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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(I1) 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. JBrgensen 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 cumplexing 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(lI1) ions 
[Co(NH&I3+ and [Co(q5-C5H&]+. Any species where the number of metal-carbon bonds is 
at least half the coordination number of the metaI 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. 

vii 



... 
vlll 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 and 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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50.1 INTRODUCTION 

Nickel metal was isolated in 1751 by A. F. Cronsted from some ores in the cobalt mines of 
Helsingland, Sweden. He proposed the name ‘nickel’ for the newly discovered metal from the 
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mineral ‘kupfernickel’, described by U. Hiarne in 1694, which he demonstrated to contain the 
new element instead of copper as previously believed.’ Nickel is widely distributed in the 
Earth’s crust as sulfide, arsenide and silicate, with an estimated abundance of 0.016%.2 
Selected physical properties of elemental nickel are reported in Table 1. The metal is hard and 
brittle, possesses a face-centred cubic lattice and is ferromagnetic. Naturally occurring nickel 
exists as a mixture of five stable isotopes (Table 2). Nickel compounds have been found to 
occur with the metal in oxidation states ranging from -1 to +4.5 However, comparatively very few 
compounds correspond to the lowest (-1) and to the higher (+3 and +4) oxidation states. 

Table 1 Selected Physical Properties of Nickel’ 
~ . .. 

Atomic number 28 

Atomic mass 58.71 
Ionization energy (Id mol-’) 

first 743 
second 1758 
third 3400 

Ni2’/Nio -0.25 

Electronic configuration (ls)2(2r)2(2p)6(3~)2(3~)6(3d)8(4s)2 

Standard electrode potential (V) 

M.p. (“C) 1453 
B.p. (“C) 2732 

Table 2 Natural Isotopes of Nickel4 

Isotope Abundance (%) Atomic mass 

’*Ni 67.88 57.9353 

62Ni 3.66 61.9283 

60Ni 26.23 59.9332 
61Ni 1.19 60.93 10 

@Ni 1.08 63.9280 

Most of the nickel compounds in the solid state and almost all in aqueous solution contain 
the metal in the oxidation state +2, which, by consequence, can be considered the ordinary 
oxidation state for nickel in its compounds. The electronic structure and stereochemistry of 
nickel(I1) were reviewed in 1968.6 The most stable electronic configuration of the free Nin ion 
is [Ar]3d8 which is also the ground state configuration in its complexes. The overwhelming 
majority of nickel(I1) complexes have coordination numbers of four, five and six. Complexes 
with coordination numbers of three, seven and eight are still quite rare. 

In almost all its six-coordinate complexes nickel(I1) has a pseudooctahedral stereochemistry 
with a spin triplet as ground state (high-spin configuration). A typical example is the 
hexaaquanickel ion [Ni(H20)6]2+ which is characteristically bright green. The replacement of 
water molecules by ligands such as NH, or en, which have greater donor strength, shifts the 
absorption spectra to higher frequencies and the d o u r  of the corresponding six-coordinate 
complexes [Ni(NH&]’+ and [Ni(en)3]2+ becomes blue. The magnetic moments of octahedral 
complexes of nickel(I1) usually lie between 2.9 and 3.3 BM and the temperature dependence of 
the magnetic susceptibilities follows a Curie-Weiss law. 

Five-coordination is now quite common in nickel(I1) complexes and many polydentate 
ligands such as polyamines, salicylaldimines, polyarsines and tolyphosphines have been 
designed with the purpose of favouring this stereochemistry .7. However, five-coordinate 
complexes with monodentate ligands ([Ni(CN)$- and [Ni(0A~Me)~l”) are also known. 

The five-coordinate nickel(I1) complexes have structures which are generally near to one of 
the two limiting geometries, namely the square pyramid (C4u symmetry) and the trigonal 
bipyramid (ar, symmetry), The electronic ground state of nickel(I1) in five-coordinate 
complexes can be either a spin singlet (low-spin configuration, diamagnetic) or a spin triplet 
(high-spin configuration, with magnetic moments in the range 3.2-3.4 BM).. For example, the 
square pyramidal complexes [Ni(CN),I3- (1) and [Ni(OAsMe3)5I2’ (2) are low-spin and 
high-spin, respectively, and [NiBr(Me6tren)]+ (3) and [NiBr(nps)]+ (4) are trigonal bipyramidal 
high-spin and low-spin complexes, respectively, In general, low-spin complexes are formed by 
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donor atoms such as C, P, As and S, which have low electronegativitj, whereas high-spin 
complexes are formed by highly electronegative donors such as 0 and N. 

1'- OAsMe3 l+ 
Y,CN 

CN Me,AsO 
(1) (2) (3) (4) 

The majority of four-coordinate nickel(I1) complexes are square planar and invariably 
diamagnetic, whereas pseudotetrahedral complexes, which are always paramagnetic, are 
relatively rare. Typical examples of pseudotetrahedral species are the tetrahalonickelates(I1) , 
[N&I2-. It is, in general, found that ligands with weaker donor strength favour a 
pseudotetrahedral structure, whereas ligands with a higher donor strength tend to produce 
square planar structures. The complexes NiX2(PR& are either square planar or pseudo- 
tetrahedral, depending on the coordinated halide. It must also be borne in mind that ligands 
which contain bulky substituents on the donor atoms may prevent a planar structure due to 
steric hindrance, and a distorted tetrahedral structure may become preferred.1° As a matter of 
fact, in the bis(N-alkylsalicylaldiminato)nickel(II) complexes (3, the tetrahedral species are 
favoured by the increasing steric hindrance of the substituents in the donor atoms. Most of the 
aforementioned complexes give rise in solution to temperature-dependent equilibria between 
pseudotetrahedral and square planar species. Pseudotetrahedral nickel(I1) complexes have 
spectral transitions in the visible region with a much greater intensity than octahedral 
complexes, owing to the lack of an inversion centre (elrl. = 102 compared to eM < 10). 

Nickel(I1) in tetrahedral symmetry has an orbitally degenerate ground state and the magnetic 
moments of tetrahedral complexes are expected to be substantially higher than those of 
six-coordinate complexes because of the larger orbital contribution. The magnetic moments are 
usually found to be in the range 3.3-4.0 BM at room temperature and tend to zero at very low 
temperatures. 

Strong Ni-ligand interactions stabilize planar configurations in four-coordinate nickel(I1) 
complexes, as shown by the shorter bond distances found in planar complexes. Planar 
complexes of nickel(1I) are often red or yellow owing to an absorption ( E M  < 100) around 
500 nm. Square planar complexes formed by monodentate ligands are not rare, [Ni(CN),]'- 
being a particularly well-known example. The majority of them are formed by either chelate 
ligands or tetradentate macrocyclic ligands. The red bis(dimethylglyoximato)nickel(II) (6) and 
bis(dipivaloylmethanato)nickel(II) (7) are examples of neutral bis-chelate planar complexes. 
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Porphyrin (8) and phthalocyanine complexes stabilize a square planar structure, probably as 
a result of extensive electron delocalization. Square planar complexes often give paramagnetic 
bis adducts with a trans octahedral geometry. 

Amongst the compounds of nickel in low oxidation states ( - l , O ,  +1), the nickel(0) 
complexes are by far the most common and the most intensively studied" while nickel( - I) has 
been claimed to be formed only in a few organometallic complexe~.~*'~ Besides the organic 
compounds of nickel(0) which contain only N i x ,  many nickel(0) complexes are formed by 
ligands containing P or As as donor atoms. Although the electronic states 30 (3d94s'), 
3F (3da4s2) and 'S (3d") are energetically very close to each other in the free Ni atom, the 
reported nickel(0) complexes are all diamagnetic. This means that the ligands stabilize the 
lS (36") configuration relative to the other ones. 

The nickel(0) complexes are, in general, unstable towards atmospheric oxygen and moisture. 
The Ni(PR3)4 complexes (R= halogens, alkyl, phenyl) are the first examples of nickel(0) 
complexes containing four phosphorus-donor atoms, and are all considered to have a 
pseudotetrahedral structure. The complex Ni(np3) is one of the very few examples of trigonal 
pyramidal geometry. Both monodentate and polydentate tertiary phosphines have been found 
to stabilize the coordination to nickel(0) of molecules such as C02, SO2, N2 and NO which 
otherwise give very unstable linkages with the metal. Some important examples are 
[Ni(C02)(PCy&], [ {Ni(PCY3)2)2N2I7 [Ni(S02)(triphos)l and [Ni(NO)(np3)1+. 

Nickel(1) complexes are comparatively much less numerous than the nickel(0) complexes, 
and in general are formed by the same types of ligand as those encountered in nickel(0) 
chemistry. Mononuclear nickel(1) complexes are paramagnetic (d9 configuration with peff in the 
range 1.7-2.4 BM) and, in general, are either four-coordinate pseudotetrahedral or five- 
coordinate trigonal bipyramidal as exemplified by [NiBr(PPh,),] and [NiI(np3)]. 

N P  and Ni'" complexes are now well known, even though they are not very numerous.12 
The large majority of these complexes are formed by ligands with highly electronegative donor 
atoms such as F, 0 and N, but the earliest reports on complexes of nickel in higher oxidation 
states concern the five-coordinate [NiBr3(PEt3),] and the six-coordinate [NiCl,(diars>,]Cl. All 
the re orted nickel(II1) complexes have a spin doublet ground state originating from the 

ground state originating from [Ar]3d6 and are diamagnetic. 
Oxime-type ligands (9) and (10) have been found to stabilize authentic Ni"' and Ni'" 

complexes, respectively, when the nickel(I1) Complexes are oxidized by K2S2OS in alkaline 
solution. 

[Ar]3d s free ion configuration and are paramagnetic. Nickel(1V) complexes have a singlet 

Me, PH 

$1'. 
R )=" 'OH q--, Me OH 

(9) (10) 

In recent years tetraaza macrocycles have been found to stabilize both Ni' and Ni"' oxidation 
states in nickel complexes. 

50.2 NICKEL@) 

50.2.1 Introduction 

In this section we will review the most significant complexes of nickel(0). Many of these 
complexes are on the borderline between classical coordination chemistry and organometallic 
chemistry; they will be reviewed in general when the number of N i x  bonds is less than or 
equal to the number of bonds from Ni to non-carbon atoms. However, complexes with classical 
ligands such as CN- will be included. The chapter is divided into sections according to different 
classes of ligands. Within each section the synthesis of the complexes and their reactivity will be 
described in general terms first, followed by consideration of the structure and bonding and by 
comments on relevant physical properties. 
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50.2.2 The Stabilization of Low Oxidation States 

A nickel complex, namely Ni(C0)4, was the first reported (1890) coordination compound of 
a metal in a low oxidation state.13 Today the number of the nickel(0) complexes is enormous 
and is still increasing. 

It is generally a~cepted",'~.'~ that an important factor for the stabilization of low oxidation 
states in metal complexes is the transfer of electron density from the metal into suitable empty 
n* orbitals of the donor atoms (the so-called n back-donation). This n bonding, arising from 
the transfer of ligand electrons into excited empty metal orbitals, is superimposed on the u 
bonding. This n back-donation usually gives a significant contribution to the total energy of the 
complexes. The importance of this contribution increases when the energy difference between 
the filled metal d orbitals and the empty n* orbitals on the ligands decreases, and it is therefore 
also very sensitive to the nature of the other coligand bound to the metal. 

Low oxidation states are generally stabilized by ligands which have both (I donor (lone pairs) 
and n acceptor (either empty d orbitals or empty antibonding E* orbitals) capability. Examples 
of common ligands with these characteristics are carbon monoxide, cyanide ion, alkyl and aryl 
isocyanides, tertiary phosphines and arsines, and alkyl or aryl phosphites. 

Unsaturated organic molecules such as alkenes, alkynes, dienes, polyenes and arenes can 
also stabilize low oxidation states in metal complexes, being both u donors (filled bonding K 
orbitals) and K acceptors (empty antibonding n* orbitals). In these so-called n complexes, only 
x orbitals are involved in the metal-to-ligand bonds. This latter type of complex is beyond the 
scope of this chapter and only a few examples will be given. 

Owing to the extensive sharing of valence electrons over the metal and donor atoms in 
complexes of metals in low oxidation states, the zero oxidation state has little, if any, physical 
significance, and may be used for classifying purposes only. Outstanding examples are the 
complexes with nitric oxide which may be considered as NO+, NO- or NO, and consequently 
different oxidation states may be assigned to the same complex. 

Nickel complexes with q3-bonded cyclotriphosphorus and cyclopropenyl fragments are 
discussed together in a separate Section (50.3). As a matter of fact the bonding mode of these 
ligands is the same in all of the complexes, irrespective of the different oxidation states which 
can be assigned to the nickel atom. 

50.2.3 Cyano and Isocyano Complexes 
Only a limited number of cyano and isocyano complexes and mixed carbonyl, nitrosyl and 

phosphine cyano complexes of nickel(0) have been described so far.16 
K,Ni(CN), is a yellow solid which is extremely sensitive to oxygen and moisture. It can be 

prepared by reducing KzNi(CN)4 in liquid NH3 with an excess of potassium" and decomposes 
in water with H2 evolution. CN- ions can be easily replaced by ligands with greater E acceptor 
properties such as CO, NO and phosphines. Mixed carbonyl and nitrosyl cyano complexes have 
been prepared by direct reactions (equations 1 and 2).18719 

(1) 

(2) 

(3) 

[Ni(R3P).,] + KCN (4) 

(5) 

liq. NHJ 
I&Ni(CN)4 + CO - K2[Ni(CN)z(CO),I 

I(4Ni2(CN)6 + NO - K,[Ni(CN),(NO)] 
liq. N H 3  

[Ni(CN),]'- + NH,OH + OH- + $0, - [Ni(CN),NO]'- + CN- + 2H20 

liq. NH,, R,P 

[Ni(diphos),] + KCN liq. NH,. diphos 
* diphos = Ph2PCH2CH2PPh2 

r 
UWCN),  

[Ni(bipy),] + KCN 

K2[Ni(CN),NO] has also been reported, from the reaction of nickel(I1) and hydroxylamine in 
alkaline solution (equation 3).20,2' 
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Displacement reactions have been carried out in liquid ammonia (-33 "C) with RQ, R3As, 
R3Sb, ditertiary phosphines, bipy and phen2' leading to complete substitution of CN- groups 
(equations 4-6). 

Tetrakis(alky1 isocyanide) complexes of nickelto), Ni(CNR)4, and the mixed isocyanide 
complexes with phosphines and unsaturated molecules are strictly analogous to the cor- 
responding carbonyl complexes.u3" They are generally more stable than [Ni(CN),I4-. Mixed 
isocyanide complexes have been prepared by the reaction of Ni(cod)z and CNBu' followed by 
reaction with the appropriate phosphine or unsaturated molecules (alkenes, arylnitroso 
compounds, azo compounds, etc.) as outlined in equations (7) and (8).= 

Ni(cod), + 2CNBu' - Ni(CNBu'),* + 2cod (7) 

Ni(CNBu')2 + 2Ph3P - [Ni(CNBu'),(Ph,P),] (8) 

By bubbling O2 into a solution of Ni(CNR)4 or Ni(CNR)2 at temperatures below -2O"C, 
green compounds having the formula [Ni(CNR),O,] are formed (R = Cy, But).% It is reported 
that these compounds are very air-sensitive and thermally unstable: they may explode 
spontaneously when dried. The reactivity of the [Ni(CNR)202] complexes has however been 
studied (equations 9-14) .27 In general, the oxygen atoms are transferred from the isocyanide 
complex to the different reactants with the formation of different oxo compounds such as 
oxoanions, peroxides and phosphine oxides. Reactions (9)-(14) (referred to as atom transfer 
reactions) all occur at low temperatures. 

[Ni(CN13ut),0,] + Ph3P (excess) - [Ni(CNBu'),(Ph,P),] + 2Ph3P0 (9) 

/-, [ Ni (NO3), (CNBu'),] 

[ Ni ( CNBU')~NO]NO~ 

fNi( COJ (CNBu'),] \C02, below 0 "C 
[Ni(CNBu'),O,] 

\ 
\=& [Ni(SO,)(CNBu'),] (13) 

[N~(CNBU')~O,] + 2PhCOCI - [NiCl,(CNBu'),] + PhCOOCPh (14) 
II II 
0 0  

The reaction with (CF&CO leads to an explosive compound which undergoes transforma- 
tion to the more stable compound [(RNC)2NiOC(CF3)20C(CF3)2.28 

The t-butyl isocyanide complexes of nickel(0) are used as starting materials for the synthesis 
of a number of complexes with unsaturated groups A bonded to the nickel atom in reactions 
similar to those given by dioxygen or diazo complexes (Sections 50.2.7.2 and 50.2.6.3). 

The only X-ray crystal structure available is that of [N~(CNBU')~O~] (ll).29 In  this complex 
nickel(0) has square planar coordination with oxygen bonded in the side-on mode. 

- 

(11) 

Four-coordinate [Ni(CN),I4- or Ni(CNR)4 molecules are usually assumed to have a 
pseudotetrahedral structure like Ni(C0)4. 

The coordinate nature of the CN- or CNR groups is generally inferred by the low frequency 
shift of the CN band in the IR spectra as a consequence of n back-bonding interactions with 
the nickel atom. The v(CN) band in &Ni(CN)4 is at 1985cm-l, and at 2ooOcm-l in 
[N~(CNBU')~]. This frequency shifts to higher values, in the range 2025-2125cm-', in 
phosphine-substituted complexes of the type [N~(CNBU~),(R,P)~] (R3P = Et3P, Ph3P, PhMe2P, 
P(OMe)3).30 

* This is not a compound but a mixture of N i 4  and Ni4L, which has an approximate composition N h .  
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50.2.4 Complexes with Phosphines, Arsines and Sb%ines 

The most common nickel(0) complexes are those containing phosphorus, arsenic and 
antimony as donor atoms. Besides the Malatesta and Cenini book, which specifically deals 
with metal(0) complexes, nickel(0) complexes have been summarized in books and review 
articles which report complexes with phosphine, arsine and stibine l i g a n d ~ . ~ l - ~ ~  Actually the 
nickel(0) complexes with these ligands amount to hundreds and the number of new complexes 
which are synthesized is increasing very rapidly, making nickel(0) phosphine chemistry a very 
extensive topic. 

50.2.4.1 Synthesis 

Several synthetic procedures have been developed for the preparation of complexes with 
phosphines, arsines and stibines, and the most convenient or historically important ones are 
summarized in Table 3. They can be grouped in three main types of reaction: the direct 
reactions of nickel with ligands, ligand replacement reactions and reduction reactions of 
nickel(I1) complexes. 

Direct reaction of elemental nickel with the ligan&. This is the method which Quin used in 
1957 to synthesize the first nickel(0) complex known after Ni(C0)4, namely [Ni(PC12Me)4].38 In 
this method pyrophoric nickel (obtained by thermal decomposition of Ni(C0)4 or nickel(I1) 
oxalate) is allowed to react with the appropriate phosphine at temperatures in the range 
SO-150°C to yield the expected complex. A list of phosphines which react in this way with 
nickel is reported in Table 3 together with the stoichiometric formula of the reaction product. 
More recently NiL4 complexes have been prepared by the reaction of nickel vapour with the 
fluorophosphines PF3,78 P€IF2,45 PF2NMe246,47 and (PF2)2NMe.46 The reaction of a 4 : 1 
mixture of Me2NPF2 and MeN(PF2)2 with nickel vapour gives a mixture of 
[Ni(PF2NMe2}3{ (PF2)2NMe}] and [Ni2{PF2NMe2}2{ (PF2)2NMe}3] .m The fluorine atoms of the 
[Ni(PF3)4] complex have been found to react with alkyl(trimethylsily1)amines and amides 
according to reactions (15)-(17).w81 

NaN(SiMe& 
[Ni(PF3)4-nPF2N(SiMe3)2] n = 1, 2 

(16) 
NHR(SiMe,) 

[Ni(PF3)4] ether. t ,  [Ni(PF3)+ .(PF2NHR),] n = 1,  2, 3; R = Me, Bun 

[Ni(PF3),-,(PF,NR(SiMe,)},] n = 1, 3, 4; R = Me, Et, Bun LNR(SiMe,) 

ether, 0 'C 
(17) 

Ligand replacement reactions. The complete substitution of CO in Ni(C0)4 by tertiary 
phosphines requires, in general, drastic reaction conditions (prolonged heating at T > 100 "C) 
and, possibly, high pressure of PR3,41,48 otherwise a mixture of [Ni(CO),(PR,),] (x  = 
3, 2, 1; y = 4 - x )  compounds is formed. Similar reactions occur with arsines. Aromatic 
diphosphines C61-b(PR3)240 (R = Ph, Et) and  phosphite^"^^ can more easily displace CO from 
the very stable Ni(CO)+ Ni (~od)~ ,  Ni(n-C5H& and &[Ni(CN),] are the most suitable starting 
products for ligand replacement reactions with phosphines and arsines. As an example, the 
reaction of Ni(cod)* with PH3 occurs at -40°C yielding the very thermally unstable 
(decomposes at -30 "C) pyrophoric liquid Ni(PH3)4.49 

The tetrakis-phosphino and -arsino complexes reported in Table 3 have very different thermal 
and air stabilities. In general, complexes with alkyl-phosphines and -arsines are air-unstable or 
pyrophoric. The tetrakis(arylphosphin0) complexes (but not the bis or tris derivatives) are 
moderately air- and heat-stable, and the tetrakis phosphites may be handled in the atmosphere. 
Ni(PF3)* is a stable liquid compound, whereas Ni(PC13)4 and N ~ ( P B I - ~ ) ~  are solids and stable 
only in dry air. 

Reduction reactions of nickel(1I) compounds. The reduction of nickel(I1) compounds to 
yield nickel(0) phosphine complexes has been carried out using a variety of reducing agents 
such as sodium amalgam, sodium sand, sodium borohydride, sodium naphthalenide and 
aluminum trialkyls. In some cases the phosphine ligand itself was found to act as the reducing 
agent. 

The reduction of NiC12(PPh3)2 with sodium amalgam in C&Lj yields Ni(PPh3)2,64 whereas 
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Table 3 Summary of Nickel Complexes with Phosphines, Arsines and Stibines, and their Methods of Synthesis 

Complex Synthesis Conditions ReC 

Ni(PCl,Me), 
Ni(EBr,Me), 

E = P , A s  

Ni{pF(cF3)2)4 
Ni(pm2)4 
Ni(PF,NMe,), 
Ni(PC13), 
Ni(PBr3), 
Ni(PH3)4 
Ni(PR3)4 

R = n-alkyl 
Ni(PMePh,), 

, Ni(AsMe,Ph), 
Ni(PPh,), 
Ni(AsPh3), 
Ni(SbPh3), 
Ni( SbR3), 

R = Ph, tolyl, MeOC& 

E = P ,  As 
Ni{%H4(EPh2)2>2 

Ni{C6H4(AsPh2)2)2 
Ni{GH4(PPh2)2)2 

Ni{P(OR)3)4 
R = alkyl, aryl 

Ni(PHPh,), 

Ni+L 
N i + L  

Ni+L 
Ni + 4L 

Ni(PC13), + SbF, 
Ni(CO), + 4PF3 
N i + L  
Metal vapour technique 
Metal vapour technique 
Ni(CO), + L 
Ni(PC13), + L 
Ni(cod), + L 
Ni(cod), + L 

Ni(cod), + L 
Ni(cod), + L 
K,Ni(CN), + L 
K,Ni(CN), + L 
J&Ni(CN), + L 
Ni(cod), + L 

K,Ni(CN), + G L  

Ni(cod), + L 
Ni(CO), + L 
Ni(n-C,H,), + L 
Ni(cod), + L 
Ni(CO), + L 
NiBr, + PHPh, 
NiCl, + L + Zn 
NiLCl, + NaHg 
Ni(GL),(N03), + NaBH, 
Ni(L--L)Br, + L-L + 
sodium naphthalenide 

Ni(L-L)2(N03)z + NaBH, 
Ni(L-L)2Cl, + NaBH, 
Ni(NO,), + triphos + NaBH, 
Ni(acac), + L-L + 
NiX, + L + R,N 

Ni(acac), + L + Et3A1 
Ni(acac), + L + NaBH, 
Ni(N03), + L + NaBH., 

Ni(N03), + L + NaBH, 
NiLi4 + NaHCO, 
NihX, + Na 

AWkY93 

Ni&Xz + Na 
NiCl, + PR, + PhI 

NiCl, + PR3 

81-104 "C', 
Ether, -70°C 

160 "C 
70 atm, 100 "C 

60 "C 
-196°C 

Refluxing PC13 

Ether, -40°C 
n-Pentane, 0 "C 

Hexane, r.t. 
Ether, 0 "C 
Liq. NH,,-33 "C 
Liq. NH,, -33°C 
Liq. NH,, -33 "C 
Benzene 

Liq. NH,, -33°C 

Ether, 0 "C 
Refluxing toluene 

Benzene, pentane, 0°C 
200 "C 
EtOH, conc. HCl, r.t. 
Refluxing acetonitrile 
Benzene 
Warm acetone or ethanol 
Tetrahydrofuran, r.t. 

Warm acetone or ethanol 
Warm acetone or ethanol 
Warm acetone or ethanol 
Benzene, ether, r.t. 

Cold acetonitrile, ethane 

Benzene, -25 "C 
Refluxing petrol 
Refluxing petrol 

Acetonitrile 
Boiling water 
Toluene, heptane, r . t . 
Toluene, heptane, r. t . 
Refluxing petrol 

Acetonitrile 

38 
39 

40 
41 

42 
43 

43,44 
45 

46,47 
48 
42 
49 

25,50-53 

54 
55 
22 
22 
22 
56 

22 

55 
40 
57 

50,57-61 

62,63 
64 
65 - 
66 
66 

66 
66 
66 
67 

68,69 

70 
71 
71 

72 
73,74 
75,76 

75 
77 

73 

reduction of NiC12 by zinc dust in refluxing MeCN in the presence of triphenylphosphine results 
in the Ni(PPh& complex.ds Both of these complexes are extremely air-unstable. 

Other examples of three-coordinate nickel(0) complexes with phosphine ligands have been 
reported." The reduction of [NiX2(PCy3)2] in toluene at room temperature with sodium sand 
gives either Ni(PCy3)s or [NX(PCY~)~]  depending on the reaction conditions." With less bdky 
triphosphines PEt3, PEtzPh and P(Bu")~ the tetrakis complexes N i 4  are ~btained;'~,'*,~~ these 
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dissociate to the tris adducts when stored at room temperature (equation 18).75,s1 This 
dissociation may explain the ready addition of N2 to the Ni(PR3)4 complexes. 

tl8) 

The borohydride reduction of nickel(I1) compounds in protic solvents may result either in 
the formation of nickel(0) complexe~~, '~  or in the formation of hydrido complexes of 
nickel(I1). Two easily interconvertible isomers, Ni(triphos)e, have been obtained in the 
reduction of Ni(NO& in the presence of the ligand triphos, but their structures are not known 
with certainty.66 

The ligand by itself acted as the reducing agent of Ni" in several reactions, usually performed 
in ethanolic solution. In the case of trialkyl phosphito complexes, trialkylamine has been added 
to the reactants to neutralize the acidity which arises from the reduction 

[Ni(PR3).,] * [Ni(PR,),] + PR3 
white violet 

50.24.2 Structural properties 

The tetrahedral coordination of Ni(PF3)4 has been confirmed by two independent electron 
diffraction studies of the compound in the gaseous ~ t a t e , ~ , ' ~  giving the following molecular 
parameters: N i p  = 210-211 pm, LPNiP = 109" (not refined). Tetrahedral coordination 
around nickel(0) has also been found in tetrakis(2-thienyldifluorophosphine)nickel, 
Ni{PFZ(C4H$)}d, in the solid state. Relevant molecular distances and angles are Ni-P 
209pm, LPNiP 106-111a.84 The Ni-P bond distances found in these two complexes are 
noticeably shorter than those found in other pseudotetrahedral complexes of nickel(0) with 
phosphines which do not contain fluoro atoms. In bis{ bis(dic c1ohexylphosphino)- 
methane}nickel(O) (l2) the Ni-P distances are in the range 219-222 pm. 8 

P \ 
0' 

50.2.5 Carbonyl and Nitrosyl 

50.2 5.1 Carbonyl complexes 

(12) 

Complexes 

A fairly large number of mixed carbonyl phosphine and arsine complexes have been reported 
so far. They are generally prepared by displacement of CO from Ni(CO)+ Owing to the high 
stability of Ni(CO)4, when it is reacted with phosphines and arsines at room temperature and 
atmospheric pressure, only a partial displacement of CO usually occurs. Most of the mixed 
phosphine (or arsine) carbonyl compounds have the general formula [Ni(CO), (PR&-,J 
(n = 3, 2) and [Ni(C0)2(L-L)] (E-L is a diphosphine or &arsine). These complexes are 
colourless or yellow-orange solids or liquids. Many of them are thermally stable but decompose 
in air. The most relevant mixed carbonyl complexes with common phosphines are reported in 
Table 4. 

Some of the mixed carbonyl phosphine complexes have been found to be efficient catalysts of 
oligomerization of alkanes. 

The complex [Edi(CO)(triphos)] (W) has been obtained by the reaction of [Ni(H20)J2+ and 
the ligand p3 with CO at atmospheric pressure and room temperature in ethanolic solution.98 

The reaction of Ni(np3) with CO in THF-ethanol solution yields the monocarbonyl 
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Table 4 Mixed Carbonyl Phosphine and Arsine Complexes 

11 

Complex M.p. ("C) Ref. 

R = Me, Et, Bun 
R = P h  

R = Me, Et, Ph 
R = M e  
R = E t  
R = P h  
R = P h  
R = E t  
R = M e  

P-P-P = PhP(C,&PEt,), 
P-P-P = MeC(CH,PPh,), 

L = PH2CF,, PH( CF3), 
np, = N(CH,CH,PPh,), 

liq. 
206-209 

liq. 

123 
65 

226 
139 
liq. 
71 

156 
190 

57,59,&6-88 

89 
90 
91 

91,92 
40,57 
a , 5 7  
40,57 
40,57 
40,57 

93 
94 
95 
96 
96 
97 

189-192 98 
317 
liq. 99 
98 100 

101 
102 
103 

compound [Ni(CO)(np,)] (14). '03 The reaction of 1,4-bis(diphenylphosphino)butanenickel(0) 
with CO in hexane yields the monocarbonyl compound [Ni(CO)(dppb)2] (15). 101,104 This reacts 
with trialkyl phosphites with a displacement of one molecule of the diphosphine (equation 
19). 'Os 

(19) [ W C O ) ( d p ~ b ) ~ l  - [Ni(CO)P(OR)3(dppb)l 
P(OR)J 

The reaction of [Ni{C,H2,(PPh2)2}2] (n = 2,3) with CO in benzene or CHzClz at room 
temperature and pressure gives in general a mixture of [Ni(CO)(P-P)2] and [Ni(C0)2(P-P)] 
complexes.'01 

Relevant structural data for selected mixed phosphine carbonyl complexes are shown in 
Table 5 .  In all these complexes the nickel(0) atom is four-coordinate in a pseudotetrahedral 
geometry with the N i x 0  linkage essentially linear, the N M - 0  angles being in the range 
173-178". In complex (14) the np3 ligand bonds through the three phosphorus atoms and the 
E' :kel is in a pseudotetrahedral environment. lo3 

Table 5 Some Molecular Parameters for Mixed Phosphine-Carbonyl Complexes 
_. 

Bond distances (pm) Bond angles (") 
Complex Ni-P Ni-C C-0 NiCO PNiP CNiC PNiC Ref 

[Ni(CO),(P%hI 222 176 114 178 117 113 109 106 
[Ni(CO),(PCh)J 226 175 116 177 123 113 100-110 107 
[Ni(C0)2(GH6(PHPh)211 222 174 113 178 98 117 108-112 108 
"CWnp3)l 222 174 118 173 106 - 111-115 103 

Ni(CO),: N i - C  bond distances, 184 pm; C - 0  bond distances, 115 pm; v(C0) stretch, 2057 cm-' 

A number of MO calculations have been performed on carbonyl complexes, with methods 
ranging from ab initio to DVM-HFS. In any case it was found that both u donation and sc 
back-donation interactions are important in determining the geometrical structure and physical 
properties of these complexes. The ab initio calculations of Sakaki et al. 'lo have shown that the 
strengthening of n back-donation is the driving force which stabilizes the pseudotetrahedral 
geometry 21s. the square planar one in [Ni(PR3)2(C0)2] complexes. 

IR spectroscopy has been used to characterize the CO group bound to nickel(0). The v(C0)  
stretching frequency shifts to lower frequency upon coordination as a consequence of i~ 
back-bonding interactions; it occurs at about 1900-1980 cm-' in bis(carbony1) derivatives and 
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at about 188Ocm-' in the [Ni(np3)(CO)] complex. Ziegler an& Rauk have computed the 
contributions to the C 4  force constants in [Ni(CO)&]-type complexes through DVM-HFS 
calculations.'" They found that a relevant contribution to the force constant comes from steric 
interactions (including electrostatic and exchange energy) which oppose the contributions 
coming from n back-bonding interactions. This causes a smaller decrease of the force constant, 
as compared to those of the free CO molecule, upon coordination than that expected 
considering only the amount of charge transferred through and n interactions. 

50.25.2 Nitrosyl complaes 
Different oxidation numbers may be assigned to the metal in any nitrosyl complex depending 

on the different formalism adopted to represent the coordinated nitrosyl group, which may be 
considered as either a cationic NO+ or an anionic NO- species, as well as the neutral 
paramagnetic NO molecule. In the early papers, in the absence of X-ray structmal 
characterizations, much effort was made to correlate the stretching frequency of the 
coordinated nitrosyl group to its coordination mode: linear or NO+ type, and bent or NO- 
type. The large number of structural determinations now available indicates (i) that between 
the t idy 'bent' coordination (angles in the range 119-128') and 'linear' coordination (angles in 
the range 167-MOO), there are numerous examples of intermediate coordination (angles of 
about 150-165'); and (ii) that no simple correlation can be drawn between the v(N0) stretch 
and the coordination mode of NO, the v(N0) stretch also being influenced by the nature of the 
coligands and by the geometry of the molecule. According to the majority of the authors cited 
in this section, we consider that Ni-N-0 angles greater than 150" are associated with 
coordination of the nitrosyl group as, in a formal sense, NO+ and consequently the oxidation 
number of the nickel atom can be assigned. 

A number of review articles dealing with nitrosyl complexes of nickel(0) have appeared. "2-1'6 

Most of the nickel(0) nitrosyl complexes have been obtained as phosphine complexes using a 
great variety of synthetic procedures. The most important reactions leading to nitrosyl 
complexes are shown in Table 6. The complexes are, in general, sensitive to oxygen and 
moisture while in solution, and the preparations have mostly been carried out in a nitrogen 
atmosphere using anhydrous degassed solvents. Reactions also occurred between gaseous NO 
or NOBF, and complexes of nickel in low oxidation states; other reactions imply the reduction 
of the NO; in the presence of nickel(I1) compounds. The reduction of coordinated NO; or 
NOT by CO under very mild conditions, i.e. room temperature and low pressure of CO, should 
be noted (reaction 2).'1s120 The same reaction carried out at high temperature and pressure of CO 
yields the [Ni(C0)2(PR3)2] complex. The [Ni(N03)(NO)(PR3),] complex can be used as the 
parent complex to prepare numerous [NiX(NO)(PR3)2] complexes (X = halides, NCS, NCO, 
N3) by metathetic reactions with NaX. '32-134 

The nitrosyl compounds are, in general, intensely coloured, dark blue, purple or violet, and 
diamagnetic. The crystalline products are mostly stable and soluble in organic solvents. Some 
physical and chemical properties of the complexes whose X-ray structures have been 
determined are collected in Table 7. The complexes [Ni(Et6ps)(NO)]BF4 $16) and 
[Ni(np3)NO]BPh4 (17) have essentially the same distorted tetrahedral stmcture,'21*12 the np3 
acting as a tridentate ligand. The bis-monophosphine nitrosyl complexes [NiX(NO)(PR&] are 
all while the monodiphosphine complex [Ni(N02)(NO)(dppe)12 (18) is 
d in~c lea r '~~  with bridging diphosphine and monodentate 0-bonded nitrito. A nearly symmetri- 
cal bridging iodide has been found in the anionic [Ni2I(3,5-Mezpz)2(NO)J (19).13' 

k 
I 
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l+ 

A 
' 0  

(17) 

Table 6 Reaction Schemes for the Synthesis of Nitrosyl Complexes 

Ref. 

(1) 2NX, + 2NO + Zn - ZFjX(NO)] + ZnX, 
X = Br, I; v(N0) 1859-1870 

T t., 1 B t m  ' 
(2) [N%(PR~)Z] + [NX(NO)(PR~)ZI + co, 

X = NO,, NO,; R = Me, Et; v(N0) 1705-1750 
NaBF, 

(3) NiX, + triphos + KNO, - [Ni(NO)(triphos)]BF, 

X = halides; triphos = p3, Ebp, 
THF 

(4) [NiXz(PPh3),] f NaNQ f PPh3 [NiX(NO)(PPh&] -t NaX f Ph,PO 

X = CI, Br, NOZ, NO3 
c q .  bcxane 

(5) [Ni(CO)z(PPhdd + NO [Ni(NOz)(NO)(~h3kl+ CO + NzO 

(6) [Ni(C0)2(PPh3)d + NO [Ni(NO),(PPh,),] 

v(N0) 1745 

(7) [Ni(CO),(PPh,)J + NOPF, + PR, [Ni(NO)(PR,),]PF, 

PR, = PPh,, PMePh, 

(8) [NiCl,(PPh,Me)J + NaNO, + PPh,Me + CO ,,,~~~~,,,T~ [Ni(NO)(PPhZMe),]PF6 

v(N0) 1785-1790 
NaBF4 [Ni(Ph,P(CH2),sEt),]ClO4 + NaNO, + CO , reftux ' IN~(NO)(P~~P(CHZ)ZSE~)Z]BF~ 

(9) [NiH,(np3)]BPh4 +NO [Ni(NO)(np3)]BPh4 

(10) [Ni{P(OCH,)3CMe}4] + NOBF, [Ni{P(OCH2),CMe},NO]BF4 

(11) NiXNO + 2PR3 - [NiX(NO)(PR,),] 
X = C1, Br 

NiINO + 2EPh, - [Nil(NO)(EPh,),] 

NiINO + PPh, - [NiI(NO)PPh,], 
E=As,Sb 

(12) NiINO 4- Na(3,5-Me&) [Ni(3,5-Me,Pz)NOI2 + [Ni(3,5-Me2Pz)],Ni 

(13) NiINO + Na(3,5-MezPz) - [Ni,(3,5-M~Pz),(NO),I]Et4N THF. E W +  

115 

118-120 

121 

122 

123 

124 

125 

125 

126 

127 

128 

120 

121 

129 

130 

131 
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Table 7 Some Structural Data for Nitrosyl Complexes 

Synthetic v ( N 0 )  
procedure (cm-’) Angle (“) Distance (pm) Coordination 

Compounda (Table 6 )  Nujol mull Ni-N-U Ni-NO Ni-Nb geometry Ref. 

162 165 194 Td 133 
153 i69 202 Td 134 

1718 166 165 200 Td 135 
1750 153 166 - Td 136 

Td 131 1867 177 158 - 
1 BO 163 - Td 131 
168 159 - Td 127 

1750 
1755 
1800 179 161 187-192 TIP1 130 
1752 171-174 164-165 196-199 Td 131 

[Ni(NCS)(NO)(PPh3)zl (4) 
[Ni(N3)(NO)(PPhdz1 (4) 
[N~(NO)Z(NO)(PM~&I (2) 
[Ni(NOz)(NO)(dPPe)zl (2) 

[ W E ~ P ~ ) ( N O ) I B F ~  (3) 
[Ni(np,)NO]BPh, (8) 
[Ni(3,5-Me,pz)NOIz (12) 
[Ni21(3 ,5-Mezpz)2(NO)z]Et4N (13) 

[Ni { P( OCH2)SCCH3} 3N OJBF, 

’ AU of the complexes are diamagnetic. A feeble paramagnetism in a few complexes may be due to paramagnetic impurities. 
Additional ligand containing nitrogen donor. 

Pseudotetrahedral nickel nitrosyl complexes [NiLNO] have also been reported with the novel 
ligands {dimethyl(3,5-dimethyl-l-pyrazolyl)(2-thioethoxyethoxy)gallato}~ and {dimethyl(3,5- 
dimethyl-l-pyrazolyl)(2-dimethylaminoethoxy)gallato}~.13’y138 . 

50.2.6 Complexes with q2-Coordinated Unsaturated Molecules 

50.261 Complexes with alkenes and alkynes 

A large number of nickel(0) phosphine complexes with $-bonded unsaturated organic 
molecules have been reported. Here we will review relevant examples of complexes with 
q2-bonded molecules which contain a number of N i x  bonds not exceeding the number of 
bonds from nickel to non-carbon atoms (usually phosphorus). The early examples (up to 1972) 
of complexes with alkenes have been extensively reviewed.” 

General synthetic procedures. In general, the nickel(0) complexes with alkenes and either 
phosphines or arsines, although thermally stable, are air-sensitive , especially in solution, and 
their preparation must be carried out under nitrogen or argon using anhydrous and oxygen-free 
solvents. Relevant examples of alkene complexes together with their preparation schemes are 
reported in Table 8. 

In complexes of the type Ni(PR3)4, the tertiary phosphines can be easily replaced by alkenes’ 
with strongly electron-withdrawing substituents, which increase their n acceptor capability, 
according to reaction (20). 

[Ni( PQ,),] + MeCH4HMe - [Ni(PCy,),(MeCHCHMe)] (21) 

Displacement reactions of phosphines by some ‘non-activated’ alkenes and alkynes have also 
been rep~rted.~’ 

Alkenes and related ligands readily add to coordinatively unsaturated complexes of the type 
Ni(PR3), (n = 2, 3) (equations 21 and 22).13”43 

Reaction (21) occurs with cyclohexene and both cis- and trans-2-butene7 without isorneriza- 
tion of the alkenes,13’ while the reduction of Ni(acac)2 with Al(alkyl), in the presence of PCy3 
and 2-butene tis and trans) affords the complex bis(tricyclohexylphosphine)(l- 
butene)nickel(O).’ 

It is expected that alkenes can be substituted by other alkenes which are stronger n acids. 
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Table 8 Complexes &th Phosphines (or Arsines) and Alkenes (or Alkynes) and their Methods of Synthesis 

Complex Synthesis, conditions Ref. 

[Ni{ C,H, (PPhd,} { ( CN),c--C(CN),}] 67 
n = 3 , 4  [Ni(CO)(P-P)J + (CN),W(CN),, CH,Clz 105 

[Ni{C,H, (PPhddLI Ni(P-P), + L, benzene 67 
L = alkenes, dienes, alkynes 

[Ni(PCy,),MeCH==CHMe] NIL, + MeCH=CHMe 139 
140 

[Ni {CY,P(CHz),PQ2) ArHI 141 

[Ni(PCy,),(l,2-q2-anthracene)] 
[ N i { P ( W 3 ) ~ G t b l  

Ni(P-P), + (CN),C==C(CN),, benzene 

NiL(NJ + MeCH=CHMe, toluene, -20 "C 
NiL&l+ Li + ArH, diglyme, 0 "C 

ArH = benzene, naphthalene, anthracene 

R =  o-C&Ph 
[Ni(PPb)zGF4I 
[Ni(PPh&zFd 
[ Ni(PPh3)d-I 

L = CFZCH,, CFHCH,, CF,CFCFZ, 

NiL, + C,H, 
N i b  + C,H,, toluene, -20 "C 

142 
143 

144 
145 
146 

cvclohexafluorobutene 

(PR3)* = Ph,PCH&H@Rh, 

[Ni(PPh,),qH.,] + CF,CHF, ether 
[Ni(PR3)z(1,5ad)l + CF,CF,, 

light petroleum, Carius tube, r.t. 

146 
147 

Ni(PR3)4 + CF,CF,, 55 

Ni(as,) + CF,CF,, 143 

light petroleum, Carius tube, r.t. or 80°C 

benzene, hexane, Carius tube, 60 "C 

Ni(CDT) + p3 + CF,CF,, toluene, ether, -78 "C 148,149 

Ni(acac), + PR3 + GH4 

Ni(acac), + P(OR), + AlEt,, toluene, -50 "C 
Ni(acac), + PPh, + 1,5-cod + AIEt, 
Ni(PPh,),Br, + &H4 f NaHg, MeCN 

146,150,151 

152 
153 
65 
154 

Ni(CH,CHCN), + PPh3 155 
[Ni(PPh,),(GK)I + R=R' 150,151 

Ni(PPh,),Cl, + Li + PhCHCHPh, 
cooled THF 

Ni(l,S-cod), + PR, + unsaturated ester, ether, 162 
hexane, r.t. or below 0 "C 

Indeed, some fluoroalkene complexes have been obtained with metathetical reactions as 
exemplified by equations (23) and (24).145J46 

(23) 

(24) 

[Ni(PPh,),(&H,)] + C=F4 - [N@'ph&(C;F4)1 + GH4 

[Ni(FPh,),(&H,)] + CF,CH, - [Ni(PPh&CF,CH,] + CzH, 
(20) 

[Ni(PPh3),CF~CF,] % ~i(PPh3),(CF,)4] (25) 

(21) 

The reaction of fluoroalkenes with nickel(0) phosphine and arsine complexes may also result 
in the dimerization of the fluoroalkene and in the formation, for example, of octafluoro- 
nickelacyclopentane complexes Ni ER3)2(CF2)4] (E = P, As), which contain the nickel atom in 

with an excess of QF4 (equation 25). The reaction of an excess of GF, with Ni(CDT) and the 
tritertiary phosphine triphos in toluene gives, on the contrary, the complex 
[Ni(triphos)CFpCF2] which does not react further with an excess of GF4.l4 

Complexes with a five-membered fluoroalkane ring are assumed to form through an 
intermediate state with two molecules of CF&F2 coordinated to the metal (22b). The 
addition of the second alkene molecule to the complex (22a) may be prevented by the 
coordination of the tridentate ligand p3 in the place of two PPh3 groups. In this case the 

the formal oxidation state +2.l $2 7" A similar reaction also occurs when [Ni(PPh3)2GF4] reacts 
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(20) (21) 
complex is five-coordinate and the access to the nickel of a bidentate ligand is blocked. Using 
the ligand as3 instead of p3 does not prevent the bonding of the second CFzCF,  molecule 
since an AsPh2 group of the as3 ligand may be replaced by the alkene in the intermediate 
complex (22b). 

(Ea) (22b) (224 

Nickel(0) complexes with two coordinated alkene molecules have also been isolated in the 
solid state. As an example the [Ni(PR3)(C2H4),] complexes have been obtained according to 
reaction (26). lS7 

INi(PR,)(CDT)] + GI& ether~--zosc [Ni(P~3)(GH,),I (26) 

PRS = PPh,,PCy, 

All the reactions described so far are important for elucidating the mechanism of 
oligomerization of alkenes catalyzed by nickel(0) complexes. 

One of the most general methods for the synthesis of mixed complexes of nickel(0) with 
phosphines and alkenes is the reduction of nickel(I1) salts in the presence of phosphines and 
alkenes. Aluminum trialkyls are the most widely employed reducing agents. The complex 
[Ni(PPh3)z(Q&)) has been prepared as a yellow crystalline compound in 90% yield according 
to equation (27). The analogous complexes with PEt3 and PCy3 were pre ared by simi€ar 
reactions and the complex [Ni(PEt3)2(C&T4)] has been obtained as a yellow The ethylene 
adduct has also been obtained in the absence of &H4, although in a lower yield (about 
75%),150 the source of ethylene in this reaction being the decomposition of AlEt2(OEt) 
(equation 28). 

(28) 
AIEtz(0Et) 

Ni(acac)z + PPh3 [NWh3)2(GJ&)1 

Sodium amalgam and elemental lithium have also been used as reducing agents in the 
preparation of [Ni(PPh3)z(CHzCCH2)]65 and [Ni(PPh3)2(PhCHCHFh)] .154 

In the [Ni(PPh3)2(&w)] complex the ethylene molecule can be replaced by alkynes such as 
M e m M e ,  PhCkCPh and PhG=CMe.1509151 The reaction of CF3CkCCF3 with 
[Ni(PPh3)2(G&)] or [Ni(A~Me~ph)~] affords the complex (23). '% NMR spectra indicate 
that the (CF3)~C6 molecule is symmetrically bonded with respect to the L N i  moiety. 

(23) L = PPhz, AsMezPh 

A number of X-ray crystal structures of nickel(0) complexes containing both alkenes and 
phosphines have been reported to date with the aim of gaining more information on the 
bonding in metal alkene complexes. Structural data for the most relevant nickel(0) phosphine 
alkene complexes are reported in Table 9. 
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Table 9 Structural Data for some Nickel(0) Phosphine Alkene Mixed Complexes and Related 
Compounds 

Complex 
Bond distances (pm) 

Ni-P . Ni-C C-Cb ea (") Ref. 

215,216 
215,216 
210,212 
209,210 
218,219 
215,216 
217,219 
217; 220 
223,224 

221,226,226 

198,200 
192,196 
191,202 
199,204 
201,203 

198 
198,203 
197,199 
199,206 
184,188 

143 5 IS9 
139 - 160,161 
146 3.9 162 
146 6.6 162 
147 18.5 163 
142 16.5 164 
141 6.4 165 
142 8.5 166 
142 22 142 
137 . - 149 

a Dihedral angle between the PNiP and CNiC planes (24b) 
Carbon atoms bonded to nickel. 

In all the complexes shown in Table 9 (with one exception) the nickel atom is four- 
coordinated by two phosphorus atoms and by two carbon atoms in a distorted planar 
arrangement (24a). The plane containing the nickel and phosphorus atoms and the plane 
containing the nickel and the coordinated carbon atoms form a dihedral angle which varies 
between 4' and 27" (Ub), depending on the coordinated alkene. In the [Ni(p3)(GF4),] complex 
(25) the nickel atom is five-coordinated b three phosphorus atoms of the tridentate ligand and 
two carbon atoms of tetrafluoroethylene. L6 

\ /  

P 
R 2  PR3 

(W (ab) (25) 

The C - C  bond of the coordinated alkene is generally about 10pm longer than the same 
bond in the free molecule (C=C in GH4 is 134 pm long). The R2C groups are not planar: the 
angles between the central C - C  bond and the normals to the R2C planes range between 27" in 
[ N ~ { C J & ( P C Y ~ ) ~ > ( M ~ ~ C C M ~ ~ ) ] ~ ~  and 62" in [N~(CNBU~)~{(CN)~CC(CN),)].~'~ Both the 
lengthening of the C==C bond and the loss of planarity of the R 2 e C  group indicate a 
weakening of its double bond character upon coordination. Ethylene and symmetrically 
substituted ethylenes are symmetrically bonded to the nickel atom, with a CNiC angle of about 

Chemical and physical properties of metal alkene corn lexes have been rationalized on the 
basis of the Dewar-Chatt-Duncanson bonding m 0 d e 1 ' ~ ~ ~ ' ~  and a number of semiempirical and 
ab initio MO calculations have been performed for a more quantitative description of the 
bonding. 169-177 

The main contributions to the binding energies have been found to be donative and 
back-donative interactions. The donative interaction is mainly due to the delocalization of an 
alkene orbital on to the vacant Ni sp* orbital. This causes a decrease of electron density on the 
alkene and an increase in the N i - C  region. The back-donative interaction is mainly due to the 
bonding interaction between a filled d orbital on nickel and the empty n* orbital of the alkene. 
This causes an accumulation of electron density in the N i - C  region and a decrease of charge 
density along the line of the C - C  bond affecting the bond length and the internal geometry of 
the alkene. Recent ab initio calculations176 on the model complex [Ni(PH&(G&)] showed 
that the amount of transferred charge in the JT back-donation is about five times larger than the 
donative one and the energy stabilization is about three times larger. The back-bonding 
donation is increased by electron-withdrawing substituents on the alkenes which lower the R* 
orbital. It has indeed been found that the complexes with GF4 or (CN)2CC(CN)2178 are more 
stable than those with GI& It has also been computed that substitution of PH3 with NH3, 

41-43". 
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which is more basic, strengthens the n back-donative interaction, but no amine alkene complex 
has yet been described. 

Variable temperature 'H NMR studies of toluene solutions of [Ni(PPh3)2(C21&)] indicate 
that the complex is appreciably dissociated at room temperature according to equation (29) 
If an excess of Cz& is present in the solution of the complex, the equilibrium is also shifted to 
the left at room temperature, and a rapid exchange occurs between coordinated and free &€&. 
The same equilibrium also occurs in complexes formed by other alkenes and phosphines. 

[Ni(PPhd3(C,H4)I ---J [Ni@'h3)2J + GJ% (29) 

13CNMR spectra of a series of alkene complexes with different phosphines show that the 
alkene carbon signals are shifted upfield on coordination.'5z,1p0 The amount of this upfield shift 
is correlated to the degree of the ~d back-bonding interaction, and depends, in turn, on the D 
basicity of the coordinated phosphines. 180 

The ethylene molecule in [Ni(PPh3)2(C2H4)] may be replaced by a variety of mono- and 
bi-dentate ligands by means of a direct metathetical reaction at room temperature in solvents 
such as Et20, C6H6 and THF. The complexes [Ni(PPh3),(bipy)] [Ni(PPh,)z(DIIM)] 
(DIIM = benzylbisphenylimine),ls2 Na[Ni(PPh3),(EPh3)] (E = Ge, Sn, Pb) and 
Na3[Ni(PPh3)(EPh&] (E = Ge, Sn)'83 have been prepared following this procedure. 

50.262 Complexes with %eteroalkenes' 
Aromatic and aliphatic aldehydes, ketones, imines and related compounds are usually 

bonded to a metal atom though lone pairs of the donor atom. When NiL2 moieties have a high 
electron density on the metal atom, e.g. when L = phosphines, arsines, isocyanides, bipy and 
also Me4en,184 they are able to back-donate electrons to a a* orbital of the heteroalkene, thus 
stabilizing their $-coordination mode. Numerous nickel(0) complexes Ni(PR3)2L have indeed 
been prepared with monodentate and bidentate heteroalkenes of the types (26)-(32), by means 
of metathetic reactions starting from Ni(C0)4, N i p d ) Z  or [Ni(PR3)z(CzI&)] in anhydrous 
conditions and under an inert a t r n ~ s p h e r e . ~ ~ ~ , ~ ~ ~ ~  General schemes for the synthesis of 
nickel(0) Complexes with $-coordinated heteroalkenes are shown in Table 10. 

H 

R H 

RN 0 6%, RN 
\ /o \c- 

R R 

Analogous compounds which are assumed to contain imines, diazenes, ketones and nitroso 
compounds q2-coordinated to the Ni(CNBu')z moiety have been also rep~rted.~'  

The compounds [N&(heteroalkene)] are generally air-unstable and must be prepared and 
handled in rigorous anhydrous and air-free conditions. The complexes are always diamagnetic. 

Tetrakis phosphino complexes of nickel(0) readily react with aliphatic and aromatic nitro 
compounds RN02 to afford the corresponding nitroso complexes of nickel(0) [Ni(PR,),(RNO)] 
and the phosphine oxide. Kinetic studies have been carried out to elucidate the mechanism of 
this oxygen transfer reaction. The reaction mechanism shown in equations (30)-(32) has been 
postulated 

Ni(PEt,), I_ Ni(PEt,), + PEt, 

Ni(PEt3), + RNO, - Ni'(PEt&RNO; 

Ni'(PEt,);RNO; - Ni(PEt,),(RNO) + P(0)Et3 

(30) 

(3 1) 

(32) 
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Table 10 General Reactions for the Synthesis of Complexes with $-Coordinated 'Heteroalkenes' 

[Ni(PR3),(G&)] + (Me,N=CH,)X [NiX(PPh3)(Me,NCH2)] 

Ni(CO), + C,H,$JCN - [Ni(CO)(C,H,oNCN)]3 (37) 

Ni(cod)z + C&14(0H)CHNMe 

R = Ph, Tol; X = C1, Br, I, C10, 

m F y  [Ni(C&(OH)CHNMe},] 

188 

189 

190 

191 Ni(cod), + Ph,C=NIi a [NiZ(Ph2CNH),(Ph,CNLi),(Et,0),] (38) 

19.2 Ni(cod), + Ph,C=W - [Ni(Ph,CNH)& (36) 

Ni(PEt,), + RNO, [Ni(PEt,),(RNO)] + E t 3 0  193 

Et Oi 40°C 

EQ0/--40 "C 

Ni(CNBu')4 + PhNO ,-:;ane > [Ni(CNBu'),(PhNO)] 194 

Ni(CNBu'), + PhNO (excess) n - h ~ ~ " e  [Ni(CNBu'),(PhNO,)] 194 

[NiCI,( PMe,),] + { ( Me3Si),C13],P) Na > [Ni( PMe,),{ (Me,Si),C==PC(H)( SiMel),}] 195 

L = a hetemalkene moleFule. 

The [Ni(PEt&(Bu'NO)] complex is extremely air-sensitive, melts below 0 "C and can be 

Aryl nitroso complexes can also be obtained by direct reaction of ArNO with Ni(CNBut)4.194 
A number of X-ray crystal structures of com lexes with coordinated heteroakenes have 

with one exception (vide infra). Structural features of the most relevant complexes are shown 
in Table 11. The inner coordination about the nickel(0) atom is nearly planar, as already found 
in alkene complexes. The v 2  coordination of the C=O group has been determined in the three 
complexes (33)-(35). 

In complex (33) the C=O group is symmetrically bonded to the metal atom, whle in (34) 
and (35) the N i - C  and N i - 0  distances are significantly different. The R'R"C===O groups are 
not planar in the complexes (33) and (a), the phenyl and trifluoromethyl groups being bent 
away from the metal (48" and 63", respectively), as is also usually found in substituted q2 
alkenes. The lengthening of the C=O groups upon coordination is about 10pm in complexes 
(33), (34) and (35) and can be revealed by the low frequency shift of the Y(-) stretch (from 
1718 cm-' to less than 1500 cm-' in complex 35). 

recovered from the reactants solution at -78 "C. 

been reported, unambiguously confirming the q f coordination of the unsaturated molecules 

, I  /"z ,R' 
0-c, 

'R,, 

(33) 
(34) R = E t ,  R ' = R = P h  
(35) 

R = Ph, R' = R = CF, 

R =  Cy, R' = H, R" = Ph 
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Table 11 Molecular Parameters for some q2-'Heteroalkene' Complexes 

Bond distances (pm) 
Ni-P Ni-P 

Complex Ni-C(n) Ni-O(n)  (transroc) (transtoo) C-0  ea(") Ref. 

(33) 189 187 225 218 132 6.9 196 
185 219 214 134 3.3 51 (34) 197 

[Ni(PPh,),{ (CF,),CO } 1 
[Ni(PEt&(Ph2CO)1 
[ N ~ W Y  3)2(PhCHO)I 

192 l%(N) 189(N) 141 191 
[Ni(Ph2CNH)213 
[Ni , (Ph ,CNH) , (Ph~CN~)~(E~O)~  (38) 197 

(37) 199 199 175(N) 175(C) 113 189 
[Ni(PPh,)(PhCN)], (39) 185 191 lW(N) 214(P) 126 198 
[Ni(CO)(C5Hl0NCN)L 

[NiCl(PPh,)(Me,NCH,)] (40) 188 192 221 (Cl) 214 (P) 139 188 
[Ni (Ph( 0)CHNMe) { Ph( OH)- (41) 198 187 186(N) 193(0) 143 4.4 190 

(43) 186 184 188(C) 182(C) 124 199 [Ni(CNBu )2{ Bu'NCC(CN),)] 

(a) 198 187 224 217 133 197 

(36) 196 191 1%(N) 187(N) 142 192 
N i - C ( z )  Ni-N(x) Ni-Db Ni-D' C-N 

(CHNHMpl 

a Dihedral angle of (24c). It represents a measure of the twist of the unsaturated coordinated groups towards the planar arrangement of the 
donor atoms. 

Bridging or terminal u-donor atom. 
Terminal donor atom. 

The reaction between Ni(cod)z and iminobenzophenone has been carried out as outlined in 
equation (33).19' The bis-imino complex (36) is trinuclear in the solid state containing bridging, 
terminal, 'end-on' and 'side-on' coordinated imino groups. 

,-> [Ni(Ph,CNH),], + cod 

Ni(cod), + Ph,C=NH 

[Ni(bipy)(Ph,CNH)] + cod 
\ Et20/-40"C , 

+bipy 

(33) 

A similar trinuclear structure has also been found in the carbonyl(piperidine-N- 
carbonitrile)nickel(O) complex (37) 

The reaction of Ni(cod), with lithium imidobenzophenone under the same conditions as that 
with iminobenzophenone yields a compound with a very complicated structure (=)I9' 
containing bridging 0- and x-bonded RCN groups which interact with both lithium and nickel 
atoms. 

PPh, 
PhC-. \ N C P h  Ni-N \ /  \ /,PPh3 

T2 
\XI 7 

oc 
\ 

,pTi-N, N Ni 

Ph,P/Y\ /y 

H,,c,N-c-N~_N-c-Nc,H,,, 
\ /: .... \ / 

\: I ,  , / y  Et20-Li/kN-CPh Li-OEt, I I N : 'Ni--CO 

/N-N<7N phC---N-L'i \ L C P h  oc c, CPhz CPh2 

The reaction of Ni(cod), with Ph3P and benzonitrile affords different compounds according 
to equations (34) and (35).198,200 In the complex (39), which is tetrameric, each PhCN group 
bridges two nickel atoms. The eight-membered NiN ring has a boat conformation. The C-N 
bond distance (126pm) is longer than that of a triple bond (116pm) and the v(CN) stretch at 
1750 cm-' is typical of a C=N group. The NCC(Ph) angle is 131°.198 

Ni(PCy& reacts in toluene with alkanenitriles R(Ph)CHCN (R = H, Me) according to 
equation (36).20' 

Ni(cod), + 3PPh3 + PhCN m'ut"~*spn~ [Ni(PPh,),(PhCN)] (34) 

Ni(cod), + PPh, [Ni(cod)(PPh,)] + cod znz [Ni(PPh,)(PhCN)] + cod (35) 
(39) 

Ni(PCy,), + PhCH,CN e N ~ ( P C Y ~ ) ~ (  a-PhCH,CN) 6 Ni(PCy,)(n-PhCH,CN) + PCy, (36) 
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'H NMR and IR spectra are employed to distinguish between the two coordination modes of 
RPhCHCN molecules. In the end-on coordination of RPhCHCN v(CN) is at lower frequencies 
than in the edge-on coordination and the a protons are markedly deshielded when the 
molecule is edge-on coordinated. 

In complex (40) the dimethylmethyleneiminium cation, isoelectronic with H,C==CM%, is 
q2-bound to the NiClPPh3 moiety.199 Short tram bonds (o-type) are generally found in the 
[N&(heteroalkene)] complexes, as for the alkene complexes. 

In the (N-methylsalicylaldiminato)(N-methylsalicylaldiminium)nickel(O) complex (41)'" the 
OH proton of one ligand molecule has been transferred to the nitrogen atom of the other 
ligand molecule and the nickel(0) is o-coordinated to one N-methylsalicylaldiminato anion and 
n-coordinated to the azomethine group of the protonated ligand molecule. The Ni-0 bond 
distances are longer than the Ni-N ones and the C-N bond distance of the n-bonded group is 
the longest found, rather close to a single C-N bond length. 

Bis(trifluoromethyl)diazomethane, (CF3)2CNN, reacts at room temperature with 
[Ni(PPh3)2(G€&)] to yield a complex which has been assigned the structure (42).m Complex 
(43) has been obtained by reaction (37).lW The N = C = = C  group in complex (43) is severely 
distorted from linearity upon coordination. 

Phosphaalkene ( R M R R ; )  complexes, whose structures are similar to that of complex (U), 
have recently been reported. 195,w3 

Me,P 
\Ni/; 

Ph,P , ,C(CF,)2 Bu'NC 

Ph3P / ' c  

(42) (43) (44) 

\Ni/T 
N-N Bu'NC ," 'N Me3P \'SiMe, 

/Ni\ 

B Ut SiMe, 
\\ \ 

C(CF,)2 

Et20 
Ni(CNBut)4 + N,C(CN), -,8T' [Ni{N,C(CN),}(CNBu'),j -2; > 

purple 
[N~(CNBU')~( Bu'N=GC(CN),}] (37) 

50.2 63 Diazene @W=NR), diazenato ( .*)  and tetraazadiene complaes and related 
compounds 

The first diazene complexes of nickel(O), namely [N~(CNBU')~(P~NNP~)] and 
[Ni(PR,),(PhNNPh)] (PR3 = PMe3, PBu3, PPh3) were simultaneously prepared by Otsuka and 
c o - w ~ r k e r s ~ ~ ~ ~ ~  and Klein and N i x ~ n l ~ ~  according to equations (38)-(40). 

(38) 
ethsrlN2 

Ni(CNBu'), + PhN=NPh - [Ni(CNBu'),(PhNNPh)] 

[NiCl,(PR&] f PhN=NPh + Li [Ni(PR,),(PhNNPh)] f. LiCl (39) 

(40) 

R =Me, Bu, Ph 

Ni(PPh& + PhN=NPh - [Ni(PPh,),(PhNNPh)] + PPh3 
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Table l2 Some Molecular Parameters for Diazene, Diazenato and Related Complexes 

Compound 
IR bands Bond dktancw" @m) Bond anglesa (9 

v ( ~ ~ ) ( c m - ' )  a 6 C (Y B R ~ .  

[Ni(CNBu'),(Ph"Ph)] (45) 2168,2140 190 (N) 184(C) 139(N) 42.8 101.8 206 
[Ni(PTol,),(Ph"Ph)] (ss) - 193 (N) 220(P) 137(N) 41.6 107.4 208 
[Ni( CNBu'),D AF] (48) 2180,2158 l87,183(N) 184(C) 125(N) 39.2 100.4 204 
[Ni(CNBu'),KIM]' (49) 2180,2160 186,184 (N) 188,182 (C) 125 (CN) 39.5 105.4 199 

DAF = diazofluorene. 
'KIM = M e , C N a ( C N ) ,  

The orange-red [Ni(CNBu'),(PhNNPh)] and the dark red [Ni(PR3)2(PhNNPh)] complexes 
are diamagnetic and extremely air-sensitive compounds. The structural features of the most 
relevant diazene complexes are shown in Table 12 together with the IR stretching fr uencies. 
The X-ray crystal structures of the complexes [N~(CNBU~)~(P~NNP~)]  (45) 23m and 
[Ni(PTo13),(PhNNPh)] (46) ,u)8 prepared according to reaction (38) with PR3 in place of RNC, 
showed that the nickel atom is nearly square planar and is bonded to two nearly equidistant 
nitrogen atoms and two carbon or phosphorus atoms. The -N=N- group is symmetrically 
coordinated to the LNi  moieties and the N-N distances (137-139 pm) are significantly longer 
than the N=N double bond (124-126pm). INDO calculations ascribed the observed 
lengthening of the N-N bond to u donation and ;ic back-donation effects.'69 

(45) L=CNBu' 
(46) L = (p-tolyl),P 

The visible absorption bands of a series of azobenzene complexes are reported in Table 13. It 
has been noted that the visible band shifts to higher energy on increasing the u basicity of the 
coligand L.m 

Table W Visible Absorption Bands of 
Various Azobenzene Speciesm 

[NiL(PhN=NPh)] 
L = PPh, 526 

L = PPh,Et 505 
L = P(C,H,Me), 523 

L = PPhkt, 
L = PMe, 
L = PBu, 
L = CNBu' 

PhN=NPh 

500 
489 
482 
465 
440 

Together with azobenzene, other diaryldiazenes have also been found to form complexes 
with nickel(0) and PEt3. All the complexes are air-unstable and have been prepared in rigorous 
anhydrous and oxygen-free conditions according to equation (41) .210 

Ni(cod), + RN=NR + PEt, ":?p [Ni(PEt&FW=NR] (41) 

R =p-MeC&,, p-FC&, p-EtOC&, 
pMe2NC&, 3,5-Me2C&, p-H2NC& 

On increasing the electron-donor ability of the substituents on the phenyl rings the stability 
of the NiL-@N"R) complexes is going to decrease. With the 2,T-azapyridine a complex has 
been reported for nickel(0) for which a polymeric structure (47) has been suggested.210 
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Aryldiazenato complexes of nickel(0) have been prepared using reaction (38) at -78 "C with 
the neutral azo molecules tetrachlorodiazocyclopentadiene (NZC5Ck) and diazofluorene 
(NZCI3H8) in the place of azobenzene.20g,211 

(47) (48) 

The X-ray crystal structure of the diazofluorene complex (48) showed that the two Ni-N 
bond distances are slightly, but significantly, different. Relevant bond distances and angles are 
reported in Table 12 (the shorter Ni-N bond distance in Table 12 refers to the N atom bonded 
to the aryl residue). The N-N bond distance is 12 pm shorter than that observed in the free 
ligand and is comparable with an N=N double bond. 

The ketenimine complex [Ni(CNBut)z(ButN==C(CN)2)] (49) has been prepared by reaction 
of Ni(CNBut), and diazocyanomethane, NzC(CN)2.199 

//C(CN)Z /SiMe3 ./<TP 
N /N< 

\But 

RNC 
LNi/7 Me,Si 
/ \  

RNC 
EtXP PEt, 

(49) (50) 

The reaction of LiP(SiMe& with NiCl2(PEt3)* affords two air-sensitive compounds, namely 
[Ni(PEt3)2(PSiMe3)2] (50) and [Ni2(PEt3)2{P(SiMe3)2}z].2n The inner coordination of the 
nickel atom in complex (50) is nearly planar, with the Me3SiPPSiMe3 fragment symmetrically 
bonded to the nickel atom (Ni-P, 225pm (av)). Actually the P-P bond distance is 
significantly shorter than that of a single P-P bond (222 pm) which might induce one to depict 
the bonding mode within the three-membered PzNi ring as the $-bonding of the hypothetical 
Me3SiP=PSiMe3 molecule. 

The v(CN) stretching frequencies of the diazo complexes are shown in Table 12. They are as 
high as that observed in the Bu'NC group bonded to Ni" and reflect the importance of n 
back-donation effects. 

To date, the tetraazadiene species RN=N-N=NR have not been isolated as free 
molecules, but they have been found coordinated to a metal centre when aryl azides are 
reacted with nickel(0) complexes (equations 42 and 43).213-21s 

(42) toluene Ni(cod)2 + ArN3 (excess) -30sc > [Ni(Ar,N&] + cod + N, 

k = 4-MeC&, 4-MeOC&, 3,5-Me&,H, 

(43) 
Et20 

Ni(cod), + C6F5N3 (excess) -35"c ' [Ni(cod){(C6F42N4)I + cod + N2 

IPPh,  

[Ni{(CZd2N4} (PPh3)21 

Ni(ArZN& + CNBu' (excess) 

[Ni(Ar,N,)(CNBu'),] 

Ni(cod)* + Ni(Ar,N,), M4C 

(44) 
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One molecule of tetraazadiene in the complex Ni(Ar2N& can be replaced by CNBu' groups 
(equation 44).214*216,217 The structure of the complex [Ni{(3,5-Me2C&13)2N4}z] is pseudo- 
tetrahedral with the two planar Ar2N4 ligands orthogonal to each other. The N-N bond 
distances in the chelate rings are nearly equal with a mean value of 132 pm.214 

50.264 Complaes with COZ, CS2 and related ligan& 

COz is the most abundant source of carbon in the world, and the coordination chemistry of 
COz has relevance in the field of environmental chemistry and in the search for alternative 
energy sources. The coordination chemistry of this potentially very important ligand is 
currently under investigation. 

It is generally accepted that C02 is somewhat unreactive towards transition metal complexes 
and that the metal C02 linkage is favoured by a nucleophilic metal centre such as a tertiary 
phosphine metal(0) moiety. 

The coordination chemistry of C02 has been reviewed in recent and we will 
report here only the most significant complexes. 

The first authentic nickel(0) complex with coordinated COz was prepared by following the 
rather simple procedures outlined in equations (45) and (46)).m Oxygen and moisture are 
rigorously excluded from the reactant solutions, and COZ is bubbled at room temperature and 
atmospheric pressure. The malo ous complexes with PEt3 and PBu! were obtained following a 
similar procedure (equation 47). 

(45) 
toluene. Et20 

[{N~(PCY,)~)~N~I + CO2 - I . C .  [ N ~ ( P C Y ~ ) W L ) I  4.75GHs 

Ni(PR3)4 + co* a INi(PR3)2COZI (47) 

From a reaction analogous to reaction (45) a yellow complex, analyzed as 
[{Ni(PCy&}2C02], has also been 0btai11ed.l~~ The complexes of formula [Ni(PR3)&O2] are 
yellow to red-orange and are diamagnetic. They are moderately air-stable (decomposing in a 
few hours in the atmosphere) and easily lose COz when treated in the solid state with I2 or 
P(OR)3 and when argon is bubbled into solutions of them. 

Structural features of the most relevant complexes with C02 are shown in Table 14. The 
X-ray crystal structure of [N~(PCY~)~CO~]  (51) showed that C02 coordinates in an q2 mode.=' 
The coordinated COz molecule is no longer linear and the C-0 bond distance in the 
q2-coordinated molecule is about 10pm longer than that in the free molecule (116pm), as 
already found for other q2-bonded molecules. 

Recent ab initio MO calculations showed that the main contributions to the N i x 0  bonding 
energies come from electrostatic and back-donative interactions between filled d orbitals on 
nickel and an empty n* orbital on C02, while donative interaction gives a small contribution to 
the total energy. It has been also computed that back-bonding stabilizes the side-on 
coordination mode whereas electrostatic interaction favours the end-on coordination mode, 
and it has been concluded that when a metal has a considerable positive charge, as in 
[CU(PH~)~]+, the end-on coordination mode is preferred. A decrease in the OCO angle 
stabilizes the x* orbital, thus favouring x back-bonding. The coordinated C 0 2  molecule has 
been computed to have an OCO angle of 139°.225 

Several attempts have been made to prepare CS, analogues of [Ni(PR3)2C02] 
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TaMe 14 Molecular Parameters for CO, and CS, Complexes 

IR bands (cm-') 
v(C=X) Bond dktances 

Complex (Nujol mull) ( P d  Bond angles (") Ref. 
~ 

184 0-C-O 133 222 
199 0-Ni-C 37 
122 
117 
181 S - C C  137 224 
216 % N i x  47.5 
215 
163 
168 

c o m p l e ~ e s . ~ ~ ~ * ~ ~ ~  Deep red compounds having the elemental formula Ni(PR3)CSz have been 
prepared according to reactions (48)-(51) .219,226,227 

CH2ClZ 
[Ni(PPh3)2(C3Ph3)]BPh4 + CS2 - [Ni(PPh3)(CS2)I 

(52) 

The X-ray crystal structure of complex Ni(PPh3)(CS2) (52) (Table 14) has shown that it is a 
dinuclear complex, where each CS2 group is y2-bonded to a nickel atom and u-bonded to the 
other nickel atom throu h the second sulfur atom. The inner coordination around the nickel 
atom is nearly p l a n z ~ r . ~ T h e  C-S mbond distances are significantly shorter than the C 4  
a-bond ones, and the (NiCS)2 six-membered ring is substantially planar. The complex 
[Ni(p3)CS2] has been prepared as outlined in equation (52) .=* 

s, I . 
I N1 c' 's 

I I 

I s  

C 
\Ni< \ 

S 

(53) 

(53) 
CHzClz 

[Ni(p,)(CS,)] + PhNCS ~ . f .  [Ni(pa)(FhNCS)].0.5CH2C12 + CS, 

(54) 

The reaction of complex (53) with PhNCS affords the analogous complex (54; equation 53) 
whose X-ray structure has been determined.z2g In these cases the two heteroallenes PhNCS and 
CSz behave similarly towards the Ni(p3) moiety. 
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CS2 has also been found to react with tertiary phosphine bound to nickel(0) and to afford 
phosphoniodithiocarboxylato linkages (equations 54 and 55, structures 55= and 56w’). 

n 
Ni(cod), + 2PR3 + 2CS2 - [Ni(PR3){SC(S)SC(PR3)S)] (54) 

R =Me, Et 

[Ni(ps)(CS2)] has been found to react with hexafluorobut-Zyne and subsequently with CO 
giving tetrakis(trifluor~methyl)tetrathiafulvalene.~~~ The reaction route is shown in Scheme 1. 

CF, 

C e ( P ~ N ~ = C < ~ ]  CF, wF F3C E:>GC<:]I: + (ps)NiCO 

I 

C S CF, F& 

CF3 62% yield 

I S TliF 

Scheme 1 

50.2.7 Complexes with Dinitrogen and Dioxygen 

50.2.7.1 Complexes with dinimgen 

Nickel complexes with dinitrogen are quite rare.23z234 The knowledge of the structure and 
bonding of dinitrogen in transition metal complexes may however be of fundamental 
importance for the understanding of the mechanism of biological fixation of nitrogen and for 
the general problem of the reduction of elemental dinitrogen under milder conditions than 
those needed in the Haber-Bosch process for the synthesis of ammonia. 

The first nickel(0) complex containing coordinated dinitrogen, [ {N~(PCY~)~}~N& was 
prepared by Jolly and Jonas in 1968, as an unstable dark-red compound (equation 56). 

The same complex can be prepared using other different procedures involving either the 
reduction of NiU compounds or the reaction of gaseous N2 with coordinatively unsaturated 
nickel(0) complexes (equations 57 and 58).75,139 The formation of dinitrogen adducts of the 
type [Ni(PR3)3N2] (R = Et,S2 Bun 75 ) has been claimed to occur in solutions of Ni(PR3)3 
complexes saturated with N uation 59) on the basis of IR (v(N2) stretch assigned at 
2074 cm-l) and 31P NMR spe~~~!’’’ The dinitrogen molecule in these complexes is labile and 
can easily be replaced by ligands such as phosphines, CO and alkenes. 

toluendN2 

Ni(acacL + 4PCy3 + -m+20pc 9 [{N~(PCY~)Z)~N~I (56) 

(57) 

[ {Ni(PCY5)2)2N21 (58) [Ni(PCy3)2(GH4)l f P C Y ~  Ni(PC& rolucnmz ’ 

40% yield 
t o l u a m f  

[ N ~ B ~ ~ P C Y ~ ) ~ ~  + Na (sand) u]’c [ ( N ~ ( P C Y ~ ) ~ ) ~ N ~ I  
50% yield 

toluensIAr 

34% yield 

Ni(PR3)3 e [Ni(PR3),N2] 

R3 = Et,, Buf;,Et,Ph 

(59) 
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Relevant bond distances and angles of dinitrogen complexes whose X-ray structure has been 
determined are shown in Table 15. The complex [{N~(PCY~)Z}~N~] (Figure 1) is dimeric, with 
the N2 molecule coordinated end-on to the two nickel atoms. Each nickel atom is surrounded 
by four cyclohexyl groups of the phosphine ligands which give some steric protection.227 IR, 
31P and 'HNMR spectra indicate that in toluene solutions of this complex the equilibrium 
shown in equation (60) operates.236 

Table 15 Molecular Parameters for Diaitrogen and Dioxygen Complexes 

Ii? bands (cm-l) Bond distances' (pm) Bond onglesb (") 
v(N2) (benzene soh)  N-N Ni-N Ni-P NiNN Ref. 

[{Ni(PCY3)2) 2Nzl 2028 112 178 218 178 139 
~ ( 0 ~ )  (Nujol mull) 0-0 N i 4  N i x  ONiO 

[Ni(CNBu'),O,] 895 145 181 184 47 29 

a Bond distances (pm) in free molecules: N,, 109.8; O,, 121. 
bThe framework of the two P-Ni-P groups forms a dihedral angle of 105". 

Figure 1 The complex [{Ni(PCy3)2}2N2] 

I{Ni(PCy3)J2N21 e D W " Y ~ ) N ~ I  + P C Y ~  (60) 

Unusual and complicated dinitrogen complexes have been reported to be formed by 
reactions (61)2'7*238 and (62).u9 In both complexes (57) and (58) the N2 molecules are bound in 
a side-on mode to nickel atoms. The N-N bond distances (135 pm and 136 pm, respectively) 
are the longest ones found in any complex with coordinated dinitrogen. 

(61) 2Ni(CDT) + 6PhLi y [{Ni(PhLi)3}2Nz.2H20], 
EtzOIN2 

(57) 
Et2O/N2 

Ni( CDT) + (NaPh), ,,.(LiPh) -0. 6Et20 -78 ro ,, 'c > [ Ph( NaOEt2), (P h2Ni)2(N2)NaLi6( OEt)40Eh] (62) 

(58) 

PhLi - 
(57) Ni-N, 193-194 pm (58) Ni-N, 275 pm 

N-N, 136 pm 
Part of the inner coordination showing reciprocal interactions of Li, Ni 

N-N, 135 pm 

and N in complexes (57) and (58) 

A special technique which has yielded highly unstable and simple dinitrogen complexes 
trapped in low-temperature solids (Na or Ar) is the metal atom cocondensation technique in 
low-temperature matrices. By the cocondensation of nickel atoms and N2 at 4.2-10R the 
binary compounds Ni(N2)n (n = 1-4) result, whose structure has been inferred from IR and 

coc -8. 
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Raman ~pectra .~’ . ’~~ Ni(NZ)4 (59) has been assigned a regular tetrahedral geometry in Ar 
matrix and a slightly distorted tetrahedral geometry in N2 matrix, with end-on-bonded 
dinitrogen.”’ 

In the resence of a mixture of N2 and O2 the species Ni(N2),(02) (n = 1,2) were 
identified.” It has been proposed that O2 is coordinated to nickel in a side-on mode, while the 
dinitrogen is coordinated end-on. 

In cocondensation experiments of nickel atoms in various CO/N2 matrices, mixed carbonyl- 
dinitrogen species Ni(CO),(N2)4-x (x = 1-3) were observed.243 The Ni(C0)3(N2)244,245 species 
was also generated by the UV photolysis of Ni(C0)4 in N2-doped liquid Kr, and the decay 
kinetics were studied.*& The Ni-N2 dissociation energy was estimated to be about 
42 kJ mol-’. 

Recent ab initio MO calculations on the complex [Ni(N2)(02)] showed that the end-on and 
side-on geometries have similar total energies, with the end-on configuration stabilized mainly 
by CT donation.247 

The existence of side-on dinitrogen bonded to nickel in the structures (57) and (58) has 
recently been explained within the EH formalism in terms of n back-bonding interactions.248 

50.2.7.2 Complexes with dioxygen 

Nickel complexes containing coordinated dioxygen are rarer than those with dinitrogen.24sB2 
Interest in the coordination chemistry of molecular oxygen comes from the importance of 
understanding the biological mechanism of oxygen transport and oxidase function, as well as in 
the industrial field of homogeneous catalysis of oxidation reactions. 

The first reported nickel corn lexes with coordinated dioxygen were prepared according to 
equations (63), (64)253 and (65) 2 t  254-256 

The complexes [Ni(PR&02] are generally air-unstable and decompose in solution at 
temperatures greater than -30°C. Only complex (60) has been obtained, as a pale green 
crystalline product with considerable thermal stability. It is diamagnetic. The nickel atom is in a 
planar environment of two carbon and two oxygen atoms, the dioxygen being coordinated in 
the side-on mode with an 0-0 distance as large as 145 pm. 

RNC 
‘.i/P 

RNC ’ ‘ 0  

JNDO calculations on these complexes257 gave a net stabilization of the planar geometry over 
the tetrahedral one. The nickel-dioxygen bond was formed primarily through the donation and 
back-donation of electrons using the IC,, and IC: oxygen orbitals parallel to the molecular plane. 
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A number of reactions which demonstrate the reactivity of the coordinated O2 molecule have 
been carried out starting from complex (60). The reaction of (60) with Bu'NC, PPh3 and C 6  
results in transfer of oxygen to the added ligand molecule (equations 66-68).26727 These 
reactions occur by cleavage of the 0-0 bond. When the reactant is electrophilic, reaction (69) 
occurs. 26 

(60) + 4CNBu' '"ry Ni(CNBu'), + 2Bu'NCO (66) 

(60) + 4PPh3  to^^^ [Ni(CNBu'),(PPh,),] + 2PPh30 (67) 

(60)+4CO [Ni(CO),(CNBu'),] + 2C0, (68) 

(60) + (CN),C=C(CN), -- ~Ni(CN3u')2{(CN),~C(CN)z}] + O2 (69) 

Another series of oxygen transfer reactions involves neutral molecules such as N2O4, NO, 
C02 and SO2, with formation of anionic species coordinated to nickel(I1) (equations 70-73)." 

(70) 
CHzCIz 

(60) + NZO.4 - [Ni(ONO,)z(CNBu'),l 

(71) 
CHzClz (60) f NO + CNBu' [Ni(NO)(CNBut),]N03 

(60) + CO, + CNBu' " G  [Ni(OCO,)(CNBu'),] + Bu'NCO (72) 

(60) + so, ":;;=- ' [Ni( OzSO,) (CNBu'),] (73) 

Cocondensation reactions of nickel atoms with oxygen or oxygen-argon mixtures at 
4.2-10K afforded diox gen complexes of the type Ni(O2) and Ni(O& containing side-on- 
coordinated dioxygen.' ' When a mixture of 02, Nz and Ar at 6-10K is employed, the 
products of cocondensation are the species Ni(02)(N& (n = 1, 2) (61,62) containing end-on- 
coordinated nitrogen and side-on-coordinated oxygen. 

Y 

50.2.8 Miscellaneous Complexes of Nickel@) 

50.281 Complexes with sulfur dioxide 

SOz, as a ligand, exhibits amphoteric nature, behaving as either a Lewis base or a Lewis acid 
and corres ondingly giving rise to 7'-planar or 7'-pyramidal (or bent) coordination 

The reduction of [NiSr(np3)]+ with B&- in the presence of SO2 (equation 74) results in the 
formation of the complex [Ni(nps)(SOz)] (63)=l which contains SO2 coordinated in a bent 
mode. With the p3 ligand the same reaction occurs without reducing agents, since the 
triphosphine itself can reduce nickel(I1) (equation 75). 

modes. 259,28: 

[NiBr(np,)]+ + BW- + SOz r.t. ' "P3)(S02)1 (74) EtOH.T€iF 
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SOz complexes with PPh3 have been also described.262 They have been prepared using 
reactions (76) and (77). A complex of formula [Ni(CNBut)3(S02)] has been prepared according 
to reaction (78).=' It reacts with dioxygen to give the sulfato nickel(I1) complexes according to 
reaction (79). 

Ni(CNBu')4 + SOz [Ni(CNBu'),(SO,)] + CNBu' 178) 

The nickel(0) complexes with coordinated SO2 are, in general, air-unstable, diamagnetic 
compounds, 

Relevant structural features of the SO2 complexes are collected in Table 16 together with the 
IR absorption frequency of SOz. In complex (63) the nickel atom is in a distorted trigonal 
bipyramidal environment :50 with a bent coordinated SO2 molecule, while in [Ni(p3)&SOZ)] (64) 
SOz is coplanar with nickel which achieves a distorted pseudotetrahedral structure. 

Table 16 Molecular Parameters for SO, Complexes of Nickel(0) 
~~ 

IR bands (cm-') Bond distances (pm) Bond angles (") 
Complex v(S0,) (Nujolmull) N i - S  Ni-P Ni-N S-0 0-S-0 N i S - 0  Ref. 

[Ni(np3)SO~l 1115,1005 234 225 232 131 112 106 250 
1190,1055,1045 201 220 - 137 109 125 252 

1205,1055 204 223 - 145 113 - 251 
",)SO21 

132,142 112,119 - 251 
"Ph,),S021 

[Ni(CNBu'),(SO,)] 1208,1060 211 - - 247 110 123 246 
[Ni(PPh3),(S02)2] 1288,1278,1120,1113 207 224 - 

P-Ni rr3 -p 

l o  
S' 
\O 

A nearly planar coordination mode has also been found for the PPh3 complexes 
Some general considerations on the binding mode of the SO2 molecule have been 
published. 9228 

50.2&2 Complexm with coordinated P4, P4& and fiSe3 

By reducing hydrated nickel(I1) nitrate with NaBK, in the presence of the tetradentate 
tripodal ligand np3 (equation SO), the complex [Ni(np3)] (66) has been obtained.263 Complex 
(66) undergoes oxidative reaction with HC104 or HBF4 to afford the nickel(I1) hydrido 
complex [NiH(np3)]+.% It also reacts with CO to give the carbonyl derivativem and with white 
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phosphorus to give the complex [Ni(np3)(q '-P4)] (67) containing the ql-tetrahedro- 
tetraphosphorus (equations 81-84).26s 

[n -Ni-p 

An 'C [Ni(np3)(q'-P4X3)] 
X = S. Se 

P-Ni.p rN3) 
P- /+ -P 

'P' 

P-Ni. 
I P  

/PA x x  x 
P- ',/,I - 
(68) X=S,Se  

The coordination of nickel in complex (67) is nearly regular tetrahedral with the coordinated 
tetraphosphorus molecule having a slightly eIongated pyramidal geometry (Pepbd, 
209pm; Pbasa~-P+d, 220 m with respect to the regular tetrahedral geometry of the free P4 

In the complexes [Ni(nps)(q1-Pa3)] (X = S, Se) the intact molecules P4Sf and P4Se3 
are bound to the nickel through the apical phosphorus  atom^.^^^^' 

Complexes (67) and (68) are only slightly sensitive to aerial oxidation in the solid state, and 
are insoluble in common organic solvents. 

molecule (P-P, 221 pm). P )  

50.2.9 Some Examples of Oxidative Addition Reactions to Nickel(0) Complexes 

In this section we will briefly report some examples of oxidative addition reactions to 
nickel(0) compounds which yield nickel(1) and nickel(I1) compounds. 

Some complexes of nickel(0) with phosphines have been found to react with several 
Bronsted acids in non-aqueous solvents and under an inert atmosphere to give hydrido 
complexes of nickel(1) and nickel(I1) (equations 85-87). 264*268,269 

NIL,, + Rx - NiX(R)L, 
R = alkyl, aryl, acyl 
X = halide or pseudohalide 
L = phosphine ligand 
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Phosphino complexes of nickel(0) such as Ni(PPh3)4, Ni(PEt& and Ni(PCy& have been 
found to react easily at room temperature with PhX (X= C1, I), MeI, EtBr and other 
organohalogens or pseudohalogens affording nickel(I1) compounds (equation 88). 139270-272 

Similar reactions occur with organonitrile compounds such as PhCN,273 while the reaction of 
FhCOCl with Ni(PPh& gives the compound [NiCl(Ph)(PPh&] with spontaneous evolution of 
C0.2703271 The oxidative addition of a variety of para-substituted aryl halides to Ni(PEt3)3 
solutions affords the diamagnetic [NiX(aryl)(PEt&] and paramagnetic [NiX(PEt&] derivatives 
in variable amounts which depend on the reaction  condition^.'^' The oxidation of 
[Ni(bipy)(PPh&] by alkyl or aryl iodides or bromides yields nickel(1) complexes of the type 
PiX(bipy)(PPh~)] .274 

The reaction of Ni(P-P)2 and PhCN (equation 89) is reversible, the reductive elimination of 
PhCN being easily induced by refluxing [Ni(CN)(Ph)(P-P)] in the presence of the 
diphosphine .275 

Ni(P-P)Z + PhCN [Ni(CN)(Ph)(P-P)] 

P-P = (Et2P)2(CH2)4 

The kinetics of the oxidative addition of nitriles to Ni(P-P)2 have been studied. The 
organocyano nickel(I1) complexes resumably have a dinuclear structure with tram planar 
coordination for the nickel atom.27' Some of the [Ni(CN)(R)(PR3)2] compounds (R = alkyl, 
aryl) are unstable and therefore cannot be isolated in the solid state. Their decomposition in 
solution promotes the formation of alkanes, alkenes, diphenyl, 

Carbon dioxide reacts either with alkene and alkyne complexes of nickel(0) or with free 
alkenes and alkynes in the presence of nickel(0) complexes, giving five-membered cychc 
nickel(I1) complexes (equations 90 and 91).278 

L Ph Ni(LnL)(PhC%CPh) + C 0 2  

Ni(cod)z + L-L + P h G C P h  + CO, 

L 

> pxo (90) 

L = Meden, bipy, CyzPCH2CH,PCy~ 

(91) 
Ni(Ly*L)(CHFCH2) + CO, 

Ni(CDT) + L-L + CH2CH2 + CO, L 

The same reactions have also been carried out with 1,3-dienes and cyclic nickelacarboxylates 
have been obtained.279 

The reactions of C 0 2  with aliphatic aldehydes in the presence of Ni(bipy)(cod) have been 
studied. As the result of oxidative coupling of COz and RCHO on the Ni(bipy) moiety, 
five-membered metallacycles are formed (equation 92) .2802B1 

F-0 
Ni(bipy)(cod) + RCHO + CO, - (bipy)N1,& (992) 

R = Me, Et, C&,, 

Nia + Et,P + PhNCO - 
Ph 
F O  

Ni' + Me4en + PhNCO + PhCHO - (Me,en)NihAo 

Ph 

(93) 

(94) 
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Head-tail linkage of PhNCO occurs in the presence of Ni L to give five- or six-membered 

the presence of aldehydes afford the condensation of PhNCO with PhCHO to give 
oxazanickelacyclopentanones (equations 93 and 94).= 

nickelacycles, depending on whether L is Me4en or 2Et3P.= $ 1  Similar reactions camed out in 

50.3 COMPLEXES WlTH q3-BONDED SPECIES 

In this section we will briefly review some complexes of nickel with y3-coordinated fragments 
or molecules. In this case the assignment of an oxidation number to the nickel atom in a formal 
sense may be questionable, owing to the extensive rearrangement of the electronic distribution 
in the molecule with respect to the starting species. 

Structural features of the most relevant complexes are shown in Tables 17 and 18. 

Table 17 Structural Data for some Complexes Containing the C,Ph3 Fragment Coordinated to the Nickel 
Atom 

Bond &lancesa (pm) 
Complex Ni-C' Ni-C2 Ni-C3 Ni-P(av)  C'-C3 C1-Cz Cz-C3 Re$ 

[Ni(C3Ph3) (pph3) 21 pF6 190 201 206 224 142 144 133 285 
[Ni(C,Ph,)(P3)lC10, 204 204 201 231 141 142 140 286 
[Ni(C3Ph3)PP,POlBPh, 205 195 200 228 138 138 139 286 

[Ni(GPh,)PY 2C'I 190 197 196 202 142 143 141 287 

[Ni(GPb)(C&)I 195 196 197 210 142 143 144 288 

Ni-N (a#) 

Ni-C (C&) 

"The indices refer to formula (69). 

Table 18 Molecular Data for Complexes Containing the q3-P3 Fragment 

Complex 
Bond distances (av) (pm) 

VEN peff  (BM) Ni-P (P3) Ni-P (q3-P3) P-P Ref. 

"For the highly distorted Ni,Rh complex, the range of values is given. 

Complexes containing a coordinated cyclopropenyl fragment have been prepared using 
different synthetic procedures (always in an inert atmosphere) using the cyclopropenylium ion 
(C3Ph3)C104 as starting reagent (equation 95).284 

(95) 
@bP)PF6 

[N i (Gh) (pphdI  + (C3Ph3) - [Ni (C3Ph3) (PPh3)2IPF6 

(69) 75% yield 

Py PY 
\ /,a 

CPh 

Complex (69) is diamagnetic, Nickel is coordinated to two phosphorus atoms of the 
phosphines and to three carbon atoms of the C3Ph3 fragment which acts as a trihapto ligand. 

The C3Phs fragment has been found to coordinate to nickel in an unsymmetrical fashion. It 
has an isosceles shape with the two carbon atoms at the base, which are linked together at a 
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shorter bond distance, linked to the nickel at a longer distance than the apical carbon atom 
(Table 17). The Nip2 plane is nearluerpendicular to the plane of the C3 triangle. 

with a variety of ligands (equations 96 and 97 led to 
neutral complexes containing the q3-bonded fragment C$h3 and coordinated as 
shown by the structure of complex [NiC1(C3Ph3)py2] (70).287 ' 

Reactions of [Ni(GPh3)(CO)C1] 

[NiCI( C,Ph,)L,] (96) 
L = THF, PR3, P(ORI3; L = bipy 

[NiCI(C,Ph,)CO] 

[NiCl(C,Ph,)py,] (47) 

By the metathetical reaction of complex (69) with some tridentate phosphine or arsine 
ligands, a number of complexes of the type Ni C3Ph3)L]Y (Y = c104, BPh4, L = triphosphine, 
triarsine) have been obtained (equation 98). L6( 

[Ni(C+Ph,)(PPh,)]ClO, + L THF;:yH, [Ni(C,Ph,)L]CIO, (98) 
L = Mep3, p3, PPP, P ~ P ,  as3 

In the complex [Ni(GPh3)p3]C104 (71), the nickel atom is coordinated to the three 
phosphorus atoms of the tridentate ligand and to the three carbon atoms of the c3ph3 
fragment. In contrast to complex (69), complex (7 l )  contains a symmetrically bonded C$h3 
fragment. The same coordination mode of C3Ph3 in all complexes obtained by equation (98) 
has been inferred from 13C NMR studies. 

' 1' ,A. 

CPh 

Solutions of the complex [Ni(GPh3)(pp3)]BPh4, which is obtained by the method of equation 
(98), undergo aerial oxidation to give the complex [Ni(C3Ph3)(pp;lpO)]BPh4 (72).291 The nickel 
atoms in both complexes (71) and (72) are similarly coordinated to three phosphorus atoms. In 
complex (72) one arm of the original pp3 ligand is not involved in coordination and has 
undergone oxidation. The coordination mode of [C3Ph3]+ has been analyzed by Sacconi and 
c o - w o r k e r ~ , ~ ~  within the framework of the EH model, in Ni, Pd and Pt complexes to provide a 
rationale for the observed geometrical distortions. The main interactions stabilizing the q3- 
coordination mode in nickel complexes are both n donation from a full n orbital of the 
cyclopropenium cation to the LUMO of the NiL  fragment, and n back-donation from full 3d 
orbitals of N iL  to a n* orbital of cyclopropenium as shown in Figure 2. This last interaction 
occurs between the bl and e" orbitals and was found to be the most important one. 

Hydrated nickel(I1) salts in the presence of the ligand p3 react with both white phosphorus 
and yellow arsenic, breaking up the structure of the tetraatomic P4 and As4 molecules to form 
triatomic cyclo-triphosphorus and cyclo-triarsenic species. These fragments act as trihapto 
ligands yielding double sandwich complexes (equation 99) .292 The compounds are air-stable 
both in the solid state and in solution. Upon reduction with NaB& the complexes of equation 
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Figare 2 Orbital interaction diagram far the model complex [Ni(C-&)(PH,},]+ (reproduced by permission of the 
American Chemical Society from ref. 285) 

Mixed double sandwich complexes have been prepared by the general methods of equations 
(100)292*294 and (101).295 

A typical structure of these so called triple-decker sandwich complexes is that of the complex 
[(p3)Ni{p-(q3-P3)}Ni(p3)](3Ph4)Z.2.5Me2C0 (73). In each complex the trihapto P3 (or trihapto 
As3) groups form a bridge between the two Ni(p3) residues.292 Each nickel atom is thus 
six-coordinated by three phosphorus atoms from the ligand p3 and by three phosphorus atoms 
from the cyclo-P3 (or arsenic atoms from the cycZo-As3), which acts as a three-electron-donor 
ligand. 

-I2+ 
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Spectral and magnetic properties, structural features and bonding modes of these complexes 
have been critically discussed in a recent review.296 It is interesting to note that the average 
P-P bond length in the trihapto P3 group is only slightly less than the distances found in the 
tetrahedral P4 molecule. 

The mononuclear species [Ni(p3)(q3-P3)]+, which could not be obtained by the reaction of a 
nickel(I1) salt with P4, was obtained by the reaction outlined in equation (102) through the 
cleavage of the P4S3 cage molecule.297 

Ni(HZO),(BF& + p3 + P4S3 AU ' [Ni8p3)(v3-P3)1BF4 (102) THF ErOH 

(74) 

When the As4S3 cage is used as the starting material, two compounds with different charges 

The nickel atom in complex (74) is six-coordinated in a distorted octahedral environment 
are obtained depending on the experimental conditions (equations 103 and 104).298 

similar to that existing in the dinuclear complex (73) (Table 18)- 

P- 'i' --P 
1 y'' 

The two complexes [NiZ(p&(q3-As3)](BF& (n = 1,2) are identical to those obtained by the 
direct reaction with yellow arsenic (equation 99), and by reduction of the dication with NaBH4. 

50.4 NICKEL(1) 

50.4.1 Introduction 

Nickel(1) complexes are far less numerous than those of nickel(0). Like nickel(0) complexes, 
nickel(1) complexes are generally obtained with ligands having macceptor capability. Most 
complexes of nickel(1) which have been isolated as solids contain tertiary phosphines (or 
arsines) as ligands and are sufficiently stable in the absence of air to allow them to be studied 
with several physicochemical techniques. 

A number of nickel(1) complexes were prepared in situ by electrochemical reduction of the 
corresponding nickel(I1) complexes, mainly with macrocyclic tetraaza ligands and dithiolenes. 

The external electronic configuration of Ni' in its complexes is 3d9. Mononuclear 
complexes are all paramagnetic with a magnetic moment peE in the range 1.7-2.4BM. The 
electronic structure of several complexes has been studied by means of EPR spectroscopy. The 
EPR spectra can be interpreted using an S = 4 spin Hamiltonian with g values in the range 
2.0-2.45, the deviations of g from 2.0023 being due to spin-orbit coupling mixing of excited 
states into the ground level. Spin Hamiltonian parameters for selected nickel(1) complexes are 
shown in Table 19. The spin-lattice relaxation time is generally sufficiently long to give 
observable spectra at room temperature,2w but in the case of pseudotetrahedral [Ni(p3)XJ 
complexes (X = C1, Br, I) the spectra were observed only at temperatures lower than 30 K3 
This was accounted for by ligand field calculations, which put the energy levels deriving from 
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the splitting of the tetrahedral ' E  ground state close in energy, shortening the spin-lattice 
relaxation time. 

Table I9 Spin Hamiltonian Parameters for some Nickel(1) 
Complexes 

Chromophorea gjb gZb g3b 

NiP,Cl 
NiP,Br 
NiP,Cl 
NiP,Br 
NiPJ 
NiNPJl 
NiNP3Br 
NiNP,I 
NiP,Cl 
NiP,Br 

2.344 2.124 2.040 
2.391 2.102 2.006 
2.14 2.12 2.24 
2.12 2.16 2.24 
1.99 2.10 2.38 

2.210 2.001 
2.184 2.004 
2.151 2.004 

2.111 2.167 2.446 
2.112 2.209 2.435 

Ref. 

300 
300 
300 
300 
300 
301 
301 
301 
302 
302 

- 

a Metal and nearest-neighbour atoms. 

reported, the first is the perpendicular component. 
1, 2 and 3 refer to x ,  y and z in single crystal spectra. When two values are 

In a series of trigonal bipyramidal five-coordinate complexes of formula [Ni(np3)X] (X = C1, 
Br, I) having C, site symmetry, the g value pattern is gL >g11=2.0023. This pattern is 
indicative of a d,z ground state and the observed small deviations of g from 2.0023 were 
rationalized using Simple MO calculations.301 

In all the reported dinuclear complexes, the Ni' ions are strongly coupled together to give 
S = 0 singlet ground states. 

Most of the nickel(1) complexes are four-coordinate, either tetrahedral (phosphine and 
arsine complexes) or square planar (macrocyclic and dithiolene complexes), but five-coordinate 
complexes are also easily formed in the presence of tetradentate tripodal ligands. 

A few three-coordinate nickel(1) complexes are also known. 
A review dealing with nickel(1) complexes has appeared.303 

50.4.2 Cyano Complexes 
The earliest reported nickel(1) complex is the bright red compound of stoichiometry 

K2NiCN3304 which was later obtained in a pure form by the reduction of K2Ni(CN), either in 
liquid ammonia with potassium or in aqueous solution with sodium amalgam.305 The 
electrochemical reduction of [Ni(CN),]'- was also carried out and afforded the same nickel 
compound as the chemical reduction. The K2NiCN3 complex is dinuclear and diamagnetic on 
account of the short Ni-Ni linkage (232pm) joining the two planar Ni(CN)3 units which are 
twisted relative to each other by about 82" (75).306 

(75) 

The [Ni2(CN)6]4- anion absorbs both CO and NO. In the latter case a nitrosyl complex of 
nickel(0) results, namely K2[Ni(CN)3NO] .3"' The formulation of the carbonyl compound is 

A paramagnetic (1.78 BM), extremely reactive compound formulated as K3Ni(CN)4 has been 
obtained by reducing K2Ni(CN), with hydrazine in strong alkaline s o l u t i ~ n . ~ ~  

50.4.3 Complexes with Nitrogen Donors 
The electrochemical reduction of an acetonitrile solution of [Ni(b i~y)~]~+ affords a solution 

of [Ni(bi~y)~]+ and neutral [Ni(bi~y)~]. EPR data in solution ( ( g )  = 2.136) are consistent with 
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a nickel(1) complex formulation.31o An [Ni(bipy),]- s ecies has been also produced which can 
be better described as a ligand-stabilized anion ( P g )  = 2.007) with nickel in the formal 
oxidation state 0. 

Mixed ligand complexes of the type [NiX(bipy)(PPh,)] (X = halides, peff = 2.1 BM) have 
been reported.311 

Some nickel(I1) complexes with tetraaza macrocycles exhibit remarkable inertness towards 
dissociation. This property has allowed the stabilization of the metal in an unusual oxidation 
state by reducing (or oxidizing) the corresponding nickel@I) complexes. Most of the nickel(1) 
complexes with macrocyclic ligands have been prepared in solution by electrochemical means, 
but in some cases the compounds were also isolated in the solid state. The most widely used 
macrocycles are shown in Scheme 2. Selected electrochemical and ESR data are reported in 
Table 20. The square planar complexes [NiL]C104 (L = 76b, 76c) have been isolated as black 
crystalline compounds in aprotic media by the reduction of the corresponding nickel(I1) 
complexes with sodium amal am (equation 105). These nickel(1) complexes are stable in the 
absence of air and moisture!" Similar reactions occur with ligands (76d) and (76e). All the 
aforementioned complexes were also obtained by means of electrochemical reduction of the 
corresponding nickel(I1) complexes in MeCN solutions. Polarographic behaviour of these 
macrocyclic nickel complexes indicates that the reduction products are authentic nickel(1) 
complexes which, moreover, are stable towards further reduction to nickel(0) complexes. 

F 

/ \  
0 0  

(76i) 

R T2- 

Scheme 2 (76m) R = F , P h  
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Table 20 Electrochemical and ESR Data for some Reduced Nickel Complexes 
with Macrocyles 

Reduction potential for 
NiL2+INiL+ in MeCN us. 
Ag/Ag+  (0.1 M);  0.1 M ESR dnta in frozen MeCN (77K)  

Macrocycle Bu'SNBF, (V) 811 g, 

- 1.73 
-1.57 
-1.57 
-1.16 
-1.25 
-0.96 
-0.76 
-0.82 

2.261 2.060 Ni(1) 
2 . m  2.055 Ni(1) 
2.226 2.055 Ni(1) 
2.004" (ligand radical) 
2.005' (ligand radical) 
2.003' (ligand radical) 
2.003' (ligand radical) 
1.999" (ligand radical) 

a Isotropic signal. 

[NiL](ClO,), + Na/Hg r t. [NiLIClO, L = (76b), (764, (76d), (76e) (105) 

Busch and co-workers studied numerous synthetic macrocyclic complexes by means of EPR 
and electrochemical techniques.313 Nickel(I1) complexes with a variety of tetraaza macrocycles 
were found to undergo reversible one-electron electrochemical reduction. Depending on the 
ligand, the species produced are either nickel(I1)-stabilized anionic ligand radicals (ligands 
76f-76j, which possess conjugated a-diimine groups) or authentic nickel(1) species (saturated 
or unsaturated non-conjugated macrocycles), as clearly shown by the g values reported in 
Table 20. The electrochemical behaviour of the nickel macrocyclic compounds is affected by a 
variety of factors, mainly the degree of unsaturation and the size of the macrocyclic ligand. An 
increase in the size of the macrocycle makes the reduction of nickel(I1) easier, on account of 
the greater size of nickel(1) which is more easily accommodated in the larger cavity of the 
macrocycle. Ligand unsaturation also favours the reduced species which are stable under the 
action of relatively low potential (Table 20). 

Nickel(I1) complexes with the ligands (76b) and (76d) have been reduced in aqueous solution 
by solvated electrons with the aid of the pulse radiolysis technique.314 The decay kinetics and 
the behaviour of these complexes as bases and as reducing agents have also been studied. 

Methyl substituents on the nitrogen donor atoms of (7sd) greatly enhance the stability of the 
corresponding nickel(1) complexes in water solution (t,,(NiL)+ > 100 h),315 as compared with 
the nickel(1) complex with the unmethylated ligand (76d), which decomposes even in THF 
solution. 

Electrochemical reduction of the nickel(I1) complexes [Ni(L)R#+ (L = 76k; R = pyridine, 
4-aminopyridine, imidazole, 2-methylimidazole, H20) in the presence of either CO or 
P(OMe)3 produces nickel(1) species which may have either a pentagonal bipyramidal or a 
pentagonal pyramidal ge0rnet1-y.~~~ Nickel complexes with the ligand (76b), (76c) and (76d) 
also coordinate CO in solution to give five-coordinate carbonyl complexes of nickel(1) as 
deduced from their ERP spectra. Even the reduced complexes which may be formulated as 
nickel(I1) complexes of mononegative radical macrocycles (76g), (76h), (761) and (76rn) bind 
CO in solution giving five-coordinate square pyramidal carbonyl complexes of nickel(1). In the 
latter case it is assumed that an electron migration occurs from a ligand orbital to the metal 
orbital upon coordination of C0.317 

50.4.4 Complexes with Phosphines and Arsines 
Selected nickel(1) complexes with phosphines and arsines, together with relevant properties 

and synthetic routes, are reported in Table 21. In general, these nickel(1) complexes are 
air-unstable, especially when dissolved in solution; consequently their preparation and handling 
require the exclusion of oxygen and, often, of moisture. The synthetic routes which afford 
nickel(1) complexes are strictly dependent on the nature of the phosphines and arsines and are 
not of general application, except in the case of some tripodal ligands. Most of the nickel(1) 
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complexes with the polydentate ligands p3, a%, np3 and nas3 were easily obtained by the 
reduction with NaB& of nickel(I1) salts in the presence of the appropriate ligand. 

The early reports on nickel(1) and phosphine donors deal with the monotertiary phosphine 
PPh3, and it is remarkable that such a variety of different routes afforded the same complexes 
(equation 106). Structural features of selected complexes are reported in Table 22. All of the 
complexes of the type [NiX(PPh&] are mononuclear species with magnetic moment values 
corresponding to an unpaired electron and possess a pseudotetrahedral structure like 
[NiBr(PPh3)3] (77)" where the bond angles deviate from the tetrahedral value by less than 
1.5". Larger deviations have been observed in the complex [Ni(PMe,),]BPh., (78). 

Table 22 Molecular Parameters for some Nickel(1) Complexes with Tertiary Phosphines and Arsines 

Complex 
Bond distances' @m) Bond angles" C) 

Ni-Y Ni-L Ni-X Y - N - Y  Y-Ni-X Ref. 

232 
221 
213 
222 
213 
22.2 
225 

227 
236 
235 
241 

(Pbd 

1% (N) 
238 (Ni) 

244 (Ni) 

111 (Br) 
126 (N) 

93 (HI 
123 (1) 
124 (SI 
88 (P*pipbaa) 

66 (NiPNi) 

96 ( I )  176 (N-NeI) 

95 (I) 178 (P-NkI) 
101 (P) 179 (N-NkP) 

98 (I) 176 (N-Ni-I) 

322 
326 
328 
329 
332 
334 
335 
338 
340 
340 
343 
338 

Y = P or As as appropriate. 

l+ 

Br 

177) 

PMe, . I 

The [Ni(PMe&]BPh complex has been unexpectedly obtained through a reductive 
elimination reaction, by the sim le recrystallization in THF of the five-coordinate nickel(I1) 

A pseudotetrahedral geometry is imposed by the steric requirements of the tridentate ligand 
in the complexes [NiIp3]u3,334 and [NiSHp3] (79).3353336 

complex [Ni(Me)(PMe3)4JBPh,. 3 8  

I 
X 

(79) X = I , S H  
P P-Ni-, 
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The geometry of the complex [Ni(pp3)]C104 (80) approaches trigonal pyramidal with the 
nickel atom nearly in the basal plane. 

Similar structures are assumed for the analogous complexes [Ni(np3)]C10d38 and 
[Ni(na~~)lBF~.~" The formation reactions of complexes [NiL]C104 (L = np3, pp3) (Table 22) 
are not straightforward and deserve some comment. It was suggested that the (C3Ph3)+ ion 
replaces CJ-& in the starting complex either giving the intermediate species 
[Ni(C3Ph3)(PPh3)2]' or oxidizing nickel(0) to nickel(1). Thus in the presence of the ligand pp3 
both the complexes (SO) and [Ni(C3Ph3)(pp3)]+ are formed (equation 107).338 In the same way, 
in the presence of the n p  ligand, the formation of [Ni(np3)]C104 is accompanied by traces of 
the nickel(I1) hydrido complex [NiH,(np3)]C1O4. Finally, the analogous reaction with nas3 
ligands affords a different complex, namely [Ni(nas3)(PPh3)]C104 (81)338 whose structure is 
distorted trigonal bipyramidal with a significant lengthening of the Ni-N and Ni-P axial 
bonds (Table 22 A lengthening of the axial bond distances was also found in the complexes 
[NiI(nas3)] (82) ;)4b,342 and [Ni21(nas3)2]BPh4 The dinuclear complex (83) has been 
obtained by the reduction at room temperature of the monomeric nickel(II) complex 
[NiI(nas3)]+ with the stoichiometric amount of NaBh .  When more forcing reaction conditions 
were employed (excess of NaBH4 and boiling temperature), the mononuclear complex (82) 
resulted. 

[Ni(ppj)lC104 + [Ni($3-C3Ph3)(PP3)1BPhq 
30% yield 45% yield 

70% yield 
[Ni(np3)lC104 + [NiHX(np3)lC10, (107) [Ni(C,H,)(PPh&l+ (C,Ph&IO, 

(MeOH, THF, 50 "C) 

[Ni(nas,)(PPh3)]C104 
65% yield 

N - Ni-I-Ni - 
As-Ni --.A~ AS -N 1 --As 

PPh3 I 

(81) (82) (83) 

In complex (83) there is a linear bridge through the iodine atom connecting the two nickel 
atoms, which have trigonal bipyramidal geometry. The magnetic moments of both the iodo and 
bromo derivatives (pB € 1.0 BM at room temperature) indicate strong antiferromagnetic 
interaction between the two nickel atoms.343 

When nickel(I1) salts containing a coordinating anion (halide and pseudohalide) are reacted 
with NaB& in the presence of np,, trigonal bipyramidal nickel(1) complexes of the type 
[NiXnp3], in which the coordinating anion occupies the axial position, 39y340 are obtained. When 
nickel(I1) salts with poorly coordinating anions are used, non-stoichiometric hydrido complexes 
of nickel(I1) are obtained (equations 108 and 109). 

NIX2 + np, + BH; - [NiX(np3)] 
X = halides 

x < l  
Ni(H20),(BF4), + np, + BHi - [NiH,(np,)]BF, 

The reaction of LiP(SiMe& with NiC12(PR& affords an unstable intermediate, 
[Ni{P(SiMe3),},(PR&], which decomposes at temperatures in the range 263-268 K yielding 
the complex [NiP(SiMe&(PMe3)I2 (84) and [NiP(SiMe3)z] .328 Complexes (84) and 
[NiN(SiMe3)2(PPh3)~) (85) have been found to be three-coordinate with a trigonal planar 
coordination. Complex (84) has a dinuclear structure with bridging phosphido groups. A 
similar structure has been assumed for the dicyclohexylphosphido Complex 
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[Ni(PCy,)(PCyzPh~~ which was obtained by reducing the nickel(I1) complex [NiC12(PCy2Ph)2] 
with sodium sand. 

SiMe, 

Me,P-Ni Ni-PMe, 
\I/ 

/’\ 
Me& SiMe, 

Finally, a dinuclear structure with two hydrogen brid es has been found in the diamagnetic 
complex [NiH(P-P)] (86) (P-P = CYZP(CH~)~PCY~)!~~ The two PNiP planes connected 
through the hydrogen atoms form a dihedral angle of 63.5”. The same structure is supposed to 
occur in analogous hydrido complexes with other diphosphines. 331 

The reduction of planar rram-[Ni(CN),(PR3),] (PR3 = PEt,, PEtPh,, PEt,Ph, PBu5, PPr3) 
complexes has been investigated by cyclic voltammetry and controlled potential electrolysis 
techniques in MeCN The [Ni(CN)z(PR3)2] complexes were found to undergo 
electrochemical reduction to unstable nickel(1) and nickel(0) complexes which decay to more 
stable nickel(1) dimeric complexes (equation 110). Some of the latter compounds undergo a 
third cathodic process leading to nickel(0) species. Differences in the reduction potentials of 
the couples [Ni(CN)2(PR3)2]/[Ni(CN)2(PR&]- (in the range -2.06 to -1.38 V us. SCE) have 
been rationalized assuming that a greater n-acceptor capability of the phosphines corresponds 
to an easier reduction of nickel(I1) to nickel(1). Electrochemical behaviour of MeCN solutions 
of Ni(C104), in the presence of either tertiary phosphines or phosphites was studied. It was 
found that nickel(1) species are stabilized towards disproportionation reactions in the presence 
of phosphines, whereas the opposite occurs with phosphites.345 

(110) 

,A [Ni(CN),(PR,),I- 

[Ni(CN),(PR&] 

50.4.5 Complexes with Dithiolenes, Dithiocarbamates and Related Ligands 

The electron transfer properties of nickel 1 ,Zdithiolenes Ni(R2GS2)n- have been extensively 
studied in recent years, but there is still much controversy concerning the nature of the bonding 
in these complexes. On the basis of a simple VB model neutral and binegative species (87) may 
be assumed to contain the metal in the oxidation state +2, mononegative species may contain 
either nickel(I1) or nickelCIII), and trinegative species are assumed to contain nickel(1). 

(874 (874 

The square planar [bis(maleonitriledithiolato)nickel(I)] trianion (88; R = CN) was produced 
in MeCN solution by the electrochemical reduction of the corresponding dianion at rather high 
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negative potentia1 (-1.8 V us. SCE).346*347 The reduction is accompanied by a colour change of 
the solution from orange to green. The solution is extremely air-sensitive (but otherwise stable) 
and reverts to the dianion upon exposure to traces of air. Frozen solution EPR spectra have 
been interpreted with a rhombic g tensor with gl=2.205, g2=2.081, g3=2.061.348 The 
complex (88; R =  Me) is unstable even in the absence of air. 

Square planar 1,3-dithioketonato complexes Ni(R2C3S2)2 are reminiscent of the 1,2- 
dithiolene complexes and their electrochemical behaviour is comparable. The neutral com- 
plexes have been found to undergo a one-electron reduction to the unstable monoanions 
[Ni(R2C3S+]- (89) in the range -0.9 to -1.1V us. SCE in MeCN or DMF at a Pt 
e le~trode.~ There is also some controversy as to whether the reduction of these complexes is 
metal- or ligand-ba~ed.~’?~~’ 

7- 7- 

(88) R = C N , M e  (89) R = H , M e  (90) R = alkyl, aryl 

A number of nickel(I1) dithiocarbamates [Ni(R,NCS&] (90; R = alkyl, benzyl, phenyl) were 
found to undergo one-electron reduction at a Pt electrode at quite negative potentials (-1.2 to 
-1.5 V 21s. Ag/A$Cl electrode) giving formally nickel(1) species which are moderately stable in 
acetone solution. 517352 The effect of the substituents R on the redox couple has been 
in~estigated.~~’ The reduction mechanism of some of the aforementioned complexes (R = 
alkyl) was studied in DMSO at the mercury electrode. It was supposed that the reduction is 
essentially metal-centred in nature and involves dissociation products which are more easily 
reduced than the starting Ni(R2NCS2)2.353 The one-electron reduction of the mixed complex 
[Ni(R2NCS2)(P-P)]PF6 (P-P = Ph2PCH2CHzPPh2) in various solvents results in the initial 
formation of an unstable neutral complex of nickel(1) , [Ni(RzNCS2)(P-P)], which dispropor- 
tionates to the [N~(RZNCS~)~J and [Ni(P-P)2] complexes.352 The mechanism of the dispropor- 
tionation reaction is assumed to be similar to that of [Ni(CN)2(PPh3)2] (equation 110). 

50.4.6 Miscellaneous Complexes 

The reduction of nickel(I1) salts with NaBH4 was studied in the presence of several ligands. 
With ligands such as en, no appreciable reduction occurs, whereas with NH3 reduction to the 
metal takes place. In the same way the reduction of [Nib]’+ (L = bipy, phen) in water or 
ethanol affords compounds of stoichiometry [Ni&] and [NiXL] (X = BH4, PF6, BPh) with 
magnetic moments indicative of one unpaired electron (1.95-2.38 BM). The complexes with 
formula [ N m ]  were assigned either square planar or five-coordinate structure whereas a 
tetrahedral geometry was assigned to the complex [NiBH4(phen)] .354 

Nickel(1) complexes with ligands such as en, CN-, L-alaninate, succinimide anion, C3H5N02, 
methyl and ethyl xanthogenate, GH30S; and C3H50S; are produced by the reduction of the 
corresponding nickel(I1) complexes by means of y irradiati~n.~” EPR data suggest that the 
paramagnetic centre produced by y irradiation is rnetal-centred. 

50.5 NICKEL(II) 

50.5.1 Electronic Spectra and Spectromagnetic Properties of Nickel(I1) Complexes 

50.5l.1 Introduction 

The large variety of coordination environments and geometries achieved by nickel(I1) in its 
complexes makes this ion one of the most extensively studied among transition metal ions. The 
electronic structure of nickel(I1) complexes has been investigated using optical spectroscopic 
(optical absorption, MCD) and magnetic (magnetization, magnetic susceptibility, EPR, NMR) 
techniques and several reviews have already appeared.356360 The purpose of this section is to 
present a general account of the electronic structure of nickel(I1) complexes, as well as that of 
reviewing their spectral and magnetic properties. 



46 Nickel 

In the first part we will describe the electronic energy levels of nickel(I1) complexes in the 
most common stereochemistries and the appearance of the electronic spectra. High-spin 
complexes will be considered first. 

In the second part we will review the properties connected with the nature of the ground 
state, such as magnetic susceptibiIity and magnetization, EPR and NMR of paramagnetic 
complexes. 

In the last part we will give explicit references to those complexes which have been studied 
by several techniques, paying special attention to systems for which single crystal data are 
available. 

50.511.2 Energy levels and electronic spectra 
The description of the electronic energy levels and of their dependence on the structure and 

geometry is the starting point for the understanding of the spectral and magnetic properties of 
nickel(I1 complexes. The basic theory for the interpretation of these properties is already 

description of the energy levels and we will adopt this picture throughout this section. The 
ligand field model we refer to is the Angular Overlap Model (AOM) of the ligand field362 which 
has been successfully applied in the last few years to describe electronic and magnetic 
properties of low symmetry chromophores.363 In the AOM the antibonding effects of the ligand 
on the metal d orbital energies are parameterized using the e; (A = a, n, S) parameters which 
are related to the metal-ligand u, JG and S interactions which are familiar to all chemists. It is 
customary to use as parameters e, = e: - e; and e, = e ;  - e;. In general, correlation exists 
between the AOM parameters and the usual crystal field parameters. For example in cubic 
complexes 

1ODq = y(3e, - 4e,) 
y = 1 for octahedral and -4/9 for tetrahedral complexes. 

General relationships between AOM and crystal field parameters are shown in Table 23. 
Using the AOM one can easily compute the electronic energy levels, inclusive of spin-orbit 
coupling, without any symmetry assumption or perturbation procedure, and it is also easy to 
account for the different chemical natures of the ligands and for differences in bond distances. 
It is also possible to handle anisotropic JG interactions, which can be expected to occur with 
pyridine or pyridine N-oxide  ligand^.^^^,^^^ General review articles on the AOM and its 
applications have already appeared.364,3s371 

known.3 b ' Much of the work already done on this subject has been based on a ligand field 

Table 23 General Relationship Between Angular Overlap 
Model and Ligand Field Parameters 

I2 = (7/2)C, = e, + e, 
Id= 6Dq = (9/5)e, - (12/5)e, 
C, = (2/7)Z, = (2/7)e, + (2/7)e, 
Dq = (1/6)14 = (3/10)e, - (4/10)e, 
eo = (4/7)1, + (5/21)Z4 = 2C + (10/7)Dq 
e, = (3/7)Z, - (5/21)Z4 = (3/?l)C, - (10/7)Dq 

The symbols are defined in refs. 364 and 365. 

Nickel(I1) is a 3ds ion. From this configuration the Russell-Saunders terms 3F, 3P, 'G, ' D  
and 'S arise whose relative energies are expressed in terms of the Racah parameters B and C in 
Table 24. The ground state of the gaseous ion is 3F;  B = 1084 cm-' and C = 4831 an-'. For 
nickel(I1) complexes both triplet (high-spin) and singlet (low-spin) states are known as ground 
state, depending on the relative value of the interelectronic repulsion and crystal field 
stabilization energy which in turn depend on the covalency of the metal-ligand bonds, the 
nature of the ligands and the stereochemistry of the complex. When the interelectronic 
repulsion P overcomes the crystal field stabilization energy A, a low-spin state occurs; when 
A > P the high-spin configuration is stabilized. In intermediate situations when A = P the 
ground state is expected to depend on external conditions such as pressure or temperature 
giving rise to spin equilibria. Six-coordinate complexes are generally high-spin, unless one or 
more ligands are at a larger distance. Five-coordinate complexes can be both high-spin and 



Nickel 47 

Table 24 Energies of Terms of d g  Con- 
figuration as a Function of the Racah 

Parameters 

Term Energya 

'F 0 
3P 15B 
'G 12B + 2c 
' D  5 3  + 2C 
'S 22B +7C 

a B and C are defined in ref. 361 I 

low-spin. Four-coordinate complexes are high-spin in a tetrahedral or pseudotetrahedral 
environment and low-spin in square planar geometry. In Figure 3 the energies of the electronic 
levels in various coordination geometries are shown. The purpose of Figure 3 is to give a 
qualitative picture of the energy levels in each stereochemistry, the exact order of the energy 
levels depending on the actual value of the AOM parameters. The ground state of trigonal 
bipyramidal and tetrahedral complexes is orbitally degenerate, 3E' and 3T1 respectively, while 
in all the other stereochemistries the ground state is orbitally non-degenerate. In any case 
low-spin complexes possess an orbitally non-degenerate ground state. 

2ot 

pigure 3 Energies of the triplet levels in various geometries 

Energy levels for a regular octahedral Ni& chromophore are shown in Figure 4. Figure 4a 
shows the effect of increasing the e, parameters for the A ligands in strict Oh symmetry. The e, 
values lie in the range which can in principle be found for nickel@) complexes. 

In Figure 4b the effect of varying the enleu ratio is shown. Positive enleu values correspond 
to an antibonding effect on the metal orbitals and represent the effect of a n-donor ligand, 
while negative eJe,  values represent the effect of n-acceptor ligands. Both 0- and n-bonding 
interactions largely affect the energy of the singlet and triplet levels. Here and in all the 
following figures only triplet levels and singlet levels lying below 20000cm-1, which in 
principle can be relevant to the interpretation of the electronic spectra, will be shown. 

is the angle between three of 
the A ligands and the C3 axis. Perfect octahedral geometry corresponds to ( = S S 0 .  Lower 
values give trigonally elongated complexes, while for larger values a trigonal compression of 
the octahedron occurs. The main effect of this distortion is to remove the degeneracy of the 
excited Tlg and T z ~  energy levels, also changing the nature of the low-lying split level from A2 to 

The effect of trigonal distortion is shown in Figure 4c where 
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Figure 4 Energy level diagram for an octahedral NiA, chromophore. Full lines refer to triplet states, broken linw to 
singlet states. The free ion parentage is shown on the left side. (a) The effect of varying e, (ez = 0 cm-I); (b) the effect 

of varying e,/e, (e, = 3000 cm-I); (c) the effect of varying E (see text; e, = 3000 cm-', e, = 0 cm- ) 

E and from E to A2, for C, (F) and qg (P) respectively, on passing from a trigonal elongation 
to a trigonal compression of the octahedron. Other distortions towards a trigonal prismatic 
configuration have been found to affect the electronic energies greatly and have been 
considered elsewhere. 372 

The energy levels of tetragonally distorted NiA2B4 chromophores are shown in Figure 5. The 
energy levels are mainly affected by the &/e: ratio (Figure Sa). In tetragonally compressed 
chromophores (&le: > 1) the 'Tzg (Oh) level is split in such a sense that 3&g (D&) lies lower 
than 'Eg (D4h) while the sense of the splitting is reversed for tetragonally elongated 
chromophores. Analogous considerations hold for the 3&g (Oh) energy levels. 

\\ --,E, ------_ --- _------ -- 
--&g ' B2P 

( b )  ( C  1 

e," /e: e: e: 
0.5 I .O I .5 2.0 -3-m -4-m 

Figure 5 Energy level diagram for a tetragonal NiA,B, (&) chromophore. Full lines refer to tri let states, broken 
lines to singlet states. The free ion parentage is shown on the left side. (a) The effect of varying etle, (e: = 3OOO cm-'; 
ee=e:=Ocm-'); (b) the effect of varying ef: (e$=4500cm-'; e$/e$=0.05; et=3000cm-'); (c) the effect of 

varying e t  (e: = 3000 cm-'; el/eE = 0.05; e: = 4500 cm-') 

E 
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The electronic spectra of octahedral nickel(I1) complexes are formed by three main 
spin-allowed bands. They can be assigned in o h  symmetry to 'A2g.+3T2p, 3A28+3T1g and 
3A2g--, 'Tlg (P). Less intense spin-forbidden bands attributable to transitions to 'D and 'G states 
can also be observed. The first spin-allowed transition is usually in the range 5000-12 OOO cm-'. 
The 3A2s+ 3i7g band is in the range 12 000-19 OOO cm-' and has often been found to be split 
into two components as a consequence of the spin-orbit coupling of 'E (D) with 3Tb. The third 
band is to the P manifold and ranges between 20 000 and 29 000 cm-'. In tetragonal complexes 
the splitting of the energy levels increases the number of observable transitions. Six 
spin-allowed transitions may be anticipated and in practice at least five are observed; in 
addition some spin-forbidden bands may appear. The transitions to the doubly degenerate 
3Eg (D&) levels are usually the most intense features.373 The molar extinction coefficients of the 
transitions are generally very close to 10, the highest energy bands being more intense. The 
electronic spectra of some pseudooctahedral nickel(I1) complexes are shown in Figure 6. 

:... . .  
. .  

I I 
5 10 15 20 25 30 

Figure 6 Electronic spectra of Ni(pyrazole),(NO,), (full h e )  and Ni(pyrazole),Br, (dotted line) after ref. 475 

The energy levels of five-coordinate NiA5 chromophores are shown in Figure 7. Square 
pyramidal complexes possess an orbitally non-degenerate ground level, 3B1 in C4" symmetry, 
the next excited state being a 3E level. The 4P levels are not greatly affected by both e, and e, 
variations (Figures 7a and 7b). The e, parameter strongly influences the energy of the ground 
3B1 level and the energies of the 'D levels which are coming near to the ground state as e, 
increases. x interactions produce smaller variations in the energy levels as already observed for 
six-coordinate complexes. In Figure 8 the energy levels of an NiB4A complex are shown. 

The electronic spectra of square pyramidal chromophores are characterized by a band in the 
near IR region from 4000 to 9000 cm-' (3B1 + ' E )  with molar extinction coefficient near 
10-20, a more intense transition at 12000-18000cm-' (3B1+3E, ~~=220-100)  with a 
shoulder on the low frequency side due to 3B1+3B2 transitions, a weak band at 17000- 
25 000 cm-I (3B1+ 3A2 (P)) and the most intense transition at 19 000-29 OOO cm-' (381--, 3E 

In Figures 7c and 7d the effect of varymg e,/e, and e, parameters for NiAs trigonal 
bipyramidal (&) complexes is shown. The ground state is an orbitally degenerate 3E' state. 
Analogously to the square pyramidal case the energy levels are more sensitive to (T than to n 
effects and the splitting of the 3P state is less than that of the 3F state. The 'Ai level is largely 
stabilized by increasing e,. The effect of changing the symmetry from D3h to C3v by allowing the 
angle between the axial and equatorial ligands to be different from 90" has been considered 
elsewhere374 and the main effect is that of removing the accidental degeneracy of the A: and 
A; levels. This splitting can be observed and used as a test of deviation of the complexes from 
D3h symmetry. 

The electronic spectra of trigonal bipyramidal high-spin complexes are characterized by four 
bands. The first band is in the near IR region ranging from 5000 to 8000cm-' (3E'43Elr ,  
elvI = 10-30), the second one is in the ran e 8000-14 000 cm-' ('15'4 3A;' + 3AI, glvI - 10-20), 
the third band is at 17 000-22 000 cm-' ( E'+ 3AI, E M  = 20-30) and the fourth band is the 
most intense one ( ~ ~ = 5 0 - 2 0 0 ) ,  with a shoulder in the low frequency part. This band 
corresponds to transitions from the 3F to the 3P manifold (3Err and 3Ai). Examples of electronic 

( P ) ,  &M 2: 100-800). 

5 
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Figure 7 Energy level diagram for an NM, chromophore. Full lines refer to triplet states, broken lines to singlet 
states. The free ion parentage is shown on the left side. Square pyramidal geometry (C,): (a) the effect of varying e,; 
(b) the effect of varying e,/e, (e- = 3000cm-I). Geometry intermediate between square pyramidal and trigonal 
bipyramidal (&): (c) the effect of varying (Y (see text): (Y= 90" corresponds to C ,  symmetry, [Y = 120" to D3,, 
symmetry (e, = 3000 cm-'; e, = 0 cm-I). Trigonal bipyramidal geometry (&): (d) the effect of varying e,/e, 

(e, = 3ooO cn-I); (e) the effect of varying e, (ez = 0 cm- ) 

-2:owo' 0-0 -0W.d 

a .,"/e: a,/#* 

eigare 8 Energy level diagram for an NiB.,A chromophore (I?,). Full lines refer to triplet states, broken lines to 
singlet states. The free ion parentage is shown on the left side. (a) The effect of varying S, the angle A-Ni-I3 
(e: = l5OO cn-'; e: = 3000 cm-'; e t  = e: = 0 cm-'; (b) the effect of v y g  .$/e: (e: = 3000 cm-'; e$ = e: = 0 an-'; 

6 = loo"); (c) the effect of varying eJe, (e$ = e, - 3ooo cm-'; 6 = 100") 
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spectra of nickel(I1) complexes with approximate square pyramidal and trigonal bipyramidal 
stereochemistries are shown in Figure 9. 

Pigure 9 Electronic spectra of a square pyramidal ([Ni(MePh,AsO),(C10,)](CI04); full line) and a trigonal 
bipyramidal ([Ni(Me&en)Br]Br; dotted line) complex (after ref. 360) 

Figure 7c illustrates the energy levels of complexes with geometries intermediate between 
square pyramidal and trigonal bipyramidal. The geometrical variation is achieved by changing 
one of the A-Ni-A angles a from 90" to 120" preserving overall C% symmetry of the 
chromophore. The main effect of this distortion is to remove the degeneracy of the E levels 
causing an increase of the total number of bands and in particular the appearance of three 
bands in the near IR region due to transition to the split component of the E' and E" state of 
4h symmetry, which have often been observed. 

The electronic energy levels of tetrahedral N& complexes are shown in Figures loa and 
lob. The largest effects on the energy levels are caused by the variations in the e,, parameter. 
The 3P levels are almost unaffected by both 0 and JT interactions. Two main distortions from Td 
symmetry are considered in Figures 1Oc and 10d. In Figure 1Oc the effect is shown of varying 
the angle a! between two ligands and the S, axis, preserving overall ad symmetry. x 
interactions have a much smaller influence on the energy levels. The largest splitting are 
observed for the 3Z and 3& levels of the 3F manifold and the ground state can be orbitally 
degenerate or not depending on whether the complex is compressed or elongated. In Figure 
10d the effect of varying the angle /3 between two ligands and the C3 axis of the tetrahedron 
while preserving 12% symmetry is shown. Also in this case x interactions have a smaller 
influence on the energy levels. The largest splitting is observed for 37'-, (I;) levels and also in this 
case the nature of the ground state is influenced by the sign of the distortion. 

The electronic spectra of pseudotetrahedral nickel(@ complexes are characterized by three 
main bands. The first one (3&-+3G, cM= 10-50) falls in the near IR region from 4000 to 
7000 cm-l; the second one is in the range 7000-11 OOO cm-I (3Z+ 3 A ~ ,  = 100-200); and the 
third band is assigned to the transitions to the 3P manifold and lies between 15000 and 
2OO0Ocm-l ( ~ ~ = 2 0 0 - 5 0 0 ) .  Low-symmetry components of the ligand field can modify this 
assignment (Figure 10) and transitions within the ground 3T1 manifold become observable in 
the IR region. 

Typical spectra of pseudotetrahedral nickel(I1) complexes are shown in Figure 11. 

50.513 Spectral and magnetic properties dated  to the ground states 

A number of physical observables, such as magnetic susceptibility and EPR spectra, are 
largely determined by the nature of the ground state, the excited states playing only a minor 
role. 

Tetrahedral and trigonal bipyramidal complexes have orbitally degenerate ground states 
while octahedral and square pyramidal complexes possess orbitally non-degenerate ground 

coc -c 
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Figure 10 Energy level diagram for an NiA4 pseudotetrahedral chromophore. Full lines refer to triplet states, broken 
lines to singlet states. The free ion parentage is shown on the left side. (a) The effect of varying e, (e, = Om-'); (b) 
the effect of varying c /eo (en = 3000cm-'); (c) the effect of varying the (Y angle (see text; e, = 3000~11-'; 

e, = 0 cm-'); (d) the effect of varying the angle (see text; e, = 3000 cm-'; e, = 0 cm-') 

states. When the ground state is orbitally non-degenerate, spin-orbit coupling removes the 
three-fold spin degeneracy causing a zero field splitting of the ground manifold as shown in 
Figure 12. 

In general this zero field splitting is large enough (5-5Ocm-') to prevent any direct 
observation of the transitions between the ground levels which are in principle observable 
through EPR spectroscopy, so that magnetic susceptibility measurements remain the most 
widely employed technique to investigate the magnetic properties of high-spin nickel(I1) 
complexes. When the ground state is orbitally degenerate, both spin-orbit coupling and 
low-symmetry components of the ligand field are effective in removing any degeneracy. In this 
case more complicated situations occur. In general no EPR spectra can be observed for these 
complexes and the measured magnetic susceptibilities are very anisotropic and largely 
temperature dependent. 

(i) Magnetic susceptibility 

The theory of the magnetic susceptibility of nickel(I1) complexes is well established and 
several review articles have already appeared.375379 A quantity of interest in studyin the 
magnetic properties of nickei(I1) complexes is the effective magnetic moment p = (831T) . 

The magnetic moments usually observed at room temperature for nickel(I1) complexes are 
shown in Table 25. The spin-only value of p for a da ion is 2.83 BM; larger values are generally 
observed due to orbital contributions derived from the mixing into the ground state of 
low-lying excited states under the spin orbit operator, or directly, because the ground state is 
orbitally degenerate. It is apparent from Table 25 that the value of the room temperature 
magnetic moment cannot be used to distinguish between tetrahedral and five-coordinate 
complexes. 

The largest magnetic moments are observed for tetrahedral and trigonal bipyramidal 
complexes which possess orbitally degenerate states. Large orbital contributions are also 
expected for square pyramidal complexes which have an E level lying near to the ground state. 
The computed variation of p as a function of e, and em/e, for octahedral Ni& complexes is 

shown in Fi ures 13a and 13b. The explicit formalism for these calculation has been described 
el~ewhere.~' The magnetic moments are more sensitive to variations in e, than in ex. An 
increase in e, results in a decrease in p. 

1 1 -  
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Figure 11 Electronic spectra of pseudotetrahedral nickel(I1) complexes (reproduced from ref. 542) 
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Figure 12 Zero field splittiag of an orbitally non-degenerate hiplet ground state. D and E are related to the zero field 
splitting tensor by D = 3/20, ,  and E = $(Dm - Dyy). The states are labelled according to the z components of the spin 

operator on the right 
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Table 25 Typical Values of the Effective 
Magnetic Moment at Room Temperature of 
Nickel(I1) Complexes in Various Coordina- 

tion Environments 

Octahedral 2.9-3.3 
Trigonal bipyramidal 3.2-3.8 
Square pyramidal 3.2-3.4 
Tetrahedral 3.2-4.0 
Square planar Diamagnetic 

Since the ground state in Oh symmetry is 3A2g and the next excited state 'Gg is generally well 
separated in energy (>7000 cm-I), no large temperature dependence of the magnetic moment is 
anticipated (Figures 13a and 13b) and anisotropic effects are also of minor importance unless 
very low temperatures (<4K) are reached. At temperatures below 4K the differences in 
thermal populations of the levels of the ground manifold due to the zero field splitting become 
important and larger anisotropies are observed.376 The effects on the magnetic moments of 
varying the angle 5 between the trigonal axis of the octahedron and the bond direction is shown 
in Figure 13c. The most dramatic effect is on the 5 K  magnetic moment which shows a 
maximum at -45". This is due to a change of the sign of the zero field splitting induced by the 
distortion from Oh symmetry. 

The calculated magnetic moments of tetragonal NiA2B4 complexes are shown in Figure 14. 
The magnetic moments are almost insensitive to both u and rc interactions. Owing to the 
splitting of the excited 'Tb state of Oh symmetry a larger variation of y with temperature than 
in the octahedral case is computed. 

In Figure 15 the magnetic moments computed for five-coordinate chromophores are shown. 
Owing to the degenerate nature of the ground state for trigonal bipyramidal complexes, the 
computed magnetic moments are larger than those of the square pyramidal complexes. B and n 

I (q' , Ib) (C) 

1000 2 3000 5000-0 -- I 0 0 I 4W 50' 60 70° 

8.z e,'% E 

Figore W Computed mapetic moments for an octahedral NiA, chromophore, Full lines refer to 305 K, broken lines 
to 155K, and dotted lines to 5K. (a) The effect of varying e, (e, =Om-'); (b) the effect of v-g e,/e, 

(e, = 3000 an-'); (c) the effect of varying (see text; e, = 3000 cm- , e, = 0 cm-') 

- -- 
.'.... ....._._.._..,,, ,,.,,........ .....-.. .....,,, ..... .... 

(a) (b) (C) 

0.5 1.C 1.5 2.0-300 -0 -450 -50 

e," /e: e," 4 
Figure 14 Computed magnetic moments for an NiA B chromophore. Full lines refer to 305 K, broken lines to 155 Kd 
and dotted lines to 5 K. (a) The effect of varyin8 et/&! :e: = 3000 cm-'; e: = eB = 0 cm-l); (b) the effect of varyiye, 
( e t  = 4500 cm-l; e$/e$ = 0.05; e: = 3000 cm- ); (c) the effect of varying e, (e: = 3000 cm-'; e:/et = 0.05; e, = 

4500 cm-') 
A 
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interactions do not greatly affect the magnetic moments, for both square pyramidal and 
trigonal bipyramidal complexes. The magnetic moment computed for complexes with 
geometries intermediate between square pyramidal and trigonal bipyramidal is shown in Figure 
1%. 

- ___--- -3- --______ 
..................................................... 

...... 
. .  . .  . .  . .  . .  

(d) (e) u w u  
e, e, /e, a e, /e.¶ e.¶ 

1000 3000 5000-0.1 0 0.1 90 100' t lO' Ix)o-O. l  0 0.1 10-00 

Figure 15 Computed magnetic moments for an NiA, chromophore. Full lines refer to 305 K, broken lines to 155 K, 
and dotted lines to 5 K. (a) The effect of varying e,,; (b) the effect of varying e,/e,, (e, = 3000 cm-I); geometry 
intermediate between square pyramidal and trigonal bipyramidal (CB) :  (c) the effect of varying CY (see text): a= 90" 
corresponds to C, symmetry, (Y = 120" to D3h symmetry (eo = 3000 cm-'; e, = 0 cm-'); trigonal bipyramidal geometry 

(D3h): (d) the effect of varying e,/e, (e, = 3000 cm-*); (e) the effect of varying e, (e, = 0 an-') 

Complexes with geometries near to the trigonal bipyramidal limit show the largest variation 
of p with temperature. For these complexes the simple ligand field theory generally fails to 
reproduce the experimentally observed magnetic moments which are lower than the computed 
ones. An explanation which has been suggested will be discussed in Section 50.5.1.4.iii. 

The magnetic moments computed for NiB4A complexes are shown in Figure 16. 

4 r  

(C) 

I -u 

8 e:/e,B e/e, 

40' looo llOo 0.5 1.0 1.5 2.0 - 0 . t  0 0.1 

Fcgure 16 Computed magnetic moments for an NiB,A chromophore. Full lines refer to 305 K, broken lines to 155 K, 
and dotted lines to 5 K. (a) The effect of v a p g  6, the angle A-Ni-B ( e t  = 1500cm-'; e: = 3ooo m-'; 
e t  = e: = 0 cm-'); (b) the effect of varying e t l e ,  (e: = 3000 cm-'; e$ = e: = 0 cm-'; 6 = IMP); (c) the effect of 

varying e,/e,, (e$ = e: = 3000m-'; 6 = 100') 

The magnetic moments computed for tetrahedral complexes NiA4 are shown in Figure 17. 
Since the ground state is 3T1, the room temperature magnetic moment is larger (>4) than for 
octahedral and five-coordinate chromophores. Spin-orbit coupling splits the ground 3K term 
into three states of multiplicity 0, 3 and 5 with the 0 state lying lower. At low temperatures only 
the 0 state is populated and p becomes zero, giving a large temperature dependence of the 
magnetic moments. The dependence of p on e,, and e, (Figures 17a and 17b) is not large. The 
effects of tetragonal and trigonal distortions are considered in Figures 17c and 17d respectively. 

(ii) EPR spectra 

The EPR spectra of nickel(I1) complexes can be interpreted using an S = 1 spin Hamiltonian. 
Since nickel(I1) is not a Kramers ion the zero field splitting can be large enough to lift all the 
three-fold spin degeneracy of the ground state and give no observable ESR signal. The spectra 
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17 Computed magnetic moments for a pseudotetrahedral N& chromophore. Full lines refer to 305 K, broken 
lines to 155 K, and dotted lines to SK. (a) The effect of varying e, (em =Ocm-'); (b) the effect of varying e,/e, 
(e,  = 3000 crn-'); (c) the effect of varying the (Y angle (see text; e, = 3oM) cm-'; e, = 0 m-'); (d) the effect of varying 

the 6 angle (see text; e, = 3000m-'; e, = O cm-') 

have often been recorded for octahedral complexes, They have generally been interpreted with 
a nearly isotropic g tensor with principal values in the range 2.0-2.4. Spin Hamiltonian 
parameters for selected nickel(I1) complexes are shown in Table 26. More details on the EPR 
spectra of nickel(I1) can be found in ref. 395. 

Table 26 Spin Hamiltonian Parameters for some Nickel(I1) Complexes 

Compound Chromophore" gIb gz &h D' E J D  Ref. 

NiSiF6.6H20 
(Zn ,Ni)SiF6*6H,0 
Ni(BrO,),.dH,O 
NiS04-6H,0 
(Fe,Ni)SiF,.6H2O 
Cs(Mg,Ni)CI, 
Cs(Mg,Ni)Br, 
Cs(Mg,Ni)I, 
Cs(Cd,Ni)Br3 
Cs( Cd ,Ni)CI, 
RbNiC13 
RbNiBr, 

Ni( 1-Meim),(CIO,), 
Ni(MeCN),SbC& 
Ni( MeCN),InB r, 
Ni( MeCN),( Clo,), 
Ni(5-Mepz),(C104), 
Ni(4-Mep~)~(ClO,), 
Ni(4-Clpz),(C104), 

(Zn,Ni)(NH&NO, 
(Cd,Ni)(m3)&% 
(Cd,Ni)(NH&,BI; 
(Zn,Ni)(NH,)d& 

Ni(im)6(N03)2 

Ni(pz)6(N03)2 

(Zn,Ni)(NH3I6Br2 
Ni(dbSCMPY), 

NiO, 

NiO, 
NiO, 

NiO, 
NiO, 
Nick 
NiBr, 

NiBr, 
NiCl, 
NiCI, 
NiBr, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN, 
NiN6 
NiN, 
NiN, 
NiSe.,N, 

NH, 

2.25 
2.26 
2.29 
2.25 
2.255 

2.241 2.257 
2.23 2.23 
2.16 2.16 
2.22 2.22 
2.29 2.28 

2.23 
2.22 
2.185 
2.180 
2.190 
2.198 
2.195 
2.178 
2.190 
2.180 
2.19 
2.17 
2.18 
2.17 
2.16 
2.18 
2.087 

-0.51 0 
-0.64 0 
-1.97 0 

4.85 0.01 
-3.05 0.056 

2.000 0 
1.70 0 
1.03 0 
1.28 0 
0.905 0 

0.882 0 
0.820 0.004 
0.260 0.10 
0.270 0.17 
0.380 0.047 
0.400 0.00 
0.510 0.333 
0.26 0.00 
0.07 0.001 
0.606 
0.265 
0.30 
0.30 
0.30 
0.0043 

381 
382 
383 
384 
385 
386 
386 
386 
387 
388 
389 
389 
390 
391 
391 
391 
391 
391 
391 
391 
391 
392 
393 
393 
393 
393 
394 

a Metal and nearest-neighbour atom. 
Subscripts 1,  2 and 3 refet to x ,  y and z. When two values are reported, the first is the perpendicular 

component. 
'Values in cm-'. 
Abbreviations: im =imidazole; 1-Meim = 1-methylimidazole; 5-Mepz = 5-methylpyrazole; CMepz = 4- 
methylpyrazole; 4-apz = 4-chloropyrazole; pz = pyrazole; dbsc = di-n-butyldiselenocarbamate. 

(iii) NMR spectra 

In principle, measurement of the nuclear magnetic resonance of paramagnetic molecules 
allows measurement of the delocalized spin density over the ligand and gives information on 
the MO nature of the ground state.396 Nickel(I1) complexes have been particularly studied by 
this technique because: (I) the electron relaxation time andlor the characteristic exchange time 
are favourable; (2) in most cases, especially in octahedral complexes, the pseudocontact shift, 
which originates from magnetic anisotropy effects, can be neglected in comparison to the Fermi 
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contact shift due to the coupling of the nuclear spin with the unpaired spin density on the 
nucleus.3w42 While no theoretical approach has been found to be valid to account completely 
for the spin delocalization in nickel(I1) complexes, several trends have however been justified 
within a valence bond formalism. The contact shift for hydrogen nuclei is correlated to the 
unpaired electron density on the atom to which the hydrogen is bonded. In the absence of 
pseudocontact shift contributions the observed shift should represent the mechanism of spin 
delocalization. When the delocalization mechanism is occurring through CT orbitals, the contact 
shifts for protons in a ligand are negative (low field shift) and attenuate on increasing the 
number of atoms between the resonating proton and nickel(I1). In a n-delocalization 
mechanism the protons are alternatively displaced at high and low field (positive and negative 
contract shifts). This very simple picture cannot account for the observed spin distributions in 
low symmetGhromophores, where a distinction between o and n orbitals is no longer 
p o ~ s i b l e . ~ ~ ? ~  

A number of adducts of bis acetylacetonato)nickel(II) have been studied by 'H and 

the shifts of both protons and carbons cannot be accounted for by CT- and n-delocalization 
mechanisms. Similar results have been found for non-aromatic amines such as piperidine 
derivatives, showing that in these complexes there are also alternating 13C contact shifts which 
have been accounted for by inclusion of spin polarization in the mechanism of electron spin 
transfer through the carbon skeleton with INDO-MO calculations.412 

References to NMR studies of selected examples of pseudooctahedral complexes are given in 
Table 27. 

I3C NMR s p e c t r o s c ~ p y . ~ ~ , ~ ~ * ~ ~ ~  1 In several cases, always when aromatic bases are involved, 

Table 27 Selected References for NMR 
Spectra of Six-coordinate Nickel(I1) 

Complexes 

Ligand Ref. 

Pyridine and derivatives 423-430 
Imidazole and derivatives 431 
Phenanthroline 432,433 
Water 434,435 

Since the ground state of tetrahedral complexes is orbitally degenerate (3T,),  it can be 
expected that the shifts observed in 'H NMR spectra of pseudotetrahedral complexes are due 
to both contact and pseudocontact contributions. Kurland and M ~ G a r v e y ~ ~ ~  have derived the 
equations for calculating contact and pseudocontact terms in complexes with nearly orbitally 
degenerate ground states. Calculations of NMR shifts in pseudotetrahedral complexes are 
reported in ref. 437. Selected examples of pseudotetrahedral complexes whose NMR spectra 
have been studied are reported in Table 28 and ref. 455. 

Table 28 Selected References for NMR 
Spectra of Pseudotetrahedral Nickel(1I) 

Complexes 

Ligand 

Aminotroponeiminates 
Salicylaldehyde imines 
Benzaldehyde imines 
Benzaldehyde ketoamines 
Pyrrole-Zaldimines 
Dihalobisphosphines 
Nickelocenes 

Ref. 

438-443 
444-446 

447 
448 
449 

450-453 
454 

An important contribution to the nuclear spin relaxation time in paramagnetic nickel(I1) 
complexes comes from the dipole-dipole interaction with the unpaired electron spin. The 
relaxation rate for this process is proportional to the inverse sixth power of the distance 
between spins and can be used to provide geometrical data.456 
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Kowalewski analyzed the validity of the point dipole approximation in a series of complexes 
and found that the effective distance from the ligand nucleus to the unpaired spin agreed well 
with the internuclear distance for 'H nuclei. Large deviations from the oint dipole 
approximation have been found for the ligand nuclei directly bound to the 

50.5.l.4 Survey of experimental results 

In this section spectral and magnetic data on selected nickel(I1) complexes are presented. 
The purpose of this section is that of showing some of the most relevant spectromagnetic 
studies on nickel(I1) complexes. Particular emphasis will be given to work where a correlation 
between the properties and the electronic structure of nickel(I1) complexes has been 
investigated. Much information is to be found in the tables, albeit without any detailed 
comment. 

( i )  Six-coordinate complexes 

In Table 29 spectroscopic properties of selected six-coordinate nickel(I1) complexes are 
shown. 

Hydrated salts of hexaaqua ions have been studied for a long time. In Figure 18 the visible 
and MCD spectraSo8 of some nickel(I1) complexes are shown. In the case of Ni(H20)6(BrOs)2 
both B and C terms have been found to contribute to the MCD spectrum, the spectrum at 
4.2K being dominated by the C terms. This study supports the view that the 'Eg state is 
interacting via spin-orbit coupling with the 3Fg giving the characteristic double-peaked 
13 000 cm-' band ('red band') of the absorption spectrum. 

(crn-'x io3) 

Figure 18 The absorption (dashed line) and magnetic circular dichroism (full h e )  spectra of (a) [Ni(DMSO),JZ* in 
DMSO, (b) [Ni(H20),l2' in water, (c) [Ni(NH3),]" in water, with excess of ammonia present, (d) [Ni(e11)~1'' in 

water, and (e) [Ni(bi~y)~]'+ in water (reproduced after ref. 508b) 

An analogous inte retation has been given for the splitting of the red band in other 

. The magnetic properties of octahedral nickel(I1) complexes are dominated by the zero field 
splitting of the ground 3A2g state which, neglecting the rhombic components, is split into a 
doublet and a singlet whose energy separation is called D (Figure 12). The sign of D 
determines whether the doublet (D <0) or the singlet ( D  >O) lies lowest. The parameter D is 
usually found to be less than 1Ocm-l. The sign of D can be determined by measuring the 

octahedral complexes, 3 1*509s10 
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anisotropy of the magnetic susceptibility, xI > x,, leading to positive D values. Both signs of D 
have been found; it is positive, for example, in Ni(H20)6(N0&,511 Ni(H20)6SnCls,511,512 
Ni(PNO)a2 (X = C104, Br03, BF4)- and Ni(tu &l2~O0 and negative in NiC12-4H20,513 
NiZrF6.6H20:12 Ni(H20)6(C104)2,514 Ni(€I20)d3r2" and Ni(en)3(N03)2.516 The zero field 
splitting of the ground state has important consequences on the magnetic behaviour of 
octahedral nickel complexes at very low temperatures. When D is negative, at low temperature 
only the low-lying doublet will be populated and long range magnetic ordering can occur, as in 
an effective S = 4 ion.515,517 Whe n D is positive the singlet level lies lowest but long range order 
can occur, induced by the magnetic field (subcritical i n t e r a c r i ~ n s ) . ~ ~ , ~ ' ~  

The AOM has been used to rationalize the electronic structure of six-coordinate nickel(I1) 
complexes.518 Particular attention was devoted to the rationalization of the magnetic properties 
of Ni(PN0)6(BF4)2. In this complex Ni" possesses S, site symmetry and the oxygens occupy 
almost exactly the positions expected in 0, symmetry. However, this complex shows quite 
large magnetic anisotropfl' which can be rationalized using an anisotropic 3t interaction 
between the metal and the pyridine N-oxide ligands. The sign of the magnetic anisotropy 
determines the sign of the zero field splitting (D = 3-4 cm-') which in turn fixes the sign of the 
n anisotropy requiring e,<e,, where y and x refer to the directions perpendicular and 
parallel respectively to the Ni-0-N plane. 

measured the electronic spectra of a series of tetragonal 
nickel(I1) ammine complexes and found a relationship between the Ni-N distance and the e, 
parameter, e, decreasing when the Ni-N distance increases. 

The electronic and magnetic structure of Ni(NH,).,(NO& has been investigated using 
spectroma netic techniques,496 as well as by determination of electron density by X-ray 
diffractiong2' and of spin density by polarized neutron diffraction:21 The magnetic susceptibility 
follows a Curie-Weiss equation with 8 = -5.5 K between 10 and 300 K. Below 10 K zero field 
splitting effects become important and a value of D of 10.41~1-' has been estimated. Both 
charge density and spin density show that the nitrito groups and ammonia molecules are 
a-bonded to the nickel atom and that the nitrito group is a stronger a donor. n bonding effects 
were found to be negligible. Non-zero spin densities were measured on two of the three 
ammonia hydrogen atoms and on the oxygen atoms of the nitrito groups. 

Bertini et ~ 1 . ~ ~  and Lever et 

( i i )  Tetrahedral complexes 

In Table 30 spectroscopic properties of selected pseudotetrahedral nickel(I1) complexes are 
shown. 

The magnetic properties of pseudotetrahedral complexes have been extensively studied since 
their magnetic moments show a sharp variation with temperature below 80K. A typical 
example is the NiCl$- ion whose magnetic moment varies from 1.0 to 3.5BM in the 
temperature range 4.2-80 K.52395469547 

The electronic structure of pseudotetrahedral nickel(I1) complexes has been widely studied 
by Gerloch et al. using mainly the AOM to fit electronic transitions and anisotropic magnetic 
susceptibility. The sign of the anisotropy of the magnetic susceptibility has been related to the 
nature of the tetragonal distortion, being y ,  < for compressed ones548 reflecting the change 
in the nature of the ground state (Figure 10). 

The nature of the N?-P bond in pseudotetrahedral phosphine complexes has received 
much attention. With the AOM Gerloch et al. showed that phosphine bonds are characterized 
by a large (T basicity and large n acidity corresponding to a back-donation of electrons from the 
nickel to the phosphorus atom in both mono and bis phosphine complexes.549~550 

(iii) Five-coordinate Complexes 

In Tables 31-33 spectroscopic properties of selected five-coordinate nickel(I1) complexes are 
shown. 

Many ligand field calculations have been performed on five-coordinate nickel(1I) complexes 
to assign the electronic  transition^,^^^,"^^^^ but no systematic application of these calculations 
has been reported. The suggested assignment of the electronic transitions is shown in Tables 
31-33. 
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Gerloch et d. measured the anisotropic susceptibility of the complexes 
( Ph2MeAsO)$rliN03+ and bis(5-chloro-N-p -diethylaminoethylsalicylideneiminato)- 
n i ~ k e l ( I I ) . ~ ~ ~ ~ ~  The nickel@) in the first complex has CdU site symmetry and the sign of the 
magnetic anisotropy is pI > pit. In the second complex, nickel(I1) has no such high symmetry, 
and although the chromophore is not largely distorted from C4,,, the magnetic tensor is far from 
that expected in Cb symmetry, showing that low-symmetry components of the ligand field play 
an important role in determining the magnetic properties of five-coordinate complexes. 

The magnetic moment of trigonal bipyramidal nickel(I1) complexes is smaller, at room 
temperature, than that expected for a 3E' ground state. This fact has been attributed either to 
an admixture of an excited orbital doublet into the ground state578*579 or to Jahn-Teller 
effects.551 The temperature variation of the magnetic susceptibility of [NiBr(Me&en)]Br and 
[NiNCS(Me6tren)]SCN.H20, measured in the range 4.2-280 K, was recently measured and 
fitted using an A 0  model580 with high anisotropic orbital reduction factors (kx = 0.93, 
ky = 0.93, k, = 0.34 and k, = 0.90, ky = 0.94 and k, = 0.50 for the Br and SCN derivatives 
respectively). These highly anisotropic k values lead the authors to conclude that the Ham 
effect, which yields a large vibronic quenching of the z component of the orbital angular 
momentum, is responsible for the low magnetic moments of high-spin trigonal bipyramidal 
nickel(I1) complexes. 

50.5.15 Low-spin  complex:^^ 

Low-spin nickel(II) complexes exist in five-coordinate (either trigonal bipyramidal or square 
pyramidal) and in square planar geometries. The low-spin state is favoured with respect to the 
high-spin state by ligands containing donor atoms with high e,, and en values and large 
nephelauxetic effects such as P, S, As, etc. The nephelauxetic effect, which is related to the 
delocalization of the metal electrons over the ligand's nuclei and to the covalency of the 
metal-ligand bond, reduces the separation between the free ion terms while the stronger e, 
and en interactions increase the crystal field stabilization energy. 

The influence of these effects on the nature of the ground state in nickel(I1) complexes has 
been investigated by several a ~ t h o r s . ~ ~ ~ - ~ ~ ~  

Sacconi found a useful correlation between the spin state of five-coordinate complexes and 
the sum of the electronegativities and the nucleophilic reactivity constant of the donor 
groups.582 

Low-spin complexes have a 'A  ground state and are all diamagnetic. The spectroscopic 
technique most widely used to investigate their electronic structures is electronic absorption 
spectroscopy. In the following subsections we will consider some applications of this 
spectroscopic technique. 

( i )  Five-coordinate complexes 

In the limit of a regular trigonal bipyramidal geometry (& symmetry) the 'D levels split into 
lA1, 'E' and 'E" levels, as shown in Figures 7d and 7e, and two electronic transitions, 
'Al+ lE' and 'A1 + 'E'', are anticipated which can be further split on going to low symmetry 
chromophores where the degeneracy of the E levels is removed (see Figure 7c). The intensity 
of these transitions is generally fairly high ( E ~  = 1000-4000) due to the appreciable ligand 
character of the metal-ligand bond which causes these d-d transitions to become more 
dipolar-allowed. In the two band spectrum the low energy transition usually has higher 
intensity than the higher energy one since the 'A1+'E" transition is forbidden in D3* 
symmetry. Typical examples of spectra are shown in Figure 19. In Table 34 spectral data for 
selected examples of low-spin five-coordinate complexes are shown. 

The splitting of the ' D  term for square pyramidal complexes in the limit of C,, symmetry is 
shown in Figures 7a and 7b. In this symmetry three electronic transitions are anticipated, 
namely 'AI-* 'B1, 'AI+= 'E and 'A1-, 'Az, with a stronger 'Al+'E band which is allowed in 
C,, symmetry. The three 'C4,,' bands lie in the ranges 15 000-18 OOO, 21 000-24000 and 
27 000-29 OOO an-'. Typical examples of spectra are shown in Figure 20. Spectroscopic data for 
selected examples of low-spin five-coordinate square pyramidal complexes are shown in Table 
35. 
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Figure 19 Electronic spectra of (A) [NiBr(tan)]+, (B) [NiBr(tpn)]+, (C) [NiBr(tsep)]+, (D) INiBr(qas)(+ (reproduced 
after ref. 360) 

Table 34 Spectral Parameters for wrne Low-spin Five-coordinate Nickel(X1) Complexes with Nearly Trigonal 
Bipyramidal Geometry" 

~ 

Ni(PMe,),Br, 
Ni( PMe,),CI, 
Ni(PMe,),I, 
[Ni(Sbta)Cl]BPh, 
[Ni(Sbta)Br]BPh, 
[Ni(Sbta)NCS]NCS 
[Ni(tap)Cl]CIOa 
[Ni(taa)Cl]ClO, 
[Ni(qas)Cl]ClO, 
[Ni(tsp)CL]C104 
[Ni(tpn)X]X (X = Cl, Br, I) 
[Ni(tan)Br]BPh, 
[Ni(tan)I]BPh, 

S 
P 
P 
s 
S 
S 
S 
S 
S 
S 
s 
S 
S 

14 100-17 200 (-800) 
15 100-17 200 
13 700-16 700 
18 350 (2620) 
18 OOO (2150) 
19 400 (3150) 
15 9oosh 
14 600sh 
16 UM (4470) 
15 390 (12Ml) 
13 200,13 40 (2800-3100) 
12 650 (1OOO) 
13 150 (2620) 

22 200 (170) 
23 200 
23800 
23 950 (220) 
23 500 (65) 
24 250 (605) 
17900(2300) 
16 600 (1950) 
21 800 (330) 
20 960 (303) 
18 200,20 OOO (800 
17 100 (600) 
18 100 (1400) 

588,589 
589 
589 
590 
590 
590 
591 
591 
592 
593 

-1450) 594 
594 
594 

a The energies of the electronic transitions are labelled according to the parent symmetry of the excited states. 
bThe conditions under which the electronic spectra were obtained: S, solution; P, diffuse reflectance. 
Abbreviations: Sbta = tris(o-dimethylarsinopheny1)stibine; tap = tris(3-dimethylarsinopropyl)phosphine; taa = tris(3- 
dimethylarsinopropy1)arsine ; qas = tris(o-diphenylarsinopheny1)arsine ; tsp = tris(o-methylthiopheny1)phosphine; tpn = 
tris(diphenylphosphinwthy1)amine; tan = tris(diphenylarsinoethy1)amine; tsep, = tris(o-methylselinopheny1)phosphine. 

FIpe 20 Electronic spectra of (A) [Ni(diars)(tnars)]**, (B) [N~(diars)~]", (C) [Ni(dsp)(sp)](ClO,), (after refs. 595 
and 596) 
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Table 35 Spectral Parameters for some Low-spin Five-coordinate Nickel(I1) Complexes with Nearly 
Square Pyramidal Geometry" 

Complex Donor set Conditionsb 'B, ( E ~ )  ' E ( E M )  % ( E M )  Ref. 

[Ni(diars)(triars)]ClO, As5 S 18 620 (1150) 23 365 (2380) 26 850sh 595 
[Ni(diars),Cl]CI As@ S 1803Osh 22080(1530) 26285(190) 595 
[ N i ( d s p ) ( s ~ ) l P O ~ ) ~  SP,  S 16000(200) 21000(750) 26000(5500) 5% 
[Ni( tas)Br,] &,As3 S 14930(348) 19230sh 21 980(951) 597 

"PPP21 p3c12 P 18700 23 800 598,599 
GAS, P 18740 26 360 597 [Ni(daP)(CN)Zl 

"The energies of the electronic transitions are labelled according to the parent symmetry of the excited states. 
Indicates the conditions under which the electronic spectra wete obtained: S, solution; P, diffuse reflectance. 

Abbreviations: diars = o -phenylenebidimethylarsine; triars = bis(o4iethylarrinophcnyl)methylarsine; dsp = bis(o- 
methylthiopheny1)methylarGne; tas = bis(3-dimethylarsinopropyl)methyla1sine ; dap = bis(3-dimethylarsinopmpyl)- 
phenylphosphine; dpp = bis(2diphenylphosphinoethyl)phenylphosphine; sp = diphenyl(o-methylthiopheny1)pbosphe. 

(ii) Square planar complexes 

In a regular square planar environment ( D ,  symmetry), three spin-allowed transitions 
corresponding to 'Alg+ '4, 'AIg+ 'Eg and 'Alg+ Illlg are expected with low intensity 
( E ~  = 50-200) due to the presence of the inversion centre. Generally the d-d spectra are not 
very well resolved and are obscured by charge transfer transitions; much ambiguity still remains 
in the assignment of the electronic transitions which are very sensitive to low symmetry effects 
and n interactions. On passing to low symmetry chromophores the Eg state is split and two 
transitions can in principle be observed. In Dut symmetry ' E  s lits into 'BZg and L&g; the 

4 cos (Y err= where LY is 
90" in 

Spectroscopic data for selected examples of square planar complexes are shown in Table 36. 

splitting of this doublet state can be expressed as E = E('B2,) - g P  E( 
complexes and enc is the x component of the 3t interaction. 

Table 36 Spectral Parameters for some Square Planar Nickel(I1) Complexes" 

Complex Donor set Conditionsb 'Ba ( E ~ )  'E, ( E ~ )  'Big ( E ~ )  Re$ 

Ni(daco),(C10,),+2H,O N4 C 23480 24 540 22 370 601 
Ni(EMG), N4 c 20200 24700-26000 31 Ooo 602 
Ni( CN):- N4 c 31100 31 650 603 
Ni(dpm)z 0 4  C 16000 20 Ooo 18 500 604 
Ni(Et,dtp), s4 C 14900 17 200 19 200 605 

Ni( taa), S202 C 15870 15 870 19 450 608 
NWtP), s4 P 19100 14 500 26 100 609 
Ni(dtc), s4 P 21200 15 800 609 

Ni(Ebdtc), s4 C 15900 17000-19000 21000 606,607 

Ni(bdt) s4 S 116Oosh 610 
Ni(ptt) s4 S 13800(225) 17400(2300) 610 
Ni( OEtsacsac), s4 S 14700 (101) 17 500 (385) 61 1 
Ni(sacsac), s4 S 14890(330) 612 

The energies of the electronic transitions are labelled according to the parent symmetry of the excited states. 
The conditions under which the electronic spectra were obtained S, solution; P, diffuse reflectance; C, single crystat. 

Abbreviations: daco = 1.5-diazacydooctane; EMG = ethylmethylglyoximate; dpm = dipivaloylmethane; Ebdtp = 
diethyldithiophosphate; Ehdtc = N,N-diethyldithiocarbamate; dtp = dithiophosphate; dtc = dithiocarbamate; bdt = 
ethylene-1,klithiolato; ptt = propene-3-thione-1-thiolato; OEtsacsac = 0-ethylthioacetate; sacsac = dithioacetylacetonato; 
taa = monothioacetylacetonato. 

Spectra of four-coordinate complexes which show four bands attributed to d-d transitions 

In Ni(taa absorption maxima at 19 000-25 OOO cm-I have been attributed to charge transfer 

The tetracyanonickelate(I1) ion is the most extensively studied square planar complex of 
nickel(I1). The electronic spectrum is characterized by d-d bands at 31 ooO-32OOO cm-' 
(eM = 500-800) and charge transfer bands ( E ~  = 6000-15 OOO) at 33 000-37 OOO cm-I. In Figure 
22 the electronic and MCD spectra of K2Ni(CN), are shown. In the MCD spectrum of the low 
energy band (d-d), since C terms are zero because the ground state is 'Alg, the presence of the 

have been recorded at low temperature. An example is shown in Figure 21. 

transitions. L 8  
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(cm-'x io3) 

m e  21 Electronic spectra of Ni(Ehdtc)2 

A term (which changes sign at the absorption maximum) is evident, thus confirmin that this 

been performed to clarify the nature of the charge transfer transitions, the low energy ones 
being due to a 4p,-stabilized n* CN orbital. MCD spectra of Ni(dt )z and Ni(dtc), also showed 

square planar nickel I1 complexes with sulfur ligands have been extensively studied by Gray 

band arises from a transition to a degenerate Eg state.'I3 Several MO ~a lcu la t ions~*~~~  8 2-m have 

that in these complexes the low energy transition is to a 'E state.61 ? *"' The electronic spectra of 

and co-workers.61g6 A )  
I 
I 

0.4 I 4.0 

Frequency (cm-' I IO3) 

Figure 22 Absorption spectrum and MCD of Ni(CN)*- in HzO. [e,] is the molar ellipticity (defined as in ~ t ~ d  
optical activity in degrees d d t e r  decimeter-' mole-i) per gauss in the direction of the light beam. E is the molar 

extinction coeficient. The numbering of the bands is indicated (reproduced after ref. 613) 

50.5.2 Cyano Complexesm1- 
A grey-blue compound of stoichiometry Ni(CN)2.1.SH20 is formed by the reaction of "I4 

and KCN in stoichiometric ratio in boiling water. In this polymeric compound the bridging CN 
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groups are C-bonded in square planar Ni(CN)4 units and N-bonded in octahedral 
Ni(NC)4(0H2)2 units (9Q6= The magnetic moment (about 2.3 BM) accounts for the existence 
of both diamagnetic and paramagnetic nickel(I1) in a 1:l ratio. Numerous hydrates 
Ni(CN)2.xHz0, of uncertain structure, have been prepared and may be converted by heating in 
the diamagnetic anhydrous Ni(CN)2.626 

Hydrated Ni(CN)2 dissolves in aqueous KCN and the yellow diamagnetic potassium 
tetracyanonickelate(I1) K2Ni(CN), (92) crystallizes upon evaporating the solvent (equation 
111). 

1 2 -  

I 
N-C-Ni-CEN 

K2[Ni(CN)41 (111) 
H20 Ni(CN),.xH,O + 2KCN - K2[Ni(CN)4]-H20 lwoc + 

The [Ni(CN),I2- anion is one of the most stable nickel(I1) com lexes and an overall 
formation constant as high as about 1030 has been determined. 627962 The structure of the 
complex is square planar with the nickel(I1) bound to carbon atoms of cyanides and with linear 
Ni-C-N linkages (Table 37).629,630 The planar [Ni(CN),]'- units are stacked in oolumns in 
the crystal lattice with Ni-Ni interlayer distances as short as 330pm. C-bonded CN- is a 
strong field donor and the electronic spectrum of [Ni(CN)#- shows two weak d-d bands at 
444 and 328 nm. 

Table 37 Some Properties of the Diamagnetic [Ni(CN),I2- and [Ni(CN)$- Complexes 

Complex 
v (  C N )  stretch Ni-C bond 

Colour (Nujol mdZ) (an-') distance (pm) Ref. 

Ba[Ni( CN),] Yellow 2123,2143s 186 629 
[Cr(tmd)JNi(CN),]-2HZO Red 2070m, 2100s 186-190" 632 

2113w, 2126w 214b 
[Cr(en),][Ni(CN),].1.5&0 Red 183-199' 633 

18& 1 87a,d 
217b.d 

a Basal CN. Apical CN. Distorted trigonal bipyramidal species. Square pyramidal species. 

The yellow [Ni(CN),]'- adds a fifth cyanide in concentrated KCN solution (equation 112). 
Crystalline salts containing the pentacyanonickelate(11) anion can be obtained using large 
tripositive countercations. For example, by reacting an aqueous solution of Cr(tmd),Cl, 
(tmd = 1,3-diaminopropane) with an aqueous solution of KCN and K2Ni(CN)4, the red 
crystalline [Cr(tmd)3][Ni CN 5 -2H20 separates after the resulting cooled solution is allowed to 

[Cr(NH3)6][Ni(CN)sj.2H20 have also been prepared .631v632 The diamagnetic [Ni(CN),13- ion 
(93) contained in the tmd complex and in [Cr(NH&][Ni(CN)s] has an almost regular square 
pyramidal geometry, whereas in the complex [Cr(en)3][Ni(CN)=J1.5H20 both square pyrami- 
dal and distorted trigonal bipyramidal [Ni(CN)$- anions have been The dehydration 

stand for several houm6 5 Using ) I  similar synthetic procedures [Cr(en)3][Ni(CN),]-1.5H20 and 
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of the latter complex results in the transformation of the trigonal bipyramidal species into the 
square pyramidal one. 

[Ni(CN),]’- + CN- - [Ni(CN),I3-; A H  = -13 kJ mol-’ (112) 
yellow red Keq = 0.28 (298 IC) 

(93) 
The reaction of nickel cyanide with aqueous ammonia affords compounds of the type 

Ni(CN)2.NH3-xH~0. The structure of the complex where x = 0.25 closely resembles that of 
Ni( CN 2-1 .5H20 with four-coordinate Ni(CN), units and six-coordinate Ni(NC)4(NH3)2 

Clathrates of the type Ni(CN)2NH3.solv (solv = benzene, aniline, etc.) have also been 
reported. In general, the host molecules are arranged perpendicularly to the layers of nickel 
cyanide ,635 

A large number of complexes containing coordinated cyano groups and neutral ligands such 
as amines, phosphines and arsines have been reported. Relevant examples of such compounds 
according to the different ligands will be given in the appropriate section. 

units.6 2 

50.5.3 Complexes with Nitrogen-donor Ligands 

5M3.1 Complexes with ammonia and monodentate amines 

Ammonia complexes can be prepared by addition of ammonia solutions to aqueous solutions 
of nickel(I1) salts.636 Monodentate primary and secondary alkylamines require anhydrous 
reaction conditions and tertiary amines have only a very slight tendency to form 
c ~ r n p l e x e s . ~ ~ ’ ~ ~ ~  Few examples of nickel(I1) complexes with M e a  and Et3N have been 
reported.639@” 

Hexakis adducts [Ni(NH&]X2 with a great many anions have been reported, their stability 
in the solid state dependin on the nature of X-.@l The average Ni-N bond length in 
[Ni(NH3)6](N03)2 is 215 p m J 2  On increasing the number and the size of the alkyl substituents 
on NH3 the number of coordinated amines decreases together with the relative stability of the 
complexes. Primary amines still form six-coordinate c o m p l e x e ~ ~ ~ , ~ ~  while secondary amines 
give complexes of formula [NiX2(Me2NH),] (X = halides, n = 3, 4), [ N ~ X Z ( E ~ ~ N H ) ~ ] ~ ~ ~  and 
[Ni(CN)z(EtzNH)] .644 

have been reported with 
tetragonal octahedral geometry and Ni-N(NH3) bond lengths in the range 215-210 pm. 

Tetrakis adducts of ammonia, [NiX2(NH&] (X = NCS,645 

Other complexes are listed in Table 38 together with the relevant references, 

Table 38 Selected Complexes with Ammonia and Monodentate Amines 

Donor Coordination geometry 
Complex set QT number Ref. 

Oh 
Oh 
Oh 
Oh 
5 
SqPl 

mPy 
Td 

647-649 
650 
651 
652 
652 
652 
653 
654,655 
656 
657 

* Structures determined by X-ray analysis. Abbreviations: pip =piperidine; Mezpip = 2,6-dimethylpiperidine; (CH&NH= 
ethyleneimine (aziridine); (CH,)$I, = hexamethylenetetramine; (C%),N,H+ = dabfonium ion. 
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50.532 Complexa with diamines 

Aliphatic diamines, unsubstituted and either N- or C-substituted, give rise to a series of 
complexes whose stoichiometry and coordination geometry depend upon the length of the 
aliphatic chain, the size and the position of the substituents and the nature of the 
counteranions. 

While complexes with primary diamines can be easily obtained in aqueous solution, the 
synthesis of complexes with substituted diamines must be carried out under anhydrous 
conditions. 

1 ,ZDiarninoethane (en), H2NCH2CH2NH2, forms tris- and bis-chelate complexes. The 
tris-chelate [Ni(en),I2+ cation (94) has been known since 1899.658 It is considerably more stable 
than the six-coordinate complexes formed with monodentate amines as shown in Table 39 
where the stability constants of some six-coordinate complexes are reported. 

Table 39 Stepwise Stability Constants of some Six-coordinate Nickel(I1) Amino Complexes 
in Aqueous Solutionm9 

~ 

log Kl log K* log & h g  K4 log K5 log K6 

NH3 2.36 1.90 1.55 1.23 0.85 0.42 
PY 1.78 1.05 0.31 
en 7.66 6.40 4.55 
biPY 6.80 6.46 5 .m 
phen 8.8 8.3 7.7 

Structure (94) has been determined in several solid complexes (Ni-N bond lengths in the 
range 210-220pm661665) as well as in aqueous solution.66o Each chelate ring is puckered and, 
consequently, chiral (A and 6 configurations), Moreover two enantiomeric configurations 
(known as A and A) of the three chelate rings around the metal Selected examples of 
bis-chelate complexes are reported in Table 40. The complexes can be either six-coordinate or 
square planar with average N i N  bond distances of 209 prn and 192 pm, respectively. Square 
planar complexes are generally formed with anions with weak donor properties such as ClO,, 
BPh;, AgI; and Ag3r; .674,675 The six-coordinate complexes can be monomeric, generally with 
distorted tram octahedral geometries, dimeric or polymeric, generally with distorted cis 
octahedral geometries. 

Comdexes with 13-propmediamine (tmd) are less stable in water than those of en; only 
complexes of the type Ni(<md)3(C104)2 and Ni(tmd)2py2(C104)2 have been isolated in the solid 
state .682,683 -..... 

1,CButanediamine and longer chain diamines do not form chelates in aqueous solution. 
These diamines form polymeric compounds in ethanol solution acting as bridges between two 
nickel atoms. 

Selected nickell(1II comdexes with C-substituted diamines are listed in Table 41. In solution 
the square plana; doordiiation is favoured,’w whik both square planar and six-coordinate 
complexes have been isolated in the solid state. Complexes with 172-diphenyl-1,2- 
diaminoethane (stilbendiamine, stien) and 1-phenyl-1 ,Zdiaminoethane have been widely 
s t ~ d i e d . ~ O ~ - ~ ~  Using C1,CHCO; as counterion, two complexes have been obtained with the 
former ligand, one blue, monoclinic, P2Jc (peB = 3.16 BM), the other yellow-green, triclinic, 
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Table 40 Selected Complexes with 1,Z-Diaminoethane (en) 

Complex 
Donor 

set Comments Ref 

trans Oh 
cis Oh 
tram Oh 
cis Oh; coordinated B F i  
trans Oh; N-bonded NO; 
Polynuclear trans Oh 
Bridging (0,N)NO; 
Dinuclear cis Oh; bridging 

tridentate NO; and terminal 
NO; 

cis Oh 

Dinuclear cis Ob; bridging C1- 
Dinuclear cis Oh; bridging NCS- 
Dinuclear cis Oh; bridging (COi-), 

SqPI 

666 
666 
667,668 
669 
670 
671,672 

673 

674 
675 

680 
681 

676-679 

* Structures determined by X-ray analysis. 

P1 (pee = 2.58 BM). The monoclinic crystals contain the six-coordinate [Ni(rn- 
~tien)~(H~O)~](Cl~CHC0~)~-2H~0 while the triclinic form contains two inequivalent com- 
plexes, one square planar, [Ni(rn-~tien)~](Cl~CHCO&, the other six-coordinate, [Ni(rn- 
~tien)~(Cl2CHCO~)~]. 

Selected nickel(I1) complexes with N-substituted diamines are also shown in Table 41. It is 
usually found that as the number and size of the substituents increase, the number of the 
coordinated diamines decreases, as does the stability of the complexes which are, in general, 
sensitive to moisture. The complexes are soluble in dry solvents without dissociation or 
decomposition. Pseudotetrahedral coordination is stabilized by increasing the steric hindrance 
on the donor atoms. In the series of tetrasubstituted diamines the pseudotetrahedral s ecies are 
stabilized in the order Meaen < Me4pn < Me4tmd and NCS < C1< Br < I (Table 41). 

The formation in solution of nickel complexes with N-substituted ethylenediamines has been 
studied over a long period by many authors.707 Solutions of nickel(I1) complexes with 
N-substituted diamines often exhibit equilibria between pseudotetrahedral and pseudo- 
octahedral species. These e uilibria are displaced towards the pseudotetrahedral species when 

are thermochromic. This behaviour has been investigated by means of calorimetric and NMR 
s t ~ d i e s . ~ ~ * * ~ ~  

& 

the temperature increases .@ ? Complexes Ni(N, N-Et2en)2Xz691 with poorly coordinating anions 

50.5.3.3 Complexes with polydmtate amines 
Numerous nickel(I1) complexes with a variety of polydentate amines have been described. 

Selected examples of such complexes are collected in Table 42. In general, solid complexes 
have been easily obtained by direct synthesis from nickel salts and the appropriate ligand using 
HzO, MeOH, EtOH or butanol as reaction medium. Most of the complexes with the fully 
N-alkyl-substituted ligands are conveniently prepared under anhydrous conditions. 

Stability constant measurements showed that complexes of den (95) having five-membered 
chelate rings are more stable than the corresponding complexes of dpt (%) involving 
six-membered chelate In both the [NiLI2+ cations the den and dpt ligands 
coordinate in a rneridiond configuration, i.e. the two ligands in each complex lie in orthogonal 
planes, In the dpt complex, however, the Ni-N (secondary amine) bond length is about 17 pm 
longer than that in the den complex and the bond angles in the dpt rings are significantly larger 
than those observed in the den rings and larger than 109.5", in agreement with a lower stability 
of the dpt complex. 

The tetradentate ligand tren usually forms 1 : 1 six-coordinate complexes with two additional 
ligands in cis positions750 as in the complex [Ni(NCS)z(tren)],* as well as dinuclear complexes 
of general formula [NiX(tren)]2(BPh4)2 where two X groups are bridging the Ni(tren)2+ 

A common feature of both N, and NCO- complexes is the marked asymmetry 
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Table 42 Complexes with Tri-, Tetra- and Penta-dentate Amines 

Complex 
Donor Coordination geometry 

set or number Ret  

[Ni(denMX, 
X = C1, ClO,, NO3 

[Ni(den),]CIZ~2H,0* 
[NiX,den] 

X = NO,, CI, C104 
[Ni(dpt)z]C104* 
[Ni(dpt)LIX2 
L = en, trnd; X = CI, Br, I, C104 

x = I, CIO, 
[NiX2(Me,den)] 

X = C1, Br, NCS 
~NiX,(Me,dpt)l 

X = C1, Br, I, NCS, NO, 
[Nfiz(Medpt)l 

X = C1, Br, I 
[Nix( Et,den)]X 

X=CI,Br,I  
[Ni(NCS),(Et,den)] 
[Ni(NO,)(Et,den)]BPh, 
[Ni(NCX)(Et,den)]BPh, 
X = 0, S, Se 

[Nix,( Me5den)] 
X=Cl,Br,I  

[Ni(NCS),(tren)] * 

[Ni(M%den)zlXz 

(Ni(NCO)(tren) }21(BPh4)2* 

[{Ni(N,)(tren) 121 (BPh4)2* 

[{Ni(NCBH,)(tren)},l(BPh,),* 

[Ni2(C6H,06)(tren)Zl (BPh4)Za* 

[Ni,(CN),(tren)zl(CIO,)z 

[NiX(Me,tren)]X 
X = CI, Br*, I*, NCS*, NO,, CIO, 

[NiX(Et6tren)]X 
X = C1, Br, I, NCS 

[NiX(Me6tpt)]X 
X =  CI,Br, I 

INi(2,2,2-tet)](C1O4),* 
[Ni(NCS),(2,2,2-tet)]* 
[Ni(2,3,2-tet)]X2 
X = halides, CIO, 

[Ni(3,2,3-tet)]X2 
X = halides, CIO, 

x = I, CIO,, NO, 
[Ni(appi)lX, 

INWappi)lX 
X = C1, Br 

pNix(tetren)]X 
X = halides 

[ Ni(Me,tetren)] (CIO,), 

Oh 

Oh 
Dinuclear Oh 

Oh 
sqqv 

Oh 

Dinudear Oh 

5 

5 

SqPl 

Dinuclear Oh 
SqPl 
5,6,4 

5 

cis Oh 
cis Oh, dinuclear, 
NCO bridging 
cis Oh, dinuclear, 
N, bridging 
cis Oh, dinuclear, 

cis Oh, dinuclear, 
C&O:- bridging 
cis Oh + SqPl, 
Ni(CN)4 bridging 
TBPy, high-spin 

TBF'y, high-spin 

BHSCN bridging 

TBPy HTd,  high-~ph 

SqPl 

W' 
SqPl 

SqPl 

s m  

Distorted cis Oh 

Oh 

5 

710,711,713,714 

715 
710-714 

715 
716 

717 

717 

717 

718 

719 

720 
721 
722 

723 

724 
725 

726 

727 

728 

729 

730-733 

734 

735-737 

738 
739 
740-744 

740-744 

745,746 

745,746 

747 

748 

* Structures determined by X-ray analysis. 
a C&,O:- is the dianion of chloroanilic acid, 

Ligand abbreviations and formulas: 
&N(CH&'W(CH,),N&, den (1,5-diamino-3-azapentane) 
HzN(CHZ),NH(CH,),NH,, dpt (1,7-diamin&azaheptme) 
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of the bridges joining the two nickel atoms (Section 50.5.3.9). In the cyanotrihydroborato 
complex (W) the nickel atom is coordinated to the nitrogen and to a hydrogen atom of the 
BH3CN- anion (Ni-N (BH,CN) 201 pm; Ni-H (BH3CN) 214 ~ m ) . ~ ' ~  

I 
Br 

(98) (97) (reproduced from ref. 727 by permission of the American Chemical Society) 

An increase of the bulkiness of the donor groups, with respect to tren, as in the ligand 
Me6tren, reduces the coordination number from six to five and a number of high-spin 
five-coordinate [NiX(Me&en)]X complexes have been obtained.73G733 The complexes are in a 
trigonal bipyramidal coordination with C, site symmetry (98) .73i7732 The trigonal bipyramidal 
coordination is retained in the complexes dissolved in solution. 

From electronic spectra it is inferred that the trigonal bipyramidal geometry of 
[NiX(MeQpt)]X is distorted towards a tetrahedron. In this distorted geometry the steric 
constraints resulting from the presence of six-membered chelate rings are, at least in part, 
relieved. 735-737 

Table 42 (footnote continued) 

8' 
I 

RR'N(CH,),N(CH,),NRR', n = 2, R = H, R' = RL = Me Me,den 
n = 3 ,  R = H ,  R'=R"=Me Me,dpt 
n=3,  R = R ' = H ,  R"=Me Medpt 
n =2, R = R ' = E t ,  R " = H  Et4den 
n = 2, Me,den 

N(CH.$H,NR& R = H tren (tris(2-aminoethyl)amine, 1,5-diamino-3-(2-aminoethyl)-3-azapentane) 
R = Me Me,tren (tris(2-dmethylaminoethyl)amine, 1,5-bis(dimethylamin0)-3-(2-dimethylaminoethyl)-3-azapentane) 
R = Et E t p n  (tris(2-diethylaminoethyl)amine, 1,5-bii(diethylamino)-3-(2-diethylaminoethyl)-3-aza~entane) 

tpt (tris(3-aminopropyl)amine, 1,7-diamin&(3-aminopropyl)4azaheptane) 
R = Me Me&t (tris(3-dimethylaminopropyl)amine, 1,7-bis(dimethylamino-4-(3-dimethylaminopropyl)4 

azaheptane) 

R = R' = R" = Me 

N(CH,CH,CH,NRJ,, R = H 

&N(CHz),NH(CHz)mNH(CH7)JWz, n = m = 2 trien or 2,2,2-tet (l,B-diamine-3,6-diazaoctane, triethylenetetramine) 
2,3,2-tet (1,9-diamine3,7-diazanonane)) 
3,2,3-tet (1,10-diamine-4,7-diazadecane) 

n =2, m = 3 
n = 3, m = 2 

/CW%\ 

'CH,CH~ 
N(CH,)3NH,, appi (N,N'-bis(3+aminopropyI)piperazine) &N(CHZ)3N 

~N(CH,),N(R)(CH,)P(R)(CH,),N(R)(CH,),NR, R = H tetren (1 ,ll-diamin0-3,6,9-triazaundecane) 
R = Me Mqtetren (1 , I  l-tetramethyldiamino-3,6,9-trimethyltriazamdecane) 
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The direct reaction of hydrated Ni(C104)2 with the open-chain tetradentate ligand 2,2,2-tet in 
water yields the complex [Ni2(2,2,2-tet)3](C104)d. This complex, when reacted with an 
equimolar amount of hydrated Ni(C104)2, gives the orange square planar complex [Ni(2,2,2- 
tet)](C1O4), (99)686,738 which is reported to explode if subjected to pressure or heat. A thermal 
equilibrium between blue paramagnetic species of the t e Ni 2,2,2-tet)(~olv)~]~+ and yellow 
diamagnetic s ecies exists in coordinating  solvent^.^^^'^,^^^ I', the distorted square planar 

eclipsed cis form whereas the chelate ring formed by the primary and secondary amine 
nitrogens is in the gauche conformation. The bond angles (100-115") and distances (182- 
193 pm) within the chelate rings indicate a considerable strain in the ligand when it coordinates 
in a plane.lo3 This strain is released when the ligand adopts a non-planar configuration, as 
occurs in the cis octahedral J$'i(NCS),(2,2,2-tet)] complex.739 The hexamethylated 2,2,2-tet 
behaves similarly to 2,2,2-tet. 

[Ni(2,2,2-tet)] F+ cation, the central ring formed by the secondary amine nitrogens is in the 

1 2 +  

The introduction of a trimethylenic chain connecting the two secondary amine nitrogens 
reduces the steric constraints of the ligand 2,3,2-tet, which adopts a planar conformation. As a 
matter of fact the stability constant of the yellow planar [Ni(2,3,2-tet)I2+ complex is ca. 16 
times larger than that of the analogous [Ni(2,2,2-tet)I2+ complex. The ligand 3,2,3-tet behaves 
similarly to 2,3,2-tet since both ligands prefer planar and truns octahedral configurations. 

Other examples of nickel(I1) complexes with neutral ligands containing amine nitrogens are 
reported in Table 43. 

50.5.3.4 Complexes with N-heterocyclic ligands 

( i )  Complexes with pyridine, substituted pyridines and rehted ligands 

A considerable number of nickel(I1) complexes with pyridine and substituted pyridines have 
been reported so far. Selected examples are reported in Table 44. 

The most common stoichiometries found in nickel@) pyridine and substituted pyridine 
complexes are Nix& and NiX& where X is a mononegative ion and L is pyridine or a 
substituted pyridine. Complexes of formula Nipy,&, have been found to correspond to either 
[NiX2py4]-2py (X = NCS, NCO)"' or [Ni(N03)2py3]-3py.819 

The tetrakis complexes are easily obtained by the addition of an excess of the appropriate 
pyridine, in absolute ethanol or methanol, to a solution in the same solvent of the anhydrous 
nickel salt.147 The bis adducts are prepared by using stoichiometric amounts of the anhydrous 
reactants783 or by heating the corresponding tetrakis complexes at temperatures in the range 
80-110 0C.784,820 Thermal decomposition of the bis and tetrakis adducts leads to the mono 
adducts. Using hydrated nickel salts as starting material may cause the formation of complexes 
with coordinated water molecules. 

complexes the nickel(I1) ion is generally six-coordinate in a trans octahedral 
N4XZ geometry with average Ni-N (equatorial) bond distances in the range 208-213pm. 
Square planar complexes can be obtained when X is a weakly coordinating anion such as CiO; 
and BF7 and depending on the nature of the pyridine ligand. For example, Cloy is 
coordinated to nickel in the complex [Ni(OC103)2(3 , 5 - 1 ~ t ) ~ ] ~  while it is uncoordinated in 
[Ni(3,44~t)~](ClO~) .797 The average Ni-N bond lengths in the square planar complexes are 
about 190 pm. Most of the NiX2L4 complexes in solutions of non-coordinating solvents give rise 
to an equilibrium between octahedral and tetrahedral species when X = halides, and between 
octahedral and square planar species when X = C104, BF,. 

The structures of the bis adducts NiX2L, are critically dependent upon the steric hindrance of 
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the pyridine ligands and upon the coordinating properties of the anions. The bis adducts of 
pyridine and less hindered substituted pyridines are usually six-coordinate with a polymeric 
structure and bridging halides, whereas the complexes with 2-substituted pyridines or 
complexes with X = I are usually four-coordinate, either square planar or pseudotetrahedral 
(Ni-N about 203 pm in the latter complexes). Most of the bis adducts of substituted pyridines 
in solution in non-coordinating solvents are pseudotetrahedral. In the presence of anions which 
may act as chelate donors (acetylacetonate benzoate, acetate, dithiophosphate, etc. ), the 
NiX& complexes are six-coordinate with either a cis or a trans c o n f i g u r a t i ~ n . ~ ~ * ~  

The NiClzpy, complex reacts with trimethylsilylmethylmagnesium chloride in the presence of 
an excess of pyridine forming the air-unstable square planar complex [Ni(Me3SiCHZ),pyz] from 
which the pyridine molecules are displaced by phosphines, 2,2'-bipyridyl, 1 ,lo-phenanthroline 
and N, N, N', N'-tetramethylethylenediamine. 803 

Several complexes with ligands related to the pyridine ring have been reported and the most 
relevant ones are listed in Table 45. 

Table 45 Nickel(I1) Complexes with Ligands Related to Pyridine 

Complex Ligand ( L )  
Donor 

set Comments Ref, 

E'yrazine (I) 

2,5- or 2,f~dimethylpyrazine 

Quinoxaline or substituted quinoxa- 

1,8-Naphthyridine and methyl de- 

As above 
As above 

line (IIj 

rivatives (IU) 

As above 

Deprotonated 7-azaindole (IV) 
1 Jdipyridylethylene 

2,2'-Azopyridine 
2,2'-Azopyridine 
3,3'-Azopyridine, 4,4'-Azopyridine 

Polynuclear SqPl or Oh 

Linear chain, SqPI, bridging 

SqPl or Oh; bridging ligand and 

Oh (n = 3), eight-coordinate (n = 4) 

Oh 
Polymeric, Oh 

Dimeric, SqPy with bridging ligand 

pyrazine 

halides 

Dimeric, SqPl with bridging ligand 
Polymeric, Oh 

Oh, chelate ligand 
Oh, chelate ligand 
Polymeric, Oh, bridging ligands 

821,822 

821,823 

824 

825,826 

827 
828 

828 

829 
830 

831 
831 
a 2  

* Structures determined by X-ray analysis. 
Ligand formulae: 

i"j \ N/ I cr 'N ' N J  03'- 'N N 
\P! 

