si,Mo,C3.H.20, ; 

Si,O, Mo,(2,6-Me2C.H30)2(CH2SiMe3),4, 1310 

[Si,O,]3~, 203 SigSnC,4H3 

SipSnCi¢6Hr. Sn{CH(SiMes)>}2, 216 

Sn(Me3SiC;H,)2, 219 SigTaCgH4Cl,N> 

Si,TiC,9H320, TaCl;{N(SiMe,)2}2, 610 

Ti(OPh)2(Me3SiCH2)>,, 335 ; Si,Te40 

Si,UC,9H2.Cl,02 [Si,Te19]*~ ’ 205 

U(OSiMeEt,)2Cl, 1147 SigTiC12H360,4 

Si,ZrC,HisCl,N,O Ti(OSiMes)., 335 

ZrCl,{(NMeSiMe,)20}, 378 SigZrC12H36Cl,N2 
Si,ZrC7H2 Cl,N> ZrCl,{N(SiMes3)2}2, 377 

ZrCl,{(NMeSiMe,).CH,} ’ 378 SigZrC,2H36N4 

Si,ZrC,H,,Cl,N; Zr(MeNSiMe,SiMe,NMe),, 378 

ZrCl,{(NMeSiMe,),NMe}, 378 Si,gZrC12H3,.N,02 

SizZrCopHagNy Zr{(MeNSiMe;)20}2, 378 
Zr{(NBu'),SiMe}., 378 Si,gZrC1.H3,04 

Si,AICjH,, Zr(OSiMes)4, 391 
Al(SiMe3)3, 107 SigZrCy4HaoN, 

Si;AICJH2703 Zr{(MeNSiMe2),CH)}2, 378 
Al(OSiMe3)3, 114 SigZ1Cy4H42Ne 

Siz;AIC5,H45O3 Zr{(MeNSiMe,)2NMe}2, 378 

Al(OSiPh3)3, 114 SigZrCyoH56Cl,N2P, 
SizC,4H36P4 ZrCl,{N(SiMe,CH,PMeyz).}2, 383 

(SiMe,)3P2(PBu')2, 216 SisHfC,;H,;CIN,O 

Si3;C15H36 HfCl(OSiMe3){N(SiMe3)2}2, 377 

Si(Me)2=C(SiMe3)(SiMeBu',), 189, 190 Si;sUC,;H4505 

SizC39H39N U(OSiMes)s, 1181 

(SiMePh2)3N, 216 SisAICigHs4N3 

Si,;GaC,H.7 AI{N(SiMe3)2}3, 109 

Ga(SiMe;)3, 129 : SigAs4CeHig 

Si,GaC,H,703 (SiMe).As,, 215 

Ga(OSiMe;)3, 134 SigCi2H36P4 
Si,H oN (SiMe2)¢6P4, 216 

(SiH3)3N, 215 SisGaCisHs4N3 

Sis;HfCsH24Cl,N2 Ga{N(SiMes)2}3, 131 
HfCl,{(NSiMe3)2SiMe>}, 378 SigHfC1¢H4gNa 

SisInCsH, Hf{(NSiMe;)2SiMe,}2, 378 
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SisHfC,g3H54CIN3 [Sm(NO3).]* , 1076 

HfCl{N(SiMe3)2}3, 377 SmZrF, 

SigHfC,5H54N4 ? SmZrF,, 428 

Hf(CN){N(SiMe3)2}3, 370 SnBC3H,, 

SigInCisHs4N3 [BH3SnMe,]~, 91 
In{N(SiMe3)2}3, 159 SnBCl, 

SigsMo2Co4Hee [BCI;SnCl3]~ , 93 

Mo,(CH,SiMe3)., 1310, 1311, 1314 SnBr; 

SigPb4C1osHo9O [SnBrs]", 195 
Pb,O(SiPh3)., 202 SnBrg 

SigSnC,,Hs7 [SnBre]?~ , 200 

Sn{CH(SiMe3)2}3, 185 SnCH;Cl, 

SigSnCygHsg [SnMeCl,]~ ’ 200 

Sn{1,2,4-(Me3Si)3CsH2}2, 218 SnCH3N;0, 

Sig ThC,3Hs54CIN3 SnMe(NO3)s, 212 

ThCl{N(SiMe;3)2}3, 1141 SnCH,ClLN,S 

Sig TiC, gHs4CIN3 SnCl,{SC(NHz2)2}, 194 
TiCl{N(SiMe3)2}3, 329 SnC,H,0, 

Sig TIC, gHs4N33 Sn(O,CH)2, 222 
Ti{N(SiMe3)2}3, 328 SnC,H,Cl, 

Sis UC,gH54N3 [SnMe,Cl,]~ ? 200 

U{N(SiMe3)2}3, 1132, 1133 SnC,H,Cl, 

Sig UCigsHs40o [SnMe,Cl,]?~ , 200 
U(OSiMe3)., 1195 SnC,H,F,0,S2 

[U(OSiMe3).]~, 1181 SnMe,(OSO,F),, 211 

SisUC,gHs5N3 SnC,H,N2.O, 

UH{N(SiMe;)2}3, 1132, 1141 SnMe2(NO3)2, 212 
SigZrC,¢6HagNq SnC,H,O, 

Zr{(NSiMe;3)2SiMe>}>, 378 Sn(OMe),, 220 

SisZrC,gH54ClN; SnC3H.Br, 

ZrCl{N(SiMe3)2}3, 377 [SnMe3Br,]~ , 199 

SigZtC,2H 690. SnC3H.Cl, 

[Zr{(OSiPh2),0}3]?", 418 [SnMe;Cl,]~ , 200 

SigA]H4P4 SnC;H,NO; 

[Al{P(SiH3)2}4]~, 112 SnMe;(NO3), 210 

SigMo0,C.6H73Nq4 SnC3H.N3 

Mo,{Si(SiMe3)3}2(NMez2)q4, 1314 SnMe3N3, 210 

SigNb2C,4H72ClL,N, SnC3H,.N;30,S, 

Nb,Cl4{N(SiMe3)2}4, 652 SnMe3(NSN=S=NSO,), 210 

SigZ1r,C.,.H73N4,O SnC3H,;,0 

{ZrMe{N(SiMe3)2}2}20, 386 SnMe,;(OH), 210 

SmBr, SnC,H,Cl,N2 

SmBr,, 1110 SnCl4(MeCN),, 200 

SmC,7H2gN3016 SnC,H,02S,4 

Sm(NO3)3(H2O)(2-methoxy-1,3-xylyl-18-crown-6), Sn(S;COMe),, 221 
1093 SnC,H,Cl,0, 

SmC,3H,,NoO; SnCl,(CH,CH2CO,Me), 198 

[Sm(NO3)(O 2 CH SnC,H,Cl,0 

NCH,CH,N=CH(2,6-py)CH=NCH,CH,}]*, SnCl,(OCH,CH,OCH,CH,), 194 

1096 SnC,H,N 

SmC,gH27NoO, Sn(N CH2CH;)>, 220 

[Sm(4-pyCONHNH,)3(H20)3]3* , 1090 SnC,H,NS 

SmCj9H4C1,018 SnMe;3(NCS), 210 

Sm(C1O,)3(dibenzo-18-crown-6), 1092 SnC,H,2.N, 
SmC,4H6.N70, Sn(NMe,)2, 220 

Sm(NO3)3(phen),, 1109 SnC,H,,.N,0, 

SmC,4H5.N;5013P, : SnMe3{N(Me)NO>} ’ 210 

Sm(NO3)3{OPPr'.(CH,CONEt,)}2, 1084 SnC,H,,0 

SmC36H66P3S6 SnMe3(OMe), 208, 210 

Sm{S2P(C.H11)2}3, 1087 $nC,H,,0,S 

SmC,2H.507P5S4 SnMe3(O2SMe), 210 

[Sm{S,P(OEt).}2(OPPh;)3]*, 1083 SnC,H,,0,Se 

SmC72H69Cl,04P,4 SnMe3(O3SeMe), 210 

SmCl;(OPPh;)4, 1082 SnC,;H; 

SmCl, [SnCp]*, 217 
SmCl,, 1110 SnC;H;Cl 

SmC1,0,, SnCpCl, 218, 219 

Sm(C1O,)3, 1111 SnC;H,F30, 

SmI, SnMe3(O,CCF;), 210 

Sml,, 1110° SnC;H.N; 

SmN,0;, SnMe3{N(CN),}, 210 
[Sm(NO3)4]~ ’ 1076 SnC,H,,0, 

SmN,O4. SnMe3(OAc), 210 



SnC;H,3N ; 

SnMe3(NCH,CH,), 217 

SnC;H,;NO, 

SnMe,(O,CCH,NH,), 210 
SnC.H,4N,0, 

SnMe,(ONHCOMe),, 211, 212 
SnC.H,,S 

SnPri,S, 213 
SnC.H,sCl,0.S, 

SnMe,Cl,(DMSO),, 200 
SnC,H,,;NO, 

SnMe,(NCOCH,CH,CO), 210 
SnC7H,;NO, 

Sn{OCH,CH,)3N}Me, 212 
SnCgH,Cl,0, 
Sn(CH=CH,)3(O,CCCI;), 210 

SnCgH,,08 

Sn(OAc)q4, 212 
SnCgH,,CIN 

SnMe;Cl(py), 199 
SnCgHigN.S4 

SnMe,(S,CNMe,),, 215 
SnCgH,,0, 

Sn(OBu'),, 220 
SnC,H,,.ClO 

SnBu',(OH)Cl, 207 
SnCgH2.N20, 

SnMe,(ONMeCOMe),, 212 
SnC,H,;03P 

SnMe{O,P(OH)Ph}, 210 
SnC,Hi.NO 

SnMe,(ON=C,H,9), 208, 210 
SnC.H>,NO,S 
Sn{(OCH,CH,);N}Me(DMSO), 212 

SnCioHsF4N> 

SnF,(bipy), 200 

SnCioHi0 
SnCpz, 217-219 

SnCioHis 
[Sn(CsMes)]*, ZAG 218 

SnCj9H24N2Si 
nN(Bu')SiMe,N But, 220 

SnC,,H,3;Cl,N, 

SnMeCl,(py)2, 200 
SnC,,H,;NO, 

SnMe;(phthalide), 210 
SnC,2H,,0 

SnCp(C;H,COMe), 218 

SnCy2H2004 
SnMe,(acac)2, 212 

SnC,.H3.6N2Si, 

Sn{N(SiMes3)2}2, 220 
S$nC,3H390 

SnBu;(OMe), 208 
SnC,,H.2ClS, 

§n(SC.H3S-2-Me-4) Cl, 214 
SnC,4H1.Cl,N 

SnCl;,{C.H4{C(=NH)CsH,Me-4}-2}, 198 
SnC,5;H29N 

[Sn(CsMes)(py)]”, 218 
SnCisH4N6O2P2 

[SnMe,(hmpt),]*, 199 
SnCi6H33N3S¢ 
SnMe(S,CNEt,)s, 215 

SnCi6H36P2 
SnBut,(PBu')>, 216 

SnC,7H,.Cl,0 

SnMe,Cl,{PhC=C(Ph)CO}, 199 
SnC,7H17CIN; 

[SnMe,(terpy)Cl]*, 199 
SnC,3H,,.O 

SnPh,(OH), 210 
SnC,gH2.N202 
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SnMe,(salen), 212 
SnC,,H,;NO 

SnPh3(NCO), 210 

SnC,9Hi;NS 

SnPh3(NCS), 210 

SnCzoH1g02 
SnPh3(OAc), 210 

SnC2oH23N, 

[Sn(CsMes)(bipy)]*, 218 
SnCzoH3o 

Sn(C5Mes)2, 218 

SnCz9H3904P2S4 
SnPh,{S,P(OEt),},, 215 

SnC2oH35N3 
Sn(C6H11)3(NN=CHN=CH), 210 

SnC2,HisCl.N, 

SnPh,Cl,(bipy), 200 

SnPh3{O,P(OEt).}, 209 

SnC,3H,.NS 

SnPh;(Spy-4), 213 

SnCz3H2402 
Sn(CH,Ph)3(OAc), 210 

SnC,4H,3,FNO, 

SnPh3(OC,H3F-2-NO-4), 210 

SnC 24H 04P 28, 
Sn{S,P(OPh),},, 222 

SnC34H>,ClOP 

SnMe3Cl(Ph3PCHCOMe), 200 

SnC24H34S2 
Sn(SC,HPr',-2,6)2, 220 

SnC24H3g04P 284 
SnPh,{S,P(OPr')>}>, 215 

SnC39H,;0,P 

SnPh;{O2P(OPh),}, 208 

SnC39H4602 
Sn(OC,H2Me-4-Bu',-2,6)., 220 

SnC32H26N2.03 
SnPh;{2-(2-HO-5-MeC,H;N=N)C,H,CO>}, 209 

SnC34H64P2 
Sn[{(Pr'2N)2P}CsHg]2, 218 

SnC36H3902Si, 

Sn(OSiPh;),, 220 

SnC36HssS3 
Sn(SC.H,Bu'3-2,4,6)2, 220 

SnC7oHs0 
Sn(CsPhs)2, 217, 218 

SnCl, 

[SnCl,]~, 195 

SnCl, 

[SnCl,]?~, 195 

SnCl4N,O., 

[SnCl,(NO3)2]?", 8 
SnCl, 

[SnCl5]~ , 200 

SnCl, 

[SnCl,]?~ , 200 

SnClgOP 
[SnCl,(OPCI,)]~ , 200 

SnCrC3¢H3 0, 
CrO,(OSnPh3;)., 942 

SnF; 
[SnF3]~, 195 

SnF, 
[SnF,]?~ , 200 

SnGaC,Hig 

[GaMe.SnMe;]_, 129 
SnGa,Cle 

Sn(GaCl,)2, 139 

SnHO, 

[SnO(OH)]~, 204 

SnH;0; 

[Sn(OH)s3], 204 
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SnH,O, Bi(SnPh3)3, 281 

[Sn(OH),]?~, 204 : Sn3BrF;s 
Snl, Sn3FsBr, 195 

[SnI,]~, 195 Sn3Ce6H1gO0¢P2 

SnInC,H3 (SnMe,)3(POx)2, 211 

[InMe3(SnMe;)]~, 158 Sn3CgH27N 
SnInC,g3H;5Cl.N2 (SnMe3)3N, 215 

InCl,(SnPh;), 158 Sn3C16H36N202 
SnInC,gH,>5Cl; Sn3(OBu')2(NBu')2, 221 

[InCl3;(SnPh3)]~, 158 Sn3CisH3gN4 
SnInC3,H3N, Sn3(NBu'),(HNBu'),, 221 

In(CsH4CH,NMe,-2)2(SnPh3), 158 Sn3C42,H6oP3 

SnMoC,H,O,4 (SnBu2)3;(PPh)3, 216 
SnMe2(MoO,), 1376 Sn3Fs 

SnN,4O,2 Sn3Fs, 195 

Sn(NO3)q4, 212 Sn3Fi0 
SnO, [Sn3F io], 195 

[SnO3]~ , 204 Sn3H,0; 

SnO, [Sn30(OH),]?*, 202 
[SnO,]* , 204 $n3,04 

SnS; $n,;0,, 202 

[SnS3]?~ , 205 Sn3SbC;4H,;5 

SnWCH,,Cl,03S2 Sb(SnPh3)3, 259 
W(CO)3{SCH,C(CH2)2CH>}(SnMeCl,), 1007 Sn3ZrCsgHs55N 

Sn,C7H,,N, Z1(NEt,)(SnPh;)3, 370 

(SnMe3;N=),C, 210 Sn3ZrC,,H;,NO 
Sn,C,H,.NO, Zr{NPhC(O)H}(SnPh;)3, 370 

SnMe3(NCO)-SnMe3(OH), 210 Sn, 

SnzC9H90,4 [Sn,]?", 46 
(SnMe30,C),CH)p, 210 Sn,C7H2,N;Si 

Sn2C,4H33N;3Si Sn,(SiMe,)(NMe)s, 221 

Sn2(SiMe,)(NBu‘)3, 221 Sn4Cy.H24N,0,S, 

Sn,C,,H3.S2 [{SnMe(NCS)},O],, 208 

(SnBu‘,S),, Zs Sn4Ci6F 24018 

Sn,C,¢H3.Se2 {Sn2(O2,CCF3),0}2, 222 

(SnBu',Se),, 213 Sn4CigH36N4 
Sn,C,.H3.Te, Sn,(NBu'),, 221 

(SnBu',Te),, 213 Sn4Cy4HooP, 

Sn,C,,Hs56P,4 (SnPh),4P,, 216 

(SnEt,).(PBu'),4, 216 Sn4gCygH4oCl4O2 

Sn2CrgHi6N4O16 {(SnPh,Cl),0}>, 207 

Sn,(O,CC.H4NO,-2)40, 222 Sn4C4gH42Cl,O, 

Sn,C3;,H3,0 {SnPh,ClOSnPh,(OH)}>, 207 
(SnPh;),0, 206 Sn4Sb,C,.H3. 

$n2C3¢6H30S {Sb(SnMe3)2}>, 261 

(SnPh;),S, 213 Sn4gZrC72He¢o 

Sn2C3¢6H3 Se Zr(SnPh3)4, 370 
(SnPh;),Se, 213 SnsCioH30P2 

Sn,CIF, (SnMe,);P2, 216 

Sn,F;3Cl, 195 Sn;Fo 

Sn,F3I [SnsF,]*, 195 

Sn,F;3I, 195 SngC4H,208 
Sn,F, Sng0,(OMe)., 220 

[SnFs]~, 195 SngC12H36P2 
Sn,H, (SnMe2)¢P2, 216 

Sn(H,)=SnH,, 27 SngC4gHi0gN1204 

Sn,H,O, [{SnBu2(N3)O},.SnBu,]2, 208 

[{Sn(OH),}20]?~, 204 S$n7Z12Cj20H 100 
Sn,MoCl; {Zr(SnPh3)3},SnPh,, 370 

[MoCl,(SnCl,)2]?— ; 1342 SngMo,Cy.H73N4 

Sn,S, Mo>2{Sn(SnMe3)3}2(NMe;)4, 1310, 1314 

Sn,S;, 202 SngTl 

Sn.S; [TlSng]3~, 168 
[Sn.S5]?~, 205 '  [T1Sng]5~, 168 

$n, VC,4,H3.05 Sno 

[V(CO);(SnPh3)2]~, 457 [Sng]*~, 46 

Sn2W48C12Hi 00 60P 2 SnoTl 

[WigP2(SnP h)2O¢0]® , 1049 [T1Sno]?, 168 
Sn3BiCsH7 $n21H4Cli6O10 

Bi(SnMe;)s, 281 Snz1Cl,¢6(OH)4O¢, 195 
Sn3BiC;sH,4s SrC,H,,Br,0, 

Bi(SnEts)3, 281 SrBr,(HOCH,CH,OH),, 14 
Sn3BiC;4H,;5 SrC,;H,,Cl,O 11 
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SrCl,(epiinositol)(H,O)s;, 25 

StC12H30N4O12 
Sr(NO3)2{N(CH,CH2OH)3}>, 23 

StCj2HagCl.Ni2 
SrCL(en)¢, 11 

StCy4H22N204 
[Sr{N=CH(2,5-furyl) CH=CN(CH,CH,0);- 

CH,CH,}(H,0)]?* , 44 

S1C14H6Cl,015 
Sr(4’-acetobenzo-18-crown-6)(ClO,4)>, 42 

SrC,4H26N207S, 
Sr(NCS).{HO(CH,CH,0O),H}, 17 

SrC,5H23N304 
[Sr{N=CH(2,6-py)CH=N(CH,CH,O);CH,CH,}- 

(H,0)]?*, 44 

StC16H30N20,S2 
Sr(NCS),{HO(CH,CH,0),H}, 17 

StC,,.H Ne Ne a 
[Sr{N=CMe(2,6-py)C(Me)—=NCH,CH,N=CMe(2,6- 

py)C(Me)=NCH,CH,}]?*, 44 

SrCz4H24N,O4 

[Sr(phen).(H,O),]?*, 13 
StC30H2204 
St(PhCOCHCOPh),, 26 

SrCrF, 
CrSrF,, 762 

S130 24S6 
[Sr3(SO4)6]® , 1076 

TaAszCioHi6Cl, 
TaCl,(diars), 642 

Ta{H,Al(OCH,CH,OMe),}(dmpe)2, 679 
TaAsC,3H,>Cl; 

TaCl,(AsPh3), 600 
TaAs,Cj9H32Bry4 

[TaBr,(diars).]*, 594, 599 
TaAs,Cy9H32Cly 

TaCl,(diars), 644 
[TaCl,(diars)]* , 599 

TaBC,.HioCIN, 

TaClMe;{(pyrazolyl),BH}, 622 
TaBrN 

TaNBr, 654 
TaBrO, 

TaOBr2, 626 
TaBr;0 

TaOBr;, 626 
TaBr4N 

[TaBr,N]?-, 620 
TaBrs 

TaBrs, 589, 590 

TaBr, 

[TaF,(O,CCF)]~, 607 
TaC,H3Cl;N 

TaCl;(MeCN), 597 
TaC3H,CI;N2 

TaCl,(NCCH,CN), 597 
TaC3H6FisPs 

Ta(PF3)s5(n3-allyl), 683 
TaC,H,Br3,N,0 
TaOBr,{CBr(NMe)}(MeNC), 624 

TaC,H,Cl,N,0 

TaOCl,(MeCN)>, 635 
TaC,H,I,NO 

Tal,(OEt)(MeCN), 606 
TaC,H,2Br, 

TaBr4(SMe,)2, 643 
TaC,N,OS, 

(TaO(NCS),]~, 635 
TaC;H,3F;03PS 
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TaF;{OP(OEt).SMe}, 595 
TaC;H,5Cl,O,S> 
TaOCl,(OMe)(DMSO)),, 633 

Ta(OMe)s, 603 
TaC,;O; 

[Ta(CO)s]3~ , 684 
TaC,H,4Cl,0, 

TaCl3;(OCH,;CH,OMe),, 606 
TaC.gHi9Cl,N3 
TaCl3(NMe,).(NHMe,), 609 

TaCgNeSe ‘ 

[Ta(NCS).]~, 624 
TaC.N,Se¢ 

[Ta(NCSe).]~ , 624 
TaC,O, 

[Ta(CO).]~ , 684 
TaC,H;sCl,NS 

TaSCl,(PhNCCl,), 596, 626, 635 
TaC,H,,N, 
Ta(NMe2)2Me3, 610 

TaCgH;Cl,N;S; 
[TaS(NCS)4(PhNCCl,)]~ , 626 

TaCgH;Cl,O3 
TaCl,(CO)3(Cp), 666 

TaCgH,;0; 

[Ta(CO)3(Cp)]?~ , 685 
TaCgH,.O3 

[TaH(CO)3(Cp)]~, 685 
TaCsgHsl,NO 
Tal,(OPh)(MeCN), 603 

TaCgH,.Br>5Nq4 

TaBr,{CBr(NMe)}3(MeNC), 624 
TaCsH,4Cl 

TaClMe;3(Cp), 612 
TaCgHi.Cl,0; 

TaCl;(OMe)3(acac), 607 
TaCgN16Cl,03 
TaOCl,(OCH;CH,0CH2CH,)>, 641 

TaCgO46 
[Ta(C2O,4)4]° , 666 

TaC,H;O, 
Ta(CO),4(Cp), 682 

TaCyHi.N 

fa(CH,NMe)Me,(Cp), 612 
TaCH,70, 

Ta(OMe),4(Cp), 616 
TaC,)H,,Cl,N303 
TaCl,{NMeC(O)Me}s, 623 

TaCgH27ClsP3 
TaCl3;(PMe3)3, 656 

TaCyH,2,Cl,P3 

TaCl,(PMe3)3, 644 
TaCyH2713P3 

Tal3(PMe3)3, 656 
TaC, .HsCl,N,0 

TaOCl,(bipy), 629 
TaCioHgClsN2 

TaCl,;(bipy), 597 
TaC,9Hi9Cl,N2 

TaCl,(py)2, 594, 641 

TaC19HigCl3O4 
TaCl,(O,CBu'),, 606 

TaCjoH27Na 
Fa(NBu')(NMeyz)3, 613, 617 

TaCioH3oNs 
Ta(NMez)s, 609, 611 

TaC,2Hi6S2 
Ta(SMe)2(Cp)2, 652 

TaC,,H24Cl,O¢ 

TaCl,(18-crown-6), 641 

TaC,2H24N4Ssg 
[Ta(S,CNMez),]* 5 608 
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TaC,,H27ClO;P; 

TaCl(CO);(PMe;)3, 680 

TaFs(OPBu;), 595 
TaC,2H2sCIP, 

TaCl(PMe;)2(H2C—=CH.)(H2C—=CHCH=CH)) ’ 683 

TaC,,H30Cl4P2 
TaCl,(PEt3)., 642, 644 

TaC,.H32CloP, 
TaCl,(dmpe),, 677 

TaC,2H32Cl,P, 

TaCl,(dmpe)., 642, 644 
TaC,.H3,Cl,P, 

TaH,Cl,(dmpe),, 679 

TaC,,H3.ClP, 

TaCl,(PMe;)4, 678 

TaC,2H36ClzsN.O3P2 

TaOCl,(HMPA),, 629 

TaC,2H36P4 
TaH,(dmpe),, 654 

TaC,2H3gCIP, 

TaH,Cl(PMe3)4, 660 

TaC,.H3sCloP, 

TaH,Cl,(PMe3)4, 679 

TaC 43H ,4Cl,N> 

TaCl,Me;3(bipy), 598 

TaC,3H2706 
Ta(OEt)4(acac), 604 

TaC,3H30NsO06 
Ta(NMe2)2(O,CNMez)3, 611 

TaC,4H32,ClO2P, 
TaCl(CO).(dmpe)>, 679, 681 

TaC,4H3302P, 
TaH(CO),(dmpe)>, 681 

TaC,4H4oCIP, 
TaCl(PMe;3)4(H,C—CH,), 682 

TaC,sH39NsO5Ss5 
Ta(OSCNMe;)s, 610 

TaC,5H30N5010 
Ta(O,CNMez;)s, 611 

TaC,sH42P5 
Ta(PMe3)3(n-CH2PMe,)(n-CHPMe;), 661 

TaC,¢6H2gCl,NOP 

Ta(NPh)CI;(PEt;)(THF), 616 

TaCi6H3oN4 
Ta(CHMeN Et)(NEt,)3, 612 

TaC,7H2,NP 

TaH,(NBu')(Cp)(PPhMe,), 616 

TaC,7H3.CINP3 
Ta(NPh)Cl(PMe3)3(H,C—=CH,), 665 

TaC,gH4.N,0 

TaO(NPr'3)3, 616 

TaC,9H,5Cl,N 

[TaCl,(py)(PhC=CPh)]~, 661 

TaCzH4sO05 
Ta(OBu');, 600 

TaC2zoHsoNs 
Ta(NEt,)s5, 609, 611 

TaC,,H,5Cl,02P 

TaC22H25Cl,02P, 607 

TaC,,H4 CIP, 

TaCl(dmpe)2(n4-CioHg), 683 
TaC 24H 10,4 

Tal(OPh),, 603 

TaCz4Hs54F4P2 
[TaF,(PBu;)2]*, 594 

TaC,.H2,4Cl,P 

TaCl,(dppe), 600 
TaC,gH,7Br,NP> 

[TaBr3{CBr(NMe)}(dppe)]*, 624 
TaC3oH24Ne 

Ta(bipy)3, 683 

TaC39H2505 

Formula Index 

Ta(OPh)s;, 603 

TaC3,HCl,P. 