(1) (W (111) (IV) 

The ligand 1,haphthyridine and the methyl derivatives yield different nickel complexes 
according to the reaction conditions as shown in Scheme 3. All the synthetic procedures have 
been carried out in anhydrous conditions. The complexes NiL3(C104)2, N&(N03)2 and 
NiL&BPh482- have been reported to be six-coordinate with the ligand presumably acting as 
chelate, while the complex NiL4(C104)2 is assumed to be eight-coordinate due to the bidentate 
nature of the ligand and on the basis of the isomorphism with the analogous cobalt complex 
which has been shown to possess dodecahedral geometry. The X-ray crystal structure of the 
complex [ {NiBrLz}z](BPh4) showed that it contains the dinuclear cation [NizL.&]+ (100) with 
the naphthyridine molecules acting as exobidentate ligands.*= The nitrogen atoms of the 
naphthyridine ligand are bound to nickel with an average bond distance of 210.5pm and the 
nickel-nickel distance is 242 pm. The magnetic properties and EPR spectra were interpreted 
assuming a large ferromagnetic coupling between the nickel atoms which can be assigned a 
formal oxidation number 1.5.833 

Deprotonated 1,3-diphenyltriazene, PhNNNPh- , gives a dinuclear complex [Ni2L.t] which 
has been found to possess a dinuclear structure with bridging triazenato ligands reminiscent of 
(100) .834335 
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1.t. Ni(C104)2 + nL NiL,(C10,), (refs. 825,826) 
n = 3 , 4  

Ni(N03), + L (excess) NiL,(NO,), (ref. 827) 

,-&+ NiL,XBPh, + NaX (ref. 828) 
pale green NIX, + 2L + NaBPh, \ 
[NiL,X],BPh, + products (ref. 828) \ boil , 

Bu'OH 
black 

NaBH, 
NIX, + 2L f NaPF, Bu,OH [NiL2X],PF6 + products (ref. 828) 

Scheme 3 Some reactions of the naphthyridine ligand (L) and nickel(I1) salts 

b r  
(100) N r "  = 1,s-naphthyridine 

(ii) Complexes with bipyridyl, phenanthroline and related ligands 

Review articles covering different aspects of the coordinating properties of 1,lO- 
phenanthroline (phen) and 2,2'-bipyridyl (bipy) are available.p36838 Selected examples of 
nickel(I1) complexes with phen and bipy are collected in Table 46. 

Table 46 Some Representative Complexes with bipy and phen whose Structures have been Determined by X-ray 
Analysis 

Complex 
Coordination Bond distances (m) 

geomehy Ni-N (pm) Ref. 

Oh 
Oh 
Oh 
Oh 
SqPy dinuclear 
SqpY dinuclear 
Td 
Oh 
Distorted five-coordinate 

211 
209 
211 
209 
204 
203 
200 
206 
203 

a42 
843 
844 
845 
846 
846 
a47 
848 
817 

Abbreviations: dtp = dimethyldithiophosphate; C,H,O, = tartrate anion 

The strong chelating ability of phen and bipy, due to the extended ~t system, makes the tris 
chelates [NiL#' easy to obtain from the direct combination of a nickel salt with the 
appropriate ligand in aqueous s o l ~ t i o n . ~ ~ ~ * ~ ~  The stability constants of the complexes in 
aqueous solution (20 "C, 0.1 M NaN03)S41 are reported in Table 39. 

The tris chelates are enantiomeric and the racemic mixture can be conveniently resolved into 
the optical isomers by reaction with the optically active tartrate by virtue of the different 
solubility properties of the two enantiomers.840 The enantiomers of [Ni(~hen)~]~+ are more 
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stable than those of [Ni(bi~y)~]’+. In the tris-chelate complexes (101) the nickel atom is in a 
pseudooctahedral environment of six nitrogen atoms. 

L A  
(101) N r ”  = bipy, phen 

The coordinated phenanthroline ligand is almost pianar while the two pyridyl groups in 
coordinated bipyridyl are twisted with respect to each other (less than 10’) as a consequence of 
steric repulsion between non-bonded atoms. Mixed complexes of the type [Ni(bipy)(phen),I2+ 
and [Ni(bi~y)~(phen)]’+ have been also reported.849 

Besides the very stable tris chelates, numerous bis chelates with both bipy and phen have 
been r e p ~ r t e d . ~ ~ ~ > * ~ ~  Most of them have general formulas [NiX,(N-N),], [Ni(N-N)2- 
(H20)z]Xz and [NiX(N-N),(H20)JX (X =halides, pseudohalides, Clod, NOz; N-N = 
phen, bipy).’” All of the complexes are six-coordinate with a cis structure. 

By the stepwise thermal decomposition of the tns chelate, mono adducts of the type 
[NiX2(N-N)] (X = halides, NCS) were These complexes are polynuclear 
six-coordinate with bridging anions. In the thiocyanato derivative the nickel atoms are 
ferromagnetically coupled. 

In general, substituents in 2,9-positions of phen and 6,6‘-positions of bipy prevent the 
formation of tris-chelate complexes due to the steric hindrance of the lgands and consequently 
the mono- and bis-chelate complexes become preferred. The two complexes [NiX2(N-N)] 
(102; X = C1, Br) formed by 2,9-dirnethyl-l,lO-phenanthroline have been found to be square 
pyramidal dinuclear with both bridging and terminal halides,848 while the iodo derivative 
[Ni12(N-N)] (103) is monomeric and p~eudotetrahedral.~~’ 

X 

x 
(102) N*N = 2,9-Me2phen 

Complexes with ligands related to bipy have also been reported. Selected examples are 
shown in Table 47. 

Bis adducts of terpyridyl, [Ni(te~py)~]X~, can be obtained in ethanol solutions. The mono 
adducts can be obtained by thermal decomposition of the corresponding bis adducts or by the 
reaction of excess nickel salt with the ligand in water-methanol solutions. The [Ni(te~py)~]X, 
complexes (X=Cl, Br) are s ix-~oordinate~~ whereas the mono adducts NiLX2 are five- 
coordinate when X = C1 or Br864,865 and polynuclear six-coordinate when X = NCS.= In the 
last complex the nickel atoms are ferromagnetically coupled. 

(iii) Complexes with pyrazoles, imidazoles and related ligands 

Selected nickel(I1) complexes with imidazole, pyrazole and related ligands are shown in 
Table 48. 
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Table 47 Selected Nickel(I1) Complexes with Ligands Related to phen and bipy 

Complex 
Donor 

Ligand (L)  ser Comments Ref. 

4,4'-Bipyridine 

2,2'-Biimidazole (1) 
2-(2'-Pyridyl)imidazole (II) 
2-(2'-Pyridyl)benzimidale (III) 
2,2'-Biimidazole 
4,4', 5,5'-Tetracyano-Z,Z'-bi- 

imidazolate 
terpy 

N,X, Polymeric bridging 855-857 

N6 Oh, tris chelate 858-860 
ligand 

N402 rmnsOh 861 
SqP1 862 

% Oh 863 

N,X, Five-coordinate 864,865 

N,N, Oh, polynuclear 866 

* Structure determined by X-ray analysis. 

Hexakis imidazole and pyrazole complexes of nickel(I1) can be easily obtained by the direct 
reaction of the hydrated nickel(I1) salt with the appropriate ligand using ethanol as solvent and 
stoichiometric amounts of the reactants. 898,899 Analogous complexes can be obtained with 
pyrazoles and imidazoles having substituents in positions not adjacent to the donor site. 

The effects of the substituents near the donor site is to reduce the number of coordinated 
ligand molecules from six to four or less. Tetrakis complexes with substituted pyrazoles and 
imidazoles are prepared using a large excess of the ligands, and, in the cases of 1,2- 
dimethylimidazole and 3,5-dimethylpyrazole derivatives, anhydrous reactants. Most of the 
mono and bis adducts may be conveniently prepared under anhydrous conditions and with the 
nickel salt in excess. 

In the hexakis i r n i d a z ~ l e ~ ~ ~ ~ ' ~ ~ ~  and p y r a z ~ l e ~ ~ , ~ ~  complexes the nickel atom is oc- 
tahedrally coordinated by six nitrogen atoms (average Ni-N distances 213 pm) with the ligands 
coordinated through the 'pyridine-type' nitrogen. The imine nitrogens can be involved in 
hydrogen bonding with the anions and determine the reciprocal inclination of the ligand rings. 
The fact that both pyrazole and imidazole ligands can form hexakis complexes with nickel(II), 
contrary to pyridine which forms tetrakis complexes, has been attributed to the different 
n-acceptor properties and to the smaller R-PI4  an le (about 107") of pyrazole and 

The tetrakis complexes NiLZ2 can be octahedral or square planar according to the steric 
hindrance of the ligands and to the coordinating ability of the anions, as found for the 
analogous complexes with pyridine. In the frapls octahedral complex [NiBr2(pz)4]891 the 
pyrazole rings are nearly orthogonal to the NiN4 basal plane while in the analogous pyridine 
complex the ligand rings make an angle of about 45". This is probably due to the formation of 
NH - - Br hydrogen bonds which stabilize the orthogonal orientation of the pyrazole rings. 

The coordination chemistry of the nickel complexes of benzimidazole is very complicated, 
critically depending on the exact reaction conditions.-885 

Most of the bis adducts NiX& (L = substituted imidazoles and pyrazoles) have pseudo- 
tetrahedral coordination, but some of the chloride and thiocyanato complexes can be 
six-coordinate in a polymeric structure. 

Thiazole, C3H3NS, and substituted thiazoles coordinate through the nitrogen atom in nickel 
complexes as imidazole does.901-g03 

The neutral complexes Ni(Ca3N2)2 are obtained by the reaction of hydrated nickel(I1) 
chloride and pyrazole, or imidazole, in an aqueous ammonia solution. These insoluble 
complexes contain uninegative 'exobidentate' pyrazolates or imidazolates which act as bridges 
between two metals ( l lM) .m,*9w5 Two additional ligands such as N H 3 ,  H20 or py may be 

imidazole as compared with that of pyridine (about 120*).* 8,898 
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Tnble I Selected Complexes with some Imidazoles and Pyrazoles 

83 

Ligand NiL,X. 
Coordination 

geometry Ref: 

Imidazole 

Q 
Me 

1-Methylimidazole 

Me (-j 
H 

5-Methylimidazole 

'I, rN )Me 
N 
H 

2-Methylimidazole 

cj Me 

Me 

Benzimidazole 

Pyrazole 

5-Methylpyrazole 

M e c r  
H 

3,5-Dimethylpyrazole 

n =6; X=Cl",Br,I,NO,*,BF,*,CIO,' 
n =4; X = C1, Br, I 

X=Br , I  
n =2; X = (3, Br 

X = I  
n = 1; X = C1, Br 

X = I  

n = 6; X = CI, Br,I, NO, 
n = 4; X =  C1 
n = 2; X =  C1, Br, I 
n = 1; X =  C1, Br 

n = 6; X = C1, Br, I, NCS, NO,, CIO, 
n = 4; X =  C1, Br, I, NCS 

n = 4 ;  X =  CI, Br' 
X = I  
X = NOZ* 

n = 2; X= Br, I 
X=CI 

n = l ; X = C I  

n = 4; X= Cl, Br, I 

n = 2 ;  X =  CI,Br, I 
X = NO3* 

n = 4; X = C1*, Br 

n = 2; X = Cl, Br 
x = 1, CIO, 

n = 6; X=CIO,, BF, 
X = NO,* 

n = 4; X=CI*,Br* 
n = 2; X=Cl,Br 

n = 6; X = CIO,, BF, 
n = 4; X = CI, Br, I, NO,, NCS 
n = 2;X=CI, Br, I, NO, 

n = 4; X= Br, I, NO, 

R = 2; X =  Cl, NCS 
X=CIO,,BF, , 

X=Br, I  

Oh 
Oh 

Oh 
Td 
Oh 
Td 

Oh 
Oh 
Td 
Oh 

SqPl 

Oh 
Oh 

a 
SSN 
Oh 
Td 
Oh 
- 

SqPl 
Oh 
Td 

Oh 

Oh 
SsPl 

Oh 
Oh 
Oh 
Oh 

Oh 
Oh 
Oh 

Uncertain 

Oh 
Td 

SqPl 

867-873 

w, mo 
868,870,874 

874 
874 
868 
814 

875 
875 
875 
815 

876 
876 

877,878 
877 
879 
877,878 
877 
817 

880 
880 
880 

881,882 
883,884 
885 

869,886-888 
889 
886,887,890-892 
892,893 

894 
881,892,894,895 
8x42 

896,897 
896,897 
8% 
8% 

Structures determined by X-ray analysis. 
a The two bromide ions are located in fram positions at different distances, 293 and 375 pm. from the nickel atom. 

COC -D 
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introduced 
result. 

in axial positions of the square planar complexes and six-coordinate complexes 

(105) (reproduced from ref. 907 by permission of the American 
Chemical Society) 

NnN 

(106) N% = 1,2,4-triazoie 

Other nitrogen heterocycles having two or more coordination sites in the rings can 
coordinate nickel(I1) as exobidentate For example, the two complexes 
Ni3(NCS)6(LH)6(H20)z (LH = 3,5-dimethyl-1 ,ZCtriazole and the 3,S-diethyl analogue) contain 
the trinuclear unit (105) with both triazole and thioc anate bridges. There are small 
ferromagnetic exchange interactions within the trimer.’ Another trinuclear complex is 
[Ni3(LH)6(H20)6](N03)6.2H20 (106) (LH = 1,2,4-triaz0le).~~ In this complex the neighbouring 
nickel atoms are bridged by three triazole molecules. A dinuclear structure has been found in 
the complexes Ni2L(H20)4 (X = halogens) with 1,4-dihydrazinophthalazine .909 

A number of nickel complexes with substituted and unsubstituted t e t r a z o l e ~ ~ ~ * ~ ~ ~  and with 
pyrazole- and imidazole-derived ligands have also been reported 

50.5.3.5 Complaes with polydenrate aminopyridines and related ligan& 
Selected examples of nickel(I1) complexes with bidentate aminopyridines and related ligands 

are shown in Tabie 49. 
The nickel complexes with 2-aminopyridines bear some similarity to complexes of the 

corresponding aliphatic diamines (Section 50.5.3.2). Most of the complexes are easily obtained 
by the direct reaction of nickel(I1) salts with the appropriate amount of the diamine in ethanol 
solution. Complexes with N-substituted aminopyridines are preferably synthesized under 
anhydrous conditions. 

The unsubstituted 2-aminomethylpyridine (amp) forms six-coordinate tris chelates of the 
type [Ni(am@]X2”’ with stability close to that of en complexes (en, logkl=7.7; amp, 
log kl = 7.1). The 2-(2‘-aminoethyl)t~idine (aep) gives at most bis chelates of the type 
[Ni(aep)zX2] (X = halides, NO3, Clod). The stability of these complexes is significantly lower 
than that of 1,3-propanediarnine analogues (aep, log kl = 5.1; tmd, log kl  = 6. 18).936 

N-Alkyl-substituted aminopyridines give 1 : 3, 1 : 2 and 1 : 1 complexes, depending on the 
bulkiness of the substituents, the length of the aliphatic chain and the reaction conditions. The 
formation of pseudotetrahedral structures is favoured by the increasing length of the 
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connecting chain. The influence of the substituents of the pyridine ring on the structural 
properties of the nickel complexes has also been st~died.'~' 

Ni(NCS)z(aep)z dissolves in acetone at room temperature after a period of weeks giving a 
blue product containing a quadridentate ligand formed by the condensation of two molecules of 
aep with two molecules of acetone (Scheme 4).938 

Scheme 4 

Several six-coordinate complexes of stoichiometry NiL,C12.xH20 (n = 1, 2, 3; x = 1, 2) were 
prepared with the 8-aminoquinoline by the reaction of stoichiometric amounts of hydrated 
NiCl, and the ligand. 

The bis(2-pyridyl)amhey although potentially a terdentate ligand, coordinates to nickel(I1) 
as a bidentate ligand through the paridine nitrogens giving complexes with one, two or three 
coordinated ligand molecules.927, Analogously, the tris(2-pyridyl)amineWg and tris(2- 
pyridyl)carbinolB9 act as facial tridentate ligands. 

The X-ray crystal structure933 of dibromo[1,3-di(6-methyl-2-pyridine)-2-azapropane]- 
nickel(I1) (107) has shown that in this complex the nickel(1I) is five-coordinate in an 
approximate trigonal bipyramidal geometry with the bromine atoms lying in the basal plane 
(average Ni-N and Ni-Br distances 203 pm and 248 pm, respectively). 

The ligands tris( 2-pyridylme t h yl) amine (tpma) , tris (3,5-dimet hyl- l-p yrazol ylme t h yl) amine 
(metpyma) and tris(3,5-dimethyl-l-pyrazolylethyl)amine (metpyea) are examples of tetraden- 
tate tripod-shaped ligands containing three heterocyclic nitrogen donors connected to an apical 
tertiary nitrogn donor by aliphatic chains. Selected nickel(I1) complexes with these ligands are 
reported in Table 50. 

Sa-coordination is favoured, in general, by less bulky ligands while five-coordination is 
favoured by sterically hindered ligands and by increasing the size of the chelate ring. However, 
the ligand metpyma acting as tetradentate gives six-coordinate nickel(I1) complexes in spite of 
the bulkiness of the heterocyclic groups. The complexes are dimeric with bridging halides 
(108). The intramolecular exchange interaction between adjacent nickel atoms is 
ferr~magnetic.~'"' The increased size of the chelate ring in the ligand metpyea as compared with 
the ligand metpyma stabilizes five-coordination in nickel complexes. The yellow complex 
[NiBr(metpyea)]BPh~EtOH transforms into a green isomer on dissolving in acetone or by 
grinding in the solid state. The yellow isomer has a structure close to a trigonal bipyramid, 
whereas the green isomer approaches a square pyramid.w' 
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Table 50 Selected Complexes with Tetra- and Penta-dentate Ligands Containing Heterocyclic Nitrogen Donow 

Coordination number 
Complex Solid state Solution R#. 

X = C1, Br 
X=Cl ,Br  

X=CI,Br 
X = CI, Br, I, NCS; Y = Br, I, CIO, 
x = NO,, c10, 

X = CI, Br 
X = C1, Br, NCS 
X = ClO,, BF, 
X = CL, Br, I, NCS, NO,; L = bpdex, bpep 

L = bpdex, bpep 

X =halogens 

6 
6 
6 
5 
5 
5 
6 
6 
6 
5 
5 
6 
6 
6 
4 
5 

6 932 
6 932 
6 + 5  932 
5 932 
5 932 
5 932 
6 932 
6 932 
6 940 
5 941 
5 941 
6 942 
6 942 
6 p42 
4 ,6  943 
5 944 

* Structures determined by X-ray analysis. 
Ligand formulae and abbreviations: 

n = 3, bpep 

rnetpyma metpyea 

The quadridentate linear-shaped ligands 1,6-bis(2'-pyridyl)-2,5-diazahexane (bpdex), 1,7- 
bis(2'-pyridyl)-2,ddiazaheptane (bpdep) and 1,8-bis(Z'-pyridy1)-3,6-diazaoctane (bpdo) differ 
from each other in the length of the aliphatic chain inserted between the terminal pyridyl 
groups and the aliphatic amino groups. By virtue of their great flexibility these so-called 
'fa~ultative''~~ ligands may coordinate in a planar or non-planar arrangement of the four 
nitrogen donors. Actually, cis octahedral nickel(I2 complexes have been reported both in the 
solid state and in solution with the ligands bpdep while Ni(bpdo)(ClO& is square planar.'" 



Nickel 89 

Thermodynamic investigations of the complexation of nickel(I1) with the pentadentate 
ligands J110)-(112) having either pyridyl or imidazolyl terminal groups have been carried 

The complexes are in general more stable than those of the linear ligands containing 
peripheral primary- amines. 

A 

50.5.3.6 Complexes with Schifl base ligands 

(i) Synthesis and structural properties of the Complexes 

The ligands derived from diacetyl bis(hydrazone) and diacetyldiimine 
RN=C(Me)C(Me+NR (R = NH2, butane-2,3-dione bis(hydrazone); R = Me, butane-2,3- 
dione diimine), 2-pyridind hydrazone and 2-pyridinalimine (C&N)CH=NR (R = Me, 
CH2Ph, But, NH2, NHMe, Me2N, NHPh, NPh2) contain the N==C+N dimethine structural 
unit which forms strong chelate rings and gives nickel(I1) complexes whose stability is 
comparable with that of bipy and phen complexes. This remarkable stability may be correlated 
to the formation of highly conjugated chelate rings. 

The reaction of nickel(I1) salts with the appropriate ligands, usually in ethanol or 
water-ethanol mixture, produces bis and tris chelates of formulas NiX2L and N&X2 (X = Cl, 
I, BF4).96953 The complexes generally have an octahedral geometry with effective magnetic 
moments in the range 2.90-3.26BM at room temperature. In the case of phenyl-substituted 
pyridinalhydrazones the steric demand of the ligand prevents the formation of tris-chelate 
complexes. 

The nickel haIide complexes of Schiff bases (ll3) and (114) obtained from benzaldehyde and 
a number of diamines have the formula NX2L (X = Cl, Br, I) with pseudotetrahedral structure 
in the solid state and in solution as well.954 

R 

*=N ( CH) " N=CH 
Me Me ' a  Me 
e=. (CH 2)2NR2 

( 1 W  (114) 

The bis-hydrazones and bis-imines derived from 2,C~pyridinedialdehyde and 2,6- 
diacetylpyridine contain the trimethine unit N==CC==N-CC=N which acts as tridentate with 
donor properties similar to those of terpyridyl. These ligands are coplanar and therefore should 
coordinate along an edge. Most of the complexes have been prepared in water or 
water-ethanol mixture by the direct reaction of nickel salts with the appropriate 
ligands.949*95',955*956 According to the experimental procedures and to the different ligands, 
mono and bis chelates have been prepared. Selected examples of nickel(I1) complexes with 
these ligands are reported in Table 51. The bis-chelate complexes are six-coordinate with the 
ligands acting as strong tridentate donors. The substitution of alkyl and aryl groups for 
hydrogen in the amine nitrogens decreases the donor strength of the ligands and favours the 
five-coordination. These five-coordinate complexes are considerably more stable than those 
obtained with linear aliphatic amines such as Me5den (Table 42). 

Other examples of nickel complexes with homologous tridentate ligands containing sp2 
nitrogen donors are reported in Table 51. Some cationic bis chelates [NiLI2+ are changed to 
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neutral complexes [NiG] upon addition in ethanol solution of NaOH which causes the 
deprotonation of the coordinated ligands as outlined in Scheme 5.958 

Scheme 5 

The easy deprotonation of the charged complexes and the marked stability of the neutral 
complexes (most of them can be sublimed unchanged) can be ascribed to the formation of a 
conjugated system involving the whole molecular framework. In the neutral complexes 
containing such types of deprotonated ligands subnormal magnetic moments have usually been 
found. I 

Selected examples of tetra-, penta- and hexa-dentate Schiff base ligands and of the 
corresponding nickel@) complexes are reported in Table 52. 

When the ligand butane-2,3-dione bis(2’-pyridylhydrazone) is allowed to react with nickel(I1) 
salts in ethanol-water mixture, the diamagnetic square planar complexes [NiLIX, (l35; X = C1, 
Br, I, C104) (Scheme 6) are formed with the hydrazone molecule acting as a planar 
quadridentate ligand.969 In aqueous ammonia solution deprotonation of the ligand occurs and 
the neutral square planar diamagnetic [NiL’] complexes (116) can be extracted from the 
reactant mixture with benzene (Scheme 6). In the neutral square planar complex the two 
Ni-N (pyridine) bond distances average 194 pm whereas the Ni-N (imine) bond distances 
average 183 pmwO which are amongst the shortest Ni-N bond distances ever found. 

other examples 
50.5.3.7.i. 

of complexes derived from deprotonated ligands are reported in Section 

A number of hexadentate ligands containing three pyridyl-Zaldimine groups have been 
designed to stabilize a six-coordinate trigonal prismatic geometry instead of the more common 
octahedral geometry. Relevant spectroscopic and structural parameters for these complexes are 
shown in Table 53. The complexes have been synthesized according to Schemes 7 and 8. The 
ligands obtained from the reactions of Scheme 8 (117-119) are reported in Table 52. 

Scheme 7 
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Table 53 Complexes with Hexadentate N, Ligands with Structures Between a Nearly Regular Trigonal Prism and an 
Octahedron 

+a Ref. 

[NiL](BF,)L = (120) 3.11 9380 (28), 11 OOO (27), 20 500sh, 1.6" 974,975 
22 280sh (80) 

[NiL](CIO,), L = (117) 3.10 11 100(25),12200(25), 19200(40) 32" 976,Sn 
[NiL](CIO,), L = (118) 3.04 11 200 (21), 12 400 (B), 20 OOO (69), 36" 977,978 

27 OOOsh (412) 
[NiL](PF,), L = (119) 2.98 11 100 (5.0), 12 500 (6.4), 18200 (11.6) 51" 979,980 

a C/J is the angle defined by the trigonal faces of a trigonal prism with respect to the ideal eclipsed orientation 

<1.6" 32-36" 51" 

H 
I 

C=O + triamine + Ni(H,O),X, - [NiN,]X2 

triamine = cis,cis-cyclohexane-1,3,5-triamine, 
1,l ,l-tris(2-aminoethyl)ethane, 
2,2,2-tris(2-aminoethyl)amine 

Scheme 8 

The geometr of the complex (120) of Scheme 7 for which Busch coined the term 
'~1ato-chelate'~~'is a nearly regular trigonal prism. The mean Ni-N distances are 204 pm and 
the twist angle between the trigonal faces of the prism is 1.6". In a perfect trigonal prism 
@ = 0", and in an octahedron # = 60" (Table 53). 

The structures of the complexes with the ligands (117) and (118) are almost halfway between 
octahedral and trigonal prismatic geometry (# = 32" and 36" respectively).97c978 The complex 
with ligand (119) is nearly regular octahedral (# = 51") (Table 53).97sg81 

(ii) Reaction of coordinated ligands and the formation of nickel complexes with amine-imine- 

Twenty years ago Curtis and co-workers found that [Ni(en)3]2f reacts with acetone under 
very mild conditions and new nickel complexes are formed which have a square planar 
geometry and contain tetraaza macrocyclic ligands (Section 50.5.9) .982984 Starting from this 
pioneering work, it has been well established that this condensation reaction is a general one 
and the reaction of various carbonyl compounds with amines coordinated to nickel(I1) is, in 
general, an easy synthetic route which affords polydentate amine-imine ligands which are 
otherwise either inaccessible or obtainable in a low yield through tedious and time-consuming 

containing ligands 

procedures. Some examples of such condensation 
(113)-(119). 

Ni(en):' t Me2C0 7 
Ni(en):' + MeCOCH=CMe, reflux / 

reactions are reported in equations 

(1 13)q85.*6 
(114)a6 
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Ni(tmd):+ + Me2C0 reflux 
___* ( 115)682 

1'" 
R'RCOIH,O 

reflux 
> 

(116)yn7 

( 1 17)9*b990 

12+ 
(118)w' ,wz 

Caution: the starting NiL(ClO& 
complex detonates on heating! 
R' =Me, Et, Pr"; Me, Et, Et, PS 
R = H ,  H, H; Me,Me,Et ,Me 

n 12* n -I2+ 
(119)w2 Ni(H2NNH2)? + ' stirring 

MeC=O -Me 

Reactions analo ous to that described in equation (113) are given by various aldehydes and 

Most of the nickel complexes prepared according to reactions (113)-(119) have the general 
formula [NiLJX, or [NiL]X2 (X=C1Q4, IZnCL) and are square planar. The complexes 
obtained from reaction (118) as dihydrate, NiL(H2O),(C1O&, are six-coordinate cis 
octahedral. 

hydroxyketones. 98f986 

50.5.3.7 Four-coordinate neutral complexes with anionic ligands derived from 
deprotonated untines, imines, oximes and d a t e d  ligan& 

(i) Complexes with deprotonated amines, imines and p-arninoimines 

The general method of preparation of neutral complexes of the types Ni(N-N)2 and Wi(N4) 
(N-N and N4 stand for monoanionic bidentate and dianionic tetradentate ligands, respec- 
tively, having nitrogen donors) is the direct reaction of a nickel(I1) salt and the appropriate 
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ligand in alkaline solution (aqueous ammonia, ethanolic pyridine or tertiary amines). In some 
cases, however, special procedures have been employed which will be briefly reported 

The preparation of the deep blue complex bis(o-phenylenediiminato)nickel(II) (121) by the 
reaction of nickel(II) and 1 ,Zdiaminobenzene (o-phenylenediamine) in concentrated aqueous 
ammonia in the presence of air was reported as early as i927.993 The complex is square planar 
with the nickel atom four-coordinated by the nitrogen atoms at distances in the range 
183-184 pm,994 which are amongst the shortest Ni-N bond distances so far found. Distances in 
the chelate and benzene rings seem to indicate that the electrons are substantially delocalized 
throughout the entire molecule and the assignment of a definite oxidation number to the nickel 
atom may be questionable. Polarographic studies in non-aqueous solvents have shown that the 
neutral complex Ni(C6H&)2 can add electrons to give a series of new complexes (equation 
120).995 The complexe$ [Ni(C&t&)2]1 ( p o ~  = 1.18 BM) and [Ni(C6H&12)2]12 (diamagnetic) 
were isolated in the solid state, by oxidation of the neutral complex with 12. The two extreme 
complexes of equation (120), namely the dinegative and dipositive species, may be formulated 
as compounds of nickel(I1) coordinated to the dianion of o-phenylenediamine and to the 
neutral benzoquinonediimine respectively. On this basis the neutral complex may be considered 
in a formal way a nickel(I1) complex of the partially oxidized monoanion ligand [C,&(NH),]- 
instead of the nickel(1V) complex of the dianion [C6&(NH)2]2- 

The complexes (122)996 and (123)995 have structural and electrochemical properties strictly 
correlatable to those of complex (121). Complex (123) is extremely air-unstable and has been 
prepared in the form of black crystals by the reaction of Ni(C0)4 and the diacetylbisanildiimine 
in benzeneln-pentane mixture under an inert atmosphere. 

(122) (123) W) 

Bis(aminotroponeiminato)nickel(II) com lexes (124) give rise to square planar e 
tetrahedral species increases as the size of the substituents R becomes greater. 

Bis(pyrrole-2-aldimiato)nickel(II) complexes (125) are diamagnetic in the solid state when 
R = H, Pr, Pr' and Et, and paramagnetic pseudotetrahedral when R = B U ' . ' ~ ~ - ' ~ ~  In solution 
there exists an equilibrium between square planar and tetrahedral species when R=Pr', Bus 
and But. Such equilibria were also investigated for complexes of the type (126) obtained from 
the condensation reaction in basic media of o-aminobenzaldehyde and a number of diamines in 
the presence of nickel(II).1m1007 Square planar complexes (127)1008J009 and (l2j3)Y were 
obtained with deprotonated pyridinecarboxamide ligands. In these complexes the N i N  
(amide) bond distance (184-187 pm) is shorter than the Ni-N (pyridine) distance (192- 
195 pm) . 

The B-aminoimine (129) and formazyl (130) molecules are, in a formal way, the nitrogen 
analogues of the p-diketones. However, the neutral complexes formed by the deprotonated 
monoanionic ligands are mononuclear in contrast to the oligomeric structures formed by most 
of the /3-diketonates. Owing to their sensitivity to moisture, the p-aminoiminato complexes 
must be prepared under rigorous anhydrous conditions. For example, the complexes with 

pseudotetrahedral equilibria in solution.99 B 'Oo0 The amount of the paramagnetic pseudo- 
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ligand (l29), where R = aryl, R' = Me, were prepared by the reaction of [NiBr4](Et4N)2 with a 
mixture of the ligand and n-butyllithium in THF at -78°C under nitrogen atrnosphere.l0l1 
Complex (l31) is square planar and all the other complexes of type (l32) are pseudotetrahedrd 
(peB in the range 3.06-3.17EM'011-1016). In the bis-formazan nickel complex (133) the NiN4 
chromophore is square planar. The two adjacent R and R' poups reduce their steric crowding 
by distorting the molecule towards a stepped s t ru~ tu re .~~~ '~ '  l8 

R' 
I /" 

R"C, //C-NH 
\ C-N 

R' 
' \  
I R 

/R 

\ R  

/N-NH 

N-N RC\ 

(ii) Complexes with deprotonated CY, p-dionedioximato and related ligands 

Nickel(I1) complexes with deprotonated CY, 6-dionedioximes have been widely 
Selected examples of such complexes are reported in Table 54. 

The complexes with unsubstituted and either alkyl- or aryl-substituted glyoximes have been 
prepared by the reaction of nickel(I1) salts with the appropriate ligand in aqueous or ethanolic 
solution or an aqueous-ethanolic mixture. In most cases, the reaction is promoted by addition 
of ammonia as base and/or refluxing temperature. 

The complexes are always square planar with general formulas NiL. In the crystal structure 
the N i b  molecules generally stack one over the other to give rise to a polydimensional 
structure which renders the complexes highly insoluble. There are two main structural motives 
adopted by these complexes. The first is exemplified by Ni(DMG)2 (DMG= 
1,2-dimethylglyoximato, Table 54). In this complex the planar units stack in columns with the 
N i N i  vector parallel to the stacking axis (MOM=metal over metal structure).102031021 The 
repeating unit is generally formed by two molecules, the successive unit being rotated by 
approximately 45". In this type of structure large channels exist which can contain solvent 
molecules or oxidants such as halogens. Ni(DMG)2 is a weak semiconductor along the stacking 
axis with conductivity about 10-loS cm-', and activation energy -0.6 eV.1034 

The second structural motif is exemplified by Ni(bqd)2 (bqd = 1,2-benzoquinonedioxirn%to) 
(Figure 23). The planar molecules (Table 54) are in a slipped-stacked (SS) arrangement which 
makes the Ni-Ni directions inclined with respect to the stacking axis. In this type of complex 
the N i N i  distances are longer, the packing is also more efficient and no channels are present. 
The complexes with SS structure are generally insulators. 

Ni(DMG):! reacts with BF3 etherate to substitute the hydrogen atoms of oxime groups by 
BF2 moieties forming a macrocyclic complex. Two such molecules are held together in the 
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Table 54 Selected Nickel@) Complexes with Oxime Ligands 

Complex 
Structural description and 
bond distancesa (av)  (pm) Ref. 

185 1020,1021 Ni-N 
0-0 240 
Ni-Ni 324 
MOM 

I I o., ,so 
'H' 

Bis(dirnethylglyoxirnato)nickel(II) 

Ni-N 
0-0 
N i - N i  
ss 

187 
245 
420 

1022,1023 

Bis(glyoximato)nickeI(II) 

0-. +,o 
-El' 

Bis(methylethylglyoximato)nickel(II) 

Bis( 1,2-benzoquinone dioximato)nickel(II) 

.H.. 
? 

Ni--N 
0-0 
Ni-Ni 
ss 

Ni-N 
0-0 
Ni-Ni 
ss 

Ni-N (ox) 
Ni-N (am) 
Ni-Ni 
(1-0 
ss 

186 
245 
475 

186 
248 
386 

186 
304 
498 
249 

1024,1025 

1026 

1027 

Bis{ (oxamido)oximato} nickel( II) 
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Table 54 (continued) 

Complex 
Structural description and 
bond distances" (av) (pm) Ref: 

Ni-N 187 1028 
Ni-N 321 
Ni-Ni 465 
Two molecules are linked 
together 

Bis(difluoroborondimethylgIyoxsrnato)nickel(II) 

Ni-N (am) 188 1029,1030 
Ni-N (ox) 184 
u 248 

H' 

2,2'-( 1,2-Diaminoethane)bis(2-methyl- 
3-butanone oximato)nickel(II) 
perchlorate 

2,2'-( 1,3-Diaminopropane)bis(2-rnethyl- 
3-butanone oximato)nickel(II) nitrate 

Bis(2-arnino-2-methyl-3-butanone oximato)- 
nickel(I1) chloride monohydrate 

Ni-N (am) 194 1031,1032 
Ni-N (ox) 188 
0-0 241 

Ni-N (am) 191 1033 
Ni-N (ox) 188 
0-0 242 

Ni-Ni distance refers to intermolecular metal-metal interaction; N (am) and N (ox) mean amine and oxime nitrogen respectively; 
MOM = metal over metal structure; SS = slipped-stacked structure. 

crystal giving rise to dimeric repeating units.lm The complex reacts with mono- and bi-dentate 
neutral ligands forming 1 : 1 and 1 : 2 a d d ~ c t s . ~ ~ ~ ~ ~ ' ' ~ ~  

Partial oxidation by halogens of the nickel(I1 bis-diolrimato complexes generally increases 

for the oxidation product of Ni(DPhG)2 (DPhG = 1,2-diphenylglyoximato) with Iz and 
Br2. '-'04' The complexes have formulas Ni(DPhG)*I and Ni(DPhG)2Br, respectively. The 

the electrical conductivity as shown in Table 55.l b 39 The largest conductivity has been measured 
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Figure 23 Packing diagram of Ni(bqd), (reproduced from ref. 1039 by permission of Springer-Verlag) 

crystal structure of Ni(DPhG)J consists of Ni(DPhG)2 columns arranged in the MOM 
structure with IF ions in the channels. The MOM arrangement of planar units has also been 
found in the other oxidized complexes.1o48 

Table 55 Some Properties of Partially Oxidized Complexes with Oxime Ligands 
. - 

struciural description Conductivity 
Complex” and bond distances @m) (S cm-’) Ref. 