TaCl,(dppe)(Cp), 594 

TaC32H79N20 

{Ta(OBu')3(THF)}2(u-N2), 618 
TaC3.H3004P 

TaO(OPPh;)3, 639 

TaC36Hs3P¢ 
TaH(PPh.)2(dmpe)2, 665 

TaCeoH 440g 
Ta(PhCOCHCOPh),, 650 

TaClF; 
[TaF;Cl]~ , 594 

TaCl,F, 
[TaF,Cl,]~ , 594 

TaCLS, 
Ta(S2)Cl,, 646 

TaCl,F; 
[TaF3Cl5] M9 594 

TaClF, 
[TaF,Cl4]~ , 594 

TaCl, 
TaCls, 589, 590, 626 

TaCl.N, 
[TaCl,N3]~, 619 

TaClsN4S,4 
TaCl;(S4N4), 599 

TaCl;O 
[TaOCl,]?~ , 627 

TaCl, 
[TaCl,.]~ , 593, 594, 640 

TaCrF,0, 
CrO 2F, -TaF; 5 940 

TaFO, 

TaO,F, 625 
TaF30, 

[Ta(O2)2F3]?" , 637 
TaF,0,4 

[Ta(O)2F4]> , 636 
TaF, 

TaF;, 589, 590 
TaF;O, 

[Ta(O2)Fs]?~ , 637 
TaF, 

[TaF.]~ , 592 
TaF; 

[TaF,]?~, 591 
TaFg 

[TaF,]3~, 591 
TaH,Cl,0; 

(TaO,Cl,(H,0)]~, 628 
Tal,0 
TaOl, 646 

Tal, 

Tal, 640 
Tal, 

Tals, 589, 591 
TaNbC,9H39010 

NbTa(OMe) 10, 601 
TaOCl, 

TaOCl,, 626 
TaO;P 

TaOPOg,, 639 
TaPS, 

TaPS¢, 639 
TaS; 

TaS3, 654 
TaSi,CgH24Cl,N, 

TaCl,{N(SiMe,)2)2, 610 
TaWFo 

[TaWF,9]~, 593 
TaZnC,oH.; 

TaH(Cp),Zn(Cp), 639 
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Ta2BrioN 

[Ta,Br,oN]3~ , 620 
Ta,CgHgCl,S3 

Ta,Cle(SMe,)3, 658 

Ta,CgH24Cl,N, 

{TaCl;(NMe,)2}>, 610 

Ta,CgH24NgO, 

{TaMe,{ON(Me)NO},},, 623 
TazC,.H,,Cl,.N,O, 

TazCl.(THF)2(u-NCMeCMeN), 615 

Ta,C,2H24BreS3 
Ta,Br.{S(CH2)3;CH>}3, 656, 658 

Ta2C;.H2,Cl. 

Ta,Cl.(S(CH2)3CH2)s, 615 
Ta2C12H36ClaNe 

{TaCl,(NMe,)3}>, 609 

TazC,2H36Cl,P, 

Ta,Cl.(PMe3),4, 656, 658, 660 

TazC,2H3gClzN,O 

[TaCl,(NMe,).(HNMe,)],0, 627 

Ta,C1.H3gClaP, 
Ta,Cl,(PMe3)4(u-H)>2, 660 

TazCy2H3sCleP4 
Ta,Cl.(PMe3)4(u-H)2, 660 

TazCl4(PMe3)4(u-H),, 660 

TazC14H O44 
[Ta2(CO)g(OAc)3]~, 681 

Ta,Cy4H42ClNeP2S 

Ta,Cl.(SMe.){P(NMe,)3}2, 657 

Ta,C,6H3gCl,N2P, 

{TaCl(CHCMe;)(PMe3)}2(u-N2), 617 

TazC2oH29Cls 
TazCl3(Cp)4, 685 

Ta2C22H36Cl, 
{TaHCl,(n5-C;Me,Et)}., 654 

TayC22H4oCleS2 
Ta,Cl,{$(CH2);CH>},(Bu'C=CMe),(p-Cl)>, 661 

TazClo(PMe3)6(H2C—CH,).(N2), 665 

Ta,C,3H3,.Cl,0 

{TaCl,(n$-CsMe4Et)}2{(t-H)(u-CHO)}, 654 
TaxCy4H2,CleNy 

Ta,Clg(H,NNPhz2)2, 610 

TazC4H2sCleNg 
TazCl,(4-picoline),, 657 

TazCz4H42Cl,N,0,4 

TaCl,(OPr'),4(4-picoline),, 664 

Ta2Cz4H60CleNe 
{TaCl,(NBu')(NHBu')(NH,Bu')},, 614 

TazC2¢6HsoCleS4 

Ta Cl,{$(CH2)3CCH)}4(u-Cl)2(u-Bu'C=CBu'), 661 
TazC390HssCl2N20¢ 

Ta,Cl,(OPr’),(4-picoline),., 649 

TazC32H7gN2P, 

{Ta(CHCMe;)(CH,CMe3)(PMe3)2}2(u-N2), 617 
Ta2C36H30ClgN2P2 

{TaCl,(NPPh;)}., 619 

TazC44H76Cl,Og 

{TaCl,(Bu'COCHCOBu'),},, 650 

TazCsoHsgClsN2O02P2 
{TaCl,{P(CH,Ph);3}(THF)}.(u-N2), 617 

(TaCl,N3)2, 619 

Ta,Cl,O 

[Ta,Cl,O]~ , 628 

Ta,Cl490 ‘ 

[Ta2Cl,,9O]?~, 627 

Ta,Fi90 

[Ta,OF19]?", 626 

Ta2020Ss5 
Taz(SOz)s, 638 

Ta,PtC,4H32S4 

TbC33Hs5706 

TaCp2(u-SMe),Pt(u-SMe),TaCp>, 608 
a3rO7 
Ta30,F, 625 

Ta3F,3;0, 

[Ta3(O2)30F13]* , 636 
Ta3N5 

Ta3Ns, 621 

TagC4oH32CligNgO 
TagOClie(bipy)4, 631 

TagF 206 

[Ta,O6F12]*~ , 627 
Ta,Mo,Cl,, 

[TagMo,Cl,]**, 1321 
TasMoCl,, 

[TasMoCl,,]3*, 1321 
Ta.Br,2 

[TaeBr,2]?*, 670, 675 

[TagBr,2]3*, 670, 675 

[Ta.Bry2]**, 675 
Ta,Bry,4 

TagBry4, 670, 671 
TasBrig 

[TasBris]*~, 671 
TagCeCl, Ne 

[TagCl12(CN)¢]*~, 676 
TagCeHigCl,;0383 

(TagCl,2)Cl,(DMSO)3, 675 
TagCgH24Cl,40,S, 

(TagCly)Cl,(DMSO),, 673 
TagC36Hg4Cly4P, 

[(TagCl12)Cla(PPrs)4]”~, 676 

[TagClia]2*, 674 
[TaCl,,]**, 676 

TagCl,.Bre 

[(TasCliz) Bre]? , 675 
TagClyg 

TagCl14, 671-673 
Ta,Clh,s 

TagCl,5, 670, 671 
TagH,Cl,,02 

(TagCly2)Cl(OH),, 675 
Tali, 

Tagli4, 671 

TagO19 
[TagO19]®-, 1029 

Ta6Si7 

[Ta¢S17]*~, 638 
Tay2H3gClaP, 

TaH,Cl,(PMe;)4, 660 
TbC.HigN3012S83 

Tb(NO3)3(DMSO);, 1108 
TbCz4Hs6NgOe 

[Tb(DMF).]*, 1086 

Tb(Bu'COCHCOBw'),, 1078 
TbC4sH33No 

[Tb(terpy)s]*, 1071 
Cl; 
TbCl;, 1113 

TbC1304, 
Tb(CIO,)3, 1108 

TbF, 
[TbF,]>~, 1115 

TbH,.Cl,0i8 

Tb(C1O,)3(H2O)g, 1074 
TbH,30, 

[Tb(H,0).]?*, 1075 
TbN3O0, 

Tb(NO3)3, 1108 
TbN,O12 

[Tb(NO3)4]~, 1076 
Tb,Mo,0g 

1565 
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Tb,(MoO,)2, 1376 ThOCI1,(MeCN), 1143 

Tc,CgH12Cl,Og ThC,HgNs014 

Te,(OAc)4Cl,, 1230 ' Th(NO3)4(H2NCONH2)2, 1164 
Tc2Clg ThC,N,0S8, 

[Tc,Clg]>~ , 1230 ThO(NCS)2, 1142 
TeBr,Cl, ThC,0¢ 

TeCl,Br,, 302 Th(CO3)2, 1155 

TeBr,Cl, ThC3F3;0, 

[TeCL,Br2]?~ , 302 [Th(CO3)3F3]>, 1156 

TeBr, ThC;0, 
TeBr,, 302 [Th(CO)3]?~, 1156 

TeBr,; ThC,H4Og 
[TeBrs]~, 301 Th(O,CH),, 1154 

TeBre ThC,H,Cl,N2 

[TeBre]?~ , 302 ThCl,(MeCN),, 1143 

TeC,N,S, ThC,H,01,S 

Te(SCN)>, 303 Th{O(CH,CO,)2}(SO4)(H20)2, 1144 
TeCsH;F4N ThC,N,S, 

TeFypy, 301 Th(NCS),, 1142 
TeCgHi3N,4S2 ThCsO45 

[TePh(H,NCSNH;),]*, 305 [Th(CO3)s]® , 1156 
TeCgHi6F304 ThC,H,Cl,02 
[TeF;(OCH,CH,0CH,CH;).]* , 304 ThCl,(1,2-0,C,H,), 1150 

TeCoH,503S¢ ThC.H5N5014 
[Te(S,;COEt)3]~ , 305 Th(NO3)4(pyridine-4-carboxylic acid), 1155 

TeC,9Hi9Br2Cl,N2 ThC.gH,sCl4O03S3 
TeCl,Br,(py)2, 302 ThCl,(DMSO)3, 1170 

TeCy 9H Cl3N202 ThC.HisgN4015S3 
[TeCl,(py N-oxide).]*, 304 Th(NO3)4(DMSO)3, 1170 

TeCy9H24Cl4N4S2 ThC,HigN50,7P2 
TeCl4(Me,.NCSNMe,)>, 307 [Th(NO3)s(Me3PO).], 1132, 1168 

TeC.9H32N4O4S8 ThCeN,Se. 

Te(S,;CNCH,CH,0CH,CH,)4, 307 [Th(NCSe).,]?~, 1142 
TeCl, ThC,;H3NO, 

[TeCl,]*, 301 Th(pyridine-2,6-dicarboxylate), 1155 
TeCl, ThCgHgN,0.2 

TeCl,, 302, 304 Th(NO3)4(pyrazine)., 1140 
TeCl; ThC,H,,03 

[TeCls]~ , 301, 304 Th(OAc),4, 1154 
TeCl, ThCgH2oCl4aN, 

[TeCl,]?~ , 303 ThCl,(piperazine),, 1141 

[TeOF,]?~ , 302 Th(S,PMe,)4, 1173 
TeF, ThCgNgSg 

TeF,, 302, 304 [Th(NCS)g]*~, 1142 
TeF; ThCgN,Seg 

[TeF;]~, 301, 304, 319 [Th(NCSe),]*~ , 1142 
TeF, ThC,O46 

TeF., 304 [Th(C,0,4)4]*”, 1132, 1157 
[TeF,]?-, 302 ThC gHigNi9012 

TeF, Th(NO3)4{2,4,6-tris(dimethylamino)triazine}, 1142 
[TeF,]3~ . 303 ThC,H27N,0,s5P3 

TeFs, Th(NO3)4(Me3PO);, 1166 

[TeF,]? , 299 ThC,9H,0¢8 
Tel, Th(pyromellitate), 1159 

Tel,, 302 ThCjoHgN6Q12 

Te2CigH3gNi2S Th(NO3)4(bipy), 1139 
[Te.(HNCSNHCH,CH,).]** , 305 ThC,p.HsN6Oi4 

Te4F2904Xe Th(NO3)4(bipy N,N’-dioxide), 1165 
Xe(OTeFs),4, 320 ThC, 9H29Cl,04 

Te4F2905Xe ThCl,(MeCO,Pr'),, 1151 
XeO(OTeFs),4, 320 ThC,9H39Cl,O5S5 

TeeF300.Xe ThCl,(DMSO)<;, 1170 
Xe(OTeFs)¢, 320 ThC,2Cl,30;, 

ThB,C24H24Br2Ni6 [Th(O2CCCl3)6]~, 1155 
ThBr.{(pyrazol-1-yl),B},, 1143 The .H,0; 

ThB3C27H30CINis Th(2,5-dihydroxybenzo-1,4-quinone)>, 1150 
ThCl{(pyrazol-1-yl);BH}3, 1142 ThC,2H,2N20,4 

ThBs5C3oH4oN20 Th(2-H,NC,H,O).(O2), 1146 
[Th{(pyrazol-1-yl),BH2}5]~, 1142 ThC2H12N10012 

ThBr, Th(NO3)4(pyrazine)3, 1140 
ThBr,, 1173 ThC,,H7Cl,N303 

ThC,H3;Cl,NO ThCl,(AcNMe,)3, 1162 
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ThC,3H27N7045 
Th(NO3)4(AcNMe,)3, 1162 

ThC12H50, 
Th(OPr'),, 1147 

ThC,2H39Cl4N2 
ThCl,(Et3N)>, 1138 

ThC,2H3,Cl4P, 
ThCl,(Me,PCH,CH,PMe,),, 1144 

ThI,(Me,PCH,CH2PMe,)>, 1144 

ThC12H36N3013P4 
[Th(NO3)3(Me3PO),]*, 1132, 1166 

1224 

[Th(C,04)6]®, 1157 

ThC,4HyoCly2N208 
Th(O,CCC1,)4(py)2, 1139 

ThC,4H4N2012 
Th(pyridine-2 ,6-dicarboxylate),(H,O),4, 1144, 1155 

ThC,4Hi4gNeO16 
Th(NO3),{(PhCO)NHOH},, 1170 

ThC,4HisBryN,0, 
ThBr,(2,6-Me,py N-oxide), 1165 

ThC,5H3¢Br4N,O3 
ThBr,{(Me,N)+CO} 3, 1165 

ThC,s5H4sN4O17P; 
Th(NO3),(Me3PO)5;, 1168 

ThC,.H3.Cl,N,O, 

ThCl,(AcNMe,),, 1162 

ThC,6H36l4N,0, 
Thl,(AcNMe,),4, 1163 

ThCy¢H4oCl4O4 
ThCl,(BuOH),, 1146 

ThCi6H44P, 
ThMe,(Me,PCH,CH,PMe,),, 1144 

ThC;.HygClaNgO¢P4 

ThCl,[{(Me2N)2P(O)}20]2, 1166 
ThC1gH 1206 

[Th(1,2-O,C,H,)3]?-, 1150 

ThC,gHs4BrgNoO3P3 
ThBr,(HMPA);, 1168 

ThC,gHs54CIN3Si¢ 
ThCl{N(SiMe3)>}3, 1141 

ThCz9Hi6F 1208 
Th(CF;COCHCOMe),, 1148 

ThCy9HisNg014 
Th(NO3),4(bipy N-oxide), 1165 

ThCy9HigF 1209 
Th(CF;COCHCOMe),(H,0), 1144 

ThC2oH2308 
Th(acac),, 1148 

ThCz9H4oN404S4 
Th(Et,NCOS),, 1172 

ThCzoH4oNaSg 
Th(Et,NCS,)4, 1172 

ThC,9H4oN,Seg 

Th(Et,NCSe.),4, 1173 

ThCz9H44Cl4Na 
ThCl,(piperidine),, 1139 

ThC,2H1206¢6 
Th(2-OC,9H6-3-CO>)2, 1160 

ThC24H12F24NgO4 
Th{OC(CF;),NCH=CHCH=N },, 1177 

ThC24HisNg012 
Th(NO3)4(phen)., 1140 

ThC24Hi16N12020 
Th{4,6-(O,N)>-2-(H2N)C.H2O}z4, 1147 

ThC24Hi6O08 
[Th(1,2-O2C.H,)4]*~ , 1150 

ThC,4H32Cl4Ng ; 

ThCl,(PhNHNH),),, 1137 

ThCz4H4gN1204S4 
Th(NCS),4{(Me,N)2CO},, 1165 

ThC24H54Cl4NeO22 

Th(ClO4)4(AcNMe,)¢, 1163 
ThC,4HssNsOg 

[Th(DMF).]**, 1162 
ThCz4H72N15013P4 
Th(NO3)3(HMPA),, 1166 

ThC,.H3;NO, 
Th(acac)4(PhNH,), 1138 

ThC,,H,sCIN;O; 
ThCl(8-quinolinolate)3, 1177 

ThC,7H1N7045 
Th(NO3),4(quinoline N-oxide);, 1165 

ThCygHieNgS4 
Th(NCS),4(phen),, 1140 

ThCzgH 90 
Th(tropolonate),, 1149 
Th(2-OC,H,CHO),, 1148 

ThCzgH>204 
Th(tropolonate),(H,O), 1144 

ThC,sH»,4Br40, 
ThBr,(PhCHO),, 1151 

ThCygH36l4N,O4 
ThI,(2,6-Me.py N-oxide),, 1165 

ThC,gH36Ng016 
Th(NO3)4(2,6-Mespy N-oxide),, 1165 

ThCzgHyal4Nq 
ThI,(CgH1,NC),, 1136 

ThC39H»2.Cl4aNg 

ThCl,(terpy)2, 1140 

ThC39H2414Ne6 
ThI,(bipy)3, 1139 

ThC3,H,,NO, 
Th(tropolonate),(DMEF), 1132, 1162 

ThC3H16F1208S4 
Th(2-thienyl\COCHCOCF;),, 1148 

ThC32H64N4Oz , 
Th{(Bu'CO)(Pr')NO},, 1170 

ThC32H72Cl4NgO24 
Th(ClO4)4(AcCNMez)s, 1163 

ThC32H72NsOg 
[Th(AcNMe,)g]**, 1163 

ThC36Ha4l4Ne 
ThlI,(phen);, 1140 

ThC35H4N4O4 
Th(8-quinolinolate),, 1177 

ThC3¢H39Cl4P2Se. 

ThCl,(Ph3PSe)., 1173 
ThC35H39N4014P 2 
Th(NO3)4(Ph3PO)., 1132, 1166 

ThC3,Hs52.04P, 

Th(OPh)4(Me,.PCH,CH,PMe,)., 1144 
ThC39H3,Ns05 

Th(8-quinolinolate),(DMF), 1162 

ThCgoH2gN404 
Th(2-OC,H,CH=NC,H,N=CHC,H,0O-2),, 1175 

ThCyoH2gNeSq 
Th(NCS),(isoquinoline),, 1139 = ¢ 

ThC49H32Cl4Ng016 
Th(ClO,4)4(bipy)4, 1139 

ThCyoH321,NgOg 
Thl,(bipy N,N-dioxide),, 1165 

ThCyoH36N40¢S2 
Th(8-quinolinolate),(DMSO),, 1170 

ThCgoH4oN 12012 
Th(NO3)4(py N-oxide), 1165 

ThC44H8012 
Th(2-HOC, H¢-3-CO2)4, 1160 

ThC4sH7608 
Th(Bu'COCHCOBu'),, 1148 

ThC4gH32N 
[Th(phen),]**, 1140 

ThCygH4oCl4O4S4 
ThCl,(Ph2SO),4, 1170 

ThCs4H42I,Neo 
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ThI,(quinoline),, 1139 

ThC¢0H440g 
Th(PhCOCHCOPh),, 1148 

ThCgoHi3sCl4O21P 5 
Th(ClO,4)4(Bu3PO);, 1168 

ThC64H32Ni6 
Th(phthalocyanine),, 1178 

ThCl, 
ThCh, 1173 

ThCl.N2O, 
ThCl4(NOCI)2, 1165 

ThCrH,O, 
Th(OH),(CrO,)(H20), 1146 

8 

(ThF,]*~, 1174 
ThH,0,S 
Th(OH),(SO,), 1146 

ThH,N,O1s 
Th(NO3)4(H20)s, 1132, 1146 

ThH,,Br4N, 

ThBr4(NH3)4, 1137 
ThH,3N; 

ThI,(NH,)2(NH;)3, 1137 
ThH,4I;N; 

ThI,(NH,)(NHs)4, 1137 
Thi, 

Thl,, 1173 
ThMo,0,, 

[Th(MoO,)5]?~, 1376 
ThMo,,UH,04; 

[(UMo12042){Th(OH)3}]*", 1047 
ThN,O12 

Th(NO3),, 1151 
ThN;O,; 

[Th(NO3)s]~, 1152 
ThN6Oig 

[Th(NO3)¢]2~, 1132, 1152 
ThO;Te 

ThO(TeO,), 1153 
ThO,S 

Th(O,)(SO,), 1146 
692 

Th(SO3)., 1152 
ThO,Se, 

Th(SeO,)2, 1153 

ThO,2P, 
Th(PO3),4, 1152 

ThO46S4 
[Th(SO,)4]*” , 1152 

ThzC;402g 
[Th2(C204)7]®& , 1157 

ThzC29H4sN13029 
{Th(NO3)4}2(AcNMez)s5, 1162 

ThzC24H24Brg03 
(ThBr4)2(MeCOPh)s, 1151 

ThzCe63H43N7Og 
Th,(8-quinolinolate);(OH), 1177 

ThHi4N602 
Th,(OH)2(NO3)6(H20)., 1146 

Th,S; 
Th,S3, 1134 

Th,.S; 
Th,Ss, 1171 

Th,Se; 

Th,Ses, 1173 
ThgN4O32 

The(O2)10(NO3)4, 1146 

7812 
Th7S;2, 1135 

Th7Se1. 

Th,Se.2, 1135 

TiAl,O3 
TiAl,03, 331 

Formula Index 

TiAsC,gH,5Cl, 

TiCl4(AsPh;), 347 
TiAs2CyoHi6Cl, 

TiCl,(diars), 349 
TiAs,C19HigCl,0 

TiCl,(diars)(H,O), 349 
TiAs2C36H3 Cl, 

TiCl,(AsPh;)2, 347 
TiAs,CisHo7Cl, 
TiCl,{MeC(CH,AsMe,)3}, 344 

TiAs3;C4,H39Cly 

TiCl,{MeC(CH,AsPhz.)3}, 338 
TiAs4,C29H32Cl, 

TiCl,(diars)., 348, 356, 357 
TiAs4C29H3 214 

Til,(diars),, 349 

TiAs4C2gH36Cly 
TiCl,{1,8-(Me2As):CioH«}2, 349 

TiB,C4H,,Br.N> 
TiBr,{Br,B,(NMe;)2}, 357 

TiB;Hy 
Ti(BH,)3, 348 

TiBr,Cl, 
[TiCL,Br,]3~ , 331, 355 

TiBr, 

TiBr,, 329 
TiBr, 

(TiBr,]?~, 358 
(TiBr.}>~, 331 

TiCCl,F303S 
TiCl,(SOCF;), 335 

TiCH3Cl, 
TiCl,Me, 343 

TiCH3;Cl,0 
TiCl,(OMe), 343 

TiCH,F;N,O 
[TiF.(H,NCONH,)]-, 354 

TiCH,F;O 
[TiF.(MeOH)]~, 354 

TiC,Cl,F.O.S2 
TiCl,(SO3CF3)2, 335 

TiC,H,C1,O 
TiCl,(OMe)>, 343 

TiC,H,.Cl;N 
TiCl,(NMe,), 329, 356 

TiC,H,F;O 
[TiF,(EtOH)]~, 354 

TiC,H,.Fs;OS 
[TiF.(DMSO)]-, 354 

TiC3;H;F;NO 
(TiF,(DMF)]-, 354 

TiC3H yCl4N 
TiCl,(NMe;), 356, 357 

TiC3N3 
Ti(CN)s, 352 

TiC,H,Cl,F,O2 
TiCl,(OCH,CF3)2, 335 

TiC,H,BrCl,N> 

[TiCl;Br(MeCN).]~ , 355 
TiC,H,CLN, 

TiCl,(MeCN)>, 328 
TiC,HeCl,N2 

TiCl,(MeCN)>, 355, 356 
[TiCl,(MeCN),]~, 331 

TiC,H,O;, 

[Ti(C,04)2(H2O)3], 332 
TiC,H,Cl,N,0, 
TiCl,(HDMG), 345 

TiC,H,Cl,0 
TiCl;(OCH,CH,CH=CH,), 337 

TiC,H,;NO, 
TiO{HN(CH,CO,),}(H,0), 342 

TiC,H,Br,0, 



TiBr;(OCH,CH,OCH,CH,), 174 
TiC,HgCl,O0 

TiCl,(THF), 332 

TiC,HgCl,N,O, 

TiCl,(H2DMG), 345 
TiC,HgCl,O, 

TiCl,(OCH,CH,0CH,CH,), 356 
TiC,H,Cl,0 

TiCl3(OBu), 334 

TiC,H 4 Cl,0, 

TiCL,(OEt),, 334 

TiC,H,2Cl,S, - 

TiCl3(SMe,)>, 356 

TiC,H,,0, 

Ti(OMe),, 333 
TiC,H,.S, 

Ti(SMe),, 338 

TiC,H,,.Cl,O, 

[Ti(MeOH),Cl,]*, 331 
TiC,N,S, 

[Ti{S2C.(CN)2}]?~, 339 
IW4Nq 
[Ti(CN)4]?~ , 352 

[Ti(CN),4]*~ , 352 
TiC,O, 

[Ti(C.O,4)2]~, 330, 331 
TiC,O, 

TiO(C,0,)2, 336 
TiC;HsF;N 

[TiFs(py)], 354 
TiC;H,ClO, 

TiOCI(acac), 336 
TiC;H,Cl,0, 

TiCl3(acac), 336 
TiC,H4F;N, 

[TiF;(3-pyCN)]~, 354 
[TiF.(4-pyCN]~, 354 

TiC,H.CIF,O3 
TiCl(OCH,CF;)s, 335 

TiCl,(MeCN)s, 331, 355, 356 
TiC.H120, 

Ti{O(CH,)30}2, 337 
TiCcH,4CIN3O, 

TiCl(OPr'),(N;), 329 
TiC.H14Cl,03 
TiCl,{O(CH,CH,OMe),}, 332 

TiCgHysNcO; 
Ti(OPr'),(N3)2, 329 

TiC.H,5Cl,P 
TiCI,(PEt;), 347 

TiBr3(NMe3)2, 328 

TiC.HigCl,N,O 
TiOCI,(NMes)>, 329 

TiCgHigCl,N2 
TiCl,(NMe3)2, 328, 356, 357 

TiCgH24Ne 
[Ti(en)3]?*, 328 

TiCgH24N120¢ 
[Ti(H,NCONH,).}?*, 330, 331 

TIC.Ne 
[Ti(CN)¢}>~, 331, 352 

TiCoNoSe 
[Ti(NCS)¢]?~, 331 

TiC.One 
[Ti(C,0,)3]?-, 336 

TiC,;H3F,NO, 
[Ti(O2)F2{2,6-py(CO2)2}]?”, 351 

TiC,H;NO, 

TiO {2,6-py(CO2)2}(H2O), 342 
TiC,H,NO, 

Ti(O2){2,6-py(CO2)2}(H20)2, 351 

Formula Index 1569 

TiC,H,30, 
Ti(OMe),(acac), 336 

TiC,N, 
[Ti(CN)]*~, 352 

TiCgH,,13N, 
Til;(MeCN)4, 328 

TiCgHi6Cl3O0, 
TiCl,(THF),, 332 

TiCgHi6Cl,O, 
TiCl,(THF),, 356 

TiCgHisCl,0, 
TiCl,(OBu),, 348 

TiCgHigCl.N2P> 
TiCl,(Bu'NPCINBu'P Cl), 349 

TiCgH 90,4 

Ti(OEt),, 334 
TiCgH2,.N.S. 