Ni-Ni 322 10-~ 1040 
Ni-N 187 
I; ; MOM 

Ni-N 186,194 
Ni(bqd)2kI.o,* Ni-Ni 318 10-~ 1041 

MOM 10-~-10-~ 1041-1043 
Ni(bqd)ZIo,5z*0.32F%Me Ni-Ni 315 

Ni-N 190 
I; ; MOM 

~~~~~~~ 

‘The ligands are defined in the text. 

Other nickel(I1) complexes with oxime ligands are reported in refs. 1035-1038 and 

The complex ethylenebis(biguanide)nickel(II) dichloride monohydrate (lM)lo5’ closely 
resembles the complexes reported in Table 54 in that an extensive delocalization of the 
electrons occurs over the entire molecular framework as indicated by the planar arrangement 
of the chelate rings and by the CN distances intermediate between a sin le and a double bond. 
The high exothermicity of complex formation (AH? = -101.2 W mol-’) 05* has been explained 
in terms of this electron delocalization. The Ni-N bond distances in the above square planar 
complex are in the range 186-187prn.1058i1059 A similar complex with the ligand containing a 
trimethylene chain has been also reported.lW 

1049-1056. 

F 
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5a5.3.8 Complexes with polypyrazolylborate and related ligands 

The mononegative polypyrazolylborate ligands (Table 56, l35-l37) form stable neutral 
complexes of the type [NiL] with nickel(I1). The com lexes are square planar or octahedral 

in water or DMF-water mixture by metathetical reactions of the otassium salts of the 
appropriate ligand with a nickel(I1) salt, in the stoichiometric ratio.k2 The complexes are 
insoluble in water and sparingly soluble in polar solvents such as alcohols and acetone. They 
are soluble in CHCl,, CH2C12, benzene and aromatic hydrocarbons. The complexes are stable 
enough to be sublimed unchanged in vacuo. 

Selected nickel(1I) complexes with polypyrazolylborate and related ligands are reported in 
Table 56. 

according to whether the ligand L is bi- or tri-dentate.' OB [N&] complexes are easily prepared 

Table 56 Selected Complexes with Polypyrazolylborates and Related Ligands 

Donor 
Complex set Comments Ref. 

SqPl 
SqPl 
SqPl 
SqPI; geometrical and 

Oh 
Oh 
Oh 

Oh 
Oh 
Oh; bridging F 

SqF'y, bridging C1 

optical isomers 

SqPl 

1063,1064 
1063,1065 
1063,1066 
1067 

1063 
1063 
1068 
1069,lWO 
1071 
1072 
1073 

1074 

* Structures determined by X-ray analysis. 
Ligand abbreviations and formulae: 

(l35) Y = H; R = R' = H; H2Bp% (136) Y = H; R = R' = H; HBpz, (l37) Bpz4 
Y =Et; R=R' = H, EQBpz, 
Y = Ph; R = R' = H; Ph,Bpz, 
Y = H; R' = H, R = Me; H,B(Me,pz), 

Me ?> Me 

7" 
H C  

'N--N 
f \',, 

(M) H,C(%P)z 

Me ''-dMe 
%Bpz(Me,pz) = dihydm-(l-pyrazolyl)(3,5-dimethyl-l-pyrazolyl)borate; 
Me,Gapz, = dimethylbis( 1-pyramly1)gallate; 
CHpz, = tris(1-pyrazo1yl)methane. 
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The complexes with each of the polypyrazolylborate ligands have substantially the same 
properties irrespective of the number and type of the substituents in the pyrazole rings as well 
as on the boron atom. lm5 The bis-chelate complexes formed by all the bidentate ligands are 
square planar, as found in the structures of the three complexes [Ni(HzBpz2),] (w9),1064 
[Ni(Et2Bp~2)2]1065 and [Ni(Ph,Bpz2),]. In these complexes each six-membered ring formed 
by Ni, the four N atoms and B is in a boat configuration, whereas the whole molecule is in a 
pseudochair conformation. The latter conformation reduces the non-bonding interactions 
between pyrazole hydrogens in the 3-positions. The Ni-N bond distances in these square 
planar complexes are in the range 188-189pm as compared with the analogous distances of 
209-210 pm in the six-coordinate complexes (vide The presence of substituents in the 
3-positions of the pyrazole rings and on the boron atoms imparts some steric protection to the 
metal in the axial position and the coordination of two more additional ligands to form 
six-coordinate complexes is unfavourable or not possible at all. The bis chelate with the 
unsymmetrical ligand dihydro(l-pyrazolyl)(3,5-dimethyl-l-pyrazolyl)bo~ate has been found to 
exist in both geometrical and optical is~rners. '~' The enantiomers arise from the cis form of 
the complex (140). The reaction of Et&(H2Bp&) with hydrated NiC1, in ethanol at room 
temperature affords the 1 : 3 complex Et,&[Ni(H2Bpzz)3]1w which is indefinitely stable in the 
solid state. The same tris chelate occurs in either acetone or acetonitrile solution of the solid 
complex. 1068~1077 

H 

H 

The [NIL] complexes with both tridentate ligands (136) and (l37) are six-coordinate, each 
ligand molecule in the complexes occupying the three facial positions of an octahedron 
(141).1063,1m5,"J76 e two tridentate ligands are mutually staggered as indicated in (142) where 
the distortion from ad symmetry is indicated by the angles which deviate to a greater or lesser 
extent from the ideal value of 6O0.lw6 

The poly(1-pyrazoly1)alkanes are isoelectronic and isosteric with the poly(1- 
pyrazolyl)borates, but are neutral. Consequently they may we nickel complexes which have 
no counterpart amongst the polypyrazolyborate complexes.' For example, dinuclear fluoro- 
and chloro-bridged complexes [Ni2FzL4](C104)21073 and [Ni2C14L#"'4 have been prepared with 
the ligand bis(3,5-dimethyl-l-pyrazolyl)methane (Table 56, l38). The former complex is 
octahedral with the two nickel atoms antiferromapetically coupled, whereas the latter contains 
ferromagnetically coupled five-coordinate nickel atoms. 

d 

50.5.3.9 Isocyunato, isothiocyanato, isoselenocyanato and related ligand compIeres 

In the nickel(I1) complexes terminal NCX- ligands are invariably N-coordinated. Selected 
examples of nickel(I1) complexes with NCO, NCS and NCSe are reported in Table 57. 

The NCO-, NCS- and NCSe- ions can coordinate through N and 0, S or Se 
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Table 57 Selected Nickel(I1) Complexes with Cyanate, Isothiocyanate and Isoselenocyanate Anions 

Complex 
Geometry of the IR spectra (cm-') 

chromophore CN CX" Ref. 

(Et4N)2[Ni(NCO),] NiN, Td 2196s, br 13301x1 1080,1081 
NiN6 Oh 211M 828vw 1082 

2103s 
(Et4N)4[Ni(NCS)61 

NiN,S, Oh 2141m 
2096s 
2079s 

(PhAs),[Ni(NCS),] NiN, Td 2051s 
M[Ni(NCS),]+xN,O NiN$, Oh 
HgP"CS),(H2O)21 NiN,02 Oh 
(Me N),[Ni(NCSe&] NIN, Oh 2096s 
(cat'+)[Ni(NCSe),] NiN,Se, Oh 2145m 

2092vs 
2075s 

853w 1082 
813w 
80% 
7% 
mow 

1083 
1082,1089,1085 

606W 1086 
653w 1086 

The isothiocyanato complexes are the best known and the most numerous, and the 
compound Na4Ni(NCS)6-8H20 was reported as early as 1901 .Im4 Anhydrous compounds have 
usually been prepared in non-aqueous solvents (ethanol, acetone, nitromethane) and crystal- 
lized using bulky cations. For example, the (Rp),[Ni(NCS),] (R = Me, Et) compounds can be 
obtained by the metathetical reaction in ethanol of nickel thioc anate and (&N)NCS.lm2 The 

and nickel thiocyanate in 1 : 2 molar ratio in acetone yields the olive-green (Ph&~),Ni(Ncs)~ 
which can be converted into a blue isomer upon heating at 155 0C.1082 

The olive-green (Ph&s),[Ni(NCS),] and the yellow (~at)~+Ni(NcSe)~ are six-coordinate and 
contain both terminal and bridging NCX- anions. The blue isomer of the former complex 
contains the tetrahedral [Ni(NCS)4]2- anion. Tetrahedral species [Ni(NCS)4]2- are easily 
obtained in solution by dissolving hydrated Ni(NO& and an excess of KNCS in acetone. 

The tetraisocyanatonickelate(I1) has been obtained according to equation (121).loS 

isoselenocyanato complexes have been prepared similarly.lm~' d The reaction of (Ph&s)NCS 

(121) 

IR spectra of is0 anato and isothiocyanato complexes of nickel(I1) have been widely 

The complexes HgNi(NCS)4, HgNi(NCSe)4 and HgNi(NCSiz(NCSe)2 are supposed to 
contain six-coordinate nickel(I1) in a polynuclear structure.'082,10 All of the complexes with 
the general formula HgNi(NCX)4 behave as Lewis acids towards a number of bases such as 
alcohols, pyridine and substituted pyridines, PPh3, bipy, phen, DMSO, etc., giving in most 
cases polynuclear species .1084Jm9 

Organomercury thiocyanates and selenocyanates HgNCXL' react with Ni(NCS)2L4 
(L = p g  4-aminopyridine, aniline) affording complexes having the stoichiometry H&Ni(NCX)4- 
LG.l l-lW3 

Isothiocyanato complexes have been prepared with nearly all of the known neutral ligands, 
whereas the same complexes with NCO- and NCSe- are far less numerous. Relevant examples 
of isothiocyanato complexes are reported in the appropriate section according to the coligand. 
As an example of mixed-ligand cyanato complexes the dinuclear [Niz(NCO)z(tren)2](BPh&1094 
can be given because the NCO- groups are bridging in the end-to-end position in contrast to 
the more common single atom bridging mode found, for example, in [Ni(NC0)2L& (L = 3- or 
4-cyanopyridine) Finally, the structure of the trans octahedral Ni(NCSe)2(DMF)4 has been 
reported with the isoselenocyanato N-bonded at a distance of 205 pm.'"% 

Nickel azido complexes are less numerous than those with thiocyanate and only few 
compounds have been structurally characterized. '09' The six-coordinate complex 
&[Ni(N3)&2H,O has been prepared from an aqueous solution of Ni(N3), and an excess of 
KN3 (1 : 20 molar ratio) .lWs Two si nificant examples of mixed-li and azido complexes are the 

The former complex contains two end-to-end coordinated bridging azido groups (la), whereas 
in the latter complex a single bridging azido group exists, and two additional azides are 

Me co 
4AgNCO + NBG- + 2Et4N* f (EtdN),[Ni(NCO),] + 4AgBr 

studied. 1080-1082,1086,1# 

dinuclear [Ni,(N3)z(tren)z](BPh4)z7 F and [Ni2(N3)3(Me4cyclam)]*~~ (see also Section 50.59). 
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terminal (144). The Ni(N,),Ni ring in complex (143) is planar and asymmetric as indicated by 
the different Ni-N (azide) bond distances (220 and 207pm) and Ni-N-N angles (135" and 
123") for each nickel atom. [Ni(N3)2(diphos)] (diphos = Ph2PCH2CH2PPh2) is reported to react 
with NOBF4 in CH2C12 to give the dinuclear complex [Ni2(N3)2(diphos)2](BF4)2 which is 
assumed to contain the azido group bridging with a single atom.1100 This complex in turn reacts 
with NO (5 atm, 20 "C) in CH2C12 giving the mononuclear [Ni(NCO)2(diphos)]. 

50.5.3.10 Organonitrile complaes 
Numerous nickel(I1) adducts with organonitriles RCN (R = alkyl, aryl) having the general 

formula Ni RCN ,Yz ra = 2, 3, 4, 6) have been prepared using different procedures (equations 

the displacement of RCN molecules by water. The use of large counteranions with low 
coordinating ability favours the formation of hexakis adducts. These compounds are hygro- 
scopic and must be handled in a dry atmosphere. 

122-126).11 6" ',"02 In general, strictly anhydrous conditions must be employed in order to avoid 

M e W t 2 0  
N i ( c l O d ~ 6 H ~ o  905 > [Ni(MeCN),] (ClO,), > [Ni(OC103)z(MeCN)4] 

75'c [Ni(OO'ClO,),(MeCN),] (122)"03 vamum 

Ni + ZNOBF, > [Ni(MeCN),](BF,),-O.SMeCN + 2N0 (123)"" 

Ni + 3Br2 [Ni(MeCN),](Br,), (124)11M 

( 126)"Os 

All of the organonitrile adducts of nickel(I1) contain nickel(I1) coordinated to six nitrogen 
atoms of the RCN molecules, as exemplified by the structure of [Ni(MeCN)#+ cation where 
the MeCN donor is coordinated in a nearly linear array (Ni-N-C angles average 172") with 
Ni-N distances in the range 203-212 pm.''@ 

Coordinated nitrile groups undergo a number of reactions and some of those involving 
nickel(I1) are reported here. The neutral pentachlorophenylnickel(I1) complex is converted to 
the cationic complex with coordinated organonitriles according to equation ( 127).'ll0 The latter 
complex reacts in turn with MeOH in the presence of triethylamine giving a complex where the 
nitrile has been converted to the corresponding imidate coordinated to the metal through the 
nitrogen atom (equation 128). 

(127) [Ni(GC15)CI(R3P),I ,-+ [N~(C~CI,)(R~)Z(R'~N)I+ 

R3P = MePh,P, MezPhP; R' = Me, Ph, CHzPh 

AgCIOd. R'CN 
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Nickel(I1) compounds catalyze the hydration of organonitriles in basic and neutral media. 
For example, 2-cyano-1 ,l@phenanthroline is converted to the corresponding carboxamide by 
means of nucleophilic attack of OH- on the nitrile carbon atom. The suggested mechanism is 
outlined in Scheme 9."" The same mechanism holds for the hydration reaction of 
2-cyano-8-hydroxyquinoline (8-hydroxyquinoline-2-carbonitrile). 1112 The hydrolysis of 2- 
cyanopyridine (2-pyridinecarbonitrile) is promoted by either nickel chloride or oxide in neutral 
solution, simply by refluxing the mixture in water. Nickel chelates of both pyridine-2- 
carboxamide and pyridine-2-carboxylate anion result (Scheme 10) .Ill3 These chelates also have 
catalytic activity and the free amide is formed. Other nickel complexes of the types 
Ni(en)(Hz0)4S04.H20, Ni(er1)~Cl,.H,0 and Ni(bipy)(Hz0)4S04.2Hz0 have been found to 
exhibit catalytic activity towards the hydration reaction of organ on it rile^.^^'^ 

I 
NHZ 

Scheme 10 

Phthalonitrile, CJ&(CN)2, has been found to cyclize in an MeOH solution of NiS04 at the 
cathode of an electrochemical cell to give the nickel phthalocyaninato 

50.5.3.11 Nitrosyl conrplexes of (formally) nickelfl1) 

The nitrosyl complexes of nickel(I1) are scarce and less studied than those of nickel(0) (see 
Section 50.2.5.2) even though they have been known for nearly a century. Selected examples of 
nitrosyl nickel(I1) complexes are reported in Table 58. As early as 1891 it was reported by 
Berthel~t'"~ that Ni(C0)4 reacts with gaseous NO giving a blue compound which was later 
characterized as a pseudotetrahedral complex of nickel(I1) having the formula 
[Ni(OH)s(NO)].'l'* This compound is paramagnetic and is formed only if traces of water are 
present in the reactants. Using a methanolic soiution of Ni(C0)4 a methoxo derivative is 
formed. 



Nickel 107 

Table 58 Selected Nitrosyl Complexes of Nickel(I1) 

Other nitrosyl complexes are reported in Scheme 11 .l120 

NO, H I O  [race 

/-- 

[NiX,(NO)], X = halides 

Scheme 11 

The purple, c stalline K2[Ni(CN)3(NO)] has been prepared by the reaction of NH,OH-HCl 

thus the nickel atom is in the 2+ valence state. The anion [Ni(CN)3(NO)]2- has been found to 
form using different reaction routes (equations 129 and 130).’l” 

(129) 

with K2NiCN4.11 r ’ This compound is assumed to form by displacement of CN- by NO- and 

Ni(CN):- + N20:- + [Ni(CN),(NO)]‘- + NO, + CN- 

Ni(CN):- + 2NH,OH [Ni(CN),(NO)]’- + NH3 + CN- + H 2 0  (130) 

50.5.3.12 Dialkylamhs and disilylamides 

nickel complexes containing Ni-N (dialkylamide) u bonds are lacking.’123 

failed for nickel(II), and in the case of LiNEt, led to a diiminato complex (145). 

In contrast to the extensive coordination chemistry of N i - C  (alkyl) complexes, examples of 

The general reaction which affords transition metal dialkylamido complexes (equation 131) 

MCl, f nLiNR, - M(NR,), -k nLiCl (131) 

(145) 

On the other hand, when LiN(SiMe& is employed, reaction (131) has been successful in 
preparing the nickel(I1) disilylamide [Ni{N(SiMe&]. This unusually unstable complex is 
assumed to contain two-coordinate nickel(I1). By reacting NiC12(PPh3)2 with LiN(SiMe& the 
three-coordinate nickel(1) complex [Ni{N(SiMe3)2}(PPh3)2] has been obtained.1125 The same 
reaction carried out with the lithium salt of 2,5-dimethyl rrole in place of LiN(SiMe& gave 
the diamagnetic nickel(1I) complex [Ni(NC&),(PPh,)] .Iy’ The reactions of dialkylnickel(II), 
NiR2b (R = Me, Et; L =  jbipy, Jdpe, PEt,), with compounds having acidic NH groups 
(succinimide, phthalimide, diacetamide, imidazole) gave the corresponding monoalkyl- 
nickel(I1) complexes NiR(NR’R’‘)LZ.1126 
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50.5.4 Complexes with Ligands Containing Phosphorus, Arsenic and Antimony as Donor 
Atoms 

50.5.41 Introduction 

The number of nickel(II) complexes with mono-, bi- and poly-dentate ligands containing 
tertiary phosphines as a donor group is very large and increases day by day while complexes 
with tertiary arsines are less numerous and those with stibines are rarer still. The number of 
nickel(I1) complexes with mixed donor ligands containing N, 0 and S donor atoms besides P or 
As is also very large. 

The subject matter of the following sections has been divided according to the denticity of 
the ligands (mono-, bi-, tri-, and linear tetra-dentate, tripod-like ligands) and according to the 
nature of the donor atoms, phosphine and arsine complexes being reviewed before those 
containing mixed donor ligands. 

50.542 Complexes with monodentate tertiary phosphines, arsines and stibines lm-lul 

(i) Halo and pseudohalo compounds 

Hundreds of nickel(I1) complexes with monodentate phosphines have been reported. 
Selected complexes are reported in Table 59 together with some of their physicochemical 
properties. A selection of structural data is shown in Table 60. 

Nickel(I1) complexes containing up to four molecules of trialkylphosphines have been 
prepared by the direct reaction of a nickel(I1) salt with the appropriate phosphine in either 
aprotic or protic solvents. Anaerobic conditions have sometimes been employed in order to 
avoid oxidation of unstable phosphines whereas dimethoxypropane has occasionally been 
employed as a dehydrating agent when using hydrated nickel(I1) salts. 

The complexes [NiX,PBu:](PHBu$) were obtained by the reaction of NiX, (X = C1, Br, I) 
with PBuj in ethanol or n-butanol, under N2.llS9 

Triphenylphosphine, because of its lower donor strength, reacts less easily than trialkylphos- 
phines, and complexes with a maximum of two molecules of the phosphines were obtained. 
NiX2(PPh3)2 were prepared by reacting hydrated nickel(I1) salts and the phosphine in glacial 
acetic acid or in boiling b u t a n ~ l . " ~ ~ , ~ ~ ~ ~ , ~ ~ "  Analogous complexes with mixed alkyl- and 
aryl-phosphines were also prepared.1143,1144,1161-1170 In some cases two structural isomers were 
obtained. '"'J Fo r example, the reaction of NiBr2 with PPh2R (R = Et, Pr", Pr', Bus, Bun) in 
polar solvents affords green paramagnetic compounds. Their recrystallization at low tempera- 
ture (-78 "C) in apolar or weakly polar solvents affords brown diamagnetic compounds which 
slowly isomerize into the paramagnetic species at room temperature. 1163 

Trihalo complexes containing a single coordinated triphenyl- or trialkyl-phosphine 
[NiX3(PR3)]- have a pseudotetrahedal structure and their electronic and magnetic properties 
have been studied in detai1.1'5~1158,1174-1176 

Dihalobis(tertiary phosphine)nickel(II), [NiX2(PR3)2], may be either square planar or 
pseudotetrahedral species depending on the steric and electronic properties of the phosphine 
and, in a few cases, on the nature of the halide. 

Trialkylphosphines, in general, give square planar complexes. A tram planar structure (1&J 
has been found in most complexes which have been crystallographically in~estigated."~~,~~~~.~' 
A cis planar structure was found, for example, in [NiC12(PC11H13)2] (147).1188 

CH,Ph 

N 
I 

CWZPh 

Br 

Ni 
I 

Br/ \ \ P P h 3  
PPh, 

(148) 

Complexes with triphenylphosphine are assumed to be pseudotetrahedral on account of their 
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Table 59 Selected Complexes with Monodentate Phosphines, Arsines and Stibines 

Coordination 
p*(r. r.) Donor geometry 

Complex (BM) set ornumber Remarks Re5 

NiX,(PMe,), 0-1.3 P& 

3.1 pzoz 
Diamagnetic P,X, 

3.15-3.16 PZX, 

Diamagnetic P3X2 

0.3-0.7 
Diamagnetic P3X 

0.48-0.91 PqX 

Diamagnetic P,X 
Diamagnetic P4X 

Diamagnetic P3& 

0.36-1.61 D3X2 

3.463.68 PX, 

3.28-3.41 PzX2 

Diamagnetic P2X2 

3.14-3.30 P2X, 

Diamagnetic P,X, 

Diamagnetic P2X, 
p2x2 

Diamagnetic P2X, 

Diamagnetic P2X, 

Diamagnetic P2X, 

Diamagnetic P,X2 

or 2.61-3.3 

3.0-3.3 P2& 

Diamagnetic P& 
3.0 PZX, 

s1.48 P,x, 

Diamagnetic P3c, 

Diamagnetic P3& 

Diamagnetic P,X, 

Diamagnetic P2Br2 
3.6 PzBr2 

SqPl 

SqPI 

Td 

SqPl 

Td 

5 

SqPl 

TBPY 

SqPl 
5 

5 

5 

Td 

Td 

SqPl 

SqPl 

SqPl 

SqPl 

SqPl 

Td 

Td 

SqPI/Td 

SqPl 

Td 

SqPl 
Td 

mPy 

mPy 
5 

SqPl 

SqPI 

sqfl 

Td 

5 

X = halid-, CN, NCS, NO2; air- 
sensitive 

R=Et.Pr", Bu" 
x= halides, CN, ;so,; 

X = halides, NCS; R = cyclohexyl; X = 
I, one diamagnetic and one paramag- 
netic isomer 

X = (3, Br; R = cyclopropyl; prepared 
under N, 

X = halides, CN, NCS; air-stable 

X = NO, 

X = CI, Br 

X = halides; prepared in an inert 
atmosphere 
X=Cl,  &,I; n = 3 

n = 4  
X=CI,Br,I  

X = Br, I; D = As. Sb; prepared under 
N2; stable when solid 

X = Br, I; AB, = NEt,, Mu:, AsPh,; 
prepared in hot n-butanol 

X = halides, NO, 

X = NCS 

X = Br, I; R = cyclohexyl, cyclopropyl 

X = halide, NCS; R = cyclohexyl, 

X =  halides; n =2 
X =  halides; n = 1 

X = halides, NCS 

X = halides, NCS 

X = halides; two structural isomers for 
each compound 

R = Me, Et, Pr", Pr', Bu' 
X=Br, I; R =  Me, Et, But , 
X =I; R = Pr', Bun, Pr", Bu' 

R = Et, Pr", Pr', Bu", Bus; two 
structural isomers of each compound; 
the planar isomers isomerize to Td 
ones at mom temp. 

X=Cl,  Br, I 

R=Mc,  Et 

X = Br, I; prepared by oxidation of 
NiL., with X2 

X = Cl, Br, I; prepared by direct 
synthesis in benzene 

R = o-MeOC& 

C Y ~ O P ~ O P Y  1 

R = o - U C A  

PR, = PMQ, €'Et,, PPh,, PPbMe, 
PPhM%; unstable in the air 

1132-1136 

1137-1141 

1137 
1142,1143 

1144 

1133,1135.1145-1150 

1133 
1148,1151 

1152 

1152 
1153,1154 

1155-1158 

1155,1159,1160 
1159 

1143,1144 
1143,1144 

1161 

1162 
1162 
1162 

1163 
1163,1164 

1163 

1165 
1166 
1167 

1168,1169 

1170 

1171 

1172, I173 

5 Stable enough in CO atmosphere 1173 
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Table 60 Structural Data for Selected Monodentate Phosphine Complexes 

Bond dktances (pm) 
Complex Ni-X Ni-F Structure Ref. 

248 
232 
228 
221 
226 
225 
226 
232 
224 
233 
220" 
218" 
223" 
225-229 
224," 240 
221 
243 
243 

224 
218 (bas), 232 (ax) 
223 
215 

Td 
Td 
Td 
trans SqPl 
tram SqPl 
trans SqPl 
trans SqPl 
Td 

Td 
SqPl 

TBpY 
mPy 
l-BPy 
TBPy 
SqPy 
SqPl 
Oh 
Oh 

SqPl 
sqqr 
SqPl 
cis SqPl 

1174 
1175 
1176 
1136 
1138 
1177 
1178 
1178 
1179 
1180 
1150 
1181 
1182 
1151 
1183 
1183 
1184 
1185a 

1185b 
1187 
1169 
1188 

a Average values. 
Two independent molecules in the unit cell. 
Ni-N bond distances, 209 pm. 
L = diacetone alcohol. 
Three conformational isomers were obtained. 

PC,,H,, = 9-methyl-9-phosphailuorene, Q-p 
Me 

PC,,H,, = l-benzyl-A3-phovpholene, PhCH, 

paramagnetism and this structure was found in the two complexes [NiC12(PPh3)2]1'90 and 
[NiBr2(PPh3)2] (148).1180 Essentially the same structure is retained by the complexes in 
solution. 

Complexes with mixed alkyl and phenyl phosphines may be either square planar or 
tetrahedral depending on the nature of the anion and the number of the phenyl groups which 
are attached to the phosphorus atom.1162 Planar e tetrahedral equilibria often exist in solution. 
In general, the amount of tetrahedral species in solution decreases in the order PPh3> 
PPh2R>PPhR,>PR3 for a given halide ( R =  alkyl), and I>Br>Cl>NCS for a given 
phosphine. The tetrahedral species are also favoured by polar solvent~."~~ 

Complexes of the type [NiX2(PMe&] are diamagnetic five-coordinate both in the solid state 
and in solutions containing excess phosphine to prevent the formation of planar species. 
Five-coordinate species are also favoured by low temperature. The equilibria represented in 
equations (132) and (133) were studied by means of electronic, 31P and 'HNMR 
spe~troscopy."~'~"~~~"~' 

(132) 
(133) 

NiX2(PR& + PR, e [NiX(PR,)d]* + X- 
[NiX(PR&]+ + PR3 e [Nix(PR3)4]+ 

PR, = PMe3, PHEt, 

In the two complexes [NiBr2(PMe3)3]1150 (149) and [Ni12(PHPh2)3]i181 the halides lie in the 
equatorial plane of a trigonal bipyramid, while in [Ni(CN)2(PPhMe2)3]'182 (150) the cyanide 
ions occupy the axial positions. A distorted trigonal bipyramidal structure has also been found 
in the complex [NiBr(PMq),]BF, (Ul).'lS1 
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PMe, CN P M ~ ,  -J + 
\ I  PhMe,P Me3P, I , 

’I 

Br 

B r / y  PMe, PhMe,P 
\Ai--PMe,Ph Ni -PMe, 

Br’ i 
PMe, CN 

(149) (150) (W 

The stability of the five-coordinate [NiX2(DMe3)3] (D = As, Sb) in the solid state decreases 
in the order I > Br > C1 and no chloride complex was isolated in the solid state. 

The complex [Ni(CN),{PPhz(CH20H)}~]-&J& which has been obtained according to 
equation (134) is square pyramidal with the ligand acting as monodentate through 
the phosphorus atoms. Owing to the long Ni-P(ap) bond distance, the five-coordinate 
complex kasily dissociates into the four-coordinate ‘siuare planar complex [Ni( CNh{ PPh2- 
(CHzOH)}z].“83 

Na,Ni(CN),.3H20 -I- PPh2(CH20H) + HCHO 2-y [Ni(CN),{PPh,(CH,OH)},] (134) 

The tris(2-cyanoethy1)phosphine can act either as a monodentate phosphorus donor ligand or 
as a bidentate mixed donor ligand. The red square planar [NiX2L2J complexes (X = Q, Br) 
transform in the solid state into blue six-coordinate isomers which have a polymeric structure 
involving bridging bidentate ligands (Scheme 12) ,1178>11w711E 

I 
C 

80 ‘C. M mi” 

MqCO soln 

Br 

R,P/ \Br solidstateor ’ 

PR3 = P(CH,CH,CN), 
LP’ / A‘Br 

C 
I 

Scheme U 

During a preparation of the complex [N~(NCS)~{P(CH&H,CN)~}Z] in acetone solution, a 
yellow-orange compound was obtained which was characterized as [Ni(CaH,202)z][Ni(NCS)4- 
{P(CH2CH2CN)&] (152) (C&II2O2 = 4-hydroxy-4-methyl-2-pentanone; ‘diacetone alcohol’). 
This reaction, which involves an aldol condensation of two acetone molecules, was found to be 
not reproducible .118sa,11sSb 

PR, 1 2- 
SCN 1 
\ ./NCS 

,Ni 

(152) 

Nickel(I1) complexes with cyclic phosphines are not numerous and, in general, resemble 
those of monotertiary phosphines. Some examples are reported in ref. 1186. 

(ii) Organometallic compounds 

A few representative examples of simple organometallic compounds of nickel( I1 j including 
carbonyl and hydrido compounds are reported here. A more complete listing of such types of 
compound is given in ‘Comprehensive Organometallic Chemistry’ (vol. 6, p. 37) and references 
therein. Selected structural data for organometallic nickel(I1) complexes with monodentate 
phosphines are reported in Table 61. 

Hydrido complexes with various tertiary phosphines have been prepared using different 
synthetic routes under anaerobic conditions (equations 135-138).1-1215 In the 
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Table 61 Some Structural Data for Selected Organometallic Complexes with Monodentate Phosphines 

Bond distances (pm) 
Complex Ni-C Ni-P Ni-X Structure Rfl .  

[Ni(acac)(Me)(PCy,)] (155) 194 216 189a SqPl 1193 
[Ni(acac)(Et)(PPh,)] 197 214 191 SqPl 1194 
[Ni(acac)(PhC=CPhMe)PPh,] 190 218 192" SqPl 1195 

[Ni(C,FMPMePh&l 194 221" trans SqF'l 1197 
[NiBr(C&dPMePhd~l (Isa> 188 222 232 SqPl 11% 

[Ni(C~,)(C,C~,)(PMeph,),l 191,b 198" 223" transsqpl 1198 
[Ni(Me)(PMe3),]BPh4 203 226 (eq)." 221 (ax) TBPY 1 l* 
[Ni(=Ph)dPEt~)zl (WJ 
[NiCl( CH,SiMe,) (PMe,)J 
~NiCl(COCH,Sie,)(PMe,),1 178 220" 229 transsqPl 1201 
[NiCl(COMe)(PMe,),] 184 220 226 trUnssqP1 1202 
[NiC12(CO)(PMe&l (W) 173 221" 230 mPy 

173 222 260 mPy [NiIz(CO)(PMe3)~l 
[Ni(BH4)(H)(PCy&1 (153) 

188 222 trans SqPl 1200 
194, 196 220," 221" 225,226 tram SqPl 1201 

1172 
1173 
1203 219 148,176; 173e 

a Average values. 
Ni-C6Cl,. 

f, Ni--c,F,. 
Two crystallographically independent molecules. 

e N+H (BH,) distances. 

[NiC1(H)(PCy3j2] complex the chloride may be replaced by alkenes, alkynes, pyridine, yrazole 
and imidazole giving complexes of the type [Ni(H)L(PCy&]Y (Y = BPh4, BF4).1216,121P 

NiC1z(PCy3)z + NaBH, mr:,toH ' [N~C~IH)(PCY~)ZI (135) 

Ni(acac)* + PPh, + EtzAIBr :'?c ' [NBr(H)(PPh,),] + NiBrz(PPh3)z (136) 

Ni(PR& f HCN ='OH * [NWN) (HI (PR3131 (138) 

PR, = PPh,, P(alkyl)3, P(Oalk), 

The hydrido complexes are diamagnetic, and are square planar or five-coordinate. Their 
stability, in general, increases with the number of coordinated phosphines. In the complex 
[Ni(BH4)(H)(PCy3)2] (153) the nickel atom is coordinated in the equatorial positions by two 
hydrogens of the borohydride and by one hydride anion. 

The reaction of CO under normal conditions of temperature and pressure with solutions of 
NiX2(PR3),] (n = 2, 3) and [NiX(PMe3)4]BF4 affords carbonyl complexes of formulas 
[NiX ,(C0)(PR3j2] (154) and [NiX(CO)(PMe3)3]BF4.1173 The former neutral complexes are 
stable in the solid state and in solution under CO atmosphere. Amongst the cationic complexes 
only [NiBr(CO)(PMe&]3F4 is stable. 

Simple alkyl and aryl derivatives of nickel(I1) with monodentate phosphines are, in general, 
too unstable to be isolated in the solid state as pure compounds. However, it has been found 
that a considerable stabilization occurs when the carbon cr-bonded to nickel(I1) is part of either 
an alkynic group, a fluorinated or chlorinated group, or an ortho-substituted phenyl group. 

Stable aryl compounds of nickel(I1) were first reported by Chatt and Shaw with the use of 
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Grignard reagents (equations 139 and 140). 1218 Ethynyl complexes were also prepared 
according to equation (141) .l2l8 

NiBr,(PR;), + RMgBr .-lc:zsc ’ [NiBr(R)(PR;),] (139) 

PR’ = trialkyl, triaryl, mixed alkyl and aryl phosphines 

(141) liq. N H 3  
NiBr,(PR;), + 2 N a e C R  - [Ni(C=CR)2(PR4)2] 

R’ = Et, Ph; R = H, Me, Ph 

Following the aforementioned pioneering work, many other organometallic complexes of 
nickel(I1) were prepared using different synthetic procedures. Complexes containing one 
molecule of tertiary phosphine were prepared using methods similar to that reported in 
equations (142) and (143) and Scheme 13.’193-1’95,121+1223 All of these diamagnetic compounds 
have the square planar structure exemplified by (155) 

Ni( acac) (Me) (PPh,) f P h m P h  [ Ni( acac) (PhC==CPhMe) (PPh,)] (143) 

[NiCl,(PR,),] + oNMe2 - 
CH2Li c1 

Scheme 13 

The stability of the alkyl and aryl derivatives increases with the number of phosphines bound 
to nickel(I1). The bis-phosphine derivatives can be prepared according to equations (144)- 
(146) and using organomagnesium halides or organolithium compounds. 1224-1231 A tetrakis 
phosphine complex was obtained similarly (equation 147). 

( 1 4 )  
Etro 

NiXdPRd, + GFSMgBr -15 oc ’ [N~X(C~S)(PR~)ZI  

(145) 

(146) 

Et20 
NiX2(PR3), + GQLi -78-c [Nfi(GC&)(PR3)21 

NiX(CdWPR3)z + C d W  - [Ni(Cd92(PR3)zI 

X = C1, Br; PR, = PPh,Me, PMezPh 
X = C1, Br, I; PR, = PPh, 

(147) 

Oxidative addition reactions to nickel(0) complexes are another well-developed s nthetic 
method which affords mono and bis alkyl and aryl compounds (equation 148).1232-y239 The 
oxidative addition of a‘, a’-dichloro-p-xylene to [Ni(CJ&)(PPh3)2] gives the dinuclear 
nickel( 11) complex [ (PPh&ClNi( CH2C6&CH2)NiCl(PPh3) 2]. 

Specific synthetic procedures which are not of general application are summarized in 
equations (149)-(153) .lal-lM 

EtzO, THF 
[NiBr(PMe,),]BPh, + LiMe -,ooc [Ni(Me)(PMe3)41BPh, 
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Cationic complexes of the type [Ni(C6Cl,)L(PR,)]' (L = neutral ligand) were prepared 
according to equations (154) and (155).'245,1246 

Ni(C,H,)(PPh,), + FClC=CF, 20 + [NiCl(C,F3)(PPh2)2] (150) 

CHZC'Z NiBr(PEt3), + Cd(CF3)(glyme) r.t. [NiBr(CF3)(PEt3Izl 
glyme = (MeOCH2)2 

Ni(MeCO,), + PBu:(C&OH) '2; [Ni{ PBu:(C,&O)),] (152) 

NiC1(C6Cls)(PR,), + AgC104 ,,",, [Ni(C6CIS)L(PR3)2]C104 (154) 
L = neutral monodentate ligand 

Ni(C6Cl,)(R'CN)(PR,)zC104 + Et3N ","."," ' [Ni(GC15){NH=C(R')OMe}(PR3)2]C104 (155) 
R' =Me,  Ph, CHzPh 

The organometallic complexes of nickel(I1) of general formula [NiX(R)(PR;)2] and 
[NiR2(PR;),] are invariably diamagnetic square planar compounds like (156)1'96 and (l57). 
The cationic complex [Ni(Me)(PMe3)4]BPh4, on the other hand, is five-coordinate.1199 

CO reacts under normal conditions of pressure and temperature with some nickel(II) 
organometallic compounds and an insertion reaction into the original N i - C  u bond results 
(equations 156-158). 1201~1236*1247-1249 A different example of an insertion reaction of CO is 
reported in equation (159).1250 

An insertion reaction of 2-butyne into an Ni-C (aryl) u bond is shown in equation (160).'251 

NiX(Me)(PMq), + CO - [NiX(MeCO)(PMe,),] 

NiCI(Ph)(PEt& + CO - [NiCI(PhCO)(PEt,),] 

Ni(C,Cl,)(C&X)(PMe,Ph), + CO - [Ni(G,Cl,){C(0)C6H~}(PMezPh)z] 
(156) 

(157) 

(153) 

X =  Cl, Br, I 

Ni(C&l,)(ClO,)(PPhMe,) %$Ys oc P [Ni(C,Cl,)(CO)(PPhMe~)]C104 (159) 
NEt,.CO MeOH 

10.. 

[Ni( MeCoz)(C6cl,)(PPhMe,),] 

NiBr(Ph)(PPh,), + M e m M e  "r,:" [NiBr(MeC=CMePh)(PPh3),1 

50.5.43 Complexes with alkyl and aryl phosphites a~ ligands 

Alkylphosphito complexes of nickel(I1) in general are easily prepared by the direct reaction 
of hydrated nickel(I1) salts with the appropriate ligand in common organic solvents such as 
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acetone or ethanol. In the case of phenylphosphito complexes, 2,2'-dimethoxypropane was 
sometimes employed as a dehydrating agent. Some representative complexes are shown in 
Tables 62 and 63. 

Table 62 Selected Phosphito Complexes 

Coordination 
Complex Donor set geometry Remarks" Ref. 

~~ 

[Ni(WZ{P(OR)3M P3G TB4r R = Me, Ph; prepared in acetone 1252 

[Ni(CN)dPPh(OR&I P3G mPy R = Me, Et; prepared in refluxing MeOH or 
EtOH under N,; decomposed in the air 

1253 

[Ni(CN)*(PPh2OR),I P2G SqPl R = Et, W; prepared in 1-propanol, under N2 1254 
p5 PR, = PMe,(OMe), PMe(OMe),, P(OMc),; pre- 1255 TBpy 

~Ni(PR3)61(C104)2b p6 Uncertain From Ni(DMSO)6(C104)2 + PR3 in acetone 1256 
[N~(PR~)&BF~)z p5 TBPY PR, = P(OMe),, P(OCH,),CMe,b 1257 

pared in acetone with 2,2-dimethoxypropane 
DW"3)51(C104)z 

P(OCH),(CH,),,' P(OCH2),CEt; in MeOH or 
EtOH 

[Ni{P(OR)314lXz p4 SqPl X = Br, NCS; R = Et-octyl; prepared in situ 1258 

a All of the complexes ate diamagnetic. 

Table 63 Some Structural Data for Selected Phosphito Complexes 

Complex 
Bond distances @m) 

Ni-P Ni-X Geometry Ref. 

[NiIz{P(OMe)3131 (15%) 218 (ax), 217 (eq) 266 TBpY 1259 
[Ni(CN),{PPh(oEt)z)3] (159) 220-229 188 (av) Distorted TBPy 1260 
[NiBr{ P( OMe),},]BF, 218 (ax), 219, 224 (eq) 246 Distorted TBPy 1261 
[N~{P(OCH),(CHZ),),I(C~~~)Z 214 (ax),216,221 ( 4  - TBPy 1262 

Complexes of the type [NiX2{P(OR)3}3] are obtained with coordinating anions. When 
X = CN and R = Me, Ph, the complexes easily lose one molecule of the ligand under vacuum 
yielding the bis complexes [NiX2{P(OR),},]. Complexes with up to six molecules of the 
phosphite ligand were obtained with salts of poorly coordinating anions. The complexes are 
moderately air-stable and are decomposed only after prolonged exposure to air. All of the 
complexes are diamagnetic. [Ni12{P(OMe)3}3] has a trigonal bipyramidal structure with the two 
iodine atoms in the equatorial positions (158).1259 In contrast a trans coordination of the 
cyanide ions was found in the complex [Ni(CN)2{PPh(OEt)2}3]12m (l59) which has a structure 
intermediate between trigonal bipyramidal and square pyramidal. The hexakis Complexes 
[Ni{P(OCH2)&R},](C104)2 (R = Me, Et) and [Ni{P(OCH)3(CH2)3}6](C104)2 (Table 62) are 
diamagnetic and this finding contrasts with the assumed distorted octahedral geometry.'= The 
aforementioned complexes are reported to be easily reduced to the corresponding nickel(0) 
complexes [Nid] . 

P(OMe)3 . CN 1 / I  I ,PPh(OEth 

P(OMe)3 

(MeO),P-Ni (EtO),PhP-Ni 

I '1 CN I 'PPh(OEt)2 

(158) (159) 

The nickel(0) complexes [Ni{P(OR)3}4] (R=Me, Et, Ph) react in organic solvents with 
strong acids such as HCl, H2S04 and CF3C02H giving hydrido complexes [Ni(yg(OR),},]+ 
as inferred from their 'HNMR signals (14.3-14.5p.p.m. upfield from TMS). From the 
reactions with the acids HBF, and HPFs the complexes [Ni(H)(P(OCH,),CMe},]Y were 
isolated in the solid state.12M 

COC -E 
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50.5.44 Complexm with bidentate tertiary phosphines, arsines and stibines 

A large number of nickel(I1) complexes with bidentate tertiary phosphines and arsines have 
been prepared and characterized since the initial reports on o-phenylenebisdimethylarsine and 
1,Zbisdiphen 1 hos hinoethane (Table 64; XMII, HI) by Chatt and Mann,lZ7 and Wymore 
and Bailar'26' Fesp&ively. The most common diphosphines, diarsines, distibines and mixed 
donor ligands are collected in Table 64 and selected nickel(I1) complexes are reported in Table 
65. 

, 

Table 64 Bidentate Ligands Cited in Section 50.5.4.4; Structures, Formulas and Abbreviations Used in Tabb 65 

Structural scheme Formula Abbreviation 

RZPPRZ 

R2PCH2PRz 

R = Me, Et, Ph 
R=Cy 
R = M e  
R = P h  (1) 

R,PPR, 

R,PCH,PR, 

\ /PPh2 
H 

Ph,P /*YH 
PPh, 
I 

PPh, 

R = M e  
R = E t  
R = P h  

n = 3  
n = 4  
n = 5  
n = 8  
n = 3,4,5 

n = 2  
n -4 

n = 2  
R = 3  

PhN( PPh,), 

(Xrv) MePhAsGH4AsPhMe 
MePhAsC,H,AsPhMe 

(XV) cis-MezAsGH,AsMe2 

(XW) m-Me2AsGHZAsM% 
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Table 64 (conrinued) 

Structural scheme Formula A bbreviarion 

MezS bCHzCHzCHzSbM% Me,SbC&SbMe, 
PhzPCHzCHzAsPhz PhzPGH4AsPhz 

Ph2PGHZAsPhZ 

H 

Ph2 

R =  R’ = E t  
R = Ph; R‘ = Me, Et, Ph 

EtZPCzH4SEt 
PhZPCzH4SR‘ 

R2PCH2CHzSR‘ 

o C H 2 C H 2 P P h 2  

D’R2 

PYGH4PPhZ 

D = D’ = P; R = Me, Et (XVII) RzPC6H4PRz diars 
D = D’ = As; R = Me (XVIII) MezAsC6H4AsMez 
D = D ’ = S b ;  R = M e  MezSbC6H4SbMe, 

D = S b ; D ’ = P , A s ; R = P h  PhzSbC6H4D’Ph, 
D = S b ; D ’ = A s ; R = M e  MezSbC,H4AsMez 

D = P; D’ =As; R= Me, Ph RZPC~H~ASRZ 

/Me 

0 : p e  \ 

\ 

D = P , A s  MePhDC,H4DPhMe 

‘Ph 

E = S  
E = Se 

PhzPC6H4SMe SP 
Ph,PC6H4SeMe SeP 

a 
AsMe,AsMe, 

DR2 = AsMe, 
DRZ = PEtz 

Ph2PC6F4PPh2 

F 
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Table 64 (continued) 

Structural scheme Formula Abbrmiotwn 

I 

&jASR2 
@SiCH2PPh2 

I 

R = M e  
R = P h  

fdma 
fdpa 

Most of the complexes have the general formulas [NiX2(D-D)2], [NiX2(D-D)], [Nix 
(D-D)2]Y or [Ni(D-D)2]Xz (X = halides, pseudohalides, NO,; Y = C104, BF,, PF6, BPh; 
D-D=bidentate ligand). In general, these complexes were prepared by the reaction of 
nickel(I1) salts (hydrated or anhydrous) with the appropriate bidentate ligand in common 
organic solvents. In some cases the reactions were carried out under an N2 atmosphere to 
prevent oxidation of the ligands. Hereafter we will give some examples of particular synthetic 
routes designed to obtain specific compounds. 

The complexes [NiX(te~)~lBPh, were prepared by mixing appropriate sodium or potassium 
halides with the [Ni(tep)2](BPh4)2 derivatives. 2: 1 complexes with the ligand dpe were 
prepared by reaction of the free ligand and the 1:l complex in aqueous ethanol 
solution,127631277 by reaction of hydrated Ni(N03)2 with the ligand dpe1278 or by reaction of 
N i ( d ~ e ) ~  with a solution of HC104 in aqueous ethanol.1286 The 1 : 1 complexes were readily 
prepared by reacting nickel(I1) salts with dpe.1276 

The nickel(I1) complexes with the ligand diars (XWI)  were first reported by Nyholm. The 
NiX2(diars)z complexes were prepared from the reactants in hot ethan01.l~~~ The 1:l 
complexes were originally prepared by oxidation of the nickel(0) carbonyl complex with 
gaseous hydrogen halides under anaerobic conditions (equation 161). lB3 Other complexes with 
diars were subsequently prepared according to equations (162)-(164). 1319-1321 

(161) 
%%* HZ Ni(CO),(diars) + HX -,--, -HZ ’ [NiX,(diars)] 

Ni(diars)l(ClO,), + 2MX ’ [NiX(diars),]X + 2MC10, (142) 

(163) 

Ni(diars)z(C104)2 + (CN),C=C(CN), EtoH ’ [Ni( CN) (diars),] C10, (1W 

(145) 

MX = NaI, LiBr, (AsPh,Me)Cl 

NIX, + Ni(ClO& hydrate + diars * [Nix( diars),] ClO, 

c@6 Ni(CO)z{(W’)zCc.%) -k x2 -co ’ [N&{(Et2P)2Cc.H4)1 

The oxidation of a nickel(0) carbonyl compound with halogens was employed by Chatt and 
Hart to prepare nickel(I1) complexes with the diphosphine ligand (XVII; R = Et; equation 
l65);l3l1 2: 1 complexes were subsequently prepared by the direct synthesis of the reactants in 
acetone.1287 

The complexes Ni(EH),(dpe) (E = S ,  Se) were prepared by the metathetical reaction of 
the bischloride compound with NaSH and NaSeH, respectively, in ethanol, under N2.1m The 
analogous complex with the chelating dianion 2-thio-lY3-propanedithiolate was obtained as 
outlined in Scheme 14.1289 
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NiCl,(dpe) + HSCH,SCH,SL- 

Scheme 14 

The reaction under Nz of tetracyanoethylene (TCE) with the five-coordinate complexes 
[NiX(As-As)2]C104 (&As = XIV) affords either [NiX(As-As)(TCE)]C104 or [N~(AS-AS)~ 
(TCE)2]X(C104).’3m The reaction in ethanol of nickel(I1) halides or thiocyanate with the 
isomeric mixture of cis- and trans-Me2AsC2H2AsMe2 (XV, XVI) affords the insoluble 
compounds NX2(As-As) (X=Cl, NCS) and Ni3rz(As-As)~ which are supposed to be 
polynuclear six-coordinate with bridging trans-diarsine. UV irradiation of an ethanolic solution 
of nickel(I1) with the isomeric mixture of the same ligand, on the other hand, gives diamagnetic 
complexes of general formula NiX2(As-As)2 (X = Br, I, NCS) which contain the ligand in the 

An interesting reaction occurs between GN2 and a nickel(II) carbonyl compound (equation 
166) .1333 

cis 

(166) 
CHzaz Ni(CO),(PhzPC4H8PPhz) + GN, r,t, [Ni(CN),(Ph,PC4H8PPh,)], + CO 

The trans-stilbene ligand o-Ph2PC6H4CH=CHC6H4PPh2-o reacts with 
give red air-stable nickel(I1) complexes according to Scheme 15.1334 

Ph, 

nickel(I1) halides to 

+ HX 

1 1  

Scheme 15 

The bulky diphosphine C&(CH2PBul)2 reacts with an ethanolic solution of hydrated 
nickel(I1) chloride at room temperature according to Scheme 16.1335 

CHZ-PBu: 

+ NiCI, e J i - C l  

I 
CHz-PBu; 

Scheme 16 

In spite of the large number of complexes with diphosphines and diarsines, only a few crystal 
structures have been determined. Structural data for selected complexes are reported in Table 
66. 

On account of their diamagnetism and spectral properties the [NiXz(dpe)z] complexes have a 
substantial square planar structure in the solid state, possibly with two weakly interacting 
anions in axial positions, as found in Ni12 diars 2 vide infra). In solution either five-coordinate 
or square planar species are formed.1277s283J3‘7 $he ligand tep (11) easily forms diama netic 
five-coordinate complexes [NiX(tep),]Y in the solid state and in solution as well. 1276,1k1~1282 
The structure of [NiI(te~)~lI is essentially square pyramidal.1281 

All of the 1 : 1 complexes NiX2{R2P(CH2),PR2} are planar when R = cyclohexyl (ligand X), 
independent of the length of the chain and of the anion X. When R=phenyl, the complexes 
are cis square planar if n = 1, 2 or 3 (ligands I, 111, VI), In the case of the ligand where n = 3 
square planar and pseudotetrahedral species are in eq~ilibrium.~”~ The effect of a further 
lengthening of the chain between the two phosphorus donors is to favour increasingly the 
pseudotetrahedral species, and when n = 4, 5 or 8 (ligands VII, WII, lX) the complexes are 
tetrahedral in the solid state and in solution. The introduction of one or two ether oxygen 
atoms into the carbon backbone (ligands XI, XII) does not vary substantially the coordinating 
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Table 64 Selected Complexes with Bidentate Phosphines and Arsines 

Bond dbtances (pm) 
Complex Structure Ni-PIAs Ni-X Other Ref: 

I cy$J 
Et, Et, 

SCN Ph2 

/ "cs/ 
o\ Ph,P 

I 

Me,: Me, 
I 

SqPy 

Td 

SqPl 

SqPl 

4 + 2  

SqPl 

Oh 

222 (av) 280 (av) 

N i . . . O  
232 (av) 222 (av) 364 

N i . e . 0  
224 (av) 250 (av) 320,316 
(distorted; P-Ni-P, 162"; I-Ni-I, 144") 

N i . q . 0  
224 (av) 183 (av) 306,320 
(P-Ni-P, 176"; N-Ni-N, 170") 

229 (av) 322 

218 

251 (av) 238 (av) 

1281 

1336 

1337 

1338 

1339 

N i - S e  
228 1340 

1341 

I 

SqPl 

sqq. 

Ni-C 
mPy 232 (av) 262 (av) 182 1331 

250 217 

217 (av) 305 

1342 

Ni-N 
196 (av) 1343 
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Table 66 (continued) 

Bond distances (pm) 
Complex Structure Ni-P fAs Ni-X Other Ref. 

1344 

1345 

S¶PY 232 (av) 259 (av) 1346 

R = CHZCO,H 
R' = CH,CO, 

behaviour of the ligands with respect to that of the corres onding ligands (VIII) and (IX) in 
that the oxygen atoms remain uncoordinated (Table 66). 13391338 

The pioneering work of Nyholm and co-workers on nickel(I1) complexes with the ligand 
diars (XVIII indicated five-coordination for the diamagnetic complexes [NiX2(diars)z] in 

thermodynamic investigations.1320 However, the structural investigation of Nilz(diars)2 showed 
that the molecule is tetragonally elongated with two weakly bonded iodine atoms.1339 AI1 of the 
NiX2(diars)2 complexes are assumed to possess substantially the same structure as the bis 
iodide in the solid state. 

s o l ~ t i o n . ' ~ ~ ~ ~ '  3 Additional evidence for five-coordination in solution was provided by 

50.5.4.5 Complexes with tn- and tetra-dentate openn-chain ligands containing tertiary 
phosphines and arsines, and with mixeddonor ligandsqW9 

( i )  Complexes with tadentate ligands 

Tridentate ligands of the linear type having donor sets P3, As3 or P,As3-,, where the donor 
atoms are connected by o-phenylene, ethylene or trimethylene chains, were found to form 
stable complexes with nickel(1I) ~a1ts . l~ '~  Listings of the most common ligands and nickel(I1) 
complexes are given in Tables 67 and 68, respectively. 

Most of the complexes have general formulas [NiXzL] and [NiXLIY where X is a 
coordinating anion and Y a weakly coordinating anion. Few complexes with the formula 
[Nik]Y2 were also reported. The complexes in general were easily prepared by mixing 
equimolar amounts of the reactants in common organic solvents, generally alcohols at refluxing 
temperatures. Most of the [NiX2L] complexes (X = halide, pseudohalide) which were obtained 
with the ligands reported in Table 67 are diamagnetic and five-coordinate, irrespective of the 
substituents on the donor atoms and of the nature of the connecting chains. The complex 
[NiBr2(tas)] (160)13s6 has a distorted square pyramidal structure with an apical elongation of the 
bromide atom. An analogous structure was also found in [Ni(CN)2(dap)]H20 (161).1357 

The behaviour of the NiXZL complexes in solution depends on the ligand L. In general it is 
found that in weakly polar and non-coordinating solvents the complexes are five-coordinate. 
The complexes with the ligands ptas (XXV) and pdap (XXVI) are decomposed in most organic 
solvents such as MeCN, MeN02, PhN02,1361 as are ttas complexes in protic s01ven t s .~~~  The 
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Table 67 Tridentate Ligands Containing P, As and Mixed Donor Groups, with their Abbreviations 

Structure Fornula Ab breviaiion 

R ER = AsMe 
ER = PPh 
ER = AsPh AsMe, 

\ \k/CHzCH2CH2 ER = AsCH,CH,CI 
Me,As /CHzCHzc*2 

n = 2  
n = 3  

R 
I c-jiEa 

Ph 
I 

F F 

'DPh, 
,CH,CH, 

Ph2D 

RP(C,H,PHR), 

E = As; R = Ph 
E = P; R = Ph 
E = A s ;  R = M e  

( m V )  
(=VI) 

E = 0; D = As 
E = S ; D = A s  
E = O ; D = P  
E = S ; D = P  

R = H ; D = A s  
R = H, Me, Ph, 

Cy;D=P 

n = 2  
n = l  

tas 

bdpa 
trim 

daP 

etP 
ttP 

ptas 

ttas 
PdaP 

ftP 

bdao 
bdas 
bdpo ' 

WPS 

bdaa 
R-bda 

Ph2P PPh, 

Li{ [5,5]-€"P] 
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Table 68 Selected Complexes with Tridentate Ligands 

127 

Coordination 
pe&.t.)b Donor number or 

complex" ( B W  set geometry Remarh' Ref. 

SqPy 
SqPl 

SqPl 

LNiW-1 
[NiXLIBPh, 

[NiR(etp)]BPh.,* (164) 

X = halides, NCS, CN; L=etp, ttp 

X =  halides, NCS, CN; L =etp, ttp 

R = Me, Ph, CH,Ph, MeSO,*, PhSO,, 1354 
PhCH,SOZ; Ni-P, 211-220; N i - 0 ,  
194 

X = Cl, Br; R=Me,  Ph 

X = halides, NCS, CN; L = tas*; 
Ni-As (av), 226; N+Br, 237,269 
X = Br, I; L = triars 

X =  halides, NCS, CN*; Ni-P, 218; 
Ni-As, 226; N M ,  186,219 

X = CI; Y = CIO,; X = Y = NO, 1357 

X = C l , B r , I  1359 

X = B r , I  1360 

X = NCS, CI; presumably 13M1 
[Ni(ttas),] [NIX,] 

X = Br, I; L = ptas, pdap 1361 
X=C1, Br, I 1312 

Ni-As (ap), 239; Ni-As (eq), 226- 1318, 1362, 1363 
232 

L = tas, dap, ptas, pdap, bdpa; sup- 
posed dinuclear; bridging ligand 

L = bdaa, bdas; supposed dinuclear; 

Ewe-coordinate in solution 1299 

Bidentate ligand 1296 

1351,1352 

1351-1353 

1355 

1350,1356,1357 

1358 

1357 

1357,1359,1361 

1299 
SqPl+ Oh species 1299 

Bidentate Ligand 1299 

X = halides, Y = ClO,, BPh, 

X = C1, Br; pFff refers to Td Nix:- 
species 

R = H, Me; X = Br*, I; Ni--P, 217; 
Ni-Br, 233,270 

X = halides; R = Cy 

X = halides; Ni-P, 212; N U ,  219, 
279; Ni-I, 251,251 

One bidentate and one tridentate 
ligand 
L = McE(C,H,)PPh,; E = S, Se; 
Me,As(C,HAPPh, 

1.30BM at 99 K 1368 

X = Br, I; SqPl in polar solvents 1368 

Bidentate ligand 1368 

X=CI,Br 1368 

X = halides; SqPl in solution; 1369 
supposed SqPl + Oh species 1369-1371 

X = halides 1369 

One bidentate and one tridentate 
ligand 

Anionic ligand 1372 

1364 

1365 

1365,1366 

1365 

1317, 1367 

1317 

1317 

1369, 1371 

D As,PX, 

[NiX(dap)]Y 

[Ni%(bd~a)l 
[NiX,(ttas)] 

[Ni&(ttas)] 

D A+PX 

D As3X, 

D As,X, 

2.23, 2.84 

D As,X,, As,PX, 
'3'2 

D As, 

D 5 

[NiI,L] 
[NiBr,(bdaa)] 

[NiBr,(hdas),] 

[NiX,Wpo)l 
[NiI,(bdao)] 

[NiX(bdps)]Y 

~NiX(bdPS)lZ~N~&l 

D &NI,, As,SI, 
2.2s 

3.12 

3.23-3.26 PzX, 

3.19 As,I, 

D P$X 

3.79-3.91 

Oh 

Td 

Td 

SqPl 

SqPl + Td 

[Ni&(R-bda)]* (165) D NP,X, 

[NIX( R-bda)]BPh, 

[NWdsp)l* (166) 

SqPl 

SqPY 

D 5 

SqPy D 

3.16 NP,CI, 

D NP,X, 

D NZP, 

D NP,% 

D NPzX 

2.50 

D NP,X 

D NP, 

SqPl 

5 

[NiCl{ [5,5]-PNP}] D NP,CI 

Structures determined by X-ray analysis. 
'The structural formulas of the ligands and their abbreviations are given in Table 67. 

E Bond distances are given in pm. 
D =diamagnetic. 
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(161) Ni-CN,, 219 pm 
N X N b , ,  186 

(160) Ni-Bra, 237 pm 
Ni-Brbas 269 
Ni-As 226 (av) Ni-AS 226 

Ni-P 218 

five-coordinate [NiXz(etp)] complexes become square planar in MeCN solution1351 and the 
complexes NiXz(ttp) become [NiX(ttp)MeCN]+ (still five-coordinate) in acetonitrile 
solution.1352 
[Niz(H20)(bdpa)3f(C104)4 reacts with tetracyanoethylene yieldin the diamagnetic complex 

(162) which contains the dianion TCE2- bridging two nickel atoms. 
The reaction of diars (XVIII) with hydrated Ni(C104)2 in boiling diethylene glycol affords the 

mixed ligand complex [Ni(diar~)(ttas)](ClO~)~ (163),1363 originally formulated as 
Ni(diar~)~(ClO~)z. 1318,1362 

9302 

NC, ,CN 

(163) Ni-As,, 239 pm 
Ni-As,,, 229 (av) 

0 
(164) Ni-P1 220 

Ni-P3 211 
Ni-0 194 

Ni-PZ 221 

The diamagnetic air-stable organometallic compounds [NiR(etp)]PF6 (R = alkyl, aryl) were 
prepared by the reaction of the appropriate Grignard reagent with the corresponding 
halo complexes under nitrogen in THF-ether solution These complexes contain a nickel- 
carbon c7 bond and are square planar both in the solid state and in solution in non-polar 
solvents. They dissolve in liquid SOz which inserts into the Ni-C bond giving a sulfinate group 
bonded to nickel through an oxygen atom (164) (equation 167). 

[Ni(SO2R)(etp)lPF6 (167) -78 “c [NiR(etp)]PF, + SOz 

The mixed-donor or ‘hybrid’ ligands which are collected in Table 67 contain N, 0 or S as 
well as P and As as donor atoms. Their complexes with nickel(I1) are numerous. They have 
general formulas [NiX,Lj and [NiXLIY. Selected complexes are reported in Table 68. 
Nickel(I1) complexes with hybrid ligands exhibit a great variety of coordination geometries as 
exemplified, for example, by the four-, five- and six-coordination found in the complexes with 
the ligands bdao, bdas, bdpo and bdaa (XXVIII)-(XXXI). 

The coordination geometry of the complexes with the ligands with an NP2 donor set (ligands 
XXXI, XXXII) is strictly dependent on the nature of the substituents on the nitrogen donor. 
The [NiX2(R-bda)] complexes are low-spin five-coordinate when R = H  or Me and square 
planar when R=Cy. All of the complexes become square planar, [NiX(R-bda)]+, in 
solution.1365 The structure of the complex [NiBr2(H-bda)] (165) is typical of low-spin square 
pyramidal nickel(I1) complexes, with the apical N i B r  distance longer than the basal one and 
the nickel atom substantially in the basal plane.12w 

The square pyramidal geometry of the [NiX2(dsp)] complexes1317 was confirmed by the X-ray 
structure of the [NiI,(dsp)] derivative 

The square planar [NiX(bdppm)]+ complex was found to react with CO at room temperature 
and atmospheric pressure in EtOH-H,O solution according to equation (168). The nickel(0) 
carbonyl complex containing the protonated ligand Hbdppm reacts in turn with acids with 
evolution of H2 (equation 169). Thus the corn lex [NiX(bdppm)]+ acts as an effective 
homogeneous catalyst of the water-gas reaction. 

in which both halogens are in the basal plane. 

1 3 2  
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(165) Ni-Bra, 270 pm (166) Ni-S' 279pm 
Ni-BrhaS 233 N i S Z  219 
Ni-P 217 (av) Ni-I' 25 1 
Ni-N 201 Ni-1' 257 

Ni-P 212 

[NiX(bdppm)]' + 3CO -t HzO - [Ni(CO),(Hbdpprn)]+ + CO, + X- t H+ (168) 

[Ni(CO),[Hbdppm)]+ + H' + X- [NiX(bdppm)j+ + H2 + 2CO (169) 

The reaction of the ligand (XXXIV) with NiC12(PR& (R = Me, Ph) in THF at 0 "C produces 
the diamagnetic square planar complex (167).1372 The 'H NMR spectrum of the complex at 
-80 "C suggests the formation of a tetrahedral isomer. 

(ii) Complexes with tetradentate ligands 1349,1374 

Listings of open-chain tetradentate ligands and of their complexes with nickel(I1) are given in 
Table 69. The complexes were generally prepared by refluxing solutions of the reactants in 
common organic solvents, e.g. alcohols, acetone, dichloromethane, or their mixtures, 
sometimes under nitrogen atmosphere in order to prevent possible decomposition of unstable 
ligands. The complexes are stable and can be handled in the air. 

All of the complexes structurally characterized have either a square planar or a square 
pyramidal structure with a planar arrangement of the four donor atoms. Complexes having 
general formulas [NiLJY, and [NjXLIY (L = quadridentate ligand; X = coordinated anion; 
Y = uncoordinated anion) are invariably low-spin as one can easily predict on the basis of the 
high nucleophilicity of the donor atoms.1389 

Actually a square pyramidal structure has been found in the complex [NiBrLIBr (168) which 
has been prepared with the tetraphosphine ligand Me4p4'3n and in the complexes [NXL]BPhs 
(169) with the mixed-donor ligand 2,3,2-p2s2.1382s1383 

X -+ Br 
I I I 

-+ 

Br 1' 
I 

(168) Ni-Br 269pm (169) Ni-Br 264 pm (170) Ni-Br 281 pm 
Ni-P 208-227 Ni-P 220 (av) Ni-P 221 (av) 

Ni-S 223 (av) Ni-N 200 (av) 
Ni-I 265 p_m 
Ni--P 222 (av) 
Ni-S 225 (av) 

The p2n2 ligand containing two phosphorus and two nitrogen donors is reported to form 
square planar, square pyramidal diamagnetic, and octahedral paramagnetic complexes. 1385 
Irrespective of the coordination number, the ligand arranges itself with the four donors in a 
plane as found in the five-coordinate [NiBr(p2n2)]Br complex (170).1386 Square planar and 
pseudooctahedral complexes are also formed by the analogous ligand with terminal tertiary 
arsines. 13*' 

A common feature of the aforementioned square pyramidal structures is the elongation of 
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Table 69 Selected Complexes with Open-chain Tetradentate Ligands 

Coordination 
firff(r.L)a Donor number or 

Complex (BM) set geometry Remarksb R$ 

[Ni(P4)1Y7 D p4 SqPl Y = CL, PF, 1375 
INWP.JlBPh4 D p4x SqPy X = halides, NCS 1376 
[NWMe,pJlBr* (la) D P J  SqPy Ni-P, 208-227; N+Br, 269 1377 
[NiX(3,2,3-tetars)]C104 D As,X SqPy X = halides, NCS 1378 
INi(3,3,f-~sz)l(ClO,), D p2s2 SqPl 1379 
[NW3 ,3,3-P24lfl04 D P2SZX TBPy X = halides, NCS 1379 
INi(3 J,34%%)1(C104)2 D As2S2 SqPl 1380 
[NiX(3,3,3-as&)]Y D As,S2X TBPy X =  Br, I; Y = C10,; X=CI; Y= 1380 

INi%(3,3 3-aszsz)l 3.0-3.1 AszSzX, Oh X= c1, Br, NCS 1380 
LN~(~,~.~-P~S~)I(C~~~)~* D P2SZ SqPl Ni-P (av), 219; Ni-S (av), 222 1381 
[NiX(2,3,2-p,sz)1BPh4* (169) D P 2 S J  SqPy X =  Br, I; Ni-P (av), 221; N i S  1382,1383 

[Ni(2,3,2-wz)l D . PzSz SqPl meso and ruc diastereoisomers; N+P 1384 

[NiBr(p2n,)]Br.O.5EtOH' (170) D P,N,Br SqPy Ni-P (av), 221; N+N (av), 200; 1385,13S6 

lNi(Pzn2)1Y2 D P2N2 SqPl Y = CIO,, BPh,, PF,, Br, I 1385 
I N i ( N ~ ) h ~ p d l  3.12 'ZN4 Oh 
INiIa%%)IY2 D As2N2 SqPl Y = CIO,, BF'h,, BF, 1387 

[NiCl(3,3,3-n2p2)]PFs' D P,N2CI SqPy Ni-I? (av), 217; Ni-N (av), 202; 1388 

BPh, 

(av), 224; Ni-Br, 264; Nk-I, 265 

(av), 213; N i S  (av), 219 

Ni-Br, 281 

[N*(aSZtl,)l 3.0'7-3.35 As,N,X, Oh X = Br, I, NCS 13# 

N M I ,  270. 

* Structures determined by X-ray analysis, 
a D =diamagnetic. 

Bond distances are given in pm. 
Ligand formulas and abbreviations: 

I(cH2)3\ ,(cH2)3\ ,(cH2)3\ 
Me2As s S AsMe, 

Ph Ph 

P4 

M ~ A P ~  

n = 3,3,5,3-tetars 
n = 2, 3,2,3-tetars 

n = 3,3,3 ,3-p2s, 
n =2,  2,3,2-p2s, 

3,3,3-as2s, 

2,3,2-H&P2 

E = P, bn, 
E = As, as,% 

3,3,3-w, 

the apical nickel-ligand distance. This elongation is usually attributed to the stereochemical 
activity of the d,z orbital which contains two electrons in diamagnetic nickel(I1) and points at 
the apical ligand. This effect is supposed to be increasingly important as the electronegativity of 
the apical donor increa~es.'~" 

The 1 ,Zbis(o-diphenylarsinopheny1thio)ethane ligand in acetone solution was found to be 
unreactive towards nickel(I1) salts at temperatures lower than 30 "C. However, when the 
temperature is raised to 30 "C the reaction depicted in Scheme 17 occurs.1391 
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X = C1, Br, NO3, CIO, 
Scheme 17 

50.546 Compleres with hr'- and tetradentate tripodal ligands 

This subject has been extensively reviewed r e ~ e n t l y , ' ~ ~ , ' ~ ~ ~ ' ~ ~ ~  and therefore this section will 
include only the main aspects of the coordination chemistry of these peculiar ligands towards 
nickel(I1). A list of the tripodal !igands which give compiexes with nickel(I1) is reported in 
Table 70. 

The ligands can be divided in two main groups: those which are potentially tridentate having 
three basal PR2 or AsR2 groups each attached to the same carbon atom through a methylene or 
an ethylene group, and the potentially tetradentate ligands where the three basal donors are 
connected to an apical donor by means of o-phenylene, trimethylene or ethylene chains. These 
latter ligands usually occupy four coordination positions around nickel(I1) leaving room for 
only one additional donor, charged or uncharged, thus giving rise to five-coordinate structures. 
The tridentate ligands generally occupy a face of the coordination polyhedron of nickel(1I) 
which exhibits both electronic and steric unsaturation. The coligands are thus favoured to 
occupy more than one coordination position and binuclear complexes with bridging monoden- 
tate coligands may result. 

(i) Structural properties of the complexes 

Selected nickel(I1) complexes with potentially tridentate phosphines and arsines are shown in 
Table 71. They were generally prepared by the direct reaction of various nickel@) salts with 
the appropriate ligand in a m o n  organic solvents. Sometimes triethylorthoformate was used 
as a dehydrating agent.'396 The complexes with the ligands triphos (XXXV) and atn hos 
(XXXVIII) have the general formula NiX2L (X = halides, NCS, CN, $O,, ?Se04).'39g13w 
Those prepared with the two ligands etriphos (XXXVI) and etp3 (Xxxrx) have the formula 
Ni3X6L2.xCHCl~.1398,'399 Starting from either anhydrous nickel(I1) halides or hydrated salts 
with poorly coordinating anions and the ligand Mesas3 (XXXVII), the 1:2 complexes 
Ni(Me6a~3)2X2 were obtained.lm 

The geometries of the first reported diamagnetic nickel(I1) complexes of the triphos ligand 
are uncertain, but the sulfato and selenato derivatives are paramagnetic and exhibit a highly 
distorted square pyramidal geometry with the anion acting as bidentate (171).'397 

Either increasing the length of the connecting chain (triphos becomes etp3) or replacing the 
phenyl substituents by ethyl ones (triphos becomes etriphos) produces diamagnetic trinuclear 
complexes where the ligand is bound to two me tal centres, [Ni3C16(etripho~)21.2CHC13 
(172),13'* or to three metal centres, [Ni3C16(etp3)2]-0.7CHC13 (173).'399 The coordination of 
nickel(I1) in both complexes is square planar. 

(171) N t P  223 pm (av) 
N i - 0  200 (av) 

(172) Ni-P (bridging) 225 pm 
Ni-Cl (bridging) 217 
Ni-P (terminal) 216 (av) 
Ni-CI (terminal) 220 (av) 

The tripod-like geometry of the tetradentate ligands containing the rigid o-phenylene 
connecting chains is such that nickel complexes with trigonal bipyramidal geometry are 
invariably formed. Ligands containing the more flexible ethylene or trimethylene chains also 
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Table 70 Tri- and Tetra-dentate Tripodal Ligands Cited in Section 50.5.4.6; Structures, Formulas 
and Abbreviations Used in Table 71 

Ligand Abbreviation 

,CH2ER, 

/CHzPPhz 

/CH2CH2PPhz 

MeC--CH,ER, 
‘CHZER2 

MeC-CH2PPh2 

‘CH,CH,PPh, 

MeC--CH,CH,PPh, 

CH,CH,PPh, \ 

/c6H4AsPh2 
Ad6H4ASPhz ‘ C,H,SMe 

CH,CH,CH,Y Me, 

X<H,CH,CH,YMe, 

CH2CH2CH2YMe2 

(CH,CH,CH,AsMe,),-, 

/ 
\ 

/ 
\ 

As 

(CH,CH,CH=CHz). 

/CH2CH2PRz 

/CHzCHzYRz 

PXH,CH,PR, 

CH,CH,PR, 
\ 

N--CH,CH,Y R, 

CHZCHZY R, \ 

/cHzcHzx 
N--CH,CH,Y 

CHZCHZZ 
\ 

ER, = PPh, 
ER, = PEt, 
ER, = AsMe, 

X = Y  =P;  R = P h  
X = Y = A s ; R = P h  
X =  Y = As; R =  Me 
X = As; YR, = PPh, 
X = Sb; YR, = PPh, 
X = P; YR, = AsPh, 
X = Sb; YR, = AsPh, 
X = Sb; YR, = AsMe 
X = Bi; YR, = AsMe, 

X = P ; Y = S  
X =  P; Y = Se 

X = Y = A s  
X = P; Y = AS 
X =  Sb; Y = As 

n = l  
n = 2  
n = 3  

R = P h  
R = CH2CMe, 

YR, = PPh, 
YR, = AsPh, 
YR, = PMe, 
YR, = AsMe, 
YR, = PEt, 
YR, = PCy, 

X = Y = AsPh,; Z = NEt, 
X = Y = NEt,; Z = PPh, 
X = Y = NEt,; Z = AsPh, 
X = Y = AsPh,; Z J OMe 
X = CH,OMe; Y = Z = PPh, 
X =  OMe; Y = Z =  PPhz 

X = Y = PPh,; Z = NEt, 

triphos (P3) 
etriphos (Et6p3) 

atriphos (ap,) 

etp3 

QP 
QAs 
Qas 
ASTP 
SBTP 
PTAS 
SBTAS 
Sbtas 
Bitas 

Pts (TSP) 
Ptse (TSeP) 

As,S 

qas 
tap 
tasb 

tasol 
dasdol 
astol 

PP3 
PP3-neo 

nP3 
nas3 
Menp3 
Menas, 
Etnp3 
cYnP3 
n2P2 
n,=, 
n3P 
ngas 
noasz 
n-op, 
nap, 
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Table 71 Selected Complexes with Tridentate Tripodal Ligands 

Coordinnrion 
pe,&.l.)b Donor number or 

Complexa (3M) set gwmeby Remarks Ref. 

[Ni(CN)2(triphos)] D p3c2 5 1395,13% 
[N&(tnphos)] D P2X2 SqN X = CI, Br, NCS; supposed I395 

bidentate ligand 
[Ni(ZO,)(triphos)]* ( 1 )  3.01, 3.12 P302 SqPy 2 = S, Se’; bidentate anion 1397 
[NiC&(atriphos)] D P&I, SqH Bidentate ligand 1398 
[Ni,X&J.xCHCl,* (172,173) D pzx, SqPl L = etriphos; X = C1’ 1398, U99 

L = ea3;  X = CI*, Br, I 
[Ni&(Me6%),] 3.02-3.22 AS& Oh X = C1, Br, I; bidentate ligand 1400 
tNi(Me,as,)zlYz D ASS SqPy Y = CIO,, BF,, BPh,; one 1400 

~i(Ncs)2(Me6as3)1 D A& sqm Bidentate ligand 1400 
bidentate and one tridentate ligand 

* Structures determined by X-ray analysis. 
“The structural formulas of the ligands and their abbreviations are given in Table 70. 

D =diamagnetic. 

(173) Ni-P 223 pm (av) 
Ni-CI 216 (av) 

form complexes with square pyramidal geometry. On the other hand the ‘soft’ phosphorus and 
arsenic donors stabilize the low-spin state. Selected nickel(I1) complexes are shown in Table 
72. 

The complexes were generally prepared by the direct reaction of nickel salts (halides and, in 
general, salts of coordinating anions) and the appropriate ligand in the common organic 
solvents. The reactions were often carried out in the presence of C106, PF, or BPb- which 
give less soluble compounds. Most of the complexes have the general formulas [NiX(L)]X and 
[NiX(L)]Y (X = coordinating anion; Y = weak or non-coordinating anion; L = tripodal ligand). 

The nickel(I1) complexes with the ligands QP (XL), QAS (XLI) and Qas (XLII), where 
tertiary phosphines and arsines are connected by o-phenylene chains, were first reported by 
Venanzi and c o - w ~ r k e n . ~ ~ ~ - ~ ~ ~  These complexes are stable and diamagnetic, and are assumed 
to possess an essentially trigonal bipyramidal geometry. Complexes with the mixed donor 
ligands (XLUI)-(XLVI) behave similarly. 1405 The complexes with the ligand SBTAS (XLVI) 
were prepared starting from NiClZ(PPh& under a nitrogen atmosphere. 

McAuliffe and co-workers and Dyer and Meek studied nickel(I1) complexes with ligands 
containing methyIated arsines Sbtas (XLVII), Bitas (XLMII) and either thiomethyl or 
selenomethyl groups Pts (E) and Ptse (L).1406-1410 The two ligands Pts and Ptse give complexes 
with different stoichiometry and coordination geometry. 

The only structures which were determined by X-ray analysis are those of [NiCl(Pts)]ClO, 
(174)l- and of [NiBr(As3S)]C104 (175).14’ The former complex has an almost regular trigonal 
bipyramidal structure, whereas the latter is more distorted because of the different donors in 
the equatorial plane of the ligand As$ (LI). The short Ni-Lapical bond distances (211 pm, and 
222 pm, respectively) were attributed both to steric factors (rigid o-phenylene chains) and 
electronic factors inherent in the trigonal bipyrarnidal low-spin d8 configuration which makes 
the d,t orbital empty. 
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Table 72 Selected Complexes with Tetradentate Tripodal Ligands 

Coordinahon 
pfl Donor number 07 

Campkx" (3M) set geomehy Remarks 

[NiX(QP)]BPh, 
[NiX(L)]Y 

D 
D 

[NiX(L)]BPh, 
[NiX(L)]BPh, 
[NiX(Sbtas)]Y 

D 
D 
D 

[Ni(Sbtas),]Y, D 
[NiX(Bitas)]BPh, D 
[Niz(Bitas)31(ao4)4 D 
[NiX(Pts)]CIO,* (174) D 
[NiL(RS)l(cIo& D 
[NiX(Ptse)]CIO, D 
INiLzl(C~o4)z D 

[NiBr(As,S)]CIO,* (175) D 
[NiX(tap)]Y* (176) D 

[NiBr,(Pts)] 3.2 

D 
D 
D 
D 

[NiC1(pp3)lPF6 D 
[NiCl(pp,-neo)]PF, D 
[NiX(np3)lY* (177) D 

[NiX(nas,)]BPh, D 
W ~ X ( C Y ~ P ~ ) ~ ) I B P ~ ,  D 
[Ni3(Menp3)41Y6 D 
[NiCI(Etnp,)]BPh, D 
lNi3C14(Etn~,)21(~Ph4)2* (1%) D 
[NiX,(Menas,)] 3.03-3.06 

[NiX(n,p,)lY* (1m D 

[NiI(L)]BPh, D 

[NiX(n,as)]BPh,* (179) D 

[Ni(NCS),L] 3.34-3.37 

[NiX(nop,)]BPh,* (181) D 

[NiX(n-opZ)]BPh, D 

[NiX(n,P)lBPh, 3.24-3.29 
D 

[NiI(n,as)]BPh, 3.25 

3.24 

p4x 
As,X 

As(Sb)P,X 
P(Sb)As,X 
SbAs,X 

Sb&, 
BiAs,X 
As,, BiAs, 
PS,X 
PS,L 
PSe3X 

PSBr, 
As,SBr 
PAs,X 

PAS,& 
As,X 
SbAs3X 
As,CX 

P,CI 
p3x 
NP,X 

NAs,X 
NP,X 

NP,X 
NP,CI, P,CI, 
NAs3X, 

NP4 

NZPJ  

N,PX 
N,PX 

N,AsI 
N3X 

N5 
N4As2 
NP,X 

NP,X 

X =  CI, Br, I 
L = QAs, Qas; X = halides, NCS, CN, 
NO,, NO,, N,; Y = Br, I, CIO,, BF,, 

X = halides; L = GSTP, SBTP 
X = halides; L = WAS, SBTAS 
X = Y = halides, NCS, NO,; Y = 
BPh, 
Y = CiO,, BPh, 
X = halides 
Dinuclear, bridging ligand 
X = halides, NCS 
L = neutral monodentate ligands 
X = halides, NCS 
L = Pts, Ptse.; structures 
uncertain 
Bidentate ligand 

X= halides, NO,, CN*, NCS, SEt; 
Y = BPh,, ClO, 
X=Br,  I 
X = halides, CN 
X = hakdes, CN, NCS, NO, 
X = Y = C1, Br; Y = CIO,; assumed 
qz-bonded alkene 

Tridentate ligand 
X = Y  = C1, Br, I' 
X = CI*, Br, I; Y = BPh,, PF6 
X = B r , I  
X = halides, NCS; tridentate ligand 
Y, = (BF& Br,(BPh,),; trinuclear 

Trinuclear 
X = Cl, Br; mononuclear 
X = I. NCS: polynuclear 
X = halides, NCS; Y = BPh, 
x=y=1* 
L = ",a%, noas,; tridentate ligands 
X = CI, Br 
X = CI, Br*, I, CN 
X = C1, Br, NCS'; tridentate ligand 

L = n3as*, n3p; tridentate ligand 
L = %a% 
X = C1, Br, I*, NCS; weak coordma- 
tion of ether oxygen 
X = halides 

BPll, 

1401-1403 
1402-1405 

1403 
1403 
1406 

1406 
1407 
1407 
1408,1409 
1408 
1410 
1408,1410 

1408 
1411 
1412. 1413 

1412 
1414 
1415 
1416 

1375 
1417 
1418-1420 

1399 
1421 
1422 
1423 
1423 
1424 

1425,1426 

1425,1427 
1425,2428 

1425-1429 
1425 
1425,1430 

1431,1432 

1431 

Structures determined by X-ray analysis. 
a The structural formulas of the ligands and their abbreviations are given in Table 70. 

D = diamagnetic. 

S-Ni-s f>'+ As-Ni Fl%l+ --s (T$7+ As-Ni/,As 

I 8, CN 
I c1 

(174) Ni-F 21 1 pm (175) Ni-As 222 pm (176) Ni-P 221 pm 

Meek and co-workers reported nickel complexes with the ligands qas (LII), tap (LIII) and 
tasb (LIV) where the terminal AsMez groups are joined to the apical donor (As,P,Sb) by 
trimethylene Most of the complexes have the usual formula [NiXLIY, and 
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are invariably diamagnetic with an essentially trigonal bipyramidal geometry as found in the 
[Ni(CN)(tap)]C104 derivative (176). 1413 Both the displacement of the nickel towards the apical 
phosphorus and the longer Ni-P bond distance are consequences of the longer trimethylene 
chains and their flexibility as compared to the rigid o -phenylene linkages in the complexes 
(174) and (175). 

The ligands np3, nas3, Menp,, Menas,, Etnp3 and Cynp3 (LV-LX) have the common 
characteristic of an apical nitrogen donor linked to basal phosphines and arsines through 
ethylene chains. The reaction of these ligands with nickel(I1) halides in the presence of BPb- 
or PF; affords diamagnetic complexes of general formula [NiX(L)]Y (L = np3, nas,, Etnp,, 
Cynp3).1299+1418,1423 With the exception of com lexes with the ligand Cynp,, which are square 
planar with the ligand acting as tridentate,14 ’ these complexes have an essentially tri onal 
bipyramidal geometry as exemplified by that of the two complexes [NiCl(np3)]PF6141F and 
[NiI(np3)]I (177).1420 

P 

1- 
-c1 

(177) Ni-P 222 pm 
Ni-N 213 

The Etnp, ligand also gives a trinuclear complex [Ni3CL(Etnp3)2](BPh& (178).14= The 
Menp, ligand also invariably gives trinuclear complexes [Ni3(Menp3)4]Y6.1422 The Menas, 
ligand gives paramagnetic six-coordinate complexes with formula [NiX2(Menas3)].1424 

From the previous examples we reported, we may conclude that the ligands np3 and nas3 with 
phenyl substituents on the basal donors invariably form mononuclear complexes with trigonal 
bipyramidal geometry. In contrast, when the basal phenyl substituents are replaced by less 
bulky methyl or ethyl groups, the resulting ligands tend to form polynuclear complexes in 
which the tripod ligand is bound to two or three metal centres. 

Reaction of the five-coordinate [NiX(np3)]X complexes with MX2 salts (M=Fe, Co, Ni, 
Zn) affords mixed complexes NiM(np3)& containing a square planar NiNPzX chromophore 
and a tetrahedral MPX3 chromophore. 1433 

Numerous ‘hybrid ligands’ (LXI-LXVII) were investigated together with nickel(II). Most of 
the complexes have the same general formula [NiXLIY as with np, and nas3 ligands; however, 
.the properties of the complexes with hybrid Iigands are often different from those of the 
corresponding complexes with np3 and nas,. [NiX(L)]BPh4 complexes are diamagnetic square 
planar when L = n2as2,1425*1427 n3p1425,1428 and n3as,1425,1429 which act as tridentate ligands (179), 
and five-coordinate high-spin with n3p’425 and low-spin with n2p2 (180). 1425~1426 In summary, the 
tripodal ligands which contain more than one ‘hard’ atom in the donor set are not always 
tetralegate in their diamagnetic complexes of nickel@), and permit high-spin configurations in 
five-coordinate complexes, both trigonal bipyramidal and square pyramidal. 

l+ 7’ 

(ii) Reactions involving nickel(ZZ) and the tripodal ligunds 
When one starts with nickel(I1) salts of poorly coordinating anions such as hydrated Ni(BF4)z 

and Ni(C104)2, and with the tripodal tetradentate ligands with phenyl substituents on the donor 



136 Nickel 

atoms, a complex fragment NiL2+ is initially formed in solution. This centre is highly reactive 
and may react with solvent molecules, water molecules from aqua cations, and with the species 
which are added to the reaction mixture. At the end of the reaction the ML2+ fragment is 
incorporated in the find products (Tables 73 and 74). 

Table 73 Aqua, Hydroxo, Hydrido, Thio, Mercapto and Methylthio Complexes with Tripodal Ligands 

Coordinarion 
pelf (r.r.)* Donor number or 

Complex (BM) ser geoomeny Remarks Ref. 

[Ni(RS)(L)]BPh,* (185) D 
[Ni(RS)(nz~zWIYz* (1%) D 

* Structures dctcrmincd by X-ray analysis. 
D = diarnagnctic. 

L = pp3, QP; Y = BF,, BPh, 
x = 0.83-0.04 
Y = I, NO,, BF,, BPh, 
Solvate = 1.6 DMF; dinuclear; 
bridging sulfur atom 
Diouclear; bridging q*-S, 
group; mixed valence nickel 
R = H*, Me; L = np3, pp3* 
R = H', Me; Y = BF,*, BPh, 

1434 
1434 
1435 
1436 
1437 

1438 

1439 
1440 

The hydrated Ni(BF4)2 reacts in different ways with pp3, QP and np3 ligands, according to 
the exact reaction conditions (Scheme 18). In the second reaction of Scheme 18, which also 
occurs with the ligand pp3, the ligands presumably behave as base towards the weak acid H20,  
forming the hydroxide anion. These aqua and hydroxo complexes are diamagnetic with trigonal 
bipyramidal geometry. 1434 

INi(H20)(QP)IYz + 5HzO 

[Ni(OH)(QP)]Y + 5H20 + Y- 
Ni(H,O);+ + QP + 2Y- 

Y = BF,, BPh, 
Scheme 18 

The reaction of the aqua cation of nickel(I1) with np3 is quite different from those with pp3 
and QP, and the reaction products critically depend on the nature of the solvent, the anion Y- 
and the exact reaction conditions (Scheme 19).1435 In ethanol solution both reduction and 
hydrogenation reactions occur (see also Section 50.2.9). These non-stoichiometric hydrides are 
made up from paramagnetic nickel(1) species [Ni(np3)] + and diamagnetic hydridonickel(I1) 
species [NiH(np3)lf (182). An IR band at 595cm- is indicative of the presence of hydrogen 
bound to nickel(I1). Pure hydrido complexes of nickel(I1) are air-sensitive compounds which 
are easil obtained in different ways with both pp3 and np3 ligands (equations 170 and 
171).14357r436 The formation of non-stoichiometric hydrido complexes in the absence of specific 
hydrogenating agents is peculiar to the ligand np3 and is favoured by ethanol as solvent and by 
the absence of coordinating anions. 

[NiHx(np3)]Y x < 0.25, Y = BF,, C10, 

[NiH,(np3)]Y x > 0.25, Y = NO3, BF,, c104 
[Ni(np3)]Y Y = BF, 

Scheme 19 

ErOH. BHh 

MezCO 

Ni(H,O)i' + np, + y- 

By the action of H2S or MeSH on solutions of nickel(I1) and np3, pp3 or triphos, either 
mononuclear or binuclear complexes are formed which contain coordinated sulfur atoms. With 
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I+ 

I ' 'P 
(181) Ni-0 262 pm 

Ni-I 247 
Ni-N 198 
Ni-P 220 (av) 

I 

P P-Ni-, 
I " 

triphos two different compounds are formed according to the reaction conditions (Scheme 20). 
In both reactions of Scheme 20 the ligand triphos (in excess of the stoichiometric ratio) is 
assumed to behave as a proton acceptor from H2S. Both the complexes (183)'437 and (184)1438 
have unusual structural and electronic properties. The former complex is diamagnetic, has a 
distorted tetrahedral geometry and a linear Ni-S-Ni bridge with shorter distances than 
expected for a single bond. In complex (184), which has an unpaired electron, the two 
Ni(triphos) fragments are held together by a disulfur moiety which is coplanar with the two 
nickel atoms. The S-S distance, 221 pm, suggests a single bond between the two sulfur atoms. 

Scheme 20 

(183) Ni-S 203 pm 
Ni-P 224 (av) 
Ni-SNi 180" 
P-Ni-P 92.4" (av) 
P-Ni-S 123.5" (av) 

(184) Ni-S 222 pm (av) 
Ni-P 224 (av) 
>s 221 
P-Ni-P 93" (av) 
Ni-S-Ni 120" 
S-Ni-4 59.5" 

The formation of SR- anions (as well as of OH- in the hydroxo complexes) in the presence of 
phosphine ligands presumably results in the formation of protonated phosphine species. This 
hypothesis seems to be confirmed by the isolation of the complexes [Ni(SR)(n2pzH)](BF4)2 
(R = H, Me) which were obtained starting from the hybrid ligand n2p2 (LXI) and either H2S or 
MeSH. In these square planar complexes (186) one nitrogen atom of the ligand n2pz is 
protonated and consequently uncoordinated to nickel(I1). 

I 

SH 

On the basis of complexes which were found to contain sulfur donors one can draw the 
conclusion that the coordination of SR-, Sz- and S$- species to nickel(I1) in complexes with 
triphos, pp3 and np3 is possible only in coordination sites unoccupied by phosphine donors 
which are able to form strong covalent bonds as sulfur does. Moreover, the phenyl groups on 
the phosphorus atoms surround the sulfur atoms, preventing their non-bonded electron pairs 
from forming bonds with nickel atoms and forming poIynuclear sulfides. 

The reaction in methanol or ethanol of SO2 with hydrated Ni(BF& in the presence of either 
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pp3 or np3 results in the formation of alkylsulfito complexes (equation 172).lU1 In these 
diamagnetic complexes the alkylsulfito groups are S-bonded to nickel(I1) (187). Analogous 
complexes with the p-toluenesulfinato ligand MeC6H4S02 bound to nickel through the sulfur 
atom were prepared with np3 and pp3.lu2 

NiC12 in boiling butanol with nas3 and NaBPk, gives the aryl complex [Ni(Ph)(nas3)]BPk, 
(188).1443 The phenyl group bound to nickel(I1) comes from the decomposition of BP& 
according to reaction (173). The same reaction occurs with both QAs and Menas3. 

Ni(H,O):+ + np, + SO, [Ni{SO,(OR))(np,)]+ 
R=Me,Et  

NiCI, + L + 2NaBPh4 - [Ni(C,H,)(L)]BPh, + BPh, 4- 2NaCl (173) 
L = nah, Menas,, QAs 

[NiX(L)]+ + MgXR - [NiR(L)]' + MgX, 
R = Me, Et, CH,C,H,, 
L = np3, pp3, nas3 

s 
/' \ 0 / OEt I I 

Ph Me 

(174) 

(187) (1W (189) 

Grignard reagents replace halides from the [NiX(L)]+ derivatives by a-bonded alkyl and aryl 
groups (equation 174), giving a series of diamagnetic organometallic complexes of nickel@) 
(189) (Table 74).IM 

Table 74 Some Organometallic Complexes of Nickel(]]) with Tripodal Ligands 

Coordination 
Complex Donor set geomef ry  Remarks Ref. 

[Ni{S02(OR)}L]Y~solv* (187) NP3S, PP3S TBPy R = Me, Et*; L = np,*; solv. = 1441 

[Nib -tolSO,)L]BPh, NP,S, PP3S m p y  L = np,, ph;  p-tolS0, =p-Me- 1442 

[Ni(Ph)L]BPh,* (188) NAs,C, As,C TBPy L = n a g ,  Menas,, QAs 1443 
[NiR(L)]BPh,* (189) NP,C, NAs,C, P,C TBPy R = Me*, Et, CH,Ph; L = np3+, 1444 

[Ni(COR)(L)]BPh.,*xTHF* (190) NP,C, NAs3C TBPy R = Me', Et, CH,Ph; L = np3*, 1445 

iMeOH, $H20; Y = BF,; L = pp3; 
Y = BPh, 

C6EtS0, 

PR3 nas3 

nas,; 

* Structures determined by X-ray analysis. 
All of the complexes are diamagnetic. 

The greater stability of these organometallic complexes, as compared with that of analogous 
complexes with monodentate phosphines, is attributed to the steric effects of the tripodal 
ligands which surround the metal atom with their phenyl groups on the basal donor atoms, thus 
imparting a degree of kinetic inertness to the compounds. 

The reaction of CO with some of the preceding organometallic compounds is rapid at room 
temperature and pressure and insertion of CO into the N i - C  bond results (equation 175).lM5 
In the case of the np3 ligand the first product isolated is a solid solution of the acyl derivative of 
nickel(II), [Ni(COR)(np3)]+, and a carbonyl complex of nickel(I), [Ni(CO)(np3)]+, in a 1: 1 
ratio. When this solid solution is dissolved in THF and EtOH, the pure acyl derivative (190) 
resulted. The acetyl derivative spontaneously loses CO on exposure to air restoring the original 
methyl derivative. 

[Ni(R)(nas),]+ + CO - [Ni(COR)(nah}]+ 
R = Me, Et, CH,C& 

(175) 
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l+ 
P-Ni. i-DJ P 

I 
P-Ni -p 

I 
SnPh, 

I 
C 
/ No 

Me 

Complexes [NiX(L)]+ 
nickel-tin a bond (1911.' 

= np,, pp3) also react with LiSnPh3 giving complexes containing a 

50.5.5 Complexes with Oxygen-donor Ligands 

50.5.5.1 Complaes with water, alcohols and related ligands 

Aqueous solutions of nickel(I1) salts in the absence of strong coordinating species are usually 
green because of the [Ni(H20)6I2+ cation.lU7 The number of coordinated water molecules in 
the inner-shell complex is now well ascertained in the temperature range -30 to 30°C by 
means of electronic and both 170 and 'HNMR ~pectra.~*'~'' The most recent value of the 
coordination number is 5.85 f 0.2.145' Neutron diffraction studies of NiC12 in D20 solution led 
to estimates of the N i - 0  bond distance within the [Ni(D20)6]2+ cation in the range 
195-220 pm.1452 A second hydration sphere of about 15 water molecules has also been proposed. 

The kinetics of the exchange reaction in aqueous solution (equation 176) have been 
investigated by some authors1451~145*1456 and values of the rate constants in the range 
3.15-4.1 x 10" s-l were reported. 

Ni(H20)i+ + H20* - Ni(H,O),H,O* + H20 (176) 

A number of simple salts, as for example Ni(N0&-6H20, NiSO4.nH2O (n =6,7) and 
Ni(C104)2.6H20, contain the hexaaqua cation [N~(HzO)~]~+,  but NiX2.6H20 (X = Cl, Br) 
complexes contain the species [NiX,(H,O),] and lattice water m o l e c ~ l e s . ~ ~ ~ ~ ~ ' ~ ~ ~  Selected 
hexahydrated nickel(I1) salts are shown in Table 75. In all of these compounds the nickel atom 
is octahedrally coordinated by six water molecules which, in turn, are involved in hydrogen 
bonding with the various anions which complete the salt. 

Table 75 Some Structural Parameters of the Ni(OH&' Cation in a Number of Hydrated Salts 

Bond distance (pm) Bond angle (") 
Compound Ni-0  0-Ni-0  Ref. 

204-207 
204-208 
202-204 
204-208 
202-209 
204 (av) 
204-208 
202-210 
205 (av) 

86.9-93.1 
88.5-90.4 
- 

87.6-94.2 
85.8-93.2 
91 .O-91.6 
87.0-96.7 
88.5-93.3 
90.5 (av) 

1459 
1460 
1461 
1462 
1463 
1464 
1465 
1466 
1467 

~~ 

aNeutron diffraction analysis. 

The hydrolysis of [Ni(H20)6]2+ has been studied by some authors. It has been found that 
polynuclear species are formed in alkaline solution, the main product being the tetranuclear 
cation [Nb(OH)4]4+.146&1471 A few solid compounds which contain nickel(I1) linked on1 to 

The chemistry of oxo compounds of nickel(I1) is very limited if the simple oxide NiO and the 
mixed-metal oxide Ba3Ni04 are excluded. 1475-1477 Dioxygen complexes of nickel(II) are not 
cited in a recent review article. L478 

hydroxide ions were reported, namely M2[Ni(OH),] (M = Ba, Sr) and NaZ[Ni(OH)4]. 14%14Y4 
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A number of alcohol adducts of nickel(I1) of the type [Ni(ROH)6]X2 have been reported 
with a variety of simple  alcohol^.^^"^^^^ The Ni(ROH)6(C104)2 (R = Me, Et) complexes were 
prepared by dehydrating with dimethoxypropane Ni(C10&-6H20 dissolved in the appropriate 
alcohol. These complexes are reported to be extremely hygroscopic and must be handled in a 
dry atmosphere. 

Tetrakisethanol complexes NiX2(EtOH)4 (X = C1, Br) can be repared by the dehydration 
with triethyl orthoformate of NiX2.2H20 in refluxing ethan01.l~' Mono adducts of the type 
NiC12(ROH) with a variety of primary alcohols (R =Me, Et, Bun, n-C&Il3, n-CJ&) have 
been prepared by dissolving the anhydrous NiC12 in the appropriate alcohol. lM3 The analogous 
complexes with secondary and tertiary alcohols were prepared by dissolving NiC12.MeOH in 
the appropriate alcohol. These compounds are, in general, deliquescent in saturated alcohol 
vapour and hygroscopic. 

All of the complexes are six-coordinate high-spin. The complex [NiBr(EtOH)4]zBrZ (l92) has 
been found to be dinuclear. la4 

I H  ! H 

Nickel(I1) alkoxides have recently been r e v i e ~ e d ' ~ , ~ ~ ~ ~  and we will report here a few 
examples of these complexes. 

Alkoxides of nickel(I1) are conveniently prepared according to equation (177) in anhydrous 
conditions. 1487~1488 All of these compounds are insoluble in the common organic solvents. 
Complexes with primary alkoxides are green and six-coordinated; complexes with secondary 
and tertiary alkoxides are tetrahedral with colours ranging from blue to violet. AU of the 
complexes decompose at about 90-100 "C. The complexes with secondary and tertiary 
alkoxides undergo alcoholysis reactions when dissolved in primary alcohols. An interesting 
insertion reaction occurs when nickel alkoxide reacts with some isocyanates (equation 178).lQ9 

NiC1, + 2LiOR dioxane Ni(OR)2 + 2LiC1 (177) 

( 178) 

R = Me, Et, W, pr', But, t-C5Hl1, f-C6HI3 

R = Me, Pi; R' = Ph, naphthyl 
Ni(ORX + nR'NCO - Ni(OR),-,{N(R')CO,R}, 

Mixed-ligand complexes of the type Ni(0R)L (L = deprotonated ancillary ligand) are formed 
when 1-amino-2-ethanol, 6-diketones or carboxylic acids are reacted with bis- 
alkoxo complexes. 1490-1492 

KOH reacts with a boiling solution in MeOH of nickel(I1) acetylacetonate giving the 
tetranuclear complex [Ni4(0Me)4(acac)4(MeOH)4].'493 In this compound, the four nickel atoms 
and the four methoxy oxygen atoms occupy the alternate corners of a distorted Each 
oxygen of the methoxy groups bridges three nickel atoms which complete their six-coordination 
with an MeOH molecule and bidentate acetylacetonate (193). An analogous structure has been 
found in the tetramer [Ni4(0Me)4(0C6H4CHO)4(EtOH)4j.1496 

A number of nickel(l1) alkoxyhalides of the types Ni{OMe)X, Ni3(0Me)5X, Ni3(OMe),X2 
(X = halides) and Ni(OMe)Cl-MeOH were prepared by reacting either NaOMe or LiOMe with 
anhydrous nickel halides in The structures of these complexes which exhibit 
ferromagnetic behaviour are thought to involve cubane-type clusters. Other complexes with 
miscellaneous ligands containing the OH function are collected in Table 76. 
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(193) 0-0 = acac; R = Me 
0-0 = salicylaldehydate; R = Et (194) 
X =  -ROH 

Table 76 Selected Nickel(I1) Complexes with Ligands Containing the OH Function 

Complex Ligand (L)  Remarks Ref. 

NiX,L, 
NX,L 
NiLz(C10412 

NiL#lO,),* 

Nih2H,O 
NiL,pH,O 

NibB, 
NiL,EtOH.H,O 
NiL,(C10,),~H20 

NibPY2' 

Triethanolamine 
Triethanolamine 
2-Amino-2-(hydroxyrnethyl)-l,3- 
propanediolo 
4-Hydroxy-4-methylpentan-2-one (di- 
acetone alcohol) 
Salicylddehydate 
Various 2-methoxyphenolates 
2-Methoxy-4-nitrophenolate 
Various 2-alkoxyphenolates 
Various nitrosophenolates 
8-Quinolinol N-oxide 

Oh; X =halides, NO,* (194) 
Oh; X = halides, NO, 
Oh [NIL]'+ and [Ni(L-)]+ species in 
solution 
SqPl; ligand formed by the condensation 
of two molecuies of acetone 
Oh 
Oh; n = 0, 2, 3 ,  4 
trans Oh; chelate li and 

Oh 
Oh; monodentate ligand through OH group 

Oh; B = py, H,O, 3 B tmd 

1497,1498 
1497 
1499 

1500 

1501,1502 
1503 
1504 
1505 
1% 
1507 

* Structures determined by X-ray analysts. 

50.5.5.2 Compltxs with ketones, alakhydes, ethers and related ligands 
Monodentate ketones, aldehydes, ethers and esters are weakly coordinating ligands towards 

nickel(I1) and in general the complexes can only be prepared using anhydrous reagents and 
solvents and with large counteranions. 

A convenient and quite general synthetic route which allows the synthesis of hexasolvates of 
a number of ketones, esters, aldehydes, ethers and nitro compounds has been developed by 
Driessen and co-workers. 1507-1513 Most of the ketone (acetone, butanone, acetophenone, 
chloroacetone) and ester (methyl formate, ethyl acetate, diethyl malonate) complexes were 
prepared by stirring anhydrous NiC12 with either FeC13, InC13 or SbS15 with the appropriate 
ligand as solvent. In some cases a nitromethane solution of the ligand was employed (equations 
179 and 180). The aldehyde (acetaldehyde, propionaldehyde, benzaldehyde and substituted 
benzaldehydes) and ether (tetrahydrofuran and dimethoxyethane) hexasolvates are con- 
veniently prepared through a metathetical reaction of the appropriate aldehyde or ether with 
Ni(MeN02)6(SbC1&1512 in nitromethane solution. The synthesis of aldehyde adducts was 
carried out at low temperature (5 "C) in order to minimize polymerization of aldehydes. Solid 
compounds decomposed in a few days even if stored at 0 0C.151Q.1s17 

(179) 

(180) 

Me*co 
NiClz + 2InC1, - [Ni(MeCOMe)6](InC&)2 

NICI, + 2SbC1, + 6MeC02Et - [Ni(MeCozEt)6](sbCk,)z 
NOZMe 

In general, all of the hexasolvates decompose rapidly when in contact with moisture. The 
formula and some spectroscopic properties of a number of representative complexes are 
reported in Table 77. All the complexes have been assigned a six-coordinate structure on the 
basis of electronic and IR spectra. The coordination of nickel(I1) to the carbonyl oxygen is 
invariably indicated by the lowering of the CO stretching frequency compared with the 
frequency of the free ligand. 
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Table 77 Complexes with Ketones, Aldehydes and Ethers. Carbonyl Stretching Frequencies of Free 
and Coordinated Ligands. Ligand Field Parameters of the Complexes 

v ( C 0 )  (an-') Ligand field 
(Nujol mull) parameters (cm-') 

Ligand Complex Free ligand Complex Dq B' Rd. 
Acetone NiL,(InC14), 1718 1677 860 900 1508 
Butanone NiL6(InC14), 1713 1655 820 890 1509 
Phenylethanone NiL,(InCI,), 1685 1621 810 840 1509 
1-Chloro-2-propanone NiL,(InCl,), 1730 1674 840 900 1509 
Ethanal (acetaldehyde) NL,( InCI,), 1728 1670 945 890 1512 
Propanal (propionaldehyde) NiL6(InCI,), 1731 1672 940 900 1512 
Benzaldehyde NiL,(InCl,), 1701 1622 920 870 1512 
Tetrahydrofuran NiL,(SbCI,), - - 840 895 1514 
Dimethoxyethane NiL#bCI,), - - 860 895 1515 
Methyl formate NiL,(FeCl,), 1736 1641 880 915 1511 
Ethyl acetate Ni&(SbCl,), 1740 1652 800 910 1511 
Ethyl malonate NiL,(SbCl,), 1726 1682 910 900 1511 

Other examples of nickel(I1) com lexes with coordinated acetone  molecule^'^^"^^^^ and 
ethers such as dirneth~xyethane '~~~~ '~~~and  1,3- and 1 , 4 - d i o ~ a n e ~ ~ ~ ~ ' ~ ~  have been reported. 

50.55.3 Complexes with pdiketones, tropolonates, caiecholates, quinones and related 
ligands 

(i) Complexes with p-diketones 
Some articles review the coordination chemistry of B - d i k e t o n e ~ ~ ~ ~ ~ , ~ ~ ~  and, specifically, 

isomerism1531 and Lewis acid behaviour of the complexes. 1532 Amongst the carbon-bonded 
B-diketone complexes, those of nickel(I1) have not been reported.1533 

B-Diketones, by virtue of their keto-enol tautomerism (Scheme 21), are weak acids and in 
most cases bind nickel(I1) in the deprotonated enol form, acting as uninegative chelating 
ligands. 

1- 
\ R\ ,eo, -n+ L E O  

,H - R " - q  _ _ _ _ _ _  
/c-o 

R R 

e R"-C 

\ R \&eo 
H+ H' 'C=O \c-0 

R' / 
R' 

/ 
R' 

Keto enol tautomerism 

Scheme 21 

For a summary of the general methods of synthesis of #I-diketonato complexes see ref. 1534. 
The archetype of P-diketones is acetylacetone (2,4-pentanedione; Scheme 21 : R = R' = Me; 

R" = H). Nickel complexes with this ligand are very numerous and are the ones studied in most 
detail. 

By the reaction of concentrated solutions of nickel acetate and Hacac in an ethanol-water 
mixture the bis-aqua adduct [Ni(aca~)~(H~O)~] is obtained. An improved synthesis of the same 
compound has been devised starting from NiO(0H) which was reduced with Hacac at room 
temperature .lS4' The green anhydrous Ni(acac):! derivative is obtained by azeotropic distillation 
with toluene of the aqua complex or by its sublimation in vacuo. 

the complex 
Ni(acac)z has been found to possess a trinuclear structure (195) in which Ni06 octahedra share 
faces via bridging acac groups. 1s34 A reddish brown compound having the same stoichiometry 
has been extracted from a solution of Ni(a~ac)~ in CS2. It is assumed that the former compound 
contains both square planar and octahedral species in a 1 : 3 ratio.1550 

Whereas N i ( a c a ~ ) ~ ( H ~ O ) ~  has a mononuclear trans octahedral 
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\ /  L 0 - 
(1%) 0-0 = acac; L = piperidine, isopropanol 

0 = tropolonate; L = H,O (195) O ' b  = acac 0 

The trinuclear structure of [Ni (a~ac)~]~  persists in soIutions of non-donor solvents even at 
elevated temperatures, but is broken down by coordinating solvents, such as HzO, py, alcohols, 
and in general by the Lewis bases which give mono and bis adducts.1551*1s52 

Kinetic and thermodynamic studies on the nickel(I1)IHacac system have been carried out in 
water s o l ~ t i o n ' ~ ~ ~ ~ ~ ~ ~  and 'HNMR studies have been carried out on the adducts of N i ( a ~ c ) ~  
with a variety of Lewis bases.15s61559 

Ionic 1 : 3 complexes [ N i ( a c a ~ ) ~ ] ( N B u : ) ~ ~ ~ , ~ ~ ~ ~  and Ag[Ni(aca~)~]-2AgNO~.H~0~~~ have 
been synthesized. The structure of the six-coordinate anion [Ni(a~ac)~]- has been determined 
in the former compound. 

Ni (a~ac)~  reacts with a variety of monodentate donors giving mono and bis adducts 
Ni(acac)zB, (n = 1,2; 3 = HzO, primary and secondary amines, pyridine and substituted 
pyridines, pyridine N-oxide, alcohols, dioxane, substituted benzaldehyde~).'~~~J~~'~~ Details 
of the structures of some complexes are reported in Table 78. The chelate ring of the 
coordinated p-diketones is nearly planar, and, in the mononuclear complexes, the Ni-0 bond 
distances (as well as the C-0 and C-C bond distances within the chelate ring) are 
substantially similar. Two different dinuclear structures have been found in the two complexes 
Ni2(acac)J3 [B = py (197),1540J571Js30 Ph3As0 (198) 1542,15723- 

Table 78 Average Bond Distances within the Chelate Ring in Six-coordinate Complexes and in Square 
Planar Complexes with @-Diketones 

Average bond dbtunces (pm) 
Coordination 

Complex geometry N i 4  C-0 C-C Ref. 

[Ni(acac),], (195) 

Ni(acac),(H,O), 

Ni(acac),(4-pic), 
Ni(acac),(PNO), 

Ni(acac),(py )2 

Ni2(acac)4(pip)2 (l%) 

Ni,(acac),(Pr'OH), (1%) 

Ni2(acac)4py (lW) 

Ni,(acac),(Ph,AsO) (19s) 

[Ni( Hacac),Br,] 

Ni( acac)(Me)(PCy,) 
Ni(acac)(Et)(PPh,) 
Ni(DPM), (199) 

[Ni(Hacac)2(~20),1 (ClOJ, 

Oh 

trans Oh 
trans Oh 
trans Oh 
cb Oh 
Oh dinuclear 

Oh dinuclear 

Oh dinuclear 

Oh dinuclear 

trans Oh 
trans Oh 
SqPl 
SqPl 
SqPl 

212 (bridging) 
201 (terminal) 
202 
202 
202 
202 
212 (bridging) 
204 (terminal) 
209 (bridging) 
200 (terminal) 
207 (bridging) 
200 (terminal) 
208 (bridging) 
198 (terminal) 
205 
203 
189 
191 
184 

133 

127 
124 
128 
128 

127 

127 

119 
121 
129 
129 
131 

155 1535 

141 1536 
140 1537 
138 1538 
137 1539 
- 1540 

139 1541 

- 1540 

137 1542 

152 1543, 1544 
151 1545 
138 1546 
138 1547 
139 1548 

Abbreviations: Qpic, 4-methylpyridine; PNO, pyridine N-oxide; pip, piperidine; Ph,AsO, triphenylarsine oxide; DPM, 
2,2,6,6-tetramethylheptane-3,5dione. 

Ni(acac)2 does oat react with PPh3 in the absence of EtAICl. With Et2AlCl, on the other 
hand, the compound Ni(acac)zPPhj is obtained, presumably through an unstable intermediate 
containing a nickel-ethyl linkage.1s70 

The IR spectra of free fl-diketones show two intense bands below 2O00cm-' which are 
attributable to the y ( C k 0 )  and to the v(C=C) stretch of the chelate ring in the enol form. 
Upon coordination these bands are shifted 100 cm-' towards lower frequencies. Although the 
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assignment of the two intense bands is a matter of debate, comparison with 180-labelled 
/3-diketonato CrIn complexes1573 leads to assignment of the higher energy band found in the 
nickel complexes (ca. 153&1590cm-') as the v ( k 0 )  stretch, and the lower energy band 
(1460-1540 cm-I) as the v(Cz=C) stretch. 

A few exam les of complexes with acetylacetone in the neutral keto form have been 

Ni(acac)* in anhydrous conditions using nitroethane, CH2C12 or acetic acid as solvent. 
In the two octahedral complexes [ N i ( H a c a c ) 2 B r ~ ] ~ ~ ~ ~ , ' ~ ~  and [Ni(Haca~)~(H~O)~](C10~)~~~ 

the neutral chelate ring is in a boat-folded configuration. The IR spectrum of Ni(Haca~)~Br~ 
shows a very strong 0 stretching absorption at 1693 an-'. 

The methine hydrogens within the chelate ring of the [Ni(acac),I3 complex were found to be 
reactive towards electrophiles. For example, alkyl and aryl isocyanates react with Ni(acac>z in 
C& at refluxing temperature according to equation 181 The complexes are paramagnetic 
and presumably oligomeric. An insertion reaction also occurs with cyanogen (equation 182) to 
give a diamagnetic square planar complex.1576 

reported.154s154 9 ,1574 The complexes can generally be obtained by reacting HBr or HC104 with 

PPh, PPh, 

('\Ni/ + P h e C P h  - (183) 

Ph/='\ph 
0' 'Me 

Recently, stable organometallic compounds derived from Ni(a~ac)~ have been described. 
The square planar compounds [Ni(acac)(PR3)L] (R = Ph, Cy; L = Me, Et) were obtained by 
reacting Ni(acac)* and PR3 in ether at -20°C with either diethyl- or dimethyl-aluminum 
rnon~ethoxide.'~~~'~~~~~~~ [Ni(acac)(Me)PPh~] reacts with diphenylacetylene at room tempera- 
ture, according to equation (183).1578 

The square lanar complex Ni(Hacac)(cod) (200) is obtained from the reaction of Ni(cod)2 
with Ha~ac.'~' The nickel atom is in a formal oxidation state +2 and is linked to the two 
oxygen atoms of acac, os-bonded to a carbon atom and jt-bonded to the residual double bond 
of the cyclooctenyl group. 

(reproduced from 

4 
ref. 1579 with permission of the Royal Society of Chemistry) 
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/3-Diketonates other than acetylacetonate also form complexes1532 of formula Ni@- 
diketonate)2. By analogy to [Ni(aca~)~]~ ,  the paramagnetic complexes are assigned an 
oligomeric (presumably trinuclear) structure. In the case of bulky P-diketones (as for example 
2,2,6,6-tetramethylheptane-3,5-dione or dipivaloylmethane, DPM, and either 3-alkyl- or 
3-phenylpentane-2 ,Cdione) the steric hindrance of the substituents in the chelate ring may 
prevent the molecular association and stabilizes diamagnetic mononuclear square planar 
complexes (199; Table 78) .Is8 Dibenzoylmethane gives both diamagnetic and paramagnetic 
isomers. Ni(P-diketonate), complexes containing long-chain alkyl groups in the chelate rings 
(Scheme 21; R = R’ = n-heptyl, n-nonyl) show transition from a solid purple diama netic 
monomer to a liquid green paramagnetic oligomer at 17 (n-heptyl) and 42°C (n-nonyl).l’m 

Both mononuclear and polynuclear Ni(P-diketonate)2 complexes react with Lewis bases as 
Ni(acac)2 complexes do, and their adducts have been investigated.1s63,1565,1569,1581-1584 

Metal complexes with fluoro-P-diketones have been comprehensively reviewed. 1s85 The 
introduction of electron-withdrawing groups in the chelate ring increases the Lewis acidity 
strength of the & complexes, and consequently the bis adducts of the fluoro-/3-diketonato 
complexes are more stable than the corresponding complexes with P-diketones. As an example 
of a nickel complex with 1,1,l-trifluoroacetylacetone which does not have a counterpart in the 
nickel acetylacetonate complexes we can mention the hexanuclear complex 
Ni6L10(OH)2(H20)2.1586 

Some papers deal with specific aspects of the Ni(P-diketonate)2 chemistry, as, for example, 
mass ~ p e c t r a , ~ ~ ~ ’ . ~ ~ ~  CD s ectra of adducts with amino acids and amino a l ~ o h o l s , ~ ~ ~ ~ ~ ~ ~ ~  and 

Finally, we must mention a number of reports concerning bis chelates, either mononuclear 
square planar or trinuclear octahedral, with anionic ligands which bear some resemblance to 
P-diketones; namely acetophenone,1592 cu-ni tr~ketones ,”~~,~~~~ hydroxymethylenecamphor and 
related ligands .1s951597 

Tropolone and its mononegative anion tropolonate roughly resemble P-diketonates when 
acting as chelate ligands (Scheme 22). However, the nickel(I1) complexes with tropolonate are 
scarce. In general, very insoluble compounds are obtained. The structure of the complexes 
Ni2L4(H20)2 (196); L = tropolonate anion)1598 resembles that of Ni2(acac)4(pip)2’540 with both 
bridging and terminal chelate ligands. 

photochemical reduction. 181 

Scheme 22 

A neutral complex NiL  has been reported with L = 5-isopropyltropolonate.15w The complex 
is paramagnetic in dilute solution as indicated by NMR measurements. 

(ii) Complexes with quinones, semiquinones and pyrocatechols 

The redox properties of the uinone-pyrocatecholate system are shown in Scheme 23. If the 

nickel(I1) ion and coordinated neutral benzoquinone, mononegative semiquinone and dinega- 
tive pyrocatecholate, respectively. 

species Niu+,  NIL and N i b  9- are taken into account, they can be assumed to contain 

o-Benzoquinone Semiquinone Pyrocatecholate ion 

Scheme 23 

Owing to the reactivity of 1 ,Zbenzoquinone and pyrocatechol towards polymerization and 
oxidation, the most detailed and reliable investigations concern the chloro, alkyi and aryl 
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derivatives of the ligands. Selected examples of nickel(I1) complexes with quinone- 
pyrocatecholate ligands are shown in Table 79. 

Table 79 Nickel@) Complexes with Quinone-Pyrocathecol-derived Ligands 

Tetrachloro-o-benzoquinone “6CL0*)21 
CI \ 

0’’ Catechol 
OH 

0 
3.80 

3.49 

0 
2.70 

0 

3.16 
4.20 
3.22 

3.92 
4.30 
4.35 

1600 
1600 

1600 

1600 
1600 

1600 

1601 
1602 
1601,1602 
1603 

1600 
1602 
1602 

Ni(phenanthrenequinone)zBrz is the only complex which seems to contain the neutral ligand 
coordinated to n i ~ k e l ( I I ) . ~ ~ ~  The complex has been synthesized by reacting NiBr, and the 
quinone in methanol-acetic acid solution. 

Complexes of general formula NiL(NPr;), have been obtained by the reaction in 
ethanol-water mixture of the diol ligand and nickel(I1) acetate in alkaline media (tetra-n- 
propylammonium hydroxide or ammonia). l6O0 

The neutral complexes N i b  or NiLB2 (B = py or ibipy) have been conveniently synthesized 
by reactin the quinone ligand and Ni(C0)4 in apolar solvents (n-pentane, n-hexane, 
benzene).’k,’MI1 The use of anaerobic conditions gives the best results. In one case, that of 
Ni(Ca402),, the complex was obtained by the peroxodisulfate oxidation of an aqueous 
solution of nickel(I1) acetate and pyrocatechol. 

By reacting together Ni(G,Cl4O2);+ and Ni(C6C1402)2 in CH2ClZ solution the Ni(C6CL02): 
cation is isolated, which seems to contain the ligand in an apparently intermediate oxidation 
state.l@”’ 

The neutral complex NiLpyz.py (201; L = 9,lO- henanthrenequinone in the mononegative 
semiquinone form) has a cis octahedral structure.p, The magnetic moment of the complex 
(4.20 BM) has been attributed to the sum of one S = 1 and two S = $ non-interacting spin 
systems which allowed the description of the complex as a nickel(I1)-semiquinone system. The 
same holds for other neutral complexes of the types NiL and NiL(bipy), as confirmed by IR 
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evidence. For example, the v ( C 0 )  vibration of the free phenanthrenequinone at 1675 an-' is 
shifted upon coordination to 2440 cm-l in the N i b  complex. These data can be compared with 
the 50 cm-' shift of v(C0) found in the NiLBr2 derivative (L = neutral phenanthrenequinone; 
peff = 3.22 BM) with respect to the free ligand molecule. The structure of the paramagnetic 
NiL complexes is presumably polynuclear with bridging ligands and six-coordinate nickel(I1) 
ions. The NiG- complexes are diamagnetic and square planar with the nickel(I1) ions 
coondinated to the ligand in the form of a dinegative catecholate ion. 

\ /  

(201) Ni-0 (av) 206 pm 
Ni-N (av) 208 pm 

A homologous series of nickel(I1) complexes with the general formula Ni~L(tren)~(BPh~)~ 
has been prepared with the dianionic ligands L which arise from the deprotonation of the 
neutral molecules (202)-(207).1604-1606 All of these complexes are assumed to exhibit the same 
dinuclear structure (2M) as found in the complex with L = chloroanilate (202).'@' 

0 0 1 2 t  

Other complexes of nickel with a number of chelate ligands of the quinone series are given in 
refs. 1605-1608. 

50.5.5.4 Complexes with aroanions as ligands 

( i )  Nitrato and nitrito complexes 

Extensive reviews dealing with the various aspects of nitrate ion coordination are 
available.1m1611 Nickel(I1) complexes containing coordinated nitrate groups are very numer- 
ous; with the exception of the tetranitsate (R4A~)z[Ni(N03)4] and anhydrous Ni(NO&, they 
contain a variety of ancillary ligands. The bonding modes of the nitrato group found in 
nickel(I1) complexes are summarized in Figure 24. Selected examples of nickel@) complexes 
with coordinated NO3 groups are reported in Table 80. 

COC -P 
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Ni, 

N 
I 
0 

N-0 Ni-0, , 0 
O\ 
/ Ni,, /O\ 7 - 0  Ni-0 

(I) Chelating (11) Monodentate (III) Bridging 

0 

Fignre 24 Bonding modes of nitrate in nickel(II) complexes 

Table 1 Nickel(I1) Complexes Containing Coordmated NO; 

Coordination 
geometry 

Complex“ or number 
Bonding mode 

of NO; Ref. 

Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 
Oh 

Oh 

Oh 
Oh 
5 
5 
Oh 
Oh 

TB4r 

%PY 

Monodentate + chelating 
Monodentate 
Bridging 
Monodentate 
Monodentate 
Chelating 
Chelating 
Monodentate + chelating 
Chelating 
Chelating 
Monodentate 
Chelating 
Chelating 
Chelating 
Chelating 
Chelating 
Monodentate 
Chelating 
Monodentate 
Chelating 
Chelating 
Monodentate + chelating 
Monodentate + ionic 
Chelating 
Monodentate 

1613 
1614 
1615 
1616 
1617 
1618 
1619 
1620 
1621 
1622 
1623 
1623 
1624 
1624 
1625 
1625 
1626 
1627 
1628 
1629 
1630 
1631 
1631 
1632 
1633 

* Structures determined by X-ray analysis. 
a All of the complexes are high-spin, except the diamagnetic [Ni(NO,)QP]CIO, derivative. 
Abbreviations: OS2N2cpd, l-ma-7,10-diaza-4,13-dithiacyclopentadecane; Me,pda, N,N,N’,N‘-tetramethyl-o-phenylenediamine; 
tmim, 2-methylthio-3-methylimidazole; dapa, 2,6-diacetylpyridinebis(anilimine) ; aquin, 8-amino-2-methylquinoline; atsc, acetone 
thiosemicarbazone; 2-PICNO, Zmethylpyridine N-oxide; dpye, 12-dipyridylethylene; Me,tmd, 1,3-bis(dimethylamino)propane. 

The (M~P~,AS),[N~(NO,>~] complex has been prepared by means of the metathetical 
reaction (184) in anhydrous MeCN The structure of the [Ni(NO,),]’- anion (m) 
consists of Ni06 octahedra formed by two bidentate and two monodentate nitrato groups.1613 
The anhydrous Ni(NO& can be prepared by dehydrating the hydrated salt with N205 in HN03 
solution. 1634 

NiClz + 2Ph3MeAsI + 4AgN03 > (Ph3MeAs)z[Ni(N03)4] + 4AgX (184) 

0 1 2 -  

P ’  

N-0 
/ 
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(211) 

Special techniques are needed in order to obtain the aquanitrato complexes 
[Ni(N03)2(H20)n]. The tetrahydrate (210) is prepared by dehydration of the hexahydrate with 
liquid N204,1614J635 while the dihydrate is prepared by reacting anhydrous NiC1, with 
HN03.1636 In the latter complex the six-coordination is achieved through bridging (type 111) 
nitrato groups.1615 

Mixed-ligand nitrato complexes are generally prepared by reacting hydrated nickel(1I) 
nitrate with the appropriate ligand in common organic solvents. The majority of the complexes 
whose molecular structures have been determined by X-ray analysis contain NO3 groups 
coordinated as chelate (type I) in a nearly symmetrical fashion. In all of these complexes the 
NO3 group is planar with inequivalent N-0 bonds and 0-N-0 angles. Owing to the short 
'bite' of the NOT ligand acting as chelate, the &NCO angle is reduced to about 60" and the 
bidentate NO2 group can be viewed as occupying only one coordination site. 

In Table 81 the fundamental IR absorption bands of some representative nitrato complexes 
and of ionic nitrate are reported. 

Table 81 Infrared Absorption Frequencies of the Nitrate Group in Nickel(I1) Complexes 

IR absorption frequencies" 
Bonding mode v, v3 v4 

Complex of NO; (cm-') (cm-') (cm-') Ref. 

[Ni(N0,),(H,0)4] Monodentate 815 1320, 1495s 760 1635 
"n),I(NO,h Ionic 823 1368vs 704 1623 
"O,),(en)Zl Monodentate 818 1305,1420s 708,728 1623 
[Ni(NO,)(en),]ClO, Chelating 809 1290,1476s 695,746 1623 
[Ni(NO,),(Me,en)] Chelating 808 1540,1510 1625 

1280,1260s 

aNujol mull. 

The coordination chemistry of nitrite ion has recently been very extensively reviewed. 
The bonding modes of nitrite ion found in nickel@) complexes are summarized in Figure 25 
and selected nickei(I1) complexes containing coordinated nitrite ions are shown in Table 82. 

0 
/ 

Ni-N 
l 0  

N 
/ \  

0 Ni-0 NiHoLN 
'O /  

(I) Nitro (11) Nitdto (HI) 0,O'-Nitrito 

0 
N' 
0 I Ni AN 

\ /  
O\ 

Ni 
O\ 

Ni Ni' 'Ni 
YN4, 

Ni 

(IV) p - N ,  U-Nitrito (V) pc-0-Nitrito (VI) Tridentate nitrito 

Wgwe 25 Bonding modes of nitrite in nickel(I1) complexes 
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Table 82 Structural Data for Representative Nickel( 11) Complexes Containing Coordinated Nitrite 

Bond 
Bond distance (pm) an& (") 

Complex Ni-La N-0 O - N 4  Remarks Re$ 

208 
208 
208 
215 
21 3 
212 
212 
21 1 
205 
209 
205 
228 
214 
207, 214 
206.211 

12s 
124 
12s 
124 
124 
124 
122 
129, 122 
105, 126 
119, 122 
111,117 
124,126 
125 
126 
126 

117 
117 
116 
117 
117 
117 
116 
115 
123 
114 
123 
117 
110 
112 
112 

Monodentate nitro groups 
Monodentate nitro groups 
Monodentate nitro groups 
trans monodentate nitro groups 
trczm monodentate nitro groups 
trans monodentate nitro groups 
cis monodentate nitro group 
trans monodentate nitrito groups 
tram monodentate nitrito groups 
trans monodentate nitrito groups 
trans monodentate nitrito groups 

Chelating 0, 0'-nitrito group 
Chelating 0,O'-nitrito group 

1638 
1639 
1640 
1641 
1642 
1642 
1643 
1642 
1644 
1644 
1645 

1646 
1647, 16 

[Ni(~,N),(q~n),l 210; 214 12s 113 Chelating 0,O'-nitrito group 1649 
207,212 128, 125 112 

[Ni(O,N)(N, N'-Et,en),]BF, 210,212 126 112 Chelating 0,O'-nitrito group 1650 

[Ni(O,N)(biPY ),IN03 213, 211 124, 126 114 Chelating 0,O'-nitrito group 1651 
[Ni(OzN)(2-Meim),]N0,.0.SMeOH 215, 218 127, 125 111 Chelating 0,O'-nitrito group 1645 

"02)(421C~O, 218 (0), 217 (N) 125, 122 112 Bridging 0,N-nitrito group; 1648,16! 
polynuclear structure 

a Bond distances from the nickel atom to either the N or an 0 atom of NO;. Average values are usually given. When two values are given they refer 
non-equivalent bonds. 

Abbreviations: N,N'-MeZen, 1,2-bis(methylamino)ethane; N,N-Me,en, N,N-dimethyl(ethane-l,2-diamine); m-stien, 1,2-diphenylethane-l,2-di 
N,N'-Et,en, 1,2-bis(ethylamino)ethane; 2-Meim, 2-methylimidazole. 

Disordered NO; groups. 

The reaction of a concentrated aqueous solution of NiBr2 with a saturated aqueous solution 
of KNOz in excess of the stoichiometric ratio affords the orange-brown hexanitronickelate(I1) 
&Ni(N02)6*H20.1653 The structure of the Ni(NO2);- anion which is also present in the 
compounds K,M[Ni(lNO&J (M = Ba, Sr, Pb)1638,163971653 is octahedral with the six NO, anions 
N-bonded to nickel. The anhydrous &Ni(NOz)4(ON0)2 complex, obtained by heating 
the monohydrate at 100 "C for several hours, contains both nitro and nitrito groups bound to 
nickel. 1653 The pentanitritonickelate Cs3[Ni(N02)5J was obtained by the reaction in water of 
Ni(N02)2 and CsNOz in I : 3 molar ratio and the trinitritonickelate Me4N[Ni(N0&] was 
obtained in the presence of a large excess of (Me4N)NO2. 

Far more numerous are the complexes of nickel(I1) which contain a variety of either aliphatic 
or aromatic amines and coordinated nitrite (Table 82). Most of these complexes are prepared 
by the reaction of the amine in methanolic solution with a methanolic solution of nickel nitrite 
prepared metathetically from hydrated nickel nitrate and sodium 

All of the complexes are six-coordinate high-spin. A ~ a n s  octahedral structure has been 
found, for example, in the two complexes [Ni(N02)z(NH3)4]'641 and [Ni(N02)z(en)2] (2l3).lW2 
This type of coordination is usually found in complexes where the ancillary ligands do not exert 
much interligand repulsion. On the other hand, when some steric repulsion is present in the 
amine ligands O-bonded nitrito coordination usually occurs, as exemplified by the complex 
[Ni(ONO)2(N,N-Me2en)2] (2l4).la2 

0 
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(217) (reproduced from ref. 1662 by permission from Atlsrrulian Journal of Chemistry) 

Type I11 chelating nitrito groups were unequivocally ascertained in a number of nickel 
complexes, for example [Ni(02N)z(Me4en)] (215)- 16451651~1660 The coordination of the chelate 
NO; groups is approximately symmetrical in the latter complex. Bridging N,O- and O-nitrito 
groups ive rise to oligomers of the type [Niz(N02)4(4PiC)4]'2C6H6, [Ni,(N02)6(3pi~)~]C& 

N, "-MeZen, N, N-Meen) 
A chain polynuclear structure with 0,N-bridgin groups was found in the series of complexes 

[Ni(NOz)(en)Z]Y (218) (Y = c104, BF4, 1,) 1648~165'~1663 and strong antiferromagnetic intrachain 
coupling was measured in the two complexes with Y = C1U4 and 

The type VI tridentate bonding mode of nitrite has been found so far only in the complex 
[Ni2(NOz)z(en)4I(BPh4)~ (219).1664 

(216),16 P [Ni5(N02)8(OH)2(diamine)4] (217) (diamine = en, N-Meen, N-Eten, N, N'-Etzen, 

0 12+ 
\ 

For details of the electronic specta of nickel complexes containing coordinated NOz groups 
see refs. 1643-1646, 1655, 1656 and 1665-1670. In the absence of X-ray crystal structure 
determinations, IR and, to a lesser extent, electronic spectroscopies were employed to infer the 
coordination mode of nitrite in its nickel complexes. It has often been found that the nickel 
complexes containing N-bonded nitrite, whether monodentate or bridging, are pink, yellow or 
red, while those containing nitrito groups, either monodentate or chelating, are blue or 
blue-green. In Table 83 the absorption frequencies of the nitrite ligand in some representative 
complexes are reported and compared with the free anion. 

The six-coordinate nickel(I1) complex [Ni(N203)3]31C~(NW3)6]4.3H20 contains the trioxodi- 
nitrato ion N20$- coordinated as chelate. The complex is thermally and photochemically 
unstable. It was pre ared under Nz at 0°C from NiC12-6H20, CO(NH3)6C13 and Na2N203 in 
aqueous solution. 1679 
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Table 83 IR Absorption Frequencies of NO; Coordinated in Different Ways 

IR absorption frequencies 
Coordination v, r s  W O f )  

Compound mode (cm-') (cII-') (cm- ) Re5 

Ionic 
N-bonded 
N-bonded 
N-bonded 
0-bonded 
0-bonded 
Chelating 
N,O-bridging 
0-bridging 

1250 
1355 
1357 
1368 
1387 
2393 
1200" 
1435 
1460 

1335 
1325 
1303 
1302 
1130 
1114 
1289" 
1202 
1019 

830 
834 
- 
- 
817 
825 
863 
852 - 

1671 
1672 
1673 
1673 
1655 
1655, 1469 
1637, 1660 
1653 
1674 

aThis assignment seems more plausible for the majority of the authors (see ref. 1637). vas and v, are reversed in ref. 
1660. 

(ii) Perchlorato, sulfato, selenato and anionic organophosphorus complexes 

Even if the Cloy ion is commonly believed to experience a scarce tendency to act as a 
ligand, nonetheless coordination of perchlorate as a monodentate ligand through an oxygen 
atom has been proposed in a number of nickel complexes containing alkyl amine^,'^'^ pyridine 
and substituted  pyridine^,'^''-^^^^ arylamines such as aniline and substituted anilines,lal 
phosphine and arsine  oxide^^^^^'^^ (Table 84). 

Table 84 Infrared Absorption Frequencies of some Perchlorato Complexes 

Complex IR absorption frequencies (Nujol mull) (cm-') Ref. 

[Ni(H20)61(C104)2 1190-1030~b," 9 3 0 ~ '  1684 
[Ni(ClO4)2(H@) 21 1135s, 1035s, 937m 1684 
[Ni(C104)(Ph,PO),]C104a 1090sb 1682 
[Ni(C104)(Ph,As0),]C10,a 1090sb 1682 
[Ni(C10,)(Ph2MeP0),]C10, 1139s, 1088s,' 1035m 1683 
[Ni( C10,) (Ph2MeAsO)4]C10, 1137s, 1092s; 1045m 1683 
[Ni(ClO,),(N,N'-Me,en),l 1122s, 1040s, 940s 1676 
[Ni(C10,)2(N,N,N'-Me,tmd),]h 1170s, 1125s, 1038s, 9 2 5 s ,  635,623,617m 1676 
[Ni(C104),(MeCN)Jb 1195,1106, loOOs, 95Om, 920m 1685 

1135s,1012s, 945s, 912s 1685 
1130s, 1030s, 932s, 628m, 614m 1677,1678 

[Ni(ClO&(MeCN)~I 

1129s, 1009s, 900s, 633m, 613m 1681 [Ni(C103danil)4I 

a Supposed coordinated monodentate ClO; . 
E Band associated with ionic CIO;. 

[Ni(c104)2(PY)41 

Supposed chelate CIO;. 

Most of the complexes were conveniently prepared by the reaction in ethanol of the 
appropriate ligand with hydrated nickel perchlorate which had sometimes been dehydrated 
previously by stirring it with an excess of 2,2-dimethoxypropane or triethyl orthoformate. It 
must be remembered that transition metal perchlorate complexes with amines are potentially 
hazardous and can explode even under mild conditions. Safety precautions must be used in 
preparations! Ni(C104)2(H20)2 has been prepared by carefully heating the hexahydrate under 
vacuum at about 100 0C.1684 

The two complexes [Ni(C104)2(Me4Cyclam)]'686 (Me4Cyclam is 5,7,12,14-tetramethy1- 
1,4,8,11-tetraazacyclotetradecane) (220) and [Ni(C104)2(Me2py)4]1a7 (Me2py is 3 3 -  
dimethylpyridine) (221) are trans octahedral with the perchlorate groups strongly bonded as 
monodentate in the axial positions. 

In the absence of X-ray structural determinations, IR spectroscopy has been extensively used 
to determine the nature, either ionic or coordinated, of the perchlorato groups. 

Actually, most of the nickel complexes which are assumed to contain coordinated ClOS show 
two very strong and well-resolved peaks between loo0 and 1200 cm-' and a strong band around 
900 cm-l (Table 84). In some cases the splitting of the medium band near 600cm-' has also 
been found. 

There are few reports on nickel(I1) coordinated to sulfate and selenate species.lm 
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Me 

0 

I Me 
Me 

0 
(221) Ni-0 219pm 

CI-0 124-145 pm 
O--Cl--O 102-109" 

[Ni(S04)(triphos)] and [Ni(Se04)(triphos)] (222) were obtained by the reaction of the 
hydrated nickel salts with the ligand triphos in MeOH-EtOH mixture (see Section 50.5.4.6.i). 
The SeOZ- group is symmetrically bonded as a chelate in the five-coordinate high-spin 
nickel(I1) complex, and the same is assumed to occur in the sulfato Distortions 
from Td symmetry in the Se04 group are large and irregular and may be caused by the large 
size of the selenium atom. 

(222) (223) 

[Ni(S04)(bipy)(H20)2] (223) has a chain structure with a bridging sulfato group in the axial 
position of a distorted octahedron.1690 The sulfato group is nearly regular. Bridging sulfato 
groups are assumed to occur in the polynuclear complex [Ni(S04)(Ph3PO),] whereas terminal 
bidentate sulfato grou s are assigned to the dinudear complex Ni(SO4)k with bridging 
2,6-lutidine N-oxide 

A thiosulfate group coordinated as a chelate has been found in the complex 
[Ni(S203)(thiourea)4]€€20 (2M)."= Actually, the Ni-S(S203) bond distance is significantly 
longer than the N i - S  bonds usually found in six-coordinate nickel(I1) and consequently the 
nickel coordination can be viewed as an intermediate one between octahedral and square 
pyramidal. 
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Hydrogen sulfite and alkyl sulfite groups are reported to coordinate through the sulfur atom 
in some diamagnetic nickel(I1) complexes with tripod-like ligands (see also Section 50.5.4.6.ii). 
The hydrogen sulfite anion, HSO;, is presumably coordinated through the oxygen atom in 
Ni(HS03)zL (L = benzene-l,Zdiamine), which is unstable and decomposes in hot water with 
evolution of s02.1693 

Sodium sulfinate Na(RS0,) (R = Ph, MeC6H4) reacts with hydrated nickel(I1) salts giving 
Ni(RSOz)z(HzO)z with chelating sulfinato groups (v(SOZ), 972, 949 cm-') .1694 The latter 
compound further reacts with pyridine affording the bis adduct Ni(RS02)zpy2. 1695 The sulfinato 
complex [Ni(RSOz)z(bipy)z] (R = MeCJh) has been obtained as two isomers which involve 
linkage isomerism between either 0- or S-bonded unidentate sulfinate anions.'696 In the case of 
S-bonded sulfinato, v,,(S02) stretch occurs at 1219 and 1204 cm-' and v,(SOz) stretch at 1035 
and 1013cm-l. In the case of O-bonded sulfinato the corresponding frequencies are at 1055 
[vaS(SO2)] and 958 and 943 cm-l [v,(SOz)]. 

In the benzenseleninato complexes [Ni(XC6H4SeOz)z(H20)2] (X = H, p-C1, p-Me, p-NOz) 
two strong IR frequencies in the range 680-790 cm-' were assigned to the two v(Se0) stretch 
vibrations of the RSeOF groups acting as 0,O' chelate.'@' In the corresponding complexes 
with bipy and phen as coligands [ N ~ ( X C ~ H & ~ Z ) Z ~ ]  a strong v(Se0) IR absorption in the 
range 815-890 cm-' is assumed to be indicative of a monodentate O-bonded RSeO; group.lm8 

With methanesulfonate li ands, a number of nickel(I1) complexes of the types 

Nickel(I1) complexes containing coordinated phosphates, phosphites and diphosphates have 
been little studied in the solid state even though oxoanions of phosphorus are well known to 
cordinate nickel(II1 in solution. Examples of compounds characterized in the solid state are 
Ni3(P04)243H20,17 3~1704 Ni(02PC12)2.2POC13,170s Ni(H2P02)2-6H201706 and Ni(HzP02)2pyz. 

More numerous by far are the nickel complexes with organophosphorus oxoanions such as 
phosphate and phosphite esters (RO),PO; and (RO),PO-, phosphonates (RO)R'POT, 
phosphinates RzPO, and phosphinites R2P0- 

The reaction of trimethyl phosphate, (MeO),PO, with NiBrz results in the neutral 
bis-dimethoxyphosphato complex by elimination of one methyl group from the neutral 
phosphoric esters (equation 185).1708 But when nickel halides are reacted at higher tempera- 
tures with the neutral diisopropylmethylphosphonate , an alkyl elimination and a phosphato 
condensation occur (equation 186).1709 

Ni(MeS03)2,16w Ni(CF3S03)z1 F O0 and Ni(RS03)zpy41701-17m (R = Me, CF3) have been reported. 

I 

NiBr,+ 2(Me0)3P0 Ni{(MeO),PO,}, + 2MeBr (185) 
180'C 

Nix, + (Pr'O),(Me)PO - Ni,{ (Pr'O)(Me)P02},{0,P(Me)OP(Me)0,} + products (186) 

Neutral nickel phosphinates NiL-nHzO (L = Ph2P0,, PhHPOT, PhzP(S)O-; n = 0,4) are 
assigned a pseudotetrahedral structure with bridging ligands.'710 The analogous bis- 
dioctylphosphinatonickel(II), Ni{ (C8H17)2P02}2, is a yellow six-coordinate complex with a 
cross-linked polymeric structure achieved by means of bridging phosphinato groups. 17" The 
f3-ketophosphonato anion { (EtO),P(O)CHC(O)CH,NM~)- gives the polynuclear compound 

An interesting series of reactions were carried out starting from bis (cyclopentadieny1)nickel 
and secondary phosphite esters (Scheme 24) .1713 Finally, the mixed-ligand complex 
[Pt{ (MeO)zPO}2diphos] can act by itself as a ligand towards nickel perchlorate giving the 
mixed metal oligomer (225).l7I4 

[Ni7L6( OH)6]X2 (x = NOj , aO4). l7I2 

NH4 - {CpNi(R,PO),},Cc 

CPzNi + HP(O)(OMe), + CpNi [CpNi{R,P0}2]2Ni(NH3)2 

CpNi BF, 
$4 

R=OMe ' R2 

Scheme 24 
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50.5.5.5 Complatx with carboxylates and related ligands 

Nickel(I1) complexes with simple carboxylate anions have been well known for a long 
time,1715 and nickel(I1) acetate tetrahydrate is one of the most thoroughly studied compounds. 
Selected examples of nickel(I1) complexes with carboxylate anions are shown in Table 85. The 
carboxylato complexes are high-spin octahedral with few exceptions. 

Ni(02CMe)2.4H20 (226) may be prepared by reacting acetic acid with an aqueous 
suspension of nickel carbonate. It is octahedral (peff= 3.30 BM at room temperature) with two 
trans-coordinated monodentate acetate The same structure occurs in 
[Ni(02CCH2C1)2( OH2)4]-2H20 .1743 Other investigations on nickel acetate tetrahydrate consider 
its electron density distrib~tion~~'"' and the complex formation reaction in aqueous solution. 
This latter investigation has been carried out by means of a variety of techniques, including 
potentiometric titrations, 1745 13C NMR spectroscopy17& and chemical relaxation methods. It 
has been generally concluded that the species Ni(OzCMe)' is appreciably formed in aqueous 
solution. 

0 
) C M e  
0 

Acetic acid by itsel, acts as a monodentate neutra ligand in the hexakis complex 
[Ni(HOCOMe)6](BF4)2.1718,1748 The Ni-0 bond distances are similar to those observed in the 
acetate complex indicating that MeC02H is as strong a donor as its conjugate base. The 
hexakis acetic acid complex dissolves in MeN02 without appreciable dissociation. 

Ni(O2CH)-2H20 is reported to be polynuclear with formate brid es.1749 The complex 
formation reaction with formate in aqueous solution has been studied. 175E Ni(02CPh),.3H20 is 
assumed to contain two different types of benzoates, chelate and ionic."'l In the 0-, m- and 
p-halo-substituted benzoato complexes Ni(O2CCJ4&.nHzO, the degree of hydration is 
singularly dependent on substituent p o s i t i ~ n . ' ~ ~ ~ , ~ ~ ~ ~  

By the direct reaction of anhydrous nickel acetate with a large excess of the appropriate 
base, which sometimes acts as the reaction medium, Ni(02CMe)2L (L = pyridine, 2-picoline, 
quinoline,1753 piperidine, piperazine1754) complexes are obtained. On the other hand, the 
reaction of hydrated nickel acetate with pyridine affords Ni(02CMe)2(H20)2(py)2. 1753 Numer- 
ous other mixed-ligand complexes of the type Ni(02CR)2nL (R = Ph, CF3, CC13, CHXCI3-*; 
L = pyridine and substituted pyridines, pyridine N-oxide and related monodentate ligands; 
n = 1, 2, 4) have been prepared using slightly different synthetic procedures.*753J75s1766 

The complexes Ni(02CR)2L-xH20 (R = c&, p-Me0Ca4, p-EtOCZ4; L = bipy, phen; 
x = 1, 2) where found to decompose in boiling toluene yielding the corresponding 
organonickel(I1) compounds. 17" 

The bis adducts Ni(O,CR),L, (L = monodentate ligand) may be either mononuclear with 
chelate carboxylate (227) or di- or poly-nuclear with bidentate bridging carboxylate (228). The 
tetrakis adducts Ni(OZCR)2L4 (L = monodentate ligand) are assumed to possess structures 
analogous to that of the tetraaquaacetate (226). A structure analogous to (229) occurs in the 

COC -P* 
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complex Niz 02CPh& (L = quinoline)1767 and in other complexes with various carboxylates 
and bases.'75 *1758 I 

Me Q 

(229) R = CMe,, L = Me 

The ligands TMB (230) and DMB (231) both react with Ni(02CMe)2.4H20 in MeOH giving 
the complex cations [Ni4JOMe)4(0~CMe),L,I2+ (L = TMB, DMB) which were isolated as the- 
tetraphenylborate ~a1ts . l~  The structure of these complexes is of cubane-type (232). Each 
nickel atom is in a distorted octahedral environment including two cis isocyanide groups, three 
methoxide oxygens and one acetate oxygen. The effective magnetic moment decreases from 
2.88BM at 286K to 0.47BM at 4.2K, indicating that an overall antiferromagnetic exchange 
interaction is operative. 

(230) TMB (231) DMB 

The reaction of hydrated NiC12 with thioacetic, thiopropionic or thiobenzoic acids in 
ethanolic solution made basic by NaOH results in the forniation of compounds of general 
formula Ni(OSCR),.+EtOH (233). In these dinuclear complexes one nickel atom is in a square 
planar environment of four sulfur atoms whereas the other is coordinated by five oxygens in a 
square pyramidal geometry and is h igh -~p in . '~~~ ,*~~ '  This dinuclear structure is broken up by 
reaction with a large excess of heterocyclic bases from which mononuclear complexes 
Ni(OSCR)2L, with chelating thiocarboxylates result .1736-1736 

A number of nickel complexes with a variety of deprotonated dicarboxylic acids, including 
maleic acid, and benzenedicarboxylic acids were reported. 1739~17*1770 I ,5-Diazacyclooctane- 
N,N'-diacetate (dacoda) barium salt reacts with NiS0,.6H20 in water giving the blue-green 
complex [Ni(dacoda)H20].2H20. 1742~1771 This complex is square pyramidal and converts into a 
square planar derivative upon heating in VIECUD. The complex [Ni(dacoma)(H20)2]C104 
(dacoma = 1,5-diazacyclooctane-N-monoacetate) is also square pyramidal high-spin."" 
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R' 
K C  

(232) (233) 

The coordination of oxalate dianion to nickel(I1) has been studied in aqueous 
solution. 177371774 A number of oxalato complexes includin the simple 
K2[Ni(04C&(OH2)2]4H2017751777 salt were also studied in the solid ~ t a t e . ~ ~ ' ' ; ~ ~ ~ '  

Mixed-ligand complexes having general formulas Ni(04C2)o.5(L-L)2C104 (L-L = en, tmd), 
Ni( 04C&(LL-L) (OH,) C104 (L-L-L = dien, dpt) , Ni( 04C&( t et-b)C104 and 
Ni( 04C2)(tet-a) .3H20 (tet = 5,7,7,12,14,14-hexamethyl-l,4,8,11-tetraazacyclotetradecane; a = 
meso isomer; b = racemic isomer) were prepared by the reaction of a concentrated solution of 
sodium oxalate with an aqueous solution of the appropriate nickel(I1) amine 
In the dinuclear complex [Ni2(04C2)(en)4](N03)2 (234)1740,1741 the bridging oxalato group is 
planar and symmetrically bonded to the two nickel atoms. The same structure occurs in the 
complex Ni2(04Q(0N0)2(py)6 which was obtained as a by-product in a very low yield when a 
pyridine solution of methanenitrosolic acid and nickel(l1) were allowed to stand for several 

The aromatic dianions croconate C50:- (235) and squarate C40i- (236) are the conjugate 
bases of dihydroxycyclopentenetrione and dihydroxycyclobutenedione respectively. The reac- 
tion of nickel(I1) chloride and potassium croconate in aqueous solution gives a mixture of green 
compounds from which, on boiling, the pseudotetrahedral polynuclear complex 
Ni(C5O5).3H20 (237) was is01ated.l~~~ Ni(C404).2Hz0 (238) was prepared in a similar 
way.1783,1784 In the latter complex the nickel atom is coordinated to four oxygen atoms from 
four different squarate anions which, in turn, bridge four different nickel atoms in a ~ 1 a n e . l ~ ~  
The dihydrate is transformed into the anhydrous complex upon heating in vacuo at 
210-260"C.1786 In aqueous solution the nickel squarate complex is less stable than the nickel 
oxalate complex. 1787 

--a+ 

0 I I 
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In the chain polynuclear complex Ni(04C4)(Im)Z(Hz0)2 (Im = imidazole) only two oxygen 
atoms of the bridging squarate are directly coordinated to nickel@). 1788 

Complex formation of nickel(I1) with a variety of hydroxy acids has been investigated. It has 
been reported that in aqueous solution in the pH range 6-7.2 at 25 "C, a 1 : 1 neutral complex is 
formed between nickel(I1) and the salicylato monoanion, HOC&14C0; (Kes = 1.4 X lo-'), or 
its 5-substituted analogue, with the further release of a p r o t ~ n . l ' ~ ~ J ~ ~  The effects of 
substituents on the stability constants of nickel complexes with various 4- and 5-substituted 
salicylic acids were also s t ~ d i e d . ' ~ ~ ' , ' ~ ~ ~  

A number of six-coordinate nickel(I1) complexes with other hydroxy acids, including 
gluconic, mandelic and tartaric acids, were r e p ~ r t e d . ~ ~ ~ * ' ~ ~ + ~ ~ ~  The X-ray crystal structure of 
the complex {(Me~)5[N~(C6H407)3(OH)(H20)1~18Hz0}2 has been determined.lm This very 
complicated structure can be described as consisting of two clusters of composition 
[Ni,L3(OH)(H20)]'- containing a tripyl bridging hydroxide ion and the tetraionized citrate 
ions which bridge either three or four nickel atoms (239,240). 

I 

0 
(239) 

50.5.5.6 Complexes with organophosphorus and -arsenic oxides, amine oxides, amides, 
sulforides and related ligands 

(i) Complexes with monodentate ligands 

Numerous nickel(I1) complexes with a variety of phosphine and arsine oxides have been 
reported, but only a few X-ray crystal structures have been determined. In some cases the 
structures assigned to the complexes are not completely certain. A selection of nickel(I1) 
complexes is reported in Table 86. 

The complexes can be readily obtained by reacting the appropriate ligand and the nickel(I1) 
salt in acetone or ethanol, sometimes in the presence of dehydrating agents. Most of the complexes 
are sensitive to atmospheric moisture and are preferably handled in a dry box. Special 
procedures are employed to obtain tetrakis complexes with tri-n-butylphosphine oxide 
(BuSPO) and the bis adducts with triphenylarsine oxide (Ph3AsO) and triphenylphosphine 
oxide (Ph3PO). The N~(BU;PO)~(C~O~)~ must be pre ared in rigorously anhydrous conditions 
using triethyl orthoformate as reaction medium ?806 whereas the NiX2(Ph,AsO)Z and 
NiX2(Ph3P0)2 derivatives are obtained by leavin ethanol solutions of the reactants in a 
desiccator over conc. HzS04 for several days. ''''J' A different method for the preparation of 
the latter complexes consists of the oxidation of the corresponding Ni(PPh,),X, complexes with 
30% HzOz solution.1819 

Most of the complexes reported with phosphine and arsine oxide have general formulas 
NiL4(C104)2 and N&(C104)2 and are assigned a five-coordinate high-spin structure. In all of 
the complexes, evidence for oxygen bonding of the oxo ligands is given by the lowering of the 
v(P0) and v(As0) stretching frequencies in the complexes with respect to the free ligands. 
The structure of the cation [Ni(Me3As0)5]2+ (241) can be described as a square pyramid with 
axial and equatorial N i - 0  bond lengths of 194 and 200 pm, respectively. 

The NiL& complexes (L = Ph3P0, Ph3AsO; X = clod, BF4) have been obtained either as 
five-coordinate or as tetrahedral The interconversion from the five-coordinate 
to the four-coordinate isomers can be performed in the solid state by heating.la2 

The bis complexes [Nix&] (L = Ph3P0, Ph3As0,'sW~'m Me3P0, Me3AsO;1809 X = halides) 
are pseudotetrahedrd in the case of the bulky triphenyl-substituted ligands and polynuclear 
six-coordinated in the case of the trimethyl-substituted ligands. 

Nickel(I1) complexes with hexamethylphosphoramide, (Me2N)3P0 (HMPA), have been 
better characterized than those with other amino-substituted phosphine oxides (Table 86). 
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(241) 

Complexes of formula Ni(HMPA)4(C104)~810.1811 are assigned a pseudotetrahedral structure in 
the solid state and in MeN02 solution.1812 

The bis adducts Nif-IMPA)2X2 are pseudotetrahedral when X = halides1810 and octahedral 
when X = NO2, Nos. 81031813 The complexes Ni(HMPA),(NCX), (X = S, Se) are presumably 
five-coordinate.1m,'821 When small amounts of water are progressively added to solutions of 
anhydrous Ni(C104)2 and HMPA, electronic and NMR spectra indicate the formation of 
complexes of the type [Ni(HMPA),(OH,)4]2+.1822 

Neutral phosphates (RO)$O, phosphonates (R0)zR'PO and phosphinates (R0)R;PO are 
well known as extracting agents for metal ions.lm The isolation of their metal complexes as 
crystalline compounds is, in general, more difficult than the preparation of complexes with 
other substituted phosphoryl compounds. It is often essential to reflux solutions of the reactants 
with dehydrating agents such as triethyl orthoformate or 2,2'-dimethoxypropane. In some cases 
the neutral phosphoryl ligands or triethyl orthoformate by themselves act as the reaction media 
in the synthesis of the nickel(I1) complexes. 

Selected nickel(II) complexes with various monodentate phosphoryl esters are reported in 
Table 86. It is generally found that the NiLi+ and NiLg+ species are converted to the hydrated 
species NiL4(OH2)$+ on exposure to aerial moisture. 

( i i )  Complexes with bidmtate ligands 

Some bidentate ligands which have been studied in conjunction with nickel(I1) are reported 
in (242)-(249). 

Complexes with ditertiary phosphine and arsine oxides have been less extensively studied 
compared with those of the monodentate phosphine and arsine oxides. The complexes with 
ligands (242) and (243) were prepared, in general, by the direct reaction of the appropriate 
ligand and the nickel salt in hot ethanol or n-butanol. Starling from anhydrous nickel halides 
complexes of general formulas [Ni(MDPPO)][N&], [Ni(EDPP0)3][NK,) and 
[NiX2(TDPPO)] (X = Cl, Br, I) were If hydrated Ni(C104)2 is employed, the 
Complexes [Ni~(H,0)z](C104)2 (L = EDPPO, BDPPO, BDPAsO), [Ni(EDPAsO)2]- 
(c10~)~1~26327 and [ N ~ ( M D P A S O ) ~ ] ( C ~ O ~ ) ~ ~  are obtained. The cationic and 
[NiL(H20)2]2+ complexes are six-coordinate, whereas [Ni(EDPAsO)&ClO,), is five- 
coordinate. The [NiX2(TDPPO)] complexes are pseudotetrahedral (peff = 3.68-3.76 BM). On 
account of their very low solubility in the common organic solvents and on account of the low 
stability of eight-membered chelate rings which would be present if the TDPPO ligand acts as a 
chelate, it was suggested that the NiX2(TDPPO) complexes are polynuclear in the solid state 
with bridging ligands.'829 On the other hand the bidentate ligands with methylene or ethylene 
connecting chains act as chelate in six-coordinate complexes. In this context we may note that 
monodentate phosphine and arsine oxides in no case give rise to hexakis complexes irrespective 
of the bulkiness of the substituents on phosphorus and arsenic atoms, and the five-coordinate 
species are the preferred ones. 

The bidentate phosphoramide ligands (244) act as chelate ligands in complexes of the general 
formula NiL3(C10& (L = NIPA, OMOPA, OMPA) which are invariably pseudooctahedral. 
IR absorptions in the range 1162-1203~m-~ are assigned as the v(P0)  stretching 
frequencies. 18z+i833 The complexes Ni(NIPA)SOd, Ni NIPA &1834 and Ni(NIPA),X2 (X = 
halides, NCS, N03; n = 1-3) were also reported.Is3 I Tns-chelate - )  complexes N&(ClO& 
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Ph,P(CH ) PPh, 71 
0 II 0 

Ph,As(CH,), AsPh, 
I I  
0 

II 
0 

(242) n = 1, MDPPO 
n = 2, EDPPO 
n = 3, TDPPO 
n = 4. BDPPO 

(243) n = 1, MDPAsO 
h = 2, EDPAsO 
n = 3, BDPAsO 

strict1 analogous to those reported with the ligands (244) were also obtained with the ligands 
and (M), 

Et0  R 

P-@-P(NMe,), 
\ / \ 

(Me2N),P-X-P(NMe2)2 R 
I1 8 

II\ /I I II 
M e 8  0 0 

/f;-ep 0 

(244) X = NMe, NIPA Me,N 0 0 NMe, 
(245) R =Me, Et, Pr' (246) 

X = 0, OMOPA 
X = CH2, OMPA 

Bidentate ligands of type (247) give tris chelates Nib(C104)2 when an excess of the ligand is 
reacted with the nickel salt and an appropriate dehydrating agent. 1837~1838 Ca rbonyl phosphon- 
ates of the types (248) and (249) are also found to act as chelate in the complexes 
Ni(L1)3(C104)~~xH201mg and Ni(L3)3(C104)2,1840 whereas one monodentate and one chelate 
ligand molecule are supposed to exist in the complex [Ni(L2)2(OH2)zOC103]C104.1841 

RZP-X-PR, 
I1 II 
0 0  

(RO),P-CR' 
II II 
0 0  

(Pr"O),PCH,CNH, 
II t I  
0 0  

(247) X = 0, R = Me, Et, Ph (248) R = Et, R' = Me, L' (249) L3 
X = CH2, R = Bun, OPr R = Et, R' = benzoyl, L2 

(iii) Complexes with aromatic and aliphatic amine oxides 

A ver large number of nickel(l1) complexes with a variety of aromatic N-oxides are 

87 together with their more significant nickel(I1) complexes. 
In general, nickel(I1) complexes can be obtained by the direct reaction of nickel salts with 

the appropriate ligand. Since most of the complexes are decomposed by water, non-aqueous 
solvents are used and dehydrating agents are employed with hydrated nickel salts. 

Nickel complexes with different stoichiometries are obtained with pyridine N-oxide ligands 
depending on the substituents in the aromatic ring, the nature of the nickel salts and the 
experimental conditions. In general, if salts of poorly coordinating anions are used, hexakis 
complexes [NiL6]X2 are produced, whereas complexes with a metal-to-ligand ratio less than 1 : 6 
are formed if nickel salts of potentially coordinating anions are used. 

Steric effects of the substituents on the aromatic k g  influence the geometry of the 
complexes, as shown by the series of the nitrato complexes Ni(NO&L, prepared with various 
methyl-substituted pyridine N-oxides. 1631 All of the reported five- and six-coordinate complexes 
are high-spin. The coordination of the ligands through the oxygen atom of the amine oxide is 
invariably indicated by the v(N0) stretching mode which is shifted towards lower frequencies 
upon coordination (Av(N0) about 10-40 cm-'). 

In the [Ni(PN0)6]2+ cation the nickel atom is in a nearly regular octahedral 
e n ~ i r o n m e n t . ' ~ ? ' ~ ~  The Ni-0 bond distances (206 pm) are nearly equal and the Ni-0-N 
bond angles are non-linear (119") as expected for the electronic distribution of the oxygen 
atom. Other complexes with a variety of aromatic N-oxides have been which 
will not be mentioned here. 

Mono N - o x i d e ~ ' ~ ~ ~ ~ ~ ~  and N, N ' - d i o ~ i d e s ~ ~ ~ ~ ~ ~ ' ~  of 2,2'-bipyridyl and o-phenanthroline are 
reported to give 1 : 3 complexes of general formula [NiL3](C104)2 where the ligands behave as 
chelates. All the complexes are six-coordinate. NMR data for the [NiL3I2+ (L = 2,2'-bipyridyl 
N, "-dioxide) cation were interpreted by assuming a staggered configuration for the chelate 
ligand involving an angle of 67" between the planes of the two aromatic rings.1877 

known.' f? 42,1843 A selection of the most representative aromatic N-oxides are reported in Table 



Table 87 Selected Complexes with some Aromatic N-Oxides 

Coordination 
geometry 

Ligand Complex or number v(N0) (cn-') Remarks" Ref. 

I 
.O 

Pyridine N-oxide 
(PNO) 

0 
R = 2-Me, picoline 
N-oxide (PICNO); 
R = 2-Et, 2-EtPNO 

A 
M e d  N )Me 

I 
0 

Lutidine N-oxide 
(LUNO) 

R' 

Wnsubstituted and 
substituted quinoline 
N-oxide (QUINO) 

0' NiLCI,.0.5&0 
Isoquinoline N-oxide 

0 
Pyrazine N-oxide 

P 

NiL& 

Oh 
Oh 

4 

Oh 
Oh 

Oh 

Oh 
Oh 
Oh 

Oh 
5 

5 

Oh 
6 

SqPl 
5 

6 

SqPl 
5 
5 

Oh 

Oh 

Oh 

Oh 

6 

6 

Td 
uN/u ~ ~ ~ $ ~ C 1 O 4 ) , ~ 2 H , O  Oh 

[Ni(OC10,)L,(OH,),]C104 Oh I 
0 

Phenazine %lo-dioxide 

Oh 

1218-1220 

1200 

1220 

1201-1230 

1201-1208 
125 1 

1205-1210 
1208 

1210 

1207-1262 
1189-1195 

1191 
1194 

1207 

1147,1218 
1183,1212 
1207 

1170-1300 

1213-1302 

1209 

1160 

1160 

X = Br,,I, CIO, 1844-1847 
X = BF,, BrO,; structures 
determined by X-ray analysis 

pseudotetrahedral 

1848,1849 

Presumably dinuclear la50 

Chelate NO, 1630 
1851 

R = 4-Me, 4-C1,4-N07, 4-0Me. 1852. 1853 
&Me; X = CIO,, BF, 
R = 2-, 3-, 4-CN 
R = 2-Et; X = CIO,, NO, 
R = 3-Me; monodentate and 
ionic nitrate 
R = 2-Me; X = CIO,, NO, 
R = 2-Me; monodentate and 
chelate NO, 
R = 2-Me; monodentate and 
ionic NO, 
R = 3-Me, 4-Me; chelate nitrate 
R = 2-Me, 2-Et; polynuclear 

Diamagnetic; ionic perchlorate 
Monodentate and bidentate 
nitrate 
Dinuclear with bridging and 
terminal thiocyanate 
Violet isomer, diamagnetic 
Green isomer (pea = 2.86 BM) 
Presumably dinuclear with 
bridging and terminal L 

R = H, Me, OMe, Cl, NO,; 
R'=H 
R' = H, Me, OMe, CI, NO,; 
R = H  

R = R = H  

X = NO,, n = 0.5; X = CIO,, 
n = O  
Polynuclear 

1854 
1855 
1631 

1855 
1631 

1631 

1631 
1855 

1856 
1857 

1857 

1858 

1859 

1860 

1861 

1855 

1855,1861 

1855,1861 

1309,1322,1332 Presumably dinuclear with 1862 
bidentate bridging and terminal 
N-bonded ligands 

1257,1270 Presumably tetranuclear 1863 
1331 Monodentate ligand 1864 
12&2,l278,1293 Monodentate ligand 1864 

1232,1272 Deprotonated ligand acting as 
chelate 

1865 

0 
RmliNc acid N-oxide 

AU the complexes are paramagnetic, unless otherwise indicated. 
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Different coordinating capacity is expected for ali hatic amine oxides with respect to the 
aromatic amine oxides. The Me3N01878 and Et3N0'87'ligands give rise to tetrahedral nickel(I1) 
complexes of the type [NiL41(C104)2 and [NiX2L] (L = Me3N0, X = halides).1879 The v ( N 0 )  
stretching frequency undergoes very little change upon coordination. A six-coordinate complex 
NiL3(C104 is reported with the bidentate ligand H2NCHzCH2N(0)Me2 which acts as chelate.'88 b 

(iv) Complexes with sulfoxides and amides 

Dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) are widely used as 
reaction media and as solvents for solid substances. They are the precursors of many sulfoxides 
(250) and amides (251) which are reported to form a variety of complexes with 
nickel(I1). 1881~1882 

R. 
R' 

S==O 
\ 
/ 

\ 
R' \*,e* 

,, 

[Ni(DMS0)6](C104)2 can be prepared by the reaction of anhydrous Ni(C104)2 with an excess 
of DMSO.1846 The ligand coordinates to the metal though the oxygen atom as indicated by the 
v ( S 0 )  stretching mode which is shifted to lower frequencies upon coordination ( v ( S 0 )  
stretching at about loo0 cm-I). An analogous complex with dimethyl selenoxide was also 
reported. 1883 Hexakis complexes, NiL6(C104)*, have been reported with a variet of aromatic 
and aliphatic substituted sulfoxides, including tetramethylene dialkyl and 
methylphenyl sulfoxide ,lM5*lw diphenyl sulfoxide,1887 dibenzyl sulfoxide,'520 and 1,3- and 
1,4-dithiane monosulfoxides (252,253). 1888-1890 The inductive effects of the substituents can 
greatly increase the donor strength of the substituted sulfoxides over that of DMSO. The 
bidentate ligand 2,5-dithiahexane 2,5-dioxide (254) has been reported to act as a bidentate 
ligand in the tris chelate NiL3(C104)2.'891 

0 0 
II 
S 

II 

Me Me (CH&' ' 2, 
S-CH, 

\ 
CHZ-S 

(252) (253) (254) 

When nickel salts of coordinating anions are used, for example Ni(NCS)2 and Ni(N03)2, 
complexes with a number of coordinated monodentate ligand molecules less than six are 
obtained.188S~1889,189Z Assi w e n t  of IR spectra of the Ni(DMSO):+ cation using l80 isotope 
shifts has been 

SOz reacts with nickel sulfite in DMSO solution affording the compound Ni(DMS0)6S207 
containing disulfate anion. This corn ound is thermally unstable and decomposes to anhydrous 
nickel disulfate and nickel sulfate. 

Numerous nickel(I1) complexes having the general formula NiL(C104)2 have been charac- 
terized in the solid state with a variety of amides. Except for complexes of DMF,1895 most of 
the hexakis complexes with primary alkyl amides (251; R = alkyl, R' = R" = H),18% acetamide 
(251; R = Me, R' = R" = H) and N-substituted acetamides,'89s1897 benzamides (251; R = Ph, 

R = Me; R' = €3; R" = Ph, 4-MeCsH4, 4-OMeC6H4, 4-C1G,H4, 4-NOzC6&)'8w were prepared 
under anhydrous conditions using triethyl orthoformate as reaction medium and a large excess 
of the ap ro riate amide. In a similar way the analogous complexes with lactams (255) were 

Complexes with a molar ratio of 1:4 were also reported, usually in conjunction with 
thiocyanate anion. 1901,1m 

189y 

4-OMeC&, 4-MeC&, 4-C1c6&, 4-NOzCsH4; R' = R" = H)1898 and acetanilides (251; 

obtained. P9mP 
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(255) 

R 
\ 

S=O 
/ 

R;N' (257) X = NH; Y = NH2, Me 
(W6) X = CH,; Y = NMe, 

It has invariably been found that in all of the amide complexes of nickel(I1) the ligands 
coordinate through the oxygen atom, as inferred from IR evidence ( v ( C 0 )  stretching in the 
range 1630-1650cm-') and confirmed by the structural determination of the two complexes 
[Ni(DMF)4(NCSe)2]1w1 and [Ni(acetamide),(H20)2]CIz. 1903 All of the reported complexes are 
six-coordinate and high-spin. NMR studies on nickel(I1) complexes with a variety of amides 
were carried out.1904 

Alkanesulfinamides (256) are structurally similar to the carboxylic amides and, similarly, 
Nik(C104)2 complexes were obtained. 1905 

A few nickel(I1) complexes were also reported with potentially chelating amides and imides 
(257). Two types of complex, namely Ni(GH502N3)2X2 (X=Cl, Br) and 
K2[Ni(GH302N3)2]-2H20 were obtained with biuret (257; X = NH; Y = NH2) in neutral and 
alkaline solution respectively. In the former complex, paramagnetic and six-coordinate, biuret 
acts as a neutral chelating ligand through oxygen atoms, whereas in the latter complex, 
diamagnetic and planar, each dianion HNC(O)NHC(O)m- is coordinated through the two 
deprotonated amide nitrogens. 1906*1907 
Tris chelates Ni(L.-L)3(C104)2 were reported with diacetamide (257; X = NH; Y = Me)'% 

and N,N,N',N'-tetramethylmalondiamide (257; X = CH,; Y = Nh4e2).lm 

50.5.5.7 Complmes with deprotonated hydroxamic acids and related ligands 

A few hydroxamato complexes of nickel@) have been studied in detai1.1910~'911 The 
complexes were obtained, in general, by the reaction of nickel(I1) acetate hydrate with the 
appropriate hydroxamic acid in aqueous solution. NIL, and Nih-HzO complexes (HL = 258; 
R=Me, Et, Ph; R ' = H ,  Me, Ph) are paramagnetic six-coordinate and are assigned a 
polynuclear structure with the ligands acting as chelate through the oxygen atoms.l9l2 

On the other hand, in the diamagnetic complex bis(glycinohydroxamato)nickel(II) the metal 
atom is coordinated to the nitrogen atoms of the ligand in a square planar environment 
(259).19'3 This complex is one of the few examples of N-coordinated hydroxamate. 

Amongst the nickel complexes with ligands related to hydroxamic acid,1910 we can mention 
the square planar complex with methylthiohydroxamate, MeC(S)NH(O).l9l4,l9l5 

The thermal properties of the nickel complexes obtained with the cupferron ligand (260), 
NiL, and with dicupferron (261), NiL-H20, were investigated.191691917 

1 2- 

( - - - y N = o l -  0, N O N , N = O  

I 
0 '0  I 

0 ,r 
(261) (260) 

The complexes with N-hjdroxypyrazolyl N'-oxide and N, N'-dihydroxybipyrazolyl N,N'-  
dioxide were also reported.' 1 8 9 1 9 1 9  
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50.5.6 Nickel(II) Complexes with Sulfur-, Selenium- and TeUurium-containing Ligands 

5tX5.61 Introduction 

Nickel(I1) complexes with ligands having sulfur donor atoms are still not as numerous as 
those with ligands having oxygen or nitrogen as donors. However, in recent years there has 
been growing interest in the field of metal complexes with sulfur-containing ligands and 
nickel(I1) complexes are increasingly synthesized and characterized. Nickel(I1) complexes with 
selenium and tellurium as donors still remain rare. 

Until now the coordination chemistry of nickel(I1) complexes with sulfur donors has been 
dominated by the dithiocarbamate and phosphorodithioate Complexes since they are generally 
easy to prepare, and a wide range of substituents can be introduced in these ligands. Recently, 
complexes with simple ligands such as S2-, SZ-, HS- and RS- have also been characterized and 
investigated. 

Nickel(I1) complexes with either bidentate mononegative ligands, such as dithiocarbamates, 
phosphorodithioates and thiocarboxylates, or monodentate neutral and anionic ligands are 
generally square planar. Nickel(I1) complexes with Se and Te donors are strictly similar to 
those with S donors. 

A number of review articles dealing with various aspects of the coordination chemistry of 
transition metals (including nickel) with sulfur, selenium and tellurium as donors are available 
even though some of them are not up to date. Apart from that of Livingstone, which covers all 
types of metal complexes with sulfur, selenium and tellurium donor ligands,lm most of the 
review articles are devoted to structural aspects of the coordination chemistry of s cific 

t h i ~ e t h e r s ~ ~ ~ ” ~ ”  and simple sulfur atoms. 1930 Multinuclear complexes have also been 
reviewed,1931 as well as some aspects of the reactions involving metal-sulfur bonds.1932,1933 
Jorgensen reported on the spectra of square planar complexes with sulfur donors.1934 

In the following section we will report on the most recent developments of nickel-sulfur (as 
well as selenium and tellurium) coordination chemistry, but selected examples of the first 
reported complexes with classical sulfur-containing ligands which have been extensively 
reported in the aforementioned article reviews will be also included. 

ligands, name1 thio-p-diketonate~,~~~~-~~~~ d i t h i ~ l e n e s , ~ ~ ~ , ~ ~ ’ , ~ ~ ~  dithiolates, *923,lEl, 

50.562 Complexes with ligands derivedfrom hyilrogm sul@de and thiols 

Nickel(I1) complexes with either HS- or S2- as ligands are quite rare because the action of 
H2S or sulfides on solutions of nickel(II), even in the presence of strong coligands, in most 
cases gives insoluble binary sulfide polymers. It has been generally found, however, that 
tertiary phosphines can stabilize the nickel-sulfur bonds in mononuclear or oligonuclear 
soluble complexes. Consequently, most of the thio and mercapto complexes of nickel(II) are 
obtained by the reaction of H2S, NaSH or polysulfides with nickel complexes having tertiary 
phosphines as coligands or with nickel(I1) in the presence of phosphines (equations 187-193). 
The reactions are usually carried out under an inert a t m o ~ p h e r e . ~ ~ ~ ~ ~ ~ ~ ~  (see also Section 
50.5.4.6. ii) . 

Ni(cpd)(PBu;),Cl+ SH- Ni(cpd)(SH)(PBu;) (187) 
EtOWC& 

NiCl,(diphos) + 2SH- - Ni(SH),(diphos) 
(262) also with SeH- 

DMF BUOH ,/-’ [Ni2(~--S)(triPhoS)212+ 

Ni(H20)E+ + triphos + H2S 

[Ni2(p -S)2( triphos),] ’ 

Ni(H,O)i+ + L + H2S - [Ni(SH)L]+ 
L = np3, pp3; also with SeH- 
and SMe- 
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THF/N* 
Ni(C$I44)(PPh,), + PEt, + H,S - [Ni3(p3-S)Z(SH)(PEt3)5]+ 

(265) 

All of the complexes obtained from reactions (187)-(193) are diamagnetic. They are 
generally air-stable when solid, but decompose when dissolved in organic sohents. 

The Ni3S2 fragments in the two complexes (263) and (265) have a trigonal bipyramidal 
geometry with the two S atoms in the apical positions and the three nickel atoms in the 
equatorial plane, as found in other organometallic compounds which contain the same Ni3S2 
unit.'939 The formation of the enneanuclear complex (264), on the contrary, is exceptional and 
no other complex of this stoichiometry was isolated with analogous tertiary phosphines, with 
selenium, or with metals other than nickel. It is not possible to assign any definite oxidation 
number to nickel in complex (264). The lack of two electrons with respect to the situation of 
nine nickel(I1) ions was reported to be essential for the existence of complex (264) because the 
oxidation is s ntaneous and its reduction invariably leads to the decomposition of the cluster 
compound. 1 9 P  

(263) Ni-S(av) 215pm 
Ni-Ni (av) 291 pm 
s - S  270 pm 

(265) Ni-S(av) 219pm 
Ni-Ni (av) 293 pm 
s-s 280 pm 

(266) Ni-S 218 pm 

The reaction of ammonium polysulfide with nickel(I1) acetate in MeOH solution ave the 
black diamagnetic square planar complex [Ni(S&](NEt& (266) which contains the & anion 
as the unique ligand.1940 

Organosulfur compounds such as alkene- and arine-thiols apparently stabilize nickel-sulfur 
bonds as indicated by the complexes which were reported to have mercaptans as unique 
ligands. The tetrahedral tetrakis adduct with benzenethiolate, (Ph&[Ni(SPh),] (267; peff = 
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3.20 BM),1941,1942 has been obtained according to equation (194). The synthesis requires strictly 
oxygen-free conditions, but the solid compound is relatively stable in the air. 

(Ph4P),Ni(S20,C,), + KSPh (Ph4P)2Ni(SPh)2(S202C4) 
Sz02C:- = dithiosquarate ” -1.s.“ 

(Ph,P)JNi(SPh),I 
(267) 

(194) 

(195) 
EtOHM* 

Mo(cpd),(SMe), + NiC12 - [(~pd)~Mo(MeS),Ni(SMe)~Mo(cpd)~]Cl, 
(268) 

SnMe2(SEt), + NiC1, INi(SEt2)zL 

(269) 

Ni(CO), + R2S2 a Ni(SR), 
R = Me, Et, Ph 

(197) 

A number of complexes with coordinated thiolates have been prepared using different 
synthetic routes (equations 195-198) .1943-1946 In these oligomeric complexes the SR- groups 
usually form p2 bridges and square planar NiS4 units (268-270). 1947 

Me Me T2’ 
S 

SPh 1’- 
Ni c@2Mo\s/ /’ \Ni/S\Mocpdz \s/ 

PhS/ ‘\\‘SPh 
SPh Me Me 

(267) Ni-S (av) 229 pm (268) Ni-S (av) 219 pm 
S-Ni-S (av) 92” 

(269) N i S ( a v )  220pm 
Ni-Ni (av) 292 pm 

(270) Ni-4 (av) 220 pm 
Ni-Ni (av) 292 pm 

The complex (269) is hexameric in the solid state and in solution, and the same structure 
presumably occurs in the complexes Ni(SR)2 obtained from reaction (197). In the cyclic 
hexamer the six nickel atoms form a regular hexagon with twelve symmetrically bridging SEt- 
groups which are situated above and below the plane of the nickel atoms.1944 A corresponding 
cyclic tetramer has been obtained with N-methylpiperidine-4-thiolate anion, SC5H&Me; .lN 
Also in the complex [Ni(SC5H9NMe)& (270) the nickel atoms lie in a plane. 

Mixed ligand complexes containin coordinated mercaptans were obtained in a number of 
ways (equations 190,199-203). 1935~19&1949 The complex Ni(SPh&(bipy)p (271) is cis octahedrai 
with room temperature magnetic moment pm= 3.03BM.19’ The Ni-S bond distance is 
244pm, significantly larger than those obsemed in both square planar and tetrahedral 
complexes. 
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Ni(cpd)(PBuS); + SR- %= Ni(cpd)(SR)(PBuf;) 
R=Et ,Ph  

(199) 

Mo(cod),(SMe), + NiCl,(dmpe) 3 (cod),Mo(SMe),Ni(dmpe) (2W 

(201) 

(202) 

(203) 

dmpe = Me2PCH2CH2PMe2 
C&fEtOH 

NiClz(Et3P)z + PhSNa - Ni(SPh),(Et,P), 

Ni(CO),(diphos) + PhSSPh Ni(SPh),(diphos) 
CgH&exane 

tolueneiN2 
Ni(cpd), + RSSR + 2L -Ni(SR),L, 

R = Ph, p-CIC6H4, p-N02C6H4; 
L = bipy; R = Ph; L = Et,P 

When simple nickel(I1) salts are treated with thiols, in most cases stable thiolate-bridged 
polymers are formed. In a number of cases, treating these polymers with either tertiary 
phosphines or isocyanides gave mononuclear rnixed-ligand complexes (equation 204).1951 These 
mononuclear complexes, due to the presence of terminal thiolates which possess lone pairs, can 
further react with nickel(II) and give trinuclear complexes (equation 205) .1952 

(204) 
CH2Clz 

[Ni(SPh)Zl" + mL reflux ,Ni(SPh),L, 
L = PPhMe,, idiphos, C6HllCN 

1 2+ Ph Ph 

(205) 
C H  CI iMcCN A /s\ 

\/ \s/ 
Ni(SPb)2(diphos) + Ni(H,O);+ - (diphos)Ni Ni Ni(diphos) 

Ph Ph 

The nickel(I1) complexes with bidentate dithiols, starting from those with 1 ,Zethanedithiol, 
are well documented but they still remain far less numerous than those with 1,ZdithioIenes 
(Section 50.5.6.5.i). In Table 88 selected nickel(I1) complexes with some dithiols and related 
ligands are reported together with synthetic and structural properties. 

50.5.6.3 Complaes with thioethers and related ligands 

Thioethers have scarce CJ donor and even lesser JG back-donation capacity and by 
consequence monodentate thioethers are relatively poor ligands towards nickel(I1). No nickel 
complex with monodentate thioethers has been reported so far to the best of our knowledge. 
The coordination capability of thioethers is substantially enhanced by chelation so that several 
nickel(I1) complexes with polydentate thioether ligands have been reported. Contrary to the 
nickel(I1) complexes with sulfide and mercaptide, six-coordination and high-spin configuration 
are common features of nickel(I1) complexes with polydentate thioethers. These complexes 
are, in general, easily obtained by the direct synthesis of the appropriate ligands with nickel(I1) 
salts, often in anhydrous conditions. Selected nickel(I1) complexes with representative 
thioether ligands and their structural and synthetic properties are shown in Table 89. 

The tetrathia macrocycles containing up to 13-membered chelate rings are too small to 
encircle the nickel(I1) atom in a square-planar chelation like tetraaza macrocycles do, and give 
rise to dinuclear complexes. In contrast, a planar chelation was found with the 1Cmembered 
macrocycle 1,4,8,11- [ Sd] -1 4-me. '%' 
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Table 88 Synthetic and Structural Properties of Selected Nickel(I1) Complexes with Dithiols and Related Ligands 

Ligund Complexa Preporation Remarks Ref. 

C H 2 4 H Z  Ni,(edt)f, Ni(edt):- NiCl:, H,edt in NH, buffer Stable species prepared in air-free 1953 
I I  ’ solution 
SH SH 

(H2edt) 
CH,-CI-I ,~H,  [Ni2(dmp)3(OH)]3-, Ni(dmp);- As above Prepared in solution; 1954 

1 1 1  

(Hdmp) 

coordination through S atoms of 
the ligand SH SH OH 

C H 2 4 H 2  tNi(edt)lPW12 Ni(PPh,),+ H,edt, Unstable compound; assumed 1955 
I I  CH,Cl,/herdne dinuclear SqPl structure 
SH SH 

(H2edt) Ni(edt) (diphos) 

Ni(edt)(PM%Ph) 

HS(CH,),S(CHZ),SH Ni,(dmes), 
(H,dmes) 

NiCI,.6H20 + diphos + 
H,edt, H,O/EtOH; 
[Ni(edt)], + diphos 

[Ni(edt)], + PM%Ph 

NiSO, + H2dmes in NH, 
buffer, H,O/acetone 
solution 

Ni(BF4),.6H,0 + K t t n  
in ethanol 

Ni(cod), + L‘ 
f PP$; 
C,H,/hexane/N, 

s--s 
I I 

SqPI, mononuclear 1951,1955 

SqpI, mononuclear 

Dinuclear structure; the molecule 1956 
is folded about the bridging 
thiols; N i S ,  214-222 pm 

SqPl coordination of 1951,1952 
nickel(I1); [Ni,(ttn),](TCNQ), 
behaves as a semiconductor 

1 2 +  

1957 

‘. CI N i S  in the range 225-234 pm 
M (intraligand), 305 pm 

/ c1 S-S (interligand), 321 pm c1 1 
CI fl Ni-Ni(av)Wpm 

a All of the complexes are diamagnetic. 

(272) N C S  (eqj 219 ~ I I I  (274) Ni-S (av) 227 pm 

The rigid tripodal shape of the P(CfiSMe)3 ligand allows trigonal coordination. Moreover, the 
high nucleophilicity of the donor atoms strongly favours low-spin configurations. Actually, the 
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Table 89 Synthetic and Structural Properties of Selected Nickel(I1) Complexes with Thioether Ligands 

Ligand Complex Preparation 
- 

Remarks Ref. 

MeSCH,CH,SMe N i W 2  
EtSCH,CH,SEt , 

Pr'SeCH,CH,SePr' 

CH,--CH,--CH, 
(dtch) 

CH,--CH,--CH, NiLI, 
/ \ NiLI, 

Ni(dtco),Cl, 

S 
\ 
CH2--CH2-CH, 

(dtco) 
MeS(CH,),S(CH,),S(CH,),SMe NiLX, 

phpPl 

Direct synthesis in EtOH Sjx-coorFnate; X = halides, 1958-1960 
NCS; chelate ligands 

Ni(EtOH),(BF,), + dtco 
(dtch); MeNO,, 
anhydrous conditions 

L = dtch, dtco; SqPI; diamagnetic 1961 

Direct synthesis 
As above 

L = dtch, Oh; L = dtco, SqPl 
L = dtco, Td 

NiCI, + dtco; EtOH, anhydrous Oh; polynuclear with bridging 1%1,1%2 
conditions bidentate ligands; Ni-S (av), 

249 pm 

n = rn = 2; X = CI, Br, I 
n =2, m =3; X=Br ,  I 

Oh; pee= 2.9-3.24 BM; 
tetradentate ligand 

Oh; polynuclear with NiSeJ, 
chromophore; p., = 2.98 BM 

NiX,.aq in boilig BuOH, L 1963 
in CH2Cl, 

= 3  m r 2 . n  = m  =3; X = I  

NiI,-6H,O + hot BuOH + ligand 1964 

NiX,.aq in boiling BuOH, L in 
CH@2 2.9-3.23 BM; tetradentate tigand 

X = halides; n = 2, 3; Oh; cat = 1965 

Ni(MeC02H),(BF& + L in Oh; peH= 3.19 BM 1966 
MeNO, 

[Ni,L,](BF,), As above 

[NiL](BF4), As above 

Oh; pcfi = 3.06 BM; proposed 
dinuclear structure (272) 

1966 

SqPI; diamagnetic; N A ,  218 pm 1966,1%7 
(av) 

[NiLXJ (NiL)(BF,), + NaX; MeNO,, x= halides, NCS; tr4m Oh; 
anhydrous conditions pdf=3.04-3.18BM 

[NiLX,I] Direct synthesis in acetone X = halides; diamagnetic; SgPy 1968,1969 
[ N i b I ( C W ,  structure (273); N i - S  (eq), 

219pm (av); N A  (ap), 279 pm 

[NiLX]CIO, Ni(C1O,),.6H2O + NiX, + L, hot X = halides, NCS; diamagnetic; 1970,1971 
BuOH TBF'y structure (274); N i - S  (av), 

227 pm 
Analogous complexes with 1972 
P( C,H.,SeMe), 

[NiLB](CIO,), Direct synthesis in hot BuOh B = neutral ligand such as P&, 
diphos, thiourea; five- and 
six-coordinate complexes 

1970 
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majority of the complexes formed by the aforementioned ligand are diamagnetic with a trigonal 
bipyramidal geometry, but paramagnetic six-coordinate complexes were also obtained. lg70 

50.5 6 4  Complexes with four-membered chelate rings 

(i) Complexes with dithiocarbamates, xanthates and related RCSS- mononegative cheiating 

Substituted dithioformate anions as ligands R'C(S)S- are usually called dithiocarbamates 
(R' = R2N), alkyl and aryl dithiocarbonates or xanthates (R' = RO), alkyl and aryl trithiocar- 
bonates or thioxanthates (R' = RS). Dithioacid anions (R' = alkyl, aryl) have been rarely used 
as ligands of nickel(I1) because of their instability. Structural properties of selected nickel(1I) 
complexes with substituted dithioformate, dithiolene and related ligands are shown in Table 90. 

ligan& 

Table 90 Structural Properties of Selected Complexes with Dithioformates, Phosphorodithioates, 1,l-Dithiolenes and 
Related Ligands 

Bond distunces" (pm) Coordinatkm 
Ligwd Complex geonamy Ni--S(Se) C ( P ) s { S e )  Ref, 

R = H  
R = E t  

NiL, 
NiL, 

R = E t  NiL, 
R= Bun NIL, 

R = OC&Bu' NIL, 
R = OBu' [NiLJ 
R = P h  WL13 
R = PhCH, INiLZI, 

R = OEt NiL, 

R = E t  NiL, 
R = OEt NibPYZ 

NIL, 

R' = OPr'; R"= Et 
R' = Me, R" = NMe, 

N i L ,  
NiL, 

[Nib]'- 

x = CC(OOEt), [NiL,Jz- 
x = s  [NiL.#- 

SqPl 
SqPl 

SqPl 
SqPl 

SqPl 

SqPlb 
SqPlb 

SqPl 

SqPl 

Oh 

tram Oh 

SqPl 

SqH 
%PI 

SqPl 

SqPl 
SqPl 

221 
220 

232 
231 

222 
243 
222 
222 

224 
250 
223 

235 

212-226 
222 

222 

219 
220 

169 1473 
171 1974 

186 1975 
186 1976 

169 1977 
167 1978 
170 1979 
164, 172 1980 

199 1981 
199 1982 
221 1983 

217 19x4 

190,203 1985 
199 1986 

203 1987 

174 1988 
170 1989 

Average values. 
bAdditional intermolecular Ni-S interactions occur between either three or two SqPI molecules. 
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Dithiocarbamates of nickel(I1) have been well known for a long time1990 and numerous 
complexes having the general formula Ni(RR'NCS& have been synthesized and characterized 
with unsubstituted (R = R' = H),1991 N-substituted (R = H, R' = Me, Pr', Ph, tolyl and 

dithiocarbamates. A number of analogous diselenocarbamate complexes were also 
reported. 1997~1998 

The complexes have been generally prepared by direct reaction of a nickel(I1) salt with an 
alkali metal or ammonium salt of the appropriate dithioacid in aqueous solution where the 
Ni(S2CNR2)2 derivatives are quite insoluble. The complexes are dark coloured, often black, in 
the solid state and red or brownish in dilute solutions of organic solvents. All of the bis chelates 
are s uare planar as observed in the X-ra crystal structure of Ni(RR'NCQ: RR'N= 

O(CH~CHZ)~N ,2005 (C3H5)ZN (C3H5 = allyl) ,2OO6 C H Z C H ~ C H ~ C H ~ N . ~ ~  These complexes are 
strictly planar (275) with the metal forming a four-membered chelate ring with the CS2 
moieties. The Ni-S bond distances are in the range 220-221 pm, and a and /3 angles average 
100" and 80", respectively. The two C-S bond distances in each ligand molecule are equal 
within experimental error and in the range 169-171 pm. 

N,N-disubstituted (R=R'=Me,  Et, Pr", Pr', Bun, Bu'; R=Ph,  R'=Me, Et, etc.) 1Ll996 

H2N; 1 73 MeNH,lW9 PfNH?OOO Et2N,lW' Pr;N,ml P&N,- B U ~ ~ N : ~ ~  MePhN,ZW 

(275) 

Complexes with formula Ni(L+)2C14 were reported with the cationic ligand 

Most of the complexes with the ligand R2NNHCS2 are square planar.2009 
The square planar bis(dialkyldithiocarbamato)nickel(II) derivatives generally do not form 

adducts with monodentate Lewis bases. The first complex of this type, N ib (4p i~ )~ ,  was 
reported only recent1 mlo 

Electronic,l%" ,2011-213 NMR:014,2015 1R a nd resonance Rarnan1w1~z016~2017 and, recently, UV 
photoelectron spectra of Ni(R2NCS2)* complexes were investigated.2018 

Standard enthalpies of formation of bis(dithiocarbamato)nickel(II) complexes were also 
reported2"19 and the results indicate that Ni-0 and Ni-S bond energies in square planar 
nickel complexes are approximately the same from a thermochemical point of view. The 
electron-transfer properties of various dithiocarbarnato and diselenocarbamato complexes were 
investigated by voltammetric techniques.-"2021 The observed processes were found to be 
irreversible. 

Xanthate com lexes of nickel(I1) were prepared with a number of alkyl and aryl 
substituents 20222' along with a few thioxanthate derivativeszo26~2m7 which are, in general, less 
stable than xanthate complexes. Xanthate and thioxanthate complexes can be conveniently 
prepared by direct synthesis in aqueous solution of nickel acetate with alkali metal salts of the 
appropriate ligand. The Ni(SzCOR)2 derivatives are lightly soluble in water and closely 
resemble the dithiocarbamate complexes. All of these complexes are square planar 
(276).19n,2028 The N I ( S ~ ~ C O E ~ ) ~  derivative was also 

Solutions of Ni(S2COR), react with KS2COR affording the tris chelates which may be 
obtained as crystalline compounds upon addition of lar e cations such as M e a +  or BdN+.lW1 

and cyclohexylml have a 
pseudooctahedral structure with an NiS6 chromophore. Six-coordinate adducts of the t e 
Ni(S2COR)2B2 (B = py, Ibipy, phen) are stable in the solid state and in s ~ l u t i o n . ~ ~ ~ ~ ~ ~ ~ ~ ~  
The tris chelates and the bis adducts are high-spin. 

Dithiocarboxylate complexes Ni(S2CR)2 (R = Ph, CH2Ph) have been prepared by the 
reaction of a nickel(11) salt with NaS2CR in water-EtOH mixture.2034 They are diamagnetic 
and contain essentially four-coordinate nickel(I1). An association occurs in the 
bis(dithiobenzoato)nickel(IT) derivative between three closely parallel molecules (277) through 
short Ni-S linkages (intermolecular Ni-4 bond distances in the range 277-311 pm).Im An 
association between pairs of square planar complexes also occurs in the N ~ ( S $ ~ U ' ) ~  
 derivative^.^^' The complexes Ni(S2CR)2 (R = Me, CHZPh) are dinuclear with the ligands 
acting as bridging groups between two nickel atoms (278).lg80 

Six-coordinate bis adducts Ni(S2CR)gy2 (R = Ph, CH2Ph) were also reported.m6 Finally, the 

[(Et2N(H)CH2CH&NCZ2] .2008 

The complexes with the ligands where R = Bun, &I3 Bui1978 
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I 

(278) (279) 

Ni(S2CR)2 (R = A-BIJIl&Ph) complexes and their five-coordinate adducts can be 
mentioned.2037 The reaction of bis(dithioacetato)nickel(II) with CS2/ethanol afforded a 
trinuclear complex (279) which contains three MeCSz bridges and a p3-trithioorthoacetato 
group MeC$-, presumably formed by the reaction of MeCSz with CS2.2038 

(ii) Complexes with phosphorodithioate ligands 
Numerous complexes of nickel(I1) with phosphorodithioate ligands (also called dithio- 

phosphates; 280; R' = R = 0-alkyl, 0-aryl) and dithiophosphinates (280; R' = R' = alkyl, aryl) 
have been reported to date. A few dithiophosphonato complexes (280; R' =alkyl, R" = 0- 
alkyl) were also reported. The bis(dialkyldithiophosphato)nickel(II) complexes were obtained 
as purple diamagnetic compounds by means of the direct synthesis between the appropriate 
dithioacid (R0)2P(S)SH and a nickel(I1) salt, often the acetate hydrate. The dithioacid can be 
conveniently prepared in si&, by reacting P4s10 with the appropriate alcohol which sometimes 
acts by itself as reaction medium. Structural properties of selected nickel(I1) complexes are 
reported in Table 90. 

Complexes having the general formula Ni S2P(OR),},] (R=Me, Et, PP, Pf,  Bun, 
cyclohexyl, CH2CH2C1, CHzCH,Ph,  et^.)"^^^^ i r e  invariably square planar with the ligands 
acting as chelate and forming four-membered chelate rings with nickel, as found in the 
molecular structures of the complexes with the ligands where R=Me2045 or Et,'%' and 
R2 = 1,1'-dinaphthyl-2,2'-diy1.2M The same holds for the [Ni{Se~P(0Et)~}~l d e r i ~ a t i v e . ~ ~  The 
IR spectra of the aforementioned complexes were recently investigated.2048 

The purple diamagnetic square planar complexes [Ni{ S2P(OR)2},] readily add either 
monodentate or bidentate bases such as py and substituted pyridines,2°40*2049 bipy, phen2040J"so 
and N-substituted enM5' to form green paramagnetic derivatives which ossess either a cis 
octahedral structure, [Ni{SzP(OR)2}2bipy]?052 [Ni{S2P(OEt)~}zphen],~~ [Ni{S2P OEt 2 2- 
tmed ]2054 (281) ar a trans octahedral structure, [N,S,P(OEt)2}~py2~.'~~ g e  
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complex [Ni{ S~P(OMe)2}2dmphen] (dmphen is 2,9-dimethyl-1 ,lo-phenanthroline) (282), how- 
ever, is high-spin five-coordinate (pen = 3.2 BM) with one chelating and one monodentate 
dithiophos hate ligand .2055 The mechanism of the substitution reactionm56 and the electronic 

phosphines with Ni{ &P(OR),), complexes gives different derivatives depending on the nature 
of the phosphine. Either paramagnetic, [Ni{ S Z P ( O R ) ~ ) ~ P P ~ ~ ] ,  or diamagnetic, 
[Ni{ S2P(OR)2}2PR3] (PR3 = PBu3, PCy3, PMe2Ph, PMePb2), five-coordinate complexes were 
reported with monodentate p h ~ s p h i n e s . ~ ~ ~ ~ ~ ~ ~ ~ ~  

spectrumm P of the latter five-coordinate complex were investigated. The reaction of tertiary 

n T" 
/ \  
s-s 

(=I) N^N = bipy, 
phen, tmed; S S = S,P(OR), 

(282) NnN = 2,9-Me2phen; 
SnS = S,P(OMe), 

1-Diphenylarsino-2-di henylphosphinoethane (dpae) reacts with [Ni{S2P(OMe)z}2] accord- 
ing to equation (206).A This type of elimination reaction also occurs with diphos but remains 
uncommon for nickel(I1). 

Ni(S2P(OMe),)2 f dpae - [A!,;/s\PHo + MeS(S)P(OMe), 
.P' 'S''0Me 

Bis(dialkyldithiophosphinato)nickel(II) complexes were prepared by the direct synthesis of 
an alkali metal or ammonium salt of the dithiophosphinic acid and a nickel salt in aqueous 
so1ution.2039~2061-2063 Ni(S2AsRz)2 and Ni(SezPRz)2 complexes were prepared in a similar 
way.2064-zo66 All of these complexes are square planar like their dithiophosphate analogues. 
X-Ray crystal structures of the complexes Ni(SzPR2)2, with R = Me,2067 Et, Ph,lm3 Rz = Me/ 
Et,2068 R2 = Me/2-thienyl?"@ and Ni(Se2PPh2)2984 have been reported (Table 90). 

Either five- or six-coordinate adducts have been obtained with a number of nitrogen 
donors. 207(r2m3 

Polynuclear square planar complexes were re ared with the bifunctional dithiophosphinate 
ligand [SzP(R)(CH2),P(R)S2]2- (n = 4-10). 2079 

( i i i )  Struchcral properties and reactivity of complexes with 1,l-substituted ethylene-2,Z- 

The preparation of (cat)*(NiQ complexes (cat is a large monopositive cation and L is a 
1 ,l-disubstituted ethylene-2,2-dithiolate dianion) is generally accomplished using the sodium or 
potassium salt of the ligand and a nickel(I1) salt in water-ethanol solution. The addition of a 
large cation readily affords crystalline compounds which may be of different colours, ranging 
from yellow-green to blue-violet. A number of Complexes were synthesized in this way with 
various ligands of the type R'RTCSZ- where R' = R" = CN;m7S*2M6 R' = H, R" = Ph; R' = CN, 
R" = COPh;m and R' = R" = C02Et.1988 All of the complexes (c~~),[N~(S,CCR'R")~]~- are 
square glanar. X-Ray crystal structures were determined for the complexes with R' = R"= 
C02Et1 (Table 90) and R' = R"= CN.2078 In the latter, [Ag(PPh3)2][Ni(&CC(CN)2)2], an 
interaction occurs between the NiS4 moiety and the Ag(PPh3); cations which are located above 
and below the NiS4 plane (283 . Other structural characterizations refer to the complex 
(Ph&~)~[Ni(CS3)21 (Table 90) :98' (Et$J)2[Ni( SZCC~&)~J&SZCC~I@- = cyclopentadienedith- 
carboxylato dianion),- (Bu$J),[Ni{ SeSCC(CN&),] and (P~~AS)~[N~(S~CN(CN))~]  
(S2CN(CN)'- = N-cyanodithiocarbimato dianion). In the case of the complex with the 
trithiocarbonate ligand, CSf-, the use of Ph4As+ or Ni(NH,)f* as countercations was found to 
be decisive in obtaining solid c o r n p o ~ n d s . ~ ~ ~ ~ * ~ ~ ~  

A few complexes formed by the tetrathiomolybdate and tetrathiotungstate dianions MSZ- 
(M=Mo, W) as ligands have been synthesized. They have the general formula 
(~at)~[Ni(MS&l (cat = E t a ,  P u s ;  M = Mo, W).-- 

dithiolates and related binegative and mononegative ligands 
1 
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The complexes (%P)2[Ni(CS3)2], (%P)2[Ni(S2CCHN02)2] and (%p)2[Ni(S2CC(CN)COPh)2] 
undergo sulfur addition to the ligands which are converted to perthio derivatives still 
coordinated to nickel(I1) (equation 207).2"'7 An analogous sulfur addition is promoted by the 
iodine oxidation of the parent 1,l'-dithiolate complexes. On the other hand, by means of the 
solid state reaction (208) only the violet mixed-ligand complex Ni(S3CPh)(S2CPh) was 
obtained.2025 Similar complexes were presumably obtained by the oxidation of the parent 
complexes Ni(&CPh), and Ni(S2CNHPh)2 with ammonium polysulfide.2089 

s-s 
(207) 

J /s, 
DMSO of DMF + x=C, ,Ni, 

,C=X 
1 *- 

x=c 
s-s 

X = S, CHN02, C(CN)COPh 

RC02H + PzSs + Et,NCI.H,O melt'ng * NI(S,CR)(S,CR) (208) 
.NiCI2.6H20 

R = Ph, Bu', p-MeC,H, 
CSZIEf OH 

Zn(S,CR)I + NiCI2.6H20 - Ni(S,CR), + ZnC1, 
R = Ph, p-MeC,H,, Bu' 

The bis(perthioacid) complexes are conveniently and sure1 obtained as dark green or dark 

All of these 'sulfur-rich' derivatives are square planar complexes of nickel(I1) as found in the 
red compounds by means of the metathetical reaction (209). 2 L 2 m  

X-ray crystal structures of [Ni(S3CPh),] (284)2093 and [Ni(S3CR)(S,CR)] (285).m4 

We may mention here the recently reported black compound Ni(S3N), formed by the SNSS- 
thio analogue of the peroxynitrite 

By heating solutions of [Ni(S3CR)2] and [Ni(S3CR)(S2CR)] with an excess of PPh3 it was 
possible to recover the parent bis(dithio) complexes and Ph3PS.2M5s2090 It has been suggested 
that in the oxidative formation of the perthio derivatives the sulfur attack initially occurs at the 
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CS2 carbon of the parent ligand (286) and that the removal of the sulfur atom from the disulfide 
moiety by means of PPh3 involves the sulfur atom adjacent to the carbon atom. 

A reaction typical of the thioxanthate derivatives is the CS2 elimination in very mild 
conditions with the formation of stable dimeric species with mercapto bridges (equation 
210) .m7-2100 Conversely, reaction (211) represents CS2 insertion into [(cpd)Ni(SEt)FBu,] to 
produce an ethylthioxanthate complex2'@' where the ethylthioxanthate anion acts like the 
S2COEt- anion in the complex i(cpd)Ni(S2COEt)Ph3] .2101 Insertion reactions have also been 
reported to occur with PhNCS.21 

R = Et, But, CHzPh 

(cpd)Ni(SEt)(PBu,) 3 (cpd)Ni{SC(S)SEt)(PBu,) (211) 

A number of nickel(I1) complexes containing q2-bonded deprotonated dithioacids have 
recently been synthesized in the presence of triphos as ancillary ligand. It was found that 
N a B h  reacts with these corn lexes affording different compounds depending on the nature of 

attack the carbon atom of the $-coordinated S2CSMe group (Scheme 25b).'lw The 
mixed-ligand complexes with y2-coordinated trithiocarbonate, [Ni(CS3)L] (L = triphos, 
diphos), have been prepared. The complex with triphos, because of the nucleophilicity of the 
uncoordinated sulfur atom, has been found to react with various metal-ligand moieties 
affording both mono- and hetero-metal complexes (Scheme 25c) .2105,2106 Th e same complex 
also reacts with dimethylacetylenedicarboxylate as outIined in Scheme 25d.21M 

the dithioacid (Scheme 25a).2 f Nucleophiles such as PEt, and NHEtz have also been found to 

50.5.65 Compleres with Jive- and six-membered chelate rings 
( i )  Complexes with 1,2-dithiolene ligands 

The chemistry of bis( 1,2-dithiolene) complexes of nickel has stimulated considerable 
investigations over the past 20 years, owing to the peculiar and unusual electronic and 
electrochemical properties which the complexes exhibit both in the solid state and in solution. 
A number of articles cover the early reports up to 19701923~1925~1927,2108 on nickel complexes 
having general formulas (287) and (288). The formulas of representative complexes together 
with the synthetic routes and some physicochemical properties are summarized in Table 91. 

(287) x = 0, l - ,  2- (288) x =o, 1-, 2- 
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(p3)Ni(SH) 

S PEtJ’ 
(p,)Ni’ ‘C’ 

\S/ ‘SMe 

M = Co, Ni 

S / \  
‘d 

(d) (p,)Ni,+,C=S + R O I C R  I* (p3)Ni 

R = C0,Me 

p3 = 1,1,1-tris(diphenylphosphinomethy1)ethane 

Scheme 25 

The first general synthesis of neutral complexes Ni(S&R& is given in equation (212) .”@’ 
Mixed-ligand phosphino complexes were also prepared according to equations (213) and 

(214).2116 
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Table 91 Synthetic Procedures and Properties of the Complexes (cat),[Ni(S,C,R,),] (x  = 0, 1, 2) 

Complex Method of preparation Remarks a Ref 

See equation (212) R = Me, Et,"Pr", Ph, CF,; insoluble 
in water and slightly soluble in 
organic solvents 

2109 

Ni(CO), + S,G(CF,),;" pentane pdf = 1.85 BM 2110 

2110 

21 11 

(A) + Et,NBr; acetone 2110 
(B) + P - C ~ H ~ ( N H ~ ) ~  + Et,NBr; DMSO, Oxidized to the monoanion by I, 
EtOH 

NiBr,(PPh,), + S2q(CF,),b + 
H,NNH, + Ph,AsCI; benzene 

The mononegative complex was pre- 
pared analogously, without hydrazine 
reduction 

Ni(S,GR,) + Et,NBr pefl = 1.82 BM 21 10 
Na,S,C,(CN), + NiC1, + Et4Br; H,O- 2112 
MeOH 
Oxidation of (C) with I, in DMSO, 
EtOH 
Na,S,GH,' + NiZ+; EtOH 

K2S,CJ-14d + NiC1,.6H20 + Bu,NBr; 
EtOH 
As above 

Reduced to the dianion by basic sol- 2110 
vents; pee = 1.02 BM 
Obtained in low yield; soluble in organic 2113 
solvents 
pEn= 1.83BM 21 14 

R=R"=Me,CI ;R '=H,R"=Me 2114 
~ , . f f =  1.82-1.83 BM 
R = C N , R ' = P h  2115 

R = CN, R' = CF, 2115 

a All of the complexes are assumed to be SqPl and are diamagnetic unless otherwise stated. 
S-CCF, 

Bis(difluoromethyl)dthienc, I I I 
S-CCF, 

Sodium salt of the ck-dimercaptoethykne dianion. 
Prepared in situ from benzcne-l,Z-dithiol and potassium. 

Structural data for selected complexes of formula [Ni(S&R2)2]"- (x = 0, 1, 2) are reported 
in Table 92. 

All of the complexes are invariably square planar. They are members of homologous series 
of complexes which are related to each other through reversible one-electron-transfer reactions 
(equation 215). The oxidation and reduction steps may be easily accomplished both chemically 
and electrochemically, the structures of the complexes remaining substantially unchanged. 
As occurs for the complexes with quinones (Section 50.5.5.3.ii) and diimines (Section 50.5.3.7.i), 
the valence electrons are substantially delocalized in the entire chelate rings and the assignment 
of any oxidation number for both the metal and the ligand may be questionable. Recent 
studies on bis(l,2-dithiolene) complexes of nickel(I1) concern the electronic structure of the 
neutral complexes~ln the electrochemical reduction of nickel(I1) complexes to the 
true nickel(1) complexes [Ni(S&Ph2)(diphos)]- [Ni{ S2G(CN)2}(Ph2N2GMe)]- and 
[Ni{S2C2(CN)2)~]3-.2130 The photooxidation of [Ni{ S2G(CN)2}2]2- has also been in~estigated."~~ 

The neutral [Ni(S2GR2)2] complexes (R = CN, CF3) are oxidizing agents and tend to interact 
with aromatic molecules forming 1:l complexes which are usually referred to as donor- 
acceptor (DA) complexes. In these DA complexes the organic molecule is the donor and the 
nickel complex is the acceptor. The DA complex of Ni{S2C2(CF3)2}2 with perylene (289) has 
been found to consist of stacks of alternating organic and complex neutral molecules (Figure 
26).2118 Other 1:l DA complexes have been obtained by reacting equimolar amounts of 
Ni{S2&(CF3)2}2 with henothiazine (290; X = S , phenoxazine (290; X = O),21m tetrathiaful- 

analogous complexes have also been obtained starting from the ionic species of the donor 
molecules (equations 216 and 217).2119*2134 Most of the complexes consist of pairs of radical ions 

valene (291; ttf)2132921g and cycloheptatriene.21 1 The same 1 : 1 DA complexes or strictly 

COC -0 
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Table 92 Some Structural Data for the [Ni(S2qR2)2r- Complexes (x  = 0, 1, 2) 

Average bond distances Bond angle 
(chehte ring) (pm) (chelate ring) ( O )  

Complex N i S  C 4  C - C  S - N i S  Remarks Ref. 

21 17 

212 171 138 90.4 1 : 1 DA complex with neutral perylene 2118 
(Figure 26) 

Ni {s2G(cF3)2} 2 

[Ni{S2G(CF3),},]- 214 170 140 91.4 1 : 1 DA complex with G,Hq cation 2119 
(p& = 1.81 BM) 

phenothiazine (290; X = S) 
[Ni{S2G(CF3)2}2]- 213 173 136 89.5 1: 1 DA complex with radical monocation 2120 

[Ni{S,~(CN),},]2- 217 175 133 91.5 As Me,N+ salt 2121 
[Ni{S,~(CN),},]*- 217 173 136 92.2 As Bu,N+ salt 2122 
[Ni{S,~(CN),},]z- 218 174 139 88.1 As (PPh,),Ag+ salt 207% 
[Ni{S,C,(CN),},]- 214 171 136 92.4 As MePh3P+ salt 2123 

[Ni{S,C;(CN),},]- 215 172 137 92.5 As E t a +  salt 2122 
[Ni{S2C,(CN),},]2- 217 174 135 92.0 As EtNC,H,CO,Me+ salt 2124 

[Ni{S,C&N)2),]2- 218 173 138 92.1 As 2: 1 DA complex with radical 2126 

[Ni{S,~(CN),},]2- 217 173 136 92.0 As 2: 1 DA complex with N- 2125 
methylphenazinium cation (290; X = NMe) 

monocation 1,4-bis(dimethylamino)benzene 

in which one electron has been transferred from the organic molecule to the neutral nickel 
complex. These complexes give rise to different alternating stacking arrays of the ions in the 
crystal and hence different electric properties. DA complexes can often be semiconductors 
along the stacking axis. 

Figure 26 Molecular packing of the perylene-nickel thiete, Ni{Sz&(CF3)2}2, complex (reproduced from ref. 2118 by 
permission of the American Chemical Society) 
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2:l  DA complexes have been obtained starting from either neutral species or ionic 
compounds. A few examples are (ttf)2[Ni(S2GH2)2] ,213’ (nmp)2[Ni{S2~(CN)2}~ (nmp is 
N-methylphenazinium cation; 290; X = NMe)”= and (tmdp)2{Ni{S2C2(CN)2>2]212 (tmdp is 
the radical monocation 1,4-bis(dimethylarnino)benzene) and their structures have been 
determined. The simple ionic complexes (RiN)[Ni(S2C2R2)2] (R = Ph, CN; R’ = alkyl) are 
several orders of magnitude more conducting than the corresponding neutral and dianionic 
complexes. 

The complex [Ni(dmit)2](B~t4N)0.29 (2%) (dmit = 4,5-dimercapto-l,3-dithiole-2-thione 
anion) has been obtained by the oxidation of the monoanionic complex with bromine. The 
conductivity of this compound is 10 S cm-’ at 300 K. 

The sulfur atoms coordinated to nickel in complexes Ni(S&R&- possess nucleophilic 
character and may react with alkylating agents, R’X, giving neutral diamagnetic complexes of 
the type [Ni(R’S2GR2)z] which are remarkably stable and resistant to electron-transfer 
reactions.2 37*2138 The completely S-methylated complexes are unstable and decompose giving 
the free Me2SzC2(CN)2 species.2139 

2122,2135,2136 

H 

\ I  

(295) Ni-S 215pm 

C’-C2 143 pm 
C-S 172pm 

The reaction of [Ni{SzC2(CF3)2}2] with various organic substrates has been investigated. 
With either norbomadiene or 2,3-dimethylbutadiene the complexes (293) and (294) were 

A square planar bis-chelate complex with dithiotropolonate monoanion has been isolated in 
the solid state (295).’14’ This complex does not exhibit the electrochemical properties of the 
bis(1 ,Zdithiolene) complexes and undergoes ring alkylation and oxidation reactions (Scheme 
26) 

(295) 

+ LiMe 

Scheme 26 

\ 0.5hEt’JH , ( 
mntrolled 
oxid at ion 

Me 

one unpaired 
electron 

(ii) Complexes with dithiooxalate and related dianionic ligands 

The nickel chelate with dithiooxalate anion (S&O$-, dto) is much more stable than that 
with the oxygen analogue. &Ni (d t~ )~  has been obtained in two polymorphic forms. A dark-red 
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one has been obtained from concentrated, hot aqueous solutions of NiS04 and K2SzCz02.2144 
When the red form is heated in a dilute solution of KzCrz07, black crystals having the same 
composition as the starting complex are obtained.'l" Both forms of K2Ni(dto), are diamagnetic 
and contain the square planar dianion Ni(dto)%- (2%). In the black form these anions are 
stacked in columns, with intermolecular N i N i  distances of 419pm. Linear stacking of the 
anions is absent in the red form.214552146 Resonance Raman214' and electronic spectra of 
& N i ( d t ~ ) ~  were studied.2148 

Bond distances (pm) 
Black Red 

isomer isomer 
Ni-S 218 218 
c-s 171 175 

(2%) c-c 154 154 

(2m - ' (298) 

SnCI4 gives 1 : 1 (297) and 2: 1 (298) adducts with Ni(dto)$- and their structures were 
determined by X-ray analysis.2146 Unlike the parent K2Ni(dto), complex, the heterometal 
complexes (297 and 298 undergo reversible electrochemical reductions which are mainly 

The two compounds ZnNi(dto)2(H20)2.08 and MnNi(d t0)~(H~0)~.~  were synthesized from 
aqueous solutions of the metal(I1) sulfate and KzNi(dto)2 .'150 They consist of infinite parallel 
chains in which each nickel atom is coordinated by four sulfur atoms. 

The bis(dithiosquarate) complex K2[Ni(SzC40~)2]*2H20 (299) has been obtained from 
aqueous solutions of KzSzC402-HzO and NiCl2.6Hz0. The complex is mononuclear, square 
planar and does not undergo reversible redox reactions.2151 

l igand-ba~ed.~~~ b 

o@s"D, 0l2- 
O s s  

(299) (300) 

A stacked structure probably occurs in the complex formulated as K2Ni25(S4C4)26-xH20 
(x = 8) which has a room temperature electrical conductivity of 5 X S cm-' (compressed 
powders) .2152 

1 ,2-Bis(mercapto)-o-carborane provides a potentially chelating dianionic ligand comparable 
with the aforementioned ligands. However, diamagnetic square planar com lexes are stabilized 
by the presence of phosphines as ancillary ligands (equations 218 and 219)?'53 

S, 
(218) NiCI2(PPh,), + HSC-CSH MeC02Ei MeOH (P~I,P),N(~,@BIOHI~ 

\o/ 
Bl"Hl" 

brown 

Quinoxaline-2,3-dithiol (HTqdto) acts as a monoanionic and a dianionic chelate respectively 
in the two complexes Ni(Hqdt0)~e2DMF (300) and (Et&)2[Ni(qdto)p].2H20.2154,2155 



Nickel 183 

(iii) Complexes with thio-jl-diketones and related ligands 

The violet bis(dithioacetylacetonato)nickel(II), Ni(S2acac)2 (Ml), has been prepared accord- 
ing to equation (2ZO).2156 In an analogous way, using HzSe, the corresponding Ni(Sezacac)z was 
prepared.2157 Ni(S2a~ac)~ is diamagnetic, mononuclear and square planarY2ls8 in marked 
contrast with Ni(acac)z which is trinuclear octahedral (see Section 50.5.5.3.i). A number of 
violet-green syuare zlanar complexes with some substituted dithio-/3-diketonates have also 
been reported. 159.21 

Hacac + NiC1,.6H20 + H2S Ni(Szacac), t220) 

Ni(S,acac)z+2CI, _+ 2 + NiC1:- 

Electrochemical investigations on Ni(Szacac)z led to the conclusion that the neutral complex 
undergoes two successive reversible one-electron reductions in aprotic solutions leading to 
mono- and di-anionic species. These reductions are assumed to be mainly ligand-based in 
character, and the reduced species are less stable than those given by 1,2-dithiolenes.216'~16z 
Halogenation of Ni(S,acac), produces a dithiolium salt of tetrahalonickelate(I1) (equation 
221) .21m~z1a Like the 1,Zdithiolene complexes, Ni($acac), does not interact with Lewis bases 
and the complex remains unchanged even in pyridine solution. 

The X-ra crystal structure of the square planar complex Ni(S2acac)C1(PEt& has been 
detem~ined!"~ 

Me 

Monothio-/3-diketones react with hydrated Ni(MeCO& in refluxing MeOH giving brown 
diamagnetic compounds which, like the dithio analogues, are insoluble in water and readily 
soluble in most common organic solvents.2160*2166-2167 All these complexes have essentially the 
same square planar coordination geometry as found in the archetypal monothioacetylacetonato 
complex (302).2168 A mixed-ligand monothio- and dithio-acetylacetonato complex, 
Ni(Szacac)(Sacac), has also been r e p ~ r t e d . ~ ~ ~ ~ , ~ ' ~ ~  

Resonance Raman and IR s ectra for both Ni(S2acac)z and Ni(Sacac)z were 
and the band at about 700 cm- was assigned as the v ( C k S )  stretch. 

In contrast to Ni(S2acac)2, adducts of Ni(Sacac), with py, substituted pyridines, phen, bipy 
and terpy have been reported.2173,2174 Th ey are paramagnetic (peE = 3.05-3.33 BM) six- 
coordinate species with either a cis or a trans Octahedral coordination geometry, according to 
the nature of the ancillary ligands. 

Other systems which give planar complexes of nickel(I1) containing six-membered chelate 
rings are the dithiomalonamidate (303),2175 substituted and unsubstituted dithiobiuretato 
(304)217G2178 and substituted thioureates (305; R' = Me, Ph, 217s2181 g-MeOC&21Q). Some 
complexes which were obtained in the solid state (perr = 1.3-2.4 BM)21 have been assumed to 
contain both tetrahedral and square planar species. With the ligand imido- 
tetramethyldithiophosphinate , an olive-green tetrahedral complex was obtained (306) .2184 The 
corresponding purple bis(imidotetraphenyldiiminodiphosphinato)nickel(II) complex is square 
planar. 

P 
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50,566 Complexes with thiourea and related neuhwl ligands 

Nickel(I1) complexes with thiourea (tu) (Table 93; 307; R' = R" = H) and either N -  or 
N,N'-substituted thioureas are very numerous and have in most cases been known for a long 
time.'920 

The complexes have been prepared by the direct reaction of a nickel(I1) salt with the 
appropriate ligand in suitable solvents, usually an alcohol. In some cases anhydrous conditions 
are required to obtain analytically pure products and, in general, to improve the synthetic 
route. Selected complexes are reported in Table 93. Thiourea and ligands derived from 
substituted thiourea coordinate to nickel through the sulfur atom. The Ni-S bond distances 
are in the range 220-230pm in four-coordinate complexes and in the range 245-255pm in 
six-coordinate ones. Polynuclear pseudooctahedral complexes of general formula Ni(NCS)& 
possess either NCS bridges or sulfur bridges of thiourea molecules shared between two nickel 
atoms. 

Table 93 Selected Nickel(I1) Complexes with Thiourea, Substituted Thioureas and Related Neutral Monodentate 
Ligands 

( 3 W ) R ' = R = H  
Thiourea 

R' 
!-+ 

HN, ,NH 
C 
It . 
S '  - 

(308) n = 2 ( W ) R = R ' = H  
Imidazolidine- 44midazoline- 

2-thione 2-tbione 

Me 

S 
(310) 

Thioacetamide 

Complex Ligand Remarks Re$ 

Square planar diamagnetic complexes 

NiL4X2 (307) R' = R" = Me; X = Br 
(307) R' = R" = Et; X =  Br, I 
(308) n = 2; X = NO,, CIO,, I 

(309) R = H, R' = Me; X = C10, 
(309) R = H, R' = Me; X = Br, I, ClO,, NO,, 

Possibly a weak axial interaction in the 
iodo derivative 
N i S ,  221,224 pm 

BFd 
(310) X=Br  

Complexes with intermediate magnetism and coordination 
NiL,X, (307) R' = R" = Et; X = C1 

(307) R' = R" = allyl; X = halides 
(307) R' = R" = Bu; X = halides 
(307) R' = allyl, R" = Et; X = halides 

Pseudotetrahedral complexes 

NiX,L, (307) R' = H, R" = 1-naphthyl; X = Br, I 
(307) R' = R"= Ph; X = Br 
(307) R' = R"= Ph; X = CI 

Pseudoctahedral complexes 
NiLdC, (307) 

(307) R ' = R " = H ; X = B r  

(307) 

R' = R" = H; X = Br, CIO,, NO, 

R' = R = Et, Bu, Ph, Cy, allyl; X = 
c l o d  

(307) R = R = pi; x = c10, 
(308) n=2;X=ClO4 

N i S ,  222 pm; two trans Ni-Br at 
360 pm 

pe,=1.33 (300K),2.17(370K)BM 
/ie,=0-0.7BM 
p,fi = 0.7-2.5 BM 
pea = 0-0.7 BM 

Ni-S ,  229 pm 

Ni-S, 251 prn 
Dissociate in solution 

N i S ,  248 pm 

2185 
2186 
2187,2188 

2189 
2190,2191 

2192 

2188 
2193 
2193 
2193 

2188 
2194 
2193 

2195,21% 

2197 
2198,2199 

2200 
2188 
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Table 93 (continued) 

185 

R'NH, ,HNR" 
n 
I, 

II 
S 

( 3 0 7 ) R ' = R = H  
Thiourea 

( J O S ) n = 2  (309) R = R ' = H  
Imidazolidine- 4-Irnidazoline- 

2-thione 2-thione 

(310) 
Thioacetamide 

Complex Ligand Remarks 

R' =R" = H; X =  C1, Br 
R' = R"= €3; 2X = S20, 
R' = R"= H; X = C1 

R' = R"= Et; X = NCS 
n = 2; X = Cl, Br 
n = 2; X =  C1 
n = 3; x = c1 
R=H,  R =Me; X =  CI, NCS 
R = R' = Me; X = NCS, NO3, C104, 
BF4 
R = R' = H; X =  halides 
X=Cl  
R' = R"= H; X =  NCS 

R' = H, R"= Me, Et, Ph; X = NCS 
R' = R" = Cy; X =  NCS 

ra = 2; X = NCS 
X=NCS 

N i - S ,  243 pm; cis Oh 
N i S ,  246pm; trans Oh 
Ni-S, 253 pm; tram Oh 
pC,=3.28-3.33BM 
Ni-S, 244-249 prn; rram Oh 
Ni--S, 248 pm; trans Oh 
pee= 3.26-3.29 BM 
peE = 3.18-3.34 BM 

pe,=2.76-3.42BM 
N i S ,  246 pm; tram Oh 
Polynuclear with tu bridges; N i - S  253, 
256 pm 
As above 
Polynudear bridging NCS 
As above; N i - S ,  251 pm 
Ni-S, 245 pm; tram Oh; bridging NCS 

2195 
2201 
2202 
2203 
2188 
2204 
2205 
2191 
2191 

2191 
22M 
2207 

2208 
2208 
2209 
2210 

Besides the fully paramagnetic trans octahedral NiX24 complexes and the fully diamagnetic 
square planar NiL& ones, a number of complexes with the same stoichiometry have been 
reported to have magnetic moment values ranging from 0.6 to 2.5BM at room temperature. 
The true structures of these complexes still remain uncertain. 

Nickel(I1) complexes with thioacetamide (310) are similar to the corresponding ones with 
thiourea and were synthesized in a similar way. 

Pseudotetrahedral complexes were re orted with the ligand N-methylthiopyrrolidinone 

tetrahedral N i X L  complexes and in the square planar NiL& complexes (X = halides; 
(311).=11 The 2-mercaptopyridine (312)2 f l2 coordinates in the thione form in the pseudo- 

L =  312). 

(311) (312) (313) 

A number of complexes with bidentate polymethylene bis(pheny1thiourea) (3W) have been 
reported with various stereochemistries and stoichiometries.22 3,2214 

50.5.6 7 Complexes with phosphine and arsine su@des 

Unlike the tertiary phosphine and arsine oxides which form a variety of nickel complexes 
with peculiar properties, tertiary arsine sulfides and, particularly, tertiary phosphine sulfides 
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appear to have weak donor properties towards nickel(l1). As a consequence, complexes with 
R3AsS and R3PS must be prepared under strictly anhydrous conditions using dehydrated nickel 
salts and solvents, often under N2 atmosphere. A few complexes have been reported having the 
following stoichiometries: NiL4(C104)2 (L = Me3AsS,=15 (MezN)3PS2z16), NiX2L, (X = C1, Br, 
L = Me3AsS;2215 X = Br, L, = P~~AS(S)CH~CH~AS(S)P~~;~~~~ X=Br,  I, L =  
Ph2P(S)CH2P(S)Ph22218) and NiL(C104)2 (L = Me2As(S)CH2CHzCH2As(S)Mezz219). All of the 
complexes are paramagnetic (PeE in the range 3.27-3.58BM) and are assigned a pseudo- 
tetrahedral coordination geometry in the solid state. Most of the complexes are solvolyzed in 
organic solvents. 

50.5.7 Complexes with Halides 

atoms. Their relevant properties and synthetic procedures are reported in Table 94,22202221 
In anhydrous Nixz (X = halides), the nickel atom is octahedrally coordinated by six halogen 

Table 94 Some Properties of Nickel@) Dihalides 

Preparation 
Coordination 

geometry 
~ 

NiF, Yellow 2.85 N + F,. 350°C Oh 
NiCI, Yellow 3.32 Ni + Cl,, EtOH; ret . ;  dehydration of NiCI,.6H20 with Oh 

SOCI, 
NiBr, Yellow 3.0 Ni + Br,; ether; r.t.; dehydration of NiBr2.6H,0 at Oh 

NiI, Black 3.25 NaI + NiCl,, EtOH; dehydration of NiIz.6H,0 Oh 
140°C 

The tetrahalonickelate(II), RzN1xq, can be readily prepared from the appropriate nickel(I1) 
halide (not necessarily anhydrous) and the halides of large cations such as EtJV, Bufl+, 
MePh3As+ and MePh3P+ in hot ethano1.2222-2225 Other lar e cations which were found to 
stabilize the N i a -  species are the dithiolium monocation,”’ and the dabconiurn dication.zzz7 
With the anilinium cation (LH) the six-coordinate complexes (LH),N&.6H20 (X = C1, Br) 
have been reported.2z28 The complexes are in general hygroscopic and are extensively 
solvolyzed when dissolved in H20,  alcohols and DMF. They are soluble in NOzEt, CHCl3 and 
CH2C12 without substantial decomposition. Other relevant properties of tetrahalonickelates(I1) 
are reported in Table 95. The N Z -  anions have a tetrahedral coordination geometry revealed 
by X-ray analysis of the compounds (Me4N)2NiC14,2U5 and (MePh3As)2NiC14m6 (Table 96). 
The former complex exhibits a somewhat flattened pseudotetrahedral structure, whereas the 
latter has a regular tetrahedral geometry. Spectral and magnetic properties of 
tetrahalonickelate(I1) are discussed in detail in Section 50.5.1. The spectra of N g -  species 
have been investigated in the far-IR region,224oy2241 and the v(Ni-X) stretching frequencies 
have been assigned as follows:u4o v(Ni-Cl), 289 cm-l; v(Ni-Br), 224 crn-l, 231sh crn-l; 
v(Ni-I), 189 cm-’. 

Unlike the other N i z -  species, the NiE- anion is six-coordinate. The MzNiF4 compounds 
(M = K, Rb, N&, Tl, 1 Ba) have antiferromagnetic behaviour with peff at room temperature in 
the range 2.2-2.6 BM.”” 

Trihalonickelates(I1) MNiX3 (M = alkali metal; X = F, C1, Br) have been obtained in general 
by reacting NiX2 and MX in 1 : 1 molar ratio in the melt or in MeOH. Me4NNiC13, on the other 
hand, has been prepared from Me4NC1, NiC12 and Ph3P in hot These complexes 
contain octahedrally coordinated nickel(I1) as found in NH4NiBr3,2232 RbNiF32230 and CsNiC13. 
The structures of these compounds consist of infinite parallel chains of octahedra sharing faces 
(Figure 27) .2242 An antiferromagnetic interaction occurs between the nickel atoms through 
halide atoms. Moreover, CsNiIf has been found to behave as an intrinsic semiconductor. 

Ba2NiF6 has been prepared in the melt from BaFz and NiF2 in 2: 1 molar ratio. It contains 
distorted NiE- ~ c t a h e d r a . ~ ~ ’  

The temperature-dependent equilibrium 

[NiCLI4- (Oh) e [NiCl4lZ- (T,) + 2C1- 
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Table 95 Some Properties of Ionic Halonickelate(L1) Complexes 

Complex Colour RIM Pqy k.t. 1 Remarks Ref. 

R,NiCl, 

RzNiBr4 
R,Ni4 

M,NiF, 

RNiCl, 
MNiF, 

RNiBr, 
RNiir3PPhS 
RNiI3PPh3 

Blue MePh3As, Et,N, MePh,P 
$[Ni(DMSO),]'+ 

Blue EtdN, Ph4P 
Dark-red MePh,As, Bu4N 

K, Rb, Nb, Tl' 
Na, K, Rb, NH, 

Buff-pink Me,N 
Red-brown Me,N, NH, 
Blue-green Et,N 
Dark red Bu,N, Ph,As 

3.87-3.89 

3.79-3.88 
3*47,3.49 

2.2x2.60 
2.05-2.63 
3.20 

3.68 
3.46 

Td; hygroscopic; R = 2222-2225 
MePh,P; m.p. = 
198 "C 
Td; deliquescent 2222,2224 
Td; hygroscopic; R = 2222,2224 
Bu4N; m.p. = 115 "C 
Oh; polynuclear 2229 
Oh; polynuclear 2229,2230 
Oh; polynuclear 2231 
Oh; polynuclear 2232 
Td; m.p. = 266 "C 2233 
Td; m.p. = 132 "C 2223,2233, 

2234 

Table 95 Bond Distances and Angles in some Halo Complexes of Nickel(I1) 

Complex Coordination Ni-X (pm) X-Ni-X (") Ref. 
geometry 

(Mt,N),NiCI, Td, distorted 226, 228 107.8, 114.4 2235 
(MePh&s),NiCI, Td 227 109.5 2236 
Ba,NiF6 Oh, distorted 197-203 2237 
( Me,N)NiBr, Oh, polynuclear 245, 267 2232 
(AsPh)NiT,(PPh,) Td, distorted 255 11G119 2238 
(Bu,N)NiBr,(qui)a Td, distorted 2323 113 (av) 2239 

a qui = quinoline. 

Figure 27 Schematic representation of the octahedral coordination of nickel in CsNiC1, (reproduced with permission 
from ref, 2242) 

has been found to occur when NiC1, is dissolved in a concentrated (up to 8 M) aqueous solution 

The mixed-ligand complexes RNiX3B (B = PPh3, py and substituted pyridines) have been 
prepared in eneral by the reaction of RX and NiX2 in the presence of the Lewis base B in hot 

and their spectral and electronic properties have been investigated in detail.=" 

of MgC12.2243 

s 33~2234~2233223g2244 These complexes have a distorted tetrahedral ~ t r u c t u r e ~ ~ ~ ~ * ~ ~  

50.5.8 Nickel complexes with Open-ehain Ligands Containing Mixed Donor Atoms 

Nickel(I1) complexes with ligands containing mixed donor atoms, in general N, 0 and S, are 
innumerable. In the present section we will mention complexes which are the archetypes or are 
suitable for the description of the properties of all complexes of the same type. Nickel 
complexes with hybrid polydentate ligands containing either P or As have been discussed in 
Section 50.5.4. 

ccc -0' 
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50.5.8.1 Complexes with Sch$ bases 
(i) Complexes with Schiff bases derived from salicylaldehyde and related aldehydes with 

The Schiff bases have contributed to a large extent to the development of the coordination 
chemistry of nickel(II), particularly those obtained by the condensation of salicylaldehyde with 
various mono- and poly-dentate amines. A large number of nickel(I1) complexes have been 
synthesized with these ligands exhibiting all of the possible coordination geometries, spin states 
and spectromagnetic properties. The early complexes of nickel(I1) with different salicylal- 
dimines have been covered extensively in a number of review articles.22e2252 

Most nickel( 11) complexes with the various Schiff bases derived from salicylaldehyde and 
different amines have usually been easily prepared by three general methods: (i) the reaction of 
a nickel(I1) salt, usually hydrated nickel(I1) acetate, with the preformed Schiff base using 
water, EtOH, MeOH or their mixtures as reaction medium; (ii) the condensation reaction of 
bis(salicylaldehydato)nickel(II) with the appropriate amine in refluxing EtOH or HzO/EtOH 
mixture; (iii) the template reaction of the aldehyde with the appropriate amine in the presence 
of a nickel salt. In Table 97 the formulas, synthetic methods and some physicochemical 
properties for a number of nickel(I1) salicylaldiminato complexes are reported. Examples of 
dinuclear complexes formed with Schiff bases are specifically reported in Section 50.5.8.5. 

The complexes obtained with bidentate salicylaldirnines (I; Table 97) were extensively 
investigated about 20 years ago, particularly by Holm and co-workers and Sacconi and 
co-workers. It was definitely established that these complexes may exhibit a variety of 
coordination properties both in the solid state and in solution depending on the substituents R 
and X. When R = n-alkyl, aryl, cyclopentyl and cyclohexyl, the complexes are diamagnetic 
square planar in the solid state and become partially paramagnetic when dissolved in poorly 
coordinating solvents such as C6H6 and CHC13. Molecular association accounts for the 
observed paramagnetism in solution at room temperature, whereas a square planar e 
tetrahedral equilibrium accounts for the increasing paramagnetism in hi h boiling solutions or 
in the melts, when the paramagnetism increases with t e m p e r a t ~ r e . ~ ~ ~ ~ , ' ~ ~  ,2249,225w255 Paramag- 
netic bis adducts are formed in pyridine solutions. The complexes where R = &-branched alkyl 
group, such as Pi, Bus and But, are paramagnetic and pseudotetrahedral in the solid state and 
undergo a conformational equilibrium in solution involving tetrahedral and square planar 
species. 

The structures of some square planar and tetrahedral complexes (314) have been definitely 
ascertained by means of X-ray analysis.225s2266 Ni-N and Ni-0 bond distances in these 
four-coordinate complexes are in the range 190-200 and 184-190 pm respectively, and do not 
differ substantially on going from one complex to another. The structures of two dinuclear 
complexes were reported to contain both bridging and terminal salicylaldimines (315).22@,2270 

various amines 

$ -  

& ?  R X 

- 

X R 
(314) 

/ \  c"" 1- 
_R 

n 
(315) 0 N-R = N-phenylsalicylaldiminate 

Spectroma netic properties of some tetrahedral complexes have been investigated in 

The neutral complexes, N i b ,  prepared with deprotonated potentially tridentate ligands, may 
be square planar, five-coordinate or octahedral according to whether the ligands are trilegate or 
bilegate. Complexes obtained with ligand (11; Table 97) where RR' = Et, are Paramagnetic 
square pyramidal for X = 3-C1, 5-C1 and 3,4-benzo. In these complexes one ligand molecule is 
trilegate and the other is bilegate (316).227672277 In non-coordinating solvents four-, five- and 
six-coordinate species are in equilibrium. The Schiff bases formed by salicylaldehyde and 
N, N-disubstituted propane-l,3-diamine ive either square planar or octahedral complexes. The 

detai1.233&233F 

latter have a trans structure (317). 22*&&2 
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Mixed-ligand complexes having the same coordination geometry as (316) were easily 
obtained in solution by mixing equimolar amounts of the square planar bis(N- 
alkylsalicylaldiminato)nickel(II) (314) compounds with complex (316) in CHC13. Ma netic, 

Amongst the complexes of general formula NXzL formed by neutral Schiff bases, complex 
(318) has been fortuitously obtained by refluxing the parent complex in n-butanol, through the 
hydrogenation of the azomethine group and loss of one ethyl 

optical and ‘H NMR measurements indicate that the equilibrium is shifted to the right. 43 

Tridentate Schiff bases containing a peripheral donor atom of low electronegativity (P, As) 
form high-spin five-coordinate complexes [NiX2L] with the neutral ligands (m; Table 97)2289 
and square planar complexes [Nik] with the deprotonated ligands (IV) which are bilegate.2290 

Tetradentate ligands of types (V)-(W) strongly favour the formation of square planar 
nickel complexes of general formula [Nik]. Most of them remain essentially diamagnetic, even 
in pyridine solution. The square lanar structure of complexes (319) has also been ascertained 

methylene connecting chains (n = 6-12) have feeble and variable paramagnetism. Their 
structure is essentially square planar .2304,2305 

Most of the complexes [NiL] given by the potentially pentadentate ligands (E) and (X) 
(Table 97) are five-coordinate high-spin and possess an essentially trigonal bipyramidal 
structure (320) .232c2322 In contrast with the aforementioned comalexes. those formed bv the 

by means of X-ray analysis.230 s ,2306 Complexes formed by ligands containing long poly- 

ligands (\;nI>’ which possess the less flexible ethylene bridging Lhain ’are essentially &are 
planar.2315,2316 

An intermediate product was identified and characterized in the reaction outlined in Scheme 
27. X-Ray analysis has shown that this intermediate product contains a hexadentate monoani- 
onic ligand formed throup the reaction of a phenol group with an aziridine group once 
coordinated to nickel(I1). 342335 

NiL, ““r. NiL‘Br.H20 - Ni(sa1en) 

Scheme 27 

Several nickel(I1) ‘complexes have been reported with Schiff bases derived from the 
condensation of salicylaldehyde and various amino acids. The structures of the complexes 
were investi ated by means of electronic and ‘HNMR spectra as well as X-ray crystallo-  graph^.^^^"^ Recently the X-ray structure of complex (321), prepared by the reaction of 
pyridoxalSHC1, o-phospho-m-threonine and Ni(N03)y6H2O at pH 5 ,  has been reported.’”l 

Nickel(I1) complexes are particularly suitable for investigation by means of ‘H NMR 
spectroscopy. Numerous studies have been carried out on Schiff base 
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(321) R = CH(Me)OPO, 

(ii) Salicylideneimwlato nickel(II) complexes as ligands 

N, N'-Ethylenebis(salicylideneiminato)nickel(II), [Ni(salen)] (319), behaves as a bidentate 
ligand through its oxygen atoms towards a variety of transition and non-transition metals, 
affording interesting and unusual di- and tri-nuclear heterometal complexes .2348.2352 For 
example, [Ni(salen)] reacts with several alkali metal and ammonium salts, as outlined in 
Scheme 28. In the complex cation [{Ni(~alen))~Na(MeCN)~]+ (322) two square planar 
[Ni(salen)] moieties are held together by one Na+ cation which is surrounded by four oxygen 
atoms of the two Schiff bases and by two nitrogen atoms of two MeCN molecules (mean 
N a - 0  and Na-N distances, 241 and 249pm r e s p e c t i ~ e l y ) . ~ ~ ~ ~ ~ ~ ~  In the complexes 
[(Ni(~alen)}~M]BPh~.2T€€F (M = NH$, C(m&+) k323) the cation is encapsulated by six 
oxygen atoms of the three Ni(sa1en) molecules. m1 

0 " 

0 Ni 

ON 
oc 

(322)- (reprinted with permission from ref. 2349) 

NnBPh.. THF 

(323) (reprinted with permission from ref. 2349) 

,-> [ {Ni(salen)},Na(TWF),]BPh, 
[Ni(salen)l \ MBPh4.THF 

[ {Ni(salen)},M]BPh4.2THF 
M = NH,.K.Na.C(NH,), I 

[ { Ni( salen)},Na(MeCN),]BPh,.MeCN 

Scheme 28 

The alkali metals Li and Na promote the dimerization of the complex N,N'-o- 
phenylenebis(salicylideneiminato)nickel(II), [Ni(salophen)], by means of the reductive 
coupling of two imino groups between two Ni(sal0phen) molecules (Scheme 29) .2352 
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[ Ni( salophen)] 
RC\ 0 

+2M - (:by / \o/ ‘ 
N 

‘CH’ 
M = Li, Na 4 

CH 
labile 

Scheme 29 

Organotin(1V) chlorides react with Ni(salen) forminF 1 : 1 complexes of the type 
[Ni(salen)SnC14-,R,1 (R = Ph, Me; n = 1,2) (324).2353.23 Similar complexes were also 
reported with PbClzPh2 and TlC12Ph?355 SbX3 (X = C1, Br) and Mn(C0)3X.2356 Di- and 
tri-nuclear complexes of nickel(I1) were obtained by reacting Ni(N03)2 hydrate with Schiff base 
complexes of nickel(I1) .2357,2358 The donor-acceptor molecular complexes between 1,3 3- 
trinitrobenzene and bidentate Schiff base complexes were also i n v e ~ t i g a t e d . ~ ~ ~ ~ , ~ ~ ~  

(324) (reprinted with permission from ref. 2354) 

(iii) Complexes with Schtfl bases derived from pyridine-2-carbaldehyde and related species 

A number of representative nickel(I1) complexes prepared with Schiff bases derived from 
pyridine-2-carbaldehyde, pyridine-2,6-dicarbaldehyde and related species are summarized in 
Table 98, together with some of their distinctive physicochemical properties and preparative 
routes. All of these complexes involve N and either 0 or S as donor atoms and exhibit various 
coordination numbers and geometries depending on the denticity of the ligands and on their 
steric and electronic requirements. 

Noteworthy are the complexes obtained with the pentadentate ligands derived from the 
condensation of 2,6-diacetylpyridine with various substituted hydrazines (XI; Table 98). These 
complexes have been found to be seven-coordinate with pentagonal bipyramidal structure 
where the pentadentate ligand invariably has its five donor atoms in the equatorial plane. The 
two residual coordination sites in the axial positions are occupied by two water molecules 

The condensation of o-aminobenzenethiol with pyridine-2,6-dicarbaldehyde does not form 
the corresponding Schiff base but a polyheterocyclic compound which behaves as a tridentate 
ligand towards nickel(II).2365 In contrast the reaction of 2-(2-pyridyl)benzothiamline with 
nickel(I1) results in the opening of the heterocyclic ring and in the formation of a Schiff base 
ligand which coordinates to nickel(I1) as a mononegative tridentate l i g a ~ ~ d . ’ ~ ~ , ~ ~ ’  

and with hydrazones 

(325) +2361-2364 
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(325) (reprinted with permission from ref. 2361) (3%) 

The X-ray structure of the six-coordinate complex [NiClL]+ (326) has shown that the ligand 
(Xn) containing the organic disulfide group coordinates intact to nickel(I1) as pentademate.- 
Complexes containing a coordinated S-bonded disulfide group have also been obtained by 
oxidation with either H202 or air of the preformed complex with the tridentate ligand 

The ligand (XI& Scheme 30) undergoes a cyclization reaction in the presence of Ni(NO& 
hydrate and gives the new ligand ( X W ) .  Both ligands coordinate to nickel in the resulting 
mixed-ligand complex.237o 

P Y C H ~ N H C H ~ C H ~ S H ~ ~ ' ~  

Scheme 30 

The well-known square planar complex (diacetylbisbenzoylhydrazonato)nickel(II), Ni(dbh) 
(327) is capable of reacting with two molecules of monodentate base such as py, aliphatic 
amines, phosphines, etc., to form six-coordinate bis adducts which are in equilibrium with the 
parent square planar complex.2384 The base strengths towards Ni(dbh) have been measured 
spectrophotometrically. On the other hand the reaction of Ni(dbh) with phen in EtOH soIution 
gives a 1 : 1 adduct which contains the monoanionic tridentate ligand Hdbh- (N,N,O donor set) 
and a coordinated ethoxy group besides the phen molecule?385 Square planar complexes 
analogous to (327) have been prepared with the tetradentate li ands formed by the 
condensation of aldehydes and ketones with mono hydra zone^^'^^^^^^^^'^ and thiosemicar- 
bazones. The crystal structures of two &coordinate complexes [Nik] (328)gepared with 
tridentate Schiff bases derived from thiosemicarbazone have been reported.23@'* 

/Ph 
N=C 

\4' \ 
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(iv) Complexes with B-ketoamines and related ligan& 

Nickel(I1) complexes derived from /3-ketoamines of general structures (329) and (330) bear 
some similarities with those formed by either bidentate or tetradentate salicylaldimines in that 
an extended conjugate chelate system with N,O donor atoms exists in both types of complexes. 
The stability of these complexes greatly depends upon the substituents in the chelate rings. It 
has been found that fluoroalkyl groups at R' and R2 produce greatest stability as well as a 
two-carbon bridge between the P-ketoamines in complexes of type (330). Longer bridging 
chains reduce stability presumably by steric strain in the chelate ring. 

Nickel(I1) complexes with P-ketoamines are, in general, easily prepared. The most useful 
and general synthetic methods are the following: (i) reaction of the preformed ligands with 
nickel salts in basic solution using water, alcohol or their mixtures as medium; (ii) ligand 
exchange reactions; (iii) template reactions. Complexes of type (329) may be sensitive to 
moisture and are prepared in anhydrous conditions. 

A summary of the preparative methods, formulas and physicochemical properties of selected 
complexes is given in Table 99. 

The stereochemistry of complexes of type (329) parallels that of the 
bis(salicylaldiminato)nickel(II) complexes, being strongly dependent on the steric nature of the 
substituents R3. The complexes are square planar when R3=H, n-alkyl and aryl, and 
tetrahedral both in the solid state and in solution when R3 = a-branched alkyl. The square 
planar com lexes give rise to a diamagnetic $paramagnetic equilibrium in non-cmrdinating 
solvents, wstulo and to paramagnetic bis adducts in coordinating solvents."" The effect of 
sulfur substituents for oxygen atoms on complexes of type (329) is to favour the square planar 
species both in the solid state and in solution. 

Tetradentate ligands with ethylene chains invariably give square planar complexes of the 
type (330)2302,2393 and in some cases their structures were determined by X-ray analysis (bond 
distances: Ni-0, 183-184 pm; Ni-N, 185-186 pm).2395,2397 

The reaction of the appropriate amine with the nickel complexes formed by isonitroacetyl- 
acetone in refluxing EtOH-CHC1, mixture affords the complexes (331)."12 

The aerial oxidation of solutions of complexes (330) has been investigated. Chromatography 
separation led to the identification of products which underwent dehydrogenation of the 
ethylene bridge (Scheme 31) .2413 Such dehydrogenation reactions are inhibited by fluoroalkyl 
substituents and enhanced by alkyl substituents. Oxidation with hydrogen peroxide removes 
the ethylene bridge. 

The reaction of 2,2'-bisbenzothiazoline with hydrated nickel acetate results in the Schiff base 
complex (332; Scheme 32). Complex (332) can be reduced to either monoanionic or dianionic 
species polarographically. The reduction to the monoanionic species can also be accomplished 
via chemical reduction with Bu.@B& or sodium analgam.2414 
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Scheme 31 

(332) 
Scheme 32 

50.5.12 Complexes with bidentate ligands having sulfur-nitrogen, oxygen-sulfur or 
oxygen-nitrogen donor atoms 

(i) Complexes with anionic and neutral sulfur-nitrogen 

Nickel(I1) complexes with various sulfur-nitrogen chelating ligands are reported in Table 
100. 2-Aminoethanethiol (HL) is the simplest representative sulfur-nitrogen ligand acting as an 
anionic chelate. It forms two t es of nickel(I1) complex, namely the bis chelate [NiL] and the 

similar to (3332, [M(N&&]"+, have been reported with different metals such as M=CUZ*, 
Cu', Pd2+, Pt + and Cd +.2418 Most of the complexes with 2-aminoethanethiol have been 
prepared in aqueous solution, made basic with NH, or NaOH, by reacting the ligand 
hydrochloride with a nickel salt. The S alkylation of nickel complexes of 2-aminoethanethiol 
(Scheme 33) results in the formation of a thioether group which is still coordinated to nickel(II) 
in six-coordinate complexes 

trinuclear Ni3L4CI2 (333) .2416*24 ?E Both complexes are square planar. Heterometallic complexes 

I 

r17 
H*Nhi/SMe 

Br 

Scheme 33 
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Complexes with 2-(2-mercaptoethyl)pyridine are strictly similar to those obtained with 
2-aminoethanethiol and were prepared in MeOH/H20 solution made alkaline with NH3 by 
reacting the ligand with NiS04 hydrate.24" 

The buff-coloured bis chelate formed by 2-aminobenzenethiol (334) can be oxidized in 
alkaline solution to a blue-coloured complex of nickel(I1) which contains the ligand in an 
oxidized form (Scheme 34).2422,2462 Complex (334) reacts with Me1 in acetone affording the 
six-coordinate complex NiL& containing the S-methylated ligand."52 

(334) 
Scheme 34 

The reaction of tetrasulfur tetranitride S4N4 with NiC12 in alcohol under anhydrous 
conditions produces a series of compounds which must be formulated as Ni(S2N2H),, 
Ni(S2N2H)(S3N) and Ni(S3N), (caution! S4N4 may be explosive). The latter two compounds 
have been obtained as by-products in the synthesis of the main product, the diamagnetic violet 
Ni(S2N2H)2. The complexes have been separated and purified by means of chromatography. 
The structure of the main complex is cis square planar (335).2430 The complexes 
Ni(SzNzH)(S3N) and Ni(S3N)2 presumably have the same structure as (335) where one or two 
NH groups are replaced by sulfur atoms. On the other hand the structure of the complex with 
the methyl-substituted ligand, Ni(SzNzMe)z, is trans square planar.2431 A trinuclear complex 
[{Ni(S3N)}3SZ](B~4N) (336) has been obtained by reacting NiC1, hydrate with S7NH in an 
MeOH solution made alkaline with KOH.2463 The [Ni(SzNzH),] complex reacts with alkaline 
hydroxide in EtOH affording the compounds [Ni(S2N2H)(N2Sz)]- and [Ni(NzS2)2]2-. The latter 
acts as a bidentate ligand giving a trinuclear complex [Ni3(N2S2)4](Ph4P)2 (337).2433 Other 
compounds have been prepared in which organic groups are substituted for one H atom in the 
complex [Ni(S2N2H)2] when it is reacted with phenyl isocyanate, aldehydes and amines.- 
Bridged ligand complexes of general structure (338) have also been prepared.- Other 
investigations concern the electronic structure of these 

(335) 

Average bond distances (pm): Ni-Ni, 290; Ni-p3-S, 220; Ni-S, 212; S-N, 145,175 

(336) (reprinted with permission from ref. 2463) 
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(337) 

Neutral square planar complexes [Nik] (339) with deprotonated thiosemicarbazide have 
been obtained by the direct reaction of the reagents in aqueous ammonia A 
summary of the spectroscopic studies carried out on the complexes with the various 
thiosemicarbazides is given in ref. 2470. Square planar complexes are also invariably given by 
deprotonated dithiocarbazic acids. The coordination mode (either S ,S or N , S )  adopted by these 
chelates depends on the substituents on the N atoms.2434,2445,2446 

The nickel(I1) complexes with thiosemicarbazides acting as neutral ligands, HL, are 
numerous and have been reviewed elsewhere."" Selected examples of square planar and 
six-coordinate complexes are given in Table 100. Some examples of complexes prepared with 
tridentate Schiff bases derived from either thiosemicarbazide or dithiocarbazic acid are given in 
Tables 97 and 98, and examples of complexes with bidentate Schiff bases are reported in Table 
100. 

A summary of the representative neutral ligands constaining both thioether sulfur and amine 
nitrogen as donors is given in Table 100 together with the main properties of their nickel(I1) 
complexes. Most of the complexes have the general formula NiX2L and are six-coordinate 
(X=coordinating anions) with the ligands acting as chelate. However, in the case of 
2-methyl-8-thiomethylquinoline, the steric hindrance of the methyl groups in position 2 does 
not allow two molecules of the ligand to fit around the metal in either a cis or a tram square 
planar configuration, and a tetrahedral structure is preferred."" 

(ii) Complexes with oxygen-sulfur chelating ligunds 

The stability constants of mononuclear and polynuclear complexes of nickel(1J) in either 
mercaptoacetic acid, HSCH2C02H, or mercaptosuccinic acid, H02CCHzCH(SH)COzH, have 
been in~es t iga ted .~ '~ ,~~"  With the latter , six-coordinate polynuclear complexes with the 
formula M(NiL)-nH20 (M = alkali have been isolated in the solid state too, with the 
triply deprotonated ligand. Six-coordinate complexes of general formulas NiLy2H20 and 
[NiXZL] have been reported with the deprotonated ligands RSCH2C02H (HL; R = Et, Pr", 
Bun, Bu' , and the neutral ligands RSCH2CH20Me respectively.2475 

The reaction of various monothiocarboxylic acids RC(S)OH (R=Ph, Et, Me) in alkaline 
solution with nickel(I1) results in the isolation of complexes of general formula 
[{Ni(RCOS)z}2-EtOH] (pen = 2.3-2.4 BM).2476 These complexes have a dinuclear structure 
exemplified by that of [{Ni(PhC(S)O),}2.EtO€€] (340).2477 In this complex both nickel atoms 
have five neighbours: one nickel is bound to four oxygen atoms of four different thiobenzoate 
anions, and to the oxygen atom of EtOH; the other nickel is bound to four sulfur atoms of 
thiobenzoates and to an additional sulfur atom belonging to the centrosymmetrically related 
molecule. 
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The dinuclear structure (340) is broken up by N donors which give mononuclear octahedral 
complexes [Ni(RCOS)2B2] (B = py, substituted pyridines, )bipy).2478-"80 On the other hand 
the same dinuclear complexes are transformed into square planar complexes [NiLB2] by the 
reaction with phosphines 

Square lanar complexes have been reported with deprotonated methylthiohydroxamic acid 
(341)2482,2g3 and other monoanionic chelating ligands ?4862486 

(iii) Complexes with oxygen-nitrogen chelating ligands 

Besides the complexes with the various Schiff bases discussed in Sections 50.5.8.l.i-iv and 
with amino acids (Section 50.5.8.4.ii), nickel(I1) complexes containing N,O chelates amount to 
hundreds. It is possible that molecules containing every conceivable bridging chain between the 
N and 0 donor atoms have been investigated as ligands towards nickel(I1). Almost all of these 
complexes exhibit either square planar or octahedral coordination. 

Amongst the simplest N,O chelating ligands, 1-amino-2-ethanol (ethanolamine) has been 
found to give six-coordinate tris chelates [NiL3]X2 (X = I,Bs7 $S04;248s bond distances: N i 4 ,  
208; Ni-N, 215pm) and square planar bis chelates [NibjSO,. The former have been easily 
obtained in H20/MeOH solution and the latter in MeOH solution under anhydrous conditions. 
Analogous complexes can be obtained with the ligand 1-amino-2-propanol. It has been found 
that the coordination of either the racemic or the optically active isomer of the latter ligand in 
frans octahedral complexes Ni(NCS),L makes the difference in the complex stability very 

N,N-Dialkylethylenediarnine N-oxide and 2,2'-bipyndine N-oxide form green octahedral 
[Nib](C104)2 and red square planar [NiL](C104)2 complexes.24907a91 

o-Phenolamine (HL) gives the paramagnetic (pee = 3.2 BM) NiL.2H20 complexaa which 
can be further deprotonated in liquid ammonia with KNHz to yield K2[Ni(o-C&14NH),] 
(peB = 3.1 BM) where the ligand acts as a binegative chelate.2493 

Nickel(I1) complexes of 8-hydroxyquinoline, HL, are well known from the viewpoint of 
analytical chemistry. The brown, diamagnetic complex NiL, has cis square planar coordination 
(342). The same coordination occurs in C6H6 and CHC13 solutions. In water, pyridine or 
dioxane, this complex is green and paramagnetic, as is the solid hydrate NiL.2H2O. 

(bond distances: Ni-0, 209-21 1 ; Ni-N , 207, 208 pm) . 

Nickel oximates were prepared by adding an EtOH solution of NiS04 to a solution of the 
ligand in 10% excess at boiling temperature and in the presence of enough HC1 to obtain a 
clear 

Other simple chelate ligands which have been found to give six-coordinate complexes NiX2L, 
are 2-acetylpyridine N-oxide oxime,2495 2-acetamidopyridine ,2496 pyridine-Z(acetic acid methyl 
ester)2497 and N-substituted 2-aminopyridine N - o ~ i d e s . ~ ~ ~ '  

1-Nitroso-2-naphthol0 (343) and 2-nitroso-1-naphthol0 complexes [NiL] exhibit some degree 
of association in the solid state, the extent of which depends upon the method of their 
preparation.2499 Complex (343) reacts with the sodium salt of the deprotonated l-nitroso-2- 
naphthol0 ligand affording the tris chelate Na[Nih], and with py affording NiL.2py adducts. 
Analogous complexes have been described with 2-nitro~o-l-phenols.~~~ 

Several square planar complexes have been characterized with chelating ligands derived from 
aromatic triazine 1-oxides of general formula ArN€€N=N(R)O (HL) .2501,2502 The structure of 
some complexes has been determined by means of X-ray analysis (3414).2503 

Unlike other dioximes, as for example the well-known DMG (Section 50.5.3.7.ii), 
camphorquinone dioxime, H2CQD, was found to coordinate with 0 and N atoms in the 
Ni(HCQD), complex which has square planar coordination (345) .2504 The reaction of complex 
(345) with AgN03 in H20/MeOH solution gives a hexanuclear cluster of composition 
[Ni(HCQD),Ag], (346).wo5 Each hexanuclear molecule consists of three Ni(HCQD): anions 
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(346) (reproduced and adapted with permission from ref. 2505) 

bound to three Ag atoms along a linear chain. The coordination around the nickel atom is cis 
square planar in contrast to the trans square planar coordination of the parent Ni(HCQD)2 
complex. The six metal atoms in the hexanuclear cluster are arranged in a trigonal bipyramid. 

Two isomers of camphorquinone monooxime, known as isonitrosocamphor (HCQM) and 
isonitrosoepicamphor (HCQE), react with Ni(N03)2 hydrate in the presence of py affording 
compounds of composition [Ni(CQM)py3(H20)]PF6.Hz0 and [Ni(CQE)py3(H20)]PF6-$Hz0 
(peB= 3.04, 3.14BM respectively). A dimeric structure with bridging oxime has been 
proposed.2506 

Transition metal hydroxyoxime complexes have been reviewed very recently.Ew Their use in 
both analytical chemistry and extraction metallurgy is well known. The square planar structure 
of the bis chelate complex N i b  (347) with the deprotonated 2-hydroxybenzaldoxime (HL) is 
typical of this series of nickel complexes.250s Their bis adducts, N i M 2 ,  with bases such as py, 
substituted pyridines and cycIomethyleneimines, are s ix -co~rd ina te .~~~  The acyl oxime (H2L) 
complexes are similar to the aforementioned complexes being either square planar bis chelates 
Ni(HL)2 (348) or octahedral bis adducts, Ni(HL)zB2.25[n When the acyl oxime acts as a dibasic 
ligand L -, the corresponding (NiL), complexes are insoluble and involve extensive 
polymerization. 
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9.5.63 Complexes with ‘hybrid3 polydentate ligands 

A summary of some nickel complexes which have been synthesized and characterized with 
saturated ‘hybrid’ polydentate ligands is given in Table 101. The complexes have generally 
been prepared by the direct reaction of various nickel salts with the appropriate ligand in 
alcoholic media. In the case of tridentate ligands with sterically unencumbered terminal donor 
groups the complexes are six-coordinate with the ligands, in general, facially coordinated to the 
nickel atom as found in the two complexes (349) and (350).2510,2511 H owever, in the complex 
NiBr2L;! (351; L = 1,5-dihydroxy-3-thiapentane), the ligand acts as bilegate.2512 

Table 101 Complexes with ‘Hybrid’ Polydentate Ligands 

Ligand Substituents Formula Remarks (peflin EM) Re5 

S(CH,CO,H),HzL NiL(H,O),* (349) Oh 2510 
%[NiL,]* (350) Oh 251 1 

S(CH,CH,NHz), L NihX,  Oh; X = halides, PF,, NO, 2512 

S(CHZCH2OH)Z L NiBr&* (351) Oh; bilegate ligand 25 13 

RN(CH,CH,OH), R = H: H,L’ [Ni(H,L’),]X,-xH,O Oh; X = C1, Br 2514,2515 
R = Me: H,LZ [Ni(H2L2),]X2 Oh; X = halides, NO,; 

pefi = 3.2-3.3 
Oh, polynuclear; X = c1, Br; 

Oh; X = NO,, I; fie, = 3.1-3.2 

[Ni(HL2)H,0]X 

[Ni(HL2)(H2L2)]X 
.UGH = 3.3-3 4 

2516 

2438 Q ,sQ 
Ni&XZ.2MeOH Oh; X = Br, CIO,; pCm = 3.2-3.3 

CH, NH, 
L 

Y (CH,CH,NMe), Y = O , S  NiX,L Five-coordinate; X = C1, Br, NCS; 2517 
L p d =  3.1-3.4 

2518 NiX,L Five-coordinate; X = halides; 
flar = 3.2-3.3 

H”H,)”NH(CH,),SH r t = 2 H L 2  NiCIL2.fMvleOH W’ 
[NiLZ]BPh4 SgP‘ 

n = 3: HL3 [NiL3]BPh4-&0 SqPl 
MeN(CH,CH,SH)2 [NIL], SqPl; dinuclear 

H,L 

2519 

2520,2521 

ZCH2CH,N(CH,CH,NEt,), = OMe> SMe [NiXL1BPh4 TBF‘y; X = halides, NCS; pen = 3.2-3.6 2523 
2 = OMe Ni(NCS),L Oh; p, = 3.2 
Z = SMe Ni(NCS),L Five coordinate; pc, = 3.4 

(XVI) L 

(XW) L 
(ZCH&HJ$CH~CHWb 2 = OMe, SMe [NiXLIBPh, TBPy; X =halides, NCS; p,, = 3.2-3.4 2523 

Ni(NCS),L Oh; (I& = 3.2 



Nickel 217 

Table 101 (continued) 

Ligand Substituents Formula Remarks (pepin BM) Ref. 

N(cHzCHzZ), Z = OMe, SMe 
(XWZZ) L 

(XIX) HL 
N(CHZCH2OH), 

L 
N(CH2CHMeOH), 

HOCH$HzN( CHzCH@EtJz 

L 

[NiXLJBPh, 

[NiL],(CIO,h* (353) 

NiLX2* 

NiL$O, 

NiX,L 
NiL(ClO,),.xH,O 

Oh; X = halides,'NCS; peff = 3.1-3.3 

TBPy; dinuclear 

Oh; X = halides, NO,; pmff= 3.0-3.3; 
trilegate ligand 
Oh; pen= 3.13; trilqate ligand 

Oh; X = halides, NCS; paH = 3.0-3.3 
Dierent structures depending on the 
preparation 

L 

HN(CH2CH2SCH,CW,NK),), 

n = 2 , 3 , 4  

K=Me;L 
R=H;HL 

NiX,L Oh; X = halides, NCS; psff = 2.8-3.0 

Oh; pas = 3.56 

[NiL(&O)]CD4~I-I$3 Oh; peff = 2.91; deprotonated ligand 

[NiL(H,O)](ClO,), Oh; pes = 3.04 

[NiXL]C10, Oh; pentalegate ligand 
X= CI, Br 

2523,2524 

2525 

2526,2527 

2528 

2529,2530 
2531 

2532 

2533 
2534 

2533 

2383,2534 

L 

*Structures determined by X-ray andysis. 

0 
\ 

0 : Ni 

OH2 0 F--0 
(349) (350) (351) 

It has been found that di-2-pyridyl ketone (dpk) and reagents such as pz, MeNH2, NH3 and 
PhNHNH2 react together in aqueous solution in the presence of hydrated Ni(N03)2 affording 
tridentate ligands of the t e (XV; Table 101) which coordinate to nickel(I1) in the octahedral 

When adequate steric hindrance on the donor atoms is provided in the tridentate ligands, 
high-spin five-coordinate NX2L complexes are obtained. Significant examples are the complex 
obtained with the two strictly correlatable ligands 1,5-bis(dimethylamino)-3-thiapentane and 
1,5-bis(dimethylamino)-3-oxapentane .2517 These compounds give rise in solution to equilibria 
between five- and six-coordinate species achieved via molecular association or solvolysis. 

complexes [NiLJ(N03>2.'$ T 
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The tridentate ligands with terminal mercapto groups invariably give square planar 
complexes with a dinuclear structure achieved via mercapto bridges as found in the crystal 
structure of the complex (352).25u In this complex the Ni2S2 ring is severely folded to give an 
angle of 110" at the S-S diagonal, giving an Ni-Ni distance of 274pm. Some such complexes 
react with Me1 producing new complexes where the terminal sulfur atoms have reacted with 
the alkyl halide. 

(352) 

As outlined in Section 50.5.4.6 the tripod-shaped tetradentate ligands have the most 
favourable geometry for the formation of five-coordinated complexes with trigonal bipyramidal 
geometry. However, the presence of different donor groups in the donor set may give rise 
either to coordination distortion or to stereochemistries other than trigonal bipyramidal. 

As a matter of fact the tetradentate tripodal ligands with donor sets N202, N2S2, N30 and 
N3S (XVI, XVII; Table 101) may give either five-cuordinate [NiXL]+ complexes or 
six-coordinate octahedral NiL(NCS)2 complexes.2523 Moreover, the ligands with donor sets 
NO3 and NS3 (XVnI) give polymeric six-coordinate [NiXLJ4 c o m p l e x e ~ . ~ ~ . ~ ~ ~  The ligand 
(XIX) undergoes deprotonation with Ni(C104)2 affording the dinuclear five-coordinate complex 
(353).2525 Most of the nickel complexes with ligands (XVI) and (XVII) retain their own 
five-coordinate structure in either nitroethane or 1,2-dichloroethane solutions. 

(353) 

Linear quadridentate ligands with saturated connecting chains have sufficient flexibility to 
arrange themselves in either a planar or a non-planar arrangement. However, the non-planar 
arrangement around the nickel(I1) atom is in general preferred in the case of bulky donor 
atoms such as sulfur because of the reduction of the steric strain. In general nickel complexes 
with hybrid linear quadridentate ligands are six-coordinate (Table 101). 

50.5.8.4 Complexes with uminocurboxylic acids 

(i) Complexes with aminopolycarboxylic acids (complexones) 

Amongst the aminopolycarboxylic acids, also known as 'complexones', the potentially 
hexadentate ethylenediaminetetraacetic acid (usually called a e d t a  and I-L,edtax- according to 
the degree, if any, of deprotonation) is by far the most familiar. This ligand forms very stable 
1 : 1 nickel complexes in aqueous solution (log K1 = 18.6 at 293 K and p = 0.1 in KN03).2$35 
There are conflicting reports concerning the effective denticity of deprotonated Wedta towards 
nickel(I1) in aqueous solution. It is now ascertained that over the pH range 4-12 significant 
amounts of pentadentate ligand are present with an uncoordinated carboxylic group, 
corresponding to the formulation [Ni(H2-,edta)(H20)r-.2536,2537 The six-coordination of 
nickel(I1) is completed by a coordinated water molecule. Actually such a structure has been 
found in the solid complex [Ni(Hzedta)H20] (354)2538 which can be prepared by the reaction of 
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Kedta with nickel(I1) hydroxide. A tetragonal distortion occurs in the complex, with two axial 
bonds longer than the normal ones (Ni-0, 216; Ni-N, 213 us. the equatorial bond distances 
Ni-O,203, 204; N G N ,  208; distances in pm). Nickel(I1) is six-coordinated by the fully 
deprotonated edta4- in the complex Ca[Ni(edta)].4H20.2539 In the dinuclear complex 
[Co"'(NH3)5{(edta)Ni(€€zO)~]C104-2H~Oy the edta ligand acts as quinquedentate towards 
nickel(I1) and unidentate towards the Co(NH3):+ moiety.2540 The crystalline compound 
Ni(H2edta).2H20, which can be isolated from an acidic solution, is assumed to contain two 
uncoordinated CHzCOzH groups? while two water molecule complete the six-coordination of 
nickel(I1) .2541 

0 

0 

(354) (adapted with permission from ref. 2538) 

The kinetics of displacement of either trien or tetren from their nickel complexes by edta 
have been i n ~ e s t i g a t e d . ~ " , ~ ~ ~  

The complexes formed in solution by edta, propane-l,2-diaminetetraacetate, trans-l,2- 
cyclohexanetetraacetate and diethylenetriamine pentaacetate (H,dtpa) have been investigated 
by means of 'H NMR spectroscopy. It has been supposed that in the six-coordinate complexes 
the average ligand coordination is between five and six.2544-2546 Mononuclear and dinuclear 
complexes are presumably formed in solutions of H5dtpa. The solid compounds have formulas 
Niz(Hdtpa).7Hz0 and Ni(H3dtpa)-H20.2547 Mono and bis chelates [Ni(nta)-xH@] and 
[Ni(nta)2I4- are formed in solutions of the deprotonated nitrilotriacetic acid (H3nta = 
N(CH2C02H)3; log K1 = 11.5 at 293 K and p =0.1 in The structure of the bis 
chelate has been investigated in the solid &[Ni(nta)2]-8H20.2548 In this six-coordinate complex 
the ligand acts as tridentate with one free carboxylate arm for each ligand molecule. The 
structure of lithium bis(iminodiacetate)nickel(II) was also r e p ~ r t e d . ~ ~ % ~ ~ ~ l  

Nickel com lexes with some sulfur analogues of complexones have also been 
investigated. 255FS53 

( i i )  Complexes with simple amino acidr and peptides 

The simplest a-amino acid is glycine, which is an excellent N,O chelating agent in the 
deprotonated form (NH2CH2C0,, Gly) towards nickel(I1). The complex 
Na2[Ni(Gly)3]C104.Dz0 contains the six-coordinate tris chelate tris(gly~inato)nickelate(II).~~~ 
The neutral complex has the composition [Ni(Gly)z(H~O)~] and a trans octahedral structure 
(355).2555 Other mixed-ligand complexes of the types [Ni(Gly)?(en)], [Ni(Gl~)(en)~]+, 
[Ni(Gly)2(Im)2] and [Ni(Gly)2(NH3)2] were also reported.2556 The red-violet bis(thiog1ycinato) 
complex Ni(HJVCH2COS)2 is diamagnetic and square planar.2557 

Bis-a UQ complexes were also reported with amino acids such as a- and p-alanine 
(MeCH;INH COzH, CH2(NH2)CH2C02H) and a-aminobutyric acid, EtCH(NH2)C0fi.2558 
The anhydrous complexes [NiL] (L = glycinate, alaninate, a-aminobutyrate anions) are 
six-coordinate with a polymeric array of carboxylate groups both bidentate and bridging.= 8+2559 

The crystal structures of the following six-coordinated complexes were also determined: 
[ N i ( ~ - S e r ) ~ ( H ~ 0 ) 2 ] ~  (Ser = CH2(OH)CH(NH2)CO:), [Ni(/3-Ala)2(Hz0)2]2561 (Ala = 

COC -Ha 
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H20 
(355) 

CH2(NH2)CH2COF), [Ni(Gly)2(im)d,2562 [Ni( (Tyr = HOC61&CH2- 
CH(NH2)COF) and [Ni(Sar),(H20)z] 564 (Sar = MeNHCH2C0,). 

Transition metal complexes with potentially tridentate amino acids have recently been 
reviewed.2559 

Amongst the numerous nickel(I1) complexes with amino acids, those formed by histidine 
have been intensively studied because of the importance of the imidazole moiety in some 
enzymatic activities .=@ In the solid state, the racemic Ni(His)z.H20 contains equimolar 
amounts of [Ni(~-His)~] and [N~(L-H~s)~L (His = histidinate anion).=& The structure of 
[Ni(~-His)~]-H~0 has also been determined. 67 In both types of complex, the nickel(I1) atom is 
six-coordinate with similar bond angles and distances (356). An analogous structure has 
been found in the corn lex Ni(~-pyMa)~.2H~O (pyAlaH = /3-(2-pyridyl)alanine, H,NCH- 
(CH2C&W)C02H) a 2568,25%9 Mixed-ligand complexes of amino acids (alanine, valine, leucine, 
phenylalanine, threonine) with N-(2-pyridylnaphthyl)-~-aspartic acid have been investigated. It 
has been found that the L isomers of the amino acids are coordinated preferentially for steric 
 reason^.^^" Other examples of stereoselectivity involving the coordination of deprotonated 
amino acids have been reported.2571 

HN -CH 

The coordination of methionine, MeSCH2CH2CH(NH2)C02H, to nickel has been investi- 
gated in solution. It has been found that the complex [Ni(~-Met)(~-Met)] (Met = monoanionic 
methionine) is a little more stable than the optically active com lex. The ligand is supposed to 
act as tridentate with at least weak Ni-S (thioether) bonding. 

Using the dianionic ligand derived from aspartic acid, HOZCCHzCH(NH2)C02E.I, the 
complex [Ni(~-aspartato)(H~O)~]H~O has been synthesized and its structure determined 
(357) .25;73 The mixed-ligand complex [Ni(L-Asp)(Im)3] is mononuclear and ~ ix-coord ina te .~~~ 

The coordination of glycine peptides to nickel(I1) has been investigated in aqueous solution 
by means of potentiometric and spectral  measurement^,^^^ and also in the solid compounds. In 
solution, as the pH increases, protons are lost progressively from the peptide groups and Ni-N 
(peptide) bonds are formed. The formation of Ni-N (peptide) linkages in general shifts the 
equilibrium between six- and four-coordinate species towards the latter. Actual1 , the structure 

consumes O2 in neutral solution and catalyzes the oxidation of the peptide affording a number 
of new products.2m 

and in aqueous 
solution over a broad range of pH.2579i2580 

2p72 

of disodium tetraglycinatonickelate(I1) octahydrate is square planar (358) .257 H This complex 

Various other Ni-peptide systems have been investigated in the solid 
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(iii) Miscellaneous complexes 

Six-coordinate complexes were reported with pyridine-2-carboxylate, [Ni(C51€&C0z)z- 
(HzO)&2Hz0,z81 with hydrogenopyridine-2,6-dicarboxylate, [Ni{C5H3N(C02H)COz}2]+ 
3H202 22584 which acts as monoanionic tris chelate, and with the dianionic tris chelate 
pyridine-2,6-dicarboxylate [Ni(en),][Ni{ C5H3N(C0~)2}~].4H20.2585 Nickel complexes with the 
two closely related ligands 1,5-diazacylooctane-N, N’-diacetic acid (dacoda) and 1,s- 
diazacyclooctane-N-monoacetic acid (dacorna) have been investigated. The square pyramidal 
coordination of the [Ni(dacoda)H20].2H20 complex (359 is sterically forced by a methylene 

also retained in solution. In solutions of [Ni(dacoda)HzO] containing variable amounts of 
NaC104, an equilibrium occurs between blue square pyramidal and yellow square planar 
species.”88 Moreover, heating in vacuo converts the solid blue [Ni(dacoda)H20] to yellow 
square planar [Ni(dacoda)]. In the case of the complex [Ni dacoma)(HzO)z]C104 the 

hydrogen which blocks the sixth coordination position.= 8, 32587 The same five-coordination is 

five-coordination is achieved with two coordinated water molecules. L89 

0 

H 2 0  0 
(359) 

50.5.85 Di- and tn-nuclear complaes with dinucleating ligands 

Many types of ligand have been designed or are known to favour the formation of di- and 
tri-nuclear nickel complexes, This field of coordination chemistry has recently been extensively 
reviewed.””,2591 For a specific discussion of the magnetic properties of dinuclear nickel(I1) 
complexes, see Section 50.5.10. 

Amongst the simplest ligands which have been found to give dinuclear complexes with 
nickel(I1) are tridentate Schiff bases derived by the condensation of either salicylaldeyde or 
acetylacetone with amino alcohols 360 ,”= amino acids such as glycine, L-alanine, L-valine, 
L-leucine and ~methioninef59~ 2-mercaptoethylamine (361)”94 and S- 
methyldithiocarbazate .22w Most of the complexes with these ligands are six-coordinated but 
those with thiolo bridges are invariably square planar. Complexes of the t e 362 where 
X = MeO, EtO, N3, NH2, OH and OCN are square planar and b?t those 
where X = C1, [NiZL(Cl)].nDMSO (n = 2,4), have magnetic moment values about 2.0 BM at 
room temperature. They contain presumably one diamagnetic square planar nickel(I1) and one 
paramagnetic nickel(I1). 
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n 

0-0 is MeOCH2CH,0H 

NH, , NH, 

Nyq' "0' \"N 12+ 'c-9. /x\J-E 
m 

HZN, .ANi,NHZ 

II Ni 

\ HzN* 
yy" 

(363) x-0,  s (362) X = MeO, EtO, N3, NHz, OH, OCN 

Square planar dinuclear complexes of type (363) formed by dinucleating ligands which have 
no unsaturated bonds have also been reported.z5w 

More examples of dinuclear homo- and hetero-metallic complexes which have been prepared 
with some dinticleating ligands are reported in Table 102 together with some physicochemical 
properties and preparative routes. 

Table 102 Nickel(1I) Complexes with some Binucleating Ligands 

Complex 

Coordination 
geometry 

(BM) of nickel(1l) Remarks R.f. 

2600 Diamagnetic SqPl n = 2,3; preformed ligand 
+ Ni(OAc),.4H20/EtOH, H,O 
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Table 102 (continued) 

Complex 

Coordinarion 
Neff 

(BM) of nickel(II) Remarks Ref. 

l+ 

'H 
/- 

2.84" Oh Ni2L-3H,0; antiferromagnetic interaction 2600 
bctween nickel atoms 

2.25" SqPl + SqPy [NbL]CIO,*DMF; B = DMF; SqPl in DMF 2601 
SOlUtiQn 

3.06-3.17a Oh Ni,L?mH,O; n = 2-4; R = Me, Et, Bun, 2602 
CH,CH,OH; template synthesis: 
3-fomylsalicylic acid, amine, Na$O,, 
Ni(OAc),.4H,O in H,O solution; 
presumably %O molecules in axial 
positions; antiferromagnetic behaviour 

2.17-2.33" SqPl +Oh Ni,LwH,O; n = 3, 5; R = CH,CH,, 2603 
CKCHMe, C,H,, C,H,,; template 
synthesis as above. 

3.36' Oh Ni,L+5&0; R = (CH,),; antiferromagnetic 
behaviour 

Diamagnetic SqPl R = CH2CH,, CH,CHMe; template 
synthesis as above 
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Table 102 (continued) 

Complex 

Dhnagnctic SqPf NiM,L.n&O; x = 1,2; M = Li, Na, M g ,  2605 
Sr, Ba; R = CH,CHMe; preformed 
ligand + Ni(OAc),*4HZO + MC!, 
+ NaOH/EtOH, H,O 

(XxV 
r N  P, 0 

R+".oKo 

3.36-3.78b Oh NiCuL.xH,O; R = (CH,),, (CH,),, C,H,, 2606 
C a , , ;  B = H,O; antiferromagnetic 
behaviour; CuL + Ni(OAc),-4H20/H,0 

1.87-5.71b SqPl NiML.xH,O; R = CH,CH,; Mz' = Cu, 2604,2607 (=w UO,, Co, Mn, Fe; NIL + MX,/EtOH 
(MeOH) 

2.53' Ni&H,O; R = CH,CH,NHCQCH,; 2608 
preformed ligand + Ni(OAc),.4H2O , 

0,2.08' sqn d' = uo,, c u  2M)9 

2.99 SqPl+Oh Mz'=Ni 
NL in pyridine + Ni(OAc),.4H,O in 
MeOH + LiOH; six-coordination achieved, 
presumably via oligomerization in the solid 
state 
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Table 102 (continued) 

Complex 

2.75-3.30a Oh [Ni2Qy4].4py'; R = R' = Ph 2610 
R = Me, Ph, p-BrC&; R' = Me, Ph, 

NiCI, + triketone + NaOH/acetone, &O 
P-BIC~H~;  B = H20, py; 

2 .9Ip Oh [N&L,py,]*; R = Me, R' = CF, 2611 

Diamagnetic SqPl R = R' = Me; R =Me; R' = Ph; preformed 2613 (xxV111) 
R r n  

0 0  
ligand + Ni(OAc),.IH,O/EtOH 

cN wi< 
$ 0  0 

3.05-3.16b Ni,LB,; B = H,O, py; R = Me; prepared as 2614 
above 

3.16b SqPl f Oh [Ni,Lpy,]py*; R = Ph 2615 

SqPl+ Oh 

0.5-2.0b SqPl NiML.xsolvent; R = Me, Ph; Mz+ = Cu, 2616,2617 
VO, UO,, Zn; 
NIL + M(OAc),.4H,O/MeOH 
NiZnLpy'; R =Me; Ni(VO)L*; R = Me 2617 

sqpl NiML(hfacac),*; Mz+ = Cu, Co, Mn 2618 
(hfacac = hexatluoroacetylacetonate) 

SqPl Na,Ni2L.4H20; 2619 
lJ,4,5-bemenetetramine4HCI + NaOMe 
in DMSO/MeOH + 5-sulfosalicylaldehyde 
in DMSO .t Ni(OAc),.4H20 

so3 SO, 

Structure determined by X-ray analysis. 
a Average magnetic moment per nickel(II) atom. 

Magnetic moment referred to  the &metallic complex. 
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The condensation of 2,6-diformyl-4-methylphenol with one molecule of diamine such as 
ethane-1 ,Zdiamine or pro ane-1,3-diamine affords Schiff bases which have two adjacent 
coordination  compartment^'^^ where the donor atoms are different. The K system occurring in 
this type of ligand strongly favours a planar arrangement of each set of donor atoms, thus 
precluding six-coordination towards a single metal atom (XX; Table 102).2600 When the 
complex (XX) reacts with one more molecule of the diamine, a cyclization of the complex 
occurs. The cyclic complex containing one nickel atom behaves by itself as a ligand and reacts 
with one additional nickel(I1) to give dinuclear complexes of the types (XXI). In general, the 
nickel atom has square planar coordination when it is accommodated in the Schiff base 
compartment (Nz02 donor set; complexes XXII-XXW, XXVr). On the other hand the nickel 
atom accommodated in the keto-enol-type compartment (04 donor set) may increase its 
coordination number up to six with two additional donors in the axial position (complexes 

A different series of dinuclear nickel(I1) complexes are those reported with more flexible 
ligands which hold one nickel atom well separated from the second metal centre. In general, 
these metal complexes are designed in such a way that interactions with substrates may 

The ligand 1 ,Cbis (bis(2-aminoethyl)aminomethyl}benzene forms a polymeric 1 : 1 metal- 
ligand complex and a 2 : 1 complex (364) in aqueous solution.26m 

The reaction of bis(salicylaldehydato)nickel(II)~2H20 with rn-xylenebis-2-(1,3- 
propanediamine) in EtOH results in the formation of the dinuclear complex (365).2621 This 
complex undergoes a quasi-reversible two-electron reduction at - 1.47 V us. SCE attributable 
to the formation of the corresponding dinuclear Ni' complex. EPR measurements do not 
indicate any interaction between the two nickel(1) paramagnetic centres. The dinuclear 
nickel(1) complex forms adducts with CO and MeCN. 

=I, XXV, nm,  ~).2610,2611,2613.2614 

occur .2620,2621 

(364) (365) 

50.5.9 Nickel Complexes with Macrocyclic Ligands 

The field of nickel complexes with macrocyclic ligands is enormous and continuous interest in 
this area in recent years has resulted in innumerable publications. A number of books 
and review articles are also available covering the general argument of the bonding ca abilit 
of the various macrocyclic ligands towards transition and non-transition metals. 
Synthetic rocedures for metal complexes with some tetraaza macrocycles have been 
reported.26g Kinetics and mechanism of substitution reactions of six-coordinate macrocyclic 
complexes have also been reviewed.2629 

The subject matter of this chapter will be subdivided into sections concerning template 
synthesis of the complexes; structural and thermodynamic properties of the complexes with 
synthetic cyclic polyamines; complexes with mixed-donor macrocycles; reactivity of the 
complexes; cryptates; and complexes with phthalocyanines and porphyrins. 

L A  

50.5.9.1 Template synthesis of macrocyclic complaes 
Initially a great majority of tetradentate cyclic polyamines were prepared by condensation 

reactions assisted by a transition metal ion, typically nickel(II), which held the reacting 
molecules in favourable positions to facilitate their cyclic condensation (template 
reactions) .2625*2628,2630-2632 The archetypal template reaction was due to the pioneering work of 
N. F. Curtis, who found that [Ni(en)3](C104)2 reacts with acetone at room temperature yielding 
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a yellow crystalline compound (366; Scheme 35).2633 In this scheme only one of the possible 
isomers, the tram, has been depicted for simplicity. In fact, three isomers can be isolated from 
Scheme 35. The trapts isomer exists in two distinct forms in the solid state due to the 
asymmetric secondary nitrogen, namely the meso form (orange) and the racemic form (red). 
Only the racemic form of the cis isomer (367) has been isolated in the solid state. The same 
complexes were subsequently prepared in better yields by the condensation of [N$~II)~]’+ with 
either mesityl oxide or diacetone alcohol in MeOH at refluxing temperature.26 A possible 
mechanism for the reaction of Scheme 35 is outlined in Scheme 36. The carbanion adds to a 
coordinated imine yieldmg an amino ketone which further condenses with one more molecule 
of en, and so on. 

Fvie lz+ 

[Ni(en)J2+ + 4MeKO - ‘N/ ) + 4H20 + en 
/ \  

/N N 

(366) 
Scheme 35 

Scheme 36 

Reaction of Scheme 35 has been extended to other diamine complexes of nickel@) and/or 
other carbonyl compounds producing macrocyclic complexes which differ from (366) or (367) in 
either ring size or substituents. For example, octamethylated analogues of either (366) or (367) 
have been obtained by the reaction of [Ni(pr0pane-l,2-diamine)~]~+ with acetone. Complex 
(368) has been obtained b the cyclization reaction of [Ni(trnd),]’+ with either acetone or 
diacetone a l ~ o h o l . ~ ~ - ~ ~ * ’  36 Ni2(trien)3C14.2H20 reacts with various aldehydes and with 
acetone to give macrocyclic complexes of type (369).2637 Equimolar amounts of 
[Ni(en)3](C104)2-0.5H20 and [Ni(tmd)3](C104)2 react with acetone which acts as the reaction 
medium affording complexes of type (370).2638 

2 

12+ 1‘’ -I2+ 

(367) (368) (369) (370) 

Cyclization reactions with aliphatic carbonyl compounds other than acetone are, in general, 
difficult and extremely slow. The reactant mixtures are often allowed to stand for weeks at 
room temperature and then refluxed in order to obtain appreciable amounts of the products. 

Starting from complex (366) or (367) it is possible to produce a number of different 
complexes containing from zero to four imine linkages by means of reduction or oxidation 
reactions (Scheme 37).2639 In these redox reactions the Ni donor atom set remains intact, thus 
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indicating the remarkable stability and inertness of the macrocyclic complexes towards 
dissociation. 

H 
HZ/PtOz 

Scheme 37 

Another series of macrocyclic complexes has been prepared by Busch and co-workers by the 
condensation reaction of either yridine-2,6-dicarboxaldehyde or 2,6-diacetylpyridine with 

to different types of macrocyclic complexes are reported in Schemes 39-44,262872-2650 The self- 
condensation of 1-amino-2-carboxaldehyde in the presence of nickel(I1) gives two types of 
macrocycle (Scheme 45) 

various polyamines (Scheme 38) .2 B 24,2628i2640-2645 Other examples of template reactions leading 

+ 

Scheme 38 

Ni2+ 
+en - 

Scheme 39 

Scheme 40 

50% yield 
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Me U M e  
Me Me 

Scheme 41 

(CHA ((CH2)") -I+ as' ''D -t RHCO + Ni(C10&.6H20 Q 2  

II 1 

R 

NH HN 
I I 
NH2 NH2 

n = 2, 3, 4; R = H, (CH2)30H 

Scheme 42 

O+-& H 

I 

NH N 

U 
NH NH, 0 

Scheme 43 
ZnCIZ 

HCI 

U 
Ni(MeC02),*4Hz0 + 2NH2(CH2)3NH2-HCl + 2MeC(O)C(O)Me - 

[ZnCI,]*- + 8H20 + 2MeC02H 

Scheme 44 

+ Ni(NO3),.6Hz0 
1 

[NiL(H20)2N03]N03 

/ 

Scheme 45 
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Macrocyclic complexes were also obtained by the alkylation reaction of quadridentate 
chelates (Schemes 46 and 47) .2452-2654 

f BrCHzCHz13r - 
Scheme 46 

The template condensation of 2,3-butanedione dihydrazone with aldehydes or ketones affords 
a variety of octaazabis(a-diimine) macrocyclic complexes of nickel(II), according to the 
Scheme 48.2455 NH deprotonation with py or Et,N of the aforementioned cationic complexes 
leads to neutral NiL species. 

R' R2 1 2 +  
\ /  

M e /  \ / \ M e  

Me \ / \ 1 Me 
+ ZR'R'O (aq) + Ni(C104)2.6H20 ;'i Ni N] +2C10; '-' 

Me N N  
I I 1  

)i 
NH, HN N H  

Scheme 48 R' R2 

Benzaldehyde monohydrazone, 2,3-butanedione monohydrazone and related hydrazones 
have been found to react with some ketones in the presence of nickel(II), affording compounds 
which, in turn, condense with either en or propane-1,Zdiamine giving macrocyclic complexes 
(Scheme 49) .24s6326s7 

R2 
R', R2 = Me, Ph; R' = Bu', R2 = H 

Scheme 49 

The template synthesis has also been successfully employed for the preparation of 
macrocycles containing mixed donor atoms. Exam les which refer to tetra- and hexa-dentate 
ligands are given in Schemes 42, 47 and 50?64992653~%54~2658 

Apart from the template synthesis a number of nickel macrocycles have been prepared by 
direct combination of the appropriate nickel(I1) salt with the preformed macrocyclic ligand in 
alcoholic medium, often MeOH (see also Tables 103, 106-108). 
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F O  n 

Scheme 50 

50.5.9.2 Structural and thermodynamic properties of complaes with saturated polyaza 
macrocy cla 

A summary of nickel(3I) complexes formed by representative saturated polyaza macrocycles 
is reported in Table 103, together with a concise description of the synthetic procedures and 
some of their physicochemical properties. Most studies are concerned with nickel(I1) 
complexes with tetraaza macrocycles, but examples of complexes with triaza and pentaaza 
macrocycles are not rare. 

Nickel(I1) complexes with various saturated triaza macrocycles are six-coordinate in both the 
solid state and aqueous s o l ~ t i o n . ~ ~ ~ ~ , ~ ~ ~  In the bis complexes the li ands are facially 
coordinated (371) with normal Ni-N bond distances (about 210-214 pm) .281szm 

Formation constants in aqueous solution at 298 K indicate that the stability of the complexes 
decreases with increasing ring size. Kinetic studies indicate that the complex with the smallest 
macrocycle, namely [9]aneN3, dissociates more rapidly in 1 M acid than that with the largest 
macrocycle, namely [12]a11eN~.*~ 

Saturated tetraaza macrocycles give rise to nickel(1I) complexes with almost all of the main 
coordination geometries except tetrahedral. The preferred coordination in the solid state 
depends mainly on the ring size and substitution of the macrocyclic ligands, and on the 
coordinating capacity of the anions which neutralize the nickel(I1) charge. In solution, 
equilibria often exist between different species, in most cases between diamagnetic square 
planar and high-spin octahedral species. The position of the equilibria is influenced by the 
donor capacity of both the solvent and any anions which are present in the solution, and also 
by the temperature. Typically, it has been found that the presence of 'inert' electrolytes such as 
NaC104 in aqueous solution strongly influences some equilibria favouring the square planar 
species. 

The 1Zmembered cyclic tetramines, the smallest tetraaza macrocycles, have a cavity size too 
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small to encompass high-spin or low-spin nickel(I1) in a coplanar coordination of the four 
nitrogen atoms. In fact a folded coordination of the macrocycle around the face of either a 
trigonal bi yramidal or cis octahedral structure has been found in solid compounds 

nickel(I1) in a planar coordination in aqueous solution. 
(372).2664,2697 However, the unsubstituted [12]aneN4 is assumed to encircle low-spin 

l+ 
Me 
/ 

Most of the solid complexes with 13-membered macrocycles contain diamagnetic square 
planar nickel(I1) as found in the complex [Ni(12,12'-Mez[13]aneN4)](C104)2.2668 As a matter of 
fact the calculated centre-nitrogen distances in the planar coordinated 13-membered macro- 
cycles (192pm) matches the Ni-N bond distances found in low-spin complexes with 
open-chain amines. In the case of the six-coordinate dinuclear complex [Ni2(ll,13- 
Me2[13]aneN4)2(C204)](PF6)2 the ligand exhibits a folded coordination to paramagnetic 
ni~kel(II) .=~~ These structural properties seem to indicate that the 'cavity size' of the 
13-membered macrocycles in planar coordination is adequate to encircle low-spin nickel(I1) but 
too small in the case of high-spin nickel(I1). In the latter case the folded coordination becomes 
preferred. 

Macrocycles with 14- 16-membered chelate rings all encircle both high-spin and low-spin 
nickel(I1) in the solid compounds. With anions which have coordination tendency, e.g. halides, 
pseudohalides and in some cases NO;, trans octahedral paramagnetic complexes are obtained 
which are often blue or violet. With anions such as C104, PF6 and BF4 (and I, in some cases) 
which show little tendency to coordinate, square planar diamagnetic complexes are obtained 
which are generally yellow. 

Typical examples of the rich coordination chemistry of saturated tetraaza macrocycles are the 
complexes given b 1,4,8,Il-tetraazacyclotetradecane, also known as cyclam, with nickel(I1) 

the different configurations about the asymmetric coordinated secondary amines which, in turn, 
influence the possible conformations which can be adopted b the chelate rings. In the tram 
octahedral complexes [NiX2(cyclam)] (373; X = Cl, NO3 z74*'75) and [NiI (cycl am)] I-HZOU1' 
the five- and six-membered chelate rings adopt gauche and chair conformations, respectively. 
The latter complex has a polynuclear structure with bridging iodide. The favourable 
coordination of cyclam in the complexes (373) is demonstrated by the very low ring strain of 
the chelate rings. A common feature of the three aforementioned trans octahedral complexes is 
the more or less pronounced lengthening of the axial bonds (Ni-C1,249; Ni-0 (ON02), 217; 
Ni-I, 334; values in pm) which leads to a shortening of the in-plane Ni-N bonds (in the range 
194-197 pm). 

(Table 103).2672-267 Y Isomerism is expected to occur in the Ni-cyclam system due principally to 

There are few exceptions to lanar coordination of cyclam towards nickel(I1). However, a 
facile conversion of Ni(cyclam)' from square planar coordination to cis octahedral has been 
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reported (equation 222). The latter complex slowly isomerizes in aqueous solution to a mixture 
of square planar Ni(cyc1am)" and trans octahedral [Ni(cy~lam)(H~0)2]~+.~~~,~~~ It has been 
calculated that folding cyclam towards a cis octahedral structure would be favoured for M-N 
bond distances above 209 pm.267s 

(222) 

The introduction of a single substituent on a carbon atom of the chelate ring introduces 
further chiral centres, thereby resulting in further isomeric possibilities. For example, with the 
C-racemic 5,7,7,12,14,14-hexamethyl-l,4,8,1l-tetraazacyclotetradecane (originally indicated as 
CTH or tet-b) three isomeric square planar complexes [Ni(tet-b)]Y2 designated as IY (374), /3 
(379, and y (376) have been investigated by means of X-ray diffraction methods.- The a 
diastereoisomer is unstable and converts into the p form in neutral aqueous solution. The same 
ligand in the folded coordination forms a number of cis octahedral complexes with a chelate 
anion occupying the two additional cis positions (377)2687 and, in the planar coordination, trans 
octahedral complexes.268s The C-meso form of the CTH ligand (originally indicated as tet-a) 
usually yields either square planar or trans octahedra1 complexes having a planar coordination. 
However, one complex, namely [Ni(tet-a)acac]ClO, (378), has been found to be cis octahedral 
with a folded coordination of the r n a c r o ~ y c l e . ~ ~ ~  The configuration of the amine nitrogens is 
the same in the two similar complexes [Ni(tet-b)(MeCOZ)]' and [Ni(tet-a)acac]+. 

[Ni(cyclam)lz' el, [Ni(cyclam)en]*' ZH+, [Ni(~yclam)(H,O),]~+ 
SqPl &-Oh &-Oh 

(reproduced with permission from refs. 2622 and 2686) 

Q 

(377) 
U 

(378) 
(reproduced with permission from refs. 2622,2687 and 2689) 

In the square pyramidal complex [Ni(Me4cyc1am)N~](ClO4) (379) (Me4cyclam is 1,4,8,11- 
tetramethyl-l,4,8,1l-tetraazacyclotetradecane) the coordinated azide anion is on the same side 
of the four methyl groups with the nickel atom 33pm from the N4 plane. The five- and 
six-membered chelate rings are in the usual gauche and chair conformations respectively.2681 
This complex is labile in comparison with the very inert dinuclear complex 
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[Niz(Me4cyclam)2(N3)3]I (380) obtained by methylation of the [Ni(cyclam)12+ system.- In the 
dinuclear six-coordinate complex which contains both terminal and bridging N3 anions, the 
ligand has a more stable configuration than that in (379). 

(379) (reproduced with permission from ref. 2681) 

W 

(380) (reproduced with permission from ref. 2680) 

W " r n  
"y, 

(380) (reproduced with permission from ref. 2680) 

Tetraaza macrocycles incorporating phenyl groups in the chelate rings in general form 
nickel(I1) complexes like those previously mentioned; most of them are either square planar or 

.trans octahedral. In particular, two isomeric forms of the complex [Ni(CRH)](C104)z 
(CRH = 2,lZdime thyl-3,7,11,17-tetraazabicyclo[ 11.3. Ilheptadeca-l( 17),13,15-triene) have 
been investigated by means of X-ray diffraction r n e t h o d ~ . ~ ~ ' ~ - ~ ~ ~  The red isomer is formed 
by the C-meso form and the yellow isomer by the C-racerno form of the ligand CRH. With 
coordinating monodentate anions trans octahedral complexes [NiX2CRH] are 0btained,2'~~,~'~ 
whereas with additional chelating ligands cis octahedral complexes are formed with folded 
coordination of the macrocycle (Table 103) .2707 

In general tetraaza macrocycles strongly immobilize nickel(I1) and the rates of both 
formation and decomposition of most of the complexes are exceptionally low. The nickel(I1) 
complexes are, in general, extremely resistant to decomposition with boiling dilute acids, but 
they are less resistant to dilute mineral bases. Nearly all of the complexes, however, react with 
CN- in anhydrous conditions affording the free ligand and [Ni(CN)4]2-. The complexes may 
undergo oxidation of the chelate ring with an HN03 solution, thereby forming up to tetraimine 
complexes of nickel(I1) (see also Section 50.5.9.3). 

Square planar nickel(I1) complexes with the different tetraaza macrocycles dis- 
solve in coordinating solvents such as H20, DMSO, MeCN and DMF giving rise to 
diamagnetic (yellow) S paramagnetic (blue or green) equilibria. The relative amounts of the 
square planar and octahedral species depend upon man factors, main1 the ring size of the 
macrocycle , the nature of the solvents and temperature .~ ,2672,~73,2677,267~2680,2712 In general, it 
is assumed that in coordinating solvents, 15- and 16-membered macrocycles favour the 
formation of high-spin nickel(I1) which has greater ionic size, while 13- and 1Cmembered 
macrocycles favour the low-spin nickel(I1) with its smaller ionic size. 

Bis-solvent adducts [Ni c clam s~lvent)~](ClO~), were also isolated in the solid state but in 

The formation of nickel(I1) complexes with some saturated tetraaza macrocycles has been 
investigated in aqueous solution in spite of the experimental difficulties originating from the 
exceptionally low rates of formation and decomposition of the complexes which require a long 
time for the equilibria to be x m ~ ~  The role of the ring size of the various 
macrocyclic ligands in stabilizing different coordination geometries and/or spin states clearly 
results from the data reported in Table 104. The macrocycles with larger cavity size facilitate 
the formation of tram octahedral complexes of high-spin nickel(I1) which has larger ionic size 
(205-210 pm), whereas the smallest macrocycle of this series, namely [12]aneN4, is unable to 
encircle even low-spin nickel(I1) (186-192 pm) and gives cis octahedral complexes with the 
ligand in a folded conformation. The two intermediate ligands [13]aneN4 and [14]aneN4 give 
square planar =: octahedral equilibria. Cyclam is the macrocycle which forms the most stable 
complexes of nickel(II). The stability of these complexes has also been compared with those of 
the corresponding complexes with open-chain tetramine ligands. The extra stability of the 
former relative to the latter, the so-called macrocyclic eflect, differs substantially from one 

general they are unstable. \A6 
)( 
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system to another (Table 105). The macrocyclic effect in the complex with cyclam is due to 
favourable enthalpy and entropy terms, whereas in the case of complexes with larger 
macrocyclic ligand hole, the macrocyclic effect is entropic in nature, the enthalpic term being 