Ti(NMe,)2(SEt)., 338 
TiCgH.3N3S 

Ti(NMe,)3(SEt), 338 
TiCgNg 
[Ti(CN) ]5~ , 352 

TiC,H.Cl;NO 
TiCl,(8-quinolinolate), 345 

TiC,H;Cl,NO 
TiCl,(8-quinolinol), 345 

TiCgHigCIN3S. 
TiCl(S;CNMe,)3, 338 

TiCyHigCl303 
TiCl;(OCMe,)3, 331 

TiCgH2iClO3 
TiCl(OPr')3, 329 

TiC,oHgCl4N, 
TiCl,(bipy), 356 
[TiCl,(bipy)]~ , 328 

TiC,oHgl4N2 
[Til,(bipy)]~, 328 

TiC,9HyoCl,N2 
TiCl;(py)2, 328 

TiCioHipCl4N2 
TiCl4py2, 356 

TiC,oH12N209 
[TiO {(O2CCH)2.NCH,CH,N(CH,CO,),}]27, 343 

TiCi9H12N2010 
[Ti(O2) {(OxCCH,).NCH,CH,N(CH,CO,),}]2~, 343 

TiC,9H,4,Cl,0, 
TiCl,(acac),, 336 

TiCyoHisFoOs 
Ti(OPr').(OCH,CF3)., 335 

TiCy9H29ClgO2 
{TiCl,(MeOCH,CH,CH=CH,)}2, 337 

TiCi9H2004 : 
Ti(OCHCH,).(OPr'),, 334 

TiC,,H23F30,4 
Ti(OPr')3(OCH,CF3), 335 

TiC,,HgCl,N,0, 

TICI3(4-pyCN N-oxide)., 174 
TiC,,HsCl,N> 

TiCl,(phen), 356 
TiC,,Hi9Cl,0, 

TiCl,(OPh),, 334 
TiC,2Hi4Cl,N,O 

TiOCI,(2-Mepy)2, 329 
TiCy2H14N20¢ 

Ti(NCO).(acac)2, 336 
TiC,,H24Cl,03 

TiCl,(THF)3, 332, 356 
TiC,,H2,4Cl,N, 

TiCl,(Me.C—=NN=CMez,),, 329 

TiC,2H2004 
Ti(OPr'),4, 334 

TiCy2H30Cl3N4 
TiCl,{N(CH,CH,NMe,)3}, 328 



1570 

TiC,,H30Cl3P2 
TiCl;(PEt3)2, 347 

TiC,2H36Cl,N6O2P2 

TiCl,(HMPA),, 335 
TiC,2H3604Sig 

Ti(OSiMe3)4, 335 

TiCy2.sHi2.5Cl2N2.5O0 
TiOCI,(py)2.s, 329 

TiCy3H1302 
{Ti(OPh)2Me},,, 335 

TiCi4Hs6N2O, 
Ti(OPr'),4(en), 334 

TiC,;5H1,Cl,N3 
TiCl,(terpy), 328 

TiC,;H,;Br3N3 

TiBr3py3, 355 
TiC,;H,,CI,N3 

TiCl;(py)3, 331 

TiC,sHisI3N3 
Til3(py)s, 328 

TiC,5H2106. 
[Ti(acac)3]?*, 336 

TiC,6H14Cl,N20, 
TiCl, (salen), 340-342 

TiC16His0¢ 
Ti(1,2-0O,C,H4)(Cs;H7O2)2, 337 

TiCi¢H2sP2 
TiCp2(PMe3)2, 346 

TiC16H3604 
Ti(OBu),4, 348 

TiC,7H,;Cl,O, 

TiCp(OPh),Cl, 334 
TiC,gH,.Cl,N,O, 

TiCl,(8-quinolinolate),, 345 
TiC,gHi4Cl4N.O, 

TiCl,(8-quinolinol),, 345 
TiC,s3H,;Br4P 

TiBr4(PPh;), 347 
TiC;3sH2.N;O7P 
Ti(O,)(2-pyCO2).(HMPA), 345 

TiC,gH30P2 
Ti(C;H,Me).(Me,PCH,CH,PMe,), 346 

TiCigHa20 12P3 
Ti{O,P(OPr'’)>}3, 332 

TiC,gsH54CIN3Sig 
TiCl{N(SiMe3)2}3, 329 

TiC,3Hs54N3Si¢ 
Ti{N(SiMe3)2}3, 328 

TiC,.H,,Cl,N,0, 

TiCl.{ 1 ,2-(2-OC,H,CH=N)2C.H,} ’ 341 

TiC. 9Hi6Cl.N, 

[TiCl,(bipy),]* , 328 
TiCzoHigl2Nq 

[Til,(bipy)2]* , 328 
TiC.9H,7,Cl,N,0, 

TiC, {2-{2-(2-OC,.H4,CH=N)C,.H,NHCH,}C,H,OH}, 
341 

TiC29H24Cl,N,03 

TiCl,(salenH,)(THF), 341 
TiC.9H320,.Si, 

Ti(OPh).(Me3SiCH;),, 335 
TiCzoH4oN4O4S4 

Ti(SCONEt,),4, 339 
TiCzoH4oN4Sg 

Ti(S2CNEt,)4, 338 
TiC2,H,sClO, 

Ti(tropolonate)3Cl, 338 
TiC,,H,,CIN;0, 

TiCl(salen)(py), 342 

TiC23H2003 
TiCp(OPh)3, 334 

TiCz4HiglNg 
[Til,(phen),]*, 328 

Formula Index 

TiCz4H2004 
Ti(OPh),4, 334 

TiC24H26N 9O7P 
Ti(O2)(TCNE)(2-pyCO2).(HMPA), 345 

TiCz4H3oN204 
[Ti(salen)(THF).]?* , 342 

TiCzgH44l2P2 
Til, {P(C6H11)2}2, 346 

TiCr4H44I5P 2 

Til; {P(CoH11)2}2, 346 
TiCz4H44P2 

Ti{P(CoH11)2}2, 346 

TiCl,(diphos), 349 
TiC.7H;gCIN303 

TiCl(8-quinolinolate),, 338 
TiC.7HigCIN303 

TiCl(8-quinolinolate),, 345 

TiCzgH290 
Ti(2-OC,;H,CHO),, 345 

TiCy9H4sN202 
Ti(Me,NCH,Ph),(Bu'COCHCOBu'), 332 

TiC3oH24Ne 
Ti(bipy)3, 327 

[Ti(bipy)s] , 327 
[Ti(bipy)s]* , 327 

TiC32Hi6CINg 
TiCl(phthalocyanine), 352 

TiC3,H,.Cl.Ng 

TiCl,(phthalocyanine), 352 
TiC3,H;,.NsO 

TiO(phthalocyanine), 352 

TiC32H22N20¢ 

Ti(8-quinolinolate),(2-OC,;H,CHO),, 345 
TiC35H24N4O4 

Ti(8-quinolinolate)4, 345 
TiC3,.H39Br4P2 

TiBr,(PPh;)>, 347 
TiC36H4oN4O4 

Ti(OC,;H,CH=NEt),, 340 
TiC3¢6H4oN4O5 

TiO(meso-porphyrin Me, ester), 349 
TiC3,,.H4,N,0 

TiO(octaethylporphyrin), 350 

TiC35H4,N4O2 

Ti(O,)(octaethylporphyrin), 350, 351 

TiO(dimethyloctaethylporphyrin), 350 
TiCygHogBr2Nq 

TiBr2(tetraphenylporphyrin), 352 
TiCy,HagFN, 

TiF(tetraphenylporphyrin), 329, 349 
TiC44H2gFN,O2 

TiF(O,)(tetraphenylporphyrin), 330, 349 
TiCysHagF.Ng 

TiF,(tetraphenylporphyrin), 330, 349 
[TiF,(tetraphenylporphyrin)]~ , 330, 349 

TiC4,H.3.N,O 

TiO(tetraphenylporphyrin), 350 

TiCy4H2gN4O 
Ti(O,)(tetraphenylporphyrin), 330, 349, 352 

TiC4sH3;N,O 
Ti(OMe)(tetraphenylporphyrin), 349 

TiCygH34FNe 
TiF(tetraphenylporphyrin)(MeNCH=NCH=CH), 349 

TiCl,0 
TiOCl,, 329 

TiCl, 
TiCl;, 331, 335, 348, 356, 357 

TiCl,F,PS, 
TiCl,(S,PF,), 338 

TiCl,N2 
TiCl(N2), 329 



TiCl, 
TiCl,, 324-326, 329, 333, 335, 348, 356-358 
(TiC, 171 

TiCl,Ng 
[TiCl,(N;)2]2~, 329 

TiCl, 
[TiCl,]~, 355, 356 

TiCl, 
[TiCl,]2~, 355, 356, 358 
[TiCl,]~, 331, 355, 357 

TiCloP 
TiCl,(PCIs), 355 

TiF, 
TiF,, 329 

TiF; 
[TiFs]~, 354 

TiF, 
[TiF,]2~, 354 
[TIF,]?~, 174, 331 

TiH, 
TiH,, 353 

TiH,Br,O 
[TiBr,(H,O)]~, 357 

TiH,F,O 
[TiF,(H,O)]~, 354 

TiH,N, 
[Ti(NH)2]~, 352 

TiH3CL,P 
TiCl,(PH3), 347 

TiH.C1,0; 
TiCl,(H,O);, 330 

TiH,Cl,P, 
TiCl,(PH;)2, 347 

TiH,Cl,0, 
[TiCl,(H,0),]*, 330 

TiH, ClO, 
[TiCl(H,0),]2*, 330 

TiH,,0, 
[Ti(OH)(H,0).]2*, 352 

[Ti(H,O).]**, 330, 331 
TiHfC,H,,C1.N, 

HfCl,{Ti(NMe;)4}, 372 
Til, 

Til, 325, 347 
Til, 

[Til.]2~, 357 
TiN,O,, 

Ti(NO3),, 336 
TiO,S, 

[Ti(SO,)2]~, 331 
TiP 

TiP, 347 
TiP, 

TiP,, 347 
TiReC3;,H;2,Cl;N,OP, 

{ReCl(N,)(PPhMe,),}(TiCl,) (THF), 329 
TiRe2,Ce4HggCleN4Ps 

(ReCl(N,)(PPhMe,),}2(TiCl,), 329 
TiVC2o0H30N,014 

TiV {(O,CCH,),NCH,CH,(CH;CH,OH)CH,CO;}5, 
486 

TiVC,.9H34,Cl,05 

VCl{(MeCOCHCMe=NCH,),} O{TiCI;(THF) }, 484 
TiVC2oH34Cl3N205 
V{(MeCOCHCMe=NCH,),Cl(u-O)TiCl,(THF)2, 567 

TiZrCgH2,Cl,N, : ; 

ZrCl,{Ti(NMe2)4} ; 372 

TizAs.CioHi¢F s 

(TiF,)2(diars), 349 

Ti,As¢C7gH72Cls 

(TiCl,)2(PhzAsCH,CH,AsPh,);3, 347 

Ti,BC,H.Cl,N 

COc3-YY 

Formula Index 

TizCle(Me,NBCl), 356 

TizB4C32H36N4O, 
{Ti[{2-OC,;H,CH,N(BH;)CH,}.]},, 340 

TizC.042 

Ti(C20,4)3, 332 

Ti,Cle(NMe3)3, 331 

{TiCl(acac),},0, 337 

Ti2C19H 140, 

{TiO(acac)},, 336 

TizC12H12.N.0,, 
[{Ti(O2)[N(CH2CO,)3]},0]4~, 351 

TigC12H36Cl Pe 
(TiCl;).(Me2PPMe,);, 347 

TizCy4HsN2013 

[Tiz05{2,6-py(CO,)}2]?~ , 342 
TizC14H10N2045 

[{TiOo s(O2){2,6-py(CO2).}(H20)}.]~ , 338 
{Ti(O2){2,6-py(CO2)2}(HO)},0, 351 

TinCi6H36Cl4O4 
{TiCL(OBu),},, 334 

TizCigHygN2Oz 
Tin(OEt)g(en), 334 

TizC29H2g09 
{Ti(acac),},0, 336 

TizC29H28010 
{TiO(acac)}5, 337 

TizCz4H20Cl,O4 
{Ti(OPh),Cl,}2, 335 

TizC24H21N20, 

{Ti(OPh)2}>(N2)H, 335 
TizCz4H40Og 

{Ti(OCH,CHCH),),4}>, 334 

TigCy4H72CleNi206P4 
{TiCl,(HMPA),}2(u-O2), 335 

TizCyoHs3Cl,Og 
{Ti(OPh),Cl(THF)>} 2H, 335 

Ti,Cl, 
[TizCl,]~, 356 

TinCl, 
[TizCly]~, 355 
[TizCly]3~, 355 

[TixClo}?~, 355 
Ti2F, 

[Ti.F]~, 329 
TRFi1 

[TiF14]?-, 354 
TizH16013 

[{Ti(O,)(H,0),4}20}*, 343 
Ti,ReC3,Hs54Cl,N,0, 

{ReCl(N)(PPhMe;)4}(TizCl,<O)(Et,O), 329 
Tiz3B2CgH24BrigNg 
[(TiBr,)3{(Me,N),BBr},], 357 

Ti3C3gH3106 
{Ti(OPh),}3H, 335 

Ti3C36Hg1CloO, 

{TiCl;(OBu);3}3, 334 

Ti305, 324 

TisPtCs4H4sCly2P3 

Pt(TiCl,:PPh3)3, 347, 356 

TigCi6H4s016 
{Ti(OMe)4}4, 333 

TigC24H24N4O28 

[{TiO[N(CH2CO>)s]}4]*” , 342° 
TigC2gH72016 

Ti,(OMe),4(OEt),2, 333 

TigC32Hg0016 
Ti,(OEt) 16, 333 

TisC4gH4oCl2Og 
Tis(OPh)gCl, 335 

1574 



1572 Formula Index 

TisC59H460¢Si Tl(hfacac), 169 
Tis(OPh) (SiMe), 335 TIC;HF7O, 

Ti;Cly; . Tl(acac), 169 

[TisCl, il” ’ 357 TIC,Hs0 

TieClis TIOPh, 169 

PTisGhis) 6 357 TIC,Hs03S 
TisPtC.4H4sClooP3 TIO,SOPh, 169 

(TiCl,)Pt(TiCly-PPh3)s, 347 TIC5H7O0¢ 
TigC32Hg0020 Tl(ascorbate), 169 

TigO4(OEt)16, 334 TIC,H,O, 
Tig¢C4sH4oOs TI(OAc)3, 173 

{Ti3(OPh)4}2, 335 TIC6H24ClaNo 
TIAIH, TICl3(en)3, 172 

TIAIH,, 170 TIC6N6S6 
TIAI,H,Cl [TI(S,C—NCN)3]?-, 174 

TICI(AIH,)2, 175 TIC;H;OS, 
TIAI,H,2 TIS,COPh, 169 

TI(AIH4)3, 175 TIC,Hi4NS2 
TIBH, TI(S2CNPr,), 169 

TIBHg,, 170 TICgBrN4S4 

TIB,HgCl [Tl{S2C.(CN)2}2Br]?~, 174 
TIC\(BH,)>, 175 TICgH120, 

TIBr [Tl(OAc)4]~, 171 

TIBr, 170 TICgN4S4 

TIBrCl, [T1{S2C2(CN)2}2]”, 174 
[TICI,Br]~, 174 TICsH,NO 

TIBr; Tl(oxinate), 169 
TIBrs, 174 TIC JHigNS2 

TIBr, TI(S,CNBu,), 169 
[TIBr4]~, 171, 175 TIC 19H i9CI1,N2 

TIBr; TICI;(py)2, 172 

[TIBrs]2~, 175 TIC,,H,,N,0.S, 
TIBr. TI(O,CPh)(H,NCSNH;),, 170 

[TIBr¢]?~, 171, 175 TIC,;HsCl;N, 
TICHO, TICI,(phen), 172 

TI(O2CH), 169 TIC 2NeSe 

ie [TI{SxCs(CN)2}3}°~, 174 
TICN, 167 TIC,;H,N;S; 

TICNO TI(NCS)3(bipy), 172 
TICNO, 168 TiCuHS; 

TICNS [T1(3,4-S2Cs;H3Me)2]~, 174 
TICNS, 168 TIC Hi . 

TICNSe [TICI,(terpy)]*, 172 
TICNSe, 168 TIC,5H,,C1,N, 

TIC,H,Br,0, TICl;(terpy), 172 
TI(OAc)Brp, 169 TIC,;H1,03 

TIC,H,0, TI(PhCQCHCOPh), 169 

TWKOAc), 169 TIC,;H,;C1,N3;0 

TIC,H;O TICI;(phen)(DMF), 172 
TIOEt, 168 TIC,3Hi4CL,N2 

TIC,N2 TICI4(quinoline),, 172 
TI(CN)>, 171 TICooHieNa 

TIC,;H3N> [Tl(bipy).]*, 168 

TIC,H,O, [TIMe,(dibenzo-18-crown-6)]*, 175 
Tl(OAc),, 171 TIC 4Hi6ClaN, 

TIC,H,O, Tl(phen),Cly, 172 
[Tl(OCH,CH,OCH,CH;)}*, 171 TlCaoHaoNgOs 

TIC,H,,0 [Tl(py N-oxide)g]3*, 174 
TlMe,(OEt), 169 TIC 

TIC,H,.CINsS,4 TICI, 170 
TICI(H,NCSNH;)4, 170 TICIO 

TIC,Hi¢FNgS4 TIOCI, 173 
TIF(H,NCSNH;)4, 170 TICI, 

TIC,H1.NsO03S, TICI,, 174 
TINO3(H,NCSNH,)4, 170 TICI,O04 

TIC4HigNgO4PS, TI(C1O4)3, 173 
TIH,PO,(H,NCSNH,;),4, 170 TICl, 

TIC,N, [TICl,]~, 174 
[TI(CN),4]~, 171 TIC, 

TIC,Og, [TICl5]?~, 175 

[TI(C,04)2]~, 173 TICl, 
TICSHF,O; [TICl,]3~, 171, 175 



TICIO,P; 
TI(O,PCl,)3, 173 

TIF 
TIF, 170 

TIFO 
TIOF, 173 

TIF, 
[TIF,]-, 170 

5) 

TIF3, 174 
[TIF,]2-, 170 
4 

[TIF,]-, 174 
[TIF,]3~, 170 

TlGa;H,> 
Tl(GaH,)3, 175 

TIH 
TIH, 170 

TIHO 
TIOH, 168 

TIHO.S, 

[TI(OH)(SO4)2], 171 
TIH,Br30, 

[TIBr,(OH),]2~, 172 
TIH,0O,4P 

TIH,PO,, 169 
TIH, 

[TIH,]}-, 175 
TIH,gBr,0, 

[TIBr,(OH,),]*, 172 
H120¢ 
[Tl(OH,).]3*, 172 

TI 

TINO3, 169 
TIN;O, 

TI(NO3)3, 173 
TIN,O1 

[TI(NO3)4]~, 173 
TIOH 

TIPO,, 173 

TIPdC19H15O010 

PdTI(OAc)s, 173 

TIS, 
(TIS,),,, 171 
4 

[TIS,]5~, 171, 174 
TiSe 

TiSe, 171 
TI,CO; 

T1,CO3, 169 
T1,C,N2S2 
Tl,{S,C=C(CN),}, 170 

Tl,CgH32N 1604S 
TI,SO,(H,NCSNHz2)s, 170 

Tl,CyH32N 1603S 
TIl,CO;(H,NCSNH,)g, 170 

Tl,Ci2NoSe6 

[Tl,{S2C=C(CN)2}3]*~ , 170 
TLC 

TI,Cl, 171 
TI,Cly 

Formula Index 

[TL.Cl,]3—, 175 

2*2 

TI,F,, 170 
TIF, 

[TI,Fo]3~, 174 
TI,HO,4P 

TI,HPO,, 169 
T1,H,0,)S, 

TL(OH),(SO,),, 173 
T1L,O 
TIO, 168 

T1,03 
TI,O3, 172 

TL,038S 
TLSOs3, 169 

T1,0,S 
T1L,SO,, 169, 171 

T1L,O,S, 
Tl,(SO,4)2, 173 

T1,012S3 
TL(SO4)3, 173 

TLS, 169 
TLS; 

TLSs, 171 
Tl,Se 

TLSe, 169 
TLSe3 

TLSes3, 174 
aiwe 

TLTe, 169 
Tl,Te, 

[DE Res|2 5, 1:70 
TLTe; 

TLTes, 171, 174 
T1z,CgN4S,4 

[Ts {S2C—=C(CN)2}2]~, 170 
3414 

[T]Fi4]5-, 174 
TLI, 

TlsI4, 170 

T1,C,H120, 

(T1OMe),, 168 
Tl,03 

T1405; 171 

T1,012P4 

T14P4042, 169 

[Tl,F23]?", 174 

71/6 

T1,T1O¢, 169 
TIF 32 

[Tl5F33]5-, 174 
TmC,,4Hs.Ng0s 

[Tm(DMF),]°*, 1086 

UAL CagHi12016 
U[AI(OPr'),]4, 1147 

UAsHO, 

UO,HAsO,, 1196 
UAs2Ci9H16Cl, 

UCI,(diars), 1144 
UAs,C12H39Cl,02 

UCI,(Et,AsO),, 1170 

UAs2C36H30N2010 
UO,(NO3)2(Ph3AsO)>, 1207 

UAS2C4oH3608 

1573 



1574 

UO,(OAc)2(Ph3AsO),, 1207 

UBC sH3202 
U(BH,)4(THF)., 1132 

UBC12H360¢ 
U(BH4)3(18-crown-6), 1136 

UB2CigH20Cl.Ni2 
UCI, {(pyrazol-1-yl);BH},, 1143 

UB,C24H24Ch.No 
UCI,{(pyrazol-1-yl),B}2, 1143 

UB3Hi. 
U(BH4)3, 1135 

UB4C24H32Ni6 
U{(pyrazol-1-yl),BH}4, 1142 

UB4C36H4oN24 
U{(pyrazol-1-yl);3BH},4, 1143 

UB gH 
U(BHg)s, 1132, 1135, 1175 

UBrO, 
UO.Br, 1185 

UBr, 

UBr3, 1135 
UBr,ClO 
UOCIBr,, 1211 

UBr,O, 
[UO,Br4]?-, 1212 

UBr; 
UBrs, 1185 

UBr, 

[UBr,]?, 1175 
[UBr,]*~, 1136 

UCCI,NO; 
[UO,Cl,(NCO)]?", 1191 

UCF;0; 
[UO,F3(CO3)]?, 1201 

UCH;3CL,NO, 
UCl,(MeNO,), 1159 

UCH3N3010 
UO.(NO3)2(MeNO,), 1202 

UCH,0. 
UO.(OH)(O,CH)(H,0), 1198 

UCH,,CI,N; 

UCI1;(CN)(NH3),4, 1136, 1137 
UCO,; 
UO,(CO3), 1201 

UC,H,0, 
UO,(O2CH)>, 1198 

UC,H;CI,F3N 
UCLF3(MeCN), 1179 

UC,H3Cl,NO, 
UO,Cl,(MeCN), 1191 

UC,H3C1],N 
UCI;(MeCN), 1133 

UC,H,O, 
U0O.,(0,CH),(H20), 1198 

UC,H;NO;383 
[U(SO,4)3(AcNH,)]?, 1161 

UC.H;0, 
[UO.(OAc)(OH),]~, 1198 
[UO,(OH).(OAc)]~, 1193 

UC,H;0O,P 
UO,(HPO3)(HCHO),, 1196 

UC,H,.CIN2044 

UO,(ClO,4)2(MeNO,)., 1202 
UC,H,Cl,03 
UO,Cl,(EtOH), 1193 

UC,H,Cl,0, 
UOCI,(EtOH), 1180 

UC,H,.F,0;S 
UO.F,(DMSO), 1208 

UC,H,.F30, 
U(OMe),F3, 1181 

UO,(C,0,4)(H20)3, 1192, 1201 

Formula Index 

UC,HgCl4N2 
UCI,(en), 1138 

UC,HgF5N4S2 
UF;{H,NC(S)NH>}>, 1184 

UC,HgN,OgS 
UO,(SO4)(H;NCONH,),, 1205 

UC,H gN206P 
UO,(HPO,)(en), 1189 

UC,H,07PS 
UO,(HPO )(DMSO)(H,0), 1208 

UC,N0,S> 
UO,(NCS),, 1191 

UC,N4Og 

[UO2(CN)x(NOs)s]~, 1187 
UC,O; 
UO(C,0,), 1156 

UC,040 
[UO,(03)(CO3)3]*~, 1201 

UC;Cl,0 
UCI,(Cl,C=CCICOC]), 1183 

UC3H;0. 
U(O,CH)3, 1134 

UC3H;0, 
[UO,(0,CH)s]~, 1198 

UC3H;N30,S; 
[UO,(NCS),(H;0)2]~, 1192 

UC3Hi,0s 
UO,(OMe)2(MeOH), 1194 

UC3H,4,N,0,P 
UO,(HPO;)(H;NCONMe;)(H,O), 1205 

UC3Hi2F,N.Os 
UO,F,(H;NCONH;);, 1205 

UC,Hy2N,0.S 

UO,(SO,)(H;NCONH;)3, 1206 
UC3;011 

[UO,(CO3)3}*-, 1201 
UC,HO,, 

[UO,(C,0,)2(OH)}*-, 1193, 1201 
UC,H,N,0, 
[UO,(NCO),(H,0)}?~, 1191 

UC,H,0, 
UO,{O(CH,CO;).}, 1200 

UC,H,O3 
U(O;CH),, 1154 

UC,H,4O1i9 

[UO,(0,CH),]}2-, 1198 
UC,H<NO, 
UO,{HN(CH;CO,),}, 1200 

UC,H,.O¢ 
UO,(OAc)3, 1198 

UC,H,.O; 
UO3{(CH;CO,)3}(H;0), 1201 

UC,H,Og 
UO,(HOCH,CO;)», 1203 
U0O,(0,CCH=CHCO,)(H20),, 1201 

UC,HsCl,0 
UCI,(THF), 1134 

UC,HsCl,;O 
UCI;(THF), 1182 

UC,HgN20, 
UO,(H;NCH,CO,)>, 1212 

UC,4HsN,0.S4 ; 

U(NCS),(H;0)s, 1142 
UC,H,N308 

U(C,04)2(NHs)3, 1137 
UC,4H1903 
UO,(OAc)2(H;0),, 1192 

UC,H,,0,P,S, 
UO.,(Me,PS;)., 1210 

UC,Hi6Ng010S 
UO,(SO,)(H,NCONH,),, 1206 

UC,4HigN,0, 

[UO,(H;NCONH,),(H,0)]}?*, 1205 



UC,N,O. 
[UO2(NCO),]?~, 1191 
4010 

[UO(C,0,)2]~, 1201 
[UO(C,0,)2|?~, 1201 

UC;H4N2019 
UO,(NO3)2(2-furaldehyde), 1196 

UC;H,;FO; 
U(OMe),F, 1194 

[UO(OAc)(H,NCONH,)3]*, 1205 
UC5H,;05 
U(OMe)s, 1181 

UC;N;0.S, 
[UO2(NCS).]3~, 1432, 1191 

6H,0, 
UO,(1,2-0,C,H4), 1195 

[UO2{CH2(CO,),}.]?~, 1201 
6H;NOg 
U0O,{HO,CCH,N(CH,CO,),}, 1212 

UC,Hs0¢ 
U(OMe)., 1194 

UC,H.Og 
[UO.(OAc)3]~, 1198 

UC.H12N20. 
UO,{MeCH(NH,2)CO,},., 1212 

UC.Hi4N,012 
UO,(NO3)3(H2NCO,Et),, 1196 

UC,HisBr;N3;0P 
UBr,(HMPA), 1184 

UC.H,3sCl,0383 
UCL,(DMSO);, 1170 

UC,Hi,0;S, 

UO,(thiovanolate),(H,O)., 1213 

UC.O14 
[UO2(C,0,4)3]*-, 1201 

UC,H;NO, 
UO,(2,6-pyridinedicarboxylate)(H,O), 1199 

UCgHgCl;N, 
UCI,(pyrazine),, 1179 

UCgHg010 
U{O,CCH,CH(OH)CO,},, 1159 

UC,gH 3012 
[UO,{O(CH,CO,),}.]?~, 1200 

UCgHg016 
[U(O2CH)g]*~, 1155 

UCgH12N2010 
UO.{HN(CH,CO,).H},, 1200 

UC,H,,0¢, 

U(OAc),, 1154 
UCsH,3;07 

U(OEt)(OCH2CH2CO,)., 1183 
UC,;H,,.Br,0, 

UBr,(THF),, 1150 

UCgHi6N2010 
UO,(NO3)2(THF),, 1195 

UC gHi6O14 
U(HOCH,CO,)4(H20)2, 1144, 1159 

UCgH20Cl,S2 
UCI,(MeSCH,CH,SMe),, D2 

UCgH20N4012S, 
U(SO,)2(AcNH2),, 1161 

UC gH 290, 
U(OEt),, 1181 

UCgH20S4 
U(SEt),, 1171 

UCsH22Br4N2 | 
UBr,(Et,NH),, 1138 

UC,N,0.2S, 

[UO2(C,N2S2)2], 1210 
UC gNgSe 

[U(NCS)g]*~, 1132, 1139, 1142 

Formula Index 1575 

UC,O16 
[U(C,04)4]*~, 1157 

UC,H,50;S, 
[UO,(EtOCS,)3]~, 1210 

UC,H,7F,.N,0 
U{OCH(CF;).}(TMEDA), 1137 

UC,H27CL,P; 
UCI,(PMe3)3, 1144 

UCioHsF12NOg 
UO,(hfacac),(NH3), 1187 

UC, HgCl;N2 
UCI,(bipy), 1179 

UC,oHgN30; 
UO,(NO3)(bipy), 1190 

UC oH i9Cl.N205 
UO,CL,(bipy)(H,0), 1190 

UC 19H oClsN2 
UCI; (py)2, 1179 

UCioHioN305 

UO2(NO3)(py)2, 1189 
UC oH 12N20 19 

[UO,(edta)]?~, 1213 
UC 0H14N20 40 

UO,(H2edta), 1212 
UC10H1607 

UO,(acac).(H,O), 1193 

UC, oH 29N206 
UO,(Et,NCO,),, 1201 

UC,.H25ClO; 
U(OEt);Cl, 1194 

UCio0H250s 
U(OEt)s, 1181 

UC,oH26Cl,02Si, 
U(OSiMeEt,)2Cl, 1147 

UC, 0H3007S5 
[UO,(DMSO),]?*, 1208 

UC,,HsCl,N20, 
UO,Cl,(phen), 1190 

UC,2HgCI.N2 
UCI,(phenazine), 1179 

UC,,HsCl,N,O 

[UOCI,(phenazine) |? , 1179 
UC,2Hi9BrCl,O, 

U(OPh).CLBr, 1181 
UC1,Hi0Cl,0, 

U(OPh).Clh, 1147 
UC,,H,9Cl;Se, 

UCI5(Ph2Se2), 1185 
UC,,Hi9Cl5Te, 

UCI;(Ph2Te), 1185 

UC,.H12N205 
UO,(OH)(OAc)(bipy), 1190 

UC12H24Cl30¢ 
UCI,;(18-crown-6), 1136 
[UCI,(18-crown-6)]*, 1178 

UC,2H25N205S2 
[UO,(OEt)(Et,NCOS),]~, 1209 

UC,2H39Cl.N6O¢ 
[UCl,(AcNH3)¢]?* 5 1161 

UC 12H30N2016P 2 
UO,(NO3)2{(EtO)3PO}., 1207 

UC,2H3006 
U(OEt)., 1194 
[U(OEt).]~, 1181 

UC,2H32N2018 
UO,(NO3)2(18-crown-6)(H,O),4, 1214 

UC, 2H36Cl206S« 
[UCI,(DMSO),]?*, 1132, 1170 

UC,2H36Cl4N,O2P, 

UCI,(HMPA),, 1132, 1165 

UC,3Hi1F12010P 
UO,(hfacac),{(MeO)3PO}, 1207 

UCi3H190¢ 
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U(OEt)3(2-OC,H4CO;), 1183 
UC,3H29N303S4 

UO,(Et2NCS,)2(Me3NO), 1206 
UC,4HeN208 

U(pyridine-2,6-dicarboxylate),, 1155 

UC i4H6N2010 

[UO,(2,6-pyridinedicarboxylate).]?~ , 1199 

UC,4Hi0F 1207 

UO,(hfacac).(THF), 1195 

UC 141006 
UO,(tropolonate),, 1195 

UC,4Hi2N20; 

UO,(OH)(OAc)(phen), 1190 

UC 14Hi4N20¢6 
UO,(OAc).(bipy), 1190 

UC,4Hi4N205 

UO,{O(CH,CO,),}(pyridine N-oxide), 1207 

UC,4H29Cl4O7 
[UO,Cl,4(2-benzo-15-crown-5)]?-, 1214 

UC ,4H20Ns04 
UO,(NO,){2,3-(H2N)2C.H3CH3}2, 1189 

UC,4H2gN204S4 
[UO,(Prz,NCOS),(S2)]?~ , 1209 

UC,4H31N302S, 

UO,(S,CNEt,)2(Et,NH), 1188 

UC,sH30N302S6 
[UO,(S,CNEt,)3]~, 1132, 1209 

UC,sH30N3S6 
U(S2,CNEt,)3, 1135 

UC,sH45O5Sis 
U(OSiMe;3);, 1181 

UC 6F 3604 
U{OC(CF3)3}4, 1147 

UC, 6Hi2ClsN4 
UCI,(phthalazine),, 1179 

UC,6Hi6N205 

UO,(salen)(H,O), 1212 

UC ;6H1607 

UO,(tropolonate),(EtOH), 1194 

UC,6H2sFisN305 

U(OCH,CF3)5(NEt)3, 1179 

UCi6H2sFisN20;5 

U(OCH,CF3)5(Me3N)>2, 1179 

UC,6H33N205S2 
{UO,(OEt)(Pr,NCOS).]~ , 1209 

UCi6H36N4O4P 4S, 
U(NCS)4(Me3PO),4, 1166 

UC i6H3604 

U(OBu'),4, 1147 

UC i6HaoNq 

U(NEt,)4, 1141 
UC,6H46Cl.N20-2Si, 

UCI,{N(SiMe;3)2}2(DME), 1151 

UCi6NgSz 

U{S2C,(CN)2}4, 1172 
C17HisN205 
UO,(salen)(MeOH), 1194 

UC ;gH;2N202S, 
UO,(8-quinolinethiolate),, 1213 

UC,igH,;Cl;OP 

UCI,(Ph3PO), 1184 

UCigHisN6Os 
[UO,{PhN(O)NO},]~, 1208 

UC,gH30Cl,0¢ 
UCI,(acac)2(THF)., 1151 

UC igHs4ClOeP. 
[UCl(Me3PO).]?*, 1132 

UC igHs4Cl406P 
UCI,(Me3PO)., 1166 

UC,gH54N3Si¢ 

U{N(SiMe3)2}3, 1132, 1133 
UC,gHs540¢Sig : 

U(OSiMe3)¢, 1195 

Formula Index 

[U(OSiMe3).6]~ , 1181 
UCigHssN3Si¢ 

UH{N(SiMe3)2}3, 1132, 1141 

UO,(acac)2(quinoline), 1190 

UC9H140 10 

UO,(PhCOCHCOCH>H),, 1195 

UC oH i6Cl4Na 
UCI,(bipy)2, 1139 

UC 9Hi6N20¢ 

UO,(1,2-naphthoquinone 2-oxime).(H2O)., 1192 

UC H29Cl2N4O2 
UO.CL(py)., 1189 

UC2oH280 
U(acac)4, 1148 

UC oH4oN40¢ 
U(Et,NCO,),4, 1159 

UC2oH4oN4Sp 
U(Et,NCS,)4, 1172 

UC x 0H 4gN1206P 484 

U(NCS)4[{(Me2N)2P(O)}20]2, 1166 

UC2,H»N3012 

[U(pyridine-2,6-dicarboxylate)3]?~ , 1155 

UC,,H1305 

UH(2-OC,H,CO3)3, 1183 
UC z;HisN301 

[UO,(2-HO-4-H,NC,H;CO;)3]~, 1203 
UC,,H49CIN7O, 

[UCI(DMF),]>*, 1162 
UC,2H2103PS, 
UO.(MeCS,)2(Ph3PO), 1207 

UCL,(acac)2(phen), 1141 

UC22H39N703S4 
U(NCS),(MexCHCONMe,)3, 1164 

UC,,4H;,.Cl,N,O2 

UO,CL,(phen),, 1190 
UC24Hi6ClsN4O 

[UOCI,(phen).]?~ , 1179 

UC z4HisN4Os 
U(pyridine-2-carboxylate),4, 1155 

UCz4Hi6NsO2 
UO2{N(CN)2}2(bipy)2, 1190 

UC4H160 

[U(1,2-O2,C.H,4)4]*-, 1150 
UC 4H 200¢ 

[UO,(OPh),4]?~ , 1195 
UC,4Hs50¢ 

U(OBu');(Bu'OH), 1180 
UC24Hs6NsOz 

[U(DMF)g]**, 1162 
UC i4H60ClsN,O, 

[UCI,(EtCONEt,)4]*, 1164 
UC24H72N1206P4 
[UO,(HMPA),]?*, 1207 

UC,sHisNoSs 

[U(NCS),(bipy)2]~, 1139 
UC,sH25NsO2 

[UO,(py)s]?*, 1189 
UC,sHsoNOs 

U(OBu').(py), 1179 
UC z6HisNe02S2 

UO,(NCS).(phen),, 1190 
UC z6H24Cl4P2 

UCI,(dppe), 1144 

UC26H2505 
U(OPh),(OEt), 1181 

UC27Hi9N304 
UO,(8-quinolinolate).(quinoline), 1190 

UC27Hi9N305 
UO,(8-quinolinolate).(8-hydroxyquinoline), 1213 

UC27H37CINO; 
U(OPh),Cl(DMF), 1183 



U(tropolonate),Cl, 1182 
UC2gH200s 

U(tropolonate),4, 1149 

UCzgHeoCl3N4O 
[UCl,(EtCONEt,),]*, 1132 

UC28H72N 160 4P 484 
U(NCS)4(HMPA),, 1166 

UC32Hi6Ns02 
UO,(phthalocyanine), 1214 

UC34H2sCl,0, 

UC35H25010 
U(tropolonate),;, 1182 
[U(tropolonate)5]~, 1150 

UC35H36Ns05S2 
UO,(NCS),(antipyrine)3, 1205 

UC35H75O05 
U(OCEts)s, 1181 

UC36H30Br402P2 
UBr,(Ph3PO),, 1165 

UCL,F3(Ph3PO)>, 1184 

UC36H30Cl,02P 2 
UC1,(Ph3PO),, 1132, 1165 

UC36H30Fs02P2 
UF;(Ph3PO),, 1184 

UC36H3006 
[U(OPh),]~, 1181 

UC36Hs204P4 
U(OPh),(Me,PCH,CH,PMe,)>, 1144 

UC39Hs1N.03 
[U(4-dimethylaminoantipyrine)3]>* , 1134 

UC 49H 20N 1002 
UO,{cyclopentakis(2-iminoisoindoline)}, 1214 

UC42H68N1204 
U(4-dimethylaminoantipyrine),]3*, 1134 

UCygHaoNa 
U(NPh,),, 1141 

UCygH4oP4 
U(PPh.)4, 1132 

UC ¢4H32Ni16 
U(phthalocyanine),, 1178 

UC 66H72N120¢ 

[U(antipyrine).]?*, 1134 

210 

UO,(C10,)2, 1193 
UCI, 

UCl3, 1132, 1135 

UCI, 
UCI,, 1134, 1173 
[UCl,]~, 1136 

UC1,0, 
[UO,Cl,]?-, 1211 

UCI; 
UCls, 1185 

UCI;O 
[UOCIs]~, 1211 
[UOCI,]?~, 1179 

UCI;O, 
[UO,CI,]3~, 1212 

UCI, 
UCl,, 1211 
[UCI,]~, 1186 
[UCI,]?~, 1132 

UCI,O, 
[UO,2Cl,]*~, 1212 

UCI, 
[UCI,]?~, 1186 

UCI,OS 
UCI;(SOCI,), 1184 

UCl, 
[UCI,]?~, 1186 

Formula Index 

UCrC,H,.N,0g 

UO,(CrO,)(AcNH,).2, 1204 
UEr,Mo,,H2052 

[(UMo 42042) {Er(OH2)5}2]?", 1047 

207 2) 

UO(SO3F),, 1152 

UF3O3S, 

UO,(SO3F),, 1196 
UF,O 

UOF,, 1211 

UF,0,.S, 

U(SO3F),, 1152 
UF; 

UFs, 1185 

[UFs]~, 1132, 1173 

[UF.]?—, 1136 

UF;O 

[UOFs]~, 1211 

UF;O, 
{[UO,F.]3~, 1211 

UF, 

UF., 1210 

[UF.]~, 1186 

[UF.]?~, 1174 
[UF,]3~ , 1136 

UF,O018S¢ 

[U(FO3).]~, 1152 

7 

[UF,]~, 1211 
[UF,]2~, 1186 
[UF,]?~, 1132, 1174 
8 
(WRslea i201 

[UFs]?~, 1186 

[UFg]*” , 1174 

UF, 
(Olesen s Wail 

UH,CIN 

U(NH,)Ch, 1135 
UH,F,03 

[UO,F,(H,O)]?-, 1192, 1211 

UH;C1;,0, 
[UO,Cl,(OH)(H20)]?-, 1178 

UH3O0¢P, 
{UO,(HPO;)(H2PO3)]~, 1196 

UH,CIN, 
U(NH,).Cl, 1136 

UH,0.¢ 
UO,(H,0),, 1193 

UH,O0¢P2 
UO,(H2PO,)2, 1196 

UH,O¢P, 
[UO,(H,PO,)3]~, 1196 

UH,O.P 
UO,(HPO,)(H20)3, 1193 

UH 0 10Se 
UO,(SeO,)(H20),, 1197 

UH 02S, 

U(SO,4)2(H20)a, 1144 

UH,C13N3 
UC13(NHs3)3, 1132 

UH,.Br4N, 

UBr,(NH3)4, 1137 

UH,,Cl,N, 
UCI,4(NH3),4, 1137 

UH ,gBr3Ne 
UBr;(NHs3)¢, 1132 

UGe2W22078 

[U(GeW11059)2]*?", 1048 
ULiC,9H13010 

1677) 

UO,{0,C(CH,)3;CO,} -Li{O,C(CH,)3CO2H} > 1201 

ULin.C.HigO0¢6 
Li,U(OMe). 5 1147 
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UMo,2,ThH,O4s5 

[(UMo12042){Th(OH)s}]*”, 1047 
UN,Oig 

[U(NO3)g]?~, 1152 
3 

UOs, 1193 
UO; 

[UO,]?~, 1193 
UO.Te 

UTeOs, 1197 
UO. 

[UO,]?~, 1193 
UO.P 

[UO,(PO,)]*”, 1196 
O.S 6 

UO,(SO,), 1196 
UO.P2 

[UO,P,0,]?-, 1196 
UO.Te3 

UTe3QOg, 1197 

U0 10S2 
[UO,(SO,)2]?~, 1196, 1197 

U0,).Se 

[UO,(SeO,)3]?~, 1197 
UO;,P3 

[UO,(PO;)3]~, 1196 
11 

[UO,(SO3)3]~ , 1196 
UO,,Te3 

[UO,(TeO3)3]*”, 1198 

Ps 

U(PO3),4, 1152 
UO,,83 

[U(SO,4)3]>, 1134 

U0;,83 
[UO,(SO,4)3]* , 1196 

UO 4S, 

[UO2(SO,4)4]® , 1196 
USe; 

USe;, 1173 

U2As82C44H 42014 

{UO,(OAc),(Ph3AsO)}>, 1207 
U,Ba,0, 

Ba,U,0O,, 1180 

U2C,H2010 
(UO,)2(C,0,4)(OH)», 1201 

U,C,CL,F,.S2 

U,Cl,{S2C,(CF3)2}, 1172 

U2CsHi6F4NgOs 
{UO,F,(H,NCONH?)»}2, 1205 

U2C,048 
[(UOz)2(O2)(CO3)4]® , 1193 

2UsNs5QO10 
[(U,05)(NCO)s]*, 1191 

U2C6H25N12012 
[UO,(OH)(H,NCONH)j)3]24*,, 1205 

U2C6O16 
[(UO2)2(C,04)3]?-, 1201 

U,C7H,I1,S. 

U,I,(toluene-3,4-dithiolate), 1172 
U,C,HO,, 

[(UO2)2(C,04)4(OH)]§~, 1201 

2CgO22 
[(UO2)2(O2)(C,04)4]® , 1193 

U,C5H;4022 
[(UO2)2{CH2(CO2)2}3(O2)(H20)4]*”, 1201 

U2Cio 2N2 12 

(UO,),{(O,CCH,);NCH,;CH,N(CH,CO;)3}, 1213 
U2C 19024 

[(UO2)2(C,04)s5]®, 1201 
U2Ci2Hi9ClsS2 

[UCI,(SPh)]2, 1184 
U2C12024 

Formula Index 

[U2(C204)6]*~ ’ 1157 

U2Ci4H14N2018 

{UO,(2,6-pyridinedicarboxylate N-oxide)(H2O)2}z, 
1200 

U2C1sH20015 
U,(OCH,CH,CO,;)s, 1183 

U2C16H30N2014 
{UO,(OAc)2(AcNMe,)}>, 1204 

U2C2oH4sClgNsO5 
(UCI4)2(AcNMez)s, 1162 

U2C2gH30N60O16 
{UO,(2-HOC,H,CO2)(NO3)(4- 

dimethylaminopyridine) },, 1203 

U2C32Hg0Ns 
{U(NEtz)4}2, 1132 

U2C35H20010Ss 
U,(2-SCe6H4CO2)s, 1184 

U2C35H20015 
U,(2-OCsH4COz2)s, 1183 

U2C4o0H30015 
U,{PhCH(O)CO,}s, 1183 

U2C44H42014P 2 
{UO,(OAc),(Ph3PO)}., 1207 

U,Cl, 

[U2Cl,]~, 1135 

U,C1,0, 
{(UO2)2Cl,]3-, 1212 

U,F,0, 

[(UO2)2F7]?", 1211 
U2H3013P3 

[(UO2)2(HPO3)3]? , 1196 
U,H,0,2S 

[(UO2)2(SO4)(OH)4)?-, 1193 

U2LizCgp.HgoNoO4 
[UO(Ph,N)3Li(OEt,)]., 1141 

U2016S4 

[U(SO,4)4]2~, 1133, 1134 
25 

U,Ss, 1171 
U3CsF,5IS, 

U3F3I{S2C2(CF3)2}2, 1172 
U3C12018 

(UO,)3(mellitate), 1201 

U3C16H21N2020S2 

[(UO2)3(OAc)7(NCS).]3~ , 1198 

U3C24H4sCl2012 

(UCI4)3(18-crown-6),, 1178 

U3Cr4HeoN12 

U3(MeNCH,CH,NMe)g, 1141 

U3C4o0H72Cli2012 

(UCI,)3(dicyclohexyl-18-crown-6), 1178 

UsFis 
[U3F,3]-, 1173 

O 
[(UO3)30,]2>, 1193 

U4C32Hg0N ie 
U4(MeNCH,CH,NMe)s, 1141 

U4C60H120N 12026 
U,0,(Et,NCO),, 1159 

U4C76Hs2029 

U40(OPh)10(THF),, 1181 
U,H,Cl,0,2 

[(UO,)40Cls(H20),]*~, 1193 
Uso ly 16 

[(UO2)402(OH)2Cl4(H20)4]?~, 1193 

VAs,C4H,,0S, 

VO(S2AsMe;)>, 527 
VAs3C14H24Cl, 

VCl,{1 ,2-(Et,As)2C.H,} , 498 

VAs4C29H32Cly 



VCl,(diars)., 498 

VAs4C72H 600s 
[VO(OAsPh3)4]?*, 522 

VB3CigHo4Ni2 
[V{H,B(N N=CHCH=CH),},]~ , 463 

T) 
VBr», 467 

VBr,0 

VOBr,, 530 

T3 
[VBr3]~, 467 

VBr;O 

[VOBr3]~, 530 
VBr,O 

[VOBr,]?~ , 530 
VBr; 

[VBrs]?_, 483 
r5O 

[VOBr;]?—, 530 
VCCI,NS 

VCI1,(NCS), 475 
VCH;CI;O 

[VCl,(OMe)]?~, 502 
VCH,)NO;S 

[V(H,0)5(NCS)]*, 465 
VCNS 

[V(NCs)]2*, 475 
CO; 
VCOs3, 467 

VC,CIN,S> 
VCI(NCS),, 475 

VC.F;0; 

[VO(C,0,)F3]3~, 518 
VC,H2F,0, 

[VO(C,0,)F:(H20)}>~, 518 
VC,H.N;S, 
V(NCS),(NH;), 474 

VC,H,O, 
VO(0;CCH,0), 520 

VC,H,O; 

VO(O,CH),, 513, 514 

[VO(C,04)(H20)]-, 518 
VC,H,FO, 

[VO(C,0,)F(H20),]~, 517, 518 
VC,H-F,NO, 
VOF,(MeCN)(H,0), 496 

VC,H,.Cl,0, 

[VOCI,(EtOH)]-, 502 
VC,LH,.F.N,0; 

VOF,(HCONH;)», 523 
VC,H,OPS; 
VO(S2PMe,), 527 

VC,H,7CILN 

VCl,(NHMe,), 490 
VC,HsCLN, 
VCl,(NHMe),, 490, 491 

VC,H,CI,0, 
VCI,(MeOH)>, 466 

VC,HsF,N,OS, 
VOF,(H,NCSNH;)2, 529 

VC,H=F3N,O3 
VOF,(H,NCONH);),, 523 

VC,HipNO¢ 
[VO(Gly-0)(H,0)s]*, 546 
22212 $f 

VC,H,3NO, 
[VO(O,CCH,NH;)(H20)4]?*, 546 

VC.N, 

[V(CN)2]?- , 457 

2U4 
V(C,0,), 467 

coc3-YyY* 

Formula Index 

[V(C,0,)]-, 472 
[V(C,04)]*, 480 

VO(C,0,), 518 
VC3H3N,0,S 
VO(NCCH,CN)(SO,), 496 

VO(O,CCH,CO,), 518 

V(O,CH)3, 480 
VC3H,N,OS, 
VO(NCS),(HNCSNH,), 495 

VC3H,0, 
VO{O,CCH(O)Me}, 520 

gt i544 

[VO{O,CCH(OH)Me}]*, 520 
VC;HsNO,S 
[VO{O,CCH(NH,)CH,$H}(H,0)]*, 546 

VC3H.CI,N 
VCl3(NMe3), 474 

VC3HoCl,N 
VCl,(NMe3), 490 

VC3H.F,NO, 
VOF,(H,O)(DMBF), 523 

VC3H,0,283 

V(MeSO,)3, 479 
VC3N3083 

[VO(NCS)3]~, 495 
VC3N3S3 

V(NCS)3, 475 
VC,C1gO5 
VO(O2CCCI,)2, 514 

VC,H,Cl,0; 

VO(O,CCHCL),, 514 
VC,H,N,0,S, 

[VO(NCS),4(H,0)]?7, 495 
VC,H,0; 
VO(O,CCH=CHCO,), 518 

VC4H2010 
[VO(C,0,)2(H20)]”, 517 
[VO(C,0,)2(H20)]?~ , 518 

VC,H,CLOs; 
VO(O,CCH,Cl),, 514 

VC,H,CL,S 
VCl,(thiophene), 529 

4H4Os 

VO(0,CCH,CH,CO,), 518 
VC,H,0O, 
[VO(O,CCH,0),]?—, 520 

VC,4H,4O, 
[VO(O2CH).,]?~, 514, 515 

VC4H404 

[V(C,04)2(H20)2], 480 
VC,H.Br3N2,0 

[VOBr3(MeCN),]~, 496 . 
VC,H,.CIN,O2 F 

{V(NO)2(MeCN),Cl},,, 459 
VC,H,.CI,N, 

[VCl,(MeCN),]-, 476 
VC,H,.O; 
VO(OAc)2, 514, 515 

VC,HsFN,O; 

[VO(Gly-O).F]7 , 546 
VC,HgOS, 

[VO(SCH,CH,S),]?”, 528 
VC,H,S,0 

[VO(SCH,CH,S),]?", 524 
VC,H,S5 

[VS(SCH,CH.S).]?~, 524 
VC,H.Cl;O 

[VCls(OBu)]?~ , 502 
VC4H10F 204 
VOF,(H,0)(OCH,CH,0CH,CH,), 523 

1579 



1580 Formula Index 

VC,Hi0N20¢ VO{O,C(CH2)4CO>}, 518 

VO(Gly-O)(H20), 546 '6HgO;7 
VC4H1903PS; : [VO{O,CCH(O)Me},]?~, 520 
VO{S,P(OEt)2}, 527 VC.H,0. 

VC4H,2ClN> VO(ascorbate), 502 

VCl,(Me2N)2, 491 VC.HoBr2N3;0 
NC.Hj.CL0S, VOBr,(MeCN)3, 496 

VOCI,(SMe,)2, 529 VC.HoCl3N3 
VC,H;2Cl,0,S, VCl3(MeCN)s, 476 
VOCI,(DMSO),, 522 VC.H,O,7 : 

VC4H,2Cl,S, {[VO{O,CCH(O)Me}{O,CCH(OH)Me}]~, 520 

VCI;(SMe>)2, 481 VC.6HioNOx 
VC,H,2N0S, V{N(CH2CO2)3}(H20)2, 485 
VO(SCH,CH,NH;)>, 554 VC6Hi9N20;S2 

VC4H,20P,S, [VO{O,CCH(NH,)CH,S},]?~, 546 
VO(S2PMe2)2, $27 VC6H11903S, 

VC,4H1204 VO(S,COE?t),, 528 

V(OMe),, 502 VC.H1905 
VC4H,3N,0, VO(O,CEt),, 514 
[VO(O,CCH,NH;)(Gly-O)(H30),]*, 546 VC.Hi2CIN2O0, 

VC,H,,4,Cl,N,O0 VCI{O,CCH(NH,)CH,0OH},, 484 
VOCI,(NHMe,)>, 490 VC.H2N,0S, 

VC4Hi4N 1002 VO(S,CNMe;)>, 525 
VO{H,NC(=NH)NC(=NH)NH,}3(H;0), 497 VC,.H;,0S, 

VC,H2oClL,N,O [VO{S(CH,)3S}2]?~, 528 
VOCI,(NH2Me),, 490 VC,H;,0-S, 

VC,N2OS, VO(C,0,)(DMSO)>, 518 
[VO(S,CCN),]?~, 528 VC.Hi4NgO3 

VC.N, VO{MeNHCONC(=NH)NH;}>, 497 
[V(CN),]2~, 462 VC,H;;Cl3N30. 