unfavourable . 

Table 104 Coordination Geometry and Thermodynamic Parameters for Nickel Complexes with 
Saturated Tetraaza Macrocycles in Aqueous Solution at 298 K 

-AH? (kJ mol-') 
Ligand Coordination geometry (Solurion mlrture) (Oh complex) log K' 

[12]aneN4 cis Oh (more than 99%) 49.8' 
[13]aneN4 SqPl(87%)ecis Oh (13%)' 54.5 83.7' 
[14]aneN4 SqPl (71%) =Strum Oh (29%)d 85.9 1OO.F 21.9' 
[15]aneN4 trans Oh (more than 99%) 74.9= 18.4' 
[ 16]aneN, trans Oh (more than 99%) 40.6 13.2' 

a Values relative to the reaction Ni? + ligandag S NiLi,f 
Values for Oh complexes NiL(l&+. 

e Ref. 2710. 
Ref. 2670. 

=Ref. 2711. 
'Ref. 2712. 
'Ref. 2713. 

Table 105 Thermodynamic Parameters for the Reaction 
[NiL,,I2' + LWt, e [NiLW,,]2+ + L-,, (values in kJ 

Lopen L , ,  AGO AHo TAS" 

\ cNH -21.1 

U 

-20.5 

5.3 

3.5 

13.2 

26.4 

19.2 

50.5.9.3 Properties of nidei(II) complexes with unsatumted macrocycles 

The structures determined by X-ray analysis of the complexes [Ni(Me,[ 12]eneN3)2](NCS)2 
(Me3[ 12]eneN3 = 2,4,4-trimethyl-1,5 ,Ptriazacyclododec-1-ene) and [Ni(TRI)(H20)N03]N03 
(TRI = tribenzo[b,f, j][1,5,9]triazacyclododecane) show that the two triaza macrocycles co- 
ordinate facially in both square pyramidal2n' and octahedral complexes.2m Other complexes 
with triaza macroc cles have been prepared and are assumed to be either five- or 

are reported in Table 106. 
six-coordinate.m1-2r P Selected examples of nickel(I1) complexes with unsaturated macrocycles 
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In contrast to nickel(I1) complexes with saturated tetraaza rnacrocycles, which exhibit a 
variety of coordination numbers and geometries, the ligands being in either a planar or a folded 
coordination, the majority of the complexes formed by unsaturated tetraaza macrocycles are 
square planar. Few six-coordinate complexes have been prepared with 14- and 16-membered 
rnacrocycles. It is expected that imino groups present in the chelate rings reduce the possibility 
of the folded coordination of the macrocycles and the conformational possibilities of the 
chelate rings. 

The pioneering template reaction of Ni(en)3(C104)2 in acetone (Scheme 35) gave three 
isomeric forms of the complex lNi(Me6[14]dieneN4)1(C104)~ which were orighally distin- 
guished as Aa,AS and B forms.’ zz With the aid of crystal structure analyses the complexes 
were unambiguously identified as the trans (form A, 5,7,7,12,14,14-hexamethyl-l,4,8,11- 
tetraazacyclotetradea-4,1l-diene; 366) and cis (form B, 5,7,7,12,12,14-hexamethy1-1,4,8,11- 
tetraazacyclotetradeca-4,14-diene; 367) geometric i ~ o r n e r s . ” ~ ~ ~ ’ ~  Two interconvertible forms 
of the trans isomer, indicated as LY and /I, due to the asymmetry of the two coordinated 
secondary amine groups, correspond to the racerno and meso conformers of the ligand, 
respectively. The NH groups are on the same side of the plane of the flattened macrocycle in 
the racerno form and on opposite sides in the rnesu form (Figure 28). On the other hand only the 
racemo form of the cis isomer has been identified. In the structures of the nickel(I1) complexes with 
the Me6[14]4,11-dieneN4 and Me6[14]4,14-dieneN4 macrocycles, the conformation (A) of the 
six-membered chelate rings (Figure 29) is found in the racerno isomers and the conformation (B) in 
the meso isomer. The saturated chelate rings of the Me6[14]dieneN4 macrocycles adopt usually 
a gauche conformation. In the square planar complexes the Ni-N (imine) bond distances 
(186-189 pm) are generally shorter than the Ni-N (amine) bond distances (190-193 pm). 

AB Am 

Figwe 28 Schematic representation of the optical isomers of the complex [Ni(Me,[14]dieneN4)](C10,), (hum 
isomer): ALY, racemic mixture; AB, meso form 

A B 
Figure 29 Conformation of the six-membered chelate rings in the racerno forms (A) and meso form (B) of 

[Ni(Me,[14]dieneN4)](CI0,), (cis and trans isomers) 

The properties of nickel(I1) complexes with unsaturated macrocycles which contain pyridyl 
groups are included in a very comprehensive review article.2626 The complexes are usually 
square planar with the exceptions of the trans octahedral NiX2(CR)2743 (CR = 2J2-dimethyl- 
3,7,1l7l7-tetraazabicyclo[ 11.3.1]heptadeca-l( 17) ,2,11,13, Epentaene) and of the diamagnetic 
square pyramidal [NiBr(CR)]Br.HzO (381) .2747 The diamagnetic complexes Ni(CR)(ClO& 
give rise to square planar e octahedral equilibria in coordinating s 0 l v e n t s , 2 ~ ~ ~ * ~ ~  whereas 
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Ni(CR)X2 (X = halides in N02Et solution gives rise to six- and five-coordinate complexes with 
coordinated halides .” 4) 

(381) (reproduced with permission from refs. 2622, 2747) 

Reaction of Ni(CR)(C104)2 with HN03 solution produces a complex containing the 
macrocycle with an additional imino 

50.5.9.4 Nickel @I) compleres with deprotonated macrocycles 

Amongst nickel complexes with anionic tetraaza macrocycles, the most thoroughly investig- 
ated are those with dianions derived by deprotonation of 1,8-dihydro[14]annulene, namely with 
the dibenzo[b, i][1,4,8,1 l]tetraazacyclotetradeca-2,4,6,9,11,13-hexaenato(2 - ) macrocycle (I; 
Table 107). The electron delocalization within the six-membered ‘diiminato’ chelate rings 
makes these chelate rings planar, as the coordination of the entire macrocycle is square planar 
and gives complexes of general formula [NIL] .27762”6 Complexes with dimethyl-substituted 
macrocycles exhibit a saddle-shaped configuration with the benzene rings and the diiminato 
rings tilted on opposites sides of the NiN4 plane (382), whereas in the complex with the 
unsubstituted ligand the macrocycle adopts a planar conformation. 

(382) 
It has been found that the macrocyclic complex of type (I; Table 107) with azo compounds as 

substituents (R1 = C(O)C&N=NPh) undergoes a photoisomerization reaction about the azo 
linkage (Scheme 51) giving the less stable cis i ~ o m e r . ” ~  The reisomerhation to the trans form 
is accompanied by heat release, and can be cataiytically accelerated by the presence of a cobalt 
macrocyclic complex. The aforementioned one is an example of the possible conversion of 
photo energy into heat energy. Nickel(I1) complexes of deprotonated [14]annulenes have a 
stack packin structure and their partial oxidation with iodine yields a class of conductive 
mateials2777-q779 comparable to those formed by Ni(DMG) (see Section 50.5.3.7.E). The 
packing of the stacking macrocycles and of the chains of iodine molecules in piL]12.58 is 
depicted in Figure 30. Room-temperature conductivity has a maximum value of 455 S m-’ and 
the temperature dependence is metal-like. 

n n 

hv 

11&34h 
- N’ ‘N3 

(uncatalyzed) 

N N=N 
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Scheme 5 1  
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Figure 30 Stacking of the molecules of the complex [NiL]12.5S (L = deprotonated [14]annulene macrocycle, I, Table 
107) (reproduced with permission from ref. 2777) 

In complexes of anionic macrocycles, the charge-delocalized six-membered chelate rings 
containing the heteroatom nickel(I1) (383) have been found to exhibit quasi-aromatic 
properties. The central carbon atom of each six-membered ring has pronounced nucleophilic 
character and this reactivity has been em loyed to introduce a variety of substituents in the 
chelate ring of the r n a ~ r o c y c l e . ” ~ ~ ~ ’ ~ , ~ ~ ~ ~ ,  780,278~2790 An example of such reactions is outlined 
in Scheme 52.2789 The introduction of peripheral functional gxoups provides facilities for the 
synthesis of macrocyclic ligands having superstructure components which may be useful models 
for biolo ical molecules, as in the case of complex (384) with two hydrophilic moieties 

P 

attached. 890 

c 
(384) 

Me’ hH(CH2),,COY 

Scheme 52 

Binuclear complexes have also been obtained by the electrophilic substitution reaction of 
[Ni(Mez[Z]dienatoN4)]+ (2 = 13,14) with p-substituted benzoyl chlorides (Scheme 53) .ngl A 
series of dimeric nickel(I1) complexes of type (385) has been synthesized as outlined in Scheme 
54.2792 In the complex with rn-xylene bridges the two nickel(I1) atoms are 1360pm apart, 
separated by the cavity of the pair of 16-membered macrocyclic ligands. 
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Scheme 53 

MeCN 

2NaOMe 

H H 
(385) 

Scheme 54 (from ref. 2792) 

A number of nickel(1I) complexes have been reported with different cyclic hydrazones 
(Table 107). The complexes have been prepared, in general, by template synthesis and are 
diamagnetic square planar with a planar coordination of the macrocyclic ligand. The cationic 
complex [NiL](ClO,), formed by the neutral ligand 6,7,13,14-tetramethyl-1,2,4,5,8,9,11,12- 
octaazacyclotetradeca-5,7,12,14-tetraene (CldI,N,) can be easily deprotonated about the NH 
groups giving a neutrd complex NiL (L = III; Table 107).2655 The latter compound undergoes 
facile oxidative dehydrogenation in the chelate rings which results in the introduction of double 
bonds into the six-membered chelate rings (Scheme 55).278',27m Different degrees of electronic 
delocalization have been supposed to exist in the chelate rings: in the case of the dinuclear 
complex (386) the bond lengths within the rings are equivalent, thereby indicating a nearly 
complete delocalization of the electronic charge. Isomerism in the complexes arises when 
different nitrogen atoms are coordinated to the nickel(tI), as occurs in NiL (L = II; Table 
107)2781 and [NiLI2 complexes (L = III; Table 107). 
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L x 
:386) (reproduced with permission from refs. 2622,2781). (387) 

The dinuclear complex (387; X = I, Y, = I2 was originally obtained in a low yield through 
the dimerization of [ N i M s [ l 3 ] d i e n a t 0 N t ] + ~ ~ ~ , ~ ~ ~ ~  The structure is square planar with the 
iodide completing the five-coordination." Analogous dinuclear complexes have been succes- 
sively pre ared (X = MeCN, Y,, = (C104)4) by oxidation of the same parent complex in MeCN 
solution.' Y 94 

50.5.9.5 Compltms with mireddonor macrocycles and with allphosphorus and all-sulfur 
macrocycles 

In Table 108 significant examples of nickel(I1) complexes with mixed-donor macrocycles of 
various denticity are reported. Apart from the nitrogen atoms, the heteroatoms in the 
macrocyclic rings are usually either 0 or S, or in a few cases P. Few examples of nickel 
complexes with macrocycles containing all-sulfur or all-phosphorus donor atoms have been 
reported to date; they are also included in Table 108. In nickel(I1) complexes formed by 
mixed-donor penta- and hexa-dentate ligands the oxygen atoms of the macrocycle are often 
only weakly coordinated or are not coordinated at all. 

Compared with the nickel complexes formed by open-chain ligands containing the same 
donor set, nickel(I1) complexes with mixed-donor macrocycles exhibit increased stability and 
kinetic inertness. However, compared with all-nitrogen donor macrocycles, the mixed-donor 
macrocyclic complexes of nickel(I1) are less thermodynamically stable and kinetically inert, 
especially when some of the nitrogen atoms are replaced by oxygen atoms. Macrocyclic ligands 
containing all-oxygen atoms as donors do not appear to bind stably with nickel(I1). Structures 
(388)-(390) refer to some of the complexes reported in Table 108. 

Recently, several diamagnetic nickel(I1) complexes were reported with Wmembered 
potentially hexadentate macrocycles containing four phosphane groups and two additional 
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(390) (reproduced with permission from ref. 2826) 
. .. 

ether, thioether or amine  group^.^^^-^*^' Owing to the chiral nature of the phosphane groups, 
different diastereoisomers of each ligand were isolated, which generally exhibited different 
coordination behaviour towards nickel(I1) , according to the absolute configuration of the ligand 
and to the nature of the donor atoms (0, S, N). Examples of the rich coordination chemistry 
displayed by such types of ligand are given by the five possible diastereoisomers of the 
macrocycle 4,7,13,16-tetraphenyl-l,10-dithia-4,7,13,16-tetraphosphacyclooctadecane, indicated 
as o, p, y,  6 and E, which yield diamagnetic mononuclear complexes of the same general 
formula [NiL]Y2. The coordination geometries of these complexes are, respectively, square 
pyramidal, elongated tram octahedral (391), square planar, trigonal bipyramidal (392) and 
supposed ch octahedral (Table 108).2831-2833 On the other hand the 22-membered macrocycle 
5,8,16,19-tetrapheny1-1,12-dithia-5,8,16,19-tetraphosp~acyc1odocosane yields either dinuclear 
square planar complexes of the t e [Ni2BrzL](BPh& (393>2836 or mononuclear five-coordinate 
complexes such as [NiL](BF,),. 2 8  

0 
(391) (reproduced with permission from ref. 2831) 
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(392) (reproduced with permission from ref. 2832) (393) (reproduced with permission from ref. 2836) 

50.5.9.6 Reactivity of the complexes with synthetic macrocycles 

(i)  Redox properties involving coordinated macrocycles 

Nickel(I1) complexes with a variety of tetraaza macrocycles have been found to undergo 
facile one-electron redox reactions. Such reactions have been accomplished by means of both 
chemical and electrochemical procedures. The kinetic inertness and thermodynamic stability of 
the tetraaza macrocyclic complexes of nickel(I1) make them particularly suitable systems for 
the study of redox processes. A very extensive summary of the potentials for the redox 
reactions of nickel(I1) complexes with a variety of macrocycles is given in ref. 2622. 

After the pioneering work of Olson and Vasilevskis,Z84' Busch and associates reported on the 
electrochemical properties of a large number of nickel complexes with different 
macro cycle^.^^^ On the basis of EPR studies it is inferred that the one-electron oxidation of 
nickel(I1) compIexes with either neutral (e.g. cyclam) or dianionic ligands leads to the 
formation of authentic nickel(II1) species (low-spin d7 configuration). The influence of 
structural parameters such as the size of the chelate rings and the nature of ring substituents on 
the redox potential was investigated by other authors later.2693,2749,2792,2843,2844 Th e easy 
oxidation of nickel(I1) to nickel(II1) in the case of 14-membered saturated macrocycles (in the 
range +0.7 to +0.9V us. Ag/Ag+ reference electrode in MeCN; Table 109) has been 
correlated to the strong in-plane interaction of the four nitro en atoms which increase the 
energy of the metal orbital from which the electron is extracted!693 

The electrochemical reduction of the complexes with saturated or non-conjugated macro- 
cycles leads to the formation of nickel(1) complexes. An increase of the ring size of the 
macrocycle makes the reduction of nickel(I1) to nickel(1) easier. In the case of macrocycles 
with a-diimine functions, the electrochemical reduction yields nickel(I1)-stabilized ligand 
radicals.2842 Both types of reduced complex react with CO affording paramagnetic 1:l 
complexes, presumably of n i ~ k e l ( I ) . ~ * ~ ~  The use of protic solvents (e+. MeOH) in place of 
MeCN in the reduction of [Ni(CR)]'+ led to h drogenation of the imine groups, eventually 
accompanied by the reduction of nickel(I1) .27 Neutral complexes with tetraazahexaenate 
macrocycles can be oxidatively dehydrogenated to mono- and di-positive cations. These redox 
reactions have been proved to be essentially ligand-based in nature on the basis of EPR 

Chemical oxidation with Br2, HN03 or Ph3CBF4 of complexes with saturated 
macrocycles results in the oxidative dehydrogenation of the starting complexes. In most cases 
the unsaturated iinkages are introduced into nitrogen donor atoms (Scheme 37).26393-2851 
Conversely, reductive hydrogenation of unsaturated linkages of coordinated macrocycles have 
been accomplished with a variety of specific reagents such as NaB& in ethanol or HZ over F't 
catalyst. The ultimate products are complexes with saturated macrocyles.2639~2642~2852~2853 

P 
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Table 109 Electrochemical Data for some Macrocyclic Complexes of Nickelm4* 

Ligand Oxidation potentiala Reduction potential 

[13]aneN, 
[14]aneN, 
Me,[14]aneN4 
Me4[l4]aneN, 
Me,[ 14]aneN, 
Me,[ 14]4,11-dieneN4 
Me6[14]1 ,4,8,11-tetraeneN4 
[15]aneN, 
Me,[ 16]aneN4 
Mea[ 16]4,12-dieneN4 
M@,[ 161 1 ,4,12-trieneN4 
Me2[14]1 ,3-dieneN4 
CRH 
CR 
Me,[14]1,3,7,11-tetraeneN, 
Me,[14]1,3,8,10-tetraeneN4 
Me,[ 1414 ,7-dieneN4 
Me,[ 15]8,11-dieneN4 

Me,[ 13ldienatoN; 
Me2[14]dienatoN; 

Me,(MeC0),[14]tetraenatoN2- 
Me4(MeC0),[l4]tetraenatod- 
Me,(MeCO),[ 151tetraenatoN'- 
Me,(MeCO),[ 15ItetraenatoN:- 

Ni(L)'+ + N ~ ( L ) ~ +  

+0.67 
+Oh8 
+0.71 
+0.87 
+0.98 
+1.15 
+0.90 

-+1.3 
+1.3 
+1.3 
+0.86 
+0.89 
+ 1.03 
+1.05 
+1.00 
+0.72 
+0.94 

+0.27 (i) 
+0.23 (i) 

+0.7-+0.9 

Ni(L)+-+ Ni(L)Z+ 

Ni(L)'++Ni(L)+ Ni(L)+-r Ni(L) 
-1.70 

-2.0 

-1.70 
-1.73 
-1.66 
- 1.57 
- 1.57 
-1.35 
-1.5 (i)n 
- 1.40 
-1.37 
-1.30 
-1.16 
-1.53 
-0.96 -1.55 
-0.76 -1.62 
-0.82 -1.15 

--1.5 (i) 
--1.5 (i) 

Ni(L)++Ni(L) 
-2.30 
-2.34 

Ni( L)+ M ( L ) +  + Ni(L)" 
+0.25 +0.97 (i) 
+0.26 +0.98 (i) 
+0.27 +0.92 (i) 
+0.28 +0.96 

In MeCN solution and 0.1 M Bu:NBF,; V us. Ag/Ag+ (0.1 M) reference electrcde 
I = irreversible. b .  

Some nickel(I1) tetraaza macrocycles have been proved to act as efficient catalysts for the 
electrochemical reduction of COz in H20/MeCN medium. This indirect electroreduction occurs 
at potentials in the range -1.3 to -1.6 V vs. SCE and mainly produces either CO or a CO/H2 
mixture, depending upon the type of complex.2854 The five-coordinate complexes [NiL] (394) 
formed by some deprotonated dioxopentamine macrocycles have been found to display very 
low oxidation potentials Ni"/Ni'" in aqueous solution (about 0.24-0.25 V vs. SCE at 25 "C and 
0.5 M Na2S0,). Air oxidation of the same complexes in aqueous solution yields 1 : 1 NiL-02 
adducts (S = 1) which are better formulated as superoxo complexes, Ni"'L-0: (Scheme 56). 
The activation of Ni-bound oxygen is such that it attacks benzene to give 

(ii) Substitution and addition reactions of macrocy clic ligands 

Some electrophilic reagents have been found to react with unsaturated macrocyclic ligands, 
particularly those containing acetyl groups attached to charge-delocalized chelate  ring^^^^,^^' 
The acetyl groups are displaced with a reaction mechanism which resembles the substitution 
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Scheme 56 

reaction into aromatic rings. A tvDical reaction which affords the dinitro derivative is reported v < I  

in Scheme 57.=' 

Scheme 57 

N-Alkylation of some com lexes has ,een accomplished by means c,  a variety of alkyl 
halides using KOH in DMS0!858,28s9 

In the case of cationic complexes with unsaturated macrocycles two molecules of 
nucleophile, such as ammonia, amines and alkoxides, add to carbon atoms of two imine 
groups. For example, the reaction of [Ni(Bz0[16]octaeneN~)](ClO~)~ (Table 106) with sodium 
methoxide or ethoxide yields the compounds 395 ;860 while with secondary amines and 
diamines complexes of type (3%) are obtained.= $he reaction of (3%) with acetone at room 
temperature yields complex (397) where the enolate anion of acetone, MeC(O)CH:, replaces 
the diethylamide group (Scheme 58).2862 The addition of molecules such as bis(2- 
hydroxyethy1)methylamine and bis(2-hydroxyethyl) sulfide, HOCH2CH2YCH2CH20H (Y = 
NMe, S) results in the formation of derivatives which possess one more coordination site just 
above the plane of the macrocyclic donors (398).2863 

6 '  

(395) R = M e ,  Et (398) X = S, NMe 

In general, the presence of reactive functional groups in the macrocyclic rings allows the 
synthesis of macrocycles with additional donor sites, bridging and pendant groups.2864 These 
complexes have been designed as synthetic models for biological systems (Scheme 59). The 
various bridging groups in complexes of the type (399) form a protected cavity of variable size 
and form in the proximity of an empty coordination site of the nickel(I1). In this hydro hobic 
cavity small molecules can be accommodated, in principle, becoming more reactive. L 2 5 6 9  
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(396) (3977) R = CH,COMe 

Scheme 58 

The structure of one such complex incorporating an MeCN molecule has been reported 
(Figure 31).2868 

+ H,NCH, ('J CH,NH, 
- 

Scheme 59 

MeCN 

(399) 

Figure 31 Interaction between an MeCN molecule and the host molecule Ni{9,10-anthracene(CH~iperazine- 
Ethi),Me,[16]tetraene}(PF6)2 (reproduced with permission from ref. 2868) 

50.5.9.7 Nickel @I) complexes with rnacrobicyclic ligands (cryptands) 

Nickel(I1) complexes with cryptands are still rare. In general the encapsulation of nickel(II) 
in this type of macrocyclic ligand makes the complexes extraordinarily resistant to dissociation 
and substitution reactions. 
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By the template reaction of ammonia, ethane-1 ,2-diamine and formaldehyde, complex (400), 
trivial name nickel sepulchrate, was obtained in a very low yield (<l%).2869 Bond distances 
and angles within the complex (Ni-N, 210 pm (ave)) are similar to those found in [Ni(en)3]2+. 
The X-ray structure of the distorted octahedral complex with a diazapentaoxa macrobicyclic 
ligand [NiL](NO& (401) has also been reported (Ni-N, 211, 218pm; Ni-0, 205- 
211 pm).2870 A schematic representation of dinuclear cryptates of general formulas 
[Ni2L](C104)2 (L = cryptand with two coordinating sites) is given in Figure 32. The complexes 
were prepared by direct synthesis with preformed l i g a n d ~ . ~ ' l * ~ ~ *  

W 

(401) (reproduced with permission from ref. 2870) 

Figure 32 Schematic representation of dinuclear cryptates of general fomula [Ni2L](C104)2 

50.5.9.8 Complaes with phthalocyanine,262128'13 p o ~ p h y r i n s ~ ' ~ ~ ' '  and related macrocycles 

In the crystal lattice of this compound the square planar macrocycles are arrayed in slipped 
stacks such that the distance between the molecular planes alon the e endicular direction is 

heating a foil of elemental nickel in 0-cyanobenzamide at 270°C (Scheme 60).2881 [Ni(pc)] is 
insoluble in the most common organic solvents, but soluble in concentrated sulfuric acid from 
which it is reprecipitated unchanged upon dilution. This complex is thermally very stable and 
may be sublimed in vacuo. The reduction of [Ni(pc)] can be accomplished by chemical or 
electrochemical methods and results in ligand-based reduced anions p(pc)]"- (n  = 1,2). 
Analogously, the electrochemical oxidation results in the oxidized ligand. 73 

The first structural report on a phthalocyanine complex concerned [Ni(pc)] (Table 110; 

388pm. [Ni(pc)] may be prepared by a variety of methods;2 P ,  73287 9!T 288 a convenient one is 

270 "C 
+ N i  - [Ni(pc)] +H,O 

Scheme 60 

The role of [Ni(pc)] as catalyst for the oxidation of various organic molecules has been 
i n v e ~ t i g a t e d . ~ ~ ~ ~ , ~ ~  H drogenation reactions have also been accomplished in the presence of 
[Ni(pc)] as catalyst .287Jm 
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Neutral nickel(I1) complexes with a number of deprotonated porphyrins have been prepared 
in most cases by the direct reaction of a nickel salt, usually N i ( a ~ ) ~ . 4 H ~ 0 ,  with the preformed 
diacid macrocycle, using media such as DMF, MeCOzH or PhCl at refluxing temperature. 
Recently, the template synthesis of the complex with tetraalkylporphyrins has been reported 
(Scheme 61).2883 On the other hand the condensation reaction of 1,3,4,7-tetraalkylisoindole 
and nickel acetate tetrahydrate gives the [Ni(omtbp)] complex (omtbp = 
octamethyltetrabenzoporphyrinate d i a n i ~ n ) . ~ ' ~ ~  

R = Me, Et, Pr" R 
Scheme 61 

The structures of some nickel(I1) porphyrins have been investigated by means of X-ray 
diffraction (Table 110; 402,403). With one exception, the coordination of nickel(I1) is square 
planar. However, the porphyrins have a rather flexible skeleton and give rise to different 
conformations of the macrocyclic moiety. It has generally been found that when the 
planar porphyrins distort to a ruffled conformation, a contraction of the macrocycle 'hole' 
results and, consequently, the N i N i  bond distances are reduced. From a solution of the 
water-soluble complex with 5,10,15,20-tetra(4-N-methylpyridyl)porphyrin (tmpyp; Table 110; II) 
containing a large excess of imidazole, the paramagnetic bis adduct [Ni(tmpyp)(C&N2)2]- 
(C104)4-2Me2C0 was ~ b t a i n e d . ~ " ~  This complex has a trans octahedral coordination with the 
porphyrin skeleton nearly planar. 

Ft 

(402) (reproduced with permission from ref. 2887) (403) (reproduced with permission from ref. 2889) 

Solution studies on the adducts formed by various heterocyclic bases with some nickel 
porphyrins have been r e p ~ r t e d . ~ ~ ~ ~ ~ ~  From these studies one can conclude that pyridine and 
substituted pyridines form predominantly 1 : 1 adducts while piperidine, imidazole and 
substituted imidazoles also form 1 : 2 complexes or a mixture of both 1 : 1 and 1 : 2 complexes. 
Electrochemical redox reactions of nickel porphyrins have been i n v e ~ t i g a t e d . ~ ~ ~ , ~ ~  

The bis-porphyrin complex (404) was prepared by simple heating of the parent complex 
nickel(I1) meso-hydroxymethyloctaethylporphyrin, and its molecular structure has been 
a s ~ e r t a i n e d . ~ ~ ~ ~ ~ ~  The reaction of the N-substituted porphyrin (405) with nickel(I1) acetylace- 
tonate in the presence of NEt, as base, following some rearrangement, yields two isomers of 
the homoporphyrin (IN; Table 110) .2898,2907 Further rearrangement reactions occur upon 
heating the neutral complex.2908 

Partial oxidation of some nickel(I1) complexes with phthalocyanine and porphyrins gives rise 
to conductin molecular solids of the type Ni(pc)I, ( x  = 0-3) and Ni(porphyrin)I (Table 

removed from the compound by heating it in 'uocuo. The aforementioned compounds may be 
l10).2884,2891* 8 95,2909 The oxidation of Ni(pc)Ix is reversible and the iodine can be completely 
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(405) R = CH,CO,Et (404) 

formulated as partially ring-oxidized species [NiL]0,33+[I;]0.33 (L = phthalocyaninato, 
5,30,15,20-tetramethylporphyrinato, tetrabenzoporphyrinato and octamethyltetrabenzo- 
porphyrinato). Their crystal structures consist of macrocycle stacks and linear chains of 
disordered I: anions parallel to the stacking axis. The iodine atoms lie in channels formed 
by neighbouring macrocycle stacks (Figure 33). Magnetic susceptibility values of the partially 
oxidized complexes, with one exception, are strongly reduced with respect to the 5 
spin/macrocycle value expected on the basis of the stoichiometry of the complexes. 
Conductivity along the stacking axis exhibits a metal-like temperature dependence and is in the 
range 150-750 S cm-’ at room temperature for the majority of the complexes. 

w e  33 View of the crystal packing in [Ni(pc)]I (pc = phthalocyaninate(2-)) (reproduced with permission from ref. 
2909) 

Nickel(I1) complexes have also been reported with reduced porphyrins, usually referred to as 
chlorins and corrins. Some nickel(I1) complexes with chlorins (406)2883 have been obtained as 
by-products in the template synthesis of tetraalkylporphyrins. The main difference between 
[Ni(tmc)] and [Ni(tmp)] (tmc = deprotonated tetramethylchlorin, tmp = deprotonated tetra- 
methylporphyrin; Table 110) is the lack of symmetry in the former complex with respect to the 
latter. The synthesis and reactivity properties of a number of corrin-nickel(I1) complexes have 
been reported, mostly by Johnson and c o - w o r k e r ~ . ~ ~ ~ ~ ~ ~ ~ ~  Scheme 62 is a typical example of 
oxidative cyclization in the presence of a nickel salt.2914 

H 

(406) 

A mixture of diastereoisomers was obtained according to Scheme 63.2916 The use of 
1,5,7-triazabicyclo[4.4.0]deca-5-ene (TBD) as base is imperative, otherwise lower yields of the 
products or none at all are obtained. Complex (407) is square planar. 

COC -J 
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R = H ,  Me 

Ni(OAc)*.4HzO. 0 2 .  NO,- 

MeOH, reflux Me / \  

R = H  
Rancy Ni/H2 
1OO0C/1OO atm 
NaClO, I 

Me 
Me / \  

Et 

1' 

NO; 

1' 
c10; 

Scheme 62 

Nt(OAc)~ .4H20.  TBD 

p-xylene, 140 "C 
-NH HN N- 

\ ' Me Me , // / M e  / 
Me 

M e  Me Me Me 

(407) 
Scheme 63 

50.5.10 Magnetic Properties of Polynuclear Nickel(II) Complexes 

Polynuclear high-spin nickel(I1) complexes have been isolated with a large number of ligands 
and much attention has been devoted to the study of their magnetic properties, with particular 
emphasis on determining magnetic-structural correlations. The magnetic properties are 
determined by rather complicated interactions between the unpaired electrons in the magnetic 
orbitals of the metal atoms which are generally indicated as 'exchange' or 'superexchange' 
interactions and depend on the nature of the ligands around the metal atoms and on the 
relative orientation of the mononuclear moieties which form the polynuclear complex. The 
elucidation and understanding of the exchange interactions between transition metal ions are a 
severe test for all the theoretical models used to describe the electronic structure of metal 
complexes and present fundamental challenges to inorganic and theoretical chemists. Further- 
more, the understanding of the magnetic-structural correlations is of considerable practical 
importance in the design and synthesis of new low-dimensional magnetic systems with specific 
magnetic properties as well as in all catalytic and electron transfer processes. 

In this chapter we will present a series of polynuclear nickel(I1) complexes, placing our 
attention mainly on those complexes for which the largest number of experimental observations 
are available. We will first review dimers and later oligonuclear complexes and extended 
systems in the order of increasing number of constituent metal ions. 

50.510.1 Nickel(Ii} dimers 

Dimers formed by exchange-coupled nickel(I1) ions will be reviewed first, starting with 
dimers with monoatomic bridges. Mixed valence dimers and heterobimetallic dimers containing 
one nickel(I1) ion will follow. 
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The exchange interactions between two nickel(I1) ions are most commonly investigated by 
measuring the temperature dependence of the magnetic susceptibility. The main exchange 
interaction between two nickel(I1) ions having orbitally non-degenerate ground states is 
generally described using the isotropic spin coupling Hamiltonian, X = -Js1-s2, where J is the 
isotropic exchange coupling constant to be measured and s1 and s2 are spin operators for the 
two ions forming the dimer. The eigenvalues of X can be labelled by means of S, the 
eigenvalues of S2 = (sl + s2), and Ms, the eigenvalues of S,, giving 

E(S,M,) = -J/2[S(S + 1) - SI(SI + 1) - S&Z + l)] (223) 

Equation (223) shows that the E ( S )  levels are (2s + 1)-fold degenerate. Since nickel(1I) has 
two unpaired electrons, s1 = sz = 1 and S = 2, 1, 0. The energies of the S levels are therefore 
E(0)  = 2J, E(1) = J ,  E(2)  = -J. A positive J value makes the S = 2 state (that having the 
highest multiplicity) the lowest in energy, and the exchange interaction is called ferromagnetic. 
A negative J value, on the other hand, makes the S = 0 state the ground state and the 
interaction is then called antiferromagnetic. J values can be obtained by measuring the 
temperature dependence of the magnetic susceptibility. 

made a detailed analysis of the average magnetic susceptibility of 
nickel(I1) dimers and fitted the temperature dependence of the magnetic susceptibility of 
[Ni2(en)&]Y2 (X, Y = C1, Br; X = NCS, Y = I). The model Hamiltonian they used is 

Ginsberg et 

The terms on the right hand side of equation (224) represent the isotropic exchange 
interaction, the zero field splitting of the nickel(I1) ions, the Zeeman interaction of the 
unpaired electrons with the magnetic field and the interdimer exchange interaction respec- 
tively. Detailed expressions of the magnetic susceptibility are reported in ref. 2917. In Figure 
34 the computed dependence of the effective magnetic moment per Ni atom, yeff = q ( 3 k ~ T )  
(BM), upon the reduced temperature k T /  IJ1 for a dimer complex is shown. Antiferromagnetic 
intradimex interactions are characterized by a regular decrease of peff which is not much 
afEected by either D or z'J'. For ferromagnetic dimers an increase of pcff with decreasing 
temperature is anticipated as a consequence of the increasing population of the S = 2 state until 
a plateau is reached corresponding to the complete depopulation of the excited S = 1 and S = 0 
states (Figure 34a with z'J '  = 0). The combined effect of antiferromagnetic interdimer 
exchange interactions and zero field splitting of nickel@) ions causes a rapid low temperature 
decrease in peff. It must be noted that measuring the D and z'J '  parameters from magnetic 
susceptibility data can be a difficult task since both interactions produce similar effects on the 
average magnetic susceptibility, which may result in large standard deviations and correlation 
coefficients between these two parameters. 

In the literature different formulations of the Hamiltonian (equation 224) can be found, in 
particular -Jsl.sz can be written as Js1-s2 and -2Js1-s2, and the interdimer exchange can be 
taken into account by multipling the susceptibility obtained from equation (224) by putting 
z'J '  = 0, by T / ( T  + e). 

In Table 111 we have collected the most relevant structural features and magnetic 
parameters of selected nickel(I1) dimers. 

Much attention has been devoted to the characterization of the structural and magnetic 
properties of di-p-halo complexes of nickel(I1). These complexes can be obtained with a large 
variety of chelating ligands to form dimers with either six- or five-coordinate nickel(I1) ions. A 
classical series of six-coordinate complexes having the general formula [Niz(en)&]Y2 $X, 
Y = C1, Br; X = C1, Y = Clod, BPh4) is formed using ethylenediamine as ligand. Joung et al. 918 
reported the single crystal magnetic susceptibilities of [Niz(en)4Clz] in the temperature range 
1.5-25 K and confirmed the previous report of ferromagnetic intradimer intera~tion.'~'' Similar 
conclusions have also been reached by Journaux and KahnZ9l9 who measured the average 
magnetic susceptibility of [Ni2(en)4C12]Y2 (Y = C1, Clod, BPh4) in the temperature range 
3.6-300K. The values obtained by the two groups are shown in Table 111. All the authors 
agree on the sign of the interaction, which is ferromagnetic, but they measure rather different 
absolute values. Since it has been shownzw2 that [Ni2(en)4Clz]Clz undergoes a monoclinic- 
triclinic phase transition at about 19 K, it is probable that the maximum in the peff us. T curve, 
observed at 19 K, is somehow influenced by this phase transition. The parameters of Journaux 
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figure 34 Theoretical dependence of yeE (BM) per Ni atom upon reduced temperature kT/IJI for a dinudear 
complex; (a) without zero field splitting; (b) including zero field splitting with z'J '  = 0 (after ref. 2917) 

and Kahn2919 were obtained by fitting the susceptibility in the range 27-300 K and probably 
give a better estimate of the exchange interactions. 

Stebler et ~ 2 1 . ~ ' ~ ~  measured the transitions between the various spin states of 
[Niz(enD)4Br2]Br2 (enD = deuteroethylenediamine) directly using inelastic neutron scattering 
techniques. They found J = 7 cm-', D = 6.8 cm-', A = 0, z'J' = -0.25 cm-' in good agreement 
with the other data reported in Table 111. 

Landee and Willett29Z3 obtained the complex [Ni2(H20)zC18](PDA)2 (408) (PDA = 1,3- 
propylenediaminium) by slow evaporation of equimolar solution of 1,3-propylenediamine 
dihydrochloride and anhydrous nickel(I1) chloride in concentrated hydrochloric acid. The 
nickel atoms are octahedrally coordinated by five chlorine atoms and one oxygen from the 
water molecules. The Ni-C1 bonds average 241 pm and the Ni-OH2 bond length is 212 pm. 
The cis Cl-Ni-C1 angles range from 83" to 94" while the trans 0-Ni-Cl angle is 172.4". The 
exchange interaction was found to be ferromagnetic (J = 16.2 cm-'). 

Five-coordinate nickel( 11) dimers with halogen bridges have been synthesized with N-N 
chelating ligands .29262931 The synthesis has been generally performed by mixing equimolar 
amounts of ligand and nickel(I1) halide in an appropriate solvent. The general structure of the 
complexes is exemplified by [Ni(biq)Cl2I2 (biq = biquinoline) (409). The structures are 
intermediate between a trigonal bipyramid and a square pyramid. In any reported complex an 
N atom lies in the apical position in a square pyramidal description. The largest distortion 
towards a trigonal bipyramid is seen in the complex {Ni[CHz(dmpz)2]ClZ}z [CH2(dmpz)z = 
bis(3,5-dimethylpyrazolyl)methane] where the N-Nix1 direction is the z axis of the trigonal 
bipyramid (the angle being 174") and the equatorial N-Ni-C1 angles average 108". The 
exchange interaction is antiferromagnetic for all the complexes except for 
{Ni[CH2(dmp~)2]C12)2 where a weak ferromagnetism was observed. 
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Various attempts have been made to rationalize the J values observed in nickel(1I) 
 dimer^,^^^^.^^^^ and special attention was given to dimers with monoatomic bridges. Barraclough 
and B r ~ o k e s ~ ~ ~ ~  used a configuration interaction method, equivalent to the Anderson 

of superexchange, to calculate J in a planar Ni2C12 geometry with Ni-Cl-Ni 
angles at 90". In this framework the following pathways for electron transfer via the bridging 
anion must be responsible for the observed J :  

where d,z-,,z and d;- are the magnetic orbitals of the nickel(1I) ions, and p x ,  p y  and s are orbitals 
on the chlorine atoms. Three ferromagnetic pathways (225)-(227) (especially 225) predominate 
over the pathways for antiferromagnetic coupling (228,229) determining a net ferromagnetic 
interaction. 

The theoretical expression which can be derived for J within the framework of the Hay, 
Thibeault and H o h a n n  orbital is 

(231) 
where the first summations run over the four combinations of electrons in the magnetic orbitals 
i on metal a and j on metal b and give ferromagnetic contributions to the exchange. The second 
sum is over all distinct pairs of MOs formed from equivalent pairs of magnetic orbitals on the 
two metal sites and gives the antiferromagnetic contributions. Ki, and Ji,j indicate exchange and 
Coulomb integrals respectively. Equation (231) shows that the exchange interaction is always 
given by the sum of two opposite terms. The first favours the ferromagnetic coupling, the 
second the antiferromagnetic coupling. Since the last term depends on the energy difference 
- E ~ - ~ ,  which is largely determined by the overlap between the magnetic orbitals, it can be 

expected that a net ferromagnetic coupling occurs when the magnetic orbitals are orthogonal to 
each other. 

Using extended Hiickel calculations2w7 or the angular overlap formalism of Bencini and 
Gatte~chi? '~~ it is possible to estimate the relative variations of E~ - within a series of 
similar complexes upon changes in the coordination geometry and to estimate the relative 
variation of the magnetic coupling constant. For nickel(I1) dimers in five-coordinate environ- 
ments the localized magnetic orbitals are essentially dg  and d , ~ - ~ 2  metal orbitals. On passing 
from a square pyramidal dimer to a trigonal bipyramidal one, it has been computed2w8 that the 
splitting of the orbitals decreases more rapidly than the increase of the splitting of the d t  
orbitals, and this effect can explain the observed variation of the sign of J (see Table 111)- 

Base adducts of [N&(a~ac)~] have been prepared29" and the crystal structures of the pyridine 
and piperidine derivatives have been determined.2g33 The complexes have the general structures 
(410) and (411). Type (410) complexes are antiferromagnetic while type (411) corn lexes are 
ferromagnetic. A series of antiferromagnetically coupled octahedral is also 
formed by the base adducts of 1,3,S-triketones. It must be noted that the Ni-0-Ni angles are 
about 100" in (410) and in these latter complexes, significantly larger than the angle (-95") seen 
in the halo-bridged complexes. This causes a larger splitting of the MOs built up from the d , ~ ; r  
and d t  magnetic orbitals and can be one of the factors favouring the antiferromagnetic 
coupling. 

J = iw-,K, - S , ( E ,  - ~ , - J / ( J t , z  -4,) 
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A number of nickel(I1) dimers with bridging polyatomic molecules have been synthesized to 
date. Selected complexes are shown in Table 111 together with their most relevant structural 
and magnetic parameters. 

( i )  Thiocyanides, azides and related bridges 

[Ni2(en)4(NCS)2]12 is one of the first examples of ferromagnetic exchange via a polyatomic 
bridge. The two nickel(I1) ions are octahedrally coordinated by four nitrogen atoms of two 
ethylenediamine molecules and one nitrogen and one sulfur of the bridging thiocyanate groups. 
The Ni-N-C and Ni-S-C angles are 176" and 100" respectively.2944 The measured exchange 
coupling constant is 18 cm-'. The main pathway responsible for the exchange interaction in this 
complex has been suggested to be dxy IIu I dz2, where d.y and dz2 are the magnetic orbitals 
of the nickel atoms and 0 and n are u and n MOs of the thiocyanate groups. 

Double thiocyanate bridges have also been found in the complex [Niz(NCS)4(4-Mepy)6].z945 
Hendrickson and co-workers have synthesized a series of complexes with formulas 

[Ni,(tren),(NCX),](BPh,), (412) where X = N, 0, S and Se.2946,2948,2949 In these complexes the 
nickel(I1) ion is coordinated by four nitrogens of the tren ligand and by two X- anions 
bridging in an end-to-end mode. The magnetic coupling between the nickel(I1) ions in the azide 
complex is antiferromagnetic with J = -70 cm-'. The net antiferromagnetic interaction 
decreases on going to the NCO- complex (J = -8.8 cm-') and becomes net ferromagnetic for 
the NCS- (J = 4.8 cm-') and NCSe- (J = 3.2 cm-') complexes. This behaviour has been 
related to the decrease of the Ni-X-C angle which goes from 135" in the azide complex to 
100" in the NCS- c ~ m p l e x . ~ ~ ~ ~ * ~ ~ ~  A smaller antiferroma netic interaction has been measured 
in the monoazido complex INiz(Me6 cy~lam)~(N~)~] l .  2946,2& 

(ii) Carboxylate, oxalate, oxime and related bridges 

Carboxylate anions have a key role in the understanding of the magnetic exchange 
interactions propagated through multiatom bridges. The magnetic exchange and the electronic 
structure of the classic copper acetate hydrate dimer, [CU,(O,CM~)~(H~O),], are still a matter 
for 

Only a few nickel@) complexes having the copper acetate type structure have been reported 
to date.2958,2959 In the [NiZ(02CCMe~)4(quinoline)2]z958 complex the nickel atoms are five 
coordinate in a slightly distorted square pyramidal environment with the oxygens of the four 
carboxylate bridging groups occupying the equatorial positions and the nitrogen base in the 
axial position. A similar structure has also been assumed for [Ni~(bz)~(quinoline)2]2~~~ 
(bz = benzoate). The net exchange interaction measured in both complexes is antiferromag- 
netic, with J = -320cm-' and -250 cm-' for the Me3CC02 and the benzoate derivative 
respectively. These J values are the largest observed in nickel(I1) dimers with polyatomic 
bridges and deserve some comments. The magnetic orbitals of nickel(I1) in these complexes are 
predominantly d,z and dxz-yz metal orbitals and the exchange coupling constant can be 
decomposed according to equation (232): 

J = Jx2-y2, ,2-y2 -t JZz ,=2  + Wx2-y2,,2 (232) 

where are the coupling constants relative to the coupling of the li) and lj) magnetic 
orbitals.z959 J ,Z-~Z is expected to be negative (antiferromagnetic coupling) as already found in all 
the copper acetate type dimers (-300 cm-*) and without any significant contribution from 
direct exchange.2981 From the analysis of the EPR spectra of nickel(I1)-copper(I1) exchange- 
coupled pairs obtained by doping [C~~(bz)~(quinoline)~] with N?', J x 2 - y 2 , z z  was found to be 
positive (ferromagnetic coupling) and fairly large on account of the orthogonality of the two 
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magnetic  orbital^.^^^,^^^ Assuming that the order of magnitude of the J j j  values does not 
significantly change on passing from copper(I1) to nickel(II) complexes, the large negative J 
value can be justified only by assuming a sizeable antiferromagnetic contribution of Jz2,? in 
equation (232). Since d i  is only moderately antibonding with respect to the benzoate bridging 
groups, J , 2 , , 2  should be mainly determined by direct exchange between the two d2 orbitals 
which point towards each other in the molecule. This result is the first example of a significant 
contribution of direct exchange mechanisms to the magnetic coupling in transition metal 
complexes of copper acetate type. 

Oxalate anion and dianions of oxamic acid and oxamide (as well as substituted forms) 
coordinate nickel(I1) in a bis-bidentate fashion. The nickel atom can be six-,2982-2986 
and four-c~ordinated:~~ and the observed coupling is always antiferromagnetic. On passing 
from oxalate to  quar rate^^" the net exchange interaction drastically decreases, This was 
attributed to the larger electronic delocalization of the squarate dianions which causes a 
stabilization of the highest occu ied molecular orbitals and consequently these orbitals interact 
less with the nickel d orbitalsz9' leading to smaller AE values in equation (232). P 

(iii) Heterocyclic amines and related bridges 

The aromatic diamine 1 ,&naphthyridine (napy) forms the dinuclear complex 
[Ni2Brz(napy)4]BPh4.2969 The four napy ligands bridge the two nickel atoms, which are in a 
slightly distorted square pyramidal environment with one bromine atom in the axial position. 
The formal oxidation state of nickel is 1.5 and the dimer can be described as a mixed valence 
compound containing Ni' and Ni". The EPR spectra of [Ni2Brz(napy)4]BPh4 can be interpreted 
as due to a spin quartet split by a large zero field splitting, the g values of the low lying 
Kramers doublet being 811 = 2.19 and g ,  = 4.30.2970 This result agrees with the magnetic 
susceptibility data which were interpreted assuming that a ferromagnetic coupling is operative 
between the two nickel atoms, one having S =  1, the other having S = $ .  The separation 
between the ground quartet state and the first excited doublet state is $J with J > 600 an-'. 
Such a large coupling has been rationalizedm7' using an extension of the Hoffmann model297' 
and was attributed to a one-centre exchange integral which was found to contribute to the 
ferromagnetic term of the exchange integral. 

(iv) Heterodinuclear nickel ( I 9  complexes 

Exchange interactions in heterodinuclear transition metal complexes have attracted the 
attention of many researchers in the last few years. Nickel(I1)-copper(I1) dimers are, in a 
sense, the simplest systems to be investigated and several complexes containing paramagnetic 
nickel(I1) and coyFer(I1) ions have been reported, as pure or as impurities in 
a parent lattice. 59,2987-2991 Magnetic susceptibility or EPR spectroscopy has been used to 

Table 112 Magnetic and EPR Parameters for M(I1)-Nickel(I1) Exchange-coupled Pairs 

2.49 2.54 2.14 35 
2.02 2.03 2.80 
3.47 0.66 0.77 
1.23 0.38 2.10 
0.93 2.09 0.60 - 36 84 
2.21 2.25 2.15 45 
2.21 2.25 2.07 47 
2.41 2.49 2.09 49 

2.28 2.20 

4.51 3.44 2.24 94 

2987 
2992 
2992 
2989 
2993 
2989 
2993 

-206 2990,2991 
-142 2985 

-96 2988 
2986 

2959 

Abbreviations: L, see Table I l l ;  Whc = N,N-bis(Zditthylaminoelhyl)-2-hydroxye~yl~ne; DBA = 1,5-diphenyl-1,3>- 
pentanetrionato; dhph = 1,4-dibydrazinophthalazine; H4(fsa)len = N. N'-bis(2-hydroxy-3-carboxybenzylidene)-l ,&diaminOethane; 
@rp),en = N,N'-ethylenebis[Zhydroxypropiophenone iminato]. 

COC -J* 
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characterize the nature of the low-lying energy levels arising from the exchange interaction. For 
two complexes the two techniques have been used together.2985.2986,2990,2991 The most relevant 
magnetic and EPR parameters for nickel(I1)-copper(II) complexes are reported in Table 112. 

The low-lying states arising from the coupling between nickel(I1) (Sl = 1) and copper(II) 
(& = 4) can be described, in a s in Hamiltonian formalism, using the total spin S = Sl + &. 
Two states can arise with S = f and 4 respectively. In all the pure nickel@)-copper(I1) 
complexes reported to date2985,2987-2w1 the exchange interaction is antiferromagnetic making 
the S = $ state the lowest in energy with the S = 4 state at -2J above, while in nickel(I1)-doped 
[Cu2(bz)4 ~inoline)~] a ferromagnetic interaction was apparent from the analysis of the EPR spectra, 2622982  

The EPR spectra have always been interpreted2494 using an effective S' = $ spin Hamiltonian 
including the Zeeman term, pBB-g-S' ,  and the hyperfine term, Icco.A-S', which describes the 
interaction of the unpaired electrons with the copper nucleus (Ic- = 3). The spectra are very 
sensitive to the ratio between the isotropic coupling constant J and the local zero field splitting 
of nickel(II), In the limit J >> DNi it can easily be shown that the following relations 
hold: 

S = $  M S = * 4  g=!gNi-$ggcll A=- 'A  3 cu (233) 

S = M, = ki g = $gN, + bc, A = $Acu (234) 

Ms = *$. gll= 2gll~l+ gllcu; gi = 0 All =Allc"; A i  = 0 (235) 

The deviation of g from the limit of equations (233)-(235) becomes sensitive from J / &  5 2 
while the A values are much more sensitive to J/&. In the general case equations (236) and 
(237) must be applied: 

g = Mcu-gcu + MNi'gNi (236) 

A = McU-gcu (237) 

where Mc, and MM are matrices defined in refs. 2994 and 2995. 
Equations (236) and (237) have been usedzw4 to interpret the spectra of some nickel(I1)- 

copper(I1) pairs for which hyperfine values were observed. The J / h i  ratios were found to be 
- 1.2, 14 and 12 for [C~~(Ni)(bz),(quinoline)~], [ C U ~ ( N ~ ) ( ~ ~ O ) ~ C L ( H ~ O ) ~ ]  and [Cu2((Ni)LC12] 
(L = dianion of 11,23-dimethy1-3,7,15 , 19-tetraazatetracyclo[ 9.3.1.l]hexacosa-2,7,9,11,13(26), 
14,19,21(25),22,24-decaene-25,26 diol) respectively. 

Equations (233)-(235) can be used to guess the g values of the nickel(II), which is generally 
EPR silent, from the g values of the Cu-Ni pair once the g values of the copper(I1) ion are 
known. g values of nickel(I1) obtained in this way are shown in Table 113. Although the actual 
values can be affected by the zero field splitting of nickel(II), they reflect the symmetry of the 
complexes. In fact quasi-isotropic g values are computed for octahedral complexes, the 
anisotropy increasing on passing to square pyramidal and trigonal bipyramidal chromophores. 
In this last case the g values are very anisotropic. Since orbital degeneracy of the ground state 
can have measurable effects in trigonal bipyramidal chromophores a different treatment of the 
experimental data can be required. 

Table 1l3 g Values of Nickel(I1) Complexes Computed from the Spectra of Cu-Ni Pairs 

Donor 
Complex set Geometry gl gz g3 Ref. 

[Niz(Cu)(DBA)zPYJ 04N, Oh 2.18 2.20 2.21 2989 
N40, Oh 2.16 2.17 2.21 2993 

2.20 2.24 2.24 2985 [CuNi(fsa)2en(HzO)2]-Hz0 0 6  Oh 
[CuNiLCld N,O,CI SqPl 2.12 2.32 2.38 2890 
[C~~(N~)(PNO)ZC~Z(H~O)ZI OzC1,O SqPl 2.17 2.36 2.48 2987 
[Ni2(C~)(bdhe)d(Clo4))2 N,O, TBPy 2.06 2.09 2.61 2992 

[Niz(cU)(~~h),(H~O),1C1,.2H~0 

50.5.10.2 Oligonuclear compleres and ertended systems 

been magnetically characterized are shown in Table 114. 
Selected examples of oligonuclear and extended chain complexes of nickel(I1) which have 
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Several exchange interactions are possible in a trinuclear cluster of paramagnetic centres. 
The general configuration of a trinuclear cluster is shown in structure (413). The spin 
Hamiltonian for this configuration is 

(238) 

In all of the trinuclear complexes reported in Table 114 the nickel atoms lies along the same 
axis forming a linear trimer. In this configuration J12=Jz3 = J ,  J I 3 = J '  and the magnetic 
properties are essentially determined by J and J ' / J .  From the exchange interaction one S = 3 
state, two S = 2 states, three S = 1 states and one S = 0 state originate. When J is positive the 
ground state is always paramagnetic the exact nature depending on the sign of J' and on the 
J ' / J  ratio. If J' > 0 or J' << J the ground state is the S = 3 septet, When J is negative the ground 
state is diamagnetic for OS<J'/J<2. A theoretical analysis of the temperature and field 
dependence of the magnetic susceptibility of linear nickel(I1) trimers can be found in ref. 3013. 
The effect of the local zero field splitting of the nickel(I1) ion has been considered in refs. 2997 
and 2998. 

R = -JIz(&*&) -Jz(&&) -Ji&*&) 

JYNi2k 
Ni' Ni' 

A number of cubane-type complexes containing the [Ni4(OMe)4]4+ species have been 
d e s ~ r i b e d . * ~ ' ~ * ~ ~ ~ ~ ~  The possible exchange interactions occurring in a cubane-type complex 
are shown in (414). The exchange interactions occur between the nickel atoms which lie on one 
of the diagonals of the face of the cube, These nickel atoms are bridged by two oxygen atoms 
of the OMe groups. The general spin Hamiltonian which describes the magnetic coupling in 
these complexes is 

x = -zi>Jip,*s, (239) 

where the summation runs over the four nickel atoms. Assuming that all the bond distances 
and angles are equal, the pairwise interactions are identical and only five spin states, among the 
19 possible states arising from equation (239), have different energies. In this case the 
temperature dependence of the magnetic Susceptibility becomes3003 

(240; 

where x = J/kT and N is Avogadro's number. Equation (240) was used to fit the temperature 
dependence of the magnetic susceptibility of [Nji(OMe)4(acac)4(MeOH)4] ,3003 [Ni4(o- 
OC&CH0)4(EtOH)4]3M)4 and [Ni4(0Me)4(o-OC&CH0)4(MeOH)4].3004 In each case the 
net exchange interaction was found to be ferromagnetic. The sign of the interaction has been 
related to the approximately right angled Ni-0-Ni bridges. 

In the case of [N~,(OM~),(OAC)~(TMB)~](BP~,,)~~~ equation (240) was found inadequate to 
fit the magnetic data and a more com licated expression for the temperature dependence of the 
magnetic susceptibility was derived 3&3014 considering three different exchange interactions: 
J1 = J13 = 523 = JN = J14, J2 = J34 and J3 = .Il2. The results of the fitting were J1 = 18.2 cm-l, 
J2 =J3 = 35 cm-l. The difference in sign between the J values was attributed to the presence of 
the acetate roups which are bridging Ni1-Ni2 and Ni3-Ni4. This causes a distortion of the 
[N4(0Me)41$+ moiety and produces two types of Ni-CLNi angle. The Ni1-C&Ni2 and 
Ni3-O-Ni4 angles are ca. 93", the other angles being ca. 101". It has been suggested that the 
101' angles lead to a net antiferromagnetic interaction, 11, while the 93" angles cause the net 
ferromagnetic interactions J3 and J4. 

The physical pro erties of low dimensional magnetic materials have attracted the attention of 
many researchers !15 Several nickel(I1) linear chain complexes have been synthesized and 
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selected examples are reported in Table 114. The magnetic properties of iinear chain 
complexes have been interpreted using the Hamiltonian 

(241) x = -Jzi<j[asizsjz + b(S& + S,S,)] 

where J is the nearest neighbour exchange coupling constant. In the case a = 1, b = 0 the Ising 
model is found3016 and for a = 0, b = 1 the XY model is reached.3017 The isotropic or 
Heisenberg modelm1* is obtained when a = b = 1. An exact solution of equation (240) is 
possible in the case of the Ising and the following expressions for the magnetic 
susceptibility parallel and perpendicular to the chain axis have been obtained: 

xII = ( N p v / 4 k T ) e Z ”  (242) 
xL = (Npk2/16kT)( tanh x + sech’x) (243) 

where x = J/kT. 
A closed expression for the temperature dependence of x has also been obtained for a linear 

chain of S = 1 extrapolating the results of calculations performed on ring chains of increasing 
lengths3’19 as follows: 

2 + 0.019~ + 0.777~’ 
= (Npv/kT)3 + 4 .346~  + 3.232.~’ + 5 . 8 3 4 ~ ~  

where x = J / T .  Equation (244) is valid only for antiferromagnetic coupling and was used to fit 
the temperature dependence of the magnetic susceptibility of [Ni (en )~N0~]1 ;~  in the 
temperature range 3.8-300 K. 

The magnetic properties of compounds of general formula NGX2 (L = pyridine, pyrazole, 
4-methylpyridine; X = Cl, Br) have been investitated in detai1.3008,3m The metal ions are 
octahedrally coordinated by two L molecules and four X- ions. The octahedra share an edge of 
X- ions to form linear chains of metal ions. The temperature dependence of the magnetic 
susceptibility showed that the nickel(I1) ions are ferromagnetically coupled and possess large 
single ion anisotropy. In order to fit the magnetic data a molecular field approach was used 
with the Hamiltonianm0 

X =  -OS: + pag(B,Sx i- B,,S, f E,S,) + A S ( S )  (245) 

where the molecular field parameter A is related to the isotropic exchange by - JoSi*S, = 
-WS(S) = AS@) where 2 is the number of nearest neighbour spins (2 = 2 in a linear cham). 
For kT >>A, D, the following equations hold: 

Equations (246) and (247) were used to fit the temperature dependence of the magnetic 
susceptibilities of N&X2 complexes from 20 to 300K. The results of the fitting are shown in 
Table 114. At temperatures below 20 K long range antiferromagnetic interactions occurred 
which led to interesting behaviour of the compounds in applied magnetic fields. In particular 
the 4-methylpyridine complex showed a transition to a metamagnetic phase at about 9 K. From 
a magnetic point of view this complex can be described as an assembly of ferromagnetic linear 
chains with the single ion anisotropy larger than the intrachain interaction, In the ordered state 
the chains are coupled by an antiferromagnetic interchain interaction, J’, with J ’ / J  = This 
ordered state can undergo a metamagnetic phase transition when the applied field is large 
enough to overcome the interchain interaction causing the spins to ‘flip’ directly to the 
saturated paramagnetic state. 

50.6 NICKEL(W) AND NICKEL(1V) 

50.6.1 Introduction 

variety of organic substrates to form the more stable nickel(I1) complexes. 
Nickel(II1) and nickel(IV) complexes are generally highly reactive leading to oxidation of a 
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The earliest examples of higher oxidation states of nickel were iven in 1913m1 and the first 
nickel(II1) complex, Ni(PEt3)2Br3, was isolated by Jensen in 1936!m In 1907 Hall reported the 
occurrence of nickel(1V) in a heteropolym~lybdate,~~~ and in 1951 Nyholm described the 
synthesis of a nickel(1V) complex with the chelating arsine o-phenylenebisdimethylarsine 
( d i a r ~ ) . ~ ” ~  In the last 15 years the chemistry of nickel(II1)’and nickel(1V) complexes has largely 
developed due to the use of electrochemical methods of synthesis. 

A review article describing nickel(1) , nickel(II1) and nickel(1V) complexes appeared in 
19803w and in 1981 another review article dealing specifically with nickel(II1) was 
p ~ b l i s h e d . ~ ~  Other articles covering some general aspects of the chemistry of nickel(II1) and 
nickel(1V) complexes are in refs. 3027-3030. 

In the present article we will not try to give an exhaustive compilation of nickel(II1) and 
nickel(1V) complexes due to the large amount of work which is currently being undertaken in 
the field. Particular attention will be placed on those complexes whose properties have been 
investigated with the largest number of experimental techniques to have a better description of 
the electronic and geometrical structure of the compounds. 

We will first review the general synthetic routes and characteristics of nickel(1II) and 
nickel(1V) complexes. A description of the features of the chemistry of the principal known 
systems arranged according to the nature of the ligands present will follow. 

50.6.2 Electronic Structure and Methods of Study of Nickel(1II) and Nickel(1V) Complexes 
The stabilization of high oxidation states requires ligands with high electron density and/or 

one or more negative charges in order to allow for some charge delocalization from the ligand 
to the metal. This charge rearrangement due to bond formation should not however be so large 
as to give rise to ligand oxidation. The ability to form strong u bonds is a necessary requisite 
for a ligand to stabilize the +? and +4 states in nickel c o r n p l e x e ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~  As a matter of fact the 
large majority of well-characterized nickel(II1) and nickel(1V) complexes contain F, 0 and N 
as donor atoms. In particular, most of the nickel(II1) and nickel(1V) complexes have been 
obtained with the following ligands: open-chain and macrocyclic nitrogen donor systems, 
deprotonated amides (N donor atoms), and oximes (N donor atoms), oxides and fluorides. 

Both nickel(II1) and nickel(1V) complexes are usually found in octahedral environments. 
Less common geometries are the square planar and the trigonal bipyramidal ones. 

Monomeric nickel(II1) complexes are always paramagnetic with room temperature effective 
magnetic moments ranging between 1.7 and 2.1 EM, corresponding to one unpaired electron. 
EPR spectroscopy has been extensively used to characterize nickel(II1) complexes in order to 
determine whether the unpaired electron is in an orbital with predominant metal or ligand 
character. In the latter case it is more appropriate to describe the complex as a nickel(I1)- 
stabilized ligand radical complex and the g tensor will be almost isotropic and substantially 
equal to the free electron value (g,=2.0023). In a true nickel(II1) complex the mixing of 
excited metal orbitals into the ground state, due to the spin-orbit coupling of nickel(lI1) (free 
ion spin-orbit coupling constant, f = -715 cm-’), makes the g tensor different from g, and 
anisotropic. 3033 

The electronic configuration of a &ckel(III complex is d7. In a tetragonal ligand field3034 the 

octahedral complex and (d&,2)4(dxy) (dX2-yZ)1(dZ2)0 for a compressed octahedron. In the first 
case the EPR spectra will show fL >gll = 2.00 while in the latter situation the pattern 
811 < gl > 2.00 will be o b ~ e r v e d . ~ ~ ~ ~ . ~  36 

Nickel(1V) complexes have a d6 electronic configuration and are always diamagnetic or 
weakly paramagnetic with a temperature-independent magnetic susceptibility. The charac- 
terization of these complexes is generally based on the stoichiometry and the electrochemical 
behaviour. 

Dynamic voltammetry is currently employed in studying nickel(II1) and nickel(1V) com- 
plexes, particularly for the characterization of short-lived s ecies and of the kinetic and 
thermodynamic behaviour of the electron transfer reactions. 

ground configuration will be (d,,dy2~4(dxy) 2’ (dz2)1(dx2-y2)0 for a square planar or elongated 

30293028 

50.6.3 Methods of Synthesis 

The synthesis of nickel(II1) and nickel(1V) complexes is generally performed by oxidizing the 
parent nickel(I1) complexes. The oxidation can be performed with a number of experimental 
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techniques including chemical and electrochemical reactions in aqueous and non-aqueous 
media, pulse radiolytic techniques and photon irradiation of nickel(I1) species (UV, y or 
X-radiation) in solid matrices. In the following we will report some examples of the most 
commonly used synthetic procedures. 

50.43.1 Chemical oxidation 

Concentrated nitric acid has been used to obtain nickel(II1) complexes like 
[Niu'L(N03)2]C104 starting from [Ni1'L](C104)2 (L = cyclam, Me6cyclam) in aqueous 
so l~ t ions .~~ '  Oxidation of the parent nickel(I1) with nitric acid complexes also afforded 
the nickel IV species [NilvL](CIO& where L is the amine-imine-oxime ligand (4s) or (416).303&3 6,) 

RYoH HoNYR' 

(415) R = R' = Me 
H,L 

(416) R = R' = Me 
HT 

SzOg- ion has been used in several instances to obtain nickel(II1) macrocyclic 
complexes. 3042,3043 

Ce'" and Co'" in dilute aqueous perchloric acid solutions were used to oxidize 
[Ni"~yclam]~+ to form stable nickel(II1) c ~ m p l e x e s . ~ ~  The iron(II1) ion was used in a mixture 
of water-ethanol to oxidize [Ni"(dipho~)~]C10~ and [NiU(diars)z]C104 (diphos = o-phenyl- 
enebis(dimethy1aminophosphine) to give the nickel(1II) complexes [Ni "X2(diphos)21C104 
and [Nin'X2(diars)2]C104 (X = Cl, Br, I). The chloride derivatives were further oxidized with 
concentrated nitric acid to form the stable [Ni'vC12(diphos>2](C104)z and [Ni'vC12(dian)2](C104)2 
c o m p 1 e ~ e s . ~ ~ ~ ~ - ~ ~  

IrCl2- has been used to prepare several nickel(TI1) complexes with  peptide^.^^',^^ 
The oxidation of nickel@) complexes of cyclam and Me6cyclam by NO+ in acetonitrile 

solutions has been studied by Barefield and Buschem9 
Simek3"' reported that a solution of nickel@) dimethylglyoximate in 1-2 mol dm-3 KOH 

was easily oxidized by hypoiodite, hypobromite and peroxodisulfate to a solution containing a 
nickel(1V) complex. The complex K2[Ni'V(DMG)3] (DMG2- = dimethylglyoximate) has been 
prepared3051 in aqueous alkaline medium from nickel(I1) and DMGZ- in the presence of 
two-electron oxidants such as C12, OX- (X = C1, Br, I), SzOg- or higher valent oxides of 
nickel. 

50.63.2 Electrochemical methods 
Electrochemical techniques are the most widely used methods to obtain nickel(II1) 

complexes. Generally the oxidation of the nickel(I1) complexes is erformed in acetonitrile 
solutions under an inert atmosphere using a platinum electrode."g A tetraalkylammonium 
salt, usually the perchlorate, is employed as supporting electrolyte (ca. 0.1 M). The complete 
procedure is often carried out in the dark at ca. 5°C to prevent possible photoreduction 
reactions.305s3055 

These techniques were first employed3052 in 1969 to prepare [Ni"'L(MeCN)2]3+ (L = cyclam, 
rac- (5,14)-rneso-(5,12) - Me6[14]aneN4 and corresponding 4,11 and 4,13 dienes). An extensive 
study of the electrochemical behaviour of nickeltetraazamacrocyclic systems has been carried 
out by Busch and c o - w o r k e r ~ . ~ ~ ~ ~  Cocolios and Kadish investigated the redox behaviour of 
nickel(II1) porphyrins.3028 

Aqueous electrolysis has been used by Margerum and co-workers to oxidize oligopeptide 
complexes of nickel(I1) .3047,3057-3059 They used a flow electrolysis system with a graphite 
powdered electrode packed in a porous glass column externally wrapped with a platinum wire 
electrode. 
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50.63.3 Pulse radiolytic techniques 

Pulse radiolysis is a very powerful technique which can be employed to form solutions of 
nickel(II1) and nickel(1V) complexes. The complexes cannot generally be isolated in the solid 
state, but their properties can be directly investigated by several physicochemical techniques. 

Pulse radiolysis of water is used to generate both reducing (e&) and oxidizing (OH-) agents 
according to equation (248).- Using appropriate solutes, however, it is possible to obtain 
completely oxidizing solutions.3061 For example adding N20 during radiolysis led to formation 
of oxidizing OH radicals (equation 249). 

4H,O - 2.6eiq + 2.60H- f 0.6H + 2.6H' + 0.4H2 -t 0.7H20 I2481 
(249) 

Extensive studies have been performed on the reactions of OH- with tetraaza macrocyclic 

1w eV 

eiq + N,O + H20 - N2 + OH- + OH* 

complexes. 305433062-3065 

50.6.4 Cyano Complexes 

No cyano complexes of nickel(II1) and nickel(1V) have been isolated to date. 
Pulse radiolytic oxidation of Ni(CN):- by OH. radicals led to a nickel(II1) species Ni(CN); 

(k = 9.1 x lo9 M-' s - ' ) . ~ ~  
X-Ray irradiation of K2Ni(CN)4 doped into NaCl crystals afforded both nickel(1) and 

nickel(II1) species, Ni(CN),Cl:- and Ni(CN)4Cls- which have been characterized by EPR 
s p e c t r o ~ m p y . ~ ~ ~ ' ~ ~ ~  The nickel(II1) species has been associated with a two cation vacancy. The 
g values are 811 = 2.008, gl = 2.153 and are consistent with a trans octahedral structure. Similar 
results were obtained by electron (2 MeV) irradiation of K2Ni(CN), doped into KCLm9 In this 
case two isomers, cis and trans, were identified. 

50.6.5 Complexes with Nitrogen-containing Ligands 

Nitrogen-containing ligands are the most effective systems to stabilize nickel(II1) and 
nickel(1V). The most studied complexes are those formed with macrocyclic ligands. The 
deprotonated M N H -  group present in amides and peptides has also been found to be 
effective in stabilizing nickel(II1) as well as the deprotonated oxime = e N - O  group. 

50.65.1 Complexes with amines and amino acids 

Simple nickel(1II) complexes with ammonia,3M0 eth~lenediamine,~"~ glycine ?O6l edta3071 and 
related s e~ies~" '~,  072 have been generated in solution by pulse radiolytic techniques. The 

Ni(en):+ species (half-life ca. 50 ms and ca. 1 s respectively). All the above species decay via a 
second order process into the corresponding nickel(I1) complexes and oxidation products which 
have been reported to be H202 and/or N21& for NH3 and NH2CH2CH0 and NH3 for en. 

Nickel(II1) complexes with aliphatic diamines have also been obtained by chemical oxidation 
(X2 and HN03) and isolated as salts of general formula [Ni(N-N)2X2]Y (N-N= 
ethylenediamine, l,Zdiaminopropane, 1,3-diaminopropane, 1,Zdiaminoc clohexane, 2,3- 
diaminobutane, o-diaminobenzene; X = C1, Br; Y = C1, Br, NO3, C104).3 3-3078 With N- 
N = ethylenediamine and 1 ,Zdiaminopropane, depending on the exact reaction conditions, 
both enuine nickel(II1) complexes in a tetragonal coordination or mixed-valence [Nil'(N- 
N)2Nfv(N-N)2X2]Y4 (X = C1; Y = Clod) complexes were 

Nickel(II1) complexes of formula [Ni(N-N),](CIO& with N-N = 2,2'-bipyridyl and 
1,lO-phenanthroline and substituted derivatives have been isolated as products of the 
electrol sis in acetonitrile of the corresponding nickel(I1) salts. Electrode potentials for the 

diimine complexes have also been formed in strong acidic s o l ~ t i o n s . ~ ~ ~ , ~ ~ ~  

Ni(NH3),+ P species which are formed are considerably less stable than the corresponding 

a: 

NiI"/Ni I couples in MeCN (0.1MNaC104) were in the range 1.51-1.82V.3079 The same 
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50.65.2 Complexes with amides, peptides and d a t e d  ligands 

Deprotonated amides can be very effective in stabilizing nickel(II1). Complexes with biuret 
and substituted biurets have been 

Ligands related to amides such as biguanides (€€big) and amidinoisourea (ain) have also been 
reported to form pseudooctahedral complexes of formula [Ni(Hbig),Cl,]X (X = C1, F), 
[Ni(Hbig)zBrz]Br, [Ni(ai~)~]Cl, [ N i ( m a i ~ ) ~ ] ~ S 0 ~ - 2 H ~ O  and [Ni (ea i~ )~ ]~S0~ .2H~O 
(maiu = meth lamidinoisourea; eaiu = ethylamidinoisourea) . 3085 Complexes of formula 
[NiL(HzO)z]'+ (L = N',N'-oxydiethylenebiguanide) and [NiL]C13 (L = N'-chlorophenyl-N5- 
isopropylbiguanide) have also been obtained.3086 

Nickel(II1) deprotonated peptide complexes can be easily obtained in solution by chemical or 
electrochemical oxidation of the corresponding nickel(U) complexes. They are moderately 
stable in aqueous solutions and have been widely characterized by EPR, electron spectroscopy 
and cyclic voltammetry.3047~3058~3087~3088 Some seIected examples of nickel(II1) peptide com- 
plexes are reported in Table 115. 

The polypeptide complexes have general formula (417) according to EPR results.3087 In (417) 
X = NH2 corresponds to a tripeptideamide. 

R = H ,  X = O  
R" = Me, X = 0 

H, R" = His, X = 
R = H ,  X=NHz 

0 

Formation of the nickel(II1) complexes is generally monitored b the changes in the 
UV-visible spectra which show up intense charge transfer bands3047,3's (27 000-31 OOO and 
38000-40000cm-'; see Table 115) in place of the less intense d-d bands observed in the 
parent nickel(I1) complexes. The reduction potentials of the Ni"'/Nil' peptide couples are in 
the range 0.79-0.% V (us. NHE)3"57 and are not very sensitive to the nature of the equatorial 
ligands.3w1 Nickel( 111) peptide complexes are thus moderately strong oxidants in aqueous 
solutions. The electron transfer kinetics of the reduction reaction have been s t u ~ l i e d ~ ~ ~ ~  as 
well as the electron transfer kinetics of the reactions between copper(II1,II) and nickel(II1,II) 
peptide complexes.3044 

The complexes are moderate1 stable in the pH range 5-7; at higher pH decomposition 
occurs within several  minute^.^ The behaviour of several complexes in acids has been 
investigated. 3096 

Tripeptide and tripeptideamide complexes undergo rapid substitution of axial water 
molecules to form 1:l and 1:2 adducts with a number of molecules such as ammonia, 
imidazole, pyridine and terpyridine .3087~3090~3097~3098 These substituted complexes are generally 
more stable to redox decomposition in neutral and basic solutions and have a lower reduction 
potential. 

x 

50.45.3 Complwes with oximes and related ligands 

Selected 
examples of nickel(1II) and nickel(1V) complexes with oximes for which X-ray crystal data are 
available are shown in Table 116. 

Alkaline solutions of nickel(I1) salts and dimethylglyoxime (H,DMG) can be readily oxidized 
to form strongly red coloured solutions3110 which have been shown to contain nickel(II1) and/or 
nickel(1V) ~ p e c i e s . ~ ~ ~ ~ l ~ - ~ " ~  Dependin on the exact experimental conditions, nickel(II1) or 
nickel(1V) salts have been obtained.3°50?~~?3112.311~3118 
The K2[Ni(DMG),] salt has been prepared by oxidation of strongly alkaline sulutions of 

nickel(I1) and DMG2- using two-electron oxidants such as Clz, OX- (X = Cl, Br, I)? S,Oi- or 
higher valent oxides of The solution behaviour of Ni(DMG)g- has been widely 
inve~tigated."'~ 

Oximes have long been known to stabilize higher oxidation states of 
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The halogenation (I2 or Br2) of Ni(DPG)2 in the absence of coordinating bases yielded 
lustrous golden needles of composition Ni DPG 213115 which possess electrical conductivities ca. 

crystals consist of stacking Ni(HDPG)$ units intercalated by 1, species.3100 Higher electrical 
conductivity was observed in Ni(Hbqd)210.52.~~~~-~~~~ 

A series of isomorphous complexes of composition Ni(HDPG)2Xp (X = Br, p 5 1.14; X = I, 
p 5 1.02) have been reported as well as interhalogen species Ni(HDPG)2(IBr)o.54 and 
Ni(HDPG)210.54Bro.67.3121 

The mixed amine-imine-oxime ligands HL (415) and HT (416) have been found to be 
effective in stabilizing nickel(1V). The complexes Ni(L)(C104)z (418) and Ni(T)2(C104)2 (419) 
can be obtained by oxidation of solutions of the parent nickel(I1) complexes with various 
oxidizing agents (€€NO,, SzOg-, PbO2, Fe(bipy):+) or e l e c t r ~ c h e m i c a l l y . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

lo4 times greater than that of Ni(DPG).31 1 )  The X-ray crystal s t r u ~ t u r e ~ ~ ~ ~ ~ " "  showed that the 

Reduction of Ni'"L2+ in aqueous media by two-electron reductants such as 1,2- or 
1 ,4-dihydroxybenzene proceeds by consecutive two-electron transfer with formation of 
nickel(I1) intermediates. 3124,3125 Nickel(II1) complexes with (415) and (416) of formula 
Ni"'(HL)(C104)2 and Nim(HT)(C104)2 have been obtained by oxidation with (NH4),&0, in 
borate buffer and alkaline solution respectively of nickel(I1) complexes or by exposure of the 
nickel(1V) complexes to moist air.3031 The g values of the nickel(II1) species are 811 = 2.03-2.05, 
gl = 2.15-2. 16.3039,3'04 

Using ligand HY (420) only the nickel(II1) complex Ni'"(Y)(C104)2 was obtained 
(g,, = 2.03, gl 2.13).m1 

A H H H  

WNWNUNWN"' 
R N  

(420) R = R' = Me 
HY 

A review article covering the synthesis, characterization and redox properties of imine- 
amine-oxime ligands has recently appeared.3om 

50.6.5.4 Compltxes with macrocyclic ligands 
Macrocyclic ligands, mainly tetraaza macrocycles, have been widely used in stabilizing 

nickel(II1). No nickel(1V) species has been isolated, although many nickel(II1) Complexes with 
dianionic macrocyclic ligands undergo one-electron oxidation. In this section we will use the 
nomenclature of Section 50.5.9 to indicate the macrocycles. 

Complexes with macrocyclic ligands have been prepared using chemical oxidation, 
(NH4)2S208, HN03x)37*31*3128 and NOC104,3049,3129 electrochemical methods30523130 or pulse 
radiolysis in aqueous solutions.3054*3131*3132 

An extensive study of the redox properties of tetraaza macrocyclic complexes of nickel has 
been performed by Busch and c o - ~ o r k e r s . ~ " ~ , ~ ~ ~ ~ , ~ ~ ~  Electrochemical data for selected 
Ni"'/Ni'' couples are reported in Table 117. From an analysis of the EPR spectra it has been 
found that acetonitrile, as well as other molecules or ions like C1 and SO4, can coordinate in 
axial position to give six-coordinate c o m p l e x e ~ . ~ ~ ~ , ~ ~ ~ ~  The g values are indicative of a 4 2  
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Table U7 Electrochemical Potentiah" for Selected Ni'"/Ni" Couples 

Ligand E (VI Ref. 

Neutral ligands 
[ 12]aneN4 
[13]aneN, 
Cyclam 
[ 15]aneN4 
Me,cy clam 
Me,cychm 
Me,cyclam 
Me,[16]aneN4 
Me,[14]4,11-dieneN4 
Me6[14]1 ,4,8,11 -tetraeneN, 
Me,[ 1614, 12-dieneN4 
Me,[ 1611 ,4,12-trieneN4 
Me,[ 1411 ,3-dieneN4 
TAAB 
[CR + 4H] 
[CR + 2H] 
CR 

Me6[14]1,3,7,11-tetraeneN, 
Me6[14]1 ,3,8,10-tetraeneN4 
Me,[ 14]4,7-dieneN4 
Me,[15]8,11-dieneN4 
pyaneN, 
Tsocyclam 

[ NiLSO4I3+ complexesh 
Cyclam 
Me,cyclarn 
Me,[ 1414,ll-dieneN, 

Anionic ligands 
Me2[ 131dieneN; 
Me2[14]dieneN; 
Me,(MeCO),[ 141 tetraeneN*- 
Me,(MeCO),[ 141 tetraeneNj- 
Me,(MeCO),[lSltetraeneN'- 
Me,(MeC0),[14]tetrae~~N~- 
M+[ I51dieneN:- 
Me,(&H,CO,Et),[ 15ldieneN:- 
Me(MeCO)[15] dieneN2- 
Mq(CONH-ru-C,JI,),[ 15IdieneNi 
Me,( C0Ph)J 151 dieneNZ- 
Me,(N0,),[15]dieneN~-4 
Me,(MeCO),[lS)dieneN:- 

[CR - 2H] 

+ 1.082 
+0.7-+0.9 
+0.67 
+0.90 
+0.68 
+0.7I 
+0.87 
ca. +1.3 
+0.98 
+1.05 
i-1.3 
+1.3 
+OS6 
+1.24 
+0.89 
+0.93 
+1.03 
+1.05 
+1.05 
+1.00 
+0.72 
+0.95 
+0.78 
+0.84 

+0.49 
+0.64 
+0.93 

+0.27" 
+0.23' 
+0.97' 
+0.98' 
+0.92' 
+0.96' 
-0.36' 
-0.39 
-0.14c3d 
+0.003d 
+0.21d 
+0.42* 
+0.22 

3035 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3056 
3135 
3056,3136 
3056,3136 
3056,3136 
3056,3136 
3056 
3056 
3056 
3056 
3137 
3138 

3139 
3139 
3139 

3056 
3056 
3056 
3056 
3056 
3056 
3133,3134 
3133,3134,3140 
3133,3134,3140 
3133,3134,3140 
3133,3134,3140 
3133,3134,3140 
3133,3134,3140 

a us. Ag/AgNO, (0.1 M) in MeCN reference electrode. 
I, In aqueous solution. The reference electrode is Ag/AgCl. 

Irreversible polarograms. 
Solutions of DMF. 

Abbreviations: 

TAAB = 
CR 

<+ 
NH NN 

CR + 2H 

CR + 4H CR - 2H 
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ground state with gl (ca. 2,2)>gll (cu. 2.01-2.03). A single crystal study on y-irradiated 
nickel(I1) complexes with rac-(5,7,7,12,14,14-hexamethyl-1,4,8,ll-tetraazacyclotetradeca-4,ll- 
diene) and ruc-(5,7,7,12,12,14-hexamethyl-l,4,8,11-tetraazacyclotetradeca-4,14-diene) con- 
firmed this interpretation.3142 

In the case of [Ni([l2]aneN4)I3+ a reverse g pattern was observed (gll= 2.17, g, =2.06), 
which was attributed to a larger in-plane ligand field strength which stabilizes the d,z-,,t state as 
compared to other complexes with n-dentate amine macrocycles (n = 5, 6) which have the 
more common d,z ground state.3035 The formation of nickel(II1) complexes with tetraaza 
macrocycles is favoured by 14-membered macrocycles and is strongly dependent on the 
contraction or expansion of the ligand cavity. Penta- and hexa-aza macrocycles are more 
difficult to obtain than the tetraaza ones, but the ring-size-dependent redox selectivity was 
found to be drastically reduced in complexes with pentaaza macrocycles.303s 

Despite the large number of nickel(II1) complexes with macrocyclic ligands reported to date 
only three X-ray crystal structures have been determined. In the 
[(Me6cyclam)Ni(H2P04)2]C1043143 and [Ni(cyclam)Clz]C1O4 (421)3144 complexes the nickel 
atom is in a tetragonal octahedral environment (average Ni-N bond length 200pm). In the 
[Ni(TACNTA)] (TACNTA = 1,4,7-triazacyclononane-N,N', "'-triacetate) the nickel atom is in 
a pseudooctahedral N303 environment (Ni-0 = 191 pm (av.); Ni-N = 193 pm(a~ . ) ) .~~"  

Some complexes of aickel(II1) with porphyrins have been prepared electrochemically 
together with radical ligand species.3m8 

50.6.6 Compounds with Oxygen and Fluorine 

Nickel(II1) and nickel(1V) form a variety of compounds with oxygen, the most important 
being binary and ternary oxides and heterpolyanions. The first example of a nickel(1V) 
complex was a heteropolymolybdate, Ba3NiMo9032.3m Other polymolybdates and polyniobates 
are known, of compositions hNH4)&Mo9032,3146,3147 Na12NiNb12038.~H20 (x = 48-50)3148 
and K8N~iNb1z03s+12H20 .31 These salts can generally be prepared by persulfate oxidation 
of solutions containing NiS04 and the molybdate or niobate ions. Selected examples of 
nickel(II1) and nickel(IV) compounds with oxygen are collected in Table 118. 

NiFZ- ions have been isolated in a number of salts, for both nickel(II1) and nickel(IV). 
Selected examples of these salts are shown in Table 118. NiFz- is diamagnetic and the 
electronic s ectra have been successfully interpreted in Oh symmetry (ground state 
1A1,).317G31' Several spectroscopic and ma netic studies and molecular orbital calculations 

ground state in tetragonal symmetry, but unlike other nickel(II1) complexes, the first excited 
quartet level 4Azp lies at ca. 700cm-l above and can be thermally populated at room 
temperature. 

have been performed on Nil?:- ions.3173,31 F 593181,3182 The complex is low-spin with 'A% as 

50.6.7 Complexes with Phosphines and Arsines 

A number of nickel(II1) complexes with phosphines and arsines have been isolated, but 
nickel(1V) complexes with the same ligands are still rare. o -phenylenebisdimethylarsine (diars) 
and o-phenylenebisdimethylphosphine (diphos) have been found very efficient in stabilizing 
nickel(IV), Selected examples of nickel(II1) and nickel(1V) complexes with phosphines and 
arsines are shown in Table 119. 
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Complexes with monodentate phosphines always contain nickel(II1). They have general 
formulas Ni(PR&X3 (X= C1, Br) and are quite unstable. The stability of the complexes 
increases through the series PMe3 PEt3 > PMePh = P3u3 > PEt2Ph > PMePhz > PPh3.3185 
Complexes with bidentate phosphines (P-P) and arsines (As-As) are considerably more 
stable. The properties of a number of complexes of general formula Ni(P-P)X3 (X = C1, Br) 
have recently been investigated.3192 The EPR spectra of all the above compounds are generally 
ill resolved. 

Diars and diphos have been found to stabilize both nickel I11 and nickel(1V). The reduction 

and -0.26 (vs, SCE) for L = diphos and diars respectively. The reduction is reversible only in 
the presence of C1- . Reversible one-electron oxidation to nickel(1V) species [NiL&12]" 
occurs, the reduction potentials of the Ni'"/Ni"' couples being f0.80 and +0.84 (us. SCE) for 
L = di hos and diars re~pectively.~** The nature of the ground state in diphos3193,3'94 and 

solutions and in single crystals of corresponding Con' complexes doped with NiIR. The single 
crystal spectrum of [(Ni,Co)(diar~)~Cl~]Cl is axial with gll = 2.008 and gl = 2. 142.3195 For the 
analogous diphos complex the spectrum is rhombic with g, = 2.112, g, = 2.116 and g, = 
2.009.3193 All the spectra showed well-resolved hyperfine structure due to the interaction of the 
unpaired electron with the P and As nuclei indicating that the molecular orbital which contains 
the unpaired electron is largely delocalized on to the ligands.3o33 From the analysis of the EPR 
spectra of [Ni(diph~s)~Cl~]ClOd enriched with 61Ni, Manoharan et al. 3194 concluded that the 
unpaired electron s ends 58% of the time on the phosphorus nuclei. The observed A values 
were A, = 13 x 10- , A, - 12 x lop4 and A, = 25 X lop4 cm-'. 

potentials measured in acetonitrile solutions of the Ni"'/Ni 0 I couples for [NiLC12]+ are -0.11 

diars31 5,3196 complexes has been widely investigated through EPR spectrosco y in frozen 

P -  

50.6.8 Complexes with Sulfur- and Selenium-containing Ligands 

1,2-Dithiolenes have been found to stabilize nickel(II1) and a number of structural 
investigations have been performed on nickel(II1) dithiolene complexes. Structural data and 
physical properties of selected compounds are collected in Table 120. The EPR spectra of the 
[NiS4]- unit have been extensively studied in order io decide whether the unpaired electron 
resides mainly on the metal or on the ligand3202,3203,3210*3212-3217 giving rise to a true nickel(II1) 
complex (422) or to a nickel(I1)-stabilized ligand radicai complex (423). 

(422) (423) 

that the ground state is '& (d:,) in 
D4h symmetry with a large contribution (roughly 50%) from sulfur p L  orbitals. Many nickel(II1) 
thiolate complexes have a polymeric structure and show electrical transport properties. Two 
structural motives have been found in these complexes: the segregated stack of donor (D+) and 
acceptor (A-) ions as in [Et4N][Ni(mnt)2] or the integrated stack of planar complexes (A-) and 
planar organic moieties (D+). In the segregated stack complexes a pairwise interaction has 
been generally observed with measured singlet-triplet separation around 500 m-l. In the 
integrated stack complexes the DA unit can be repeated in a simple way as in [POZ][Ni(tfd)z] 
or in more complex arrangements such as [TTF][Ni(tfd)z] where the repeat unit along b is 
every three chains. The temperature dependence of the magnetic susceptibility in this latter 
complex has been interpreted in terms of linear antiferromagnetic trimers that are weakly 
ferromagnetically coupled along c to form a trimer ladder .3204,3205 

The complex [perylene]2[Ni(mnt)z] showed the largest electrical conductivity among the 
nickel dithiolate complexes (a = 50 $2-' cm-' at room temperature on single crystals) but it has 
not yet been structurally ~ h a r a c t e r i z e d . " ~ ~ ~ ~ ~ ~ ~  

The magnetic and char e transport properties of nickel(II1) 1 ,Zdithiolene complexes have 

A nickel(1V) complex (Ph&s)2[Ni(irnns)3] (imns = SsC==C(CN),) has been reported.3222 
Dithiocarbamates (Rzdtc) stabilize both nickel(II1) and nickel(1V) and a review article 

covering this chemistry has appeared.3223 
Nickel(II1) complexes with dithiocarbamates are still rare, the best examples being 

Ni(Et2dtc)3 and Ni(Bu2dtc)21. Ni(Et2dt~)3 has been prepared by oxidation of Ni(Et2dtc)* with 

The analysis of the EPR spectra of Ni'I'ST 

recently been reviewed. 32$,3221 
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TaMe 120 Structural and Spectroscopic Data for Nickel(II1) Dithiolene Complexes 

Complex Remarks" Ref. 

[NMe,Ph][Ni(mnt),] 

[Ph,As] [ Ni( cmt),] 

[NEt4][Ni(DDDT),] 

Dimers. Segregated stacks. Ni-Ni' = 414,431; N i - S  = 215; Ni'- 
S = 352. pen = 1.0 BM; J = 620 cm-'. SC'= 2.9 x 
IO-* (sern) 
Dimers. Segregated stacks. Ni-Ni' = 347,362; N i S  = 215; Ni'- 
S = 359. peE= 0.79 BM; J = 490 cm-' 
Segregated stacks along a. N i - S  = 215. Curie paramagnetism below 
100 K; temperature-independent paramagnetism above 100 K. g, = 
2.14; g = 2.06; g, = 1.991; the z direction is tilted by 40" from the 
normarto the [Ni(mnt),]- plane. P < 
DADA along a, c ;  repeat unit along b every three chains. 
Ferrimagnetic. SC < lo-' 
DAADDA along b. D-A = 336; A-A = 383; D-D = 340,390. 
Temperature-activated paramagnetism. P 5 lo-' 
DA along b. D-A = 366. Curie-Weiss paramagnetism. P 5 lo-' 
DA stacking with non-parallel planes. The angle between the planes 
is 17", the distance between planes is 3%. Curie-Weiss paramagnet- 
ism. g, = 2.14; g, = 2.04; g, = 1.9% 
Dimers. Segregated stacks along b. Ni--Ni' = 382,441; N i S  = 
214; N i ' S  = 380 
Two independent [Ni(cmt),]- units nearly orthogonal. N i S  = 213. 
g, = 2.063; g, = 2.151; g, = 1.986; x and y bisect the intraligand and 
interligand ONi-S angles respectively 
Monomeric [Ni(DDDT)J. N i - S  = 215; Ni-Ni' = 815. Long 
range antiferromagnetic ordering below 15 K; J = 8.5 cm-'. g, = 
2.119; gy = 2.057; g, = 2.022; A, = 14.2 x lo-' cm-';b A,, A, < 2 x 

(sern); P = 

10- 4 cm--l b 

3197-3201 

3198,3202 

3203 

3204,3205 

3206,3207 

3206,3207 
3208 

3209 

3210 

3211 

'Most relevant structural features and bond distances (pm), pes is the effective magnetic moment at room temperatureiJ is tp singlet 
triplet splitting in the dimeric Ni, unit. SC = single crystal conductivity and P = compressed pellets conductivity in 9- cm- at room 
temperature; sem = semiconducting behaviour. 

Abbreviations: mnt = maleonitriledithiolato; 'ITF = tetrathiafulvalene; tfd = cis-l,2-bis(trifiuoromethylethylene)-1,2dithiolato; 
TMPD = N,N,N',N'-tetramethyl-p-phenylenediamine; F'TZ = phenothiazine; PO2 = phenoxazine; TRF' = tropyliurn; cmt = cis-l,Z- 
dicarbomethoxyethylenedithiolato; DDDT = 5,ddihydro-l,4-dithiin-2,3-dithiolato. 

Hypefine coupling with "Ni. 

SO-fold excess of Etdtds (Etdtds = thiuram disulfide) and characterized through EPR 
spectroscopy.3224 The compound is highly unstable and disproportionates into nickel(l1) and 
nickel(IV2 c o m p l e ~ e s . ~ ~  Ni(Buzdtc)zI was obtained by iodine oxidation of Ni(Bu2dtc), at 

Nickel(1V) complexes with dithiocarbamates are more stable than the nickel(I1I) ones. 
Complexes of formula [Ni(R2dtc)3]X (R=Et,  Bu; X=Br ,  I) are generally prepared by 
halogen oxidation of the parent nickel(I1) complexes at room temperat~re.~~*'-~"~ 

Nickel(1V) complexes having an NiSe6 core have been reported with the ligands N,N-di-n- 
butyldiselenocarbamato3230 (Bu2dsc) and 2,2-diseIenido-l,l-ethylenedicarbonitrile (L) ,3231 
namely [Ni(Buzdsc),]Br and [NiL3][Ph+4s]. 

The X-ray crystal structures of [Ni(Bu2dt~)3]Br,~~" [ N ~ ( B U ~ ~ S C ) ~ ] B ~ ' ~ ~ ~  and [NiL3][Ph.&]3U' 
showed that in each complex the nickel atom is in a pseudooctahedral Ni& environment (424; 
A = S, Se), slightly twisted towards a trigonal prismatic geometry. 

-30 aC.32 

,R A = S , R = B u  
A = S e ,  R = Bu 

'R A = S e , R = C N  

Bu,dtc 
Buzdsc 
L 

i 
C 
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52.1 INTRODUCTION 

The chemistry of platinum has been studied for some 250 years. The metal has numerous 
uses in catalysis, jewelry and electrical applications, and the study of the complexes has been 
pivotal in the development of coordination chemistry. Among the landmarks in the 
coordination chemistry of platinum is the isolation of Zeise's salt K[PtC13(C2&)]-H20 in 1830.' 
The substitution chemistry of platinum(I1) was also of early significance. The tram effect was 
discovered by carrying out substitution reactions on platinum(I1) complexes,2 These studies 
have been extensively used for the specific synthesis of cis and trans platinum(I1) complexes. 
More recently platinum complexes having non-integral oxidation states have been studied 
because of their electrical conductivity, and the discovery of ~ i s - P t c l ~ ( N H ~ ) ~  as a chernothera- 
peutic agent has led to the development of platinum chemistry with biological goals. 

Complexes of platinum are commonly in oxidation states 0, I1 or IV. This is a rather unusual 
situation in transition metal chemistry. Although all the transition elements exhibit a range of 
oxidation states, platinum is one of the very few with three oxidation states differing by two 
electrons each. This has led to there being a wide range of oxidative addition chemistry in both 
oxidation state 0 and 11. Since platinum is a third row transition element, the large values of the 
ligand field lead to low-spin, kinetically inert d6 complexes of platinum(1V) with hexacoord- 
inate structures, and low-spin kinetically inert ds complexes of platinum(I1) having tetracoordi- 
nate planar geometry. Complexes of platinum(0) are fewer, and examples are known where the 
platinum is two, three or four coordinate. The ground state configuration can be considered to 
be d10 or d 9 d .  Stabilization of platinum(0) is accomplished with phosphine, arsine or 
isocyanide ligands, but Pt(CO), is not thermally stable. 

Mechanistic studies on platinum(I1) complexes, primarily in the laboratories of Basolo and 
Pearson, have been fundamental in understanding substitution reactions at square planar 
platinum. This work has led to the identification of associative and dissociative pathways in 
these replacement reactions, and the effect of leaving and entering groups has been correlated 
in much the same way as has been done for substitution at saturated carbon. The concept of 
ligand nucleophilicity to platinum was developed by this grou and much of their work is 
collected in a book dealing with inorganic reaction mechanisms. 

Among the less common oxidation states those of I and I11 have the most significance. 
Complexes of platinum(1II) have been of interest for many years because of their intermediacy 
in substitution reactions of platinum(I1) and (IV). More recently binuclear platinum(1) and 
(111) complexes have been isolated, and the chemistry of these new complexes will be of 
increasing interest in platinum chemistry. Platinum forms strong homometallic bonds giving 
rise to multimetallic chain com ounds and cluster complexes. The increasing use of X-ray 

multimetallic platinum complexes. 
Four comprehensive sources are available for platinum chemistry, three of which are written 

in the English language. The corn anion volume 'Comprehensive Organometallic Chemistry' 
has a chapter devoted to platinum, and three books are of primary importance to readers with 
an interest in the coordination chemistry of platinum. The books by Belluco' and 
Muraveiskaya6 are restricted to the organometallic and coordination chemistry of platinum, 
and Hartley's book is entitled, 'The Chemistry of Platinum and Palladium'.' It is assumed that 
readers will use these sources in conjunction with this chapter. For earlier literature this 

P 

crystallography, and 31P and l9 9 Pt NMR will allow systematic studies to be made on these 

!? 
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chapter will reference these sources or other review articles for extensive details. As a 
consequence this chapter will be comprehensive in coverage, but emphasis on detail will be 
primarily focused in the literature published in the last decade. 

52.2 PLATINUM HYDRIDE COMPLEXES 

52.2.1 Introduction 
Hydride complexes of platinum have received considerable study since the preparation of 

PtHCl(PEt3)2.s Spectroscopic studies by 'H NMR techniques have been widely used because of 
the structural information which can be obtained from coupling constant data to "Pt and other 
nuclei. Platinum is widely used as a heterogeneous catalyst, and vibrational studies on platinum 
hydride complexes have been useful for comparison of a hydrogen atom bonded to a single 
platinum with that bonded to a surface. Complexes of platinum have been used to catalyze 
hydrogenation, hydrosilylation and isomerization reactions with alkenes and alkynes, as well as 
H/D exchange reactions on alkanes. Hydride complexes are frequently proposed as intermedi- 
ates in these reactions, and the pathways related to the known chemistry of hydride complexes. 

A number of general reviews on transition metal hydride complexes have been written which 
include platinum hydrides,'13 and a specialist review on hydride complexes of the nickel triad 
gives a comprehensive treatment of platinum hydrides.14 For hydrides bridging two metals the 
field has been reviewed for platinum complexe~.'~ With hydride complexes the charge on the 
hydrogen ligand is always a subject of interest. A method using a modification of the Mulliken 
electronic population analysis has been used to show that there is at least partial negative 
charge on the hydride ligand in t r a n ~ - P t H ~ ( P H ~ ) ~ . ~ ~  Using ab initio molecular orbital theory 
and effective potentials there is good agreement between experimental and calculated bond 
lengths, bond angles and vibrational frequencies. l7 These calculations also agree with XPES 
measurements where an effective charge of -0.6 for the H atom is obtained in PtHC1(FR3)2 
and PtH(SnC13)(PR3)2.18 Calculations have also been made using the CNDO method, and 
these data have correlated with the known high trans effect of the hydride  ligand."^'^ 

52.2.2 Synthetic Methods 

Platinum hydrides are among the most diverse for the range of synthetic methods used in 
their synthesis. Both protonation by strong acid and ligand substitution by hydride ligands have 
been used, in addition to methods involving the cleavage of strong 0-H, N-H and C-H 
bonds. An earlier review outlines the scope of these reactions, and gives an extensive list of 
known platinum hydride ~omp1exes.l~ 

52.2.2.1 Reaction with hydrazine 

of the first hydride complex of platinum, PtHCl(PEt3)a.8 
This method is not usually one of general use, but it was a method employed in the synthesis 

52222 Reaction with metallohydrides such CIS borohyddde and aluminum hydride 

This method is a useful one for converting PtC1,L (L = tertiary phosphine) into PtH-.' 
Alternatively high yields of trans-PtHClk (L = tertiary phosphine) can be obtained on treating 
PtC12(cod) with 2moles of phosphine L and one equivalent of NaB&.m If BH3CN- is used, 
the cyano group is also abstracted and complexes of the type PtHCNL, are formed (equation 
1) .21 

PtCl,(cod) + 2L + NaBH4 - trans-PtHClL, + NaCl + cod + ;B,& (1) 

5.223 Protonation reactions 

The earlier literature on patterns of reactivity in the formation of platinum hydrides by 
protonation reactions of platinum in zerovalent and divalent oxidation states has been briefly 
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summarized in a short review." The interaction of protonic acids with platinum(0) compounds 
involves initial protonation at platinum to yield a cationic hydride complex (1). For acids HX 
where X- is a poor ligand for platinum(II), e.g. ClO;, HSOI, MeCO;, NO;, complex (1) is 
the final product. When X- coordinates strongly to pIatinum(II), e.g. C1-, Br-, I-, CN-, 
Ph,PO-, substitution occurs and the complex PtHX(PPh3)z (2) is formed (equation 2).",= The 
structure of [ P ~ H ( P P ~ I ~ ) ~ ] ( C F ~ C O ~ ) ~ H  shows that the hydrogen atom occupies a stereochemical 
positiong in the platinum(l1) plane, but that the mutualiy tram phosphine ligands are bent 
toward the hydride with respective P-Pt-P angles of 99.7(2)" and 100.6(2)".25 The carboxylate 
ligand is not coordinated to platinum. The upfield hydride NMR resonance shows effects due to 
higher order transitions since the center line resonance shows an apparent dif€erence in spin 
multiplicity from the lines resulting from coupling to lg5Pt .24 Oxidative addition of carboxylic 
acids to the two-coordinate complex Pt(PCy3), (Cy = cyclohexyl) proceeds in a different manner 
to give PtH(OzCR)(PCy& (3) with the carboxylate group coordinated (equation 3).26 Use of a 
thiocarboxylic acid with Pt(PPh3),, however, results in the acid being a good conjugate base for 
platinum(I1) , and the neutral complex (4; equation 4) results. The t-butylphosphine complex 
Pt(PBu$)2 reacts in an analogous way to the cyclohexylphosphine complex with HX to ghe 
P~HX(PBU$)~ (X = (3, Br, I, 02CCF3).27 Subsequent metathetical replacement by NO; or 
CN- gives PtHX(PBu:), (X = ONO2, CN). 

Pt(PPh,), + MeCOSH - PtH(SCOMe)(PPh,), 
(4) 

(4) 

For thiolato ligands a series of complexes PtH(SC6&Y-p)(PPh3)2 (Y = NO2, Br, C1, F, H, 
Me, MeO, NH2) has been prepared. Good correlations have been obtained when v(PtH) or 
J(PtH) is plotted against the Hammett substituent parameter These linear correlations are 
discussed in terms of electron density changes at platinum due to the mesomeric and inductive 
effects of the para substituent. These results complement earlier studies showing how values for 
v(PtH), G(PtH) or JCPtH) can be correlated with substituent effects on the tram ligand X 
(X = carboxylate), or with the trans influence of X.14 Similar hydrides (5) have been obtained 
by the addition of areneselenols to Pt(PPh& (equation 5).29 In a detailed study, simple thiols 
RSH (R = Et) were found to undergo reversible oxidative addition to Pt(PPh,), (equation 6). 
When the thiol has a substituent with a potential complexing ligand for platinum(I1) the 
resulting hydride (6) is stable (equation 7). This enhanced reactivity by intramolecular 
chelation has been referred to as 'chelate-assisted oxidative additi~n'.~' 

PtL, +p-YC,H,SeH - PtH(SeC,H,Y-p)L, + LZ 
(5) 

Pt(PPh,)? f RSH PtH(SR)(PPh,), + PPh3 (6)  

Me 
H 

. /  

\' \,,, 
Pt(PPh,), + MeSCHZCH2SH - 

(6) 

(7) 

The reaction of PtCPPh,),, Pt(C&b)(PPh3)2 and Pt(&Me2)(PPh3)2 with strong acids can be 
compared.31 The stability of hydrides PtH(PPh3)3+ depends on the hydrogen ion concentrations, 
and for reactions of Pt(C&)(PPh,)z and Pt(&Mez)(PPh3)2 with proton acids HX the products 
are PtX2(PPh3)2 and GH6 or M~CH=CHMC.~~ In each case hydride intermediates are 
proposed, and in the case of Pt(C2Me2)(PPh3)2, a vinyl complex (7) has been isolated from the 
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addition of 1 mole of HX (equation 8).33,34 

Me ,Me. 
‘c=c 

(PPh3),Pt(CzMez) + HX - (PPh,),Pt, ’ \H 5 (PPh3),PtX2 + MeCH=CHMe (8) 
‘X 

(7) 

The reactive compound Pt(PCy3)2 will react with a series of compounds RH which have an 
active hydr~gen.~’ The compound reacts with hydrogen to give PtH2(PCy3)z, and with RH to 
give PtH(R)(PCy& (R = CSF,, 1,3,5-C&&, 1,3-C&& C&O, PhO, C&NH and C4&N). 
This reactivity resembles that found for Pt(PEt&.% Such compounds containing Pt-C bonds 
can, however, undergo protonolysis. The complex PtH(CH2CN)(PPh3)2 reacts with HCI to give 
PtHCl(PPh3)2 (equation 9) .37 

PtH(CH2CN)(PPh3), + HCI - PtHCl(PPh,), + MeCN (9) 

The compound Pt(FPh,), will oxidatively add N-H bonds. Reaction of Pt(PPh3)3 with 
imides or the compound PhZPC(S)NHPh yields isolable platinum(I1) hydrides (8) and (9) with 
the complexed amido ligand (equation This reaction to form (9) is another example of 
chelate-assisted addition. The compound Pt(PPh& will oxidatively add P-H bonds. When 
diphenylphosphine oxide reacts with PtL3 (L = PP$, PPhZMe), the P-bonded hydride 
PtH{(OPPhz)2H}L is formed.40 

Ph2 
H\ 7\ Ph PC(S)NHPh (CHz)z(CO)ZNH Pt C=NPh Pt(PPh3)3 - ~~uTu-(PP~~)~P~H{N(CO)~(CH,)~} (10) 

Ph3P / Y  (8) 
(9) 

Although there are numerous examples of complexes Pt-, there are fewer examples of 
six-coordinate hydride complexes PtH2X2L. Early examples are the addition of HCI to 
PtHC1(PEt3)2’ and the addition of l-ethynylcyclohexanol to Pt(PPh3)3.42 In a number of cases 
involving HX addition to d8 and d10 transition metal complexes, the product has stoichiometry 
MX2 rather than MHX. A detailed study by Ebsworth et al. has addressed the question as to 
whether such reactions involve complexes MH2X2 as intermediates, and this study has focused 
on platinum complexes of type PtHzX2L (L = tertiary phosphine). HX adds to frans- 
PtHY(PEt,), (X, Y = C1, Br, I) to give ci~,trans-PtH~XY(PEt~)~. If X # Y, halogen exchange 
occurs to give a random mixture of dihydrides. Similarly adds to trans-PtYZ(PEt3)z to give 
PtHXY2(PEt3)2. Addition of Xz to trans-PtHX(PEt& (X = C1, Br) does not give the expected 
PtHX3(PEt3)z, but a mixture of PtHzX,(PEt& and Pt&(PEt3)z.43 In a comparative study of 
the reactivities of HzS and H2Se, it is found that platinum(1V) complexes containing the SH 
ligand undergo H2S elimination much more readily than the analogous SeH compounds.44 The 
addition of H2Se to PtHI(PEt& gives the six-coordinate hydride complex PtHZI(SeH)(PEt&, 
although it is in equilibrium with PtH212(PEt& and PtH2(SeH)2(PEt3)2 (equation 11). These 
results explain how subsequent reductive elimination can readily yield complexes of type 
PtXZ(PEt3)2 after the addition of HX to PtHX(PEt&. As further support for the formation of 
six-coordinate platinum hydrides, the complexes PtH,X(CN)(PEt& (X = C1, Br, I) have been 
identified in solution by NMR spectroscopy as the initial products from the reaction of 
~~UTU-P~H(CN)(PE~~)~  and HX (equation 12). No distinction of cis or trans addition is possible, 
but in the addition of HC1 to PtH(PEt3),+ to yield PtH2Cl(PEt3):, deuterium substitution 
indicates trans addition (equation 13).45 

2PtI,(PEt3), + 2H,Se - PtH,I(SeH)(PEt,), e PtH21,(PEt3)2 e PtHz(SeH),(PEt3), (11) 

PtH(CN)(PEt& + HX PtH,X(CN)(PEt,), PtX(CN)(PEt,), + HI (12) 
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Platinum hydrides bridged by a single phosphido bridge have been prepared by reacting the 
terminally bonded phosphido complex PtH(PH2)(PEt3)2 with PtHCl(PEt3)2 (equation 14).& A 
terminal PFz-bonded six-coordinate platinum hydride has been detected in the reaction of 
PFzCl with PtHCl(PEt& (equation 15).47 Low temperature NMR spectroscopy has also been 
used to detect hydride complexes PtH2C1(PF2S)(PEt& in the addition reaction of 
PtHC1(PEt3)z with PFzH(S). Structures are elucidated and the elimination pathways to yield 
the final platinum(I1) complexes discussed.48 

PtH(PHz)(PEt,)2 + PtHCl(PEt3)z - [(PtH(PEt3)2}2PH2]CI (14) 

(15) PtHCI(PEty), + PFZCI _* PtHCIz(PFJ(PEt3)Z - PtCl(PF,)(PEt,), + HCl 

Using 'H and 31P{1H} NMR spectroscopy it has been shown that there is a four- 
coordinate/five-coordinate exchange process occurring when PEt3 is added to a solution of 
PtH(PEt3)g (equation 16).42 A line shape analysis has been carried out to evaluate kr and kl, 
as well as the rate processes corresponding to intramolecular rearrangement in both 
PtH(PEt3)3+ and PtH(FEt3)4+ species. The complex PtH(PEt3)3+ has been isolated by the 
protonation reaction of Pt(PEt3)4 with ethan01.~' This complex produces hydrogen and 
Pt(PEt3)3 on reduction in non-aqueous solvents, but the reduction cannot be effected by 
Ru(bipy)g+* .51 The cyclic voltammogram of PtH(PEt3)$ has been interpreted as an initial 
absorption with capture of two electrons to yield PtH(PEt&. Sustained hydrogen production 
occurs at -1.7 V us, SCE after ir~itiation.~' 

*1 

k-1 
PtH(PEt3): + PEt3 e PtH(PEt3); 

5'22.4 Addition of S i 4  bonds 

The addition of Si-H bonds and the reactions of silyls with platinum complexes is of 
significance because of the early discovery of chloroplatinic acid as a hydrosilylation catalyst .53 

This section focuses on the formation of hydrides from silanes. 
When the siloxane (Me2SiH)20 reacts with Pt(CJ&)(PPh3)2 at 45"C, the hydride cis- 

PtH(MezSiOSiMe2H)(PPh3)2 is formed by Si-H addition. The complex is unstable to hydrogen 
loss at 75 "C (equation 17). Similar hydride complexes are formed from O - C ~ H ~ ( C H ~ S ~ M + N ) ~  
and (CHZ)4(SiMezH)Z.s4 The hydrides PtH(SiR3)(PPh3)2 (R3Si = Ph3Si, PhZMeSi, PhzHSi, 
PhMe(CHpCH)Si, Et3%, (EtO),Si and (Me3SiO)2SiMe) have been prepared by addition to 
Pt(G&)(PPh3)2. With SiHCIMez the product is Pt(SiMezCl)2(PPh3)Z.55 The compound 
SiHMePhz reacts with Pt(GPhz)(PPh3)z to give PtH(SiMePh2)(PPh3)2, which is different from 
the reaction of Pt(&Ph2)(PPh3)z with strong acids where stilbene is obtained.33 The major 
product of reaction between Pt(C03)L (L = PMe2Ph, PEtzPh, PMePhz and PPh3) and silanes 
R3SiH is the bis silyl complex Pt(SiR&L, but a low yield of ptH{Si(p-Fc,~),}(PMe-~Ph)~ has 
been isolated from the appropriate ,reaction.56 The reaction has also been used to effect Si-H 
addition in the silacyclobutane HSi(Me)CHZCH2&I2 to yield the unstable platinum hydride 
product (10; equation 18In5' 

Pt(GH4)(PPh,)2 + (Me,SiH)zO ch-PtH(Me,SiOSiMe,H)(PP$), (PPhn),Pt/ >. (17) 

Me, 
Si 

\I 
Me2 

U 

Pt(&H4)(PPh3)Z + "'Si3 , - CSi-PtH(PPh,), 
Me 'Me 

Six-coordinate hydrides are also formed by Si-H addition. Treating a solution of trans- 
Pt12(PEt3), with H-SiH3 gives PtH12(SiH2Cc=CH)(PEt& by Si-H rather than C-€3 addition 
(equation 19).58 These studies have been extended to a range of reactions between Y(MH& 
(Y = 0, S, Se; M = Si, Ge and truns-PtHX(PEt& (X = Cl, Br, I). The products have been 
characterized by 'H and "l' NMR spectroscopy, and the stabilities of the six-coordinate 
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hydrides are di~cussed.~' These authors have done a arallel study with NH(SiH&, PH2(SiH3) 
and PH(SiH3)2, and the addition reactions discussed5 The reaction between PtH2(PCy3)2 and 
MH3X (M=Si, X = H ,  C1, SiH3; M=Ge,  X=H) gives tr~ns-PtHY(PCy,)~ (Y=MH,X). 
Reaction intermediates, thought to be PtH3Y(PCy3)2, have been detected by 31P NMR 
spectroscopy (e uation 20). The structure of PtH(SN3)(PCy& has been confirmed by X-ray 
crystallography!1 The acyl halides XC&COCl (X = H, p-Me, p-MeO, o-MeO, p-C1, p-Br, 
p-N02) are converted to aldehydes p-XCa4CH0 in 5044% yield on treatment with S m t ,  
at 120 "C in the presence of catalytic amounts of ~k -p tC l~(PPh~)~ .  The pathway involving Si-H 
addition is shown in Scheme 1.62 

h.arrs-PtI,(PEt,), f H W S i H ,  - PtH12(SiHzWH)(PEt3), 

PtH2(PCy3)2 + MH,X + PtH,(MHzX)(PCy& - PtH(MHzX)(PCY& 

119) 

(20) 
SiHEtl 

PtC1z(PPh3)z - PtHC12(SiEt3)(PPh& 

-SiCIEt, -&] 1 
PtHC1z(COR)(PPh3)z RCOC' PtHCI(PPh3)Z 

Scheme 1 

52.2.25 Addition of Ge-H and S n 4  bonds 

Simple germanes and silanes add to PtH(PEt3):. An example is the formation of 
PtH2(GeH2F)(PEt3)z from GeH3F. The proposed stereochemistry has H, H and GeH2F trans 
to PEt3.63 The addition of a Ge-H bond to PtHC1(PEt3)2 occurs with excess GeH3Cl. The 
product contains a mixture of compounds PtHX,(PEt&, where X = GeHzCl or GeHC12.64 The 
addition of (C$5)2GeHGe(C&)2H to Pt(PPh& to give FtH{Ge(C&)zHGe(C&)z}(FPh3)2 is 
an example of G s H  addition to ~latinurn(O).~~ 

Organotin hydrides SnR3H (R=Ph, PhCH,, 0-, rn-, p - M e w )  react with 
Pt(CO),(PMezPh), to give &,trans, cIk-PtH2(SnR3)2(PMezPh)2 in methanol solvent. In benzene 
solvent the H2 is reversibly lost (equation 21).66 Hydrides of platinum(I1) have been formed 
from PtH2b (L = PCy,, PPI!~, PPh2But, PMeBui) and SnHPh3, the addition of SnHPhf to P t b  
(L= PPI$, PPh2But), and the reactions of PtH& with SnC1R3 (R=Me, Bun) (equations 22 
and 23).67 The 'H and 31P NMR spectra of P~H(SIICI~)(PR~)~ (R = Et, Ph could only be 
obtained at low temperature, where large 2J(SnH) values were found.68 The series of 
complexes tr~ns-PtH(SnX~)(PPh~)~ (X = C1, Br) have been used for trans influence studies on 
Y(P~H).~'  The complex Pt(CO)3(SEtz)(PEt3) reacts with snH(~~-Mec,&)~ in methanol to give 
a platinum(1V) complex with OMe groups bridging SnR2 units. The structure (11) is verified by 
X-ray crystallography.'' 

Pt( CO),(PMe2Ph), -t 2SnR3W - FW2(SnR3)2(PMezPh)2 

PtH2L, + SnHPh, - PtH(SnPh,)L, + H2 
(21) 

(22) 

PtL, + SnHPh3 -+ PtH(SnPh,)L, (23) 

Me 
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52226 Reactions involving hydrogen 

Ab initio molecular orbital methods utilizing relativistic core potentials and correlated wave 
functions have been used to examine the addition of H2 to Pt(PH& and Pt(PMe3)z to give 
ck-PtH2L. For this symmetry-allowed process, an activation barrier of 71 kJ mol-l and an 
exothermicity of 29 kJ mol-’ are calculated at the SCF level. The reaction is analyzed in terms 
of three phases: initial repulsion, partial transfer of charge from the platinum to the hydrogen, 
and final metal-hydrogen bond formation. The relative energies of cis and trans isomers are 
discussed .71 

Although initial reports that H2 would oxidatively add to Pt(PPh3), were erroneous,14 
hydrogen adds to R(PEt3), to give the thermally unstable PtHZ(PEt3), (equation 24).” 
Platinum hydrides can also be formed by hydrogenolysis reactions, an example being the 
preparation of PtHCl(PEt& from PtClPh(PEt,), and hydrogen (equation 25).73 Good yields of 
C~S-P~HCI(P@-XCJ&)~}~ (X = OMe, Me, H, F, Ci) can be obtained by treating the appropriate 
dichloroplatinum(I1) complex with two equivalents of SnClz and H2 at ambient temperature. 74 

Hydrogen will also add to the 14-electron compound Pt(PCy& to give trans-PtHz(PCy3)z 
(equation 26), which shows v(PtH) at 1710 cm-’, and the ‘H NMR resonance at 6 -3.lOppm 
(J(PH) = 17 Hz, J(PtH) =796 H z ) . ~ ~  

Pt(PEt,), + H2 - PtHZ(PEt,), 

Pt(Cyl)2 + H, - tmns-PtH,(PCy,), 

(24) 

(25) 

(26) 

PtCIPh(PEt,), + H2 - PtHCI(PEt& + CsH6 

A platinum hydride is obtained by hydrogenation at both the platinum and the ligand in 
Pt(BF,)(NNAr)(PPh,),. The products which can be isolated are [PtH(HzNNHAr)(PPh&]BF4 
and [PtH(ArHNNC3H6)(PPh3)z]BF4.19 The latter complex is formed by addition of acetone 
(equation 27),76 and the structure confirms the presence of a complexed hydrazone. Hydrogen 
will undergo photoinduced elimination from [Pt2H3(dppm)2)PF6 and [Pt~HzCl(dppm)~]F’F~. The 
reaction is carried out in acetonitrile solvent (equation 28).” Similarly H2 can be reversibly 
displaced from Pt2H3(dppm)2+ by addition of CO (equation 29).78 

w2 acstons 
[PtH(H#”N) (PPh&] BF4 

-H2O 
Pt(BF4) (”Ar) (PPh), 

[PtH( ArHNNC,&)(PPh,), ]3F, (27) 

PtH,(dppm)l + MeCN [Pt,H(MeCN)(dppm),]+ + EI, (28) 

(29) Pt,H,(dppm); + CO e Pt,H(CO)(dppm); + H2 

5222 7 Synthesis from water and alcohols 

Water will oxidatively add to PtL3 (L= PEt3, PPr‘,) to give [PtHL3]OH, 
[PtH(solvent)b]OH, or PtH(OH)L, depending on the conditions. A quantitative study of this 
reversible water addition to P t h  in organic solvents has been carried out by pH and 
conductance measurements. For L = PP& the equilibria shown in equations (30)-(32) o m r .  
The equilibrium constants have been evaluated. Systems with PtLJH20 catalyze H-D 
exchange of a-hydrogen atoms of ketones, aldehydes, sulfones, sulfoxides and nitroalkanes. 
The mechanism has been studied for H-D exchange of PhCOMe. The system also catalyzes 
alkene hydrati~n.~’ Ligand hydrolysis will also yield hydride complexes, an example being the 
conversion of PtC1(SiMe3)(PEt3)z into PtHCl(PEt& (equation 33).80 The reaction of 
[PtX(CO)L]BF4 (L = PEt3, PPh3; X = halide) with water gives Pt- (equation 34). The 
reaction involves nucleophilic attack at the carbonyl carbon atom, followed by decarboxylation 
to form the hydride complex.8f,s2 Ethanol has been used as the hydride source by pressurizing 
HzPtC16.6Hz0 and tnphenylphosphine with Ha and CO in ethanol at 100°C to give 

-PtHCl( PPh3)Zma 
PtL, PtL2+L (30) 

PtL,+H,O PtH(OH)L, 

F’tH(OH)L, + solvent PtH(solvent)L+ + OH- 
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2PtC1(SiMe,)(PEt3), + H20 - 2PtHCI(PEt3), f (Me3Si),0 (33) 

(34) [PtX(CO)LJBF, + HzO - PtHXL, + C02 + HBF4 

52228 Elimination reactions 

A new preparative route to platinum(I1) hydrides, particularly for those containing bulky 
phosphine ligands, involves the reaction of phosphines with bis[(2-methoxy-5- 
cyclooctenyl)chloroplatinum] in methanol. The reaction (e uation 35) involves the use of 4 
moles of phosphine per mole of dimeric platinum complex. a? 

Pt ,/ +4PR3 PtHCI(FR& + C&,O 
'X /z PR3 = PPh,Bu', PPr'3, PCy3, PMeBu;, PBu"Bu:, PBu: 

(35) 

52.2.2.9 Ligand replacement 

Complexes of platinum(I1) having both hydride and alkyl ligands can be prepared. The 
com ound trans-PtHCl(PPh& reacts with MeMgBr to give C ~ ~ - P ~ H ( M ~ ) ( P P ~ ~ ) ~  (equation 
36).g The compound is characterized at -80 "C, but it decomposes at -25 OC to give Pt(PPh,), 
and C&. The method has been extended to prepare a series of compounds PtH(Me)L 
(L = PCy,, PPr:, PEt3).86 Alternatively these complexes can be prepared from PtX(R)L 
(X = C1, OH, NHCOMe) or trum-PtR(MeOH)L+ by treatment with NaOMe/MeOH or 
NaB&.87 The compounds are thermally fairly stable. No photochemistry is reported, but for 
complexes PtH(CH2CN)(PPh3>,, photoinduced reductive elimination of MeCN occurs upon 
irradiation with 313 nm light (equation 37)." In relation to the stability of compounds PtH2L, 
PtH(Me)L and Pt(Me)&, a theoretical study has been made using the SCF-Xru-SW 
method.89 A simple model is proposed to correlate the occupancy of antibonding M-H and 
M--C orbitals, and rates of reductive elimination with the relative electronegativities of M and 
H or C. By contrast to the methyl complex, the complexes trans-PtH(CF3)(PPh3), and 
PtH(CF3)(dppe) are relatively thermally stable.g0 The structure of truns-PtH(CF3)(PPh3), has 
been verified by X-ray cry~tallography.~~ 

PtHCI(PPh,), + MeMgBr - ~is-€'tH(Me)(PPh~)~ 

traM-PtH(R)(PPh,)z -% cis-PtH(R)(PPh& - [Pt(PPh3)2] + RH 

(36) 

(37) 

Cationic hydrides can be prepared by ligand replacement reactions. The complex 
[PtH(py)(PPh&]C104 can be prepared by treating PtH(C104)(PPh3)2 with pyridine (equation 
38). The reaction is not a general one for amines.= The complex trans-PtHI(PEt& will 
undergo substitution with phosphines L (L = PH,, PH,Me, PHMe,, PMe3, PEt,) to 
give the ionic hydrides trans-PtHL(PEt,),+. Both four- and five-coordinate complexes are 
formed (equation 39), and the five-coordinate cations have a trigonal bipyramidal structure 
with the PEt, groups in equatorial  position^.'^ Removal of the chloride ligand from 
trans-PtHCl(PBu:), by a non-coordinating anion X- gives the three coordinate complexes 
[PtH(PBu',)2]X (X = PF,, BF,, C104, SO3CF3). The complex reacts with TCNE to give the 
four-coordinate complex having a n-bonded TCNE ligand (equation 40).94 An extensive range 
of benzylphosphine platinum(I1) hydrides has been ~ynthesized.'~ The complexes have the 
general formula tr~ns-PtHX(PBz~)~ or trans-PtHL(Bz3)2+ (X = uninegative anion, Bz = benzyl, 
L = neutral donor). The complexes have been interconverted either by metathetical repiace- 
ments with X-, or by substitution of the X ligand by the neutral donor molecule. The list 
covers 123 compounds. 

(38) 

PtHI(PEtJ2 f L - [PtHL(PEt,)Z]I [PtHL(PEt3)2]1 (39) 

PtHCl(PBu\), [PtH(PBu:),]X [PtH(TCNE)(PBu;),]X (4) 

PtH(C10J(PPh3), + py I+ [Pm(py)(PPh,)JC104 
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The complex tram-PtHCb (L = P(o-tolyl)3, PPh3, PPhzEt, PBu:, PEt3, AsEt,) reacts with 
pseudohalides X- (X = NCO, NCS, CN, NCSe) to give P t m . 9 6 , 9 7  Linkage isomerism occurs 
only with the NCS ligand. The effects of temperature, solvent, concentration and nature of L 
on the linkage isomer ratio is discussed. The complexes undergo phosphine ligand exchange. In 
a detailed study of the solvent influence on the ambidentate bonding of the SCN ligand in these 
complexes, it is found that aromatic solvents stabilize the N-bonded isomer and that solvents 
capable of hydrogen bonding stabilize the S-bonded isomer.98 NMR s ectroscopy identifies N- 
and S-bonded isomers of the NCS ligand in trans-PtH(SCN)(PEt3,,.bE This method has been 
reaffirmed using 14N decoupfing when the broad hydride resonance of the N-bonded isomer 
sharpened.'" 

Using metathetical replacement, cis- and fram-hydridocarborane complexes PtH(o- 
carborane)L [L = PEt3, PPh3, PPh2Me, PPhMez; carborane = 2-R-1,2- or 7-R-1,7-Bl&HG 
(R = H, Me, Ph)] have been prepared.lol The cis complexes are the first examples of neutral 
cis-monohydrido platinum(I1) complexes with a Pt-C 0 bond. 

Replacement reactions of the anionic ligand can be used to prepare cationic platinum(I1) 
carbonyl and alkene complexes. The reaction of PtHC1(PEt3), with CO and NaClO., gives 
[PtH(CO)(PEt3)2]C104 (equation 41) .lo' Similarly ethylene reacts with PtH(N03)(PEt3), in the 
presence of NaBPh, to give [PtH(C2H4)(PEt3)2]BPh, (equation 42). lo3 

PtHCl(PEt,), + CO + NaClO, - [PtH(CO)(PEt,),]CIO, + NaCl (41) 

(42) PtH(NO,)(PEt,), + C2H, f NaBPh, .I [PtH(C,H,)(PEt,),]BPh, + N a N 0 3  

52.2.2.10 Formation of diriydrides 

The dihydride Complexes rrum-PtH2L, (L = PCy3, PCyzPr', PCy2Et) have been prepared by 
the reaction of Pt(acac), with AlR3 in the presence of L in ether solvent (equation 43).'04 The 
IR spectrum of P~H,(PCY~)~ shows v(PtH) at 191Ocm-l. The compound reacts with CCL to 
give P ~ H C ~ ( P C Y ~ ) ~  and CHC13. A similar series of complexes trans-PtH& (L = PBu'Mez, 
PBu'Et2, PBut(CH$h)2, PBuiPr", PBuiCH2Ph, PCy3) has been prepared by reacting PtClZL 
or tram-PtHClL, with a large excess of NaB& in ethanol (equation 44).lo5 The stability of the 
complexes increases with the bulkier L groups. The first cis-dihydride was prepared by the 
reaction of the seven-membered chelate complex cis-PtClz(Bu~PCH2C6H4CH2PBu~) with 
sodium borohydride in ethanol. The complex cis-PtHz(BuhPCHzC6HoCH2PBuh) is obtained in 
high yield and shows v(RH at 2023 cm-l, with the hydride NMR resonance at 6 - 4.00 p.p.m. 
(2J(PH) = 165 and 22 Hz; J(PtH) = 1008 H Z ) . ' ~  An unusual synthesis of PtH2(PPr$)2 is the 
reaction of Pt(PPr',), with methanol (equation 45).'07 This reaction differs from that for 
Pt(PEt3)z where the reaction with methanol gives PtH(OMe)(PEt3)2.36 CompIexes of type 
cis-PtH2L (L = R2P(CH2),PRz, n = 2,3) can be prepared by the sodium amalgam reaction 
with the dichloro complexes. At 60-95"C, or in vacuo, the complexes lose hydrogen to give 
(PtL)z. The reaction is reversible with added H2 or methanol (equation 46).lo8 The hydrogen is 
also displaced by alkynes to give zerovalent Pt(a1kyne)k complexes (equation 47). A range of 
R2 substituents on the alkyne are used. 

Pt(acac)2+2L - PtH,L, (43) 
AIR3 
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An alternative synthesis of truns-PtH2L (L = bulky tertiary phosphine) involves the reaction 
between the peroxycarbonato complexes Pt(C04)L and NaBH4. The method is preferable to a 
similar reaction of N a B h  with PtOzL.lw The structure of trans-PtH2(PB~$)~ shows 
distances of 2.277(1) A.11o The complexes PtHZL, (L = bulky phosphine) form when the 
complex [Pt(p-OMe)(GH120Me)]2 is reacted with bulky phosphines L. '11 The arsine analog 
trans-PtH,(AsBuj), has been prepared from K2PtCL by treatment with AsBu: in ethanolic 
KOH (equation 48).l12 The complex reacts with HX to give P~HX(ASBU:)~ and with I2 to give 
PtHI(AsBu',),. No evidence is found for borohydride intermediates in the conversion of 
PtHClb into PtH& with N a B h ,  and when LBD4 is used, the complexes PtD& with 
v(PtD) at 1270 cm-' are obtained (equation 49).ll3 

K2PtC14 + 2AsBu: + 2EtOH + 2KOH -+ PtH,(AsBu:), + 2MeCHO + 4KC1+ 2H,O (48) 
hBD4 

PtHClL, - PtD& (49) 

The hydrogen in these complexes PtHZL, is displaced by CO, along with one phosphine (L) 
ligand. The product is [Pt(CO)L]3.114 The compiex P~H,(PCY~)~ does not react with &I&, 
forms a 1: 1 adduct at 213 K with TCNE which converts to PtH{C(CN)=C(CN)Z}(PCy3)2 at 
ambient temperature, and undergoes an insertion reaction with &F4.115 

Stable but highly reactive complexes cis- and truns-PtH2L with small phosphines have been 
prepared by the reaction of H2 with Pt(&H& (L= PMe3, PEt3) (equation 5O).ll6 The 
complexes isomerize in solution to prodwe an equilibrium mixture of cis and tram isomers. 
When PtH,(PEt,), is placed under an atmosphere of Dz in a toluene solution, both 
wans-PtHD(PEt3), and trans-PtDz(PEt3)z form, along with Hz and HD (equation 51). 

Pt(GH4)L + Hz e ftHzL, + GH, (50) 
2PtH,(PEt3), + 2Dz - PtHD(PEt& + PtD2(PEt,), + Hz + HD (51) 

The dihydride complexes of platinum(IV), PtH2(CO)X: (X = C1, Br, I) have been prepared. 
For X = C1, Br, the compounds are repared from Pt(C0)2 and HX in aqueous solution with 

and CO in 1 M  HCl is given, and the complex PtH2(CO)I, prepared by metathetical 
replacement of C1 by I. The complexes are characterized by elemental analysis and IR 
spectroscopy (v(PtH) are 2080-2100 cm-I). 

(52) 

added iron(II1) ion (equation 52).11 -P A reference to the preparation of Pt(CO)2 from KzPtCI, 

R(CO), -+ 3HX + 2Fe3' + H,O --+ PtH,(CO)X; + CO, + 2Fe2' + 3H' 

52.2.3 Structure and Reactions 

5223.1 Geometry and stability of monomeric complenes 

The presence of a hydride ligand on platinum is usually deduced by a combination of IR and 
'HNMR spectroscopic techniques. The bonding of the hydride has been correlated with the 
rrum influence of the ligand trans to hydride (see Section 52.4), and one of the earliest attempts 
to rationalize the chemical shift and coupling constant parameters of hydrides was carried out 
on platinum hydrides Using single crystal X-ray structural techniques Ibers has shown that 
the hydride ligand occupies a stereochemical position in coordination at the metal? although 
the hydride ligand is small and this is reflected in distortions in the coordination geometry.25 
Platinum(I1) hydrides are stable and nurnero~s, '~ and their stability and accessibility is 
comparable to those of iridium(II1). Platinum(IV) hydrides are less common, frequently being 
unstable to reductive elimination to form platinum(I1) complexes. We are unaware of any 
well-documented examples of platinum(0) or (111) hydrides, but the occurrence of hydrides of 
binuclear platinum(1) complexes is likely to increase. 

The hydride ligand has a high trans influence (see Section 52.4) and a high trans e f f e ~ t , ~ ' ~ , ~ ~  
properties which have been widely used in effecting metathetical replacement and substitution 
reactions. The complexes such as tr~ns-PtHCl(PPh~)~, which are thermally stable, will 
decompose at 230°C in vucuo to form [PtCl(PPh2)(PPh3>lz and benzene.'21 Complexes of type 
trans-PtEIXL, are usually stereochemically rigid in solution, and isomerizations of platinum(I1) 
complexes have been discussed mechanistically in terms of associative, or sometimes 
dissociative, pathways.'= The compound c ~ - P ~ H ( S & ) ( P P ~ ~ ) ~  (R = Ph, p-CICJ&, p-tolyl) 
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undergoes spontaneous intramolecular interchange of the PPh3 ligand positions in various 
solvents above 0 OC.lZ3 

52.2.3.2 Structure and reactions of bridging hydriak complexes 

The chemistry of bridging hydrides in transition metal complexes has received considerable 
attention over the past 10 years. A recent review on the subject15 covers the whole range of 
transition metals, and bridging hydrides of platinum are interspersed through this article. 
Platinum complexes are known having both a single ( p H )  and a double (p-H)z hydrogen 
bridge, and both homobimetallic and heterobimetallic complexes of platinum are known, An 
early heterobimetallic complex was assigned the structure (U), and was obtained by the 
reaction of IrH& with Pt,Cl& (L = PPr3).'" The first diplatinum complexes Pt2(p-H)z(X2)b 
(X = H, SiR3, GeR,; L = PCy3) were prepared by the reaction of Pt(&H4)2(PCy3)2 with H2 or 
R3MH (M=Si, Ge; R=alkyl, aryl, alkoxy, Cl) (equation 53).125 The structure of Pt2(p- 
H),(SiEt3 2(PCy3)2 has been confirmed by X-ray crystallography. The Pt-Pt distance is 
2.692(3) B , and the complex exhibits no high field 'HNMR resonance. NMR studies on 
Pt2(p-H)2{Si(OEt)3}2(PMeBu$)2 show that this class of complex shows dynamic behavior, and 
that the hydride signal for Pt-H is in the region of 6 3. This shift value, coupled with 
deuteration studies and bridge-cleavage reactions with C&L+, CO, P OPh 3, Bu'NC, PMe3 and 
AsMe2Ph, provides evidence for asymmetric Pt(p-H),Pt 1 '  ' 

(12) 

2Pt(GH&(PCy3) + 2RMH - P ~ Z ( ~ - ~ ) ~ ( M R ~ ) ~ ( P C Y ~ ) ~  + 4GK (53) 

Reacting PtClz(dppm) with N a B b  gives Pt2H2(p-H)(pdppm)2+ (equation 54).m The 
complex reacts with CCb or HC1 to give Pt2H2(p-C1)(p-dppm)2' and Pt2C12(p-H)(p-dppm)z 
(Scheme 2). The structures have been elucidated by a combination of 'H and 31PNMR 
spectroscopy. Vibrational bands due to bridging hydrides are not observed in these com- 
pounds. An analogous complex [PtzHz(p-H)(L-L)2]BF4 (L-L = dppe, dpae) has been 
isolated from the reaction between [Pt(3,5-dimethylpyra0le)~(L-L)]BF~ and KBH, in alcohol 
solvent. lZ9 The bridging hydrogen is selectively replaced by reaction of [Pt2H2(p-H)(p- 
d~pm)~]PF, with methanethiol, when [Pt2H2(y-SMe)(p-dpprn),]PF6 is formed (equation 55).I3O 
In addition to PtPhZ(PEt3),, the reaction of tram-PtH(NO3)(PEt3), with NaBPb gives a 
complex [Pt2H(p-H)(Ph)(PEt3)4]BPh4 (equation 56). X-Ray crystallography shows a Pt-Pt 
distance of 3.09 A. The C(phenyl)Pt(l)Pt(2) angle of 164.3" indicates that the singly bridged 
hydrogen in (W) is not collinear with the two metal centers. Addition of chloride ion to (W) 
results in reversible cleavage (equation 56) .131 Using this addition-elimination (reverse 
equation 56) method, this group has also prepared [Pt2H(p-H)2(PPh3)4]BF4 by reacting a 
'hydride intermediate' formed from Pt(cod)z, 2PPh3 and H2, with trans- 
[PtH(a~etone)(PPh~)~]BF~.~~' This method is a useful one to systematically prepare heterobi- 
metallic bridged hydride complexes, Treating a solution of truns-PtR(MeOH)(PEt3)2+ (R = 
Ph, H) with IrH5(PEt3)2 gives the complexes (14a) and (14b) with Hz elimination. This complex 
is similar to (U), and the structure of the complex with R (phenyl) cis to terminal hydride 
shows a Pt-Ir separation of 2.687(22 A. Chemical shift values for the bridging hydrides in this 
isomer are at 6 -7.05 and -9.04.13 The complex (v~-C~)~W(~-H)~P~R(PE~~)~+ (R = H, Ph) is 
also briefly rnenti~ned. '~~ Mixed platinum-gold hydrides can be prepared by reacting 
truns-PtH(C6c15)(PEt3)2 with [Au(THF)(PEt3)]+ (equation 57). The complex shows a hydride 
resonance at 6 -4.73 p.p.m. (lJ(PtH) = 537 A bridging hydride Pt2(p-H)Ph(p- 
PPh2)(PPh3)$ (W), resulting from P-phenyl cleavage in triphenylphosphine, has been 
obtained from the reaction of Pt(cod),, [PtPh(a~etone)(PPh~)~]BPh~, PPh3 and H2. The Pt-Pt 
distances are close to 2.9& and the hydride NMR shows a resonance at S -6.5p.p.m. 
(lJ(PtH) = 600 Using similar techniques the complexes Ptz(p-H)Arz(PEt,)Z (Ar = Ph, 

have been prepared. The structure of the Ph2 complex shows a Pt-Pt 
weakness of the p-H bridge is shown by the scrambling reaction of 
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unsymmetrical compounds in the presence of a coordinating solvent such as acetone or 
methanol (equation 58).137 

Scheme 2 

Pt2H2(p-H)(p-dppm); + MeSH - PtH,(p-SMe)(p-dppm): + H2 

PEt3 PEt3 

[PtH@-H}(Ph)(PEt3)4]+ + C1- 

PEt3 l+ 
I 
I 
PEt, 

trans -PtH(C6Cl,) ( PEt3)2 + [ Au(THF) (PEt ,)I + 4 Et,P-Au-Pt-C6C1, 

(W 

I I I I I I 
I t I I I I 

PEt3 PEt3 PEt, PEt, PEt3 PEt3 

2Ph-Pt-H-Pt-Ar e Ph-Pt-H-Pt-Ph + Ar-Pt-H-Pt-Ar 

PEt, PEt3 PEt, PEtA PEt, PEt, 

A doubly-hydrogen-bridged complex (16) has been formed from trans-PtHz(PBui)z, which 
undergoes facile intramolecular metalation with substitution of PBuJ and elimination of Hz 
(equation 59).13' The static (X-ray crystal) structure of [ F ' ~ ~ H ~ { B U ~ ~ P ( C H ~ ) ~ P B ~ : ) ~ ] B P ~ ~  shows 
a Pt-Pt separation of 2.768(2) A and a dihedral angle between the two P-Pt-P coordination 
planes of 89". The molecule is fluxional, and schemes are discussed for the interconversion of 
bridging and terminal hydrides by a Berry pseudorotation process. 139 The complex [Pt,H(p- 
H)2(PEt3)4](02CH) is formed by irradiation of Pt(GO,)(PEt& in MeCN solvent under a 
hydrogen atmosphere. The compound can be prepared from PtH2(PEt3)2 and 
PtH(solvent)(PEt3):, and when PtDz(PEt3), is used, deuterium is only incorporated into the 
bridging positions (equation 6O).l4O The complex catalyzes the decomposition of formic acid at 
25 "C, and factors affecting the equilibrium between monomers and (P-H)~ bridged complexes 
are discussed. The complexes [Pt2H3(IsL)2]+ with a range of chelating I--L groups also show 
fluxionality down to -95 "C. The structure of the dppe compound at 115 K shows a Pt-Pt 
distance of 2.728(1) These authors note that the use of excess KBH, as a hydride source 
can lead to complexes of higher nuclearity such as [Pt3H,(dppe)3]+ and [Pt3Hx(dpae)3]+.142 The 
stoichiometry of a triplatinum hydride has been confirmed by X-ray ~rystallography.'~~ The 
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compound [Pt3(p-H)(p-PPh2)2(PPh3)3]BF4 (17) is prepared by UV irradiation of an ethanolic 
solution of Pt(G04)(PPh& under a hydrogen atmosphere, followed by addition of NaBF4 
(equation 61).14 The hydride could not be detected by direct ‘H NMR measurements but was 
established by 31P and 31P(1H} experiments. 

PEt, l+ 
Et3P%/pt,\\\\ D//,// I 

PtDI(PEt,), + PtH(solvent)(PEt3): - Pt-H 
\D‘I 

PEt, Et3P 

\ /H\/L 
L 

Pt(GO,)(PPh,), + Hz Pt-Pt 

I 
L 

(17) L = PPh3 

The complex Pt2Hz(p-H)(p-dppm)$ reacts with tertiary phosphines L to form PtZHL(p- 
dppmp (L = ql-dppm, PMe2Ph, PMePh2, PPh3) with reductive elimination of H2 (equation 
62).14 The structure of the complex with L =  q’-dppm has been confirmed by X-ray 
crystallography. 146 Reductive elimination can also be photochemically induced. Photolysis of 
Pt2H2(p-H)(p-dppm)z and PtzH2(p-Cl)(p-dppm)~ results in hydrogen evolution, and the 
respective quantum yields are 0.62 and 0.06 (equations 63 and 64).14’ The complex 
[Pt2H2(p-H)(p-dppm)2]+ is an active catalyst precursor for the water gas shift reaction at low 
CO pressure. - l+ P mp 1’ 

I 1 
-% H-Pt-Pt-L + Hz 

I I 

P H P  \kt 
p H  P 

/p’ 
WP 

H P  
W 

P P  l+ 
I 

I I 
McCN e H-Pt- Pt-NCMe + Hz 

H P  P 
W 

P np - *  l+ P P  l+ 
I 

I I 
McCN 

/“\it e H-Pt- Pt-NCMe + Hz 
H P  P 

W 

P T -I+ np 1’ P 
Pt 4 ”\;, t I 

WP WP 

a Cl-Pt-Pt-THF + Hz 
I I 

H’b ’ \H P 

5223.3 Insertion reactions 

Insertion of ethylene into the Pt-H bond of trans-PtHC1(PEt3)2 was reported by Chatt and 
S h a ~ , ’ ~ , ~ ~ ~  who obtained a 25% yield of rrans-Pt(Et)C1(PEt3), after 18 hours when the reaction 
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was carried out in cyclohexane at 95 "C/40 atm (equation 65). The reaction is reversible. If &F4 
is used, the stable complex ~ ~ U ~ - P ~ ( C F ~ C F ~ H ) C I ( P E ~ ~ ) ~  is formed due to the stronger Pt--CF2 
bond (equation 66).lS0 

@uAw-P~HC~(PE~,)~ + CJ& e tr~~-Pt(Et)Cl(PEt,)z (65) 
tt~~-PtHCl(PEt3)2 + QF4 + ~IWL+P~(CF~CF~H)C~(PE~,), (MI 

Both five-coordinate and four-coordinate pathways have been proposed for these reactions, 
The associative (five-coordinate) mechanism involves the formation of a trigonal bipyramidal 
or square pyramidal intermediate, which can revert back to tetracoordination by alkene 
insertion into the Pt-H bond.15' The dissociative (four-coordinate) mechanism involves initial 
substitution of a ligand other than hydride by alkene, followed by insertion to form the alkyl 
product. The ligand which is substituted is usually the anionic ligand, and if this group is trans 
to hydride an isomerization will need to occur prior to insertion of the coordinated alkene into 
the Pt-H bond. 

Support for the dissociative (four-coordinate) insertion pathway has primarily come from a 
series of papers by Clark and co-workers. The initial study shows that the insertion of ethylene 
or propene occurs readily (25 "C and 1 atm) with trans-PtHBr(PMePh2)2 when the reaction is 
carried out in a coordinating solvent such as acetone in the presence of added AgPF, and base 
(CO, 2,4,6-Me3py) (equation 67).lS2 Similarly trar~s-PtH(NO~)(PMePh~)~ will insert &H4 in 
acetone or dichloromethane solvent at 25 "C and 1 atm pressure (equation 68). Furthermore, 
the reaction of trans-[PtH(acet~ne)(PMePh~)~]PF, with ethylene at 25 "C gives trans- 
[PtEt(C&,)(PMePh2)2]PF6, but at -50 "C the proposed intermediate trans- 
[PtH(CJ&)(PMePh2)2]PF6 (equation 69)lS3 is obtained. Similarly in the alkene insertion into 
the Pt-H bond of truns-Pt€€(NO3)(PEt3)2, the intermediate tr~ns-[PtH(C~H~)(PEt~)~lBPh4 has 
been isolated. Butadiene and allene insert to give n-allylic complexes, and 15-cod and 
norbornadiene give enyl systems.lS4 

i, c2Hq @uns-PtHBr(PMePh2), + AgPF, -%- [trans-PtH(S)(PMePh,),]PF, + AgBr - 
[trum-PtEt(B)(PMePh2)JPF6 (67) 

tranr-PtH(N0,)(PMePh2)2 + GH, rram-PtEt(NO,)(PMePh,), (68) 

tram -{PtH( GH,) ( PMePh2),]PF6 (69) 

The kinetics of the insertion reaction of methyl acrylate with truns-PtH(NO,)(PEt3), have 
been interpreted in terms of the mechanism shown in Scheme 3.''' Values of K1, K2 and k3 have 
been found, and a kinetic isotope effect of 1.34k0.06 observed for k3(H)/k3(D). Further 
kinetic measurements have attempted to address the stereochemical questions about these 
insertion reactions. Schemes involving X--assisted isomerization of trans-PtH( C&,)L+ to 
ck-PtH(C&)L+ and the stabilization of five-coordinate intermediates have been proposed, 
but no unambiguous answers re~u1ted.l~~ For ethylene insertion into PtH(acetone)(PEt3)2+ to 
give PtEt(acetone)(PEt3)2+, the rate becomes zero order in CzH, at high C2H4 concentrations. 
A mechanism is proposed involving rapid substitution of acetone by eth lene to give 

question of solvation was not extensively discussed, the key ionic intermediates in these 
reactions have been assumed to be three coordinate rather than four coordinate.'" 

trans-PtH(C&)(PEt3)zf, followed by a slow, rate-determining insertion step.15 Y Although the 

Kl 
trans-PtH(N03)(PEt3)z + alkene e h.uns-PtH(alkene)(PEt,): + NO; 

KZ 
truns-PtH(MeOH)(PEt,): + alkene e trans-PtH(alkene)(PEt,): + MeOH 

~m-PtH(alkene)(PEt,); trans-PtR(PEt,); 

Scheme 3 
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Using a semiempirical (SCF-MO) method, the insertion of ethylene into the Pt-H bond of 
PtHCl(PH3)z has been calculated. Assuming a five-coordinate intermediate, the favored path 
involves the H ligand approaching the ethylene as the C1 group moves to the truns position of 
the H ligand. The Pt-H bond energies for a series of compounds PtHX(PH3)2 are caiculated, 
and an electron density of ca. 1.25 e- is found on the hydride ligand.159 Similar calculations by 
an all-valence-electron MO method for the insertion of CS2, COz and GI& into tram- 
PtHC1(PH3)2 concludes that following entry into coordination at Pt, transition state and 
product formation are largely dependent on steric effects. '60 

Platinum hydrides will also undergo insertion reactions with alkynes. 3,3,3-Trifluoropropyne 
reacts with trans-PtHC1(PEt3), to give trans, ~~u~-P~C~(CH=CHCF~)(PE~~)~ (equation 70).I6l 
Dicyanoacetylene only inserts into the Pt-H bond of @uns-PtHC1L, (L = PEt3, PPh3) when 
the reaction solvent is benzene.l" For a series of complexes wam-PtHL(PEt3)$ (L = acetone, 
CO, PEt,, AsPh3, P(OMe)3, P(OPh),) and tr~rn-PtHX(PEt~)~ (X= C1, NO3, NOZ, CN), 
PhGsCMe is more reactive to insertion than G€&, but the same relative reactivity order is 
found. These decrease in the order L = acetone >> CO > AsPh3 > P(OPh)3, P(OMe)3, PEt3 
and X = NOs > C1> NOz, CN.16, For a series of alkynes, the stereochemistry about platinum 
has been studied for the insertion products with trans-PtHX(PEt,),. The stereochemistry 
depends on the electron-withdrawing capability of the alkyne substituents, the solvent 
or anion nucleophilicity, and the reaction temperature. Dimethylacetylenedicarboxylate 
inserts into the €'-H bond of tra~-PtH(=Ph)$PEt~)~ to give trans- 
Pt{C(COzMe)=CH(COzMe)}(~Ph)(PEt3)2 (equation 71).l The complexes trans- 
PtH(acetone)(PEt3)2+ and tram-PtH(CO)(PEt3)~ follow an insertion pathway for alkynes 
analogous to that for alkenes. For the carbonyl Complex, weakly activated alkynes insert via 
five-coordinate intermediates, but strongly activated alkynes insert by a pathway involving 
reversible CO loss.166 For the complexes trans-PtHX(PCy& the product is either the 
cis-alkenyl complex or the zemvalent complex formed by HX elimination from the intermedi- 
ate tr~ns-[PtH(&R~)(€'Cy~)~]X (equation 72) .167 The detailed mechanism is obviously more 
complex, since the use of spin traps shows that the reaction of G(C02Me), with trm- 
PtHCl(PEt,), involves free radical participation. 16' Other reactions are possible in this 
chemistry. Although isopropenylacetylene and phenylacetylene insert into the Pt-H bond of 
t r~ns-PtHCl(PPh~)~, l~~ a-hydroxyalkynes R-H undergo substitution reactions to form 
trans-PtCl(mR)(PPh3)2.370 

H ,CF3 
\ 

Ituns-PtHCl(PEt,), + C F J k C H  tram-CI(PEt&'t /&*AH (70) 

Med& ,CO,Me 
;C+c 

trans -( PhG=C)(PEt&PtH + G( CO,Me), - trans- (Ph-) (PEt3),Pt 'H 

trans-PtHX(PCy,), + QR, - trans-[PtH(GRz)(PCy,),]X --f 

1 
Pt(c2R,)(PCY3)2 + Hx 

In a thermochemical study of the reaction (73), it is concluded that D(Pt-H) = D(Pt-CI) 
and that the reaction occurs primarily because of the formation of a strong H - C l  bond rather 
than because of the ease of rupture of the Pt-H bond."l Pressure effects on the insertion of 
alkynes into trar~-PtHCl(PEt~)~ causes a large rate acceleration. The influence is large when 
ionic intermediates are involved, and in some cases a change of reaction mechanism is 
claimed. 17' 

(73) 

These insertion reactions have been used to carry out reactions other than those with simple 
alkenes and alkynes. Stable products of alkene insertion are formed with (o- 
vinylphenyl)diphenylphosphine, when a five-membered ring complex is obtained. Reaction 

@m-PtHCV'PhMs) + C,(CNMg) I* R{G(CN),}(PPh,)z(s) + HCl(g) 
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with trum-PtH(CO)(PEt3)z gives complex (18; equation 74).'73 The question of the require- 
ment of mutually cis hydride and alkene ligands prior to insertion has been addressed by using 
a truns spanning ligand. The complex PtHCI(LL) has been prepared, where G - L  is 
2,11-bis(diphenylphosphinomethyl)benzo[c]phenanthrene (19), a trans spanning chelate ligand. 
The compound inserts ethylene even under relatively mild The details of the 
synthesis of the platinum hydride complex are published later .17' 

(74) trm-FtH(CO)(PEt3)~ + - a(Et3 l+ + CO 

Ph, PEt3 PP$ 

The complex truns-PtH(acetone)(PR3)2+ undergoes insertion reactions with allylic acetates 
(CH+2RCHZOCOMe), diallyl ethers [(CHR=CRCH&O] and all lic alcohols 
(CHR=CRCH,OH) to give insertion products (20) and (21) (equation 75) ,'76 Complexes 
similar to (21) have been prepared starting from tra~ts-PtH(ClO~)(PPh~)~ and allyl alcohol. 177 
Allylamine and 2-methylallylamine give n-allyl complexes by insertion into the Pt-H bond of 
trans-PtH(acetone)(PPh3): (equation 76) .178 Methylenecyclopropane derivatives also form allyl 
com lexes of platinum on reaction with truns-PtH(NO,)L, or trans-PtH(solvent)L+ (equation 
77).p79,'80 The reaction involves a ring opening of the cyclopropane ring. When carboxylate 
substituents are present on the cyclopropane ring the carbonyl oxygen binds to platinum to 
form the cyclic compound A further product is the complex (23) which has been 
crystallographically confirmed. 

R 1 +  

{CHR===CRCH~)~O cn.p.CRcnZocom 
trans-PtH(acetone)(PR3): > Pt- CHRdRCH20H 

H 

Ph,P -I+ 
trans-PtH(acetone)(PPh3); + CH#RCH,NEI, - '€'t-')-R / *' +NH3 (761 

R = H ,  Me Ph3P 

truns-PtH(solvent)c + -3 
Me 

(77) 
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Isocyanides RNC undergo insertion into the Pt-H bond of tram-[PtH(CNR)L]Cl (R =p- 
tolyl; L=PEt3, PMezPh) in non- olar solvents io give formimidoyl complexes trans- 
PtCl(CHNR)L (24; equation 7QE2 The syn and anti forms are present together in 
equilibrium. Carbon disulfide inserts into the Pt-H bond of t r ~ n s - P t H C l ( P P h ~ ) ~ ~ ~ ~  and 
PtH2(PCy3)21W to give trans-PtCl{SCH(S)}(PPh3)2 and ~ ~ ~ ~ S - P ~ H { S C H ( S ) } ( P C ~ ~ ) ~ .  The 
structurelW shows the SzCH group bonded to the metal through S as a monodentate 
thioformate anion. Carbon dioxide inserts into the Pt-H bond of t r u ~ - P t H ~ ( P C y ~ ) ~  to give 
trans-PtH(O2CH PCy& Monodentate 0-coordination is confirmed by X-ray 

(X = C1, Br, I) to give ~uns-PtH(SnX~)(PPh~)~.l~~ 
crystallography.’ BC Tin(I1) chloride will insert into the Pt-X bond of trans-PtHX(PPh,), 

178) 
/H 

tranr-[PtH(CNR)L]CI+ RNC - nans-CL(PEt,),PtC\ 
NR 

(24) 

5223.4 Reactions with electmphiles 

Complexes trunr-PtH(CN)(PEt& have a non-bonded N atom of a cyanide ligand which is 
susceptible to attack by electrophiles. Among the Lewis acid adducts which have been formed 
are ones of structure HPt(PEt3)2CN+X (X = BPh3, AlCl,, CoClZ, AlAr3, ZnClz, B(OAr)3, 
AlR3, A1R2(OR); equation 79) .1873188 The isomer ~ ~ I S - H F Y ( P E ~ ~ ) ~ N C - + B P ~ ~  has also been 
prepared by treating trans-PtHCl(PEt& with NaBPh3CN in THF solvent.lm This isomer 
converts to the more stable form with the Pt-C bond with an activation energy of 
63 f 8 kJ m ~ l - ~ . ~ ”  A similar type of reactivity of a non-bonded N of a cyano group is the 
conversion of PtH(CH2)3CN(L=hos) into [Pt(CHz)3CN(*hos)]~ upon treatment with 
HBF4.190 A platinum(I1) hydride also reacts as an acid (or electrophile) to a terminally bonded 
phosphido ligand to form a y-phosphido biplatinum com lex (25; equation 8O).l9l The 
electrophile Ph3C+ attacks the hydride ligand to give Ph3CH. 1g 

tram-HPt(PEt&CN + X - tram-HPt(PEt&CN+ X (79) 

5223.5 Reactions with bases 

The reaction of tr~ns-PtHX(PPh~)~ with KOH or KOR induces reductive elimination to form 
the species Pt(PPh,), (equation 81).193 In a similar reaction the base 1 , s  
diazabicyclo[5.A.O]undec-7-ene (PBu) can be used to convert trans-PtHC1(PPh3)z to 
Pt(GPh2)(PPh3), (equation 82). 94 Treating PtH(C104)(PPh3)2 with pyridine (py) gives the 
expected product [PtH(py)(PPh3)2]C104. With NH3 or Me3N as bases, however, N 4  and 
N-H cleavage occur giving amido complexes (equation 83).= 

(81) 

P~ns-PtHCl(PPh3)z Pt((;Phz)(PPh,)z (82) 

(83) 

tran~-PtHX(PPh3)z + OH- - Pt(PPh3)z + H20 + X- 

2PtH(C104)(PPh3)z + 2Me3N - [Pt(NMe&PPh3)2],(CI0,)z + 2CH, 

52.2.4 Spectroscopy 
Platinum hydrides have been primarily characterized by the R-H stretch in the IR spectrum 

and the high field shift of the hydride NMR resonance. The NMR technique is particularly 
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useful because of the strong coupling of t b  hydride resonance to the 195Pt (1 = 112, 33% 
, abundance) nucleus (lJ(PtH) = 500-1000 Hz). A review compiles the available IR and Nh4R 

data on platinum hydrides through 1974.14 Two trends in the values for v(PtH) and 6(PtH), 
'J(PtH) have been discussed. The values v(PtH) and S(PtH) in trans-PtHXL, are sensitive to 
the trans influence of X. The higher the trans influence of X the lower v(PtH), and the smaller 
the high field shift of G(PtH) (Table l).I4 These spectral parameters are also sensitive to the 
pK, of the trans ligand X. For a series of carboxylato corn lexes the value v(PtH) increases 
with decreasing pK., and the trend in G(PtH) is to upfield. 19? 

Table 1 Spectral Parameters for rrum-PtHX(PEt,), 

x v(PrH) (cm-')  RH) @.p.m.) J(P~H) (HZ) 

NO3 2242 -23.8 15.5 
a 2183 -16.9 14 
Br 2178 -15.6 13.8 
I 2156 -12.7 13 
CN 2041 -7.8 15.5 

The extinction coefficient of v(PtH) for the series of complexes tr~ns-PtHX(PPh~)~ has been 
measured. Comparison of the found E values with those for chemisorbed hydro en on 
platinum shows that those in the complexes are higher by an order of magnitude!% The 
complexes trm~.s-PtHX(PEt~)~ show intense MLCT bands in the UV spectral region due to 
MLCT transitions. Differences are small, but for a series of complexes it is found that the 
energy ordering of the MLCT bands generally parallels the LT donor strength of the ligands, 
with HX < EtX < MeX < X2 (X = C1, Br).19' 

5224.1 'HIVMR spectroscopy 

Although the general features have been discussed in Section 52.2.4, a number of spectral 
features of the 'HNMR of platinum hydrides require special note. In Section 52.2.2.3 it was 
noted that for the complex [PtH(PPh3)3](CF3C02)2H, second-order effects were required to 
interpret the 'H NMR spectrum." This problem has been further studied using a combination 
of 'H and 31P NMR spectroscopy. The spectrum must be interpreted on the basis of the ABzX 
and AB2MX (A = B = 'lP, M = 195Pt, X = 'H) spin system. When SAB is close to critical values 
it is not possible to neglect the effect on the X spectrum of remote magnetically active nuclei 
which are coupled to A or B. Thus in tertiary phosphine complexes it may not be possible to 
neglect the effects of remote hydrogens in the alkyl or aryl groups.'98 With the increasing use of 
'95Pt NMR spectroscopy, temperature control is important. For platinum hydrides the 
temperature coefficient of the chemical shift is smaller than other complexes, but is still in the 
region of 0.15 p.p.m. The '"Pt chemical shifts of h.ans-PtHC11, (L = PEt3, PPh,) are 
found to high field, a feature attributed to smaller AE values in Ramsey's equation.200 

Table 2 Spectral Parameters for trom-PtHY(PEt,), 

Y 

p-MeC&,COZ 
PhC02 
p-C1C&CO2 
m-ClC&~co, 
P - N O , C , W ~ ,  
PhOCHZCO2 
o-BTC~H~CO~ 
o*NOZC&C02 
CHC12CO2 
CF&O, 

PK, 

4.373 
4.212 
3.977 
3.830 
3.425 
3.171 
2.824 
2.173 
1.25 
0.23 

G(PrH) (p.p.m.) J(PtH) (E) 

-21.897 1176.2 
-21.918 1179.1 
-22.036 1189.1 
-22.095 1195.5 
-22.200 1209.6 
-22.342 1202.9 
- 22.257 1205.2 
- 22.5 15 1226.2 - 22,765 1255.8 
-23.013 1265.5 

v(PtH) (an-') 

2226 

223 1 
2232 
2235 
2234 
2234 
2241 
2245 
2258 

- 

J ( P H )  (=I 
15.55 
15.65 
15.6 
15.5 
15.8 
15.55 
15.9 
15.55 
15.5 
15.35 
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52.2.5 Catalytic Reactiom 
Although homogeneously catalyzed reactions of platinum complexes are mostly concerned 

with hydrogenation, hydroformylation , isomerization and hydrosilylation reactions, the com- 
plexes tram-PtHX(PPh,), (X = C1, Br, I) have been used used as catalysts for the oxidative 
chlorination of n-pentane. H2PtC1, and K2PtCI, are used as oxidants.201 

5225.1 Homogeneous hydrogenation, hydrofonnylation and isomerization 

These applications have been discussed in a review. l4 The most frequently used hydrogena- 
tion catalyst is one containing PtX2b or P t m ,  along with SnC12. The main application is for 
the partial hydrogenation of double bonds to monoenes.202 This work followed the report that 
a mixture of H2PtC16 and SnC12 in methanol solvent is an effective catalyst for alkene 
hydrogenati~n.~, It has been suggested that an intermediate in the catalysis is 
PtHC12(SnC13)2-:04 which resembles the isolated complexes PtH( SnCL,):- and 
PtH(SnC13)2(PEt3):.m The complex h.~ns-PtH(N0~)(PEt~)~ is also an effective hydrogenation 
catalyst at 60 "C and 600 p.s.i. hydrogen. Both internal and terminal alkenes are hydrogenated, 
but not those with electron-withdrawing substituents.206 

The cationic complexes PtHL,+ (L = PPh3, PEt,) are hydroformylation catalysts for alkenes 
to give a mixture of linear and branched aldehydes.m Using CO/H2 at 100 "C and 3000 p s i ,  
PtH(SnC13)(CO)(PPh3)2 is an active catalyst for the hydroformylation of pentene-I. The ratio 
of straight to branched chain aldehydes is about 20.2[w The complex PtH(OPPh2)(PPh& can be 
used for the hydroformylation of heptene-1. At 17.5% heptene conversion, 85% linear 
hydroformylated products form with an aldehyde: alcohol ratio of 0.8. Only 1.2% of heptane is 
formed.m 

The systems used as hydrogenation catalysts usually catalyze alkene isomerization. l4 Both 
pathways involve insertion of alkene into a Pt-H bond, and the reverse of this process can 
lead to isomerization of the original alkene. In addition to complexes previously 
octene-1 can be isomerized to internal alkenes using a mixture of tr~m-PtHCl(PMePh)~ and 
MeSO3F in CH2C12 solvent.210 Using deuterated compounds, the catalyzed migration of double 
bonds by platinum(I1) hydrides has been found to involve the reversible anti-Markownikov 
addition of Pt-H across the terminal C k C  bond before double-bond migration occurs .'ll The 
rate of isomerization of pentene-1 and pentene-2 at 80 "C by PtH(SnC13)(PPh3)2 has been 
compared with a series of iridium(1) and (111) complexes.212 The mechanism involves the 
formation of pentyl platinum complexes .213 Pentene-1 isomerization is catalyzed by 
[PtH(PPh&]X (X = HS04, clod), but only in ether solvents. High selectivity to cis isomer can 
be achieved.214 

5225.2 Hydmsilylation 

Hydrosilylation of alkenes is catalyzed by H2PtCb, Pt black and K2PtC4.2'5217 The 
asymmetric hydrosilylation of a-methylstyrene with SiHC12Me is catalyzed by (R)-benzyl- 
methylphenylphosphine complexes of platinum(I1) *218 The dimeric platinum(1I) complex of 
(R)-( + )-benzylmethylphenylphosphine is an effective catalyst for the synthesis of asymmetric 
alcohols from SiHC12Me and aromatic ketones (equation 84) .219 Zerovalent platinum com- 
plexes Pt(PPh3)3 and Pt(G&)(PPh3)2 have also been used as catalysts for the hydrosilylation 
of double bonds.2m*221 Kinetic data for the addition of SiHC12Me to styrene with triphenyl- 
phosphine platinum(II) complexes as catalysts suggests an associative pathway. The crk and 
tram complexes show different dependence on their catalytic activity.u2 

(84) RCOPh + SiHCI,Me - R(6HO)PhSiMeCl, [ P t C k h I z  $? P R(EH0H)Ph 

The diplatinum complexes [Pt(p-H)SiR3(PCy3)]Z catalyze the addition of silanes R3SiH 
(R=Me, Et, PhCH2, Ph, OEt, Cl) to pentene-1, hexene-1, styrene, allyl chloride and 
2-methylpropene. The relative reactivity order in silane is given, and the catalyst : substrate 
ratio is 10-4-10-6: 1. The majority of the reactions are carried out at ambient temperature and 
are exothermic. Dienes are also hydrosilylated.223 The complexes also catalyze the hydrosilyla- 
tion of butyne-1, phenylacetylene, butyne-2 and diphenylacetylene in 70-90% yield. The 

coc -n 
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stereochemistries of vinylsilanes formed are given.= For the addition of SiHX3 to RC%zCH, 
R m R ,  and R W R '  the reaction is stereospecifically cis. For terminal alkynes, small 
amounts of internal adducts corresponding to Markownikov addition are also formed.= The 
relative reactivity to hydrosilylation follows the sequences: P h C H ( 0 H ) w H  << PrT=CH e 
B u " m H  < n-pentC-3CH; PhCH(OH)C%CH < Me,C(OH)C=CH < MeEtC(0H)CkCH; 
Et-Et < PP-Me < Et-Me << PrnC=_CH.226 

52.3 PLATINUM COMPLEXES OF GROUP IItA LIGANDS 

52.3.1 Diphenylboron Complexes 

The complex PtC1(BPhZ)(PEt3), has been prepared from the reaction of PtHC1(PEt3)2 with 
Ph2BCl (equation 85).227 A similar complex can also be obtained by the oxidative addition of 
PhzBX (X = C1, Br) to Pt(PPh3)3 (equation 86).228 The P t " B  bond is cleaved by Br2.2n 

PtHCl(PEt& + PhzBCl _* PtCl(BPhJ(PEt3)2 + HC1 
Pt(PPh,), + Ph2BX --+ PtX(BPh2)(PPh& + PPh, 

52.3.2 Boron Hydride Complexes 

Platinum(I1) complexes of B3H5- can be prepared from CsB3& (equation 87).u9 A n-allyl 
type structure is deduced from the NMR spectrum. A mixed platinum-osmium B5H7 complex 
has been obtained by treating the Na+ salt of OS(B&)CO(PP~~)~ with PtC12(PMe2Ph),. The 
complex has a seven-vertex nidu-osmaplatinaborane cluster structure based on the dodeca- 
hedron with one five-connected vertex missing.230 Metathesis of K[BsHs] with complexes 
cis-PtCl& (L = tertiary phosphine) gives complexes PtX(B5Hs)L in ood yield. The B5Hs 

data are discussed.231 Hexaborane(l0) reacts with PtCl,(G&)- to give trans-PtClz(B&o) 
(equation 88). The ligand is proposed to be bonded via a three-center, two-electron bond with 
Pt in the 4,s bridging position.232 Alcoholic degradation of the complex Pt{B9HIlP(P- 
t ~ l y l ) ~ } ( P E t ~ ) ~  gives Pt(B8H12)(PEt&233 A high yield of Pt(B8Hlz)(PMezPh)a has been 
obtained from the reaction of B9HG with cis-PtClz(PMe2Ph), (equation 89).234 The complex is 
formed in lower yield from other polyhedral borane derivatives. The structure has a 
nine-vertex arachnu-plathanonaborane in which the Bs unit shows trihapto bonding to the 
metal center. Treatment of the complex with KH and PtClz(PMe2Ph)2 gives the very stable 
compound Ptz(BsHlo)(PMezPh)4 (equation 90). The complex [(Pt2BsH14)(PM~Ph)2] is an 
iso-arachno-diplatinadecaborane with four-vertex and eight-vertex subclusters RzBz and R2B6 
conjoined at a common Pt-Pt edge.235 A similar procedure has been used to prepare the 
heterobimetallic compound (Me3P)2Pt(PPh3)(Ph2PC&)HIrB9H10. The overall yield is 40% .% 
These reactions are similar to those used to prepare earlier BI0 complexes of Pt. Among the 
reported complexes are Pt(BloH12)(PPh3)2 from PtC12(PPh& and Pt(PPh3),, and 
(EtOBl&€11)Pt(PPh3)2 formed from PtC12(PPh& and KZIBloHlo] in An improved 
synthesis of Pt(B10Hlz)(PMe2Ph)z involves deprotonation of B10H14 by tetramethylnaphthalene- 
1,s-diamine followed by treatment with PtClz(PMezPh)z. Similarly the cisoid and transoid 
complexes (PtB10H11)Z(PMe2Ph)2 have been formed. Structural and fluxional NMR studies 
have been related to bonding feat~res.'~' Extension of these reaction t es to larger boron 

Pt(PMe2Ph)2 group bridging the two edge-linked Blo clusters. The compound 
[(Pt2B18H16)(PMe2Ph)41 has a confacial conjuncto-borane unit B18H16 q4-bonded to one 
Pt(PMe2Ph), unit and (q4 + 7') bonded to the other. Use of ~ y n - l 3 ~ ~ H ~  provides a third isomer 
of [(PtBlsHm)(PMe~h)2].23 The compound [7-(PMe2Ph){7-PtBl6Hls-9'-(PMe2Ph)}] is a 
complex of a macropolyhedral 16-vertex borane ligand based on the structure of an unknown 
Bs-BIo conjuncto-borane. It is the first example of a contiguous 17-vertex cluster species.z40 
The structure of the 17-vertex macropolyhedral trimetallaborane Pt3B14H16(PMeZPh)4 can be 
interpreted either in terms of a formal pentadecahapto complex of a 7,7'-(arachno- 
heptaboranyl) type ligand coordinated q4, 77' and q6 to the three metal centers, or in terms of a 

ligand is $-bonded to the metal via two of the basal boron atoms. 'H, ' ! B, 31P and 195F'tNh4R 

cages has been used to prepare [(Pt-q4-anti-B18H20)(PM~Ph)2], a p-q P -q2 isomer with the 
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nido-type 2,7,lO-trimetallaundecaborane cluster conjoined to an iso-aruchno-6,&- 
dimetallanonaborane cluster with three common adjacent PtBPt vertices.241 

(87) 

(88) 

(89) 

(90) 

PtCl2(PR3), + CsB3H, - Pt(B3H7)(PR3)2 + CsCl + HCI 

PtC13(C&)- + B6Hl0 - PtCl,(B&I,,) + C,H, + C1- 

PtCl,(PMe,Ph), + B9HG - Pt(BBH12)(PMezPh)2 + C1- + HC1 

Pt(B,H,,)(FMe2Ph), + 2KH + PtCl,(PMe,Ph), - F't@,Hlo)(PMe,Ph) + 2KC1 

R = Et, Ph, o-tolyl 

The interaction of platinum halides with boron hydrides has been used to couple boranes. In 
the resence of PtBr2 at 25 "C the compound l,2'-(B5H& can be formed from B5H9 (equation 
91)J' 

(91) 
PtBr2 

2BsW 25 -c ' 12'-(B5%)2 + Hz 

52.3.3 Carborane Complexes 

The first 1 ,Zdicarbollide platinum complex Pt(cod)(~r- l ,2-B~C~H~~) has been prepared from 
K2[B9GHll] and F'tC12(cod) (equation 92).243 Treatment with excess K2[B9GHll] did not yield 
the sandwich structure. In order to confirm Pt-C coordination in a Pt carborane, the crystal 
structure of the complex formed between P ~ C ~ Z ( P R ~ ) ~  (R = Pr") and l-Li-2-phenyl-1 ,Zdicarba- 
closo-dodecaborane( 12) has been solved. The platinum(I1) is coordinated by the carboranyl 
group through its C-1 atom, by one phosphine, and by phosphorus and carbon of a metalated 
propylphosphine ligand. 

PtCl2(~0d) + Kz[B9CzHii] - Pt(COd)(B&,H11) + 2KC1 (92) 
Reaction of cIoso-2,3-Me2-2,3-C2B9H9 with zerovalent platinum complexes Pt(PEt3)3, 

Pt(PMe3)2(trans-stiIbene), Pt(PMe2Ph)4 gives the doso-metallacarbaboranes 1,1&-2,4,M%- 
1,2,4-PtGB9Hg (L = PEt3, PMe3, PMe2Ph). Treatment of l - ( ~ p C p ) - l , 2 , 4 - C o ~ B ~ H ~ ~  with 
Pt(PEt3)2(trans-stilbene) leads to a related insertion reaction to form 1-( ~-Cp)-8,8-(Et~P)~- 
1,2,7,8-CoCzPtB8Hlo (equation 93) .245 A similar reaction between Pt(PEt&(stilbene) and 
1,6-Me2-1,6-GB7H7 gives Pt(Me2C2B7H7)(PEt3)2 in high yield. The polyhedral geometry 
approximates to that of a bicapped (B and C) square antiprism with the Pt in a CBBPt prism 
face, adjacent to the boron cap.246 Further extension of the reaction has been used in the 
synthesis of aruchno-5,9-C2B7 carbaboranes of platinum.247 The structures of 1,l- 
bis(trimethylphosphine)-6,&dicarba-l-platinaoctaborane and the 6,8-dimethyl derivative have 
closo polyhedral cages with geometries approximating to those of trapped trigonal prisms.248 
From the reaction of Pt(PEt3)2(trans-stilbene) and 1,6-R2-1,6-GB&16 (R = Me), a minor 
product is also formed which is nido-3,8-dimethyl-2,2-(PEt3)2-3,8-dicarba-2- 
platinanonaborane(6) I Geometrically this nine-atom metallacage is based on a tricapped 
trigonal prism in which the metal lies in a prism face, adjacent to boron and carbon caps.t49 
From Pt(PEt& or Pt(PR3h(stilbene) (R = Et, Me) and Claso-l,7-R2-1,7-CzB6H6 (R = H, Me), 
c2oscr4,5-R2-4,5-C2B7H7 and cZoso-1,6-C2B8Hlo the carbametallaborane complexes clus0-[4,5- 
R2-6,6-(PEt3)-4,5 ,6-GPtBS&], nido-[4,5-R2-7 ,7-(PEt3)-4,5 ,7-GPtB6H6] , nido-[Z ,8-R,-10,10- 
(PEt3)-2,8,10-&Pt37H,] and nido-[p-(6,10)-[Pt(PMe3)~]-10,10-(PMe3)-7,9,1O-C,PtB~,~] are 
formed. The latter compound with activated charcoal gives nido-[10,10-(PMe3)2-779,10- 
GPtBsHlo]. The 'H, "B and 31P NMR spectra are reported for the complexes,250 A series of 
complexes having both hydride and CB5H6, GBfi and GB4H6 ligands bonded to platinum 
have been obtained by insertion of platinum(0) into bridging B-H-B bonds of the 
appropriate carborane. The reactions involve the use of Pt2(p-~od)(PEt3)4.251 The compound 
Pt2(p-~od)(PEt3)4 reacts with nido-5,6-GB8HI2 to give 9-H-9,9-(PEt3)2-plo, 11-H-7,S,9- 
&PtB8Hlo, which on pyrolysis (100 "C) loses Hz to form 9-H-9,10-(PEt3)2-7,8,9-GPt3sH9. 
Structural studies establish that direct insertion of a Pt(PEt3)2 fragment into the n i b  
carbaborane 5,6-C&J&, involves incorporation of the metal into an expanded polyhedral 
framework. The first complex has Pt in a formal +4 state which reduces to +2 in the second 
pyrolysis product A pyrolysis procedure has also been used to convert [nid0-p4,5-{ brans- 
(PEt3)2PtH}-p5,6-H-2,3-Me&3-C2B4&] into the doso-carbametallaborane [l71-(PEt&2,3- 
Me2-1,2,3-Pt&B4H4]. The molecule has a highly distorted pentagonal bipyramidal cage with a 
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Gu conformation of the Pt(PEt3)2 fragment.z53 The compound Pt2(p-cod)(PEt3), wiU also 
undergo double insertion of the platinum nucleophile into a closo-carbaborane. The corn lex 
1 ,1-(PEt3)2-6,6-(PEt3)2-4,5-Me2-1,4,5,6-PtC2PtB5H5 has been structurally characterized2 A 
mixed Fe-Pt carbametallaborane [FePt(Me4C4B8Hs)(PEt3)2] with metal-metal connectivity has 
been prepared (equation 94).255 The room-temperature reaction of Pt2(p-cod)(PEt3)4 with 
nido-5,6-C2BsH12 gives ~ - H - ~ , ~ - ( P E ~ ~ ) ~ - ~ I O , ~ I - H - ~ , S , ~ - C $ ~ B & I ~ O ,  which shows a cage ap- 
proximating a nido icosahedron with a CCPtBB open face. The complex undergoes thermolysis 
with H2 

Pt(PEt,),(stilbene) + CpCoGB,H,, I+ (PEt,),Cp€oC;PtB,H,, + stilbene 

[FeR2(2,3-MeZ-2 ,S-GB,H,),] + iPtZ(p-cod)(PEt3), -+ FePt(Me,C,B,H,)(PEt& 
(93‘9 
(94) 

Extended Huckel molecular orbital calculations have been made for the icosahedral 
platinaboranes and carbaboranes [B11{Pt(PH3)2}H11]*-, [Bl~C{Pt(PH3)2}Hll]z-, and 
B9G[Pt(PH3)2]H11. The failure of the polyhedral skeletal electron-counting rules is attributed 
to the unequal bonding capabilities of the platinum 5d,, and 54, orbitals in the Pt(PH3)2 
fragment. The conformations of icosahedral carbaplatinaboranes are rationalized on the basis 
of the symmetry characteristics of the lowest unoccupied orbital of the carbaborane and the 
highest occupied orbital of the metal-phosphine moiety. Analogous d8 metal compounds are 
predicted to be stable and to have conformations complementary to those found for d“ 
c ~ m p l e x e s . ~ ~  The crystal structure of 3,3-(PEt3)2-1,2-dicarba-3-platinadodecaborane(ll) shows 
a highly distorted icosahedron in which the platinum atom ‘slips’ toward B(8) and the 
metal-bonded face ‘folds’ across B(4)-B(7). Walsh diagrams derived from extended Huckel 
calculations suggest the ‘slip’ distortion will be dependent on the total number of valence 
electrons involved in M-L bonding and the conformation of the ML, fragment.258 Extendec 
Huckel MO calculations for the trigonal prismatic platinaboranes and carbaplatinaborane! 
[Bs{Pt(PH3)2}&]2- and [B6C2{Pt(PH3)2}H8] have been used to account for the observec 
conformations in terms of the nodal characteristics of the frontier orbitals of the constituen 
Pt(PH3)2 and carbaborane fragments.2sg Extension of this approach to comparison betweer 
small and large borane and carborane cages has concluded that differences in bond length: 
associated with different classes of carbaplatinaboranes can be interpreted in terms of thi 
dBerent bonding capabilities of the two types of carborane ligand.m 

Unsymmetrical orth-carboranes (R2P~PRfR”)BloHlo(L) (R = Ph, NMe; R‘ = NMe2; R“ = 
F and R = Ph; R’ = R’ = NMez or F)%’ react with platinum salts to give complexes PtC1,L. Th 
structure of RC1(Ph~~10Hlo)(Ph2PC2BloH11) shows a Pt-P-C-B metallacycle obtainel 
by insertion of platinum into a B-H bond of L. Both ortho-carboranyl cages hav 
approximately icosahedral geometries.262 A similar reaction is found with the ortho 
carboranylphosphine o-HCBIJIloCCH2PPhz which gives a complex PtC1(PCB)(PR3) when th 
ligand is reacted with P tc l~(PR3)2 .~~~ 

Carboranes have been prepared with a sulfur heteroatom. The reaction of PtL4 (L= 
PMePh, PEt3, PPh3) with SBgHg in dry refluxing alcohol gives 9,9-L,-6,9-SPtB8Hlo. Tb 
platinum is square planar with three boron atoms acting as a bidentate moiety. The synthet 
method (equation 95) is a degradative insertion reaction where the Pt moiety forms 
kinetically stable coordination complex after the thiaborane has been degraded to an SL 
framework.264 Mass spectrometry and ‘H NMR characterization show the framework electrc 
count corresponds with the nido skeletal structure, The characterization 4 

Pt(PPh&(SB,H,)(OEt) from Pt(G&)(PPh& as precursor is discussed, and the structurG 
compared and related to earlier c o m p l e x e ~ . ~ ~ ? ~ ~  

PtL4+SB9H9 EtoH LPt(SB,H,,) + 2L (9: 

52.3.4 Boron Halide Complexes 

Adducts of type Pt(BX&(PPh& (X=F, C1) have been prepared by reactir 
Pt(G&)(PPh& or Pt(PPh3)3 with BX3 (equation 96). The complexes have been isolated ar 
characterized by “B NMR methods.267 

Pt(PPh3)3 + 2BX3 - Pt(BX,),(PPh,), f PPh, ( 5  
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52.4 PLATINUM COMPLEXES OF GROUP IVA LIGANDS 
52.4.1 Monomeric PlatinUm(II) Cyanide Complexes 

Cyanide complexes of platinum occur most commonly in the divalent state, although there 
has been increasing interest in the complexes formed with platinum in a higher oxidation state. 
Among the complexes most recently studied have been the mixed valent complexes where 
platinum cyanides in the divalent state are partially oxidized. These complexes form 
one-dimensional stacks with Pt-Pt interactions. In the solid state these materials show 
interesting electrical conductivity properties, and these compounds are discussed by Underhill 
in Chapter 60. In this section the preparative procedures and spectroscopy of the complexes 
will be covered, but for solid state properties the reader is referred to Chapter 60. 

The cyanide ion is isoelectronic with CO, and binds to platinum and other metal ions by u 
donation of a pair of electrons in an sp hybrid orbital on the carbon atom, along with a 
complementary n back-donation from filled metal orbitals to empty n* orbitals on CN-. The 
anion is a poorer n acceptor than CO, but stable complexes are formed with platinum(I1) and 
platinum(IV), and the ligand is high in the spectrochemical series. 

The compound Pt(CN), is a yellow water-insoluble compound formed by heating 
(N&)2Pt(CN)4 at 300 “C or by treating K*Pt(CN), with HC1 (equation 97).268 Synthesis of salts 
Pt(CN)$- is usually carried out by the addition of NaCN or KCN to an aqueous solution of 
PtCc-. The stability constant for complexation of CN- to platinum(I1) is very high, and it is 
not usually feasible to achieve partial substitution to form mixed halo cyanide complexes. 
Treatment of PtX& (X=Cl, NOz, Nos; L=NH3, en) with a stoichiometric amount of 
cyanide leads to the formation of Pt(NH3)2(CN)2 (equation 98) and Pt(en)(CN)2.”9-zm 
Monocyano complexes of type Pt(CN)C1(PPh3), have also been prepared by refluxing 
[PtCl(MeCN)(PPh&]Cl in benzene.”’ Mixed halo cyano platinum(I1) complexes have also 
been prepared by the oxidative addition of XCN (X = C1, Br, I) to Pt(PPh3), (equation W).” 

(W~Z[pt(CN),l 300’c ’ Pt(CN), KzPt(CN), (97) 

(98) 

(99) 

FtXZ(NH3)z + 2CN- - Pt(CN),(NH,)z + 2X- 

Pt(PPh3)3 + XCN ---* PtX(CN)(PPh,)z + PPh3 

The cyanide complex Pt(CN)i- has a stability constant of lPs7$ in aqueous solution, but the 
CN exchange rate is too fast to measure by radioisotope methods. Using I3C NMR methods the 
exchange rate has been found to follow the rate law: rate=k,[Pt(CN)i-][CN-], and rate 
constants measured in the 26M-Is-’ range. The experimental values for AHZ and AS* are 
17f2kJmol-l and -178f7 JK-’mol-’. It can be concluded that CN- as a ligand for 
platinum(I1 shows a high trans effect and forms thermodynamically stable yet kinetically labile 

Cyanide bonds to platinum(I1) via the carbon atom. The nitrogen atom of the coordinated 
cyanide ligand reacts with electrophiles forming adducts. Alon with examples in Section 52.3, 
the complex Pt(CN)?j- reacts in a similar manner with (q -CP)~Z~I,  and (q5-Cp),HfIz in 
solution to yield polymeric amorphous solids of type [($-CP)~Z~P~(CN)~],.~’~ 

complexes. 273 

B 

5241.1 Specmscopy and structure 

Raman studies have been made of the complexes Pt(CN)$-, Pt(”CN)$-, and Pt(C15N)$-. 
Many of the vibrational frequencies have been determined. From force field calculations it is 
found that the P t - C  Q bond and Pt-CN ‘back’ n bond are both stronger than those found for 
the Ni and Pd  analog^."^ 

The electronic structure of Pt(CN)?j- has received considerable attention. The electronic 
spectrum shows a series of bands between 34 OOO and 50 OOO an-’, and at least six papers have 
discussed the assignments. A possible ordering of the platinum molecular orbitals shows a 
sequence blg (dxz-yz) >> b,  (dxy) > eg (d,,, dyL) > ab I&). Alternatively the alg level has been 
proposed to be above the e, and b ,  levels. The expenmental data have recently been compared 
with the theoretical calculations, although the assignments of the MLCT absorptions still 
remain The polarized absorption spectra of single crystals of ( q-Bm)Z[Pt(CN)4] 
at 5 K show that the excited states derived from d + u& transitions are strongly mixed by 
spin-orbit coupling. The (T and n polarizations have allowed a number of assignments to be 
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unambiguously made.”’ The technique of chiral polymer and liquid crystalline polymer hosts 
has also been used for the characterization of intramolecular charge-transfer and exciton bands 
in C%Pt(CN), b i  circular dichroism spectrop~larimetry.~~~ In a study of the photophysics of 
aqueous Pt(CN),-, a detailed study of the non-Beer’s-law behavior of the absorption features 
of the UV spectrum of aqueous K,Pt(CN), has led to a more definite set of excited state 
assignments. Concentration dependence, quenching and lifetime studies have shown that 
fluorescence and phosphorescence involve emission from  oligomer^."^ 

Hydrogen atoms generated by y-radiolysis of aqueous sulfuric acid matrices at 77 K add to 
Pt(CN)i- to give HR(CN)$- ions, the unpaired electron being in a o* orbital confined to 
hydrogen and platinum.280 

Potassium tetracyanoptatinate trihydrate crystallizes in the orthorhombic form with planar 
Pt(CN)i- groups stacked parallel, forming linear Pt chains with a Pt-Pt separation of 
3.478(1) A. Alternate Pt(CN)a- groups are rotated giving an eclipsed configuration.B’ The 
structure of Rb2[Pt(CN)4]-1.5H20 shows a bent Pt metal atom chain with a similar Pt-Pt 
separation of 3.421(2) A. The largely staggered configuration of adjacent Pt(CN)’- 4 groupmay 
be due to Rbf - - - N = C  attractive interactions and hydrogen bonding effects as well as to 
further reduction of repulsive cyanide n-n interactions 

52.4.2 PartialIy Oxidized Cyanide Chain Complexes 

The single crystal neutron diffraction structure of the partially oxidized 
K1.75[Pt(CN)4]-1.5H~0 shows a ‘zigzag’ metal atom chain with three crystallographically 
independent F’t atoms. The independent Pt separations are equal (2.961(1) and 2.965(2) A). 
The short Pt-Pt separations and almost totally non-eclipsed configurations of adjacent 
Pt(CN):.75- groups indicate considerable Pt(5d2) metal overlap, strong metal-metal bond 
formation, and repulsive n--K cyanide  interaction^.^^ An X-ray structure of this material has 
also been carried out.284 

Complexes of platinum having cyanide and non-stoichiometric quantities of halide ligand 
have been prepared. A review by Miller gives a broad coverage of this and a book 
series ‘Extended Linear Chain Compounds’ has a number of articles which are of direct interest 
and relevance to workers in this field.B6 This section will only briefly cover the topic, and will 
emphasize the more recent work. 

A mixed halide complex K2Pt(CN)4Br-o. &Lo 16-xH20 has been prepared by slow evapora- 
tion of a solution of KZPt(CN),, K2Pt(CN)ar2 and KzPt(CN)4C12. The complex cannot be 
prepared by electrolytic oxidation since KZPt(CN),Clo., will preferentially form, even in the 
presence of excess Br-.287 A difficulty in working with these materials is discussed with the 
reported preparation of Mg[Pt(CN)4]Clo.2s. Additional study suggests negligible chloride 
present in the compound, and that the blue color is due to structural changes within Pt(CN)$- 
itself, probably involving hydration differences ,288 The structure of the one-dimensional 
conductor Rb2[Pt(CN)4]Clo.3.3Hz0 shows nearly planar Pt(CN), moieties stacked to form a 
perfectly linear Pt-Pt chain. The crystal asymmetric unit contains two independent Pt(CN);’- 
groups with two unequal Pt-Pt chain distances of 2.877(8) and 2.924(8)A.%’ A further 
combined neutron and X-ray structural study of (NH4)2[Pt(CN)4]Clo.3.3H20 shows again 
different Pt-Pt spacings. The neutron study shows the ammonium ion to be involved in 
hydrogen bonding.2w The cesium salt Cs,[Pt(CN),]Cb., again shows a perfectly linear Pt chain 
with Pt-Pt distances of 2.859(2)A within the chain and 9.317A between chains. The 
compound is not hydrated and the se arations between Cs+ and Cl- ions are significantly 
shorter than the sum of the ionic radiigl In order to investigate the ordering of Pt distances 
within a chain, the structure of Rb2[Pt(CN)4]Clo.3.3H20 has been measured at 110 K and 
compared with that at 298K. The lower temperature shows a decrease in both the average 
Pt-Pt spacing and the degree of dimerization. These results are discussed with respect to 
observed conductivity changes with temperat~re.’~’ 

The electrolytic method of synthesis has been used to prepare Kz[Pt(CN),] (FHF)o.30.xH20. 
The medium used is a very acidic HF medium, and the added fluoride ion is present as FHF- 
(equation The structure consists of columnar chains of square planar R(CN):@’- 
groups separated by a Pt-Pt distance of 2.798(1)1k.’” This distance is very close to that of 
2.77 in Pt metal. 

Pt(CN):- + FHF- Pt(CN):-(FHF)o.30 (1W 
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Finally complexes have been obtained having two different cations and a partially oxidized 
Pt(CN)$- chain. These molecules show significant changes in electrical conductivity with small 
differences in cation c o r n p ~ s i t i o n . ~ ~ ~ , ~ ~ ~  

The distances found between platinum centers in these molecules have been correlated with 
the resonating valence bond theory of metals introduced by Pauling. The experimentally 
characterized partially oxidized one-dimensional platinum complexes fit a correlation of bond 
number us. metal-metal distances, and evidence is presented that Pt-Pt bond formation in the 
one-dimensional chains is resonance stabilized to produce equivalent Pt-Pt distances.297 The 
band structure of the Pt(CN)% chain has also been studied by the extended Hiickel method. 
From the band structure and the density of states it is possible to derive an expression for the 
total energy per unit cell as a function of partial oxidation of the polymer. The equilibrium 
Pt-Pt separation estimated from this calculation decreases to less than 38,  for a loss of 0.3 
electrons per platinum.298 

52.4.3 Monomeric Platinum(IV) Cyanide Complexes 

In addition to partially oxidized platinum cyano complexes, complexes of platinum(1V) have 
also been prepared. Potassium hexacyanoplatinate(1V) is obtained from K2Pt16 and KCN 
(equation 101).2w With K2PtC16 and KCN, reduction occurs. The complex K2Pt(CN)6 is water 
stable. Oxidation of K2Pt(CN)4 by halogen X2 (X=Cl, Br, I) yields K2[Pt(CN)&].300 
Refluxing these compounds with ammonia gives Pt( CN)4(NH3)2 (equation 102). The 
platinurn(I1) analog compounds Pt(NH&(CN), are, also known, having been prepared from 
either PtC12(NH312 or Pt(CN)Z (equations 103a and 103b).301 The electronic structures and 
MCD spectra of these compounds are compared with that of Pt(CN)q- and the spectral 
assignments given. 

K2PtI6 + 6KCN - KzPt(cN)6 + SKI (101) 

(102) K2[Pt(CN),] + X2 - K2[Pt(CN),X2] "1, Pt(CN),(NH,), + 2KX 

@aan~-PtCl,(NH,)~ A::? * trans-Pt(CN),(NH,), (103a) 

Pt(CN), + 2NH3 cis-Pt(CN)z(NH,)z (103b) 

X-Ra diffraction shows that the [Pt(CN)6]2- ion is regular octahedral with linear Pt-4-N 

frequencies and C-N force constants which are larger than the corresponding divalent 
c o m p l e ~ e s . ~ ~ ~ * ~  This correlates with less n back-donation from the metal to the empty n* 
orbitals of the cyanide ligand in the Pt'" complexes. 

bonds.3 J2 The IR and Raman spectra of K2[Pt(CN),] have C-N stretching vibrations at higher 

52.4.4 Platinum Carbonyl Complexes 

This section on platinum carbonyl complexes should be read in conjunction with the 
comparable chapter by Hartley in 'Comprehensive Organometallic Chemistry', Volume 6, 
Chapter 39, This section will emphasize very recent work and will omit compounds which are 
completely organometallic in nature. 

52.441 Monomeric platinum carbonyls 

The simple binary carbonyl Pt(C0)4 is unstable and has only been prepared under matrix 
isolation  condition^.^^ Clusters having a formula [Pt,(CO)2,]2- have been obtained by 
carbonylation of Na2PtCh in ethanol or by the reductive carbonylation of Na$tCls-6H20 in 
methanol in the presence of NaOH or N ~ O A C . ~ ~  The first product is [Pt(CO)C13]-. Large 
platinum carbonyl clusters have also been prepared from PtC12(C0)2. The electronic and 
geometric structural properties of linear PtCO have been investigated using an ab initio 
calculation. This concludes that on complexation with a Pt atom the loss of C=O antibonding 
character in the carbon lone pair orbital dominates the decrease in n bonding due to the 
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Pt(Sd,)--CO(n*) interaction. Charge transfer between the Pt and CO fragments is dominated 
by the C o +  Pt cr dative bond at larger P t - C O  distances and by Pt-, CO n back-bonding at 
shorter bond lengths.307 

When CO is passed through a suspension of K2PtC14 in concentrated HCl the initial carbonyl 
species formed isJPt(CO)Cb]-. Continued reaction leads to the platinum(1) carbonyl complex 
[Pt,(CO),Cl]'- The structure shows two PtC12(CO)- groups linked by a short Pt-Pt bond 
of 2.584(2) k309 The long P t - C l  bond lengths indicate a large trans influence for the Ptl-Ptl 
bond. 

Carbonyl halide complexes of platinum(I1) are common. Treating PtC13 with CO under 
40-120 atm at 110 "C yields Pt(C0)2C12 and phosgene.310 The compound can also be obtained 
in higher yield by heating hydrated PtCL in SOCl, at l l 0 T  under CO pressure.311 A further 
synthesis involves the reaction of platinum atoms with oxalyl chloride (equation 104).312 These 
monomeric complexes are thermally unstable to CO loss and formation of the chloro-bridged 
complex (equation 105). Treatment of [Pt(CO)Cl,], with HCI cleaves the chloride bridge to 
form anionic Pt(C0)Cl;. This complex can also be formed by reaction of chloroplatinic acid in 
DMF for 20 min. 

Pt + (COC1)z - Pt(CO),Cl, 

2Pt(CO),CIz - [Pt(CO)cl,], + 2co 
(104) 
(105) 

Carbonyl halide complexes of platinum(1V) are less common. The reaction of [Pt(CO)& 
with chloride ion in an aqueous solution of iron(II1) ions gives Pt(CO)H,Cl,, which adds 
chloride to give Pt(CO)H2Cl;.313,314 Addition of chlorine to a thionyl chloride solution of 
Pt(CO),Cl, at room temperature results in the rapid formation of Pt(C0)Cl: (equation 106), 
which shows a carbonyl stretch at 2191 cm-l. The yellow-orange compound is stable toward 
C1- but reacts with water to form C02.315 

Pt(C0)Cl; + c1, -3 Pt(CO)Cl,- (1W 

Carbonyl halides with ligands such as phosphines are known. When CO is passed through a 
solution of PtCl& (L = PEt3, AsMePh2 or AsCyj) containing NaC104, chloride is substituted 
by CO to give [PtCl(CO)L](C104) (equation 107).315 Carbon monoxide will also substitute 
alkenes and alkynes from platinum(I1) to give platinum(I1) carbonyl complexes (equation 108). 

Structural studies have been carried out on tr~ns-[PtCl(C0)(PEt~)~]BF~, h.am-[Pt(p- 
ClC6H4)( CO)(PEt&]PF6, cis-PtC12(CO)(PPh3), NB&[PtCl,(CO)] and [PtMe{ HB(pz),} CO] , 
which show that the trans influence of the CO ligand is very sma11.317-321 

PtCl,L, + CO + NaC10, - [PtCi(CO)LJClO, + NaCl 

PtClZ(C&)(RNHz) + CO - PtCl,(CO)(RNH,) + GH4 
(107) 

(108) 

A steady decrease in v(C0) occurs in platinum(1I) halogen carbonyl complexes as the atomic 
number of the halogen is increased, reflecting increasing importance of n back-donation from 
platinum(I1) to CO as the electronegativity of the halogen  decrease^.^^^^^^ There is also a 
decrease in the P t - 4  stretching frequency in v(PtC) with increasing halogen size, but the 
trend is small. For a series of salts PtCl,R(CO)- (R =Me, Et, Pr", Pr', Bu", Ph), comparisons 
have been made between v(CO), 'J(PtC) and S(195Pt). The most notable effect of &methyl 
groups is to increase 'J(PtC) of the carbonyl group, and since there are parallel decreases in 
v(CO), this is ascribed to increased donation of electrons by the alkyl group to the metal.324 
The increase of 'J(PtC) in the NMR on going from PtX2(CO), to PtX3(CO)- is much less than 
the increase in the P t 4  stretching force constant.325 This implies that the platinum 6s orbital 
is not especially involved in the Pt-C bond, which is therefore heavily dependent on the 
platinum 5dxz-,,2 orbital. In the NMR spectra of PtX(C0)LL' complexes, the 13C chemical shift 
shows little dependence on the nature of the cis ligand, but a strong dependence on the nature 
of the trans ligand, the stronger u donors moving the value closer toward the value in free 
C0.323 Values for J(PtC) depend strongly on the tram ligand. Ligands with high trans influence 
give coupling constants in the range 960-990Hz, while ligands of low trans influence give 
values in the 1658-1817 range. 

In a kinetic study of the displacement of CO from Pt(C0)Cl; by bipyridyl there is rapid 
replacement of chloride to form Pt(CO)Cl(bigJ , followed by slow replacement of CO by 
chloride to give PtC12(bipy) (equation 109). A similar replacement reaction between 
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PtC12X(CO)- (X = C1, Br, I) and p-substituted pyridines concludes that the equilibrium 
constant for equation (110) is quite sensitive to the para substituent Z, but relatively insensitive 
to the nature of X.327 Cleavage of [PtXZL], (L = tertiary phosphine or arsine) gives 
trans-PtX2(CO)L. These compounds readily lose CO and isomerize to the cis derivatives. The 
truns to cis isomerizations are catalyzed by free CO, phosphines, or halides, the latter being 
effective in the solid state. The trans to cis isomerizations are also accelerated by visible or UV 
light.328 The analogous complexes PtC12(CO)L (L = PEt3, PBu;, PMePh2, PPh3, P(CJ&F-P)~ 
and PCy,) can also be prepared by treating PtC12(cod) with CO and tertiary phosphine 
(equation 111).329 

Pt(C0)Cl; + bipy - Pt(CO)Cl(bipy)+ PtCl,(bipy) (W 
(110) 

(111) 

The coordinated carbonyl will undergo nucleophilic attack at carbon. It has been suggested 
that whether or not nucleo hilic attack will occur can be predicted on the basis of the C-0 
stretching force constants!' This premise is based on the fact that the higher the force 
constant the greater is the fractional positive charge on the carbon atom. In agreement with 
this, cis-PtC12(CO)2 reacts with diisopropylamine to yield the corresponding carbonyl compIex 
(equation l12).331 Carbonyl complexes also react with water to give COz (equation 113).332 
These reactions proceed via hydrocarbonyl intermediates. 

Pt(co)cl,x- + z-py e Pt(co)c1x(z"py) + c1- 
PtClz(cOd) + CO + L --+ PtCIz(C0)L + cod 

+ H' (112) 

(113) 

/p 1- 
"W, 

&-Ptci,(co), + HNP~', --+ ptci , (co)c  

[PtCl,(CO)], + 2Hz0 - 2Pt + 2C0, + 4HC1 

52442 Multimetallic platinum carbonyls 

The binuclear platinum carbonyl Pt2S(CO)(PPh3)3 is formed when Pt(COS)(PPh3)2 is heated 
in chloroform (equation 114). In the crystalline state the campound exists in two conformation- 
ally isomeric forms, the difference being due to changes in the phenyl ring orientations.334 The 
recent structure determination of the compound [Pt2Br2(p-CO)(PPh3)3] shows it to have an 
asymmetrically bridged CO ligand. This feature is believed to lead to some valence 
disproportionation, in contrast to its precursor Pt2Br4(CO)$-.335 

Ph3P ,s\ 7% 
2pt(C0S)(PPhj), - h - - R  + COS + PPh, (114) 

\ co / 
PhjP 

Trinuclear clusters of platinum carbonyls are more common. These have been prepared by 
the reaction of [Pt(CO&],, with phosphine ligands,336 the reduction of PtHXL, with hydrazine 
in the presence of CO. and the reductive elimination of hydrogen from trans-PtH2(PCy3), in 
the presence of C0.338,339 The initially formed Pt3(C0),L, has been isolated for L = PPh3, 
PPh2Me, PPhzEt, PEt3, PCys. The X-ray structure and solution 195Pt NMR spectrum show two 
different types of platinum for these Pt3(CO)& c o r n p o ~ n d s . ~ ~ ~ ~ ~ ~  This is due to an 
unsymmetrical structure (26) where the apical platinum is bonded to two PCy, ligands. The 
structure of P ~ ~ ( C O ) ~ ( P C Y ~ ) ~  is symmetrical with three bridging carbonyls in a similar 
arrangement (27) 
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Mixed metal trimetallic carbonyls of platinum have also been synthesized and characterized 
crystallographically. Among those known are examples with carbonyls and phosphine li an& 
and a metal-metal bonded framework with PtFe2,34z Pt2Fe?43 PtzRu,344 and P ~ O S ~ ? ~ ~  and 
phosphido-bridged complexes with PtMn2.346 

Tetranuclear clusters Pt4(CO),L4 and Pt4(C0)5L3 have been prepared from the reaction of 
CO on the trinuclear For tetrametallic compounds examples are found with 
PtzMo2, Pt2C02 and Pt2M2 (M = Cr, Mo, W).348,349 These latter complexes show an irreversible 
two-electron reduction leading to the rupture of the metallic core into identified fragments. 
These complexes are of the type [PtM(p3-CO)(p2-C0)2Cp(PPh3)]z, and the first two oxidation 
waves indicate one-electron processes.34y A tetrametallic carbonyl cluster PtOs3(p- 
H)Z(CO)10(PR3) has also been ~haracterized.~~" 

52.4.5 Isocyanide Complexes 

As for carbonyl complexes, this section is relatively brief, omitting most references to 
complexes having no bonds to platinum other than from carbon. For a fuller and more detailed 
coverage the reader is directed to Chapter 39 of 'Comprehensive Organometallic Chemistry'. 
This section outlines the types of complexes which have been prepared, and indicates the range 
of reactions which have been carried out, without giving more details than are necessary to give 
the reader a broad outline and direction. 

52 4.5.1 Synthesis 

The zerovalent complex P~(CNCY)(PF~)~ has been prepared by substitution of Pt(PF,), 
(equation 115).351 Ethylene is also displaced from Pt(GH4)(PPh3)Z by Bu'NC at -20 "C to give 
the complex P ~ ( C N B U ' ) ~ ( P P ~ ~ ) ~ . ~ ~ '  This complex undergoes oxidative addition of I2 to give 

Pt(PF3)4 + CyNC - Pt(CNCy)(PF,), + PF, (115) 

Platinum(1) isocyanide complexes are formed when NazPtC14 reacts with methyl isocyanide, 
and the product isolated by addition of AgPF6 (equation 116). The structure has two square 
planar platinums linked by a Pt-Pt bond, with the two Pt(CNMe), units perpendicular. The 
NMR spectrum shows that intramolecular rearrangements occur involvin the tetrahedral 
deformation of one Pt center followed by rotation about the Pt-Pt bond.353g54 

[PtI(CNBu')z( PPh3)2]I. 

2PtC1:- + 8MeNC + 2H20 - [Pt2(CNMe)6]z+ + 8C1- + COz + 2MeNHz + 2H' (1161 

Platinum(I1) isocyanide complexes can be readily prepared by displacement of halide ligands 
by isocyanides. Reacting a solution of PtXZ- (X = C1, Br, I, NOz, CN) with two equivalents of 
isocyanide gives P~XZ(CNR)~.~~~~@' The compounds give the covalent form PtXz(CNR)2 and 
the Magnus green type salts [Pt(CNR)4][PtC14]. Complexes PtX& react with isocyanides with 
displacement of either an anionic (X) or a neutral (L) ligand.361 An alternate route is the 
alkylation of a coordinated cyanide by methyl iodide or trirnethylo~oniurn.~~~~~~~~~~ An 
example is shown in equation (117). 

(117) 

Platinum(1V) isocyanide complexes PtCL,(CNR)2 and [PtC12(CNR)2(PMe2Ph)2]2+ have been 
prepared by the addition of Clz to the corresponding platinum(I1) compounds (equation 
118).363 It is probable that the trans influence of the isocyanide ligand on platinum(1V) is 
greater than that of a tertiary phosphine. 

(118) 

Pt(CN),(PPh,), + 2MeI --+ PtI,(CNMe), + 2PPh3 

PtCl,(CNR), + C12 - PtC14(CNR)2 

52.4.5.2 Physical properties of isocyanide complaes 

The structures of PtC12(CNEt)(PEt2Ph),364 cis-PtC12(CNPh)(PEt3), ~is-PtCl~(CNPh)23'~ and 
ptMe(cNBu')(HBp~~)~& show that the isocyanide bonds through platinum. Bonding occurs via 
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u donation of the lone pair of electrons in the sp hybrid orbital on carbon, along with a 
concomitant back-donation of electron density from filled Pt orbitals to empty n* orbitals on 
the isocyanide. This R back-donation is less than that found in carbonyl complexes. 

The C-N stretching frequencies are higher than in the free ligands.367 This is caused by 
increased n donation from the doubly filled nitrogen 2p orbital to the empty 2p orbital on 
carbon. This effect is induced by coordination of the isocyanide carbon to platinum. From 
values of v(PtC1) in a series of complexes tran~-[PtClL(PEt~)~]ClO~ (L = CNR), the tram 
influence of the CNR ligand is greater than CO but significantly less than that of tertiary 
phosphines .3MI 

The electronic spectra of isocyanide complexes [Pt(CNR)4]X2 show intense charge transfer 
bands in the UV region caused by MLCT to a n* orbital. The d-d bands have been assigned to 
ordering d , ~ - ~ 2  >> ds  > d,,, dy+ > dxy.369 The spectral assignments have been used to construct a 
state diagram for comparison between Pt(CNMe)’,+ and Pt(CN)i-. The complex F’t(CNMe)$+ 
has not been partially oxidized, and this is likely because the 4+ charge difference will diminish 
the overlap of the alg wave functions between adjacent Pt(CNMe)$+ ions relative to the 
overlap of wave functions for those of Pt(CN)z-. As a consequence the probability of forming 
one-dimensional complexes decreases. 

524.53 Reactions of isocyanide compltxes 
The most common reaction of platinum(I1) isocyanides is their reaction with nucleophiles. 

This reaction is a useful one for the formation of platinum carbene complexes, and this will be 
discussed in the next section. 

Platinum I1 isocyanide complexes are attacked by water, hydroxide,370 a lk~x ide ,~~’  azides1 
and nitrite3(’ io give complexes of type PtC(R)=NR, (equations 119-123). The rate is faster 
with more nucleophilic substrates. The reaction is also promoted by electron-withdrawing 
substituents on the isocyanide ligand. The most prominent step involves direct attack of the 
nucleophile at the isocyanide carbon. The rate of the primary step is affected by the donor 
ability of the entering amine, by the electrophilic character of the isocyanide carbon, and by 
steric crowding around the reacting centers, with solvation being important. The reaction 
system is versatile with proper choice of substituent on the amine and isocyanide ligands, and 
with variation of ancillary ligands on the metal c~mplex.~” 

(119) 

(121) 

(122) 

(123) 
Reacting PtCG- with RNC and then hydrazine gives compounds known as Chugaev’s 

The structures of the two salts have been elucidated and are shown (28) and 
(29).374,375 Similar complexes are formed when isocyanides are inserted into a Pt-H bond. The 
reaction between tram-PtHCl(PEt& and ArNC in acetone solvent in the presence of AgC104 
gives a cationic isocyanide complex of platinum(I1) which undergoes insertion to give an imino 
complex by equation (124). These complexes react with metal ions of the first transition series 
to form complexes bonded through nitrogen.377 

[Pt(CNBu‘),]Cl, + 2H20 --+ Pt(CN),(CNBu‘), + 2BuOH + 2HC1 

trans-[ Pt( CNMe),( PR,),]” + OMe- -----$ [Pt { C(NMe)OMe} (CNMe) (PR,W * 

tram - [ Pt ( CNMe)2(PPh 3)2]2+ + OH- - trans- [ Pt { C( 0)NWMe) (CNMe) (PPh,),] + (120) 

[Pt(CNMe)z(PR,)z]Z+ + N; - WPR&(CNMe)( 
I N  

Me 

[Pt(CNMe),(PR,),]’+ + NO; - [Pt{C(O)NHMe}(CNMe)(PR,)J’ 

CHzCI2 PtH(CNAr)(PEt3)2 - PtCI{ C(NAr)H} (PEt3)2 
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52.4.6 Carbene Complexes 

The chemistry of carbene complexes is a field which has developed in the past 20 years. The 
current interest is primarily centered on the chemistry of the early transition elements, but 
much of the early work was carried out at low valent metal centers. The major complexes 
formed by platinum are those with the metal in a divalent oxidation state. 

A logical route to the synthesis of platinum carbene complexes is by using a carbene 
precursor. This method has been successfully used with electron-rich alkenes. Reacting (30) 
with cis-PtClz(PPh3)p and similar complexes leads to the formation of carbene complexes 
(equation 125). 37a380 Heterocyclic chloro compounds have also been used to prepare carbene 
complexes (equation 126) .381 

R R 

[;d--J 
R R 
(30) 

Carbene complexes can be readily prepared by nucleophilic attack at a coordinated 
isocyanide ligand. One of the earliest examples was found on reacting CN(CH2)z0H with 
PtCl,. Initial coordination of the isocyanide carbon occurs, then this complexed carbon 
undergoes intramolecular nucleophilic attack to give the carbene (equation 127).382 A series of 
cationic carbene complexes trans-[PtX{C(NHR)NR’R“)Lz]CIO4 (X = H, C1, Br; R = Me, Ph, 
p-OzNC6H4; R’=H,  Me; R”=Me, Et, Ph, p-MeGE&; L=PEt3, PBu& PPh3, CNPh, 
CNC6&NOz-p) have been prepared by the reaction of base R’R’NH with the cationic 
isocyanide complexes traPrs-[PtX(CNR)L]ClO4 (equation 128) .383 The complexes undergo ;E 

reversible reaction with base yielding the neutral amidino product formed by nucleophilic 
attack at a coordinated isocyanide ligand (equation 129). The binary isocyanide complex 
[Pt(CNMe)4]2f reacts with methylamine to form the binary carbene complex (equation 130).384 
The complex PtCl(CHNR)(PEt3), reacts with HCl and dimethyl sulfate with protonation or 
alkylation at nitrogen to give carbene complexes (equation 131) .385 These complexes are 
characterized by a broad low field carbene CH signal in the ‘HNMR spectrum, and a strong 
absorption due to v(CWkne-N) in the 1500-1600~m-~ region of the IR spectrum. The 
‘H NMR spectrum shows evidence for restricted rotation about the C-N bond. 

Pt(CNMe):’ + MeNHz - Pt ( C <Z]lZ+ I 
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Ethanol will add across the -N triple bond in cis-PtC12(CNPh)(PEt3) to give the carbene 
complex cis-[PtClz{C(OEt)NHPh}PEt3] (equation 132).386 The Pt-C1 distances are 2.361(5) 
and 2.367(7) A, and the Pt-C(carbene) distance is 1.96(2) A. This P t - C  distance is among 
the shorter Pt-C(carbenoid) distances which generally fall in the range 1.95(2)-2.13(2) h;. 
Complexes of this ty e can also be prepared by reaction of trans-Pt(CNR)(CHNHR)(PEt3)$+ 
with methoxide ion?’ Carbon-13 NMR signals for carbene li ands occur at very low field. A 

a large series of platinum carbene complexes.387 Carbene complexes of platinum(I1) have also 
been prepared b the reaction of amines with complexes having a coordinated vinylogous 

032) 
Carbene complexes of platinum(1V) have been prepared by similar reactions. The 

platinum(I1) carbene complexes PtC12{ C(NHR’)(NHR”))PEt3 (R’ = R” = Me) undergo oxida- 
tive addition with chlorine to give the expected complexes PtC14{C(NHR’)(NHR”))PEt3. 
When R = Ph a different carbene complex (31) is formed involving metalation of the phenyl 
ring at the 2-position and chlorination at the 4 - p o ~ i t i o n . ~ ~ ~  The bonding of the carbene ligand 
resembles that in platinum(I1) complexes. The carbene ligand is principally a a donor. Possible 
mechanisms for the formation of this complex are discussed, but no definitive conclusions can 
be drawn.3w An ortho-metalated carbene complex of platinum(I1) has been isolated by 
reacting PtC1{C(NHR)2}acac (R =p-tolyl) with AgPF6 followed by a ligand L, (L, = dppe; 
equation 133).391 Amino carbenes can also be prepared by a replacement reaction. Treating 
Pt(CNMe)(PPh3)2(CONHMe) with the anion from aniline, followed by protonation, yields the 
C(NHPh)(NHMe) carbene complex (equation 134).370 

compilation has been made of the ‘H, 13C shift data, and the ’ Q 5Pt coupling constant values for 

aminoisonitrile. 38J  

c ~ - P t C L ( ~ P h ) ( p E t ~ )  + EtOH --+ ~is-[PtCl,{ C(0Et)NHPh)PEtJ 

Carbene complexes can also be formed by nucleophilic attack on alkyne complexes (equation 
135). This method has been pioneered by Clark and co-workers, and the pathway follows that 
shown in equation (136).3E-394 The reaction is sensitive to the nature of the alkyne, the 
supporting ligands, the solvent and the reaction conditions. This method has been used to 
prepare trans-[PtMe{ C(Me)(OMe)} (AsMe,),]’ , which reacts with p-substituted anilines to 
give the carbene complexes trans-[PtMe{C(Me)(NHC6H&p)}(AsMe3),]+ (equation 137).3p5 
Carbon-13 data for these complexes are plotted and discussed. The compound obtained using 
dimethylamine instead of p-substituted anilines has been structurally characterized.m The 
formation of these compounds appears to involve a high1 amine-crowded transition state so 
that steric effects of the amino group are imp~r tan t .~  B The methanol-solvated complex 
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truns- PtH MeOH)(PCy&]+ reacts with terminal alkynes to give carbene complexes (equation 

equation (139); the product has been structurally cha ra~ te r i zed .~~  
138).3 ! J (  Cyclic carbenes can undergo ring opening on reaction with dimethylamine e.g. 

' O R  4 
\ 

L , P t ( R W R ' )  Ry& L,PtC ! 
CHRR' 

(135) 

R\ ,OMel' 
R 

AS+ Pt-Cl - Pt-lJl 
Pt C 

R' 
R D C R '  

H 

[PtMe{ C(Me)( OMe) ) ( AsMe,),] + + p-XC,H,NH, - 
[PtMe{C(Me)(NHC&X-p)}(AsMe,),]+ + MeOH (137) 

OR' l+ 
/ 

trans-[PtH(MeOH)(PCy,),]+ + H M R  hrans-H(PCyM'tC (138) 
\CH,R 

PtMe(PPhMe,)+ + Me2NH - [PtMe(PPhMe32{(NMe,)(CH,CHzCH,0H)) 1' (139) 

Carbene complexes are also obtained when platinum(I1) acetylide complexes are treated 
with acids such as HPF, in alcohol, or when a-chlorovinyl complexes are reacted with alcohol. 
The reaction is outlined in Scheme 4. The reactions of platinum-stabilized vinyl carbonium ions 
formed from cationic n-alkynic complexes, protonation of platinum acetylides, and solvolysis 
of a-chlorovinylplatinum(I1) compounds, are discussed along with H/D-labeled experi- 
rnenkm The reaction of the platinum acetylide with protonic acids has been studied in 
more detail and the data interpreted on the basis of a platinum-stabilized vinyl cation.401 The 
platinum(I1) vinyl complexes undergo isomerization, a process dependent on the anion.402 
Neutral platinum(I1) carbene complexes of this type have been prepared from the halo- 
bridged complexes Pt2X2(p-X& by reaction with terminal alkynes in alcohol ~ ~ I v e n t . ~ ~ ~ ~ ~ ~  
Both solid state and 'HNMR techniques show a long F't . * H contact of 2.6(1) 8, to a 
hydrogen atom of the ethoxy group in cis-[PtX2L{C(OEt)CH2R}]. The carbene com- 
plexes cis-[PtC12(PR3)(C(OR')(CH2R")}] react rapidly with CD30D to yield cis- 
[PtCl2(PR3){C(OR')(CD2R"))], then slowly to give cis-[PtC12(PR3){C(OCD3)(CD2R")}]. 

PtC( Cl)=CHR 

11 
L 

P t m R  + HX [PtLCHRIX e Pi-111 X 
C 

11..OH H 

,OMe 

CUR 
[Pt{C(OMe)(CH,R)}]X e PtC\ + HX 

Scheme 4 

A number of other reactions have been used to prepare carbene complexes. When 
trans-PtC1(C6C15)(PPhMe2)2 reacts with LiC=CH(CH2),0, followed by protonation with 
HC104, the cationic carbene complex trans-[C6C15(PPhMe2)zPt{CCHz(CH2)n0}]+ is formed.405 
Carbene complexes [PtCl(C(SR)Y}L$ (R = Me, Et; Y = OMe, SEt, NMe2; L = PPh3, 
PMePh,) have been prepared by alkylation of the sulfur of the parent thioester 
PtCl{C(S)XMe X = 0, S) or the thiocarbamoyl complex PtCl{C(S)NMe2}b with Et30f 
or Me0S02F.' dtionic alkoxycarbene complexes of platinum(I1) have been isolated using 
trimethylsilylalkynes. Cleavage of the C-Si bond occurs by nucleophilic attack of 
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Bridging ligands of the CRR' type have been discussed as bridging carbenes. We will include 
them here for the sake of completeness of this section. Treating PtzC1z(p-dppm)2 with 
diazomethane gives the yellow complex PtzCl~(p-CH~)(p-dppm)~ (equation The 
complex is stable and it has been characterized by 'H and P NMR spectroscopy. The reaction 
is first order in complex and diazomethane, and the rate constant of 41.2 M-'s-l is found at 
2 "C. The activation parameters are AHf = 59.65 f: 1.00 kJ mol-' and AS# = 3.43 f 
3.47 Jmol-'K-'. The data are compared for a series of binuclear p-dppm platinum 
complexes."O' 

P-P 
I I  
I t  
P 

cI-Pt-Pt-Cl+ 

up 
+ N2 

An impressive series of carbene- and carbyne-bridged complexes of platinum have been 
formed by reaction of metal carbene complexes with a platinum complex (equation 141). These 
complexes have been verified by X-ray crystallography, and the synthetic method appears to be 
one of some generality. Among the complexes of this type formed from carbenes are ones 
having metal frameworks with Pt-W,-413 P ~ - M I I ~ ' ~ ' ~  and Pt-Cr413,4'7 bonds. 

R R R R' 
M - 4  +PtL,-  

TR' LPt/ 'M 

Bridging carbyne complexes of PtCr(p-CPh) structure have been prepared by alkylation of 
the carbene complex with Me30+ (equation 142) .417 Alternatively bridging carbyne complexes 
with a PtW framework have been prepared by reacting a tungsten carbyne complex with 
Pt(CJL,)(PR3)z (equation 143) .419 These carbyne complexes add a tertiary phosphine at carbon 
to form the bridged carbene complex.418 A bridging thiocarbyne complex [MnPt(p- 
CSMe)(C0)2(PMezPh)zCp](BPh4) has been prepared by methylation at sulfur of MnPt(p- 
CS) ( CO)2(PMezPh)zCp with [Me30]BF4. 420 

Ph 7' 
I 

f MeOMe (142) 

Me0 Ph 
LC/ 

Pt 'cr FJt+c, 

W=CR+PtL, - /"\ 
W-PtL, (143) 

Extension to trimetallic complexes has led to the re aration of similar bridging carbene and 
carbyne complexes with Pt3>21 PtzW4" and PtWFe4' &tal frameworks. 

Conversion between carbyne and carbene complexes can also be carried out by methylene 
group transfer from C 2Ti(p-Cl)(p-CH2)AlMe2 to the multiple metal-carbon bond of Pt ( p  -CR) W compounds. &4 

52.4.7 Ylide Complexes 

A recent review discusses the chemistry of ylides and their reactions with transition metal 
complexes.425 This article integrates platinum ylide chemistry with that of other metal ions, and 
has sections covering bonding. 

The alkylidenephosphoranes are among the most powerful bases known, and the displace- 
ment of a coordinated ligand is a useful method for the preparation of transition metal ylide 
complexes. 

The zerovalent compound Pt(C2H4)(PPh& reacts with C(PPh& to give the platinum(0) 
ylide complex where partial triphenylphosphine transfer to platinum has occurred (equation 
144) .426 
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For platinum(I1) complexes, the complex PtC12(PMe& reacts with (Me3C)$M&H2 to 
give [Pt{ (CH2)2P(CMe3)2}(PMe3)2]Cl (equation 145).427 The fully substituted platinum ylide is 
formed when PtC12(cod) is used (equation 146).42s Sulfur ylide complexes of platinum(I1) can 
also be prepared from PtC12(SMe2)2. The room temperature reaction with (32) gives a mixture 
of (33) and (34; equation 147). 

PtCl,(PMe,), + (M%C),fiMeCH, - (Me3C),P Pf(PMe3), + {(Me3C),PMeZ}Cl (14s) 
\C/ 

F CH. 
\c/ AC/ 

H2 

PtCl,(cod) f 2(Me3C),P(CHz)zLi - (Me3C)*P ' 'Pt/ 'P(CMe3), + 2LiCl+ C&IHIz (146) 

K Hz 

PtCl2(SMe& + @-CHz$Mez - HCl (147) 

P\ c1 c1 c1 
(322) (33) (34) 

A direct synthesis of an ylide complex is the reaction between Pt(PPh& and CH2ClI, where 
the complex is formed by the series of reactions in equations (148-150).42w31 When 
PtC12(C3H6)pyz is heated in benzene the pyridinium propylide complex (35) is formed 
(equation 151).432,433 The corn lex (35) on refluxing in CHClJCCL gives the 
tetrachloroplatinum(1V) complex?' Transylidation does not occur when the platinum(IV) 
complex [PtMe3]PF6 is treated with 3 equivalents of Ph$:H*. Ethane and methane are 
liberated and the cyclometalated complex (36) formed (equation 152).434 

Pt(PPh3)3 e Pt(PPh3)z + PPh3 
PPh3 + CHzClI - (Ph3PCH&l)I 

Pt (PPh3)* + ( Ph3PCH2C1)I - [ pt( PPh3)*( CH,PPh3)Cl]I 

[PtMe3]X + 3Ph36<Hz - [PtMe3(CHzPPh3)3]X -G% 
-ct4 

X = PF, 

In addition to sulfoniup ylides of platin~m(II),"~ platinum(I1) halides of some phenac lides 

confi urations have been elucidated by IR and 'H NMR spectroscopy, and it has been found 
of nitrogen (p-MeC,&NCHC(O)Ph), phosphorus and arsenic have been prepared." H The 

that ! J(195PtHmethine) increases with increasing basicity of the ylide N > As > S > P. 



Platinum 387 

Chloro platinum ytide complexes will undergo replacement of Cl for acetone in the presence 
of NaBPh4.437 The ylide complexes (35) undergo oxidative addition at platinum(I1) by MeI, 
and substitution of pyridine by CO to give the carbonyl complex. The ylide ligand is not 
displaced. 438 

The platinum(1I)-ylide bond involves donation of a pair of electrons in a formally sp3 hybrid 
orbital on carbon to an empty orbital on platinum(I1). The short bond lengths and XPES 
spectroscopy suggest some multiple bond character. 

52.4.8 Plathum Alkyl and Aryl Complexes 

Platinum forms complexes containing metal-carbon 0 bonds in its +2 and +4 oxidation 
states. Furthermore there are a few acetylide complexes of platinum(0) formed by treating 
Pt(CN)2 with potassium acetylide in liquid ammonia,439 and four reports of platinum(1JT) alkyl 
and aryl A number of reviews on platinum-carbon a-bonded Complexes 
have been written, and these are summarized by Hartley in Chapter 39 of ‘Comprehensive 
Organometallic Chemistry’. The preparation and reactions of these complexes are also given in 
some detail in the chapter by Hartley. This chapter will merely lead the reader to the different 
methods of synthesis, and include where possible a brief update of the chemistry as it has 
developed since 1980/1981. Selection of material will be guided by significance, variety and by 
the general guidelines of this series that complexes be omitted where the majority of bonds are 
of the Pt-C type. 

52.4.81 Synthesis and structure 

(i) Use of Grignard reagents or alkali metal salts 

The complexes cis- or h.ans-PtX2 PR3)z react with MeLi or MeMgX to ‘ve PtMe(X)(PR& 
and PtMez(PR3 equation 153).’ Alternatively MeMg can be used.’ The structures of 
PtMeC1(PPh3)zhs (and PtMeC1(PMePhz)z447 show respective Pt-C distances of 2.08(1) and 
2.081(6)A for the Pt-methyl group trans to chloride. A cyclopropyl platinum(I1) has been 
prepared by treating cis-PtClz(PMezPh)z with cyclopropyllithium (equation 154).448 The 
cyclopropyl rings are equilateral with average C-C distances of 1.506(13) A. The P t 4  
distances are 2.086(4) and 2.070(4) When cis-PtCl2(PCy& is reacted with cyclohexylmag- 
nesium bromide the product is PtHCl(PEt3),, probably by p-hydride transfer. The complex 
Pt(CF3)2(PEt& has been prepared by treating PtBrZ(PEt& with an excess of Cd(CF&.glyme. 
Short reaction times give PtI(CF3)(PBu$), in 60-70% yield from Pt12(PBu;), (equations 155 
and 156).450 Comparison of the P t - C  distances between trans-PtClR(PMePh& (R = Me, CF3, 
&Fs) shows that the values are 2.081(6) [2.09], and 2.013(12) and 1.990(12) 8, for R = Me, CF3 
and C2F5 re spe~ t ive ly .~~  The contracting of the P t 4  and P t 4 1  distances on going to the 
&F5 compound is attributed to the electrostatic effect of a positive charge induced on the 
bonded carbon by the electronegative fluorines. Other structures have been solved for 
Pt(CF3)2{PMez(CJ?5>}2451 and PtF{CH(CF3)z}(PPh3)2.452 The signs and magnitudes of ’J(PH) 
and 3J(PF) have been measured by multiple resonance methods in Pt1’-CF3, PtN-Me and 
PtrV-CF3 complexes. 3J(PH) is more negative when P and Me are buns rather than cis, and 
the converse is true for the.CF, complexes.453 

PWPR~), 2;; ’ P~M~(X)IPRJ~  2;: ’ P ~ M ~ ~ ( P R , ) ,  (153) 

cis-PtCl,(PMe,Ph), + L i d  - cis-Pt(PMe*Ph), fa), + ~ L ~ C I  (354) 

PtBr2(PEt& + Cd(CF3), - Pt(CF,),(PEt,), + CdBr, (155) 

Pt12(PBu;), -1- Cd(CF,), -% PtX(CF,)(PBu’j), -t CdI(CF,) (156) 

Platinum(I1) acetylide Complexes are best prepared using Na or K acetylide in liquid 
ammonia solvent (equation 157).4543455 Sodium dicyanomethanide can also be used to prepare 
platinum(I1) complexes of this anion (equation 158) .456 
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(157) 

(158) 

PtCl,(AsEt,), + 2PhCCNa * Pt(C=CPh)2(AsEt3), + 2NaCl 

Pt(PPhg), + RzHg - PtRz(PPh,), + Hg + PPh3 

(ii) Synthesis from organomercury, tin and silicon reagents 

Organomercurials react with Pt(PPh& to form dialkyl platinum(I1) complexes (equation 
158).457,458 The method can be used for alkyl, aryl or vinyl complexes. 

Organotin reagents are useful synthetic reagents for the synthesis of alkyl platinum 
complexes. The reactivity of SnMe3Ar compounds parallels the ease of electrophilic substitu- 
tion at the Ar-H bond. Much of this work has been developed by Eaborn and Pidcock, and in 
equations (159)-(162) a number of examples are given where these reagents have been 
successfully used. When SnMe, is used, Pt" methyl complexes can be obtained.45- 

SnMeJAr 
PtCl,(cod) + SnMe3Ar - PtCl(Ar)(cod) - PtAr,(cod), 

2PtCl,(GH4)(PR,) + 2SnMe3Ar - [PtCi(Ar)(PR,)], + 2SnMe3C1 

(159) 

(160) 
Pt(02CCF3)2{PPh3)2 + SnMe3Ph - Pt(O,CCF,)(Me)(PPh,), + SnMe,Ph(O,CCF,) 

Pt(O,CCF&(PMe,Ph), + SnMe, - Pt(O,CCF,)(Me)(PMe,Ph), + SnMe,(O,CCF,) 

(161) 

(162) 

(iii) Oxidative addition 

Monoalkyl complexes have been prepared by oxidative addition to platinum(0) complexes, 
a reaction which has received much study. The reaction will be discussed later when 
the chemistry of platinum with phosphine ligands is discussed. The reaction has been 
used to prepare PtI(Me)(PPh3)2,444 PtBr(Ph)(PPh&, PtBr(CH=CHPh)(PPh3)2, and 
PtC1(CH=C=CR'R")(PPh3)2.467 This latter reaction is an interesting one involving the 
addition of 3-chloropropyne to Pt(PPh3), (equation 163). The order of reactivity is RI > RBr > 
RC1. When secondary halides are used the dihalo complex may be formed (equation 164).46s 

(163) 
(164) 

The reaction shows considerable dependence on the phosphine, both on electronic and steric 
grounds. Alkyl groups and arsines favor the reaction, as do substituents having the smaller 
cone angles. The correlations AsMe3 > PMe3 > PPh3 and PMe3 > PMezPh > PMePhz > PPh3 
hold in general. Two primary mechanisms have been proposed.46e473 The first involves &2 
attack at platinum(0) followed by halide coordination or substitution at the cationic center. The 
second mechanism involves halogen abstraction by platinum from the alkyl halide to form a 
radical pair, possibly by electron transfer via a platinum(1) intermediate. Radical pair 
combination can give the product of oxidative addition. For unreactive alkyl halides with weak 
C-X bonds the product is frequently the dihalo complex. When the reaction between 
PtMez(phen) and IPr' is carried out in the presence of an alkene C H d H X  as a radical trap, 
inserted alkene products are formed (equation 165).474 

PtMe,(phen) + IPr' + CH,--CHX - PtMeJ(CHXCH,Pr')(phen) (165) 

The structure of the oxidative addition product between Pt(PPh3), and trans-P-bromostyrene 
gives PtBr(HC-CHPh)\PPh&. The trans stereochemistry about the styryl double bond is 
retained (equation 166).4 5,476 For aryl halides, fluorohalobenzenes react with Pt(PEt3), to give 
fluoroaryl platinum(I1) complexes in high yield (equation 167) .477 There is no significant 
difference in the ease of oxidative addition between the m- and p-halofluorobenzenes, but the 
rate of reaction varies with the halide in the sequence I > Br > C1> CN. The platinum complex 
is less reactive than the palladium or nickel analog. The C-C bond of an arenenitrile is 
cleaved (equation 168), a reaction not observed in the triphenylphosphine series of complexes. 
The 13C chemical shifts and coupling constants of these aryl complexes correlate with both Taft 
and modified Swain-Lu ton substituent constants.478 These correlations, along with those for 
19F chemical shift support the presence of significant JG interactions between platinum 

Pt(PPh3)s + HBCCWZC1 - PtCl(CH=(3=CHZ)(PPh,)z + PPh3 

Pt(PEt,), + MeCHBrPh - PtBr,(PEt,), 
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and an aryl ligand. Nevertheless *3C data for the cationic phenyl platinum(I1) complexes 
truns-[Pt(Ph)L(AsEt&]PFe indicate that u rather than n interactions are dominant in the 
phenyl-platinum bond.479 

Pt(PPh,), + wBr - Br(PPh&Pt- \ / \  + PPh3 (1%) 

Pt(PEt3)d + XC&F - PtX(CJ&F)(PEt,)Z + 2PEt3 (167) 
Pt(PEt,), f NCC6H4F - Pt(CN)(C&,F)(PEt,), + 2PEt3 (168) 

The addition of nitromethane to Pt(PPh& in a polar rotic solution provides a route to the 
fulminate complex Pt(CN0)2(PPh3)2 (equation 169)?’The thermally stable complex rear- 
ranges to the isocyanato complex Pt(NC0)2(PPh3)2 under the influence of carbonyl compounds 
as  catalyst^.^^' The fulminate compound gives Pt(NCS)2(PPh3)2 with organic thiocarbonyl 
compounds, and is reduced to Pt(CN)2(PPh3)2 by phosphines. Oxidative addition of CHzC12 to 
give PtC1(CH2Cl)(PPh3)2 and cis-PtClz(PPh& is photoinduced.482 The rate of reaction is 
decreased by addition of duroquinone which is interpreted in terms of a free radical pathway. 
The oxidative addition reaction of C - C l  bonds can also be used to prepare dkoxalyl 
complexes of platinum(I1). The reaction (equation 170) proceeds readily at room temperature 
to give the product in high yield.483 A similar C-Cl addition reaction with CF2CICOCF2Cl 
gives cis-PtCl(CF,COCF,Cl)(PPh&, with a Pt-4 bond length of 2.06(2) Chioromethyl 
methyl sulfide adds to Pt(PPh3), to give tr~ns-PtCl(cW~SMe)(PPh~)~ (equation 171).455 This 
complex (37) reacts with methyl iodide by alkylation at sulfur to give 
[PtCl(CH2SMe2)(PPh3)2]I.486 Protonation by trifluoroacetic acid occurs at 

(159) Pt(PPh,), -k MeNO, * PtH(CNO)(PPh,), - Pt(CN0)2(PPh3)2 + Hz 

Pt(PPh3)3 + ClCOCOzR - RCl(COCOzR)(PPh3)z + PPh, 

Pt(PPhd3 + ClCH,SMe - PtCl(CH2SMe)(PPh3)2 + PPh, 
(170) 

(171) 

(37) 

(iv) Replacement reactions 

Complexes tram-PtX(R)(PR& undergo metathetical replacement of X by anionic Y- or 
neutral ligands L and solvent. The high trans influence of the R group facilitates this reaction. 
The reaction has been used for the introduction of ligands such as C1, Br, I, SCN, NO2, NOs, 
SPh, 02CMe into complexes having RX bonded to platinum(I1). For neutral ligands L, 
compounds frequently used are MeOH, Me2C0, pyridine, PPh3 and AsR3. For the reaction of 
trans-PtCl(R)L, being converted to trans-PtY(R)L, by addition of Y- (R = H, Et, m-CF3C&14, 
Ca5; L=PEt3; Y = Br, I, N3, NO2, CN, SCN, thiourea) the first-order rate constant is 
correlated with the trans effect, and is H > E ~ > ~ I - C F ~ C ~ H ~ > C , $ ~ .  When Y is a good n 
acceptor, contribution from the k2 term becomes predominant, indicating that the driving force 
of the reaction is non-stabilization of the five-coordinate transition state.4Rs Metathetical 
replacement of C1 by OH- has been used to prepare Pt(OH)Me(dppe) in aqueous methanolic 
sodium hydroxide (equation 172).“’ A trans influence series is given for carbon donor (a) 
ligands based on ‘J(PtP). For the anionic complexes [PtCl2R2I2- (R = C6C15), reaction with 
ligands L (L=PPh3, PEt3, py, SbPh3) gives the monoanionic complexes [PtCIR2L]- by 
chloride ion substitution .490 Replacement of dioxane in tr~ns-Pt(C8~)~(dioxane)~ has been 
used to prepare ketone adducts Pt(Ca&L (L = Me2C0, EtMeCO, Et2CO; equation 173).49’ 

PtClMe(dppe) MeoH [PtMe(MeOH)dppe]Cl OH- Pt(OH)Me(dppe) + C1- (172) 

rrans-Pt(C$,),(dioxane), + L - Pt(C$&L + 2 dioxane (173) 

Doubly bridged cationic diplatinurn(I1) complexes [Pt(o-CH2C6H4CN-pp’)(2==hos)](BF4)2 
have been synthesized by halide replacement. The cyano group remains bonded to platinum 
both in the solid state and in solution.492 
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(v) Ring-opening reactions 

One of the earliest such examples is the reaction between H2PtC16 and cyclopropane. n e  
structure of the pyridine adduct indicates that the complex is a platinum(1V) ~ l i d e . ~ ~ ~  
The compounds tr~ns-l-n-hexyl-cis-2,3-dideuterocyclopropane and cis-l-n-hexyl-cis-2,3- 
dideuterocyclopropane react with Pt2CL(C2€€,)2 by addition of Pt" across the C(2)-C(3) bond. 
The reaction is stereospecific and involves retention of configuration at both reacting carbons. 
The reaction is interpreted in terms of a concerted cycloaddition mechanism.494 Cyanocy- 
clopropanes react with Pt(GH4)(PPh& by C-C cleavage at the bond possessing the largest 
number of cyano substituents (equation 174).495 The reaction can be extended; two platinac do- 
butane complexes have been prepared from tricyclooctene (38) and tetracyclononane (39) J6 A 
nortricycloplatinacyclopentane complex has been prepared using endo-tricyclo[3.2.1 .O]oct-6 
ene.497 Bicyclo[l.l.O]butanes react with Pt2CL,(GH+ to give a ring-opened complex which 
reacts with pyridine to give (40; equation 175). 98 The ring-opening reaction between 
&(CNkO and PtL4 (L = PPh3, P(p-tolyl),, AsPh3) gives the complex (41; equation 176).w In 
some cases the reaction gives the opened isomer with a tricyanoethylenolato ligand 0-bonded 
to platinum(I1) Four-membered carbocyclic rings with cyano substituents also undergo ring 
opening to give platinacyclopentane compounds (42; equation 177) .501 The structure of the 
compound is again verified by X-ray crystallography. Kinetic data for the ring opening of 
substituted cyclobutenediones by platinum(0) complexes show the activation energy and 
reaction pathway to be quite solvent dependent .5M 

NC, ,CN 

(vi) Reactions with acetylacetonate 

Acetylacetone usually forms transition metal complexes by coordination through bidentate 
oxygens. Since platinum forms unusually strong bonds to carbon, acetylacetonato complexes of 
platinum(I1) are frequently C-bonded. When Pt(acac)2 is treated with 1 mole of pyridine, a 
bidentate oxygen-bonded acetylacetonate ligand is converted to a y-carbon-bonded ligand. 
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When a further mole of pyridine is added the bis y-carbon-bonded acetylacetonato complex 
(43) is formed (equation 178).'03 

Me MeOC 
I 

MeOCHC, ,PY 
\ 
C-Q /py Pt(acac), + py - H&* Pt Pt 078) 

PY + ' 'CHCoMe 
py I 

' e 4  'CHCOMe 
I 

COMe COMe 
/ Me 

(43) 

(vii) Alkyl transfer between transition metals 

Platinum alkyl complexes can be prepared by alkyl transfer from a second alkyl transition 
metal complex. 

The biomethylation reaction between platinum and methylcobalamin involves both 
platinum(I1) and platinum(IV) oxidation states. An 'outer-sphere' complex is formed between 
the charged platinum(I1) salts and the corrin macrocycle, which catalytically labilizes the 
C d  CI bond to electrophilic attack. A two-electron 'redox switch' mechanism has been 
proposed between pIatinum(I1) and platinum(1V . However, a mechanism consistent with the 

on [Pt(NH&(OH2)2]2+ indicate that the bases on cobalt interact in the coordination sphere of 
platinum(I1) .505 Since both platinum(I1) and platinum(lV) are together required to effect 
methyl transfer from methylcobalamin to platinum, '=Pt and I3C NMR spectroscopy have been 
used to show that the methyl group is transferred to the platinum of the platinum(11) 
reactant.506 The kinetics of demethylation by mixtures of platinum(I1) and platinum(1V) 
complexes show a lack of dependence on the axial ligand. The authors conclude therefore that 
it is unlikely that the reaction involves direct attack by the bound platinum on the C d  bond, 
and instead favor electron transfer from an orbital on the corrin ring to the bound platinum 
group in the slow step, followed by rapid methyl t r an~fe r . ' ~  

For complexes ck-PtC12(CO)L (L = tertiary phosphine), reaction with dialkyl mercury 
compounds leads to specific substitution trans to L (equation 179).508 The critical factor is the 
bond-weakening tram influence of phosphines L,5097510 which is the critical factor in making the 
trans ligands more likely to participate in an &2 (cyclic) exchange process through transition 
states of type (44) .5m,511 u-Bonded cyclopentadienyl ligands can also be transferred between 
platinums, and from platinum(I1) to mercury(I1). The cyclopentadienyl groups do not transfer 
as fast as chloride ions between the same species, but do so considerably faster than any 
accompanying CO scrambling processes.512 

kinetic data is direct electrophilic attack by PtC16- 1 on the C M  u bond in MeB12.504 Studies 

L C1 
L\ /cl >cR +HgClR 

oc /pL+HgR2 - oc 

( 4 4  

Methyl transfer between platinum(I1) centers is a facile process. Homonuclear alkyl transfer 
occurs rapidly and stereospecifically when equimolar amounts of ck-PtMez(PEt,), and 
ck-PtCl,(PEt,), in methanol or dichloromethane are mixed at 25°C. The product cis- 
PtC1Me(PEt3)2 is formed quantitatively (equation 180) in methanol solvent, and exclusively 
trans isomer is obtained in dichloromethane. The monomethylated complex trans- 
PtBrMe(PMe2Ph)2 is also formed by methyl transfer from ck-PtMez(PM~Ph), to cis- 
AuBrMez(PMezPh). This reaction (e uation 181) is one of a series of reactions involving 

be considered to involve a bimolecular electrophilic substitution reaction at the methyl group, 
generally known as an &2 reaction. Stereochemical retention of configuration at platinum is 
explained on the basis of cyclic transition states or intermediates such as (45) and (46). Further 

methyl transfer between A d ,  Au"', Pd ?4 and Ptrl centers.514 The methyl exchange reaction can 
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work on the symmetrization reaction between PtR2h and PtMe2b shows that the reaction is 
catalyzed by Pt2C14b, but that the catalyst is destroyed in a competing reaction with PtR2b to 
give Ptz(p-C1)2Me2~.515 Exchange occurs between dimethyl platinum(I1) and dimethyl 
platinum(1V) complexes. cis-PtMe2(PMezPh)2 reacts with PtXzMez(PMe2Ph)z (X = I, NOz, 
NO3) to give PtXMe(PMe2Ph)2 and PtXMe3(PMezPh)z (equation 182) .'16 By labeling studies 
with CD3 it has been shown that when X = N 0 3 ,  the reaction occurs by methyl for nitrate 
exchange rather than by a redox mechanism. trans-PtHIL, (L = PMe3, PMePh) reacts with 
AuMeL or cis-PtMe& to give trans-PtIMeL, apparently by methyl for hydride exchange. The 
complex PtMe2(SMe& exists in solution in equilibrium with PtzMe4(p-SMe2)2 and SMe2. 
Methyl for halogen exchange occurs on reaction of c i~-PtMe~(SMe~)~ with cis- or trans- 
PtC12(SMez)2 to give mns-PtCIMe(SMez)z as the only product (equation 183).5'7 Kinetic 
studies show that the reaction rate is first order in each reagent, and that the reaction is 
strongly retarded in the presence of free SMez. The reactive intermediate is proposed to be 
PtMez(SMe2). 

cis-PtMe,(PEt,), + cis-PtClz(PEt3), Md3H 2 cis-PtClMe(PEt,), (180) 

trans-PtMez(PMe2Ph), + cb-AuBrMe,(PMe,Ph) - 
trans-PtBrMe(PMe,Ph), + AuMe(PMe,Ph) (181) 

(45) (46) L = PMe,Ph 

cis-PtMq(PMkPh), + PtX,Me,(PMe,Ph), - PtXhAe(PMe,Ph), + PtXMe,(PMe,Ph), (182) 

cis-PtMq(SMe,), + PtC12(SMe2), - 2 trans-PtC1Me(SMe2)2 (183) 

(uiii) Chelated aryl complexes 

This section is peripheral to the subject of ortho-metalation which will be discussed in the 
section covering the reactions of Group V ligands. A group of recent complexes included here 
has been prepared by reaction of a lithiated aryl anion with chloroplatinum(I1) compounds. 
The aryl groups contain chelating groups and the complexes contain this muhidentate aryl 
ligand. 

The lithium salt Li[C6H3(CH2NMe2)2-o,o'] reacts with PtC12(SEt2)z in the presence of 
bromide ion to form PtBr{ C6H3(CH2NMe2)2-o,o'} (47; equation 184).518*s19 The bromide 
ligand can be replaced by water, and also two of the platinum centers can be coupled by a 
single halo bridge. The cationic complex (48) reacts with methyl iodide by alkylation of the 
phenyl ring (49; equation 185). The bidentate complex with a Pt-C a-bonded methylene 
group (50) formed in equation (186) reacts with Hg(02CMe)2 to give the six-coordinate 
platinum(1V) compound formed by oxidative addition of the Hg-0 bond across the Pt" 
center."' Similar formamidino and triazenido compounds having a Pt-Ag bond have beer, 
~ynthesized,~" along with formamidino complexes having a Pt" to Hg" donor bond. 
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Me1 

ptCl,(SEt2)2 + 20-Me,NC6H4CH2Li - + 2LiCI + ZSEt, (186) 

(51) 

For the tridentate ligand the tetravalent platinum(1V) complex PtC13{C6H3(CH2NMe2)2- 
o,o‘} (56) has been prepared.523 If the cationic platinum(I1) complex 
[PtI{MeC,H,(CH2NMe&-o, o‘}]BF4 (49) is considered to be a metal-substituted arenonium 
ion it should be susceptible to nucleophilic attack. This concept has been used to effect a fully 
reversible, aryl to cyclohexadiene conversion in a metal coordination sphere .524 

524.8.2 Stability of Pt-C bond 

With respect to thermal stability, platinum-carbon a-bonded complexes are among the most 
robust of the transition metal-carbon-bonded compounds. In terms of the stabiiity order for 
organic ligands the sequence is o-phenyl > Ph- >p-phenyl - phenyl > Me > alkyl > 
HC=C.14’ The bond energies for Pt-Ph and Pt-CPh4HPh u bonds have energies of 
264 f 15 and 215 f 23 kJ mol-* In terms of stability to reaction, a number of 
factors need to be considered. For transition metal complexes of higher alkyls, &hydrogen 
transfer can lead to decomposition by alkene elimination. Secondly, the a-bonded carbon may 
be susceptible to direct electrophilic attack resulting in its cleavage, or a similar type cleavage 
may occur by a sequential oxidative addition-reductive elimination sequence, 

524.%3 Chemical reacriom: cleavage and isomerizurion 

In order to integrate this section with that in ‘Comprehensive Organometallic Chemistry’, 
the reactions will again be collected into one of three categories: (i) cleavage reactions at the 
Pt-C bond; (ii) insertion reactions in which a reagent is ‘inserted’ into the Pt-C bond; and 
(iii) replacement reactions in which either the alkyl ligand or one of the other ligands bound to 
platinum(I1) is replaced. 

(i) Cleavage reactions: thermal cleavage 

The ma’or reaction that occurs on heating a metal alkyl is elimination, particularly of 
hydrogenjZ7 In general it is the /3 hydrogen which is most susceptible toward transfer to the 
metal, followed by loss as hydrogen. The avoidance of /3-hydrogen elimination as a 
decomposition pathway accounts for the much higher stability of both neopentyl and 
trimethylsilylmethyl complexes of platinum(I1) such as ci~-€‘t(CH2SiMe&(PPh~)~ as compared 
with the n-alkyl  analogue^.^^*^^^ 
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The thermal decomposition of trans-PtXMeL (L = PEt3; X = Cl, Br, I, CN) in decalin at 
high temperature gives CH4, Pt and PtXzL,. The rate is independent of X, but a relative scale 
of Pt-Me bond dissociation energies obtained by measuring the appearance potentials of 
Pt&+ shows a dependence on X.530 The thermal decomposition of Pt(Bun),(PPh3), in 
dichloromethane solvent gives n-butane and butene-1 in a 1 : 1 ratio independent of the 
decomposition rate (equation 187). No octanes are observed, indicating that significant 
amounts of butyl radicals are not formed.531 The rate of decomposition increases on the 
addition of triphenylphosphine. The reaction is intramolecular since heating a mixture of 
Pt(CH2CD2CH2Me)z(PPh3)2 and Pt(n-CsH17)2(PPh3)2 gives exclusively n-octane, C a I B ,  with 
no detectable deuterium. The proposed mechanism needs to account for three features: (i) a 
vacant coordination site on platinum needs to be generated; (ii) in the absence of added 
triphenylphosphine the rate-limiting step is the initial loss of phosphine but in the presence of 
added phosphine the slow step is the reductive elimination of butane; and (iii) the alkene in the 
intermediate is coordinated sufficiently strongly that it does not exchange with free alkene in 
solution, otherwise deuterium scrambling would be observed in the crossover experiment. 

(187) 

When an unsymmetrical dialkyl platinum(1I) complex is thermolyzed, the distribution of 
alkane and alkene shows that the relative ease of P-hydrogen elimination from the two alkyl 
groups de ends on the number of hydrogens present in the two alkyl groups (equations 188 
and 189)J2 The isopropyl ethyl complex isomerizes at room temperature to PtEtPr"(PPh3)2. 
For a series of symmetrical and unsymmetrical dialkyl platinum(I1) complexes of type 
ck-PtRR'L (L = tertiary phosphine), thermolysis gives only the disproportionation products of 
the two alkyl groups by elimination. In the presence of excess PPh3, thermolysis proceeds 
mainly via a non-dissociative path in addition to the dissociative one. In the presence of excess 
PPh3, thermolysis occurs mainly by a non-dissociative path in which the liberation of alkene 
after facile reversible j?-elimination is probably rate determining. When cis-PtRR'L, is 
thermolyzed in the absence of excess PPh3, the relative rate of /3 elimination involving the R 
group to that involving the R' group is proportional to the ratio of the number of B hydrogens 
in R and R'.533 The mechanism of the thermal decomposition of PtEt2(PEt3), to 
Pt(&&)(PEt& and GH6 is also dependent on the concentration of triethylphosphine. The 
deuterium kinetic isotope effect for reductive elimination of ethane from Pt(C2H5& and 
Pt(&D,),L, (L = PEt3) shows a value of 3.3 for a situation where added [L] is 0.3 M. This value 
indicates C-H(D) bond making or breaking in the transition state, and is compatible with 
rate-limiting reductive elimination of alkane from the Pt-ethyl group.534 Labeling experiments 
on the thermal decomposition of tran~-PtIMe(PR~)~ (R = Me, CD3, Et, Ph, C6HI1; Me = CD3) 
in deuterated and non-deuterated hydrocarbons at 120 "C gives MeH and/or MeD. The main 
route involves homolytic splitting of the Pt-methyl bond to give methyl radicals, which then 
form methane by H atom abstraction from the R groups of the phosphines or from the solvent. 
A minor pathway involves a molecular mechanism via coordinate methyl 

PtMeEt(PPh3)2 - CH, + (33, (188) 

P ~ ( B U " ) ~ ( P P ~ ~ ) ~  % Pt + n-C.,HI0 + MeCH,CH=CH2 

PtEtPr(PPh,), - GH, + GH, i- C3H6 + C3HB 
1 0.61 0.64 0.95 

The condensed-phase thermolysis of the aryl complexes PtR2L and PtR2(L-L) (R = Ph, 
p-MeC,&; L = PPh3, P(c&l,Me-~)~; L-L = dppe, dppm) shows that the primary decomposi- 
tion step is the concerted reductive elimination to form R2 (equation 190). This elimination is 
intramolecular, and no scrambling of ligands occurs prior to pyrolysis.536 This pyrolysis is again 
accelerated by added phosphine, and this suppresses secondary decomposition modes of the 
product platinum phosphine complexes.537 The kinetics of the reaction shows that the reaction 
occurs by a primary concerted unimolecular reductive elimination of biaryl, and conforms to a 
first-order kinetic rate law. The elimination of 4,4'-bitolyl from ci.~-Pt(p-MeC&)~(PPh~)~ has a 
negative entropy of activation. A transition state is suggested where C-C bond formation 
occurs while the Pt-C bonds are undergoing cleavage.538 The compounds cis-Pt(m- 
XCJ34)2(PPh3)2 (X = H, Me, OMe, NMe2) and ~rk-Pt(rn-XC~f-b)(rn-YC~H~)(PPh~)~ (X = H, 
Me, OMe; Y = M e ,  OMe, NMe2) have been synthesized by the Grignard route. At 
temperatures in the 135-150 "C range the complexes stereospecifically eliminate biphenyls.539 
Complexes ~ a n s - P t A r ~ ( f P h ~ ) ~  have also been synthesized, the stereochemistry of the diphenyl 
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complex being confirmed by X-ray crystallography, AAain stereospecific reductive elimination 
of the biphenyl system occurs in a concerted reaction. 

PtRzL, - PtL,+R-R (190) 

Platinacycle complexes of both platinum(1V) and platinum(I1) can be synthesized, and in 
general their thermal stabilities are higher than their open chain counterparts. A considerable 
amount of work has been carried out on the thermolysis of these complexes with a view to 
understanding factors affecting the stability of platinum-carbon bonds, and to understanding 
the pathways involved in their homolysis. The platinum(1V) complex PtI,{ (CH,),] (PMePh)z 
(52) has been prepared by Iz addition to the divalent platinacyclopentane, and the structure 
confirmed by X-ray ~rystallography.~~~ Under thermolysis conditions complex (52) gives a 
mixture of cis- and tr~ns-PtI,(PMe~Ph)~ and butene-1. The proposed mechanism involves initial 
loss of PMeaPh followed by p-hydrogen elimination. Reductive elimination of butene from the 
intermediate alkyl hydride complex completes the reaction (equation 191) .542 As with the 
platinum(I1) analogues, no reductive elimination to give cyclobutane or ethylene is found.*3 

In a comparative study of platinacycles it has been found that (53) and (54) decompose more 
slowly than (56) and (57) by a factor of lo4, but that (55), (56) and (57) decompose at 
comparable rates.544 Decomposition of (53) and (54) is accelerated by added L (L = PPh3), but 
the decomposition of (57) is inhibited. It is proposed that the high thermal stability of (53) and 
(54) reflects steric inhibition of the reaction resulting in cis elimination of Platinum and B 
hydrogen. The relatively rigid five and six-membered platinacyclic rings do not pernit the 
PtCCH dihedral angle to assume the value of O", which is optimal for the 6-hydrogen transfer. 
Inhibition of this P-hydrogen transfer reaction can steer the elimination toward a different 
pathway. At 60°C in CHzClz solvent PtEt2(PBu& gives GH4 and C&; at 120°C 
Pt{(CH2)4}(PB~& gives primarily cyclobutane (equation 192) .544 Further work on this system 
shows the organic product distribution to be sensitive to solvent. Thermal decomposition in 
hydrocarbon solvents at the same temperature leads only to open chain alkenes and alkanes.'" 
Platinacyclobutanes decompose under thermal conditions to produce predominantly cyclopro- 
panes. For L = PEt, in equation (193) mercury must be added to amalgamate the platinum 
formed and prevent it acting as a heterogeneous catalyst to decompose the products of the 
reaction. For L = PW3, P Q 3  the reaction gives P t L  as the platinum-containing product. The 
rate decrease on addition of L agrees with a mechanism involving reductive elimination from a 
three-coordinate platinacyclobutane intermediate. Arrhenius activation energies are in the 
region of 180 kJ mol-' for the reaction.546 

n 

60% 21% 12% 5% 

L.3< e P t L  + D< + CMe, 

98% 2% 
L = PPi, 

(193) 
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Skeletal isomerization of platinacyclobutanes occurs (equation 194). The dominant effects 
favoring (59) are steric. The approach to equilibrium follows first-order kinetics, and a linear 
correlation is found between the reciprocal of the observed rate constant and [L] (L= 
pyridine). A mechanism is proposed involving reversible dissociation of L followed by skeletal 
isomerization of the resulting five-coordinate platinum(1V) complex.547 No crossover products 
are found when the rearrangement is carried out in the presence of a different cyclopropane 
(Scheme 5).548 The formation of platinacyclobutanes from cyclopropanes, skeletal isomeriza- 
tion of platinacyclobutanes, and reductive elimination of cyclopropane derivatives from 
platinacyclobutanes all occur with retention of stereochemistry about the ring. Concerted 
mechanisms, rather than mechanisms involving Zwitterionic intermediates or carbene-alkene 
complex intermediates, are proposed for these t ra~sformations.~~~ Thermal decomposition of 
these platinacycles results in products being formed selectively from the least stable isomer of 
the platinacycl~butane.~~~ Using deuterium-labeled compounds it has been found that two 
types of @-hydrogen transfer occur, although @-hydrogen transfer from the ring of the 
platinacyclobutane is favored over /I-hydrogen abstraction from a methyl substituent. The 
a-hydrogen abstraction process does not occur.551 

Scheme 5 

Heating a solution of Pt(CH2CMe3)2{P(GD5)3}2 (60) in cyclohexane gives 
bis(triethylphosphine-d30)-3,3-dimethylplatinacyclobutane (61; equation 195).552 The other 
major product is neopentane. Selective deuteration experiments confirm that no significant 
fraction of the hydrogens in the ring or its thermolysis products comes from the trimethylphos- 
phine or cyclohexane. The structures of (60) and (61) have been confirmed by single crystal 
X-ray studies.553 The reaction pathway involves dissociation of one PEt, molecule, in- 
tramolecular oxidative addition of the C-H bond of a neopentyl methyl group to platinum, 
and reductive elimination of neopentane. The overall Arrhenius activation parameter E, is 
approximately 210 kJ mol-' .554 Under thermal conditions Pt(CH2CMe2CH2Me)2L and 
Pt(CH2CMe2CH2CMe&k decompose more rapidly than the neopentyl compound by a factor 
of lo4 to give products (62) and (63) (equations 196 and 197). One equivalent of alkane is 
concurrently formed. It is concluded from free energy studies that the strain energy of the 
platinacyclobutanes is small. Free energies of activation for formation of four-, five- and 
six-membered platinacycloalkanes are The complex PtEt2(PEt& under thermolysis 
first loses a PEt3 group. This coordinately unsaturated intermediate PtEt2(PEt3) loses hydrogen 
with equal probability from the ethyl groups. Thus, either side-to-side motion of the PEt3 
ligand within a T-shaped complex is fast relative to reductive elimination of ethane, or some 
other process or geometry causes the ethyl groups to be equivalent.556 

Me 

Me 
I(~DJ)3P)2Pt(CH2CMe3)2 - {(GD5),P)2Pt3< + CMe, (195) 

(60) (61) 

A 
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(63) 

In a discussion on the conformational angles within a platinacyclobutane ring caution is 
expressed about the use of solid state X-ray crystallographic data. Using the Karplus 
relationship on coupling constant relationships to torsion angles, a good correlation is obtained 
in most cases between solution and solid state data. In two cases a wide discrepancy is noted 
and the conclusion is tentatively reached that the solid state data do not give an accurate 
description of the conformational properties in solution. 557 

Solvolysis of the complex (64) in aqueous acetone follows pseudo first-order kinetics with the 
formation of the ring-expanded compound (65; equation 198).558 A carbonium ion pathway is 
supported by 13C labeling experiments. 

.. 

(64) (65) 
L = py; R = H; Ms = mesityl 

A further reaction of interest is the &hydrogen abstraction, which has been used in the 
formation of benzoplatinacyclopentene complexes horn coordinated o-methylbenzyl ligands 
(equation 199).559 

A detailed recent study has been made to try and elucidate whether metallacyclobutanes 
rearrange to alkenes by /3 elimination or by cy elimination to give an intermediate ylide 
complex, which can rearrange to an alkene complex. Using deuterium-labeled platinum(1V) 
platinacyclobutanes it is concluded that the pathway involves a [1,3] H shift (a elimination) 
rather than a [1,2] H shift (@ e l i m i n a t i ~ n ) . ~ ~  Platinacyclopentanes have also been formed by an 
alkene couplin between Pt(cod)p and butadiene. Addition of PMe3 gives complex (66; 
equation 200). 5!1 

f f 
Pt(cod), + 2C4Hb - (cod)Pt 4 (PMe,),Pt 7 PM= ? 

\ k 
(66) 

Compounds such as PtCl(C02H)(PEt3)2 will undergo a similar @hydrogen transfer to give 

(201) 

PtHCl(PEt3)2 and C02 (equation 201).562 

PtCl(COzH)(PEt,)z - PtHCl(PEt,)z + COZ 

(ii) Cleavage reactions: photochemical cleavage 

Platinum-carbon bond cleavage can be photoinduced. The photoinduced reductive elimina- 
tion of cyanoalkanes from trans-PtH(R)(PPh& (R = CHZCN, (CHp)zCN, (CH&CN) involves 
initial isomerization to the cis isomer prior to reductive elimination.563 Photolysis of 
platinacyclopentanes gives alkanes and alkenes.5sq 
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(iii) Cleavage reactions: redox cleavage 

In a study of the electron transfer processes in organoplatinum chemistry, PtR;(PR,), 
complexes are oxidized by IrC1;- to give two principal types of products depending on the 
structure of the alkyl group and the coordinated phosphine. PtMez(PMezPh)2 undergoes 
oxidation to platinum(IV), cis-PtEtzL, (L = PMqPh, PPh3) undergoes Pt-Et cleava e, and 
PtMe2(PPh3)z undergoes both oxidation and Pt-Me cleavage (equations 202-205) j 5  Twc 
equivalents of iridium(IV) are required in each reaction. The energetics and kinetics, as well as 
the observation of alkyl radicals by spin trapping and oxygen scavenging, support a mechanism 
involving the rate-limiting electron transfer from PtR, to IrCli-. The selectivity in product 
formation is associated directly with the paramagnetic formally platinum(II1) intermediate 
PtR2L+. The platinacyclobutane complex (67) undergoes electrochemical reduction to (68) 
without P t - C  cleavage (equation 206).566 

I C &  
PtMe,(PMe,Ph), - PtMe,Cl,(PMe,Ph), (2023 

PtEt(MeCN)(PMe,Ph): + EtCl (203) 
1ICg- 

ch-PtEt,(PMe,Ph), e 
Ircla- 

PtMe,(PPh,), - PtM%Cl,(PPh,), (204: 

I r a -  
PtMe,(PPh,), - PtMeCl(PPh,), + MeCl 

(iv) Cleavage reactions: binuclear elimination 

A formally j?-elimination reaction occurs when [Pt2Et3(p-dppm)z]+ is thermolyzed to give 
[Pt2Et2(p-H)(p-dppm)2~+. This reaction across a biplatinum complex follows first-order 
kinetics, and is not retarded by added dppm. The &elimination step is not rate determiningsc"' 
Photolysis of [Pt,Me,(p-dppm),]+ in pyridine gives PtM%(dppm) and [PtMe(gy)dppm]+, btt  
in MeCN, acetone or CHzClz solvent, reductive elimination of ethane O C C U ~ S . ~  

( v )  Reductive elimination 

Theoretical analysis of the mechanism of reductive elimination leads to the following 
conclusions: (i) in the four-coordinate complex, the better the a-donating capacity of the 
leaving groups, the more facile the elimination; (ii) stronger donor ligands tram to the leaving 
groups will increase the barrier to elimination; (iii) the reductive elimination barrier in 
four-coordinate complexes is controlled by the energy of an antisymmetric bz orbital, which in 
turn depends on the energy of the metal levels: the activation energy for such direct reductivc 
elimination is substantially lower for Ni than for Pt or Pd; (iv) T-shaped tram-MR2L arising 
from dissociation of L in MIX& will encounter a substantial barrier to polytopal rearrangement 
to cis-MR2L,, which has an open channel for reductive elimination of RZ; and (v) if the leaving 
groups are poor donors, cis-trans isomerization in the three-coordinate manifold should be 
easier than elimination. Conclusions (iv) and (v) were drawn for Pd com unds, and hence 
their extrapolation to platinum chemistry must be exercised with caution. 5 6 P  

(vi) Electrophilic cleavage 

Platinum(I1) alkyls are sensitive to cleavage by electro hiles. Hydrogen chloride in ethanol or 
benzene solvent causes cleavage (equation 207) .go The alkyl aryl cornpIexes ch- 
PtMePh(PMePh& and cts-PtMe(p-MeC&)(PMezPh)2 react with the electrophiles HCI, 
HgClz and PtIz(PMezPh)z by selective cleavage of the Pt-Me bond. This differs b o w  
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PtMe(p-MeC&)(cod) where the Pt-aryl bond is cleaved. From the selectivities and rates, it 
is proposed that the &2 mechanism leads to selective Pt-aryl cleavage, and that a different 
mechanism, probably involving an oxidative addition-reductive elimination sequence, leads to 
selective Pt-Me bond cleavage.571 Protolytic cleavage of one P t - C  u bond in 
Pt(YC&4)2(PEt3)2 (Y =p-NMe2, p-OMe, H, rn-OMe, p-F, p-C1, m-F, o-Me, o-Et, m-CF3) to 
give C ~ ~ - P ~ C ~ ( Y C & ) ( P E ~ ~ ) ~  and YC&ls in methanol follows a sequence where electron- 
releasing substituents in the platinum-carbon-bonded aromatic rings increase the rates of 
electrophilic attack, and a fairly good LFER is found. The kinetic isotope effect for DC1 is 
approximately 6.”’ 

( 2 m  

Phenylselenol, diphenylphosphine and diphenylamine cleave Pt-Me bonds, but N- 
bromosuccinimide and 2-nitrobenzenesulfenyl chloride oxidize the methyl platinum(II) com- 
pounds to methyl platinum(1V) complexes (equations 208 and 209).573 rn -Chloroperbenzoic 
acid cleaves the Pt-benzyl bond in PtCl(CHDPh)(PPh& with retention of configuration at 
carbon.s74 

cb-PtMq(PEt,), + HC1 - ck-PtMeCl(PEt& cis-PtCl,(PEt,), + 2CH, 

ck-PtMe,L, + PhSH - cis-PtMe(SPh)L, + MeH 
cis-PtMe,L, + Ph,MH - ck-PtMe(MPh,)L, + MeH 

M = P ,  As 

(vii) Isomerization reactiom 
The cisltruns isomerization of platinum(I1) complexes is a subject which will be discussed in 

some detail when the halide (Group VII) complexes are covered. Nevertheless the importance 
of reductive elimination reactions of platinum(I1) alkyl and aryl complexes makes it imperative 
that this reaction be discussed here for alkyl and aryl platinum(I1) compounds. 

For the complexes ~is-l’tBr(R)(PEt~)~ (R = Ph, p-MeC6€L, o-MeC6&, o-EtC&, 2,4,6- 
Me3&H2) the isomerization rate is first order in platinum complex and is slowed by added Br-. 
Ortho substitution in the phenyl ring only slightly affects the rates of isomerization. The 
reaction involves a dissociative asynchronous mechanism in which the rate-determining step is 
breaking of a Pt-X bond to yield the three-coordinate ’cis -1ike’ intern~ediate.~’~ A phosphine 
dissociation assisted by a solvated platinum(I1) complex has been proposed,576 but refuted on 
kinetic grounds.577 Large values for AH# and large negative AS# values are obtained for this 
isomerization. The rates correlate with the Hammett parameters of the Y substituents or with 
the set of Swain and Lupton dual-substituent parameters, which again indicates that 0 rather 
than 3t interactions are dominant in the Pt-Ar bond.578 In hydroxylic solvents and acetonitrile 
the role of the solvent is to promote the breaking of the P t -C l  bond, leading to ligand 
substitution or uncatalyzed isomerization.s79 

A useful method to probe whether the reaction mechanism involves an associative or 
dissociative pathway is to measure A V  (the volume of activation) for the reaction. High 
pressure kinetics in methanol give AV+ = -12 cm3 mol-’ for an associative first step, and 
f 7 . 7 ~ m ~ m o l - l  for the isomerization reaction. It is proposed that the faster reaction is a 
solvolytic replacement of C1- followed by a dissociative isomerization step with 
[PtR(MeOH)(PEt3)$ (R = alkyl, aryl; equation 210).580 Since isomerization and substitution 
reactions are mechanistically intertwined, it is useful to note here that for the rates of 
substitution of both cis- and tr~ns-PtBr(2,4,6-Me~C~H~>(PEt~)~ by I- and thiourea? the volumes 
of activation are negative, in support of associative processes .581 Further support for associative 
solvation as the first step in the isomerization of aryl platinum(I1) complexes has been 
presented,582 and the arguments in favor s ~ m m a r i z e d . ~ ~  

cis-PtCIR(PEt,), =OH > ck-PtR(MeOH)(PEt& % trans-PtCIR(PEt,), (210) 

The photochemical isomerization of PtClPh(PEt& in acetonitrile solvent occurs at 254, 280 
and 313 nm. For c i s 4  tram isomerization the quantum yield is close to 0.1 at all wavelengths, 
but for truns+cis isomerization the quantum yield varies from 0.5 to on changing A. 
from 254 to 313 nm.584 
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52.4.8.4 Insertion reactions 

(i) Carbon monoxide 

The insertion of CO into metal-carbon u bonds has been reviewed.58s590 Carbonylation of 
alkyl platinum(I1) complexes usually requires elevated temperatures, although at higher 
temperatures the reaction is reversible (equation 211).591 With PtMe2(dppe) insertion occurs 
into only one of the Pt-Me bonds. For complexes PtX(Ar)L, carbonylation follows pseudo 
first-order kinetics. Rates are decreased by addition of L to a maximum value where the 
carbonylation rate is independent of L. The pathway involves formation of a five-coordinate 
intermediate PtX(Ar)(CO)L, followed by dissociation to form PtX(Ar)(CO)L. The migratory 
step to yield PtX(C0Ar)L is unaffected by added L. This pathway is outlined in Scheme 6.m2 

90 “C, 80 a m  

trans-PtC1(Me)(PEt3), + CO 2 140°C rram-PtC1(COMe)(PEt3)2 (211) 

PtX(Ar)(CO)L -k, PtX(C0Ar)L 
Scheme 6 

For the three geometric isomers of PtC1(Ph)CO(PMePh2), (69), (70) and (71), only (69) 
undergoes carbonyl insertion (equation 212). Replacement of the phenyl group by other R 
groups affects the equilibrium position in equation (212), the tendency towards the acyl 
decreasing in the order R = Et > Ph > Me > CH2Ph ( ~ 0 ) ~ ” ~  From the reaction of H@h2 with 
cis-PtC12(CO)L, benzoyl complexes Ptz(p-C1)2(COPh)2L, (L = PEt,, PMe2Ph, PMePh2, PPh3, 
PCy,) or phenyl complexes PtCl(Ph)(CO)L (L = P(o-MeC6H&, AsMePh2, AsPh3) can be 
obtained. Low temperature NMR studies show that the initial product is the phen 1 carbonyl 

31P NMR techniques a number of intermediates resembling those discussed earlier are 
identified.5Y2’595 The use of elemental sulfur to remove PR3 from the system is critically 
important in identifying some of these intermediates. In the equilibrium reaction (212) electron 
donating substituents in the meta and pura positions of the aryl substituent promote formation 
of the insertion product, and a correlation with Hammett u values is found. Enthalpies of the 
reaction became less negative with electron-withdrawing groups, which is ascribed to a 
strengthing of the Pt-Ar bond.596 The five-coordinate intermediate PtC12(CO)L is also a 
likely one for isomerization reactions, and carbon monoxide will catalyze trans to cis 
isomerizations of PtC12b.597 

complex, and that acyl complexes are formed by a subsequent insertion rea~t ion.~ B By using 

(70) (71) 

The decarbon lation of trans-PtC1(COR)(PPh3)z (R = alkyl, aryl) complexes is promoted by 
tin(I1) chloride.” Complexes trans-Pt(SnCl3)Ph~ (L = PPh3, PMePh2) react with CO to form 
trans-[PtPh(C0)L]SnCl3, then slowly to give trans-Pt SnC1, C0Ph)L. The role of SnC1: 
appears to be to provide a good leaving Co!!sequently a mixture of cis- 
PtCI2(CO)(PPh3), and SnClz.2H20 in aqueous acetone is an active catalyst for alkene 
hydroformylation.600 Solvent effects are important in the chemistry of ~is-PtCl,(C0)(PPh,)~ 
since in acetone and acetonitrile ligand rearrangement reactions occur, but in chloroform only 
the simple insertion of SnCh into one Pt-CI bond is observed.601 

An interesting ligand effect is found by changing the ditertiary phosphine. The complex 
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Pt(C02Me)C6H9(dppp) readily inserts CO to give an acyl complex (equation 213), but the 
dppe analog does not react.602 

M e 0 , d  

An MO study of CO insertion into the Me-Pt" bond has considered a number of pathways, 
and the factors involved have been weighed. Trans influence arguments and the facility of the 
supporting ligands to migrate between different structures are considered. The relative 
stabilities of isomers and the potential barrier for isomerizations are investigated; the Y-shaped 
complex is unstable and isomerizes to a T-shape with no barrier. The relative stability of 
T-shaped complexes is explained by the trans influence effect .*3 

(ii) Sulfur dioxide 

The complex truns-PtClR(PEt& will insert SO2 into the Pt-C CT bond.604 

(iii) Zsocyanides 

Isocyanides will insert into platinum-carbon (T bonds. The compounds trans-PtXR(PPh& 
(X = Br, I; R = Me, Ph) react with p-chlorophenyl isocyanide at ambient temperature to give 
[trans-PtR(CNR')(PPh&]X, which on refluxing undergoes insertion to form 
PtX{C(=NR')R}(PPh3)2.605,606 The rate increases as the nucleophilic character of the carbon 
atom of the alkyl or aryl group increases. The rate increases with increasing electrophilicity of 
the isocyanide ligand. Mechanisms have been proposed where the ionic compound is an 
intermediateMn or Complexes of this imino type have been used to prepare 
heterobimetallic complexes by using the imino nitrogen atom as a ligand to a second metal ion 
(equation 214).w9 

( iv)  Alkenes and alkynes 

Insertion of alkenes and alkynes into a platinum-alkyl bond leads to the formation of 
platinum alkyl and vinyl complexes. Typical reactions are shown in equations (215) and (216). 
The reactivity shows little dependence on X, but for L the dependence is in the order 
L = AsMe2Ph > PMetPh > PPh3. Electron-withdrawing substituents on the alkene or alkyne 
favor the reaction, possibly because such substituents stabilize both the formed alkyl and vinyl 
complexes, and the five-coordinate n-alkene and malkyne intermediates (equation 217).610 
Such five-coordinate intermediates need not yield product directly. A free radical route has 
been proposed for the insertion of alkynes where the five-coordinate intermediate (72) reacts 
with a radical P t M e k ,  formed by halogen loss from PtMeClk, to give a platinum(1) alkyne 
complex (73) which undergoes the insertion reaction (equation 218). Side reactions can occur. 
A radical pathway may result in the formation of HCI which can attack (72) to give the 
p-chlorovinyl platinum compound (74; equation 219) .612 

PtX(Me)L, % PtX(CR2CR2Me)I+ (215) 
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C2R2 

PtX(Me)L, + PtX(CR=CRMe)L, (216) 

(217) 
(218) 

&am-PtMeCl(PMe,Ph), + G(CN), - PtMeCl{G(CN),} (PMezPh)z 
PtMeL. + PtMeCl(RC=CR)L - PtMe- + PtMe(RC=CR)L,- 

(72) (73) 
R. *R 

PtMeCl(RMR)L,  + HCl __* LMe(C1)Pt )c-.<,, 

524.8.5 Reactions of vinyl and acetylide compleres 

The reaction between rotic acids and platinum(I1) vinyl complexes is dependent on the 
particular a-vinyl groupJ3 For CH=CHCl, which has a hydrogen on the LY carbon, P t - C  
cleavage occurs, but for CCl=CHCl and CCkCHMe, the reaction with HCl gives an 
equilibrium mixture of vinylic isomers (equation 220). a-Chlorovinyl platinum(I1) complexes 
react with alcohols to give carbenes (see Section 52.4.6).614 In considering reactivities of 
platinurn(I1) vinyl complexes, it may be worth noting that a survey of the available structural 
data concludes that there is little, if any, back donation from Pt to C in platinum-vinyl 
bonds.61s 

Chlorovin 1 complexes undergo HC1 elimination with amine bases to form the acetylide 
complexes.d The rate of this reaction (equation 221) is solvent dependent, decreasing in the 
order PhN02 > CDCI3 = CDzC12 >> C6D6 -i= CC14, and dependent on the group bonded trans to 
the vinyl. The order is (2iiiiCH = CCl = CH, > C1>> C(0Me)Me. 

trans-Pt(CCl=CH,),L, + 2Me,N - t r a m - P t ( ~ H ) z L  + 2(Me3NH)C1 (221: 

The formation of carbene complexes by protonation of platinum(I1) acetylides has been 
discussed. Both acetylide groups in tr~ns-Pt(-R)~(PMe~Ph)~ (R = H, Me) can be cleaved 
by HC1 (equation 222).616 

(222; 

The triple bond can be reduced with hydrazine to form the vinyl complex with a cis 
stereochemistry about the carbon-carbon double bond (equation 223).6'7 The five types 01 
reaction between platinum acetylide complexes and aprotic compounds A-B have been 
summarized. These are (a) oxidative addition (A-B is Iz, IBr, ICN, Me1 etc.); (b) insertion 
(A-B is G(CN)4); (c) addition across the triple bond to form vinyl complexes (A-B is 
CF3COC1, o-tetrachloroquinone, Br, NOC1); (d) insertion into the C-H bond (A-B i$ 
(CF3)2CO); and (e) formation of five-coordinate adducts.618 

trapls-PtI~CR),(PMe,Ph), + 2HC1 - PtCl,(PMe,Ph), + 2 R m  

(223: N2Hq tr~ns-Pt(G=cR),(PMe~Ph)~ - h.um-Pt(CH=CHR-cis),(PMe,Ph), 
52.4.8.6 Reactions of bis (dipheny lphosphiny 1)mefhanide complexes 

Oxidation of dppm followed by addition of 1 mole of Bu*Li gives the compounc 
Li[CH(Ph2PO)2], which reacts with Pt2C14L, (L = PBu;, PPh3, PEt3) to give the Pt--C-bondec 
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complex (75; e uation 224). The structure of (74) has been confirmed by X-ray 
crystallography. 617 

52.4.9 Platinum Alkene Complexes 
Platinum alkene complexes have been known since 1830 when Zeise's salt was discovered. 

Alkene complexes of platinum(I1) are kinetically more stable than their palladium counter- 
parts, but this feature makes them less attractive for applications in homogeneous catalysis. A 
number of reviews have been written on alkene complexes. 62M23 

5249.1 Bonding 

Alkene complexes can be prepared with platinum in a divalent or a zerovalent oxidation 
state. The electron density at the platinum center exerts significant changes in bonding between 
the alkene and platinum. These effects exhibit themselves in both structural features and 
chemical reactivities. 

An alkene complexed to platinum(I1) is only slightly modified on coordination, but 
complexation to platinm(0) causes major changes. Platinum(0) alkene complexes show both 
weakening and lengthening of the carbon-carbon bond, as well as distortion of the plane of the 
double bond away from the platinum. In platinum(I1) alkene complexes the double bond lies 
approximately perpendicular to the square plane of platinum(II), but in platinum(0) complexes 
there is only a small dihedral angle between the platinum and alkenic planes. For platinum(I1) 
the energy barrier to free rotation of the alkene about the platinum(I1)-alkene bond is only 
about 40-65 kJ mol-', whereas no rotation is observed with platinum(0) alkene complexes. 
Alkenes bonded toLplatinum(II) exert a large tram effect but only have a small trans influence. 

is described by a Chatt-Dewar-Duncanson 
r n ~ d e l . ~ ~ ~ , ~ ~  This model considers a u (alkene to platinum) bond to be formed by donation of 
electron density from the filled pn orbital on the alkene to the empty 5dz25d,2-,26s6pz hybrid 
orbital on platinum, and a n (platinum to alkene) bond being formed by back-donation of 
electron density from the 5dY,6py hybrid orbital on platinum to the empty PA* antibonding 
orbital on the alkene. Calculations of the total energy of PtC12(NH3)(C&LJ as a function of 
torsion angle between the platinum and alkene planes shows a deep energy minimum at 90",627 
although steric interactions cannot be ignored.4z8 The near planarity of platinum(0) alkene 
complexes is considered to be due to the n back-donation causing the platinum center to 
become closer to the geometry required for a platinum(I1) ion. Alternatively partial electron 
transfer to the alkene will cause the formally dl* platinum(0) center to have less than 10 
electrons, which wiIl lead to a Jahn-Teller distortion in which the tetrahedron is flattened.629 

The bonding in metal-alkene 

5249.2 Platinum(I1) alkene complexes 

(i) Synthesis 

Zeise's salt was originally prepared by refluxing a solution of KZPtCI, in ethanol to give 
K[PtC13(&&)] and acetaldehyde. Substitution reactions of platinum(I1) complexes can be 
generally used for the direct synthesis of alkene platinum(I1) complexes. The reaction of 
ethylene with PtCli- is slow but can be accelerated by the addition of SnC12-430,631 The 
reactions follow a usual two-term rate law via a fhst-order and a second-order pathway. The 
rate constant for reaction with PtC13(H20)- is reater than with PtC1i-,632634 and the product 
PtC13(&&)- catalyzes the aquation of PtC8-.m5 The overall reaction is summarized in 
equation (225). Halide replacement to give cationic alkene complexes can be induced by the 
addition of a silver salt of a non-coordinating anion such as tetrafluoroborate (equation 226).636 

COC -N 
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Alkene complexes can also be prepared by bridge-cleavage reactions (equation 227) .637 The 
rate-determining step is probably the cleavage of one bridging halide. A 31P NMR study shows 
that allene reacts with Pt2C14(PMe2Ph), at low temperatures to give trans- 
PtC12(C3&)(PMe2Ph). At 20 "C, allene reacts with Pt2C14(PR3)2 (PR3 = PPr;, PMe2Et, 
PMe2Ph) to give cis-PtC12(C3H4)(PR3) (equation 228). The structure shows the allene 
complexed via one of the double bonds.638 

H20,ki 

PtCl,(H,O)- e PtClf PtcI,(c&)- ( 2 3 )  

(226) 
[PtClZ(PR,)]z i- 2CHAHCHzOH 2 ck-PtCl,(CH-CHCH,OH)(PR,) (227) 

(228) 
Alkene substitution reactions can also be used to prepare new complexes. The rate of 

substitution of ethylene in trans-PtC12(GH4)py is markedly reduced by the presence of ortho 
substituents on the pyridine.639 The substitution of styrene in trans-PtCl,(PhCH=CH,)(p- 
ZC6&NH2) by pentene-1 in CHCl,/EtOH follows a typical platinum(I1) two-term rate law, the 
ethanol promoting the solvent-assisted pathway. The rate of substitution increases with 
increasing base strength on the aniline (equation 229).640 Ethylene replacement in 
PtC1(GH4)(acac) is a route to the synthesis of the vinyl alcohol complex 
PtCl(CHdHOH)(acac) (76). The method involves displacement of ethylene by 
CHzCHOSiMe3 followed by hydrolytic cleavage of the &Si bond to give (76; equation 
230).641 

k37 C,H, 
PtBr,(l,S-cod) + acacH + 2AgBF4 - [Pt(l,5-cod)(acac)]BF4 + 2AgBr + HBF, 

Pt,CL(PR,), + 2 allene - 2 cis-PtCl,(allene)(PR,), 

~~u~-P~C~,(P~CH=CHJ(~-ZC~H~NH~) + CSHio - 
tr~s-PtCl,(C,Hlo)(p-ZC,H,NH,) + PhCHSHZ (229) 

H O  
PtCl(GH,)(acac) + C H 4 0 S i M e 3  - PtCl(CH&OSiMe&acac) + GH, 

PtCl(CH,-CHOH)(acac) + Me,SiOH (230) 
(76) 

Other supporting ligands will undergo substitution in platinum(I1) alkene complexes to give 
new alkene complexes. The trans effect of alkenes on substitution rates is very high, and an 
explanation is usually given interrelating the alkene back-bonding ability with the stabilization 
of the pentacoordinate intermediate. Pentacoordinate platinum(I1) alkene complexes are quite 
uncommon. One example is found when Zeise's salt is treated with bis(aceta1dehyde 
methylphenylhydrazone).642 Bidentate aliphatic diamines react with Zeise's salt to give 
complexes PtC12(C&)L (L = N,N,N',N'-tetramethylethylenediamine (Me4en), N,N,N', N'- 
tetramethylpropane- 1,3-diamine (Meqn) or N ,  N,", N'-tetramethylbutane-1 'Cdiamine 
(Me,bn). In CHC13 solution the Me4en complex has a five-coordinate structure for tempera- 
tures up to 10 "C, where ethylene dissociates. At 34 'C, the Me4pn complex has a geometry 
intermediate between four- and five-coordinate, the five-coordinate compound becoming 
increasingly important as the solution temperature is lowered. The Me4bn complex at 34 "C is 
four-coordinate, but is undergoing head-to-tail  arrangement.^^ 

The characterization and calorimetric results for a series of displacement reactions (equations 
231-233) show little difference between C6H6 and CH2C12 solvent .644 The relative displacement 
energies P(OPh)3 >> ethylene > cyclooctene > &-butene > styrene > cyclopentene > 
nitrostyrene>cyclohexene. These data are used to give a thermodynamic description of the 
trans effect. 

(231) 

(2321 

are 

~PtC12(alkene)], + 2py - 2PtCl,(alkene)py 
PtCl,(alkene)py + P(OPh), - PtCl,py{P(OPh),} + alkene 

PtCl,py{P(OPh)3} + P(OPh), - PtC12{P(OPh)3}2 + py (233: 

Dienes such as norbornadiene, 1,5-cyclooctadiene and Dewar hexamethylbenzene will form 
mononuclear chelate complexes such as PtX2(diene) (X = halogen) .&Q5 Alkene isomerization 
may occur. Thus whereas complexes of 1,4- and 1,5-cyclooctadiene have been obtained which 
involve no isomerization,a63M7 under different experimental conditions phosphine complexes of 
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platinum(I1) cause isomerization to the 1 ,3-isomerna8 Cationic chloride bridged complexes 
have been prepared from PtCl,(diene) by reaction with (Et30)BF4 (equation 234).649 

2PtC12(diene) + 2(Et30)BF4 - [Pt,Cl,(diene),](BF,), + 2Et20 + 2EtCl (234) 

Chloroplatinate(I1) salts can be used to prepare diene complexes of platinum(II), e.g. 
PtC12(C&18) from Dewar hexamethylbenzene,6*B' and PtC12(diene)2 from 4- 
vinylcyclohexene, 1 ,Ccyclohexadiene, cis,cis-1 ,Qcyclononadiene, bicyclo[3.3.l]nona-2,6-diene 
and met h ylenecy clo pent ene . 652-656 

Alkenes which have no symmetry planes perpendicular to the plane of the double bond such 
as trans-butene2 or propene can coordinate to platinum in two enantiomorphous ways (77) 
and (78). If an optically active ligand is also bound to platinum II , then two diastereoisomers 

and trans isomers of complexes PtCl(N-O)(alkene) have been repared, where N-0 is an 
anion derived from an amino acid (equations 235a and 235b). -sm& Epimerization cannot occur 
by simple rotation of the alkene about its bond axis, but only by a mechanism involving 
cleavage of the platinum(I1)-alkene bond. 

are found which can be separated by fractional crystallization6 I ' ? 658 or by HPLCBS9 Both cis 

(235a) 

A series of complexes cis-PtC12{ (S)-TMSO} (alkene) (TMSO is p-tolyl methyl sulfoxide) 
have been prepared and characterized. The discriminatory effect of the chiral sulfoxide ligand 
is not large. Most alkenes are induced to prefer the ( R )  configuration, but butene-1 and 
3,3-dimethylpropene-l adopt the (S) configuration. Increasing the length or bulk of the 
aliphatic side chain of the alkene has only a small effect on the discrimination. No significant 
difference is found between disubstituted and monosubstituted alkenes. These authors stress 
the importance of the diastereotopic interaction as being that which leads to asymmetric 
discrimination. Relatively large discriminations are observed for the alkenic rotation barriers of 
the (R) and (S) alkene diastereomers; the (S) alkene rotates much more quickly than the (R) 
alkene d i a~ te reomer .~~  The rotation barriers are measured, and can be compared with the 
DMSO analogs.& The absolute configuration of PtC12{ ($)-methyl p-tolyl sulfoxide} { ( R ) -  
styrene} has been determined by X-ray crystallography. The Bijvoet method shows the 
absolute configuration at the asymmetric carbon atom which is formed upon alkene 
coordination is (R). 667 For the complex PtC12{ (S)-methyl p-tolyl sulfoxide}[Me2CHCH=CH2] 
a similar method shows the absolute configuration at the asymmetric carbon atom of the alkene 