VC,4N,OS, VCl;(HO,CCH,NH,);3, 484 
[VO(NCS),]~, 495 VC6HigN20¢ 

VC,N,O, [VO(O,CCHMeNH;),(H,0)]*, 546 
[V(NO)2(CN)4]2~, 459 VCcHigNi0O 

VC,0z, VO{MeNHC(=NH)NC(=NH)NH3}>, 497 
[V(C,0,4)2]~, 480 VC.HigCl,.N,O 

VC,O5 VOCI,(Me3N)>, 490 
[VO(C,0,).]2~, 518 VC.HisCl,0.S3 

VC;H,C1,N,O VOCI,(DMSO),, 522 
VOCI,(purine), 568 VC,H,eCl3N2 

VC;H;Cl,N VCl;(NMes)>, 474 
V(py)Cl,, 464 VC.H2:C1N3Si; 

VC;5H;CIl,N;O VCl;(Megcyclotrisilazane), 476 
VOCL,(adenine), 568 VC.H24Cl,0P, 

VC;H;Cl,N;O, VCI;(Me,PCH,CH2PMe,)(THF), 476 

VOCI,(guanine), 568 VCe6H4Ne 
VC;H,O; [V(en)3]?*, 463 
VO{O,C(CH,)3;CO>}, 518 [V(en)3]?*, 474 

VC;HsNO.P [V(en)3]**, 491 
[VO{O,P(O)CH,N(CH2CO;)2}(H20)]?", 551 VCgH24N120¢6 

VC;N;O [V(H2NCONH,),]3*, 480 
[VO(CN);]>~, 474, 489 VC6H240¢ 

VC;N;OS, [V(MeOH).]?* 5) 466 

[VO(NCS),]3~, 495 VC¢HaoClaNe 
VC;N,O V(MeNH;).6Ch, 463 

[V(NO)(CN)s]>~, 459 VC.N3S« 
sOs [V(S2CCN)s]?~, 528 
[V(CO)s]>~, 457 VC.Ne 

VC.H4Oo [V(CN).]*~, 462, 474 
[VO(O,CCH,CO,),]?~, 518 VC6N¢So 

VC.H6Cl,N202 [V(NCS)¢]3~, 475 
VCl,(MeCOCN),, 490 [V(NCS).]*~, 464 

VC.H.N30, VC.N,Se, 

[VO2{N(CH2CO,)3}]?~, 548 [V(NCSe).]3~ , 476 
VCgH6010 VC.N7O 

[VO(O,CCH2CO,).(H20)]~, 517, 518 [V(NO)(CN)]*~, 459 
VC.H6S¢ 6NsN20,S, 

V(S2C2H2)3, 461 VO(NCS),(OCH,CH,0CH,CH,), 495 
[V(S2C,H2)3]~, 461 VC.Ni2N30, 

[V(S2C2H2)3]?~, 461 [V(Gly-O),]*, 484 
VCsHsN30¢ 6012 

[VO{N(CH2CO,)3}(H20)]~, 548 [V(C,0,4)3]3~, 480 
VC.HsO5 VC,H,0, 



Formula Index 1581 

VO(2-0,CC,.H,0), 520 
VC,HsNO, 

VO{2,6-py(CO2)2}(H20), 552 
7HsO4 
[VO(2-O,CC,.H,OH)]*, 520 

VC,H.Ns5Cl,03 
VO{2,6-py(CONHNH,),}Cl,, 494 

7N7 
[V(CN),]*—, 474 

VCsF240P,S, 

VO{S,P(CF3)2}4, 528 
VCgH,O5 
[VO(O,CCH=CHCO,),|?, 518 

VCgHgOg 
[VO(2-O-3-O,CC,H3;CHO)(OH),(H,0)]?, 522 

V(NO)(MeCN),Ch, 459 

VCgH12S8 
V(S2CMe)4, 524 

VCgH1403S4 ; 

VO(S,COPr'’),, 528 
VCgH1405 
VO(O,CPr)., 514 

VCgH,.Br203 
VOBr,(THF),, 497 

VCsH:i.N20;S, 

VO{MeO,CCH(NH,)CH,S}>,, 547 
VCgH,7Cl,N2.0, 

VCL,{0,CCH(NH,)CH(OH)Me}- 
{HO,CCH(NH,)CH(OH)Me}, 484 

VCgH,sCl,0, 
VC1,(OBu)2, 502 

VCgHigN;O2PS, 

VO(NCS).(HMPA), 495 
VCgH29Cl,0S2 

VOCI,(SEt,)2, 529 
VCgH29ClS2 

VCI3(SEt2)2, 481 

V(Me2N)4, 491 
VCgH240P,S¢ 
VO(S2PMez)4, 528 

VCgH32Ng 
[V(en)4]>*, 474 

VC H.6012 
[V(O,CCH,COz)3]*, 480 

VCoHi2N3012 
V{O,CCH,N(OH)CHO}s, 484 

VC,HisN.6OS3 
VO(NCS)3(1,4,7-triazacyclononane), 495 

VCoHigNO2S2_ 
VO(S,COPr') {HN(CH;)s}, 528 

VC5H30N6 

[V(pn)3]>*, 474 
VC y9C24Cl,N4OS2 
VOCI,(Me,.NCSNMe,)2, 529 

VC, oHsBr2N2,0 

VOBr,(bipy), 493 
VCioHgCl,N2O 

VOCL,(bipy), 493 
VC ioHsCl4N2 

VCl,(bipy), 493 
VCioHgF6Os 
VO(MeCOCHCOCEs),, 505 

VO(2-pyS N-oxide)2, 554 
VCioHgN20;S 

VO(SO,)(bipy), 493 
VCi9Hi0Br.N2,0 

VOBr,(py)2, 493 
VC y0H10Cl.N2 

V(py)2Ch, 464 

VCi9Hi0F N20 

VOF,(py)2, 493 
10Hy,NOs 
VO(2-OC,.H,CH=NCHMeCO,)(OH,), 543 

VCjoH12CL,05 
VO(MeCOCCICOMe),, 507 

VCi9H12N206 
VO({2-pyCH,N(CH.CO,).}(H20), 548 

VC10H12N20¢ 
[V(edta)]~, 485 

VCioHi3N208 
[V(Hedta)]~, 548 

VC ioHi3N205 
[VO(Hedta)]~, 548 

VCioHi14N20¢ 
[V{O,CCH(NH,)CH,CH,CO,}.]~, 484 

VCi0H 1404 
V(acac)2, 470 

VCi9H1405 
VO(acac)2, 471, 504, 505, 507, 509, 535 

VCj0HisN208 
[VO{(O,CCH,)2.NCH,CH,N(CH,CH,OH)- 

CH,CO,}]~, 486 

VCjoHi6N2OS, 
VO{S2CN(CH2)4}2, 525 

VCi9HigN20S 
VO(S,CNCH,CH,SCH,CH;)2, 525 

VCi9Hi6N20 S 

VO(S,CNCH,CH,0CH,CH,),, 525 

VC1oHis038s_ 
VO(S,COBv’),, 528 

VC j0H18O05 
VO(O,CBu)2, 514 

VC10H20N20S, 
VO(S,CNEt,)2, 524, 525 

VCi0H20N2S4 
VO(S2CNEt,)2, 526 

VCi9H22N207P2S,4 
VO{S,CNHP(O)(OEt),}2, 527 

VC10H24Cl2N4O3 
VOCL,(Me,NCONMez;),, 523 

VC io9H30Cl2014Ss 
[VO(DMSO)s5](ClO4)2, 513 

VCi9H3006Ss 
[VO(DMSO),]?*, 522 

VC11Hi2N20¢ 
[VO,{2-pyCHMeN(CH,CO,).}]~, 548 

VCy1Hi14N206 
VO({2-pyCHMeN(CH2CO,)2}(H20), 548 

VC y2Cl,FgN20,4 
VC1,(2-C,F4NCO2)., 523 

VC,2FsN205 
VO(2-C5F,NCO2)2, 523 

VCi2F i8S¢ 
V{S2C,(CFs)2}3, 461 
[V{S2C2(CF3)2}3]~, 461 

[V{S2C2(CF3)2}3]?" , 461 
[V{S2C2(CF3)2}3]*, 461 

VCy2F iS 

[V{Se2C2(CF3)2}3]~, 461 
[V{Se,C(CF3)2}3]?" , 461 
[V{Se,C2(CF3)2}3]*" , 461 

VCi,HsCl,N,O 

VOCL, (phen), 492 
VCy2HsCl4N2 

VCl,(phen), 493 
VC,.HsF,N20 

VOF,(phen), 492 
VC,,HsN20s5 

VO(C,0,)(bipy), 493 
VC,.HsN205S 

VO(SO,)(phen), 492 
VC,,HgN,OS2 

VO(NCS),(bipy), 493 



1582 

VC,,H,N.O, 
V(NO)2(CN)2(bipy), 459 

VC,2HsO5 
[VO(1,2-0,C.H4)2]?~, 502 

VC2HioNsOS 
VO(NCS)2(py)2, 493 

VC,2Hi0N4OS2 

VO(NCS)2(py)2, 495 
VC,2HioOPS; 

VO(S3PPh;), 527 
VC,2H12F6N203 
VO{{F,;CCOCHC(Me)=NCH;}3}, 535 

VC,12H12N208, 
VO(2-SC,H4NH2)>, 554 

VC,2H12N2012 

[V{N(CH,CO2)3}2]>", 485 
VC12Hi3NOs 
VO(acac)(O,CCsHsNH3-2), 557 

VC,2HigNgO 
[VO(HNCH=NCH=CH),]?* , 547 

VC,2HigCl2N2.02 
VCl,{{MeCOCHC(Me)=NCH>},}, 535 

VC,2HigN,0,S 

VS{{MeCOCHC(Me)=NCH,}.}, 524 
VC12HigN203 

VO{{MeCOCHC(Me)=NCH,},}, 483, 524, 535 
VC12HigNe 

[V(NCMe).]?*, 464 
VC,2H20N20S,4 

VO{S,CN(CH2)s}2, 525 
VC12H20N209 
VO(O,CCHMeNHCHMeCO>H)>, 549 

VC12H22N4OS4 
VO(S,CNCH,CH,NMeCH,CH,;)», 525 

VC12H24Cl3;03 

VCl;(THF)3, 478 
VC 12H24N4Sg 

V(S2CNMe>),, 526 
VC,H,sCl,N,O, 
VCl,{O,CCH(NH,)CH,Pr'} {HO,CCH(NH;)CH,Pr}, 

484 
VC,2H3 CIN; 

VCI(Et,N)3, 491 
VC12H30ChP2 

V(PEt;)2Cl,, 465 

VCI;(EtsP)2, 476 
VC12H3006P3S¢ 

V{S,P(OEt)2}3, 482 
VC12H32Cl,P, 
VCl,(Me,PCH,CH,PMe,)>, 465 

VC12H36ClaN6O3P2 

VOCI,(HMPA),, 522 
VC12H3606S¢ 

[V(DMSO),]*"", 480 
VCi2NoS6 
[V{S,C,(CN)2}3] , 461 
[V{S,C,(CN),}3]?~, 461 
[V{S,C,(CN)2}3]>-, 461 

VC13Hi9CINO;S 
VO(2-OC,H4,CH=NC,H,S-2-Cl-5)(H20), 540 

VC13Hi0N205 

VO(0,CCH,CO;)(bipy), 493 
VC13H20N202 
VO{MeCOCHC(Me)=NCHMeCH,N= 

CMeCHCOMe}, 535 
VC14H4N4Oi15 

VO({2-0-3,5-(02N)2C6H,CO}}>2, 522 
VCi4HgN205 
VO(C,0,)(phen), 493, 555 

VC,4HsN,OS, 

VO(NCS).(phen), 492 
VC,,4HsN7O 

Formula Index 

[V(NO)(CN)4(bipy)]?~ , 459 
14H,O, 

[VO(2-O,CC,.H,O),]?~ , 520 

VCy4H0Cl.N203 
VO(5-Cl-2-OC,H;CH=NH),, 537 

VC y4Hi0Cl204 
VCL,(tropolonate),, 510 

VC 14H100s 
VO(O,CPh),, 514 
VO(tropolonate),., 510 

VCy4Hi2Cl,N204 
VCI,(2-OC,H,CH=NOH),, 553 

VCy4Hi2ChNag 
V(benzimidazole),Cl,, 463 

VC14Hi2F6N205 
VO(MeCOCHCOCF;),(pyrazine), 509 

VC;4H12N205 
VO(2-OC,H,CH=NOH),, 553 

VC,4H13N305 
VO{HN(CH,CO,),}(bipy), 555 

VC 14Hy4N4O2 
[VO(benzimidazole),(H,O)]?* , 493 

VCi4Hi6Cl,N 

VC14H17N202S2 
VO(S2COPr')(py)2, 528 

VC14HigN 1005 
[VO{2,6-py(CONHNH,),}2]?* , 494 

VC,4H220, 
VO(acac)2(OCH,CH,0CH,CH,), 507 

VCi4H2gN2,O0S, 
VO(S,CNPr',)2, 525 

VC 14H34Cl,05P2 
VOCI,(OPMePr',)., 522 

VC,sH3F 180¢ 
V(hfacac)3, 479 

VC1sHiopN20s 
VO(O,CCH,CO,)(phen), 493, 555 

VC1sHi2F 906 
V(MeCOCHCOCEF;)3, 479 

VC1sHi3NOs 
VO(MeCOCHCOCF;).(py), 509 

VCi5sHi3N303S, 
VO(2-pyS N-oxide)2(py), 554 

VC,5H,;Br,N3;0 

VOBr,(py)3, 493 

VCisHisCl3N3 
VCl3(py)s, 475 

VCisHigNOs 
VO(acac)2(py), 508 

1544216 

V(acac)3, 466, 478, 479 

VC,5H27Cl3N3 

VCl;(CNBu')3, 474 

VO(S,CNEt)3, 526 

VCisH30N3S¢ 
V(S2CNEt,)3, 481, 526 

VCisHsF.O3S,4 
VO(C,H3S,CCHCOCEF;),, 554 

VCi6HgOo 
[VO(2-O-3-0,CC,H3;CHO),]?~ , 522 

VCi6Hi0N205 
VO(O,CCH=CHCO,)(phen), 555 

VCi6Hi9N,O3S 
VO{NC(S)NHC(O)C Hy} >, 554 

VCi6HioN,Os 
VO(2-benzimidazolecarboxylate),, 493 

VCi6H12N204 
VO(8-quinolinolate)(O.CC,;H,NH,-2), 557 

VCi6Hi2N406 
VO(2-benzimidazolecarboxylate)(H,O), 493 

VCi6Hi4Cl,N202 



Formula Index 

VCl,(salen), 535 
VCi6H14N20.S 

VS(salen), 524 

VCi6Hi4N203 
VO(salen), 534 

VCi6H1405 
VO(O,CCH,Ph),, 514 

VC,6Hi6N203 

VO(2-OC,H,CH=NMe),, 537 
VCi6HisN205 
VO(2-OC,H,CMe=NOH),, 553 

VCi6HieN207 
VO(3-MeO-2-OC,H;CH=NOH),, 553 

VCisH20N205 
VO{1,2-{(MeCO).CH,N}.2C.H,}, 553 

VCi6H2iNOs 
VO(acac)2(4-pyMe), 507 

VCisH24N205 
VO{(MeCOCHCOCH,CHMeNCH,),}, 561, 562 

VCi6H26CIN,O; 

VCl{(MeCOCHCMe=NCH,),} (THE), 482, 567 

[VCl(NO)(THF),]*, 458 
VCisH32N206 

[V(NO).(THF)4]* , 458 
16H32 4 

[V(THF),]?*, 466 
VCisH3604 

V(OBu'),, 502 
VCisHaoN, 

V(Et.N),4, 491, 502 
VCisH4oOoP4Sg 

VO{S,P(OEt)2}4, 528 
VC17Hi1N305 
VO (bipy) {2,6-py(CO2)2}, 493 

VCi7Hi2NsOS2 
VO(NCS),(bipy);.s, 495 

VC17HisN20,4 
VO,(acac)(phen), 509 

VC17HigN203 
VO(2-OC,H,CH=NCHMeCH,N=CHC,H,O-2), 532 
VO{(2-OC,H,CH=NCH,)2CH3}, 513, 531 

VC,7H17N30S2 
VO(2- SEED Ma 554 

VC,7HigN30. 
VOCICHH CHCHSCCH—NCHICH,SO,)(py)>, 543 

VC,7H26N205 
VO{(MeCOCHCOCH,CHMeNCH;)2CH>}, 561 

VC17H26N303S 
V{(MeCOCHCMe=NCH;)2} (NCS) (THF), 484 

VCigHi12N20S8.2 
VO(8-quinolinethiolate),, 553 

VCisHi2N20S, 
VO(S2CNCgHe)2, 525 

VCisH12N203 
VO(8-quinolinolate)., 552 

VCigH12N207 
[VO{{2-OC,H,CH(CO,)N=CH}.}]~, 534 

VCisHi2N30¢6 
[V(2-pyCO2)s]” , 472 

VCigH120¢ 
V(1,2-O2C.H,)3, 470 

[V(1,2-O,C.H,)3]?~, 502 
[V(1,2-O2C.H4)3]> , 479 

VC 1gH12S6 
[V(S2CeH,)3]?, 461 
[V(S2C6H4)3]?" , 461 

VCigHi3N20,4 
VO(OH)(8-quinolinolate),, 552 

VC,3H1,Br,N,0 

VOBr,(quinoline),, 493 

VCigHigF6N4Os 
VO(MeCOCHCOCF:;)2(pyrazine)2, 509 

1583 

VCigHigN,O 

VO(NCH,CH,CH=NC,H,NCH,CH,C=NC,H,), 559 

VCigHigCl,N203S, 
VO(5-Cl-2-OC,H;CH=NCH,CH,SH),, 538 

VCigHigN,O 
VO(NCH,CH,NC,H,CH=NCH,CH,N=CHC,H,), 

559 

VC isHigN4O2S. 
VO(NCS),(BuOH)(phen), 492 

VCigHigN4O7S2 
VO(5-O,N-2-OC,;H;CH=NCH,CH-;SH)z, 538 

VCigH2oN20S, 
VO(S,CNEtPh),, 525 

VCigH20N203 
VO(2-OC,H,CH=NEt),, 537 

VC jgH29N203S. 
VO(2-OC,H,CH=NCH,CH,SH),, 538 

VCigH29N205 
VO(3-MeO-2-OC,H;CH=NMe)p, 537 

VC igH47BroN6Oc 
V(DMF),(Brs3)3, 480 

VCigHasPe 
V(Me2,PCH,CH,PMe,);, 460 

VCigHs4N3Sig 
V{N(SiMe3)2}3, 474 

VCj9HiiN305 
VO{2,6-py(CO;)2}(phen), 493 

VCi9HisN20,4 
VO(OMe)(8-quinolinolate)., 552 

VC 9HigN,O3 
VO{(PhCONN=CMe),CH>}, 544 

VC20Hi2N5082 
VO(NCS).(phen),.5, 495 

VC3oHi4N203 
VO{1,2-(2-OC,.H,CH=N).C.H4}, 534 

VC20Hi6CIN,O 
[VOCI(bipy)2]*, 493 

VCx0H16N203 
VO(2-methyl-8-quinolinolate),, 552 

VCx0Hi6Ng 

[V(bipy)2]3*, 475 
VC20HieN4O 

[VO(bipy)2]?*, 493 
20H1g03S2 

VO(MeCSCHCOPh),, 554 

VCzoH20ChN4 
V(py)aCh, 464, 470 

VCzoH20N203 
VO{2- Se COON 2}, 

532 

VC x0H20Na 

[V(py)4]?*, 464 
[Vipy).)" 475 

VC 20H 20N 1 

[V{HC(NN=CHCH=CH),} 2)?* 463 
VC .9H23CIN302 

VCI{HN(CH,CH,CH,N=CHC,H,0O-2)2}, 483 

VC20H24N203 

VO(2-OC,H,CH=NPr'’),, 537 

VC2oH24N204 
V(acac)2(py)2, 466 

VCx0H24N205S2 
VO(4-MeO-2- OC, Cl NCH HS 538 

VC20H30N4014 
[(V((0,CCH,),NCH,CH,N(CH,CH,OH)CH;- 

te ]}?-, 485. - 

VC20H3WN. 

SOC H),)« 526 

VC20H36N6O2 
[V(NO).(Bu'NC),]*, 459 

VC2oH40NaSs 

V(S2CNEtz2)4, 526 
VC2,Hi9CIN302 



1584 

VCl(salen)(py), 483 

214419433 

VO(salen)(py), 483 

VC,,H23NOs5 
VO(acac)2(4-pyPh), 507 

VC22Hi6F6N205 
VO(MeCOCHCOCEF;),(phen), 509 

VC22H20N200S2 
VO(4-O,NC,.H,CSCHCO,Et),, 554 

VCz2H2oN6S2 
V(py)a(NCS)2, 464 

VC,2H22N20; 

VO(acac)2(phen), 509 
VC,,H22.N,0 
VO(NCMeCHCMeNC,H,NCMeCHCMeNC,H,), 560 

VC22H,.N,S 
VS(NCMeCHCMeNG;H, NCMeCHCMEeNC H,), 560 

VC22H2205S2 
VO(PhCSCHCO,Et),, 554 

VC22H25ClL,N 
[VCl,(N=CMeCH,CMe= 

NC.s.Hs,NCMeCHCMeNC,H,]*, 560 
VC22H2gN205 

VO(2-OC,H,CH=NBu),, 537 
VC,2H31N203S 
V{(MeCOCHCMe=NCH,),}(SPh)(THF), 484 

VC,2H31N204 
V{(MeCOCHCMe=NCH,),.}(OPh)(THF), 484 

VC 22H32CINg 
[V{H,C(NN=CMeCH=CMe),}.,Cl]*, 463 

VC22H34,05 

VO{OC=C(CHO)CMe,CH,CMe,CH;}», 510 

VC33H17N203 
VO(8-quinolinolate) (py), 551 

VCz3H17N303 
VO(8-quinolinolate).(py), 552 

VC24Hi6CIN,O 
[VOCI(phen),]*, 492 

VC x4Hi6ClNg 
VCL,(phen),, 493 

VC,4Hi6Cl,N;O 

V(NO)(phen).Cl, 459 

VC24HigN4 

[V(phen),]**, 475 
VCx4Hi6N,O 

[VO(phen),]?*, 492 

VCy4HisN,O5S 
VO(SO,)(phen)., 492 

VC4Hi7N,O 
[V(OH)(phen),]?*, 475 

VC24H2905P 2S, 
VO{S,P(OPh)2}2, 527 

VC 4H24N3Se 
V(S2CNMePh);, 481 

VC24H24N4O4 
V(PhCONN=CMeCHCOMe),, 543 

VC24H24N4O7 

VO(C,0,)(antipyrine),, 518 
VC 44H39Cl Ny 

V(MeNCH=NCH=CH),Cl,, 463 
VC24H32N205 

VO(3-MeO-2-OC,H;CH=NBu),, 537 
VC 24H3203P2S4 

VO{S,PPh(OC,H);)}2, 527 
VC z4H44OP2S, 

VO{S2P(C.H11)2}2, 527 
VC24Hs2N208, 
VO(SCH,CH,NHC,9H)21)2, 554 

VC x4H6004Sig 
V(OSiEt;),4, 502 

VC,5H22Cl,OP, 
VOCL(dppm), 497 

VC2sH2sNsO6 

Formula Index 

[VO(py N-oxide)s]?* , 522 
VC26Hi6N203S2 

VO(2-OCs.H4,C=NC,H,5-2)2, 538 
VC x6HisNoS2 

V(phen),(NCS),, 464 

VO(5-Br-2-OC,H;CH=NPh),, 537 
VCx6HigCl2N203 
VO(5-Cl-2-OC,;H;CH=NPh),, 537 
VO(2-OC,H,CH=NC,H,Cl-4)>, 537 

VO(5-Cl-2-OC,H3;CH=NC,H,SH-3),, 538 

VO(4-HO-2-OC,H;CH=NC,H,Cl-4),, 537 

VC x6HigN4O7 
VO(2-OC,Hs,CH=NC,H4NO,-4)>, 537 

VCy6HigN4O7S2 
VO(5-O,N-2-OC,H;CH=NC,H,SH-3),, 538 

VCy6H29Cl2N204 
VCI,(2-OC,H,CPh=NOH),, 553 

VCr6H20N203 
VO(2-OC,H,CH=NPh),, 537 

VC x6H29N203S2 

VO(2-OC,H,CH=NC,H,SH-3)>, 538 

VCx6H20N205 

VO(2-OC,H,CH=NC,H,OH-4),, 537 
VO(2-OC,H,CPh=NOH),, 553 

VC,6H22N407S2 

VO(2-OC,H,CH=NC,H,SO,NH,-4)>, 537 
VCy6H24Cl,0P, 

VOCL,(dppe), 497 

VCl;(PMePhz),, 476 

VCy6H2gN205 

VO{(PhCOCHCOCH,CHMeNCH,)>}, 561 

VC27HigN304 
[VO(8-quinolinolate)3]~ , 552 

VC3gH2907 

[VO{Ph,C(O)CO,}.]?~, 522 

2844208 

V(S2CPh)4, 525 

VC3gH2207 

[VO{Ph,C(OH)CO,},]?*, 520 

284 424*+*2~73 

VO(2-OC,H,CH=NCH,Ph),, 537 
VO(2-OC,H4CH=NC,H4Me-2)2, 537 

VC3g3H24N205 

VO(2-OC,H,CH=NC,H,OMe-4)>, 537 
VC33H24N20;S, 

VO(4-MeO-2-OC,H;CH=NC,H,SH-3)>, 538 
VC2gH24N207 
VO(4-HO-2-OC,H;CH=NC,H,OMe-4),, 537 

VC2gH25NgO2 
[VO(benzimidazole),(H,O)]?*, 493 

VCgH4oCl,04 
[VCL(1 ,2-0,-3,5-Bu‘,C.H3)2]?~ » $03 

VC23H4005 

[vod ,2-O,-3,5-Bu',CsH2)]?~ > 503 

VC x9H24NO4P2 
V(NO)(CO)3(dppe), 458 

VC3oH22No 
V(terpy)2, 458 
[V(terpy)2]?*, 458, 464 

VC30H2205 
VO(PhCOCHCOPh),, 504, 505 

VC30H230¢ 
VO(2-HOC,;H,COCHCOPh),(OH), 563 

VC30H24Ne 
V(bipy)3, 457, 458 

[V(bipy)s]~ , 457 
[V(bipy)3]>~, 457 
[V(bipy)s]*, 457 
[V(bipy)3]?*, 457, 464 



Formula Index 1585 

[V(bipy)3]**, 473 
30: 30Ne 

[V(py)«]?*, 463 

[V(NO).(THF)(dppe)]*, 458 
VC30Hs4No 

[V(CNBu').]2*, 463 
VC3,H35CIN;O,4 

VC1{3,5-py {CONH(CH2)s;N=CHC,H,0-2},}, 483 
VC32HisNgO 

VO(phthalocyanine), 559 
VC32H28Sg 
V(S,CCH,Ph),, 525 

VC32H3,4N,O 

VO(deoxophylloerythroetioporphyrin), 557 

VC34H22Cl2N203 
VO(1-O0-2-C,>H¢CH=NC,H,Cl-4)., 537 

VC34H24N203 
VO(1-O-2-C,)H¢CH==NPh),, 537 

VC35H27NO; 
VO(PhCOCHCOPh),(py), 508 

VC36H24N4Se 
V(S2CNCgH,)a, 526 

VC36H24Ne 
V(phen)3, 458 
[V(phen)3]~, 458 
[V(phen)3]?*, 458, 464 

VC36H30Br,OP, 

VOBr,(PPh3)2, 497 
VC36H3oBr204S3 
VOBr,(Ph,SO)3, 522 

VC36H30ClL,OP2 
VOCLI,(PPh3)2, 497 

VC36H30Cl,03P2 
VOCI,(OPPhs;)2, 522 

VC36H36N,05 
[VO{(2-OC,H,CMe=-NCH,)2]?" , 566 

VC36H44Br.N, 
VBr,(octaethylporphyrin), 558 

VC36H44N,0 
VO(octaethylporphyrin), 557 

VC36H44N4S 
VS(octaethylporphyrin), 558 

VC36H44N,Se 

VSe(octaethylporphyrin), 559 

VC42H30S6 
V(S2C2Ph,)3, 461 
[V(S2C2Ph,)3]~, 461 
[V(S2C2Ph,)3]?", 461 

VC42H6006 
[V(1,2-O02-3,5-Bu',C.H2)3], 503 

VC44H2sN,O 
VO(tetraphenylporphyrin), 557 

VC44HgNaS 
VS(tetraphenylporphyrin), 558 

VCusHooN,O2 
V(octaethylporphyrin)(THF)., 469 

VCygHa6ClaNa 
VCI,(tetra-4-tolylporphyrin), 558 

VCygH36N4S 
VS(tetra-4-tolylporphyrin), 558 

VC,4gH36N4Se 

VSe(tetra-4-tolylporphyrin), 559 

VCygH4oOP4Se 
VO(S2PPhz2)4, 528 

VC4gHesOP Se 
VO{S,P(C6H11)2}4, 528 

VCygHesP 
V{P(CeHi1)2}4, 498 

VCs2He6NaP2 
V(octaethylporphryin)(PPhMe,)2, 469 

VCgoHs6N4Ss 
V{S,CN(CH,Ph),}4, 526 

VC7,H¢0Cl,NO-P, 

V(NO)(OPPh;),Cl,, 459 
VC72H6004Si4 

V(OSiPh),, 502 
VC72H6005P4 

[VO(OPPhs),]2*, 522 
2 

VCl,, 467, 470 
VH,Cl,N 

VC1,(NH,), 474 
VCI,N;,03 

{V(NO)3Cl},,, 459 
VCIN3S, 

VC1(S2N3), 555 
VCl,0 

VOCI,, 490, 493, 502, 509 
VCI,0, 

V(C1O,4)2, 470 
VCl; 

VCls, 471, 490 
[VCl3]~, 467 

VC1,0 
[VOCI]~, 530 

VC, 
VCls, 490, 493 
[VCl]~, 482 

VC1,0 
[VOCI,]2~, 489, 493, 530 

VCls 
[VCl.]~, 531 
[VCl,]2~, 482 

VC1,O 
[VOCI,]}3~, 530 

VCl. 
[VCl.]2-, 531 

VCuCi9H4N205 
Cu(Me,NCH,CH,NMe,)(C,0,) VO(C,0,), 565 

VCuC,.6Hi4Cl.N,0; 

(VO)CuCl, {2-OC.H,CH=N(CH,),.N=CHC,H,0-2}, 
565 

VCuC,,H22.N,0; 

Cu(VO){(MeCOCHCOCHCMeNCH.,).)}, 562 
VCuC,7HigN,08 

Cu(VO){(2-O-3-O,CC,H;CH=NCH,),}(MeOH), 565 

VF, 467 

VOF,, 529 
VF; 

[VE3]~, 467 
VF,0 
[VOF]~, 529, 530 
4 

[VOF,]2~, 529 
VF; 

[VFs]2~, 482 
‘0 
[VOF;]?~, 529 
6 

[VF6]2~, 531 
[VF¢]?~, 482 

VO(S2PF2)4, 528 
VF isPs 

[V(PF3)6]", 460 
184 6 

VH(PF3)s, 460 
VHO, 

[VO(OH)]*, 500 
O 4 

[VHO,]2, 1026 
VHO,P 
VO(HPO,), 512 
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VH,C1,0 
[VCI,(H,O)]*, 478 

VH.F,0, 

[VOF,(H,0)]?~, 529 
22 

V(OH)», 470, 471 
VH20, 

[VH,0,]~, 1026 
25 

[VO(H,PO,)]*, 512 
VO.S 

[VO(HPO,),]?~, 512 
VHF,N 

VF,(NH3), 490 
33 

V(OH)s, 470 
VH30,4 

[VO(OH),]~, 500, 1028 
30oP2 

[VOH(HPO,),]~, 512 
VH,ClN> 

V(NH3)3Cho, 491 
VH,C1L,0, 
V(H30)2Ch, 466 

VH,FO, 
[VO(O2)F(H20),]~, 501 

VH.F,O; 
[VF,(H20).}~, 482 

942 

VO(H,PO,)>, 512 

VC1,(H30),, 466 
[VC1,(H,O)4]*, 478 
806 

[VO,(H30),]*, 1025 
VH,O0,S 

[V(SO,)(H20)4], 486 
10\-42\14 

[VO(H20)5](ClO4)2, 513 
106 

[VO(H,0),]?*, 488, 498-500, 530, 548, 1236 
1206 

[V(H2O)g]?*, 465, 466, 469, 548 
[V(H2O)g]3* , 473, 477, 478 

VHisNe 
[V(NH3)6]?*, 463 
2 
VL, 467 

3 
[VI,]~, 467 

VMg2Ci3H24Cl,NOs 
VO(NCO)Mg,Cl,(THF)s3, 471 

VN; 
[V(N3)]?*, 476 

9 
V(N3)3, 476 

12 
V(N2)6, 459 

18 

[V(N3)6]>" , 476 
VNiC,.H2.N,0; 

Ni(VO){(MeCOCHCOCHCMeNCH,),}, 562 
VNiC26H24N205 
Ni(VO){(PhCOCHCOCHCMeNCH,),}, 561 

VNi2CigH34013P4 
VO{{OP(OMe),}.NiCp},}, 567 

vo; 
VO,, 1028 
[VO,]*, 1026, 1027 
3 

[VO,]-, 1027 

Formula Index 

VO, 
[VO,]>~, 1026 

4 

VSO,, 470 

VO;S 
VO(SO,), 511, 512 

VO.S, 
[VO(SO,)2]?~ , 512 

VOis5P4 

[VO(P207)2]® , 512 

VPdC14H2405P2 

VO(acac){{OP(OMe),}2PdCp}, 567 

VSn2C41H3905 
[V(CO)s5(SnPh3)2]~, 457 

VTiC29H39N4014 
TiV {(O,CCH,),NCH,CH,(CH,CH,0H)CH,CO;},, 

486 

VTiC29H34Cl3N205 
V{(MeCOCHCMe=NCH,),Cl(u-O)TiCI,(THF)>, 567 

VTiC9H34Cl405 
VCl{(MeCOCHCMe=NCH,),}O{TiCl;(THF),}, 484 

V2B2Ci9H36ChaP4 
{V(u-Cl)(u-Me,PCH,PMe,)BH,}>2, 465 

V2B2Cs9Hs2ChP, 

{V(u-Cl)(u-dppm)(BH,)}2, 465 
V2B,Zn,Cs52H64P4 
V>Zn,H,(BH,)(PMePH,),, 460 

V2C40 10 

[(VO),(C20.)2}”, 518 
2C6O14 

[(VO),(C;0,)3]?-, 518 
V2CgH4014 

[(VO).(tartrate).]*~ , 519, 520 
2CsHi6Sg 
[V2(SCH,CH,S),4]?~, 481 

V,CsHeClsN30; 
(VCl4)2(MeCOCN)s, 490 

V2CoH27CleN3 
V2Cle(NMe;)3, 457 

V2CioHsO14 
[(VO)2(methyltartrate),]*~ , 519 

V2C19022 
[(VO)2(C204)5]®© , 518 

V2C12H 10016 
[(VO).(citrato).]*~ , 522 

2C12H12N2045 
[V203{N(CH,CO,)3}.]3~, 548, 549 

V2C12Hi12N4O14 

[(VO),{{(O;C),NCH,CH,N(CO;)CH3}3}]?~, 547 
2C12H12014 
[(VO).(dimethyltartrate),]*~ , 519 

V2C12H140 10 
{VO(acac)}2(C204), 565 

V2C12H18012 
V2(OAc)g, 480 

V2C12H200s 
{VO(OMe)(acac)}2, 507, 509 

V2C12H 20014 
{VO{O,CCH(OH)Me},}2, 520 

V2C12H31N607S 
{VO(1,4,7-triazacyclononane)}(u-OH)(u-SO,), 492 

V2C12H32N6O4 

{VO(1,4,7-triazacyclononane)},(u-OH),, 492 
V2Ci6Hg4CleNgO2Si, 

(VCl;)2(Megcyclotetrasilazane)(THF)>, 476 

V2C17H20N4Oz 
(VO) (2-OC,H,CH=NNHCOCH,;,CONHN= 

CHC,H,0-2)(H,0),, 564 
V2CisHigN20. 
{VO(2-OC;H,;CH=NCH,CH,0)},, 542 

V2CigH2oN4Oc 
{VO(2-OC;H,CH=NNHCH,CH,0),},, 542 

V2CigH21Cl4N305 



Formula Index 

V202Cl4(u-2-HO-6-Mepy);, 523 

V2CigH22N,Og 

CHC,H,0-2}(H,0),, 564 

V2CigH40Og 

V(OEt)s, 502 

V2C19H16012 

(VO)2(4-MeOC,H,COCHCOCHCOC,H,OMe-4),, 
563 

V2C20H20N,014 

[V203{2-pyCH,N(CH,CO,).}2]~, 548 

V2C20H22N20¢ 

{VO(2-OC,H,CH=NCH,CH,CH,0)},, 542 

{VO{2-OC,H,C(Me)=NCH,CH,0}}>, 542 
{VO(2-O;H,CH=NCH,CHMeO)},, 542 

V2C290H26N4Og 

(VO)2{2-OC,H,CH=NNHCO(CH;),CONHN=CH- 
C,.H,0-2}(H20),., 564 

V2C20H30N4015 

[V20{(O,CCH,),NCH,CH,N(CH,CH,OH)CH,- 
CO,}.]?, 485 

V2C21H13N4010 
(VO),{2,6-(CH=NC,H30-2-NO,-5)2-4-MeC,H,0}- 

(OMe), 564 

V2Co2H24N4O11 

{V203{2-pyCHMeN(CH,CO,),}2]~, 548 

V2C22H26N20¢ 

{VO{2-OC,H,C(Me)=NCH,CHMeO}},, 542 
{VO{2-OC,H,C(Me)=N(CH,)30} ho, 542 

V2C23Hi9N205 

(VO)2{2,6-(CH=NC,H30-2-Me-5).-4-MeC,H,0}- 
(OMe), 564 

V2Co4HisClgN303 

V2C24H4gCl3 06 
[V2(u-Cl)3(THF).]*, 467 

V2Cr6H14NoO14 

{VO(5-O,N-2-OC,H3;CH=NC,H;30-2-NO,-5)}5, 540 

V2Cx6HisClLN20. 

{VO(5-Cl-2-OC,H;CH=NC,H,O-2)}>, 540 
V2Cx6Hi6N4O10 

{VO(2-OC,H,CH=NC,H;0-2-NO,-5)}., 540 
{VO(5-O,N-2-OC,H3;CH=NC,H,O-2)}>, 540 

V2Ci6HigN20¢ 

{VO(2-OC,H,CH=NC,H,O-2)}., 540 

V2C26H22N2010 

(VO),{2,6-py(COCHCOMe),}>, 565 

V2Cr6H24N206 

(VO).{(PhCOCHCOCHCMeNCH;)>}, 562 

V2CxgH20Cl.N2.0¢ 

{VO(2-OC,;H,CH=NCH,C,.H30-2-Cl-5)},, 540 

{VO(2-OC,H,CH=NC,H;CH,0-2-Cl-5)},, 540 
V2CogH22N20¢ 

{VO(2-OC,H,CH=NCH,C,H,0-2)}., 540 
{VO(2-OC,H,CH=NC,H,CH,0-2)}>, 540 

V2C30H2105 

(VO),(2-OC,;H,COCHCOPh),(OH), 563 

V2C30H22N20S2 

{VO(2-OC,;H4N=CHC=C(0)C,H,$8-2)(H20)}2, 543 
V2C30H30N4010 

(VO),{1,2,4,5-{(MeCO),C—=CHN} 4CeH>}, 553 

V2C34H22N20¢ 

{VO(1-O-2-C,)H¢CH=NC,H,0)}., 540 

V2C36H24N4O7 

{VO(8-quinolinolate),},0, 552 
[{VO(8-quinolinolate),} 0], 552 

V2C36H72N4812 J 

V2(u-S2)2(S2CNBu’s),, 527 

V2C3gHsoNsO4 
{V{(MeCOCHCMe=NCH,).}(CH2Ph)}2, 483 

V2CioHs2F 24026 io 

[(VO)2(O2CCF3)s(THF)6(H20)2]*~, 515 
V2C42H2gN4Os 
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{VO(8-quinolinolate),}.(O,CsH,), 552 
V2C42H 30012 

V2(O2CPh)., 480 
V2CygHagNo 
[{V(NCMeCHCMeNC,H,NCMeCHCMe- 

NC.H,)}2N]*, 560 

[V2Clo]3~, 483 

V2CuC32HagCl,N4O14 
{(VO)(2-OC,H,CH=NCH,CH,N=CH- 

C.H,O-2},Cu(ClO,)2, 565 
V>F,0, 

[V.0>F,]3~, 529 
V,HO, 

[V,HO,]?~, 1026 
V,H,O, 

[(VO).(OH)2]?* , 500 
V,H,0O, 

[V,H,0,]2~, 1026 
V2H2014 

(VOSO,)9-H,SO,, 512 
V2H201,S3 

(VO),H2(SO4)3, 512 
V2HiF.O, 

[V,0F.(H,0),]~, 529 
V2H4OiP2 

(VO) ,H,POs, 512 

[(VO).(OH);]~, 500 
211608 

[(VO)2(OH)6]?~, 500 
V2M0¢6026 

[V2Mo0,¢026]* , 1043 

2No4 

V2(No)12, 459 
V2NaC32H2gN4Oc 

[{VO(salen)},Na]*, 16, 534 
V2NaCyoH2gN4Oc 
[{VO{1,2-(2-OC,H,CH=N),.C.H,}}2Na]*, 534 

2a 

[V20,]*, 1026 

(VO),(P207), 512 
V2W10040P 

[WioV2040P]>, 1036 

V3Ci2HisCl6O16 
[V30(O,CCH,Cl).(H20)s]*, 480 

V3C12H36012 
V3(OMe),2, 502 

V3Ci6H25017 
{V30(OAc),(HOAc)},,, 480 

V3C4sH3s016 
V303(O2CPh).(THF), 480, 515 

V3Cl,H10O017 
(VO)3(citrato)2, 522 

V3HOi0 
[V3HO,o]*, 1026 

V3H2010 
[V3H2040]?-, 1025, 1027 

V3M010040 
[V3Mo49O40]®_, 1041 

V303 

[V3Og]~, 1027 
[V30g]?", 1028 

[V30.]3~, 1025, 1027 

3010 
[V3Oi0]> , 1026 

V3024P6 
[(VO)3(P207)3]®~ , 512 

V3W1sO62P2 
[VIYVY,W15062P2]*° , 1051 

V4HO.2 
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[VsHO,.]*, 1027 

V4HO,3 
[VsHO,3]5~, 1026 

V4H2013 
[V4H20,3]*~, 1026 

V4H10014 

[(VO),4(OH),10]?~ , 500, 512 
49 

[V,Oo]2~, 500 
V0.2 

[V4O.2]*~, 1026 
4013 

[V40i3]® , 1026 
V4Wg040P 

[WeV4O4oP]7_, 1036, 1049 

VsWoO4o 
[(V)WoV3040]° , 1037 

V4ZngCi99Ho2032 
{VZnO(O,CPh)3(THF)}4, 480 

VsH2014 
[V;0,4H,]?, 501 

VsO14 
[VsO14]?, 1027 

V5015 
[VsO,s5]>, 1026 

sO16 
[VsO16]7_, 1026 

VsWs0O40 
[VsWeQao]7~, 1041 

V6C4H_O27 
[(VO)6(CO3)4(OH)o]>, 514, 515 

V6Ois 
[VcOis]® , 1026 

VoCasHogNsOus 
[Vs016{(O2CCH2)2N(CH2)4N(CH2CO2)2}4]”_, 548 
10HO28 
[Vi0HO28]* , 1026 

V10H2O028 
[V10H2O28]*" , 1026 

10026 

[V" Vit - 1028 

V10028 

[V10028]° , 1026 
Vi2CgHi4052 

[V1202gHi4(CO3)3]!°~ > 515 

Vis3MnO3 
[MnV1303]7~ . 1045 

Vi4AlO4o 

[AIV4Oqo]?~, 1045 
V14042P 

[VisO42P]®~, 1039 
[Vi4Oa2P]?~, 1041 

V1g042 

[VisOza]*2~, 1028 
Vi9HO4o 

(WV VY sOugH]*- , 1028 

V30H2203S. 

VO(PhCSCHCOPh),, 554 

WAsC,H,,.Cl,0P 

WOCI;(Me,PCH,CH2AsMe,), 985 
WAs.C,9Hi6Cls 

WCI,(diars), 984 
WAs,C,3H;.Br,03 

W(CO);(diars)Br2, 1005 
WAS2Ci4Hi6104 

[W(CO),(diars)I]*, 1007 
WAS,Ci6H22Cly 

WCI1,(AsMe,Ph),, 989 

WAsS,C28H221203 
W(CO)3(dpam)I,, 1007 

WAs,C2oHa2l2 
W(diars)I,, 1006 

WAs,C22H32BrO, 

[W(CO),(diars),Br]* , 1005 
WAs,4Cs53H44Br203 

W(CO),3(dpam) Br, 1007 

WAu2Cs2Hs52P4S4 
{Au(PMePh),)3(WS,), 982 

WHCIBr(PMe,Ph);{NN(H)BPh;}, 1013 
WBr, 

WBrs, 998 
WBr,Cl,N,02 

[W(NO),CI,Br,]?~, 1014 
WBr,N,0; 

{W(NO),Br2},,, 1014 
WBr,O0 
WOBr, 990 

WBr,0, 

WO,-Brz, 976 
WBr3N 

WNBr3, 980 
WBr3;0O 
WOBr;, 985 

WBr3Se 

WSeBrs, 986 
WBr, 

WBrg, 988 
WBr,O 

WOBrg, 976 
WBr,S 

WSBrz, 979, 980 
WBI; 

WBrs, 984 
WBr;O 

[WOBrs]?~, 985 
WBr, 

WBr¢, 974 
[WBr,]2~, 989 

WCH,Cl, 
WMeCl,, 975 

WCH,CI,S 
WCI,(SMe), 975 

WC,CI,N 
WCI,(NC,Cl;), 980 

WC,ClioN 
[WCl,(NC,Cl.)]7, 980 

WC,H2N20,S, 
[WO(OH),(NCS),]~, 988 

WC,H3Br4N 

WBr,(MeCN),, 989 
WC,H3C1L,N 
WCl,(MeCN), 989 

WC,H;Cl,O 
[WCl.(OEt)]}?~, 984 

[WBr,(OMe),]~, 984 
WC,H,.C1,0, 
WC1;(OMe)2, 984 

WOF,(OEt,), 980 
WC,NCl, 

WC1,(NC,Cl;), 981 

207 

[WO3(C,0,4)]?", 978 
WC3H,Cl;02Se 
WSeCl;(CH,0C,H,0), 980 

WC3HsF303P 
[WO,F;(OPMe;)]~, 978 

WC3N30,S3 
[WO,(NCS),}?-, 988 

WC,Br,IO, 

[W(CO),IBr.]-, 1006 

WC,Br,0, 

W(CO),Br2, 1005 



WC,Br3;0, 

[W(CO),Br3]~, 1005, 1007 
WC,CINO; 
W(CO),(NO)CI, 1014 

WC,HN,O, 

[W(O)(OH)(CN),}3-, 998 
WC,HN,O.S, 
[WO(OH)(NCS),]2~, 988 

WC,H2N,02 

[W(O)(OHL)(CN),]*~, 998 
4Hh4gOS4 

WO(NCS),, 976 
WC,H,Br3N,0 

WOBr,(MeCN)>, 985 
WC,H,CI,N20, 
WO,Cl,(MeCN)>, 978 

WC,H,.CI3N,0 
WOCI,(MeCN),, 985 

WC,H,Cl,03S 
WOSCI,(MeOCH,CH,OMe), 980 

WC,HioCl3S83 

WSCl,(MeSCH,CH,SMe), 985, 986 

WF,(NEt,), 975 
WC,H,,.CL,0O, 
WCI,(OMe),, 975 

WC,Hi3N303 
WO,(dien), 978 

WC,N,OS, 
[WO(NCS),]2~, 988 

WC,N,0, 

[WO,(CN),]*~, 998 
WC;H,C1,0, 

[WO,Cl,(acac)]~, 978 
WC;N;5OS, 

[WO(NCS).]2~, 988 
WC,HSCI;N 

[W(NPh)Cl,]~, 981 
WC,H1iCl,NS2 
WCI,{SCH;S(CH;),CH,} (MeCN), 989 

WC.H12N202S4 

WO,(S,CNMe,)2, 977 

WC,H12N,0,8, 
W(NO),(S:CNMe,)2, 1014 

WC.6H120¢ 
W(0CH,)s, 975 

WC.Hi4Cl,N,04 

WO,Cl,(DMF)>, 978 
WC,Hi6Cl30P2 
WOCI;(Me,PCH,CH2PMez), 985 

WC.His 
W(Me)., 975 

WC.HigN,04 
WMe,{ON(NO)Me}z, 975 

WC,Hig06 

W(OMe)g, 975 
WC;Ne 

[W(CN)6]*~, 998 
WC.NeSe 

[W(NCS).]~, 988 
[W(NCS)¢]2~, 989 

WC,;HN, 
[W(CN),H]*~, 998 

WC,H.N;03 

[W(NO),(CO)(MeCN),]2*, 1014 
aN, 

[W(CN),]>— , 998 
WC;H,2.N,.02 

[W(NO)2(MeCN),]?*, 1014 
WC;Hi6Cl,05 

WOCI;(C4HsO2)2, 985 
WC,H,6102P, 

Formula Index 

[W(CO),(Me,PCH,CH,PMe,)I]*, 1007 
WC HF 4N2 

WF,(NEt,)2, 975 

[W(CN)s]3~, 997 
[W(CN)]*” , 997 

WC,H12N203S, 
W(CO);(S,CNMe,), 1007 

WC,H161203P2 
W(CO)3(Me;PCH,CH;PMe,)I>, 1007 

WC,H,2,CI1,0P3 

WOCI,(PMe;)3, 990 
WC,H27CL,N3 

WCI,(NMe;)3, 989 
WC,H27Cl4P3 

WCI,(PMe;)3, 989 
WC,H27N303 
W(NMe;)3(OMe)3, 975 

WC.H27P 
WMe,(PMe;), 976 

WC, .HsBr,N,0, 

WO.Br,(bipy), 978 
WC, .HsClI,N,0 

WOCI,(bipy), 985 
WC, oHsCl3N2S 

WSCl,(bipy), 986 
WC, .HsClN; 

WNCI,(bipy), 981 
WCicHi0ClsNO 

WOCI,(py)2, 985 

WCi0Hi0ClN2 
[WCl,(py)2]” , 998 

WC10H14N206 
W(NO),(acac)>, 1014 

WC 10H 1406 
WO,(acac)2, 978 

WC10H20N202S4 
WO,(S,CNEt,)2, 978 

WC 0H 20N402S,4 
W(NO),(S,CNEt,)2, 1014 

WC,,H>.C1,OP 
W(0)(CHBu')Cl,(PEt,), 981 

WC,2F igS€6 
W{Se2C2(CF3)2}3, 983 

WC12H9C14N202 
WOCI,{PhNN(O)Ph}, 980 

WC,.Hi4Br4N2 

[WBr,(Mepy)2]” , 998 
WCi2Hi8S6 

W(S2C2Mez)s, 983 

[W(S2C2Mez2)3]?~ > 983 

WC,12H24NaSs 
W(S,CNMe,)4, 975, 997 

WC,,H27;NO3 
{WN(OBu')3},,, 982 ; 

WC,,.H30Cl;0P2 “lg 

WOCI,(PEts)2, 985 
WC,,H36CIN2P, 

WCI(N,)(PMes3),, 1011 

WCy2H36N4P4 
W(N,)9(PMes)4, 1011 

WC12H36Ne 
W(NMe,)s, 975, 981 

WCi2H3gClaP, 
WH,Cl,(PMes),, 1015 

WC,3HgBr2N203 

W(CO),(bipy)Br2, 1005 
WC13H22NS¢ 

[W(S2C2Mez2)2(S2CNEt,)]~ - 983 

WC,3H22.N20S, 
W(CO)(HC=CH)(S,CNEt,)2, 1005-1007 

WC,5H,s5CI3N3 

WCl,(py)s, 998 

1589 
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WC,5H32Cl,NP3 

W(NPh)CI,(PMe3)3, 997 

WCisH36N60¢ 
W(NMez2)3(O2CNMez)3, 975 

WCi6H22Cl,P2 
WC1,(PMe2Ph)>, 1006 

WCi6H22Cl4P2 
WCl1,(PMe2Ph)2, 989 

WCi6H360s 
WO(OBu'),, 981 

WC 6H44P 4 
W(H,C=CH;)2(PMe3)4, 1011 

WC,7H,0, 
WO,C;,(acac), 980 

WC,7H271,.N302 
W(CO).(CNBu')3I,, 1007 

WC,7H32N202 

W(OBu');(NO)(py), 1004 
WC,3H12N20,S, 

WO,(8-quinolinothiolate),, 978 

WCigHi2N204 
WO,(8-quinolinolate),, 978 

WC,3H;5Cl,NP 
WNCI,(PPh3), 981 

WC,.H,5BrN20, 

W(CPh)(CO)2(py)2Br, 997 
WC2oHi6Cl2Ng 

WO.CL,(bipy)2, 978 
WC.2.9H24Cl1,0P2 

WOCI,(diphos), 990 

WC2oH4oN4Sp 
W(S2CNEt,)4, 996 
[W(S,CNEt,)4]*, 997 

WC,2H41Cl302P 
WOCI,{P(C.H:1)3}(THF), 985 

WC22H4,NO, 
W(NPh)(OBu‘),, 981 

WC24HigN4Og 
W(picolinate),, 997 

WC24H C1204 
WCI1,(OPh)4, 975 

WC24H 90S, 
[WO(SPh).4]~, 985 

WC,4H2.O0Se, 

[WO(SePh),4]-, 985 

WC,,4H33Cl,0P3 
WOCI,(PMe.Ph)3, 989 

WC,,4H33Cl,P3 

WCI1,(PMe2Ph)3, 989 

WC24H3906 
[WH(CO),(Bu'COCHCOBu'),]*, 1015 

WC24H39P3 
WH,(PMe-.Ph)3, 1015 

WOCI,(diphos), 985 

[WCl(diphos)(N,H,)]*, 1012 

WC6H26Cl2N2P2 
WCI,(diphos)(N2Hz2), 1012 

WCr6H26N4P2 
W(N2)2(PMePh,)2, 1013 

WC6H29Cl3N2 
WC1,;(PMePh;)2.(NHNH,), 1013 

WC,>6H33N20P3S2 
WO(NCS).(PMe,Ph);3, 989 

WC,6H33N203P3 
WO(NCO),(PMe2Ph)3, 989 

WC,7H33103P3 
[W(CO)3(PMe2Ph),I]*, 1007 

WC2H221203P2 
W(CO)sI2(dppm), 1008 

WC,sH24CINO3P, 

W(CO).(NO)(diphos)Cl, 1014 

Formula Index 

WCrgH600c 
{WCMe(OBu')s}2, 982 

W(CO),(CS)(diphos)I,, 1005 

WC 29H241,03P2 

W(CO),(diphos)I,, 1005 

[W(CO)3(NO)(diphos)]*, 1014 

W(CO),CI(5,7-dichloro-8-quinolinolate)(PPh3), 1008 

WC3oH30N202P2S2 

W(CO)(NO)(diphos)(S;CNMe,), 1014 
WC39H35N202PS, 

W(CO).(PPh3)(S2CNEt,)2, 1005 
WC39Hs54BrNe 

[W(Bu'NC),Br]*, 1005 

WC3oHs4INg 
[W(CNBu'),I]*, 1007 

WC32HagNaP4 
W(N2)2(PMe2Ph),, 1011, 1013 

WC32H4 
WH,(PMe-2Ph),, 1015 

WC34H36P2S4 
W(S,C,Me;)2(diphos), 983 

WC,35H63N7 
[W(Bu'NC),]?*, 1005, 1006 

WC36H39Cl,04P 
WCI,0,(OPPh3)>, 981 

WC36H30Cl204P2 
WO,CI,(OPPh;)2, 978 

WC36H30Cl,NO3 
WCI,(NO)(OPPh3;)>, 1014 

WC36H30Cl4P2 
WCl,(PPh3)2, 989 

WC36H3006 
W(OPh)., 975 

WC3.6H3¢6BrCIN2P3 
[WCIBr(PMe.Ph)3(N2H3)]*, 1013 
[WHCIBr(PMePh)3(NNH;)]~, 1013 

WC36He3P3_ 
WH,(PPr'zPh)3, 1015 

WC5¢Hes012P. 
WH,{P(OPr'’)3}4, 1015 

WC37H47N402 

WO(octaethylporphyrin)(OMe), 986 
WC33H33Cl4N2,0,P 

W(CO),(5,7-dichloro-8-quinolinolate)(PPh3), 1005, 
1008 

WC3sH30Br202P, 
W(CO).(PPh3)2Br2, 1005 

WC; .H39Br203P2 

W(CO)3(PPh3)2Br2, 1005 

WC39H30Cl203P2 
W(CO)3(PPh3)2Cl., 1005 

WCy2H49N4O2 
WO(octaethylporphyrin)(OPh), 986 

WC43H4iF504P3 
WH,(0,CCF;)2(PMePhz2)3, 1015 

WC,5H31N,02 
WO(tetraphenylporphyrin)(OMe), 986 

WC;,H4gCINOP, 
WCI(NO)(diphos)., 1012, 1014 

WC;,H4gClOP, 
[WOCI(diphos).]~ , 989 

WCs2HagN4P4 

W(N)(N3)(diphos)2, 997 
W(N2)2(diphos)., 1011 

WCs2H49CIN2P, 
WCIl(diphos).(N2H), 1012 

WCs2H49N2P4 
[WH(N,)2(diphos),]?*, 1012 

WCs2HaoN4P4 
[WH(N;)2(diphos)]*, 1015 



Formula Index 

WCs2Hs50CloP, 
WH.CL,(diphos)., 1012, 1015 

WCs2HsoN4P4 
W(N2)2(PMePh,)2(diphos), 1011 

WC;2H52P, 
WH, (diphos)., 1012, 1015 

WCs2Hs6P, 
WH, (PMePhz2),4, 1015 

WCs2H57P4 
[WH;(PMePh,),4]*, 1015 

WC;3HagBrCl,N>P, 

[WBr(diphos),(NN=CCl,)]*, 1013 
WCs3HysBrF3N,P, 
WBr(diphos).(N=NCF;), 1014 

WC,;3Hs 9BrN2P, 

[WBr(diphos).(N2CH2)]*, 1013 
WC;3H;,BrN2P, 

WBr(diphos).(N2Me), 1013 
WC;3H;2.BrN>P, 

WBr(diphos).(N,HMe), 1013 
WC,3H.,NOP, 
W(NH)(OMe)(diphos)., 997 

WC54H4g02P, 
[W(CO),(diphos).]*, 1005 

WCs4Hs2Cl,N.OP, 
WCL,(diphos),(N;HAc), 1013 

WC.5H;.BrN,P, 
[WBr(diphos),{NN=C(NHMe),}]*, 1013 

[WBr(diphos),{NN==CH(CH,);0H}OH]*, 1013 

s6tles 

WH,(PEtPh.),4, 1015 
WCIF;S 

WSF,Cl, 979 
WCIF,S 

[WSF,Cl]-, 979 
Wwclo; 