to be (S). 

The first crystalline optically active complex [ptCl( o -benzenediamine) { (S)-Zmethyl-2- 
butene}]BPh4 shows that the ligands cis to the alkene affect the CD spectrum more than the 
trans ligand.669 Substitution of cis-1 ,Zdichloroethylene for the coordinated (S)-2-methyl-2- 
butene proceeds in accordance with the second-order rate law, there being no contribution 
from the solvent path. For the complexes tram-PtCl2{R(Me)CHCH=CH2}py (R = Et, Pr', 
But) the two diastereomers formed in the complexation of the chiral a alkene to Pt" are 
present in different concentrations in solution the diastereomer of opposite absolute 
configuration at the two chiral centers being the prevailing Five-coordinate complexes 
PtClz(diarnine)(alkene) (alkene = acrolein, acrylonitrile, fumarodinitrile, maleic anhydride and 
maleimide) have been isolated where the diamine is chiral of (R, R)-N, N' configuration. 
Structures have been solved for the ethylene and propylene analogues, and the two prochiral 
nitrogen atoms have equal absolute configurations identical with those of the asymmetric 
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carbon atoms of the ligand .671 Enantiomeric discrimination in platinum(I1 alkene complexeS 
has also been accomplished by using chiral lanthanide shift reagents.b2 Pentacoordinate 
platinum(I1) alkene complexes with a chiral imine ligand have been prepared and the 
diastereomers identified through the use of high field 'H and 13C NMR spectroscopy.673 

Cyclic monoenes and alkenes with chelating heteroatoms readily form complexes with 
platinum(I1). The structure of Pt2C12(p-C1)2(cyclopentene)2 shows only a slight elongation of 
the C=C double bond on coordination.674 

Among the heteroatom chelated alkene complexes, 2-allylpyridine coordinates to platinum 
through both nitrogen and alkene to give cis-PtCl2(2-CHz=CHCHzpy) (equation 236) .675 
N-Allylpyrazole reacts with K2PtC14 in the presence of HCI to form the bidentate complex 
with N and the alkene coordinated.676 The chelate complex PtCl,(CHFCHC&NH,-o 1 
is formed from o-vinylaniline (equation 237) .677 Similar platinum(I1) complexes have 
been prepared using o-vin 1 4 ,  N-dimethylaniline, o-isopropenylaniline and o 4sopro- 
penyl-N,N-dirnethyla~~iline.~~ s-? 8o De protonation of PtC12(CH~C(Me)C6H4NHMe-o) gives 
[PtCl(CHd(Me)C&I$JMe-o)k with bridging amido ligands and the alkenes in trans 
positions across the Pt, centers.6 

RC1:- + 2-CH?CHCH,py - PtClZ(2-CHfCHCHzpy) + 2C1- (236) 

(237) 

The pentenyl-phosphine and -arsine ligands C H F C H ( C H ~ ) ~ E P ~ ~  (E = P, As) form mono- 
meric chelate complexes.682 The compounds o-styryldiphenylphosphine , o-styryldimethylarsine 
and but-3-enyldi(cyclohexyl)phosphine form chelates PtX2(L-L).68M85 These complexe 
react with I- and SCN- to give a variety of complexes in which the double bond may 0% 
may not remain coordinated. In an approach directed toward the synthesis of alkem 
platinum(1V) complexes, iodine reacts with PtMe2(CH~CHC6H4PPh2-o) to give 
PtMeI(CH2=CHC&PPh2-o) by Pt-Me cleavage. The reaction with Me1 is proposed ;r 
involve initial oxidative addition at platinum(I1) followed by methyl transfer from platinum(1V: 
to the most substituted alkenic carbon.686 The structures of P~(M~)~(CHFCHC~H+PP~Z-.:  
and Pt(CF3)2(CH&HC6H4PPhz-o) have been compared.687 The alkenic di(tertiary phos 
phine) o-Ph2PC6H4-t-CH=CHCH(Me)c6H~PPh2-o reacts with chloroplatinum(I1) complexe! 
to give complexes of type (79), which have been formed by vinylic hydrogen abstraction."' 
Similar chelate complexes can be prepared from alkenic sulfides.689 

The chelate complex PtCl2(CH&HC&AsPh2-o) reacts with methoxide ion at thc 
coordinated double bond to give an alkyl complex (SO; equation 238).690 The structures of bas1 
compounds have been verified by X-ray crystallography. Analogous cationic complexes haw 
been isolated, and their reactions with nucleophiles and electrophiles discussed.@=" 

(238 
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(ii) Structure and reactions 

(u)  Diffraction studies and theoretical calculations. Hartley's chapter on platinum chemistry 
in 'Comprehensive Organometallic Chemistry' gives an extensive list of the crystal structure 
data for platinum alkene complexes, and it would be superfluous to discuss the subject again 
here. A neutron diffraction study of Zeise's salt K[PtCl3(C&Q].HzO shows the P t -C l  bond 
trans to ethylene as being significantly longer than the cis Pt -CI  bonds. The C - C  distance of 
1.375(4) 8, is 0.038 8, longer than the value found in free ethylene, an indication of some 
dn-pn* back-bonding from Pt" to ethylene. This is supported by the observed bending of the 
four hydrogen atoms away from the platinum atom. The carbon atoms are at an average 
distance of 0.164%, from the plane of the four hydrogen atoms, and the angle between the 
normals to the methylene planes (the a angle) is 32.5". Both the magnitude of a and the C--C 
bond lengthening are considerably smaller in Zeise's salt than in metal complexes of W4 and 
G(CN)4, suggestin that the amount of M-t L back-bonding is greater in these complexes than 

Using the self-consistent-field Xa-scattered wave method, it has been concluded that the 
u-bonding components are considerably more important than 3t back-bonding for the 
complexation of ethylene in Zeise's salt. These calculations are in agreement with the peak 
positions found in the optical spectra.693 It appears likely, therefore, that even small 
contributions from JT back-bonding overlap can cause marked geometric changes in the 
complexed alkene, The neutron diffraction structure has been compared with calculated 
structures of PtCl3(C&)- by ab initio calculations using relativistic effective core potentials, 
and to incorporate the relativistic effects on the valence electrons. The calculated barrier to 
rotation (63 kJ mol-') agrees with the observed barriers (40-60 kJ mol-') in platinum alkene 
complexes. The barriers to rotation and binding energies both decrease in the order Pt > Pd.694 

those of ethylene. $2 

(iii) NMR studies 
The NMR spectrum of polycrystalline [PtC12(C?Z14)]2 indicates the presence of a rocking 

motion perpendicular to the platinum(I1)-alkene bond, and a wagging about the carbon- 
carbon double-bond axis.695 A similar type of motion is observed in the NMR spectrum of 
single crystals of Zeise's salt.6" 

A 'H NMR study of rrans-PtCl2(&H4)py in a nematic solution in CD2C12 shows the ratio of 
dgem/& to correspond with the structure obtained by neutron diffra~tion."~ The plane of the 
pyridine ring is inclined at an angle to the PtC12 plane with rapid reorientation between the 
symmetry-related forms.@' 

In solution an alkene bonded to platinum(I1) undergoes twisting about the axis of the alkenic 
double bond and rotation of the alkene about the platinum-alkene bond. From the coalescence 
temperature, the energy barrier to rotation is found to be between 41.8 and 62.8 W mol-', and 
this is almost independent of the alkene, the halogen, and other substituents on the supporting 
ligands. The five-coordinate pyrazoylborate complexes, however, show no evidence of alkene 
rotation. In a precise study of substituent effects on the energetics of alkene rotation, it appears 
that for a group of 4-substituted pyridine ligands there is an overall trend that AG+ decreases 
with decrease in pK. of the pyridine.6w This correlates with calculations showing little 
dependence of the rotational barrier on the strength of the Pt"-alkene 3t bond.'" A series of 
five-coordinate platinum alkene complexes PtX&(alkene) has been prepared where is a 
0, u, N,N'-bonded Lu-diimine or N,N'-disubstituted 1,2-diaminoethane. The five-coordinate 
structure is found both in the solid and solution state. The alkene is undergoing rotation with a 
barrier of 55 W mol-' for styrene and 67 kJ mol-' for rnetha~rylate.~'~ 

Four-coordinate platinum(I1) alkene complexes will undergo isomerization under 
photochemi~al~~ or therma1703 conditions. The photochemical pathway is proposed to occur via 
a bridged dimeric intermediate. 

Upon coordination of the carbon-carbon double bond to platinum(II), the alkenic proton is 
shifted upfield. In a series of complexes trans-PtCl2(C&)@-pyridine N-oxide), this shift is 
increasingly upfield as the para substituent becomes less electron releasing, because of 
increasing n backdonation of charge.704 Protons in alkyl groups adjacent to alkenic double 
bonds shift downfield OR coordination, the degree of shift depending on the distance between 
the alkyl groups and the platinum atom.7o5 Carbon-13 data (S and J )  have been measured 
for the platinum(I1) complexes truns-PtClz(alkene)Mepy, PtC13(alkene)- and [PtCl- 
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(alkene)(NH3)2]BF4 where the alkene is p-YC6&CH=CH2, RCH=CH2, RCH==CHR or 
CHpCH(CH2),X. The observed trends in S(”C) and J(PtC) have been qualitatively 
rationalized using a valence-bond description. The data support the view that for these 
platinum(I1) complexes the donation from alkene A to a platinum a orbital is the predominant 
component of the alkene-platinum A co rrelation has also been found between the 
Pt-alkene distance and the values of ‘J(PtC) for a series of para-substituted styryl (pyridyl) 
platinum complexes with substituents having different a,+ values.7o8 

(i.) Vibrational shrdie3 

In Zeise’s salt the accepted position of the v3 (C=C stretching) mode is at 1243 ~ m - ~ . ’ ~  This 
report corrected many earlier published claims, the problem being that the C=C double-bond 
stretching mode and the in-plane CH2 deformation mode both have al symmetry and similar 
frequencies. In view of this assignment problem, the best way of assessing the perturbation of 
alkenes on coordination is to sum the percentage lowering of the C=C stretching and CH2 
deformation modes .710 For substituted platinum(I1) alkene complexes, fine tuning of the 
electron density on the supporting ligand causes little influence on either the C=C or the PtC, 
stretching vibrations. 

( v )  Reactions of alkenes complexed to pZatinum(II) 

Alkenes bonded to platinum(I1) can be displaced by strongly coordinating ligands such as 
cyanide ion or tertiary phosphines. The displacement of ethylene from Zeise’s salt by 
phosphines is a useful method of preparation of complexes t r a n ~ - P t C l ~ ( P R ~ ) ~ . ~ ~ ~  Amines will 
also displace alkenes from coordination to platinum(II), but this reaction can compete with 
nucleophilic attack at the coordinated alkenic carbon. The stability of platinum(I1) alkene 
complexes follows the sequence C2H, > PhCH=CH2 > Ph2C=CH2 = Ph(Me)&CH2.712 

The most important reaction of platinum(I1) alkene complexes is nucleophilic attack at a 
coordinated carbon atom. The most studied nucleophile in this context is the amine nitrogen. 
Amines attack coordinated monoalkenes, and if tertiary phosphine or amine ligands are 
present these stabilize the Zwitterionic platinum-carbon a-bonded complexes that are formed 
(equation 239) .71s715 The attack occurs trans to platin~rn.~” Substituents adjacent to thc 
alkenic double bond affect the direction of attack, forcing reactions anti-Marko~nikov.~~‘ 
Nucleophilic attack by amines on platinum(P1) alkene complexes is reversible, the position oi 
equilibrium depending largely on the steric bulk of the amine. Equilibrium constants for the 
reaction of PtCl(Y)(Z)&H4 with amines have been measured. Lack of bulk in the amine if 
more important than its basicity. Data have been collected for Y = C1, Z=amine anc 
Y = Z = acac. Enthalpies and entropies are negative. The data are compared with those foi 
pyridine as the nitrogen base where five-coordinate complexes are formed by attack a1 
platin~m(II).~l~ When substituted alkenes are used, the direction of attack at the C=C doubls 
bond by amine nucleophiles is determined by electronic effects rather than steric effects, unksr 
the latter are very A similar reaction of cis-[PtC12(l,l-dimethylallene)L] (L = PPh, 
AsPh3, p -MeC&NH2, DMSO) with amines R3N gives Zwitterionic alkenyl complexe: 
(equation 240a) .719 The o-bonded alkenyl group is perpendicular to the platinum coordinatior 
plane, and a short intramolecular contact between the N and a Cl suggests hydrogen bonding 
These complexes will rearrange to the n-bonded alkene complex if the amine is a primarj 
aromatic amine (equation 240b).”’ Although PtCIZ- reacts with 4-pentenylammonium ion t c  
form an alkene complex, this compound slowly converts back to PtCli-. The reaction involve! 
intramolecular attack by amine at the coordinated double bond, and the intermediate (81 
slowly converts back to PtCli- by acid cleavage of the P t 4  bond.721 A similar cyclization hac 
been promoted by reaction with base on the Zwitterions formed by nucleophilic amine attacl 
on a platinum(I1 allene complex. Compounds (82) and (83) have been verified by X-ra! 

the terminal positions of both double bonds to form a diplatinum complex with two trans-fusec 
five-membered rings.723 Two other four-membered ring complexes similar to (82) have beel 
verified by crystallography, the complexes being formed from MezNH and the respectivc 
ethylene and allene platinum(I1) c~mplexes.~” 

PtCl,(GH,)L + R2NH - LCL,~tCH,CH,&HR, (239 

crystallography. 1 For butadiene complexes of platinum(II), dimethylamine reacts rapidly a 
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C1,Lfi-C FMe2 
\ 

C H ~ ~ R ~  

H 

- c'2=R-h a,Pt-d/ 
\CH2hH2Ar 

H 'NHAr 

(240b) 

The more basic and less hindered pyridines undergo nucleophilic attack at an ethylene 
coordinated to platinum(I1). Pyridine substitution reactions at latinum also occur, and in the 

Secondary and primary amines and ammonia undergo the amination reaction at ethylene in 
the cationic complexes [PtCl(&H4)L-L]'. The enhanced electrophilicity of the aIkenic 
carbons, along with the absence of a formal negative charge on platinum in the product, 
stabilize the Pt-C u bond. The product undergoes a further reaction with the initial cationic 
ethylene complex to form a binuclear platinum(I1) complex with a single C2€L&(Et2)CJ14 
bridge.726 These compounds undergo acidolysis to form polyalkylated ammonium ions.727 
For the polar alkene H2C=C(NMe2)2, the product is a mixture of the q1 and q 2  

The compound Me2C=NOH reacts with cis-PtC12(allene)L to give 
[PtCl{ ON(=CMe2)CH==CMe}L] by nucleophilic attack by nitrogen followed by a [ 1,3] 
hydrogen shift and ring closure (equation 241).729 Nucleophilic attack of cyanate ion at a 
coordinated alkene is a route to the synthesis of carbamoyl complexes (equation 242)? The 
reaction of 2-methyl-2-nitrosopropane with ethylene platinum(I1) complexes similarly yields 
a-alkylnitrone corn pound^."^^ 

presence of excess ethylene, alkene replacement is observed. 72Q 

p-N fMe2 
cis-PtCl,(GH,)L + Me,C=NOH - L C l P t d  - (241) 

Me 
0 

n 3 (242) (N N)ClPtCH,CH,NCO (N N)Cl(NCO)Pt [(N N)CIPt(GH,)]' % 
n n 

Nucleophilic attack by alkoxide usually results in reduction to platinum. Carboxylate ions 
react with PtCl,(diene) by attack at both the platinum(I1) and alkene centers (equation 243).732 
P-Diketonate anions react with platinum(I1) dialkene complexes by similar nucleophilic attack 
at the double bond.733s734 The complex PtC12(diene) (diene = norbornadiene or dicyclopen- 
tadiene) reacts with OPr'-, NH2Ph, SPh- and SCN-. The dicyclopentadiene complex undergoes 
attack at the diene in each case and the S nucleophiles also give substitution at platinum. Only 
the latter reaction occurs with the norbornadiene complexes and S nucleophiles, but attack at 
diene is found with 0Pr'- and NH2Ph. The reactions of these products with neutral uni- and 
bi-dentate ligands usually lead to bridge-splitting reactions, but in some cases the norbornenyl 
derivatives undergo rearrangement to nortricyclene systems .735 
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(vi) Catalyzed H-D exchange at saturated carbon 

The platinum-catalyzed H-D exchange at saturated carbon is observed with alkenes. In the 
presence of a homogeneous platinum(I1) complex as catalyst, alkenes RCMe2CH==CH2 
(R = Et, Pr, Bu) undergo H-D exchange with a D20-MeC02D solvent containing perchloric 
acid. Deuterium incorporation into the alkyl occurs exclusively at C-5, and exchange of alkenic 
protons is also observed. Dimeric chloro-bridged alkene platinum(I1) complexes are recovered.736 
For complexes Pt2Cl& (L = PPr3, PBu3, PButPrz, PBuiPr, PPrPh2, PPr2Ph, PBuThz) 
deuterium inco oration into the alkyl groups of the tertiary phosphines occurs in the same 
solvent mediumT37 Site incorporation has also been analyzed by 13C NMR spectros~opy.7~~ 

52 49.3 Platfnum (0) alkene complexes 

(i) Synthesis 

Alkene complexes of trans-stilbene, trans-4,4‘-dinitrostilbene and acenaphthylene can be 
prepared by the reduction of ck-PtCl~(PPh~)~ with hydrazine followed by alkene a d d i t i ~ n ; ~ ~ ~ , ~ ~  
ethylene, hexene-1, cyclohexene, allyl alcohol, styrene and tetraphenylethylene do not react. 
Alternatively, treatment of Pt(C03)L in ethanol with ethylene,741 fluoroalkenes and 
tetra~yanoethylene~~’ gives Pt(alkene)L (equation 244). An alternative preparation of alkene 
complexes and F’t(C&)(PPh& involves using N a B b  and c2H4 with Pt(C03)(PPh& in 
ethanol at 25°C (equation 245).743,744 Borohydride reduction can also be used to form 
Pt(&H4)(PPh& from PtClZ(PPh& in ethanol solvent under ethylene pressure, or without 
pressure in dichbromethane/ethanol.74s A convenient high yield synthesis of Pt(&H4)(PEt3)2 
is achieved by the thermal decomposition of PtEt2(PEt3),. The method can be used to prepare 
other alkene complexes of platinum(0) with trialkylphosphine ligands, the yields and reaction 
temperatures being detailed. 

(244) 
(245) 

Refluxing Pt(PPh,), in benzene solvent with alkenes gives corn lexes Pt(alkene)(PPh& 

(equation 246). A similar displacement method can be used to prepare the series of complexes 
Pt(GF4)L (L = PPh3, PMePh2, PMe2Ph, PBu3; = dppe) by treating Pt(GF4)(AsPh3)2 with 
the more strongly coordinating ligands L.752,753 For bulky phosphine ligands where the stable 
platinum(0) complex is two coordinate, for example Pt(PPhBui)2, addition of dimethyl 
fumarate or maleic anhydride gives the alkene complex (equation 247) .754 Displacement of 
ethylene from Pt(C21€,)(PPh3)2 is a useful method for the preparation of complexes 
Pt(alkene)(PPh& under mild The method has been used for the s nthesis of a 
new structural class of cumulene complexes by coordination of q2-butatriene +s and new 
methylene cyclopropane platinum(0) complexes (equation 248) .759 

Pt(C0,)L + alkene + EtOH - Pt(alkene)L, -+ CO, + MeGHO + HzO 

Pt(C03)(PPh3)2 + c2H4 + N d H ,  - Pt(G&)(PPh& 

(alkene = c h l ~ r o a l k e n e s , ’ ~ ~ ~ ~ ~  flu~roalkenes,’~~ tetra~yanoethylene~ s and furnar~nitrile~’~) 

Pt(PPh3)d + CF3CF4FCF3 - Pt(CFJF-CFCF3)(PPh,), + 2PPh3 (246) 

A series of complexes Pt(q2-quinone)(C&)(PCy3) has been repared by displacement of 
one coordinated ethylene from Pt(&H4)2(PCy3) pquation 249).”0n the NMR time scale the 
ethylene is undergoing rapid rotation but the r ]  -bonded quinone is rigid. A similar reaction 
with tetrafluoroethylene yields Pt(GF4)(C2€L+)(PCy,) .461 The precursor ethylene compounds 
can be formed by treating Pt(cod), with ethylene in the presence of one equivalent of tertiary 
phosphine or arsine (equation 250). The chemistry of these types of alkene platinum(0) 
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complexes has been summarized by Stone.762 Stable platinum(0) complexes of dibenzylidene- 
acetone (dba) can be prepared, and the addition of phosphines L yields Pt(dba)L. In the 
presence of a second alkene the dibenzylideneacetone can be substituted to give 
Pt(alkene)L.763 

Pt(cod), + 2C& + PRj * Pt(&H&(PR3) + 2~0d  (250) 

Cyclopropene can be stabilized by coordination to platinum(0). The complexes Pt(3- 
methylcy~lopropene)(PPh~)~ and Pt(l,2-dimethylcyclopropne)(PPh3)2 can be prepared by 
displacement of ethylene from Pt(G&)(PPh3)2 (equation 251). The complexed rin has a 
C;=C distance of lSOA, and insertion of platinum into the ring has not occurred!u In a 
similar manner the compound bicyclo[2.2.0]hex-l ,4-diene has been stabilized as a complex with 
Pt(PPh3)2.765 These strained ring alkenes can be displaced b carbon disulfide, but upon 
dissolution in ethanol, addition across the double bond The procedure has been used 
to prepare complexes of Bredt alkenes. The structure of (84) shows that the bridgehead double 
bond is bound on the ex0 side to the Pt(PPhs)2.767 The Bredt alkene platinum(lI) complexes 
are similarly  table.'^ The compound Pt(cod)2 reacts with 2,3,4,54etraphenylflvene and PR, 
to give a n-bonded fulvene complex Pt(q2-C&H&PhZ)(PR3)2 (equation 252). The structure of 
the PPh3 complex shows the fulvene coordinated to the exocyclic double bond of the ful~ene.~" 
The Cs fulvene ring is planar, and makes an angle of 108" with the coordination plane around 
the platinum. Replacement of stilbene in Pt(~tilbene)(PPh~)~ by 1 ,Zdisubstituted cyclobutene- 
diones gives complexes which are not ring opened, but are platinum(0) cyclobutenedione 
compounds coordinated via the c---C double bond.n0 This displacement reaction can also be 
used to complex squaric acid to platinum(0) (equation 253). The synthesis cannot be 
accomplished from Pt(PPh,), since protonation at platinum occurs.771 With 1,2- 
dicyanocyclobutene, tbe displacement of ethylene from Pt(GH4)(PPh3)2 again gives the cyclic 
alkene complex and not the ring opened rnetal la~ycle .~~~ Treating Pt GH, PPh& or 

but in solution this rapidIy transforms into the 1,2,3,6q complex. 

2 

Pt(PPh& with 1 equivalent of octafluorocyclooctatetraene rapidly ives the q 1 alkene )( complex, 
75-3 

+2PPh3 - (PPh3)Pt 

Ring opening can nevertheless occur. The synthesis and NMR spectroscopy have been 
described for a series of ring-opened platinacyclopent-4-ene-2,3-dione complexes 

COC -N* 
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Pt{CH=C(Ph)(CO)(CO)}L, (I, = AsPh3, PPh,, PEtZPh, PEt3, PMePhz, P(OPh)3, py; k= 
dppe, bipy, phen) (equation 254).774 

- (AsPh,),Pt'\Y 

Platinum(0) complexes of allenes can be prepared by the hydrazine method or by 
displacement of triphenylphosphine from Pt(PPh3)3.7M*775 The displacement of ethylene from 
Pt(GH4)(PPh3)2 has been used to prepare platinum(0) complexes of cyclic a l lene~.~~ '  On 
coordination to platinum(O), allene becomes non-linear with the uncoordinated carbon atom 
bent away from platinum by about 40". Coordination lengthens the coordinated double 
bond.777 Carbon suboxide (C302) reacts with Pt(C2H4)(PPh3)2 to give Pt(C302)(PPh3)2 
(equation 255). The IR spectrum of (85) shows a strong ketene band (208Ocm-'). Double- 
bond cleavage is suggested but not proven.778 Ketenes also substitute ethylene in 
Pt(C&)(PPh3)2 to form q2-bonded ketene complexes (equation 256).779 

Pt(C&)(PPh3), + GO, - (255) 

(W 

The carbonyl (M) and thiocarbonyl (M) functionalities will form q2 (side-on)-bonded 
complexes to platinum(0). Hexafluoroacetone (CF3)2C0 reacts with Pt(PPh3), to form q 2  
complexes (equation 257).780 A similar type of product can be formed from Pt(PPh,), and 
indan-1,2,3-tri0ne?~' Hexafluoroacetone will also form q2 complexes by replacement of 
P(OMe)3 or P(0Ph)s from PtL,. Secondary reactions can occur. In some cases further addition 
of the carbonyl compound can lead to metallacycle formation, and in other cases isomerization 
to platinum(I1) complexes can occur, an example being shown in equation (258).'82 An 
$-bonded complex of the parent formaldehyde has been prepared. Complexes &(&I&) (PR3)2 
(PR3=PEt3, PP& PPh3, PEt2Ph) react with formaldehyde to give the first examples of 
platinum formaldehyde complexes (equation 259).783 Although COz does not form a n complex 
with platinum(O), carbon disulfide and carbon diselenide will replace triphenylphosphine in 
Pt(PPh3), to give Pt(CS2)(PPh3)2 and Pt(CSe2)(PPh3)2 (equation 260).784,785 An X-ray structure 
of the CSz complex shows that the SCS angle is 136.2" in the coordinated ligand, which Is close 
to the 135" found in the lowest excited state of CSz (3A2) but much different from the ground 
state angle of 180".786,787 The 13CNMR shows that the CS2 ligand is not fluxional.788 Other 
compounds which will substitute triphenyl hos hine in Pt(PPh3)3 to form $-bonded complexes are C o p 4  (CF,)2CSz8" (CF3)2C=C=S. ?89 

0 
Pt(PPh3)4 + (CF3)ZCO - (PPh&Pt+J + 2PPh3 (257) 

Pt(PPh3)j + CX, --+ Pt(CXJ(PPh3)2 + PPh3 
X = S ,  Se 
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Hexafluoroisopropylideneamine reacts with Pt(tr~ns-stilbene)(PPh~)~ to give the $-bonded 
complex (86; equation 261).790 As with hexafluoroacetone, addition of a second molecule of 
(CF3)2C=NH gives platinacycles. The formation of (86) contrasts with the reaction of 
Pt(PPh3)2 with iminium salts [Me2N=CH2]Cl where the first product is the platinacycle (87; 
equation 262).791 

H 
N 

Pt(Cruns-stilbene)(PPh,), + (CF,),C=NH - (PPh3)2Pt-)J + trans-stilbene (261) 

(ii) Physical properties 

Hartley's review on platinum in 'Comprehensive Organometallic Chemistry' tabulates the 
crystal structure data on alkene complexes of platinum@), Upon coordination to platinum(0) 
the substituents on the alkene are bent back out of the plane of the alkenic double bond away 
from the platinum by between 20" and 40". There is a very significant increase in the C=C 
bond length of all the alkenes on coordination. The shortest Pt-C bond lengths are found with 
alkenes having electron-withdrawing substituents, in agreement with the concept that a 
back-donation into the antibonding orbitals of the alkenes is more important with platinum(0) 
complexes than with platinum(I1) complexes. An inverse correlation is found between the 
Pt-C distance and that of the trans Pt-L bond. In Pt(p-O2NC&CH=CHC&l4NO2- 
p)(PPh& the p-nitrophenyl substituents on the double bond are close to perpendicular with 
the PtC2 plane, a geometry which maximizes n back-donation from metal to alkene.'= 

A CNDO-type approximate SCF-MO calculation method has been used to address the 
question of bonding and ligand distortion in Pto-L complexes where L = C,H,, GJI,, COa, 
CS2. Graphs are presented correlating the total energy and bond strength in these complexes as 
the angle 0 in (88) is varied. It is concluded that, besides the u-donor and n-acceptor 
coordination bonds, the s orbital of the L ligand atom contributes substantially to the Pt-L 
interaction. The L ligand distortion is induced by the stabilization of the Pt-X', Pt-X2, 
X1-R1 and X2-R2 bonds. Thus the driving forces of the L ligand distortion stem from the 
intraligand and the Pt-L interactions. In addition, the bond involved in the L ligand 
coordination is weakened by the extent to which the L ligand distortion is reduced.793 

The complex Pt(G&)(PPh& is stable in toluene solution, but the addition of ethylene 
causes associative exchange with E, of 50kJmol-' and AS# of -59JK-'mo1-'.794 The 
ethylene ligands in Pt(C&)2L undergo rotation with activation energies in the 41.0- 
54.4 kJ mol-' range, but for complexes having alkenes with electron-withdrawing groups free 
rotation does not occur.795 The small low-field shift of the 13CNMR resonances of ethylene in 
Pt(C2H4)(PPh3)2 when compared with platinum(I1 ethylene complexes is consistent with 
greater a back-donation in the zerovalent comp1ex.k' On coordination to Pto, there is also a 
decrease in 'J(CH) of alkenes and alkynes. This result is consistent with the concept of reduced 
C=C bond order on coordination.797 Similarly the geminal J(FF) in Pt(CF3CF=CF2)(PPh3), is 
comparable with that in a saturated fluorocarbon.798 For a series of cyano- and 
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methoxycarbonyl-substituted alkene complexes of (PPh&Pt, it has been found that, in contra§! 
to the corresponding alkyne complexes, there is little effect on ‘J(PtP) caused by changing tht 
substituent. For the cyano complexes however, the monotonic deshielding in d(195Pt; 
corresponds with the same effect found in platinum alkyne complexes.799 

Thermochemical data correspond with a decrease in the platinum(0)-alkene bond strength 4r 
the sequence C& > PhCH=CHZ > cis-PhCH==CHPh > trans-PhCH=CHPh. Displacemeni 
reactions show an expanded stability order for platinum(0) complexes to be TCNE> 
Ph-H > alkenes.801 The relative weakness of alkene complexes relative to alkyne corn. 
plexes of platinum(0) is the reverse of that found with platinum(II).802 

(iii) Chemical reactions 

Coordination of an alkene to platinum(0) differs from complexation to platinum(I1) 
Zerovalent platinum is an electron-rich metal center, whereas platinum(I1) is electron poor. Ai 
a consequence alkenes coordinated to platinum(0) became more electron rich than in their fret 
state, and therefore susceptible to electrophilic attack. For alkenes complexed to platinum(I1) 
their primary mode of reactivity is by attack from an external nucleophile. 

Alkene complexes of platinum(0) react with strong acids to undergo protonation at thc 
alkene and yield the alkyl complex (equation 263).803 Since platinum alkyl complexes having nc 
electron-withdrawing groups on carbon are frequently unstable to electrophiles, the products o 
HX on platinum(0) alkene complexes are often dihaloplatinum(I1) complexes (equatioa 
264). 

Haloalkene complexes of platinum(0) will undergo thermal isomerization to the viny 
c~mplex.~@’~ The reaction occurs in coordinating solvents and is often promoted by thc 
presence of additional ligands (equation 265).8u6 When the alkene is GC14 the rearrangemen 
probably involves an SNl displacement of chlorine by platinum(0) via a tight ion pair,804’8Q 
whereas when the alkene is CHC1=CC12 or CFBr=CF2, the rearrangement i 
intramolecular .808 

Pt(&Fd,)(PPh,)Z + CF3C02H - Pt(CF,CF2H)(OCOCF,)(PPh,)z 
Pt(RCH=CHR)L, + 2HX - PtXzL, + RCHZCHZR 

(263 

(2@ 
Pt(CF?CFBr)(PPh,), + CO - [Pt(CF=CF,)CO(PPh,),]Br (265 

52.4.10 Platinum Alkyne Complexes 

52 410.1 Synthesis 
As with alkenes, alkynes coordinate to platinum in both the zerovalent and divalen 

oxidation states. Since the chemistry of platinum alkyne complexes is less extensive than that c 
alkene complexes, this section is not subdivided into complexes of the two types. The divalen 
compounds of platinum will be covered first, followed by the complexes of platinum in a form2 
zerovalent oxidation state. 

Many of the synthetic routes parallel those used to prepare alkene complexes c 
platinum(I1). Replacement of chloride ion in PtCli- by a water soluble alkyne is a frequent1 
used method (equation 266),809-812 or the reaction can be assisted by the use of a silver salt t 
facilitate halide displacement (equation 267) .*13 With hexafluorobutyne-2 the five-coordinar 
adduct can be isolated before it converts into the vinyl complex (89; equation 268).814 Alkyne 
displace alkenes from platinum(I1) complexes. 

PtClz- + RCkCR - PtCl,(RCkCR)- + C1- (266 

mans - [ Pt (Me) (R-R) (PMe2Ph),]FF6 + AgCl (267 
trans-Pt(Me)C1(PMezPh)2 + R G C R  + AgPF, - 
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Hexafluorobutyne-2 will add to platinum(I1) complexes. The insoluble complex 
PtMe{HB(pz),} reacts with dissolution and the five-coordinate alkyne complexes can be 
isolated (equation 269).”’ The coordination about platinum(I1) is essentially trigonal bipyrami- 
dal. The C%C triple bond is lengthened on coordination to 1.292(12)A and the alkyne 
bend-back angle is 34.4(4)0.816 These complexes have a n-bonded alkyne ligand, and show 
different structural and reaction chemistry than platinum(I1) acetylide c o m p l e x e ~ . ~ ’ ~ - ~ ~ ~  

(269) 

Alkyne complexes of zerovalent platinum can be prepared by reduction of cis-PtC12(PPh& 
in ethanol with hydrazine hydrate in the presence of the alkyne (equation 270).8u,8u When 
Pt(PPh3), is reacted with an alkyne in benzene at room temperature, complexes 
Pt(alk~ne)(PPh,)~ are formed (equation 271).824 With the monosubstituted alkyne C F 3 ~ H  
the product can be the zerovalent compound Pt(CF3C=CH)(PPh3), or the platinum(I1) 
ncetylide complex Pt(MCF3)2(PPh3)2 (equation 272) .8253826 As mentioned earlier, alkynes 
will readily replace alkenes in Pt(alkene)(PPh3)2. With dialkynes both monomeric and bridged 
:omplexes can be ~btained.~” With C6F5C=CH, reaction with Pt(CJ&)(PPh3)2 gives the 
v2-alkyne complex whereas Pt(PPh3), gives a platinum(I1) hydride product via C-€3 oxidative 
addition.828 Oxidative additions to give platinum(I1) acetylide complexes are also observed with 
PhCkCSnEt,, P h W S n P h , ,  Me,SiCkCI, Me3SiC=C13r, E t 3 S i ~ I ,  MeCk-CI and 
Pt(GH4)(PPh3)2, but intermediate alkyne complexes are detectable for PhC=CSnEt3, 
M e 3 S i ~ C l  and Me3C=CBr. A triyne forms platinumj0) complexes by coordination with 
the central or terminal C=C bond. Correlations of ‘J(PtP) and *J(PP) are made.829 

(270) 

(271) 

PtMe{HB(pz),} + CF3-CF3 - P~M~{HB(~z)~} (CF~G&CF~)  

N 2 b  ~is-PtCIz + R-R e f t (RmR)(PPh3)2 

Pt(PPh,), + R-R - Pt(RMR)(PPh,) ,  

C F j O C H  
Pt(PPh3)3 + C F 3 m H  - (PPh3)zPt(CF3mH) Pt(CSCCF3),(PPh& (272) 

One alkyne will displace another from Pt(alkyne)(PR& complexes, the order of alkyne 
displacement being C& < alkylalkynes < arylalkynes < nitroalkynes. The reaction involves 
both a dissociative and an associative pathway.* The reaction may not lead to a single 
replacement product in all cases. Thus a-hydroxyalkynes lead to the formation of dialkynyl 
platinum(I1) complexes.830 

These reactions can be used to prepare a novel series of compIexes where cyclic alkynes can 
be stabilized by coordination to p l a t i n ~ m ( O ) . ~ ~ ~ ? ’ ~ ~  The compounds are feasible because 
coordination of a triple bond to platinum causes a distortion of the alkyne from linearity by 
displacement of the alkynic substituents back away from the platinum. Also these methods can 
be used to prepare platinum(0) alkyne complexes with substituents other than 
triphen ylphosphine . 833-s36 

52410.2 Physical and chemical properties 

The structures of platinurn(0) complexes of alkynes are fully summarized in Chapter 39 of 
‘Comprehensive Organometallic Chemistry’ and need not be covered here. 

The alkynic triple-bond stretching frequency is lowered by some 450 cm-’ on coordination to 
platinum(0). The value correlates with n back-bonding from platinum(0) to the but it 
is essentially independent of the substituent on the alkyne. From NMR coupling constant data 
it is apparent that alkyne rotation about platinum(0) is slow.838 On complexation of acetylene 
to platinum(0) in Pt(GH2){P(GjD5)3}2 the value of .T(CH) decreases from 250 to 210Hz, 
consistent with a decrease in the s character of the hybrid orbitals about carbon.839 Using 
ESCA, the platinum 4f7/2 binding energy in Pt(PhmPh)(PPh3)2 of 72.3 eV is similar to that 
in Pt (GI&)( PPh3)2.840 

The platinum-195 NMR of a series of complexes Pt(RCkCR’)(PPh3)2 (R, R‘ = Ph, Ph; Ph, 
Me; Ph, OCOMe; Ph, H; Et, Et; Me, OCOMe; Me, Me; H, H; OCOEt, OCOEt; OCOMe, 
OCOMe; CF3, CF3; Ph, CN; OCOCH2CF3, OCOCH2CF3; Me, CN; H, CN; CN, CN) show 
that the platinum chemical shift dependence on the nature of the alkyne ligand is dominated by 
the electronic excitation energy, which is related to the x* level of the alkyne. Values for J ( P t P )  
are sensitive to the electron-withdrawing ability of the substituents on the alkyne.%l 
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A theoretical approach addresses the question of alkynes bonded to P t b  fragments in both 
parallel and perpendicular geometries. With each mode of alkyne coordination there is 
required a different coordination geometry at platinum. The authors use the isolobal analogy to 
calculate the electronic structures of complexes, and propose several unknown complexes to be 
stable. 842 

Alkynes will also coordinate to more than one transition metal center. In the complex 
Pt2(p-SiMe2)(p-C=CPh)(C-=CPh)(PCy3)2 (90) the brid ing acetylide has a C=C distance of 
1.26(1) .$, which is significantly longer than the 1.20(2) f distance in the terminal acetylide.w3 
Binuclear platinum alkyne complexes can be prepared from Pt(C0)2(PPh3)2, and the bonding 
appears to be analogous to that of a dimetalated alkene (equation 273).844 The carbon-carbon 
bond is long at 1.34(2).$. Structures have also been solved for alkynes bridging three 
platinumsW5 or clusters with two platinums and one osmium atom.846 Mixed metal complexes 
of alkynes can be prepared with no interaction between the metals. An example of such a 
complex is shown (91) where the cis bending of the alkynic substituents on coordination of the 
triple bond to platinum(0) creates a stereochemically useful environment for coordination to a 
second metal ion.847 

Ph 

“”a/” &c \ C $21 
C D /  / \  

/ \-7\ Si PR3 (p~3p)2pt-lo 

Ph 8 (90) Me, 
- 

(91) 

Pt(C0)2(PPh& + ( 3 2  __f R2(c0)2(GR2)(pph3)2 (273) 

Alkynes coordinated to platinum(0) are susceptible to electrophilic attack. The reaction 
which has been most fully studied is the protonation of complexes Pt(alkyne)(PPh& to give 
vinyl platinum(I1) complexes then alkenes. The reaction has been discussed in Section 52. The 
vinyl complexes formed undergo isomerization in the final step, since the cis vinyl complex 
yields some trans-alkene. Carbene intermediates have been proposed in the pathway for this 
isomerization.848 Platinum(I1) alkyne complexes can be converted into carbene complexes, and 
this reaction has been discussed in Section 52.4.6. This pattern of differential reactivity is 
apparent in the IR spectra of the two sets of complexes. For alkyne complexes of platinum(0) 
the C%C stretching frequency is lowered by some 450cm-’ upon coordination, but with the 
platinum(I1) analogs the difference is only in the region of 200 cm-l. 

The dissociation of the alkynes GR2 (R = C02Me, CF3) from PtXMe(bipy)(GR2) (X = C1. 
Br) shows that two pathways need to be considered (Scheme 7). When X=Cl  and 
R = C02Me, the reaction rate is strongly accelerated in more polar solvents and is retarded bj 
added chloride, and a mechanism involving preliminary ionization of chloride is proposed. 
When X = C1, I and R = CF3, the rate is independent of solvent polarity and is not retarded bj 
added halide. The route via a non-polar intermediate is proposed in this case.w Alkynes can 
also be displaced from Pt(alkyne)(PPh& by the addition of excess triphenylphosphine.m 

A scheme 7 
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Complexes Pt(alkyne)L can react with further alkyne molecules to form metalacycles 
(equation 274).850 With added carbon monoxide one can observe displacement, conversion to a 
1,2-diplatinavinyl complex (equation 275) or, in the case of the hydroxyalkyne complexes of 
platinum(O), formation of a platinalactone complex (equation 276) .851 Complexes of 
platinum(0) with monosubstituted alkynes rearrange thermally to the acetylide hydride 
platinum(I1) complexes (equation 277). The reaction is promoted by excess alkyne.8u-a6,B2 A 
similar situation exists with halogenated alkynes P h G S X  where the zerovalent complexes 
Pt(PhmX)(PPh3)2 will isomerize to the divalent compound PtX(C-=C)(PPh3)2.8s3 Simi- 
larly with pseudohalogens Pt{ G(CN)Z}(PPh& very slowly isomerizes in sunlight to cis- 
Pt (CN)( m C N )  (PPh3)Z *854 

R = CF3 

U 

0 

Pt( R W H )  (PPh& - PtH( E C R )  (PPh,), (277) 

Mercury(I1) halides electrophilically attack Pt(CF3mCF3)(PM)(PMePh2)2 at the alkynic carbon 
(equation 278).855 Site migrations between PtCl(Ck=CR)(CO)L and Hg(C%CR')2 involve 
oxidative addition and reductive elimination sequences.856 

"kCF3 
Pt(CF3C%CCF3)(PMePh,), + H a 2  - (PPh,Me),Pt X 

'X 
X=Cl, Br 

By analogy with 
trifluoroacetonitrile 

alkyne complexes, it is noteworthy that Pt(stilbene)(PPh& reacts with 
to give the q2-bonded complex (92).957 

/cF, 
C 

N 
(Ph3P)zPt-I II 

(92) 

52.4.11 Platinum Allyl and Delocalized Ligand Complexes 

Althou h q3-allyl complexes of platinum(I1) are not rare, their occurrence is not as frequent 

complexes are very common, and much of modern organopalladium chemistry is becoming 
dominated by the reactivity of q3-allyl complexes. 

as for q Q -alkene complexes. This situation is reversed for palladium(I1) where $-allyl 
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524 11.1 Synthesis 
Potassium tetrachloroplatinate(I1) reacts with allyl chloride in the presence of tin(I1) chloride 

to give [PtCl(n-C3H5)j4 (equation 279).858 The complex Pt(n-c3H~)(PPh3)~ can be conveniently 
prepared by treating Pt(PPh3)3 with C3H5HgC1 in benzene solvent at room temperature 
(equation 280).859 

(279) 
sncl, KzPtCl, + CHFCHCHZCl __* [PtCl(l~-C3H4)]4 

Pt(PPh3), + C3HSHgC1 + [pt(~-C&)(PPh,)z]Cl+ Hg + PPh, (2W 

Under certain conditions, platinum alkene complexes can be converted to mallyl complexes 
by hydrogen loss (equation 281).860 Allyl alcohol insertion into a platinum(I1) carbonyl bond 
gives an allyloxycarbonylplatinum(I1 intermediate which can be decarboxylated to form the 

(281) 

q3-allyl complex (equation 282).861,86 2 
[PtCl,(CH,--CMeR)], - [PtCI(n-R-allyl)], + 2HC1 

[PtCl(CO)(PR&]+ + CH,--CHCH,OH - ~~Yz~-P~C~(CH+HCH~CO&PR~)~  - 
[Pt(n-allyl)(PR,),]Cl + CO, (282) 

Phenalenium cations replace ethylene from P ~ ( C Z H ~ ) ( P P ~ ~ ) ~  to give cationic $-allyl 
complexes (equation 283) .863 Oxidative addition of Ph3CCl to give platinum(0) followed by 
treatment with Tl(acac) gives the q3-allyl complex of triphenylmethanide anion (equation 
284) .864,865 

Pt,(dba), f Ph3CC1 + [PtC1(q3-CPh3)] Pt(acac)( q3-CPh3) (284) 

When the cyclopropyl platinum(I1) complex c~-P~(CHCH~CH~)~\PM~~P~)~ is treated with 
HC1 then AgN03, the x-allyl complex is formed (equation 285).866 q -Allyl complexes can also 
be formed by insertion of alkenes into platinum-hydride bonds, and this reaction is discussed 
in Section 52.2.3.3. 

cis -Pt (CHCH,CH,),( PMezPh), $fzo: [Pf(n-G&)(PMezPh)zl+ (285) 

Stable $-allyl complexes of platinum(I1) have been prepared from Pt(Ar)(n-allyl)(PPh3) 
and L (equation 286).%' The ease of formation decreases in the order MeCH=CHCH2= 
CHFCHCH, >> CH2CMeCH2; PMe2Ph > PPh3; and Pt > Pd >> Ni. The cis VI-allyl complexes 
Pt(Ar)(C3H5)(dppe) can also be prepared. The q '-allyl complex tran~-PtBr(q'-C~H~)(PEt~)~ 
can be prepared by oxidative addition of allyl bromide to Pt(PEt,), (equation 287).868 Both q3- 
and ql-allyl com lexes of platinum(I1) can be obtained with a supporting 2,4-pentanedionato 

with X-ray crystallographic data should be done with some caution, however, since the q1-q3 
conversion may occur because of crystal packing forces.870 

(2%) 

(287) 

Complexes of platinum with tetrahapto ( q4) cyclobutadiene ligands can be prepared; 

ligand.869 The q P -q3-allyl rearrangement can be followed by NMR spectroscopy. Correlation 

Pt(Ar)(n-C,H,)(PPh,) + 2L - PtAr(GH,)L, + PPh3 

Pt(PEt& + CHyCHCH,Br - PtBr(q'-CH,CH=CH,)(PEt,), + 2PEt3 

examples are shown in equations (288) and (289).871~872 . 

2PtCl,(CO), + 4GR2 - [F'tCl(,~-Cl)(v~-CJb)]z f 4CO 

PtCl,(MeCN), + 2GR2 + SnCl, + (Ph3P),N+ - N(PPh3),[Pt(SnC13)(q4-C4%)] 
(288) 

(289) 

R = Et, Ph 
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Cyclopentadienyl complexes of platinum are known for both the divalent and tetravalent 
oxidation states. Examples of both q 5  and q1 complexes are shown in equations (290) and 

(290) 

(291) 

(291)873,874 

[PtX2(PR3)I2 + 2TlCp - 2PtX(q5-Cp)(PR3) + 2TlX 

PtCl,(SMq), + 2NaCp - P ~ ( ~ ' - C P ) ~ ( S M ~ , ) ~  + 2NaCl 

524.11.2 Structure and reactions 
The structures of q3-allyl complexes of platinum have been fully summarized by Hartley in 

Chapter 39 of 'Comprehensive Organometallic Chemistry'. This article also details the NMR 
methods used to investigate fluxionality of the $-allyl ligand. 

Neutral ligands such as tertiary phosphines convert q "allyl complexes of platinum(I1) into 
the ql-allyl compound, and only in the presence of a large excess of added phosphine is the 
allyl ligand displaced. 

/?-Diketo anions react with [Pt(q3-allyl)(PPh3)2]+ with alkylation occurring at the coordin- 
ated allyl (equation 2%).975 A similar nucleophilic attack by methoxide ion at the q3-allyl in 
[ P ~ ( x - C ~ H ~ ) ( P C ~ ~ ) ~ ] +  gives PtH2(PCy3), and C H d H C H 2 0 M e  (equation 293). The 
platinum-allyl bond is cleaved by HC1 (equation 294).w6 

(292) 
(293) 

(294) 

Carbon monoxide, sulfur dioxide and alkenes will insert into platinum(I1)-q 3-dlyl bonds. 
With [ P ~ ( X - C ~ H ~ ) ( P P ~ ~ ) ~ ] C I ,  CO reacts to give a 1:l mixture of cis- and trans-2-butenoyl 
isomers of c~~-P~C~(COCH=CHM~)(PP~~)~.'~~ Sulfur dioxide similarly gives cis- and trans- 
PtC1(S02CH=CHMe)(PPh3)2.876 The electrophilic alkene tetracyanoethylene undergoes a 
[3 + 21 cycloaddition reaction with the 7'-allyl complex PtCl(CH2CH=CH2)L, (L = PPh3, 
PMePh2, PCy3; L=2=phos )  (equation 295). The structures of the PCy3 and 2==hos 
complexes have been confirmed by X-ray crystallography.877 

[Pt(n-C,H5)(PPh,)J+ + RCOCHCOMe - CH,-CHCH,CH(COR)COMe 

[P~(X-C$I~)(PC~~)~]+ + OMe- - trans-PtH,(PCy,), + CHFCHCH,OMe 

[Pt(l~-Cfi,)(PPh3),]Cl+ HC1 - cis-PtCl,(PPh,), + CW,CMe, 

CN 

52.4.12 Platinum Complexes with P t 4 i  Bonds 

Complexes with P t -S i  bonds have been obtained by the oxidative addition of Si-H bonds 
to zerovalent platinum compounds. The products are usually silyl platinum hydrides, although 
in a number of cases reaction with a second mole of the silane gives bis silyl platinum(I1) 
complexes (equation 296). These reactions have been covered with platinum hydrides in 
Section 52.2. Refluxing a benzene solution of ~is-PtCl~(PMe~Ph)~ with a trialkylsilane in the 
presence of trimethylamine gives the silane complex ttans-Pt(SiR3)2(PMezPh)2 (equation 
297).878 The complex Pt(G&)(PPh3)2 reacts with SHMeC12 to give Pt(SiMeC12)2(PPh3h 
(equation 298).879 Using an analogous methodology the chelated bis silyl complexes can be 
synthesized (equation 299).8so The chelated Si-Pt bonded disiloxane c~mplexe~ 
Pt(SiMe20SiMe2)L can be prepared,8so but reaction of C ~ ~ - P ~ C ~ ~ ( P R ~ ) ~  with NaOSiMe3 gives 
the doubly oxygen-bonded complexes Pt(OSiMe3)2(PR3)2 (equation 300).881 Alkylchlorosilanes 
add to platinum(0) by S i 4  rather than Si-I cleavage, and Eaborn et al. have used this 
method to prepare methyl platinum(I1) silyl complexes. 

Pto+R3SiH - PtH(SiR,) 3 PtCSiR,), 

ci-PtCl,(PM%Ph), + 2R3SiH + 2Et,N - trans-Pt(SiR3)2(PMe2Ph)2 + 2Et,NHCl 

(296) 
RSiH 

(297) 
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c~s-P~CI,(PR~)~ + 2NaOSiMe, - Pt(OSiMe,),(PR,), + 2NaCI (300) 

Treatment of H2Si4Ph, with Pt(C2H4)(PPh3)2 gives Pt[(SiPhz)3SiPhz](PPh3)2, which is the first 
example of incorporation of a transition metal into a silicon ring.8a 

The complex ( + )-truns-PtCl(QiR3)(PMe,Ph)~ is formed with a high degree of retention of 
configuration at silicon from ( + )-R3$iH (R3& = Me(l-CloH7)PhSi) and ~is-PtCl~(PMePh)~ in 
the presence of triethylamine. The (+ )-R35iH is regenerated with 93% overall retention 
of configuration when the complex is treated with LiAlH+ The complex ( -)-cis- 
PtH(8iR3)(PPh3)2 is formed from Pt(C&)(PPh,), and ( + )-R38iH with little loss of optical 
activity, and probably with retention of configuration at silicon. The ( + )-R3$iH is regenerated 
with 97% overall retention on treatment with LiA1H4.8m 

Platinum(I1)-silicon bonds are cleaved by acids such as HCl and PhSH. Treating 
Pt(SiR3)2(dppe) with HCl gives PtC1(SiR3)(dppe) then PtC12(dppe) (equation 301).878*884 With 
the complex ci~-Pt(SiMePh~)~(PMe~Ph)~, the first Pt-Si bond (trans to P) cleaves to give 
SiHMePhz, but the second Pt-Si bond (trans to Cl) gives SiCIMePhz (equation 302).878 These 
P t 4 i  complexes are stable to water but are cleaved by halogens.878 Methyl iodide will cleave 
Pt-Si bonds by methylation at silicon (equation 303) ."' Molecular hydrogen cleaves F Y 4 i  
bonds by a reversible reaction. As with the majority of these reactions the pathway is believed 
to proceed by oxidative addition to form an intermediate six-coordinate platinum(1V) complex 
which can undergo reductive elimination by Pt-Si cleavage. 

Pt(SiR,),dppe + HC1 - PtC1(SiR3)dppe RC1,dppe + 2SiHR3 (301) 

Pt(SiMePh,),(PMe,Ph), + HC1 - truns-PtC1(SiMePh,)(PMe2Ph)2 + SiHMePh, a 
trans-PtRCl(PMe,Ph), -k SiClMePh,, (302) 

Pt(SiR3)2(PR3)2 + 2MeI - Pt12(PR3)2 + 2MeSiR3 (303) 

52.4.13 Platinum Complexes with Pt-Ge, P t 4 n  and Pt-Pb Bonds 

The synthetic methods and chemistries of these complexes resemble those found for 
complexes with P t -S i  bonds. Platinum(I1) germyl complexes can be readily prepared from the 
lithium reagents, although the reaction is a two-stage process with the second chloride on 
platinum(I1) being replaced considerably faster than the fist, reflecting the high trans effect of 
the germyl ligand (equation 304).885 The complexes trans-PtC1(GeMe3)(PEt3)2, as well as the 
SiMe3, PbPh3 analogues, have been prepared by reaction of the dichloro platinum(I1) 
complexes with the required Hg(ER3)2 compound .884,886,887 The Sn and Pb complexes 
PtC1(EPh3)(PPh3)2 (E = Sn, Pb) can be prepared from trans-PtHCl(PPh,), and Ph3EN03. The 
lead complex readily dispro ortionates to PtCl(Ph PPh3)2.888 Pre arations of Pt-ER3 

ported. Similar methods have been used to prepare complexes Pt(PbR3& and 
PtC1{ Sn( OAr)3}~.894389s 

(304) 

Although the majority of these complexes contain phosphines as supporting ligands, 
compounds af platinum(1V) with Pt-Ge and Pt-Sn bonds have been formed by oxidative 
addition of Ge-X and Sn-X bonds to complexes PtMe,(L-L) (L-L = bipy, phen). Trace 

compounds involving Sn-C1?8g Sn-Sn,890 Sn-H 'id"' and Sn-C8 g cleavage are re- 

PtCl,(PR,), + 2Ph3GeLi - at( GePh3)2(PR3)2 + 2LiC1 
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amounts of water cause hydrolysis of the Pt-Ge b ~ n d . " ' ~ ~ ~ ~  As expected Pt-Ge, Pt-Sn and 
Pt-Pb bonds are cleaved by HC1 and halogens. 12-Dibromoethane cleaves P t - G e  bonds 
(equation 305).885 

F't(GeR3)2(PEt3)2 + 2C,,H4Br, - PtBr2(PEt3), + 2GeR3Br + 2C,H4 (305) 

By using 31P, 195Pt and ?HgNMR, it has been found that Pt(GePh3)(HgGePh3)(PPh3)2 is 
fluxional. Activation parameters are measured, and it is proposed that the intramolecular 
rearrangement occurs via a diagonal twist .898 

Although only few complexes with Pt-SiC1, bonds have been characterized, a wide range of 
platinum complexes have been prepared with GeC13 and SnC13 ligands. Complexes with GeC1; 
are usually coordinated to the higher oxidation states (Ptl' or PtIV), whereas SnCl; is usually 
complexed to Pt" or Pt'. Complexes containing these ligands can be synthesized using GeHC13 
or SnC14 (equations 304-309) .89zc901 The air-sensitive compound Pt(SnC13)z- has a trigonal 
bipyramidal structure.m The complexes of SnC13 are particularly significant. The SnC13 ligand 
has a large tram effect, and complexes having this ligand complexed to platinum(I1) have been 
variously used in homogeneous catalysis. 

(306) 

(307) 
(308) 
(309) 

The structure of (Ph3PMe)3[Pt(SnC13)5] shows a regular trigonal bipyramid about platinum 
with an average axial Pt-Sn bond length of 2.5530(7)A and an equatorial distance of 
2.5722(10) A. This small difference between the axial and equatorial P t -Sn  bonds may be due 
to significant metal equatorial n bonding. The SnC1: ligand is a strong n acceptor, and metal 
equatorial n bonding is predicted to be stron er than metal axial n bonding in trigonal 

Pt(SnC13)2- undergoes intramolecular rearrangement, and no dissociation of SnC1; occurs. By 
comparison the structure of Pt(GeCl3)2- is highly distortedam A comparison has been made 
between P t 4 n  bond lengths in SnC13 complexes and values for 'J(PtSn). An inverse 
correlation is found with P t 4 n  distances falling in the range 2.356-2.601& and the 
respective lJ(PtSn) values being found between 23 OOO and 29 000 H Z . ~ ~  Similarly the 
Mossbauer isomer shifts for these SnC13 complexes correlate with v(SnC1) .% The electronic 
spectra of these Complexes in aqueous hydrochloric acid have been reported.g07 The IR data on 
these complexes resuits in the finding of a trans infiuence series C1< PbPh3 < Me < Ph < H < 
SiMe3 < GeMe, and C1< SnC13 < SnPh3 < SnMe3 - H < PbPh3. 

Catalytic hydrogenation using mixtures of platinum(1I) complexes and SnClz as homoge- 
neous catalyst has been discussed in Section 52.2. A recent comparison has been made between 
SnC12 and Ph3SnX (X = H, C1, Br, NO3) as cocatalysts. In addition to summarizing the earlier 
work by this group, the article roposes a mechanism for the observed activity of Ph3SnC1 as a 

PtCl,(PR& (L = SR2, p-XCa4NH2, CO; R = aryl) shows that cis-PtCl,L(PR& is the most 
effective catalyst precursor in the presence of SnClz for hydrogenation and hydroformylation. 
The catalytic activities of [Pt2(p-C1)2C12(PR3)2]/SnC12.2H20 systems are very similar to those 
for mononuclear systems, particularly where the same catalyst precursor can be easily 
generated from the dinuclear species.909 Finally a homogeneous catalyst for the water gas shift 
reaction has been prepared from platinum chloride and tin chloride. Previously the promoting 
activity of tin chloride with platinum(I1) complexes was restricted to the ability of P t 4 n  
complexes to achieve pentacoordination, the function of SnC1; as a good leaving ligand from 
platinum(II), or the subsequent effects from the high trans influence of the SnC13 ligand. In the 
catalyzed water gas shift reaction the tin chloride functions as a redox couple between the Sn" 
and Sn'" oxidation states."' 

Cluster compounds can be formed with platinum and tin. Thus reduction of PtC12(SnC13)z- 
with SnC12 gives Pt3SnsCli; , which gives [(cod)Pt3SnzCls] on treatment with ~ o d . ~ ~ , ~ ~ ~  Treating 
Pf(&H4)(PPh3), with Sn(acac)2 at ambient temperature gives Pt{Sn(aca~)~)~(PPh~)~, but 
refluxing the mixture in toluene gives Pt2{Sn(acac)2}3(PPh3)2.912 The compound Pt(PPh,), will 
react with &[Sn9] and &[Pb9] to form complexes Pt(Sn9)(PPh& and Pt(Pb9)(PPh3)i- 
(equation 310).913 In understanding the bonding and geometries of these mixed metal clusters 

H2PtC14 + GeHC13 - PtH(GeC1,):- 
K,PtCl, + SGeHCI, + 2PPh3 -3 (Ph,PH>,[PtCl,(GeCI,),] + 2KCl 
KzF'tClh + 3SnC1, + 2PPh3 - P ~ ( S I I C ~ ~ ) , ( P P ~ ~ ) ~  + SnCI, + 2KCI 

H,PtC16 + 6SnC12 + C1- - [Pt(St~Ci,)~l~- + SnCI4 + 2H' 

bipyramidal c o m p l e x e ~ . ~ ~  In acetone solvent, 5 5  Pt and 'I9Sn NMR spectroscopy show that 

cocatalyst for isomerization.g0 ! Comparison of cis-PtCI2L(PR3) with cis-PtC12L and cis- 
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recent structural and electron-counting articles have been p ~ b l i s h e d . ~ ~ " ~ ~ ~  This field is a 
relatively new one, and many new types of complexes will be synthesized in the near future. 

Pt(PPh,), + K,,(Sn,) - K,[Pt(Sn,)(PPh,),] + PPh, (310) 

52.5 

52.5.1 Complexes of Nitrogen (Nz) 

The simplest ligand is Nz itself. Using matrix isolation techniques the IR spectra of Pt(N2), 
(n=1,2 ,3)  show v(N=N) in the range 2170.0-2211.5~m-~ and v(Pt-N) in the range 
360-394 cm-l. By using isotopically labeled N,, accurate force constants have been 
calculated.917 Using a similar experimental procedure, the compounds Pt(02)(N2), (n = 1, 2) 
have been observed in a cooled matrix by IR spectroscopy.918 

PLATINUM COMPLEXES OF GROUP $A LIGANDS 

52.5.2 Aliphatic and Aromatic Amine Complexes 

525.21 Amine complexes of platinum(II) 

Separate complexes ci~-PtC12(NH& and truns-PtClz(NH3)~ have been prepared by simple 
application of the trans effect. The cis isomer is formed by reacting PtC1:- with a buffered 
ammonia solution (equation 311),919 and the trans isomer is obtained by chloride ion reaction 
with Pt(NH,)Z+ (equation 312).92%922 Ammonia in the gas phase reacts with solid /3-PtCl2 to 
give products of composition RCl2.xNH3 (x = 1-4). The compound PtC12(NH3) retains the 
basic P-PtCl, structure, but PtC12(NH3), is amorphous.923 Trace detection of truns-PtC12(NH3), 
in a sample of ~ i s - P t c l ~ ( N H ~ ) ~  can be achieved using HPLC  technique^.^^ 

(311) 
012) 

Coordination isomers of PtC12(NH& are also possible, When [Pt(NH3)4]X2 (X = halide) 
reacts with P t z - ,  the ionic complexes [Pt(NH&][P&] are formed.925 Complexes with a 
single amine ligand are synthesized by halide bridge cleavage with amines (equation 313).9267a7 
For X = I, the equilibrium lies to the left. Except €or a CisSltrans mixture being formed when 
L = amine, the cleavage reaction leads to trans products. The complex cis-PtCl,(NH,), has 
received considerable attention since its discovery as a chemotherapeutic agent This 
subject will not be discussed in this chapter since the field is being reviewed by Lock in Chapter 
62.2. Furthermore complexes with X other than halide have been prepared and studied. These 
will not be included individually here, but will be referenced in the sections where substitution 
mechanisms are discussed. 

PtC1';- + 2NH3 - PtCl,(NH,)- - C ~ S - P ~ C ~ ~ ( N H ~ ) ~  + 2C1- 
Pt(NH,):' + 2C1- - PtCl(NH3): - &am-PtClz(NH,), + 2NH3 

PtZ(p-X),XzL + 2NH3 e ZPtX,(NH,)L (313) 

Amines complex to platinum(I1) by donation of an electron pair from an sp3 hybrid orbital 
on nitrogen to an empty orbital of correct symmetry on platinum. Since there are no 
low-energy empty orbitals on nitrogen suitable for n back-donation, the Pt-N bond can be 
considered to be a pure u bond. Ligands capable of n bonding stren then the Pt-N bond, and 
coordination of NH3 to Pt" increases the acidity of the ammonia.93 Amine ligands are low in 
the trans effect and trans influence series, low in the nephelauxetic series and high in the 
spectrochemical series .931 This feature is evidenced where the singlet + singlet absorption is at 
29 800 cm-l in cis-PtCl,(NH,),, at 26 600 cm-' in trum-PtCl,(NH,),, but at 21 OOO cm-' in 
K2PtCL.932 

The assignment of the low energy transitions to d-d bands of c i ~ - P t c l ~ ( N H ~ ) ~  and 
truns-PtCl,(NH,), is based on extinction data.933 Later the solution and polarized single-crystal 
absorption spectrum of PtC12(en) was measured and ~ u r n p a r e d . ~ ~ ~ . ~ ~ ~  The complexes cis- and 
trans-PtClz(NH3)z show respective luminescence energies of -16 950 cm-I and -16 400 m-l. 
In conjunction with the absorption and MCD spectra, state assignments have been made.936 
Polarized single-crystal quartz UV spectroscopy of PtCl,(en) shows that the out-of-plane band 
at 35 OOO cm-' is associated with a metal-localized 5d,2+ 6p, transition, and that the in-plane 

8 
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transition at 45 OOO cm-' is an LMCT band.937 An asymmetric center in a complexed amine 
ligand interacts with the platinum d orbitals and gives rise to circular dichroism in the d-d 
transitions.938 Complexes which contain simple C-substituted diamines with the (R) absolute 
configuration show positive CD in the region associated with the 'Alg+ 'Eg transition, both in 
solution and the solid state. There is no general consistency in the sign of the 1Alg+1A2g 
transition, and only for solution does the sign of the net CD show a correlation with the 
absolute configuration of the ligands.939 The circular dichroism spectrum of [Pt(NH&{ (S)-3,3- 
dimethyl-1 ,2-butanediamine}12+ has been compared with the spectrum of platinum complexes 
of other monosubstituted diamines. Solvent effects on the spectra are interpreted in terms of 
the creation of asymmetric nitrogen donors via the stereoselective solvation of the NH2 
 proton^.^‘"' 

The IR v(PtN) bands are found in the 5 0 0 m - '  region. The NH3 antisymmetric 
deformations in the region of 1610 cm-I are split by between 65 and 100 cm-l in platinum(I1) 
complexes.941 The stability constants for the replacement of chloride ion by amines in 
PtC13(GH4)- follows the sequence NH3 < MeNH2 > Me2NH >> Me3N.g42 Replacement of 
halide ion in C ~ ~ - P ~ C ~ ~ ( N H ~ ) ~  can be readily effected by treatment with silver ion. Using this 
technique with AgN03, the complex C ~ ~ - P ~ ( N O ~ ) ~ ( N H ~ ) ~  can be prepared (equation 314).943 
Each nitrate ion is coordinated through a single oxygen. Halide substitution apparently occurs 
on reaction of c ~ S - P ~ C ~ ~ ( N H ~ ) ~  with calf thymus DNA. Extended X-ray absorption fine 
structure spectroscopy provides evidence against the possibility of Pt-Pt bonding in these 
complexes, and the data are consistent with four Pt-N (or -0) bonds about platinum(II).944 
Organocobalamins will replace water in [Pt(NH3)2(H20)2]2+. The interactions generate the 
'base-off' form of the organocobalamin, and the reactions are first order in organocobalamin 
and first order in platinum complex. The rate determining step involves ligand exchange 
between N-3 of the 5,6-dimethylbenzimidazole ligand and a coordinated water.945 For the 
reaction of C~~-P~C~, (NH, )~  and various nucleophiles, a linear free energy relationship is found 
between the logarithm of the second-order rate constant and either the electrode potential or 
the nucleophilic reactivity constant of the incoming ligand.946 

Cis-PtCl,(NH,), + 2AgN03 - &-Pt(N03)2(NH3)2 + 2AgC1 (3 14) 

While aromatic amines in the ground state are good bases, the electron density at the amine 
nitrogen is drastically reduced in the first excited singlet state. On absorption of light an amine 
is therefore readily displaced from platinum(I1). The complex cis-PtClz(l-naphthylamine)z is 
displaced with a uantum yield of 0.1 5 0.02 on irradiation at 280 or 313 nm in aqueous DMF 

(315) 
The complex [Pt(NH3)2(H20)2]2+ will undergo oligomerization in aqueous solution in the pH 

range 4-5. The only observed product is Pt2(p-OH)2(NH3)2, which is formed from 
[Pt(OH)(NH3)2(H20)]+.948 Amine complexes of platinum(I1) can be oxidized to the trivalent 
ions. In an N20-saturated solution of Pt(en)$+, the initially observed product after irradiation 
by high energy electrons (2-20 MeV) has an absorption peak at 270 nm. Under these pulse 
radiolysis conditions the hydroxyl radical is formed, which has reacted to form 
Pt(OH)(en)$+.g4g Between pH 5 and 10.5, these radiolysis conditions also generate 
solvated electrons and hydrogen atoms. Both these species react with Pt(NH$+ at near 
diffusion-controlled rates. For the electron reaction, the initial product is Pt(NH3)z, which in 
acid media rapidly releases two ammonia ligands (equation 318). In the reaction of the 
hydrogen atom the results support platinum hydride formation (equation 319).950 The hydride 
product is unstable. The hydrated electron can also be used to prepare trivalent complexes 
from [Pt(OH)2(NH3)4]2t, although the product lifetime is short (equation 320). Alternatively 
ammine platinum(II1) complexes are formed by hydroxyl radical oxidation of Pt(NH3)i+ 
(equation 321).951 

(equation 315). w? 

ck-PtCl,(l-naphthylamine), + S a cis-PtCl,(S)( 1-naphthylamine) + 1-naphthylamine 

FtIen)?;' + OH- - Pt(OH)(en):' - Pt(enH)(en)'+ + H,O (316) 
Pt(OH)(en):+ + H' - Ft(en)2(H20)3+ 

Pt(NH,);+ f e- - Pt(NH,); 
Pt(NH,):* + Ha ---+ PtH(NH3)Y 

Pt(OH),(NH,):+ + e- ---* Pt(OW)2(NH3): 
Pt(NH$+ + OH- -----* Pt(OH)(H,O)(NH&' 
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Although it will become readily apparent to the reader that many amines form cis chelate 
complexes with platinum(I1) and platinum(IV), there are very few documented examples of 
bidentate amine ligands which span trans positions in platinum complexes. A successful method 
involves the synthesis of the six-coordinate platinum(1V) complex [PtCl(NH3)2(H2NCH2CH2- 
N(R)CH2CH2NH2)]”, which has the NH2 groups mutually trans. Reduction of this complex in 
HC1 gives Pt(NH3)2( H2NCH2CH2N(R)CH2CH2NH2)2+ , where the required planar geometry 
about platinum(I1) requires the central amine to dissociate.952 These authors venfy their 
complex by degradation and replacement reactions, and have since challenged the structure of 
[FT(sym-Me dien)I]I .953 

Cyclic amines will also form complexes to platinum(I1). Using a method published by Dhara, 
the crystalline complex cis-PtCl~(cyc10propylamine)~ can be ~ynthesized.~’~ A preparation 
designed to produce the cis isomer, instead gives trans-PtC1z(cyclobutylamine)2. It is found that 
the cis procedure does give the correct isomer, but in the process of recrystallization the cis 
complex is converted to the In view of the selective chemotherapeutic action of the cis 
isomer of PtC12(NH3)2 it has become of significance to recognize isomers in planar platinum 
amine complexes. A spectrophotometric method has been developed which makes use of the 
different kinetic reactivities of the cis and trans isomers of PtC12(NH3)2 with allyl alcohol.956 
The isomeric structure can also affect potential barriers to internal rotation of the NH3 groups 
since it has been found that the barriers are lower in trans complexes than in cis.957 In another 
study, the slight distortions of Pt(en)z+ and the anion from @)-tartrate are incorporated into 
an ion-pairing model to suggest a cause for slow mutarotation in aqueous solutions of this 
salt. 958 

A wide range of multidentate amine ligands coordinate to platinum. The conformational 
analysis of chelate ring systems by NMR has been reviewed by Hawkins, and platinum 
complexes are included in this Amine ligands with sulfur groups can also act as 
chelates, and this subject has also been reviewed.960 

In addition to bidentate chelate complexes with ethylenediamine, tridentate chelate 
complexes can be prepared with diethylenetriamine (dien) . The coordination plane about 
platinum(I1) in [PtBr(dien)]Br is planar.”’ This compound substitutes halide ion by pyridine, 
but the rate is some 1000 to 10000 times slower than is found for the tripyridine complex 
[PtX(tripy)]X. This faster exchange of the tripyridyl complex is explained on the basis of strain 
in this latter complex.%2 Substituents on the dien ligand can affect reactivity. For the dien 
eompounds, their substitution reactions involve an associative mechanism, but by contrast the 
Et4dien complexes of platinum(I1) undergo replacement by a pathway having considerable 
dissociative character. The structure of [PtI(Et4dien)]I shows the platinum atom slightly 
removed from the plane of its four ligands, and that plane shows some tetrahedral distortion. 
The iodide ion shows some hydrogen bonding to the ligand.963 

For chelated amine complexes the question of ring conformation is a significant one since 
several conformations of the ring are formed on coordination. Variable temperature ’H NMR 
studies show that for five- and six-membered rings, conformational equilibrium is rapidly 
a ~ h i e v e f l . ~ ~ , ~ ~ ~  A n umber of (S)-N-methylpropylenediamine complexes of platinum(I1) and 
platinum(1V) have been prepared. Equilibrium constant measurements for the axial-equatorial 
distributions of the NMe groups show there is very little free energy difference between the two 
internal diastereomers, but that small changes in the chelate ring or other groups complexed to 
platinum can cause rna’or changes in the isomer distribution between (93) and (94).% The d-d 

coordinated N-Me group. The structure of [Pt{ (S, 5)-2,4-pentanediamine}2]2+ shows the 
six-membered chelate ring with a chair conformation. One methyl group is axial to the chelate 
ring and the other is equatorial. The effect of the (S,S)-ptn ligand on the CD spectra of 
[Pt(NH3)2{(S,S)-ptn}]2+ and [Pt{ (S ,S) -~ tn}~l~+ is not additive. The asymmetry factors 
responsible for the optical activity of these platinum(I1) chelates are the chirality of the 
asymmetric carbon in the chelate ring and the chelate ring in the skew conformation. The 
non-additivity suggests that the CD spectrum of the bis chelate com rises the conformational 
contribution from the conformers with the skew ringsN7 The CNMR spectra for 13 
platinum(I1) chelate complexes of type [Pt(bipy)(substituted 1 ,2-diaminoethane)I2+ with 
different diamines have been measured to ascertain the conformational implications of 3J(PtC) 
values. Values of *J(PtC) for N-methyl carbons vary from 10 to 25Hz, decreasing for 
N,N-dimethyl substitution. The values for 3J(PtC) are in the 20-5OHz range, and from the 
known conformational properties of gauche five-membered diamine rings a Karplus-like 
dependence for 3J(PtC) is suggested. It is noteworthy that ‘H NMR spectra of these Complexes 

CD spectra of the Pt d mmplexes show additivity of the chelate ring and the asymmetrically 

s 
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at various frequencies from 30 to 300MHz show a pronounced broadening of platinum 
satellites at higher fields; at 300 MHz platinum satellites are broadened beyond recognition.= 
These correlations have allowed a combination of 13C, 19'Pt and J(PtC) techniques to be used 
to define the conformational behavior of platinum(I1) complexes of methyl-substituted 
glycines. The chelates derived from PtC12(gly)- adopt an envelope conformation in solution 
with methyl substitution on the carbon and nitrogen atoms causing some puckering around the 
C-N bond of the chelate ring.969 Extension of these methods can be made to the cyclic 
a-amino acids proline and pipecolic acid. Contrasts between the conformation and isomer 
preferences of these ligands in square planar platinum(l1) and octahedral cobalt(II1) complexes 
are related to the influence of apical ligands in the latter.970 These techniques applied to the 
compounds Pt(bipy)(aliphatic 1,3-diamine)2+ show that the six-membered chelate ring is in a 
distorted-chair conformation, flattened in the region between the PtNN and NCCN planes.w1 

An X-ray crystal structure of Pt(malonato)(2,2-dirnethyl-l,3-diaminopropane) addresses the 
conformational aspects of both rings. The diamino ring adopts a chair conformation strongly 
flattened at the PtN2 end, and has an unusually large N-Pt-N angle of 97.2(2)". The 
malonate ring has a boat conformation, and this structure is compared with previous chelating 
malonato complexes. w2 The molecular structure and absolute configuration of ( -)zso-cis- 
dichloro{ (l-methylarnino)-2(S)-aminopropane}platinum(II) have been solved by X-ray crystal- 
lography. The absolute configuration of the chelate ring is 6, and the N-methyl substituent is in 
the axial position.973 

Although the main discussion on substitution reactions of platinum(I1) complexes is in 
Section 52.9, some discussion is necessary here where reactions particularly relate to amine 
complexes. For mechanisms of reactions involving platinum(I1) complexes, the reader has 
available several good sources of general reference. In particular the early work is well 
described in books by Basolo and Pea r~on ,~  Basolo and Johnson,974 Langford and Gray,975 and 
ACS Monographs 168 and 174 on Coordination Chemistry edited by Marte11.w6 Furthermore 
useful examples of platinum substitution reactions are to be found in the book by W i l k i n ~ , ' ~  
and in the review article by Pelo20.~~* 

The reaction of propane-l,3-diamine (pn) with PtCg- proceeds in two stages. The formation 
of PtC12(pn) follows the usual two-term rate law for platinum complexes, with the first-order 
rate constant corresponding to the rate of hydrolysis of PtCl$-. The rate of chelate ring closure 
is fast. Iq the second stage [Pt(~n)~]'+ is formed (equation 322).979 The ring closure reaction is 
one of interest because of its direct relevance to the chelate effect. Nevertheless only a few 
papers have been published on ring closure in square planar complexes up through 1975 
Recently, however, a number of papers have been published on this subject. The complexes 
[PtC12(bama.HC1)] and PtC12(taa.2HC1) (bama = bis(2-aminoethy1)methylamine; taa = tris(2- 
aminoethyl)amine), with the tri- and quadri-dentate ligands acting as bidentate ligands, have 
been prepared. From stopped-flow measurements in basic media at 25 "C, the rate constants for 
the reactions (323) and (324) are kl = 2.1 f 0.1 and 4.3 f 0.2 s-'. The overall reaction is shown 
in Scheme 8.982 Similarly the chelate effect of cis- PtCl,(DMSO)(enH)]+ converting to 
[PtCl(DMSO)en]+ has been studied in both directionsdm The reaction in equation (325) has 
also been kinetically studied in both directions. In particular, comparison is made between the 
values found for the (3-aminopropy1)ammonium and the (4-aminobuty1)ammonium complexes 
in order to understand ring size effects. The mechanism is the same as that found for the 
1,2-diaminoethane complex.983 The rate constants for the opening of the three M g s  are very 
similar. Under similar conditions of pH and temperature, the 1,2-diaminoethane complex 
undergoes ring closure much more rapidly than the 1J-diaminopropane complex. This effect is 
almost entirely due to the difference in the basicities of the uncoordinated nitrogens and, once 
this has been taken into account, the rate constants for the closing of the ring differ by a factor 
of only 4. On the other hand, the 1,4-diaminobutane system is far less reactive and, even after 
accounting for any basicity difference, the rate constant for the formation of the seven- 
membered ring is some 102 times smaller than those for the closing of the five- and 
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six-membered rings.984 For the closing of eight-membered rings the rate constant is same 40 
times smaller than that for the seven-membered ring.985 These rates are compared against 
estimates for an analogous reaction with a monodentate amine.984 

(322) 

(323) 

(324) 

PtC1:- + pn - PtCl,(pn) 5 [ ~ t ( p n ) , ] ~ l ~  

PtCl,(bama) - [PtCl(bama)]' + C1- 

PtCl,(taa) - [PtCl(taa)]+ + C1- 

Scheme 8 

c~s-[P~C~~(DMSO)(N--NH)]+ e [PtCl(DMSO)N-N]+ + H* + C1- (325) 

This work has been extended to the complexes trans-[PtC12(NH3)(N-NH)]f, because for 
the ring closure reaction in equation (326) it is possible to separate the rate constants for ring 
closing, k, from the acid dissociation constant of the protonated amine (&). Temperature data 
are given, and for the respective formation of ring sizes five, six and seven the values for AHf 
are 50.6, 56.4 and 67.3kJmol-l, and for AS#-63, -63 and -71 J K - l r n ~ l - ~ . ~ ~  The 
tetramethylated ligands have also been studied. The presence of two methyl substituents on the 
N atoms causes a 50-100 fold rate enhancement, which is a measure of the 'Thorpe-Ingold' or 
'gem-dimethyl' effect."' 

K. 
trans-[PtCl,(NH,)(N-NH)]' S WW-PtClZ(NH3)(N-N) + H' 

[PtCI(NH,)(N-N)]+ + C1- (326) 

In addition to chelate complexes, the cyclic amine 1,4,7-triazacyclononane will complex to 
platinum(I1) and (IV). The hexacoordinate platinum(1V) complexes are bonded to two 
molecules of the tridentate ligand, but platinum(I1) complexes with the ligand monodentate 
and bidentate .986 Also the formation of platinum(I1) ammine complexes from chloride 
complexes is a reversible process. The rate constants decrease as the basicity of the leaving 
amine increases.989 

Stable bis(monoxime) complexes of platinum(I1) formed with K2PtC14 react directly with the 
monoxime. The oxime in these monomeric complexes is bonded to platinum(I1) via the 
nitrogen atom. One oxime proton can be removed by base (equation 327).m Although 
platinum(I1) complexes of Schiff bases are not common,991 the ONNO type tetradentate 
ligands form complexes with platinum(I1) which have highest stability when the ring size is five 
or six.992 Using a similar NNO tridentate ligand, a platinum(I1) complex has been prepared 
where a photochemically controlled 'swinging gate' ligand has been incorporated (equation 
328) .993 

(327) cj.s-PtCl,(Me,CNOH), + OH- - PtQ(Me,CNO)(Me,CNOH)- + HzO 
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Glycine forms a series of complexes with platinum(I1) of structure [Pt(gl~cine)~]~- , 
[Pt(gly~ine)~]-, ch- and trans-Pt(glycine)2, and [PtC12(glycine)]-.994-1001 Where the glycinato 
ligand is unidentate coordination is via nitrogen. The IR spectra of Pt(glycine)2 show 
asymmetric carboxylate stretching frequencies at higher wavenumbers, and symmetric carboxy- 
late stretching frequencies at lower wavenumbers than most other divalent  cation^.'^*'^^'^^ 
IR spectroscopy can distinguish between unidentate and bidentate glycine ligands since 
unidentate glycine shows a band at 1700 cm-' due to the C 4  antisymmetric stretching mode 
which is absent in the bidentate complexes.1004 Irradiation of ~is-Pt(glycine)~ in the d-d region 
of the spectrum in the absence of excess glycine isomerizes it to the trans isomer. Chlorination 
of the a-amino acid platinum(I1) compounds rrans-PtC1,(NHzCHRC02H)Z and 
PtClz(NH2CH(CO2H)CH2CH2SR) by PCls gives the corresponding tetrachloroplatinum(1V) 
complexes with the carbonyl group converted to an acyl chloride. These functionalities will 
oxidatively add to Pt(PPh&.' Glycinato complexes of platinum(I1) react with aldehydes or 
alkylating agents to form chelate complexes with substituted amino acids (equation 329).lOo6 
The absorption and CD spectra in the d-d region of cis- and frans-PtC12(ZH), (ZH = L- 
alanine, L-valine, L-norvaline, L-isoleucine and D-leucine) have been studied. The signs of 
the CD bands in the CD spectra are determined both by the absolute configuration of the 
ligand and by the geometric configuration of the complex.'007 Interpretation of CD spectra is 
difficult and amino acid complexes of platinum(I1) show a fairly consistent CD pattern which is 
opposite to that shown by platinum(I1) dipeptide complexes.1008 Other reactions of amino acid 
platinum(I1) complexes involve studies of ring-opening and ring-closing reactions. 1o09~1010 

Different types of anionic nitrogen ligands have been formed by in situ reactions. When 
[PtR(NCR')L]BF4 is reacted with KOH, the methyl- or phenyl-N-carboxamido complexes of 
platinum(I1) PtR(NHCOR')L, (L = PEt3, R = Me, R' = Me, CH=CH2; L = PEt,, R = Ph, 
R' = Me; L = PMe,Ph, R = Ph, R' = Me, Ph; L = PMePh2, R = Ph, R' = Me; L = PPh,, 
R = Ph, R' = Me) are formed (equation 330).'01' 

PtR(NCR')L; + OH- - PtR(NHCOR')L, (330) 

525.2.2 Partially oxidized and mixed-valence platinum amine complexes 

Magnus's green salt [Pt(NH3)4][PtC14] in HC10, reacts with various platinum(1V) chloro 
complexes to give a single phase partially oxidized conducting salt with directly interacting Pt 
atom chains (Pt-Pt 2.85 A) adjacent to parallel chloride-bridged Pt"-Pt'" chains.loL2 This 
distance corresponds to a distance of 3.23 A in Magnus's green salt Partial oxidation 
of [Pt(NH3),]ClZ by hydrogen peroxide in 50% H2S04 gives crystals of [PtC1(NH3)4](HS04)2, 
an analog of Wolfram's red ~ a l t . ' ~ ' ~ , ' ~ ' ~  The bisulfate anions are hydrogen bonded to each 
other to form dimers. The extensive hydrogen bonding between the amine hydrogens and 
bisulfate oxygens stabilizes the crystal structure. 

IR and Raman spectra have been measured for Magnus's green salt and the partially 
oxidized chains. The deuterated samples [Pt(ND3)4J[PtClJ017~10'8 have confirmed that a band 
in the far IR spectrum around 200 cm-' is an NH3 torsional motion and not an AZu translational 
lattice mode involving the chain of platinum atoms. The resonance Raman spectra of the 
mixed-valence complexes [PtX2(en)][Pt&(en)] and [Pt(en)z][Ptxz(en)z][C104] show an intense 
progression involving the symmetric X-Pt'"-X stretching mode of platinum(1V) .Ioi9 Similar 
spectra are observed with the analogous 1,3-diaminopropane compounds. lorn Partial oxidation 
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of platinum(I1) complexes with a tetraaza macrocyclic ligand gives a complex with formal 
oxidation state of 2.7.'""'Ou 

52.5.23 Amine complaes of platinum(IV) 

Amine complexes of platinum(1V) can be prepared by halogen oxidation of the platinum(I1) 
complex or amine coordination to platinum(1V)  halide^.^^*,^^^ Reaction pathways in 
platinum(1V) amine complexes will be discussed in the section on reaction mechanisms. 
Macrobicyclic ylatinum(1V) complexes with ligands (95) and (96) have been prepared from 
[ P t ( e ~ ~ ) ~ ] c l ~ .  lo' The complexes are substitution inert diamagnetic octahedral ions which yield 
transient monomeric macrobicyclic platinum(II1) ions on reduction. The lifetimes of the 
platinum(II1) intermediates and the reduction pathways are discussed.loB Oxidation of 
platinum(I1) complexes by iron(II1) ion also provides a pathway to the synthesis of amine 
complexes of platinum(1V) (equation 331).1° The rate of oxidation of the platinum(1I) 
complexes by Fe3+ is decreased by the presence of Fe2+. The results are consistent with a redox 
mechanism involving two successive one-electron steps. The oxidation is kinetically and 
thermodynamically favored in the order PrNH2 < EtNH, < MeNH2 < NH3 < en, steric hin- 
drance being responsible for the trends. Reduction of the series of platinum(N) complexes 
PtCE-, trans-PtClz(NH&+, PtCl2(MeNHZ)Z+, PtCl(NH,):+, PtBr(NH3):+ and rner-PtCl3(NH3): 
by V2+ and Ru(NH&+ also involves successive one-e uivalent changes. Analysis of the kinetic 

platinum(1V) amine complexes the reader should consult Gmelin or Sidgwick's comprehensive 
two-volume 

data shows consistency with outer-sphere reactions.' 9 2  For the synthesis of these and other 

(95) 
k 

(96) R = NO2, NH2 

PtL;' + 2Fe3' + 2Br- e tram-PtBr,Lp + 2Fe" 
L = NH3, MeNH,, EtNH,, PrNH,, +en 

(331) 

Since platinum(3V) com lexes are also kinetically inert, optical diastereomers of Pt(en),(L- 
2,3-diaminopropionic acid,$' have been prepared. The first synthetic procedure involves the 
chlorine oxidation of PtClz(~-2,3-diaminopropionic acid) followed by reaction with ethylenedi- 
amine. Resolution is achieved through the (+)-tartrate salt. Alternatively the resolved complex 
can be prepared directly from the reaction of ~-2,3-diaminopropionic acid on optically active 

Since platinum(IV) is an electron-poor transition metal center, complexation of the amine 
nitrogen of ammonia or a primary or a secondary amine results in the hydrogen atoms of the 
ligand becoming acidic. The geometric isomers of [PtC12(NH3)(en)py]C12 may show stronger 
(pK1 = 8.15) or weaker (pK1 = 10.35) acidic properties than the analogous amine complex 
[PtC1z(NH3)2(en)]C12 (pK1 = 9.34) depending on the configuration.lmg In order to assess charge 
effects, the acidities of the complexes [PtC12(NH3)(en)(am)]Clz, [PtC12(en)(py)2]C12 and 
[PtC1(NH,),(en)(am)]C13 (am = NH3, py) have been compared. The change from the trans 
tetramine complexes to the pentamine compounds containing ammonia in the axial position is 
accompanied by a sharp increase in the acidic properties, which cannot be attributed entirely to 
charge effects. The results support Grinberg's theory that a positive contribution to the acid 
dissociation of amines is made by their cis interaction without metal atom participation. The 
ready deprotonation of two amines in Pt(bipy)(cis,cis-l,3,5-triaminocyclohexane)2+ and 

~is-[PtCl~(en)~]Cl~. I 
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oxidation of platinum to the tetravalent state gives the bis amido complex (97).lm1 

1 2c 

(97) 

Ammine ligands complexed to platinum(1V) will undergo condensation reactions with 
acetylacetone. Thus Pt(NH&+ and acetylacetone react rapidly to give the diimine complex 
(equation 332).1°” 

Pt(NH3)e + MeCOCH,COMe - (NH3)4Pt + 2H20 (332) 

H 

The reaction of P t g -  and liquid ammonia gives mixtures of haloammine complexes 
[PtX,(NH3)6-n]&-n (X = C1, Br, I;  n = 3, 2, 1, 0). The salts [Pt(NH&]& may be isolated as 
the main product only after several weeks of reaction. Interactions at room temperature of PtCc- 
and PtB$ salts with liquid ammonia yield the dinuclear p-amido ammine complex 
[(NH3)4Pt(p-NH2)2Pt(NH3)4]& qzuantitati~e1y.l~~~ The structure shows a Pt-Pt separation of 
3.16(1)A. 034 Interaction of Pt&- with liquid or gaseous ammonia followed b addition of 
excess KNHz yields the hexakis(amid0) complex K2[Pt(NH2)6] (equation 333) .Ior3 Complexes 
of the anionic ligand NCl; bonded to platinum(1V) have also been prepared. One method is by 
treatment of [PtCl(NH3)&l3 with chlorine (equation 334) .1035 

(333) 
(334) 

Although platinum(1V) is a stable oxidation state of platinum, the complex PtClE- wiU 
oxidize hydrazinium ion. Hydrogen ion does not affect the rate. The reaction proceeds via a 
platinum(II1) intermediate and a protonated hydrazyl radical which decomposes to N2 and 
NH: . 1036 

K2Ptg- + 6KNH2 - K,[Ft(NH2),] + 6KC1 
[PtCI(NH3)5]C13 + 4C12 - [PtCl(NCIZ)2(NH3),]Cl+ 6HC1 

52.5.2.4 Platinum @I) complmes with aromatic nitrogen ligands 

Using similar preparative procedures as used for ammine complexes,1037~1038 a series of 
pyridine platinum chloride complexes can be prepared.1039 The cis and #rum isomers of 
PtClz(py)a have been synthesized using the routes in equations (335-337), again making use of 
Chernyaev’s t r m  effect method. In DMF solvent the sequence of compounds shown in 
equation (338) can be prepared where L is pyridine, picoline or lutidine.lom For the complexes 
K[PtCl,L] the yield decreases in the order 2,4-lutidine = picoline > 2,6-lutidine > 4-picoline = 
pyridine. The final product truns-PtC& is formed by a ligand catalyzed isomerization of 
cis-PtCl,I+ The compound [Pt(py),]ClZ can also be prepared in DMF solvent. Solvent 
differences are found between water and DMF. In water [Pt(py),]Cl, only converts to 
tr~ns-PtCl~(py)~ by prolonged reflux in concentrated HCl solution; in DMF the conversion is 
spontaneous. Alternatively the halide compounds PtX2 can be used as precursor synthons. In 
pyridine solvent PtIz gives a series of adducts Pt12.npy (n = 2, 4, 6). The compound PtIz(py)2 
has trans stereochemistry.1041 Pyridine complexes of platinum(I1) can be prepared by 
replacement of ligands other than halides. One DMSO ligand in C~-P~C~, (DMSO)~  is replaced 
by pyridine, picoline and lutidine (L) to give cis-PtCI,L(DMSO) (equation 339).lW2 Similarly 
dimethyl sulfide is replaced by pyridines (equation 34O).lw3 The trans complexes are some 2.5 
times more reactive than the cis isomers. The dependence of the second-order rate constant on 
the amine basicity is shown in Table 3, and follows the expression: log kZ = O.18pKa(LH+) + C. 
Pyridine will also substitute an oxygen ligand of acetylacetonate, converting it into a 
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monodentate C-bonded ligand.lW 

2KzPtCl4 + 2py - ciS-PtCl,(py), + 2KC1 

c~-PtCl,py, + 2py - [Pt(py)4]Cl, 

[Pt(py),]Cl, + 2HC1 tram-P?Clz(py), + 2py.HCl 

K,PtCL,+L + K[PtCI,L] L, Cir-PtCIZL, + trUnS-PtCI,L, 

ci;r-F'tCl-@MSO)z + L - cih-PtCl~L(DMS0) + DMSO 
PtClz(MezS),. + L - PtCl,L(Me,S) + Me,S 

Table 3 Selected Rate Constants and Pyridines for 
Substitution of Me,S in trans-PtCl,(Me,S), 

4-Mepy 6.02 9 9 f 3  
5.17 59 f 1.3 
1.84 18.3 4 0.2 

Py 

3,4-M%PY 6.44 106f3 
3,S-Megy 6.34 77f4 
3-Mepy 5.68 69.1 f 0.6 

4-CNpy 

Using conductivity measurements, the pressure dependence of the second-order rate 
constant for the substitution by pyridine in tr~ns-PtCl(NO~)(py)~ shows AVz values of 
-6.2f0.4 at 1O"C, -8.8f0.6 at 25"C, -13.1f0.8 at 25°C and -19.8f1.7cm3mol-' at 
25 "C in MeN02, MeOH, EtOH and CH2C12 respectively. The volume change associated with 
the partial formation of the Pt-py bond is estimated to be -4 f 1 cm3 mol-'. Solvent effects 
are therefore important in deducing mechanism, and a large change in polarity or charge 
formation occurs during the activation step.''" 

Luminescence, absorption and MCD spectra for cis- and tmns-PtCl,(py), are used to identify 
transitions from d+d,  d + n * ,  and m e n *  transitions. For the cis isomer two emission 
bands have been observed at 600 and 700nm, which are assigned as n * + d  and d+d 
transitions. For the trans isomer, emission at 605 nm is from two excited n* states separated by 
240 crn-l.lM5 For the cis isomer the LUMO is a metal d orbital. 

This distance 
is similar to the Pt-N distances of 2.011(6) and 2.013(6) A found in the 2,6-lutidine complexes 
PtC13(2,6-lutidine)- and trans-PtC12(DMF)(2, 6-lutidine), 1048,1049 

A range of substituents other than methyl can be bonded to the pyridine (Table 3). The 
complex ck-PtCl2(4-CNpy), undergoes substitution with thiourea and the rate data measured in 
a variety of binary aqueous solvent mixtures. These data have been correlated with others to 
address problems of initial state and transition state solvation in inorganic reactions.'050~'"' For 
the reaction with thiourea (equation 3411, initial-state effects are considerably more important 
than transition-state effects. With a thienyl substituent bonded to pyridine in the 2,2'-position 
ligand, coordination in tr~ns-PtC1~{2-(2'-thienyl)pyridine)~ occurs only via nitrogen. loS2 

Complexes bonded to platinum(I1) with an N,N chelate are bis(pyridine-2- 
methylcarboxaldoximinato)platinum(II), OS3 and with an N ,O chelate the compound is 
[PtMe3(8-quinolinol)]2. 'OS4 

The platinum(I1)-nitrogen distance in a trans pyridine complex is 2.085 

~is-PtCl2(4-CNpy)~ + tu ------* ck-PtCl(t~)(4-CNpy): + C1- (341) 
tu = thiourea 

Two common aromatic nitrogen ligands which will form chelate complexes with platinum(l1) 
are bipyridyl and l,l@phenanthroline (98) and (99). A less common rigid ligand is 
dipyrr~lylmethane.~"~ Bipyridyl reacts with RClf but at a rate 33 times slower than is found 
for ethylenediamine because of the steric crowding in the initially formed monodentate 
intennediate.lW6 These unidentate intermediates are not produced in the formation of 
PtCh(phen) from 1,lO-phenanthroline and PtCG-.lO"vlm The reaction can be used to prepare 
PtClz(phen) and PtBr2(phen); the complex Pt12(phen) is very insoluble in aqueous solution 
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(equation 342).IM9 Monodentate 1,lO-phenanthroline complexes have, however, been isolated; 
the first observation of this feature in the solid state was with ci~-[PtCl(phen)(PEt~)~]BF~ (100). 
In solution the phenanthroline rapidly exchanges nitrogens bonded to platinum. '060 This 
fluxionality is somewhat general, being observed with platinum(I1) complexes of phen, bipy , 
4-Me-1 ,&naphthyridine, pyridazine and phthalazine. In the solid state the l,&naphthyridine 
complex is also monodentate. The fluxionality of platinum(I1) between the two nitrogen sites is 
dependent on the suitability of the nitrogen lone pair orientation for bidentate coordination. 
For the pyridazine and phthalazine complexes the mechanism of fluxionality is dissociative 
rather than one involving pentacoordinate platinum. iM1+1062 

I 
Cl-Pt-PEt, 

I -  
PEt, 

(100) 
Ptx- + phen - PtX,(phen) + 2X- (342) 

Controversy surrounds the question of acidity found in aqueous solutions of Pt(phen)z+ and 
Pt(bipy)$+. The complexes react with hydroxide ion. One grou argues that hydroxide attack 
occurs at the ring carbon adjacent to the coordinated nitr~gen.'~ but another research group 
argues that hydroxide reacts at the platinum center.lW The carbon-13NMR spectrum is 
suggestive of the latter, and the Gillard 'pseudo base' mechanism seems to be in some doubt. 
Bipyridyl ligands will also undergo cyclometalation reactions. Cyclometalation of 
PtX3(Mebipy) (X = C1, Br) occurs on heating the compound with an equimolar amount of 
Mebipy+ (equation 343).'06' The authors propose metalation via the aromatic group rather 
than via the methyl carbons. Redox chemistry can also be effected on these bipyridyl-type 
complexes. Reduction of PtCL(N-N) by I- and the oxidation of PtCL(N-N) by AuCI; in the 
presence of chloride ions leads to the interchange between the compounds (equation 344),lW 
The reaction rates are insensitive to changes in N-N. The difference in substitution rates 
between platinum and palladium is very evident in bipyridyl complexes. In the complex 
[Pd(bipy)en]C12, bipy is replaced by en in methanol at 25 "C within a few seconds, whereas in 
the platinum derivative bipy is totally inert toward substitution by en within a period of several 
weeks.lM7 Because of its chromo horic properties, ci~-[Pt(bipy)(H~O)~]~+ is useful as a 
bifunctional anchor for spin labels.'& Attachment of bipyridyl ligands to a polymer also leads 
to anchored catalysts with platinum bonded to the bipyridyl. The product is a hydrogenation 
catalyst which does not give discernible quantities of platinum metal. lM9 

A 

PtX,(Mebipy) + Mebipy+ - fi2 + Mebipy' + HX 
Me ' 

(343) 

The terpyridyl complex [PtCl(terpy)]Cl can be formed in 65% yield from K2PtC1, (equation 
345). Unusual substitution behavior is observed for the substitution reactions of 
PtCl(terpy)+. The complex is some l@-104 times more reactive than its dien analog, and the 
relative reactivity order does not follow that expected from NE, value (see Section 52.9). The 
reactions obey the usual two-term rate law, but the first-order constant kl is not common to all 
incoming groups. The data can be interpreted in terms of the ability of aromatic ligands to enter 
into n-bonding with the metal, and of the biphiIic properties of the incoming groups 
involved. lM1 

(345) KzPtCL, + teqy + 2Hz0 - [PtCl(te~y)]C1.2H~O + 2KC1 
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Platinum(I1) also forms complexes with pyrazolates. The complexes with the pyrazolate ion 
can be prepared by treating PtCl,(dppe) with a basic solution of pyrazole; halide replacement 
occurs to give the bis(pyrazo1ate) complex Pt(pz),(dppe) (equation 346).1072 A similar reaction 
with PtC12(diene) leads to incorporation of a single bridging pyraz01ate.l~~~ The platinum- 
nitrogen bond in these complexes is cleaved with HC1 or Iz. With HBF4 protonation of the 
uncoordinated nitrogen atom is observed (equation 347). 1074 Other electron-deficient centers 
which would react with this lone pair of electrons on the uncoordinated nitrogens are Zn", Ni" 
and Co" (equation 348).'072,1"75 Other complexes can be re ared where both pyrazolate and 
chloride or methoxide bridge two platinum(I1) ~ e n t e r s , ~ ~ ~ ~ ~ ~ ' o r  where the L-L chelate ligand 
is a range of ditertiary phosphines or arsines.'078 Monodentate phosphines PEt3 and PMePh 
can be used in place of L-L, and the lone pair electrons on the nitrogens will form a chelate 
complex with Cr(CU)4.1m Pyrazole ligands coordinated to platinum(I1) are known for the 
trifluoro derivatives and indazole; coordination is again via a single nitrogen atom.'080 These 
pyrazole complexes of platinum are static on the NMR time scale at room temperature, but the 
palladium complexes are fluxional. lo'' 

+ 2HBF4 (347) 

These pyrazole compounds show a strong resemblance to the nitrogen-bonded pyrazoylbor- 
ate complexes. References to a number of these complexes are given in Sections 52.2 and 52.4; 
an example not previously mentioned is the complex [P~M~(CNBU')(HB(~Z)~}]. The Pt-N 
distances are in the range 2.0-2.1A. In this complex the ligand adopts bidentate 
coordination ,1082 but many complexes are known where tridentate coordination is observed. lorn 

In addition to a boron atom fusing pyrazole ligands, platinum complexes have been prepared 
from ligands having pyrazole groups coupled by phosphazene~~~'~ and a methane carbon .'08' 

Numerous other aromatic nitrogen compounds are known, and a significant number have 
been used to prepare complexes of platinum(I1). Phthalazine (101) is one such compound, and 
the complex cis-PtCl(phthalazine)(PEt& has been prepared in order to compare its fluxional 
properties with the phenanthroline and naphthyridine analogues. The monodentate complex is 
fluxional, but in this phthalazine case the orientation of the lone pairs is unsuitable for the 
five-coordinate intermediate re uired by an intramolecular process and the mechanism of 
exchange becomes dissociative.' ?i3 

(101) 
Pyrimidine (pm) complexes of platinum(I1) can be isolated. The cis compound is obtained by 

treating K2PtC14 with pyrimidine in water, while trans-PtC12(pm)2 can be formed by 
isomerization of the cis isomer in DMSO (equation 349).'OS7 The structures of trans-PtXz(pm)z 
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(X = C1, Br) have been crystallographically Three types of platinum(l1) 
complexes have been prepared from 2,2’-bipyrimidyl (102). These are the covalent complexes 
PtX2(bipm) (X = C1, CN, SCN; X2 = GO4), [Pt(bipm)2][PtC14] (X = C1, CN) and 
[Pt2(NH3)4(bipm)l[N03]4.1089 Intense absorption bands in the visible region of the electronic 
spectrum are assigned to Pt-Pt interactions, and are related to strong hydrogen bonding 
involving the uncoordinated heterocyclic nitrogen atoms. This ligand (102) has also been used 
to prepare both homo- and hetero-bimetallic complexes of platinum(I1); the second metal can 
be Hg or A further bidentate ligand having aromatic nitrogens is di-2-pyridyl ketone 
(103), from which the chelate complex PtCl,(di-’L-pyridyl ketone) can be prepared.lW1 

PtC1:- + 2pm cb-~tCI,(pm)Z trans-PtCl,(pm), I3491 

(102) (103) 

Because of the discovery that platinum(I1) complexes are useful chemotherapeutic agents, 
recent interest has centered on the coordination of platinum(I1) to biologically interesting 
ligands. This work is covered in Chapter 62.2 by Lock. In this chapter only very brief mention 
will be made of the ligands which have been studied for their coordination to platinum, and, 
because of space limitation and duplication, no details of the complexes will be covered. 

Imidazole complexes of platinum(I1) are known. Using the Dhara method,1092 the complexes 
ci.s-PtX2(N-methylimidale)z (X = C1, Br) have been synthesized. Each imidazole is coordin- 
ated via a single nitrogen atom. lW3 The Magnus’s green salt [Pt(N-methylimida~ole)~][PtCL+] 
can also be prepared; dissolution in concentrated HCI and exposure to air result in oxidation 
(equation 350).1094,1095 A range of procedures to prepare chloro-, bromo-, iodo- and 
aqua-substituted platinum(I1) imidazoles has been published. lo% These n-acceptor ligands can 
increase the redox potential at platinum, Comparative data are shown in Table 4, and for 
reference the potential for [Pt(NH3)4]C12 is included. ‘09’ N-Acetylimidazole will acetylate 
alcohols in a reaction catalyzed by platinum(II).1w8 

[Pt(N-Meim)],[PtCl,] 9 [Pt(N-Meim),][PtCl,] (350) 

Table 4 Redox Potentials for Platinum(I1) Complexes with 
Aromatic Nitrogen Ligands 

L in cis-PtC12L2 E” (mV) Ref. 

Imidazole 578 1097 
Benzimidazole 747 1097 
5,6--Dimethylbenzimidazole 742 1097 
Pyridine 756 1097 
[Pt(m3)4lQ2 615 1097 

Neutral complexes of platinum(I1) can be prepared from the anions derived from 
biimidazolyl (104) and bibenzimidazolyl (105). The complexes have been re ared by treating 

the platinum chelate complex of the anionic ligand derived from (106) has also been obtained. 
Other platinum(I1) complexes with biologically important nitrogen ligands include compounds 
with platinum coordinated to guanine,1101*1102 

PtCl,(dppe) with the thallium salt of these ligands (equation 351).lW, P P  loo A low yield of 

and xanthine. 1104,1105 

PtC12(dppe) + T12(N-NH)2 - Pt(N-N)(dppe) + 2TlC1+ 2H’ (351) 
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The macrocyclic phthalocyanine ligand will form a complex Pt(phthalocyanine).llM The 
crystal structure shows two polymorphs present because of molecular packing.ll*' The platinum 
is in a square planar coordination geometry with a mean Pt-N distance of 1.98A. The 
complex can be partially oxidized with iodine to give conducting mixed valence solids.llos 
Eighteen fundamental and overtone combination bands are observed in the resonance Raman 
spectrum of platinum phthalocyanine, and from this data the symmetry of the excited singlets 
are found to be D%, c2, or 

Platinum porphyrin complexes can be prepared by reaction with PtCl,(PhCN),. Purification 
of the final complex is by medium pressure liquid chromatography on alumina. The strongly 
phosphorescent platinum(I1) porphyrin complexes are efficient sensitizers for stilbene isomeri- 
zation, The quantum yields for the ctr to trans process are greater than unity because of a 
quantum chain process in which the metalloporphyrin serves both as an energy donor and an 
acceptor. Picosecond laser spectroscopy has been used to obtain time-resolved excited-state 
spectra of platinum octaethylporphyrin complexes, and to probe the excited-state energy 
levels."'1 Tetrabenzoporphyrin complexes have been prepared for platinum in both the 
divalent and tetravalent oxidation states. The divalent complex shows strong phosphorescence - _  - 
at 745 nm.1112 

Although 'platinblau' has been known for many  year^,^"^^'^^ recent interest has grown - -  
because of its significance to chemotherapy: Dark blue crystals of @*(a- 
p y r i d o n a t ~ ) ~ ( N H ~ ) ~ ) ~ ( N O ~ ) ~  are obtained by reacting cis-[Pt(NH3)2(H20)2I2+ with n-pyridone 
(107; equation 352).'l16 The molecular structure shows a chain of four platinum atoms with one 
unpaired electron per four platinum atoms. The separate Pt-Pt distances are 2.779 and 
2.885 A. The Pt 4f binding energy of this complex is similar to that of the platinum I1 complex 

measurements on the complex show it to be a simple Curie paramagnet with a magnetic 
moment of 1.8 BM. Single-crystal EPR measurements show principal g values of 2.307, 2.455 
and 1.975. The unpaired s in resides in an MO composed of dZz atomic orbitals directed along 
the platinum chain axis."s The blue chromophores depend on the anions present and 
oxidative titrations using Ce'" show that 1.75e-/Pt are required for complete loss of the blue 
color, a result consistent with oxidation to Pt'" from an oxidation state of 2.25.l1I9 

C ~ Y - P ~ C ~ ~ ( N H ~ ) ~ ,  in agreement with the formal valence of 2.25 for the platinums.' 0 Magnetic 

(W 
kis-Pt(NH,),(H,O):+ + 2CsHSNO - [Pt,(CsH,NO),(NH,),]:+ (352; 

Binuclear platinum complexes with the a-pyridinato ligand can be formed with the metals in 
a divalent oxidation state. Two such complexes are the head-to-tail dimer 
[Pt(C5&NO)(NH3)2]&+ and the head-to-head tetramer [Pt2(C5H4NO)z(NH3)4]~+. This tetrame- 
ric platinum(I1)-(11) compound is prepared under experimental conditions where the pH is 
kept around neutrality to avoid the formation of the partially oxidized complex. "20 Platinum- 
195 NMR spectroscopy can be used to show that the head-to-head to head-to-tail isomerization 
of these complexes involves dissociation of one ligand arm followed by an intramolecular 
linkage isomerization. Finally bond formation occurs between the divalent platinum with the 
vacant coordination site and the uncoordinated end of the ligand.''** 

The success of this a-pyridonato work has spurred interest in investigating again the nature 
of 'platinblau', and the trimethylacetamide platinum b l ~ e s . ~ ~ ~ ~ , ~ ~ ~ ~ , ~ ~ ~ ~  A combination 0; 
UV-visible spectral measurements, extended Hiickel MO calculations, and CeN redox 
titrations suggests that the trimethylacetamide platinum blues are a non-equilibrium mixture 0% 
oligomers of variable chain length in which there is again a strong Pt-Pt interaction, and i t  
which platinum is in an average formal oxidation state greater than 2. A powder diffraction 
pattern on the material reveals the presence of,platinum chains involving at least four or five 
platinum atoms and a Pt-Pt bond length of 2.76A, EXAFS can also be used to obtair, 
structural information about these complexes. A purple platinum uridine complex has beer 
subjected to this technique. The exact degree of oligomerization cannot be deduced but it 
verifies that Pt-Pt bonding is present in the complexes reminiscent of one-dimensional 
platinum complexes. ''~4 A mixed valence tetraplatinum complex analogous to the a-pyridonatc 
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complexes can also be prepared from a-pyrrolidone (108). The structure of the product 
[Pt4(C4m0)4(NH3)8]4+ is again head-to-head, but now the oxidation state of platinum is 
2.5.1125 The analogous 1-methylhydantoinato complex is tetrameric with a divalent oxidation 
state for platinum."26 The Pt-Pt distance found for these various dimeric and tetrameric 
platinum complexes with nitrogen ligands are grouped in Table 5, and compared with the 
pyridone blue distances. In the synthesis of these complexes care must be taken to ensure 
purity. HPLC on platinum yrimidine blues has shown the presence of several colorless platinum impurity complexes. p132 

(1W 
Table 5 Pt-F't Distances in Pt"-Pt" Complexes with N,O Ligands and with a-Pyridone Blue 

~~ 

Complex Pt-Pt (A) Ref. Complex Pt-Pt(A) Ref. 

1-Methylhydantoin 3.131 1126 1-Methylthymine(WW) 2.91 1128 
a-Pyridone(HH) NH, 2.877 1130 1-Methylthymine(HT) 2.97 1129 
a-Pyridone(HT) NH, 2.898 1130 1-Methyluracile 2.95 1127 
a-Pyridone(HH) en 2.992 1131 a-Pyridone blue 2.77 1118 

525.25 Platinumt'III) and platinum(I V) complexes with aromatic nitrogen ligands 

The mixed-valent a-pyridonato complex [Pt2(C5H&0)2(NH3)4]2(N03)5 will undergo a 
concerted two-electron oxidation to give the head-to-tail isomer of the Ptlll-Ptln c omplex 
C ~ - [ P ~ ~ ( C ~ € I $ J O ) ~ ( N O  (NH3)4(H20)](N03)3. The Pt-R distance in this complex has now 

head-to-tail platinum(II) dimer [P~~(CSH$~O)~(N€I~)~](NO~)~ also undergoes electrochemical 
oxidation to the Pt"'-Ptm complex, a single wave being observed at Ep = +0.63 V.1133 The 
platinum(II1)-platinum(II1) bond lengths are sensitive to the ligands substituted in the terminal 
axial ligand sites. Comparing the com ound with 0-bonded nitrate ligands against that with 

consistent with the greater trans influence of nitrite compared to nitrate 1igands.l' If the nitric 
acid oxidation1l3 is carried out in the presence of NO:, C1- or Br-, head-to-tail bridged 
a-pyridonato Pt'u-Pt'n complexes are formed with the X groups (X = NO2, C1, Br) substituted 
in the axial positions (equation 353).'136 The Pt-Pt bond lengths (2.582(1)-2.547(1) A) vary as 
X = Br - NO2 > C1> NO3, a trend which parallels the known trans influence series for these 
ligands. The axial Pt-X bonds are elongated by approximately 0.15 8, from 'normal' values, 
indicating a strong trans influence for the Pt-Pt bond. The a-pyridonato ligand does not always 
give multimetallic complexes with platinum. By judicious choice of synthetic conditions the 
monomeric platinum(I1) complexes cis-[PtCl(CSH4NOH)~NH3)~]N03, cis-[Pt(C5WOH)z- 
(NH3)&l and the platinum(1V) complex rner-PtC13(C5H.,NO)(NH3)2 have been isolated and 
characterized. '13' 

(353) 

Studies on these complexes are leading to a better understanding of the physical and 
chemical properties of platinum chain compounds, and also to the biological function of 
platinum compounds. Examples of these concepts are found in the development of ideas about 
electron transfer in platinum chains. Magnetic susce tibility measurements on [Pt(p-a- 

two unpaired electrons are strongly diamagnetically coupled and are delocalized over the four 
platinum atoms.1138 Hush model calculations also support these data.1139 Further investigation 
on 'platinblau' and acetamide com lexes shows that the platinurns are in a formally trivalent 
oxidation ~ ta te , "~ ,"~ '  and "N, l9 Pt NMR methods suggest that the initial coordination of 
amides to Ptn is via the carbonyl oxygen.'142 

The discussion of the origin of the acidity of platinum complexes of aromatic nitrogen 

decreased to 2.539(1) a from the 2.778, of the mixed-valent a-pyridone blue complex. The 

N-bonded nitrite ligands, the PtlI1-Ptl 8 distance in the nitro complex is greater b 0.028(1) A, E 

HN03 
[Pt2IG&W2(NH3)4I2+ 7 ~ptz(C5H4~~~Z(NH3)4&l2+ 

pyrrolid~nato)~(NW~)~](NO$~ which has formally two Pt g and two PtIII centers shows that the 

P 

COC -0 
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ligands"43 continues with the pyridine platinum(1V) complexes. Gillard argues that the acidity 
is caused b hydroxide ion addition at an aromatic carbon to give a species like a pseudo 

for a considerable time. lF61148 
base,1144*114 Y but Nord ar es the acidity is due to impurities, and that this fact has been known 

52.5.2.6 Platinum complexes with other nitrogen-containing ligands 

(i)  Nitriles 
Platinum(I1) halides react with alkane- and arene-nitriles. Complexes cis-PtClz(RCN)Z 

(R = Me, Ph) can be prepared by treating PtC1;- with RCN, or alternatively from PtC12.114%f151 
The reaction of PtCL in neat PhCN gives PtC12(PhCN), as a mixture of cis and tram isomers, 
the ratio being temperature dependent (equation 354). The isomers can be separated by 
chromatography. By 13C NMR spectroscopy the two isomer structures can be distinguished 
[nitrile carbon: 6 116.8 (2J(PtC) = 289 Hz) tram; 6 115.3 (2J(PtC) = 234 Hz) cis]. In benzo- 
nitrile solvent the cis form is favored at room temperature but the trans form at higher 
 temperature^.^'^^ The heats of formation of C ~ ~ - P ~ C ~ ~ ( R C N ) ~  are -122 f 3 kJ mol-' and 
-73 f 1 kJ mol-' for R = Me, Ph re~pective1y.l'~~ The small value for the benzonitrile complex 
is ascribed to steric reasons. 

PtClz + 2PhCN - PtCl,(PhCN)2(cES/truns) (354) 

These nitrile complexes make very useful starting materials for the synthesis of new platinum 
complexes because the nitrile ligands can be readily substituted. Secondary reactions must be 
avoided, however. Coordinated nitriles can be attacked by hydroxide ion to give amides. Thus 
heating an aqueous solution of PtClq- and acetonitrile in aqueous solution in the presence of 
oxygen gives 'platinbla~'."~~ Electron-withdrawing groups on the nitrile facilitate this reaction, 
and coordinated perfhorobenzonitrile will undergo attack by alcohols (equation 355). 1155 

h.unr-[Pt(Me)L(C6F5CN)]+ + ROH - ~~U~-~P~(M~)~(NH=C(OR)C~~}]+ (355) 

(ii) N-0 ligands 
The simplest of such ligands is nitric oxide, NO. A difficulty with forming complexes of 

platinum(I1) with this ligand is that ready oxidation to NO2 occurs, and the complexes formed 
may indeed be nitro cornple~es ."~~,"~~ A useful method to prepare nitrosyl platinum 
complexes is from nitrosyl chloride (equation 356).l15' Other methods involve the use of NO 
and HN03 (e uations 357 and 358), although the former complex is worthy of further 
attention."573"' Slow passage of NO through a solution of Pt(S02)(PPh3)3 gives the nitro 
complex, but a fast stream leads to the formation of an insertion complex 
Pt(N202)(SOz)(Pfh& (equation 359).'"' An alternative method for the formation of nitrosyl 
complexes is the reduction of nitro compounds with carbon monoxide (equation 360).1160 With 
zerovalent platinum complexes, dimerization of the ligand NO can occur (equation 361) .l160 
Dialkyl platinum(I1) complexes react with NO to give the nitro complex by an oxidative 
disproportionation reaction (equation 362).1161*"62 
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,O\N 
k Pt(PPh3)3 + NO --+ Pt(NO)(PPh& -% (Ph3P)ZPt 

0' 
PtMe,L, + 6 N 0  - PtMe,(NO,),L, + 2Nz0 

L = PEt3, PMe,Ph 

Nitrite complexes can be simply prepared by metathetical replacement with nitrite ion,"63 
The structure of t r~~-Pt (NO~)~(P- (P- to l )~}2  has a Pt-N distance of 2.030(5) 8, and N - O  
distances of 1.228(&) 8, and 1.98(7) Chemical shift (6 Pt) and coupling constant data 
have been tabulated for a large group of platinum(I1) and (IV) nitro complexes. Both chemical 
shift and cou ling constant changes upon ligand substitution are dominated by the nature of the 

An unusual chloronitro(bipy)(N,N'-dinitroso-l,2-ethylenediaminato)platinum(IV) complex 
has been prepared by nitrosation of [PtC12(en)(bipy)]C12."66 Similar arylnitroso complexes of 
platinum(0) can be formed from nitrosobenzene and an appropriate precursor platinum(0) 
complex (equation 363).1167 This compound reacts with C02, CS2, alkenes and alkynes to give 
metalacycles (equation 364) .ll@' 

(363) 

trans ligand. $65 

Pt(C&)(PPh3)2 + PhNO - Pt(PhNO)(PPh,), + GH, 

G N P h  
i \  

Pt(PhNO)(PPh,), + CO, + ( P h ~ P ) J ' t @ = O  (3644) 

(iii) Azides 

Sodium azide reacts with (NH&PtC14 to give the ion Pt2(N3)z-, which gives Pt(N3)z- if a 
large excess of azide is added (equation 365).f'69 Reaction with ligands L (L = PPh3, bipy, 
phen) Pt(N,)&. As a ligand, azide is comparable to iodide in the nephelauxetic 
series.' 69~1170 Azide ion will substitute chloride in frans-[PtC12(NH3)4]Clz and trans- 
[PtC12(en)2]Clz to give the platinum(1V) azide complexes trans-[PtCl(N3)(NH3)4]Clz and 
~rans-[PtCl(N~)(en)~]Cl~.'~~~ The fully substituted complex Pt(N3)g- is also known. 

PtC1:- % Pt,(N,)g- -% Pt(N,):- (365) 
Coordinated azide ion will undergo a number of reactions which involve attack at the azide 

ligand. A number of examples are summarized in Scheme 9.11721175 The azide ligand is 
photochemically dissociated from bis azide corn lexes. Irradiation of Pt(CN)4(N3)$- gives 
Pt(CN)i- and the azide radical (equation 366),"" whereas with Pt(N3)2(PPh3)2 the nitrogen- 
containing product is believed to be N6 (equation 367).'17' 

Scheme 9 
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Pt(CN),(N,)i- + Pt(CN):- + 2N; (346 

Pt(N3)2(PPh3)2 * Pt(PPh,), + N6 (347 

(iu) Hydrazides, imines, diazo and triazendo ligands 

Hydrazine reacts with cis-PtC12(PPh& to [Pt(p-N=NH)(PPh&]:+, [Pt(y 
NH2)(PPh,)$+ and EPt&-NHZ)(p-N=NH)(PPh3),] + . 1178, 179 The p-fluorophenylhydrazinl 
complex trans-[PtC1(H2NNHG&F-p)(PEt&]+ has the hydrazine ligand lying in a plan1 
approximately perpendicular to the platinum coordination plane.'lsO The synthesis of thi 
compound is achieved from the diazonium salt under conditions of catalyzed hydrogenatioi 
(equation 368). Preparative procedures to the diimide and azo complexes are also given.1180-"* 
Diazo ligands will also form n-bonded complexes to platin~rn(O).~'~~ 

PtCl(H,NNHR)(PEt,), 5 PtHC1(PEt3)2 + RN,'BF; - 
R = p -FC,H, 

[PtCl(HN=NR) (PEt,),] * OAc- > PtC1(N=NR)(PEt3), (368 

Alkylideneamido ligands can be formed from the precursor compound Me3SnN=CR2 
Reaction with platinum compounds gives both the q2-type complexes (Ph3)2Pt(q2-HN=CRI: 
and the Complexes containing the R2CN- ligand of type Pt(N=CR2)(PPh3)2.11&1J185 

1,3-Diaryltriazenes ArN=NNHAr react with Pt(PPh,), to form 1,3-diaryltriazenide corn 
plexes, cis- and tran~-Pt(ArNNNAr)2(PPh&.~~~ The cis corn lex is the first definitive exam# 

of a-diimines, three types of metal complexation have been found: (i) a,a-N,N' chelation; (ii 
a-N monodentate coordination; and (iii) a-N * a-N' exchange. Reference is also given to thc 
a-diimine bridging two platinums as a monodentate ligand to each Pt".1189 

The diiminosuccinonitrilo platinum(I1) complex (109) can be prepared from the divalem 
platinum halide and diaminomaleonitrile and base. ''90 These complexes resemble the diiminatt 
chelates formed by condensation of diketones with platinum ammine complexes. 1032,1191 Thest 
complexes undergo rapid electron transfer reactions along the series of complexes with chargt 
+1 to -2 (equation 369).1192 Reversible electrochemistry is also found with the o 
phenylenediamine and o-quinonediimine complexes. 1193~1194 Th e complex Pt { ( HzN)zC6Hd-o ) 
undergoes photoxidation at A < 350 nm to give Pt{(H,N),C,H,-o};. 

of the monodentate bonding mode for the triazenido ligand." ! 7,1188 For platinum(I1) complexe! 

( v )  Oxime, glyoxime and diarabutadiene type ligands 

Glyoxime and dimethylglyoxime form platinum(I1) complexes with the oxime complexea 
through n i t r ~ g e n . ~ ' ~ ' , ' ~ ~ ~  Several reviews of the coordination chemistry of a-dioximes havc 
been p u b l i ~ h e d . ~ ~ ~ ~ - ' ~  Stable platinum(I1) bis(monoxime) complexes can be prepared fron 
the direct reaction of PtCG- and the monoxime. This technique has been used to prepare thc 
N,N'-bonded camphorquinone dioxime complexes of platinum I1 , the Pt-N bond strength ii 
these complexes being greater than that with Pd" or Ni".'26 h e  diphenylglyoximato an( 
pyridine-2-carboxaldoximinato corn ounds have been prepared in order to investigate thei 
solid state conductivity pr~perties.~'~~'~"'' 

Hydrazone complexes of latinum(I1) can be prepared by treating Zeise's salt wit1 
hydrazones (equation 370).'20PCoordination is via the lone air of electrons on nitrogen. 12' 
The reaction between (pheny1azo)acetaldoxime (HL) and PtC& gives two isomers of PtL. Th 
cis isomer has been crystallographically w n f ~ r m e d . ' ~ ~ ~  These arylazoacetaldoximat-e 
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platinum(I1) complexes on boiling in water in the presence of silver ion cause hydroxylation of 
me of the phenyl rings.’2aB 

PtC13(GHJ + Me2C=NNR2 - PtCl,(GH,)(Me,C=NNR,) + C1- (370) 
R = H, Me, Ph 

An unusual tetrazene complex of platinum(1V) is obtained from t r ~ n s - P t ( ~ P h ) ~ ( P E t ~ ) ~  
and 4-nitrophenylazide (equation 371). The structure has been verified by crystallography. 
The analogous platinum(I1) complexes can be formed by reacting Pt(cod)2 with aryl azides 
followed by triethylphosphine . l2l0 The complexes with non-symmetrical RN4R‘ ligands are also 
known.1211 

L = PEt,; Ar = 02NC& 

(vi) Schiff base type complexes 

Although complexes with these ligands are common in palladium(I1) chemistry, their 
occurrence is more scarce in platinum(I1) compounds. Nevertheless these complexes can be 
prepared, examples being platinum(I1) complexes of the optically active quadridentate Schiff 
base of salicylaldehyde and (R)-l, 2-diamines. ”” An alternative synthesis involves formation of 
the Schiff base by reaction of a complexed amino ligand on platinum(I1) with amide acetates 
(equation 372).I2l3 

n 
ci /N 

L/ ‘0 
f RC(OR’)*NMe2 (372) 

(vii) Complexes with o-metalated N ligands 

Again such complexes are more prevalent in palladium chemistry. Examples in platinum(I1) 
chemistry are found with azobenzene,1214-1216 N , N-di alkylbenzylamine,1217 benzoquin- 
oline,1218 8-methylquinoline acetophenone oxime1220 and N-alkyl-N-nitrosoanilines.122’ 

Finally, merely as a postscript, it is apparent that NMR techniques will become increasingly 
useful to study platinum complexes with nitrogen ligands .1222*1223 

52.5.3 Phosphine Complexes 

This constitutes a very significant class of ligands for platinum chemistry. The compounds 
grouped here are ones where the phosphorus ligand is the one of primary interest, but 
throughout this whole chapter the reader will find phosphine complexes where the coordinated 
phosphorus ligand has been used to stabilize Pt-H, R-B or P t - C  bonds. A number of 
reviews (Table 6) have been published on phosphine complexes, and the reader will find these 
articles contain numerous references to platinum complexes. The question of bonding in 
transition metd phosphine complexes is a frequently discussed topic. Such discussion is beyond 
the scope and limitations of this chapter, but two references will give the reader a guide to this 
literature. 1226~1232 
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Table 6 Review Articles on Complexes with P, As and Sb Bonded Ligands 

Title Ref. 

1. Phosphorus, Arsenic and Antimony Ligands 1224 
2. Complexes of the Transition Metals with Phosphines, Arsines and Stibines 1225 
3. Phosphine Complexes 1226 
4. Homogeneous Catalysis with Metal Phosphine Complexes 1227 

1229 6. 31P and C NMR of Transition Metal Phosphine Complexes 
1230 

8. 31F NMR Spectra of Coordination Compounds 1231 

5. Chemist of Bis(dipheny1phosphino)methane 1228 

7. Wosphite, Phosphonite, Phosphinite and Aminophosphine Complexes 
r 

52.5.3.1 Zerovalmt platinum complexes 

(i) Synthesis and structure 

The most common complex of platinum(0) is Pt(PPh,),. The complex was first reported in 
1958,lu3 and its early chemistry was reviewed in 1968.1234 Both Pt(PPh3), and Pt(PPh,), have 
been reported in the solid state. Recrystallization gives Pt(PPh,),, and indeed it is possible that 
the fourth tri henylphosphine is occluded in the lattice rather than coordinated to 

1u5~12' There is evidence that Pt PPh3I4 dissociates completely to Pt(PPh3), and PPh3 platinum. 
in solvents such as benzene and toluene.' Kinetic evidence su ests the chemically reactive 
intermediate in reactions of these compounds is Pt(PPh,)2,1237.'2but the original claims that 
Pt(PPh3)z is an isolable monomeric complex remain unproven.lu9 A novel approach to prepare 
Pt(PPh,), involves the photochemical decomposition of the oxalato complex Pt(GU4)(PPh& 
(equation 373) .lM In the presence of alkynes (GR2) or triphenylphosphine, the complexes 
Pt(GRz)(PPh3)2 and Pt(PPh3), can be prepared, but in the absence of added ligand a dimer is 
formed rather than Pt(PPh3)2. This method is a complementary one to the usual methods 
involving reduction of c i~-PtCl~(PPh~)~ with hydrazine or ethanolic potassium hydroxide 
(equation 374). 

6 

N2WH20 ~is-PtClz(PPh3)z + PPh3 Pt(PPh3)3 (374: 

The low temperature 3'PNMR spectrum provides evidence for Pt(PPh,),. The 31PNMW 
spectrum for Pt(PPh3)3 at room temperature in toluene solvent is broad, but at -70°C thc 
spectrum sharpens and coincides with that for Pt(PPh3)3 (6 49.3; 'J(PtP) = 4438 Hz).'" 
Addition of 0.5 equivalents of PPh3 to this solution causes broadening, but at -100°C tht 
NMR spectrum corresponds with that for Pt(PFh3), and Pt(PPh,), (equation 375). Thi! 
equilibrium position correlates with that found for the analogous p-tolylphosphint 
complexes. lZ4 The precise coordination number of these zerovalent platinum complexes i! 
influenced by both steric and electronic factors. 1243~1244 The analogous triphenylarsine camplei 
P ~ ( A s P ~ ~ ) ~  can be prepared as a colorless solid. The complex Pt(PPh3), will also luminesce 
and appears red under a UV light source.1245 

Pt(PPh3)3 + PPh, - Pt(PPh3)4 (375: 

The complexes R(PPhzMe)4 and Pt(PPhM& have been repared by the KOH method foi 
the latter, and by using NaB& to synthesize the former.1246* Low temperature NMR showa 
that below -30°C, Pt(PPh2Me)3 is formed, but for both Pt(PPhMe2)4 and Pt(P(C&)Me2}, 
there is no phosphine dissociation at this temperature. The sodium borohydride method car 
also be used to prepare Pt(PPhzCF& (equation 376).la8 Variable temperature '9 NMR shows 
that the rapid phosphine exchange occurring at room temperature is frozen out at cu. -50 "C 
and that at lower temperatures a further dynamic process, possibly associated with rotation o 
phosphine about the R-P bond, is reduced in rate. Zerovalent platinum complexes with othei 

P 
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fluorinated phosphines include both Pt(PF3)41249 and mixed alkylfluorophosphine complexes 
P t 4  (L=PF3, PF2CF3, PF(CF3)2).1250 These complexes are formed by reaction of the 
phosphine L with PtCl, at 60-80 "C (equation 377). 

C ~ ~ . - P ~ C ~ ~ { P ( ~ ~ ) M ~ > ~  + 2BH; + 2P(C,&)Me2 - Pt{P(C.&)Mez}, + 2BH3 + 2HC1 (376) 
PtClz + 5L - PtL, + LCI, (377) 

The triethylphosphine complex Pt(PEt3)4 can be prepared in high yield by the reaction of 
PtCl,, PEt3 and K in THF solvent (equation 378).43 The complex is air sensitive and the 
synthesis must be carried out in a dry nitrogen atmosphere. The complex can also be prepared 
by the photolysis of Pt(C204)(PEt& in the presence of triethylphosphine. If the photolysis is 
carried out in the presence of ligands such as CO, analogous reactions to the triphenylphos- 
phine complex are observed. Using this reaction ood yields of Pt(C0)2b, Pt(alkene)b and 
Pt(a1kyne)L (L = PEt3, PPh3) can be 

RCl2 + 4PEt3 + 2K - Pt(PEt3), + 2KC1 (378) 
When bulky substituents are present on the phosphine, the zerovalent platinum complexes 

are two coordinate PtL,. Complexes Pt(PCy&, Pt(PBuj),, P~(T'P~BU;)~, Pt(PPr'3)2 and 
Pt(PPr',), can be prepared by sodium reaction of PtCIL, complexes, or by substitution of the 
cyclooctadiene ligand in Pt(cod), by the phosphine Ligand L (equations 379 and 380). The 
structure of Pt(PPhBu;), shows a slightly bent geometry with an angle P-Pt-P of 177.0(1)". 
The Pt-P distances are 2.252(1)A7 and the substituents on phosphorus form an eclipsed 
conformation with nearly parallel phenyl planes. The non-bonded Pt-ortho-hydrogen atom 
distance is estimated at 2.83A, and the shorter aliphatic hydrogen-Pt distance is 2.70A.u52 
Using the KOH/EtOH method, the tri-t-butylphosphine complex Pt(PBu:), can be prepared in 
80% yield from K2PtCL, (equation 381). The complex gives trans-PtHCl(PBu:), with CHC13, 
and undergoes carbonylation to form [Pt(CO)(PBu:)13. 1253 An alternative method to the 
synthesis of P t L  (L=PBuS, PMeBu;, PBu"Bu;) is to treat the methoxy-bridged binuclear 
platinum(I1) complex [Pt(p-OMe)(C8HI20Me)l2 with two equivalents of L in an alcohol 
solvent .1254 These PtL complexes resemble Pt(PPh& in their replacement chemistry giving 
[Pt(CO)LI3 with CO, Pt(a1kene)b with dimethyl fumarate and maleic anhydride, and 
undergoing oxidative addition with HX and MeI.100,'2s3 The tricyclohexylphosphine complex 
P t b  crystallizes at -15 "C in the presence of excess tricyclohexyl hosphine to give P t b  

2.231(6) f or Pt(PCy&, but not unusually long for a pt-P bond. The cyclohexyl groups have 
the chair conformation, and although the PCy3 ligand has a cone angle of 157", the interligand 
repulsions are minimized to a small value by intermeshing of the cyclohexyl groups.1255 If 
desired, zerovalent complexes of latinum(0) having long chain tertiary phosphines (aliphatic 

(L = PCy ; equation 382). The average Pt-P distance of 2.303(6) w is longer than that of 

or aromatic) can be synthesized.12 P 
PtC& + 2Na - PtL, + 2NaCI (379) 
Pt(cod),+2L - &+2cod (3801 

K,PtCI, + 3PBui + 2KOH - Pt(PBu;), + 4KC1+ OPBu: + H,O 

-PB+O (381) 

The asymmetric chelating ligand (R,R)-diop forms a four-coordinate platinum(0) complex 
(110) which exhibits conformational isomerism observable by 31P NMR. Cooling the solution 
causes first broadening of the signals followed by resolution into an AA'XX' multiplet by an 
intramolecular process in the monomeric ~ornplex.~"' As for the complex Pt(PPh3)3,1241 
31P NMR techniques show the existence of PtL4 {L = PMe3, PPhMe2, PPh2Me, PEt3, PBu;), 
PtL, (L = PEt3, PBuf, Plp-t~lyl)~,  P(CH2Ph)3, PPr;, PCy,) and P t L  (L = PPr",, PCy,, PPhBu;) 
in solution. Where thermodynamic parameters have been obtained, it is found that there is no 
evidence for steric crowding affecting the enthalpy term, but the entropy terms are affected due 
to interaction of the ligands and resulting loss of motional freedom.1258 In principle, 
platinum(0) complexes should possess no paramagnetic contribution to the platinum shift, 
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which would therefore be in the region of -5900p.p.m. to high frequency of 21.4MHz. For 
Pt(PPhMe2)4 this shift is at 6 -195 p.p.m., and for Pt(PF(OPh)2}4 the value is 6 -1057p.p.m., 
suggesting that there is some garamagnetic contribution, and that the electronic configuration 
of Pto is not purely 5d10.'259,12 

(110) 

Zerovalent platinum complexes can be prepared with the triphosphine ligand 
MeC(CH2PPh2)3. These dissociatively stable complexes Pt(triphos)(PR3) (R = Ph, p-tolyl, F, 
OPh; PR3 = PPh2Me, PF2NMe, P(OCH2)3CMe) can be prepared by borohydride reduction and 
replacement reactions between PR3 ligands to prepare the different analogues. With CO, 
Pt(triphos)CO is obtained. 

Platinum(0) complexes with tertiary phosphines will catalyze the water gas shift reaction. 
With Pt(PPh3), no reaction occurs, but the complex Pt(PP@3 gives high turnover numbers in 
acetone solvent at temperatures above 100"C.1262 Other reactions can also occur in the 
presence of water with these complexes; thus under such conditions, systems with PtL3/H20 
are efficient catalysts for H-D exchange in organic compounds such as ketones, aldehydes, 
sulfones, sulfoxides and nitroalkanes, and also for the hydration of organic unsaturated bonds. 
The initial step in these reactions involves the oxidative addition of water to PtL3.72 

The compound PtH2(Bu:P(CH&PBu:) loses hydrogen at 60-95 "C to give a dimeric 
complex Pt2(Bu$P(CH2)3PBu:)2 having a Pt-Pt bond. The Pt-Pt separation is 2.765(1) A, 
and the angle between the two P-Pt-P planes is 82". The compound has no bridging ligands, 
and represents a molecule with two formally d" platinum centers having an interaction 
between two formally closed shells. Calculations on such molecules shows that an admixture of 
platinum s and p functions into MOs primarily composed of d functions converts, in part, 
bonding and antibonding interactions into more bonding and non-bonding ones, 
respectively. 101~12a These calculations have been extended to the formation of clusters from the 
PtL, fragment, and can be compared with similar theoretical work on the incorporation of Pth_ 
into mixed metal cluster compounds. lzW An NMR approach to bonding in zerovalent platinum 
phosphine complexes can also be taken; values of IJ(PtP) correlate with 2J(PP), lJ(PtP') and 
the electronegativity of atoms or groups bonded to the phosphorus. 1265 

Two features are worthy of note here. Firstly the effect of solvent on reactivity of the 
complex Pt(PPh3),. In Section 52.2 the reactions of Pt(PPh3)3 with protonic acids were shown 
to give hydrides. These reactions are carried out in organic solvents such as C& or CH2C12. In 
liquid HCl, Pt(PPh3), @ves PtC12(PPh3), (equation 383), and in anhydrous trifluoroacetic acid 
there is no reaction.I2 Secondly the photophysics of complexes P t X b  (X = GI%, &(CN)4, 
fumaronitrile, tetracyanocyclopropane; L = PPh3, AsPh3) shows solvent effects on the ground 
state absorption bands, and a vibronic progression in the emission band. The observed 
emission is a ligand-centered n-n* luminescence. The vibronic progression of 420 f 30 cm-' is 
present in the phosphorescence spectrum of triphenylphosphine itself, which implies that a 
P-Ph vibration is involved as a deactivation mode. The emission lifetimes are in the 
nanosecond range. 1267 

(383) 

Tertiary phosphite complexes of platinum(0) can be prepared by the hydrazine reduction of 
PtC12{P(OR)3}2 (equation 384), or by replacement of triphenylphosphine in Pt(PPh3)3 
(equation 385) .lD3 Alternatively the complexes can be prepared from Pt( q3-C3H5)( $-Cp) and 
the phosphite.lm Heteronuclear INDOR measurements show that 2J(PP) has a value of 
+81Hz in Pt{P(OMe)3)4. A detailed synthesis of Pt{P(OEt),}, has been published from 
K2PtC1, and triethyl phosphite with KOH (equation 386).1269 The product is obtained as 
colorless crystals which can be handled in air. 

anhydrous HCI Pt(PPh,), + 4HC1 - PtCl,(PPh,), + Hz + (Ph,PH)(HClZ) 

KzPtC1, + SP(OEt), + 2KOH - Pt{P(OEt),}, + OP(OEt)3 + 4KC1+ HZO (386) 
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A number of less common phosphorus ligands have been used to prepare complexes of 
platinum(0). The complex Pt(PPh3)3 reacts with bis(diphenylphosphin0)-N-methylmaleimide 
(equation 387).'"O The complex PtCl,(dppe) reacts with Li2(PhP=PPh) at 25°C in THF 
solution to give Pt(PhP=PPh)dppe. 31PNMR data show very small s character in the Pt-P 
(diphosphene) bonds indicative of diphosphene complexed to PtO rather than a diphosphido 
ligand coordinated to Pt" (equation 388). 12'' Mesityl(diphenylmethy1ene)phosphine reacts with 
Pt(&H4)(PPh3)2 to give dark red crystals of (111) in quantitative yield (equation 3S9).lzn For 
the complex P ~ ~ C B U ~ ) ( P P ~ ~ ) ~ ,  an X-ray structure shows that the complex (112) adopts an 9' 
configuration. l2 The first example of an y'-amino(imino)thiophos horane complex has been 

platinum can be prepared with a P-bonded A3-phosphazene ligand. The complexes are prepared 
by ligand substitution reactions of Pt(cod):! (equation 391), and the structure of (113) verified 
by crystallography. 1275 The analogy of complex (113) to the zerovalent platinum complexes 
with triphenylphosphine ligands is fully shown in the reactions with alkenes and alkynes to 
form complexes Pt(C&)L and Pt(&R2)L [L = P(=NBU'){NBU*(S~M~~))].'~~~ The 
hexakis(trifluoromethy1)benzene complex of platinum(0) , Pt{ C6(CF3)6}(PEt3)2 can be prepared 
from Pt(PEt3)3 and the ligand.'277 

observed in a coordination complex to platinum(0) (equation 390).12 Y Zerovalent complexes of 

PtCl,(dppe) + Li,(PhP=PPh) - Pt(PhP==PPh)(dppe) + 2LiCl (388) 

Pt(CJ&)(PPh3), + R'RN-P' - (Ph 
\NR 

R = But, R = SiMe, 

(390) 

Pt(cod)2 + 3But(Me3Si)NP=NBu' - P~[P=NBU~(NB~'(S~M~~)}]~ + 2cod (391) 

Platinum (4f712) binding energies have been measured by X-ray photoelectron spectroscopy 
for 27 complexes. A binding energy of 71.6eV for Pt(PPh3)3 is the smallest value in the list. 
The value of 73.2 for Pt02(PPh3)2 is identical to that for the divalent complex cis- 

(113) 

PtClZ(PPh3)z. '''' 

(ii) Reactions 

A number of reactions of platinum(0) complexes have been discussed in the earlier sections 
of this chapter. These reactions include protonation reactions of PtL3 to give PtHL+, oxidative 
addition of HX to give PtHXL, replacement with carboranes, alkenes and alkynes (L') to give 
complexes of type PtLL'. The most studied complex of platinum(0) is Pt(PPh3), and in 
Scheme 10 are outlined examples of the numerous reactions which this compound will undergo. 

coc -0' 
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Hydrogen does not add to F’t(PPh3)s, but the triethylphosphine complex Pt(PE& does to give 
PtH2(PEt3)3.65 

L = PPh3 

Scheme 10 

Bromine and iodine oxidatively add to Pt(PPh,), to give ~ i s - P t x ~ ( P P h ~ ) ~  (X = Br, I),1279 and 
a similar reaction with chlorine will likely yield ~is-PtCl~(PPh,)~. The cis isomer is the result of 
the kinetically formed ~ a n s - P t X ~ ( P P h ~ ) ~  undergoing triphenylphosphine-catalyzed isomeriza- 
tion to ~ i s - P t X ~ ( € ’ P h ~ ) ~ . ~ ~ ~  If the reaction of Pt(PPh,), is carried out for a short reaction time 
(3 min) with an excess of halogen, the complexes trans-PtX2(PPh+ (X = Br, I) can be obtained 
in high yield. The excess halogen oxidizes free triphenylphosphine, and the short reaction time 
prevents the formation of significant quantities of Pt&(PPh& (Scheme 11) .la’ 

PPhj 
Pt(PPh,), + X2 - trans-PtX2(PPh3), __+ ch-PtX2(PPh3), 

Pt&(PPh,)Z 
Scheme 11 

Metal halides will undergo oxidative addition to P t b  to form complexes having R-Pt. 
Pt-Ni, Pt-Cu, R-Au, Pt-Hg and Pt-Sn bonds.’282-1284 Ex amples are shown in equation5 
(392) and (393). 

Pt(PPh3)3 + PtC12(PPh3)2 - Cl(PPh3),Pt-Pt(PPh3)2Cl+ PPh3 (392 
Pt(PPh,), + XHg-Fe(py),(CO),-HgX - XHg-Fe(py)2(CO)2-Hg-Pt(PPh3)2X + PPh3 (393 

Much of the mechanistic understanding of oxidative addition reactions comes from work 01 
the reaction between alkyl halides and zerovalent platinum complexes. The work is full! 
summarized in texts covering organometallic c h e r n i ~ t r y ; ’ ~ ~ , ’ ~ ~ ~  no details will be given here bu 
the work will be briefly outlined and the significant conclusions and references given. Fron 
earlier work by Halpern, Collman and others, it had become accepted that oxidative additioi 
of alkyl halides to low-valent transition metal centers occurred by an SN2 type mechanisn 
involving nucleophilic attack by the metal ion at the saturated carbon of the electrophilic alky 
halide. A consequence of such a pathway is that the reaction involves inversion at carbon 
Using truns-l-bromo-2-fluorocyclohexaney this inversion reaction was initially observed.”* 
Subsequently this experiment was challenged by authors who were unable to reproduce thc 
claimed reaction.’288 At around the same time the oxidative addition reaction of alkyl halide 
to iridium(1) was being shown to occur with retention of ~0nfiguration.l~~ The situation wa 
clarified by further work with Pt(PEt3), which shows that a major (but not sole) pathway fo 
the addition of alkyl halides to platinum(0) involves a radical chain process. The evidencc 
presented is the radical scavenger duroquinone causing a 5 x lo3 fold decrease in rate, thc 
observation of benzyl platinum(I1) complexes from the oxidative addition of neopentj 
bromide in toluene solvent the cyclization of 6-bromohexene-1, the racemization of ethyl-o 
(-t-)-a-chloropropionate, and the observation of CIDNP  effect^.'^^>'^^^ The rate with Pt(PPhs) 
and Me1 does, however, still follow second-order kinetics, and Pt(PPh,), is the undetectei 
intermediate. 12” 
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52.53.2 Divalent monomeric platinum complexes 
(i) Synthesis 

The simplest phosphorus ligand is the element itself. The complex [Pt(triphos)(q3-P3)]BF4 
has been synthesized by adding an excess of white phosphorus in THF to a solution of 
PtC12(PBu3)2 and triphos in dichloromethane. Heating and subsequent addition of [NBu4]BF4 
gives [Pt(triphos)(q3-P3)]BF4 (equation 394).lB3 

(394) 

Tertiary phosphines form a wide range of complexes of the type PtX2(PR& (X = halide, 
pseudohalide; R = alkyl, aryl or mixed alkylaryl). Space limitations preclude this chapter 
becoming a compendium of known compounds, therefore for each individual complex the 
reader is directed to Chemical Abstracts, Gmelin or the book by McAuliffe which contains 
extensive tabulations of compounds. 1225 In this chapter we outline the general methods of 
synthesis, the properties, and the structures and spectral features which we expect to be found 
with this class of compounds. 

Tertiary phosphines PR3 react with P t x -  to give complexes PtX2(PR3)2 (equation 
395).1294,1295 wh en R is a lower alkyl group the initially formed ionic complex only slowly 
converts to the final product.”% If cis and trans isomers are formed, separation by fractional 
crystallization may be pos~ib1e . l~~~ Formation of complexes PtX2(PR3), from [Pt(FR3)4][P&] 
is thermally accelerated. 1297 Preparative procedures have been developed to produce these 
platinum(I1) phosphine complexes from HzPtClgH20. The cis complexes PtCl,(PPh3), or 
PtCl,(P-P) (P-P = Ph2P(CH2),PPh2; n = 1, 2, 4) are prepared using excess phosphine and 
ethanol solvent (equation 396). To prepare the complex tran~-PtCl~(PPh~)~, aqueous formal- 
dehyde is added (equation 397).12” A frequently used reaction to form phosphine complexes is 
bridge cleavage (equation 398). The strength of bridge bonds increases in the series C1< Br < I 
and C1< Et2P0 < RS < R,P. The weaker bridges can be broken by phosphine ligands L’ to give 
monomeric phosphine complexes of platinum(I1) ,129p-1306 The addition of phosphine L to 
complexes Pt2(p-C1)2C12L2 at low temperatures gives the ionic complexes PtClL: and PtC13L- 
as major products rather than the covalent complex PtC1,L. If the covalent compound is the 
desired one, local accumulations of the added phosphine should be avoided during mixing.lM7 
This bridge cleavage reaction can be reversed by fusion of the monomeric complex P t C l L  
with PtC12.1308 

(395) 

P“u4PF4 PtCl,(PBu& + P, f triphos IPt(tripho~)(~~-P3)]BF~ 

2 P G -  + 4PR3 + [Pt(PR3)4][PtC&] - 2PtCL(PR3)2 
PPhg 

H2PtC&.H2O a Ck-PtC12(PPh3)2 (396) - 

L Y X 
\ Pt ’ ‘Pt/ +2L‘ - 2PtxYLL’ 

X / \ / \ L  Y (114) 

(397) 

(398) 

This cleavage method can obviously be used to prepare complexes (114) with different 
phosphine ligands. Dropwise addition of L (L = PPh3, PMePh2, PPr‘,, PCy3, AsPh, or SbPh,) 
to a dichloromethane solution of [PrCl2L’I2 (L’ = PEt3) gives trans-PtC12LL’ (cis for SbPh3). 
Hydrazine reduction of these complexes gives extensive disproportionation, however treatment 
with NaBH4 at 0 “C followed by HCl addition gives mixed-ligand hydrides (equation 399).1309 
The method can also be used to prepare complexes of pIatinum(I1) with halogenated phosphine 
ligands, examples of such complexes being cis-PtX&L’ (L’ = PPhZC1, PEt2C1, AsPh2Cl, 
A S M ~ ~ C ~ ) . ’ ~ ’ ~  The PF3 and PC13 complexes of platinum(I1) have been formed from PtCl,, 
presumably by bridge cleavage of this polymeric material (equation 400). l3lo The reaction of 
phosphine with Pt12(PPh& is reported to give P ~ ~ I Z ( P P ~ & ( P H ~ ) ~ . ~ ~ ~ ~  

(399) 

(400) 

i .  N a B q  
ci~-PtCl,(PEt3)(AsPh,) PtHCl(PEtB)(AsPh,) 

3Ptc12 f 4PX3 - PtCI,(PX,), + IPtCl,(PX3)]2 
X = F ,  Cl 
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Recently there has been an interest for a variety of reasons in preparing phosphine 
complexes of the Group VI11 metal ions where the phosphine ligands contain a variety of 
functionalities which are desired for subsequent chemistry. A number of examples will be 
discussed later where this second functional group also coordinates to platinum(II), but the 
other examples where the functional group remains free are covered here. This range of 
complexes shows the tolerance of the synthetic reactions to different functionalities on the 
ligand. For a good recent review on functionalized phosphine ligands the reader is directed to 
the chapter by Rauchfuss in ref. 1227. The alkyne-substituted phosphine PBu;(C+CPh) reacts 
with PtC12(CN3ut)2 in toluene to give trans-PtC12{PBu~(~Ph)}2 ,  which can be converted to 
the iodide complex by metathetical replacement with NaI (equation 401). Restricted rotation 
about the Pt-P bonds causes the complexes to exist as identifiable conformers.1312 In the cis 
isomer of alkynic phosphine complexes the sterically less demanding - m R '  group in 
R2PC%CR' is forced into a configuration facilitating alkyne-alkyne interaction. The cis 
complex cis-PtC€2(Ph2PCkCPh)2 (115) has been prepared from PtC12(cod). Toluene reflux of 
complex (115) converts it into a platinum(I1) complex of a naphthalene-substituted chelating 
phosphine ligand (116; equation 402). 1313 Alkynic groups on phosphorus coordinated to 
platinum(I1) will also add HC1 by trans addition across the triple bond (equation 403).1314 
Phosphine ligands with a cyclopropane functionality can be prepared. Using the platinum 
halide, the complex (117) with a coordinated PBu$(cyclopropyl) li and can be prepared and 
thermolyzed to the ring-opened complex (118; equation 404). 1315~131' 

PtCl,(CNBu'), + 2PBui(-Ph) - tram-PtC12(PBuhWPh)2 -5 
trans-PtI,(PBu',MPh), (401) 

(116) R' = Ph 

rruns-PtC1,{PBu;CH2(C,H,)}2 - Cl{PBu;CEI,(C,H,)}Pt (404) 'A 
(117) (118) 

Cationic phosphine platinum(I1) complexes can be readily synthesized. A usual methoc 
involves halide replacement from PtX& b a series of neutral ligands L' in the presence 0' 
NaC104, AgBF4, NaPF6 (equation 405). 13' An alternative method uses the stereoretentiw 
bridge cleavage of cationic platinum(I1) dimers (equation 406).1318 High yields oj 
[PtC1(PPh3)3]B12C112 have been obtained from the reaction of K2PtC14 with triphenylphosphini 
in the presence of CszBl~C112.1319 Halide removai can also be carried out using direct reactior 
of cis-PtC& with the non-coordinating acid HBF4 (equation 407).1320 

PtXZL, + L' G IP%L']Y + x- (405 

[pt2(p-X)2L4](ClO,), + 2L' - 2[PtXL2L']ClO, (406 

P 

ck-PtCl,L, + HBF, [PtClL,(OH,)]BF, + HC1 (407 

Platinum(I1) phosphite complexes can be prepared in many of the same ways. Twc 
differences are noteworthy. Firstly phosphites differ from phosphines in that they are unstable 
to hydrolysis and careful precautions must be taken to exclude both water and oxygen wher 
carrying out reactions using phosphites. Secondly, phosphite ligands coordinate to platinum(I1: 
more strongly than do phosphine ligands, hence in replacement reactions the phosphite liganc 
may give complexes with a higher degree of phosphite substitution than the analogous reactior 
with tertiary phosphine ligands. A useful procedure for the synthesis of complexef 
PtX2{P(OR)3}z is the replacement of benzonitrile in PtX2(RCN)2 by phosphite P(0R): 
(equation 408).1321 An alternative route involves the in situ generation of the trialkyl phosphitc 
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ligand by solvolysis of the PC13 complex with the appropriate alcohol (equation 409).13= The 
first PtL$+ compound has been obtained using a phosphite ligand. Addition of trimethyl 
phosphite to a mixture of PtC1, and methanol becomes homogeneous when stirred. Addition of 
NaBPb in methanol gives the complex [Pt{P(OMe)3}5](BPh& as a white p r e ~ i p i t a t e . ' ~ ~ , ' ~ ~  
To prepare complexes with different phosphites it may be important to use either THF as 
reaction solvent, or if an alcohol solvent is desired, the alcohol having the same alkyl 
substituents as the phosphite must be used in order to avoid problems with transesterification 
of the phosphite ligand. The equilibrium between tetra- and penta-coordination (equation 410) 
is controlled by steric effects. Using similar synthetic procedures the alkyl diphenylphosphinite 
complexes of platinum [Pt{PPhz(OR)},](BPh& (R = Me, Et) can also be prepared.1325 
Unexpectedly the reaction between Pt(l-~,4,5-q-C~H~~)(cod) and P(OR)3 (R = Me, Et, Ph) 
gives the hydride complex [PtH{P(OR)3}4]+.1326 

PtX2(PhCN), + 2P(OR)3 - PtX2{P(OR),}, + 2PhCN 
Pt(PC1J. + 3nROH - Pt{P(OR),}, + 3nHCl 

PtL,+L e PtL 

The cationic ML, complexes, of which PtL<+ (L = tertiary phosphite) is an example, are 
stereochemically non-rigid at ambient temperatures. The rearrangements are intramolecular, 
and the barriers to this Berry pseudorotation process lie within the range 20-50 kJ mol-'. This 
barrier increases with the steric bulk of the phosphite ligand up to the point where the bulk is 
too great for ML5 complexes to be formed in the equilibrium in equation (410). For a given 
ligand the barriers are relatively insensitive to variation of the central metal, although the 
ordering follows the sequence Co > Ir = Ni > Rh > Pt > Pd.'327 

Both four- and five-coordinate platinum(I1) complexes can be prepared with phosphole 
ligands L (119).13= The complexes trans-PtX2L (X = C1, Br, I; R = Me, Bun, But, Ph, CH,Ph; 
R' = H, Me) are non-eIectrolytes in methanol solution. The formation of the five-coordinate 
adduct (equation 411) can be analyzed in terms of intra- and inter-molecular equilibria of the 
pentacoordinate species PtX2L3. The formation of PtX2L3 is enthalpy favored and entropy 
disfavored. 

"I!U"' P 
R 

Ptx,&+L e PtxZL, 

(ii) Structures and bond enthulpies 

Platinum(I1)-phosphorus distances in phosphine and phosphite complexes are usually 
between 2.2 and 2.4A. The distances are affected by the ligand trans to phosphorus in the 
square plane. For a complete listing of platinum-phosphorus distances in such structures the 
reader is directed to 'Molecular Structures and Dimensions' for structures from 1935-1976, and 
to the BIDICS series for structures published up through 1981. A list 
structures and Pt-P bond distances is shown in Table 7. The P t -C l  
~is-PtCl~(PEt,)(P(0Ph)~} for the chloride trans to P(OFh)3 is shorter than that 
the chloride trans to PEt,, implying a weaker trans influence of P(OPh)3 than of PEt3.1D6 

In order to assess steric and electronic effects on the bond enthalpies of reaction of 
phosphine and phosphite ligands to platinum(II), the enthalpies (AH) of reaction of these 
ligands L on reaction with [PtMe(PPhMez)2(THF)]PF6 have been measured (equation 412). 
These authors measured the enthalpies of 34 ligands, and correlated the measured enthalpy 
with the ligand cone  angle^.^^^^,'^^ Representative data are shown in Table 8. 

[PtMe(PPhMe,),(THF)]PF, + L - [PtMe(PPhMe&L]PF, + THF (412) 
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Table 7 Pt-P Distances in Platinum(I1) Phosphine and Phosphite Complexes 

Compound Pt-P distance (A) Ref. 

cir-PtCI,(PMe,), 

fruns-PtBrZ(PEt3), 
trm -PtHBr(PEt,), 

tranr-PtClz( PEt,), 

WU~W-[P~CI(CO)(PE~~),IBF~ 
[ ~ C l P M 4 3 1 C l  

tronr-PtCl,(PCy,), 
-PtIZ(PM& 

cC-PtClZ(PEt,)P(OPh), 
ck-PtCI,(PPhBu~), 
cram -RHCl(PPh,Et), 

iraM -PtI,{ P( tolyl-o),} 2 
trans -Pt,CI,(p -C1)2( PPr3)2 

pt(C03)(PPh3)2 

2.239( 6), 2.256( 8) 
2.294(90) 
2.315(4) 
2.26 
2.345 

2.315(41 
2.242(3)(tr0mn~-P), 2.336(3) (tram-Cl) 

2.337(2j 
2.269(1)(PEt3), 2.1 82(2) 

2.358I61 
2.268 ' 
2.24 

2.348(2) 
2.230(9) 

1329 
1330 
1330 
1331 
1332 
1333 
1334 
1335 
1336 
1337 
1338 
1339 
1340 
1341 

Table 8 Enthalpy and Cone Angle Correiations for the Reaction: 
[P?Me(PPhMe,),(THF)]PF6 + L - [PtMe(PPhMe,),L]PF6 + THF 

Cone nngle (") 

107 
118 
130 
128 
145 
130 
179 
182 

(iii) Nuclear magnetic resonance and vibrational spectra 

The availability of Fourier transform NMR instruments with facilities for 31P measurements 
has made this technique an important one in investigations involving phosphine and phosphite 
complexes. The technique is particularly useful for platinum complexes because of the strong 
coupling between the phosphorus ligand and the platinum nucleus (lg5Pt, I = U 2 ,  33% 
abundance). Even though the chemical shift range is large, the strong 'J(PP) coupling in these 
complexes may make it necessary for the spectra to be analyzed using second-order methods. 
A large collection of data on 31P chemical shifts and coupling constants is rapidly accumulating 
in the literature. It is, unfortunately, beyond the scope of this article to correlate all the known 
data. The chemical shifts of tertiary phosphines moved downfield on coordination ,1344 although 
upfield shifts are observed for h~sph i t e s .~~~ '  The 31P chemical shifts of cis isomers are usually 
upfield of the trans isomers. 

For platinum phosphine complexes values for 2J(PP) and 'J(PtP) may be obtainable. The 
magnitude of *J(PP) for mutually cis phosphines usually falls in the range 0-lOOHz, and for 
trans phosphines between 500 and 1OOOHz.  This coupling constant depends directly on the 
value of the valence s orbitals at the phosphorus nuclei. The observed increase in coupling with 
the increasing electronegativit of the substituents correlates with the proposed increase in s 
character of the Pt-P bond.' 47 The coupling constant from the Pople and Santry expression 
depends inversely on the energy difference of the transition, hence on the effective nuclear 
charges of the metal and phosphorus nuclei. Platinum-phosphorus coupling constants are large 
(1000-7500Hz), and are strongly dependent on the ligand trans to the phosphorus atom. 
Ligands with a strong u-inductive character reduce the positive charge on the platinum atom 
and thereby weaken the overlap of the phosphorus and metal orbitals relative to tram ligands, 
which have weaker a-inductive effects. For chelate complexes ring effects must also be taken 
into account. The effect on coupling constants is quite small, but the contribution of ring size to 
chemical shift data is quite significant.134891349 Fine points such as ligand substituent effects can 
be observed. For the series of compounds cis-[PtMe(L)(dppe)]PF6 (L is a para-substituted 

1349 

Y 
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pyridine) the values for d(3'P) and 'J(PtP) decrease reguIarly as the p values of the substituents 
on pyridine decrease.13m Chemical shift and coupling constant data for 44 complexes of type 
truns-PtXY(PEt,), and PtWXYZ(PEt3)2 show that 'J(PtP) is positive in si n, and that for 

for these complexes. Furthermore d(195Pt) has been measured for 78 platinum complexes 
having mainly Pt-C bonds. Detailed analyses of the shift magnitudes caused by changing 
ligands and substituents on ligands are given and correlated. Values for 'J(PtP) decrease on 
going from Pt" to PtTV, and increase with halogen substitution. The trends observed in 6r'P) 
show increases in ,'P shielding associated with decreasing aromatic substitution on phosphorus 
and increasing halogen substitution on platinum. This detailed article gives the reader an 
excellent introduction to this NMR literature up to the mid-1970~.~~'~ 

For platinum(I1) complexes with alkylphosphine ligands there is a small but marked 
dependence of the values 'J(PC) on the nature of the group trans to phosphine.'3s3 By analogy 
with the earlier method using 'H NMR, 13C{ 'H} NMR techniques using 'virtual coupling' have 
been used for phosphite complexes of platinum(II), but it does not appear that the method can 
be generally used to determine stereo~hemistry. '~~~ 

Two features need to be noted. Firstly, platinum-195 chemical shifts are quite sensitive to 
temperature, and in order to obtain acceptably narrow lines the solution temperature should be 
kept constant over the data accumulation time. Secondly, solvent effects need to be considered. 
A study of cis- and trans-PtC1, PBuZ 

Further work on temperature, solvent , substituent, oxidation state and stereochemical effects 
on 31P and l9'Pf NMR chemical shifts and Complexes is needed, and further efforts to collect 
and correlate data will be very 

Two other applications of NMR in platinum phosphine chemistry are noteworthy. Variable 
temperature 'H and '?F NMR spectroscopy can be used to show that in PtX2(CJ?5)2(PEt3)2 the 
rotation of the phosphine ligands is prevented by steric interaction with the cis- 
pentafluorophenyl groups,1359 and ,'P magic-angle spinning NMR can be used to investigate 
platinum I1 complexes attached to the phosphorus atoms of a polymer-immobilized phosphine 

Using empirical IR methods for complexes PtXY(PFh3)2 the stereochemistry can be 
assigned. A band at 550crn-' is very strong in the IR spectra of cis complexes, but weak in 
those of trans stereochemistry.1362 This band is probably associated with a P-phenyl mode 
since bands due to v(PtP) are usually weak and have not been assigned with certainty in many 
cases. 

The electronic spectra of platinum(I1) phosphine complexes are difficult to assign because the 
d-d bands are obscured by intense charge-transfer bands. Work with trans- 
PtC12(piperidine)(L) shows that the first allowed transition decreases in energy across the 
series: L = P(OMe)3 > PPr3 > piperidine > AsPr3 > Et2S > Et2Se > Et2Te.1363 There is no evi- 
dence of low-lying n combinations of phosphorus 3d orbitals in the absorption spectra.'364 

hydrides (X = H), 'J(PtH) is positive and 2J(PH) negative.13" Values for d(19 9 Pt) are reported 

in 14 solvents shows a change in A6(P) of on1 0.83 p.p.m., but a change in A 0 J(PtP) of 84.2 Hz between n-hexane and acet~nitrile.'~' 

ligand. 13&,1$1 

(iv) Reactions 

The chemistry of platinum(I1) phosphine complexes usually centers around substitution 
reactions. The phosphine ligands bind strongly to platinurn(II), and are not readily substituted. 
Much of the discussion involving these reactions is concerned with the trans influence and trans 
effect exerted by the phosphine ligands. In general the distinction between the two features is 
that the trans influence compares ground state effects, and the trans effect relates to differences 
in substitution rates. The ~ u n s  influence has been reviewed in 1973.5w*510 Phosphine and 
phosphite ligands are high in both the trans influence and trans effect series. For the former 
these effects are apparent in v(PtX), bond distances of trans ligands, 'J(PtP), v(PtH) and 
'J(PtH) in hydrides, as well as correlations of NQR and Mossbauer data. 

Although the high trans effect of phosphine ligands is well known,1365 a recent paper has 
made a comparison between phosphines and trimethyl phosphite. In a rate study it has been 
found that the relative tram effect depends on the reaction being studied, although in all cases 
the trans effect of P(OMe)3 is greater than PMe3, PEt3, PBu," or PPh3.1366 All rates show that 
the trans effect of these P-bonded ligands is greater than that of AsEt,, Me2S or DMSO. 

From these considerations it is clear that phosphorus ligands are strong (J donors, and that 
the order follows the sequence PR3 > PPh3 > P(OR)3 > PC13 > PF3.1367 
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A reaction which has been studied in some detail is the isomerization between cis and trans 
phosphine complexes of platinum(I1). As mentioned earlier in this section on platinum(I1) 
complexes with phosphorus ligands, synthetic routes to PtX2(PPh3)2 usually give the cis isomer. 
An isolated yield of 42% for the trans isomer can be obtained by irradiation of ~ i s - P t X ~ ( P f h ~ ) ~  
at 336 nm (equation 413).1368 Two different mechanisms were initially proposed for the 
cis-trans isomerization of square planar complexes PtX2L, (L = monodentate phosphorus 
ligand). These were either the consecutive displacement of the anion X via the intermediate 
[PtXL‘L,-$, where L‘ is a catalyzing base, or the fluxional rotation in a pentamordinate 
intermediate PtX&L’ having a unique Pt-L’ bond. A third pathway has also been found 
which involves displacement of L from the pentacoordinate intermediate. Pathway i (in Scheme 
12) should dominate in polar solvents, when X- is poorly coordinating, and when L’ is a strong 
base. Pathway ii is fluxional rotation and should dominate in non-polar solvents when L and L‘ 
have nearly the same basicity and are small. Pathway iii is consecutive displacement of ligand 
and should dominate in non-polar solvents when X- is strongly coordinating.1369 In the absence 
of added ligand L’ or a coordinating solvent or base, autocatalyzed isomerization can occur by 
phosphine dissociation from PtX2L, followed by phosphine catalyzed isomerization of M2L, 
(equation 414). 1370 

366 nm 
cis -PtXz( PPh3)z = tran~-PtXz( PPh& (413) 

PtXzL + PtX,t+L e PtX& (414) 

525.3.3 Chelating plrosphonrs ligands cornpiexed to piatinum(II) 

The most common ligands are the ones Ph2P(CH2),PPh2. These compounds will form 
chelate complexes PtX& which necessarily have the cis geometry for X.”= The methods of 
synthesis parallel those used for the monodentate phosphine complexes. As will be discussed 
later, the complex with n = 1 (dppm) has a strong tendency to form a bridge across two 
platinum centers. Comparison between the ligands PhzP(CH2),PPh2 for coordination to 
platinum(I1) shows monomeric complexes are formed when n = 1 and 2, dimeric complexes 
when n = 3 (N.B. monomer with Pd’I) and with Ph2PCH=CHPPh2, and trimers when n = 4 
(120-122).1371 If these chelating phosphines are used to replace cod in PtMeCl(cod), ligands 
n = 2, 3 give monomers FtMeCl(P-P), whereas dppm (n = 1) gives a trimeric complex 
[PtMeC1(P-P)]3, Obviously all the features controlling molecular aggregation have not been 
identified. Using an analogous procedure the compounds PtMe,(P-P) (n = 1-3) can be 
prepared. For PtMe;?(dppm) and PtMe2(dppe), methyl iodide addition gives PtMed(dppm) and 
PtMe31(dppe), whereas PtMe2(dppp) gives PtMeI(dppp). 13” The complexes PtC12(P-P) have 
also been obtained where methyl substituents are present on the phosphine 
Me2PCH2CH2PMe2; alternatively the neopentyl or t-butyl ligands R2PCH2CH2PR2 can be 
used. 1375-1375 Similarly the complexes PtC12(P-P) can be formed with unsymmetrically 
substituted phosphine ligands R2PCH2CH2PAr2 (R = alkyl; Ar = aryl) .1373 An unsymmetrically 
substituted chelating phosphine complex (l23) has been formed by an in situ reaction of 
PtX2(Ph,MR)2 with R’R’TH (R = CF,, Ph; R‘R” = Ph, C,H&N; R’ = Et, R“ = Ph) to give 
stereospecificalIy compound (123; equation 415) .1376 The less usual cis chelating ligands 
Ph2P(Bl,,HloG)PRR‘ (R = R’ = Ph, NMe2F; R = m e 2 ,  R’ = F) and (Me2N)2P(BldIloCz)- 
PRR‘ (R = R’ = C&; R = NMe2, R’ = F) also form chelate complexes of the type PtC12(P-P)2. 
NMR data are used to develop trends in cis and truns influences by comparison with other 
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chelating phosphine ligands. 13” 

n 
P I ,a p,c1 

up 
Pt 

CI’I P C l T  

(120) n = l , 2  (121) n = 3, Ph2PCH=CHPPh2 

PtX2(Ph2MR), + HPR’R” - Ph2P PR’R’ + P h 2 m R  x (415) 

x’ ‘x 
(123) 

In a similar manner to the trans spanning aromatic ligand studied by Venanzi,lm tram 
isomers, as well as cis, can be obtained using ditertiary phosphines which have long aliphatic 
chains between the two phosphorus atoms. The ligands which have been primarily used have 
either bulky aliphatic groups such as But bonded to phosphorus, or phenyl groups. Such ligands 
are Bu:P(CH2),PBu: (n = 5-10). 1378-1382 With PtC12(PhCN BU:P(CH~)~PBU; gives tram- 
[PtC12(Bu:P(CH2)5PBu~)], and a cyclometalated product.”8R2;Jsing 31P NMR spectroscopy, it 
has been shown that the large-chelate mixed compounds containing PBu; groups in ‘corner’ 
positions are stable in solution relative to open-chain structures. This substituent promotion of 
rings is compared with the Thorpe-Ingold or gem-dimethyl effect.1380 The ligands which form 
these strain-free large-ring binuclear complexes (‘large’ complexes) are ones with an even 
number of methylene groups between the two phosphorus atoms. The requirement of bulky 
terminal groups is not completely resolved, and more recently McAuliffe has suggested that 
bulky terminal substituents on the donor phosphorus atoms is not a prerequisite for trans 
che1ati0n.l~~~ The formation of cis and trans isomers of long-chain flexible bis(phosphine) 
ligands Ph2P(CH2),PPh2 appears to be critically dependent on the choice of complex precursor; 
K2PtC14 gives the cis isomer while K[PtC13(C2H4)] gives the trans analogue. The cis dimers 
(124) are the most stable isomers for the majority of the czk complexes. The preferred ring sizes 
for the cis chelated monomers (125) are 14- and 19-membered chelate rings. The amount of 
trans monomer (126) increases with a chelate ring size of 15. Large flexible chelate rings (>19) 
are unstable in the trans configuration.1383 A similar chemistry has been developed with the 
unsymmetrical chelate ligand Ph2P(CH2)6P(Et)Ph.1w The design and synthesis of new 
chelating phosphine ligands which can form large rings or span trans positions will continue to 
develop. An example is the diphosphine complex (128) with an oxygen heteroatom in the ring. 
The complex undergoes ring metalation to (129) at 250 “C (equation 416).1385 

n 
I I I I  c1 -P P-CI P-Cl P-Cl 

Cl-P CI-p 
a--p n P-Cl y-y] (p 
I 1  I t  

a-P P-Cl 

250-c 
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Platinum(I1) complexes can be used to resolve tripho~phamides.’~~ Also platinum(I1) 
complexes with chiral bidentate phosphine ligands can be synthesized. The bidentate phosphine 
ligand (130) will form the chelate complex Pt(&(CF&)(P-P) (P-P is (-)-(N,N- 
bis(diphenylphosphin0)-l-phenethylamine). The structural and spectral parameters show good 
correlation between the solid state and solution state.lm7 A series of platinum(I1) complexes 
with ligands (l31) and (132) has been prepared. The complexes are PtMeCl(L--L) and 
[PtMe(X)(L-L)]C104 (X = acetone; p-Ypy where Y =Me, Et, CHO, COzMe, H, NMe,; or 
X = PEt,, PPr3, P(CsHI7)3, PPhzMe, PPhMe2, PPh3, PPhzCy, PPhCyz, PCx3, PPhz(NFt2), 
AsPh3, SbPh3).1388 A partial resolution has been achieved for complexes PtMe(P)(P-P) (P is a 
chiral phosphine PPhR’R”; P-P is a chiral bidentate phosphine). The resolution can be monitored 
by 31P NMR and ORD, and the configuration of the preferentially bound enantiomer obtained by 
X-ray crystallography.1389 

Although dppm is better known for complexes where the ligand bridges two transition metal 
centers, the homoleptic complex of the anion from dppm, Pt(PhzPCHPPh& (XU), can be 
synthesized from PtCg- and dppm with KOH in ethanol. The complex gives 
Pt(PhzPCHPPhz)(dppm)’ on protonation, and [Pt(dppm)z]C1z on treatment with HCl (equa- 
tion 417).13w,1391 If the complex ~ ~ S - P ~ C ~ ~ ( P ~ ~ P ~ C F ~ ) ~  is treated with amine bases L, ligand 
coupling occurs to give a new bidentate ligand (equation 418).’392 

PtC$-+2dppm Pt(Ph2PCHPPhJ2 % Pt(Ph,PCHPPh,)(dppm)+ (417) 
(133) 

[Pt(dppm)tlCl* 

1-I 

+ L  

Pfiz H 
Cl*Pt P-“Nc 

/ 

/ 

‘P-C 
ph2 \C-CF3 
L*HO 

525.3.4 Polydentate phosphow ligands complaed to platinum(II) 

Platinum(I1) will form square planar complexes [PtCl(L-L-L)]X with the ligands 
PhP(CHzCHZPM&, PhP(CHZCHzPPh2)l and Me3CCH2P{CH2CH2P(CHzCMe3)2}2.1373J374 
For recent reviews on both polydentate phosphine ligands and on polymer-bound phosphine 
catalysts the reader is referred to the chapters by Meek and by Holy in ref. 1227. The 
platinum(I1) complexes with the tripod ligand PW(CH,CHZCHZPP~~)~(L-L-L) giving 
six-membered rings can be prepared for a wide range of X groups in [PtX(L-L-L)]+ (X = C1, 
NCS, NOz, H, Me, CH2CN, COZMe, CH2CH=CHz, Ph) and in [Pt(L-L-L)Y]2t (Y = PEt,, 
P(OMe)3).1393 31P NMR spectroscopy of the methyl complexes PtMez(L-L-L) shows that one 
phosphine remains unbonded. For PtMez(L-LLL) two terminal phosphorus atoms are 
free. Exchange between the phosphorus atoms occurs by an associative pathway via a 
pentacoordinate intermediate (equation 419).’394 A tetradentate phosphine ligand has been 
prepared which wraps around the platinum(I1) center rather than chelating as a tripod-type 
ligand. Using the ligands H2-,RAP(CH2)3PR”(CH2)3PR”(CH2)3PR~H2-n, the five-coordinate 
complexes (l34) can be prepared.1395 Similar complexes with the tridentate analogue can be 
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prepared (05) .  1396 

Deprotonation of HN(SiMe2CH2PPh2)2 with Bu"Li followed by reaction with K[PtC1,(GH4)] 
gives PtC1N(SiM&HJ'Phz)2 (l36; equation 420). With the amine protonated, reaction with 
PtC12(cod) gives PtC12{ HN(SiMezCHzPPhz)z} In the complex (136) the ligand is tridentate. 

K[PtCl,(C&)] + LiN(SiMe2CHZPPh2), - PtC1N(SiMezCH2PPhz)z + C2H4 + KCl + LiCl (420) 
(1%) 

525.3.5 Carbon -metalated phosphine and phosphite complexes 

This reaction has been previously covered for amine ligands, but it needs to be reemphasized 
for phosphine and phosphite complexes because of its frequent occurrence with these P-bonded 
complexes. The reaction occurs with both aromatic and aliphatic phosphine and phosphite 
complexes, and is particularly observed for aryl phosphites P(OAr)3, because metalation at the 
ortho position of the aryl ring leads to the formation of unstrained five-membered ring 
complexes (137). Refluxing ci~-PtCl2{P(OPh)3)~ in decalin ives PtC1{ (Ph0)2POC&}- 

favored for platinurn(I1) over palladium(II), and the rate of ring closure follows the sequence 
Cl>Br>I,  opposite to that found for phosphine complexes.1400 In a detailed study with 
complexes of bulky phosphines, Shaw has carried out internal metalations of platinum(I1) 
complexes truns-PtX2Lz (X = C1, Br, I; L = PPh2Bu*, P(p-t~lyl)~Bu', PPhBu:, P(p-tolyl)Bu:, 
PBu'Pr;, PBu:Pr", PPh(o-tolyl);?, P(o-tolyl)Me2) to effect ring closure. Bulky substituents on 
tertiary phosphines promote internal Pt-C bond formation, and the reaction is favored with a 
greater number of bulky groups on phosphorus, o-Tolylphosphines can promote ring closure, 
but tertiary phosphines with smaller steric requirements do not metalate. The corresponding 
palladium(I1) complexes with these bulky phosphines show no tendency to rnetalate.lm1 
Analogous Pt-C metalated complexes of Pt" are formed from PBu:1402-1404 and 
P B u ~ B u ' . ~ ~ ' ~  In this latter case, metalation also occurs with palladium(I1). In some cases the 
ortho-metalated carbon ligand can be coordinated to a platinum hydride without reductive 
elimination of alkane (equation 421a).lM Butyllithium can, however, attack the methylene 
group of a metalated benzylphosphine platinum(I1) complex to ive the dianion, which can be 

{P(OPh),}, probably by an initial C-H oxidative addi t i~n . '~ '~>l~  Q This metalation reaction is 

homologated by Me1 or Me3SiC1 to give (US; equation 421b). 1J7 
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PtCl(P-C)(PR,) + H- - PtH(P--C)(PR,) + C1- 

P-C = BuiPCMeiCH,; PR3 = PEt3, PPh3, PPi,, PBuiMe, PBu,, P(tolyl),, P(OPh)3 

(421a) 

ck-Pt[o-C,H,CH(Li)PR,j, RX 
I_* 

The t-butyldiphosphines with large chelate rings will also undergo metalation either by 
thermolysis reactions or as side-products in the synthesis of the chelate complexes.'380J382 The 
trans spanning ligand 1,3-{ (di-t-butylphosphino)methyl}benzene will undergo very ready 
metalation to give (139) when treated with P~C~~(BU'CN)~  (equation 422)."* Thermolysis of 
PtMe(0H)dppe gives an unusual Ptl-Ptl complex (140) formed by metalation of one phenyl 
ring at each platinum.lm Other metalated complexes are ones with platinum(I1) bonded to the 
vinylic carbon of l,2-bis(diphenylphosphino)ethylene1410 and the carbon of a phosphorus- 
substituted ~yclopentadienylide.'~'~ 

Ph 

525.3.6 Phosphine ligands chelated with other hefewtoms 

A platinum(II) complex has been prepared with a phosphine ligand chelated with a silyl. The 
complex (141) is formed by treating P t ( ~ o d ) ~  with Ph2PCH2CH2SiHR'R" (equation 423).I4l2 
When R' # R", racemic and meso diasteromers are formed in varying ratios consistent with 
asymmetric induction during stepwise chelation. The complexes can be used for asymmetric 
hydrosilylation 

Pt(cod), + 2Ph2PCHzCH2SiHR'Rf' 4 LP;$J + 2cod + H2 (423) 
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Phosphine complexes chelated with amine nitrogen ligands are more common. Early 
examples of such complexes include platinum(I1) compounds with diphenylpfiosphino- 
substituted tertiary amines such as (142; R=Me) and (143). Both covalent PtC12(o- 
Ph2PC,&NMe2) and ionic [P~(O-P~~PC~H~NM~~)~](C~~~)~ complexes can be prepared.'414J415 
The primary amine derivative (142; R = H) presents more of a synthetic challenge, but the 
compound will also give the complex [P~(o-P~~PC~H,NI-€~)~]'+, which will de rotonate in base 

formation of a P-N chelate ligand occurs when PtC12(NCPh)2 reacts with 2 equivalents of 
Li[Ph2PCHY] (Y = CN, COzEt) (equation 424). 1418 The platinum(I1) complexes with %amino-, 
8-diphenylphosphino- and 8-diphenylarsino-quinoline ligands can be prepared. 1419 

to give [ Pt ( o-Ph2PC6KNH)( o -P~zPC~KNH~)] '  and Pt ( o - P ~ ~ P C ~ H $ J H ) ~ .  14g,1417 me in situ 

Phosphine complexes have been prepared with an ether functionality in a suitable position 
for coordination. In contrast to the chelate complexes with (142) the analogous ether ligand 
coordinates to platinum(I1) solely via phosphorus to give PtC12(o-Ph2PC6H40Me)2.14'5 The 
compounds PtBu$R and PPhzR (R = 2,3- or 2,6-dimethoxyphenyl) P-bond to platinum, and the 
complexes undergo O-demethylation. Stable compIexes cis-€%{ OC6H3(OMe)(PPh2)}2 (144) 
and tr~ns-Pt(OC~H~(0Me)(PBu:)~}~ have been prepared where the ligand chelates through the 
phenoxy oxygen and the phosphino group. Bulky phosphines are demethylated more readily on 
coordination to Complexes of type (144) can be prepared from the monomethy- 
lated compound o-PhzPC6H40Me1421 and from U - P ~ ~ P C ~ O H . ~ ~ ~ ~  The reaction of o- 
Ph2PC&oH gives two intermediates (14 and 146; equation 425)'422.'423 prior to the 
formation of the bis phenoxy complex (144). 

M e 0  Ph, Phz OMe 

E Y i  

Chelate complexes can be prepared with phosphine and ester oxygen functional groups 
bound to platinum(I1). The ligands used are Bu$P(CH2),C02Et (n = 1, 2, 3). Complexes of 
type PtC12L with P bonded to platinum(I1) have been formed, as well as binuclear complexes 
Pt2CL,L when n = 2 and 3. Refluxing in ethanol or toluene solvent leads to O-metalation 
(n = 1) to give PtX(OCOCH2PBu$)(Bu$PCH2C02Et), or C-metalation (n = 3) to give 
Pt2C12(Bu$PCH~CH2CHC0zEt)2.14z4 The complexes with ketophosphines trans- 
PtC12{ BU:P(CH~COR)}~ remain unchanged on refluxing in alcohol, but treatment with sodium 
2-methoxyethoxide causes ring closure to give Pt{Bu$PCH==C(0)R}z (147).1425 The compound 
o-diphenylphosphinobenzaldehyde complexes to platinum(l1) via phosphorus in the compound 
cis-PtClz(o-Ph2PGJ&CH~. Vacuum thermolysis results in loss of HCl and chelation via 
carbon (equation 426) .14 An acetylacetonate phosphine ligand has been prepared. The 
compound coordinates to platinum(I1) via phosphorus but the acetylacetonate functionality will 
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complex to subsequently added copper(I1) ion. 1427 

+ HCI 

52 5.3.7 Phosphido-bridged complexes 

The compound Pt2C12(p-C1)2(PPr:)2 reacts with PHPh2 to give cis-PtC12(PPr;)(PHPh2), 
which reacts with base to form Pt2C12(p-PPh2)2(PPr;)2 (148). Alternatively the compound can 
be prepared from ci~-PtCl~(PPr!j)~ and LiPPh,. 1428 The dialkylphosphido and diarylphosphido 
ligands form strongly bridged complexes, although complexes of palladium(I1) are more 
common than those of platinum(I1). Treating PtCl,(PhCN), with PHPh, gives the 
diphenylphosphido-bridged diphenylphosphine complex Pt2ClZ(p-PPh2),(PHPh2), with HCl 
loss (equation 427).1429 The complex [Pt2(j~-PPh~)~(dppe)~]C12 has also been prepared, and the 
NMR spectrum solved using higher order methods of analysis. The structure of [Pt2(p- 
PPh2),(dppe),]C12 shows a chelating diphosphine and a bridging diphenylphosphide group. The 
Pt-P-Pt angle is 103.9(0)", and the platinums are non-bonding at a distance of 3.699(1) 

(14) 

2PtClz(PhCN)2 + 4PHPh2 -~~~~~ ' Pt2C12(~~-PPh)z(PHPhz)z (427) 

Chelating phosphines can be used to generate phosphido bridges. Reacting either 
Ph2PCH2CH2CH2P( H) Ph , Cy2PCH2CH2CH2P (H)Ph or (pro -R ,pro -S)-Cy,PCHzCH2CH2- 
P(H)Ph with platinum(I1 halides in the presence of base gives the bimetallic bridged 
complexes of type (149).14 4 1~1432 

Ph 
-1 

R2p\ /'.a 
.''a/ 'PR2 

I- 
Ph 

(149) -= (CH,), 

5253.8 Bridged binuclear compleres 

(i) Complexes of dppm 

The chemistry of dppm has been recently reviewed by P ~ d d e p h a t t ~ ~ J ~ ~ ~  and by E 3 a l ~ h . I ~ ~ ~  
The ligand will form either four-membered ring chelate complexes or bridged binuclear 
complexes. 
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A bridged binuclear platinum(0) complex of dppm is Ptz(dppm)3. The compound appears to 
have been first prepared by V a ~ k a , ’ ~ ’ ~  who found that the compound would catalyze the 
oxidation of CO to C 0 2  with molecular oxygen, and the conversion of NO and CO into NzO 
and C02. Subsequently the synthesis of the complex has been published, and the red 
compound can be obtained either by treating Pt(PPh& with two equivalents of dppm, or by 
the reduction of Pt2C12(p-dppm)2 with ethanolic KOH in the presence of two equivalents of 
dppm. The complex is extremely reactive to CO, SO2, S s ,  02, MeI, EtI, CH2C12, CH212, C2Hz, 
AuC1(PPh3), Ph3SnCI, Bu3SnC14 and HgC12.1435 The structure of Pt2(dppm) shows a ‘manxane’- 
type geometry with trigonal planar coordination about the platinums. The Pt-Pt separation is 
relatively long (3.023(1) A), lying outside the usual range for Pt-Pt bonds in clusters 
(2.61-2.79 A).1436 The zerovalent platinum complexes Pt2Fe(dppm)Z(CO)4 and 
PtPdFe(dppm)2(C0)4 have been prepared by treating PtzCIz(dppm)z and PtPdCl,(dppm), with 
Na2Fe(C0)4. The diplatinum complex is shown by NMR spectroscopy to have structure 
(150). 1437 

(WO) PnP = dppm 

A number of dppm complexes with hydride and methylene bridges have been referenced 
already in this chapter under the respective sections on hydrides and carbenes. These 
compounds will not be included again here. The binuclear platinum(1) chemistry of these 
complexes has also been developed. The complexes have a metal-metal bond between 
platinums, although this may be broken by formation of A-frame type molecules. This 
chemistry has been described in a series of papers, and the reaction types are outlined in 
Schemes 13 and 14.’2887i438-1”5 A similar chemistry will likely develop with the methylated 
ligand Me2PCH2PMe2. i450 

3PtM%(dppm) + HCl - PtClMe(dppm) + [Pt,Mez(p-Cl)(p-dppm),lC1 (428) 

l.+ H 
I 

PhP C-PPhZ 12+ 
I I - 1  I P-P 

P-P l+ p\/p p\/p 

-P 
I I SnQ, I I 
I I I I 

Ph3P-Pt-Pt-PPh3 % Ph3P-Pt- Pt-PPh3 
I I I I 
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P 

pvp VP YZ 
I 

C13Sn-Pt-Pt-SnC13 
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l3r-At- L B r  pv 
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I I 

Scheme l3 
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Scheme 14 

2RCl(COPh)(cod) + dppm - [Pf2(COPh)2(p-C1)(p-dppm)2]C1 + 2cod 

FYMe,( dppm) + PtMeCl( dpprn) - [ Pt2Me3( p -dppm),] C1 

[Pt2Me3(~-d~~m)21BF4 + PW+BF; - [Pt,Me,(~--dp~m)~l(BF~)~ 

(429) 

(430) 

(431) 

A-frame complexes which have a bridging hydride ligand, or which are capable of 
rearranging rapidly to a complex with a bridging hydride, undergo A-frame inversion on the 
NMR time scale. This A-frame inversion occurs through an intermediate with a linear 
Pt-H-Pt group. 1451 

Complexes having a bridging dppm ligand across two different metals have been recently 
prepared. Treating Pd(PPh& with dppm and the complex PtC12(NCBut)z in stoichiometric 
ratios gives a very high yield of PtPdClz(p-dppm)z (equation 432).'4s2 The monomeric 
complexes @uns-Pt( =R),( 7 l-dppm)z can also be converted to Pt2(C=CR)4(p-dppm)2 by 
refluxing in or used to re are heterobimetallic complexes with Pt and Rh, Ir, 

(432) 

W, Ag, Hg, Mo, Pd (equation 433). 14S.?14$ 

Pd(PPh& + PtC12(NCBu'), + 2dppm - PtPdCl,(pdppm), + 4PPh3 + 2Bu'CN 

(151) 

Analogous cyano complexes can be prepared. Treating the bis chelate complex 
[Pt(dppm)z]2+ with 2 equivalents of NaCN leads to stabilization of the 7'-dppm complex (El) 
which can be used to prepare heterobimetallic bridging complexes with added M (M = Ag+/I-, 
HgC12, RhZCl2(CO)4) (equation 433).'461 Similar complexes can be formed with dialkyl and 
diary1 substituents on platinum in place of cyanide. '** 

Tetrametallic complexes of type PtzMOzCpz(Co)6(PEt,), can also be prepared. The complex 
has a triangulated parallelogram core structures (152) .1463 

R,P-FY-LPR3 /"" 
\ /  
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(ii) Complexes with P-N and P-As groups 

Ligands with a single carbon atom between phosphorus and a heteroatom have been 
synthesized and used to prepare heterobimetallic complexes between platinum and a second 
metal ion. Examples of such complexes are shown in structures (153)-(156).1464-1467 

~ 

(US) (154) M = Mo, W (155) PnN = o-Ph,Ppy 

P-*S 
I I 

(iii) Trifunctional PPP ligands 

Other modifications require brief mention. The tridentate ligand Ph2PCH2P(Ph)CH2PPh2 
coordinates in a monodentate fashion to rhodium and chelates to platinum(II).1468 

( iv )  Ligands with PO and PS functionality 

Functional groups other than methylene can be used to join the phosphorus atoms. 
Tetraethyl diphosphite (POP; W7) can be used to bridge platinum(I1) centers in compounds of 
type Pt2C14(POP)2, Pt2C14(POP)(PMezPh)z and [Pt2(POP)2(PMe2Ph)4](BPh4)4.1469 

Ligands containing both phosphorus and oxygen functionality are phosphinous acids and 
secondary phosphites. The chemistry of these compounds with the platinum group of elements 
is becoming of increasing interest. The coordination chemistry of these compounds has been 
recently reviewed twice. 1470~1471 Three general methods are commonly used to prepare 
complexes of this type. These are the hydrolysis of transition metal chlorophosphine 
complexes, the demethylation of P-bonded methyl phosphite complexes with added 
nucleophile , and the direct reaction with diarylphosphinous acids or secondary phosphites. 
Examples of each of these reaction types is shown in equations (434)-(436). The first synthesis 
of Pt{(OPPh2),H2) was by reaction (436)1472 and also by the hydrolytic reaction between 
K2PtC14 and Ph2PCl.1473 The phosphite analogues Ft{ (0P(0R)2)&12} have been known for a 
considerable time, having been first prepared by reacting K2PtC14 with P(OEt), in aqueous 
solution. 1474 Alternate routes to these complexes involve P-H addition to platin~m(O)."J~'~ 
The hydroxylic proton in these platinum(I1) complexes can be removed by base, or replaced 
with BF2 or a second transition metal ion such as Con, Nin, Zn", U02, VO, Cu"' (Scheme 
15).33,1476J477 The structures of two BF2 complexes have confirmed that the PtPOBOP ring is 
puckered in a chair conformation.147831479 Very recently the structure of Pt{ (OP(OMe),),}H, 
shows the very short internuclear 0 * * * H * 0 separation of 2.381(1) 8, required for the 
hydrogen bonded structure.14' The 31P NMR spectra of these (dppe)Pt{ OP(OR)2)2 complexes 
show an AA'BB'IAA'BB'X spin multiplicity which must be analyzed by second-order methods 
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which include the platinum-195 couplings. 

2&-PtClZ(PRzCl)(PEt3) + 2Hz0 I* Pt2(OH)2(RZPO)z(PEt3)z + 2HCl 

Pt{P(OMe),}:' + 40H- - Pt(OP(OMe),}:- + 4MeOH 
(434) 

(435) 
&NO3 P t z -  + FhzPH(0) - PtX{ (OPPh,)&I}(PPh,OH) Pt{ (OPPhJ4Hz) (436) 

dppe 
+-- Pt[(OP(OR),),]Hz Pt{OP(OR),}:- 

Scheme E 

Michaelis-Arbuzov dealkylation of the compounds PFzOR in the resence of PtCl& 
(L = t-phosphine) gives trans-PtCl(PF20)L. Ionic complexes Pt(PF20$- are formed with 
PF20R and PtC12(NMe& (equation 437). The nucleophile present is chloride ion, and the 
electron-withdrawing fluoro substituents cause the hydrogen-bonded proton to be sufficiently 
acidic that it is the anion which is i ~ o l a t e d . ~ ~ ~ , ' ~ ~ ~  A rather unusual method of preparing a 
bridged diphenylphosphinito complex is to react Pt(C2H4)(PPh3)2 with 2 , 6  
dichlorophenylcyanate (equation 438). 1484 The diphenylphosphinite ligand is a moderate 
bridging group. 

RC12(NMe3)2 + PF20R - (NMe,H),[Pt(PF,O),] + 2RCl (437) 

Extension of these ligands to the triphosphorus compound { (EtO),PO),PO- allows 
bimetallic platinum(I1) complexes to be synthesized where the phosphonato P coordinates to 
one platinum, and the phosphite P atoms chelate to the second platinum(I1) center.1485 

The diorganosulfide compounds Ph2PH(S) react with platinum(0) in a different way than do 
the compounds Ph2PH(0). Instead of forming hydrides the compound Ph,PH(S) reacts with 
Pt(PPh3), to give the bimetallic complex Pt2(p-SPPh2)2(PPh3)2 (equation 439).'486 Non-bridging 
compounds with both the Pt(PS)2 and the PtPSHOP ligands bonded via platinum can, 
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however, be prepared from Pt(S2CNR2)(Ph2PS)(solvent) with Ph2PS- and Ph$H(O) respec- 
tively (equation 44O).'&' 

PhzP 4 
I I  
I I  s -PPti2 

(439) 2Pt(PPh,), + Ph2PH(S) - Ph,P-PC-Pt-PPh, + 4PPh3 + Hz 

Ph2 7- Ph, 
Ph S- P l y P w a )  /-\ /- 
A (R,NCS,)Pt(Ph,PS)(solvent) (RzNCSz)Pf, dH (R2NCSz)Pt 

P- p--s 
PhZ Phz 

\ 

A diplatinum(I1) complex (158) with a POP brid 'n ligand is formed when PtCli- is heated 

corresponds to little or no bonding between platinums. The complex shows a strong absorption 
peak at 368nm and an intense phosphorescence at 514nm. The absorption and emission 
spectroscopy of this complex has been interpreted in terms of transitions between MO levels at 
the plat in urn^.'^^'^^ The complex reacts with small quantities of halogen to give solid state 
samples of the mixed-valent Pt"-Pt"' compound (159) and with excess halogen or methyl 
iodide to give the binuclear tetra-bridged platinum(II1) complexes Pt2(P205H2)JY4- (X = Y = 
Cl, Br, I; X = Me, Y = I).'4g3,1494 The emission can be quenched by BSEP,1491 sulfur dioxide149s 
and a series of aromatic amines.1496 In the diplatinum(lI1) complexes, and in the excited state 
of the diplatinum(I1) complex, the Pt-Pt distance shortens to approximately 2.7 A, which 
corresponds to a bonding interaction between platinums. 1494,14w This is confirmed by the 
calculated force constants between Pt"'-Pt"' in a normal coordinate analysis of the vibrational 
spectra of these complexes.1498 

with phosphorous acid at 100°C (equation 441).l # F  *, 489 The Pt-Pt separation of 2.925(1) A 

2K,PtC14 + 8H3P03 - K,[Pt@205H,),] + 4H20 + 8HC1 (441) 

1 4 -  

The complex Pt2(P205H2)d- will undergo two-electron reduction with chromium(I1) ion,1495 
and one-electron reduction with electrons from a van der Graaff generator to ive a short-lived 
(-ps) complex F%~(P~O~H~)~-.*~~~ Reaction with the one-electron oxidants Ifl and Cew in the 
presence of chloride ion gives Ptz(P205H2)4Clj- (equation 442). Halide ion substitution in the 
complexes Pt2(P205H2)A$- is photochemically accelerated, and the reactions with halogens 
and interhalogens follow redox patterns. l5O0 

e: 

Pt2(P,0,H2)4,- + 2Ce'" + 2C1- - &(P2O5HJ4C1l- + 2Ce"' (442) 

When the synthetic procedure to prepare Pt2(P20sH2)d- (equation 441) is carried out at 
higher temperature, a higher oligomeric complex with platinum(I1) centers coupled by an 
oligomeric condensed phosphorous acid ligand is formed. Little information is known about the 
complex except that the intense absorption chromophore is now at 580 nm and the emission in 
the red at 650 r~n. '~*l 
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( v )  NMR spectroscopy 

In the absence of X-ray crystallographic data, 31P and lg5Pt NMR spectroscopy is a useful 
method to investigate the nature of the products in the solution. In addition to earlier 
references to these topics, the Pople-Santry theory has been used to calculate the signs and 
relative magnitudes of the coupling constants for the type of phosphorus-bridged complexes 
covered in this ~ e c t i 0 n . l ~ ~  

525.3.9 Complem with phosphazenes 

compounds contain square planar platinum bonded to the phosphazene via nitrogen. 1s61506 
Cyclic and polymeric phosphazenes will form water-soluble platinum(I1) complexes. The 

525.3.10 Cluster compomds 

Platinum phosphine fragments can also be incorporated into cluster compounds with other 
transition metals and non-transition metals. A number of such compunds with bridging carbene 
ligands are described in Section 52.4, but stable compounds with direct metal-metal bonds can 
be formed without the necessity of bridging groups. The pentametallic cluster Pts(CO)(psz- 
C0)5(PPh3)4 reacts with C ~ ( c 0 ) ~  to give the new cluster compound PtCo2(CO),(p- 
CO)(PPh,) (equation 443) This compound undergoes an irreversible one-electron reduction 
which results in the subsequent release of Co(C0); from the cluster. Platinurn-mercury- 
bonded complexes can be synthesized, and coordination to platinum cluster units can be used 
to stabilize dimercury. The complex [{P~~(~~-CO)~(PP~IP&)~}~H~~] is formed from the reaction 
between Pt3(p2-C0)3(PPhP~)3 and metallic mercury.15m 

(443) Pt,(Co)(ClrCo),(pph3), + COz(CO), - €'tf&(CO),(p-CO)(PPh3) 

52.53.11 Platinum(IV] phosphine complexes 

Platinum(1V) phosphine complexes are much less common than their zerovalent or divalent 
counterparts. Since phosphines and phosphites are readily oxidized to phosphine oxides and 
phosphates respectively, the addition of these reduced ligands to platinum(1V) salts results in 
the formation of complexes of divalent platinum. If the platinum(1V) salts are desired, the 
usual synthetic method is halogenation of the precursor platinum(I1) phosphine or phosphite 
complexes.151o As shown in equation (444), this method can be used to prepare PtCb(PPe), 
from PtC1z(PPr5)z.'225 Similarly trans-Pt&(PEt& (X = C1, Br, I), cis-Pt&(PEt,), (X = C1, Br), 
cis-PtCL(PPhMez)z, and cis- and trans-PtCL(PBu;), can be prepared. The chloro and bromo 
complexes are yellow or orange. 

(444) PtCl,(PPr;), -t C12 - PtCl,(PPr:)2 

52.5.3.12 Platinum compleves of tertiary arsines and stibines 

Platinum compounds form stable complexes with As and Sb donor ligands. In many respects 
the complexes resemble those of phosphines, but one difference is that the As and Sb ligands 
stabilize platinum more effectively in its +4 oxidation state. For a eneral review on arsine and 
stibine complexes the reader is referred to McAuliffe's book:' and for a survey of the 
complexes in higher oxidation states to a recent review a r t i ~ 1 e . l ~ ~ ~  A large number of 
complexes have been prepared of the types PtX2(AsR& and PtX2(SbR3)z, where R is an alkyl 
or an aryl group. The compounds can be prepared by the standard methods of Jensen from 
K2PtCI, (equation 445). As with the phosphine derivatives, chlorine oxidation gives 
PtC&(ER&, the first example being reported in 1950.15'' Halide replacement with X- gives the 
correspondingly substituted arsine or stibine complex.15" For the platinum(1V) complexes the 
reaction may be accompanied by reduction if iodide is the incoming halide ion (equation 
446). 1514 Monomeric complexes P ~ C ~ ~ ( A S R , ) ~  can also be prepared with sterically hindered 
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arsines such as ASBU:.~~'~ One difference appears to be that with SbR3, the bulky stibine 
ligands preferentially form the trans isomer over the usual cis.1516 

PtCc- + 2ER3 -+ PtCl,(ER3), + 2C1- 
E = As, Sb 

PtCl,(AsEt3), + 41- - PtIZ(AsEt3)z + 4C1- + Iz 

The zerovalent complex Pt AsPh3 4 can be prepared in an analogous manner to the 

triphenylstibine, reaction with Pt(PPh3)3 results in replacement of one PPh3 ligand to give the 
insoluble compound Pt(FPh&(SbPh& (equation 447) .lS1' 

Pt(PPh,), + 2SbPh3 _* Pt(PPhz)z(SbPhX)z + PPh, (447) 

In addition to these monodentate arsine and stibine ligands, chelate complexes of platinum 
with ditertiary arsine and stibine ligands have been isolated. The most common ligand of this 
group is diars (161).'518,1519 More recently platinum complexes with this ligand of type 
PtXMe(diars) have been prepared. 1520 Diarsines can also be prepared having an aliphatic 
backbone yielding six-coordinate platinum(I1) complexes of type PtC12(As--As), and NMR 
methods with the ring substituted deutero derivatives can be used to investigate ring 
conformations.1521 

triphenylphosphine complex.123 I )  The color is white rather than yellow for Pt(PPh3I3. For 

'-. AsMe, 13 / &Me2 

(161) 

The analogous ligand o-C61%(AsMePh)2 can be prepared, and the four-coordinate square 
planar platinum complexes retain their structural integrity in solution. This allows NMR 
methods to be used to identify the diastereomers and enantiomers present.1522 The phenylated 
derivatives (162) have also been prepared, and some 12 platinum(I1) complexes prepared with 
the ligands. 1523 Other variations which have been used to prepare platinum compounds are 
diamines with vinyl bridges,1524 d i ~ t i b i n e s , ' ~ ~ , ' ~ ~ ~  tripod arsine ligands,1526 trans chelating 
arsineslS2' and methoxrphenyl~tibines.~~~ 

\ EPh2 E = E' = P, AS; E = P, E' = As; 0 / E'Ph2 E = P, E' = Sb; E = AS, E' = Sb 

(162) 

Distibines fall lowest in the spectrochemical series P2 > Asz > Sb2,1529 a result which 
corresponds with the electronic spectra data for the monodentate series PEt3, AsEt3, SbEt3.lSw 
Mossbauer spectroscopy is a useful method for platinum stibine complexes. Coordination of 
the stibine causes a large increase in isomer shift and a decrease in quadru ole coupling 
constant in the "'Sb spectrum, as expected for the formation of a donor bond. 15R 

52.6 COMPLEXES WITH GROUP VI LIGANDS 

52.6.1 Complexes witb Plathum-Oxygen Bonds 

5261.1 Complexes with molecular oxygen 

The binding of oxygen to transition metal complexes is a field which has been reviewed 
several times in the past decade,153s1536 and a recent chapter by Roundhill in ref. 1227 covers 
this field with an emphasis on catalyzed oxidations. The most studied complex between oxygen 
and platinum is the complex Pt02(PPh3)2. The compound can be prepared by passing oxygen 
through Pt(PPh& (equation 448), and isolated as an off-white solid, Coordination of the 
oxygen molecule to the low-valent platinum center causes the oxygen to become electron rich, 
and indeed the complex can be conceptually viewed as a platinurn(I1) peroxide complex of 
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polarity Pt2+O;-(PPh3)z. 1537,1538 The chemistry of the oxygen molecule complexed to 
platinum(0) becomes a stud of its reactivity to electrophiles. Examples of these reactions are 
outlined in Scheme 16.1ZnJ539J540 A number of other reactions of PtOz(PPh3)2 have been 
described which can be better described as substrate oxidation reactions. The complex 
Pt0z(PPh3)2 will catalyze the oxidation of triphenylphosphine by a pathway involving 
hydroperoxide,1541 and the complex can be used to catalyze the oxidation of ketones to 
carboxylic acids by a free-radical autoxidation pathway .lS2 o-phenylenediamines are also 
oxidized by Pt02(PPh3)2. The reaction in ethanol gives the complexes (163; equation 449) as 
deeply colored corn pound^.^^" Similar products to (163) are formed from catechol and from 
aroylhydroxylamine and aroy1hydra~ine.l~~ With the electron-poor alkyne &(CF3)2, the 
reaction differs from that with alkenes in Scheme 16. In  the case of G(CF3)Z the product is that 
derived from G-0 bond cleavage (164; equation 450). No intermediates have been suggested, 
and no explanation given for the difference in reactivity.'545 When the ketone RzCO in Scheme 
16 is hexafluoroacetone, it is possible that ring expansion reactions can occur (equation 
451).15& Attempts to verify this seven-membered ring by X-ray crystallo ra h were 
unsuccessful, and the compound may be the six-membered ring complex (165). 1 5 8  

Pt,O,(OH)L,' \ /  0 --b 0 L P P  

\ /  so, y 
RBI . 

PtBr(OOR)L, f- ,PtO,L, Pt(ONO),L, 

Scheme 16 

PtOz(PPh3)z + 2(CF3)&0 - (PPh3),Pt' d0\7(cF3)2 

'0 
(451) 
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Photolysis of Pt02(PPh& in a nitrogen-saturated chloroform solution results in dissociation 
of singlet oxygen (equation 452).1548 

PtOz(PPh3)z - Pt(PPh,), + IO2 (452) 

526l.2 Complexes of hydroperoxides and peroxides 

The reaction between Pt(CF3)(OH)L2 (L = monophosphine or LZ = dppe) with ROOH 
(R = H, But) gives the hydroperoxide complexes Pt(CF3)(OOR)L, (R = H, But; 166; equation 
453).1549 The complexes (166; R = H) oxidize PPh3, CO, NO and PhCHO to OPPh3, Con,  NOz 
and PhC02H respectively, and for R = H, PPh3 and CO to OPPh3 and COz respectively. The 
end-on bonding in PtPh(00B~')(PPh3)~ is confirmed by single-crystal X-ray work, and the 
complexes are effective for the selective oxygenation of octene-1 to 0ctanone-2.'~~' In addition 
to alkylperoxoplatinum(I1) complexes formed by alkylation of PtOz(PPh3)2 (Scheme 16),1551 
acyl halides will react with PtO2(PPh3)2 to give the thermally unstable comdexes (161).1552 

1 ,  

Attempts to prepare similar complexes from Pt(PPh& and acetyl or benzoil peroxide give 
c~~-P~(OCOR)~(PP~~)Z.~~~~ 

Pt(CF,)(OH)L + ROOH --+ PtCFs(OOR)L, + HzO (453) 

(166) 

52.61.3 Aqua, hydroxy, alcohol and ether complexes 

Platinum(I1) is classified as a 'soft' metal center which forms stable complexes with 
polarizable ligands. In this general classification, water will form the most stable compounds 
with the lighter transition metals, and compounds such as Pt(HzO):+ and Pt(H20);+ (n = 4, 
m = 6) are not usually useful compounds. Nevertheless aqua complexes can be obtained from 
PtCg- and PtC13(NH3)- by chloride ion substitution by water (equation 454).15s15s6 
Coordination causes the hydrogens on water to become acidic, and addition of base can give 
hydroxy complexes (equation 455). Usually hydroxy complexes are bridged through this group, 
but the first stable crystalline hydroxy platinum(II) complex is the monomeric 
Pt(OH)(GePh3)(PEt3)z.1557 Monomeric hydroxy Complexes of platinum(1V) can be obtained by 
the oxidation of platinum(I1) complexes with hydrogen peroxide (equation 456). 1558~1559 

PtCl,(NH,)- + HzO - PtC12(NH,)(H20) + C1"" (454) 
PtClZ(NH?)(HZO) S= PtCl,(NH,)OH- + H+ (455) 

P ~ ~ Z ( N H ~ ) Z + H @ Z  ----* P~CL~(OH)~(NH~)Z (456) 
The recent interest in platinum complexes as antitumor agents has spurred considerable 

interest in the synthesis of hydroxy amine platinum(I1) complexes. The cation Ptz(p- 
OH)z(NH,)q+ is a centrosymmetric complex with a long (>3 A) separation between 
platinums. 560,1561 The complex can be prepared directly from ~ i s - P t c l ~ ( N H ~ ) ~  (equation 457), 
or by hydrolysis of the sulfato complex truns-PtOH(SO4) NH3 The ammonia ligands in 

Raman techniques the vibrational bands in these complexes can be assigned using a full normal 
coordinate analysis. 1564~1565 

(457) 

these complexes can be replaced by amines or diamines. r 563 Using )+*1562 a combination of IR and 

kh-PtClz(NH3)~ + 2Ag' OH-, Pb(p-oH)@K)? 

Other possible compounds may be formed including rnixed-~alent '~~ and hydroxy-bridged 
trimeric complexes of type [P~~(~L-OH)~(NH~)~](NO&~~~' and [P~~(~L-OH)~(NH~)~~(S~~)~. 
6H20.1568 
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Hydroxy-bridged complexes [Pt&-OH)2(PEt3),]'+ can also be prepared. The structure 
consists of two square planar platinum(I1) centers bridged by hydroxide ligands with an angle 
of 36.4" between the mean plane normals.'569 A useful method to prepare these complexes 
involves the use of phase-transfer catalysis with crown ethers to facilitate the reaction of KOH 
with platinum(I1) chloro complexes.'570 

Alcohol complexes of platinum(I1) are usually not isolable, although their solution presence 
has been established. 15" 

Crown ether complexes of platinum can be prepared. The crown does not form a direct 
Pt-0 bond but stabilizes amine complexes by a hydrogen-bonded attachment into the second 
coordination ~ p h e r e . ' ~ ~ ' - ' ~ ~ ~  

5261.4 Carboxylate Complexes 

A compound initially characterized as diacetatoplatinum can be prepared by heating 
Na2Pt(OH), in nitric acid followed by refluxing in acetic acid. Addition of formic acid gives the 
complex as purple crystals which can be recrystallized from CHC13/HC02H.'"' An X-ray 
structure of this compound shows it to be Pt4(0COMe)6(N0)2. The platinum atoms are joined 
together by double acetate bridges spanning the two shorter sides, while the other two sides are 
each bridged by one nitrosyl and one acetate group.1576 A pure platinum acetate can be 
obtained using silver acetate. This compound [Pt(OCOMe)2]4 has a structure of symmetry 
in which each side of a Pt-Pt-bonded square of platinum atoms is spanned by two acetate 
groups.*577 

If a solution of acetic acid and Pt(PPh3)3 in benzene solution is refluxed in air, the complex 
C ~ ~ - P ~ ( O C O M ~ ) ~ ( P P ~ ~ ) ~  is obtained as colorless crystals in 83% yield (equation 458).15'* These 
carboxylate complexes are bound to platinum by a single monodentate oxygen atom, as is 
found with the glycine complexes Pt(02CCH2NH3)2(NH3)~+.1579 Trifluoroacetatic anhydride 
can be used to prepare the bis(trifluoroacetato) complexes of platinum (equation 459), 
although if PtG&(PPh3)2 is used with perfluorosuccinic anhydride, a chelated complex (168) is 
formed (equation 460). 1580 The compound Pt(OCOCF3)2(PPh3)2 can, however, be prepared 
from Pt(GH4)(PPh& if CF3C02H is used. 

Pt(PPh,), + 2MeC02H C ~ - P ~ ( O C O M ~ ) ~ ( P P ~ , ) ~  + PPh, (458) 

(W 
The Pt-0 bond enthal ies for a series of amino acid complexes of platinum(I1) fall in the 

range 322-397 kJ mol- . 
Oxalic acid readily forms mono and bis oxalato complexes with platinum (equations 461 and 

462).15a1584 Addition of thiocyanate ion to the chelate complex Pt(N02)2(G04)2- gives the 
monodentate oxalato complexes C~~-P~(NO~)~(SCN)(GO,)~- and trans-Pt N02)(SCN)2- 

gives the ring-opened monodentate oxalato complex Pt(G04)2(SCN)1-.1586 A similar chemistry 
is observed between Pf(CZOI)$- and chloride ion 

(4413 

1 1 5 g  

(G04)3-, on the pathway to Pt(SCN)q-.1585 Similarly the reaction of [Pt(G04)2] 1 - with S C N -  

H 2 q 0 4  
KzPt(NOz), + - Kz[pt(NOdd&o4)1 - KZ[WCZO~)~J 

KZPtCI, + 2K&O4 - KJPt(GO,),] + 4KC1 (462) 

As with platinum cyanides, platinum oxalates can be partially oxidized to give one- 
dimensional conductin chain molecules.1588~1589 The structure shows two Pt-Pt distances of 
2.857(2) and 2.833(2) x respectively, and bidentate oxalate ligands staggered (-45") with 
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respect to the ligands above and below.1590 The structure has been rationalized on the basis of 
an intermolecular back-bonding model which involves overlap of a higher occupied MO on a 
molecular plane with a lower unoccupied molecular orbital on an adjacent molecular plane. 159* 

Alternative cations for these partially oxidized molecules are Mg and Co in the complexes 
&.83[Pf(&O4)2] (M = Mg, C O ) . ' ~ ~  With singly charged cations the isolated complexes are 
Ml,6,[Pt(&04)2] (M = Rb, NR4, where & = H4, Me4, H3Me, H2Me2).15z,1594 

52.61.5 p-Diketowto complexes 
When K2PtC1, reacts with acetylacetone (acacH) in the presence of strong base, halide 

substitution by acetylacetonate occurs to ive K[PtClz(acac)] , K[PtCl(acac)z] , and with excess 

chloroform. The 0,O' chelation of acetylacetonate in Pt(acac)2 is confirmed by two 
independent crystal structure determinations. The geometry is planar about platinum(I1) and 
the Pt-0 distances are very close to 2.0A as e ~ p e c t e d . ~ ~ ' ~ , ~ ~ ~ ~  Ch elation via the 0,O'-  
bidentate mode is the usual one for acetylacetonate complexes. Platinum is unusual among the 
transition elements in forming very stable complexes to carbon atoms, and the acetylacetonate 
group will form both 0-bonded and C-bonded complexes with platinum(I1). An example is 
K[F'tCl(a~ac)~] which has one bidentate ox gen-bonded ligand and one acac moiety bound to 
platinum via the y-carbon atom (169).15'*'s99 In the 0-bonded complexes v(CH) of the 
y-hydrogen lies above 3000cm-', but below 3000cm-l in the C-bonded compound. Also 
Y(C-0) in the C-bonded ligand is higher than in the bidentate oxygen-bonded ligand. 
'H NMR spectroscopy is diagnostic because 'J(PtH) is -120 Hz in (169), but 4J(PtH) is -10 Hz 
in the bidentate 0-bonded ligand.Im Similar 0- and C-bondin is found with the /3-diketonato 
complexes of trifluoroacetylacetone and benzoylacetone. lml' The anion [PtCl(acac)zJ- can 
act as a terdentate (O,O',O,O') ligand to Mn2+, FeZt, Coz+, Ni2+, Cu2+, Zn2+ and Cd +.1603 

The assignments due to v(M0) (M=Ni, Cu, Zn, Fe) have been assigned by use of isotopic 
substitution with the metal M.lm 

acetylacetone, Pt(acac)z (equation 463).15 B ' The yellow crystalline P t ( a~ac )~  is very soluble in 

K2FtCI, + 2acacH + 2KOH - Pt(acac), + 4KC1+ 2H20 (463) 

An acetylacetonate platinum(I1) complex [PtMe3(acac)12 is one of the few complexes for 
which lg5Pt chemical shift anisotropy has been measured in the solid state.lm5 

When K[PtX(a~ac)~] (X = C1, Br) is treated with a strong roton acid the uncoordinated 
0,O' site is protonated and complex (170) is f ~ r m e d > ~ + ~ '  If the alkyl groups on the 
0,O'-bonded acac ligand are non-equivalent, exchange can be observed. Althou the 
mechanism has not been definitively proven, a dissociative mechanism is favored.'& This 
proposal correlates with the observations that the 0,O'-bonded chelate complex Pt(acach will 
react with tertiary phosphines and nitrogen bases with substitution of one of the oxygen- 
bonded chelate arms,1M)9,1610 A variety of products are formed as outlined in Scheme 17. 

cw -P 
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52.61.6 Quinone and catecholate complexes 

The first method to pre are these complexes is by addition to the zerovalent complex 
Pt(PPh,), (equation 464).'41p-1414 The second method which can be used is to react PtX2L, with 
the corresponding alkali metal o-semiquinolates at room temperature. 1615 If desired the 
reaction can be carried out in situ with the free catechol in the presence of strong base 
(equation 465) .1416 These platinum catecholate complexes can be oxidized by Cu2+, Fe3+ or 
CF3C02Ag to 've aramagnetic compounds where the unpaired electron is primarily located 
on the ligand. 1#5,161! 

R(PPhJ3 + _* a o h ( P P h , ) ,  + PPh3 d (4464) 

5261.7 Carbonato complaes 

In Scheme 16 the reaction between Pt02(PPh3)z and C02 was shown to give the 
peroxycarbonate complex Pt(03CO)(PPh3)2. If this reaction is carried out in the presence of 
free triphenylphosphine, or if the synthesis is achieved directly from Pt(PPh,), (equation 466), 
the carbonato complex (171) is forrned.1618 Alternatively carbonato complexes can be re ared 
from the dihalo complexes by treatment with silver carbonate (equation 467).1619y1 ' Th ese 
complexes are air-stable but liberate C02 with added protonic acids. 

0 
Pt(PPh& + 0 2  + COZ - (PPh,)zPtb, ' '*O+OPPhl 

5261.8 Nitmto complexes 

The synthesis and chemistry of platinum nitrates has been recently reviewed.16'l The only 
homoleptic nitrate complex is K2Pt(N03)6 formed from K2PtBrs and NZ05. Oxidation of the 
nitrito complex KZPt(N02)4 gives K2Pt(N02),, and not the nitrate complex. 
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Platinum(I1) nitrato complexes can be synthesized by metathesis, by addition of N204 to 
Pt02(PPh3)2, by nitrosylation of Pt02(PPh3)2 or by ligand transfer reactions (equations 
467-471). 

PtOZ(PPh3)z + NZO, - Pt(NO,)z(PPh,), (468) 

cis-PtMe,L, + ~ i s - P t ( N 0 ~ ) ~ L  --+ 2c&-PtMe(NO3)L, (470) 

(471) 

The trans influence of NO; coordinated to platinum(I1) places it very low in the series, and 
the high electronegativity of the NO, group makes it a good leaving group from platinum(I1). 
Infrared combination bands in the region of 1750 cm-’ can be used to distinguish between the 
coordination modes of nitrate. The magnitude of the splitting of these bands is usually larger 
for bidentate than for unidentate coordination.16” 

HN03 
Pt(OH),(bipy) + HN03 + Pt(OH)(NO,)(bipy) - Pt(NO,),(bipy) 

526.1.9 Other nitrogen-arygen ligan& 
An unusual 0,O’-bonded hyponitrite ligand is formed by a coupling reaction of NO. The 

unstable complex is formed by reacting NO with Pt(PPh3)3 (e uation 472). The Pt--0 
distances are equal (2.0 A), and the N=N distance is short (1.21(5) x ).1623 

As mentioned in Section 52.4, chelate-assisted aldehyde coordination can occur with 
platinum(II), but the Pt-0 bond in the anthranilaldehyde complex will undergo ready 
substitution with rotation of the C=O functionality away from platinum.16% 

In studies of reaction pathways, nitrosyl radicals are frequently used as spin traps to provide 
evidence for free radical pathways. A caution in interpretation of these results is that the probe 
or products will interact with the transition metal complex in the reaction and affect the 
reactivity of the probe with the organic substrate or free radicals produced. A number 
of reactions of the stable free radicals RNO and RzNO with platinum(I1) complexes have 
been carried out which show that such reactions must indeed be considered (eqiations 473- 
475). 1625-1627 

52 4 1.10 Ambidentate ligands 

Platinum(I1) halides react with cyanate salts to give cyanato complexes. Reacting the 
compounds Pt(NC0):- with triphenylphosphine gives Pt(NC0)2(PPh3)2.1628 These 
platinum(I1) complexes are N-bonded. Treatment with carbon monoxide and alcohol yields the 
complex (172; equation 476).’629 

Pt(NCO)*(PPh3)2 + 2ROH + CO - Pt(NCO)(CO,R)(PPh,), + HZNCOZR (476) 

( 1 )  
Nitrite complexes of platinum can be formed, and complexes are known where the NOT 

ligand is N- or 0-bonded. For platinum(I1) the compounds are N-bonded, but €or platinum(1V) 
complexes can be synthesized which are 0- or N-bonded. Synthetic methods involve 
substitution reactions with nitrite ion or addition of NO to Pt02(PPh3)2 (equations 477 and 
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478). The reaction of [Pf(NH3)5(H20)]C14 with NaN02 in hydrochloric acid at O°C yields the 
O-bonded nitrito complex [Pt(NH3)5(0NO)]C13, which isomerizes to the thermodynamically 
more stable N-bonded isomer (equation 479).'630 

Oxygen-bonded sulfito complexes of platinum(1V) can be prepared by the reaction of 
aqueous sulfite with [Pt(NH3)5(Hz0)]4+ to give the O-bonded sulfito complex 
[Pt(NH3)5(OS02)]2'. This compound rearranges to the S-bonded sulfite complex, or at 
elevated temperatures in acidic solution a single-step two-electron reduction occurs to yield a 
platinum(I1) complex Pt(S03)(NH3)3 (equation 480) .Im1 The O-bonded sulfite complexes show 
a series of IR bands in the range 460-960 cm-1.1632 

S-bonded alkyl and aryl sdfinato complexes can be prepared by the reaction of sulfonyl 
chlorides with Pt(C&)(PPh3)2,1633 the phase-catalyzed reaction of PtC& with NaS02R,1634 
or the insertion of SO2 into a platinum-alkyl bond1635 as shown in equations (481)-(483). 
When PtCl(S0,R)L is treated with silver ion the 0,O'-bonded chelate complex (173) is 
formed (equation 484). 

Pt(GHd)(PPh3)2 + RSOzCl _* F'tCl(SOzR)(PPh3)z + GH4 
PtCI,L, + NaS02R - PtCl(SO,R)(PPh,), + NaCl 
PtC1(Me)(PEt3), + SOz - PtCl(SO,Me)(PEt,), 

5241.11 Surfato and substituted sulfato ligands 

These compounds do not represent a wide ranging class of complexes for platinum. The 
synthesis of monomeric sulfato platinum complexes is represented in equations (485) and 
(486).1636 The complexes are characterized by v(S=O) bands in the 1100-1300 cm-l region. 

0 
LPtO, + so2 - La' \C0 

\o' ' 0  
1485) 

A platinum(1V) complex of fluorosulfonic acid can be prepared from A (S03F)* and 
Pt(SO,F), at 25 "C in fluorosulfonic acid solvent (equation 487).16'7 The tri- 
fluoromethanesulfonate complex Pt(0SO2CF3)(NH3):+ undergoes aquation to 
Pt ( H,0)(NH3)zf. 1638 
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526l.12 Pe&oropinacolate complexes 

Perfluoropinacol (CF&C( OH)C(OH)(CF3), (PFP) can be doubly deprotonated to give 
PFP2-. The complex Pt(PFP)$- cannot be prepared, but the compound Pt(PFP)(PPhMez), is 
is01able.l~~~ 

5261.13 Binuclear (p-O,O ')-bridged Pt"-Pt" and Pflrf-Pt"' complexes 

A novel binuclear PP-Pt" complex Ba2[Ptz(C4O4),].6Hz0 can be prepared from Pt(H20)i' 
and s uaric acid. The tetrakis-bridged p-0,O' squarato complex has a Pt-Pt separation of 
3.061 1, indicative of negligible intermetallic bonding.lW 

A series of binuclear Pt'"-Pt"' complexes has been prepared having p-0,O' sulfato or 
hydrogen phosphato bridges. When K Z P ~ ( N O ~ > ~  is heated in sulfuric acid the dellow 
0,O'-bonded diplatinum(II1) complex K2(H30)[Pt2(0H)(H20)(p-S04)4] is formed.' The 
complex undergoes metathetical replacement with anions X- or neutral ligands L to give 
complexes Pt2(p-S04)&- (X = C1, Br, NO2) and Pt2(p-S04)4a- (L = NH3, The 
compounds are characterized by absorption bands in the 200-500nm re ion. The Pt-Pt 
distances in the aqua and DMSO complexes are 2.466 A and 2.471(1) A. 1 6 4 3 ~ ~  n e  andogous 
Pt"'-Pt"' p - 0  ,O'-bridged hydrogen phosphate complexes (NH4)2[Pt2(p-HP04)4(H20)2] can be 
prepared along with the complexes where the axial water molecules are replaced by halide, 
NH,, pyridine and methyl-substituted pyridines.16451648 Where structural data have been 
collected, the Pt-Pt distances fall in the 2.45-2.50 A range. 

If the complex K2(H30)[Pt2(0H)(HzO)(y-S04)4] is synthesized at higher reaction tempera- 
tures, violet-colored peroxo complexes such as K2[Pt2(p@-)2(p-S04)2(H20)2] are formed. 
The compounds have been verified by electronic spectroscopy and by ESCA, but no structural 
characterization has been published. 1649-1651 

The 31P and 195Pt NMR spectra of the binuclear p-sulfato and p-hydrogen phosphato 
complexes of platinum(II1) show values of *J(PtP) in the range 40-100Hz, and 'J(PtPt) 
between 3500 and 5400Hz. The 'J(PtPt) values for the hydrogen phos hato complexes are 
significantly larger than those of complexes with bridging sulfato ligands. 

Phosphate blues can also form. When C ~ ~ - P ~ C ~ ~ ( N H ~ ) ~  and KH2P04 in water at pH4.5 and 
40°C are exposed to air, a deep blue color develops over several days. The reaction proceeds 
faster if [Pt(NH,)z(H20)2](N03)2 is used as precursor. The isolated blue solids are weakly 
paramagnetic (0.5 f 0.2 BM per platinum atom) and give a complicated ESR spectrum with 
peaks centered at g = 1.9-2.4 and g = 4.29. The solids are insoluble in water and dissolve in 
alkali but with the loss of blue 

1952 

52.6.2 Complexes with Platinum-Sulfur Bonds 

Sulfur, thiolates and sulfide ligands form very stable complexes with platinum. Many 
complexes have platinum in the divalent state, but complexes with a Pt-S bond are formed 
with platinum in the zerovalent or tetravalent state. Several recent reviews have been written 
on various aspects of the platinum coordination chemistry of sulfur heteroatom ligands, and 
these are listed in Table 9. 

52.62.1 Compltxes with sulfur or su@& ligands 

Platinum complexes can be formed where a single platinum(I1) atom is present in a sulfur 
ring. Six-membered ring complexes such as (174) have been known for a considerable time.1671 
The all-chair conformation of the anion in the racemic solution is present in the solid state, 
although other conformations are possible where the C, axis has been lost, such as those with 
one PtS, ring inverted, or others with one or more rings in a non-chair conformation. 
Interconversions between these conformations can be observed using NMR.1672 The 
inversion barriers have a AG+ in the region of 51 kJ mol-'. The ammonium salt of (174) reacts 
with triphenylphosphine to give a five-membered thiometalacyclic complex (equation 488). The 
structure of this complex represents the first such proof of a complex having the PtS, ring 
structure. 1673~1674 These complexes resemble the well-known thionitrosyl-type complexes of 
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Tabte 9 Review Articles on the Coordination Chemistry of Sulfur Ligands 

Title Ref 

Coordination Chemistry of Thioethers, Selenoethers, and Tellproethers in Transition- 

1,l-Dithiolato Complexes of the Transition Elements 
The X-Ray Photoelectron Spectra of Metal Complexes of Sulfur-Containing Ligands: 

Dithiolium Salts and Dithio-#?-diketone Complexes of the Transition Metals 
Some Aspects of the Reactivity of Metal Ion-Sulfur Bonds 
The Chemistry of the Dithioacid and 1,l-Dithiolate Complexes, 1968-1977 
1,2-Dithiolene Complexes of Transition Metals 
Organometallic Intramolecular-Coordination Compounds. Recent Aspects in the 

Study of Sulfur Donor Ligands 
Oxidation and Other Products from the Reaction of Thiones and Phosphine Sulfides 

with Metal Salts and Halogens 
Monothio-/I-diketones and their Metal Complexes 
Metal Complexes of Thio-p-diketones 
Structural Systematics of 1,l- and 1,2-Dithiolato Complexes 
The Chemistry of the Dithioacid and 1,l-Dithiolate Complexes 
Reactions involving Metal Complexes of Sulfur Ligands 
The Transition Metal Derivatives of Dithioketones and Ethylene( 12)dithiolates 
Metal 1,2-Dithiolene and Related Complexes 
Metal Complexes of Ligands Containing Sulfur, Selenium, or Tellurium as Donor 

Metal Complexes 

Sulfur 2p Binding Energies 

Atoms 

1654 

1655 
1656 

1657 
1658 
1659 
1660 
1661 

1662 

1663 
1664 
1665 
1666 
1667 
1668 
1669 
1670 

platinum. Recently the preparation of pure samples of Pt(S2N,H)2, Pt$S2N2H)(S3N) and 
Pt(S,N), has been reported. The preferred route uses Na2PtC16 and S4N4.16’ 

(174) 

(NH&Pt(S5), + 12PPh3 - PtS4(PPh3), + (NH&S + 10Ph3PS (4%) 

Whereas PtS4(PPh3)2 or PtSe4(PPh3)2 is formed by heating Pt(PPh,), with 6 moles of sulfur 
or selenium, polymeric complexes {PtS(PPh&}, and {PtSe(PPh3 2 ,, containing sulfide or 
selenide bridges are formed if smaller amounts of S or Se are used.16 The p-suliide complex is 
inert to attack by CO, O2 or &&, but gives an adduct with S 0 2 .  Similar complexes can be 
readily formed b substitution reactions using sulfide salts. Examples are given in equations 
(489)-(493). 167711L The triphenylphosphine and carbon monoxide ligands in PtZ(p  
S)(CO)(PPh3)3 can be replaced by dppe or isocyanides, but the Pt2S core is robust. Methyl 
iodide alkylates at sulfur and CS2 gives Pt(S2CS)(PPh& (equations 494 and 495). Isotopomer 
identification using 31P NMR techniques has been effected by selective population transfer. 

I }  

’tcis-PtC1z(PPhMe,), + 2Na,S - Ptz(p-S)z(PPhMeJ4 + 4NaC1 (489) 

2cis-PtCl2(PPh,), + 2Na2S Pt2(p-S)(C0)(PPh3), + 4NaCl+ Ph$S (491) 

(442) 

(493) 
(494) 
(495) 

3cis-PtCI2(PPhMe2), + 2NazS + 2NaBF4 - [R3(p-S)2(PPhMe2)6](BF4)2 + 6NaC1 (490) 

2F%(COS)(PPh3), :iz,3 ’ Pt,(~-S)(CO)(PPh,), + Ph,PS 

Pt(CS,)(dppe) f Pt(G%)(PPhJz - Ptz(~-S)(CS)(PPh,)dppe + GH, + PPh3 
Pt&-S)(CO)(PPh,), + Me1 - [PtZ(p-SMe)(CO)(PPh~),]I 

Pt&-S)(PPh3)4 + 2CS2 * 2Pt(S2CS)(PPh,)z 
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Heteroatom multimetallic complexes having platinum as one of the transition metal ions can 
be prepared. These complexes can be assembled in a synthetically organized manner when it is 
appreciated that a bridging sulfide ligand of the type M(p-S)M has available two electron pairs 

, for reaction as a nucleophile (for example in equation 494), or as a ligand to transition metal 
ions leading to homometallic and heterometallic sulfido cluster complexes. Mingos has used 
this feature with Pt2(p-S)2(PPh3)4 as a synthon to repare heterometallic sulfide cluster 
complexes of type (175) and (176) (equation 496). 1m2~1' Mixed Pt, Fe sulfido clusters can be 
prepared by the chloride ion replacement in cis-PtC12(PPh& by Fe2(p-S)2(CO)g-, or by the 
S-S addition reaction between Pt(PPh& and F e ~ ( p - S ) ~ ( c 0 ) ~  (equation 497).lW A similar 
procedure involving halide replacement on platinurn(I1) by a sulfide complexed to a second 
transition metal ion has been used to prepare the complexes Pt(MS4)!- and Pr(MOS3)g- 
(M = Mo, W). These complexes show bridging v(MS) bands in the IR region between 450 and 
500cmL1. The complexes Pt(MS,)$- show a single reduction wave but it is probable that the 
observed reaction is the overlap of two different electrode processes. 1685,1686 

52 6.2.2 Complexa with hydrogen su@de und hydrvsulJfdes 

Since H2S is readily oxidized to elemental sulfur, any complexes of H2S must be with metals 
in a low oxidation state. Although not fully proven, an H2S adduct of platinurn(0) was first 
published in 1967 when NMR methods were used to investigate the reaction of H2S and HzSe 
with Pt(PPh3)3 (equation 498).16*' In addition to forming this simple adduct with Pt(PPh+, 
hydrogen sulfide also undergoes P H  addition to form PtH(SH)(PPh3)2. lm8 Monomenc 
hydrosulfide complexes can be prepared by reacting cis -FtCl2(PPh3), with hydrogen sulfide and 
potassium carbonate as base (equation 499).1689 The cis geometry has been verified by X-ray 
crystallography. 

(498) 

(499) 

Pt(PPh3)j + H2S e Pt(SHJ(PPh3)z + PPh3 
ch-PtC12(PPh3), + 2HzS + K,C03 + cis-Pt(SH),(PPh,), + 2KC1+ CO, -t H 2 0  

526.2.3 Complexs with thiolate ligands 

Thiolates form very strong bonds to platinum(I1). Thiolato platinum(I1) complexes have 
been known for a long time, but the characterization and chemistry of these complexes has 
been difficult because of the strong tendency of the thiolato ligand to form bridges to a second 
platinum center, resulting in the formation of insoluble bridged polymers. These reactions 
involve substitution polymerization processes which are shown schematically in equation (500). 
The position of equilibrium depends on M, R and X. Long chain polymers are favored by 
weakly bonded ligands X, small alkyl substituents R on sulfur, and for M the sequence 
Ni > Pd > Pt is followed for favored polymerization. Thus within the metal triad, platinum(I1) 
is the most amenable for effecting the directed synthesis of monomeric or dimeric complexes, 
and these concepts have been fully discussed and compared. 30 

M X 2  + 2 R S  + MXZ(SR):- [MX(SR)(p-SR)]:- e [M(,u-SR)~]~ (500) 
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The usual procedure to prepare thiolato complexes is to react halo platinum(I1) complexes 
with the appropriate thiol and base, or with the preformed alkali metal or thallium thiolate salt. 
If the precursor complex is PtClZ-, and excess thiolate is present, the product is polymeric 
(equation 501). Polymers of this type have been prepared with a wide range of t h i o l a t e ~ . ' ~ ~ - ~ ~ ~  
Reversal of equation (500) can occur if a ligand X is added to the thiolate polymers which 
forms sufficiently strong bonds to platinum(I1) to make bridge cleavage thermodynamically 
favored. Thiolato polymers can be cleaved by the addition of phosphine ligands. For the more 
strongly bridged complexes it may be necessary to add an alkylphosphine L or a chelating 
phosphine ligand L-L such as dppe (equation 502).1695*1696 The chemistry of the chelating 
thiolate from ethanedithiol behaves in an analogous way. Extension to larger dithiolates allows 
for the synthesis of monomeric chelate complexes df platinum(I1) wirh dithiolato ligands 
(177)-(181). 1070,1697-1702 

PtC1:- + 2RS- - [Pt(SR)2], + 4C1- 
[Pt(SR),], + 2nL - nPt(SR),L, 

(501) 

(502) 

X ( P h 3 P ) 2 P ( E s ) t ( P P h 3 ) ~  / \  
(PPh3),P: 7Y 

S 
'XJ s \ /  

(In) X = S ,  Se; Y = S ,  CH, (178) 

A n  alternative synthetic route to platinum(I1) thiolates is by the oxidative addition of the 
!3-S bond to platinum(0). When the sulfur atom has phenyl or electron-withdrawing 
substituents such as CF3, this reaction is a useful one to synthesize the thiolato platinum(I1) 
complexes (equation 503).170s1705 Simple alkyl disulfides such as Me& and Et& do not form 
stable dithiolato complexes of platinum(I1) by S - 4  addition to Pt(PPh3)3, but if chelation can 
occur, 'chelate-assisted oxidative addition' can induce S-S cleavage (equation 504) .30 An 
unusual cyclic thiolato complex is obtained by the decarbonylative cleavage of a C 4  bond 
(equation 505).17'y7 

Pt(PPh,), + R2S2 4 R(SR)z(PPh,), + PPh3 
R = CF,, Ph, C&& 

Pt(PPh3)3 + (MeSCH,CH,S)i -+ ph3p\ / p f \  "1 + 2PPh3 
MeSCH2CH2S &e 

(503) 

For complexes of type Pt(SR)& with monodentate thiolate and ligands L the isolated 
product usually has trans stereochemistry. This is not necessarily the kinetic product, however, 
since exposure of the cis complexes to oxygen causes rearrangement to the trans isomer and 
other products.1708 

Monomeric platinum(I1) thiolates of type Pt(SR),L, can be converted into dimers or higher 



Platinum 475 

homologues by two methods. The first involves replacement of L to give a homobimetallic 
complex having bridging thiolate ligands (equation 506) ,Im and the second method (equation 
507) is the analog of equation (496) in the sulfide series of complexes.1710 

2Pt(SCHzPh),(PPhzMe)z in ”OT [Pt(Sc=HzPh)(p-SCHZPh)(PPhzMe)l, f 2PPhzMe (506) 

-t Niz+ I5071 

Platinum(1V) thiolate complexes are uncommon, primarily because the thiolate Iigand, and 
thiols in general, are unstable to oxidizing conditions. The reaction between thiophenol and 
PtMe2b may proceed via platinum(1V) thiolates as intermediates, but only the platinum(I1) 
derivatives have been isolated (equation 508) .1711 

PtMe,L, + PhSH - PtMe(SPh)L, + CH, (508) 

Bridging thiolato complexes with a Pt2(p-SR), core have a pseudotetrahedral geometry 
about sulfur, leading to an approximately 90” dihedral angle between the coordination planes 
of the two platinum centers. As a consequence, inversion through the bridging sulfurs can 
occur, a fluxional process whose rate is strongly dependent on the halide ligand X in 
Pt2X2(p-SMe)z(PPhMe& (X = C1, Br, I). It is proposed that inversion at the sulfur tram to 
phosphorus is rapid on the NMR time scale, hence syn and anti isomers with respect to the two 
sulfur atoms cannot be detected.1713 

Platinum(I1) thiolates can be decomposed in strong acid because of protonation at sulfur 
(equation 509). This reaction is similar to electrophilic alkylation at the coordinated thiolate, 
although in this case the thioether complex may be isolable (equation 510). Thiolato ligands are 
unreactive to nucleophiles, and only under the most forcing conditions does ligand replacement 
occur. 

Pt(SR),L, + 2HX * PtX& + 2RSH 
Pt(SR)& + 2R’X - [Pt(SRR’),L]X2 

A platinum(I1) complex with a monodentate isopropyl disulfide ligand has been reported.1714 
The complex (182) has been prepared by treating Pt(C&L,)(PPh3)2 with the N-substituted 
phthalimide compound O-C&(CO)~JNSSP~‘ (equation 511). The PtSSCHMe2 group has an 
C S  distance of 2.037(4) A and a torsion angle of 89.5”. 

Pt(GH4)(PPh3)z + o-GI&(CO)ZNSSPi - C~-P~(SSW){N(CO)ZCJ’~O)(PP~~)~ + G% (511) 

(la) 

52624 Cornpiera with @de, selenide and telluride I i g a h  
Platinum(I1) forms both cis and trans complexes with compounds SR2, SeR2 and TeR2. The 

complexes are usually formed by replacement reactions using the free ligand as reagent. 171s1720 
The complexes t run~-PtX~(SR~)~ (X = C1, Br; R = Me, Et; R2 = (CH2)4) are thermally stable, 
but the complex tru~ls-PtX~{S(CH~)~}~ isomerizes in the solid state to the cis isomer.1721 Ligand 
exchange studies on addition of free ZEt2 to MX2(ZEt& (2 = S ,  Se, Te; M = Pd, Pt; X = C1, 
Br, I) show that the rate of exchange decreases in the order TeEt2>>SeEt2>SEtZ and 
Pd > Pt.17” Carboxylato complexes of platinum(I1) with diethyl sulfide ligands can be readily 
prepared using the silver carboxylate compound (equation 512). The complex cis- 
P ~ ( O A C ) ~ ( S E ~ ~ ) ~  can be used to prepare a large variety of complexes, but the addition of 
tertiary phosphines leads to substitution and loss of the diethyl sulfide ligand.ln3 

(512) PtCI,(SEtz)z + 2AgOAc + cis-pt(OA~)z(SRZ)z $. 2AgCl 

coc -P* 
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The replacement of 3 r -  in [PtBr(dien)]+ by the sulfides SMe,, S(Me)Et, SEt2, 
S(Me)C2H4C1-/3, SPr:, SBu?, SBuq, S(CH& and thioxane show second-order rate constants 
which are insensitive to inductive effect changes in the organic grou s attached to sulfur, but 
which decrease as the group bulkiness is increased (equation 513)J” This result correlates 
with the earlier observations that SEt2 is less reactive toward truns-PtClzpy2 than is SMe2.17= 
When ground state effects are considered, the trans influence of SR2 is small, and comparable 
to NH3 and C1. Kinetic measurements on the replacement of the chloride trans to SR2 in 
PtC13(SR2)- by a variety of amines show that the truns effect of SR2 is considerably greater 
than that of NH3.1m The cis effect of SMez is greater than that of an amine. This conclusion is 
drawn from kinetic data which show that for a variety of nucleophiles, the Pt(SMe2)(en)H202+ 
complex is consistently more reactive than the analogous Pt(dien)(H,O)’+ compound. The 
relative reactivity varies by a factor of 2 or 3, and this is taken as the SMe2:amine ch 

PtBr(dien)+ f SR, - Pt(dien)(SRJ2+ + Br- (513) 

In addition, the complexes PtX& (X = C1, Br, I; L = SEt,, SeEt,, TeEt,) are predominantly 
in the trans configuration. The complex PtC12(TeEtz), is isolated from solution as the cis 
isomer, but rapidly isomerizes back to trans in s01ution.l~~ The trans geometry is also found for 
the benzyl derivative P ~ C I Z { T ~ ( C H Z P ~ ) Z } ~ . ~ ’ ~ ~  

Binuclear-bridged platinum(I1) complexes with ZR2 Iigands can be prepared. The 
complexes can be prepared by a number of different methods, and the range of earlier routes 
has been reviewed by Chatt and V e n a n ~ i . ~ ~ ~ ’  A number of the more general ones are listed in 
equations (514)-(516). Reaction (515) has been used in the earliest syntheses of complexes 
Pt,CL,(SEt,), and Pt2CL,(SPr2)2. The stabilities of these chloro-bridged complexes fall in the 
order PR3 - SR2 > AsR3 > amine > TeR2 > SbR3 > SeR,. Bridging sulfide ligands are also 
known; the complex Pt2Br4(SEt2), (183) has terminal bromide ligands.1731 

PtClZL, + PtCl, - Pt,C12(/.4-C1),L, 
PtXZL, + PtClf - Pt,Cl,(p-Cl),r, + 2x- 

2PtCl,L(alkene) - PhC12(p-C1)2L + 2alkene 

Br , ,p<,Br 
Pt t 

These platinum complexes with simple dialkyl sulfides show v(PtS) in the region 310- 
350 cm-l, and v(PtSe) and v(PtTe) in the region 170-230 cm-l, the lowest energy band being 
due to the asymmetric stretch. In the electronic spectrum of a series of complexes 
truns-PtCl,L(piperidine), the energies of the d-d transition decreases across the series 
L = P(OMe)3 > PPr3 > piperidine > AsPr3 > SEt2 > SeEt2 > TeEt,, although the change is 
small. 

Complexes have been prepared with more highly substituted, and also with chelating sulfide 
and selenide, ligands. Since intramolecular inversion through sulfur is sufficiently slow to be 
observed on the NMR time scale, the thrust of much of this work has been to understand this 
inversion process better. 

Examples of multifunctional sulfides which bond to latinum(I1) via the sulfide sulfur are 
phenoxathiin (l.84) and the phenothiazine drugs (185).’71)2-’733 

R 
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The sulfide group forms a large number of complexes where it is in chelation with a different 
heteroatom. Among the common heteroatoms are N,  P and As. These complexes are too 
numerous to list here, but individual complexes can be found from Table 9 or from refs. 1224 
and 1667. It is also possible to synthesize compounds which will form bi-, tri- and tetra-dentate 
complexes to platinum(II), where sulfur, selenium and tellurium are the only atoms which 
coordinate to the metal. A review of complexes formed from ligands of the type RS(CH2),SR 
has been recently published.1734 This article outlines the synthesis, reactions and spectroscopy 
of these complexes, and allows the complexes of platinum to be placed in context with those of 
other transition metals. 

Trifunctional sulfides RSCH2SCHzSR can be prepared. With platinum(I1) the chelate 
complexes can be synthesized, and the free sulfide group then utilized for coordination to a 
second platinum (l~i).’”~ The tetradentate ligands MeS(CH2),S(CH2),S(CH2),SMe and (187) 
can be prepared. Reaction with PtCG- does not lead to complete replacement of all the 
chlorides by sulfide ligands. Use of [Pt(MeCN)4](C104)2 does lead to complete substitution and 
the compounds PtL (L = S4 tetradentate). The monomer structure is argued on the basis of the 
conductivity data.1736 Sulfide ligands with strong electron-withdrawing ligands will also complex 
to platinum(II), the complex cis-PtCl2(CF3SCH(Me)CH,SCF3) showing little difference in 
Pt-S bond distance due to the presence of the CF3 substituents.1737 

R R 
,s, 7’ r s \  

An unusual sulfide complex of platinum(I1) is obtained with electron-rich alkenes (equation 
517). These alkenes are often carbene precursors (Section 52.4), but the reaction with 
Pt2C12(p-C1)2(PEt3)2 gives a sulfide complex (188). 2738 With the compound (MeS)2C==C(SMe)2, 
the chelate complex (189) is formed with platinum(II), but with platinum(1V) the ligand will 
bridge two platinums 

n l  

A number of platinum I1 complexes .,ave been prepared where the sulfic.,: group is in 

[PtC13{S(CH2CH2NH3)2}]+ can be prepared. In basic media, ring closure occurs to form the 
tridentate complex (192; equation 518) with A H f  values in the region of 65 kJ mol-’ and ASf 
of -38 J K-’ mol-’. These enthalpies and entropies have been evaluated for each separate ring 
closure step.1743 The intermediate (191) in this reaction has been oxidized by hydrogen 
peroxide in dilute HCI to give an early example of a platinum(1V) sulfide complex (193).1744 
Halogen (Cl, and Br,) oxidation of sulfide complexes of platinum(I1) appears to be a generally 

chelation with an +mine. $ 1  40-1742 With S(CH2CH2NH2),, the monodentate S-bonded complex 
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useful method to prepare Complexes of type PtX4(S-S).'745 

CH2CH,&H31+ 7' 
I H 2 N 3  I 

[C13Pt{ S(CH2CHZ&H,),}]+ CI2Pt,, - c1-Pt-s -HCl 

'"3 H2 H 2 A 3  

(191) (1%) 

(i) Inversion at sulfur and selenium 

The inversion of configuration at the yramidal sulfur atoms of sulfide complexes is 
amenable to study by NMR techniques. 1746 7s0 The processes are intramolecular as evidenced 
by the retention of 3J(PtH) coupling. The barriers to inversion for the complexes PtX2(ZEt2), 
(X= C1, Br, I; Z = S ,  Se, Te) follow the sequences Te >Se>S, and are sensitive to the trans 
influence of the opposite ligands. The inversion barriers are higher in the platinum complexes 
than in the analogous palladium complexes. The magnitudes of ACf are in the range 
51-84 kJ mo1-1.17s1~'752 Comparison between halides and sulfide ring size shows that the barrier 
energies in chloro complexes are 2-3 kJ mol-' higher than in the corresponding bromides, 
which are in turn 4-5 kJ mol-' higher than the iodo complexes. The dependence of pyramidal 
inversion energies on ring size in the series PtX2(S(CH2),}2 follows a sequence where five- and 
six-membered rings are comparable with complexes of linear sulfides, but four-membered rings 
show an increased barrier, and three-membered rings do not invert at accessible 
 temperature^.'^^^ The difference in activation parameters has been ascribed to the effect of 
non-bonded interactions affecting the approach to the planar transition state, and for the 
palladium analogue this view is supported by A Vf measurements. 1754~17ss Heteroatom ring 
complexes such as 1,4-oxathiane and 1,4oxaselenane coordinate through S or Se to 
platinum(I1). The NMR coalescence in these cases is caused by site inversion about the ligand 
atom rather than by ring reversal of the cyclic 1iga11d.l'~~ 

Platinum(1V) complexes with chelating bis(su1fide) or bis(se1enide) ligands can be isolated. A 
specific synthetic route to the trimethyl platinum(1V) complexes involves cleavage of the 
tetranuclear complex [(PtXMe3)4] with L-L [ L L  = MeECH2EMe, MeECH(Me)EMe, 
MeEEMe (E = S ,  Se)] to give the dinuclear complexes [(PtXMe3)2(L-L)] (X = C1, Br, I) 
(equation 519).1757 The increase in barrier energy on going from S to Se in these complexes 
argues against the rate process being ring reversal since the barrier of the latter process is 
expected to decrease from S to Se.17s8 Further studies in this field have allowed separate barrier 
energies to be determined for ring reversal, pyramidal inversion of the S or Se atoms, S or Se 
atoms switching between Pt atoms, and a random cleavage of Pt-X bridge bonds allowing 
rotations which cause scrambling of the Pt-Me environments. The relative probabilities of 
simultaneous and non-simultaneous mechanisms for the inversion of pairs of chalcogen atoms 
are assessed. 17s9-1762 

(519) 

Comparative data have been collected for ch-PtXzLz (X = C1, Br, I; L = MeS(CH2)2SMe, 
MeS(CH2)$3Me, o-(MeS)&H3Me, cis-MeSCH=CHSMe) and [PtXMe(MeE(CH2),E'Me) 
(E = E' = S or Se; E = S ,  E' = Se; X = C1, Br, I). Barrier energies decrease by 10-12 kJ mol- 
on going from aliphatic through aromatic to alkenic ligand backbones. Changing from Pt to Pd 
in MX2L causes a decrease in the S inversion barrier of 10-15 kJ mol-', and changing from 
platinum(I1) to platinUm(1V) causes a slight increase in the barrier. The halogen order for AG' 
follows the sequence of C1> Br > I, and the barrier decreases by 16 kJ mol-' as the ring size 

P 

[(F'tXMe,),] + 2L-L - 2[(RXMe,),(L-L)] 

1 
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increases from five to six.'763 Stabilities of these corn lexes with chelating sulfide and selenide 
ligands can be correlated with S(lg5Pt) and 'J$PtSe).P'" For the compound RS(CH2)5SR with 
five methylenes, barge complexes are formed.' 65 If chelatin sulfides are used with CF, or C6F5 
substituents terminally bound to sulfur, low temperature fgF NMR methods can be used to 
identify syn and anti isomers, and to estimate inversion barriers.1766 Cyclic ligands such as 
1,3-dithiane and 1,3,5-trithiane also show configurational non-rigidity , and the exchange 
processes can be treated in the same manner.1767 

52625 Complaes with myoxide ligands 

Dimethyl sulfoxide complexes PtX2(DMS0)2 (X = halide, NO3, amine) have the ligand 
complexed to platinum(I1) via sulfur both in the solid state and in solution. For 0-bonded 
complexes of DMSO with first row transition metal ions, v(S=O) is found between 910 and 
960cm-', which is at lower energy than v(S-0) in free DMSO at 1055cm-'. For the 
S-bonded platinum@) complex, v(S-0) increases in energy on coordination to 1157, 
1134 cm-'. The complexes are cis in solution.'7s1no Analogous complexes PtCl& (L = 
Et2S0, PhCH2(Me)S0, (PhCH2)2S0, Me(Pr')SO, (Pf),SO) can be prepared, and in each case 
coordination is via sulfur. Rotation about the P t 4  bond can interchange conformers, and 
values for J(PtH) can be used to deduce which conformer is the most favored. For 
PtC12{PhCHz(Me)SO}2, vicinal J(PtH) values can be assigned to the inequivalent methylene 
protons in both (k) and mesu forms. From the magnitude of these couplings, conformers (194) 
and (195) are found to be f a~0red . l~~ '  

I 

Pt 
(194) 

Bridged complexes Pt2&(y-X)z(DMSO)z can be prepared either by reacting 
K[PtC13(DMSO)] with AgN03, or by treating [PtC13(DMSO)] with KI to give PtzIz(p- 
I),(DMSO 2.1771,1772 The Pt-S distances in the DMSO complex cis-PtCl,(DMSO), are 2.244 
and 2.229 B and the S-0 distances 1.469 and 1.454 The P t -C l  distances are 2.3M and 
2.312& which are very normal distances, although the trans influence of DMSO has been 
claimed to be large. 1774 

Analysis of the forward and reverse steps for equation (520) shows that the strong trans 
effect of S-bonded DMSO is due to transition-state stabilization which results from the 
x-acceptor properties of the sulfur in this ligand.1775 Comparative kinetics for chloride ion 
replacement in [PtCI(DMSO)en]+ and [PtCl(NH,)(en)]+ by NH3, N;, NH20H, N2&, Br-, I-, 
SCN-, SeCN-, S G -  and SC(NH2)* show that for the bimolecular step, the DMSO complex is 
at least one order of magnitude more labile than that of NH3. The greater cis effect of DMSO 
arises from the greater nucleophilic discrimination factor of its complex.1776 Using kinetic and 
equilibrium measurements, the cis and trans effects and influences for DMSO relative to other 
ligands are: (i) trans influence: H20 = C1- = Br- < = DMSO < NH3; (ii) cis influence: 
DMSO = GH4 < Br- = c1- = H20 < NH3; (iii) tram effect: HzO < NH3 < C1- < Br- < 
DMSO < GI&; (iv) cis effect: C2H4 < Br- = C1- < NH3 = H20 < 

cj,s-[PtCl,(DMSO)(amine)] + amine e ~is-[RCl(DMSO)(amine)~]+ + C1- (520) 

As an entering group DMSO will substitute water in R(H20)$+, in addition to chloride ion 
in PtCl$-. The reaction with Pt(H20);+ can be followed by 195PtNMR techniques. The 
mechanism for water replacement by DMSO is mainly dissociative, but when more strongly 
coordinatin ligands such as I- are used instead of DMSO, the associative pathway becomes 

DMSO, the associative pathway is sufficiently dominant that the five-coordinate transient is 
formed as an intermediate which can undergo a p s e u d o r ~ t a t i o n . ~ ~ ~ ~  

As a leaving group the sulfur-bonded DMSO ligand is some three orders of magnitude less 

dominant.' 4 For chloro complexes of platinum(lJ) where the C1- is being substituted by 
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labile than water, but the reactivity difference decreases with the nucleophilicity of the entering 

As found for other ligands bonded to square planar platinum(II), photolysis can lead to 
isomerization in the complexes PtC12(DMS0)2, PtC12(Et2S0)2 and PtC12(P~S0)2.'781 

S-Oxides of methionine will also coordinate to platinum(I1) via sulfur in an analogous 
manner to methionine itself. The carboxylate is uncoordinated and the methionine S-oxide 
ligand is complexed through nitrogen and sulfur. The coordination of the sulfoxide to 
platinum(I1) introduces a second center of asymmetry into the compound.17sZ This concept is 
exemplified by the separation of the diastereoisomeric meso and rm forms of 
PhS(0)CH2CH2S(O)Ph, and coordination of the chelate ligands to PtC12.1783 

52.626 Complexes of thiourea and related ligands 

Thiourea, in common with other sulfur donors, forms stable complexes with platinum(I1). 
Thiourea has a strong tram effect and will undergo substitution of both chloride and ammonia 
ligands in cis-PtCh(NH& to give cis-PtC12(NH3){SC(NH2)2}, C~~-P~C~(NH~){SC(N€€~)~}~+, 
PtCl{SC(NH2)2}: and finally Pt{SC(NH2)2}$+. With the chelating ligand bipyridyl, replace- 
ment of one chloride ion in PtCl,(bipy) by thiourea leads to the singly substituted complex 
PtCl{SC(NH&} (bipy)+ (equation 521).1784 The cations PtLi+ (L = thiourea, thiocaprolactam, 
tetrahydro-2-pyrimidinethione, 2-imidazolidinethione, and 2-pyrimidinethione) will form mixed 
valence complexes [PtL4][PtCb]. 17" High-quality single crystals of the thiourea complex cannot 
be grown, but a microcrystalline powder shows mixed-valence bands at 532 and 470 The 
195Pt chemical shifts of these compounds have been correlated with the a-donor abilities of the 
ligands.'787 Platinum complexes with ligands similar to thiourea have been prepared with 
isoperthiocyanic acid. "" 

(521) PtCl,(bipy) + SC(NH& - PtCl{ SC(NH,),)(bipy)+ + C1- 

5262 7 Compleres with thiocarboxylate ligan& 

Thioacetic acid will oxidatively add to Pt(PPh& to give a complex PtH(SCOMe)(PPh&, 
where the thioacetate group is S-bonded to platinum(I1) .14 The compound NazPtC1, reacts with 
NaSCOPh to give the polymeric [Pt(SCOPh),],. These polymers can be cleaved by added 
ligand L (L = PPh3, PPhNe, PPhMe2, AsPh3, SbPh3, py) and L - L  (L-L = bipy, dppm, 
dppe) to give the monodentate S-bonded complexes Pt(SCOPh)2L and Pt(SCOPh)2(L-L) 
(equation 522). Unlike the carboxylate or dithiocarboxylate analogues, no evidence has 
been found for complexes of the type [Pt(SCOPh),L], or [M(SCOPh)L][SCOPh]. Stable 
dithiooxalate complexes of platinum(I1) can be prepared from PtCb and K2(C202S2) (equation 
523). 1790,1791 

1 2 -  

PtCli- + 2K2(GO2SZ) - + 4KC1 

Chelate corn lexes are formed by platinum(I1) with dithioacetates and 
dithiobenzoates.''*'m The compoqnd is prepared from &PtC14 in an analogous manner to 
the palladium The compound appears to be in equilibrium with the dinuclear 
compound Pt2(S2CMe)4 (E%; equation 524). The complex (1%) will add halogens X2 (X = C1, 
Br, I) to give the binuclear platinum(II1)-(111) Complexes Pt2(S2CMe)& (equation 525) .lm5 

With a small amount of iodine, the mixed-valence platinUm(II)-(III) complex Pt2(S2CMe)& 
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can be prepared. 

PtCI:-+2MeCS2H 

Me 
I 

a7 FT-2 +x* - X-Pt- w c\dp'-x 
n 

Me 
I 
c 4-b n = s  - s 

The complex (197) with a dithiocarboxylate ligand coordinated to platinum(II) bonded 
through both monodentate carbon and the chelating dithiocarboxylate ligand has been 
prepared from either the thiocarbonyl platinum(I1) precursor or the carbon disulfide adduct of 
platinum(0). 1796~1797 A cyclopentadienyl-substituted dithiocarboxylate ligand (198) can be used 
to prepared S, S-bonded platinum(I1) and (IV) complexes Pt( C5H4CS2)$- and Pt(C5&CS2)g-. 
The complexes show v(PtS) at 34Ocm-', and in each case electronic absorption bands of the 
Pt+ L type are at 19 500 cm-' and 29 500 cm-l.Im 

52.6.2.8 Dithiocarbamate, diselenocarbamate, dithiophosphate and xanthate-type 
complexes 

A monodentate S-bonded complex cis-PtCl2( SC(OEt)=NMe,}, has been prepared with 
N,N-dimethyl-O-ethylthiocarbamate. 1799 The N-cyanodithiocarbamate complex of platinum(I1) 
can be prepared by the reaction of K2S2CC(CN), with K2PtC14. The complex can be isolated as 
an orange solid (equation 526).'*O0 An early preparation of the alkyl dithiocarbamate 
complexes of platinum(I1) involves treatment of the precursor xanthate complexes with a 
secondary amine (equation 527), although these dithiocarbamate complexes have been known 
for a considerable A normal coordinate analysis of the bis dithiocarbarnato complexes 
Pt(S2CNH2)2 and Pt(S2CND& shows that the P t 4  stretching bands are at 375 and 
288 cm-' . 1803 

PtCIi- + 2K,S2CC(CN), - + 4KC1 (5%) 

Pt(S2COR)2 + 2NHRi - Pt(S2CNRi), + 2ROH (527) 

The X-ray crystal structures of Pt(S2CNEt2), and PtC1(S2CNEt2)(PPh3) show sulfur 
coordination of the dithiocarbamate ligand, with respective Pt-S distances of 2.349(7) A and 
2.294(7) A for S atoms tpans to P and Cl.180431805 Analogous complexes can be prepared with an 
amino acid substituent on the dithiocarbamate. 1806 Other variations include the synthesis of bis 
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complexes of platinum(I1) with pyrrole ligand derivatives (199), which are similar to (198),lm 
and the synthesis of dithiocarbimidato complexes (200) from the reaction of C ~ - P ~ C I ~ ( P P ~ ~ ) ~  
with primary amines in the presence of CS2 and BF3 (equation 528).1808 

' S  0- 7- @-c(- 

S -  S 

Unsymmetrically substituted dithiocarbamate complexes of platinum@) can also be synthe- 
sized. Using NMR techni ues, the barrier to rotation about the C=N bond is found to be in 

The availability of a convenient synthesis of CSez has allowed the preparation of 
N, N'-dialkyldiselenocarbamate complexes of platinum(I1). 1810~1811 Fr om dialkyldiselenocarba- 
mate salts the following platinum complexes have been prepared: Pt(SeZCNR& (R = Et, Bu'), 
PtCl(SezCNR2)(PPh3) (R = Et, Bu'), PtMe(Se2CNEtz)(PPh3), C ~ ~ - P ~ X ~ ( S ~ ~ C N B U ~ ) ~  \X = Br, 
I), PtI(Se2CNEtz)(PPh3), [Pt(Se2CNBu$)3]Cl. The structures of Pt(SezCNFhi)21 lo and 
PtMe(Se2CNEt2)(PPh3)"" have been confirmed by crystallography. Intramolecular rearrange- 
ments in these complexes can be followed by 77Se NMR.''13 

Bis chelating complexes of the S,S', S,Se and Se,Se' type can be prepared for platinum(I1) 
where the heteroatom is phosphorus rather than nitrogen. An early review on metal complexes 
of thiophosphinic and selenophosphinic acids outlines the syntheses of the ligands as well as the 
complexes known up to that time.1814 The later coordination chemistry of these ligands has led 
to the discovery of a variety of compound A mong these are the chelates 
Pt(S2PR2)2 and Pt{S2P(OR)2}2, the ionic complexes [Pt(S2PR2)(PPh3)2](S2PR2), the monoden- 
tate dithiophosphate compounds Pt(S2PR2)2(PR3) formed from the bis chelates and phosphine 
(equation 529), and the bis monodentate com lexes (201). Rearrangements occur in these 
complexes via five-coordinate intermediates. 18' In addition C-0 cleavage in the dithio- 
phosphate complexes Pt{S2P(OR)2}2 can occur to give dithiocarbonates (202)180171816,'819 which 
closely resemble the trithiocarbonato compounds (203) .l8O0 

the region of 85 kJ mol-'. 809 

-2- 

The MO schemes for the complexes M{S2P(OEt)2}z (M=Ni, Pd, Pt) have been discussed 
with respect to their UV photoelectron spectroscopy. 
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A rather unusual bis NS chelate complex of platinum(I1) has been formed from the 
deprotonation of the compound (204).1821 

N\p/NH 

R' \S 

A dimeric thiophosphinato-bridged platinum complex (204) has been prepared by the 
addition of Et2P(S)P(S)Et2 to Pt(PPh3), (equation 530a). The compound has a Pt-Pt bond 
length of 2.628(1)A, and is analogous to the compounds described earlier in ref. 1486.'= 
Treating Pt2C14(PEt3)2 in THF with Li[CH(PPh2S)2] gives the complex PtClCH(PPhZS),(PEt3),, 
which isomerizes to PtCl{CH(PPh2S)2}(PEt3) (206; equation 530b). 

2Pt(PPh,), + 2EtzP(S)P(S)Etz - (530a) 

S-PEt, 

(205) 

S Cl- 
Ph,P // \pt/ 

. c\ 
\S 

' ' '€'Et3 (530b) 
-PEy 

iPt2C14(PEt3)2 + Li{CH(PPh&} -L'c' PtCl{CH(PPhzS)z)(PEt,) 
Ph,/ H 

52.6.29 Complmm with thio 1,3$4iketonate ligands 

Complexes of pIatinum(I1) with P-monothiodiketonates, derived by deprotonation of the 
parent acid (207), can be prepared from PtClZ-. "'he dark red complex Pt(C,H(Ph),SO}, 
(R = R' = Ph) shows 1R bands at 1535 cm-l [v(C===C)], 1410 cm-' [v(C=-=O)] and 127Ocm-' 
[v(GS)].lSz4 Electronic spectra and dipole moment data for these complexes have been 
compared with the 0 ,  0'-diketonate complexes.1s"31826 The structure of the phenyl derivative 
has been confirmed by X-ray crystallography. Detailed dipole moment measurements 
using static polarization have been made with fluorinated P-monothiodiketone complexes. 
Variations with substituent depend on the magnitude and vector directions of the Ph-X bond 
moments (aryl substituents), the inductive effect of the me& and para substituent on the phenyl 
ring, and the mesomeric effect of the substituent X.'828 A useful separation method €or 
bis(monothiatrifluoroacety1acetonates) of platinum(I1) is gas chromatography.i829 

w 

Complexes of dithioacetylacetone 
complexes, th: chemical shift of the 

(m) 
(SacSac) have been reviewed.lS3' As with acetylacetone 
ring methine proton has been carefully studied for metal 

and substituent effects in order to robe for any aromatic or anisotropic behavior in these 
six-membered ring complexes. 1830~1g1 Much of the earlier work and theories on these 
complexes are summarized in an electrochemical study of the dithioketone complexes of Ni, Pd 
and Pt.1832 The complexes undergo two successive reversible one-electron reductions in the 
range -0.8 to -1.8 V yielding the MSZ and M&- c ~ r e . ~ ~ ~ ~ , ~ ~ ~ ~  The monoanion MSh is usually 
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unstable. The redox behavior of these 'odd-chain-number' compounds is similar to that of the 
'even' 1 ,Zdithiolate complexes. Two differences, however, are that the odd dithiolate 
complexes have a lower electron affinity than the even dithiolate complexes with the same 
ligand substituent by about 1 V, and the MS4 anions derived from the odd chelate are much less 
stable than those derived from the even ligand. Nevertheless the authors support the usefulness 
of Schrauzer's 'odd-even' theory. 

Dithiomalonaldehyde forms an S,S' chelate to platinum(I1). The TCNQ charge transfer 
complex with bis@ropene-3-thione-l-thiolato)platinum(II) shows a distorted square planar 
geometry about platinum with Pt-S distances of 2.282(1) and 2.278(1) A.1834 

524210 Complexes with 1,2dithJolenes 

1 ,ZDithiolene complexes of transition metals can be prepared by a range of different routes. 
These are: (i) reaction of the divalent platinum halide with the sodium salt of the dithiolate 
anion in the presence of a bulky cation (equation 531);'835,1836 (ii) addition of 
bis(trifluoromethyl)-1,2-dithietene to Pt(PPh3)3 to form Pt{ S2c2(CF3)2} (PPh3)2 (equation 
532);1837 and (iii) reaction of KZPtCI, with the appropriate thiophosphonic ester to give 
dimethyl- and diaryl-dithiolate derivatives (equation 533). 1838 

(533) 

These 1 ,Zdithiolene complexes have attracted considerable interest because of their facility 
to undergo sequential one-electron oxidations and reductions. A series of half-wave potentials 
are given in Table It is apparent that the order of increasingly negative potentiais for 
Mb-/MG- increases as the group R in the ligand S,GR;- changes in the order R = CN > 
CF,>Ph>Me. Thus the dianions are stabilized by electron-withdrawing R groups such as 
CN-, and destabilized by electron-releasing R groups such as methyl.'839 

Table 10 Half-wave Potentials for Bis-1 ,2-dithiolene 
Complexes of Platinum in MeCN with a Calomel Scale 

Ligand ML;/ML:- (V) ML2/ML; (V) 

The IR spectrum of platinum(I1) complexes of 1,Zdithiolenes shows bands due to v(C==C), 
v ( M )  and v(PtS) in the respective ranges 1300-1500,900-1200 cm-' and 300-400 cm-'. The 
electronic spectra show a number of very intense charge transfer bands in the visible region, 
which move to higher energy for the dianionic complexes. 1,2-Dithiolenes fall at the low end of 
the spectrochemical series in the sequence S2G(CN)$- < Br- < C1- < S2&(CF3)$- < SCN- < 
S,P(OEt); < SzCNR; < I320 = C202- < NH3 < en < CN-.1840,1841 The X-ray photoelectron 
spectroscopy of these platinum(I1) dithiolene complexes shows that the charge on the metal 
remains essentially constant in the series of neutral, anionic and dianionic complexes, and that 
the change in electronic charge between the complexes resides principally on the ligand 
sulfur. 1842 

In addition to oxidation, maleonitriledithiolato complexes of platinum(I1) will also undergo 
reduction with two closely spaced waves at -2.22 and -2.44V. These processes are each 
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one-electron reductions to Pt{ Sz&(CN),}z- and Pt{S2G(CN)2};- respectively. 1843 The highest 
published oxidation state for platinum in these dithiolene complexes is +5. This interpretation 
is based on the EPR spectra of the products obtained by bromine oxidation.1844 Single crystal 
EPR spectra of the platinum(II1) complex with bis(isotrithionedithio1ato) shows these EPR 
signals at the g values 2.073, 2.168 and 1.858.1845 The EPR spectra of the one-electron reduced 
species from Pt(S&Ph& support the view, however, that these reductions are mainly ligand 
based. This result agrees with similar conclusions on dithiooxalato complexes of 
p 1 a t i n ~ m . l ~ ~  

Resonance Raman spectroscopy in conjunction with low temperature absorption spectros- 
copy can be used to assign the electronic levels in these complexes.1848 

In chloroform solvent, the platinum dithiolene complexes Pt(SzGR2)g- are photooxidized 
between 300 and 350 nm, providing the complexes used are those for which the R groups result 
in redox potentials in the 0.1 to 0.5V (us SCE) range. The results are consistent with the 
reaction shown in equation (534).'849 Further work on this system identifies the fact that several 
excited states are probably photoreactive in this process,185o and no definitive answer on the 
excited state reactivities is yet available. Very recently, however, highly structured solid-state 
emissions have been observed for Pt{S2~(CN)~}{P(OR)3}2, and this data may help resolve 
some of these  question^.'^^' 

Pt(%GR2)i- + CHCI, -+ Pt(S&R,); + C1- + CHC1, (534) 

The anionic dithiolene complexes will form salts with tetrathiafulvalene. Expectations were 
that the solids would be highly conducting, but the products are insulators or 
semiconductors. 1853 

Tetrathiolene complexes of platinum can be prepared from the sulfur-substituted derivatives 
of naphthalene, tetracene and chlorinated naphthalene. 1854 

526211 Complexes with su@r dioxide 

As a Lewis acid, sulfur dioxide coordinates to platinum in its zerovalent oxidation state. 
Treating Pt(PPh& with SOz gives the purple-colored complex Pt(S02)(PPh&, which readily 
loses triphenylphosphine to give Pt(SOz)(PPh& (equation 535) .1855-1856 Recently the chemistry 
of SOz with platinum complexes has received renewed attention, and the coordination 
chemistry of sulfur dioxide has been rev ie~ed . '~ '  When sulfur dioxide is passed through a 
toluene solution of Pt(GH4)(PPh3)2, the brown-red complex Pt(S02)z(PPh3)z (208) is formed 
(equation 536). The geometry of (208) is a severely distorted tetrahedron with P-Pt-P and 
PPt-S angles of 158.58(6) and 106.33(8)". Both S-bonded sulfur dioxide groups are 
pyramidal with the average angle between the Pt-S vectors and SOz planes being 119", and an 
average Pt-S distance of 2.43 A.1858 A similar pyramidal sulfur dioxide coordinated to 
platinum is found in Pt(S02)(PPh3)3.18s9 The three-coordinate complexes Pt(S0,)(PCy3), and 
Pt(SOa)(PBu',), can be prepared. The com lex Pt(S02)(PCy& shows an ql-pyramidal bonding 
for SOz with a Pt-S &stance of 2.299(1) 8: 

These monomeric s u h r  dioxide adducts show v ( S 0 )  in the region of 1030-1200cm-', the 
band positions being diagnostic of the bonding m ~ d e . ' ~ ~ , ' ~ ~  The band S ( S 0 )  is found in the 
region of 5OOcm-l. The complexes react with oxygen to give the corresponding sulfato 
compounds (equation 537). The reaction proceeds more slowly than does the corresponding 
reaction of the dioxygen complex of platinum with SO2, and pathways requiring oxygen 
coordination prior to reaction are consistent with experimental data. 1860 
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Slow removal of SO2 from a toluene solution of Pt(S02)z(PPh3)~ gives Pt3(S02)3(PPh3)3 
(equation 538). The structure consists of a triangle of platinum atoms, each of which is bound 
to two bridging sulfur dioxide groups and a single triphenylphos hine.lS6l The analogous 
compounds Pt3(S02)& (L = PCy3, PBu:) can be similarly prepared.'2 An alternative general 
synthetic route to SOa complexes of platinum clusters is the reaction of SO2 with carbonyl 
clusters of platinum. Using as precursors Pt3(p-C0)3(PPh3)4, Pt4(p-CO)5(PPhMe2)4 and 
Pt5(p-CO)5(CO)(PPh3)4, the respective SO2 complexes P ~ ~ ( , u - S O ~ ) ~ ( P P ~ ~ ) ~ ,  Pt& 
S0z)5(PPhMe2)4 and Pt5(p-CO)2(p-S02)3(CO)(PPh3)4 are formed.1863 

Sulfur dioxide will insert into Pt-carbon bonds (Section 52.4.8.4). Evidence has also been 
presented that sulfur dioxide will coordinate to the axial ends of the bimetalhc Pt"-Pt" 
complex Pt2(P2O5H2);-; the reaction is an equilibrium process and no structural data are 
given. 14" 

52,6212 Complexes with carbon disu&de and carbon diselenide 

Carbon disulfide adds to Pt(PPh& to give Pt(CS2)(PPhs)2 (209; equation 539).lW The 
structure of (209) shows the CS2 coordinated by a single JT bond with distances of 1.72 8, and 
1.54 8, for the coordinated and free C-S bonds re~pective1y.l~~~ The SCS bond angle is 136". 

Pt(PPh,), + CS, - (PPh,),Pt 1 + PPh3 

\s 
'C 

(209) 

(539) 

Carbon disulfide reacts with Pt(PCy3)z to give the adduct Pt(CSz)(PCy3)2. The compound can 
also be prepared from Pt(S02)(PCy3)z, the reaction being reversible (equation 54O).lm With 
Pt(PBuj)2 a different reaction with CS2 occurs to give Pt3(CS2)3(PB~:)3. The PCp analog 
Pt3(CS2)3(PCy3)3 can be formed from Pt(GH4)2(PCy3) .la* 

The carbon diselenide and carbon sulfide selenide complexes of platinum(0) can be 
synthesized from R(PPhs)3. Reaction of the compounds with chelating phosphines results in 
substitution of the triphenylphosphines (equation 541).1s66 With COS the C,S-bonded 
compound Pt(COS)(PPh3)2 is formed from Pt(PPh3)3. The reaction can also be used to prepare 
the dithiocarbonato complex Pt(S2CO)(PPh3)2. '%' 

Coordination of a a-acceptor ligand makes it susceptible to electrophilic attack. The 
reactions of Pt(q2-CS2)(PPh3)2 with MeI, GHd2, CF3S03Me and [Et30]BF4 are shown in 
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Scheme 18.1868 

t 

Scheme 18 

Sulfine complexes of platinum(I1) can be formed by oxidative addition to Pt(PPh,),. The 
initial step involves the formation of an q2-CS complex which undergoes intramolecular 
oxidative addition of a C-S bond (equation 542).lM9 Use of Pt(cod)2 and PCy, gives the 
tricyclohexylphosphine analogue. The reaction gives two stereoisomers.1871 The coordina- 
tion stabilization of sulfines allows their synthesis in the coordination sphere of platinum, but 
the cyclic process is not very efficient.1872 

o=s 

RS 
%Pt( SR) (PPh,), (542) / 

Pt(PPh,), + (RS)zCSO - Pt{q2-(RS)zCSO)(PPh3)2 _+ 

52 6.213 Stmny ldithio formate complexes 

The reaction between Pt(GJ&)(PPh& and Ph3SnC(S)SR (R = Me, CH2Ph, 2-propenyl) 
gives Pt{Ph,SnC(S)SR)(PPh& (equation 543), which has a structure analogous to the qz-CSz 
complex of platinum(0). 

S 
Pt(CJ&)(PPh3)2 f Ph,SnC(S)SR - (PPh,),Pt’ I + GH, (543) 

‘C( SR)SnPh, 

An S-methyl(tripheny1)dithioformate complex of platinum(0) has been prepared from 
Pt(GJ&)(PPh3)2 and Ph3SnC(S)SMe.”” 

52.6.214 Thiocyanate complexes 

The coordination chemistry of the cyanate, thiocyanate and selenocyanate ligands has been 
recently reviewed.lW4 Platinum(I1) forms the complex ion Pt(SCN)z-, and the corresponding 
homoleptic platinum(1V) complex Pt(SCN)z- can be prepared. Numerous mixed ligand 
complexes of platinum(I1) are known containing the thiocyanate ligand and other ligands, 
although there are fewer platinum(1V)  example^.^"^ 

Much discussion on the coordination chemistry of the thiocyanate ligand centers on its 
function as an ambidentate ligand. For coordination to platinum both N-bonded and S-bonded 
thiocyanate ligands are found and the small energy difference between the two bonding modes 
leads to small effects such as steric and electronic factors, as well as solvent changes, causing 
conversion between S- and N-bonded thiocyanate. 

IR spectroscopy has been used to distinguish between the isomeric forms. For N-bonded 
isomers one finds r(CN), S(NCS) and v(CS) at 2040-2100, 448-480 and 780-860~m-~ 
respectively, and the corresponding positions for the S-bonded isomer are in the ranges 
2080-2100, 410-470 and 690-720 cm-1.1875 Alternative methods include 14N and I5N NMR 
spectroscopy and nitrogen NQR methods. 1876,1877 
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Complexes such as cis-Pt(NCS)(SCN)(PhK=CR)2 and Pt(NCS)(SCN)(Ph,PCH,CCF,- 
CHPPh2) are known where both N- and S-bonded thiocyanate ligands are present in the same 
monomeric c ~ m p l e x . ~ ~ ~ ~ ~ ’ ~ ’ ~  Many thiocyanate complexes of type PtX& (X = NCS, SCN; 
L = tertiary phosphine) are known. Both (SCN), and (NCS)(SCN) bonding modes are found 
with a range of bidentate phosphine and arsine ligands.1880,1881 For the complexes PtX3L- 
(L = NMe3, PMe3-,Et, (n = 0-3), AsMe3, AsMeEt, SbMe3, SMe2, SeMe2, TeMe,), N- 
bonding of the thiocyanate ion is favored when L contains a light donor atom, when the tram 
ligand has a high trans influence, or when a cis li and is bulky.’882 Similar effects are found for 

Pt(NCS)(CN)(PPh& is also known.1884 
The thiocyanate ligand will also bridge two metal ions. The a! and /3 forms of 

Pt2C12(NCS)2(PPr3)2 initially pre ared by Chatt have been shown by crystallography to have 
the structures (210) and (Zll).188’ 

the complexes PtX& with similar L ligands.’ Q The mixed pseudohalide complex truns- 

Pr3P c1 
Pr3p\ /-N\ 2’ yN- ‘Pt/ 
c1 /Pt, N 4 - S  /pt\ PPr, C1/ ‘ m N  / ‘PP~, 

(210) (211) 

Both Pt(SeCN);- and Pt(SeCN)!- have been prepared, as have the mixed ligand complexes 
Pt(SeCN)z(bipy) and trans-PtH(SeCN)L (P = PPh3, P B u ~ ) . ~ ” ~  Compared to the SCN- ligand, 
SeCN- has a strong tendency to bond to platinum via the selenium atom. 

52.7 COMPLEXES OF GROUP VI1 LIGANDS 

52.7.1 Synthesis and Structure 

Halide complexes of platinum(I1) are commonly available compounds. The binary com- 
pounds PtCl,, PtBr,, Pt12 are known, as are the platinum(1V) halides PtF,, PtC14, PtBr, and 
Pt14.7 The structure of p-PtCl, shows it to be hexameric and composed of discrete Pt6ClI2 units 
with Pt-Pt distances of 3.32 and 3.40& and P t 4 1  distances of 2.34 and 2.39A.lw More 
commonly in coordination chemistry, the complex ions of these compounds are encountered. 
The anion PtCli- can be formed by dissolving PtCl, in HC1, followed by the addition of an 
alkali metal chloride. The sodium and potassium sdts dissolve in water to give red solutions. 
Replacement of chloride ion by Br- or I- gives PtB$ and PtIq-, although the conversion of 
the latter to Pt&- casts doubt as to the solution existence of PtI!-.lss7 Treating P t x -  (X = Cl, 
Br) or PtI, with %NX or PhAsC1 (X=Cl) gives the complexes Pt&(p-X)$-. These 
compounds have limited solubility in water, but the complexes are solution stable in this 
medium.1888 The cyclopropenium salts are very soluble in dichloromethane. 1889 For 
platinum(IV), the fluor0 complex K2PtF6 can be obtained by fluorination of PtClZ- or by 
treating Pt metal with a mixture of Br2 and ErF5 followed by KF. The Complexes PtClz- and 
PtB$ can be obtained from the metal by oxidation with a mixture of the halogen and the 
hydrohalic acid. The parent acids H,PtX, (X = C1, Br) are water soluble and frequently used. 
These complex ions are much less soluble than their divalent counterparts, the otassium salts 
in this case being very insoluble. The iodo derivative can be formed from PtC$ and KI, but 
aqueous solutions are not very stable. The detailed synthetic procedures for many of these halo 
complexes have been ublished, and the recovery of platinum from laboratory residues uses 

As a ‘soft’ metal on the Pearson scale, the heavier halide ions will readily substitute the 
lighter halogens bonded to platinum(I1) and platinum(1V). As a consequence, fluoride 
complexes of platinum are relatively rare when compared to the large number of known 
complexes of platinum with complexed chloride, bromide or iodide ligands. Among the known 
fluoro complexes which are not simple binary complexes are [PtF(PPh3),]HF2, prepared from 
Pt(PPh3)3 and liquid HF,1898 [PtF(PEt,),L]X (L = PEt,, PPh3, P(OPh),) formed from the 
corresponding chloro complexes by metathetical replacement with AgF,l*w.lm and 
PtF{CH(CF&} (PPh3)2.1901 Fluoro complexes of platinum can be readily detected by ’? NMR 

analogous procedures. psW1897 
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spectroscopy, and 'J(PtF) is in the region of 1000-2000 HZ. For chlorofluoro, fluorohydroxy 
and chlorofluorohydroxy platinum(1V) salts the 19F chemical shifts correlate to 6 = p C  + qT 
where C and T are constants characteristic of Cl- or OH-, and p and q are the number of 
substituents cis and trans to the fluorine atom, respectively.1902 More recently phase transfer 
has been used to substitute fluoride ion into platinum(1V) halo complexes to give mixed 
fluorohalo platinum(1V) The method can be extended for NO;, CN-, SCN- 
and C20$-. 

Chloroplatinic acid, H2PtC16, is a hydroscopic compound which is commercially available. 
The compound is probably (H30)2[PtC16].2.04H,0. In the 110-125 "C range the water loss 
leaves 0.84Hz0 in the compound, and at 220°C the material is PtCh. Above 350°C the 
product is RC12 which then loses chlorine to give platinum metal at temperatures above 
510"C.1904 Chloroplatinic acid is used for hydrosilylation; it will also effect H-D exchange 
reactions with aromatics (although PtClg- is preferable) ,lW5 chlorination of alkanes, 1905 and 
undergo photochemical reaction with alkanes at room ternperature.lm An unusual feature of 
the P-PtCl, lattice is that it can act as host to a range of small molecules such as Br2, c&, 
CS2, CC14, CHC13 or CH2C12. The adducts have a stoichiometry of one Pt6C112 host to 1 or 0.75 
inclusion molecules. lW7 

All the halide ions except fluoride are good bridging ligands. Their ability to act as bridging 
ligands relative to their ability to act as terminal ligands increases with increasing atomic 
number, so that I- is equally effective as a terminal or a bridging ligand. In earlier sections 
halide bridging has been used to explain symmetrization reactions. Also the ready cleavage of 
halide bridges by neutral ligands L, or anionic li ands X-, has been discussed as a method to 
prepare complexes of type PtLXF and PtX2~.190'*19'@ 

Halide bridges are commonly used to form bimetallic complexes between platinum(I1) and a 
second transition metal or Group B metal. These complexes can be formed by symmetrization 
reactions between halide complexes of different metals (equation 544). All three complexes are 
in dynamic equilibrium and exchange occurs via a tetrameric intermediate involving four metal 
centers.1g10 The mixed metal complexes are not isolated, but they can be observed by 31P NMR 
spectroscopy. Electrophilic metal ions like Hg" will bridge to the chloride ligands of cis-FtCl& 
to give the mixed metal complexes (212; equation 545).1911 A third approach involves 
non-complementary redox reactions generating coordinatively unsaturated platinum cations 
which act as an electrophde to form halide bridges with the reduced oxidant (equation 546).19" 

Pt,Cl,L, + Pd,Cl& e 2PtPdC1,LL' 
L=L '  or L+E'  

(544) 

52.7.2 Spectroscopy 

52 7.2.1 Vibrational spectroscopy 
The IR and Raman spectra of haloplatinum complexes have been studied in considerable 

detail. Values for ~ ( P t x )  follow the sequence X = C1> Br > I, and the precise band positions 
in complexes ~is-PfX~L.2 are sensitive to the trans influence of the trans ligand, groups with high 
trans influence causing a lowering of ~ ( P t c l ) . ' ~ ~ ~  For the trans complexes PtX& the positions 
of v(PtX) are 340 f 3 cm-l (X = Cl) and 244 f 20 cm-' (X = Br), and these positions are quite 
insensitive to the nature of L.1914 For the bridging complexes PtZX2(p-X)2L2 the value for 
v(PtXterminal) is independent of L as is v(PtXbridging) which is trans to X. Values for these and 
v(PtXbridging) which is t r ~ n s  to L are shown in Table 11. The Raman and IR bands, along with 
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force constants, for both the platinum(I1) and platinum(1V) halo complexes are shown in Table 
12. It is noteworthy that the force constant f(PtX) for both platinum(I1) and (IV) halides 
decreases in the sequence P t - C l >  Pt-Br > Pt-I. 

Table 11 Stretching Frequencies (at-’) in pt2C12(p-C1)2~ 

PMe, 347 260 330 1915 
PEt, 35 1 265 327 1915 
p w  356 257 323 1915 
ASMe, 351 257 323 1915 
ASEt3 350 261 322 1915 

359 287 317 1915 
1915 

GH4 co 368 301 331 
~~~ 

a t = terminal. b = bridging. E L frum. X bum. 

Table 12 Stretching Frequencies (cm-’) and Force Constants J k’) for PtG- 

Complex v(FtX),, v(PtX),,,,,, f(FtX)(A18 mode) Ref 

P t C P  330 312 2.24 - 1916 
208 194 1.97 - 1916 

P@- 155 142 1.79 - 1916 
344 - 2.15 1917 1918 
201 - 1.73 1917 1918 
150.3 - 1.06 1919 1918 

P&- 

E$: 
P t g  

Force constant calculations for the in-plane vibrations of Pt2&(p-X)$- show that the 
terminal stretching force constants are larger than the bridging stretching force constants but 
that the difference diminishes for the heavier halides. 1920 

A number of less routine vibrational measurements have been made with haloplatinum 
com lexes. On cooling below 100 K, new combination bands are found at 305 and 310 an-’ for 
PtC&. These assignments as combinations are tentative but are based on intensit) 
characteristics. 19” Detailed assignments of the vibrational modes in both PtClZ- and PtB$ 
have been done with the aid of single crystal m e a ~ ~ r e m e n t ~ . ~ ~ ” ~ ~ ~ ~  The first systematic high 
pressure Raman study of inorganic complexes (P = 0-20 kbar) assigns AvlAP for the differenl 
vibrational modes of PtCl%-.1924 

52 7.22 Electronic spectroscopy 

Since platinum(I1) is one of the few transition metal ions which strongly shows a preferena 
for square planar geometry, the electronic spectra of these complexes have been studied ir 
considerable detail. The early work on spectral assignment is well summarized in Hartley’! 
book,’ and more recent eneral references should be consulted by the reader who desire! 
complete i n f o r m a t i ~ n . ’ ~ ~ ~ ’ ~  A recent interpretation of the ligand field spectra of PtClZ- a n c  
P t B ~ -  addresses the question of the energy levels of the alg (d,z) orbital. The s ctra an 
satisfactorily fitted if a parameter is added which accounts for sd orbital mixing.’= Detailec 
discussion of the spectral features is beyond the scope of this chapter, but this recent articlc 
along with earlier articles discussing charge-transfer bands, ligand-metal mixing, and U l  
transitions in Pa-,193c1932 provide the reader with a comprehensive biblia a hy. Assign 
ments have been supported b sin le crystal polarization measurements, 19339JfbPy analysis o 
the luminescence andgby Franck-Condon analysis of the vibronic structure in thc 
single crystal polarized luminescence spectra of KzPtC& and K2PtBr4. 1936 

ge 
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The electronic spectrum of the dimer Ptz(p-Cl)zCg- has been analyzed from single crystal 
measurements. The lowest excited states in the V C L  chromophore increase energetically 
according to 3Eg < 3Azg < 3B1f < 'Azg, and the intensity enhancement of the 'Ag- Bzu (3A,) 
transition and the 1650cm- splitting observed for the 'Ag+& ('Bz,) bands show that 
moderate Pt-Pt interactions are present in PtzCg-. The Pt-Pt separation is 3.481(2) A.'"' The 
corresponding dimeric bromo analog Ptz(p-Br)zB$ has also been studied as a polarized single 
crystal. The d-d transition energies are comparable to those for PtBrZ-, but the Pt +L charge 
transfer transitions occur at lower energies in the dimer.'=' 

The electronic spectra of the platinum(1V) halo anions P@-(X = F, C1, Br, I) have also 
been assigned. The d-d bands are at 28750 and 3635Ocm-I for Ptg-,  at 22100 and 
28 300 cm-l for PtClE-, and 19 100 and 23 OOO cm-' for PtB$.1939-1941 The charge transfer 
bands lie at lower energies than in the corresponding platinum(I1) halo complexes. Doped salts 
of P t g -  (X = F, Cl, Br, I) all show structured luminescence s ectra at low temperatures.194z 
The spectrochemical series for platinum(1V) in the ions €'tX!& is SeCN- < Br- < SCN- < 
N, < C1- < NH3 = en < NO; < CN-.1941 

527.23 ESCA, NQR and Miissbauer spectroscopy 

Both chlorine and platinum ESCA have been reported for halo complexes of 
p l a t i n ~ m . ~ ~ ~ ~ , ~ ~ ~  For complexes PtC1,L- the cis and tram chlorides (to L) can be distinguished, 
and the binding energies follow the expected changes from trans influence effects. These C1 
( 2 ~ ~ ~ )  binding energies correlate with the NQR frequency of 35C1. 1944 NQR spectroscopy has 
also been used to estimate the percent ionic character in the Pt-X bonds of KzPtC14 and 
KzPtBr4,1945,1946 and of K,PtCk, K2PtBr6 and K2PtIs.1947-1949 

Iodine-129 Mossbauer spectroscopy can be used with iodo complexes. The shifts are sensitive 
to cis and trans ligands, and correlations can be made with ligand trans  influence^.'^^,'^^ 

52.7.3 Mixed-valence Chains 

In many of these mixed-valence complexes of platinum, the halide ligand acts as a bridge 
between the two platinum centers. Complexes such as PtBr3(NH3)2 can be prepared by 
evaporation of equimolar amounts of PtBr2(NH& and PtBr4(NH3)*. The compounds have 
alternating stacks of platinum(I1) and platinum(1V) centers with a single halide bridge joining 
them. The corn unds have low electrical conductivities at ambient pressure but close to 
lo-' ohm-' cm-'at 140 kbar.'95z-1954 0 th  er similar Wolfram's red salt analogues can be 
prepared with ethylenediamine, propylenediamine, trimethylenediamine or pyridine, along 
with mixed palladium-platinum compounds. '95s1958 All these complexes have infinite chains 
with single halide bridges. 

The band structures of these complexes have been calculated by an extended Hiickel 
method. The singly bridged [PtL4-PtLa2l4+ chain provides a partially filled band when all the 
metal-bridging halide bonds become identical in length.1959 Similar calculations can be made on 
halide-bridged electrode reactions to calculate the activation energies for the electrochemical 
interconversion between platinum(1V) and platinum(I1) The results suggest a 
platinum(II1) intermediacy. 

These complexes show intense broad intervalence bands (Pt'" + Pt'') in the electronic 
spectra. Irradiation within the intervalence band leads to strong intensification of the Raman 
band attributed to the totally symmetric stretching mode vsYm(X-Pt'"-X) and its overtones. 
Data have been collected and analyzed for a wide range of these mixed valence 
corn pound^.^^^'-^^^ These complexes are discussed more fully by Underhill in Chapter 60. 

52.8 COMPLEXES OF GROUP VI11 LIGANDS 

Although the product is not strictly a coordination cornpound of xenon, PtFs reacts with 
xenon in the presence of fluorine at 200 "C to give [XeF5]+[PtF6]-. Xenon is oxidized by PtF6 to 
give both Xe(PtF,) and Xe(PtF6)2.'97"1974 The former compound resembles 02(PtF6). Similar 
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ionic compounds are formed with krypton; treating 
(equation 547)- Iw5 

KrFz with PtF6 gives [Krq+[PtF,]- 

&Fz 4- PtF6 - (=F)+[mF,]- + iF2 (547) 

The optical spectra of Ni, Pd and Pt in noble gas matrices have been measured in order to 
search for complexes of these Group VI11 ligands. Changes in the energy levels of the matrix 
isolated atoms occur because of a weak metal interaction. For platinum the frequency shifts 
follow the trend Xe>Ar>Kr,  but whether this interaction is described as a Van der Waals 
interaction or a weak coordinate bond is open to speculation.'w6 

52.9 SUBSTITUTION REACTIONS AND REACfION MECHANISMS 

In terms of the development of an understanding of the reactivity patterns of inorganic 
complexes, the two metals which have been pivotal are platinum and cobalt. This importance is 
to a large part a consequence of each metal having available one or more oxidation states 
which are kinetically inert. Platinum is a particularly useful element of this pair because it has 
two kinetically inert sets of complexes (divalent and tetravalent) in addition to the complexes 
of platinum(O), which is a kinetically labile center. The complexes of divalent and tetravalent 
platinum show significant differences. Divalent platinum forms four-coordinate planar com- 
plexes which have a coordinately unsaturated 16-electron d8 platinum center, whereas 
tetravalent platinum is an 18-electron d6 center which is coordinately saturated in its usual 
hexacoordination. In terms of mechanistic interpretation one must therefore consider both 
associative and dissociative substitution pathways, in addition to mechanisms involving electron 
transfer or inner-sphere atom transfer redox processes. A number of books and articles have 
been written about replacement reactions in platinum complexes, and a number of these are 
summarized in Table 13. 

Table 13 Books and Reviews Covering Substitution Reactions of Platinum Complexes 

Title Ref. 

Mechanisms of Inorganic Reactions 3 
Organometallic and Coordination Chemistry of Platinum 
The Chemistry of Platinum and Palladium 
Coordination Chemistry 974 
Ligand Substitution Processes 975 
Inorganic Reaction Mechanisms 1977 

5 
7 

The Intimate Mechanism of Replacement in d8 Square-Phar Complexes 
Platinum@)-Catalyzed Substitutions of Platinum(1V) Complexes 
Kinetics of Nickel, Palladium and Platinum Complexes 
Isomerization Mechanisms of Square-Planar Complexes 
Anomalies in Ligand Exchange Reactions for Platinum(1I) Complexes 

The cis and r r m  Effects of Ligands 

1978 
1979 
978 

1980 
1981 

1983 
Inorganic Reaction Mechanisms 1982 

52.9.1 Planar Platinum(I1) Complexes 

Ligand substitution reactions of planar platinum(I1) complexes occur with retention of 
configuration such that cis reactants give cis products, and trans reactants give tram products. 
Substitution reactions of X- for Y- in PtXL, (equation 548) follow a two-term rate law: 

Rate = {k, + bC,[Y])[PtXA,] 

This requires that a plot of kobs against [Y] be linear with an intercept of k ,  for the 
reagent-independent path and a slope of k2 for the reagent path. Such a two-term rate law 
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requires a two-path reaction mechanism, and the experimental data fit the pathways shown in 
Scheme 19. 

P%+Y - PtyL,+x (548) 

L 
1 
I 
L 

,x L-pt I $' -x_ L-Pt-s 

' 's L 
L +y 

L +d 
I 

L-Pt-x 
I 

5 + Y  fast I 
L 
I 
I 
L 

Scheme 19 

52.9.1.1 Trans effect 

An early factor to be considered when interpreting kinetic data for these complexes is the 
trans effect. Whereas trans influence considers ground state perturbations, the trans effect is a 
measure of the relative substitution rates, and must therefore be considered as a transition state 
perturbation. For platinum(I1) the trans effect is: CO, CN-, CJ&>PR3, H->Me-, 
SC(NH2)2>Ph-, NO;, I-, SCN->Br-, Cl->py, NH,, OH-, H20. The trans effect 
variations are large, a factor of lo6 or more in rate is found between a complex containing a 
good trans labilizing ligand and one with a ligand that is low in the trans effect series. Two 
theories which have been put forward to explain the trans effect series involve the effect of the 
trans ligand weakening the ligand-to-platinum(I1) bond of the leaving group. The first theory 
invokes polarization to explain how the primary charge on platinum(I1) induces a dipole in L, 
which in turn induces a dipole in the metal. The orientation of this second dipole is such as to 
repel negative charge in the group X. Thus the attraction of X for platinum(I1) is reduced, and 
the Pt-X bond is lengthened and weakened. The second theory invokes n bonding to explain 
why ligands such as CO and are high in the series. In this case a strongly mbonding 
ligand L will weaken the trans ligand X, or more likely the effect of JT bonding is to stabilize the 
five-coordinate trigonal bipyramidal intermediate, which thereby accelerates the substitution 
reaction. 

Molecular orbital approaches to the problem were initially directed toward explaining the 
truns effect on the basis of the two trans ligands forming 0 bonds with orbitals having the same 
symmetries, which can mix. As a consequence, a strongly bonding orbital to the trans ligand L 
will only be weakly bonding to L. Alternatively the u-bond effect may be to stabilize the 
trigonal bipyramidal intermediate, which has more orbitals available for CT bonding in the 
trigonal plane than does the square planar complex. 

Recently the angular overlap model of metal-ligand interactions has been used to derive a 
double-humped potential-energy surface for the substitution of a simple ligand in a d8 square 
planar complex. This surface contains a transition state mainly associated with bond making, a 
trigonal bipyramidd intermediate, and a transition state mainly associated with bond breaking. 
The height of the entering barrier is found to dominate the rate in a large number of cases. The 
barrier height decreases and thus the reaction rate increases with (a) increasing CJ strength of 
entering ligand; (b) n-acceptor orbitals on entering ligand; (c) good interaction with (la + l)s, p 
orbitals on metal by entering ligand; (d) entering ligand 'softness'; (e) decreasing u strength of 
trans ligand (trans labilizing influence); (f) decreasing o' strength of leaving ligand; and (g) 
increasing u strength of cis ligands (cis effect).lW These results can be compared with 
CNDO-MO calculations on cis and trans influences in piatinum(I1) iodide complexes. lgSs 

Experimental data for the conversion of tra~ls-PtCE(PEt,)~ into trans-PtpyL(PEt,): by 
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pyridine (equation 549) are shown in Table 14.1986 The ck effect in platinum(I1) complexes is 
small. 

Table 14 Trans Effect of L on Reaction Rates of Pyridine 
Substitution in trans-RCIL(FEt3), at 25 "C 

H- 1.8 x 10-u 3.8" 
Me- 1.7 x 1 0 - ~  6.7 x lo-' 
Ph- 3.3 x 10-5 1.6 x lo-' 
P-flCd-L 3.3 x 1 0 ~  1.6 X lo-' 
p-MeOC6H; 2.8 x 10-5 1.3 X lo-' 
p-PhC& 1.7 x 10-5 9.7 x 1 0 - ~  
ci- 1.0 x 10-6 4.0 x 1 0 - ~  

a Rate at 0 "C. 

529.1.2 Efect of leaving group on substitution muccions 
The replacement of X by pyridine in the complex PtX(dien)+ to give Pt(dien)py2* (equation 

549) has been studied under controlled conditions with a range of leaving groups X. These data 
are shown in Table 15.1987,1988 Fr om these data the leaving group order is: NO; > H20 > Cl- > 
Br- > I- > N; > SCN- > NO, > CN-. Reactions such as these must be carried out under 
thermal conditions for accurate comparison since photoaquation can occur, albeit with a rather 
low quantum yield.1989 The volumes of activation of these reactions (equation 550) are all 
negative. An associative mechanism is proposed for the nucleophilic dependent path, but for 
the nucleophile independent pathway both associative and dissociative mechanisms need to be 
considered. 

Table 15 Leaving Group Effect on pyridine Substitu- 
tion Rates in PtX(dien)* 

Ligand X 1u%,&-') 

NO; Very fast 
H20 19Ob 
c1- 35 
Br- 
I- 
N- 
SCN- 
NO; 
CN- 

23 
10 
0.83 
0.30 
0.0.50 
0.017 

PtX(dien)+ + py - Ptpy(dien)'+ + X- (550) 

529.1.3 Eflect of entering group on substitution reach'ons 

Evaluating entering group effects is the equivalent of assigning a nucleophilicity order to an 
incoming ligand. This nucleophilicity order depends on both the nucleophile and electrophile; 
there is no single scale for nucleophilic reactivities."' The nucleophilicity order for reactivity 
to platinum(I1) using brans-PtClz(py)z as standard is shown in Table 16. These nucleophilicity 
reactivity constants, nA are defined by: 

1% (ky/ks)o = nA 

where k,  is the rate constant for the second-order pathway, and k, the rate constant for the 
first-order pathway. 
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Table 16 Nucleophilicity Reactivity Constants (nit) to trans- 

PtClZ(PY), 

MeCO; 
MeO- 
PhNHZ 
c1- 
NH3 
PY 
NO; 
(PhCH3,S 
N; 
NH20H 
%H4 
PhSH 
Br- 

<2.4 
<2.4 
3.02 
3.04 
3.06 
3.13 
3.22 
3.29 
3.58 
3.85 
3.85 
4.15 
4.18 
4.38 
4.73 
4.88 
5.00 
5.39 

Ph;P 
Bu,P 
Et,P 

5.42 
$55 
6.65 
5.79 
6.20 
6.65 
6.75 
7.0 
7.08 
7.10 
7.17 
7.17 
7.34 
7.54 
8.79 
8.82 
8.85 

Since charge effects are also important in affecting substitution rates, a recent suggestion has 
been made that the complex [PtC1(NHs)en]+ be used as a reference for ngt with complexes of 
this charge In particular, before comparison can be made it is emphasized that 
kinetic data must be collected under the same ionic strength conditions, and care must be 
exercised when fitting data for biphilic nucleophiles. 

529.14 Solvent effects 

Since these substitution reactions follow a two-term rate law, it is clear that solvent effects 
are very significant. Poorly coordinating solvents are benzene, carbon tetrachloride and 
sterically hindered alcohols; and strongly coordinating solvents are water, lower alcohols, 
DMF, DMSO, acetonitrile and nitromethane. The fist-order rate constants are greater in 
DMSO than in water. Since the majority of precursor platinum complexes used in synthetic 
and mechanistic studies are halo complexes, the replacement of halide ligands by solvent and 
the reversibility of this reaction are important features of platinum halide chemistry. 

In a series of papers the substitution of chloride ion in KZPtC14 by water has been shown to 
occur in a stepwise At 25 "C an aqueous solution of PtClf- gives both 
PtC13(H20); and PtC12(H20)Z. The reaction is first order with respect to both chloride ion and 
the complex, and PtC12(H20)2 can form both cis and trans isomers. The reverse chloride 
anations are also first order in each reagent. The pathway can be represented by Scheme 20, 
and the rate constants shown in this scheme are for conditions at 25 "C with added HC104. A 
similar chemist is found for the platinum(I1) bromo complexes. The aquation reaction of 
PtC1:- to PtClzH20)- can be catalyzed by PtC13(G€&)-. The catalytic effect is nullified by 
added chloride, and the likely solution catalyst is t r u p l ~ - P t C l ~ ( ~ H ~ ) ( H ~ O ) . ' ~ ~  

P t a -  
3.hxln-5 

PtCI,(H,O)- 1 - 2.I7x10-3 

h*  HI-5 
Ck-PtCl,(H,O), - 7.5x10-* 

- 1 ~ 1 0 - 4  - 3 ~ 1 0 - 7  
tra~-PtCl,(H,O), = -0.5 PtCl(H20); .- Pt( H,O):+ 

Scheme 20 

In Scheme 20, the rate constants for the loss of the first and second chloride ions are 
comparable under these acidic conditions. Under conditions of higher pH, the replacement of 
the second chloride ion by water is slower than the first, but the first hydrolysis product is now 
PtC13(OH)2-. 1999im Aquation equilibria have also been studied for cis-PtCl2(NH&, and the 
respective equilibrium constants for the formation of first cis-PtCl(H20)(NH3)', and then 
C L - P ~ ( H ~ O ) ~ ( N H ~ ) ~ +  are 3.63(22) x M and 1.11(14) X 10-4M.2001 This article provides 
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references to earlier work by this group who have shown that aquation is the first step in 
chloride exchange of chloro ammine platinum(1I) complexes. With the bromo complex the 
situation is more complicated since now a second pathway becomes involved which has dimeric 
transition states. 

The more recent availability of Pt(H20)2+ allows for the reverse processes to be studied, 
namely the replacement of water by halide and pseudohalide ions. With a large excess of X- 
the product is P e - .  The substitution reactions are sequential, and along the series Pt(HzO)s+, 
PtX(H20): and PtX2(H20)2, the se uence for the anions to act as an entering ligand follows 
the order: C1- < Br- < SCN- < I-.’’ The mechanism of water replacement has been studied 
for the complex Pt(dien)(H20)2+ because the rate must only involve substitution of a single 
water molecule. In  a series of experiments Gray found that the first-order term in the 
substitution of H20 by Y- in Pt(dien)(H20)”’ follows the sequence OH- >> I- > SCN- > 
Br- > C1- > NO, > py (equation 551).19” The marked effect of OH- is due to proton transfer 
rather than to its nucleophilic reactivity. Failure by others to observe the first-order rate term 
has led to criticism of this work, but recently a supportive article has been published offering 
the explanation that the original two-term rate law was observed by the reaction going to 
equilibrium rather than to completion in the presence of low chloride ion  concentration^.^^^ 
The same entering group sequence is found for PtCls-, although this study added the ligand 
DMSO to the list, and found it to be only a poor entering group.2oo4 

(551) 

Halide replacement occurs with other solvents. For the complexes PtCl&-L), the 
equilibrium position in equation (552) is driven to the right by strongly coordinating solvents S. 
The observed sequence is PR3 == py > Me2S0 > DMF >> MeCN = C0.2005 

Pt(dien)(H,O)’+ + Y- - PtY(dien)+ + R20 

PtCl,(GL) + s - PtCl(S)(L--L)+ + c1- (552) 

52.9.1.5 Steric eJem in substitution reactions 

Steric effects provide a useful method of probing mechanisms. If a bimolecular displacement 
is involved, the increased steric hindrance on the ligand causes a decrease in rate, whereas 
steric acceleration is generally observed for a dissociation process. The data in Table 17 show 
that increasing the steric bulk of the ligands L decreases the reaction rate, hence the data 
strongly support an associative mechanism. 

Table 17 Steric Effects on Substitution Rates of PtClL(PEt,), 

L Temperature (“C) kobs (s-l) 

C i S  
Phenyl 
0-Tolyl 
Mesityl 

trans 
Phenyl 

Mesityl 
0-Tolyl 

0 
0 

25 

25 
25 
25 

8.0 X 

1 .o x 10-6 
2.1 x 10-4 

1.2 x 10-~ 
1.7 x 1 0 - ~  
3.4 x 10-6 

529.16 Charge fleets in substitution reactions 

Charge effects are quite small in substitution reactions of platinum(I1). This observation 
further supports a primarily associative pathway since the charge neutralization process of such 
a mechanism occurs with simultaneous bond-making and bond-breaking. The rates of such a 
reaction will be relatively insensitive to the charge on the complex. For the dissociative (k,) 
portion of the mechanism the pathway involves separation of charges, then for an analogous 
series of complexes the rate will decrease for decreasing negative charge on the complex. 
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529.1.7 Isomerization reactions 

This feature of platinum(I1) chemistry has been very recently reviewed.1980 In general for 
complexes of type PtX2L the cis isomers are enthalpy favored, but entropy changes in solution 
favor the truns form (equation 553). The free energy differences between the cis and trans 
forms are usually quite small, and changes in ligand, solvent or temperature can affect the 
equilibrium position. 

The best-documented pathways for isomerization involve pentacoordinate intermediates (see 
also Section 52.5.3.2). The pentacoordinate species formed by an associative pathway can then 
interconvert either via a four-coordinate ionic intermediate (2W) or directly by a Berry 
pseudorotation process (Scheme 21) .2006,m These associatively induced isomerizations can be 
autocatalytic. The complex PQ(AsE~~)~ isomerizes spontaneously in benzene solution, but if 
the complex Pt2C12(p-Cl)2(AsEt3)z is added to the solution as a scavenger for free AsEt3, the 
isomerization is quenched. Photochemical isomerization of planar platinum(I1) complexes 
occurs.1980~m8 For platinum(I1) it is likely that the tetrahedral geometry may be too high in 
energy to be a plausible intermediate, and that the pathway involves ligand dissociation. 

' 

Scheme 21 

52.9.2 Six-coordinate Platinum(IV) Complexes 

The substitution reactions of platinum(1V) complexes are considered separately because 
these compounds are coordinately saturated 18-electron molecules which do not undergo 
replacement reactions to any extent by associative substitution at the platinum(1V) center. Two 
reviews should be particular1 consulted for current thinking on substitution mechanisms in 

significant, two recent articles by Chanon and Tobe- and by Julliard and Chanon- should 
be consulted for their in-depth coverage of electron-transfer catalysis, and for their integrative 
interpretation of organic and inorganic reaction mechanisms. 

Platinum(1V) is kinetically inert, but substitution reactions are observed. Deceptively simple 
substitution reactions such as that in equation (554) do not proceed by a simple &1 or &2 
process. In almost all cases the reaction mechanism involves redox steps. The platinum(I1)- 
catalyzed substitution of platinum(1V) is the common kind of redox reaction which leads to 
'formal nucleophilic substitution' of platinum(1V) complexes. In such cases substitution results 
from an atom-transfer redox reaction between the platinum(1V) complex and a five-coordinate 
adduct of the platinum(I1) compound (Scheme 22). The platinum(I1) complex can be added to 
the solution, or it may be present as an impurity, possibly being formed by a reductive 
elimination step. These reactions show characteristic third-order kinetics, first order each in the 
platinum(1V) complex, the entering ligand Y, and the platinum(I1) complex. The pathway is 
catalytic in Pt"L4, but a conse uence of such a mechanism is the transfer of platinum between 
the catalyst and the substratej" This premise has been verified using a lg5Pt tracer.m11 

platinum(1V) 97 Also as electron transfer mechanisms become increasingly 

m + Y  -* PtX,Y+X (554) 
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fast Pt"4 + Y e PPL4Y 

XptTVL4Z + PPL4Y e XPtL4ZPtL4Y 
XPtL4ZPtL4Y e XPtUL, + ZPtIVL4Y 

faJt 
XPt"L4 e Pt"L,+X 

Scheme 22 

As expected the rates of these inner-sphere reactions are sensitive to the nature of the 
bridging ligand. In relation to Scheme 22, the relative order of reactivity for the bridging ligand 
Z follows the sequence: I- >> Br- > SCN- > C1- >> OH-. Also in agreement with inner-sphere 
bridged transition state processes, the values for AS# are negative and those for AHf small.20" 
The reactivity order for the entering groups Y follows the expected sequence for reactivity 
toward a planar platinum(I1) center. The leaving group order for X is py > Br- > SCN- > 
C1- > I- > NH3 >> CN-, which generally correlates with the stability of the platinum(N) 
substrate, the more stable complexes being the less reactive. For the equatorial ligands L, 
values of AGf have been plotted against AGO for a series of different L groups. Linear plots of 
slope 0.5 have been interpreted as indicating a similarity between the bridged activated 
complex and products when the products are less stable than the reactants.2013 

The base hydrolyses of PtCl(NH&+ and cis-PtC1,(NH3)2+ are possibly examples of 
nucleophilic substitution reactions;204 these remain the only cases which have not been praven 
otherwise. These reactions follow a rate law which is first order in the platinum(1V) complex, 
and a hydroxide ion dependence which is intermediate between zero and first order. The 
reaction is not catalyzed by Pt(NH3)z'. 

In many other cases, detailed examination of platinum(1V) substitution reactions has shown 
that the mechanisms involve oxidation-reduction steps. These redox reactions can be collected 
into two classes according to whether a bielectronic or a monoelectronic redox species reacts 
with the platinum complex (i. e. complementary and non-complementary redox reactions, 
respectively). 

529.21 Complementary redox reactions 

All reactions belonging to this class involve an inner-sphere atom-transfer oxidation- 
reduction path. These reactions are generalized in Scheme 23. Path ii results in a net reduction 
to platinum(I1) complexes, whereas pathways iii, iv and v represent net formal substitutions at 
platinum(1V). Each of these pathways can be regarded as an oxidative addition to the 
platinum(I1) complex formed in step i. The combination of step i with iii, iv or v is therefore 
known as a reductive elimination oxidative addition (REOA) reaction. 

Pt" + (22 - 2e) + 2~ E ZPPX + x + z 

PPX, + z -f, Pt" + x + xz ZPPZ + 2x 

Z'PtIVZ+2X 

Scbeme 23 

For the reaction sequence shown as steps i and ii, the reducing agent Z can be one of any of 
a large variety of cationic, anionic and uncharged species. When PtC12(diars)H+ reacts with 
thiocyanate ion the product is Pt(diars)$+ (equation 555)Tol5 The rate shows first-order 
dependence on both PtClz(diars)$+ and S C N - ,  a rate law consistent with an inner-sphere 
atom-transfer redox mechanism. For the complex PtBr2(diars)$+ a similar pathway occurs, but 
now a parallel pathway is operative involving platinum(I1) catalysis.m16 For anionic reductants 
toward the same platinum(1V) complex the rate increases in the order SCN- < I- < SeCN- < 
SzOg-, roughly paralleling their standard potentials. The reactivity of different complexes 
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PtX& also depends on L and X. A linear free energy relationship 

log k2 = r(X> + r, 

correlates the second-order rate constants of substrates trans-PtC14L, with different reducing 
anions (k2 is the second-order rate constant; r ( X )  is the value of log k2 for a standard substrate; 
and r, is a ligand L dependent constant). The reactivity order for L is AsEt, < PPG < PEt, < 
py < pip < SEt2 = SMe2. As with the platinum(I1)-catalyzed substitution reactions? the bridging 
halide plays a significant role in determining the reactivity. This is shown by the fact that 
tram-PtCL(PEt& reacts much more slowly than tnzn~-PtBr~(PEt~)~, but PtCl2Br2(PEt,),, 
where Br can bridge, reacts at a comparable rate to ~ms-PtBr~(PEt , )~.  

PtCl,(diars)g+ + SCN- - Pt(diars)r + Ci- + ClSCN (555) 

These REOA reactions are believed to occur in substitution reactions of platinum(1V) 
complexes which are not catalyzed by platinum(II) compounds. Two early examples are the 
hydrolysis of Ptg- in the presence of free iodide ion (equation 556),2017 and the PtBrg- 
interchange reaction with iodide ion (equation 557) .m18 Product formation in the latter case is 
pH dependent, and in a later study the complexes trans-PtBr41(H20)- and trans-PtBrJ(OH)2- 
have been identified.m1g An interesting effect ascribed to these pathways is the observation that 
PtBr5(HzO)- and ~ i s - P t B r ~ ( H ~ 0 ) ~  undergo rapid substitution of water by Br-, even in the 
absence of P t B ~ - ;  yet the complex truns-PtBr, HzO in the absence of PtEId- undergoes 
bromide ion substitution at a negligibly slow rate.' d e  offered explanation is that a bromide 
ion Z (Scheme 23) is associated to a bromide ligand X in a trans position to the replaced water 
molecule, water being a poor bridging ligand (X# H20). For cis-PtBr,(H,O), and 
PtBr5(H20)- the aqua ligands are trans to the bromide ligands and can easily be replaced by 
Br- via a bromide-assisted path. This possibility does not exist for tr~ns-PtBr,(H,O)~, which 
has the two water molecules opposite to each other. Halide anations of Pans-PtCL3r(H2O)- 
and trans-PtBr&l(H,O)- have also been shown to follow similar paths. The article also gives a 
useful summary of rate data for these various reactions collected from a number of sources.m1 
For LFER plots it is believed that the transition state X - - Pt - X * * Y bears a close 
resemblance to the products, and hence there is a considerable degree of bond making and 
breaking in the transition state."22 

Pt1:- + I- - P t l -  + 1- + I, = PtI,(H,O)- + 21- (556) 

FtB$ + I- - PtBrz- + IBr + Br- 5 PtBrJ- + 2Br- (557) 

Other examples of complementary redox reactions are the reduction of PtCl NH3)2+ by 

halogen oxidations of platinum(I1) are the addition of Cl,, Br2, 12, ICl, ICN, (SCN), and NOCl 
to PtXz(phen). Although these reactions have not been fully characterized as complementary 
redox processes, the formation of PtBr3Cl(phen) from FtBr2(phen and Br2 in the presence of 
HCl (equation 558) suggests that this is probably the case.m26* 27 Care must be taken in 
product determination with these reactions, however, since photoinduced scrambling can occur 
with these complexes.m 

aquachromium(II),- and the oxidation of PtCIi- by halogen (Scheme 24).2 A ,m5 Other 

Ptci;-+CI, -=+ ptcL.ci;- 

PtCl,*CI:- + RC1:- - Cl4PtC1,Ptcxy 
PtCbC1;- + H,O - PtC1,OH'- + H+ + c1- 

Cl,PtCl,PtCl:- + H,O - PtC1,OH'- + PtCIi- + H+ + Cl- 
Scheme 24 

PtBr,(phen) + Br, + HC1 - PtBr,Cl(phen) + HBr 

COC -P 
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52 9.2 2 Non -complementary redox reactions 

A general feature of these reactions, in which platinum reacts with monoelectronic reagents, 
is to undergo oxidation-reduction with formation of labile platinum(II1) intermediates. These 
reactions can involve reduction of platinum(1V) complexes or oxidation of platinum(1I) 
complexes, and the stoichiometry of these two sets of reactions is shown in equation (559).w* 

The reduction of platinum(1V) complexes can be carried out with outer-sphere as well as 
inner-sphere monoelectronic reductants. A possible first exam le of this outer-sphere pathway 
is in the reduction of platinum(1V) complexes by Cr(bipy$+.2m9 Other examples are the 
reduction of zrans-Pt&(arnine)z (X = Cl, Br) by ferrocyanide,2030 of truns-PtX& (X = C1, Br; 
L =neutral ligands)-by ferr~cene,”~’ of PtCli- by Vtr,2n32 of PtClz(pn)$+ by E u ~ + ~ ~ ~ ~  of 
PtC1;- by SnII and C U ’ , ~ ~ ~  and of PtCl& (L = tertiary phosphine) by Ir1.2035 These reactions 
occur by a second-order rate law, first order in both the platinum(1V) complex and the 
reductant. 

(558: 

According to reaction (559) these reactions can occur by an oxidation reaction of 
platinum(I1). With one-electron oxidants, the intermediate formation of platinum(II1) com- 
plexes occurs. The best early example of this type of reaction is in the oxidation of PtCG- and 
Pt(en)g+ by IrTVCG- in the presence of free chloride ion. The presence of platinum(II1) 
intermediates has been inferred from the rate law.2m6 For the oxidation of platinum(1I) by 
gold(II1) the kinetic data are consistent with a mechanism requiring a complementary 
two-electron transfer,m37 with a rate independent of chloride ion. For the substituted pyridine 
derivatives PtCl,L, (L = substituted pyridine) however, the third-order rate law is found with 
first-order dependencies on PtCl&, Au’I’ and C1- Comparisons have been made with the 
amine complexes PtC& (L = NHzR).”~~ 

Pt” + 2x- + 22” e R’”X, + 22-1 

P t C g  3 PtC1:- +c1 (560: 

Redox substitution reactions can be photoinitiated. Taube first proposed that the photo- 
catalyzed substitution of PtCli- occurs by an electron-transfer process (equation 560) to give a 
kinetically labile platinum(II1) intermediate.2n40 Further work on this system has shown that the 
exchange occurs with quantum yields u to 1000,m1-2043 and the intermediate has been 
assigned a lifetime in the p s  range.mJ Recently the binuclear platinum(II1) complexes 
Pt2(P205H2)& (X=Cl, Br, I) have been found to show similar behavior and both 
photoreduction and complementary redox reactions are again proposed to explain thc 
substitution behavior .15“ 
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53.1 INTRODUCTION 

Copper is one of the more abundant elements in the earth’s crust (68 p.p.m.); it is about 20th 
in the order of abundance, occurring at a concentration of about 1OOg per ton of the earth’s 
crust.’ It occurs in group Ib of the Mendeleev form of the periodic table (Table la),’ oi- 
alternatively in the first-row transition metals (Ni, Cu, Zn) in the long form of the periodic 
table (Table lb)? or in group l ld  in the new long form of the periodic table (Table IC) recently 
proposed by the American Chemical S ~ c i e t y . ~  

Table 1 The Three Notations of the Periodic Table: (a) the Mendeleev Form, (b) the Long Form and (c) the New 
Long Form of the American Chemical Society 

(a) 1A 2A 3A 4A 
(b) I I1 
(c) 1 2 3d 4d 

H 
Li Be 
Na Mg 
K Ca Sc Ti 
Rb Sr Y Zr 
Cs Ba La’ Hf 
Fr Ra Ac** 

3p’Ce Pr 
**Th Pa 

5A 6A 7A 8 8 8 1B 23 3B 
111 

5d 6d 7d 8d 9d 10d l l d  12d 13 

B 
Al 

V Cr Mn Fe Co Ni Cu Zn Ga 
Nb Mo Tc Ru Rh Pd Ag Cd In 
Ta W Re Os Ir Pr Au Hg TI 

Nd Pm Sm Eu Gd Tb Dy Ho Er 
U Np Pu Am Cm Bk Cf Es Fm 

4B 
IV 
14 

C 
Si 
Ge 
Sn 
Pb 

Tm 
Md - 

5B 6B 
V M  
15 16 

N O  
P S  
As Se 
Sb Te 
Bi Po 

7B 
VI1 
17 

F 
cl 
Br 
I. 
At 

Yb Lu 
No Lr 

8B 
VIII 
18 
He 
Ne 
Ar 
Kr 
Xe 
Rn 

Copper has the electronic configuration (argon)4s23d9 and can occur naturally as the free 
element (see ref. 5 for the physical properties of the free metal), but it occurs more commonlq 
combined in such minerals as malachite, CUCO~.CU(OH)~, and azurite, [2{ Cu(CO,>,}~ 
CU(OH)~] .~  The element is obtained from its ores by various reduction processesY6 and it 
refined electr~lytically.~ Copper and its salts are highly toxic to lower organi~ms,~ and it is alsc 
poisonous to man in large quantities, but at a much lower concentration it is an essentia 
constituent of proteins and enzymes (see Section 53.4.8).8 Like other transition metals coppex 
is very important as a catalyst in the oxidation of organic molecules by atmospheric oxygen (set 
Section 53.3.4).9 

Copper is a typical transition element in that it is a metal; it occurs in a range of oxidatior 
states and the ions readily form complexes, yielding an extensive variety of coordinatiox 
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compounds, The oxidation states cover the range copper(0) in the metal, copper(1) in the 
cuprous compounds, copper(I1) in cupric compounds, and copper(II1) and (IV); the copper(0) 
and copper(1V) states are extremely limited. The copper(II1) oxidation state is significantly 
more common, but has only been clearly characterized for 20-30 compounds or complexes,l’ 
although it is extensively invoked as an intermediate oxidation state in mechanistic studies,” 
especially those involving amino acid species. The copper(1) and copper(I1) oxidation states are 
by far the most abundant oxidation states of copper; copper(I1) is the more stable of the two 
under normal conditions and forms a wealth of simpIe compounds and coordination complexes 
(see Section 53.4.1).12 The copper(1) state is less extensive and is readily oxidized to the 
copper(I1) state (see Section 53.3).59’2 The copper(I1) oxidation state is not only the most stable 
of all the states, but is also the most prolific in the formation of complexes and in the formation 
of good ~ r y s t a l s . ~ , ’ ~ , ~ ~  The latter circumstance has led to a wealth of crystal structure 
determinations to characterize the various regular and distorted stereochemistries of the 
copper(I1) ion,l0*l4 which are associated with the influence of the Jahn-Teller effect15 (see 
Section 53.4.5). 

The chemical literature on copper is now very extensive. Useful early source books on simple 
compounds of copper and its complexes must include the texts by J. R. Partington,6 M. V. 
Sidgwick,” P. J. Durant and B. Durant,16 and F. A. Cotton and G. Wilkinson.” The early 
structural chemistry of copper is described in Wychoff’8 and in the relevant sections of the five 
editions of A. F. WeWs ‘Structural Inorganic Chemistry’.’’ More recent textbooks such as the 
fourth edition of ‘Advanced Inorganic Chemistry’ by F. A. Cotton and G. Wilkin~on,’~ 
‘Introduction to Modem Inorganic Chemistry’ by K. M. Mackay and R. A. Mackay,” the third 
edition of J .  E. Huheey’s ‘Inorganic Chemistryy2’ and ‘Chemistry of the Elements’ by N. N. 
Greenwood and A. Earnshaw2’ contain the most up-to-date textbook accounts of the chemistry 
of copper I , copper(II), copper(II1) and copper(IV). More specific reviews of copper(I1) 
complexeb’and of copper(1) complexes23 have been published and many specialized accounts 
of aspects of copper chemistry have been produced, especially since 1970, and will be referred 
to in the relevant sections. The increasing awareness of the importance of copper in biological 
systems has resulted in books devoted to copper, namely ‘The Biochemistry of Cop er’ b J. 
Peisach, P. Aisen and W. E. Bl~mberg?~ and ‘Copper Proteins’ by T. G. Spiro? wh& a 
significant amount of copper chemistry appears in ‘Biological Chemistry’ by E. I. Ochiai,= 
‘Transition Metals in Biochemistry’ by A. S. Brill?7 ‘The Inorganic Chemistry of Biological 
Systems’ by M. N. Hughesa and ‘An Introduction to Bio-Inorganic Chemistry’ by R. W. 
Hays.= The series ‘Metal Ions in Biological Systems’, edited by H. %gel,*’ contains a number 
of excellent reviews of the role of copper in biological systems, with Volumes 12 and 13 being 
devoted entirely to copper. However, the most up-to-date account of copper coordination 
chemistry appears in ‘Copper Coordination Chemistry: Biochemical and Inorganic Perspec- 
tives, by K. D. Karlin and J .  Z~bieta.~’ 

53.2 COPPER(0) 
This i s  a very restricted oxidation state of co er but may be considered to occur in the 

polynuclear copper species Cuz,  Cu3 and Cu3Fpwhich have been characterized by matrix 
isolation techniques. Copper(0) also occurs in species formed by the reaction of copper metal 
vapour and carbon monoxide gas. Matrix isolation techniques have characterized a monomeric 
[Cu(CO),] trigona1 planar species and a dimeric [(CO),CuCu(CO),] species.32 

53.3 COPPER(1) 
er(1) is very much less extensive than that of copper(I1) and a number 

of accounts occu~~6~10~~17~20 ,21  which describe the chemistry of simple compounds of copper(1) 
with less emphasis on the formation of coordination compounds of copper(1). 10~13~17*22 During 
the past 20 years the realization that a copper(1) sgecies may be involved as the precursor of 
the silent partner in the type 111 copper proteins ~5,’’ has. resulted in a renaissance in the 
coordination chemistry of copper(1) c ~ r n p o u n d s , ~ ~ , ~ ~ , ~ ~  which is reflected in the amount of 
space given to the chemistry of copper(1) and (11) in ‘Advanced Inorganic Chemistry’ by F. A. 
Cotton and G. Wilkinson. In the first edition in-1952,”“ more space was devoted to copper(I1) 

The chemistry of co 
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than to copper(I), while in the fourth edition17d the space allocation is reversed, A useful 
account of the structural chemistry of cogper(1) appears in the successive editions of ‘Structural 
Inorganic Chemistry’ by A. F. Wells’ and the first clear description of the coordination 
chemistry of copper(I), by F. H. Jardine,23 was published in 1975. A substantial account of 
three-coordinate copper(1) also appeared33 in 1977 and two reviews of sulfur complexes which 
have included copper(1) complexes have appeared,%*” but due to the biological importance of 
copper(1) in coordination chemistry, the most up-to-date account3’ of a number of aspects of 
the chemistry of copper(1) appears in ‘Copper Coordination Chemistry: Biochemical and 
Inorganic Perspectives’ by K. D. Karlin and J. Zubieta. Various aspects of the coordination 
chemistry of copper(I), including preparative, structural, spectroscopic and redox properties, 
are discussed, and emphasize the possible role of copper(1) coordination chemistry, not only in 
biological systems (Section 53.3.5), but also in copper(I/II) systems as a catalyst in O2 redox 
processes (Section 53.3.4), an area that may turn out to be of comparable im rtance to the 
biological origin in the renaissance in the coordination chemistry of copper(1). 3r 

53.3.1 Preparation of Copper(1) Complexes 

The copper(I)23 and copper(II)22 ions can readily form complexes in which the cations act a! 
Lewis acids and the ligands as Lewis bases.36 While copper(I1) is generally considered i 
borderline hard acid, copper(1) clearly behaves as a soft acid and the order of stability of thc 
ligand to copper(1) is that of a soft base class b behaviour (Table 2).36 In general the halide! 
can form a wide range of complexes, with the Cl-, Br- and I- ions predominant, but with veq 
few examples of the F- ion acting as a ligand.37 With 0, S ,  N and P ligands, while 0 and fi 
ligands dominate the chemistry of copper(II),“ S and P ligands are more frequent in copper(1‘ 
chemistry.23 This reversal of ligand role is also influenced by the reducing properties of many S 
P and I- ligands and the ready reduction of the copper(I1) ion (equation 1) to a stablt 
copper(1) species with these ligands when this preparative reduction route is used (Figure 1) 
Where reduction is not required, as in preparations using copper(I), e.g. Cu’X, or startinl 
materials such as [CU(NCM~)~](X) (Figures 2 and 3), copper(1) complexes involving nitrogel 
ligands, such as pyridine, bipy, en and dien, are becoming more common (see later).23,38 11 
aqueous solution the reaction (1) is a quantitative process that may be used for the estimation4 
of the copper(I1) ion, and the electrode potentials of the reaction (equations 2 and 3) readil: 
lead to the disproportionation shown in equation (4).” Consequently, the Concentration of thr 
Cu+ ion in aqueous solution is extremely low (of the order of K = loa for equation 4) comparet 
with the indefinite stability of the Cu”(aq) cation. As a result there is virtually no aqueou 
solution chemistry of the copper(1) ion, compared with the extensive chemistry of thc 
[ C U ( O H ~ ) ~ ] ~ +  ion. For this reason water is rarely found as a ligand to copper(I), but is i 
common ligand in copper(I1) chemistry (Section 53.4).22 The electrode potentials of e uation 
(2)-(4) are readily modified by complex formation with appropriate ligands (Table 3).2 In thi 
way the concentration of copper(1) in aqueous solution can be significantly increased b: 
complex formation, such as in the [CuCl,]- and [Cu(CN),]- anions (Figure l ) ,  by addition of ai 
excess of the appropriate ligand. Alternatively, complex formation may be effected by the USI 
of an appropriate nonaqueous solvent, for example in which the solvent i 
known to be a good h and to the copper(1) ion and to form stable complexes, such as thl 
[Cu(NCMe)J cation? which has been shown b X-ray crystallography to involve a regula 
tetrahedral CuN4 chromophore stereochemistry& As many ligands such as 2,2’-bipyridq 
(bipy) or triphenylphosphine are not very soluble in water, the use of acetonitrile or alcohol a 
a solvent increases the dissolution of the required ligand and the concentration of the requirec 
complex. Together they increase the possibility of obtaining crystalline products and hence thl 
possibility of obtaining single crystals suitable for X-ray crystallographic analysis. An addel 
advantage of acetonitrile as a solvent is that a corresponding anhydrous copper(I1) comple 
may also be soluble in this solvent and may be used as a starting material in the preparations 
followed by reduction by either: (a) a reducing ligand, PR3, I-, CN-, etc. (Figure 1); (b 
refluxing a copper(I1) complex with copper metal (Figures 1 and 3); or (c) electrolyti 
reduction in water, acetonitrile or dirnethylformamide (DMF) (Figure 3). Thu 
Cu(N0&*3Hz0 is readily soluble in acetonitrile and the solution can be dehydrated by boilin 
with dimethyloxypropane and the solution then reduced by refluxing with copper metal to yiell 
the anhydrous [CU(NCM~)~]+ cation in a nonaqueous solutiomM 

9 
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Table 2 Classification of Hard and Soft Acids and Bases. (a) Metal Ion and (b) Ligands% 

Hard Borderline soft 

- Copper(1I) Copper(1) 
F- < C1- < Br- <I- 
0 << S J Se =Te 
N << P >  As > Sb > Bi 

(4 
(b) F>Ct>Br>I  

0 >> S > Se >Te 
N >> P >  As > Sb > Bi 

SOZ(as) 
(a) CuCI2.3Hz0 + KCl - K[CuCl,] 

(b) CuBr2+ KBr 3 K[CuBr,] 

(c) K[Cu12] e Cu2+(aq)+ KI - Cu212 

aq 

excess KCN 
(d) K[CU(CN)~] CuZ++KCN - C U ~ C N ~  

Fgvc 1 Preparation of copper(1)-halide-containing 

@re 2 Preparations from (a) CuX and (b) K[CUX,]'~,~~ 

CuX2.H20 + NCMe + Cu [Cu'(NCMe)JX- Cu[N,mac]+ 
+ dimethoxypropane 

electrolytic P\ / 
[Cu(PPh,)2WO,)I [CU(NCMe)4](BF4)Z40 

Figure 3 Preparation from [Cu(NCMe).,]X complexes3w1344 

Cu+(aq) + e- - Cuo(aq) 

Cu2+(aq) f e- --+- Cu+(aq) 

E" = 0.52 V 

E" = 0.15 V 

201' -+ Cuo +Cu2+ Eo = 0.37 V 
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Table 3 (a) Reduction Potentials of Same CuM Couples26 and (b) Cum/Cu’2 

(a) l / I I  Couple Potential (mV) (b) Ligand CUlI’l CU’L 

CN- 
I- 
c1- 
In laccasse 
In ceruloplasmin 
PY 
phen 
0% 
biPY 
NH3 
Glycinate 
Oxalate 

+1120 en I d  
+860 MGen io4 
+460 Me,en 3 x 10-2 
+420 NH3 2 x 10-2 
+390 
+300 
+ 170 
+ 150 + 120 
- 10 
- 160 

<-zoo 

Such preparative routes will be very dependent on the ligand lability of the [CU(NCM~)~]+ 
cation to substitution by ‘stronger’ ligands, such as the traditional ligands like bipy and Ph3P, 
but have assumed an even more sensitive preparative role where relatively ‘weak’ donor 
ligands [to copper(I)] are involved. Thus the formation of copper(1) carbonyP8 and alkene” 
complexes (see Sections 53.3.2.9 and 53.3.2.10) has made fruitful use of the [CU(NCM~)~]+ 
cation in nonaqueous solution as a preparative medium (Figure 3). For more details of the 
preparative routes using CuX and MCuX2 complexes the reader is referred to refs. 23 and 38, 
and for the use of [CU(NCM~)~]X complexes, to the original literature39 and to the reviews in 
ref. 30. 

In most of these preparations the products are sensitive to atmospheric oxygen and the 
preparations must be carried out under a nitrogen atmosphere and the product handled under a 
nitrogen atmosphere. In the X-ray structure determination of such oxygen sensitive materials, 
the general practice is to use a crystal mounted under nitrogen in a Lindemann glass capillary,45 
sometimes in the presence of a drop of the original mother liquor from which the crystals were 
grown. 

53.3.2 Stereochedtry of Copper(1) Complexes 

The electronic configuration of copper(I), (argon)3d1°, involves a filled 3d shell and hence 
spherical symmetry for the Cu+ ion, in contrast to the nons herical symmetry of the (argon)3d9 

charges, the copper(1) ion is larger than the copper(I1) ion, but by how much is less clear. 
Pauling gives the crystal radius of the Cu+ ion as 0.96 A and that of Cu2+ as 0.734.77 A.49 
More realistically, Huheey quotes different values for different coordination numbers (Table 4) 
and the most comparable coordination number of four-coordinate tetrahedral yields values of 
0.74 and 0.71 A, respectively.20 These values are only slightly different from the values of 0.77 
and 0.73 8, quoted by Greenwood and Earnshaw and suggest that the Cuf ion is only slightly 
larger than the Cu2+ ion.21 

configuration of the copper(I1) ion (see Section 53.3).- Ip As a consequence of the dif€erent 

Table 4 Effective Ionic Radii” (A) for the Cu+, Cu” and Cu3+ Ions as a Function of Coordination 
Number 

Coordination number Geometry cu+ cuz+ cu3+ 

- - Two-coordinate Linear 0.60 
Four-coordinate Tetrahedral 0.74 0.71 - 
Four-coordinate Square coplanar - 0.71 0.68 
Four-coordinate Square pyramidal/ - 0.79 - 

Six-coordinate - 0.91b 0.87 - trigonal bipyramidal 

aValues from R. D. Shannon, Acta Crystallogr., Sect. A, 1W6, 32, 751. 
As no examples of bix-ooordinate copper(1) species exist, this value must be an estimated value. 
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53.3.21 Mononuclear compleres 
In the solid state the stereochemistry of copper(1) in its mononuclear complexes, as 

determined by X-ray crystallography (Figure 4.1), is dominated by four coordination. A 
significant number of three- and two-coordinate Complexes are known, very few five-coordinate 
complexes exist and six coordination (or above) is unknown. This contrasts with the 
predominance of six coordination in the chemistry of copper(I1) (see Section 53.4.2) and the 
absence of two or three coordination in the solid state, and with the formation of a significant 
number of seven- and eight-coordinate geornetrie~.~’,~ 

4.1 Mononuclear complexes 

Two-coordinate [ C U L ] + ,  [CuX,]- 
(9  (ii) I 

Three-coordinate [CuL3 J+,  [CuLJ,] 

-cu- 
Linear 

Four-coordinate [ CuL41 +, [CUL~XI 
(iii) 

/ I 

I 
-cu c----* -cu 

\ 
Trigonal planar T-shaped 

Tetrahedral Triagonal pyramidal See-saw Square coplanar 

Five-coordinate [CuL,]+ 
(vii) I (viii) I 

Square pyramidal Trigonal bipyramidal 

4.2 Dinuclear complexes: X = (a) single anion, e.g. C1-; (b) polyatomic anion, e . ~ .  NCS-; (c) organic 
link 

(9  (ii) (iii) 

/x\ /x\ \ /L 

L / ‘L ‘X/ \x’ 
L-cu -x-cu--L L-cu cu-L 

L 

L-cu-x-cu-L 

TrigonaVtetrahedral Trigonal/tetrahedral/planar 

4.3 Trinuclear complexes 

\ / \ I  /cu-x \ /cu-x \ /  

(0  (ii) (iii) 

X 
X 

X 
X Linear 

Triangular (a) Planar hexagonal ring (b) Puckered hexagonal ring 

Figure 4 Stereochemistry of copper(1) complexes 
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4.4 Tetranuclear complexes 
( A )  Planar 

(i) (ii) 

Copper 

(iii) 

/x\ 
cu- 

I 1 ,/r-JT XT ! J 
cu- c u  cu- c u  \x/' 

( B  ) Tetrahedral 

4.5 Pentanuclear complexes 
6 )  

4.6 Hexanuclear complexes 
(i> 

Regular octahedral 

(ii) 

(ii) 

[Cu,16] - open cubane 

/cu x x  cu \ 

'j / 
/% x x  

'CU I c u  

Distorted octahedral 

Figure 4 (continued) 

cu.cu/ c u  
\ /  c u  

Butterfly 

(vii) X 

1 ,cu-x 
x-cu' 1 

X 

Cud& - stepped cubane 



4.7 Octanuclear complexes 

Cubic icosahedral 
4.8 Chain and ribbon structures 
Single chain 

(i) 
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(ii) 

P\‘ P, 
x\ /x 

\‘cuix c u  
Two-coordinate 

(iii) 
X x \  /x\ /x\ / 

X / \x/ \/ \x c u  CU c u  

X X 
‘CU’ ‘cu’ \cu’ 

I I 
L L L 

Three-coordinate - planar or stepped 

(iv) 

Tetrahedral 
Double chain 

(vi) (vii) 
/ 

( 4  
X 

X 
Four-coordinate Stepped straight Twisted step 

(viii) rn 
1 1 1  x x x  

& Double ribbon 

4.9 Infinite two-dimensional sheets t 

I I 
I I 

I I 

-cu-x-cu- 

X X 

-cu-x-cu- 

(ii) t 

X 
\cu/ \cu’ 

X 
I 

X 
t 

c u  \ ,P\ 
x h i i  

I 
Figure 4 (continued) 
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4.10 Infinite three-dimensional lattices 

Figure 4 (continued) 

The four-coordinate copper(1) complexes are generally tetrahedral (Figure 4.1, iii) 
especially when four equivalent ligands are involved as in [CU(NCM~)~](C~O~) (1)" and 
[Cu(thi~acetamide)~]CI (Z).50 No mononuclear [C*l3- anions, where X = halide ion, are 
known, which is surprising in view of the frequent occurrence of the [ C U C ~ ~ ] ~ -  anion in 
copper(I1) chemistry (see Section 53.4.2) and the frequent occurrence of the C1-, Br- and I- 
anions as bridging ligands in polynuclear copper(1) systems (Section 53.3.2.2).2 Consistent 
with the soft acid behaviour of ~opper(I),~' no mononuclear Cu04 chromophores are observed. 
but a significant number of CuS4 and Cup4 chromophores are including the recently 
characterized Cup4 chromophore of [Cu(PPh3),](C104) (3) The crystal structures 01 
numerous monodentate phosphorus-containing ligands are known (CuP1-3; Table 5 ) ;  with PPh, 
some unusual ligands to copper(1) may be involved in coordination. Thus the fluoride ion 
coordinates in [ C U F ( P P ~ ~ ) ~ ] ~  and even the tetrafluoroborate anion in [CU(FBF~) (PP~~)~]  (4),*' 
although it is not generally considered a strong ligand to any first-row transition metal (see 
Chapter 15.5). Even ox anions may be involved in coordination as a bidentate ligand in 

[Cu(chelate),]+ cations are well characterized, especially with potentially n-bonding donors ar 
in [C~(2,9-Me~phen)~](NO~) (7).54 Only recently has a a-bonding nitrogen chelate been 
characterized in [Cu(N,N-Et2en),][CuC12] (8) .53 With soft donor ligands, bis chelate chro- 
mophores are well re resented: Cu(P-P), in [C~(dppe)~][CuCl~] ,59 Cu(As-As), ir 
[C~(diarsine)~](PF~) (9)' and Cu(S-S), in [C~(3,6-thiaoctane)~](BF~) (10).6l In these 
[C~(chelate)~]+ cations a tetrahedral geometry is involved, although with considerablc 
distortion, e.g. dihedral angles in the range 50-97" (Table 5). With macrocyclic ligands, such as 
l,S-di(2-pyridyl)-3,6-dithiaoctane (Ll), a four-coordinate CuN& chromophore may still bc 
present, but with a rather distorted tetrahedral stereochemistry, e.g.  [Cu(L')](PF6) (ll).73 Witt 
nonequivalent ligands CuXzYz chromophores predominate (Table 5) , but CuX,Y chro 
mophores also exist; one of the more interesting is that of the CuS30 chromophore o' 
[Cu(l,4-0xathiane)~(OH~)](BF~) (12),42 as it is one of the few copper(1) complexes containini 
coordinated water. In [Cu(l,4-0xathiane)~(OClO~)] (W)" a similar CuS30 chromophort 
involves the equally unusual coordinated perchlorato group (Chapter 15.5). No chromo 
phores with four nonequivalent ligands appear in Table 5, but a number occur with thret 
nonequivalent ligands, such as [Cu(bipy)Cl(PPh,)] .85 Although the regular undistortec 
tetrahedral stereochemistry predominates in these four-coordinate copper(1) complexes, othei 
geometries occur to a limited extent, if ligand constraints are favourable. Thus, a unique squart 
coplanar CuN4 chromophore occurs in [Cu(cyclops)] (14) ,86 where cyclops = Muoro-3,3' 
(trimethylenedinitrilo)bis(2-butanone oximato)borate, but even in (14) the macrocyclic ligant 
cyclops is distorted to produce a distinct tetrahedral twist to the CuN4 chromophore of 23-27" 
In other cases alternative descriptions of the stereochemistries are involved, as in thc 
four-coordinate CuC4 chromophore of K3[Cu(CN),].w The [Cu(CN),I3- anion occupies ; 
three-fold crystallographic position with slightly different C u - C  distances of 2.014 and 1.992 1 
( x 3), respectively. Thus, strictly, a trigonal pyramidal stereochemistry is involved, but, as thc 
C u - C  distances are only just significantly different, a tetrahedral description is preferred. P 
better trigonal pyramidal structure (Figure 4.1, iv) occurs in [Cu(pma)](BPh) (W)," when 
pma = 2-pyridylmethylbis(l-ethylthioethyl)amine, and a 'see-saw' structure (Figure 4.1, v 
occurs in [Cu(lS-ane-S5)] (16):l where 15-ane-S5 = 1,4,7,10,13-pentathiacyclopentadecane (se 
Table 5 for alternative examples). In both cases the nontetrahedral geometry arises from 
distortion imposed by the use of chelate macrocyclic ligands. In general the soft acid behaviou 
of copper(1) needs some q~alification;~~ from Table 5 it can be seen that phosphorus is nl 
longer more effective than nitrogen as a ligand, especially in macrocyclic systems; sulfur is 
more common ligand than oxygen, but there are no selenium or tellurium atom ligands; C1- 

[Cu(O2N0)(PPh&] (5) 8 J  and [Cu(OzCMe)(PPh3),] (6)." With bidentate chelate ligands 
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are are all effective bridging ligands (Section 53.3.2.2), and iodine occurs only as a bridging 
ligand. Even hydrogen has been characterized as a ligand to copper(1) in the coordination of 
the (BI&)- anion as a monodentate ligand in [ C U ( H B H ~ ) ( P P ~ ~ M ~ ) ~ ]  (17)69 and as the 
bidentate chelate ligand in [Cu(H2BH2)(PPh3)2] (18) 

Me P \ /p 

CU 2.52 

P 

[Cu(NCMe),](ClO,) (1)4' [ Cu( thioacetamide), JCl (2)50 [C~(Pph&l(C1OJ (3T' 

P 

2.07 
CI-Cl-Cl 

[C~(2,9-Me,phen)~l(NO~) (7)" [Cu(N,N'-Et,en),][CuCl,] (8)53 [Cu(diarsine),](PF,) (9)84 

n 

[ Cu(3 ,6-dithiaoctane),](BF4) 

cu 2.23 

s . 12T\ 
2.27/ 

bo3 
[Cu( 1 ,C~xathiane)~(OClO~)] 

[Cu(lS-ane-S5)] (16)91 

S 
F ? . ? . p S  

c u  
2.27/ z,doI.& 

S 

(lo),' [Cu(L')](PF6) (11)73 [Cu( 1 ,Coxathiane),( OH,)](BF,) (12)' 
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Coordination numbers of three are much less common than four for mononuclear complexes 
of copper(1) (Table 6). A number of trigonal copper(1) complexes occur for three equivalent 
ligands involving carbon, nitrogen and sulfur donor ligands. The CuC3 chromophore of 
Na2[Cu(CN)3].3H20 (19)9' has a crystallographic D% symmetry, and near D3h symmetry occurs 
in [C~(ethylenethiourea)~12(so,) (20) ,92 but even with equivaient ligands distortion of the 
trigonal angles may occur as in (PPh4)z[Cu(SPh)3] (21)93 with a back angle of 135" and the 
opposite Cu-S distance lengthened significantly from 2.274 to 2.335 A. With nonequivalent 
ligands, angular distortion will also occur as in the 118" angle of [CU{(P~~PS)~CH~)C~]  (22).lo1 
With a simple bidentate chelate ligand such as in [CuBr(N, N'-diisopropylethylenediamine)] 
(23),lM the angular distortion is reduced below 90" by the bite of the ligand and the two 
nonchelate angles are correspondingly increased to 137.5". For macrocyclic type chelate ligands 
the angular distortion may be such that the CUN~S chromophore of [Cu(L2)](BF4) (24),lMa 
where L2 = 2,2'-{2-bis(N-propylbenzimidazolyl)diethyl sulfide, is best described as T-shaped 
(Figure 4.1, ii). An interesting mononuclear 'three-coordinate' structure occurs in 
[ C U ( O C ~ O ~ ) ( P C ~ ~ ) ~ ]  (25),'04 where PCy3 = tricyclohexylphosphine, and the percholate group is 
monodentate, giving formally a CuP20 chromophore, but as the perchlorate is disordered over 
two positions related by a crystallographic two-fold axis through the Cu atom and as the PCuP 
and OCuO' planes are at ca. go", the Cu chromophore is best described as a distorted 
four-coordinate CuP2OZ chromophore, with a P-Cu-P angle of 144" and an o--cu--O' 
angle of 36". 

N 
Na,[Cu(CN),].3H2O (19)w 

c1 
S /Ph 12.18 
Y 

12.335 

12.27 
cu 119.7 s / 2:= \;.?& 

\ 
[Cu(ethylenethiourea)Slz(so,) (a)= 

Br 
2.2631 
1 3 s " ~ ~  138" 

(PPh&[Cu(SPh),] (21)93 [Cu((Ph2PS),CH2}CI] (22)'" [CuBr(N,N'-diisopropylethylenediamhe)] (23)'" 

I 1  P v 
[Cu(L2)](BF,) (24)lo3 [Cu(OClO,)( (cyclohexyl),P},] (25)'" 

Classically, the linear two-coordinate copper(1) stereochemistry (Figure 4.1, i) is usually 
illustrated by the [CU(NH~)~J+ cation, but there is no X-ray crystallographic evidence for this 
linear species." Nevertheless, the two-coordinate C u b  chromophore does occur in the halide 
anions [CuX2J- (26; Table 7).105a,b Linear C U C ~ , ~ ~  CuN 2 108*109 and CuS2110 chromophores also 
occur (Table 7 but with bond angles slightly less than 180°, e.g. [CU(BBDHP)](PF&~- 
(BF4)0.34 (27).lL' A characteristic feature of all these linear chromophores is that the CuL 
distances are significantly shorter than the corresponding distances in three- and four- 
coordinate copper(1) chromophores (see later). The five-coordinate geometry for mononuclear 
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copper(1) complexes is the least common stereochemistry for copper(I), and generally occurs 
where macrocyclic ligands impose geometric constraints. It is best known (Figure 4.1, vi) in the 
square pyramidal geometry of [Cu(cyclops)(CO)] (28),112 where cyclops = LBF2 as in (14). In 
(28) the copper(1) atom is lifted well out of the plane of the N4 ligand, p = 0.96 8, (see Section 
53.3.2.10 for a discussion of copper(1) carbonyl complexes). The structure of [Cu(L3)J(BPb) 
(30),'13 where L3 = 2,15-dimethy1-7,10-dithia-3,14,20-triazabicyc1o[14.3.1]icosa-1(20),2,14,16,18- 
pentaene (29), a potentially quinquidentate nitrogen sulfur macrocyclic ligand N3S2, is trigonal 
bipyramidal. This geometry arises from the geometric constraints of the ligand L3 and involves 
significantly longer CuN, than CuN,, distances. A number of potentially five-coordinate 
copper(1) structures also occur with alkene type ligands, but as the precise donor function 
(denticity) is sometimes not clearly defined, these complexes are dealt with in Section 
53.3.2.10. 