[WO3Cl]_, 978 
WCLF,S 
WSF,Ch, 979 

WCLF;3S 
[WSF,Cl,]~, 979 

WCLF, 
WCLF,, 975 

WCI,N,0, 
[W(NO),Cl},,, 1014 

WC1,0S 
WOSCI, 979 

WCI1,O, 
WO,Cl, 976 

WCI,SSe 
WSSeCl,, 979 

WCLS» 
WS,Clh, 977, 979 

WCl, 
WC, 1011 

WCIL,FS 
WSFC1,, 979 

WCI,F; 

WCIF3, 975 
WCI1N 
WNC1,, 980 

WCI,NO 
W(NO)Cl,, 1014 

WC1,0 
WOCIL,, 985 

WCLS 
WSCl;, 986 

WCLSe 
WSeCl,, 986 

[WSFCl,]~, 979 
WCI,N 
[WNCL]~, 980 

WCL,N,0, 
[W(NO),Cl,]?~, 1014 

WCL1,0 
WOCL,, 976 

WCI1,0, 
[WO,Cl,]?~, 978 

WCL,S 
WSCl,, 979, 980 

WCL,Se 
WSeCl,, 980 

WC, 
WC, 984 

WCI5H,5Cl3N, 

WNC, (py)s3, 981 
WCI,N 

[WNCI,]~, 981 
WCI1;O 

[WOCI,]?~, 985 
WCI,S 

[WSCl.]~, 980 
WCl, 

WCl., 974 
[WCl.]~, 984 
[WCl,]?~, 989 

WCI,;NO,P, 

{WNCI1,(OPCI,)}4, 981 
WFO, 

[WO,F]~, 978 
WF,O, 

[WO,F,]2~, 978 
WF;0, 

[WO,F3]?~, 978 
4 

WE,, 988 
WE,O 
WOF,, 976 

WF,0; 
[WO(O,)F,]2~, 977, 980 
F,S 4 

WSF,, 979 

[WF.N3]~, 976 
WF,OXe 
WOF,XeF>, 976 

WF, 
[WF,]~, 976 

8 

[WF,]2~, 976 
[WF,]?-, 984 

WF,,OTe 
WF; (OTeFs), 975 

WF,.O05Tes 

WF,(OTeFs)s, 975 
WGeC,3H,Br4N203 

W(CO),(bipy)(GeBr3)Br, 1007 
WH,2F303 

[WO,F;(H,0)]~, 978 

WO, 976 
WI, 

WI;, 998 
Wi, 
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WI,, 988 
WLi,CgH24 

Li;W(Me)s, 976 
WMoC3H208 

MoW(OAc),, 1307 
WM0C,9H3608 

MoW(0,CBu'),, 1232 
WMoC,,H N,O, 

MoW(N=CMeCH=CHCH=C0),, 1307 
WM0C,9H3608 

MoW(O,CBu'),4, 999 
[MoW(O,CBu'),4]*, 1009 

WMoCy4Ho4N4Ou 
MoW(N=CMeCH=CHCH=C0),, 1009 

WMoHCl, 
[MoWCI,H]?~, 1316 

WMoHCl, 
[MoWCl,H]3~, 999 

wocl, 
WOCh, 990 

WOF, 

[WO,S,]?~, 982 
WO-Se, 

[WO,Se,]?~, 982 
O 4 
[WO,]?, 974, 978, 1033, 1034, 1259 
S 4 
[WS,]2~, 982 

WSe, 

[WSe,]2~, 982 
WSnCgH,,Cl,03S, 

W(CO)3{SCH3S(CH;)2CH>}(SnMeCl,), 1007 
aF io 

[TaWFio]~ , 593 
WZnSe, 

[Zn(WSe,)]?" , 982 

{W(CO)3Cp},Al(THF)s, 119 

{WCl(py)(PMe,Ph)3(3-N2)}2(AICl,)3, 1012 
W,AIO, 

[Al(WO,)2]~, 117 
W2Au.Ss 

[Au,(WS,)2]?" , 982 
W-.BrgCl 

[W,CIBrg]*" , 999 
W.Bro 

[W.Bro]?—, 999 
[W.Bro]? , 999 

W.2C,Cl,4N> 

W2Cl,(u-Cl)2(NC2Cls)2, 981 
W.2C,4HsCleS4 
WSC1,{u-SCH,S(CH2).CH,} WSCl,, 980 

W.2C,4Hi2N2 
W.2(NMez;)2, 1002 

[WCl3(u-H)(u-SMe.)2WCl,]~, 1000 

2UsO14 
[W204(C204)2.5]°~, 987 

W2C6HisClsS3 
WCI1,(u-H)(u-SMe2)2WCl,(SMe2), 1000 

W2C.017 
[W20;(C,0,)3]*” , 978 

W2CeF 1208 
W.2(O2CCF3)4, 1009, 1010, 1230 

W2CgHjsCls02S2 
[W202(u-SBu’)2(u-Cl)Cl4]~ , 988 

W2CgH24 
[W2Meg]*~ , 1010 

Formula Index 

W2CgH24Cl.Na 
W,2Cl,(NMez2)a, 1001 

W.2CsN,03 

[W203(CN)g]>" , 998 

W2CgN,03S¢ 

[W,03(NCS)¢]*~, 988 
W2Ci0H12N2012 

[W.0,(edta)]?~ , 986 
W2Ci9H22Cl4O4 
W,Cl,(u-OEt).(u-MeyCOCOMe,), 992 

W2Ci0H27ClSs 
WCI,(SMe,)(u-SEt);WCl,(SMe;), 1000 

W2Ci2HioClS2 

[WCI,(u-Cl)(u-SPh),WCl,]2~, 1000 
W2Ci2H30Cl4O¢ 

W,Cl,(OEt)., 987 
W2C12H32Cl4O¢ 

W,Cl4(OEt),(EtOH),, 992 

W2Ci2H32Cl4P, 

W.Cl4(Me,PCH,CH2PMe,)2, 1009, 1010 

W2Ci2Ha6ClaP, 
W,Cl,(PMe;), 1009, 1010 

W2Cy2H36CleP4 

W,Cl,(PMe;)s, 1000, 1009 
W2Cy2N36Ne 

W.2(NMez2)e, 1000 

W2Ci4H32N204S6 

W2(u-S)2(S2CNEt2)2(OMe)4, 987 

W2Ci6H32ClsO4 
W,Cl<(THF),, 1000 

W2Ci6HaoBr2Ng 
W,Br,(NEt,),, 1002 

W2Ci6HaoCh Ng 

W,Cl,(NEt,),, 1001 
W2Ci6H42N20¢ 
W,(OEt).(MeNHCH,CH,NHMe), 1002 

W2Ci7Hs6Po6 

W.2H,(u-H))(u-PMe2)(PMes)s, 1015 
W2CisH36N6012 

W2(O2CNMe2)6¢, 1002 

W2CisHasNag 

W2Me,(NEt,)4, 1001 
W2C20H20CleNg 

W.2Cle(py)s, 999, 1000 
W2Cr0H4oN4S10 

W,(u-S)2(SxCNEt,)4, 991 
W2C22H 42010 : 
W(OPr),(u-OPr'),W(CO)s, 976 

W2Cr2H4sN4Og 

W.2Me2(O2CNEt2),, 1002 

W2C22H¢sN20¢Sig 
W,(OSiMe;)<(NHMe,)>, 1001 

W2Cr4H 24 

W,(cot);, 1008, 1010 
W.C24H N,O 

W,(N=CMeCH=CHCH=CO),, 1008, 1010 
W.2C24H2gN 
W.(N=CMeCH=CHCH=CNH),, 1008, 1010 

W2C24Hs5406 

W,(OBu')¢, 982, 1001 
W2Cr4He2N4Sir 

W2(CH,SiMes3)., 1000 

W2CraHeeSic 
W.2(CH,SiMe3)¢, 1000 

W2Cr6H7gN4Sig 

W.2{Si(SiMe3)3}2(NMez2)4, 1002 

W2C2gHs2N20¢ 
W2(OPr'’)«(py)2, 976, 1001, 1002 

2C29Hs2N20, 
W2(OPr').(py)2(u-CO), 1004 
2C30H60N6O12 
W,(O;CNEt,)¢, 1002 

W2C30H700¢ 



W.(OPr')¢(u-C4Me,)(MeC=CMe), 1003 

W2C32H44Ni0 

W.(NMe,)4(PhNNNPh)», 1002 
W2C36 2810 

W2(0,CC.H;)4(THF)2, 1010 
W2C36HegO6P2 

W.2(OCH,Bu'),(PMe;)>, 1002 

W2Cs3gHesCl;04P2 

W2(u-H)(u-Cl)(PBus)2Cl,(02CPh)2, 1010 
2C39H77NO,2 

W2(O02CH,Bu').(py)(u-MeC=CMe), 1003 
W2Cao 83**%3~12 

W,(O,CH,Bu')¢(py){u-N(CMe,)N}, 1003 
W2C42H7gN2012 

W.2(02CH,Bu').(py)2(u-HC=CH), 1003 

W2CygH30F 120 8P2 

W,2(O2CCF;)4(PPh;)>, 1009, 1010 
W2CasHiosClaP4 

W,Cl,(PBu;),, 1009 
[W.Cl,(PBus),4]*, 1010 

W2Cs2HagCl4P, 

W,Cl,(diphos),, 1009 
W.Cl,(dppe)., 1010 

W2CeoHs2NsO2 

W.(N=CMeCH=CHCH=C0O),(Ph,NNNPh,)2, 1010 

W2CeoHooN 10P 6 

{W(N2)2(PEt:Ph)s3}2(u-N2), 1012 
W2C,2HgsN,03 

[WO(octaethylporphyrin)}.O, 986 
W.C1,0,S, 

WCL,(O)(u-S)2WCL,(O), 987 

W.Cls 

[W.Clg]*~ , 1009, 1010 

W.Cl,Se; 

[W.Cl,Se3]?~ ’ 987 

W2Clo 

[W2Cl,]?~, 999 

[W2Cl,]3~ , 999, 1010, 1242 

W2Chio 
W2Clio, 984, 987 

[W2NClio]?- , 980 

W2Cli90 

[W20Clio]*”, 990 

W.CoSs, 

[Co(WS,)2]?~, 982 
[Co(WS,)2]?~ , 982 

W2Cu4C72H 600 2P4S¢ 
Cu,(WOS;)2(PPhs)., 983 

W.2F.04 

[W20,F¢]*—, 987 

W2Fi902Xe 

(WOF,).XeF2, 976 

W.FeS, 

[Fe(WS,)2]?" , 982 
[Fe(WS,)2]?~, 982 

W2Fe2C22H34N4Ou 
W2{CpFe(CO)2}2(NMez2)4, 1002 

W2H,0;3 
[W(O2)2(0)OW(O)(O2)2(H20)2]?, 977 

207 a 

[W.03(O2)2]?" , 980 

3 2712 

AL,(WO,)s3, 117 

W3Ci2H22015 be 

[W30(OAc).(H20)2]? 5 995 

W3Ci2H24017 a 

[W302(OAc)6(H20)s]?* , 995 

W3Ci4H27016 hs 

[W3;0(CMe)(OAc).(H20)s3]*, 996 

W3C1gH27020 

[W302(OAc)9]~ , 995 

W3CsgHesClsOsP3 

Formula Index 

W;0;Cl,(OAc)(PBus)s, 994 
3C40 7419 

W302{O,CBu'} (HO), 995 
W;Cly 

[W3Clo]?~, 998 
W3Cr3Ce5H119028 
W3{OCH.Bu'}O3Cr3(O,CBu'),2, 994 

W3F,0, 

[W30,4F5]>" , 994 
W3Fe3S12 

[Fe3W3S12]*” , 982 
W3Ga2012 

Ga,(WO,)s3, 135 

W308, 

[W3O0Sz]2-, 997 
399 
[W3So]?_, 997 

W4Ci2N4Or4S4 

[W408(NCS)4(C204)4]® , 978 

W4Ci2Ni1208S12 

[W40g(NCS).12]® , 978, 980 

W4CisHa2CleNeO14 

W,03Cl,(DMF)., 978 

W4C32Hg00 16 
W,(OEt)16, 993 

WaCa2F100014 
W.,(u-H)2(OPr')14, 993, 1001 

WaCagHo4O14N2 

{W2(OPr')6(py)(CO)}2, 1004 

WaCasHiosClsPs 
W,Clg(PBu;)4, 1010 

W,HsClgO12 

[W,OgClg(H20)4]?", 978, 980 
W,Nb204 

[Nb2W,40,0]*, 1047 

W.,Nb,ReC30,, 

[Re(CO)3(Nb2W,Oi9)]>, 1047 
W.Nb2RhCi9Hi5019 

[Rh(CsMes)(Nb2W4019)]?", 1047 
W,Nb2RhsC35H40019 

[{Rh(nbd)},(Nb2W4049)2]37, 1047 
W016 

[W,O,6]®~, 1033, 1034, 1258 
W401 

[W404]? , 1258 
4912 
[W4S12]?, 987 

Ws023P2 
[W5O23P2]® , 1039, 1042 

WeAs2C12H11025 
[W.O18(PhAsO3)2(OH)]>, 1053 

WeAs2C12H 12025 
[W.O1is(PhAsO3)2(OH2)]*- , 1053 

W.Br4Cls 

(W.Cls)Br,, 1011 

W.BrgCl, 

(WeBrg)Cly, 1011 

WeBreF4 

(WeBrg)F,; 1011 

WeBrir 
WeBri2, 1011 

WeBrig 
WeBria, 1011 

WeBric 
WeBrie, 1011 

WeBris 
W.Brig, 1011 

W,.Cl, 

[W.Cl,]?~, 1011 

W.Clel4 

(W.Clg)I4, 1011 

WeChiz 
W,Cli2, 1011 
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Wels 
Welt, 1011 

W.MnOv,4 

[MnW.02,4]*, 1044 

W,NiH,O24 
[NiWeH,O24]*~, 1044 

W, NiO, 
[NiW,Or4]®~, 1044 

WeO19 
[W,O,9]2~, 1033, 1035 
[W,O,9]?~, 1051 

[We019]? 
[W.O,5]?-, 1052 

WePtH;Or. 
[PtWe6H3024]>, 1044 

W,PtO4 
[PtW.O.4]®-, 1044 

W702 
[W7024]* , 1033, 1034, 1044 

WsOaoP4 
[WgO4oP,]??-, 1039 

WsV4OaoP 
[WsVsOqoP]7, 1036, 1049 

WsVsO4o 

[VsWsO4o]7~, 1041 
W.AsO33 

[AsW.033]?, 1042 

W.Co3H_040Si 
[WeSi{Co(OH,)};037]?°-, 1049 

W.oNb3RhCgH 120 40Si 
[Rh(cod)(SiWeNb;O4o)]®, 1047 

WoNb3RhCi9H15040Si 
[Rh(C;Mes)(SiWoNb3040)]5~, 1047 

WoOa4P 
[W.034R]7_, 1039, 1049 

W,03,S1 
[W.Os4Si]?°-, 1038, 1049 

W.SbO33 
[SbW.033]?-, 1042 
9V 4040 
[(V)WeV3Oq0]6~, 1037 

W0CeO36 
[CeWo036]8~, 1046 

W19M0,040Si 

[Mo3W1o040Si]*~, 1036 
W10032 

[W10032]*, 1033, 1034, 1258 

[W10032]*”, 1051 
10036 
[WioQ36P]7~, 1039 

W10036Si 
[Wo03¢Si]®~, 1038 

W10V2040P 
[W10V2040P]>, 1036 

W1:BCoH3040 
[BW,;Co(OH3)O30]6~, 1048 
11 39 

[BW11039]?, 1048 

W11BO40 
[BW12040]>, 1048 

W11BeCoH,04, 

[BeW,,Co(OH,)O9]*, 1037 
[BeW11,Co(OH)O39]7-, 1037 

W1i:BeMnH,0,, 

[BeW,,Mn(OH3)O39]7~, 1048 
W,,CoFeH,04 

[CoW,,Fe(OH,)O39]7-, 1048 

W11CoH,O40 
[W11(H2)Co(OH2)O39]7— F 1048 

W11C02H2049 
[CoW,,Co(OH;)O30]8~, 1037 

W11MoO0,40Si 
[MoW,.,040Si]*~ , 1038, 1041 

Formula Index 

W1,NiH,O40Si 
[W,,SiNi(OH3)O39]®, 1048 

W11039P 
[W11039P]7~, 1039 

W11030Si 
[W,,030Si]®~, 1038 

W1:SiMoO4o 
[SiMoW,,04]*~, 1036 

W12A10 40 
[AIW 2040], 117 

40 
[BW12040]> , 1048, 1050 

W12CoO4o 
[CoW 420 40]> , 1037 

[CoW12040]®_, 1042, 1052 

W 12Cu04o 
[CuW 42040], 1042 

[CuW42040]7_, 1050 

W12GeO4o 
[GeW12040]*, 1038 

W12HO40 
[Wi2(H)O40]7_, 1033, 1034 

12H2040 

[W12H2O40]° , 1258 

[W12(Hz)O4o]®, 1033, 1034, 1037, 1050 
[W12(H2)O4o]7", 1052 

W12H2042 

[W12H2042]1°,, 1033, 1258 
W12H2O4P2 

[W1204gH2P2]!2~, 1039 
12040 

[W12040P]?_, 1035, 1037-1039, 1050, 1052 

W120 40S 
[W120 40Si]* , 1036, 1037, 1050 

[W120 40Si]>~ , 1052 

W120 48P2 
[W1204gP2]14~, 1040 

W130 40P 
[W13040P]?-, 1038 

W15Os6P2 
[W1sOs6P2]!2~, 1039, 1040 

W15V3062P2 

[V'YVY2W1sO¢2P2]?, 1051 
W17061P2 
[W17061P2]?° , 1039, 1040 

W18sAsH20¢0 

[As(H2)W1sQ¢0]”, 1042 
W,3As3;Cu3H4O¢ 

[(AsW.,033)2Cu3(H20).]!2~, 1049 

W1sAs20¢2 

[As.W30¢2]®* , 1040 

[As2W 062]? , 1052 

W1sCo4H,O70P2 

[(W_PO34)2Co4(H2O),]?°, 1049 
W18062P2 
[W1sQ¢2P2]® , 1040 

1sP 2062 
[W1isO0¢2P2]® , 1039 

W488N2C12H 100 ¢0P 2 
[WigP2(SnPh)20¢0]®, 1049 

W19As20¢7 
[As.W19067]147, 1042 

W190 68P2 
[W1s0¢gP2]*4, 1040 

W20As20¢8 
[As2W20O0¢s8]??, 1042 

W21A8,H2079 

[As2W210¢9(H20)]®* , 1042 
W2,As3NaSb,Oge 

[NaSb.As3W210g6]18~ ’ 1042 

W21H4O73P2 
[W2107,(H20),P.]®* , 1039 

W21NaSboOg6 



[NaSbyW210g6]?8~, 1042, 1049 

W.22Ge,U0 7, 

[U(GeW,,039)2]!2~, 1048 
W3oNaQi10Ps 

[NaW3o0110Ps]?47, 1039-1041 

W34CeO122P, 
[Ce(P2W17061)2)?6 , 1048 

WaoAs,Co2HgNO142 

[As4Wa4o(NH4)O140{Co(OH2)}2}?>~, 1049 
WaAs4KO 140 

[KAs4W400140]?7, 1042 

WasOis4Ps 

[WasOi84Ps]*° , 1039, 1040 

XeF 
[XeF]*, 313, 314 

XeF, 

XeF,, 312, 314, 316 
XeF,NNO,S, 

[Xe{N(SO,F)2}]*, 319 
eF,0, 
XeF(OSO,F), 320 

XeF; 
[XeF,]*, 312-314 

XeF3NO,S, 

XeF{N(SO,F),} 5 319 

XeF, 
XeF,, 312, 314, 315 

XeF,N,O3S, 

Xe{N(SO,F)3}2, 319 
XeF, 

[XeF.]*, 312, 315 
XeF, 

XeFe, 312, 315 
XeF, 

[XeF;]", 312, 315, 316 
XeFs, 

[XeF,]2~, 312, 315, 316 
XeF 1 902Se, 

Xe(OSeFs),, 320 
XeF,.0,Te, 

Xe(OTeFs),, 320 
XeF,.0;Te, 

XeO(OTeFS),4, 320 
XeF390,¢Te, 

Xe(OTeFs)«, 320 
XeO, 

XeO,, 319 
XeOg 

[XeO,]®~, 319 
Xe,F3 

[Xe,F,]*, 313, 314 
Xe,F;0;3S 

[(XeOF),SOF]*, 320 
Xe2Fi1 

[XeF,,]*, 315 

YC,H,O, 
[Y(O,CH),]~, 1076 

YCgHs016 
[Y(O,CH)s]*~, 1076 

YCsH24N306S;3 
[Y(NCS)3(18-crown-6)], 1092 

YC,gH42N3 
Y(NPr',)3, 1072 

YCyoH4F 2408 

[Y(hfacac),]~, 1081 

YC30H30F 2106 
Y(CF,CF,CF,COCHCOBvu'),, 1078 

YFe 
[YF.]3~, 1099 
aly 
[Y2Io]*, 1100 

Formula Index 1595 

YbB3Cy7HyyN 
Yb{HB(NN=CHCH=CH),},, 1073 

YbC,2H24N20,. 

[Yb(NO3)2(18-crown-6)]*, 1094 
YbC,2H34NP.Si, 

Yb{N(SiMe3),} (Me2,PCH,CH,PMe,) ’ 1111 

YbC15H210. 
Yb(acac)3, 1077 

YbCigH42N; 
Yb(NPr',);, 1072 

YbBCzoH4oNaSe 
[Yb(S,CNEt,),]~, 1087 

YbC2,H9N3012 
[Yb{2,6-(02C)2py}s]>~, 1090 

YbC,5H,,CIP, 
Yb(CsMes),Cl(Me,PCH,PMe,), 1073 

YbCz5H44P2 
Yb(C;Mes)2(Me,PCH,PMe,), 1073 

YbC33Hs570¢. 
Yb(Bu'COCHCOBu');, 1079 

YbC3¢Ho9N2P2Si, 
Yb{N(SiMe;)>}2(PBu;)2, 1111 

YbC72H60N3024P 5 
Yb{N{O,P(OPh),},}3, 1084 

YbCsF, 
CsYbF;, 1112 

YbF, 
[YbF,]~, 1099 

YbH,0O, 

[Yb(OH),]*~, 1076 
YbH30, 

[Yb(H,O).}°*, 1074 
515 

[Yb(NO3)5]?, 1086 

NaYb{N(SiMes3).}3, 1111 
YbNaC.oH5,N202Si, 

NaYb{N(SiMe;)2}2(OEt,)2, 1111 
YbRbF; 

RbYbF;, 1112 
Yb2Fe3C51H69011 

{Yb(C;Mes)2}2Fe3(CO)14 7 1112 

ZnAlFo 

[ZnAlFo]*", 121 

ZnNbC,5H,7 

ZnTaCoH21 

TaH(Cp).Zn(Cp)2, 639 

ZnWSe, 
[Zn(WSe,)]? , 982 

Zn2B2V2C52H64P4 
V.Zn,H,(BH,)2(PMePh,),, 460 

Zn4V4Ci00H92032 
{VZnO(O,CPh)3(THF)},4, 480 

ZrAIC,,H4907 

AIZr(OPr')7, 392 
ZrAl4Hro 

Zr(AlH,4)4, 432 

ZrAs,C3H,,Cl F 

ZrCl,{F,CC(AsMe,)=C(AsMe,)CF,}, 366, 370 
ZrAs3C1,H27Br, 

ZrBr,{MeAs(CH,CH,CH,2AsMe,)>} > 383 

ZrAs4C2oH32Cly 

ZrCl,(diars)., 383 

Z1BCgHioChN, 

ZrCl,{HB(NN=CHCH=CH);), 381 
ZrBC,5H2.Cl,N 

ZrCl,{HB(NN=CMeCH=CMe);}, 381 
ZrBCi9H3;Cl,NeO 
ZrCl,(OBu'){HB(NN=CMeCH=CMe);}, 381 

ZrBC,3H3oCl,Ne6O 

ZrCl,(OBu'){BuBNN-=CMeCH=CMe)3}, 381 
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Z1B2C24H2,Cl Nie 

ZrCl,{B(NN=CHCH=CH),}», 382 
ZrB4C4gH N 

Zr{B(NN=CHCH=CH)}4, 382 
ZrBr4 

ZrBr4, 422 
ZrBre 

[ZrBr¢]?" , 430, 431 
ZrCCl,NO 
ZrCl,(NCO), 379 

ZrCCl,NSe 
ZrCl;(NCSe), 381 

ZrCH,Cl,N2S 

ZrCl4(H,NCSNH,), 421 
ZrCH,Cl,N,O 
ZrCl4(H,NNHCONH,), 438 

ZrCH;Cl4N3S 

ZrCl,(H,NNHCSNH;), 438 

ZrCl,{P(NCO),}, 383 
ZrC,Cl,N,P 

ZrCl,{(PCN),}, 383 
ZrC,Cl4N,0, 

ZrCl,(NCO),, 381 
[ZrCl,(NCO),]2~, 379 

ZrC,Cl4N,Se 
ZrCl,{Se(CN),}, 381 

ZrCCl,N; 
ZrCl4(NCCl)2, 381 

ZrC,F,0O, 
[Zt(CO3)3F4]*~, 410 

ZrC,H,0, 

[Zr(OH)3(C,04)]”, 412 
Z1C,H,O, 

Zr(O2)(C,04)(H20)2, 388 
ZrC,H;Cl;O 

[ZrCl,(OEt)]?~, 392, 431 
ZrC,H,Cl,0 

ZrCl,(Me,0), 404 

[ZrCl,(OMe),]2~, 392 
ZrC,H,Cl,N 

[ZrCl,(MeCN)]~ , 432 
[ZrCl,(NHEt)]?~, 372 

ZrC,HsCl4N,O, 

ZrCl4(H,NCONH,),, 382 

Z1rC2H 4901782 

[Zr(C,04)(SO4)2(H20)s]?~ , 408 
ZrC3H,N3;0, 3 

[ZrO(NCS)3(H,0)]~, 287 
ZrC3;H,Cl,O 

ZrCl4(Me,CO), 404 
ZrC3H,ClO 

ZrCl,(OPr’), 391 
Z1C3H,3Cl,N; 