0 

n 
\ CI--Cu=kl 

B r - C S E r  N O\ / O  
2 39 I-cu-I 

p = 0.96 A 
[CUX,]- anions [CU( BBDHP)] (PF& -( B Fd)o 34 ( 27)'w [ CU( Cyclops) (CO) 1 (28)' 

L3 = N3S2-17-mac (29)'13 

n 
I 

[Cu(L3)](BPh4) (30) '13  

The crystallographic data summarized in Tables 5-7 and molecular structures (1)-(30) 
provide a description of structures of mononuclear copper(1) complexes involving the basic 
geometries of Figure 4.1. In summary, the four-coordinate tetrahedral geometry (iii) 
predominates, while the two-coordinate linear (i) and three-coordinate trigonal planar (ii) 
make a significant contribution to the stereochemistry of copper(1). The four-coordinate 
trigonal pyramidal (iv), see-saw (v), and square planar (vi) geometries, the three-coordinate 
T-shaped (ii) and the five-coordinate square pyramidal (vii) geometries involve less than six 
examples each, and the five-coordinate trigonal bipyramidal geometry only involves one 
example (30). Table 8 summarizes the average CU-L distances according to ligand type and 
coordination number, and includes the number of occurrences of a given Cu-L distance for 
mononuclear copper(1) complexes. Figure 5 shows plots of the average Cu-L distances against 
the coordination number for the different ligand atoms, and, in general, establishes that the 
Cu-L distances increase with increasing coordination number. As a number of the copper(1) 
structures are far from regular, e.g. see-saw (16), T-shaped (24) and (W),  and bent (27), this 
suggests that notwithstanding the spherical symmetry of the dl0 configuration of the copper(1) 
ion, the regular geometries of the copper(1) ion may be connected by the soft modes of 
vibration of the CuL, chromophore to yield the possible structural relationships of Figure 6(a). 
This accounts €or the structures involving clear bond-length and bond-angle distortions from the 
regular structures of Figure 6(a) (see Section 53.4.4.5 for a discussion of the structural 
pathways in copper(I1) complexes). 
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Table 8 Average Cu-L Distances (A) for Copper(1) 'Mononuclear' Complexes as a Function of Coordination 
Number 

Coordination no. F- c1- Br- I- 0 S N P C 

2 - 2.092 2.226 2.39 - 2.136 ' 1.88 - 1.95 
4 2 4 2 6 8 

3 - 2.220 2.305 2.55 - 2.259 1.967 2.273 1.93 
2 2 3 17 7 2 

4 2.047 2.336 2.424 (2.70) - 2.312 2.04 2.257 2.W 
2 3 1 (10) 41 47 23 

2 -, 23 I cu-p 

I I 1 I 
2 3 4 

Copper coordination number 

FEgure 5 The average Cu-L distances for mainly mononuclear copper(1) complexes (data from Tables 5-7 and 9) 

53.3.2.2 Binuclear complexes 

Binuclear complexes form a significant class of copper(1) complexes involving bridging by 
one, two, but not three, ligand atoms, as in Figure 4.2 (i)-(iii).33 In practice the bridging role is 
most common for halide ions (especially iodides) and mainly involves a symmetrical 
arrangement of two single-atom bridges, as in (31) to (35), with tri onal (31),"4 tetrahedral 
(32)98 and mixed trigonalhetrahedral copper stereochemistries (33) !19 Cu-Cu  distances are 
in the limited range 2.9-3.2 A for symmetrical two-atom bridging (Table 9). In general a planar 
Cu2X2 unit is involved, but a recent exception is the bent Cu21z unit of ( A s P ~ ~ ) ~ [ C U J ~ ] ' ~  in 
which the trigonal planar CuI2 units are orientated at 147" to each other. In tetrahedral CuX2Y2 
units, as in (32), the CuX2 and CuY2 planes are orientated at approximately 90" to each other. 
In most cases the terminal ligands are monodentate with a tetrahedral Cu atom geometry 
preferred to trigonal geometry (Table 9). In the former, chelate ligands may be involved as in 
[Cu(N,N'-dii~opropylethylenediamine)I]~ (34)'" and [ (N,N,N',N'  -Me4en)CuI]2.'26 The dinu- 
clear bridging iodide, Cu212, is sufficiently stable to occur with dimethyldiarsine (35) as a chelate 
ligand and a tetrahedral Cu12As2 chr~mophore.~" The dinuclear bridging sulfur group Cu2S2 
occurs in [Cu(2,4-dithiobi~ret)Cl]~.DMF (36),'= while phenoxide and sulfide bridges occur in 
(37) and (38) re~pective1y.l~~~~ Dinuclear copper(1) complexes can also occur with polydentate 
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Figure 6 (a) Structural relationships in (a) copper(1) two-, three- and four-coordinate structures; and (b) structural 
relationships between the closed (A) and open (J3) cubane structures 

ligands, such as the hydrotris(1-pyrazoly1)borate in [Cu(HBpz3)12 (39),'33 which forms a very 
compact Cu2N2 bridged complex with a very short Cu--Cu separation of 2.66& which is 
comparable to that of 2.64 A in [CU**(O~CM~)~(OH~) ]~  (316; Section 53.4.2.3) and significantly 
shorter than the Cu-Cu  distances of 2.9-3.23 A in Table 9. In (39) the CuN4 chromophores 
involve a very distorted tetrahedral stereochemistry, N-Cu-N angles of 94-145", but with a 
normal Cu-N-Cu angle of 73" (see Table 9). Macrocyclic ligands may be used to hold 
together two copper centres close enough for bridging to occur as in [CU,(L~)(SCN)~] 
where L4=(41). Dinuclear complexes occur with polynuclear bridging XY,, groups as in 
[Cu(PPh,),(NNN)]2 (42),135 involving a tetrahedral CuP2N2 chromophore, with equivalent 
bridging (NNN- anions. 
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Dimeric copper(1) structures with single-X-atom bridging units (Figure 4.2, i) are much less 
common than two-X-atom bridging structures. A single-sulfur-atom bridge occurs in [Cub- 
XYSEt)(NCMe)12(PF& (43),136 where p-XYSEt = (a), while in [Cu(L5)(SCN)](c104) 
(45),13’ where L5 is the sulfur equivalent of L4 (41), a single (SCN)- anion bridges two 
tetrahedral Cu chromophores. Equally, dinuclear complexes involving different bridging groups 
are not common, but do occur as in [Cuz(CuHuN20)(pyrazole)] ( 4 6 ) , 1 3 *  which is of interest as 
not only does it involve a bridging pyrazole ligand (see Section 53.4.2.3), but the copper(1) 
environment involves a three-coordinate T-shaped CuNzO chromophore, and a green product 
is obtained by reaction with 0 2  in DMF solution (see Section 53.4.2.3). The largest group of 
dinuclear copper(1) complexes does not involve bridging ligands as such, but involves organic 
chains that constrain the two copper centres to lie close to each other; in these systems the 
atoms may be two, three and four coordinate with the copper atoms so far apart that the 
compounds may be considered to involve mononuclear copper atoms. Thus in the complex 
[Cu(XYpz)I2(BF& (47) ,I3’ where XYpz = bis(3,S-dimethylpyrazolyl)-m-xylene, the bent two- 
coordinate CuNz chromophores, N(l)-Cu-N(2) = 159.7”, are well separated with a Cu-Cu 
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separation of 6.35 A, while in [c~,(rn-XYpy~)](PF~)~ (48),140 the T-shaped CuN3 chromophores 
are separated by 8.94 8, and in [Cu2(rn-XYLSEt)(MeCN)2](PF6)2 (49)14' the four-coordinate 
CuS2NN' chromophores are 9.95 A apart. Notwithstanding this large Cu-Cu  separation in the 
solid state, in certain solutions all three complexes (47)-(49) are oxygen sensitive. This suggests 
that the oxygen sensitivity is not just a function of the low two and three coordination numbers 
of the copper(1) atom in these complexes. Significantly shorter Cu-Cu  separations of 5.1 8, 
occur in the 3,5-dimethylpyrazole analogue of (&),la which is still oxygen sensitive, while the 
imidazole analogue is not.142 Even shorter Cu-Cu  separations result in a face to face approach 
of the three-coordinate copper chromophores, namely 3.77 8, as in the Cup02 chromophores 
of [Cu(acacP)lz (SO), where HacacP = o-[ (diphenylphosphino)benzoyl]pinacolone, and 
2.78 A in the CuN3 chromophores of [Cu,(TPEN)](BF& (51),lU where TPEN = N,N,N',N'-  
tetrakis(2-pyridylmethy1)ethylenediamine. In (50) and (51), both three-coordinate Cu chro- 
mophores are intermediate in structure between trigonal and T-shaped with the largest angles 
being 150.4 and 146.8", respectively, and the Cu atoms distorted out of the trigonal plane 
towards the second Cu atom by 0.009 and 0.07 A, respectively. Although the latter corresponds 
to the shorter Cu-Cu separation of 2.78 A, the stereochemistry is still best described as planar 
rather than pyramidal. The CuN3 chromophore of (51) is also unusual in that the Cu-N 
distance of 2.30 A is opposite the large N-Cu-N angle of 146.8" and is considerably longer 
than the average of 1.976 A observed for the Cu-N distance in mononuclear three-coordinate 
copper(1) (Table 8). Even two-coordinate CuN2 chromophores can involve short C u 4  
distances of 3.04 A, as in [Cu2(EDTB)](C10& (52),145 where EDTB = N,N,N',N'-tetrakis- 
(2-benzimidazolyl)methyl-l,2-ethanediamine, in which the N-Cu-N angles are nearly linear 
at 170.9", and exceptionally short Cu-N distances of 1.88 A, consistent with a two-coordinate 
CuNz chromophore, which suggest that the two further Cu-N contacts of 2.77A are clearly 
too long for any significant bonding. A slightly unusual dimerization for copper(1) of two bis 
chelate copper(1) systems in [Cu(2,2'-bithiazolidin 1)2](ao4)2 (53)'& involves tetrahedral 

Cu-S distance of 3.039& which is in the direction that makes the CuN3SS' chromophore 
square-based pyramidal and is reminiscent of a copper(I1) environment rather than the 
described copper(1). No examples are known of a dinuclear copper(1) complex involving three 
bridging ligands as in Figure 4.2, (iii). 

CuN3S chromophores, which bridge through a 2.428 K C u - S  distance, with an additional long 

[ Cub-XYSEt)( NCMe)J,(PF& (43)'j6 p -XY SEt (44)'36 [Cu(L5)(SCN)](CI0,) 

CU. * . . . . 6.35 /t ,873 
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[ Cu,(m -XY LSEt) (MeCN),] ( PF,), (49) 14' 

0 Ztl 
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[Cu(acacP)], (5O)lA3 

53.3.2.3 Tnntuclear compltxes 

These are much less common than either mononuclear or diruclear complexes of copper(1) 
and occur as a linear arrangement of bridged copper(1) atoms (Figure 4.3, i), as a triangular 
arrangement (Figure 4.3, ii), or as a six-membered ring with bridging X groups (Figure 4.3, iii). 
In general the bridging groups are monatomic anions such as C1-, OH- and sulfur atoms. The 
triangular arrangement of Figure 4.3(ii) occurs with either a single capping ligand as in 
[Cu,(dppm),(OH)](BF& (54) where dppm = Ph2PCH2PPh2, or with a bicapped trigonal 
bipyramidal arrangement, as in [Cu3(dppm),C12](C1) (55) ,14' or [Cu3(dppm),13] In the 
[C~~(dppm)~(OH)]~+ cation of (54) the Cu core is situated in a 'picket-fence' type environment 
with the face opposite the OH group exposed and involving three sites of copper unsaturation, 
as each Cu is three coordmate, positioned in a hydrophobic cavity of the dppm ligand. In both 
(55) and (56) both faces of the Cu3 triangle are Capped by halide ions. The planar hexagonal 
bridged ring structure of Figure 4.3 (iii) (a) requires that the copper(1) atoms are three 
coordinate, as in (Et4N)3[C~3S18] (57) ,150 while the puckered hexagonal bridged ring structures 
of Figure 4.3 (iii) (b) could occur for both three- or four-coordinate copper(1) species, both of 
which can accommodate the boat or chair conformation of the Cu3X3 ring. Three-coordinate 
planar copper(1) occurs in [Cu(Me3PS)C1I3 (58)lS1 with a chair conformation of the Cu3S3 ring 
and a four-coordinate Cu& puckered ring in [CU~(~U)~~][SLF&-H~O (59). 152 An unusual 
trinuclear structure occurs in [ C U ( P ~ Z P H C P ~ ~ ) ] ~ , ' ~ ~  with mixed coordination numbers, two 
trigonal planar Cup3 chromophores and two two-coordinate C u e  chromophores (C-Cu-C 
angle = 158"). The only trinuclear cop er I structure involving more than one bridging type of 

with near linear Cu-CN-Cu links (174 and 173"); the CuNzCN chromophore is distorted 
tetrahedral with the plane of the phen ligand at ca. 90" to the Cu3(CN), plane. 

atom occurs in [Cu(CN)(phen)], (60)' P in which the Cu,(CN), ring system is essentially planar 
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Tetranuclear complexes occur nearly as frequently as the dinuclear complexes, especially 
when iodide or sulfur ligands are present. No strictly linear tetranuclear Cu& structures are 
known; square planar or rectangular Cull units exist but these are much less common than the 
regular and distorted tetrahedral Cu4 units. A near planar arrangement of four Cu atoms 
occurs (Figure 4.4) in [ C U ~ ( M ~ N ~ M ~ ) ~ ]  (61)155 with C u 4 u  distances of 2.66A. In 
[ C U ~ ( O ~ C C F ~ ) ~ ] * ~ C J - I ~  (62)156 the Cu-Cu  distances are significantly longer at 2.80 A due to 
the presence of the more electronegative oxygen ligand and the coordination of the copper(1) 
atoms is increased by the formation of weak x bonds to the benzene molecule. In 
[ C ~ ~ ( r n h p ) ~ ] , ~ ~ '  where mhp = 6-methyl-2-oxopyridine, a C u d ,  chromophore is present, as in 
(61), but the Cuq is no longer planar. In [CuCl(Zbutyne)] (63),lS8 halide ions bridge the four 
planar copper atoms to give an eight-membered ring (Figure 4.4, ii) with the C1 atoms 
alternately out of the plane of the Cu atoms. In [ C U . + ( C H ~ S ~ M ~ ~ ) ~ ] ~ ~ '  and [Cu4{N(SiMe3),>,] 

bulky nitrogen ligand groups1@' connect the four planar Cu atoms, with C u 4  
distances of 2.42 and 2.69A, respectively. A similar planar Cu4 chromophore with oxygen 
bridging occurs in [CU(OBU')]~'~~ with a Cu-Cu  distance of 2.71 A. In [2-Cu-1- 
(dimethylaminomethyl)ferrocene]4 (65) ,16, the planar CQ atoms are bridged in a most unusual 
way by single carbon atoms from a cyclopentadienyl ring, which then forms one ring of a 
ferrocene unit, [ F e ( c ~ ) ~ ] .  In [ C U ~ ( ~ U ) ~ ] ( N O ~ ) ~  (66; tu = thiourea)163 the four Cu atoms are 
bridged by two single S atom bridges and two pairs of S atom bridges (Figure 4.4, A, iii); see 
also (NPr4)2[Cud3r6]1ab with a short Cu-Cu distance of 2.71 8, and a sharp Cu--S--Cu angle 
of 69". In (66) the Cu atoms are each coordinated by four thiourea ligands to give a tetrahedral 
CuS4 chromophore, but two of these four sulfur ligand atoms bridge to a second Cu atom to 
yield a zigzag chain of Cks6 units. In [C~~(dpprn)~(&C)~] (67)lW symmetrical bridging of a planar 
Cu4 unit occurs by double-bridging trithiocarbonate sulfur atoms. 
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The butterfly configuration for a Cu4 unit (Figure 4.4, iv) has been characterized in 
[Cu(MDAP)], (68$'" where MDAP = {5-methyl-2(dimeth lamino)methyl}phenyl, in 
[Cu{ (Pr'O)2PS~)]416 and, more recently, in [Cu(NEt2)j4 (69) ;IJ both the former structures 
involve an asymmetric bridging carbon atom from a phenyl ring, Cu-C = 1.97 and 2.16 A, and 
the copper coordination number is increased to three by a Cu-N bond of 2.19 A; the C u 4 u  
distances are short at 2.38 and 2.74& respectively. In (69) the separation is 2.66,4 and the 
CuNz units are nearly linear with an N-Cu-N angle of 175.4'. 

The tetrahedral Cu.& is the most common tetranuclear copper(1) species and primarily 
occurs (Figure 4.4, v) as the 'cubane' structure Cu&L4, where X is C1-, Br- or I- and L is a 
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monodentate (L) or bidentate (b) ligand. The basic cubane structure was first recognized in 
[CuI(AsEt3)14 (70).16* Two interpenetrating Cu4 and I4 tetrahedra are involved, approximately 
at the corners of a cube, but significant distortions of the regular 90" angles occur to give values 
of 97-113" (Table 10). With monodentate ligands L coordination to the copper@) ions occurs 
approximately along the three-fold cube diagonal to generate a tetrahedral CuX3L chro- 
mophore. In a series of CuqJ6(PEt3)4 complexe~, '~~ while the Cu-X distances increase with 
the size of the halide ion X, due to a significant change of the X-Cu-X angle from 97 to 109" 
in this series (Table loa), the corresponding Cu-Cu distances show a significant decrease as 
the Cu-X distance increases. This suggests that the cubane Cu& unit is best considered as a 
tetrahedron of X atoms with the Cu atoms in tetrahedral sites, with the copper atom moving 
nearer to the X3 plane and the centre of the cube as the size of X increases. As the Cu-X 
distance increases, the Cu-L distance increases slightly for the same L (Table 10b).'70 A range 
of cubane structures is formed with X = I-, but for X = C1- large L groups, such as PPh3, were 
thou ht to be req~ired;"~ however the recent establishment of the corresponding [CuX(NEt3)I4 
(71)' series, where X = Cl- and Br-, questions this requirement (Table lob). Ref. 170 
includes a useful tabulation of the Cu&L4 cubane structures. In a series of Cu4& complexes 
(Table 1Oc) the Cu-1 distances are not constant (2.54-2.77 A) and the Cu-Cu separations 
vary from 2.60 to 3.18 A, which again correlates with a decrease of the X-Cu-X angle from 
115 to 101" in the same sequence (Table 1Oc). The cubane structure of [CuBr{P(Bu'),)], (72)17' 
is unusual in having a crystallographic three-fold symmetry, while in [ C U ~ C ~ ~ ( N E ~ ~ ) ~ ]  (73),121,176 
the cubane structure is retained and has a crystallographic three-fold symmetr but with the 

is present in a crystallographically general position, with CUI$ chromophores, two of which 
involve a monodentate sulfur ligand and two involve a bridging sulfur ligand to give a linear 
zigzag chain structure. A relatively complex cubane type Cu4S4 unit occurs in [Cu(S,CNEt,)], 
(75),179 in which one of the S atoms constitutes the Ch4S4 unit and the second S of each 
S2CNEt2 group symmetrically bridges two copper atoms on the four side-face, Cu-Cu  pairs. A 
comparable structure occurs in [CU{S~CN(P~ ' )~]~ .~~* While the cubane C u m 4  structure is of 
interest in its own right, it may also be considered the parent of a number of related copper(1) 
structures as shown in Figure 6(b), which also builds up to the open cubane structures in 
(Ph3MeP)2[Cu416] (76).18' The compact cu414 cubane cage is lost and a more 'open cubane' 
tetrahedral structure (Figure 4.4, vi) results. The Cu-Cu separation is still 2.74-2.76 A, well 
within the range of C u 4 u  distances of Table 10(b), but the interpenetrating tetrahedra of X, 
atoms of (70)-(73) are now missing and the six I- atoms symmetrically bridge all six of the 
Cu-Cu  edges of the tetrahedral Cu unit, with a Cu-I-Cu angle of 64-65". An equivalent 
structure involving bridging sulfur ligands has been established for [c&(sc(NH2)2}6]- 
(N03)4.4Hz0,182 and (Ph4P)2[Cu4(SPh)6] (77) .93,fm Further examples of the [ C U ~ ( S P ~ ) ~ ] ~ -  
anion have now been characteri~edl~~ and the conformational isomerism that can arise has 
been discussed. In the open cubane Cu& structure each Cu atom is trigonal pyramidal, with 
no terminal fourth ligand atoms. If some at least of these positions are occupied, this results in 
enhanced saturation, as in [CU~{SC(NH~)~}~](NO~)~.~H~O (78),lS2 relative to the three- 
coordinate CuS3 chromophores of [CU~(SC(NH~)~)~](NO~)~-~H~O (as in structure 77).lPL A 
related [Cu4S6] structure has been described for [C~(iptp)~][CuCl~]-CCl~ (79) ,lS5 where 
iptp = imidotetraphenyldithiodiphosphino-S, S, a chelate sulfur ligand, in which each iptp ligand 
chelates one Cu atom and bridges two others (cf. 75). In (79) none of the four cubic X ,  
tetrahedral positions is occupied to give an 'open cubane' structure and the presence of the 
chelate ligands imposes an approximate three-fold symmetry with each Cu atom involved in a 
trigonal pyramidal CuS3 chromophore if Cu-Cu  distances of 2.76-2.82 8, are excluded as 
bonding. 

5 

Cu414 units linked to give a linear chain of Cu-1 bonds. In [CU~I~(SE~, )~]  (74)'' 1, the CuJ4 unit 

N 
As 

,cu- I 
/ 

N 
CUI( AsEt,)], (70)', [CuCl(NEt,)], (71)"' 
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Table 10 Some Molecular Distances for [Cu4&L4] C ~ m p l e x e s ’ ~ ” ~  

X Cu-X (A) X-Cu-X (“) Cu-Cu (A) Cu--L (A) Ref. 

(a)  L = P E t ,  
CI 
Br 
I 

( b )  L=NEI ,  
c1 
Br 

(c) X = I  
2MePY 

AsEt; 
PEt3 
PPh, 

2.43 
2.54 
2.68 

2.44 
2.54 

2.70-2.77 
2.70 
2.70 

2.67 
2.54 

2.67-2.72 

2.65-2.73 

97 
101 
109 

101 
104 

111-115 
113 
113 
107-115 
112 
101 
103-115 

3.21 
3.18 
2.93 

3.07 
3.04 

2.67-2.72 
2.60 
2.68 
2.78-2.90 
2.78 
3.18 
2.87-3.16 

2.18 169 
2.20 169 
2.25 168 

2.05 170 
2.06 170 

1.99-2.07 171 
2.02 172 
2.04 173 
2.37-2.38 174 
2.36 168 
2.19 168 
2.25-2.26 175 

a denc = N,N-diethy~nicotinamide. 

9 
\ 

,CU- BT 
P’ 

[CuBr(PBu:)], (72)”’ 

c u 4 u  s 
\ 2.74-2.83 
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” 
[CUJ~,(NE~&.] (73)121.176 
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The basic Cu& cubane structure may be further opened out into the stepped cubane 
structure of Figure 4.4 (vii), as in [ C U ~ B ~ ~ ( P P ~ ~ ) ~ ] * ~ C H C ~ ~  and [Cu414(dppm),] (82a),187 
both of which involve a mixed copper(1) stereochemistry with central tetrahedral CuPX3 
chromophore and terminal trigonal CuPX2 chromophores. In the stepped structure of 
[Cu&(2-Mepy),) (81)lZ1 two additional nitrogen ligands increase the coordination number to 
make all four copper atoms four coordinate with two terminal Cu12N2 chromophores and two 
nonterminal Cu13N chromophores. At all the steps, the Cu-I-Cu and 1x11-I angles are 
opened out to 100-120" to yield a rather flattened 'staircase', which is then reminiscent of the 
ribbon-like structure of the unusual tetranuclear complex [ M e 2 P C u ~ P h I 4  in (82b; Figure 
8).lg8 In (82b) the I atoms of the cud14 unit are replaced by alkyne carbon atoms and the 
nonterminal copper atoms are involved in a long C u - C  distance of 2.22A to produce a 
distorted CuC4 chromophore. The two terminal Cu atoms involve two P ligands to yield a 
tetrahedral CuGP2 chromophore. In (81) and (82) the basic Cu4 species of both structures 
could alternatively be described as a linear tetramer, but in view of the relationship to the Cu414 
cubane cage, the stepped cubane description is preferred. 

/p 
cu-cu 

2.99-3 45 

Br 

,CU- 
P 

[Cu4Br4(PPh,),] .2CHC13 (80)'" [Cu414(2-Mepy) (81)'" 

53.3.25 Penfanuelear complexes 

Pentanuclear complexes are only of limited occurrence (Figure 4.5, i and ii). One of the best 
examples has only recently been recognized in (Me&l)&u~(SPh)7] (83),189 and involves an 
open cubane structure with the top face bridged by a single S atom of the benzenethiolate 
ligands (Figure 4.5, i). The four Cu atoms of the original Cu tetrahedron involve near trigonal 
planar CuS3 units, and the fifth Cu has a near linear CuS2 unit with an S - C u - S  angle of 
175.2". The overall symmetry of the [Cu&] chromophore is approximately G,, with Cu-S 
distances of 2.16-2.33 A, and short Cu-Cu distances of 2.72-3.76 A, in which the longest 
distance of 3.76A is associated with the two Cu atoms bridged by the fifth Cu atom. This 
suggests that the fifth Cu atom has significantly increased the Cu-Cu separation of the basic 
Cu4S4 unit of cu, 2.70 A. A pentanuclear copper(1) complex involving bridging X atoms (Figure 
4.5, ii) was first recognized in [CO(NH3)6][Cu5C11,]C1 (84),'90 which consists of an almost 
regular tetrahedral CuC14 chromophore, which is unknown in a monomeric copper(1) structure 
(see Figure 4.1, iii), bridged to four additional CuC13 chromophores. 

CUCI, 
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CUCI, 
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53.3.26 Hosanrrclexar complaes 
Hexanuclear complexes are more common than pentanuclear complexes and are based upon 

a near regular octahedral Cu, unit (Figure 4.6, i) or a distorted cu6 unit (Figure 4.6, ii). The 
most regular octahedral structure is observed in [ ] H ~ C U ~ ( P P ~ ~ ) ~ ]  (85)191 and more recently 
[H6CU6{P(totyl)3}6];~~ in (85) the cu6 octahedron invohes terminal PPh3 ligands on each Cu 
atom; the Cu-P distance is 3.24A. Two mutually trans faces of the Cu octahedron are 
enlarged to Cu-Cu  distances of 2.63-2.74A compared with 2.49-2.6OA for the shorter 
C u - C u  distances; the longer Cu-Cu distances are believed to involve bridging hydrogen 
ligands. A less regular octahedron due to nonequivalent ligands is present in [C%(2- 
Me2NC6&)J3r2] (86)'% and in the comparable structure of [ C U ~ ( ~ - M ~ Z N C ~ H ~ ) ~ ( C C ~ H ~ ~ -  
4)2].194 A very distorted cu6 octahedron occurs in the structure of (Ph4P)2[Cu6(S4)3(S5)];'95 the 
sense of the distortions (Figure 4.6, ii) suggest that two tetrahedra share a common e d g  and 
the faces of a cu6 unit are bridged by three S4 chains and one S5 chain of sulfur atoms. 

P 
I 

53.3.2.7 Octunucleur compltxes 
Polynuclear complexes with more than six copper atoms are unusual, except for ones 

involving a Cu8 unit (Figure 4.7 . This involves a [CU,(S~R)~] unit and occurs in 
(PhMe3As)4[cu8(~2cc(cN)2}6] (87))96 but also occurs with the sulfur ligands {Sz&(CO)z}2- 
and {S2CC(C0~Et)~}z-.'97 In all three complexes a basic cube of cu8 atoms is involved, which 
is capped b an octahedral array of S2 ligand groups to yield a range of Cu-Cu  distances of 
2.77-2.91 81 . 

[P~M~,A~]~[CU,{S,C,(CN),},I (87)196 

$33.28 D d a n u c l m r  complexes 
Recently the crystal structure of (Ph.,P)4[Cu1zSs] (88) has been re orted to involve a cube of 

' eight S2- anions with interpenetrating cubo-octahedral Culz units;' it represents an inverted !? 
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CusSlz ratio as observed in (87). The arrangement of (88) is not strictly cubic as the Cu-Cu  
distances range from 2.774 to 2.980 A, the C u - S  distances from 2.156 to 2.179 A, and the 
S--Cu-S angles are 167-171'. 

53.3.29 Injnite chains, sheets and three-dimensional lattices 

While the structures so far described in Figure 4.1-4.7 involve distinct molecular and 
polynuclear copper(1) species, they are characterized by the relatively low coordination 
numbers of two, three and four. Such low coordination numbers are conducive" to bridging 
ligand functions and hence to infinite lattices involving chains (or ribbons), sheets and 
three-dimensional lattices. lg9 Figure 4.8 summarizes the types of chain structures characteristic 
of copper(1). 

The most simple linear chain structure (Figure 4.8, i) involving two-coordinate cop er(I 

linear chain structure involving three-coordinate copper(1) (Figure 4.8, ii) may occur as an 
essentially planar CuXzL chromophore as in [Cu(CN)(HNEt2)] and J$U(CN)(NE~~)] ,~ '  
with a tetrahedrally distorted CuX2L chromophore as in [CuC1(Et2S2)], or as a trigonal 
pyramidal CuLX3 chromophore as in [CuC1(~N2Sz&))I (91).m3 In (91) the rubeanate ligand 
bridges the copper atoms along the chain and the CI- anions act as terminal ligands in the 
CuC1S2S' chromophore. In (91) the chains are stacked in pairs and linked by a long Cu-S 
distance of 2.86 8, to form a distorted tetrahedral CuCISzS chromophore that is described as a 
(3 t- 1)-type coordination with the Cu atom tilted 0.38A out of the CuClS2 pIane. In the 
three-coordinate tetrahedral chains of [CuI(2,4,6-trimethylpyridine)] and 
[CuI(a~ridine)]'~~ the tetrahedral distortion of the Cu12N chromophore relates the chains of 
(92) to the double-stepped structure of Figure 4.8 (vi). For this reason these structures have 
been referred to as the split chain or stepped structures.204 A chain of regular tetrahedral CuCb 
chromophores occurs in K2[CuC13]zo5 and in ( p ~ a q u a t ) [ C u C l ~ ] . ~  In the former, single corners 
are shared to give a zigzag chain, while in the latter edge-sharing is involved to give a linear 
chain structure (Figure 4.8, v and ivy respectively). Mixed ligand atom bridging may also occur, 
as in the linear bridging chains of [CuC1(C&N4S2)]-H20 (93)207 or [CuBr(l,Coxathiane- 
S)],ms or in the nonbridging chelate-ligand chains of [Cu(drnphen)(NCS)] (94):09 or in the 
bridging chelate chains of [CuBr(Et2PPEtz)] (95)210 and [CU(NC)(CH~),(CN)](NO~)?~' Linear 
chains with mixed trigonal and tetrahedral geometries may also occur as in [ C U ~ ( C N ) ~ ( ~ -  
Mepy),] (96)154 and {S,C3(SMe),}[Cu2I3] (97).212 The dcuble chain structures of copper(1) 
(Figure 4.8, v-viii) are even more common than the single chain structures of copper(I), and 
they generally involve tetrahedral CL& chromophores or three-coordinate CuX3 chio- 
mophores with a tetrahedral distortion. The former appears in the [Cu2Cl3]- anion of 
C S [ C U ~ C ~ ~ ] ~ ~ ~ *  (see also (NEt4)3[C~7C11~]),213a in the [Cu2Br2]- anion of ( P ~ z N ~ ) [ C ~ ~ B ~ ~ ] ~ ~ ~  
and in the [CUZI~I- anion of CS[CUZI;?],~~~ in which each CI& chromophore shares three edges and 
two vertices with adjacent groups in the chain. In (Mefi)[Cu213] (98)215*216 a slight modification 
of the double tetrahedral chain occurs, involving the sharing of one edge and face, while in 
[CUI(E~~S~) ]~"  an equally complicated double chain of shared Cu13S tetrahedra is involved. In 
[CUCI(~N~S~H~)~.~](OH~)~.~~ (99)"' the CuS3Cl tetrahedra are linked in two directions by the 
bidentate rubeanate ligand to form two interpenetrating zigzag helical chains. The stair or ste 
polymer chain of Fi we 4.8 (vi) and (vii) has been characterized in [CuX(py)], X = Cl(100) 
or I, [CUX(NCR)],Z~~ X = Cl, Br and I, and R = Me and Ph. By changing from methyl cyanide 
to methyl isocyanide a linear polymer with a displaced stair structure is observed in 
[CuI(CNMe)] (lOl)?m while in [CuI(NzMez)] (102)=' a double stair polymer chain is formed 

occurs in the helical chain structure of K[CU(CN)~] (89)'O0 and N~[CU(CN)~.~H~O]?  r : )  The 

coc -s 
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by azomethane linka es. One of the most structurally intriguing complexes of copper(1) is 
[Cu(02CMe)] (103),2%2” bearing in mind the dimeric structures of [CU(O~CM~)~(OH,) J2 (see 
316, Section 53.4.2.3). Structure (103) retains the unique acetate ligand bridging role of the 
copper(I1) complex, but this is now restricted to planar dimeric [Cu2(02CMe),] units, linked by 
further oxygen bridges into a staggered linear polymer which is planar overall. The Cu-Cu 
distance of 2.556(2) 8, is significant1 shorter than any of the Cu-Cu  distances in the dimeric 

formally square coplanar, a geometry that is uncharacterized in the mononuclear stereochem- 
istries of copper(1) (Figure 4.1), particularly for a CuO, chromophore (but see 14). If for this 
reason alone the Cu--Cu distance is considered nonbonding, the Cu03 chromophore is still 
most unusual as it has a T-shaped structure that involves two angles much less than 120°, 
namely 80.4 and 110.5”, with a third o--cu--O angle nearly Linear at 170.1”. More recently the 
electron diffraction structure of anhydrous copper(1) acetate has been reportedmb to involve a 
dimeric planar structure related to the solid state structure (103), with relatively short C u - 0  
and Cu-Cu  distances of 1.868 and 2.491 A, respectively. 

copper(I1) carboxylates of ca. 2.64 A , and, if considered a bond, the copper(1) environment is 

P-P 

Br P-P 
c u  

[CuBr(Et,PPEt,)] (95)”’ 

C U X U  2.51 

c u  
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/ / --cu 
C U 4  

I 1  
/ I/-? 
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/" ,cu-/i 
/'- c u  
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c u  - 
I I  

C 
I 

,cu I.-? - 
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[CuI(CNMe)] (101)'" [CuI(N2Me2)] (102)=' [Cu(OzCMe)] (103)'% 

The formation of infinite two-dimensional sheet structures in copper(1) compounds (Figure 
4.9) is much less extensive than the formation of tetranuclear or hexanuclear complexes might 
suggest. Rings of Cuq and Cug atoms are still involved with intermediate bridging ligands; in the 
former the Cu atoms are three-coordinate trigonal planar, as in K[CUZ(CN)~]-HZO (lM)2u with 
the water molecule at the centre of the rings. In the latter, puckered sheets of four-coordinate 
copper are involved, as in [Cu(CN)(N&L+)lJ105) .224 A slightly different four-membered ring 
structure is formed in [Cu(CN)(NH3)] (106) in which the CN- anions not only allow pairs of 
Cu atoms to bridge through the C atom, but also then form an additional Cu-N link. The NH3 
groups coordinate to each Cu atom either above or below the Cu-Cu planes to maintain a 
CuCzNz chromophore if a relatively short Cu-Cu  distance of 2.42A is considered nonbond- 
ing. [Cu(suc~inonitrile)~] (C104)226 also involves a Cu4 ring system with tetrahedral CuN4 
chromophores. The sheet structure of the copper(1) halides' ' also involves 4 : 4 coordination, 
but even in CuzO this is complicated by two interpenetrating nets.228 In /3-[Cu(NcS)] (107)m 
there are sheets of tetrahedral CuS3N chromophores linked by the bridging thiocyanate ligands, 
while in (C5H5N)[CuZ(SCN)3] (108)230 a more complicated three-dimensional structure (Figure 
4.10) is present, involving tetrahedrally twisted Cu& units bridged by four ( S o -  anions in 
the plane and by four links out of the plane, In the Cuz& units a rather long C u 4 u  distance 
of 2.80 A occurs. 
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53.3.210 Carbon monoxi& compltxes 

A unique feature of cop er(1) chemistry is the reversible fixation of carbon monoxide by 
solutions of copper(1) salts!3' such as CuCl, in which the precise chemical species in solution 
has never been adequately defined.u2 Despite this lack of precise information, such solutions 
were extensively used for the estimation of CO gas.B3 The extent of the reaction and its 
reversibility are dependent on the nature of the solvent and the particular copper(1) salt used (cf. 
Figures 2 and 3). Presumably the solvent is involved in coordination to the copper(1) species 
and the stability of the Cu(CO),(solvent), species will be determined by the coordinating 
ability of the solvent, not only to dissociation of the CO, but also towards disproportionation to 
cop er(I1) and copper metal. Since the first isolation of a solid copper(1) carbonyl, namely 

the methods of preparation, characterization and crystal structure determination of the known 
copper(1) carbonyl complexes. These data were reviewedB1 in 1983 and the preparative routes 
and structural results are summarized in Figure 7. Against the general background of the 
structural chemistry of copper(1) summarized in Figure 4.1-4.10, the copper(1) carbonyl 
complexes at present characterized are restricted to mono- and bi-nuclear structures. In general 
the preparations are from the copper(1) halides (Figure 7) and the structures are stabilized by 
nitrogen donor ligands, and not by the phosphine type ligands so characteristic of the early 
copper(1) coordination chemistry. With one exception all the carbonyl complexes of known 
crystal structure involve coordination of the CO group via the carbon atom to a single metal 
and result in a characteristicU1 C-0 stretching frequency in the range 2055-2117 cm-I (Table 
11). This contrasts with the C-0 band at 1926crn-I in the only bridging carbonyl of known 
crystal structure, namely [C~2(tmen)~(p-PhCO~)(p-CO)](BPh~) (116; Figure 7).240 In the 
dinuclear carbonyl complexes of Figure 7, the bridging ligands involve the halide ionus or 
carboxylate anion,M as might be anticipated, but also involve bridging ethylenediamineB7 (in 
[c~~(en),(cO)~](BPh&, (1W) and histamines9 (in [C~~(hm)~(Co)~ l (BPh~) ,  lE), which are 
normally found as chelate ligands. Since the reviews summarizedU1 in Figure 7 were published, 
further carbonyl complexes have been characterized: a dinuclear macrocyclic complex in 
[c~,(tpen)(CO)~](BF~) (117),1","7 where tpen = N, N,N',N'-tetrakis( 1-pyridylmethy1)ethylene- 
diamine, but of more si nificance, two tetranuclear carbonyl complexes. These are 
[Cu(CO)(OBut)]4 (l18)z*3a' and [Cu(2-methylquinolin-8-01ato)(CO)]~ (119).m The latter is 
prepared from sodium 2-methylquinolin-8-olate in THF at 65 "C and 60 atm of CO pressure: 
the structure has S, symmetry of the cubane-like cage and the C-0 stretch occurs at 
205Ocm-l. The unusual feature of (118) and (119) is that they both involve Cu-0 bonds. 
which are much less common than Cu-N bonds, either in the complexes shown in Figure 7 01 

in the cubane-type structures of (70) to (79). Two further monomeric complexes involve a 
mixed tetrahedral CuCN20 chromophore in [Cu(bipyam)(OC103)(C0)] (lzo) , where 
bipyam = 2,2'-dipy1idylamine,~~~ and [Cu(CO)(EtSO,)] (121).250 Structure (120) is also unusua 
in involving a coordinated perchlorate group (see Chapter 15.5) with a relatively long C u - C  
distance of 2.4 8, and (121) involves a tridentate bridging ethanesulfonate anion to produce i 
double chain structure involving a local tetrahedral CuC03 chromophore. 

Nonempirical LCAO-MO-SCF calculations251 have been carried out on the hypothetica 
species [Cu(NH&(CO)]+ and [Cu(NH3)3(CO)] + as models for the [Cu(en)(CO)]' (ll2) an( 
[Cu(dien)(CO)]* (U1) cations (Figure 7); each suggests that the Cu-C-0 angle should bt 
linear (as observed) and that the coordination energy of the CO is -33.9 kJ mol-*. 

[Cu P (CF3COz)(CO)] ,w4 as a polycrystalline sample, a significant literature has accumulated on 

Table 11 The IR Spectra of Some Well-characterized Copper(I) Carbonyl Complexes of (a) Known and (b) Unknowr 
crystal structure 

ZR (cm-') Ref Complex 

2068 112 [Cu(CF,CO,)(CO)] 

2117 237 [Cu'Cu'L] 

2065 238 [C~Jphen)~Cl,(C0)] 
2055 239 
1926 340 

(b )  Unknown crystal structures 

2083 235 [CU$CO)(OH,)&C~O~) 
2080 236 [CuCuTL] 

2087 237 [Cu(CO)](AsF,) 

IR (cm-') Ref. 

2155 241 
2131 242 
2065 '243 
2061 243 
2180 244 
2M6 245 
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A major reason for the interest in the carbonyl complexes of the copper(I1) ion lies in the 
possible copper-promoted carbonylation of organic substrates252 as in the Gatterman-Koch 
reaction (equation 5) and in the carbonylation of amines to N-alkylf~rmamides.~~~ Likewise the 
reduction of CO to methanol on copper-based catalysts is believed to occur through the 
formation of an intermediate Cu-40  unit. From an inorganic chemistry point of view, it is 
equally of interest that the stable carbonyl complex [Cu(L6)(CO)], where L6 = 1,2-bis-Q2-(4- 
methylpyridyl)imino}isoindoline~53 can be oxidized by atmospheric oxygen to a copper(I1) 
bridged carbonate complex [ {Cu(L6)}~(p-C03)] (l22) ,254 suggesting that oxygen insertion has 
occurred to give an in situ carbonate anion (see Section 53.3.2). It may then be significant that 
copper(1) does form stable carbon monoxide complexes where 0 atom ligands are present 
(118-121) and equally that a suboxide, [Cu40j, has been recognized255 on the surface of 
annealed copper metal that involves the oxygen at the centre of a rhombically distorted CQ 
tetrahedron, a structure that may relate to the cubane structures of (118) and (119) (see Section 
53.3.2.4). 

PhMe -k CO &EAcl3 p -Me CJ4,CHO ( 5 )  
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[ { CU(L6) } 2(P -CO,>l (w254 

53.3.2.11 Alkene c o m p l m ~  
Solutions of copper(1) salts such as CuCl or Cu(CF,S03) readily absorb alkenes but it is 

frequently difficult to isolate crystalline solids with well defined stoichiometries, unless more 
traditional ligands are present, such as dien or Complexes may alternatively be 
prepared from the copper(I1) salt in ethanol in the presence of an alkene by a suitable reducing 
agent (see Figures 1-3). If ethylene is added to an aqueous solution of copper metal and 
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copper(I1) perchlorate the disproportionation is reversed to the formation of a solid ethylene 
complex (equation 6; Danger: explosive), and while the structure of 
[CU(C,H,)(OH&](C~O~)~~ has not been determined, it is also unusual in containing water as a 
ligand to copper(1). The early literaturez6 of the preparation and structure of ethylene and 
alkyne complexes is summarized in Figure 8, and was reviewed in 1 9 6 P  and more complete1 

dinuclear ,263 tetranuclear (cubane264 and stepped'25Jss structures), hexanucleaP and linear 
chain2% structures are formed. In general the C=C units are bonded symmetrically to the 
copper(1) ion and may be considered to occupy a single coordinate position stabilized by metal 
to ligand n back-bonding. Two- (122),260 three- (127)% and four-coordinate (l23-125) 
structures are involved with only the alk ne group involved in a near symmetrical bridging role 

in 1982.=' Paralleling the normal coordination chemistry of copper(1) , mononuclear, 2-22  

through a single carbon atom as in (82)l i( and (126).265 

Cu0 + [~(oH&](C104) + cZH4 - [ C U ( G ) ( O H ~ ) ~ ] ( C ~ O ~ )  (6) 

More recently, crystal structures have been reported of copper(1) alkene complexes involving 
more traditional nitrogen chelate ligands; thus diethylenetriamine (dien) forms a complex with 
hex-1-ene, [Cu(dien)(hex-l-ene)](BPh4) (128) ,%' while bipyam stabilizes three-coordinate 
complexes with both ethylene and acetylene, [Cu(bipyam)(GH4)](C104) (129)249 and 
[Cu(bipyam)(GH2)](BF4) which offer a useful comparison of the relative bonding of 
C,H, and C2H2 to the same [Cu(bipyam)]+ cation. On the other hand while HB@z), forms a 
three-coordinate structure in [Cu(HBpz3)(C,H4)(CuCl)]  IN),^" along with a linear [ N ~ u -  
Cl]- anion, in substituted HBpz3 ligands (see ref. 271) a four-coordinate CuN3(G) chro- 
mophore is present, as in [Cu{HB(3,5-Me2pz)3}(C2H4)J (132).270 In the majority of these 
copper alkene complexes the Cu atoms are either three or four coordinate if the C, group is 
considered as a single unit with C atoms at comparable bonding distances of ca. 2.1 A from the 
Cu atom.259 In the former the CuL(G) chromophore is trigonal planar with the C, unit lying 
in the plane of the CuL, unit and not perpendicular to this plane,259 while in the latter the 
Cuk(G)  unit is approximately tetrahedral. With a macrocyclic ligand L7 (133)n2 a dinuclear 
complex [Cu(L7)j2(BFh4)2 is formed with a distorted tetrahedral CuN3(G) chro- 
mophore with the L7 ligands bridging the se arate Cu atoms, such that each involves a pyridine 

second L', with a long C u 4 u  interaction of >4.0A. With substituted alkynes a more 
complex behaviour occurs, thus in the reaction of [CU(P~CO~) ]~ ,  which has a tetranuclear 
structure similar to (62) ,156 a dinuclear complex [ C U ~ ( P ~ C O ~ ) ~ ( P ~ G = C P ~ ) ~ ]  is formed 
with a C u - C u  separation of 2.78A. With the macrocyclic ligand L8 (l36), a most unusual 
tetranuclear copper(1) structure is formed [CU~(L')~(P~C%C)](C~O~)~*DPDA (137),274 where 
DPDA = diphenylacetylide anion. Four copper(1) atoms interact with a single C+C unit: two 
appear to be a-bonded to the alkyne carbon and two are n-bonded to the C=C unit. The 
strong copper-alkyne A interaction is reflected in the relatively long C-C distance of 1.385 A, 
compared to that of 1.3%, normally observed for alkynes (Table 12), and the nonhnearity of 
the C-C-C(Ph) bond of (137). 

nitrogen and an imine nitrogen from one L -P and imine nitrogen and an alkenic group from the 

Table 12 The C-C Distances (A) of Alkene and Alkyne Complexes of Copper(1) 

(a) Alkene complexes C=C Ref. 
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53.3.2.12 Mixed metal complaes 

The copper(1) cation can form a number of complexes involving different copper(1) 
stereochemistries (Table 13), but in addition is able to form a number of mixed metal 
complexes involving one or more bridges to other metal atoms, which are potentially of interest 
as a number of enzymes and proteins (types 111 and IV) are known to contain more than one 
type of metal atom as a polynuclear structure (see Section 53.4.8).",25 In general the copper(1) 
atom and second metal atom may involve a completely independent structure (Figure 9) 
involving two single atom bridges with each metal displaying a typical stereochemistry as 
observed in its mononuclear complexes. In [VO(salen)ClzCuCl] (138)275 the vanadium(1V) 
involves a square pyramidal VNzClzO chromophore and the copper(1) a trigonal planar CuC13 
chromophore with a planar VClzCu bridging group. More usually, more than two metal atoms 
may be linked by one or more bridging ligands where the local metal stereochemistry is still 
recognizably that of the component metal atoms, thus (Ph4P)2[ (MS4)(CuC13)].MeCN may be 
prepared for M = Mo or W and have the same tetranuclear structures (139)276 and (140)2n with 
tetrahedral MS4 units and trigonal planar CuS2Cl units (Figure 9). By varying the Mo : Cu ratio 
to 1 : 4.3, the complex (Ph4P)3[(M~OS3)(CuC1)3][CuC12] (141)278 is formed with a tetrahedral 
Moos3 unit and the same peripheral trigonal planar CuSzCl units to yield a cation of C% 
symmetry and, in addition, a linear [CuC12]- anion. A trigonal planar CuS3 chromophore 
occurs in both (NPr~)2[(PhS)CuS2MoS2] (142)"' and (NPr!&[(PhS)Cu(S2MoS2)Cu(SPh)] 

they are both double bridged through an MoS4 chromophore. Consistent with the 
dinuclear bridging CuZCl2 unit (Table 9) this system occurs in the mixed metal complex 
[{piperidine N-oxide( -l)}zMo(p2-S)2{Cu(p2-Cl)}2] (144; Figure 9),'" while a monocubane 
structure occurs in [(Ph3PCu)3C1S3(WO)] (145)?*l and a dicubane structure occurs in 
[{(C,H7)3P}Cu4(WOS3)2] (146).%' In the cu6 group of [{(triph~s)IrP~}~Cu~Br~J[CuBr~] (147),2s3 
where triphos = 1 , 1 ,1-tris(diphenylphosphinomethyl)ethane, five different copper(1) environ- 
ments are present. In the tetrahedral Cu4 unit the uppermost Cu has a tetrahedral CuBrP3 
chromophore to three separate P atoms. Each top surface Cuq triangle is symmetrically capped 
by three [(triphos)IrP3] units and the bottom Cu3 triangle by a trigonal planar CuBr3 
chromophore. Each Cu atom of the Cu3 bottom triangle has a C a r p 3  chromophore from two 
different P31r units and, finally, there is a separate [CuBr2]- linear anion. An unusual mixed 
Cu : Re hydride complex has been prepared, [{ReH5(PMePh2)3}ZC~](PF6) (148; Figure 9),"s" 
with the Cu atom bridging to the two Re atoms by six H atom bridges, a most unusual 
environment for any metal atom. In the mixed metal hydride [(p5-C5H5)2Re(H)Cu(p- 
12)Cu(H)Re(p5-C51-€5)2] (149)285 the position of the hydrogen atom was not located, but the 
structure contains an unusual bent CuIzCu chromophore (see ref. 122). A number of mixed 
metal carbonyl complexes are known such as [CU~R~~(CO)~~(NCM~)~]~~~ or, more recently, 
[CUW(CO)~(PP~~)~(~-C~H~)]~*' and [(PhMe)2Cu2Rh6(CO)18] ?88 but as the oxidation state of 
the copper atom in these complexes is uncertain, and the carbonyl ligands are not coordinated 
to Cu, these complexes are not described in detail and the reader is referred to a recent 
review .257 

53.3.3 Spectroscopic Structural Data 

While X-ray diffraction single-crystal data must always be the most accurate method for 
structure determination of copper(1) complexes in the solid state,18 useful information can be 
obtained from other techniques. In general the stoichiometry m of a complex will provide 
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information on the formal oxidation state of the Cu atom in binuclear species such as 
[Cu2(L9)](C104), (150). 289 In the series of CuICu', Cu'Cun and Cu"Cu" c0mplexes,2~~ X-ray 
photoelectron s p e c t r o ~ c o p ~ ~  may be used to distinguish Cu' and Cu" species, but as shifts of 
only 2 eV, on ca. 933 eV, are involved, care must be taken to compare the spectra with that of 
complexes with the Cu atoms in known oxidation states.. 

(I 

[CU*(L9)1(X), (WB9 
EXAFS spectroscopyzw may be used to determine, in ideal situations, the len h and 

number, n, of the CU-L distances, but while the distances may be reliable to 0.01 ,f the n 
value may only be correct to one unit on three or four ligands.z90 A dicarbonyl coppex(1) 
complex may be prepared by addition of the ligand L9 (l50) to CUI in dry methanol under a 
CO atmosphere; it crystallizes as [ {CU(CO)}~(L~)](BP~~)~.~~' EXAFS spectroscopy yielded 
evidence for Cu-N distances of 2.09 8, for this copper(1) com lex with a reasonable Cu--Cu 
distance of 6.0& In  solutions of CuCN+NaCN the ~pectr$~' are best fitted as shown in 
Table 14(a); the short C u - C  distances of 1.95 A indicate Cu-carbon coordination of the CN- 
anions and the formation of tri- and tetra-cyano copper(1) species dependent upon the Cu/CN- 
ratio. E M S  s p e c t r o ~ c o p ~ ~  may be used to show that in the solid state the Cu atom 
environment can change upon electrolysis (Table 14b). In the CUI-sulfonium I- electrolyte 
the Cu atom environment is changed from four I- anions before electrolysis to three I- anions 
after electrolysis (Table 14b). 

Table 14 EXAFS Results for (a) CuCN+nNaCN Solutionzgz and (b) 
CuI/sulfonium I~ Electrolytic cellszq3 

1.98 3.7 3.12 4.3 
1.94 3.3 3.06 3.6 

[c~(w4i3- [ww3i3 - 

( b )  Cul/sulfonium I -  'Cu-A'I 

CUI 2.54 4 
Cul/SI cell-before 2.54 4 
Cul/SI cell-after 2.58 3 

As the copper(1) ion has an (argon)3d1° closed shell configuration it will be diamagnetic5 and 
usually colourless, as there will be no d-d transitions associated with the CUI i0d7 and hence 
no stereochemical information provided on the CuL, chromophore present or its geometry. In 
view of the diamagnetism, the NMR spectra of copper(1) complexes are not broadened by the 
presence of a paramagnetic centre, consequently both 'H NMR249 and 13C NMR spectraB4 can 
be used to give information on the types of organic ligands present and their structures. Spectra 
measured in solutionD5 indicate that the addition of bipy to [Cu(NCMe),](C1O4) shows only 
coordinated bipy, while the shifts in the 'H NMR peaks with varying ligands L in these ternary 
complexes reflect the strong ; ~ d  acceptor properties of L, which delicately control the n 
back-bonding between the CUI and bipy ligands. More recently the 63Cu NMR spectra2% of the 
CuX halides have been reported (Figure 10); these show broad bands, with shifts in the region 
of 330-390 p.p.m., but 'magic angle spinning' considerably sharpens the peaks to produce shifts 
of 331, 354 and 388p.p.m. for the copper(1) chloride, iodide and bromide, respectively. In the 
[Cu(bipy)&+ cation an intense295 MLCT band occurs at 22 727 cm-'; replacement of one bipy 
ligand by two of the better rc acceptor ligands results in a significant shift of the MLTC band to 
27 777 cm-l, as the bipy MLCT is reduced in preference to the LMCT. 
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c"Ik 
331 354 388 

Shift (p.p.m) * 

Figure 10 The effect of magic angle spinning on the broad band %u MMR spectrum of powdered copperm halide: 
(a) static; and (b) magic angle spinning 

IR evidence of ligand-copper coordination occurs in copper(1) complexes, as described in 
standard textbooks on IR s p e c t r o ~ c o p y . ~ ~ ~ ~ ~ ~ ~  The IR spectra of coordinated polyanions are 
reviewed in Chapter 15.5 and Section 53.4.4.6 and will not be repeated here, except to mention 
that oxyanions are not good n acceptors or donors, but in the presence of a good ~t acceptor 
ligand form complexes such as [CU(PP~~)~(O~NO)]  (5)80 or [Cu(bipyam)(OClO,)(CO)] 
(UO).120,249 In copper(1) halide chemistry the formation of [CuX2]- species has been 
characterized by a single asymmetric stretching frequency at 406, 323 and 279cm-' for the 
[CuC12]-, [CUB$ and [CuIJ anions, r e s p e c t i ~ e l y . ~ ~ ~ - ~ ~ ~  In a series of CuBrP, 
 chromophore^,^^ the vCuBr stretch has been shown to decrease from 380 to 179cm-' as the 
number of phosphine Ligands increases from zero to four. At a more sophisticated level the 
normal coordinate analysis301 of the adamantane-like cages of the [CU&] units (77) has been 
described. The resonance Raman spectra of copper(1) complexes are not extensively reported 
for mononuclear copper(1) complexes, but are more widely reported in biological copper 
systems (see refs. 25 and 30). The resonance Raman spectra of a series of a-diimine ligand 
perchlorate complexes have been reported302 in the region of the MLCT band (16667 to 
21 882 cm-'). The Raman spectra nicely show the IR forbidden v1 symmetric stretch of the 
ionic perchlorate group and the resonance-Raman-enhanced spectra allow a description of the 
electronic changes that are consistent with the published molecular orbital diagramsm 

Although the copper(1) cation has a closed d10 configuration and has no paramagnetism 
associated with this configuration, interest in calculating the electronic energy levels for this ion 
in its complexes is associated with the assignment of the MLTC bands of the copper(1) ligand 
environment.303 As these transitions occur in the visible to near-UV region and are 
electronically allowed and hence very intense ( E  > lOOO), they are generally the primary origin 
of ~ o l o u r ~ ~  in complexes of the copper(1) ion, which would otherwise be colourless. With 
diimine ligands such as bipy or 2,9-dimethyl-1 ,lo-phenanthroline the intense d o u r  is 
frequently used for the emission spectrophotometric analysis of traces of copper.3o5 Equally, 
sulfur ligands are reducing towards copper(1) [and copper (II)], and generate low energy 
MLCT bands which are believed to be responsible for the intense coloup*2520 of the 
biologically important copper blue proteins (see Section 53.4.8). For this reason the molecular 
orbital  calculation^^^ on [C~(ethanediimine)~]+ and Cu1(N2S2) chromophores have been 
carried out using extended Huckel and multiple scattering xa molecular orbital calculations in 
order to assign the electronic energy levels of these chromophores. In both series the origin 
of the colour in these systems is associated with an h4LCT for both diimine and sulfur ligands. 
Ref. 303 gives a very readable account of the use of molecular orbital calculations in assigning 
the MLCT spectra of copper(1) and (11) sulfur ligand Complexes, using a knowledge of the Cu 
atom stereochemistry as determined by X-ray crystallography, as this determines the nature of 
the highest energy d level [filled for copper(1) and half-filled for copper(II)]. It should be 
mentioned that the assignment of these charge-transfer bands as MLCT gives no information 
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on the underlying stereochemistry or oxidation state of the Cu atom involved. In [CUI- 
(cyclops)CO] (28),112 a molecular orbital calculationm suggests that the CO fifth ligand 
involves no formal (J bonding, but only extensive n back-bonding to the copper atom. The 
calculation also indicates that the d,z-,,z level lies above a normally unoccupied ligand n* level, 
which will result in internal electron transfer to the ligand (MLCT'); it is suggested that (243) 
should be formulated as a copper(II1) macrocyclic complex. In the copper(1) alkene complexes 
with symmetrical alkene coordination, (123) to (W7), molecular orbital c a l ~ u l a t i o n s ~ ~ ~ ~ ~ ~  
suggest that there is little direct (J bonding between the Cu atom and the n level of the alkene, 
but significant back-bonding. Nevertheless, probably the most significant contribution that 
molecular orbital calculations have made to copper(1) chemistry is in the discussion of the 
bonding of the polynuclear Cu, species, especially in the tetrahedral Cu4 cubane, octahedral 
Cu6 and cubic Cu8 structures as in (70) to (88). In general these calculations suggest3w314 that 
there is only very weak or no Cu-Cu  bonding present, as intuitively suggested by the 
seemingly wide range of Cu-Cu distances (Table ll), and for this reason it is generally 
considered that these Cu, species are best described as copper aggregates and not copper 
~1usters.l~ 

Spectroscopic measurements and molecular orbital calculations have also been carried out315 
on Cu, clusters, n = 2-6, and mass spectral measurements on the va our of CuCl3I6 suggest 
that the [CuI4Cl13]' cation has an enhanced stability; xIy  calculation^^^' are consistent with an 
extended cluster model. 

53.3.4 Redox Properties of Copper(I)/(II) Systems 

These are associated with three p r o ~ e s s e s : ~ ~ ~ ~ * ~ ~  p) electrolytic oxidation or reduction 
(equation 7); (b) disgroportionation (equation 8);31 (c) the oxidation of copper(1) with 
molecular ultimately yielding water (equation 9). It is this last process that is 
responsible for the air sensitivity of copper(1) com ounds, but equally for the catalytic role of 
copper@) in the oxidation of organic molecules,321,fa and in biological Electrolyhc 
reduction of copper(1) to copper metal is readily carried out as the second step in the 
electrolytic refining of copper metal and in the copper plating process, where the main interest 
is in the cost effectiveness of the proce~s.~ Although the disproportionation reaction (equation 
8)17,30 is favourable in aqueous solution," the low solubility of the copper(1) species in water 
renders this reaction less important than the oxidation to copper(I1). Complex formation in 
solution (Figures 1 and 2) notably increases the solubility, but also increases the stability of the 
copper(1) species to the disproportionation process. The use of [CU(NCM~)~](X) complexes as 
a useful p r e p a r a t i ~ e ~ ~ l  route to copper(1) complexes (Figure 3) is based on this enhanced 
stability and increased solubility in nonaqueous solvents, but even here the reactions are best 
carried out under nitrogen to avoid the oxidation of copper(1) to copper(I1) (equation 7). Due 
to this the coordination chemistry of the copper(l)/(IJ) redox process is primarily concerned 
with the reduction of copper(I1) to copper(I), a process that has been discussed in Table 3, 
Section 53.3.1.26 

CU" CU+ c$+ + 2e- (7) 

2cu+ e cuo+cu2+ (8) 

OZ+4e-+4H+ - 2H20 (9) 

A striking feature of the chemistry of copper(1) is its ability to undergo reversible absorption 
of small molecules such as oxygen,322 carbon monoxide (Figure 7) and alkenes (Figure 8). 
While to date there are no structural data on a dioxygen copper(1) complex, a number of 
copper(1) complexes do form solid oxygenated products (Table 15), the green colours of which 
suggest that they contain copper(I1) rather than copper(1). Nevertheless, the interest in these 
complexes is not confined to their X-ray crystal structures, fascinating as these may be, but lies 
in their possible role as intermediates in the oxidation by molecular oxygen of the coordinated 
species, CO or alkenes. While oxidation of organic molecules in nonbiological and biological 
systems may be completely to COz and water at temperatures well above room temperature, at 
ambient temperature less complete oxidation occurs and metal ions are required as a catalyst; 
copper(1) is a useful e ~ a r n p l e , ~ ~ ~ ~ ~ ~  as in the oxidation3I9 of dimethyl sulfoxide to dimethyl 
sulfone using [CU(NCM~)~][BF~] (equation lo). This reaction is believed to take place via 
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species such as Cu202+ and the former has been isolated321 as [Cu~*0(DMSO)(dio~ane)(BF~)~], 
but not characterized crystallographically (Table 15). Equally the [Cu(~helate)~-~]+ cation may 
be used in the catalytic oxidation323 of primary and secondary alcohols to aldehydes and 
ketones, res ectively . But with different complexes, rather more gentle 'oxygenation' processes 

the copper(1) occurs, or in the oxygen insertion3= of Figure 11 b where oxidation to 

oxidative coupling of phenols to quinones (Figure l l ~ ) . ~ " , ~ ~  Aerial oxidation of a CuCl/ 
pyridine slurry yields a brown solution containing equal mixtures of a brown [(py),C~0]~ and 
a blue[C~(py)~Cl~] species, both involving copper(II) (equation 11). The separated brown 
[(py),C~0]~ solution is u n ~ t a b l e , ~ " ~ ~ ~ ~  decomposing to CuO, but can still initiate reaction (ll), 
and is ESR silent, notwithstanding the formal presence of copper(I1). Usin oxygen donor 
solvents dimethyl sulfoxide or N-methyl-2-pyrrolidinone ( n m ~ ) ~ ~ '  in place of py 
in reaction (11) still yields a brown solution from which crystalline copper(ZZ) complexes 
[L3Cu&1602] are obtained. The crystal structure of [(n~np)~Cu~Cl~O~].nmp (151)331 reveals a 
novel p4-oxo-Cu4 tetrahedral cage with a central oxygen atom, six bridging C1 atoms (see the 
structure of (Ph3MeP)2[Cu&] (76)'") plus three terminal nmp ligands and a single OH2 ligand. 
As solutions of (151) can still initiate reaction ( l l ) ,  it is reasonable to suppose that this p r o  
unit exists in the primary initiation species, but then does not react with C02. For this reason, 
it has been su e ~ t e d ~ ' ~  that the latter may not contain a p4 oxygen, but can still be tetrameric 

diethylnicotinamide).' v332 In the reaction product with Oz two alternative structures may be 
formed as shown in Figure 12; structure (a) involves two surface bridging Cu--o--Cu units, 
which are exposed and react with C02 to form a (C03)24 species, while structure (b) has a p4 
body-centred 0 atom, and one terminal Cu-0 species, neither of which can react with C02 
to form stable p-(C03)'- complexes (see Section 53.3.2.2). In view of the identification of 
these copper(I1) cubane-type cages, which have been shown to be so characteristic of copper(1) 
stereochemistry, it is then significant that the only crystallographic evidence for an O2 species 
has been in a copper(ZZ) complex involving a planar Cu4 unit with two hexaammine 
macrocyclic ligands: L'O (152), [ C U ~ ( O ~ ) ~ ( O H ~ ) ~ ( L ' ~ ) ) , ~ ( B F ~ ) ~  (153).333 In (153) each copper is 
part of a square pyramidal C U N ~ O ( O H ~ ) ~  unit with two bridging 0-0 links of 1.20A and a 
near linear Cu-O-4 angle of 165' rather than the anticipated 120'; (153) then represents the 
first crystallographic evidence of a copper dioxygen species involving copper(I1) , and justifies 
the model compound approach3' to the structural simulation of cop er-catalyzed reactions, 
which are of importance in the oxidation of organic m o l e ~ u l e s ~ ~ , ~ ~ ~ , ~ '  and in the biological 
copper Table 15 lists a number of model copper(1) complexes that have been 
reported to form crystalline products in reactions with molecular oxygen, but for which no 
crystallographic structures were reported. In view of the importance of those oxygenated 
species these systems could justify further examhation, preferably by single-crystal X-ray 
methods, but alternatively by X-ray powder profiie analysis, if only to obtain approximate 
structural data. 

may occu? 2 P  as in the dehydrogenation reaction of O2 of Figure ll(a) in which no oxidation of 

copper(I1) does occur. Similarly copper(I), as CuCl in ~yr id ine ,~  I' 6-330 may catalyze the 

as an [L4Cu!,C1402] kg Fecies has been identified in solution, where L = py or denc (N ,N-  

Cu+ + Me2S0 + O2 - [Cu20]*+ + Me2S02 
4 c u a  + 0 2  - [(py),Cu"0]2 + 2[Cu"(py)2C12] 

(10) 

(11) 

N 



578 Copper 



Copper 579 

(a) Dehydrogenation3” 

(b) Oxygen i n ~ e r t i o n ’ ~ ” ~ ’ ” ~ ~  

(c) Oxidative c o ~ p l i n g ~ * ’ ~ ~ ~ ~  

G O H  R + 2 EO2 [a@--] + nH20  
“ 

Flgnre 11 ‘Oxygenation’ reactions involving copper(1) 

(a) Reactions with CO, 

L 
\ 

L 

(b) No reaction with Co2 L404% 
(a) 

/+Me 
0 

Figw 12 Proposed alternative reaction products of L,Cu4X, species with O,= 
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An extensive literature3213322 describes the catalytic role of the [C~I(chelate)~]+ cation with 
molecular oxygen as an oxidizing agent, where chelate = substituted 2,2’-bipyridyl or 1,lO- 
phenanthroline, in the conversion of alcohols to aldehydes,323 of the decarboxylation of 
ascorbic of Ph3P to Ph3P=0,334 etc. In  general these describe the oxidation products335 
and the kinetics336 of these p r o c e ~ s e s , ~ ~ ~ - ~ ~ ~  but little attention has been paid to the fate of the 
[C~(chelate)~]+ species. Oxidation of [C~(bipy)~](ClO~) by O2 in nonaqueous solutions such as 
nitromethane or a c e t ~ n i t r i l e ~ ~  results in the formation of [C~(bipy)~(ONO)](C10~),~~~,~~~ with 
a structure shown to be comparable to that of the fluxional [ C ~ ( b i p y ) ~ ( O N 0 ) ] ( N 0 ~ ) ~ ~  (see 
Section 53.4.5). This oxygenation process is unusual as it suggests that (NO2)- anions must be 
generated from nitromethane as a solvent, which is not too surprising, but equally from 
acetonitrile, which is surprising. It is also unexpected that the product of this reaction is the 
cis-distorted, octahedral CuN4OZ chromophore, one of the least common ~tereochemistries~’~~~ 
of the copper(1I) ion (see Section 53.4.2.lvii, Figure 19.1). Oxidation of [C~(phen)~](C10~) in 
DMF with molecular oxygen forms the copper(I1) complex [C~(phen>~(O~CH)l- 
(C104)-DMF,343 while [C~(2,9-Me~phen)~](ClO~) in acetonitrile and excess trichloroacetic acid 
yields [Cu(dm~)~(  02N0)](CC13C02)CC13C02H,335 both with &-distorted CuN402 chro- 
mophores. Oxidation of the mixed ligand complexes [C~(bipy)~(npm)](NO~) ,344 where 
npm = nitrophenylmethane, yields [C~(bipy)~(ON0)](N0~), containing the originalN2 cis- 
distorted octahedral CuN402 chromophore. Taken together these reactions suggest that not 
only should the chemistry of copper(1)-catalyzed oxidation be further examined, but that the 
simple catalytic role of the copper(1) species should be further examined in the light of the 
above observations. 

Reference has already been made to the use of dioxygen to oxidize copper(1) carbonyl 
complexes.Z54 The reaction345 of [(Me)Cu’{P(C,Hll)3}]4 with C02 yields both an insertion 
product [MeC02Cu{P(GH11)3}]345 and an adduct [(MeC02)Cu(C02)P(C$111)3]. The adduct is 
so stable that C02 is not given off until the complex is heated to 150°C. Similar insertion 
adducts are formed with Ph3P, e.g. [ R C O ~ C U ( C O , ) ( P ~ ~ F ) ~ ] , ~ ~  and a bridging C02 group is 
suggested for [ C U ~ ( C O ~ ) ( P ~ ~ P ) ~ ] ,  but there is no crystallographic evidence to support this. 
With tertiary butoxide, [ (3~‘0)Cu(Ph~P)]~  in aqueous solution,347 a copper(1) bicarbonate 
complex that is a water soluble reversible C02 carrier is formed. With aryl copper, carbon 
disulfide and dppm, a tetranuclear complex, [C~,(dpprn),(CS,)~] (67) is formed,la involving 
symmetrical bridging chelate S2C and dppm ligands in an approximately planar Cu, unit. The 
reaction of SO2 with [ c~ ( sPh) (PPh~)~]  also yields a simple addition corn lex in 
[ C U ( S O ~ . S P ~ ) ( P P ~ ~ ) ~ ]  (154),75 and in the dinuclear complex [CU~I~(PP~~M~)~(SOZ)~.~~~ 

Et,P ‘Et,P 

[CU(SO,.SP~)(PE~,),] (W)” 

53.3.5 Biological Copper(1) 

In biological copper systems the copper is involved in three basic processes:z4-30 (i) 
electrolytic redox processes, involving copper(III)/copper(I); (ii) (II)/(I) systems, oxygen 
atom rocesses, involving the absorption of O2 molecules and their reduction ultimately to 
water; Q21,322 and (iii) transport processes348 through which copper is absorbed and rejected by 
the body. In general, copper(1) is the electron d o n 0 9 ~ ~  for (i) and (ii) involving copper 
proteins, and copper(I1) is primarily involved in (iii), but there is surprisingly little information 
available on the precise copper(1)-protein i n t e r a c t i ~ n . ~ ~ , ” ~  There are two reasons for this: 
firstly, copper(1) is readily oxidized to coppex(I1) ,lo but in aqueous solution also undergoes 
ready disproportionation to Cuo and Cu” (equation 8) and as copper(I1) is stable in aqueous 
solution, this oxidation state is readily formed. In nature the copper(1) site is generally 
considered to be in a hydrophobic area in the protein, while in model compounds, the 
copper(1) state can be stabilized by the formation of complexes using at least some soft ligands 
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(Table 1) such as the halides, acetonitrile, imine nitrogen chelates or sulfur (thiol to sulfide) 
ligands. In general the redox potential of the Cul'/Cu' couple is more positive the more stable 
the copper(1) species is relative to the copper(I1) species, i.e. the softer the ligands involved 
(Tables 2 and 3). Consequently, the characteristically positive redox potentials of the copper 
biological systems (Table 3a) suggest that the reduced state of the copper is compatible with a 
stable copper(1) stereochemistry. This is generally assumed to involve a distorted tetrahedral 
geometry; however, in view of the stability of the trigonal planar CuL3 chromophore this 
alternative coordination number and stereochemistry should not be ruled out. The more 
positive redox properties may also be associated with the 'similarity' of Stereochemistry in both 
the copper(1) and (11) oxidation states, and in this respect a common tetrahedral stereochem- 
istry might well be appropriate as this geometry is knowa to be stable for both oxidation states, 
while those of linear or trigonal coplanar species are unknown in the stereochemistry of 
copper I1 complexes involving normal ligands (Section 53.4.2.1). Equally, as the 'oxygenation' 

oxygen to a Cu, Cu2 or Cw species, such additions must involve an increase or change of 
coordination geometry in the addition species and the comparability of the initial and final 
stereochemistry of the mononuclear copper species may not be that important. 

The nature of the structure of copper(1) in biological systems is not ~ l e a r ; ~ ~ ~ , ~ ~ * ~  it is 
present in the type III copper, such as in the dinuclear species of the deoxyhemocyanin, but 
there are no X-ray crystal structure data available. EXAFS spectroscopy suggests351 at least a 
two-coordinate copper nitrogen (CuN2) environment, although a third ligand,352 possibly 
oxygen, is not ruled out. Copper(1) also occurs in the multicopper type IV copper system, but 
always accompanied by at least one other type of copper, i.e. 1-111. Because of the mixed 
copper types present, even EXAFS spectroscopy can not give precise information on the 
copper(1 ion environment. For this reason, particular interest awaits the further refinement of 

atoms 3.8 A apart and each coordinated by three nitrogen ligands, probably histidine. But the 
most interesting set of data353b is that for Cur lastocyanin and deoxyplastocyanin (Cu'Pc; 
Figure 16c, i and ii), which are pH dependen $53b,c due to the protonation of a histidine 
nitrogen (87). At low pH the CuNS2 chromophore is essentially trigonal coplanar but at high 
pH changes to distorted tetrahedral, with bond distances that are closely comparable to those 
of Cu"Pc (Fi ure 16c, iii; see Section 53.4.8). Even more interesting is the observation that the 

the principle that Cum redox reactions are only possible for compatible CUI and Cu" 
stereochemistries, namely tetrahedral (see Figure Bo and Section 53.4.4.5). It is then worth 
observing that while the of [C~(phen)~](ClO)~ and [C~(phen)~][CuBr~] (Table 5) 
both contain a CuN4 chromophore, those of the near-regular (clod) complex (dihedral angle 
76.8') are stable to aerial oxygenation, those of the more distorted [CuBr2] complex (dihedral 
angle 49.9') are unstable to oxidation. In the latter the distortion present is closely comparable 
to that of the copper(I1) [cU(phen)2](PF&:26 with a dihedral angle 50.1'. 

The part played by the synthesis of model compounds has assumed3' significant importance. 
In the case of type I copper(I1) (see Section 53.4.8), the distorted tetrahedral CuN3S 
chromophore of K[Cu{ HB(3,5-Me*p~)~} (SC6€&NO2)].2Me2CO (155)74 deserves comment as 
the spectroscopic properties of the corresponding copper(ZI) chromophore CuN3(SR) are very 
similar to the type I copper blue proteins (see Section 53.4.8). For type I11 biological copper 
dimeric structures are more appropriate model compounds, e.g. the linear copper structures of 
[Cu(XYpz)12(BF& (47)13' and [Cu2(EDTB)](C1O4), (52)145 or the trigonal copper structures of 
[ C ~ ~ ( ~ ~ H ~ ~ N ~ O ) ( p y r a l e ) ]  (46)13' and [Cu2(m-XYpy2)](PF& (&).la It is consequently 
gratifying that some at least of these model compounds (Table 15) do react with molecular 
oxygen to form solid products or even undergo oxygen insertion or oxidative coupling (Figures 
12c and 12d, respectively). 

process 8 )  27,328 of copper(1) to copper(I1) is generally agreed to involve an addition of molecular 

the 3.2 A X-ray data on Panulirus Interruptus hemocyanin,353" which suggests two copper 

trigonal HCu 4 Pc is redox inactive, while the tetrahedral Cu'Pc is redox active, consistent with 

KICu { HB(3 ,5-Me2pz),} SC,H,N0,)]-ZMe2C0 
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53.3.6 Survey of Copper(I) Ligands 

The clas~ification~~ of metals and ligands into hard and soft acids and bases respectively 
(Table 2b) usefully separates copper(I), which is a soft acid, from copper(II), which is a border- 
line hard acid, and predicts the sequence of soft base behaviour for the more common ligands 
as set out in Table 2(b). As this review of the coordination chemistry of copper(1) has 
emphasized the stereochemistry of copper(1) complexes of known structure, rather than their 
preparative chemistry (see ref. 23), Table 16 summarizes the complexes of known crystal 
structure (molecular structures (1) to (155), Tables 5, 6, 7 and 9 and Figures 7, 8 and 9) in 
which a given ligand donor atom occurs at least once, with no account taken of multiple 
appearances. In general, the predicted behaviour is not well obeyed and possible reasons for 
this are discussed in the following review of ligand behaviour as set out in Chapters 11-22. 

Table 16 The Frequency of Occurrence of Donor Atoms in 
Copper(1) Complexes of Known Crystal Structure 

N << P > As > Sb > Bi 
84 45 5 0 0 

0 << s = S e  = T e  
20 64 0 0 

F- < Cl- < Br- < I- 
3 347 17 27 

c H 
50 7 

. 

53.3.6.1 Mercury ligands 

No examples of direct Cu-Hg bonds are known. 

53.3.62 Carbon ligands 

These must rate amongst the commonest ligands to copper(I), made up almost equally of the 
cyanide anion (coordinated via carbon and nitrogen), the carbon monoxide molecule (always 
through carbon), and alkene-type ligands; this does not include the 76 known examples of 
a-bonded copper alkyls and aryls as listed in Table 1, p. 711 of ref. 23. Historically, the 
well-documented chemistry of the CUI cyanide system stems from the ready preparation of 
[CuCN] from copper(I1) plus KCN (Figure Id). It functions as a monodentate ligand to yield a 
trigonal planar anion in Na2[Cu(CN),].3H20 (19)97 and as a tetrahedral anion in 
K,[CU(CN),],~ but more frequent1 occurs as a .bridging ligand, as in K[Cu(CN),] (89)200 and 
in (90):01 (104):= (105),m (106)2Jand more recently in the ring complex of [Cu(phen)(CN)I3 

In view of this extensive function as a ligand to copper(I), it is surprising that the 
(CN)- ligand does not form a linear [CU(CN)~J- anion. The coordination chemistry of carbon 
monoxide as a ligand has only developed since 1970; the early complexes are summarized in 
Figure 7 (109 to 116) and in molecular structures (117) to (121). The CO ligand is bonded 
through the carbon atom, never through the oxygen atom, with a near linear (3-424 angle. 
It is generally monodentate, but does occur as a bridging ligand in [ C ~ ~ ( t r n e n ) ~ ( p - P h C O ~ ) ~ -  
CO)](BPh,) (116).240 Equally, the majority of copper(1) alkene coordination wmplexes have 
been developed since 1970 as summarized in Figure 8 (122 to 127) and more recently in 
molecular structures (128) to (l37). The coordination of the C2 unit usually involves 
symmetrical Cu-C distances to either a trigonal planar or tetrahedral copper(1) cation and 
n-type bonding to the Nevertheless, with alkyne ligands CuC a-type bonding may 
also be involved, as in [(Me2P)2Cu(CSCPh)]4 (82b)'% and [ C U ~ ( L ~ ) ~ ( ~ P ~ ) ] ( C I O ~ ) ~ - D P D A  
(137) .274 

No simple ligands involving silicon, tin or lead donor atoms to copper(1) are known. 

53.3.6.3 Nitrogen ligmds 

Although it would be predicted that nitrogen, as a soft base, would be a less effective ligand 
than phosphorus (Table 2b), more complexes involving nitrogen as a ligand have been 
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characterized crystallographically than with phosphorus as a ligand (Table 16). In contrast to 
the copper(I1) ammonia system,354 although copper(1) ammonia complexes are they 
are too unstable to have been characterized by crystallography. Substituted ammonia ligands 
are known as in [CU~CI,(NE~~)~]  (71)170 and [CuCN(HNEt,)] (90),154 but potentially n-bonding 
ligands such as MeCN, as in [CU(NCM~)~](C~O~) (1),43 pyridine, as in [CuClpy] or 
imidazole, as in [Cu(i~nidazole)~](ClO~),~~~ are preferre . In general the nitrogen ligands act as 
monodentate terminal ligands even when the copper atom is involved in a polynuclear 
structure, as in (7 l )  ,170 (90)154 and (100)120 above. Copper(1) complexes involving chelate 
nitrogen ligands outnumber those involving monodentate nitrogen ligands. Purely 0-bonding 
ligands occur only occasionally, as in [Cu(en)CO] (1112)”’ and in [C~~(en)~(Co)~(en)](PPh~)~ 
(113);237 in the latter complex en occurs in an unusual bridging role. Dien is also an unusual 
tridentate ligand to copper(I), but does occur in [Cu(dien)(hex-1-ene)](BPh4) with a bent 
conformation.268 Diimine-type ligands, such as bi y, phen and bipyam, are well represented, as 
in [Cu(bipy)CI(CO)] ,245 [Cu(phen)(NCS)] (94)Jand [Cu(bipyam)(C2H4)](C104) (129) ,a9 and 
seem well able to stabilize the trigonal planar copper(1) geometry. As a tridentate chelate 
ligand the trispyrazolylborate anion is useful for stabilizing the four-coordinate geometry of 
copper(1) as in [Cu(HBpz3)CO] (110)235 and [Cu{HB(3,5-Me2pz)3}(C2H4)] but may 
coordinate as a bidentate ligand as in [Cu2(HBpz3)(czf14)(CuCl)] (131).”O Bis(nitrogen chelate) 
copper(I1) complexes are well characterized, particularly with diimine-type ligands as in 
[C~(2,9-Me~phen)~](NO~) (7),54 with a near regular tetrahedral CuN4 chromophore, but are much 
less common with a-bonding nitrogen chelates, as in the recent structure of [Cu(N,N’- 
Et2en)z][CuC12] (8) ,53 where two independent copper@ stereochemistries are present. Nitro- 
gen chelates are also involved in generating the less common eometries of copper(1) such as 
the square coplanar CuN4 chromophore of [Cu(cyclops)] (14) :f although the structure involves 
a marked tetrahedral twist. A clear square-based yramidal stereochemistry occurs in 

while a bent CuNz chromophore occurs in [CU(BBDHP)](PF~)~.~(BF~)~.~~ (27),Im presumably 
due to the constraints of the nitrogen chelates. Even more significant has been the role of 
nitrogen chelates in generating copper(1) dimers constrained by the bridging chelate ligands to 
produce Cu-Cu separations that may be of the order of magnitude of the separation in 
biological systems. These various structures are illustrated in the molecular structures of (45) to 
(52). Equally relevant to biological systems has been the bridging role of inorganic anions, such 
as the (CNS)- anion in [Cu(L5)(NCS)](C104) (451)’~~ and the (N3)- anion, as in 
[CU(PP~,),(NNN)]~ (42).135 Finally, the role of MeCN as a ligand has already been mentioned 
in (l), but equally it appears as a nitrogen ligand in complexes due to its involvement as an 
extremely useful nonaqueous solvent (Figure 3) as in [CU~(~-XYLSE~)(M~CN~)](PF~)~ (49) .141 

[Cu(cyclops)(CO)] with the Cu atom lifted 0.96 R out of the plane of the four N atoms, 

53.3.6.4 Phosphine ligands 

Traditionally phosphorus has been considered one of the best soft base ligands for copper(1) 
and has generated a significant number of complexes of known crystal structure, primarily with 
monodenate ligands, especially PPh3 and PEt3 and in combination (see Tables 5,6,7 and 9 and 
16). In general the monomeric phosphine ligands only coordinate as single ligand donors and 
do not involve any bridging role. In the polynuclear structures the bridging ligands are 
generally halide ions, oxygen atoms or sulfur atoms with the phosphines acting in a terminal 
ligand capacity, mainly to trigonal glanar copper, as in [Cu{P(cyclohexyl)3}C1]2 (31)’14 or 
tetrahedral copper [ C ~ f i r ~ ( P E t ~ ) ~ ] . ~ ~  In the [Cu(PPh3),)(C104) complex (3),51 there is crystal- 
lographic evidence for a tetrahedral Cup4 chromophore, and the hexameric &$6 is known in 
[&CU6(PPh3)6] and in the equivalent [Hd&,{P(toly1)3}6] c0mp1ex.l~~ Chelate phos- 
phine ligands are not very extensive; they are mainly restricted to dppm, and enerate some 
interesting trimeric cupper(1) complexes, such as [C~~(dppm)~Cl~]Cl  (55) while the 
Et2PPEt2 ligand functions as a bridging ligand in [CuBr(Et2PPEt2)] (95).’1° The bislphosphine 
chelate) copper(1) systems are even less common, but do occur in [C~(dppe)~][CuAr~] ,~~ which 
involves the presence of a tetrahedral Cup4 chromophore and a linear CuC, chromophore. 
Historically AsEts was k s t  characterized in the cubane-type cages of the tetranuclear 
complexes of copper(1) in [CU.+I~(ASE~~)~]  (70)168 and in the corresponding [Cd4(AsPh&] 
~ornp1ex.l~~ A tetrahedral bis(diarsine chelate) copper(1) complex is known in 
[Cu(diarsine)z] (P&) (9) 
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[(Ph3Sb)3CuC1].CHC1385 has been characterized by crystallography. 
While a number of SbPh3 complexes of copper@) have been prepared,Z3,3s5,356 only 

53.3.6.5 Oxygen ligands 
While oxygen-containing ligands have only a moderate representation as ligands to the 

copper(1) cation, they cover a wide range of ligand types. Due to the relative instability of the 
copper(1) ion in water, OH2 as a ligand is not well represented, but does occur in 
[C~(l,Coxathiane)~(OH,)](BF~) (12).62 The oxide anion occurs in C U ~ O , ~ ~  to give a linear 
Cu02 chromophore, and as a triply bridging OH- anion in [C~~(dppm)~(oH)] (BF~)~ (54).14’ 
Oxyanions are moderately well represented with [Cu(PPh,),(OXO)] complexes formed by 
(OC103), as in (25),’04 (02NO)- as in (5),m and (MeC02)- as in (6).” The butoxide ligand 
forms a tetranuclear ring structure161 involving linear CuOz chromophores, but equally forms a 
stable tetranuclear cubane-type structure in [CU,(OBU’)~(CO>~] (118).x7 The square planar 
Cu408 unit is formed by bridging (CF3C02)- anions in [ C U ~ ( ~ ~ C C F ~ ) ~ ] . ~ C ~ H ~  (62),’” while 
copper(1) acetate has a linear dimeric planar CU204 structure (103).222 

53.3.66 Sulfirr ligands 

Consistent with the soft base b e h a ~ i o u r ~ ~  of sulfur as a ligand (Table 16) sulfur considerably 
exceeds oxygen as a ligand to copper(1). It is a good monodentate ligand as in the trigonal 
planar CuS3 Chromophore of /C~(tetraethylenethiourea)~](S04) (20)92 and in the tetrahedral 
CuS4 chromophore of [Cu(thi~acetamide)~]Cl (2).” In the thiophenolate anion sulfur readily 
behaves as a monodentate ligand as in (PPh,)[Cu(SPh),] (21),93 but is equally good as a 
bridging ligand, as in Cu PPh3)2(SPh)]2 (38),l3O and in the extensive bridging role of 

[ C U ~ ~ U ~ ] ( N O ~ ) ~ - ~ H ~ O  (78),lS2 where additional terminal sulfur ligands are present on three 
of the corner Cu atoms. These olynuclear aggregates are further extended to the Cu5 
species ( M e a  Cus(SPh),] (83),” to the highly symmetrical CUg species (Me3As)2[Cus- 
{S2C(CN)2)6]:b[and to the CuI2 species (Ph4P)[CU&] (88).198 While the sulfide ion may also 
act as a three-dimensional bridging ligand in ZnS, the polysulfide anion also forms complex 
metal aggregates, as in the irregular Cu6 species (P~J‘)[CU&)~(S~)] .195 Simple sulfides form 
terminal ligands in the cubane-type structures, such as [ C U ~ I ~ ( S E ~ ~ ) ~ ]  (74),178 in which only two 
of the sulfide ligands are terminal; the remaining two bridge to yield a cubane chain structure. 
Chelate thio ligands are also known as in [C~(3,6-thiaoctane)~](BF~) and in the search 
for model compounds to simulate biological sulfur systems, complex chelate sulfides have been 
prepared, such as in [Cu(p-XYSEt)(NMe)I2(PF6), (43)136 and [Cu(15-ane-S5)] (16).91 Sulfur 
coordination also occurs by coordination of the thioc anate anion as a ligand, as in the 
three-atom bridging present in [Cu(dmphen)(SCN)] (94) $’ or in the single-sulfur-atom bridging 
of [Cu(L4)(SCN)a] (40).i34 Addition of CS2 to the [Cu(dppm)]+ cation results in the formation 
of a tetranuclear Cua species with formation of a thiocarbonate ligand as in [C~~(dppm)~($C)] 
(67),Iw while addition of SO2 to [Cu(SPh)(PEt,),] results in the coordination of SO2 to the 
thiophenolate ligand, as in [Cu(PPh2Me)3(S02.SPh)] (154).75 Notwithstanding that Se and Te 
ligands are predicted to have a stability comparable to that of sulfur ligands36 with copper(I), 
and although both selenium and tellurium complexes have been prepared, there are no 
crystallographic data available concerning their s t r ~ c t U r e s . ~ ~ ~ ~ ~ - ~ ~ ~  

(Ph4P)2[Cu4(SPh)6] (77). d (  3,183 This role is only exceeded by that of the thiourea ligand in 

53.3.6 7 Hali& ligands 
As predicted by the soft acid b e h a ~ i o u r ~ ~  of copper(I), very few examples of the fluoride ion 

coordinated to copper(1) are known (Table 16). It occurs on the fluoride ion in [CU(PF%~)~F],” 
and on the coordinated tetrafluoroborate anion in [CU(PP~~)~(FBF~)]  (4)?’ in both cases a 
tetrahedral CuP3F chromophore is present. 

In contrast, although the chloride anion should also be considered to be a weaker ligand to 
copper(1) than either the bromide or especially the iodide anions, considerably more 



Copper 58s 

chloride-containing structures are known than for the bromide and iodide anions together 
(Table 16). As all three copper(1) halides (chloride, bromide and iodide) can be obtained 
commercially, the preponderance of the chloro complexes cannot be ascribed to the greater 
availability of CuCh The chloride ion has only limited occurrence as a terminal ligand, as in 
[Cu(bipy)(PPh3)C1]" with a tetrahedral CuNzPCl chromophore. It has a much more extensive 
occurrence of the linear [CuCl,]- anion, as in (NBu\)[CuCl,] (%),lo' and frequently occurs as a 
counterion in more complex cOpper(1) species and cations, as in [CU(N,N'-E~~~~)~][CUC~~] 
(8).53 See Section 53.3.7 for examples of the [CuClZj- anion in copper mixed oxidation state 
complexes and [Mo(SP~)~CU~C~~][CUC~Z] (141)278 as an example of the [CuC12]- anion in a 
mixed metal complex. The predominant occurrence of the chloride ion is as a bridging ligand in 
dimers such as [Cu(P(cy~lohexyl)~}Cl]~ (37),129 and in trimers, such as [Cu(2-butene)ClI4 

in which Cu-Cl-Cu bridging occurs. Chloride ion bridging to three separate Cu(1) 
atoms occurs in [Cu3(dpprn)sC12] (55),la but even more extensively in the cubane cage 
structures of [CU~CI~(NE~,)~]  (71).170 The only Cu5 species occurs in [ C O ( N H ~ ) ~ ] [ C U ~ C ~ ~ ~ ]  
(84)" with no evidence for the higher Cu, aggregates. A linear chain structure of tetrahedral 
CuCL, chromophores, linked through two chloride bridges to give a zigzag chain, occurs in 
K , [ C U C ~ ~ ] , ~ ~  whiIe a double chain structure occurs in C S [ C U ~ C ~ ~ ] ~ ~ ~  (Figure 4.8, iii and v, 
respectively). A regular bridged tetrahedral CuC14 chromophore occurs in the infinite zinc 
blende structure of CUC~.~"  

Cu-Br bonds are less extensive than the Cu-Cl or Cu-I bonds (Table 18). Single terminal 
Br ligands occur in the trigonal planar compound [ CuBr(N, N'-diis~propyldiamine)~] (23) '02 and 
a linear [CuBr2]- anion in (NBu~)[CUB~Z] (26)lo5 and [{(triph~s)IrP~}~Cu~Br~][CuBr~] (147).283 
Simple bridging dimers occur as in ( N E ~ ~ ) [ C U ~ B ~ ~ ] ; ' ~ ~  [ C U ~ ( P P ~ ~ ) ~ B ~ ~ ]  (33)'19 is unusual as the 
bromide bridge connects a trigonal planar CuPBr2 and tetrahedral CuP2Br2 chromophore. No 
Cu3 aggregates are of known structure, but the CuJ3rqL4 cubane structures are known, with 
L = PEt3169 and NEt3,l7O and also the stepped structures of [ C U J ~ ~ ~ ( P P ~ ~ ) ~ ] . ~ C H C ~ ~  (80).lw 
Linear chains of a half-stepped structure [CuI(2,4,6-Me3py)] (92)204 occur in [CuBr(NCMe)] ,"' 
and in the alternate Br- and Et2PPEtz bridges of [CuBr(Et2PPEt2)] (95).210 The zigzag linear 
chain structure, involving tetrahedral CuBr4 chromophores, occurs in (Ph2N2)[C~ZBr3]?14 As 
predicted from Table 16, the Cu-I bonds are more extensive than the Cu-Br bonds. Single 
terminal Cu-I structures are very limited (see [C~I(2,6-Me~py)]~~), but dimeric bridged 
structures are well represented, as in [C~I(died)~] (34).Io2 A Cu3 cluster occurs in 
[ C ~ ~ ( d p p r n ) ~ I ~ ]  (56) ,149 involving one Cu-bridging I- and two three-Cu-bridging I- ions. 
However, the predominant Cu-I structure is that of the CuJ4L4 cubane-type structure of 
[ C U ~ I ~ ( A S E ~ ~ ) ~ ]  (70),16' with each I- ion bridging to three Cu atoms and each Cu clearly 
tetrahedral. The same basic cage exists in [Cu414(SEt2),] (74),178 but with two of the terminal 
SEt, ligands involved in bridging, to give a linear cubane-type chain. Unlike the C1- and Br- 
ions, but like the S atom, the I- ion can form the more open cubane structures, as in 
(Ph3MeP),[Cu416] (76),lS1 in which the Cu4 tetrahedron involves six I- ions bridging the six Cu, 
edges to give a more open structure. In addition the Cu414 stepped structure occurs in 
[ C U ~ I ~ ( P P ~ ~ ) ~ ] " ~  (see 80) and in [Cu414(2-Mepy) (81) ,121 where the two additional 2-Mepy 
ligands increase the coordination of the two terminal Cu atoms from trigonal planar (CuI,N) to 
tetrahedral (Cu12N2). The I- ion forms a split chair structure in the infinite chains of 
[CuI(2,4,6-Me3py)] (92>,'04 involving three-coordinate CuIzN chromophores and a linear zigzag 
infinite chain in (Me4N)[Cu213] (98).2x5'216 In [CuI(CNMe)] (101)l2O an infinite chain of 
displaced chair structures is formed, while in [CuI(NzMez)] (102)221 a double chain of CuzIz 
ribbons is linked by bridging MeN-NMe ligands. 

53.3.6.8 Hydrogen ligan& 
Hydrogen is involved as a ligand to copper(1) in a very restricted sense. In mononuclear 

copper(1) complexes it is restricted to the monodentate (B&)- anion in the four-coordinate 
CuP3H chromophore of [CU(PP~~M~)~(HBH,>] (17)6g and to the bidentate (BH4)- anion in 
the CuP2H2 chromophore of [Cu(PPh&(H2BH*)] (18) ( y e  Table 5).@ It is believed to occur as 
a bridging H atom in the hexamer [ H & u ~ ( P P ~ ~ ) ~ ]  (85)' and more convincingly in the neutron 
diffraction structure of [H&U6{P(tOly1)3}6] ,192 in which the hydrogen bridges account for the 
slightly longer Cu-Cu  distances in the two trans faces of the cu6 octahedron. A mixture of 
terminal and bridging H atoms is believed to be present in the mixed metal structure of 
[ReH5 { P(Me)Ph2} 2Cu] (PFs) (148) .284 
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53.3.69 Mired donor atom ligan& 

While there are no crystal structures of mononuclear Schiff base complexes of copper@) 
(N-0 ligands) available, these do occur as in the dimeric structure of 
[C~~(~~H~~N~O)(pyrazzole)l (46)13' and in the tetranuclear structure of [Cu(2- 
Meq~inoline)(CO)]~ (119). 48 Mixed N-S ligands are more frequent in view of the biological 
interest in CuS bonds. The tetrahedral distorted CuN2S2 chromophore occurs in [CuL1](PF6) 
(11),'3 a trigonal pyramidal CuN2Sz chromophore occurs in [C~(pma)](BPh,)~ and a T-shaped 
CuN2S chromophore occurs in [CU(L~)](BF,).~~ In [Cu(L3)] (30)*13 a unique five- 
coordinate trigonal bipyramidal geometry occurs. A number of N-S ligands have been 
prepared to produce not only C u 4  bonds, but also polynuclear copper(1) syecies as in 
[CU(~-XYSE~)(M~CN)~] (PF6) (43)136 and [ CU&~-XYLSE~)(M~CN)~](PF~)~  (49). No mixed 
0 - S  ligands have been described that com lex with copper(I), but a mixed 0-P ligand is 
known for the compkx [Cu(acacP)12 (50),'4Pand yields a T-shaped CuP02 chromophore. A 
mixed As-N chelate ligand occurs in the dimeric [CU~I~(AS-N)~] (35),l" where As- 
N = dimethylaminophenyldimethylarsine (Table 9). 

A number of the above complexes may be alternatively considered as macrocyclic iigands or 
compartmental ligands, but as the emphasis has been primarily in terms of the local copper(1) 
stereochemistry and the polynuclear nature of the complexes, they have been included above. 
As there is no crystallographic data on biological copper(I) systems, this section will have to 
await the further refinement of the structure of Panutirus Interruptus hemocyanin.353 

53.3.7 Copper(I)/(II) Mbred Oxidation State Complexes 

While the bulk of copper complexes can be separated into copper(1) and copper(I1) 
oxidation states, a number of complexes involve a mixture of the (I) and (11) oxidation states, 
and a smaller number involve an intermediate oxidation state. Robin and Daym have classified 
the behaviour of mixed valence complexes in general, and have divided the behaviour into 
three classes, 1-111, as summarized361 in Table 17, and applied to the element copper. Some 
reference to the properties of mixed valence compounds of coper  are included in the original 
reference in an update362 and in a more theoretical review. A substantial review of the 
stereochemistry of mixed valence complexes of copper has been p u b l i ~ h e d . ~ ~  For this reason 
the present section only summarizes the stereochemical situation and the related electronic 
properties. In general, the three types of mixed oxidation state complexes of copper are 
prepared from a mixture of copper(1) and copper(II) starting materials or from a copper(I1) 
starting material and mild chemical reduction (Figure 13) or carefully controlled electrochemi- 
cal In chemical reduction (CN)-, ( S 0 3 ) 2 -  and S2- anions frequently occur and 
consequently appeaP7' as ligands in the mixed valence complexes shown in Figure 13. In class I 
complexes the copper(1) and (11) units are clearly different and the stereochemistries are, 
separately, consistent with the known stereochemistries of the copper(1) ion (Figure 4) and of 
the copper(I1) ion (Figure 19. I, Section 53.4.2). Simple mononuclear copper(I1) complex units 
may be involved, e.g. (156)365 and (157),366 and those in Table 18, along with mononuclear 
copper(1) units, but the tendency of copper@) to involve polynuclear anionic structures is 
reflected in the linear chain structure of the [CU(S~O&]~- anions of (1$7),366 the CUT and 
CQ-membered ring structures of (158)367 and in the Cu3 linear chain structure of (159).= With 
ligand bridges between the copper(]) and copper(I1) ions, Cu-Cu interactions may or may not 
occur. In general, if the copper(1) and copper(I1) geometries are different, no magnetic 
interaction occurs and the copper(I1) ion gives rise to a normal spin-only magnetic moment of 
cu. 2.0 BM. Thus [a2( a~acP)~(3-MeOC&Co~)] involves a bridged tetrahedral 
Cu1P202 chromo hore and a square pyramidal CuUO4O' chromophore and [Cu'Cu"(4- 
metz),C13] involves a bridged tetrahedral CuN2CI2 chromophore and a square 
pyramidal CuN2C12Cl' chromophore, where 4-metz = Cmethylthiazole, with a peff of l.% and 
1.89 BM, respectively. Even with the same tetrahedral stereochemistry of different CuL, 
chromophores, the copper(1) and (11) centres are still identifiable as a compressed tetrahedral 
[Cd'Ch] species and a tetrahedral [CU'~C~~SZ species in [Cu%CuI1(tetrahydrothiophene)3"51 
(162)371 and there is no evidence for CUI'' interaction. Likewise the coplanar CulNzNz 
chromophore of the dark red [CU~(CN)~(CU(NH~),}]~ complex and the two copper(1) 
units, a linear [Cu(CN),] and a trigonal [CU(CN)~], are all brid ed by nearly linear bridging 
cyanide ligands and yet the spin-only magnetic moment of 1.87 BM, suggests that the 
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copper(1) and (11) centres are independent (see Section 53.4.4.3). The structure of 
[CU,(NCS)~(NH~)~] involves linear chains of dinuclear bridging (NCS)- anions 
involving tetrahedral CuS2N2 chromophores, the chains of which are further bridged by 
elongated rhombic octahedral CUN~N'S~  chromophores. In [CUq(02CMe)6(PPh3)2] (166),374 the 
dimeric [Cu$'(O,CMe),] unit is clearly identifiable from the electronic properties of (lG), 
notwithstanding that this dimeric unit is linked via an acetate oxygen atom to two separate 
[Cu1P202] chromophores having a distorted tetrahedral geometry. This contrasts with the near 
symmetrical bridging role of the acetate anion in the mononuclear [CU(O,CM~)(PP~~)~]  (6) 
complex.82 Thus, while there is a wealth of interesting and sometimes novel structural 
stereochemistries involved in the mixed valence structures of (156) to (165) (Figure 13), the 
electronic properties show no evidence for si nificant copper(1)-copper(I1) interaction and are 

In the extreme class 111 b e h a v i o ~ r , ~ ~ ~ ~ '  two types of structures were envisaged: clusters and 
infinite lattices (Table 17). The latter, class IIIB behaviour, has been known for a number of 
years in the nonstoichiometric sulfides of copper (see ref. 10, p. 1142), and particularly in the 
double layer structure of K[Cu4S3] ,382 which exhibits the electrical conductivity and the 
reflectivity typical of a metal. The former, class IJIA behaviour, was looked for in the 
polynuclear clusters of copper(1) cU'$-& species, especially where X = sulfur, but no mixed 
valence copper(l)/(II) clusters with class IIIA behaviour have been identified to date, Mixed 
valence copper(I)/(II) complexes of class I1 behaviour (Table 17) have properties intermediate 
between those of class I and class 111. The local copper(I)/(II) stereochemistry is well defined 
and the same for all Cu atoms present, and the single odd electron is associated with both Cu 
atoms, Le. delocalized between them, but will have a normal spin-only magnetic moment. The 
complexes will be semiconductors and the d-d spectra of the odd electron will involve a near 
normal copper(I1)-type spectrum (see Section 53.4.43, but in addition a unique band may be 
observed associated with an intervalence Cu'/Cun charge transfer band (IVTC) (Table 19). 
While these requirements are fairly c1ear,360,362 their realization for specific systems is not SQ 
clearly established. 

The first mixed valence copper(I)/(II) class I1 system to be suggested occurs in acetate- 
buffered ethanol solution.383 When [CU(M~CN)~](CIO~) is added to [CU(OH~)~](CIO,),, a deep 
violet colouration is formed with bands at 19 700 and 11 000 cn-' (Figure 14a) and a seven-line 
ESR spectrum is observed at room temperature (see Section 53.4.4.4), neither of which can 
arise from the electronic properties of the components. Unfortunately, no crystallographic data 
are available to characterize the species responsible for these electronic properties, but both or 
either of the electronic bands could be associated with IVCT bands. Likewise in the deep black 
c o l o ~ r ~ ~ ~  of (N2H&[Cu3Ck] the stoichiometry suggests a mixed valence complex, which on the 
basis of the IR spectrum of the (N2H5)+ cation is formulated as [CU(N~H~)~CI~][CUCI~]~, 
consistent with the measured spin-only magnetic moment of 1.88 BM per formula weight and 
suggesting one copper(I1) ion per molecule. Unfortunately, no crystallographic structure or 
electronic spectrum is available for this complex. The first crystallographic evidence for a class 
I1 mixed valence complex was obtained in [Cu2C13(MeNN),] where MeNN=4- 
methyl-1 ,&naphthyridine. Both CuN2C12 chromophores involve a distorted tetrahedral stereo- 
chemistry; these are nearly equivalent crystallo raphically and bridged by a single chloride ion, 

per Cu2 unit indicates a copper(I)/(II) species, and the two bands at 8000 and 10300cm-' in 
the electronic spectra (Figure 14b) are assigned as d-d transitions and that at 14600 as an 
MLCT or possibly IVCT. The solution ESR spectrum shows a characteristic seven-line splitting 
of gI1 with a small All coupling constant of 72 gauss, indicating that the dimerization with two 
equivalent tetrahedral copper chromophores is retained in solution (see Section 53.4.4.4). 

The macrocyclic ligand L9 (150) has been shown to form a binuclear copper(I1) complexm,386 
when 1,3-diaminopropane is condensed with 2-hydroxy-5methylisophthalaldehyde in the 
presence of [Cu( OH2)6] (C104), to give [CU"CU"(L~)C~~]~. One-electron electrochemical 
reductionB7 yields a mixed valence complex [CU~CU~~(L~) ] (C~O~)  (167)388 as dark brown 
needles, and involves a rhombic coplanar Cu1'N202 unit and a distorted square pyramidal 
Cu1N2020' chromophore with a short internuclear C u 4 u  contact of 2.55& and some 
disorder associated with the CuI1N2O2O' chromophore. Notwithstanding the disorder, distinct 
CUI and Cu" units are recognized in the solid state, suggesting class I Robin and Day 
behaviour. Nevertheless when (167) is dissolved in acetonitrile, a seven-line ESR spectrum is 
observed,387 indicating that the single electron experiences two equivalent copper interactions 
and the electronic spectrum (Figure 13c) shows a new band in the near IR at ca. 12000cm-', 

typical of Robin and Day class I behaviour. 3 L 2  

resulting in a short Cu-Cu separation of 2.89 x . The spin-only magnetic moment of 1.99 BM 
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Table 19 The Electronic Properties of Some Class I1 Mixed Valence Copper(I/II) Systems 

Electronic 
Complex specpa (cm-') ESR Hyperfine 

[Cu'(NCMe)]: /[CUI'( OH&*'/ (OAc) - - 19 685,ii  iii 811 2-37 Seven line 
1.99 14600;a 103OO,8000 2.14 Seven line 
1.81 16 666; 12 ooo" 2.26 Seven line 

[Cu'Cu"(L11)]C104), (169) 

[Cuf13(Me")21 (166) 
1.87 - g ,  2.09 - a ( ~ ~ ) i ( c l o , )  (167) 

- [Cu(2,5-dithiohexane)J (C10,),3 (Figure 15) 1.90 22 222; 16 807 gll2.22, g ,  2.05 - All 153 gauss 

a Intervalence charge transfer (IVCT) spectrum. 

Wave number (ern"') Wave number (cm-l) 

I C )  

16 666 I I \  :-'22222 

'- 16807 

\ 

\ 

Figure 14 The IVCT'=-~~ spectra of some class 11 copper(l/II) sptems: (a) ~CU(NCM~),C~(OH~),(OAC),~~~~ (b) 
[Cu,CI,(MeNN),] (c) [Cu"Cu1(L9)](C10,) (167); s7 and (d) [Cu~Cu11(Z,5-DTH),](C10~)63 

which has been assigned as an intervalence charge-transfer band associated with the Cum' 
species. Together these properties suggest that (167) must be considered as a class 11, Cu'/Cu" 
complex, at least in solution. However, the ESR spectrum of (167) in solution changes387 to a 
normal four-line spectrum at 77K suggesting that the odd electron is no longer under the 
influence of both copper centres and is now localized on a single copper(I1) centre, consistent 
with normal class I Robin and Day behavi~ur .~"p~ 

0 

[CU~CI,(M~NN)~] (W3" ( CulCun(L~] (CIO,) (167)3" 

When a suspension of L'l (168)38g in THF is treated with a methanolic solution of 
[Cu(0H&](ClO4),, the solution yields green crystals of [CuxCun L'1)](C104)s (169),389 whose 

CuN4 chromophore with a very distorted tetrahedral or trigonal pyramidal geometry (if the 
Cu-Cu  direction is considered a bond with near two-fold symmetry). The structure confirms a 
[CulCu"(Lg)] mixed valence cation, pen = 1.87 BM. The ESR spectrum shows a single g value 

structure involves a symmetrical Cu-Cu  bond of length 2.445 d, . Each Cu atom involves a 
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of 2.07, but no evidence of any copper hyperfine structure and no electronic spectrum was 
reported. However, the two equivalent Cu environments suggest the best crystallographic 
evidence to date for class I1 type Robin and Day b e h a v i o ~ r . ~ * ~ ~ ~  The li and 2,5- 
di thi~hexane~~ reacts with [Cu(OH2)6](C104)2 to yield three different p r o d ~ c t s : ~ ~  [Cu(2,5- 
DTH)2](C104)2 (a) , [CU(ZJ-DTH)~](C~O~) (b), and [ C U ( ~ , ~ - D T H ) ~ ] ( C ~ O ~ ) ~ , ~  (c) (Figure 15). 
In (b) a tetrahedral CUI& chromophore is present, while (a) has an elongated rhombic 
octahedral Cu''S40~ chromophore. In (c) the crystals are isomorphous with those of (b), but 
with a different occupation of the perchlorate positions to give a Cu'/Cu" ratio of 2 : l  and 
indistinguishable CuS4 environments, consistent with class I1 Robin and Day behaviour. The 
magnetic properties are consistent with a single unpaired electron per Cuz unit, and the ESR 
spectrum (Table 19) displays normal axial g and A values, which are hardly typical of a 
compressed CuS4 tetrahedral geometry (see Section 53.4.4.4). Likewise the electronic spectrum 
of (c) (Figure 14d) shows little difference from that of the elongated rhombic octahedral 
geometry of (a). This suggests that the most intense band at 22222cm-' is most probably 
associated with LMCT, which is insensitive to the change in stereochemistry of (a) and (b). The 
low energy shoulder at ca. 15000cm-1 probably masks any d-d transitions, as is usual with 
sulfur ligands, and there is no indication of any low energy IVCT bands. 

Figure 15 The preparations and structures of the copper(I), copper(I/I&) and copper(I1) 2,5-dithiohexane (2,s-IY'lT-I) 
complexewopper thioethers 7'90 

53.3.8 Biological Copperlr)/(Il) Systems 
Mixed valence copper(I)/(II) complexes might reasonably be expected to have some 

relevance to the type E-IV systems of biological copper (see Section 53.4.8). Consequently, the 
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recognition that D-penicillamine (~-H,pen) is effective391 in promoting the urinary excretion of 
excess copper from patients with Wilson's disease has led to a number of studies of the reaction 
of ~-H,pen and copper(I1) ions. At physiological pH an intense purple complex is formed and 
isolated as the T15 complex, the composition and structure of which were established391 as 
T15[Cu~1Cu~(~-pen)12Cl]-nH20 (Figure 16a) and is related ts that of (PhMe3As)2[Cu,{S2C(CN)2},~ 
(87).19, It involves a high symmetry cube of Cu' atoms with a central C1- anion with D-pen 
sulfur atoms bridging all the CUI atoms. Each face of the cube is capped by a copper(I1) ion 
bridging a pair of sulfur atoms and itself coordinated by two nitrogen ligands to give a 
tetrahedrally distorted square coplanar ci~-Cu'~N& chromophore. If the Cu-Cu interactions 
are ignored the CUI atoms are involved in a trigonal CuS3 chromophore. The stoichiometry and 
structure of the complex clearly establish a mixed valence cOpper(I)/(II) system, but with 
different geometries at the copper(1) and copper(I1) atoms, which indicates class I Robin and 
Day behaviour. Consequently, the magnetic properties, peE/Cul' 1.75-2.20 BM, are consistent 
with a ferromagnetic coupling between the six copper(I1) ions of an octahedral Cu, array. 
Likewise the very broad featureless ESR spectrum is associated with exchange coupling of the 
misaligned copper(1I) ions, and the intense visible absorption band at 19 305 cm-' is associated 
with an S+ CUI' LMCT. More recently, using alternative sulfur-containing ligands, very 
comparable structures have been characterized, such as T15[Cui1Cui(o-mercaptoisobutyric 
a ~ i d ) ~ ~ C l ] - n H ~ O , ~ ~  and [CL$CU~(SCM~~CH~NH~)~~C~](SO~)~.~~~OH~O.~~~ 

Equally, attempts to use biologically relevant ligands such as imidazole and triazole have 
produced mixed valence copper(I)/(II) spems,  such as in [Cu:oCu~*(l-methyl-2 
mercaptoimidazole)12(MeCN)4]~BPh4)2~4MeCN 94~400 which involves eight tetrahedral Cu'S4 
chromophores, two linear Cu N2 chromophores and two square-based pyramidal CuN2S2 
chromophores (see refs. 394 and 400). Likewise the use of the benzotriazole anion BTA has 

mophore surrounded by four tetrahedral Cu'N3C chromophores with the former having 396 the 
uncommon compressed tetragonal octahedral stereochemistry (see Section 53.4.2.1 vi). Consis- 
tent with this pseudo copper(I1) geometry (see Section 53.4.4.3) the ESR spectrum of the 
single copper(I1) ion displays a reversed type spectrum4' at room temperature g, > gll> 2.0, 
which changes to a normal type spectrum at 77 K with 811 >gL > 2.0. It is surprising that such a 
biologically relevant set of ligands should produce such a nice example of fluxional cOpper(I1) 
stereo~hemistry,3~~ but does not disguise the clearly different Cu' and Cu" geometries and 
hence the class I Robin and Day b e h a v i o ~ r . ~ ~ ~ ~ '  Notwithstanding the lack of structural 
information345 on the environment of the copper(I) centres in type I11 deoxyhemoc anin 
(Figure 16b), stepwise oxidation procedures of various types have produced a rangeg8 of 
Cu-Cu  pairs involving single and double bridged systems involving various combinations of 
CUI and Cu" centres (mixed oxidation states), ultimately to the proposed nonequivalent 
ligand-bridged species of oxyhemocyanin (Figure 16b). Included in the mixed valence systems, 
especially ones involving a potentially bridging azide anion, has been the report of some 
intervalence charge-transfer spectra (ref. 399, Figure E) ,  but without any structural data on 
the proposed class I1 Robin and Day behaviour (see Section 53.3.7). 

This review of mixed valence copper(I)/(IE) systems has clearly established the pre- 
dominance of the class I Robin and Day behaviour (Table 17),3*362 but equally has shown 
how few copper class 11 or I11 systems have been well defined. This particularly applies to the 
class I1 systems, which can still be considered well-defined coordination complexes, with the 
electronic properties of these systems in the solid state and in solution. This suggests a fruitful 
area of research in these copper(I)/(II) mixed valence systems, especially of class I1 behaviour. 

produced a [CU~(BTA)~(BU'NC)~] (170)395 complex, which involves a single Cu G )  N6 chro- 

\ 
N 

[ Cu5( BTA),( Bu'NC),] ~ (170)3y5 
.. 1 
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(a) 
c u +  Deoxy 

Half-upo 

c u  + 

Half-met-1 

Met (ESR nondetectable met) 

CU' 
Met-apo 

N\ /L /<; 
Half-met-2 

cu2+ 

L R  
(ESR detectable met) 

N N 

L R  

N 

N N 
(b) 

(i) HCu'Pc (pH = 4.0) (ii) Cu'Pc (pH = 7.0) (iii) Cu"Pc 

p z 0 . 0 A  p = 0.7 A 
Redox inactive Redox active Redox active 

(4 
Ppgure 16 (a) The molecular geometry of ~~[Cu~~u~(~-pen)~~Cl].nH~0;3~~ (b) notation for the decay to 
oxyhemocyanin dinuclear copper species; and (c) the structural relationships between (i) HCu'Pc; (ii) Cu'Pc; (iii) 

Cu"Pc and their redox activity 
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53.4 COPPEPI(1I) 

53.4.1 Introduction and Preparation 

The cogper(I1) ion is the commonest oxidation state of copper, as copper(1) is readily 
oxidized', up to copper(I1) and disproportionates into copper(I1) and copper metal (equations 
(3) and (4); Section 53.3.1), while copper(II1) can only be prepared'' by strong oxidation of 
copper(I1) (Section 53.6). The copper(I1) ion is particularly stable in aqueous solution as the 
[CU(OH,)~] + cation from which complexes may frequently be prepared directly by the 
addition of the appropriate ligand, usually in water or in a nonaqueous solvent such as alcohol, 
acetonitrile or dimethylformamide, to increase the solubility. By using appropriate concentra- 
tions of a copper salt and the ligand, heating the mixed solution to boiling, filtering and slow 
cooling well-formed crystals suitable for a range of physical techniques, including X-ray 
crystallography can usually be produced.354 In general most copper(I1) crystals are air and 
moisture stable and are free of the handling problems associated with cop er(I) complexes. In 
the case of moisture sensitive complexes such as anhydrous [Cu(NO&lg' or [Cu(C104),]" 
nonaqueous solutions may have to be used, such as liquid N204/ethyl acetate mixturesm1 in the 
preparation of [Cu NO3 , and it is necessary to handle the products in a special filtration and 
dry box facility.40f Fo! ' systems involving only slightly less moisture sensitive systems, 
dehydration of a solvent, such as ethanol or acetonitrile, may be effected in situ by boiling with 
10% by volume of dimethoxymethane, although care must be taken as a hydrate may be 
formed in the wet solvent, and the anhydrous complex in the dry solvent, as in the preparation 
of [ Cu(phen)*( 02CMe)](BF4).0 or 2Hz0 .404 

The copper(I1) cation ma be stabilized by complex formation against reduction to 
copper(1) by reducing anions' such as the iodide and cyanide anions (see Figure I). Thus 
while these anions will reduce Cu" to CUI in aqueous solution with the precipitation of Cuz12 
and CuCN, respectively, the addition of bipy to the solution prior to the addition of the I- or 
(CN)- anions prevents reduction and allows the preparation40s*406 of a [Cu(bipy),X]+ cation 
involving coordinated I- and (CN)- , respectively. 

While the copper(1) cation is considered to be a soft acid,36 the copper(I1) ion is best 
considered as a borderline hard acid (Table 2). With the copper(I1) cation the hard base 
function of the ligands is complicated by the tendency to reduce Cu" to CUI by even mild 
reducing ligands, unless the copper(I1) ion is stabilized by complex formation, as above. Thus 
although oxy en ligands are more abundant than sulfur ligands, the latter are wel! 
characterized!' notwithstanding their reducing properties. Nitrogen is probably the best donor 
to copper(II), virtually to the exclusion of phosphorus as a ligand (see Section 53.4.2.3). On 
the other hand, while fluoride is predicted to be the best halide ligand towards c~pper(II),~' i t  
is relatively uncommon and C1- is much more ~ummon;~~" '9~~ the I- anion is a relatively 
uncommon ligand. Thus on balance the copper(I1) cation must be considered as a borderline 
hard acid, with 0, N and C1- the most abundant ligands with S only slightly less common. The 
main difference compared to copper(1) (see Table 16) is the greater occurrence of CJ donors and 
the virtual absence of n donors. 

Like all the first-row transition metal(I1) cations, copper(I1) readily forms coordination 
complexes involving mainly the coordination numbers four, five and six, but unlike the 
majority of the first-row metal ions," the copper(1I) complexes are characterized by a 
seemingly infinite variety of di~tortions,4~,~'~ the sense of which can only be determined by 
X-ray crystallography. For this reason there are probably five times as many compounds and 
complexes of the copper(I1) ion of known crystal structure than, for example, of nickel(I1) or 
~inc(II).@'~ Thus while the stereochemistry of the nickel(I1) ion is characterized by the 
formation of near regular octahedral and tetrahedral geometries (Figure 17a),1° the former 
stereochemistry is limited to less than 10 compounds for the copper(I1) ion, and the latter 
stereochemistry is unknown. The majority of six-coordinate copper(I1) c o m p l e x e ~ ~ ~ . ~  involve 
an elongated tetragonal or rhombic octahedral structure (Figure 17b), with only a few involving 
a compressed tetragonal (or rhombic) octahedral structure. The tetrahedral geometry for the 
copper(I1) ion always involves a significant compression along the S4 symmetry axis (Figure 
17b). Only the square coplanar geometry is regular for both the nickel(I1) and copper(I1) ions, 
but even here the latter sometimes involves a slight tetrahedral distortion. In five-coordinate 
geometries (Figure 17) the nickel(I1) ion forms mainly regular structures,ms while the 
copper(I1) ion rarely involves a regular square pyramidal stereochemistry, but generally 
involves both an elongation (---) and a trigonal in-plane distortion3% or, less frequently, a 
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tetrahedral distortion. In the trigonal bipyramidal stereochemistry, the nickel(I1) ion forms 
regular structures,406 while the copper(I1) may be regular, but is more frequently involved in a 
distortion towards square pyramidal (Figure 17b). 

Six-coordinate 
Octahedral 

Four-coordinate 
Tetrahedral 

* ,  regular compressed 
* 

' elongated 

$4 Sd 

Y X 
I \  

regular compressed 6 < 109" square coplanar 
e = 1090 (tetrahedral twist) 

Square coplanar 

regular 
x X 

regular 
Five-coordinate 

Square pyramidal 

'2' elongated 
$ + $ < 180" 

regular 
e = $ = 180" 

Trigonal bipyramidal 

regular a$ angular distortion 
a ,  = a2 = a3 @ , # a z # a 3  

Fignre 17 Comparison of the broad stereochemistries of (a) the nickel(I1) ion; and (b) the copper(JI) ion 

Some of the small bond-length and bond-angle distortions of the copper(I1) com lexes are 

especially where chelate ligands are involved. Thus ethylenediamine (en), diethylenetriamine 
(dien) and tris(2-aminoethy1)amine (tren) can all produce bond-length distortions of 0.1 A and 
bond-angle distortions of ca. 5". Substituents such as ethyl or tertiary butyl groups can produce 
distortions due to their conformation and due to their bulk, which may also block coordination 
sites. These relative effects are illustrated for some pairs of nickel(I1) and copper(I1) complexes 
in the molecular structures (171) to (176) and show how much greater are the bond-length and 
bond-angle distortions of the copper(I1) 

also found in the corresponding nickel(I1) complexes for the same ligands, '$ 7,408,410,411 

c1 cl\ 1230, 
p , 2 . 2 2  

c1 c1 

[CU(N&)~(NO&I (174)"' csZ[CuCb] (17S)483 N~.,[CU(NH~)~][CU(S,O,),~-OH, (176)366.475 

coc -T 
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A qualitative understanding of the more regular structures of the six-coordinate nickel(I1) 
and zinc(I1) ions may be associated with the spherical symmetry of the d" configuration of these 
two ions in an octahedra1 ligand field, namely and &et, respectively. In contrast the 
copper(I1) ion, with a &e; configuration, may be considered to be nonspherically symmetrical 
with a prolate ellipsoidal shape in the elongated octahedral stereochemist (Figure 18) and an oblate ellipsoidal shape in the compressed octahedral stereochemistry. 412,2448 

Cornpressed octahedral Regular octahedral Elongated octahedral 
Cuz' ion - oblate el lipsoid Cu" ion - spherical Cu2+ion - prolate ellipsad 

RL = rL+ r, 
ffs =rs+ r, 

f f  = r, + r, ffs = rs + r, 
R, = rL + r, 

Figure 18 The copper atom and ligand atom covalent radii in octahedral and tetragonal octahedral stereochemistries 
(two d i m e u ~ i o n a l ) ~ ~ * ~ ~ ~ ~ ~  

53.4.2 Copper(II) Stereochemistry 

53.421 Mononuclear complexes 

Figure 19.1 summarizes the range of stereochemistries occurring in the mononuclem 
compounds and complexes of the copper(I1) ion and the post superscript to each structure gives 
a 'quantitative' indicationm7 of the approximate number of known structure determinations foi 
each structure. Single-crystal X-ray crystallographym is the predominant method for determin- 
ing the structure of copper(I1) complexes in the solid state, with a much less frequent, but mosl 
important, contribution from neutron diffraction  determination^.^^' Powder profile 
a n a l y s i ~ ~ ~ ~ , ~ ~ ~  is be inning to make a contribution to structure determination, initially bj 
neutron and more recently via the high intensity of synchrotron radiatior 
sources.416 Electron diffraction of molecules in the gaseous state and in solution has found onlj 
limited application, but has been used for the structure determination of [ C U C ~ ~ ] , ~ ~  
[ C U ( O ~ N O ) ~ ] ~ ~ ~  and [Cu(aca~)~] ,419 and of cations in EXAFS spectroscopfz 
also yields copper-ligand distances in the solid but care has to be observed in thc 
estimation of long Cu-L distances.424 

The followin section attempts to summarize the various stereochemistries of the copper(I1: 
ion (Figure 19f7*" in terms of their regular and distorted geometries and to discuss the factor! 
which contribute not only to the regular structures but also to the distorted g e ~ r n e t r i e s . ~ ~  Thc 
structures of Figure 19 are characterized by three ranges of Cu-L distances: short, 1.9-2.1 1 
(-); intermediate, 2.1-2.4 8, ( a  - a) ;  and long 2.4-3.0 A (- - -), For oxygen and nitrogei 
donor atom ligands all three ranges of Cu-L distances are observed, but for ligand atom! 
involving larger donor atom radii (Table 20),49 as determined by their covalent or ionic radii 
only intermediate and long distances are observed, as summarized in Table 20, assuming ar 
approximate copper(I1) radius of 0.7 A. Consequently, the longer Cu-L distances observec 
for Cl-, Br-, I- and S arise simply from the larger size of the donor atom present and do no 
imply weaker binding. 

(i) Octahedral and trigonal octahedral 

A regular octahedral CuL6 chromophore for the copper(I1) ion is very uncommon (Figurc 
19.1) but does occur for the [CU(NO~)~]~-  anion when stabilized by high symmetry lattices 
such as the face-centred-cubic lattice of K,Pb[Cu(NO&,] (177),426 at 298K. All six (3-1 
distances of 2.11 8, are equivalent from the copper site symmetry, with the actual symmetry o 
the anion lowered to Th by the conformation of the nitro oxygen atoms. The six nitro ligand 
are also involved in bidentate nitro coordination to the Pb2+ cations at 2.77& a distancl 
consistent with intermediate P M  bonding, and which must be mainly responsible fo 
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19.1 Mononuclear: a summary of the stereochemistries of the copper(I1) ion, their approximate point 
group symmetries and the relationshi between the regular and distorted geometries: -, short 
(1.9-2.1 A); . . . , intermediate (2.1-2.4 x ); - - - - , long (2,4-3.0 A) 

I:” x. 
Linear Trigonal bipyramidal Distorted trigonal bipyramidal Distorted square pyramidal 

x 2o C4, 

I .  10 
- .  

’ D 4 h  

Square pyramidal Compressed rhombic octahedral Compressed tetragonal octahedral Octahedral 

: 1m x3w 4 1  

Elongated tetragonal octahedral square and rhombic coplanar Compressed tetrahedral 

Cis-distorted octahedral Trigonal octahedral Seven coordinate Eight coordinate 

19.2(a) Dinuclear Type I: CuXCu bridged 

Planar/planar Square pyramidal/square pyramidal Elongated octahedral /elongated octahedral 

Tetrahedralhetrahedral Trigonal bipyramidal/trigonal bipyramidal 

l9,2(b) Dinuckar Type TI: CuX2Cu bridged 
(9  

Planar/planar Square pyramidal/square pyramidal Elongated octahedral/elongated octahedral 
(VI 

‘iv& 

Tetrahedralhetrahedral Trigonal bipyramidal/trigonaI bipyramidal 
Figare 19 Stereochemistry of copper(II) complexes 
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(vi) (vii) c7 4 ,  

I .  

Trigonal bipyramidal/ trigonal bipyramidal Square pyramidal/square pyramidal 

(viii) 

Elongated rhombohedral/elongated rhombohedral Trigonal bipyramidal/trigonal bipyramidal 

19.2(c) Dinuclear Type 111: CuX,Cu bridged 
(ii) 

Square pyramidal/square pyramidal Elongated octahedral/elongated octahedral 

TetrahedraVtetrahedral Trigonal bipyramidal/trigonal bipyramidal 

19.2(d) Type IV: CuKCu bridged 
(i) 

Square coplanar/square coplanar 

19.3 Trinuclear 

cu \ 
l x  
x\ I 7 ' c u  

FU c u  
(ii) Bent 'X X 

C k X /  
'cui 

(iii) Triangular 
\ /  

/x+ (b) pyramidal Cu 
/ FU, 

(a) planar -cu-x / c u  

F@lre 19 (continued) 
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19.4 Tctranuclear 

(i) Linear X-Cu-X-Cu-X-Cu-X-Cu-X 

\ 
(ii) Zigzag or stepped X-Cu-X 

c u  
\ 

x-cu-x 
\ 

%u 
\ 

'X (iii) Planar (iv) Tetrahedral 

/ /  

X' 
19.5 Hexanuclear 
'(i) c u  

c u  

19.6 Dimensional chains and ribbons 

(i) Single ligand bridge 

I/ I /  
-x-cu-x-cu-x ' ! J I  
@)(a) Double ligand bridge 

straight chain 

x \ I  / x \ l / x \ l /  c u  c u  /y\ /I\ / [ \ x x x  
(ii)(b) Zigzag chain planar 

-x-cu-x-cu- 

-cu-x -cu-x- 

(ii)(c) Zigzag chain bent 

1 1 1 1  

(ii)(d) Stepped chain 

(ii)(e) Double chain (ii)(f) Linear double chain 

x, j /X,[,Cl 
-cu-L-cu-L--cu- 

L 
! 

Cl,: ,X\ i/CI L 
c u  c u  I I I 

C I ' X ,  / : \  /:\cl -cu-L-cU-L-Cu- 

L 
I x /%. I x :  /9, I 

(iii) Triple ligand chain 

(iii) 
Figure 19 (continued) 
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Elongated rhombohedral, Square pyramidal, 
six coordinate, a = b five coordinate, a # b 

Figure 19 (continued) 

Trigonal bipyramidal, 
five coordinate, chain linl 

Table 20 The Difference Between the Observed R ,  
Bond Lengths and the Pauling Covalent Radii" 
(P.C.R.) giving the 'Apparent' In-plane Radii of the 

Copper(I1) Ion R, 

Ligand R ,  (A) P.C.R. I%.) R ,  (A) 
F- 1.91 0.64 1.27 
0 1.99 0.66 1.33 
N 2.03 0.70 1.33 
cl- 2.29 0.99 1.30 
Br- 2.45 1.14 1.31 

maintaining the [Cu(NQ2)6]4- anion in this uncommon regular octahedral stereochemistry. A 
regular trigonal octahedral C u b  chromophore is more mmmon than the regular octahedral 
chromophore. It is most common in the tris(che1ate) copper(I1) complexes such as 
[Cu(en),](S04) (178)427 or [C~(ompha)~](C10~)2 (179):% where ompha = octamethyl- 
pyrophosphoramide, but also occurs with tridentate chelate ligands as in [C~(metri)~] (180),429 
where metri = tri(4-methylbenzo)(b,f,j)[l,5,9]triazacyclododecane. It also occurs with mono- 
dentate ligands as in [ C ~ ( p y N 0 ) 6 ] ( C l O ~ ) ~ ~ ~  and in the high temperature form of Cs[CuC13] 

where Cl- anions bridge at two nearly equal distances. In the tris(che1ate) copper(I1) 
complexes (178)-(180) the chelate ligands impose a D3 symmetry, whereas in 
[C~(pyNO)~ l (C l0~)~  this can only be imposed by the packing of the pyN0 ligands and in (181) 
by the spiral chain of bridging C1- anions. In (178) and (179) the trigonal lattice is maintained 
by the three-fold symmetry of the anions present, which are also present in crystallographic 
positions of three-fold symmetry (the cooperative Jahn-Teller Effe~t,"~ see Section 53.4.5). 

N 

298 K (120 K) T = l.OO(1.08) 

[ ~ u ( e n ) , ] ( ~ ~ , )  ( 1 7 8 ) ~ ~ ' ~ ~  

LP T = 1.00 

[Cu( ompha),]( ClO,), ( 17!q4*' 



Copper 601 

(ii) Elongated tetragonal and rhombic octahedral 

Together these two stereochemistries account for the bulk of six-coordinate copper(I1) 
structures (Figure 19.1). The former can only occur with monodentate ligands, as in 
K ~ B ~ [ C U ( N O ~ ) ~ ]  (182) ,433 [Cu(irnida~ole)6](NO~)~ (183) :34 Cs2[Cu( OH&] (SO4), (184) :35 
Ba&h(OH)6] Ba2[CuF~] (11%)~~' and (N&)2[CuCL] (187).438 It also occurs with four 
equivalent ligands, as in [Cu(NH,)4(NO&] (174) ?39 [C~(imidazole),(OH,)~]F~ 
[Cu(cyclam)(SPh)2] (189),44' where cyclam or 14-ane-N4 = 1,4,8,1l-tetrazacyclotetradecane, 
and [Cu(l4-ane-S4)(0C103)2] In general with nonequivalent ligands an elongated 
rhombic octahedral stereochemistry results, as in Ba2[Cu(OH2)2(02CH)4](HC02 ,.2H20 
(191)4"3 or [CuC12(OH&] (192).@' In (192) the in-plane rhombic distortion of 0.48 arises 
mainly from the differing covalent radii of the oxygen and chloride ligands (Table 20). With 
chelate49 ligands both bond-length and bond-angle distortions arises as in the case of 
ethylenediamine, dieth lenetriamine and ethylenediaminetetraacetic acid, e.g. in 
[c~(en),(FBF,)~l (193)3  [C~(dien)~]Br~.H,O (194)446 and [Cu(Hzedta)OH2] (195).447 Not 
only may there be distortion of the bond angles, but more significantly, with out-of-plane 
chelation, a reduction of the observed out-of-plane distortion as in (194), (199, 
[Cu(phen)3](C10& {EM)," [Cu(hfacac)@ipy)] (197),449 [C~(phen)~(NCS),j (198)450 and 
[ C U ( H B ~ Z ~ ) ~ ]  (l!W).4 With nonequivalent ligands bonding out of the plane, asymmetry in the 
axial bond lengths occurs as in (195) and [Cu(er1)~(0H~)Cl] (200),452 where despite the longer 
Cu-CI  distance of 2.87 A, the chloride ion is probably more strongly bonding than the OH2 at 
2.68A, due to the larger covalent radius of the chloride ion (Table 20). In the case of 
[C~(bipy)~(Fl3F~>](BF4) (201)453,454 not only are there equivalent axial ligands bonding at 
unequal Cu-F distances (AF = 0.1 A), but the in-plane CuN4 chromophore has a marked 
tetrahedral distortion, dihedral angle 44.6", due to the steric interference of the two 
2,g-hydrogen atoms preventing the two bipy rings from lying coplanar.455 

OH, 

T = 0.89 T = 0.78 T = 0.86 

&Ba[CU(NO&] (182)433 [C~(irnidazole)~](NO$~ (183)434 csz[cu(oH&](so& (184)435 

c1 
: 2 . 3  (-J 

, ; *33 

c1 : (3 

cl\ CUA.W 

c1 
T = 0.70 T = 0.81 T = 0.83 

Ba,[Cu( OH),] ( Baz[CUF6] (NH4)dCUG1 (187)43s 
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03c10 

[Cu(imidazole),(OH&]Fz (1s)"" [Cu(cyclam)(SPh),] (189)Q4' [Cu(14-ane-S4)(OC10,),] (190)"' 

FBF, 

N d  

N 
€3- 
\ \  

c2 

P N  

C1 

[ Cu( en) z( OH2) Cl] C1 (200)~~' 

N \ \  

T = 0.87(1); 0.79(11) 

[Cu(HBpz3),] I and I1 (lW)451 

F,BF 

[ Cu( bipy)@BF3)] (BF,) (201)453*454 
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In all of these elongated tetragonal and rhombic octahedral copper(I1) complexes (174) and 
(182)-(201) there are clearly longer out-of-plane bond lengths, RL, than in-plane lengths, Rs. 
For equivalent ligands the term tetragonality, T,456 has been introduced, where T = (mean 
in-plane distance Rs)/(mean out-of-plane distance RL), and is readily determined to be 
0.80 f 0.02 (Table 21). The tetragonality, T*, of complexes involving nonequivalent ligands 
may also be estimated if the values of Rs and RL are corrected to a standard Cu-L distance, 
such as that for nitrogen, using the respective values of the Pauling covalent radii and the 
expression RL (corrected) = RL (observed) X R r / R g .  When applied to a limited range of 
ligands such as water and ammonia (Table 21), the tetragonalities are reasonably constant at 
ca, 0.8, but with more crystallographic data now available,” a significant number of elongated 
rhombic octahedral complexes have been found to have appreciably higher T values of 
0.85-0.95. One reason for this is the presence of out-of-plane chelate ligand bonding, which 
restricts the extent of axial elongation that is possible as in (194) to (199) and whose general 
stereochemistry is understandable in terms of the nonspherical symmetry of the cOpper(I1) 
ion4l2 (prolate ellipsoid, Figure 18). Nevertheless, a number of elongated rhombic octahedral 
complexes involving monodentate ligands also have high tetragonalities of ca. 0.9 as in 
(NI€,)2[Cu(OH2)6](S04)2 (202), T = 0.91.457,45s Whe n the tetragonalit T is plotted against the 
separate Rs and RL values (Figure 20a)”’ or RL vs, Rs (Figure 20b), d - ~ ~  the data suggest that 
the tetragonality of the copper(I1) ion prolate ellipsoid is not fixed, but may vary over a finite 
range of values.459 This variable tetragonal distortion has been termed the plasticity effectu1 in 
copper(I1) stereochemistry and has been developed more recently in the concept of the mutual 
influence of ligands,463 namely RL w. Rs (Figure 20b). The data of Figure 20 suggest that the 
stereochemistry of the copper(I1) ion may vary continuouslyM1 from regular octahedral through 
elongated tetragonal octahedral to ultimately square coplanar, where the two axial ligands are 
no longer bonding. Consequently, each observed structure (182)-(201) simply represents a 
point in a continuous structural pathway connecting the two stereochemistries, regular 
octahedral to regular square coplanar, connected by the appropriate mode of vibration of the 
CuL, chromophore (Figure 21).464-467,396 In (194) the nonequivalent axial Cu-N distances of 
2.34 and 2.44A suggest that an appropriate mode of vibration of the octahedral CuL, 
chromophore may take the stereochemistry from elongated tetragonal octahedral along a 
structural pathway towards the square base pyramidal stereochemistry of Figure 21. 

Table 21 Copper-Ligand Bond Lengths (A) R,, RL and R,/RL ( = T)4s6 

Ligandatom Range Mean Range Mean R,-R, R,/R,= T 
~ ~~~~ ~ ~ 

F 1.89-1.93 1.91(10) 2.21-2.86 2.36(12) 0.45 0.809 

Nb 1.99-2.14 2.03(40) - - - - 
Oa 1.92-2.16 1.99(42) 2.22-2.89 2.50(16) 0.51 0.796 

c1 2.25-2.34 2.31(48) 2.73-3.19 2.93(32) 0.62 0.792 
Br 2.40-2.56 2.45(12) 3.08-3.19 3.15(6) 0.70 0.777 

a Water. Ammonia. 

I I I I I I 

4 R, ( A )  
1.9 2.0 2.1 ,2.2 2.3 2.4 2.5 
.\ 

pigore 20 (a) Tetragonality us. R,  and R,;4s9 and (b) R,us. RSM3 
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Figore Zl Structural pathways for some copper@) stereochemistries 

The term semi-coordination468 has been introduced to describe the long-bonding role (RL) o 
the axial ligands of these elongated tetragonal and rhombic octahedral stereochemistries of thr 
copper(I1) ion and while receiving some criticismw the term is generally accepted. Neverthe 
less, it should be remembered that the term semi-coordination does not imply a different SOT 
of covalent bond, but rather recognizes the presence of some weak bonding to the copper(I1 
ion, notwithstanding the relatively long copper ligand distances (RL) involved, which arc 
generally 0.4-0.8 A longer than the corresponding in-plane distances (Rs)  of cu. 2.0 A. 

A further type of ligand bonding role is associated with the elongated rhombic octahedra 
stereochemistry of the copper(I1) ion; this involves off-the-z-axis bonding.470 This is associate( 
with the bonding role to the copper(I1) ion of trigonal oxyanions (see Chapter 15.5) such as thc 
nitrite, nitrate and acetate anions, all of which form good primary ligands to the cupper(E1) io1 
as in [Cu(pyrazine)2(02NO)2] (2Q3)471 and [Cu(bipy)(ONO)z] (204).4n By virtue of th 
coordination of the first oxygen atom, 0(1), to the copper(I1) ion, with a Cu-O(l)-N angl 
of 110-120", a second oxyanion oxygen atom, 0(2), is constrained to be at a distance o 
2.5-2.7A from the copper(I1) ion (see Chapter 15.5, Figure 1) such that the 0(1+N-0(2 
plane is at 90" to the plane of the CuL4 chromophore and the Cu-0(2) direction makes ai 
angle of 30-40" to the perpendicular (z) to the CuL4 plane. This O(2) atom cannot be involve1 
in direct bonding dong the z axis, but is close enough to the z direction to involve at least som 
weak or semi-coordination of the O(2) atom to the copper(I1) ion.& Consequently th 
stereochemistries of (203) and (204) should not be considered to involve four-coordinat 
rhombic coplanar CUOZNZ chromophores, but six-coordinate elongated rhombic octahedrs 
Cu02N20a chromophores with a (4 + 2*)-type coordination. In this off-the-z-axis bonding rol 
of these trigonal planar oxyanions, the criterion has been introduced473 for the nitrate ion tha 
if A 0  = {Cu-O(2)) - {Cu-O(1)) < 0.7 A, weak off-axis bonding of the O(2) atom i 
involved, while if A 0  == 0.7 A, no off-axis bonding is involved; this criterion is readily extende 
to other trigonal planar oxyanions (see Figure 1, Chapter 15.5) and also to tetrahedrr 
oxyanions. 
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(iii) Square and rhombic coplanar 

Together the square and rhombic coplanar stereochemistries of the copper(I1) ion are 
comparable in frequency to that of the compressed tetrahedral stereochemistry (Figure 19.1) 
but less than that of the five-coordinate and elongated rhombic octahedral structures. The 
strictly square coplanar CuL4 chromophore with monodentate ligands occurs in gillespite, 
Ca[CuSi4OI0] Na4[Cu(NH3)4][Cu(S203)2]z- OH2 (176)47s and (m~dphma)~[CuCl~] 
(206).476 All must involve some minor interactions along the z-axis, but the C u 4  Chromophore 
is considered to be square coplanar if these involve distances >3.0w. In this four-coordinate 
geometry the majority of complexes involve bidentate chelate ligands as in [Cu(S-Meacac)~] 
(207) ,“77 [Cu(N,N-Et,en),](NO& (208)“’ and fCu(diethylthi~carbamate)~] (209).479 In ail of 
these coplanar structures the C u - 0 ,  N distances are short (1.9-2.0A) and the Cu-Cl,  S 
distances relatively short at 2.25-2.35 A. With chelate ligands the internal M u - L  angles 
are >90° for six-membered rings (207), but <W0 for five- (208) and four-membered 
(209) rings. With the macrocyclic ligand as in [Cu@hthalocyanine)] (210)480 the whole 
molecular is planar, but a feature of some of the mixed donor Cu02N2 chromophores is that 
the molecule involves a stepped structure (211)4sz with an 6 angle of ca. 15” and a step distance 
of ca. 1.0A. With oxygen donor ligands, as in (2205) and (207), the coplanar Cu04 
chromophore may be stabilized by out-of-plane x bonding,’’’ but as the geometry also occurs 
for 0-bonding ligands, such as NH3 as in (176) and (208), n bonding is clearly not a strict 
requirement for this geometry. For a number of ligands, bulky substituents may effectively 
block the fifth and sixth coordinate positions and prevent coordination numbers above four, as 
in the case of (208). In the series of substituted [Cu(salicylaldehyde)] (2U)48’,482 complexes the 
planar Cu02Nz chromophore is only retained for small groups and straight chain substituents, 
H, Me and n-propyl; for bulky substituents, such as isopropyl, the Cu02N2 chromophore has a 
compressed tetrahedral stereochemistry. 

Ca[CuSi4010] (205)474 (modphma),[CuC&] (2M)” [Cu(3-Meacac),] (m7)4” 
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(iv) Compressed tetrahedral 

The regular four-coordinate tetrahedral stereochemistry is unknown for the copper(I1) ion, 
but the compressed tetrahedral geometry is as well known as the square and rhombic coplanar 
stereochemistries (Figure 19.1). The classic example of the compressed tetrahedral geometry is 
in the [CuCl4I2- anion of Cs2[CuCL] (175),483 but is less common with monodentate oxygen 
donor ligands, however it can be found in the anhydrous {C~[(n-hexyl)~PO~]~} (2W),484 
involving linear chains of bridging { OP(Et2)O}- anions. The compressed tetrahedral stereo- 
chemistry is most common with chelate especially with nitrogen donors such as in 
[Cu(bipyam)2](C104)2 (214),485 where a dihedral angle of 58.8" is involved. A compressed 
tetrahedral CuS4 chromophore is unknown for copper(X1); a CUNZSZ chromophore occurs in 
[Cu(L12)] (215),486 with n = 2, 3 or 4, and the dihedral angles = 20,53 or 57" respectively. Other 
mixed ligand chromophores occur: the CuOzClz in [Cu(Ph3PO),C12] (216)&' and CuNCl3 in 
[Cu{ (NPMe2)4H}CuC13] .488 Within series of four-coordinate complexes there is again no k e d  
compressed tetrahedral stereochemistry for the copper(II) ion, but a range of distortion frorn 
square coplanar to compressed tetrahedral through a range of dihedral angles from 0-70". In 
the [CuCl,] anions, the Cl-Cu-C1 angles range from 129-159" (see Table 2, ref. 489). For the 
CuN4 and Cu04 chromophores less structural data are available and the range of dihedral 
angles is more limited (Table 22). These purely angular variations again suggest a structural 
pathway connecting these two stereochemistries (Figure 21a), and linkage by a suitable mode 
of vibration of the CuL4 chromophore. 

[Cu{ (n-hexyl),PO,},] (213)4&2 [ Cu(bipyam)J (ClO,), (214)485 

[Cu(L")] (215)- [Cu(Ph,PO),CI2] (216)487 

(v) Five-coordinate 
Five-coordination is as abundant in copper(I1) complexes as the six-coordinate elongated 

rhombic octahedral stereochemistry (Figure 19.1). The regular square-based pyramidal 
geometry with five equivalent ligands is only of limited occurrence, but does arise in 
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Table 22 Campressed Tetrahedral CuN, and CuO, Chromophores (Bidentate Ligands) 

Complex Chromophore Cu-X (A) Dihedral angle (") Ret 

[Cu(dipyromethane),] 

[Cu(3,3'-MeZbipyam),] 
[Cu(N-t-butylpyrrole-2-carbaldimine)J 

[C~(biPYam)zl(C10,)2 (214) 
[Cu(C17H17N4)21" 

[Cu(dipyromethane),] 

[Cu(3,3'-MeZbipyam),] 
[Cu(N-t-butylpyrrole-2-carbaldimine)J 

[C~(biPYam)zl(C10,)2 (214) 
[Cu(C17H17N4)21" 

a C,,H,,N, = 4-phenylamino-2-phenyliminopent-3-enato-N,N'. 

~ 

CuN, 1.99 66 
CuN, 1.94,1.99 55.6 
CuN, 1.95-1.98 67 
CuN, 1.94-1.96 57.4 
CuN, 1.94-2.05 61.3 

1.92-2.04 60.1 
CuN, 1.99 44.6 
CuN, 1.98,2.00 50.1 
CUO, 1.92-1.93 - 
CUO, 1.92 - 
CUO, 1.90-1.93 - 
3,3'-Me,bipyam = 3,3'-dimethyl-2,2'-dipyridylamine. 

490 
485 
491 
492 
493 
493 
494 
497 
495 
4% 
484 - 

{N-(2-amet)pipzH3)[CuC15].2H20 (217) ,498 where N-(2amet)pipzH3 = N-(2-ammoniomethyl)- 
piperaziniumH3, and K[CU(NH~)~](PF~)~ (218) :w with nonequivalent ligands in [ CU(NH~)~- 
(OH2)](S04) (219)500 and with macrocyclic ligands, as in [Cu(cyclops)(CN)] (220).". In all of 
these s uare-based pyramidal structures the four in-plane distances are of normal length, 
ca. 2.0 2 for 0, N ligands and ca. 2.3 8, for C1, but the fifth ligand distance is 0.2-0.5 A longer. 
The copper(I1) ion is also lifted out of the plane of the four in-plane ligand atoms by a distance 
p ( p  = 0.1-0.5 A) with an inverse correlation with the 6fth ligand distance, Le. the shorter the 
Cu-L5 distance the larger is p (Figure 22a). The net result is that both the trum in-plane 
ligands are never linear (180") but in the range 160-170" (217-220). The regular trigonal 
bipyramidal geometry with five equivalent ligands is also of limited occurrence, but does arise 
in [CU(NH3)6][CUCl5] and in [CuGaIn04] (222)503 and also, with nonequivalent 
ligands, in [CU(NH~)~A~(NCS)~] (2W)504 and [Cu(tren)(NH3)](C104) (2U).4w All four of these 
complexes have at least a strict C3 symmetry imposed by the crystallographic site symmetry 
and by the conformation of the ligands present as in (223) and (224). In all four complexes the 
two axial Cu-L distances are ca. 0.1 8, shorter than the three equatorial Cu-L distances. A 
nearly regular trigonal bipyramidal geometry also occurs in [C~(bipy)~Cl](PF~) (225)505 with 
clearly nonequivalent ligands and the Cu-L axial/equatorial difference still exists when due 
allowance is made for the presence of nonequivalent ligands. By far the largest group5O6 of 
five-coordinate geometries of the copper(I1) ion involves distortion away from the regular 
square-based pyramidal and trigonal bipyramidal geometries above. In general the distortion is 
restricted to a trigonal distortion of the square pyramidal stereochemistry and a square 
pyramidal distortion of the trigonal bipyramidal stereochemistry (Fi ure 21b), with the sense of 
the distortion related by the mechanistic pathway of the Berry twist#07 for these five-coordinate 
geometries. The bond-length changes are described by the tetragonality T5, defined4" as the 
ratio of the four in-plane Cu-L distances and the single long Cu-L distance. The in-plane 
angular distortions may also be described by the ratio z, defined as in (226)'08 and representing 
a percentage trigonal distortion of a square pyramidal stereochemistry. Table 23 lists the 
structural data for a series of five-coordinate copper(I1) complexes containing the CuN5 
chromophore and the resulting Ts  and z values are plotted in Figure 22(b). In general the T5 
values are in the range 0.90-0.96, significantly higher than the range of T6 values (Figure ma) 
and show a significant increase with increasing z value. Notwithstanding the significant scatter 
of the data of Figure 22(b), arising from the presence of nonequivalent nitrogen donor ligands 
and chelate ligand effects, the data tend to an extrapolated T5 value of cu. 0.96 for a z value of 
100% consistent with an R ,  - Re, value of cu. 0.1 A, as found for the regular trigonal 
bipyramidal copper(I1) stereochemistry with R ,  < ReT Within the data of Table 23, the three 
complexes [Cu(dien)(bipyam)]X2 (227),514 with X = (c104)-, H20, C1-, 5H20 and (NU3)-, 
represent a series of three cation distortion isornerssl4 in which the same cation is present in 
three different lattice environments (a solid state solvent effect) and gives rise to a range of 
angular distortions of 11 and 24" in the 8 and @ angles, respectively. These structures span the 
range of the trigonally distorted square pyramidal copper(I1) stereochemistries (see Section 
53.4.5) and again suggest individual points along the structural pathwayw connecting the two 
regular five-coordinate geometries of the copper(I1) ion. 
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[C~(bipy)~Cl](PF,) (225)505 distorted five-coordinate [ Cu( dien) (bipyam)] X, ( 227)’14 
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fim 22 (a) Correlation of the Cu-L(5) distance with the distance p that the copper(I1) is displaced from the plane 
of the four in-plane ligands L(l)-L(4) for the regular quare-based pyramidal CuL, chromophore; and 

(b) tetragonality T5 us. angular difference z [t = (0 - $)/60} x 1001 
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Table 23 CuN, Chromophores -Some Structural Data Correlating the Square Pyramidal and Trigonal Bipyramidd 
Stereochemistries 

Complex 
Mean Mean 

CU-L,(A) CU-L.,(@ T5 p(WY e('') 9(9 t(%)" Re$ 

1.972 
2.015 
2.082 
2.029 
1.955 
2.01 
2.005 
2.038 
2.024 
2.045 
2.035 
2.011 
2.020 
2.025 
2.033 
2.002 
2.008 
1.998 
2.014 
2.057 
1.96 

2.171 0.908 0.40 156.4 156.1 0.5 
2.210 0.912 - 164.7 163.8 1.5 
2.160 0.964 0.21 168.8 167.7 1.8 
2.193 0.925 0.27 165.3 164.0 2.2 
2.141 0.913 0.35 160 158 3.0 
2.21 0.910 0.22 169 165 7.0 
2.126 0.943 0.32 162.7 159.1 6 
2.153 0.947 0.36 175.6 165.0 18 
2.170 0.933 0.34 167.9 151.9 26 
2.120 0.965 0.43 165 144 35 
2.190 0.929 0.39 167 147 33 
2.119 0.949 - 174.5 145.1 49 
2.162 0.934 - 176.7 139.3 62 
2.144 0.945 - 180 129.5 51 
2.150 0.946 0.44 172.0 135.5 60 
2.120 0.944 - 174.7 137.9 61 
2.126 0.945 - 173.5 134.8 64 
2.108 0.948 - 175.3 118.5 95 
2.112 0.954 - 175.7 129.5 77. 
2.082 0.988 - 180 120 100 
1 .E 1.02 - 180 120 loo 

509 
511 
510 
499 
512 
513 
514 
515 
514 
516 

517 

518 
514 
519 
520 

521 
499 
504 

- 
- 

- 

Figure 22(a); (Z26)508 

While the trigonally distorted s uare pyramidal stereochemistry dominates the five- 
coordinate copper(I1) geometry, 511-52q there are a few clear five-coordinate CuL5 geometries 
that involve a tetrahedral distortion of an otherwise trigonal bipyramidal stereochemistry, as in 

u(bi )2(OH2)](S206) (Z28)522 or in a square pyramidal stereochemistry, as in [Cu(cbpo)] 
g29)," where cbpo = N, N'-bis[ (5-chloro-2-hydroxyphenyl)phenylmethylene]-4-oxaheptane- 
1,7-diamine. The sense of the distortion is towards the elongated rhombic octahedral geometry 
of the CuN402 chromophore of [Cu(bipy)z(FzBFz)l(BF4) (201),453 with the dihedral angle 
between the bipy rings being 46.4", as the bipy rings cannot lie coplanar for steric  reason^.^^-^^^ 
This tetrahedral twist is also apparent in the bicapped square pyramidal geometry (Table 24a) 
of [Cu(ebtd)] (230);" where ebtd = N,N,N',N'-tetrakis(2-benzimidazoylmethyl)-l,2ethane- 
diamine, but the in-plane distortion reverts to trigona1 in the less symmetric bicapped 
nitrate coordination of [C~(metaab)(O~N0)](NO~).H~0,~~ where metaab = tetrabenzo[b,f,j,r]- 
[1,5,9,13]tetraazacyclohexadecane, with 8 and q5 166 and 175", and the two Cu-0 distances 
asymmetric at 2.66 and 2.50 A. However the most convincing short-bonded bicapped nitrate 
group is in [C~(phen)~(O~No)l(NO~) (231)526 with near equivalent C u - 0  distances of 2.43 
and 2.46 A, respectively. On the borderline between a five- and a six-coordinate geometry lies 
the structure of [Cu(babz)(0~NO)][HOMe](N0~) (232),527 where babz = N,N-bis(2- 
benzimidazolylmethy1)benzylamine. In general the square-based pyramidal geometry involves 
no ligand atoms in the sixth coordinate position within 3.0 8, of the copper(I1) ion, but where 
trigonal planar oxyanians are involved in short Cu-OIl) distances (see Section 53.4.2.lii), the 
conformation of the oxyanion results in the involvement of the O(2) atom in a short Cu-0(2) 
distance of 2.64& clearly off-the-z-axis, but within bonding distance of the CUE ion and 
generating a (4 + 1 + l*)-type structure, intermediate between five- and six-coordination. A 
trigonal distortion is usually present in these (4 + 1 + 1*) structures, with 8 = 170-180" and 
9 = 140-160" (Table 24b). 

[Cu(bipy)Z(oH2>1(S206) [Cu(cbpo)] (229)523 [Cu(ebtd)](BF4)(BF30Et).H20 (230)s24 
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[Cu(babz)(O,NO)(HOMe)](NO,) (232)"' 

Table 24 Copper(1I) Stereochemistries (a) Bicapped CuN,O, (4 + 2.) and (b) CuN,OO'O" (4 + 1 + 1*) 

Chromophore Cu-N(A) Cu-O,N(A) Or) +(O) Ref. 

(a) Sicupped (4 + 2:) 
[Cu(ebtd)](BF4)(BF30Me)-Hz0 (230) CuN4N, 1.99-2.03 2.50,2.50 142.6 165.3 524 
[Cu(metaab)(0,NO)](N03)-H20 CUN~O, 1.95-2.01 2.50,2.66 165.6 175.3 525 
tCu(phen),(O,NO)I(NO,) (=I> CuN40, 1.97-2.06 2.43,2.46 130.9 177.1 526 

( B )  Square pyramidal (4 + 1 + 1*) 
[Cu(babz)(OzNO)(HoMe)l(NO~) (232) CUN~OO'O" 1.94-2.11 2.27,2.64 157.2 163.4 527 
[Cu(Me4bim),(OzNO)](N0,)a CuN,ON'O* 1.99-2.01 2.28,2.57 163.8 178.3 528 
[CU(amtd)(ozNo)l(No,) CuN,ON'O* 2.00 2.2,2.8 140 180 529 
[Cu(terpY)(oNo)(oH,)I(NO,) CuN,OO'O* 2.01,1.97 1.97,2.63 156.1 179.2 530 

a Me,bim = 4,4',5,5'-tetramethyI-2,2'-biimidazolyl. 

(vi) Compressed tetragonal and rhombic octahedral 

The compressed tetragonal octahedral stereochemistry (Figure 19.1) with six equivalent 
ligands is restricted (Table 25) to the [CU(NO~)~]~-  anion in the rubidium ( 2 ~ 9 ~ ~ ~  and caesium 
complexes 251 .532 The original suggestion that this stereochemistry occurs in K2[CuF4]5" and 
B~,[CUF~]~'~~~'~S now considered incorrect, and an alternative choice of $race group yields an 
elongated rhombic octahedral CuF6 chromophore in each ~ t r u c t u r e . ~ ~ ~ ~  37 The compressed 
rhombic octahedral stereochemistry is more common (Table 23) than the tetragonal form, but 
both together only constitute a very restricted class of copper(I1) structures. It was first 
recognized in /? - [CU(NH~)~B~~]  but more recently in the CuN6 chromophores of 
[Cu(dien),](NO& (235),537 [Cu(terpy),](N03), (436) ,538 [Cu(terpy)~](PF6)~"" and in the near 
octahedral structure of [Cu(ta~h)~]$NO~)~ It occurs in the CuOd chromophore of 
[Cu(metho~yacetate)~(OH~)~] (237) 41 and in the CuO& chromophore of the unusual 
structure of [Cu(ttbz),( O,NO)z] (238) ,542 both of which involve nonequivalent ligands and 
(238) involves a novel bonding role for the nitrato group. In (233)531 and (177)426,427 the nitrito 
coordination of the (NO2)- anions to the PbZ+ ion (see 38 Chapter 15.5) may account for the 
occurrence of this uncommon compressed six-coordinate structure, while in (235)" and 
(236)5'"' it could be associated with the restricted bite of the chelate ligands present, but no such 
explanation is available to account for the formation of the compressed geometry in (237)%l 
and (238).542 

\ 
T = 1.056 

Rb,Pb[Cu(NO,),] (233)'" 
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1 bH, 
295 K (120 K) T = 0.99( 1.073) 

N 

(237)'" [Cu(ttbz),(O,NO),] 

Table 25 Compressed Tetragonal and Rhombic Octahedral Copper(I1) Complexes (298 K) 

Complex Chromophore CU-L, (A) CU-L, (A) R@. 

2.06 
2.07 
1.93 
2.02 
1.99 
1.98 
2.17 
2.085 
1.94 
1.97 

2.17,2.18 
2.27,2.27 
2.54 
2.20,2.22,2.18,2.29 
2.09,2.29 
2.18 
2.16,2.16 
2.241,2.241 
2.14,2.15 
2.32,2.25 

531 
532 
536 
537 
538,1267 
539 
540 
395 
541 
542 

a tach = cir,cir-1,3,5-triaminocyclohexane. ttbz = 2-(2-thienyl)-1-(2-thienyhethyl)benzimiole. 

(vii) Cis-distorted octahedral 

The cis-distorted octahedral stereochemistry is only a limited class of copper(I1) structures 
(Figure 19.1 and TabIe 26) and occurs only slightly more frequently than the compressed 
octahedral class (Table 25). It is unknown for six equivalent ligands, but does occur with 
non-equivalent ligands in the CuN402 chromophore and is restricted to complexes involving 
two bidentate chelate nitrogen ligands and one chelate oxyanion ligand, 
[C~(chelate)~(OXO)]-, with trigonal planar oxyanions such as (ON0)-, (O2NO)-, (02CMe)- 
and (0,CH)- which when acting as a bidentate chelate ligand involve a restricted bite to form 
a four-membered chelate ring. The symmetrical CUN& chromophore (C2 symmetry) occurs 
in [ C~(phen)~(  02CMe) ] ( BF4)-2H20 (239) ,543 [ Cu(phen) *( 0,CH) J ( C104) ,544 [ Cu(bipyam),- 
(ONO)](N02) (240)545 and in a more distorted structure in [C~(bipy)~(0N0)J(BF~) (241).547 In 
all three symmetrical complexes the restricted bite of the out-of-plane chelate ligands impose 
the overall compressed six-coordinate structure and the bite of the oxyanion must influence the 
cis configuration, but does not explain the cis distortion, especially in view of the more usual 
elongated rhombic Octahedral structure of [Cu(hfa~ac)~(bipy)] (197),449 where hfacac = 
hexafluoroacetylacetone, and [Cu(~hen)~(NCS)~j (198) ,450 neither of which involves an in-plane 
cis distortion. In the complexes of Table 26, there is considerable variation in the distortions 
present. With the distortions defined as in Table 26, the asymmetry in the Cu-O(1) and 
Cu-0(2) distances, A02,1, varies from zero in (239) and (240) to 0.35A in (241). The 
asymmetry in the CU-N distance is considerably smaller, AN4,2 is cu. 0.2 A and AN,,, is hardly 
significant at ca. O.O2A, Once again the series of cis-distorted octahedral CuN4OZ chromo- 
phores of Table 26 suggests a series of structures along the structural pathwasp" from a regular 
to an asymmetric &-distorted octahedral stereochemistry (Figure 21c). Alternatively, the latter 
may be described as basically five-coordinate (4 4- 1) or six-coordinate stereochemistry with a 
long off-the-z-axis O(2) ligand, to give a (4 -t 1 + 1*) structure, as in (B2).527 



Table M Cis-distorted Octahedral Copper(I1) Complexes, CuN402 Chromophores (298 K) 

Cu(phen),(0,CMe)](BF4)~ZH2O (239) G! SYm. 0.0 0.0 0.0 543 
Cu(Phen),(o,CH)l(clo4) G sym. 0.0 0.0 0.0 544 
Cu(biPYam)z(ONO)I t NO,) (240) G sym. 0.0 0.0 0.0 545 
Cu(biPY)z(ONO)I(NO,) Cl 0.091 0.035 0.026 546 
Cu(bipY)z(ONO)l(BF4) (241) CI 0.346 0.088 0.015 547 

Cu(biPY)z(OzCMe)l (C104).H,O Cl 0.617 0.112 0.023 549 
~ ~ ~ ~ ~ P Y ~ z ~ ~ z ~ ~ ~ 1 ~ ~ ~ 4 ~  CI 0.845 0.097 0.023 548 

~ ~ ~ ~ ~ ~ P Y ~ , ~ ~ , ~ ~ ~ l ~ ~ ~ ~ ~  Cl 0.42 0.085 0.011 550 
~C~,(bipy),(pydca)J.4H,O'~~ Cl 0.85 0.053 0.001 551 
[Cu(dmphen),(O,NO)]( CC13C0z).CC13C0zHb~e Cl 0.33 0.07 0.03 552 

a See (USLfor the atom labelling. bThe sense $f distortion of CuN,O, is different in this complex (see ref. 553). 'This complex is 
dimeric. pydca = pyridine-2,~carboxylate. dmphen = 2,9-dimethyi-l,10-phenanthroline. 

(viii) Linear 

This stereochemistry for the copper(I1) ion (Figure 19.1) is unknown in the solid state, but 
does occur for the copper(I1) halides in the vapour state, e.g. CuClz (242), as determined by 
electron diffraction in the gaseous 

Cl - cu  - CI 

Br-Cu-BBr 

[CuC12], [CuBr,] ( ~ 4 2 ) ~ ' ~  

(ix) Seven-, e ih t -  and nine-coordinate 

These coordination numbers are unknown for copper(I1) structures involving n Cu-L 
distances <2.1 A, where n = 7, 8 or 9 (Figure 19.1). In general a mixture of three, four or five 
short Cu-L distances are involved and the remainder are long Cu-L distances up to 2.9A. In 
all three coordination numbers the majority of the long Cu-L distances involve off-axis 
bonding through trigonal planar oxyanion ligands, such as (0NO)-, (ONOz)- and (02CMe)-, 
etc. There are two exceptions: one is the seven-coordinate CuN, chromophore of 
[ C U ( L ~ ~ ) ] ( C ~ O ~ ) ~  (243)"4 with five intermediate Cu-N distances and two short linear Cu-N 
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distances. The second is the CuN~N302 chromophore of [@u(dap~e)](N0~)~*3H~O~~~ with two 
short Cu-N distances and five intermediate Cu-N and Cu-0 distances (Table 27a). -In 
general, seven coordination occurs more frequently than eight coordination, and nine 
coordination is very uncommon. Seven coordination is illustrated by (243) , [ C U ( ~ ~ ) ~ ( O ~ N O ) ~ ]  
(244)556 and [CU(OH~)~(O~NO)~].O.~H~O (245) .558 In all these seven-coordinate complexes 
(Table 27a), an approximate pentagonal bipyramid is involved (DSh symmetry) but in all cases 
the symmetry is lowered to approximately C, symmetry. Eight coordination is dominated by 
the distorted dodecahedral geometry (Table 27b), as in C ~ [ C U ( O ~ C M ~ ) ~  '6H2O (246) (S4 

on the limit for off-the-z-axis bonding. The only alternative geometry observed for eight 
coordination is that of (AsPh4),[Cu(02NO),] (247).566 Nine coordination is restricted to that in 
Ca[Cu(Z-~pa)4(0H~)~] (248>,567 with the in-plane G O a  chromomophore invoiving a slight 
tetrahedral distortion which reduces the overall Cb symmetry to that of CZ. 

~ y m m e t r y ) ~ ~ ~ , ~ ~  with four short and four long Cu--0 distances, A 0  = 0.89 8, , which is rather 

Table 27 Seven-, Eight- and Nine-coordinate Stereochemistries of the Copper(II) Ion 

Complex Chromophore 

C%N5 
cuo2030,  

cuo 0'00 
CuN,NO,O~ 
CuNZN0,02 

Cu020f0~0"' 
CuN,O,O?O'' 2 2 1  

CUNZO,O~O' 
CuN,0,020' 

c u o 4 0 ; o  

cu-L, (A) Cu-L, (A) Geometryd Ref. 

1.99,2.00 2.22,2.26,2.34,2.40,2.57 C, PB 554 
1.92, 1.92 2.26,2.26,2.27,2.35,2.35 C, PB 555 

1.96,1.96 2.03,2.15,2.15,2.76,2.76 C,PB 557 
2.39,2.65,2.68 1.96,1.96,1.99,1.99 CiPSP 558 
2.27,2.96,2.97 1.96,1.96,2.03,2.02 CIPSP 559 

2.27 2.06,2.06,1.95,1.95 C,PSP 560 
2.22 2.02,2.02,1.97,1.97 C,PsP 561 
2.30 1.99,2.02,1.92,1.96 C1PsP 562 

2.02,2.02 2.06,2.15,2.15,2.73,2.73 C,PB 556 

2.78 x 4 1.97 X 4 S4D 563,564 
2.77 X 4 1.97 x 4 s4 D 565 
2.67 x 2,2.79 x 2 1.92 x 2,1.97 x 2 Ci- 566 

2.27 X 1 2.2 X 4,1.97 x 2,1.99 x 2 C, SBd 567 

japsc = Z,&diacetylpyridine. cir,fram-prnk = bis(2-pyridylmethy1)ketazine. E 2-cpa = 2-chlorophenoxyacetaet. PB = pentayonal 
pyramidal; PSP =pentagonal square pymnidal; D = dodecahedral; SBd = square based. 

\ 
N N  

0 
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0 /N- 

2d 

\ 
0 

N- 

[Cu(a-pic),(02NO),] 

-<o 
:2.70 

,CU\XN02 

-0 

Ca[Cu(2-cpa),(OHz)]~4Hz0 (248)"' 
I 

Off-axis coordination to cop er I1 is hie lighted in the two independent chromopfiores of 
K,[CU(NO,)~] I and I1 (249);p68 (ndther is five coordinate as the formula might suggest. I 
involves a basic six-coordinate CuNz020; chromo hore with a cis distortion that is unique 
outside the [Cu(~helate)~(OXO)]Y c o m p l e x e ~ ~ ~ ~ ~  of Section 53.4.2.l(vii), but with two 
additional asymmetric nitrito oxygen atoms at 2.97A (AO=0.86A) giving a formally 
eight-coordinate CuN,0~0;0; chromophore with a distorted hexagonal bipyramidal geometry. 
I1 involves a pentagonal bipyramidal CuN2N020; chromophore with three nitro ligands and 
two asymmetric bidentate nitrito ligands with off-axis coordination A 0  = 0.46 A. 

0: / '. 

, I  ; NO2 
\ :  A 0  = 0.86 
b' 

With the exception of (243),554 these coordination numbers of the copper(I1) ion above six, 
as in (224)-(240), are generated by coordination of a range of trigonal coplanar OXO or OXOz 
oxyanions, which suggests that these trigonal oxyanions must play a unique bonding role. They 
are well known as symmetrical bidentate ligands (Figure 23a, i) to other transition metal ions 
(see Chapter 15.5), but more usually bond to copper(I1) as an asymmetric ligand (Figure 
23a, ii) with A 0  = [Cu-0(2)] - [Cu-O(l)] = 0.4-0.9 A. With low A 0  values of 0.4-0.7 A 
there is little question that the off-axis oxygen atoms are involved in weak bonding to the 
copper(I1) ion, but for A 0  values greater than 0.8 A, this becomes increasingly questionable. 
For monodentate copper(I1) oxyanion coordination the orientation of the short-bonded 
oxyanion (OXO) is most commonly cis rather than trims (Figure 23a, ii and iii), as in (203)47' 
and (204).472 The cis conformation even predominates in the bridging function of (347). In the 
clearly bidentate (OXO) anion coordination to copper(I1) relatively long Cu--0 distances of 
ca. 2.5 8, are involved as in the bicapped square pyramidal geometry of (Bl)525 or of 2.25 A in 
the cis diqtorted octahedral stereochemistry of (2B)"3 and (240)545 (Figure 23b, i and ii), both 
of which relate to the more common asymmetric bonding (4 + 1 + 1*) of (241) (Figure 23b, 

With two symmetrically long-bonded bidentate OXO anions, as in (238) (Figure 23c, i),542 
symmetric distortion (Figure 23c, ii) may occur to give the most common (4+2*) type of 
coordination as in (203).471 However the alternative asymmetric distortion (Figure 23c, iii) is 
known in [Cu(~t.-pic)~(O,NO),] (247b),s69 where a distorted (4 + 2*) geometry may be considered 
the parent of the two alternative seven-coordinate geometries (4 + 1 + 2*), as in (244)556 and 
(245),'58 by involvement of an additional donor ligand. 

While no regular compressed hexagonal (2 + 6*) structures are known (Figure 23d, i), a 
distorted eight-coordinate hexagonal (2 + 2 + 4") geometry is observed in &249)-Ivs: -(Figure 
23d, ii) with the alternative independent stereochemistry of (249)-115 exhibitmg the 

9 eS4' 
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Pcgpre 23 Trigonal oxyanion coordination to the copper(I1) cation 
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(d) Three OXO- per copper(I1) 

Regular compressed hexagonal (2 i- 6*) Eight-coordinate nonequivalent 
hexagonal (2 + 2 + 4*) (249)5a 

(e) Four OXO- per copper(I1) 

0 
Two up, two down (C,) eight- 
coordinate cis (4 + 4') (247)'& 

Figure 23 (continued) 

seven-coordinate (4 + 1 + 2') geometry of Figure 23(c) (iv). Equally, the regular eight- 
coordinate CU(OXO)~ chromophore is unknown at present, but may then be considered to be 
the parent (Figure 23e,i) of the three distorted geometries of Figure 23(e) (ii)-(iv). Two 
eight-coordinate geometries (4+4*) are formed as in the s mmetric two up/two down 
structure (S4 symmetry) of Figure 23(e) (ii), as in (M), 5633Jand in the asymmetric two 
up/two down structure (C, symmetry) of Figure 23(e) (iii), as in (247).566 But addition of a 
ninth ligand to Figure 23(e) (i) can also generate the nine-coordinate (4 + 1 + 4*) stereochem- 
istry (C, symmetry) of Figure 23(c) (iv), as in 

In this way the symmetric and asymmetric bonding of the OXO anions as ligands to the 
copper(I1) ion may be considered responsible for a significant range of the six- to 
nine-coordinate geometries of the copper(I1) ion. 

(x) Temperature variable copper(ZZ) structures 

The above description of the mononuclear structures of the copper(I1) ion presupposes that 
the structures are all determined at room temperature. If they were determined at a 
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temperature either below or above room temperature (subject to thermal stability in the latter 
case), and subject to no change of phase in both cases, this account has presumed that there 
would be no significant change of structure. For the vast majority of copper(I1) complexes this 
is the case, and for copper(I1) complexes involving coordination numbers four, five, seven, 
eight and nine, there is no evidence for any significant variation with temperature of the crystal 
structure. As this accounts for over 65% of the known crystal structures of copper(II), the 
majority of copper(I1) structures may be considered to involve static non-temperature-variable 
crystal structures.3% In the remaining 35% of six-coordinate geometries, again the majority of 
complexes involve an elongated tetragonal or rhombic octahedral geometry and for these 
complexes in the range of tetragonalities T = 0.75-0.85, a static non-temperature-variable 
stereochemistry is involved. This applies to 90% of the complexes in the elongated octahedral 
class and is illustrated for the structure of anhydrous ~ - [ C U ( O ~ C W ) ~ ] , ~ ~ ~  whose structure has 
been determined at 296, 80 and 4.2K (Table 28) by powder profile analysis.570 In these 
complexes neither the Cu-L distances nor the tetragonalities vary significantly with decreasing 
temperature, namely by >1%, but for a small number of six-coordinate copper(1I) complexes 
having tetragonalities >0.85,396,397 it has been found that the crystal structures are temperature 
variable and very dependent upon the temperature at which the structure determination is 
carried out. The classic example of this involves the structure of cs~Pb[Cu(No~)~]  (250-252). 
At 420 K the CuN6 chromophore involves a regular octahedral geometry in a cubic at 
293 K the geometry is compressed tetragonal octahedral in an orthorhombic lattice,532 while at 
160K the structure is elongated rhombic ~ c t a h e d r a l , ~ ~  although still with a relatively high 
tetragonality T of 0.91 in a monoclinic lattice. In the case of the trigonal octahedral CUNs 
chromophore of [C~(en)~](sO,) (178),427 the change5n is to a compressed rhombic octahedral 
stereochemistry at 120 K. The observation of a temperature variable crystal structure is not 
restricted to high symmetry lattices or to equivalent ligands. Figure 24(a) shows how the 
Cu-0 distances of the com ressed rhombic octahedral Cu06 chromophore of 
[C~(methoxyacetate)~(OH~)~] (237f4' vary down to 4 K574J75 and Figure 24(b) shows how the 
Cu-0 distances of the cis-distorted octahedral CuN406 chromophore of [Cu(bipy)n- 
(ONO)](N03) (253),576,577 vary from 29g5& to 20 K.576,577 In (237) the Cu-O(1) distance 
increases, the W ( 3 )  distance decreases and the Cu-0(4) distance is almost temperature 
invariant. In (254) (Figure 23b) the Cu-0(2) length increases by 0.228,, and the Cu-O( l )  
length decreases by 0.18 8, with decreasing temperature; a smaller increase, 0.06 A, occurs with 
the Cu-N(4) distance and a small decrease, 0.04& occurs with the Cu-N(2) distance. The 
Cu-N(l) and Cu-N(3) distances show no significant chan e with temperature. Even the 
simple [CU(OH~)~]~+  cation in (NH4)2[Cu(OH2)6](S04)2 (254)4 7*458 with an elongated rhombic 
octahedral stereochemistry and tetragonality of 0.914 at 298K shows a significant drop in 
tetragonality to 0.874 and a more elongated rhombic octahedral stereochemistry at 123 K,578 
and to a tetragonality of 0.85 at 5 K (determined by powder profile analysis).579 The extent of 
temperature variation required to produce a significant change of structure varies considerably; 
with Kz[PbCu(NOz)a] (177) only a change from 298 to 276K580 was required to produce the 
change from an octahedral to a compressed octahedral CuN6 chromophore, but in the case of 
[Cu(rnetri),] (180)"' the trigonal octahedral CuN6 chromophore showed no change from 298 to 
120 K, and the compressed octahedral CuN6 chromophore of [C~(dien),](NO~)~ (235)537 also 
showed no change over the same temperature range.581 In the case of [Cu(pyN0)6](BF& 
(255)582 the C, symmetry of the trigonal octahedral Cu06 chromophore is retained even at 
20 K.582 

9 

Table 28 The Crystal Structure Data for Two Static 
Copper(I1) Structures at a Range of Temperatures for 
a-[Cu(HCO,),] Neutron Diffraction Using Powder Profile 

Analysis56935m 

296 K 80 K 4.2 K 
Cu--O(l)* 1.950(5) 1.949(5) 1.947(5) 
cu-o(2)' 1.987(5) 1.968(5) 1.968(5) 
C U 4 ( 3 3 "  2.410(5) 2.389(5) 2.371(5) 
T (full data) 0.756 0.758 0.762 

A. 



618 Copper 

Cs2Pb [ cU( NO&] (250) 571 CS,P~[CU(NO,)~] (251)532 Cs,Pb[Cu(NO,),] (S2)572 

OH, 
295 K (123 K) T = 0.914 (0.874) 

[Cu(bipy),(ON0)](NO3) (253)546 (NH4)2[C~(OH2)6](S04)2 (254)"* [CU(pYN0)6](BF& (255)582 
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Figure 24 The effect of temperature on the copper-ligand distances of (a) [Cu(methoxyacetate),(O€iJJ (237); and 
(b) ~ ~ ~ ~ ~ ~ P Y ~ ~ ~ ~ ~ ~ ~ ~ l c N ~ , ~  

The observation of temperature variable structures for six-coordinate copper(I1) complexes 
involving tetragonalities greater than 0.85 enables the various stereochemistries of Figure 19 to 
be subdivided into their temperature variable and non-temperature-variable 
stereochemistries:% as summarized in Table 29. In this sense they may be divided into the 
static and nonstatic stereochemistries of the copper(I1) ion, but it should always be 
remembered that 95% of the observed structures of the copper(I1) ion involve sturic 
stereochemistries, which are non temperature variable. 

Table 29 The Classification of the Various Stereochemistries of Copper(I1) into their Static Non Temperature 
Variable and Nonstatic Temperature Variable Stereochemistries 

(a) Static - nontemperature variable (b) Nonrtatic - temperaiure variable 

(1) Elongated tetragonal octahedral (T < 0.85) 
(2) Elongated rhombic octahedral (T < 0.85) 
(3) Trigonal bipyramidal 
(4) Square pyramidal 
(5 )  Square coplanar 
(6) Rhombic coplanar 
(7) Seven-, eight- and nine-coordinate 
(8) Compressed tetrahedral 
(9) Linear 

(1) Octahedral 
(2) Trigonal octahedral 
(3) Elongated tetragonal octahedral (T > 0.85) 
(4) Elongated rhombic octahedral (T > 0.85) 
(5) Compressed tetragonal octahedral 
(6) Compressed rhombic octahedral 
(7) Cir-distorted octahedral 



Copper 
I 

619 

53.422 Summary of the stereochemistries of mononuclear copper(II) complaes 

For the mononuclear complexes of the copper(I1) ion, as summarized in the molecular 
structures (174)-(=5), Tables 21-27 and Figures 17-25, the following generalizations may be 

the coordination numbers 2 ,4 ,5 ,6 ,7 ,8  and 9 occur, with the order of abundance being 
6 = 5 > 4 >> 7 > 8 >> 9 = 2, with no three-coordinate structures; 
coordination numbers of 5 and 6 are characterized by distorted geometries, (4+1),  
(4 + 2) and (4 + 1 + 1) coordination; 
off-axis coordination by oxyanions is responsible for the long bonds in some of the 
(4 + 2*), and (4 + 1 + 1*) six-coordinate structures and is the main geometric origin of 
the higher coordination numbers of 7, 8 and 9 as in (4+1+2*),  (44-4*) and 
(4 + 1 + 4*) geometries; 
in the four-, five- and six-coordinate structures regular geometries are uncommon, and 
distorted geometries predominate, characterized by a range of bond-length and 
bond-angle distortions along structural pathways connecting the more regular 
geometries (Figure 21); 
these pathways are dominated by rhombic, trigonal and tetrahedral modes of distortion 
(Figure S a ) ,  and may be related to the appropriate nuclear modes of vibration of the 
elongated tetragonal octahedral CuL6 chromophore, (Figure 25b); 
in a small group of the six-coordinate complexes (5%) with T > 0.85, the structures are 
found to have temperature variable or fluxional stereochemistries, with C w L  varying 
with temperature by 0.1-0.3 A. 

53.4.23 Dinuclear complaes 

These form a major group of copper(I1) complexes for three reasons: (i) they are readily 
prepared by the normal methods used in preparing monomeric complexes;s~zz~47 (ii) they 
provide useful simple models for the study of the magnetic interaction of two unpaired d 
 electron^;^**^^^ and (iii) they are useful models of the type III-IV biological copper  system^.^^*^^ 

In the past ten years it is probably (ii) and (iii) above that have provided the major incentive 
in the synthesis of novel dimeric structures in copper(I1) systems.30 Reference 10 includes a 
review of polynuclear copper(I1) complexes in general and ref. 30 includes reference to a large 
range of biologically relevant dinuclear copper(I1) complexes. The structural chemistry of 
binuclear copper(I1) complexes was reviewed in 1977.586 In order to systematize the description 
of copper(I1) polynuclear structures the following notation is introduced. 

(i) X is defined as a monatomic bridging ligand such as Cl-, Br- and including the OH- 
anion, and also including polyatomic ligands bridging through one terminal atom, such 
as (NO3)-, (0,Me)- and (N3)- anions. 

(ii) Y is defined as a polyatomic bridging ligand which has a generally rigid stereochemistry 
in its own right, such as the (NO3)-, (02Me)-, (&04)2- and imidazole anions. 

(iii) Z is defined a polyatomic bridging ligand which has a nonrigid stereochemistry in its 
own right, such as a polydentate chelate ligand. In practice X-type ligands produce rigid 
bridges with short C U ~ U  distances of cu. 3.5& while with Z-type ligands flexible 
bridges occur and the C d u  distance can range from 3-10& but equally important 
the Cu-Cu separation is not ‘rigidly’ determined. Depending upon the conformation of 
the flexible bridging ligand the Cu-Cu separation is not fixed, but varies over a range 
of values, f2.0 A, especially in solution. 

In general, it is not possible to predict the stereochemistry about the separate copper(I1) 
ions; in most cases they are the same and may or may not be related by a centre of symmetry. 
The actual stereochemistries produced are recognizably the same as those occurring in 
mononuclear copper(I1) complexes (Figure 19.1). The most common is that of square-based 
pyramidal with rhombic coplanar, compressed tetrahedral, trigonal bipyramidal and elongated 
rhombic octahedral stereochemistries all occurring. 

Figure 19.2 summarizes the range of stereochemistries for dinuclear copper(I1) complexes, 
I-IV for one to four bridging ligands. As each ligand may be of an X-, Y- or Z-type and for 
II-IV may be the same or different, as each L may bond at a short (ca. 2.OA), intermediate 
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Flgure 25 (a) Copper(I1) stereochemical structural pathways; and (b) the normal modes of vibration of an elongated 
tetragonal octahedral complex of copper(II), e.g. [Cu(NH,),(SCN),] 

(2.3-2.6 A) or long (2.7-3.0 A) Cu-L distance, and as each CUI' may have a choice (usually 
the same) of the five most common mononuclear copper(I1) stereochemistries of Figure 19, 
there is a wealth of different structural types of dinuclear copper(I1) structures (Table 30). 
Type I dinuclear copper(I1) structures involving a single bridging ligand are the least common, 
a linear type I(v) structure occurs in [ C ~ ~ ( t e t - b ) ~ C l ] F O ~ ) s  (256)587 and a bent type I(v) 
structure occurs in [C~~(bipy)~(OH)l(ClO,)~ (257).5 In (256) two equivalent CuN4Cl 
chromophores are involved, with near trigonal bipyramidal geometries and the principal axis 
aligned at 90" as the two Cu atoms are related by a 180" C u - C l - C u  angle. In (257) the 
Cu--o--Cu angle of 142' is significantly distorted horn linear and the CuN40 chromophores 
are considerably distorted from trigonal bipyramidal with the principal axis misaligned by 90". 
In both chromophores the sense of the distortion is along the structural pathway of the Berry 
twist towards square pyramidal and in the second chromophore the distortion is so extensive 
that the geometry is best described as trigonally distorted square pyramidal. This probably 
arises from the proximity of a perchlorate anion in the long sixth Cu-L position at a distance 
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of 3.0582, too long for even semi-coordination. In both structures the origin of the 90" 
misalignment of the trigonal axes of the local Cu chromophores is not clear; in (WS) there can 
be no steric requirements of the two separate nitrogen ligands, while in (257) the physical 
separation afforded by the bridging atom (Cu-Cu, 3.5 82) restricts any steric interaction of the 
bulky bipy rings. Nevertheless, the misalignment does allow two of the bipy M g s  on the 
separate Cu atoms to be parallel to each other and perpendicular to the C U ~ U  direction, at a 
distance of 3.5 82, suggestive of some jd- jd  interaction, possibly sufficient to cause the observed 
misalignment .588 

With single polyatomic bridging ligands (Table 30) linear bridgin may still arise as in the 
(CN)- anion bridging in [ C U ~  14-4,11-diene-N4)2(CN)](C104j3 (258jS9 containing two centre- 
related square pyramidal or distorted trigonal bipyramidal CuN4C(N) chromophores of type 
I(v) or (vii). In (258) the centre of symmetry present ensures that the principal axes of the Cu 
environments are aligned parallel whether or not the geometry is best considered trigonal 
bipyramidal or square pyramidal. With a rigid planar imidazole bridge as in Na[Cuz(Gly-Gly- 
0)~(im)]-6H~O (259)592 the bridging angle may deviate from linear, namely to 150" with the 
plane of the im ligand lying in the plane of the CuN30 chromophore of the rhombic coplanar 
(type I, i), or square pyramidal (type 11, ii) Cu environments (Table 30). In 
[C~~(pip)~(im)](N0~)~-2.5H~O~~~ (Table 30) the plane of the im ligand is at 90 f lO@ to the 
plane of the CuN4 chromophore of the rhombic octahedral Cu environment, and a bridging 
angle of cu. 1W is still involved. With the more flexible bridging ligands, such as the 
-(CH2)- linkage in [C~~(metgb)F~](BF~)~=2H~0 (240),594 where metgb = l,l,lO,lO- 
tetrakis(l-methylbe~d~ole-2-methyl)-l,l0-diaza-4,7-dioxadecane, two square pyramidal 
CuN3F0 chromophores (type I, vii) are linked via the fifth oxygen ligand position, but still 
approximately aligned with respect to each other. With even longer organic chains involving 
benzene rings, even Ionger Cu-Cu separations may be present, such as 11.7A in [Cuz(p- 
XYLpy2)C14] (261):% where square pyramidal CuN3ClCl' chromophores (type 11, ii) are still 
approximately aligned. In [C~~(tren)~(benzidine)1(NO~)~ (262)596 the Cu-Cu  separations of 
ca. 12.0A involve not only a zigzag Cu-benzidine--Cu chain with Cu-N-C angles of 
133-118", but also the benzene rings are twisted through angles of 14.3-22.5'. Consequently, 
the four square pyramidal distorted trigonal bipyramidal CUN2N3 chromophores (type I, vi) are 
misaligned by ca. 20". 

Type I1 dinuclear structures (Figure 19.2) are the most common dinuclear structures for the 
copper(I1) ion and primarily involve a planar Cu& unit (type 11, i-x) and only occasionally a 
bent Cu2L unit. In the planar CUXZCU structures with monatomic bridging atoms, short 
copper ligand distances occur and result in a planar stereochemistry for the terminal ligands as 
well. Thus in [C~~(OH)~(tmen)~]Br2 (263)"* the Cu2OZ is planar type II(i), and the N atoms 
only involve a slight tetrahedral twist out of the plane of the Cu202 chromophore, which 
involves a C u - 0  distance of 1.908, and a Cu-u angle of 104". A series of planar 
Cu202 complexes exists (see Table 31a) with C u - U u  angles in the range 95-105" (see ref. 
603 for a more extensive listing). Symmetrical bridging chloride ions occur in [Cu2C1Z(HBpz3)Z] 
(264)603 and fluoride ions in [Cu~F~(mppzH)4(F3F&] (265);604 in (264) the Cu stereochemistry 
is square pyramidal (type I1,ii) and in (265) elongated rhombic octahedral (type 11, iii). In both 
cases the short-bonded in-plane CuL4 chromophore is coplanar with the bridging W2Cu unit, 
and both dimeric units are centrosymmetric, consequently in (264) one long fifth ligand 
direction lies above the Cu2C12N4 plane and one lies below this plane. Table 31(b) lists some 
further examples of asymmetric bridging CuCl&u units (type 11, vii) and Table 31(c) lists some 
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asymmetric bridging CuBrzCu units, (type 11, Vii). Single atom bridging groups occur as in the 
alkoxide ligand in di(benzyloxo)bis(2,2,6,6-tetramethy~eptane-3,5-dionato)copper(II) (266)612 
or with the 1,l-azide ligand of [Cu~(Bu’py)4(N&](ClO~)~ (267).613 Planar Cu2Xz units may also 
occur with nonplanar Cu stereochemistries, thus in (P~.+AS)~[CU~C~~] (268)614 both CuCb 
chromophores have a compressed tetrahedral stereochemistry (type 11, iv) with a dihedral 
angle of 66”, while [ C ~ ~ B r ~ ( p y N 0 ) ~ ]  (269)615 has a very unusual short bridged Cu202 unit with 
trigonal pyramidal CuO$r20 chromophores (type 11, ix). Much less common are the bent (or 

of 132.9’ and 129’ occur in the two independent roof-top structures in 
[Cuz(MeNH2),(OH)~](SO4)~H2O (271);” with an even smaller Cu--Cu distance of 2.78 A. 
While in (270) the CuNzO2 chromophores are square coplanar, in (271) one CuNzOz 
chromophore has a fifth ligand (OHz) at 2.37 8, and the other has an intermolecular contact of 
2.40A to the adjacent bridge. Both are consequently square pyramidal (type 11, ii) and, as in 
the mononuclear structures, the Cu atom is lifted out of the plane of the CuNzOz chromophore 
by 0.07 and 0.41 A, respectively. 

roof-top) structures (type II, ii) as in 
Cu202 roof-top angle of 147.5” with 

(C104)2 (270),616 which has a 
. Even smaller bridge angles 

? O b - -  

I 
N 

U 

[ Cu,( 14-4,11 -diene-N,),( CN) ] ( CL04)3 ( 25t1)’~~ Na[Cu,(Gly-Gly-O)z(im)]-6H20 (259)592 

P O - . .  