ZrCl,(NHMe);(NH,Me), 372 
ZrC,Cl,4N,4S2 

ZrCl4{S(CN)>}2, 381 
Z1rCyF 1201284 
Zr(O3SCF)4, 418 

ZrC,H,.Br4N2 

ZrBr4(MeCN),, 382 
ZrC,H,ClN, 

ZrCl4(MeCN),, 382 
Z1C,H¢F2010S2 

Zr(OAc)2(SO3F)., 408 

ZrC,H,O; 

ZrO(OAc)>, 287 
ZrC,H,O, 

Zr(OH)3(O0;CCH=CHCO,H), 410 
ZrC,HgCl,O, 

ZrCl,(AcOEt), 404 
ZrCly( CH,CH,0CH; H,), 404 

Formula Index 

ZrC4yHgCl4O4 

ZrCl4(HCO,Me)., 404 

ZrCyHgCl4S 
ZrCl,(§CH,CH,SCH,CH,), 418 

ZrC,HgS4 
Z1(SCH,CH,S)>, 418 

ZrC4Hi2Cl,N202 
Z1Cl,(OCH,CH,NH;,)», 437 

ZrC4Hy2Cl,N4Os 
ZrOCl,(HCONH,)4, 416 

ZrC4Hy2Cl4N4Ou 
ZrCl4(HCONH)2),4, 414 

Z1C4Hy2Cl4O2 
ZrCl4(Me20)2, 404 

ZrC4Hy2Cl4S2 
ZrCl,(SMe,)>, 418 

ZrC,H 420, 

Zr(OMe)4, 389 

ZrC4N4O4 

Zr(OCN),, 379 
ZIG{Os 

[ZrO(C,04)2]?~ 412 
ZrCyOx5 

[Zr(CO3)4]*~, 410 
ZrCsH,ClzNO, 

ZrCl,(NCCH,CO,Et), 405 
ZrC;H,Cl,0, 

ZrCl,(acac), 392 
ZrC;5H1,F,N,O 

Z1F,{(Me,N),CO}, 382 
ZrC.Ns 

[Zr(CN)s]5~, 364 
Z1CgH4ClN, 
ZrCl4(NCCH2CN)>, 382 

ZrC,H<Cl,0 
ZrCl3(OPh), 392 

ZrCgHeCl;N;0 
ZrCl,(4-pyCONNH,), 437 

ZrCgHgClaN2 
ZrCl4{NC(CH2)4CN}, 382 

ZrCsHgCl,N,O; 
ZrCl,(NCCH,CONH;)>, 416 

ZrCgHgFO.S 
Zr(OAc)3(SO3F), 408 

ZrC.Hi2.Cl4N> 

ZrCl4(Et,.NCH.CN), 371, 382 
ZrCgHy2Cl,O2 

ZrCl,(Me,CO)>, 404 

ZrCl4(HCO,Et),, 404 

ZrCgH120¢ 

ZrO(O,CEt),(H;0), 410 
ZrC.Hi4Br4zN202 
ZrBr,(DMF)>, 416 

ZrC,H,,ClO; 

ZrOCl(OPr')3, 391 
ZrCgHi4Cl,N,03 

ZrOCl,(DMF)>, 416 
Z1rC.H,4Cl,0, 

ZrCl,(OPr'),, 391 
ZrCgHi4gN6O10 
Zt(NO;),(DMF)3, 374 

ZiCgHy5Cl,N 
ZrCl,(NEt), 371 

ZrCe6Hi¢Cl,N2 

ZrCl,(TMEDA), 372 
ZrC.HgCl,N,OSi, 

ZrCl,{(NMeSiMe,),0}, 378 
ZrC.HisCl4N2 

ZrCl4(NMe3)2, 371 

ZrCgHigCl4N.Si 

ZrCl,{(NMe,),SiMe,}, 372 
ZrCeNeO¢ 



[Zr(NCO),]?” , 379 
ZrCeN6S¢ 

[Zr(NCS).]?~, 380 
ZrtCgNeSeg 

[Zr(NCSe)g]?7 , 380 
Z1C601 

[Zr(C,0,4)3]?~, 411 
TC.Oi6 

[Zr(CO3)4(C204)]® , 410 
ZrC,HoCl3N 

ZrCl3(2,4-Mespy), 369 
ZrCl,(3,5-Mespy), 369 

ZrC,HeCl4N 
ZrCl4(2,6-Mespy), 372 

ZrC,;HyNsO; 
Z1(OH)2{2,6-py(CONNH,),}(H20), 440 

Z1C7H9Cl,N>Si, 

ZrCl,{(NMeSiMe,).CH}, 378 
Z1C,H,,Cl,N3Si, 

ZrCl, {(NMeSiMe.).NMe}, 378 
ZrC,0,,7 

[Zr(CO3)3(C204)2]® , 410 
ZrCgCl,,O0, 

Zr(O,CCl3)4, 410 
ZrCgHgClN> 

ZrCl,(N=CHCH=NCH=CH),, 373 
ZrCgHgCl,S, 

ZrCl,(SCH—=CHCH=C ~H)2, 421 
ZrCgH,,03 

Zr(OAc)4, 409 

ZrCgH,6Cl,O, 

ZrCl,(THF),, 403, 404 

ZrCgHi¢Cl,O, 

ZrCl4(AcOEt),, 403, 404 

ZrCl,(OCH,CH,OCH,CH,),, 404 
ZrCgHi6Cl4S> 

Z1Cl4{S(CH2)4}2, 418 
Z1rCgH,,0,S, i 

Z1(SCH,CH,S)(OPr'),, 418 
ZrCgHy9Cl,N,O, 

ZrCl(OCH,CH,NHCH,CH,OH),, 437 
ZrCgHyoCl,O, 

[ZrCl,(OEt),4]?~ , 392 
ZrCgHyoCl,O2 

ZrCl,(Et,O)., 404 

ZrCgHyoCl4S4 

ZrCl4(MeSCH,CH,SMe),, 418 

ZrCgHy4Cl,N.Si, 

ZrCl,{(NSiMe3)2SiMe,}, 378 

ZrCgHy4N,4 
Zr(NMe;)4, 375, 376 

ZrCg016° 

[Zr(C,04)4]*" , 411 
ZrC,H7F4,NO 

ZrF,(8-quinolinol), 438 
ZrCoHoCl4N3;03 

ZrCl4(MeCOCN)s, 405 

ZrCyH21ClO3 

ZrCl(OPr’)3, 391 

ZrCyO49 

[Zr(CO3)(C,O4)4]®~, 410 
ZrC,oHgCl,N,03 

ZrOCl,(bipy N,N-dioxide), 287 

ZrCypHgCl4N2 
ZrCl,(bipy), 374 

ZrC49Hi9Cl3N2 

ZrCla(py)2, 366 
ZrCio0Hi9Cl4N2 

‘ ZrCla(py)2, 372 
ZrC49H1,Cl3N3 

[ZrCl3}(MeCN)(pyrazine)]* , 374 
Z1rC19H14Cl,O4 

Zr(acac)Cl,, 400 

Formula Index 1597 

Z1Ci9H14N2010 
Zr(acac)2(NO3),, 397, 400, 401 

Z1Cj9Hi¢6Cl,N2 

ZrCl,{NC(CH,)sCN}, 382 

ZrCyoHi6N2010 
Zr{(O.CCH2),.NCH,CH,N(CH,CO,),}(H,0)>, 385, 

436, 437 

ZrCi9HigCl,O, 

Zr{MeCH(O)CO,Et} Clo, 414 
Z1CypHyoCl,N, 

ZrCl4(EtzNCN),, 382 

Z1Cy9O20 
[Zr(C2O4)s]® , 411 

Z1C,,HgCl,N,0, 

ZrO(phen N-oxide)Cl,, 439 
Z1C,,HgCl,O;Se, 

ZrO(O,SeC,H,Cl-4),, 418 
Z1C,,HgCl,N> 

ZrCl,(phen), 374 
ZrC,,HsN,0,Se, 

ZrO(O2SeC,H,NO,-3)., 387, 418 
ZrC,,H,O; 

[Zr(OH)(1,2-O,C.H,)2]~, 403 
ZrC42Hi9Cl,O0, 

ZrCl,(OPh),, 392 

Z1C42H2Cl,N,O, 

Zr(3-NCacac).Cl5, 400 

ZrC,2Hi2Ng 
Zr(NCH=NCH=CH),, 377 

ZrCy2HigF2N4Sg 
ZrF2{S,CN(CH,CH2).NC(S)SH},, 419 

Z1Cy2H 08 
Zr(O2CEt),4, 409 

Z1C 12H 9012 
Zr{O,CCH(OH)Me},, 413 

ZrC12H24N2012 

[Zr{N(CH2CO2)s3}2]?, 436 
ZrC12H24N4O4S, 

Z1(SOCNMez?),, 420 

Z1Cy2H24N4Oz 
Z1(O,CNMe,)4, 410 

Z1Cy2H 2,04 
Zr(OPr'),, 389-391, 397, 402 

ZrCy2H39Cl4N, 
ZrCl,{N(CH,CH,NMe,)3}, 372 

ZrC12H32Cl4P, 

ZrCl,(dmpe)., 383 
Z1C,2H36CLN>Si, 

ZrCl, {N(SiMe3)2}2, 377 

ZrC,2H3.N,02Si, 

Zr{(MeNSiMe,)20}., 378 

Z1rC12H36N4Si4 

Zr(MeNSiMe,SiMe,NMe),, 378 

Z1rC1H36.0,Si4 

Zr(OSiMe3)4, 391 “ 

Z1C12H3607S¢ s 
[ZrO(DMSO),]?*, 416 

ZrC13HoCl,N 

ZrCl,(5,6-benzoquinoline), 372 

Z1C13H300,4 
Z1r(OMe)(OBu');, 389 

ZrC14HgO¢ 

Zr(2-OCsH4CO2)2, 413 

ZrCy4Hi9Cl,O, 

Zr(2-OC,H,CHO),Cl,, 402 

ZrC,4H,2.Cl,O, 

Z1Cl,4(PhCHO),, 404 

Z1rC14H14Cl,N,0, 

ZrCl,(PhCONNH,),, 437 

ZrCy4Hi6F4N4O2 
ZrF,(PhCONHNH,),, 438 

ZrCy4HigN3010 
[Zr{{(O,CCH2)2NCH2CH,},.NCH,CO,}]", 436 
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ZrC,4H23N3S¢ 
ZrCp(S2CNMez)3, 419 

ZrC14H2,05 , 
Zr(acac)(OPr')3, 401 

ZrCy4HaoN4Sig 

Zr{(MeNSiMe,)2CH3>}2, 378 

Z1Ci4HaaNeSig 

Zr{(MeNSiMe;)2NMe},, 378 

ZrC,5H,,F402 
[Zr(PhCOCHCOPh)F,]~ , 392 

ZrC,5H,5Cl,N3 

ZrCl;(py)3, 369 
ZrC,5H,5Cl4N3 

ZrCl4(py)3, 372 
Z1C,5H,ClO. 

Zr(acac)3Cl, 399, 400 
ZrC,5H2:1O, 

Zr(acac)3I, 397, 399 
ZrC,5H2,NO9 

Zr(acac)3(NO3), 397, 400 
ZrCy¢6HgCl4Ng 

ZrCl4{1,2-(NC)2CeH,4}2, 382 

Z1C16H120¢ 

Zr{PhCH(O)CO,},, 413 
ZrCy6HigClaNoS2 

ZrCl4(PhCH=NNHCSNH,), 437 

Z1rCy6Hi9ClO, 

Zr(acac)zCIPh, 401 

ZrC16H2gNsO4S4 
Zr(NCS)4(DMF),, 380 

ZrC16H32Ni2 
Zr(NNMeCH=CHNMe),, 378 

ZrCisH36NgSq 
Zr{NMeC(S)NMe,}4, 349 

Z1Cy6H4oN4 
Zr(NMe2)2(NPr'2)2, 375 

Zr(NEt2)4, 370, 375 

ZrCigH4oN4O, 
Zr(ONEt,)4, 438 

Z1Cy6H4oOgP 48g 
Zr{S,P(OEt)2}4, 421 

ZrCi6HgoNg 
Zr(NEt,)4, 375 

Z1C3¢6H4gCl,0gSg 

ZrCl4(DMSO)g., 414 

Z1Ci¢6HagN4Sic¢ 

Zr{(NSiMe3)2SiMe}2, 378 

Z1rC17H340s 
Zr(acac)(OBu');, 401 

ZrC4gH,Cl,O,4 

ZrCl,(coumarin),, 403 

Z1CigH120¢ 
[Zr(1 ,2-O2C6H,)3]?~ , 403 

Z1C1gH12S6 
[Zr(1,2-S2C¢H,)3]?_, 421 

ZrCigHi4F4N20 
ZrCl(8-quinolinol),, 438 

Z1C,gHi5Cl4PS 

ZrCl,(SPPh3), 421 

Z1C,gHigCIN3;0. 

Zr(3-NCacac)3Cl, 400 
Z1rC,gHigCl,O, 

Zr{PhCH(O)CO,Me}.,Cl,, 414 

Z1rCygHy9Cl4aN4Ou 

ZrCl4(MeCONHNHCOPh),, 436 

ZrC1gH28010 : 
Zr(MeCOCHCO,Me)3(OPr'), 402 

ZrCigHy4gNg , 
Zr(NEt,)3(NPr'2), 375 

ZrCigHs4ClN3Sig 

ZrCl{N(SiMe3)2}3, 377 

Zr{PhCH(OH)CO,}{PhCH(O)CO,}(OPr'), 413 

Z1CzoH4F 2408 
Zr(hfacac),4, 398 

ZrCy9H 1 6Br3N4 

ZrBr;(bipy)2, 366 

ZrCzoHy6F 4Na4 
ZrF4(bipy)2, 374 

Z1Cx9H16F 1208 
Zr(MeCOCHCOCF;)4, 398, 399 

Z1Cy9H6N4Os 
[ZrO(bipy N,N-dioxide),]?* , 287 

Z1Cx9H16NgO 
Zr(ONCH=CHCH=CHCO),, 418 

Z1Cy9H2g04S4 
Zr{MeC(S)CHCOMe}., 439 

Z1C2oH2g0g8 
Zr(acac)4, 397, 398, 409 

Z1C29H4oN4O4Sa 
Z1(SOCNEt,)4, 420 

ZrCzoH4oN4Sz 
Z1(S2CNEtz),4, 419 

Zr(S2CNMePr),4, 419 

ZrCx9H 4404 

Zr(OCMe2Et),4, 389 

ZrCz9H45O05 
[Zr(OBu');] , 392 

ZrCyoHagN4Sin 

Zr{(NBu'),SiMe>}>2, 378 

ZrCyoHs6Cl2N2P4Si4 

ZrCl,{N(SiMe,CH,PMe;)>}2, 383 

ZrC21HisS6 
[Zr(1,2-S,CeH3Me-4)3]?, 421 

ZrCz1H27Cl4N303 

ZrCl4(2,6-Mezpy N-oxide)3, 414 

ZrCz4HisN4O3 

[ZrO(phen N-oxide).]?* , 439 

ZrC24Hi6NgS4 
Zr(NCS),4(bipy)2, 380 

ZrCx4H i 6NgSe4 

Zr(NCSe),4(bipy)2, 380 

Z1Cx4H 1604 
Zr(2,2'-O,biphenyl),, 403 

ZrCl,{OP(O)Ph2}>2, 418 

ZrCz4H29NgOg 
Zr(ONPhNO),, 417 

Z1rC24H 2904 
Zr(OPh),4, 392 

ZrC24H2S4 
Zr(SPh)4, 418 

ZrCy4HySe4 

Zr(SePh),, 421 

Zr{(+)-PhCH(OH)CO,},Cl, 413 
ZrC,4H24N 

[Zr(N CH=CHCH=CH),|]?~, 377 
Z1rC 24H 2gCl4aN,O4 

ZrCl4(4-H,NC,.H,OH),, 438 

ZrC24H36012 
Zr(MeCOCHCO,Et),, 402 

ZrCz4Hs6OgP4Sg 
Zr{S,P(OPr')2}4 “i 421 

ZrCz4H60Cl4NgO12 
ZrCl, {N(CH,CH,0H), } 4> 437 

ZrCy¢6HyCl,N20, 

ZrCl,(2-OC,;H,CH=NPh),, 437 
ZrC,.H22Cl,N20; 

ZrOCl,(2-HOC,H,CH=NPh),, 437 
ZrC36H22Cl4N,0, 

ZrCl4(2-HOC,H,CH=NPh) 2> 438 

Z1Cy6Hy4Cl4P2 

ZrCl,(dppe), 383 
ZrC,.Hs4Cl,0, 

ZrCl,(OCBu's)., 392 



ZrCzgHy Og 
Zr(tropolonate),, 402 
Zr(2-OC,H4,CHO),, 402, 435 

ZrC2gHs6N4Sg 
Zr(S,CNPr',)4, 419 

ZrCzgH6oO2 
ZrMe2(OCBu';), 392 

ZrC3oH4No 
Zr(bipy)3, 366 

[Zr(bipy)3]~ , 366 
[Zr(bipy)3]?~ , 366 

ZrC39H24N.O, 
[ZrO(bipy N,N-dioxide)3]?* , 287 

Z1C32H,5Cl5Ng 
Zr(chlorophthalocyanin)Cl,, 440 

ZrC32H 3012 
Zr{(+)-PhCH(OH)CO,}4, 413 
Zr(3-MeO-2-OC,H3;CHO),, 402 
Zr(2-OC,H,CO.Me),, 414 

Z1C33H36N6O4 
[ZrO(antipyrine)3]2*, 416 

Z1C36H2,CINgO, 
Zr(chlorophthalocyanin)(OAc),, 440 

ZrC35H24N,04 
Zr(8-quinolinolate),, 437 

ZrC36H4Ne6 
Zr(phen);, 366 

ZrC36H4oN202 
Zr(2-OC,;H,CH=NEt),, 438 

ZrC36Hs4NsO, 

Zr(NPhCONMe>),, 439 

ZrCygH2gN4O4 

Zr{1,2-(2-OC,H,CH=N).C.H,}2, 435 

ZrC4oH36O0 
Zr(acac)(PhCOCHCOPh),, 398 

ZrC4oHsoN404 

Zr(octaethylporphyrin)(OAc)>, 439 
ZrC42H.63ClO; 

ZrCl(OC,H3Bu',-2,6)3, 392 

ZrC4gHogClN4 

Zr(tetraphenylporphyrin)Cl,, 440 
Z1C44H32N19OSe,4 

Zr(NCSe),4(phen)3(THF), 380 

Zr1C44H 7608 
Zr(Bu'COCHCOBu'),, 398 

ZrC45H33ClO, 
Zr(PhCOCHCOPh);Cl, 400 

Z1rC45H3306 
[Zr(PhCOCHCOPh);]*, 400 

ZrCy6H36N4Oz 
Zr{3,4-(2-OCgsH4,CH=N)2C.6H3CO32Et} >, 435 

ZrCyg¢HsgN4O4 
Zr(octaethylporphyrin)(acac)2, 440 

Z1C47Hs6N4O3 
Zr(octaethylporphyrin)(acac)(OPh), 440 

ZrCygHyoOsP4 
Zr{OP(O)Ph.}4, 418 

ZrCs2H4oN,0Os 
Zr(ONPhCOPh),, 417 

ZrCsgHagNi2 
Zr(NNPhCH=CHNPh),, 378 

ZrCeoH4408 
Zr(PhCOCHCOPh),, 397, 398 

ZrCe6H72N1206 
[Zr(antipyrine),.]** , 416 

ZrC72H 6090 oSi6 

[Zr{(OSiPh2),0}3]?", 418 
ZrCd,Fs ' 

Cd,ZrF,, 428 
ZrCl,O 

ZrOCh, 384, 386 
ZrCl3N3 

ZrCl,(N3), 379 

Formula Index 

ZrCl, 

ZrCly, 371, 422 
ZrCl4Ne 

[ZrCl,(N3)2]?~, 379 
ZrCl,O 

[ZrOCl,]?— , 386 

Zr(ClO4)4, 384, 408 
ZrCl, 

[ZrCl.]~, 432 
ZACle 

[ZrCl,]?~ , 372, 430, 431 
ZrCl,O,4P, 

ZrOCl(O,PCl,)(POCI;), 407 

ZrCl,OP 
ZrCl,(POCI;), 414 

ZrClz03P, 

ZrCl,(O2PCl,)(POCI;), 407 
ZrCl49O2P, 

ZrCl,(POCI;)., 414 

Z1Cly2H.4N,048, 
Zr(SOCNMe,),, 420 

ZrCl,,0,S, 

{ZrCl4(SOCI,)}>, 414 
ZrCrF¢ 

CrZrF., 757 
ZrCuF, 

CuZrF,, 427 

ZrCu,Fs, 

Cu,ZrF3, 428 
Z1F,O 

ZrOF,, 287 

Zr1F,0, 

Z1(O2)F 2, 388 
ZrF,07S, 

ZrO(SO3F)>, 408 
ZrF3O 

[ZrOF3]~, 287 
Zr1F, 

ZrF,, 422 

ZrF4042S4 

Z1(SO3F),4, 408 
ZiF; 

[ZrFs]~ , 425-427, 429 
[ZrFs]?— , 370, 423 

ZrF;O, 

[Zr(O2)Fs]3~ , 388 
ZrF¢ 

[ZrF¢]?_ , 423-429 

Z1F, 

[ZrF7]3~ , 423-427, 429 
Z1Fs 

[ZrFg]* , 423, 424, 426, 428, 429 
Z1F 42 

[Zr2Fy2]*" , 427 

ZrFeC,,H,,Cl,N 

ZrCl,{(NCCH,C;H,)FeCp}, 382 

ZrHF;O, 

[ZrF;(OOH)]? , 388 
ZrHF,O, 

[ZrF,(OOH)]3~, 388 

ZrH,F,0 

Z1F,(H,O), 422 

ZrH30;,S 

Zr(OH).(SO,), 407 

ZrH,0oS2 
Zr(SO,)2(H20), 407 

ZrH4F,N2 

ZrF,(N2H,), 374 

ZrH;Cl,N, 
ZrCl3(NH2)(NHs3), 371 

ZrH,.F,03 

ZrF4(H2O)3, 422 
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Z1H,0;583 

[Zr(SO4)3(H2O)s]?" , 408 
ZrHgF4Nq 

ZrF4(N2H,4)2, 374 
ZrHgN4Oi6 

Zr(NO3)4(H2O),4, 407 
ZrHgO20S4 

Zr(SO4)4(H20)4, 407 
Z1H 4901382 

Zr(SO4)2(H20)s, 407 

Z1H,20¢ 

[Zr(H2O).]>* , 370 
Z1H44045S2 

Zr(SO4)2(H20)7, 407 
Z1H 1608 

[Zr(H,0)s]**, 385 
Z1H 160 24S4 

Zr2(SO4)4(H20)s, 407 

ZrH,gBr3Ne 

ZrBr3(NH3)6¢, 366 

Zr; 
Zrl,, 370 

Zri, 

Zrl4, 422 

Zl 

[ZrI,]?~ , 430 

ZrMnF, 

MnZrF,¢, 428 

ZrMn2Fs 

Mn,ZrFg, 428 

ZrMo,024 

[Zr(MoOg4).]®— ’ 408 

ZrN4O12 

Zr(NO3)4, 406 

Z1tN,O12 

[Zr(NO2)¢]?" , 374 
ZIN,Ois 

[Zr(NO3)6]?" , 406 

ZrO; 
[ZrO 3]? , 385, 412 

ZrOzS2 
Zr(SO4)2, 407 

ZrRe,C1gH1g042 

Zr{(OC)3;Re(MeCO)3}>, 402 

ZrSigBC,2H4oClN> 

ZrCl(BH,4){N(SiMe3)2}2, 433 
ZrSmF; 

SmZrF,, 428 

ZrSn3CsgHs5N 
Zr(NEt,)(SnPh;)3, 370 

ZrSn3C.,Hs,NO 
Zr{NPhC(O)H}(SnPh3)3, 370 

ZrSn4C72H6o 

Zr(SnPh3)4, 370 
ZrTiCgH24Cl4N, 

ZrCl4{Ti(NMe2)4}, 372 
Zr,C,ClgI,N2 

{ZrCl,(ICN)}>2, 381 
Z12C6H2029 

[Zr4(OH)3(COs)e]>, 411 
Zr,C,H,O0>, 

[{Zr(CO3)3}2(OH)2]® , 385 
Z1r,CeHsCleN2S4 

Zr2Cle{S2CN(CH2CH2)2NCS,}, 419 
Z1r2C5H 1202S 

[Zr2(CO3)6(SO4)(H20).]* , 408 
Z1,C.H,405 

Zr,03(OPr')2, 390 

Z1,CgHi,05 

Zr,03(OBu'),, 390 

Z1,CyoHisCleNs 
Z1,Cle(MeCN)s, 366 

Z12Cy2H30N, 

Formula Index 

{Zr(NBu')(NMe;)}, 375 
Zr2Cy.Ha6Cl Ps 

{ZrCl,(PMe3)2} 2> 369 

Zr,C265H7gN4OSig 
{ZrMe{N(SiMe3)2} 2}20, 386 

Z12C29H 4609 
Zr,(2-OCsH4CH,0)(2-OC,H,CHO)(OPr')s, 402 

Z12C39Ha4CleNo 
ZrzCle(bipy)3, 366 

Z12C31H3009 
Zr(2-OC,H4CH,0)3(2-OC,H,CHO)(OPr’), 402 

Z12C36H24ClsNo 
Z1rzCl¢(phen)3, 366 

Zr2CagHio8CloPs 
{ZrCl3(PBu3)2}2, 364, 366, 369 

Zr,Cl,O 

Zr,0Cl,, 386 

Zr2ClaNe 

[{ZrCl,(N3)}2]?" , 379 
Zr2,ClgO 

[Zr2OCl,]?~ , 386 

Zr2Cly 
[Zr2Cly]~ , 432 

Z12Cl9O 

[Zr2OClio]* , 386 

Zr2Cu3F 4 

Cu,(ZrF7)2, 428 

Zr2F6O,4 
[Zr2(O2)2Fe]?, 388 

Z12F70, 

[Zr2(O2)2F7]>— > 388 

Z12F 4 

Zr2F 32 

[Zr2F12]* , 424, 427, 428, 430 

Zr2F 13 
[Zr2F13]> , 423, 424, 426 

Zr2F 14 
[Zr2Fi4]® , 424, 428 

Z12H4F 1902 

[ZrF,(H2O)}.F.]?- , 385 

[Zr2F19(H2O).]?-, 424, 427 

[ZrF19(H2O)2]?~ , 430 

Zr2Hs0448 

Zr2(O2)3(SO4)(H20)4, 388 
Zr2HgO2gS4 

[{Zr(SO4)2(H20)2}2(SOx)2]*" , 385 
Zr12HgOrgSe 

[Zr2(SO4)6(H20)4]*~ : 408 

Z12H10018S3 

Zr2(OH)2(SO4)3(H20)4, 407 

{ZrF3(H2O)3}2F2, 385 
Z12F3(H20)<«, 422 

Z12H 1602484 

{Zr(SO4)(H20)4}2(SO4)2, 385 
Zr2Sn7C320H 100 

{Zr(SnPh;)3}2SnPh2, 370 

Zr3CgH29O0g 

Zr304(OEt),, 390 

Z13C30H3003 
{ZrOCp.}3, 386 

Z14F 1903 

Zr4F 1903, 287 

Zr4Fi9 
[ZraF19]?~ , 423, 427 

Zr4F 21 2 

[Zr4F21]5- , 423, 424, 426 

Zr4F 34 

[Zr4F24]® , 427 
Z14H32020 

[Zr4(OH)a(H20),12]**, 385 



Formula Index 1601 

Zr4H 49024 [ZreF31]7~, 423, 424, 426, 1174 
[Zr4(OH)3(H20),.6]**, 384, 385 Z143C36H 198044 

ZreF 31 Z11303(OMe)36, 390 
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