C u 4 u  5.83 

N-Cu-CI 

N : 2.45 
: /  

Cl-C;-” c1 
11.71 N 

[ ( CU&J -XYLpy2)Cb] ( 261)595 
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N 
I 
N 

\ 
roof angle = 147.5" C6Hll roof angle = 132.9' 

[C~~(cyclohexarnine)~(OH),I(CIO,), (270),16 EC~~IM~(NH,),(OH~~I(SO~).H,O (2711617 

Table 31 Type I1 Bridged CuX2Cu Complexes 

Type Chromophore Cu-Cu (A) Cu-Lx (A) Cu-X-Cu (") M(BM) Ref. 

n u )  
W )  n(ii) 
II(ii) - 

Iqii) 
n(ii) 
II(Vii)  
II(vii) 
II(Vii) 
Il(vii) 
Il(vii) 
n(vii) 

II(vii) 
II(vii) 
II(vii) 
II(vii) 

II(Vi) 
II(vii) 
II(vii) 
II(vii) 

II(vii) 

QNZOZ 

CUO, 
CuNz02 

CuN,O,O ' 
CuN,O, 

Cu N 2 C1 2N 
cuN,clzcl' 

cuNzclzcl' 
cuozcIzcl'  
cuo,clzcI' 

CuN,ClCI' 

CuN,Cl,Cl' 
CuN2CIzC1' 

CuN,CIzCI' 

CuN,CI,CI' 
CuN,ClCl' 
CuNzCIzCI' 
cUOzC1*CI 

CuNzBrzBr' 
CuN,Br,Br' 
CuNzBrzJ3r' 
CuN2BrzBr' 

3.00 
2.98 
2.94 

- 
3.45 
3.46 
3.76 
4.08 
3.74 
3.64 
3.57 

3.70 
3.64 
3.45 
3.47 

- 

3.60 
4.20 
4.93 
3.63 

- 
2.70 
2.73 
2.98 
3.15 
3.74 

2.66,3.08 
2.82 
2.71 
2.73 
2.77 
2.69 
2.69 

2.88 
3.2 
3.87 
2.71 

104 1.4 598 
103 1.38 599 
100 1.49 600 
99,100 1.63 601 
97 1.94 602 

95 
88 
86 
97 
97 
88.5 
85,109 
87.4 

94.8 
92.2 
89.3 

609 86 I 

96 - 610 
61 1 100 - 
634 92 - 
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With tridentate chelate ligands an extensive series of binuclear copper(I1) complexes is 
known, such as [C~~(aiba-nno)~] (272),618 in which the centrosymmetric Cu202 unit involves 
two rhombic coplanar Cu02N2 chromophores (type 11, j) with a Cu-Cu  separation of 3.0 A 
and a C u - O - C u  angle of 103.5'. A similar type II@) centrosymmetric Cu20a2 chro- 
mophore occurs in [Cu2&d-I&2N2O4] (273)619 with a Cu-Cu separation of 3.0A, a planar 
Cu202 unit and with a slight tetrahedral distortion of the Cu03N chromophores, dihedral angle 
6.8'. With triketone ligands base adducts may be formed to give a dual square pyramidal 
stereochemistry type 11, ii) as in [ C U ~  d a ~ ~ a ) ~ ( p y ) ~ ]  (274)620 with an out-of-plane Cu-N 

metal polyketonates has been reviewed621 with an emphasis on dinuclear copper(I1) complexes 
with planar type (11) (i), (ii) and (iii) structures (Figure 19.2). With the more rigid ligand L* a 
centros mmetric square pyramidal Cu2Ofi4Clz unit is formed as in [ C U ~ ( L ~ ) ~ C ~ ~ ] . ~ H ~ O  
(275). 

distance of 2.30 f , and a p value of 0.24 6 . The structural chemistry of polynuclear transition 

n 

[ Cu,( aiba-mob] (272)&lR 

[Cu2( L)C12] .6H20 ( 275)&" 

Binuclear copper(I1) complexes involving nonequivalent bridging ligands bonding at short 
Cu-ligand distances occur, as in [C~2(tmen)~(N~>(OH)](C10~)~ (276),6= notwithstanding the 
disorder associated with the bridging OH- and Ng groups. The Cu2ONN4 unit is strictly planar 
and the perchlorate anions are involved in semi-coordination to the copper(I1) ion (type 11, ii), 
which is still coplanar with four in-plane ligands. Nonequivalent ligands are also resent with 

is of interest as the product of oxygenation of the copper(1) complex (see Section 53.3.7). A 
comparable N3Cu2CuN3 chromophore also occurs in [Cu~(N60)(0H)](BF4)2,6~ where N60 = 
2,6-[ { bis[2-( 1-pyrazoJyl)ethyl]amino}methyl]-p-cresol. 

polydentate ligands, as in [Cu2{ OC6H,[CH2N(CH2CH2py)2]2-2,6-(OMe)}] (277), 14841,624 
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With polyatomic anions short copper-ligand bridging may occur, but must result in longer 
Cu-Cu distances. In [CU(S'-AMP)(~~~~)(OH~)]~(NO~)~-~H~O (278),626 where 5'-AMP is a 
nucleotide base with a terminal phosphate group, the phos hate group bonds as a symmetrical 

(PF6)2'2H20 (279)627 a planar oxalate anion forms four short Cu-0 distances to two s uare 
pyramidal CuN2020 chromophores (with p = 0.21 A) with a Cu-Cu separation of 5.23 1; an 
overall linear and an approximately planar N2Cu04CuN2 chromophore is involved. A 
comparable linear planar structure is involved with the nonsymmetrical bridging carbonate 
ligand of [Cu2(Meqn) C12(OzCO)] (280) .628 Two square pyramidal CuNzO2Cl chromophores 
are involved (p = 0.42 k) with the two-coordinate carbonate anion (see Chapter 15.5) involved 
in two slightly asymmetric bidentate Cu-0 distances of 1.98 and 2.15 8, to the two separate 
Cu atoms. Due to the trigonal shape of the carbonate anion, the C u - C - C u  angle is ca. 120", 
but with a near linear Cu-O(1)-Cu angle of 170" (type 11, ii). In [C~~(sal-rn-pda)~]CHCI~ 
(281) ,629 where sal-rn-pda = bis(salicy1idene)-rn-N, "-phenylenediamine, an increased Cu-Cu  
separation of 7.4A is involved with a stepped structure to two rhombic coplanar CuN202 
chromophores, both with a slight tetrahedral twist (type 11, ii) and a dihedral angle of 6.9". In 
[Cu2(3,3'-dimethoxy-4,4'-bis(3-methyltriazine 3-oxide)biphenyl)] (282)630 two tetrahedrauy dis- 

planes of the Cu02N2 chromophores are inclined at 70" to each other, with a significant 
distortion from the planarity normally found for short Cu-L systems. 

bridging ligand with a Cu-Cu  separation of ca. 5.0 w . In [CU~(M~~~~)~(GO~)(OH~)~]- 

torted Cu02N2 chromophores of type I1 (dihedral angle 9") are separated by two biphenyl 
links to give a Cu-Cu  separation of 12.0 , and as the phenyl rings involve a twist of 26", the 

Cu-Cu 5.23 OH* 

0 'R 

w Stepped 

[Cu,(~al-rn-pda)~] (281)h2Y 

[ C U ~ N ~ ~ O R C ~ H ~ , ]  (a)"" 
The largest group of dinuclear copper(I1) complexes, with two bridging ligands, involves 

unequal Cu-X distances within the bridging CuzX2 unit, in which, rather than the edge sharing 
of the C u 4  chromophore of Figure 19.2, type I1 (i-iv), the planar/planar overlap of Figure 
19.2, type I1 (vi)-(x) is involved, to give a long Cu-fifth ligand distance of -2.3-3.0& to 
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yield two square pyramidal C-' chromophores with some distortion of the Cu atom out of 
the plane to p distances of 0.1-0.4 A. The most simple example is in the dinuclear structure of 
[CO(~~)~]~[CU~C~,]C~~-~HZO (283)Q1 in which two coplanar CuC14 chromophores relate by 
forming long C u - C l  contacts of 2.70A to give two centre-related square pyramidal CuQCI' 
chromophores. While the original publication suggested that this involved two trigonal 
bipyramidal CuC15 chromophores sharing a common edge, there is no obvious reason why a 
trigonal bipyramidal chromophore should involve such a long Cu-Cl  distance of 2.70 and a 
distorted square pyramidal description is preferred. The latter is clearly not regular and has the 
marked trigonal distortion (0 = 145") of the majority of the monomeric square pyramidal 
copper(I1) chromophores. In (283) the dimerization of the two CuC14 chromophores results in a 
slight tetrahedral twist, as the two basal angles of 172" and 145" are in the opposite sense. This 
type of long bond dimerization occurs most frequently with [Cu(monodentate)2C12]2 com- 
plexes, such as in [C~(4-Meox)~Cl~]~ (284),632 where 4-Meox = 4-methyloxazole with a short 
Cu-Cl  distance of 2.60 A, and a Cu-Cu  distance of 3.50 A, and in [Cu(2-p i~)~Cl~]~  (285).633 
More examples of this type of dimerization are shown in Table 31(b) and for some 
corresponding brotnide complexes in Table 31(c), and illustrated in the molecular structures of 
[Cu(4-Meo~)~Br~]~  (2%) (Table 31c).634 In all the structures of Table 31, the bridging short 
copper-halogen distance is approximately 0.1 longer than the terminal copper-halogen 
distance and the bridging angle ranges from 84 to 100". Bridging asymmetric Cu2F2 units are 
less common than either of the corresponding chloride or bromide units, but have been 
characterized recently as in [C~~(drnpz)~(rnpz)~F~](BF~)~ (287),635 where dmpz = 3 3 -  
dimethylpyrazole and rnpx = 5-methylpyrazole and also in [CuzF2(tmpz)6](BF4)4>2 and 
[C~,F~(dmpz)~(mpz)~](BF~)~.~~ In contrast to its frequent occurrence in copper(1) chemistry 
the structural unit Cu212 is unknown in copper(I1) chemistry (Section 53.3.2.2). 

' " . \ 2 3 R  bl.2.25 2.01, 

N' 

/N 

Br 
\ 

[ Cu(4-Meox),Br2], ( 286)634 [Cs(d~pz),(mpz),F,](BF,)z (2437)'" 

Asymmetric Cu202 units are reasonably common, as in [CU(~~~~)(OH)]~(PF~)~~~H~O 
(2.88).645 Relatively short bridging Cu-0 distances are involved in (2.88) (cf. 284) and the 
smaller trigonal basal angle of 168" is involved with the Cu-N bonds at right angles to the 
plane of the Cu202 unit, as also occurs in (287). In structures (283) to (286) this smaller trigonal 
angle lies in the Cu& plane. Asymmetric bridgin Cu202 units also occur with the phenoxide 
ligand, as in [Cu2(en)Z(OFh),16~PhOH (289),' with the acetate ligand, as in [Cu2(l- 
Meim)4(02CMe)4].6H20 (290), where 1-Meim = 1-methylimidazole. While (289) has a 
marked trigonal distortion of the CuN2020' chromophore, that of (290) is almost regular, 
notwithstanding the relatively short fifth ligand distance of 2.42 A. A possible reason for this is 

COC -u 
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that the bridging acetate is involved in off-z-axis bonding to the copper(I1) ion to yield a 
(4 + 1 + 1*) six-coordinate CuN20201 chromophore and not a (4 f 1) five-coordinate 
chrom~phore.~'~ Probably the best known dimer of the present type involving a Cuz02 
chromophore is that involved in [ C U ~ ( ~ ~ N O ) , ( O ~ N O ) ~ ]  (291),648 in view of its magnetic 
properties (see Section 53.4.4.3). It involves a Cu040'  square pyramidal chromophore, with a 
relatively short fifth ligand distance of 2.44 A, but in contrast to the previous dimer structures 
(283) to (290) it involves a clear tetrahedral twist to the in-plane Cu04 chromophore compared 
to the trigonal distortion normally observed. As with (290) a possible reason is that the two 
nonbridging nitrate groups may be involved in off-z-axis bonding at 2.75 and 2.80& and 
suggests that the stereochemistry is really seven coordinate with (4 -I+ 1 -t 2*) stereochemistry 
(see Section 53.3.2.1). 

[Cu,( l-Meim)4(MeC02)4].6H20 (290)"' [ C U ~ ( P Y N O ) ~ ( ~ ~ N O ) Z I  (291)* 

In the essentially rhombic coplanar complexes [CU(DMG)~]~ (292)@' and [Cu(ditc)& 
(293),650 where DMG = dimethylglyoxime and ditc = diethylthiocarbomate (type 11, vii), 
dimerization occurs in the solid state by planar overlap to produce a Cu-Cu  separation of 3.8 
and 3.54 A respectively. - 

0-Nl- ,N-0 
, 

W 
[CU(DMG)~J~ 

With monatomic bridging atoms (type I (i)-(iv) and type I1 (i) structures, Figure 19.2) type 
I1 structures predominate in the dimeric copper(I1) structures, but one or two examples of the 
bent or roof-top structure (type I1 (i)-(v), Figure 19.2) exist. In [C~(trans-chd)~Cl~]~,THF 
(294),651 where trans-chd = 1,2-cyclohexanediol, the Cu~Cl2 is nonplanar with a roof angle oj 
147', while in the structure of [Cuz(dmthbp)3r4] (295),652 where dmthbp = 2-(3,3-dimethyl-2- 
thiabutyl)pyridine, the bridge angle is 140' and the CuBr2NS chromophore has a tetrahedra 
twist with a dihedral angle of 28.9'. But the most unusual dimeric copper(I1) structure, witk 



Copper 629 

mixed copper(I1) stereochemistries, involves a rhombic coplanar CuNzCIO chromophore plus 
a tetrahedral CuC14 chromophore, and occurs in [Cu2(medpco)Cl4] (296)t653 where medpco = 
N ,  N'-bis(2-N, N-dimethylaminoethyl)pyridine-2,6-dicarboxamide l-oxide. One C u - C l - C u  
bridge involves short Cu-CI distances, while the second involves one short plus one long 
Cu-C1 distance of 2.64 to produce a normal square pyramidal CuN20C1Cl' chromophore 
with a reasonable Cu-Cu distance of 3.45A. The asymmetric type bridging of Figure 19.2, 
type I1 (vi), also occurs with polyatomic Y-type anions (Table 32), such as the (N3)- anion, 
which involves restricted asymmetry in [C~~(Me,dien),(N,)~](BPh,& (297)654 with only a 2.25 A 
Cu-N distance out of the plane and trigonal in-plane angular distortion (t=28%). The 
bridging (N3)- anions are not linear (176.7') and coordinate to the copper(I1) ions with angles 
of 124" and 140" to give an increased Cu-Cu distance of 5.20 A. A slightly greater asymmet 
in the (N3)- anion bridging role occurs in the comparable structure of [Cu(Mepn)(N,),] (298)6 
with an out-of-plane Cu-N distance of 2.46A and in which a second (N3)- anion forms a 
terminal in-plane nitrogen ligand. With a series of [C~~(tren)~(anion)~](Ph,B), complexesYw6 
where anion=CI-, (NC0)- or (NCS)- and illustrated for the NCO- anion in (299), each 
anion is involved in a normal Cu-X ligand distance to a trigonal bipyramidal CuN& 
chromophore, but linked to a second chromophore by hydrogen bonding between the 
coordinated anion and an amine hydrogen atom of the tren ligand of the second chromophore 
(299). In the case of the (NCS)- complex the terminal S atoms form two hydrogen bonds 
(Table 32). In all three complexes the dimerization aligns the principal axes of the two trigonal 
pyramidal CuN4X chromophores. With polyatomic bridging ligands asymmetric bridging can 
occur, as with the oxalate anion in [CU~(E~~~~~~)~(C&~)](PF~)~.~H~O (300),627 to give a planar 
centrosymmetric structure, which contrasts with the short Cu-0 symmetric bridging of this 
anion in [CU~(M~~~)~(~O~)(OH~)~](PF~)~~~FI~O (279).6n A square pyramidal CuN,OO' 
chromophore is involved with a t value of 42% ( p  = 0.21 A) and a Cu-Cu  separation of 
5.46A. A similar structure involving an asymmetric bridging biimidazolate anion OUXI'S in 
[ C ~ ~ ( M e ~ d i e n ) ( b i i m ) ] ( P W ) ~ , ~ ~ ~  also with a type 11 (vii) structure. 

7 

roof angle = 147" 

[CU( tra~-chd),Cl,]z (294)65' 

n 

u roof angle = 140" 

[Cu,(dmthbp),Br,] (2%)"' 

v 
,".2.05 i.w,N-N-N 

A 
c1 C' 

2.18\ 2.%/ I 

In order to introduce more flexibility into the structure of dinuclear copper(I1) complexes, 
bridging ligands of type Y, such as p-XYLpy2 (261);" have been combined with simple anion 
bridging ligands, such as C1-, OH-, (CN)-, (0Ph)- and (N3)-, to produce very asymmetric 
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dimeric structures involving significantly different bridging groups. Thus the p - 
CH2(C6H4)CH- link of [Cu(P-XYLpy2)(0H)](BF4), (301)65s holds the two Cu atoms 
sufficiently close together to form a short bonded Cu-(OH)-Cu bridge (1.85 A), which has 
been described as the 'earmuff The Cu-(OH)-Cu bridge is bent with a 
Cu-0-Cu angle of 132" and the environment is square pyramidal with a Cu-0 out-of-plane 
distance of 2.37A. The in-plane CuONSz chromophore has a definite tetrahedral twist with 
angles of 167' and 160°, directed in opposite directions, due to the comformational constraints 
of the macrocyclic ligand. Even more common are single bridging units with two organic 
linkages as listed in Table 33(a), and illustrated for an endogenous alkoxy bridge ir 
[Cuz(C&H3fi7OI5)Cl3] (3U2).660 A bent Cu-(OR)-€u link is present with a C U - ~ L  
angle of 136", generating a Cu-Cu  separation of 3.64A, between two square pyramida 
CuN30X chromophores, where X = N, and OH2 for the two distinct copper(I1) environments 
In [Cu2(Lq(N&(l,3-N3)](C1O4) (303),%' where LF is defined in (304), a 1,3-azide bridgt 
occurs, bridging two long Cu-N distances and involving nonlinear Cu-N-N angles whic't 
together produce misaligned CuN4 planes (ca. 45") with a Cu-Cu  separation of 6.02A (set 
also Table 33a) 

I / I 

HZO 

[ CUZ(P -XYLpy2) (OH)] (BF& (301)w8*6s9 I C U Z ( C ~ ~ H ~ ~ , ~ ~ ) I ( C ~ O ~ ) ~  (302)660 

N N 
/ 
\ / 

h R w 
L ~ - L ~  (304)"' 

LA, R =-(GI&- 
LB, R = - (CHz)r 
Lc, R = -[CH&S(CHz)r 
LD, R =-(CHZ)2NH(CH2jr 
LE, R =-(CH2)3NH(CH2)3-- 
LF, R = - (CH2)zO(CHz)zO(CH&- 
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The presence of an organic bridging group also occurs with two small bridging ligands as in 
Cu2X2L; symmetrical short MeO- bridging ligands occur in [C~2(N~py2)(0Me),](ClO~)~ 
(305),= in which the CuzOz unit is planar with a Cu-Cu  separation of 3.1 A. Both CuN202N 
chromophores are square pyramidal with a trigonal distortion ( r  = 27%), and the fifth ligand 
distance of 2.368, restricted by the bite of the chelate ligand. Equally nonequivalent 
short-bonded bridging ligands ma be resent plus an additional bridging organic chain, as in 
[Cu2(ehpdtb)(N3)](C10& (306),'' Wig two bridging organic links two short bridging ligands 
predominate for CuX2L systems (Table 30b). In [CUZ(HZL~)(OHZ)~](C~~~)~-~M~N~~, LA = 
(304) (Table 30b),- two short Cu-OH-Cu bridges are formed along with a rhombic 
coplanar N2CuOzCuNz chromophore linked further by two flexible N-(CH2)4-N linkages. 
Likewise the two short-bonded 1,3-N3 links of [ C U ~ ( L ~ ) ( N ~ ) ~ ( ~ , ~ - N ~ ) ~ ]  (307), LB = (304),669 
yield a unique planar Cu(N&Cu unit linked by two S-(CH&--S chains, to hold together two 
elongated rhombic octahedral CuNzN& chromo hores at the relatively long Cu--cU distance 
of 5.2 A. In [ C U , ( C , ~ ~ , N ~ O , ) ( N ~ ) , ( ~ , ~ - N ~ ) , ] ' ~  two N-N linkages hold together a very 
asymmetric Cu(N3)zCu bridging unit, as observed previously in (297) and (298). Two 
S-(CH2)& linkages also hold together the very asymmetric short-bonded Cu(Nz)(N3)Cu 
bridge of [Cu2(LC1)(pdc)(l ,3-N3)] (308),671 where pdc = pyrazole &carboxylate anion, again 
with two aligned elongated rhombic octahedral CuN"N"OSz chromophores at the intennedi- 
ate Cu-Cu  distance of 4.45 A. In [CU~(L")(OH)(OH~)](C~O~),,~~~ two organic links hold two 
none uivalent oxygen bridges, a hydroxy bridge involving two short Cu-0 distances of 
1.92 1, and a bridging water molecule at an appreciably longer Cu-0 distance of 2.52 A, to 
yield a Cu-Cu  separation of 3.2 A. In this asymmetric Cuz02 unit the C u - M u  angles are 
considerably different: 110" at the OH bridge and 77' at the OH2 bridge. In 
[ Cu2( LG)( OH)( 02C102)]( Clod) CHCb (309)673 and [Cu2( LC5) (pdc) ( OC103)]( CIO4),.H20 
(310),674 two organic links hold two very asymmetric copper bonds in place, in the former a 
short bonded Cu-OH--cU bridge, Cu-0 at 1.928,, with a C u - M u  bond angle of 144", 
and in the latter the two nitrogens of an imidazole ring with equivalent Cu-N distances. In 
both (309) and (310) the second long-bonded bridging unit is a perchlorate anion, in the former 
bridging symmetrically at 2.61 8, as a bidentate perchlorato group at a semi-coordinate 
distance, in the latter occurring as an unsymmetrically bridging monodentate perchlorate at 
distances of 2.85 and 3.07 A, two rather long distances, even for semi-coordination. In a number 
of dimeric copper(1I) complexes (Table 33b) involving two organic chain links, the links are 
sufficiently long and flexible for no short ligand bridging to occur, and the copper 
chromophores can be considered as separate mononuclear co per(I1) centres linked by the two 

the two square pyramidal CuN5 chromophores are independent and only constrained by the 
organic links to produce a Cu-Cu se aration of 4.1 8, with no short bridging ligands present. 
In [C~(ppda)(OS0~)]~-13H~O (3I2)J8 where ppds = N,N'-dipicolinoyl-l,3-propanediamine, 
two square pyramidal CuN2020' chromophores are aligned base to base (cf. type I, v i ) ,  with 
two organic links, but no direct axial bridging ligand and a Cu-Cu  separation of 3.9A. In 
(312) a monodentate (SO4)'- oxyanion completes the long fifth ligand Cu-0 bond of 2.3 8,. 
In [Cu3{N(Me)edtb}(OzN0)3](N03)~Hz0 (313),145 where N(Me)edtb = N,N,N',N'- 
tetrakis[(l-methyl-2-benzimidazolyl)methyl]-l,Zethanediamine, a single en linkage connects 
two coplanar CuN202 chromophores, and a bridging nitrato group forms a second linkage via 
long Cu-0 distances of 2.418, to give a square pyramidal CuN300; chromophore with an 
additional off-the-z-axis nitrate oxygen at 2.63 8, to form a (4 + 1 + 1*) structure of two 
misaligned chromophores. The ultimate loosely bonded dimeric structure is that of the 
hydrogen-bonded structure of (299). 

organic This occurs in the structure of [Cu2(LC B )(N3)2(N3)](C104) (311),675 where 
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[C~(ppda)(OS0~)]~.13H~O (312)678 

Dinuclear copper(1I) complexes involving three short-bonding rigid ligands (Figure 19.2, 
type 111) are unknown as this would require a trigonal pyramidal CuLj chromophore which is 
only known in the pseudo structures of copper@) such as KZPb[Cu(NO&] (177) and 
Cs(CuC13) (181). Two short and one long copper bridging distances are only found rarely, but 
they do occur in Cs3[CU2Cl7(OH2),] (314)679 and in [CU~(CI~HI&)CL(OH)]-~H~O (315).680,681 
In the former, two ebngated rhombic octahedral CuC130Clz chromophores share a face with 
one short/short and two short/long bridging C1- anions, to produce a C u 4  separation of 
3.45 A. In (315) two square pyramidal CuN,OClCl' chromophores share a common face, but 
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with two short/short OH- and N2 bridges and one longllong C1- bridge. In both (314) and 
(315) there is significant misalignment of the two Cu centres. 

Cs,[Cu,CI,( OH,),] (314)'" [CU~(C~~H~~N~)CI~(OH)]  1.5H20 (315)680.6s1 

For dinuclear copper(I1) complexes with four equivalent bridges (Figure 19.2, type IV) 
the [ C U ~ ( O ~ M ~ ) ~ ]  structure predominates. It was first recognized in [ C U ~ ( O ~ C M ~ ) ~ ( O H ~ ) ~ ]  
(316),682484 but due to the interest in the magnetic pro ertiesm5 and bonding in this type of 
complex, it has been extensively studied and reviewed.L87 In (316) the two Cu atoms are 
bridged by four symmetrically bridging acetate groups to give a dimeric structure with a short 
Cu-Cu distance of 2.62 A. The copper(I1) involves four short Cu-0 distances of 1.97 8, and 
a further fifth ligand distance for Cu-OH2 of 2.16A. If the Cu-Cu direction is ignored as a 
bonding direction in (316), the complex has two square pyramidal Cu040' chromophores 
sitting back to back (see 312). Numerous acetate structures have been determined With 
different fifth ligands (Table 34688-694), and also with substituted carboxylate groups ,69ww but 
because of the restricted bite of the carboxylate oxygen atoms the geometry varies very little 
and the Cu-Cu separation only changes by ca. 0.3A. While the rigid geometry of the 
[ C U ~ ( O ~ C M ~ ) ~ ] ~ -  unit is the norm, this stabilizes the cupper(I1) ion to reduction even by Ph3P 
and the formation of a stable C u " P  bond (2.56 A) in [ C U ~ ( O ~ C R ) ~ ( P P ~ ~ ) ~ ]  (317),698 where 
RC02H2 = 2,9-bis(methoxymethyl)-2,9-dimethyl-4,7-dioxadecanedioic acid. More recently a 
trigonally distorted square pyramidal Cu040 chromophore has been characterized in 
[C~~(O~CCCl~)~(ternpo)~] (318) ,699 where tempo = the stable nitroxyl radical 2,2,6,6- 
tetramethylpiperidinyl-1-oxy. Each Cu040 chromophore is still five coordinate, but one of 
the Cu-O(acetate) distances forms the elongated fifth ligand direction, rather than the 
terminal ligand as in (316) and (317) and the t values of the two Cu centres of (318) are 73 and 
95% respectively; the latter is very close to a trigonal bipyramidal CuOs chromophore. In (3B) 
the acetate bridges involve one short and one long Cu-0 distance and link the two principal 
0-Cu-0 axes at ca. 90" misalignment. 

Me 
I 

CU-CU 7C13 ,CCI, 
2.3% 

The acetate type structure can also occur with nitrogen ligands, but is only of limite 
occurrence. It occurs in [Cup(NPhCPhNPh)4] (319),700 where bridging NPhCPhNPh liganc 
result in an even shorter C u - C u  distance of 2.45 A. 
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Table 34 Some Crystallographic Data for Dinuclear Acetate-type Structures 

Complex Cu--Cu (A) Cu-0, (A) Cu-OH, (A) Ref- 
~ ~~~~~~ 

2.58 1.96 
2.58 1.97 
2.62 1.97 
2.64 2.00 
2.64 2.03 
2.67 1.98 
2.56 1.95 
2.57 1.96 
2.69 1.97 
2.77 1 .% 
2.89 I .97 

2.17 688 
2.20 689 

2.09 690 
2.08 691 
2.24 692 
2.23 693 
2.18 694 
2.27 695 
2.15 696 
2.11 697 

2.16 682-684 

Ph 
I 

Ph 

53,424 Trinuclear complexes 
These are far less extensive than are dinuclear copper(I1) systems and limited to only two or 

three types, which are shown in Figure 19,3(i)-(iii)* A bridging chloride trimer occurs in the 
trinuclear [C~(denc)&l~]~ (320) ,ml whence denc = N,N-diethylnicotinamide; a planar Cu3CI, 
ribbon occurs with two trans nitrogen atoms from denc coordinating out of the plane. Due to 
the stoichiometry the central Cu atom has a CuC14N2 chromophore and the terminal Cu atoms 
have a CuC13N2 chromophore. In both environments the trans Cu-Cl  directions are elongated 
and aligned parallel in all three chromophores. At the central copper atom the tetragonality is 
0.77 and the terminal CuN2C13 chromophores are almost regular square pyramidal with a t 
value of 7.5%. In [CU~(C~,J-€~~NO)~(GH~O~)~(C&O)~]  (321)'02 the copper atoms form a 
linear array with a Cu-Cu separation of 3.2A. The central atom has an octahedral 
stereochemistry and the two terminal atoms involve a rhombic coplanar (4 + 1*) stereochem- 
istry with the carboxylate oxygen involved in off-axis bonding. Due to the short Cu-0 
bridging distances and the 110" C u - M u  angle, the two outer Cu centres have their 
principal axes approximately aligned, but they are both misaligned by ca. 70" with the principal 
axis of the central copper atom. 

[Cu(denc),Ct,J, (320)'01 

coc -U. 
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No type I11 (ii) bent trinuclear copper(I1) systems are known, but a number of type 111 (iii) 
systems with a symmetrical tridentate bridging ligand to three copper(I1) ions are known. In 
the trinuclear complex, [Cu3(OH)(pao)3](S04)-10.5Hz0 (322),703 where pa0 = 2- 
pyridinecarbaldehyde oxime, the three equivalent copper atoms are bridged by a single 
three-coordinate hydroxide group at 1.98 8, and each copper atom involves an approximately 
planar CuNzOz group with an apical Cu-0 distance of 2.15 A to a symmetrically tridentate 
sulfate anion, which symmetrically caps the underside of the Cu3(0H) group (323). The 
CuNzOZO2 chromophores are square pyramidal with p = 0.2 A. A very similar' symmetrical 
structure occurs in [Cu~(prao)3(0H)~.5(C104)o.5](C104)-4H20, where prao = 2-2-methyl-2- 
propylamino-3-butanone oxime, and more recently in [Cu3(0H)(phbo),], where phbo = 3- 
(pheny1imino)butanone 2 - o ~ i m e . ~ ~ , ~ ~ ~  In [ C U ~  OH)(pz)s(Hpz)z(ONOz)2]~Hz0 (324)'06 a less 
symmetrical [Cu3(0H)] unit occurs, still with a pyramidal geometry and p = 0.48 A. Each pair 
of Cu atoms is bridged in the trigonal plane by an N-N pyrazole group, but two kinds of Cu 
environment occur: two Cu atoms involve a terminal Hpz ligand while the third involves a 
nitrato group that is also involved in off-axis coordination, Cu-0 = 2.87 A. All three Cu 
atoms have a distorted square pyramidal environment completed by a nitrate oxygen to give a 
(4 + 1) or (4 + 1 + 1') stereochemistry. The nitrate is tridentate (see 49, Chapter 15.5) and 
semi-coordinates to two Cu atoms of one Cu30 unit and one Cu atom of a second Cu30 unit, 
thus generating a linear lattice structure. Less symmetric single-atom bridging of a Cu3 unit 
occurs via a l,l,l-azide ligand in [Cu3(Zbzpy)z(N3)(N&] (325),707 where bzpy = 2- 
benzoylpyridine. All three Cu-Cu  separations are bridged by a short-bonded 1 ,I-azide ligand. 
Two of the capper environments are then elongated rhombic octahedral with out-of-plane 
chelation of the benzoylpyridine ligand and the third Cu environment is distorted square 
pyramidal, with l,l-azide ligands bridging to other Cu3N units to give a one-dimensional chain 
structure. 

o-+.-N, 

[ Cu,(OH)( pao),](SO,)- 10 .5H20 (322)703 

H 

111.48 
0 

(323) [Cu3(OH)(02SO)] group of (322)'03 

53.4.25 Tetranuclear complexes 
These complexes are again much less common than dinuclear complexes, but slightly mor 

extensive than trhuclear complexes. Four main structural types arise (Figure 19.4), name1 
linear (IV, i), zigzag or stepped (IV, ii), planar (IV, iii) and tetrahedral (IV, iv). The line: 
systems IV (i) are the least common, but do occur in the linear chain of (Me&H),[Cu4C1, 
(326)''' involving four coplanar CuC1, chromophores; the centre two of the chain bridge t 
adjacent chloride ions at 2.75 and 3.23 A, to yield a rhombic octahedral CuCI6 (4 + 1 + 3 
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structure. In [C~(salen)CuCl~]~ (327) ,709 where salen = N,N’-ethylenebis(salicyla1dimine) , a 
zigzag or stepped & unit is present, with a planar Cu2C12 central unit and two terminal 
Cu02Cu bridges. The two central CuC13020’ chromophores are square pyramidal and the two 
terminal CuN202 chromophores710 are rhombic coplanar; due to the two-atom bridging, the 
elongation axes of the central and terminal copper(I1) centres are misaligned by ca. 90”. In 
[(CUL),(CULO)(-~-OH)~] (328),254 where HL = 1,3-bis{2-(4-methylpyridyl)imino)isoindole, a 
bent Cu-0-Cu bridged tetramer occurs with a trigonal bipyramidal central CuN302 
chromophore and tetrahedrally distorted terminal CuN30 chromophores. An essentially planar 
Cu4 unit of type IV (iii) occurs in [C~~(bpim)(irn)]~(N0~)~-3H~O (329),593 where bpim = 4,s- 
bis{ (2-pyridy1)ethylimine)methylimidazolate. All four Cu atoms are bridged by imidazole 
ligands and further coordinated by two nitrogens of the bpim ligand to form four essentially 
planar CuN4 chromophores with the im rings of the bpim ligands coplanar with the CuN4 
chromophore and the planes of the remaining two im ligands perpendicular to this plane. Two 
Cu-Cu  separations of 5.91 and 8.63A are involved. An essentially planar cyclic Cu4 
eight-membered ring occurs in [C~~(mpz)~(acrnpz)~(ONO~)~] (330) ,711 where mpzH = 3(5)- 
methylpyrazole and acmpzH = 1-( l-ethanoyl)-5-methylpyrazole, with four bridging pyrazole 
N-N groups; in addition the two Cu2 pairs are bridged by an ethoxy group. Two copper 
environments are present: a tetrahedrally distorted CuN30 chromophore, and an essentially 
planar CuN200’ chromophore, where 0’ is a nitrate oxygen ligand with a second off-axis 
oxygen at 2.57 8, to give a (4 + 1*) square pyramidal stereochemistry. In this rather irregular 
Cu4 structure there are four distinct Cu-Cu distances of 3.32, 3.42, 4.39 and 5.11 A. The most 
regular type of tetrahedral Cu4 unit is involved in the [Cu40X&] structure (331),712 where 
X = Cl- and Br- and L may be C1- or OHz or an organic ligand such as triphenyl phosphine 
oxide, N-methyl-2- rolidinone (nmp), or 2-methylpyridine as listed in Table 35(a). In all of 
these structures,”’-“ the Cuq tetrahedron is nearly regular with a central tetrahedral 0 atom. 
The six edges of the Cu4 tetrahedron are bridged by the halide anions, X-, and the L ligands 
form terminal groups on the Cu atoms. Each Cu has a trigonal bipyramidal CuX30L 
chromophore and the four principal axes are misaligned by the tetrahedral orientation about 
the central 0 atom. All the Cu-Cu  separations are cu. 3.0& A less regular tetrameric Cu4 
structure occurs with the dialkylaminoethanolate anion, in which [ C U ~ { O ( C H ~ ) ~ N R ~ } ~ ] ~ ~ ~ ~  
dimers are further associated in pairs by longer Cu-0 distances to form a distorted C&04 
chromophore (332). No central p4-0 atom is present, but two interpenetrating tetrahedral Cu4 
and O4 units are present with the nitrogen atom of the O(CH2),NR2 anion also involved as a 
terminal ligand to the cupper(I1) ion to give a distorted square pyramidal stereochemistry 
(Table 35b). In [ C U ~  C ~ H I ~ N ~ O ) ~ ] ( S O & ~ H ~ O , ’ ~  [CU~(C~H~~N~O)~](NO&*~H~O~~ and 
[Cu4(dmae)4(02CCF,)4~~2,7~ the same basic tetrameric unit (332) is present, except that the 
copper(I1) environment is elongated rhombic octahedral rather than square pyramidal. This 
arises from semi-coordination of an oxygen from the oxyanion in the nitrate complex to give a 
bridged chain structure, in the sulfate complex to give a bridged sheet structure and by internal 
off-axis bonding in the carboxylate to give a molecular tetrameric structure. While the 
[ Cu40;y6L4] chromophore is unique in copper(I1) stereochemistry, the [Cu404L4] structure is 
comparable to the closed cubane structure of copper(1) chemistry (Figure 4.4(v), Section 
53.3.2.4) and without the central 0 atom the former resembles the open cubane structure of 
Figure 4.4(vi). 

9’ 
! 2.75 

c1 
! 2.75 

[Cu(salen)CuC1,], (327)709 
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53.42 4 Hexanuclear complexes 

Unlike copper(1) CUS and CUS units are very limited in copper(I1) structures. The former is 
unknown but the latter occurs (Figure 19.5) in [ C ~ ~ O ( d p e o ) ~ ] ~  (333),'05 where dpeo = 1,2- 
diphenyl-2-(methylimino)ethanone 1-oxime and results from the dimerization of the trinuclear 
[C~~O(dpeo)~]  units (see 321) with a relatively short Cu-0 separation of 2.33A and a short 
Cu-Cu separation of 3.18 A. 
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53.42 7 Onedimmional  chains 
While the three-dimensional structures of copper(1) are dominated by the trigonal 

three-coordinate and tetrahedral four-coordinate geometries, the three-dimensional Structures 
of copper(I1) (Figure 19.6) are dominated by the square pyramidal five-coordinate and 
octahedral six-coordinate geometries. In both cases regular structures are not involved, but 
elongated tetragonal and rhombic, square pyramidal and octahedral stereochemistries occur. In 
general a short-bonded mononuclear rhombic or tetragonal C u d  chromophore is present, 
which is then bridged through a single long bond (square pyramidal) or two trans long bonds 
(octahedral) to build up an infinite lattice in one, two or three dimensions.1° Occasionally 
dinuclear chromophores are involved as the bridged unit. 

There are no linear chain structures for the copper(II) ion involving a single short-bonded 
monatomic bridging anion (Figure 19.6, i), but a twisted linear chain occurs, as in 
[CUC~,(DMSO)~] (334)'% and similar structures in Table 36. In general a trigonally distorted 
CuClZL&l' chromophore is involved, z = 17-45%, with a long Cu-Cl  bridging distance, a 
nonlinear Cu-Cl-Cu angle of 114-145" and a Cu-Cu  separation of 4.3-4.8A. Linear 
Cu-Cu chains do o a r  with polyatomic bridging ligands such as p razine, as in 

uncommon. More common is a bridging role involving long or semi-coordinate Cu-L 
distances of 2.3-2.8 A, as in [Cu(hfa~ac)~(pyrazine)] (336),729 and [Cu(hfacac),(l,4- 
diazabicycl0[2.2.2]octane)]~~~ and especially oxyanions (Table 37).731-735 In (335) a short 
Cu-N distance occurs, with the coordinated nitrate anion involved to give an off-axis long 
Cu-0 distance and an overall CuNzOzO~ chromophore with a 4 + 2*) structure. In (336) the 

is present with a normal (4 + 2) structure. In [Cu(l,3-pr0panediamine)~(OSO~)]~~~ a very 
asymmetric bridging single sulfate oxygen atom occurs, 2.75 and 3.34& but the latter is too 
long to be considered even semi-coordinate; the structure is described as a weak chain-like 
arrangement. Unsymmetrical bridging occurs in the mixed longhhort bridging role of the 
planar crotonate anion of [CU(OH~)~(C~O~)]  (337)737 or of the planar oxalate anion of 
[ C U ( N H ~ ) ~ ( ~ O ~ ) ] - ~ H ~ O  (338).738 In (337) the bridging crotonate anion results in misalignment 
of the principal axis of the local elongated rhombic octahedral stereochemistry, while in (338) 
the alignment of the axes of the very rhombic CuN2020; chromophore is retained. 

[Cu(pyrazine)(OzNO)z] (335)728 involving short Cu-N distances of 1.98 w , but this is 

tram pyrazine ligand is involved in a long Cu-N distance (2.53 1 ) and a Cu04N2 chromophore 

N 

'N 

1 .  

6.71 0 0 

0 
[Cu(pyrazine)(O2N0)J (335)728 [Cu( hfacac),(pyrazine)] (336)729 

[(Cu(OH,),(C,O5)1 (337)737 [ ~ ( N K ) d W d I * 2 H @  (33W'" 

Double ligand bridges (Figure 19.6, ii) involve a four-coordinate CuL4 chromophore chain of 
[CuCl,] ,'39 but the Cu environment is increased to elongated tetragonal octahedral by further 
overlap to give a CuCl.&ll chromophore to give a two-dimensional sheet structure. A linear 
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chain structure of pairs of (1,1-N3)- bridges OCCUTS in the structure of [CU(N,),],~~ but again 
with an increase of the four coplanar CuN4 chromophores to six-coordination by longer CU-N 
distances of 2.5-2.7 A to the terminal azide nitrogen atom, the 1,l-bridging (N3)- anions 
involve a tetrahedral stereochemistry at the bridging nitrogen atom. A genuine double-bridged 
linear chain involving a short Cu-L distance occurs in the structures of [Cu((n- 
b ~ t y 1 ) ~ P O ~ } ~ ] ~ ~ ~  and [Cu{ (n-hexyl)zP02}z] (2W) ,484 both involving symmetrically bridging 
(RzPOZ)- anions, and both involving a compressed tetrahedral Cu04 chromophore, which is as 
uncommon as a mononuclear Cu04 chromophore (Table 22). A comparable chain of bridging 
oxyanions occurs in [CU(OZCH)~(OH~)ZJ*~H~O (339) ,741 but with the more usual Cu0,Oi 
chromophore completed by two long bonded OHz groups which terminate cross-linking to give 
a clear-cut linear chain structure, but even here the terminal OHz groups are linked by 
hydro en bonding. A less symmetrical linear chain form is present in [Cu(O,CH)(OH)] 

but again further long Cu--O bonds of 2.58 and 2.62A complete an elongated octahedral 
Cu06 chromophore. The structure of LY-[CU(NH~)~B~~]  (243)536 is of interest as it has a 
compressed tetragonal octahedral CuNzBr4 chromophore involving a short axial Cu-N 
distance of 1.93 %i and four 'long' Cu-Br distances of 2.87 A involving double ligand bridging 
(Figure 19.6, ii). While the presence of four bridging bonds is unique, it is an artifact of the 
temperature as a change of phase occurs at 298K to give a normal elongated rhombic 
octahedral CuN2Br2Bri chromophore (see 4141m7) .536 

(340)' $ in which short Cu-0 bonded OH- and OCHO- bridges form a linear [Cu04] chain, 

[Cu(O,CH)(OH)] (340)742 

Large planar molecules such as [Cu(phthalocyanine)J (341)480 stack with their Cu atoms 
aligned to form an infinite chain, with a Cu-Cu  separation of 3.4& while in [Cu(N- 
methylsali~ylaidiminato)~] (342) ,743 the planar CuNZO2 chromophores stack with the Cu-Cu 
separations aligned, but with alternate molecules rotated through 90" to facilitate packing and 
to give a reduced C U C u  distance of 3 . 3 k  With planar CuOzOz chromophores a more 
common packing involves a sideways displacement of the lanar CuOzOz units to give a Cu-0 
contact at cu. 3.0A, as in Na2[Cu(G04)z]-2H20 (343):' where the Cu04 chromophore has 
two out-of-plane contracts at 2.83& to produce a Cu-Cu separation at 3.58A. Due to the 
rigid planar Cu04 chromophore this type of linear chain results in aligned chromophores; 
further examples with different types of ligand atoms are given in Table 38. The sideways 
displacement may occur over greater distances than just one Cu-0 distance, as in 
(propylenediammonium)[C~(~0~)~] (344) ,755 where the overlap occurs through a terminal 
oxygen and significantly increases the Cu-Cu separation from C4.0 A (Table 38) to 4.9 A in 
(344). Equally this type of planar overlap may occur through an independent bridging anion or 
molecule as in the semi-coordinate bridging (SO4)'- anion of [CU~[S~C~{N(CH~)~OH}~]-  
(OzSOz)J*2Hz0 (345)756 or as with the dioxane molecule of [Cu(p- 
nitrobenzoyltrifluoroacetonate)z(dioxane)] (346) .'57 Less symmetrical bridging roles of the 
coordinated HCOZ anion occur in [Cu(dien)(OZCH)](HCOz) (347) ,758 in the comparable 
bridging role of the nitrate ion in [C~(dien)(O~NO)l(N0,)~~~ and in 
[Cu(OHz)~(0~N0)~]~0.5Hz0 (245).558 In (347) the rhombic pyramidal CuN300' is bridged by 
an off-axis formate oxygen atom to give a (4 + 1 + 1*) type of structure linked through a single 
bridging 0 atom at two long Cu-0 distances of 2.17 and 2.61A with the CuN20 planes 
stacked approximately parallel and a Cu-Cu  distance of 4.7 A. Planar overla may also OCCUI 
to give a zigzag Cu atom chain as in [Cu(en)C12] (348)," and [Cu(2- 
amin~methylpyridine)Br~].~~~ In general bridging polydentate ligands, especially oxyanions. 
tend to bridge by out-of-plane chelation to produce a zigzag Cu atom chain (Figure 19.6, ii, c). 
while both the elongation axes and the plane of the four short in-plane bonds of the CuL, 
chromophore of the octahedron remain essentially parallel. This occurs ir 
[Cu(bipy)(GO4)]*2Hz0 (349)76z and contrasts with the linear copper atom chain 01 
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[Cu(NH3),(&O4)].2H20 (338),73* a difference that arises from the cis Cu-N bonds in (349) 
compared with the trans arrangement in (338). A cis arrangement of the quadridentate bridging 
ligand of [Cu(pyrdic)(HCl)] (350) ,763 where Hapyrdic = 2,3-pyrazinedicarboxylic acid, results in 
a linear Cu chain, but with the elongation axes of the square pyramidal CuN2C100' 
chromophore , alternating through 90" along the chains. In [Cu(NH3)2(02CO)] (351)'@ the 
restricted bite of the carbonate oxyanion imposes a cis Cu-N arrangement and a further 
out-of-the-CuN202-plane Cu-0 link forms a square pyramidal CuN2020' chromophore to 
produce a zigzag chain of Cu atoms (351) with hydrogen bonds linking the chains into an 
infinite sheet. This results in the basal lanes of adjacent CuN202 chromophores being mis- 
aligned at a Cu-Cu distance of 3.51. When dinuclear planar Cu2X2 chromophores are 
involved in out-of-plane long bonding, a ribbon structure of parallel Cu chains is produced with 
a stepped structure (Figure 19.6, ii, d). This occurs in Li[CuC13(0H2),] (352)765 to 've a 

[ C U C ~ ~ ( M ~ C N ) ~ ] ~ ~ ~  gives the less pronounced stepped ribbon structure of Figure 19.6 (ii) (e). 
In all of these structures the bridging C1- anions are involved in a trigonal pyramidal 
coordination to three separate Cu atoms at nonequivalent distances of 2.30, 2.31 and 2.59 A, a 
structural situation that is comparable to that of the unsymmetrical bridging l,l,l-azide anion 
in [C~,(2-bzpy)~(N~)(N~)~] (325).707 The linking of dimers may also take place via a single 
organic linkage as in [Cu(L)(O2CMe)]-2MeOH (354),'68 where LH2 = N,Nr-bis[2-{(~-hydroxy- 
benzhydry1idene)amino) ethyl-1 ,Zethanediaminel. In (354) the CuN202 chromophores are 
involved in dimerization with an adjacent chromophore with an out-of-plane Cu-0 distance of 
2.50 A and acetate ligands are involved in off-axis bonding. Consequently the Cu environment 
is best described as (4 + 1 + 1*) six-coordinate and there are two Cu-Cu  distances, 3.38 8, 
across the CuzOZ dimer and 7.35A via the ethylenediamine link. In [CU~(O~CM~)~(CA)]  
(355)673 where CA = 1,4,7,13,16,19-hexaaza-10,22-dioxacyclotetracosane, the planar diacetates 
(syn, anti) bridged Cu2 dimer is linked by four - (CH2)r  links to two adjacent 
[CU(O,CM~)~CU] units to form a linear double ribbon-type chain (Figure 19.6, ii, f). In 
[Cu(succinate)(OH2)]2 (356),769 the dinuclear [Cu(02CCH2),Cu] units are similarly linked into 
linear double-ribbon-type chain by the parallel -(CH2)- linkages of the succinate anion, 
while in [{ CU(O,CM~)~} (hmta)] (357) ,770 where hmta = hexamethylenetetramine, the 
[CU(O~CM~)~CU] units are combined in a zigzag chain by the tetrahedral arrangement of the 
nitrogen donors of the bridging hmta ligands. In [C~~(im)~(irnH)~](ClO~)~ (358)"l parallel 
chains of CuN402 chromophores are linked by bridging im ligands and bidentate semi- 
coordinate (C104)- anions to give linear chains of Cu3 atoms, which are coplanar with the 
chain lengths (358). This contrasts with the Cu3 units of [C~~(2-bzpy)~(N~)(N,),] (325),'07 which 
are triangular, and the Cu3 planes, which are parallel to the chain length, are alternatively 
rotated through 90" along the chain. 

A few copper(I1) complexes involve alternating CuL, chromophore stereochemistries: 
chains of [Cu3Cb(w7NO)2(OH2)2] (359)772 contain alternating elongated rhombic octahedral 
Cu02C12C1; and square pyramidal CuO2Cl2C1' chromophores are present and in addition there 
are bridging CuC12Cu and Cu02Cu units. In the chains of [Cu(3-pic)(l,l-N3)(1,3-N3)] (360),773 
while all the CuN5 chromophores are equivalent with a square pyramidal geometry (with a 
tetrahedral twist), alternating pairs of bridging azide links occur, i.e. a symmetrical l,l-N3 
bridging link and an unsymmetrical 1 ,3-N3 bridging link. In [CuC12(trm-l, 2- 
cycl~hexanediol)(THF)~]"~ alternating cB- and bruns-CuCL+02 chromophores are linked into a 
twisted chain by CuClzCu links. The structure of [C~(aep)Cl , ] ,~~~ where aep = 2-(2- 
aminoethyl)pyridine, has been described as a twisted chain structure, but involves very long 
C u 4 1  distances of 3.5 A, too long for significant bondinq; (Table 21). Likewise the alternate 
CuCl Cu and Cu&Cu units of [CuCl2(3,Bdithiaoctane)l7 contain some rather long Cu-Cl  
(3.2 A) and C u - S  (3.4 A) distances for a twisted chain description to be appropriate. 

One of the more interesting linear chain structures of copper(I1) is in Cs[CuC13] (181)"' in 
which CuCb chromophores with six equivalent CuQ distance of 2.39 and 2.51 8, share opposite 
faces to form a helical chain structure. This structure only occurs in the high temperature 
phase431 and reverts to an asymmetric CuCb chromophore (elongated rhombic octahedral) at 
room temperature (see Section S3.4.S).777 The high temperature phase is associated with a 
crystallographic special position, which explains the presence of the unusual regular trigonal 
octahedral CuC16 stereochemist A regular CuBr6 chromophore also occurs in the com- 
parable structure of Cs[CuBr3]?' A linear chain of elongated rhombic octahedral CuCb 
chromophores sharing opposite C13 faces occurs in (ipa)[CuC13] (361),779 where ipa = the 
isopropylammonium cation. This complex also undergoes a phase change at 51 "C, associated 

stepped ribbon chain structure, while more complete overlap as in (NH4),[CuZCL] (353) i% and 
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0 / C b  

: ,C' OH, 
c u  

Li[ CuCI,( OH,),] (352)765 

[CU,(O,CM~)~(CA)] (355)"' [Cu( succinate) ( OH,)], ( 356)769 

ICu~(im),(imH),](CIO,), (358)'" 

not with the structure of the [CuCl& chain but with disorder of the ipa cation. Three 
nonequivalent bridging monatomic ligands also occur in the elongated rhombic octahedral 
CuC402 chromophore of [CuC12(TMSO)] (362)780 and [CUC~~(DMSO)],'~ where TMSO = 
tetramethylene sulfoxide and DMSO = dimethyl sulfoxide. With polyatomic bridging ligands 
three bridges can still occur as in [C~C1~(1,2,6triazole)] (363)781 and in 
[Cu(OH)(benzotriazole)] (364)'= in which an unusual long-bonded bridging OH- anion 
occurs. In both structures the bridging axial ligand cants the axial direction to ive a buckled 
linear chain. A similar structure occurs in [CU(OH&(O~CP~)~].H~O (365)liS' where the 
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bridging (02CPh)- buckles the [Cu(OH&] chain to enable the OHz groups to act as an 
unusual short-bonded bridging ligand. 

N-N N-N 

N-N N-N 

[CuC12(1,2,4-triazole)] (363)781 

N N 

N N"' 
N N 
N N 

[Cu(3-pic)(l,l-N3)( 1 ,3-N3)] 

[ CuCI2( TMSO)] (362)'" 

;2.48 '*, 

OH OH 

[Cu(OH)(benzotriazole)] (364)"' 

53.428 Twodimensional layers 
These generally arise (Figure 19.7) through the presence of bridging halide, hydroxide and 

oxyanions, with the association ranging from the formation of strong C u - M u  bridges, 
long/short, Cu-- - M u  bridges or less strongly with long/long Cu- - -L- - -Cu bridges. Long/long 
interactions, at the longer distances of 2.8-3.3 8, may approach very closely to being little more 
than van der Wad attractions or hydrogen bonding. The majority of layer and three- 
dimensional structures involve the copper(II) ion in a six-coordinate environment with an 
elongated rhombic or tetragonal octahedral environment, but occasionally square pyramidal 
(4 + 1) or trigonal bipyramidal environments occur, primarily as Cu05 chromo hores. 

Anhydrous CuCb has a distorted CdIz structure with the CuCL (366)'@ environment 
distorted to give an elongated tetragonal octahedral stereochemistry, with the elongation axes 
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aligned (ferrodistortive) such that chains of [CuClz], (366)784 are displaced slightly so that the 
coplanar CuC14 chromophores form two additional long Cu-Cl contacts at 2.95A to give an 
infinite layer structure. Halide ion layer structures involve an alternating alignment of the 
C u m 2  chromophores (antiferrodistortive) in the plane of the layer, as in (dienH3)[CuC14]Cl 
(367),785 with the space filling [dienH3]+ cations and the additional free chloride ions physically 
separating the layers. In K2[CuF4] (368)535 the same type of antiferrodistortive layer structures 
occur, but with the direction of the distortions in adjacent layers reversed, and the layers only 
separated by the K+ cations. In CuF2 (369)786 a more distorted layering is present based upon a 
rutile lattice and the coplanar CuF4 units are twisted out of the layer planes with respect to 
each other. 

cu\ / 
~CI/""\C( CI 

c1, '2.95 j ,Cl\ ;/c1\ i/Cl 

c u  c u  c u  

C1 Cl c1 
[CUCI,] (3f6)7H4 

[dienH,] [ CuCI,]CI ( 367)'K5 

K,[CuF,] (368)535 
' CuF2 (369)786 ' 

Linear chains of copper I1 ions may be linked into sheets by bridging organic ligands as in 
[ ( C U C ~ ~ ) ~ (  1 ,C~xathiane)~] 5" where buckled CuC12Cu chains are linked by bridging dioxane 
molecules into sheets (cf. 346). The greatest potential for forming layered and three- 
dimensional structures probably arises with oxyanions, especially if the OH- anion is also 
present. The bridging potential of the OH- anion has already been recognized in the 
two-coordinate and three-coordinate bridging structures of (263) and (323), respectively. The 
ability of oxyanions to be involved in coordination numbers of one to twelve is reviewed in 
Chapter 15.5. In copper(I1) oxyanion complexes these high coordination numbers and bridging 
roles are brought out in anhydrous complexes and Cun : oxyanion ratios reater than 1 : 2 and 
can be further increased with trigonal planar oxyanions, such as (CO,)Zg-, (NO3)-, (NOz)-, 
(02CMe)- and (02CH)- anions, if off-axis coordination is involved. The most simple oxyanion 
layer structure is that of K2[C~(C03)2] (370),"* in which coplanar Cu04 chromophores are 
bridged by (C03)2- anions whose planes are at cu. 90" to the Cu04 planes but even here two 
of the three (C03)2- oxygen atoms are involved in off-axis bonding at 2.80 14 to give a bicapped 
square pyramidal Cu040; chromophore (see 231) to produce a slight tetrahedral twist to the 
Cu04 chromophore. In Na2[Cu(C03),] (371)789 a slightly different layer structure is involved: 
coplanar Cu04 chromo hores are present with bridged oxyanions, but with the planes 

are separated by Na+ cations, and are stacked in such a way that each Cu04 unit involves an 
additional long C u - 0  distance of 2.77 A, relative to 1.90 and 1.95 A in the plane, to give a 
square pyramidal c u 0 4 0 '  chromophore and a three-dimensional lattice. In [Cu(OH)(IO,)] 
(372)790 there are chains of Cu020iO$ chromphores involving short OH- bridges, short- 
bridging (OJ0)- anions and long single iodate oxygen bridges between the chains to give a 
layer structure involving a four-coordinate (IO3)- anion, involving two short and two long 

of the Cu04 and (C03) P- units nearly coplanar to produce a slightly puckered layer. The layers 
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Cu-0 distances. In [CLI~(OH)~(ONO~)] (373)791 the mixed hydroxy-bridged and monodentate 
nitrato-bridged layers are linked by hydrogen bonding of the uncoordinated nitrate oxygen 
atoms to hydroxide hydrogen atoms of the adjacent layers. In the corrugated sheet structure of 
[CU(ONO~)~(O~NM~>]  (374)’= bidentate bridging nitrato groups link the Cu04 chromophores, 
but each of these also involves a terminal fifth ligand Cu-0 distance of 2.31A, Erom a 
nitromethane oxygen, to give a square pyramidal Cu040’ chromophore, in which an off-axis 
nitrate distance of 2.75A increases the coordination to a (4+ 1+ 1*) type. In 
[CU(O~NO),(M~CN)~]’~~ a similar puckered sheet structure is present involving short, 
intermediate and off-axis C u 4  distances, with the sheets separated by the tram Cu-NCMe 
ligands above and below each Cu atom. In (P~ICH~N€€~)~[CU(C~O~)~]  (375) ,794 aligned rhombic 
coplanar [CU(&O&]~- anions are linked by long Cu--0 distances to terminal oxalate oxygens 
to give a Cu0zO;Oi Chromophore and an infinite layer structure. 

K,[Cu(CO,),] (370)’*’ 

[Cu(OH)(IO,)] (372)’*) 

Na,[ Cu( CO,),] (371)’’’’ 

I 

N 
/ \  

Y /6 
.o 0. 

H k N 
I I I 

/o\ /O\ c u  2) cu 

In [Cu(Se205)] (376)795 the unusual three-dimensional structure of the four-coordinate 
(Se~05)~-  anions (Chapter 15.5) links the rhombic octahedral CUOZO;OZ chromophore into 
zigzag chains, with a 90“ misaligned principal axis, which are cross-linked into sheets. 
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[Cu(Se,O,)] (376)'95 

53.429 Three-dimensional structures 

The most simple three-dimensional structure of copper(I1) is that of [CuO] (377),% which 
has a distorted PdO-type structure (ref. 10, Figure 12.4b) with two interpenetrating linear 
chains of planar CuO, chromophores sharing common tetrahedral 0 atoms. While independent 
linear chains of symmetrically bridging formate anions (anti-anti) occur in 
(NH2Me2)[Cu(02CH)3] (378)75y7 to form an infinite lattice of centrosymmetric elongated 
rhombic octahedral &Os chromo hores, a less symmetrical Cu06 chromophore occurs in 
anhydrous CU-[CU(O~CH)~] (37!9,57'in which two formate anions bridge to separate Cu atoms, 
but one is also involved in out-of-plane chelation to produce a restricted elongation of 2.37 8, 
compared to one of 2.78A in the trans C u - 0  position. In anhydrous [Cu(CO,)] (W)798 
sheets of coplanar Cu04 chains are linked into coplanar sheets by bidentate (02C0)2- bridges 
with the sheets stacked, such that there is a short out-of-plane Cu-0 distance of 2.25 A, which 
results in the Cu atom being lifted out of the plane (p = 0.48 8,) to give a square pyramidal 
Cu040'  chromophore. In the sublimed form of anhydrous [&(NO&] (381)799 linear chains of 
bidentate nitrate bridges occur in two dimensions to give a layer structure, but trans pairs of 
bridging nitrate groups are involved in the interlayer direction at 2.68A. These oxygens are 
further linked to a Cu atom in an adjacent layer at 2.43 A to yield an unsymmetrical elongated 
rhombic octahedral Cu06 chromophore. In anhydrous [Cu(02S02)] (382) ,8M1 bridging five- 
coordinate (S04)2- anions (see Chapter 15.5) are present to yield an elongated rhombic 
octahedral cuo40;  chromophore, linking six-coordinate (S04)2- anions (Chapter 15.5) into 
an infinite lattice, with chains of Cu-Cu  atoms linked at 3.3A.  Cu05 chromophores with a 
trigonal bipyramidal stereochemistry and a one-, two- or three-dimensional bridged structure 
are much less common, but they occur in [CuGaIn04] (222).503 Table 39 summarizes some 
examples of oxyanion structures involving CuO, chromophores, their stereochemistry, the 
coordination number of the oxyanion (see Chapter 15.5) and their lattice type. It is then of 
interest that the proposed structure for [ C U ( O ~ C ~ O ~ ) ~ ]  (Chapter 15.5, Figure 4) has a 
six-coordinate (4 + 2*) structure,423 with an unusually short Cu-Cu distance of 3.01 A, 
compared to 3.3 A in [CUSO~] (382).800 
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Table 39 Selection of Coordinated Oxyanions and Anhydrous Transition Metal Oxyanion Saltsa 

Chromo- Coordi- Stereo- Uxyanion 
Complex phore nation no. chemistry' coordination no. Type of lattice Re$ 

4 CTd 
5 SBP 
6 ERO 
6 ERO 
4 SP 
5 SBP 
6 ERO 
6 ERO 
6 ERO 
5 T B  
6 ERO 
6 ERO 
5 

11 
111 
III 
I11 
I1 
V 
III 
III 
VI 

IX 
xvm 
xv 

- 

Chains 
Chains 
Sheet 
Sheet 
Sheet 
Sheet 
Three dimensional 
Three dimensional 
Three dimensional 
Three dimensional 
Three dimensional 
Three dimensional 
Three dimensional 

496 
801 
802 
795 
423 
798 
799 
569 
800 
503 
803 
804 
805 

a For a discussion of oxyanion wordination numbers see Chapter 15.5, structures I-IV. tsglyo = N-tosylglycinate. CTd = 
compressed tetrahedral; SBP = square-based pyramidal; ERO =elongated rhombic cctahedral; TB = trigonal bipyramidal; LB =long 
bipyramidal; SP = square planar. 

53.4.210 Summary of the stereochemistries of polynuclear copperflI) complaes 

For the polynuclear complexes of the copper(1I) ion, as summarized in the molecular 
structures (256)-(3821, Tables 28 to 34 and Figure 19, the following generalization may be 
made: 

(a) the mononuclear chromophore stereochemistries are still recognizable with elongated 
rhombic - square pyramidal > square coplanar > compressed tetrahedral > trigonal 
bipyramidal; 

(b) The number of bridging groups varies: 2 > 4 >> 1 = 3; 



Copper 

in molecular polynuclear structures: dinuclear > tetranuclear > trinuclear , pentanuclear 
and hexanuclear structures; 
in infinite structures, chain, sheet and infinite lattices all occur with comparable 
frequency ; 
the types of distortion observed with mononuclear complexes (see Section 53.4.2. I) are 
still recognizable in polynuclear structures, but the extent of the distortions are less due 
to the restrictions of the bridging ligands limiting the plasticity effect; 
due to the presence of rigid bridging ligands fluxional behaviour is generally absent, but 
fluxional linear chains occur in Cs[CuC13] (181) and [ C U ( N H ~ ) ~ B ~ ~ ]  (234) and a fluxional 
three-dimensional lattice occurs in K2Pb[Cu(NO&] (177) and Cs2[PbCu(NO&] (250- 
252); and 
the Cartesian axes of the local molecular chromophore of the copper(I1) ions may be 
found to be equally aligned or misaligned. 

53.4.3 Mixed Metal Complexes of Copper(1I) 

These are nat very well characterized for copper(I1) but some examples are listed in Table 
40. They include [Cu(NH3),PtC14] (383),*06 Millon's salt, which involves an infinite chain 
structure of alternate planar CuN4 and PtCl, chromophores with a Cu-Pt distance of 3.22& 
with the Cu-N and Pt-Cl directions displaced by ca. 26" about the Cu-Pt direction. In 
general four-, five- and six-coordinate geometries occur for both metals with the copper(Ii) ion 
exhibiting the normal mononuclear static structures of Figure 19. Thus in meta-ZeuneriteW7 an 
elongated tetragonal CuO4O; chromophore is present, while in [CUH~(OH)~(~NOZ)Z(OH~)~]~~~ 
the same chromophore occurs with single oxygen nitrate bridging ligands generating an infinite 
sheet structure. A trinuclear Re2Cu unit occurs in [{R~-c~-(OC&}~~M~CO)~CU] (384)811 and a 
tetranuclear Cu2Fe unit in [Cu2FezC138Hl~N17Ssc18] with a coplanar CuN4 chro- 
mophore in the former and a C u s p 2  chromophore in the latter. 

s, I s  i / 
s/ j \ c u  

S 
1 :  

53.4.4 Electronic Properties of Copper(I1) Complexes 

53.4.4.1 Introduction 

The chemistry of the copper(I1) ion differs from that of the copper(1) ion in that while the 
latter has a closed shell configuration, (Ar)3d," and forms diamagnetic and colourless 
c o r n p l e ~ e s , ~ ~ , ~ ' ~ ~  the former has an incomplete d shell configuration, (Ar)3~i ,~ and its 
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complexes are predominantly paramagnetic and almost always highly coloured. 10~17,22 As the 
detailed electronic behaviour of the copper(I1) ion is determined by its stereochemical 
environment ,47," the electronic properties are just as variable as the stereochemical environ- 
ments described in Section 53.4.2. Consequently, an extensive literature exists on the magnetic 
proper tie^,^^^^^^^^ ESR spectraY8lC8l6 electronic ~ p e c t r a ~ ~ ~ ' ~ ~  and redox properties ,8183819 of 
copper(I1) com lexes and attempts to relate these to the underlying copper(I1) 
stereochemistry.'," In many cases an attempt is made to use the electronic properties to 
predict the local copper(1I) environment, a process that is unreliable, especially if incomplete 
electronic data are used,820,821 but can produce useful correlations for closely related series of 
complexes .822,823 

The following sections (53.4.4.2-6) attempt to describe the electronic properties of simple 
mononuclear complexes of the copper(I1) ion,47,48 to show how these are related to the 
different stereochemistries of the cop er(1I) ion and how these properties are modified by the 

different types of electronic property and how they may be used to provide qualitative evidence 
for the different types of copper-copper interactions, and hence for possible polynuclear 
structure formation, particularly in the solid state. While the main emphasis will be on the 
electronic properties in the solid state, where X-ray evidence may be obtained for a single 
magnetic species,1o the measurement of the electronic properties in solution will also be 
described, although in solution a mixture of complex species ma be resent in equilibrium and 
complicate the interpretation of the electronic properties ?84*8167J73824p 

The copper(I1) ion has an (Ar)3d9 outer electron configuration.47748 The effective single 
electron present has an orbital angular momentum quantum number 1 = 2, and as there is only 
one effective unpaired electron, the total orbital angular momentum L = 2 .  The spin 
multiplicity is given by r = 2s f 1, where S is the total spin angular momentum, in this case 1/2, 
so r = 2. Together, these give rise to a 2D spectroscopic ground state for the copper(I1) ion. As 
there is only one unpaired electron, there are no Russell-Saunders terms of higher energy.817 
The way in which the 'D term splits in an octahedral or tetrahedral crystal field may be 
understood using the appropriate Orgel diagram (Figure 26a).817,825,826 The levels in the 
octahedral symmetry are further split in an elongated tetragonal octahedral crystal field (D4h 
symmetry) and the sense of this splitting is understandable when the origin of the symmetry 
labels is appreciated.826 These may be understood by considering the way in which the d 
orbitals of the copper(I1) ion are split in crystal fields of different symmetry (Figures 26a and 
27a and b). In an octahedral crystal field the d , z ~ ~ z  and dzz orbitals are destabilized relative to 
the d,,, dYL and dv orbitals by the crystal-field splitting parameter, A. In an elongated 
tetragonal octahedral stereochemistry, these levels are further split with the dX~-y2 and dxy 
levels further destabilized relative to the octahedral levels, and the d , ~ ,  d,, and dyz levels 
stabilized. For the copper(I1) ion with a d9 configuration, this yields a one-electron orbital 
configuration in D4* symmetry of d:,, &, d& &, d$-yz or e:, b&, ufg ,  b&, using the 
symmetry representations of the d orbitals in D4h symmetry. These configurations then 
represent the ground state of the copper(I1) ion in this stereochemistry, but as there is only one 
unpaired electron present the symmetry of the state is the same as the symmetry of the 
one-electron orbital in which it is contained, namely, in this case, big. Hence the spectroscopic 
state is 2Blg, using a capital letter to distinguish the spectroscopic state from the one-electron 
orbital level. The equivalence of the spectroscopic states derived from the Orgel diagramss2' 
and the one-electron orbital configurations for both the ground states and the excited states are 
shown in Figures 26(a) and (b). From Figure 26 it can be seen that the ground state of the 
copper(I1) ion in an elongated tetragonal octahedral crystal field of D4h symmetry may be 
equally well described as a single electron in a d,z-yz or bl,level or by a 'Big spectroscopic 
state. The labels for the excited states may be understood similarly. As the symmetry labels 
vary with the molecular point groups of the different crystal fields,827 the'd orbital description is 
preferred and will be used hereafter. 

The one-electron orbital sequences of the main stereochemistries of the copper(I1) ion 
described in Figure 19.1 may be derived by a corresponding method and are shown in Figures 
27(a) and (b). Crstal-field calculations cannot give the precise energies or even the ordering of 
these for example they cannot determine whether the d,z orbital lies above or 
below the dny, d,, or dyz levels in a square coplanar stereochemistry, but crystal-field 
calculations can specify which of the five d orbitals has the highest energy and which, therefore, 
will contain the odd electron of the d9 configuration; these are summarized in Table 41. The 
vast majority of copper(I1) complexes (see previous section) give rise to orbitally degenerate 

formation of polynuclear complexes.' .p p 3 0  Particular emphasis is placed on the appearance of the 
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Figure 26 The relationship between the spectroscopic states and the one-electron energy levels for the copper(I1) ion 
in an elongated tetragonal octahedral crystal field 
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Figure 27 (a) The splitting of the one-electron energy levels of the copper(I1) ion in crystal fields of axial and rhombic 
symmetry; (b) The splitting of the one-electron energy levels of the mpper(I1) ion in crystal fields of tetrahedral, 

cis-distorted octahedral, trigonal octahedral and trigonal bipyramidal symmetry 

ground states* involving a static form of distortion, i.e. square coplanar. The majority also 
involve a d,z4 ground state, but a number involve either a d,z or dxy ground state. The 
degenerate ground state configurations shown in 4 and 5 of Table 41, are uncommon and 
usually involve some form of dynamic or pseudo-dynamic Jahn-Teller effect :96,397 which 
removes the orbital degeneracy of the ground state (see Section 53.4.5). 

The magnetic and electron spin resonance (ESR) properties of copper(I1) complexes are 
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Table 41 The One-electron Orbital Ground States for the Known Stereochem- 
istries of the Copper(I1) Ion" 

1. diL--yZ Elongated tetragonal octahedral 
Elongated rhombic octahedral 
Square coplanar 
Square-based pyramidal 
Compressed tetragonal octahedral 
Square coplanar 

Trigonal bipyramidal 
Cis-distorted octahedral 

3. d:, Compressed tetrahedral 
Square coplanar - Cu(acac),-type 
Octahedral 4. d$ d ~ z - , ~  or 4 2 ,  dX2+2 

5 .  d,,, d,, or &, d:Lb Trigonal octahedral 
Elongated tetrahedral 

6. d:,,d:Ld:> Tetrahedral 

2. d:z Linear 

1 2 h  

aFigure 1; see text for notation. bThese configurations are orbitally degenerate. In 5 and 
6 this orbital degeneracy is removed by spin-orbit coupling, but it is not removed by this 
mechanism in 4 (see Section 53.4.5). 

mainly determined by the electronic configuration of the ground state, and only marginally by 
the electronic configuration of the excited states.479a On the other hand the energies of the 
electronic spectra are primarily determined by the energy differences (ca. 7-29 OOO cm-l) 
between the ground state and the excited states, although a precise knowledge of the ground 
and excited state configurations is necessary to understand the selection rules which govern the 
transitions between these levels.47 The following sections attempt to show the connection 
between the electronic properties of the copper(1I) ion and the stereochemistry of its 
complexes. 

53.4.42 Magnetic properties 

When the individual copper(I1) ions are physically well separated from each other (>5 A), 
the effective magnetic moment is given by the spin-only value, pso = v m ,  of 1.73 BM. In 
practice the experimental values at room temperature lie in the range 1.8-2.00 BM;s83,5849833-840 
some typical values are given in Table 42. These all lie appreciably above the spin-only value of 
1.73 BM, but as the electronic ground states are nondegenerate, this cannot arise from inherent 
orbital angular momentum in the ground state, but arises due to mixing in of some orbital 
angular momentum from excited states via spin-orbit coupling. The extent of the mixing-in is 
given by the expression p M =  (1 - 4r2A/AE)p,,, where AE is the energy separation of the 
ground state from the excited state which is being mixed in, and r is the combined orbital and 
spin-orbit reduction factor (see Section 53.4.4).833 Consequently, although the observed 
magnetic moments are consistent with the presence of a single unpaired electron, they yield no 
stereochemical information. 

Table 42 Some Representative Room Temperature Magnetic Moments for Copper(I1) Complexes of 
Various Stereochemistries 

Stereochemirrry Complex Pes (BM) 

Octahedral 
Trigonal octahedral 
Elongated tetragonal octahedral 
Square coplanar 
Rhombic coplanar 
Square-based pyramidal 
Trigonal bipyramidal 

Compressed tetragonal octahedral 
Cb-distorted octahedral 
Compressed tetrahedral 
Seven coordinate 
Eight coordinate 
Nine coordinate 

1.94 
1.91 
1.81 
1.90 
1.91 
1.87 
1.83 
1.85 
1.94 
1.89 
1.92 
1.97 
1.94 
- 
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More structural information may be obtained from measurements of the bulk magnetic 
susceptibility of copper(l1) complexes by recording the variation of the magnetic susceptibility 
(xM) with the absolute temperature (T).833 For normal dilute copper(I1) systems, the Curie 
b e h a v i o ~ $ ' ~ , ~ ~  applies and the variation of xM against T is shown in Figure 28(a), and against 
1/T in Figure 28(b); the former is a hyperbolic function and the latter, for 
C ~ [ C U ( O ~ C M ~ ) ~ ] . ~ H ~ O  (246), is a straight line through the origin. The value of such plots is 
their use for identifying the presence of magnetic interactions in non-magnetically dilute 
systems. If such magnetic interactions are weak, the behaviour is still paramagnetic and the 
measured susceptibility is still independent of the magnetic field H ,  but the xM 'us. 1/T plot 
does not pass through the origin; this is the Curie-Weiss relationship (Figure 2 % -  ---), with 
xM = C / ( T  - e), where C and 0 are the Curie and Weiss constants, respectively. Unfortun- 
ately, it is not possible to relate the Weiss constant to any simple structural features and the 
practice has developed of ignoring the 8 constant and evaluating the magnetic moments as 
peff = 2.84 w, as listed in Table 42. 

X 

/' 
0 

ferromagnetic 

7 (Curie) 

X 

FigUte 28 The temperature variable magnetic properties of copper(I1) complexes: (a) paramagnetic, x us. T; 
(b) paramagnetic, ZIS. 1 / T ;  (c) ferromagnetic, x us. T ;  and (d) antiferromagnetic, ,y us. T 

In a number of copper(lI) systems the paramagnetism is more complicated and they are both 
temperature and field dependent. Two important cases are relevant to copper(II) complexes: 
these are antiferromagnetism and ferromagnetism. In both types of magnetism the Curie or 
Curie-Weiss law is obeyed down to a certain temperature, but below this temperature the x vs. 
T plot shows a deviation from the simple Curie law. For ferromagnetic systems (Figure 28c) 
below the Curie temperature TC the observed susceptibility rises more rapidly than predicted 
for the simple Curie behaviour with decreasing temperature (Figure 28a) and the value of peff 
may be higher than the pw value at the lower temperat~re. '~~ For antiferromagnetic systems 
below the Neel temperature TN the observed susceptibility increases less than predicted with 
decreasing temperature (Figure 28d) and pea decreases with decreasing temperature and falls 
well below the pso value. Thus in [Cu(02CMe),(OH2)12 (316),682684 pso falls from 1.4 at 298 K 
to 0.4 BM at low temperature. This behaviour of antiferromagnetic and ferromagnetic copper(1I) 
systems below their Curie and Neel temperatures, respectively, is due to the interaction of the 
single unpaired electrons on the separate copper(1I) ions, the magnitude of which must be 
comparable to that of thermal energy kT (ca. 200 cm-I). In the former the magnetic interaction 
results in a spin-pairing process (Figure 29a), while in the latter the magnetic interactions 
result in a parallel spin alignment of the original unpaired electrons (Figure 29b). For most 
copper(I1) systems the magnetic interactions increase with decreasing separation of the 
copper(I1) ions. In normal paramagnetic copper(I1) complexes the magnetic interaction is ve 
much less than the thermal energy kT and the magnetic separation 2.l will be less than 20 cm- , 
Any magnetic interaction will only be apparent at near absolute zero.583,5&4 For larger 
interactions the precise mechanism of the interaction is not thought to involve direct C u 4  
bonding,836 but is believed to occur via a super-exchange mechanism through the filled orbitals 
on diamagnetic bridging atoms between the copper centres, such as 02-, Sz-, C1- and OH- 

'y 
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anions.83s38 However, the precise mechanism of this exchange pathway is not completely 
understood, but is believed to occur through a short-bonded, a-bonding pathway by an 
appropriate orbital overlap of the unpaired spin on the copper(I1) ion d orbitals, with the filled 
s, p or d orbitals (or hybrid orbitals) of the bridging atom (Figure 29c). The orbital containing 
the single unpaired electron is no longer entirely localized on the copper atom, but in an 
antibonding delocalized orbital encompassing both the copper(I1) ion and the ligand 
atom.839*840 The spins of the two copper(I1) ions can then interact through these two 
delocalized ‘magnetic orbitals’ to yield two types of exchange interaction, kinetic and potential 
exchange.836 Kinetic exchange arises when the ‘magnetic orbital’ overlap is nonorthogonal and 
results in antiparallel spin coupling, i. e. antiferromagnetism, between the two copper(I1) ions, 
which can be considered to involve incipient bond formation. Potential exchange arises when 
the ‘magnetic orbital’ overlap is orthogonal, resulting in parallel spin coupling, i.e. 
ferromagnetism, between the two copper(I1) ions. The orthogonal overlap may be considered 
as a discontinuity in the exchange pathway that blocks the transmission of the antiferromag- 
netic spin information between the two copper(I1) ions. In general the kinetic exchange 
(antiferromagnetism) is stronger than the potential exchange (ferromagnetism) and both types 
of exchange occur together in a Cu-L-Cu bridged system. But as long as there is any 
nonorthogonal pathway present, the kinetic exchange will predominate and the overall 
interaction will be antiferromagnetic. The occurrence of a nonorthogonal pathway will be 
determined by the relative symmetry of the d orbital occupied by the unpaired electron on the 
copper(I1) ions and the symmetry of the bridging atom filled orbital. The geometry of the 
bridging ligand will determine the orientation of the bridging orbitals and the symmetry of the 
copper(I1) d orbitals will be determined by the stereochemistry of the CuL, chromophore 
(Figures 26 and 27 arid Table 41). In general the bridging ligands are monatomic, such as C1- 
or Br-, Dr nearly so, e.g. OH-, or polyatomic, such as N; or (C204)’-, etc. (see Table 
43).83w63 The stereochemistries of the local CuL, chromophores are no different from those 
summarized in Figure 19.1 and their combination into polynuclear copper(I1) structures are as 
shown in Figures 19.2-19.7. For the dinuclear series (Figure 19.2) the structures have been 
further classified into types I-IVY according to the number of bridging ligands present. As most 
magnetic information is available on dinuclear copper(lI) systems, this account will concentrate 
on these systems. 

spin singlet spin triple1 

( a 1 Antiferromagnetic ( b 1 Ferromagnetic 

( c ) Bridging ligand atom 

Fignre 29 Magnetic interaction of separate copper(I1) ions (a) antiferromagnetic and (b) ferromagnetic 

Dimeric copper(I1) c o r n p l e x e ~ ~ ~ ~ * ~ ~ ~ ~  can range from normal paramagnetic (petf = pW) to 
ferromagnetic ( p e ~  > pS, and 21 = +0-200 cm-’) , to antiferromagnetic but still paramagnettc 
(peff< pao and 21= -0-300 an-’), to strongly antiferromagnetic (W > 300 cm-’) and diamag- 
netic. For pronounced exchange behaviour there must generally be at least one continuous 
short a-bonding pathway involved between the bridgmg ligand and the two copper(I1) ions 
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(Figure 30a) .8358407864 For antiferromagnetic systems monobridging Cu-X-Cu chromophores 
generally only involve weak interactions, while CuX2Cu systems are generally more strongly 
antiferromagnetic. Thus, with the single CuClCu and CuClzCu systemsm-' the 2J values are 
restricted to +2 to -loan-', but vary with the Cu-Cl--Cu angle 8, and hence the Cu-Cu  
separation (Table 43a). For doubly bridged CU(OH)~CU systems (Figure 30b) a more extensive 
interaction is involved, with W values from +172 to -509 cm-l, and is clearly a function of the 
Cu-(OH)-Cu angle (Table 43b).848-861,864 For the planar chromophoresm9 of Figure 30(a) 
and (b) and for the square pyramidal chromophores of Figure 30(c), the effect of the location 
of the copper(I1) unpaired electron in the d,2-9 (or d } orbital is a significant factor. This is 
nicely illustrated for a series of [MM(f~a)~en(oH~)~]" cations (386), where the L(f~a)~en]~- 
anion is N,N'-( 1-hydroxy-2-carboxybenzi1idene)ethylenediamine (Figure 31) .&u)*8 For the 
Cu/V02 complex the unpaired electron on the cupper(I1) cation is in a dxy orbital and can 
overlap with the p orbital of the bridging 0 atom to form an asymmetric magnetic orbital (A") 
with respect, to the mirror plane b z )  of the dimer (Cs symmetry), whereas the unpaired 
electron on the VO,' cation is in a dx2-,,2 orbital and can form a symmetric magnetic orbital 
(A'), which is orthogonal to the magnetic orbital on the copper(I1) ion and hence the exchange 
interaction is ferromagnetic, 2J = +116. In the Cu/Cu complex (Figure 31b) both of the 
magnetic orbitals are antisymmetric and nonorthogonal with the bridging oxygen p orbital and 
in this case the exchange is antiferromagnetic, 23 = -650 crn-l. In the corresponding Cu/Cr 
complex (Figure 31c), which has near Gu symmetry, the magnetic orbitals are again 
antisymmetric and symmetric, respectively, with respect to the mirror plane, and again 
ferromagnetism is observed, with 21 = +120 m-l. 

L L L  L L 'X* 'L 
(a) Planar monobridged 

X = C1- and OH- 
(b) Planar double bridged 

X = OH-, C1- and Br- 

L 
/ 

L-c; *-x* 
I 2.6- L 
I 3 . 0 9  

1: 
L ;  x -cu*- L 

/ 
L 

v* 

(c) Square pyramidal 
X = 0 or C1-, Br- 

(e) Square pyramidal 
X = O ; Y = C  

Figure 30 The main types of dimeric copper(I1) structures of magnetic interest. The asterisks label the atom pathway 
involving short D bonds 

In the case of the bridgng Cu2X2 units839 (Table 43b) the cross-over points (W = 0) between 
ferro- and antiferro-magnetic behaviour do not involve a Cu-X-Cu angle of exactly 90", but 
of 97', 103" and 104', for X = OH-, NT and C1-. In the case of the bridging C U ~ ( N ~ ) ~  unit- as 
in (387), the bridging involves a l,l-N3 end-on bridging role (see also 267) and produces a 
ferromagnetic ground state with W = +70 cm-l for a 0 value of 103.6'. For nonplanar Cu202 
structures, as in the roof-top stereochemistry of [CU(M~NH~)~(OH)(O~SO~)]~.H~O (271)617 
with a roof angle of 132.9' only weak antiferromagnetism, 2J = -7.9 cm-l, occurs, which is 
believed to arise from an accidental near degeneracy of the magnetic orbitals of the copper(I1) 
ion.867 In the sideways overlap of the two parallel, but not coplanar, CuL4 chromophores 
(Figure 30c) the long Cu-L distances (see 283 to 293) lengthen the direct a-bonding pathways 
and hence reduce the direct antiferromagnetic interactions to less than -100 cm-' (Table 43b 
and refs. 868-871).868 With monatomic bridging atoms, such as the halide ions, the C u 4  
separation varies from 3.0 to 4.6A. With larger polyatom bridgin grou s, such as (CN)- 

separation is increased still further ( X . 0  A) and in general the antiferromagnetism is less than 
(388),871 (N3}- (2W)654 and (298),655 (NC0)- (299)656 or (GO4) F- (300),627 the C U ~ U  

coc -v 
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Table 43 The Magnetic Behaviour of Mono-y-bridged (CuXCu) and Di-p-bridged (CuX,Cu) Systems 

( a )  X =  c1- CU-C~, (A) CU-CZ; (A) CU-cu (A) CU-CI,-CU (") J (cm-') Ref. 

Mono-p -chloro-bridged 

[Cu(dmaeP)C1,1z 2.785 (2) 2.300( 2) 4.263 (2) 113.58(5) +1.58 727,841 

Di-p -chloro-bridged 

[Cu(DMSO),Cl,~ 2.072(2) 2.290( 2) 4.757(2) 144.6(1) -6.1 724-842 

[CU(PY),C~,I" 3.026(2) 2.299( 2) 3.87 88.48(5) -9.2 843,747 
[Cu(4-EtPY)zClzIz 3.21 2.28 4.00 91.9 -6.7 845,846 
[ Cu(thiazoIe),Cl,], 2.998( 1) 2.322( 1) 3.853(4) 91.89(2) -3.8 847 

(b )  X =  OH- cu-cu(A) cu-o(A) c~- -ec~(" )  ~ ( c r n - l )  g e ( ~ )  Ref. 

2.85 
2.87 
2.89 
2.94 
2.92 
2.94 
2.97 
3.00 

1.920-1.923 
1.92 
1.92-1.95 
1.936-1.947 
1.895- 1.930 
1.900-1.919 
1.897-1.931 
1.902 

95.6 
96.6 
97.0 
98.45 
98.8 

100.4 
102.3 
104.1 

+ 172 
+ 93 
+49 
-2.4 
- 130 
-200 
- 360 
-509 

2.10 
2.22 
2.20 
2.08 
2.04 
2.03 
2.09 
2.0 

-0.45 
-0.5 

0.10 - 
- 
- 
I 

- 

848 
834,849 
602,851 
855,856 
601,857,858 
852,600 
849,859 
598,861 

C, point group 

A 1dx2-y2, d,z,d,,M 

AL1dyrr d,, 

(a) Cu/VO (b) Cu/Cu (c) Cu/Cr 

CUI' 
d9 

V02' 
d' 

Overlap zero 
:. ferro, 21 = +116 cm-' 

Overlap non-zero Overlap zero 
:. antiferro, w = -550 cm-' :. ferro, 2T = +I20 an-' 

Pigure 31 The molecular structure of [MM'(fsa)pn]+ cation (386)840 
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-100 cm-'. In addition bridging polyatomic anions can generate misalignment871~872 of the local 
molecular axes of the two separate copper(I1) environments in the dimer. With larger 
polyatomic anions, such as the (C~04)~- anion (Table 43c), the physical separation can increase 
still further to >6.0 A, but the antiferromagnetic interaction is not necessarily r e d u ~ e d . ~ ~ , " ~  In 
the three structures (389)-(391)863 the axial elongations of the Cu chromophore are either 
square pyramidal or elongated rhombic octahedral. They are clearly defined and locate the 
unpaired electron on each copper(I1) ion in the equatorial plane. Where the planar (&04)2- 
anion is coplanar with the d9-9 (or dxy) orbitals as in (389), with short Cu-0 bond distances, 
significant antiferromagnetism occurs, namely 2T = -385.4 cm-l. Where the plane of the 
oxalate anion is not coplanar with one of the two copper(I1) equatorial planes and also involves 
a long Cu-0 distance, as in (390), there is a significant reduction in the antiferromagnetism to 
-75.4 cm-l. When the plane of the oxalate anion is at 90" to both of the copper(I1) equatorial 
planes and both involve one long Cu-0 distance, as in (391), the antiferromagnetism is still 
further reduced to -13.8 cm-'. In the distorted trigonal bipyramidal CuN30z chromophores of 
[ C U ~ ( E ~ ~ ~ ~ ~ ~ ) ~ ( ~ O ~ ) ] ( B P ~ I J ~  (392),'" with an approximate d,z ground state, the low 
antiferromagnetism, W = -37.4 cm-', is difficult to understand, but can be rationalized if an 
approximate ~ , Z - ~ Z  ground state is involved. 

OH2 OH, 

[ Cu,( tmen),( C,O,)( OH,),] ( C104)~. 1. 25H20 ( 389)863 [Cu( die n)( GO,) Cu( OH,) (tmen)] (ClO,) ( 3!M)"3 

N 

[C~,(trnen),(2-Meim)~(C~O~)~(C10~)~ (39W3 [C~,(Et,dien)~(C,0,)](BPh~)~ (392)"' 

The best known example of antiferromagnetism in a copper(I1) structure is in 
[ C U ( O ~ C M ~ ) ~ ( O H ~ ) ~ ]  (316; Figure 30e);682684 the pso is reduced to ca. 1.4 BM, with a W value 
of ca. 300 cm-', but over a range of ligands (Table 34m@6*m) the Cu-Cu  distances only vary 
from 2.58 to 2.89 A and 2T = -400 to -200 cm-1.m5 In these acetate-type dimers the nature of 
the exchange coupling has been extensively d i s c u s ~ e d , ~ ~ ~ ~ ' ~  and has equally been accounted for 
on different occasions, in terms of direct metal-metal bonding or super-exchange via the 
acetate bridging Neither description of the bonding has remained pre- 
dominant, but the best recent cal~ulations~'~ suggest that both types of coupling are actually 
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present at the same time. Whichever it is, these dimers are remarkably stable and generate 
rigid co er(I1) structures (316) unsuitable for any kinetic involvement in a redox pro- 
cess, 682J'but it is then relevant that the acetate bridging is retained, in part, in the structure of 
anhydrous [Cu(O,CMe)] (103) .222 A wider range of antiferromagnetic behaviour is observed 
(Tables 43 and 44) in the planar CuL, chromophores bridged by planar polyatomic anions, 
which must bridge through a a-bonding pathway to account for the strong antiferromagnetism 
observed (Table 44), which ultimately gives rise to diamagnetism. Thus while the strong 
antiferromagnetic behaviour of these diamagnetic species is reasonably well understood, the 
same cannot be said for the occurrence of ferromagnetism in copper(I1) complexes, which 
according to the above, requires a clearly orthogonal exchange pathway before the ferromag- 
netism is 'revealed' (Table 45). Equally complicatedgQ is the behaviour of the higher 
polynuclear copper(I1) complexes, from the tetranuclear Cu404 complexes (331)'l' and 
(332) ,'16 in which strongly coupled dimers are linked by weaker dimer-dimer exchange 

where 
different exchange coupling constants are involved along and between the chains.883 Neither is 
the observation of ferromagnetism in the biologically relevant mixed oxidation state clusters of 
T12[Cu~1Cu~(~-pen)] (Figure 16a) easy to rationalize in terms of the simple exchange 
mechanism described a b o ~ e . ~ ' ~ , ~ ~  With one-, two- and three-dimensional lattices (Figure 19.7, 
19.8 and 19.9) the presence of a a-bonding pathway can lead to one-, two- or three- 
dimensional magnetism ,864 but increasingly examples are being found of linear ferromagnetic 
systems that are at present difficult to ~nders tand .~~ ' , '~  The se must await a better understand- 
ing of the relationship between the magnetic exchange properties and these extended 
coordinated copper(l1) environments. 

into infinite chain structures as in [CU( 02PR2)2] (213) 

Table 44 Bridging Polyatomic Anions Involving a Planar/Planar Dimer Leading to Strong Antiferromagnetism 

c u - c u  (A) CU-o (A) ZJ (cm-') 

5.14 
5.67 
5.61 
5.14 

3.00 
5.16 

- 

1.96 -291 
- -594 
- -630 

2.0 - 
- -600 

1.90 -509 
- -385.4 

k 

Paramagnetic 
Paramagnetic 

Diamagnetic 
- 

Ref. 

878 
756 
879 
669 
866 

598,861 
863 

Square-based pyramidal. 

Table 45 Polynuclear Copper(I1) Systems Involving Ferromagnetic Behaviour 

Complex Cu-Cu (A) Cu-X (A) Cu-X-Cu (") W (cm-') Ref. 

[Cu(biPY)(oH)12(NO,)Z 2.85 1.92 95.6 +I72 834,848 
2.85 1.99 103.6 + 70 866 

TI5[Cu &u s(~-pen)12Cl]~nH,0a 6.6-6.9 - ca. +6.0 391 
T15[C~"6C~'s{ SC( CH2NH2),} & I ]  *3.5H20 6.5-6.83 - - cu. +5.0 393,394 
[Cu4L4].9MeOH 3.12-3.41 2.00 104.4 + 28 880 
[Cu(DMGH)Cl-+ 3.44 2.70 88.0 +6.3 881 
[CuVO(fsa),en] 2.99' 1.91-1.94 98-99 +116 840 

- 
[cu2(N~)2(~16H34N206)(N3),1 (37) 

- -  

a See Figure 16(a). See Figure 31. E Cu-V. 

53.4.43 Electron spin resonance spectroscopy 

The copper(I1) ion, with a d9 configuration, has an effective spin of s = 1/2 and associated 
spin angular momentum m, = +1/2, leading to a doubly degenerate spin state in the absence 
of a magnetic field.47348 In a magnetic field this degeneracy is removed and the energy 
difference between these two states is given by E = hv = gbH, where h is Plancks constant, Y is 
the frequency, g is the Lande splitting factor (equal to 2.0023 for the free electron), B is the 
electronic Bohr magneton and H is the magnetic field.583384,814-s16 For normal fields 
(ca. 3500 G) the resonance frequency is in the X-band microwave region (lo4 MHz), and hence 
the absorption is performed using microwave optics.814-816 
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For the free copper(I1) ion there is also an interaction with the magnetic field due to the 
orbital angular momentum L of the electron, and the total interaction becomes E = (2.0023s + 
L)H. The orbital degeneracy is removed by the crystal field and the orbital an lar momentum 
is said to be 'quenched for the ground states of copper(I1) complexes. 2947L6 Spin-orbit 
couplin mixes into the ground state some orbital angular momentum from certain excited 
states:? the extent of which is reflected in the modifications to the Lande splitting factor g. 
Table 46 lists some examples of the way the g factors are modified. In the octahedral case the g 
factor is isotropic and increased above the free ion value of 2.0023 by the factor 6r2A/A, where 
A is the crystal field splitting energy (Figure 26). The free ion value of 3, is -0.829 kK and r 
measures the combined reduction of the orbital angular momentum and the spin-orbit 
coupling constant from their free ion values to those in the actual complex. It is influenced by 
such factors as covalent bonding and electron delocalization from the ligand atom to the 
copper(I1) Typical values for isotropic g factors are given in Table 47. In axial 
copper(I1) ion environments the g factors are anisotropic (gz = 811 and g,, gy = gl), as the effect 
of mixing-in is no longer isotropic. The expressions are given in Table 46 and the energies 
involved are those of Figures 26 and 27. In axial systems the g factors are different depending 
on whether a d , ~ - ~ z  or a d,z ground state is present, gll >>gl >2.0 and gl =g,,>2.0, 
respectively (Table 46). 

Table 46 The Theoretical Expressions for the g Values for a 
Copper(I1) Ion in Different Liquid Fields 

4r2A (1) Cubic g j = 2 -  
Ed,y. dxz. dy.+dx~-yz.dz2 

(2) Axial 
(a) Elongated - d,z,z (or d,) ground state 

(b) Compressed - dzz ground state 

g , = 2 -  

81, = 2.0 

Table 47 Typical g Factors for Copper(I1) Complexes 

(1) Isotropic 8i 
~zPbICu(NOz),I 2.10 ' 

g, 811 

[cuw3I(so,)  2.13 
(2) Axial (a) elongated (i) d,l--yt ground state 

~ [ ~ % O , , l  2.054 2.326 
[CU(NH3)4(NOZ)21 2.052 2.234 

%ICUCLl 2.103 2.384 
Ca[ Cu(MeCO,),] .6H20 2.070 2.360 

[Cu(NH3)2Ag(SCN),I 2.004 2.207 

(ii) dxy ground state 

(b) compressed - d g  ground state 

( 3 )  Rhombic (a) elongated (i) dx2-y2 ground state 
g1 gz g3 

Ba2[Cu(HC02),].4H20 2.078 2.109 2.383 
[Cu(dien)ABr,.H,O 2.045 2.097 2.213 

[Cb( 3-Meaca~)~l 2.057 2.061 2.255 
[Cu(H,edta).H,O] 2.058 2.069 2.341 

[Cu(dien)zl(NO,)z 2.03 2.13 2.16 
[fi(biPY)2(ONO)I(NO,) 2.029 2.170 2.205 

(6)  d, ground state 

(b) oompressed- d,z ground state 
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In practice, the ESR spectra of copper(I1) complexes are displayed as first derivative 
absorption curves and the general line shapes observed are illustrated in Figure 32. The two 
axial spectra (b and c) are clearly recognized and may be used as criteria for distinguishing a 
d+ z and d,z ground state, respectively, as shown by the numerical g factors for 

u NH3)4(NO&] (174; g, ,  >> g, > 2.0)570 and [Cu(NH&Ag(SCN),] (223; g, >> g,, = 2.0; Table \?)JW Complex (223) has a lowest g value of 2.0023, compared with the lowest g factor of 
2.056, for (174). It must be emphasized that such a simple interpretation of the ESR spectra 
only applies if all the tetragonal axes of the local copper(I1) ion environments are aligned 
parallel in the unit cell. For a rhombic local molecular environment the g factor expressions are 
more involved4' and three g factors are observed if all the molecular axes are aligned parallel, 
as in Ba2[Cu(HC02)6]*4H20 (191; Table 47),443 In rhombic systems a d,z ground state also 
results in a numerically lowest g factor below 2.03 (see [C~(bipy)~(ON0)](N0,) (253); Table 
47),546 but it is never quite as low as in the axial systems. Consequently, a dZz ground state is 
not as clearly recognized in a rhombic system as is an axial one. 

( b Axial -elongated 

4 

( c ) Axial-compressed 

g, 

( d ) Rhombic- dongated ( e )  Rhombic - compressed f ) Exchange - coupled - Increasing g value 

Figore 32 The different types of ESR spectra obtained from polycrystalline samples of copper(I1) complexes (fimt 
derivative absorption ~ u r v e s ) ~ ' , ~  

Owing to the approximations made in analyzing the ESR spectra of polycrystalline samples 
(Figure 32) more accurate crystal g factors may be obtained from the measurement of the 
single-crystal ESR spectra.47 In addition the directions of the crystal g factors are determined 
and may be used to relate the individual g factors to the local molecular directions of the CuLs 
chromophore if the latter are aligned in the unit cell.3%~432 Three situations arise, as illustrated 
in Figure 33(a), (b) and (c), In (a) the local molecular axes are aligned parallel, a situation that 
is referred to as ferrodistortive ordering.432 In this case the crystal g values equate with the 
local molecular g values as exchange narrowing47 is said to occur, and the g values relate to the 
local stereochemistry. For misaligned C u b  chromophores (2y C 90"; Figure 33b) exchange 
broadening occurs and results in a near isotropic signal, as in Figure 32(f), which yields no 
useful g value information. For the special value of 2y = 90°, total misalignment occurs and is 
referred to as antiferrodistortive ordering (Figure 33b), An axial ESR spectrum is observed, 
that is 'reversed' in with gl >g1> 2.0, but with the lowest g value significantly above 
2.00, as occurs in an aligned system with a dZz ground state. This numerical relationship is 
illustrated schematically in Figure 34, and by the numerical g values for K,[CuF,] and 
Ba2[CuF6] (Table 48).m,888 

For copper(I1) complexes involving large ligands and anions, the physical separation of the 
copper(I1) ions may exceed SA and the g values may dis la evidence for copper nuclear 
hyperfine splitting, 21 + 1, for 63Cu and %u Z = 3/2,81c816i8'8L and each g value is split into 
four lines, separated by the nuclear hyperfine splitting constant A. For the elongated tetragonal 
octahedral stereochemistry A > A , ,  and for concentrated copper(I1) com lexes only the All 
value is observed in practice!' as in [C~(phen)~](ClO~)~ (Mi; Figure 35).'8 If the cupper(I1) 
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33 Exchange coupling between crystallographic Cu centres; the types of crystallographic C u b  chromophore 
orientations: (a) aligned (ferrdtortive order; 2y = 0"); (b) misaligned (2y = 45"); (c) 90" misaligned (antiferrodis- 

tortive order; 2y  = 90") (where 2y  = angle between the elongation axes) 

(0 Ferrodisfortive order 
d,2xg2 ground state 

II 
9; 

I dr2 groun3 state 

9, I 
( b Antiferrodistortive order 

<2-y2 ground state 1 II 
I 41 I 4 1 I 

2 0  21 2 2  2 3  

9 

Mgure 34 ESR spectra for axial environment involving (a) ferrodistortive order and (b) antiferrodistortive ordeP% 

Table 48 The g Values for K2[CuF4] and BaJCuI;k] 

K , [ C U F , ] ~ ~  B u , ~ C U F ~ ] ~ ~ ~  
Ferrodis tortive 2.09,2.28,2.28 2.05,2.20,2.36 

ions are further separated by dilution in a diamagnetic host lattice, such as a zinc(I1) complex, 
or the ESR spectrum is measured in solution, even more nuclear hyperfine splitting is revealed 
as set out systematically in Figure 36.396 For nitrogen ligands the nitrogen hypefine spBtting 
constant IN equals one and the number of lines is given for n ligands as 2nZN f 1, and if all are 
resolved the spectrum may yield information on the number of nitrogen ligands coordinated to 
the copper(I1) ion, as shown for [Cu(phen),](ClO,), (196; Figure 35b),8w in which 
type of spectrum proton hyperfine structure may also be observed. By using double resonance 
techniques, such as ENDOR spectro~copy,~~' even more detail may be revealed, especially if 
single-crystal rotation data are recorded (see ref. 891), and especially on copper(LI)-doped 
systems. Unfortunately, the major limitation of copper(I1)-doped systems is that the precise 
stereochemistry of the copper(I1) ion is unknown. In zinc(II) host lattices in particular it is 
rarely justified to assume that the CuL, environment equates with the ZnL,, 
e n v i r ~ n m e n t . ~ ~ ~ , ~ ~ , ~ ~ ~  It is most likely to do so for the extreme static four-coordinate 
stereochemistry of rhombic coplanar, but it is unlikely to do so for four-coordinate tetrahedral 
and certainly not for any of the five- or six-coordinate stereochemistrie~,~~~ as in the latter the 
zinc(I1) ion has a spherically symmetrical &e: electronic configuration (see Figure 18). 

Most ESR instruments use the fixed frequency of 9500 MHz (X-band frequency) ,w but a 
number of ESR spectra are measured at 3500 MHz (Q-band frequency):= which, in the case 
of misaligned concentrated copper(I1) complexes, can resolve the local molecular g values of 
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2.4 2 . 3  2 2  2 1  b 

Copper 

/ gl 2.075.2.005 g value 

Figure 35 The ESR spectrum of [Cu(phen),](CIO,), (1%) measured as a polycrystalline sampleRsg 

(a) Isotropic g factors, d,2_ y2  or 4 2  ground state 

9, ' A ,  A ,  A, 1 I 

(b)  Axial g factors (I) dx2-y2ground state, 
q1=q.2.0 

( i i )  dI2 ground state g,> gl,= 2.0 

I C )  Rhombic g factors 

I i dX2-+. ground state g3>g2= g, > 2 .O 

W 
( i  i q;. ground state g3=g23 gl 2.0 

0 

Figure 36 Polycrystalline ESR spectra of dilute copper(LI)-doped zinc(I1) systems 

( a )  X-band 4 
Field ( k G )  

.---- I I I ,-4- I I I I I 

9.9 I I  . 5  13 I 28 30 32 34 36 

,' Field ( k G )  Field (kG) 
Figure 37 The ESR spectrum of a copper(I1) complex measured at (a) X-band and (b) Q-band frequez ,  showing 

the resolution of the g values of the local molecular Cu chromophore in (b) and (c )  in solution 
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the misaligned  chromophore^,^^^ which are merged by exchange coupling (Figure 33 and 34), 
when measured at X-band frequency (Figure 37, but see ref. 894). 

In copper(I1) coordination chemistry one of the most important applications of ESR spectra 
has been their use for ‘fingerprinting’ to distinguish, in a series of copper(I1) complexes 
CuL,X2 of unknown crystal structure, involving the same ligand L, the electronic ground state 
of the copper(I1) This enables the separation of the complexes into the two goups of 
stereochemistries of Table 41 (1) and (2) associated with these two alternate ground states. 
This approach has been particularly valuable in distinguishing the two alternate five-coordinate 
geometries of square and trigonal bipyramida1,396=397 but in any series of complexes CuL& 
only about 50% have their local molecular axes aligned and yield a definitive ESR spectrum, 
which only arises for ferromagnetic ordering (Figure 33a). The remainder are misaligned and 
only yield a broad isotropic ESR spectrum, due most probabiy to the presence of misalignment 
(Figure 33b), which contains no information on the electronic ground state. Even this simplistic 
approach is complicated by the observation of an axial ‘reversed’ type ESR spectrum, 
gl > gll> 2.0, associated with the presence of antiferrodistortive ordering (Figure 33c). In this 
‘fingerprint’ use of ESR spectra ,822 the spectra are most conveniently (and quickly) determined 
in the solid state as polycrystalline samples and the g values obtained are the crystal g values, 
associated with an ultimate crystal structure determination. Additional information may be 
obtained by dissolving the complex in solution, but in this case, for copper(I1) complexes, the 
structure may be significantly different from that present in the solid state. In solution the ESR 
spectrum will in any case appear different: due to the increase in copper-copper separation 
copper hyperfine splitting will be revealed (Figure 36), and due to rapid tumbling in solution 
the anisotropic g and A values will be averaged to give single isotropic g and A values, which 
contain little structural information (Figure 3 7 ~ ) ~  More useful structural information may be 
obtainable from the correlation of the g values with the tetragonality of the cuL6 chromophore 
of a close1 related series of complexes, such as the [Cu(NH3),]X2 complexes (Figure 

can be measured, has provided a very useful means of distinguishing Cu04, CuS4 and CuNzOz 
chromophores (Figure 38b) ,896,897 that has found extensive application in biological systems 
(Section 53.4.8).898 A particularly useful correlation is that the All value of a compressed 
tetrahedral CuL4 chromophore is significantly lower than that of a square coplanar chro- 
mophore (Table 49). 

38a).354,396,8 B -  Similarly, the correlation of the g value with corresponding A values, where they 

I O -  

L 0 8 -  9 Q 100 :=200z 
g, I 9, I 

Figure 38 Correlation of g values with (a) tetragonality ( T )  for [Cu(NH,),]X,; (b) with All values ( x 10-4cm-’) of 
complexes tetrahedral CuL, chromophoress% 

A second major application of the ESR spectra of mononuclear copper(I1) complexes has 
been in distinguishing the vast majority of complexes that involve a static stereochemistry from 
those involving a temperature variable one (Section 53.4.2.1~). In general the g values 
associated with a static structure will be nontemperature ~ariable,5’~ while those associated 
with a temperature variable structure will themselves vary with temperature. Historically, this 
temperature variability was first observed in the ESR spectrum of copper(I1)-doped 
K2[zn(oH2)6](so4)2 (Figure 39a)909 and yielded the characteristic variation of the g values and 
A values (Figure 39b and c). The g3 value increases with decreasing temperature, g, decreases 
and g, is virtually temperature invariant. The corresponding change with temperature of the 
C u - 0  distances of the concentrated copper(I1) complex K2[Cu(OD2)6](S0,)2 (393; Figure 
39d) has been determined recently, using powder profile analysis of neutron diffraction 

COC -V’ 
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data.579*910 Even more dramatic changes occur in the powder ESR spectra of Cs2Pb[Cu(NO&] 
(251) at different temperatures (Figure 40a and b) from an isotropic g value at 460K, to a 
'reversed' axial spectrum at 298 K, to a normal axial spectrum at 160 K.432*911 These changes 
correspond with the variations of stereochemistry from regular octahedral at 460K, to 
compressed octahedral at 298 K and elongated rhombic octahedral at 160 K (see molecular 
structures 250-252). In the case of the change from the trigonal octahedral stereochemistry of 
[C~(en)~](S0,) (1%)"' at 295 K to the compressed rhombic at 120 K, the ESR 
changed from isotropic to 'reversed' axial at 120K, but required the application of some 
elegant single-crystal ESR measurements at 120 K to sort out the observation of three separate 
g values at the low temperature, which were generated by the formation of three separate 
magnetic domains related by the room temperature three-fold axis (Figure 41a). In the case of 
the trigonal octahedral Cu06 chromophore of [C~(ompha)~](ClO& (179), the broad isotropic 
ESR at 298 K shows clear evidence of copper hyperfine structure at 77 K (Figure 
41b). With the two-dimensional structural variation of the cis-distorted octahedral structure, as 
in [C~(bipy)~(ONO)l(N0~) (Figure Ub), the temperature variation of the polycrystalline ESR 
spectrum of the copper(I1)-doped [Zn(phen)2(02CMe)](BF4)-2H20 (394) (Figure 42a) is 
marked.'14 At room temperature (-) the spectrum corresponds to an axially compressed 
octahedral stereochemistry, gl >>gll> 2.0, but at the temperature of liquid nitrogen (---) it is 
consistent with an axially elongated tetragonal octahedral stereochemistry, 811 >>gl > 2.0. In 
the single-crystal ESR spectrum (Figure 42b) temperature variability is only observed in the 
plane of the Cu, N(2), N(4), 0(1) and O(2) atoms and the isotropic room temperature 
spectrum (gL = 2.10 and Al = 94 X lou4 cm-') splits into two clear g values (8, and gl) at the 
low temperature, a behaviour that is consistent with the formation of an elongated square 
pyramidal (4 + 1 i+ 1*) geometry at low temperature, comparable with the room temperature 
structure of [ Cu(  hen)^( 02CMe)]( BF,) (395). 576 

[ Cu( phen),( O,CMe)] (BF,) ( 395)576s1094 

In practice, the marked temperature variability of the ESR spectra of these temperature 
variable copper(I1) structures has proved a useful criterion of their fluxional 
which has then been confirmed by low temperature X-ray crystallography (Chapter 53 -4.2. ix). 

In polynuclear copper(1I) complexes the most important application of the measurement of 
ESR spectra is in the identification of Cu-Cu  dipolar i n t e r a ~ t i o n , 8 ~ ~ , ~ ~ * ~ * ~  as this generates 
a zero-field splitting parameter, D. In copper(I1) dinuclear complexes D is generally less than 
0.04 cm-' and while it does not significantly change the numerical value of the g and A factors 
(Table 50),824 it does affect the appearance of the ESR spectra. Additional transitions arise 
associated with the AM = f2 values, compared with the AM = f l  values in mononuclear 
complexes. In X-band spectra (Figure 43) the latter are associated with fields of ca. 3000 gauss, 
while the former generate an absorption at the 'half-field' values of cu. 1500gauss and the 
presence of this 'half-field' band is a useful criterion for dipolar interaction from the presence 
of some dinuclear (or polynuclear) complex formation. Figure 43 illustrates91s~916 the effect of 
the zero-field splitting on the g values and the consequent appearance of the ESR spectrum of a 
polycrystalline sample, in which the spectrum can be spread over a magnetic field of 
0-6OOO gauss. Figure 44 shows the actual appearance of the polycrystalline ESR s p e c t r ~ m ~ ~ ~ - ~  
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Figure 39 Copper-doped K2[Zn(OH2)6](S04)2: the temperature variation of (a) the polycrystalline ESR spectra; (b) 
the g factors; and (c) the A factorsw9 
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Figure 40 Temperature variation of the ESR spectrum of Cs,[PbCu(NO,),] (a) polycrystalline sample; (b) schematic 
d i a g r a n ~ ~ ~ ~ , ~ ”  

A = 90  IO-^^^-' 

. .  . .  
. I  

Rotation angle a (‘1 

Figure 41 The single-crystal ESR spectrum of [Cu(en),](SO,) at 140K and the polycrystalline ESR spectrum of 
[C~(ompha),](ClO,)~ at 298 (-) and 77 ( 0  . -) K912.913 

of (a) [CU(O~CM~)~(OH,)]~ (316)68-4 and (b) [ C U ( O ~ C C H ~ C N ) ~ ] , ~ ~ ~  at 298 and 77K. In  
many of these spectra of dinuclear copper(I1) complexes, there is usually a weak peak at 
ca. 3000 gauss that is associated with the presence of a small amount of a copper(I1) monomer 
(see Figure 44a and b). The resolution in these concentrated copper(I1) systems is significantlq 
increased by recording the spectra918 at low temperature (Figure 44a and b), and in the latter 
case this revealed the presence of copper nuclear hyperfine splitting on the ‘half-field‘ band af 
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F3gure 42 ESR spectra of oopper(I1)-doped [Zn(phen),(O,CMe)](BF4)~2H,O3" (a) polycrystalline sample, and (b) 
singIe-crystaI sample; (-1 room temperature; (- - -1 liquid nitrogen temperat~re"~ 

cu. 1500gauss. The appearance of the copper hyperfine coupling can be further enhanced by 
recording the ESR spectrum of these dinuclear copper(I1) complexes diluted in a diamagnetic 
host lattice, such as the dinuclear zinc(I1) complex,s24 as in [Zn(pyridine N - o ~ i d e ) ~ ( O N 0 ~ ) ~ ]  
(3% and 397; Figure 45). There is still uncertainty concerning the actual structure of the 
copper(I1) species in these doped systems, but their particular values is that by the use of an 
elegant curve-fitting procedure,824 it is possible to evaluate not only the g, A and J values, but 
also the Cu-Cu separations, r, which can then be compared with those obtained by X-ray 
crystallography. Table 50 shows that there is excellent agreement where the Cu05 and ZnOs 
chromophores are of comparable g e ~ m e t r y " ~ , ~ ~ ~ , ~ "  but this situation is not always the case (see 
Section 53.4.5).514 It is also noteworthy that the ZT values of 30cm-' indicate weakly 
ferromagnetic behaviou? for this dilute system, whereas in the pure copper(I1) complex this 
ferromagnetic behaviour has been q u e s t i ~ n e d . ~ ~  However the behaviour in the dilute and 
concentrated complexes do not necessarily have to be the same. The importance of the above 
type of estimation of the Cu-Cu separation from zero-field splitting parameters is not 
restricted to the solid state, as they can also be carried out in solution (or frozen solution) 
(Table 50), where they yield unique r values that are not available by any other technique (but 
see EXAFS spectroscopy, Section 53.4.4.7). 

AM.= i I  AMc=2 

. . .  
' . .  . .  . .  

_ .  . .  . .  

Fngure 43 Dinuclear copper(1I) complexes: the effect of zero field s iitting on the isotropic g value for a) large 
M u  separation, r > 7 &  D =O.Ocm-'; (b) intermediate r = 4 1 ,  D <O.OScm-', (c) small, r C 3 . 0 6 ,  D = 

0.2 cm-18' 
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Figure 44 The polycrystalline ESR spectra (first derivative) of (a) [Cu(O,CMe),(OH,)], (316)- and (b) 
[CU(O,CCH,CN),]"~ at room temperature (-) and at 77 K (- - -) 
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Figure 45 The copper(W4oped [ZII(~~NO),(O,NO)~]~ sytem: ($ ESR spectrum (77 K),824 and (b) the molecular 
structures of the Zn' and Cu complexes 

In favourable situations it is possible to obtain evidence for zero-field splitting from the 
nuclear hyperfme splitting patterns observed on the AM, = 1 transitions of a copper(I1) complex, 
particularly the g,, or gl factors (Table 51). These can range from cofacial dicopper porphyrin 
complexes,w6 to IN, N'-ethylenebis(salicylideneiminato)copper(II)] dimers,927 to sulfato-bridged 
dimersw8 and dinuclear C U Z , ' ~  CuNi and Cu/Niz Clear evidence for this type of 
dipolar interaction has been well demonstrated in a series of single-crystal ESR spectra! 
measurements on R b ~ [ c u ( o H ~ ) ~ ] ( s o ~ ) ~ ~ ~  and [C~(mbtfac)~(dioxane)~]-2dioxane (398):3i 
where mbtfac = p-methoxybenzoyltrifluoroacetonate anion. The splittings observed range from 
the four lines normally associated with 63Cu, Z = 3/2, to a maximum of nine lines with the 
magnetic field parallel to the short crystallographic axis (Figure 46a). Likewise the observation 
of eight copper hyperfine lines (Figure 46b) on the nearly isotropic ESR spectrum of 
[Cu(N3S2)(NCS)](BPh4) (399) has been used to suggest a dimeric structure for the 
[Cu(N3S2)(NCS)]+ and that of only four lines on the near isotropic spectrum of 
[ C U ( N ~ S ~ ) ] ( B P ~ ) ~ ,  to suggest a normal monomeric structure for the [Cu(N3S2)]*+ ~ a t i o n . ~ ~ ' . ' ~ ~  
Even more intriguing has been the observation of eight hyperfine lines on the isotropic g value 
for the mixed valence [CU'CU"(L~)](C~O~)~ (167) complex (see Section 53.3.7) in dichloro- 
methane solution (Table 52)."3,388, 4-936 This implies that the single d electron is sensitive to 
the presence of the second copper(1) atom, presumably by dipolar interaction, but does not 
necessarily imply that ?he two copFer atoms are in equivalent environments, as required for 
class I1 Robin and Day behaviour. 6o What is particularly interesting about this ESR spectrum 
is that at 77 K the CH2C12 solution spectrum reverts to a normal (frozen) type spectrum (Figure 
36b) associated with an isolated elongated rhombic octahedral copper(I1) environment. It is 
difficult to understand why the dipolar Cu-Cu interaction should be so temperature dependent; 
it suggests that there may be a definite change of structure in solution at the lower temperature. 
A near degenerate potential energy well system has been suggested to account for this 
temperature variability (see Figure 71, Section 53.4.5).9sg37 
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Table 51 The Estimation of g, J and D Values from the AM, = f l  and f 2  lines in the ESR Spectra of Copper(I1) 
~ y s t e r n s ~ ~  

gll All X lo4 (cm-') D (cm-I) J (cm-') Temperahtre (K) Ref. 

2.40 - 0.39 310 77 918 
925 2.19 - 0.159 - - 

0.042 - 77 926 - - 

2.34 104 0.036 20 77 927 
298 928 2.32 227 0.030 - 

2.140 - 0.0025 -12.2 77 890 
- 930 2.327 155 - - 

0 0 n 

U 

[Cu(N&)(NCS)](BPh,) (399)932 

90 'C 

6oo: 0 25 O X )  0 35 (+ 

Magnetic field ( T )  

0 3 T  

6 )  Fijyue 46 (a} The singIe-crystal ESR spectra of [Cu(mbtfac),(dioxane)z]~dioxane931 and b the polycrystalline ESR 
spectra of (i) [Cu(N,S,)(NCS)](SPh,) and (ii) [CU(N~S,)](BP~,),~ 

Table 52 The ESR Spectral Data for [Cu'cu"(L9)](CI04) in CH,C12 SolutionM3 
~~~ 

Temperature 
go, g L  gll A,, x 104 (cm-') All( x lo-, cm-I) (K) 

Solid 15 2.085 - - - - 
46 Solution 298 2.169 - - 

187 Solution 82 - 2.228 2.080 - 
- 



674 Copper 

53.444 Electronic spec~roscopy 

Complexes of the copper(I1) ion are in general c o l o ~ r e d , ~ ~ , ~ ~ ~ ~ ~  the origin of this colour is 
normally the maximum of four electronic transitions between the ground state and the excited 
states of the crystal-field levels shown in Figures 26, and 27(a) and (b).17,47,s17,938,939 These 
transitions occur in the range 4.0-30.0 kK (kK = 1000 cm-'). In the range 4.0-3.0 kK, five 
types of transitions may be observed (Figure 47):'17 (i) pure d-d transitions; (ii) charge-transfer 
transitions; (iii) internal ligand transitions; (iv) combination and overtone vibrations of the 
ligands;297 and (v) intervalence charge transfer  transition^.^^ 

d - d c o ~ ~ e r  (11) 

charge transfer 

internal ligand 

over tone 
intervalence charge transfer 

near I R  j visible i UV 
I I I I 
0 IO 20 50 

Energy (kK) 

Figure 47 The copper(I1) energy ranges, 4-30.0 kK, of the four types of tramition 

In copper(I1) complexes (i) tends to occur below 20 kK, (ii) and (iii) above 20-30 kK, (iv) 
below 10 kK and (v) over the full range 4-30 kK.47,48T817 Type (iv) and (v) spectra tend to be 
sharp relative to (i) and are generally distinguishable from types (i) and (ii). Type (ii) and (iii) 
spectra tend to be much more intense than (i) and if they are of low enough energy, they may 
well mask the less intense d-d  transition^;^'^ this frequently occurs when sulfur ligands are 
present.940 In general only the d-d spectra are simply related to the underlying CuL, 
chromophore stereochemistry present, although MLCT and LMCF bands may show some 
dependence on the copper(I1) stereochemistry as we11.941-943 . M ost copper(I1) d-d spectra 
show only a single broad band (half-width ca. 5000cm-'), with only occasionally resolution 
into a shoulder or two bands and only rarely evidence of the two further partially resolved 
levels, notwithstandin the possible occurrence of up to four transitions as predicted from 
Figures 27(a) and (b).'7,4,8w 

The spectra may be measured in three ways: in soluti0n,817 as reflectance spectra944 and as 
polarized single-crystal ~ p e c t r a . ~ ' , ~ ~ ~  The solution spectra yield accurate extinction coefficient 
data, but there is always an uncertainty with copper@) complexes regarding the actual species 
present in solution and the possibility of more than one species in equilibrium. The reflectance 
and single-crystal spectra clearly relate to the crystal structure in the solid state, but neither 
yields accurate extinction  coefficient^.^^,^^^ The large half-widths of all these spectra make it 
very difficult to determine the positions of the underlying transition (maximum four). In 
solution Gaussian analyses of the spectra were used in the classic paper on the electronic 
spectra of [C~(acac>~] in various donor solvents (Figure 48),945 but is rarely used in view of the 
large half-widths and low extinction coefficients in the d-d transition involved (10- 
200 cm-l Gaussian analysis of copper(I1) electronic reflectance s ectra is even less 
justified as the problem is compounded by nonlinear extinction coefficients,& but approximate 
relative extinction coefficients may be obtained by the use of the Kortuum-type analysis.944 The 
most accurate method of obtaining the resolution of a copper(I1) electronic spectrum into its 
components is by the measurement of the polarized single-crystal electronic spectrum (Figure 
49)47748*817 recorded in the three mutually perpendicular directions determined by the crystal 
i n d i ~ e s . ~ ~ ~ ~ , ~ ~ ~  In crystals where the local molecular axes are aligned (ferrodistortive order) 
resolution into two to four bands may be obtained, and by relating the polarization direction to 

' the local molecular directions of the CuL, chromophore under favourable circumstances it is 
then possible to obtain tentative information on the absolute assignment of the electronic 
spectra from the polarized single-crystal However, in most cases it is in 
practice difficult to distinguish the intensity gaining mechanism involved (electronic or vibronic) 
and the final assignment reduces, at best, to a choice between two alternative one-electron 
orbital sequences.47 Thus in the case of the square or rhombic coplanar copper(I1) 
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stereochemistry alternative assignments have placed the 4 2  orbital above948 and beloww9 the 
component of the octahedral tzg level (Figure 27a). However a recent consensus prefers the 
latter a s ~ i g n m e n t . ~ ~  For the above reason, despite an abundant literature on copper(I1) 
polarized single-crystal spectra in the period 1965-1975 :7,354,817 v e y  few polarized spectra have 
been published in the past 10 years (but see Figure 50).948-95sg55 78 It is then of interest that 
despite the vibronic origin of the intensity of many copper(I1) spectra,956 there is generally no 
evidence for vibronic structure in even the polarized single-crystal s ectra at room temperature 

electronic reflectance spectra can be improved by recording the spectra at low tern erature, but 
usually with a shft in band maximum to lower energy by ca. 2Ooc1n-~.5"3~~ At helium 
temperature (6 K) the reflectance spectra5059939 usually give an indication of the bands resolved 
in the polarized single-crystal spectra (Table 53).957 

and only limited appearance in the low temperature spectra.95 P i953 The resolution of the 

Frequency x (cm-') Frequency x (cmh 

Figure 48 Gaussian analysis of the electronic spectra of [Cu(acac),] in different donor solvents (a) Culacac),; (b) 
C ~ ( 3 - E t a c a c ) ~ ~  

8 IO 12 14 16 18 20 8 IO 12 14 16 18 20 
Energy (kK I Energy (kK) 

One -election orbital sequence 

I I II I I II 

esgUre 49 The assignment of the polarized single-crystal electronic spectra of (a) [Cu(NH,),(NO,),] (174)456 and (b) 
[Cu(dien),]Br,-H,O (194)4*6 
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Energy ( k K )  

a IO 12 14 16 18 20 
Energy (kK)  

I b l  

Energy ( k K )  

I I I I I I J 
8 IO 12 14 16 18 20 
I I I I I I J 
8 IO 12 14 16 18 20 

Energy IkK)  

Figure 50 The polarized single-crystal electronic spectra of (a) [Cu(Bza~ac),];~~ @ (nmph)z[CuCIJ;"u (c) 
[Cu(phen)2(OH,)](N0,)~ss and (d) Cs,,[Cu(succinimide),1~2H2O 

Table 53 Copper(1I) Electronic Spectra of [Cu(bipy),(NH,>](BF,), and [Cu(bipy),C1]C1.6Hz0 as Reflect- 
ance SpectraM5 and Polarized Single-crystal (PSC) Spectrag5' 

Reflectance spectra 
298 K 12.3 
77 K 11.6 13.0 

PSC spectra" 10.8 11.6 13.4 15.8 
6 K  11.45 13.2 15.5(sh) 

12.0 

10.9 12.8 15.5(sh) 
11.3 12.7 

~ 

.At 298K. bunits are kK. 

The problem in determining the band position and one-electron energy levels of a copper(II) 
ion in its complexes is further compounded by the variation of contributions to the precise 
energies observed with: (i) the types of ligand present, namely C1, 0, N, as these determine the 
value of Awt according to the position of the ligand in the spectrochemical series;13 (ii) the 
particular CuL, coordination number (n) and the geometry it may assume (Section 53.4.2, 
Figure 19.1); (iii) geometry-for a given geometry the distortion may involve significant 
differences in the bond lengths (tetragonality, RL - Rs = 0.5 A) and bond angles (25"), both of 
which must affect the electronic energies; and (iv) geometry-for a given geometry defined in 
terms of short (Rs) and long (RL) Cu-L distances, additional off-axis ligands, such as the 
unsymmetrically bidentate nitrate and acetate oxyanions (Chapter 15.5) may increase the 
effective coordination number from five to seven, as in [CU(P~)~(O~NO)~]  (244)'% and from 
four to eight, as in Ca[Cu(O2CMe),].4H20 (246).563>5w In these complexes the off-axis ligands 
must contribute to the precise energies of the d-d transitions and to the observed electronic 
spectra. 

For the above reasons, while the electronic spectra of the copper(I1) ion in its complexes 
displays a wealth of variety (Figure 51),48 on an absolute scale they provide little positive 
information on the underlying copper(I1) stereochemistry that is present. Nevertheless, for a 
closely related series of ligands the average energies of the copper(I1) d-d transitions increase 
in the sequence restricted tetragonal octahedral, elongated tetragonal octahedral, square or 
rhombic coplanar (Figure 27a).822 This general increase in average electronic energy is 
illustrated for the CuO- and CuN- chromophores in the electronic reflectance spectra of 
Figure 5l(a) and (b). Thus within these restricted ranges of ligand donors, it is then possible to 
establish a correlation between the range of energies of the d-d transitions of a CuN, 
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chromophore and the different stereochemistries present. This is set out in Figure 52;'= it may 
then be appropriate to use the correlations of Figures 27(a), 51(a) and 52 to predict an 
assignment of the oneelectron orbital sequences for the series of stereochemistries involved, 
which may then be used to choose between the alternative assignment of the polarized 
single-crystal spectra (Figures 49-51).950 In this respect the latter only provide more accurate 
band positions, but not necessarily an absolute assignment. Treated in this way the electronic 
reflectance spectra may be used to substantiate the crystal-field splitting sequences of Figures 
26 and 27, and as set out in Table 54. With the number of unknown parameters involved (i-iv 
above), it is not too surprising that little absolute information is available from the electronic 
spectra of copper(I1) ions which enables the local chromophore stereochemistry to be 
predicted. Consequently, it is not too surprising that many literature reports of the electronic 
spectra of copper(I1) complexes either ignore any structural information that might be 
tentatively extracted from the spectra or make rather exag erated claims concerning the 
stereochemistry present. A middle course should be possible!' such as in the nice series of 
complexesg5' of alkyl thiocarboxylate copper(I1) amine adducts, which are green (m), violet 
and blue. The electronic spectra alone, especially if measured into the near IR (Figure 53), are 

* strongly suggestive of the well known dimeric acetate structure of the green form, the rhombic 
coplanar structure of the violet form and square pyramidal structure of the blue form, although 
the increase in coordination number from five to seven by off-axis bonding of the acetate 
groups of the blue form could not be recognized. This type of correlation is even better if a 
combination of the electronic properties and stereochemistr is used. It has already been 
established that for the [CU(NH~)+~]X~ series of c o m p l e ~ e s ~ ~ ~ t h e  observed tetragonality (T) 
varies linearly with the gll value (Figure 38a). A similar correlation may be observed for the 
tetragonality ( T )  and the electronic energy of the d-d bond maximum (Figure 54a), and 
between the energies E and the gll values (Figure 54b), and this lends confidence to the 
prediction of stereochemistry for a related series of copper(I1) complexes.822 

Table 54 The Approximate One-electron Orbital Sequences of 
the Copper(I1) Ion in Complexes as a Function of Their Static 

Stere~chemistry~~ 

Elongated rhombic octahedral 
dX+z > d,z > dxy > dxy dyz 

Square-based pyramidal 
d,z-,z > d,z > dw > d,,, d,, 

Compressed tetrahedral 
d,, > d,, ST dyz > dxz-,z > dlz 

Trigonal bipyramidal 
d,2 > dx, = dx2-9 > d,, = dy2 

Square coplanar 
dxilY2 dxy > d,, ~ + i  dyz > dZz 

From Figure 47 it can be seen that charge-transfer bands can occur in the visible-UV region 
of the electromagnetic s p e ~ t r u m . ~ ~ , ~ ~ ~  These may be either ligand to copper (LMCT), or 
copper to ligand (MLCT), or internal ligand-ligand transitions. In general they are electroni- 
cally allowed ( E  > lb) and consequently much more intense than the d-d transitions ( E  > 103). 
They are generally assigned (Table 55) using extended Hiickel-t e molecular orbital 
calculations for the ligands?" particularly for sulfur-containing ligands? 8%' and relate to the 
unpaired electron on the copper(I1) ion. In these assignments the geometry associated with the 
unpaired d electron is almost irrelevant, as the major concern appears to be with a 
fingerprint-type characterization of the charge-transfer bands to identify the type of sulfur 
ligand present (Table 55). 

% 
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Figure 51 The electronic reflectance spectra of the CuL, chromophore: (a) L = 0; (b) L = N; (c) L = C1-; (d) L = Sa 

Energy I k K )  
4 6 8 IO 12 14 16 I8 20 
I I I I I 1 I I I 
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cis -distorted- - - - - octahedra 

Figure 52 A correlation of the range of energies for the d-d transitions for the CuN, chromophore for different 
stereochemistriesm 

Energy ( k K I  

Fgw 53 The electronic reflectance spectra of a series of [Cu RSCH,C02),(amine)x]: (a) green; (b) blue; and (c) violet-blue% s 
Relatively little use has been made of the techniques of optical activityww2 and magnetic 

circular dichroismw3 of copper(I1) complexes. The absolute configurationw of ( - )589-[Cu(1- 
pn)3]Br2.Hz0 has been determined by X-ray crystallography and the absolute configura- 
tion denoted as A(kAA). The circular dichroism of the [Cu(NH3).+I2+ cation and 
[Cu(tren)(NH3)](C104) (224) have been determined (Figure 55a and b),"> and using magnetic 
dipole selection rules, the absorption spectrum is shown to be consistent with the one-electron 
orbital sequence d t  < dxyr d,z-yz < d,,, dy,. The natural circular dichroism of the [Cu(OH,),]'+ 
cation in a chiral lattice has been reported.9ffi 
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Figure 54 [Cu(NH3),XJ complexes: the correlation of (a) the tetragonality ( T )  and the electronic energy E, and (b) 
AI.?=- US. 811 value 

Table 55 Identification of the Energy of the LM or MLCT Bands with the Type of Ligand 
PresentlZm 

- -  

I -1 -1 -I -I -' -' 
15 20 25 30 35 40 45 

Energy (kK) 

R 

R = isopropylthio 
[Cu2(RSCH,C02)4(amine)z] (400)958 

/ 

Wove number x 10-3(cm?) 

Wove number x 10-3(cm-1) 
Figure 55 Absorption and circular dichroism spectra of (a) [Cu(NH3)dZ+ cation in and (b) 

[Cu(tren)(NH3)](Cl0.,), as a single crystal 
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53.4.4.5 Kinetic and redox properties 

The general question of the kinetic and mechanistic properties of copper(1I) complexes in 
solution are of importance in ligand substitution reactions for the preparation of complexes,zn 
in their redox reactions ~~per(I)/(II)/(III)]818~8'9 and for the role of copper in biological 
systems (Section 53.4.8). 5- and sections in inorganic chemistry 
t e ~ t b o o k s ' ~ , ~ ~ , ~ '  give a general introduction to these topics, but wit surprisingly little reference 
to examples of copper(I)/(II)/(III) systems. This is primarily due to the general lack of stability 
of copper complexes relative to chromium(II1) and cobalt(II1) complexes Chapters 35 and 47) 
and results in fast reaction kinetics, which are more dficult to measure.% 

The reactions of copper(I1) complexes to be considered are of two types: (i) ligand 
substitution reactions; and (ii) redox reactions, Le. electron transfer involving a change in 
oxidation state, copper(I)/ (II)/ (111). 

A number of 

$ 

(i) Ligand substitution reactions 

The preparation of copper(I1) complexes is usually carried out in aqueous or nonaqueous 
solution; in the former, the reactions involved are of the type shown in equation (12) and the 
strength of the Cu-ligand bond is then determined by a number of factors.% The free energy 
change, AG = -RTlnK = AH - TAS, relates the enthalpy change AH, modified by the 
entropy term AS, to the overall stability constant, K. The stability constants are still 
determined by the classical methods of ref. 969 and the copper(I1) data have been tabulated for 
an extensive range of ligandsw0 and recently updated.971 Equilibrium constants, enthalpy and 
entropy values are tabulated, not only for equivalent ligands, but also for nonequivalent 
ligands, which are becoming particularly relevant in the formation of ternary complexes in 
biological systems (Section 53.4.8).25-29 The copper(ZI) ion is characterized by relatively high 
step-wise (K,) and overall (/?,) stability constants relative to other first row transition metal 
divalent ions (Figure 56a);28,970 this is associated with the overall d-block contraction Md'-Zn" 
modified by the appropriate crystal-field stabilization energy (CFSE), the Irvin-Williams 
series.'" In general, the overall stability constants for copper(I1) are slightly less than those for 
other metal(1I) cations due to the general preference of copper(I1) for four-coordinate 
complexes rather than six-coordinate complexes with six equal Cu-L distances (see Section 
53.4.2. lii). Where definite six-coordinate complexes of copper(I1) are formed, as in the 
[Cu(0H&,l2+ cation, notwithstanding a clear elongated rhombic octahedral distortion, the 
copper(I1) ion forms the most stable complex, as indicated in the A H  values of Figure 56(b), 
A H  = 520 kcal mol-' (2174 kJ mol-'). In general chelate ligands form more stable complexes 
than monodentate ligands (Table 56a), a difference that was earlier described as the 'chelate 
effect',%' but this explanation has been questioned.= The correlation of the thermodynamic 
properties (AH and AS) with structural factors such as ring size and ring strain for a series of 
related co er 11) chelate complexes has been reviewed and extended to macrocyclic 

series of elongated rhombic octahedral [CuN&J complexes and their heats of formation 
AH(aq) (Figure 57) is reasonably linear and the greater strength of the Cu-N bond in 
macrocyclic complexes of the copper(I1) ion has been termed the macrocylic effect.w6 More 
recently thermodynamic studies have been used to measure the equilibrium properties of 
copper ligands in mixed metal ~ o r n p l e x e s . ~ ~ - ~ '  On the basis of the stability constant data metal 
ions have been classified as hard and soft Lewis acids, de ending on their relative stability with 

ion is classified as having intermediate class (a) and (b) behaviour, i.e. Cl=F,  but 0, S and 
N >> P (see 177-380 and Section 53.2). An alternative measure of the Lewis acid strength of a 
[CU(OH~)~]*+ cation is its tendency to lose a proton (an inductive effect) according to equation 
(13).980 The pK, vdue for this equation of 6.8, is lower than any of the other first-row divalent 
transition metal ions, reflecting its Feater Irvin-Williams series stability (Table 5%). This 
enhanced stability is also associated with the exchange of water by the [M(OH&j2+ ion 
(equation 14). As shown in Table 57(b), the exchange rate for the copper(I1) ion is very much 
greater982 than that of the other first-row hexaqua cations, in conflict with its Irvin-William 
type stability,w2 but consistent with the greater C u - 0  bond distances" of the most loosely held 
water, as a result of the Jahn-Teller effect (Section 53.4.5)'' and the rapid inversion of axes,982 
In general, a dissociative &l type mechanism is predicted from ligand-field activation energies 
for the copper(I1) ion to be significantly more likely than an associative &2 type mechanism, 

complexes. V I  3-97 The correlation between the band maximum of the electronic spectra of a 

different donor ligand atoms (Table 2; Section 53.4.1).36, g6 In this classification the copper(I1) 
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but as these estimations are based on regular five-, six- and seven-coordinate geometries,%' 
they should not be accepted without question, as the involvement of the characteristically 
distorted geometries of the copper(I1) ion in these coordination numbers, such as (4 + 1 + 1*), 
(4 + 1* + 1*) and (5 + 1* + l*), may significantly affect these predictions (see Section 53.4.2.1). 

[CU(OHZ)~]~+ + L,(ligand) -+ c& + 6H20 

[Cll(OH~)6]2' * [h(OH&(OH)]+ + H' 
(12) 

(13) 
K, 

I 0 

Mn Fe Co Ni Cu Zn 

Co Mn Zn 

Figure 56 (a) Variation of the overall stability constant logX for M" ions relative to the [Mn(OHz)6]2+ cation 
(Irvin-Williams series); (b) variation of A H  for [Mn(OH;),]" cations (1 kcal= 4.18 kJ) 

Table 56 Copper(I1) Stability Constant Data (Logarithms)= 

(a) Stepwise stability constmu (k,) 
en 

k, 4.2 

k3 2.9 

- 
NH, 

3.5, 4.15 10.72, 10.6 
- k2kl 

k4k3 
k5 -0.5 
ksk3 -2.89 -1.0 

(b) heral l  stability constants (B,) 
A 5.5 

' 2.1, 3.5 9.31.9.1 - 

3bipy 

Pn 

9. n 
- 
- 
7.17 - 

edta 
18.8 

biPY - 
16.8 

6.3 

6.2 

- 

- 

3en 
22.4 

Equilibrium studies of [C~(chelate)~] complexes are generally determined s ectr hotochem- 
ically using static and stopped-flow  technique^.%'*^ In the substitutiong8' of Z t e r  in the 
five-coordinate [C~(trenMe~)(OH~)]~+ cation by NCO-, C1- or Br-, the rate is very much 
slower than that reported for the [CU(OH~)~]~+ cation (Table 58), with K values of 
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Energy d - d  (kK1 

Figure 57 [Cu(N,N-~helate)~]X~ complexes; d-d maximum us. AHq (1 kcal = 4.18 kJ)y76 

Table 57 [Mn(0H,),]" Cation (a) pK, Values (Inductive Effects)980 and (b) Water Exchange 
Rates (K,)'" 

h4n Fe c o  Ni cu Zn 

0.6 9.5 8.9 10.6 6.8 8.8 - P K  
K,(s-') 3x10' 3X106 1X106 3x104 8x10' 

10-100 s-1.9819983 Dissociation kinetics of [Cu(chelate),] complexes in acid solution vary with 
the ring size of the chelate ligand: with six-membered (pm) rings the rates are pH independent, 
while for five-membered (en) rings the rate constant shows a nonlinear dependence on the H+ 
concentration, with three alternative pH dependent pathways suggested (Figure 58) .%- An 
even more complicated pH dependence is observed for tridentate  polyamine^.^^ The kinetics 
of the ligand exchange reactions with the formation of mixed ligand complexes have been 
extensively studied (equations 15 and 16).987 

Table 58 Rate Constant Structural Barriers and Stereochemistry of Some [Cu(~helate),]~+'~+ Cations with 
Cytochrome %lw'glm 

Second order 
rate constant Self-exchange AG 

Complex (M-ls-') rate (M-I s-l) (kJ mol-') Geometrya E" 

(a )  chelates 
[C~(2,9-dmfp),]~' 1.00 x 106 1.7 X 104 
[Cu(dipa)zl 1.62 X Id 6.8 X I d  
[Cu(nitr~phen),]~' 1.57 X Id 8.6 X 10 

[CU(blPY)zl 1.39 x 10 1.4 X lb 30 
[Cu(Pyim)zI2+ 1.7 1.2 x 10 38 P 0.08 

(b)  0 and CI donors 

[CuCl]' 2.3 X Id 6.6 32 - - [ C U ( O H ~ ) ~ ~ ~ +  

[CUc1,1 5.6 x Id 20 30 

1.7 X 104 4.6 36 
(c) 
[Cu(pdto)12+ 

1.7 x 103 4.6 X 10 29 - - 
2.4 X lo6 7.6 X le 11 - - [Cu(pm4l2' 

[ ~ u ( ~ - a n e - S ) ] ~ +  

0.603 
0.20 
0.257 

T+Td 0.174 
0.12 

CT 26 19) ::} [Cu(phen)z]L:' 2.72 X 10 4.3 x 10 

5.7 5.2 26 ERO - 
- - 

- - 

* CT = compressed tetragonal; T = tetragonal; Td = tetrahedral; P =planar; ERO = elongated rhombic octahedral. 

C U A ~ +  HB + &AB +HA kl 
cuAB+HB e CuB,+HAk, 
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NH; 

CU” + N-N 

(3) 

Cu2+ + N-MH‘ 
(5) 

(4) 
Figure 58 Dissociation pathways, acid dissociation of &(chelate) species984 

Thus [Cu(t-butyl~alirn)~] has been reacted with N-alkylsalicylidimine using a range of 
substituents and a variety of aprotic solvents.987 A complex solvent dependence of the 
substitution kinetics is found and correlated using two alternative mechanisms, one water 
dependent (Figure 59a) and the second nonligand dependent (Figure 59b). A comparable 
two-path pathway has been suggested for reaction (17), where tetren= 
tetraethylenepentamine.’*’ With the increased interest in mixed ligand complexes an extensive 
literature now exists on these ternary systems.29 Equally the biological relevance of mixed 
metal complexes (Section 53.4.8) has resulted in the reporting not only of formation constant 
data but also of the kinetics and mechanism of the exchange of a metal in a complex by 
copper(I1) .29*989 Thus copper(l1) will replace the zinc(I1) ion in zinc(I1) macrocyclic tetramines, 
involving 12- to 15-membered macrocyclic rings, with a common two step mechanism 
(equations 18 and 19) with K1, the slow rate-determining step.990 In the case of [Ni(ida)2], 
where ida = iminodiacetate anion, a different two step process is suggested (equations 20 and 
21) with (20) the slow rate-determining step.991 This last reaction is of interest as it suggests the 
possible involvement of a dinuclear [Ni(ida)Cu(ida)12 intermediate species. A dinuclear mixed 
metal complex has also been postulated in the back solvent extraction of [Ni(8- 
mercapto ~inolate)~]  by copper(I1) from a chloroform to an aqueous phase in the pH range 
3.7-5.8.’ The general area of solvent extraction of metal ions by chelate ligands has been 
reviewed and the kinetics and mechanism of solvent extraction by copper chelates 
d i s c u s ~ e d . ~ ~ ~ ? ~ ~ ~  A complete kinetic and mechanistic study has been made of the solvent 
extraction of [Cu(S-hydr~xyquinoline)~] and suggests that the process is diffusion controlled in 
both the aqueous and organic phases.w5 The formation of copper(I1) complexes on ion 
exchange resins has been reviewed and the industrial importance of these systems in the 
extraction of copper from low grade ores is emphasized.* 

[Cu(dien)]’+ + tetren e [Cu(tetren)]’+ + dien (17) 

[ZnL]’+ + MeCOzH e [Zn(O,CMe)]’ + LH’ (18) 

LH’ + [Cu(O,CMe)]+ [CuL]’+ + MeCO’H (19) 
[Ni(ida),]’- + Cu2* e [Ni(ida)]+ + [Cu(ida)]+ (20) 

[Ni(ida)]- + Cu2+ e Ni’’ f [Cu(ida)]- (21) 

The mechanism of the transport of copper(I1) complexes throu h liquid and cell membranes 

KI 

K2 

is receiving active attention in view of its biological importance. W$,998 

(ii) Copper(l1) redox reactions 

Like all redox reactions26,28,967~968 those of copper(1I) may be divided into two types: (a) outer 
sphere mechanisms involving electron (or proton) transfer between coordination shells that 
remain essentially intact; and (b) inner sphere mechanisms in which the oxidizing and reducing 
species are connected by a bridging ligand, which is common to both metal ion coordination 
spheres. 999 

Both types of reaction must obey the Frank-Condon principle,lwO which states that there 
must be no movement of the nuclei during the time of electron transfer. Consequently, the 
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Figure 59 Ligand substitution pathways for [Cu(t-butylsalim)J: (a) water induced and (b) ligand inducedm7 

geometry of the two copper species, [CuIL,] and [CU~L,], must be essentially the same before 
and after the reaction. As the stereochemistry of copper(1) can be summarized as 
three- < four- > five-coordination (Section 53.3.2. l )?  while that of copper(I1) can be sum- 
marized as four- = five- = six-coordination (Section 53.4.2.1)' the only coordination number 
that is common to both oxidation states is that of four coordination.1001 However, while that of 
copper(1) may involve a reasonably regular tetrahedral geometry, that of copper(I1) always 
involves a compressed tetrahedral geometry, thus if electron transfer takes place in the ground 
states of the reactants, the products will both be in excited states after reaction, with higher 
energies due to geometries that are inconsistent with the respective oxidation states in the 
ground states. Consequently, both must rearrange their geometry (Figure 60) either before or 
after the electron transfer process. The former must yield a near regular CuL, geometry for 
both copper(1) and (11) species, which for the latter is inconsistent with the Jahn-Teller 
theorem (see Section 53.4.5),15 while in the former, the near regular Cu'L4 chromophore may 
distort to a compressed tetrahedral Cu'L, geometry or dissociate into a three-coordinate 
geomety, plus a free ligand L. With this em hasis on four coordination the kinetics studies cf 
Cu'/Cu systems have centred on systems 98k?100' with a potential four-coordinate tetrahedral 
geometry such as [C~(bipy)~]~+,  [C~(phen)~]'+ and [C~(2,9-dmphe~]~~+~cations, preferably 
with a common reducing a ent, such as cytochrome (Table 58), ascorbic acid loo3 

suggest a significant 'structural barrier' oo2,986 associated with the change in geometry of the 
copper(I1) ion in its two different oxidation states of 30f 10kJmol-', but even here the 
precise geometry or coordination number of either the copper(I1) or copper(1) ions in solution 
is uncertain, and the best that can be said is that the four-coordinate copper(I1) will be 
favoured by soft ligands,36 i.e. phen, or bulky substituents, i.e. dmphen. With more 
complicated tripod-type ligands containing one or more sulfur ligands the 'structural barrier' is 
still approximately 30 kJ mol-' and seemingly independent of the donor type, except for CuSl 
(Table 58c).!Oo1 

A relatively high Cu'/Cu" exchange rate of 5 x lO'rnol-'s-' has been observedims in 
12 M HC1 where [CuCl,] species are present and for the aqueous CUI species1006 oxidized by 
[Co(NH&C1I2+, A X 10' mol-' s-l, but in both cases an inner sphere mechanism probably 
involving a chloro bridging anion is thought to be present.= Thus notwithstanding the 

. extensive literature on inorganic reaction mechanisms of the more stable ML6 and ML, 
transition metal complexes involving SNl and &2 type mechanisms and the greater lability of 
both copper(1) and copper(I1) stereochemistries, coupled with their variable coordination 

3,5-di-t-butylcatechol or [Ni Ii (oximes)i\.1004 In general, the data have been interpreted to 
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FEpre 60 The redox reaction of copper(I)L, and mpper(II)L, species9% 

number (see the plasticity effect in copper I1 systems, Section 53.4.5.1), very little is known 

Some useful information on these redox processes in solution has been obtained from 
photoinduced redox and luminescent measurements.lO(n**w More precise information on the 
redox properties of the copper(I)/(II) systems can be defined by the standard electrode 
potential of the process (equation 22).28i1009 In general, the electrode potentials of Cu"/Cul 
systems are measured by cyclic voltammetry in aqueous solution with the addition of an alkali 
metal salt (NaC10,) to maintain the ionic strength (Figure 61), from which A E  and E" values 
may be obtained, but also the number of electrons transferred and an idea of the reversibility 
of the electron transfer reaction."" As many copper(I1) complexes are not readily soluble in 
aqueous solution, the measurement of cyclic voltammograms in nonaqueous solution is now 
commonplace, particularly the use of MeCN as a solvent, with the addition of (NEt,)(ClO,) to 
maintain the ionic strength of the solution.lOll By definition the Cu"/Cu' redox process occurs 
at the surface of the electrode, but as the potentials are measured in solution, these will be 
influenced by the copper(1) and copper(I1) ionization potentials, modified by the respective 
cation ligand environments, namely their coordination number, stereochemistry and the type of 
ligand atoms (hard or soft acid behaviour, Table 3). As in the kinetics of redox in solution the 
E" values are difficuh to relate to the coordination number and stereochemistries of the species 
present, as these are variable and more than one species may be present in solution. 
Nevertheless, the E" values for various Cu"/Cu' systems are generally described in terms of the 
ligands present in the solid state (Figure 62). In general reducing (soft acid) ligands such as 
CN-, I- and phen produce the more positive E" values and stabilize the Cu' state, as in the 
addition of KI to Cun (equation 23), while hard acids like en produce a clear negative E" of 
-0.35V, with OH, and NH3 having only just positive potentials of 0.153 and 0.01 V, 
respectively. For a comparable range of ligands, such as the chelate nitrogen ligands of Table 
59(a), there is a reasonable correlation between the log of the second order rate constant and 
the E" values. There is also a correlation between the suggested stereochemistries of Table 
59(a), but in view of the uncertainty of the precise geometry involved in solution, this 
correlation may be coincidental. 

about the precise mechanism of the Cu'/Cu (I) I redox reaction in s o l u t i ~ n . ~ ~  

Cu2+ +e- - CU+ E" 
cu2++21- cuI+P 
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Figure 62 The standard electrode potentials (V) of the CU'" system as a function of ligand environmentE18 

The relationship between the E" values for the Cu"/Cu' system and the type of ligand 
present (Figure 62) was first established and extended to copper chelate systems, where it was 
concluded that nonplanar complexes were easier to reduce than lanar complexes and for the 
latter the ease of reduction was in the order N4 N202 < N2S2.8 8~1012 Later attempts to show 
any correlation between the redox values and those electronic properties which vary with 
stereochemistry proved even less successful, but some correlation was observed between E" 
and gll for a series of Cu P2A-R)2] complexes, where P2A-R 5 N-alkylpyrrolecarboxaldimine 
(Figure 63a).81s~101~10L d tetrahedral twist of the planar CuN4 chromophore results in a 
decrease in g,, and an increase in the E" value by 200 mV (Figure 63b). For a limited range of 
aryl-substituted [C~(P2A-aryl)~] complexes, a positive correlation was obtained between the E" 
values and the Taft induction factor oo (Figure 63b). A reasonable correlation of E" with the 

P 
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band maximum of the electronic spectrum has also been obtained for a series of elongated 
rhombic octahedral CuN& chromophores in MeCN sohtion. 

-2.14 2.10 2.20 2.24 2 20 

4 I 2.9 

Figrue 63 tCu(P2A-R)J complexes correlation of (a) E& us. g and (b) E& and 2u0, where a" is the Taft induction 
parameter'o11*''1+ 

The redox properties of the copper(I1) ion in saturated polyaza macrocyclic complexes CUN4 
and CuN5 have been shownlM0 to vary with the chelate ring size, and the very negative E" 
values (Figure 62) are consistent with a 'macrocyclic effect', from stability constant 
 measurement^.^'^ 

The redox properties of dinuclear copper(I1) complexes have received extensive attention 
using cyclic voltammetry measurements, and it was recognized in the early literature that the 
two copper(I1) ions could be reduced to copper(1) at the same potential or at different 
potentials (Section 53.3.7).30934,1M1~1022 In either case the reduction requires a two electron 
process and if the E" values are well separated may result in the observation, under favourable 
circumstances, of a two-peaked cyclic voltammogram (Figure 61b), as in 
[Cu,(isiorn)(Mepy)z(OH)] and other systems. Nevertheless care has to be taken that a 
two-stepped cyclic voltammogram does not arise from a two-stepped reduction of the type 
shown in equation (U), involving a two electron reduction of Cu" to Cu1.1M3 Equally, from a 
copper(I1) to copper(1) reduction, plus a single electron reduction of the ligand, although 
ligand reductions usually fall outside the range + 1 .O to - 1 .O V, or if two different copper(I1) 
species occur in the same solution but reduce at different potentials, as in the case of the 
[Cu(bbdH)Cl]+ and [C~(bbdH)(MeCN),]~+cations in MeCN which arise from the 
plasticity effectM1 when a mixture of species (or isomers) can be generated in the same solution. 
More frequently, two electron reduction may result in the observation of a single peak in the 
cyclic voltammogram due to the identical E" values or to two different values that cannot be 
resolved. The two eIectron reduction can be recognized in the magnitude of the reduction 
current, which will be twice that involved in a single electron reduction and generally arises 
where the two copper(I1) centres are completely inde ndent (but have the same geometry) 
and are physically well separated, as in [Cu(cryptate)].K.lox But a single peak may also arise 
if the two copper(I1) centers are closely connected, as in [C~(1,3,5-triketone)~]'~' or in 
[ C U ~ ( ~ ~ ~ ~ F , ~ N , O , ) ] ~ ~ ~ , ' ~  (273-275), where controlled electrochemical reduction has en- 
abled the intermediate mixed oxidation state Cu'/Cu" complex to be isolated. In the latter at 
room temperature, the ESR spectrum shows a seven line adsorption (Section 53.4.4.3), 
indicating that the copper(I1) environment is influenced by the copper(1) neighbour in the 
dimer, suggestin a class II Robin and Day behaviour for this mixed oxidation state dimer (Section 53.3.7). k o  

+e- + 0- 

[Cum(Pridtc),]- - [ C~"(Pf,dtc),]~ - [CUI( Pr2dtc),] -c (24) 

In situ photoacoustic spectroscopy has been used to study the redox process on the surface of 
an electrode using copper metal in alkaline solution.'m9 The E" values of copper(I1) Schiff base 
complexeslom absorbed on optically transparent thin-layer electrodes (OTTZE) have been 
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determined in the W region and the results are consistent with the trends previously 
established (Figure 62). The use of the OlTLE technique is attractive as it provides the 
absorption spectrum of the electrochemically generated species in solution, but still with the 
uncertainty of the precise species in solution. What is really required is the ability to record the 
electronic reflectance spectrum of the electrochemically generated species on the electrode 
surface, in order to correlate the E" values with the copper(I1) environment in the solid 
state. 

53.446 In$+ared a d  R a m n  spectroscopy pt 

Infrared spectroscopy can give information in three main areas of structural copper(I1) 
chemistry, namely the vibrations of the ligand, of the CuL, chromophore and of any 
polyatomic anions present. The former two catagories are well covered in standard text 
books297 and that of NH3 as a ligand to the copper(I1) ion in a range of possible 
stereochemistries has been reviewed (Table 59).354 In general the ammonia vibrations are not 
very sensitive to the different stereochemistries present and even the Cu-N vibrations show 
little systematic variation with stereochemistry (Table 59). However the Cu-L vibrations are 
frequently split into two or more peaks relative to the vibrations observed in other transition 
metal complexes. This effect has been discussed in the crystal-field aspects of the vibrational 
spectra of metal complexes.'032 The IR and Raman spectra of polyatomic oxyanions as ligands 
have been dealt with in Chapter 15.5, of polyhalide anions in Section 53.3, and of the 
halogen-containing anions in Chapter 15.5; no attempt will be made to duplicate these 
accounts. But there are two areas of copper(I1) coordination chemistry involving IR 
spectroscopy that are unique to copper(I1). The first is the IR criteria for semi-coordination of 
a polyatomic anion in the fifth and sixth axial positions of an otherwise rhombic coplanar CuL, 
chromophore, as in [C~(en)~(Fl3F )2] (193), which involves a long Cu-F distance of 2.56 8, 
compared with a distance of 3.34 8: in [ C U ( ~ ~ N O ) ~ ] ( B F & . ~ , ~ ~ ~  The IR spectrum of the latter 
(Figure 64a) indicates an ionic (BF4)- anion, while in (193) the IR spectrum (Figure 64b) 
indicates that the (FBF3)- anion is involved in weak coordination to the copper(I1) ion, i.e. is 
semi-coordinated (Section 53.4.2. lii).468 In a series of [Cu(s~bstituted-en)~X~] complexes a 
correlation has been demonstrated between the copper-nitrogen frequency and the highest 
copper-halogen or -oxygen frequency.1033 In the [ C ~ ( e n ) ~ X ~ l  complexes a correlation exists 
between the maxima of the electronic spectra and the Cu-N frequencies (Figure 65a), while 
for a series of [CU(NH~)~-SX~] complexes, the maxima of the electronic spectra correlate with 
the square of the Cu-N frequencies for a range of stereochemistries from square co lanar 

gether, these correlations suggest that there is a small but positive interaction of semi- 
coordinate ligands with the copper(I1) ion. Much less information is available on the Raman 
spectra of copper(I1) complexes, due to the their colour limiting the excitation energies that are 
available, but some Raman spectra have been reported.103s1037 The second feature associated 
with the IR spectra of copper(I1) complexes is related to the splitting of the Cu--N bands of 
Table 60 and is associated with fluxionaljy' copper(I1) stereochemistries and may relate to the 
underlying state stereochemistries present (see Section 53.4.5, Figure 67 and Table 60). 1038~1039 

through elongated rhombic octahedral to square-based pyramidal (Figure 65b). m 3 * I  O Y  To- 

Table 59 Some IR Assignments of [Cu(NH3),]X, Complexes ( ~ r n - l ) ~ ~  

symmetric NH3 CU-N N 2 u - N  
NH3 

bending 

Nff3 
asymnzetric 
deformation deformation rocking stretching 

~ 

Hexaammines 1609-1587 1229-1223 732-694 522-510 - 
1150-1087 406-399 
1085-1013 

1272-1087 420-390 
Pentaammines 1645-1595 1302-1230 742-716 537-509 246-230 

Tetraammines 1635-1590 1300-1240 725-680 460-408 25&232 
Diammines 1673-1585 1310-1227 755-700 500-437 268-220 

685-640 
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Figpre 64 The IR spectnun of the (BF4)- anion: (a) K(BF,), ionic, Td symmetry ( e  - . - .); (b) [Cu(en),(BF4)J, 
semicoordinate C, symmetry (-); (c) [Me,SnBF4], bridging covalent, C, symmetry (- - - -) 
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Figure 65 The variation (Cu-N), 21s. band maximum of the d-d spectra (a) [Cu(en),]X, and (b) [Cu(NH,).,X,] 
complexes'033 

Table 60 Some IR Data (cm-') for the Series ~"(NH,),]C1,'023 

Mn Fe Co Ni cu zn 
NH, degenerate deformation 1592 1597 1602 1607 1609 1596 
NH, symmetric deformation 1134 1151 1163 1175 1087,1229 1145 
NH3 rocking 617 641 654 650 732 645 
M-N stretching 307 321 327 334 406,430 300 

53.44 7 EXAFS s p c c ~ m o p y  
The current availability of synchrotron radiation sources has resulted in the increasing 

availability of copper-ligand bond-length data (but not bond-angle data) from systems that are 
not available as single-crystals and hence accessible to single-crystal X-ray crystallographic 
techniques. 1043-1045 These are polycrystalline samples, surface absorbed species and, more 
recently, biological systems. EXAFS spectra at the K-edge absorption,1w1042 which is 
associated with the l s - 4 ~  transition, have been suggested to distinguish the CUI and C U ~  
oxidation states, but as the shift in band position only involves 1-2 eV on 935 eV, the spectra 
may not be totally convincing at present as a criterion for these oxidation states. The technique 
of EXAFS spectrosco y readily provides data on the short copper-ligand distances with low 
resolution data, l M ~ l c &  but it has become clear that only high resolution data, including 
back-scattering from light atoms as far out as 4.0& is required to obtain accurate long 
copper-ligand distances and the correct number of ligands. Thus, while the EXAFS spectrum 
of [CU(OH~)~(OSO~)].H~O 
crystallographic values of 

yielded four Cu-0 distances of 1.95 A, compared with the 
, the spectra failed to yield any evidence for the two long 
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Cu-0 distances of 2.4 A. Nevertheless, the technique does yield a reasonable Cu-0 distance 
of 1.95-2.OOA in the linear chains of [Cu(C604Br2) and Cu C204)(H20)], and in the Cu-S 

the environment of the Cu2+ cation adsorbed on the surface of the synthetic zeolite 
[Zr(P04H)2(H20)4] involving four Cu-0 distances of 1.92-1.97 but then reports five 
equivalent Cu-N distances of 2.06 A in [CU(NH~)~](BF&~'~~ when other techniques suggest a 
square pyramidal CuN5 chromophore, as in K[CU(NH~)~](PF~)~ (218).449 It is equally 
interesting that the EXAFS spectrum of [CUC~,(OH~)~] (192) (see Chapter 15.5, Table 6) 
predicts, correctly, both the long and short Cu-Cl distance in (192), and in polycrystaUine 
[CU(C~O~)~]  predicts very reasonable Cu-0 and Cu--Cl distances, which then require a very 
short Cu-Cu separation of 3.0A (see Figure 4, Chapter 15.5).402~105J EXAFS spectra have 
been reported for copper(1) , (11) and (111) carboxylates involving short metal-metal 
di~tances,"~~ and the Cu-Cu and Ni-Cu distances in [ N ~ C U ( G O ~ ) ~ ( H ~ O ) ~ ]  have been used 
to rationalize the antiferromagnetic proper tie^."^^ It is then of interest that the EXAFS spectra 
of K2Pb[Cu(N02)6] (177) and [ c ~ ( e n ) ~ ] ( S O ~ ) ~  (178) indicate two short Cu-N distances of ca. 
2.00 and 2.4 A, suggesting that these relate to the underlying static geometry of these fluxional 
chromophores,397 as the lifetimes of these spectra, lo-" s, are extremely short (see Section 
53.4.5.2). 1056~1057 

EXAFS spectroscopy has been used to examine the adsorption of CO, on Cu/Zn0/A1203 
shift catalysts,1o58 of the [ C ~ ( e n ) ~ ] ~ +  cation on  zeolite^,'"^ the bond length of iodine absorbed 
on the Cu[lll] and Cu[lOO] faces of Cu metal,lm and to determine the metal-metal distance 
in R u - C u  c1usters.lo6* More recently the use of polarized X-ray absorption spectroscopy of 
oriented single-crystal samples has suggested that this technique may yield angular data as well 
as copper-ligand distances in the not too distant future. loa Nevertheless, some caution should 
be exercised in accepting the long Cu-L distances suggested for copper(I1) structures by 
EXAFS spectroscopy until more convincing examples of its ability to predict both short and 
long Cu-L distances on model complexes of known crystal structure have been obtained, such 
as the data for CuC12-2H20 above (Chapter 15.5).1053 

At the end of this section on the relationship between the electronic properties and the 
stereochemistry of complexes of the copper(I1) ion, it is worth summarizing the most useful 
physical techniques which offer a criterion for the presence of a polynuclear copper(l1) complex 
rather than a mononuclear complex. These are: (i) magnetic susceptibility measurements down: 
to near absolute zero, for the determination of 0 or .I values; (ii) ESR spectra of magnetically 
dilute systems, in the solid state or in solution, to obtain hyperfine data; and (iii) cyclic 
voltammetry to show evidence for a one-step reduction process in a Cu2 species. 

In general, electronic spectra, IR, Raman and EXAFS spectra relate to the mononuclear 
CuL, geometry and give no evidence for the presence of a polynuclear structure. 

distances of 2.22-2.61 A in [ M I ~ O ~ ~ C U O . ~ ~ P S ~ ] .  1047-10 4 This technique has yielded novel data on 

53.4.5 The Jahn-Teller Theorem 

The above account of copper(I1) stereochemistry and electronic properties (Sections 53.L 
and 53.4.4) establishes the uniqueness of the regular octahedral (and trigonal octahedral) 
stereochemistries and the novel temperature variability of this stereochemistry (Sections 
53.4.2.1i and x) and the corresponding ESR spectra."397 In order to understand these properties 
it is necessary to examine the Jahn-Teller theorem15 in a little more detail, as the consequence:: 
of this theorem extend beyond the above two topics and will cover the following: (i) 
temperature variable (fluxional) copper(I1) pseudo stereo~hemistries;~~~ (ii) non temperature 
variable, static copper(I1) stereochemistries; 96 (iii) the lasticity effect and varying tetra ona; 
distortions;456 (iv) the second order Jahn-Teller ef€ect$51065 and (v) the c~operative~~' and 
nonc~operative~'~ Jahn-Teller effects. 1063,1065 For this reason the application of the Jahn-Teiler 
theorem to the coordination chemistry of the copper(I1) ion will be described461*1066-102 and 
extended to the above t o p i ~ s . ~ ~ , ~ ~ * ~ ~ * ~ ~ ~ ~  

The Jahn-Teller theorem requires that any nonlinear system with an electronically 
degenerate ground state will undergo a distortion of its nuclear framework in order to remove 
the d e g e n e r a ~ y . ' ~ . ~ ~ ~ . ' ~ ~  The form of the distortion can be any of the non totally symmetric 
normal modes of vibration of the octahedral chromophore cuL6 whose representations are 
contained in the direct product of the ground-state representation for the appropriate point 
group. In the present case, the representation of the ground state is e, in the 0, point group. 
The direct product, e, x eg, reduces to ulg + ua + e,. As the ulg mode is totally symmetric and 
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there is no azg mode, only the components of the e, mode are shown in Figure 66, I and 11. The 
extrema of these vibrations are of the same form as the static distortions commonly found in 
six-coordinate copper(II) complexes. The elongated tetragonally distorted octahedron, (Figure 
66, 111) and the elongated rhombically distorted octahedron (IV) result from having the odd 
electron in the d , ~ - ~ z  orbital. The compressed structures V and VI result from having the odd 
electron in the d,z orbital. Calculations suggest that the elongated structures are energetically 
more favourable, consistent with their more frequent It must be emphasized 
that although the Jahn-Teller theorem may account for the types of distortion observed in 
copper(I1) complexes, it cannot determine the magnitude of the distortion. 

\ I  ,, Jormal modes of vibration 
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m e  66 The form of the tetragonal and rhombic distortion of an octahedral chromophore CuL. Bond lengths are 
represented - < - - - < . . . 

The regular octahedral CuN6 chromophore in & P b [ c ~ ( N o ~ ) ~ ]  (177)426 would seem to 
conflict with the predictions of the Jahn-Teller theorem as the copper(I1) ion 'appears' to be 
spherically s y r n r n e t r i ~ a l . ~ ~ ~ ~ ~  This is well illustrated in the variation of the unit cell arameters 
(Table 61) of the series of isostructural complexes K2Pb[M"(N02)& M" = Fe", Cox, Nin and 
Cu11.1073 There is a systematic increase in the a values from the spherically symmetrical ions, 
iron(I1) and nickel(I1) (in a one-electron orbital configuration sense) to the non spherically 
symmetrical copper(I1) ion. This is consistent with the systematic filling of the ligand-repelling 
eg orbital level. The regular CuN6 chromophore present in [Cu(en),](SO,) (178)427 is also in 
conflict with the predictions of the Jahn-Teller theorem.15 

Table 61 The Unit Cell Parameters @) for the Series of Complexes Kz[PbM"(N0z)6]1m3 

Fe CO Ni cu 

li 10.31 10.40 10.55 10.65 
rs 10.36 lF5,1 10.60 10.70 

One-electron orbital canflguration t&ei *& &e: t 2 ;  

Qualitatively, the electronic properties of the d9 configuration of the copper(II) ion in an 
orbitally degenerate electronic ground state can no longer involve separately defined electronic 
and vibrational energies (the Born-Oppenheimer approximation) , but a vibronic potential 
energy surface, as in Figure 67, is r eq~ i red . '~  The even mode of vibration of e, symmetry, 
made up of two displacement coordinates, S, and S, (Figure 67b), is the only mode that can 
couple with the electronically degenerate ground state of Eg symmetry, of energy Eo, in a cubic 
system and remove the orbital degeneracy. The energy surfaces which arise from this coupling, 
E -  and E+,  take the form shown in Figure 67(a), and this is known as the 'Mexican hat' 
model. The surface E -  involves a potential energy minimum Em, the Jahn-Teller stabilization 
energy, relative to Eo at a distance RJT, the Jahn-Teller radius, from the origin. If only 
first-order coupling terms are involved, the potential energy well has full cylindrical symmetry, 

coc -w 
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but if strong Jahn-Teller coupling and higher order terms are involved, the lower energ! 
surface is warped (Figure 67c). If the sign of the coupling constant is negative (Figure 68a) 
minima occur in the potential surface for f3 = 0, 120 and 240" and these values correspond, a 
equilibrium, to three equivalent elongated tetragonal octahedral distortions, C, symmetry 
along the three orthogonal z ,  x and y axes, respectively (Figure 68a, points I, II and 111). 11 
crystals, lattice-packing effects and cooperative Jahn-Teller effects (see later) may further waq 
the potential energy surface such that the strict C,, symmetry is removed. Figure 68 illustrate 
the three different situations that can arise; three elongated tetragonal octahedral stereochem 
istries are involved: type (a), where all three wells are of equal energy, type (b), where twc 
wells are of equal energy and type (c), where one low energy well occurs. 

( b )  

( C )  
Energy 

I 

W E -  - -  I .  - - + saddle valley 

- _ _ -  S2a 

, S2b RJT 
L L 

L L 

sac: #*I s,, ( 61J 

-re 67 (a) The adiabatic potential energy surfaces (Mexican hat); (b) the normal coordinates S, and &; (c) th 
projection of the potential energy surface (a) warped by the inclusion of higher order terms viewed down the principi 

axes of (a), with R,, = radius of the minimum potential432 

I V  V VI 

I 111 

Rotatlmangle 4 0' 60" 120' IBO' 240' 300' 

Figore 68 The circular cross-section of the warped potential energy surface (a) three wells of equal energy; @) ta 
wells of equal energy; (c) one low energy well 
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If all three wellssrn are of equal energy (Figure Ma), and if B <thermal energy kT (cu. 
200 cm-l), at any one copper site a three-dimensional dynamic interconversion of the 
elongation axes occurs with equal thermal population of wells I ,  I1 and 111. Consequently, the 
crystallographically determined structure will be octahedral, but is better described as a 
pseudo-octahedral stereochemistry in view of the three-dimensional dynamic behaviour 
involved. Figure 68(b) depicts a situation in which well III is of considerably higher energy than 
wells I and 11, which are of approximately equal energy and hence approximately equally 
occupied. If B <thermal energy (kT), then the two 90” misaligned cuL6 chromophores are 
thermally accessible and at any one copper site a two-dimensional dynamic interconversion of 
the elongation axes occurs. The crystallographically determined CuL6 stereochemistry will 
appear compressed octahedral, but is better described as a pseudo-compressed 
s t e r e o c h e m i ~ t r y , ~ , ~ ~  in view of the two-dimensional dynamic behaviour involved. If the 
potential energies of wells I and I1 are significantly different (Figure 68c), and if B <thermal 
energy (kT),  then the observed structure will be elongated rhombic octahedral, but the 
observed tetragonality T will be high (T = 0.90) and temperature variable ( T  = mean in-plane 
Cu-L bond distandmean out-of-plane C-L bond d i s t a n ~ e ) . ~ ~  If B is larger than the 
thermal energy (kT), the elongated tetragonal or rhombic octahedral structure of well I (Figure 
68c), predominates and the static non temperature variable elongated rhombic octahedral 
stereochemistry occurs, as found for the majority of elongated rhombic octahedral complexes 
of the copper(l1) ion, with tetragonalities in the region T = 0.75-0.85.4s6 

In order to understand the predominance of the static elongated rhombic octahedral 
stereochemistry for the six-coordinate copper(I1) ion rather than the compressed rhombic and 
regular octahedral (or trigonal) stereochemistry, it is necessary to look more closely at the 
origin of the vibronic coupling associated with the Jahn-Teller effect.1064>106521W4 In the dynamic 
Jahn-Teller effect (Figure 69) only the components of the e, mode of vibration (ulg and 6 ,  in 
D4,, symmetry) can couple with the electronically degenerate Eg ground state of a copper(II) 
ion in a regular octahedral stereochemistry C u k  (Figure 69, A). If the ulg mode alone is 
involved Figure 69) the oh symmetry is lowered to D4h, with an elongated distortion, B, 

distortion, C, having a 2A1g ground state, for a negative coupling ( - ). From Fi ure 67c both 
of these situations can be seen to correspond to an energy lowering relative to E , but ( + )alg 
coupling corresponds to a lower energy (well I of Figure 68a) relative to the saddle-point V for 
( - )alg coupling. If the bIg mode alone is involved, with both positive ( + ) and negative ( - ) 
coupling, the oh symmetry is lowered to Dm with elongated rhombic octahedral distortions, D 
and E, both with an approximate 'Big ground state. In general a linear combination of ab and 
blg modes will produce an elongated rhombic octahedral distortion except at 0 = 60, 120, 240 
and 270°, where a tetragonal distortion occurs (Figures 67c and 68a). 

In all four distortions of Figure 69 B-E the magnitude of the distortion will generally be 
small, i.e. tetragonalities T of 0.98 and 1.02, all of which remove the orbital degeneracy of the 
regular octahedral CuL chromophores of Figure 69 B-E. To account for the more distorted 
geometries found in real complexes, with T = 0.9-0.8, two further operations must then 

(a) 4s + 3dzz mixing: in the D4h point group the 4s and 3d9 orbitals transform as ab and may 
mix. This will significantly lower the energy of the 2BQ ground state by lowering the energy of 
the ulg level (Figure 70a), a lowering of the energy of the dz2 level that corresponds to an 
increase in the observed elongation and a decrease of T from 0.98 to 0.80. This gain in energy 
does not arise in the compressed tetragonal octahedral stereochemistry (Figure 70b) as, 
although the mixing may occur, the gain in energy is less as there is only one electron in the d2 
orbital. In addition the mixing can only force the d s  and d,+yz levels together, back towards an 
octahedral geometry with orbital degeneracy and violation of the Jahn-Teller (first order) 
effect. 

point group the near degenerate d,” 
and d,z-,,z levels transform as alg and blg respectively, and may be connected by matrix 
elements of the type 1 (rgl Hq lr,) l2/AE. As long as rg and re differ in symmetry, they may be 
connected by vibrations of the appropriate symmetry tu produce a nonzero matrix element. If 
HW transforms as big, mixing of the dx2 and d,2-,,2 levels will occur, i.e. vibronic coupling, and 
distortion of the chromophore of DM symmetry will occur along the x or y axes (Figure 69, F 
and G). In both cases the distortion must be at 98” to the z axis of the D4,, point group, and will 
involve a lowering of symmetry to Dm. 

Taken together, (a) accounts for the predominant occurrence of the elongated rather than 

having a 1 B,  ground state, for a positive coupling (+ ) and with a compressed tetragonal 

occur. 1064,1065,1067 

(b) Second order Jahn-Teller effect:106s1067 in the 



694 

G 

IT 

tetragonal JT 
Compressed 

octahkdral 

Copper 

F 

n IT 

A 7 Elongated Elongated 
f tetragonal rhombic 

octahedral octahedral 

X 

E 

Elongated ( x )  

octahedral 
Elongated (y) ’ rhombic rhombic 
octahedral 

Figure 69 Vibronic coupling for octahedral copper(I1) (a) dynamic Jahn-Teller effect (al ,  and *big); (b) pseudo 
Jahn-Teller effect (+b,,) 

. 
-t - - -- - GG? - 6  - A t - - - - = t  

29*Al, - &- - - - -*- - 59 19 29 
Q -  c 

dymmic 4s +3,,2mixing dynomic 4s + 342 mixing 
JT JT 

Figure 70 The effect of 4s -t 3 4 2  mixing on the six-coordinate copper(I1) chromo hore, Ddh: (a) elongated tetragonal 
octahedral; (b) compressed tetragonal octahedrafW4 

the compressed octahedral and (b) for the general occurrence of rhombic 
rather than tetragonal octahedral geometries, in both the elongated and (more limitedj 
compressed stereochemistries of the copper(I1) ion with six equivalent ligands (Section 
53.4.2.lii). 

The adiabatic potential energy surface of Figures 67 and 68 only applies strictly to 
six-coordinate complexes of the copper(I1) ion with six equivalent ligands. With nonequivdent 
ligands, as in a trans- or cis-CuL& chromophores, the general behaviour of Figure 68 can still 
be applied, except that the regular six-coordinate geometry of Figure 68(a) can never arise and 
hence the genuine dynamic Jahn-Teller effect (Figure 69, A-E) cannot apply. Nevertheless, 
the general features of Figure 68(b) and (c) can still occur as in Figure 71(a), (b) and ( c ) . ~ ~ , ~ ~ ’  
Two potential energy surfaces are still involved, which are split at the origin by 2A due to the 
small differences in the bond lengths and bond angles in a CuL& chromophore. For B 
trans-CuL& structure, approximately D4h symmetry is still appropriate with an elongated or 
compressed geometry, generating ’B1 and ‘A1 ground states, respectively (Figure 71a and b). In 
both cases 4s + 3 4 2  mixing can still apply [(a) above] and stabilizes the former; it combines 
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with the second-order vibronic coupling for a single vibrational mode of bl symmetry [(b) 
above] with the formation of a two well system (Figure 71a and b) with a 2Bl ground state of 
D 4 h  symmetry distorting via the ( + )bl mode to a a h  symmetry (Figure 71a, wells I and 11) but 
retaining the predominant elongation along the z axis. For equal energies of wells I and I1 
(Figure 71a), the thermal populations will be equal and the averaged structure will be 
elongated tetragonal octahedral; for many real lattices wells I and I1 will not be of equal 
energy, and one will predominate, as in Figure 71(c). The population of well I will be greater 
than that of well 11, and an elongated rhombic octahedral CuLa2  chromophore of Du, 
symmetry will be observed, with the extent of the in-plane rhombic component along x or y 
restricted by lattice-packing forces, or in-plane chelate ligands, to be less than the z axis 
elongation (Figure 69, F) as the latter is so large (Figure 70a). 

( a )  Elongated (I) b 1 Compressed (2) 

I 

B 

I I 

\ I( 
I I 

1 I1 I I1 small 
( c ) Compressed ( z )  d'stort'on ( d  1 Compressed (2) 

Elongated ( x  o r y )  Elongated ( x o r y )  

I I1 I I1 

Figure 71 Adiabatic potential energy surface for a pseudo Jahn-Teller trans and cis CuL.,X2 chromophore: equivalent 
and near-equivalent wells (a) elongated (Da and C2); (b) compressed (D.,,, and C2); and (c) and (d) nonequivalent 

wells O,, and 4 

In the case of a compressed rruns-CuL& chromophore of D 4 h  symmetry (2Alg ground 
state), 4s + 3dz mixing (Figure 70b) cannot significantly change the z-axial compression, and 
for a single vibrational mode of bl symmetry (x  or y axis), a two-well system is formed (Figure 
71b; 'A1 ground state). For equal thermal populations of wells I and 11, a pseudo-compressed 
octahedral structure is observed. In lattices of low symmetry the energies of wells I and II are 
not equal and well I predominates to give a compressed rhombic octahedral C&LX, 
chromphore with a slight elongation along the x or y axes (Figure 71b wells I or 11, 
respectively). If the in-plane elongation is sufficiently large, a change .from a compressed i2A1) 
to an elongated ('&) stereochemistry will occur, with the elongation along the x or y axes and a 
rotation of 90" of the principal axis from z to x (or y) (Figure 72a). For a &-CuL& 
chromophore even Ddh symmetry is no longer possible, but is reduced to C, symmetry. The 
elongated and compressed distortions still arise (Figure 72b) giving CZ symmetry with equal 
thermal populations of wells I and I1 (Figure 71a and b). For the elongated cis-CuL& 
chromophore in lattices of low symmetry the energies of wells I and I1 are not equal and 
significant in-plane distortion along the x or y axes will occur (Figure 71d), but the dominant 
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z-axis distortion to maintain the 'BI ground state is still retained. For the compressed 
cis-CuL4X2 chromophore, with small in-plane distortion from C, symmetry along the x or y 
axes (Figure 72b), the overall compressed six-coordinate geometry is retained (Figure 71d), but 
for strong bl coupling, the distortion axis (x  or y) may become the dominant elongation axis to 
give a change of elongation axis by 90" (z > x )  and of the ground state from 'A1 to 2B1 (Figure 
71c). The adiabatic potential energy surfaces of Figures 67, 68 and 71 emphasize the 
importance of vibronic coupling in determining the crystallographically 'observed' stereochem- 
istry of the copper(I1) ion, the importance of the alg and bl,  octahedral modes of vibration in 
the dynamic or first-order Jahn-Teller effectlW7 and equally the importance of the bl symmetry 
mode in the second-order Jahn-Teller effect.'06s1a7 Both effects use the coupling of a CuL 
chromophore geometry to a particular mode of vibration of the CuL,, chromophore, which then 
determines the direction of the distortion of the nuclear framework, until constrained by the 
lattice-packing forces or by the presence of chelate ligands in six-coordinate complexes of the 
copper(I1) ion (Section 53.4.2.lii). 

(a) truns-CuL,,X, (b) ~ i r  -CuL4X2 
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-re 72 Connection between elongated and compressed (a) ham CuL,X, and (b) cb CuL4X, octahedral 
chromophores (- short, - - - intermediate, . . . long) 

The nonoccurrence of the regular tetrahedral CuL4 chromophore has generally been 
associated with s in-orbit coupling removing the degeneracy of the 'T2 ground state of the 
copper(I1) ion."' It has recently been suggested that the tetrahedral copper(I1) ion may also 
be associated with a first-order Jahn-Teller effect involving the direct product t2 x t2 = 
at -t e + t2 ,  of which only the e and t2 modes will remove the triple orbital degeneracy of the G 
term.1077*1"'8 For the majority of tetrahedral copper(I1) species the compressed tetrahedral 
stereochemistry (Figure 17 and 175)212-217 suggests that the T2 X E coupling operates (S4 axis), 
but the trigonal distortion T2 X G is also possible as in (Me3NH)3[Cu2C17] (401).lm9 Both senses 
of distortion produce a nondegenerate ground state, a dx? orbital of Bz symmetry for the E 
mode. The first order TZ x E coupling produces an adiabatic potential energy surface involving 
three potential wells (Figure 73a) which relate to the three possible conformations of the 
compressed tetrahedron, compressed along the x ,  y, and z directions.lm The ground state 2G 
is split by 3E, and the tetragonal distortion lowers the ground state by 2Em (Figure 734. As 
the ground state wave function e't; involves the d,,, dyl and dxy orbitals, which are linearly 
independent, there are no possible inter-well transfers, as in the octahedral CuL, chromophore 
(Figure 67a).1"'7,10m Even a small distortion of the potential surface by lattice effects will 
produce a single low energy potential well, which will correspond to a static stereochemistry of 
compressed tetrahedral geometry or trigonal geometry. Consequently the tetrahedral e mode 
of vibration connects the regular tetrahedral geometry to the compressed tetrahedral geometry 
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and ultimately to the square coplanar stereochemistry by a first-order Jahn-Teller effect, just 
as the octahedral ulg mode (Ddh symmetry) connects the C u b  chromophore to a square 
coplanar CuL4 chromophore. 

(Me3NH),[Cu,Cl,] (401)10m 

( C )  

Figure 73 The adiabatic potential energy surface for an orbitall triply degenerate 'f2 ground state tetrahedral stereochemistry I J  

The five-coordinate CI& chromophore rarely involves a regular trigonal bipyramidal or 
square pyramidal geometry (Section 53.4.2. lv), but generally involves a square pyramidal 
distorted trigonal bipyramidal or a trigonally distorted square pyramid (Figure 21b). Their 
sense of distortion may be connected by the Berry twist mechanism (which retains a C, axis of 
symmetry; Figure 74a) and involves a dominant mode of vibration of e' In these 
distorted intermediate geometries of approximately Cb symmetry an Al ground state is 
appropriate (Figure 3c) and second-order Jahn-Teller coupling ensures that the mode of 
distortion follows the form of the e' modes of the parent D3h point group (Figure 
74b). 1077,1081,1082 

I Y  

A' 4 4 x 

( b )  e'modes x 
4 z  I a 4,IdK 

F I g m  74 (a) The Beny-twist mechanism connecting a trigonal bipyrmidal and square pyramidal geometry; (b)  e' 
modes of vibration; (c) correlation of one-electron energy levels D3h 4 C, 
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Thus while the Jahn-Teller theorem is generally invoked to account for the distorted 
octahedral geometries of the copper(I1) ion, in terms of the first-order vibronic coupling the 
extension of the coupling to some second-order effects also allows some rationalization of the 
tetrahedral and five-coordinate geometries of the copper(I1) ion.1Ms1M7 

Nevertheless, the ability of the pseudo Jahn-Teller effe~t''~' to account for the structure and 
electronic yoperties (see later) of the six-coordinate copper(I1) complexes has been 
questioned' 83 on the basis that the effect is an order of magnitude too small to account for the 
distortions involved, 0.4-1 .O A. However, an exactly comparable potential energy diagram to 
that of Figure 67 has been proposed using the approach of near degenerate nonrigid molecules 
(see Figure 5, ref. 902). As it is impossible at present to distinguish between these two 
alternative approaches, this chapter retains the more unifying approach of the pseudo 
Jahn-Teller effect .Io6' 

53.4.5.1 The 'observation' of the Jahn-Teller efect 

The major value of the 'Mexican hat' model for six-coordinate copper(I1) complexes, 
involving six equivalent or nonequivalent ligands, is that it accounts for the mixture of non 
temperature variable (static) and temperature variable (fluxional) structures that is observed.396 
It predicts5,' that the former may involve bond-length changes of the order of the Jahn-Teller 
radius, RJT (Figure 67a), namely 0.1-0.4A, which are available from a comparison of room 
temperature and low temperature crystal structures (Figure 24 and b; Section 53.4.2. lx) .540 It 
also predicts that low temperature crystallographic data can yield numerical data on the energy 
separation A E  of the lowest energy wells of Figure 68, as listed in Table 62(a), all within 
thermal energy limits, namely 200cm-'. Thus the three diagrams of Fi ure 68(a) describe the 
genuine dynamic Jahn-Teller systems, such as K,P~[CU(NO~)~ (177)$62 and [Cu(en),](SO,b 
(178),427 which all involve high symmetry chromophores (0, or 4) and involve six equivalent 
ligands. Figure 68(b) accounts for the occurrence of the compressed tetragonal or rhom- 
bic octahedral copper(I1) complexes,397 as in CS2Pb[CU(N02)6] and 
Rb2Pb[Cu(N03)6] (233),531 and Figure 68(c) accounts for the existence of (i) fluxional 
elongated rhombic octahedral copper(I1) c o m p l e x e ~ , ~ ~  as in (NH,),[CU(OH~),](SO~)~ 
(202)457,458 and [Cu(dien)$3r2,H20 (194) ,446 and (ii) the static elongated rhombic octahedral 
complexes, as in C%[CU(OH~)~](SO~)~ (184) ,435 which dominate this stereochemistry for the 
copper I1 ion. The pseudo dynamic Jahn-Teller effect1067 and the second-order Jahn-Teller 
effect ,'665)then explain (Figure 70a and b) why the elongated rhombic octahedral stereochem- 
istry far outweighs the number of compressed rhombic octahedral complexes, even for six 
equivalent ligands. The pseudo Jahn-Teller effect as described in Figure 71(a)-(d) then 
accounts for the stereochemistry of the wide range of six-coordinate copper(I1) complexes 
involving nonequivalent ligands, CuL4X2, with both trans- and cis-octahedral geometries. 
Figure 71(a) accounts for the large number of static elongated octahedral complexes with a 
tran~-CuL&~ chromophore, tetragonal D4h as in [CU(NH~)~(NO,),] (174)570 and rhombic 
(D%) as in [CU(~~)~(FBF~)](BF,) (193).u' In [I%) the in-plane rhombic distortion is only small 
(cu. 0.1 A) and never overrides the predominant z-axis elongation, and hence a 'B  ground state 
always applies.554 It also accounts for the restricted elongation of the cis-CuL4Xz chromophore 
of [Cu(hfa~ac)~(bipy)] (197)449 and of [Cu(phen)Z(NCS)z] (1998) ,450 with C2 symmetry but clear 
~ , z - ~ z  ground states ('Big). Figure 71(b) accounts for the compressed tetragonal octahedral 
stereochemistry with a tram-CuL& chromophore and near D4* symmetry of [Cu(dien),](NO,) 
(235)537 and [Cu(metho~yacetate)~(OH~)~] (237),541 both with 2A ground states. It also 
accounts for the strict c.L symmetry of the compressed rhombic octahedral stereochemistry with 
a cis-CuLJ2 chromophore and 2A ground state of [Cu(phe~(OzCMe)](ClO4).2Hz0 (239)243 
and the near C, symmetry of [Cu(bipy),(ONO)](N03) (253)5 and [C~(phen)~(O~CMe)](C10~) 
(402),404,'084 both with 'A  ground states (Figure 71c). Figure 71(d) then accounts for the very 
rhombic in-plane distortion of bl symmetry in the truns-CuL& chromophore of 
[C~(dien)~]Br~.H~O (194),446 and in the distorted ck-CuL4O2 chromophore of 
[C~(bipy)~(ON0)BFl (241).547 In the structures of (194) and (241) the in-plane distortion of bl 
symmetry is so large that the ground state changes from 'A to 'B  with the elongation in the x 
direction. In the near high symmetry structures above, the axial elongations along z and the 
in-plane rhombic distortions along x or y are restricted by the 'bite' or the chelate ligands 
present and for A E C k T ,  Figure 68(a) and (b) predicts that these structures will be 
temperature variable. The observation of the pseudo octahedral and pseudo compressed 
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octahedral stereochemistries for the copper(I1) ion then arises as an artifact of Auxional 
behaviour (Figure 68a) for C u b  chromophores and Figure 71(b) for the CuL& chro- 
mophores. The three independent 'wells of Figure 73(a) then account for the nonregular 
tetrahedral structure of the four-coordinate CuL, chromophore, such as [CuCl4I2- in 
Cs2[CuCL,] (175)483 and the CuN4 chromophore of [C~(bipyam)~](ClO,)~ (214);' both with a 
clear compressed tetrahedral stereochemistry, which is non temperature variable. The Berry 
twist type mechanism (second-order Jahn-Teller effect; Figure 74)'06' then accounts for the 
infrequent occurrence of the regular trigonal bipyramidal or square pyramidal copper(I1) 
stereochemistries (Section 53.4.2.1~) and the frequent occurrence of the trigonally distorted 
five-coordinate copper(I1) ~tereochernistries.~~~ 

Table 62 (a) Crystallographically and (b) ESR determined AE Values for Fluxional 
Copper(I1) System 

AE(cm-') Ref. 

74 576 
125 1084 
160 578 

168 
132 

578 
914 

298(173)K 

[Cu(phen),(0,CMe)](C104) (q02)404710&2 . 

The adiabatic potential energy surfaces of Figure 67(a) may be used to understand the 
relationship between the observed copper(I1) stereochemistry (both static and fluxional) and 
certain of the electronic properties of the copper(I1) ion. For static stereochemistries, the 
relationship is as set out in Section 53.4.4.4, but for the fluxional systems the relationship is 
going to be dependent on the relative lifetimes of the ground state and excited state 
configurations involved in their measurement (Table 63).'OS7 X-ray diffraction has an 
interaction time of lO-"s, but is averaged over vibrational motion, so the structure is time 
averaged (-1 s); ESR spectroscopy has an interaction time of s, and is also averaged by 
vibrational motion, while electronic spectroscopy has an interaction time of s and is not 
time averaged, but reflects the extreme static configuration of the molecular vibration. 
Consequently, the X-ray and ESR techniques provide averaged structural data in these 
fluxional systems, while electronic spectroscopy relates to the underlying static stereochemistry. 
It is anticipated that EXAFS spectroscopy, with an interaction time of s, will also yield 
bond distances that relate to the underlying static structure of these fluxional 

'04.1 

Table 63 Time Scales for Structural Techniques1o5' 

Physical techniques Approximate time scale(s) 

X-Ray diffraction lo-'* 
UV spectra 10-l~ 
Visible spectra 10-1~ 
IR-Raman spectra 
ESR spectra 10-8 
EXAFS 10-1s 

COC -W' 
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Thus the structures of Figure 19 may be reclassified as temperature variable (pseudo) 
structures and non temperature variable (static) structures (Table 64) in which the former only 
arise as an artifact of the Jahn-Teller effect and only the latter can be considered as genuine 
static stereochemistries of the copper(I1) ion with electronic properties (Section 53.4.4.4) 
simply related to their copper(I1) stereochemistry. The pseudo structures of Table 64 are then 
characterized by temperature variable crystal structures (Section 53.4.2. lx) and typified by non 
spherically symmetrical thermal  parameter^^^,'^*^ whose magnitude is lower along a Cu-L 
direction than at right angles to this direction (Table 65a). This information is also present in 
the thermal parameters of low symmetry CuL6 chromophores, if the thermal parameters are 
expressed as Cu-L parameters AU'" (Cu-ligand, A; Table 65b). The ESR spectra of static 
CuL, chromophores have been described in Section 53.4.4.3. Pseudo stereochemistries are 
related to the averaged room temperature structure, but at low temperature may change to the 
g values associated with the underlying static stereochemistries (see Figures 39-42). Histori- 
cally, it was the temperature variability of the g values of fluxional copper(I1) complexes that 
first suggested the possible temperature variable stereochemistry of the copper(I1) ion.909 The 
data for copper(1I)-doped K2[Zn(OH2)6](S04)2 complexesgDY yielded the first approximate 
parameters for a potential energy surface for the fluxional [CU(OH~)~]~+  cation (Figure 75), a 
result that has been confirmed by the recent low-temperature structure of K~[CLI(OD&](SO& 
(393).910 

Table 64 Subdivision of the Copper(I1) Stereochemistries into their Temperature Variable and Non Temperature 
Variable Types 

Geometry 

(a)  Temperature uariable (pseudo) 
Pseudo octahedral 
Pseudo trigonal octahedral 
Elongated tetragonal octahedral 
Elongated rhombic octahedral 
Pseudo compressed tetragonal octahedral 
Pseudo compressed rhombic octahedral 
Pseudo &distorted octahedra1 

(b )  Non temperature variable (static) 
Linear 
Trigonal bipyramidal 
Square-based pyramidal 
Square coplanar 
Rhombic coplanar 
Eight coordinate 
Compressed tetrahedral 
Distorted square pyramidal 
Asymmetrical cis-distorted 

' 

Complex 

426 
427 
578 
443 
531 
537 
546 

546 
504 
4 9  
474 

563,564 
483 
758 
547 

477 

The electronic spectra of copper(I1) complexes involving static stereochemistries may be 
assigned using the energy level diagrams of Figures 26 and 27(a) and (b) with some help from 
polarized single-crystal spectra where these are available (Figures 49 and 50) .47 The electronic 
energies of the fluxional cuL6 chromophore can be inte reted using a cross-section of the 
warped Mexican hat potential energy surface (Figure 67a)' involving a low energy transition 
~J(~,z-,z) - q ~ + ( d i )  of 4EJT and a high energy transition, qJV-(dX2- ,2 )  - T&(d,,, d,,, dxy) of 
A + 2Em (Figure 76a). These transitions are no different from the one-electron energy level 
descriptions, exce t that a vibronic coupling description is used and enables the value of Rm to 

systems involving six equivalent ligands, which suggest that RJT lies in the range 0.25-0.35 A. 
The appearance of the electronic reflectance spectra of fluxional and static copper(1J) systems 
do not differ significantly (Figure 77a). The three-dimensional dynamic systems such as cubic 
K2Pb[Cu(NO&] (177) show no polarization effectslw3 and the trigonal [Cu(en),](SO,) (178) 
only shows a change of intensity with polarization (Figure 77b).loM The reason for this 
insensitivity of the electronic spectra to fluxional effects lies in the very short time scale 
(10-15 s)loS7 involved in electronic transitions which relate to the underlying static distorted 
stereochemistry of a fluxional CuL6 chromophore and not to the time averaged structure as 

be calculated.540" 8 Table 66 summarizes some structural and spectroscopic data for copper(I1) 
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Table 6(a)  Comparison of the Nitrogen Atom Thermal Motion for MIZM1l[M(NO,),I 
Systems, Root-mean-square Displacements (A)540 

~~ 

(i) Non John-Teller complexes 
0.130 
0. I20 

KZPb[Ni(N02)61 N(1) 
KZSr[Ni(NoZ)61 N(2) 

(ii) Static Jahn-Teller complexes 

N(3j 0.130 

( i i i )  Dynamic Jahn-Teller complexes (cubic) 
K Z W C ~ W d 6 I  NU) 0.170 

(iu) Pseudo comgressed Jahn-Teller complexes 
0.17 
0.15 

KZPb[WN0361 N(1) 
N(2) 
N(3j 0.18" 

Rb,Pb[Cu(NO,)J N(1) 
N(2) 
N(3) 

0.148 
0.182 
0.199= 

0.133 
0.122 

0.144 
0.121 
0.111" 

0.164 

0.17 
0.16" 
0.11 
0.152 
0.190" 
0.151 

0.115' 
0.110" 

0.119' 
0.138 
0.129 

0.182" 

o.lla 
0.15 
0.25 
0.128' 
0.141 
0.144 

~~ ~ 

a Displacement along the M-N bond. At 276 K. 

Table 65(b) AU'" (Cu-Iigand; A) for cuL6 Chromophores Along the Cu-ligand Bond DirectionsM 

a At 298 K. At 125 K. At 203 K. At 123 K. 

0.176 
0.144 
0.062 (static) 
0.248 
0.098" 
0.042b 
0.126" 
0.141' 
0.123d 
0.15 
0.04 

~~ 

0.176 0.176 
0.144 0.144 
0.145 0.147 
0.062 (static) 0.186 
0.093' 0.048" 
0.041b 0.025b 
0.122" 0.062a 
0.132' 0.10t 
0.122d 0.1md 
0.12 0.7 
0.7 <o.o 

Figure 75 Circular cross-section of the potential energy surface associated with the three Jahn-Teller wells 1-111 in 
copper-doped K,[Zn( OH&( SO,)," 

c 
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determined by X-ray crystallographic and ESR techniques. This insensitivity of the electronic 
spectra of copper(I1) complexes has been a major factor in recognizing the occurrence of 
fluxional copper(I1) systems.397 Thus the ‘sameness’ of the electronic spectra of the three 
complexes of Figure 77(a) suggests essentially the same CuN6 chromophore stereochemistry, 
modified by slight differences due to the different , crystal lattices. Crystallogra hically, 
K2Pb[CU(N02)6] (177)426 has an octahedral CuN6 structure, Rb2Pb[Cu(N02)6] (233)” has a 
compressed rhombic octahedral structure and K,Ba[Cu(NO&] (182)433 an elongated rhombic 
octahedral structure, which belies the fluxional properties of the first two complexes. 

-?T- - RJT- 

Figure 76 A section through the potential energy surfaces of the Mexican hat for: (a) equivalent ligands and; (b) 
nonequivalent ligandssa 

Table 66 Structural and Spectroscopic Data for Some Copper(I1) Complexes Involving Six 
Equivalent Ligands, Room-temperat~re~~ 

do(4 b ( A )  E , A W  &;(kK) 

( a )  Pseudo (3D) 
[cu(en)dso4) 2.150 0.358 2.18 15.7 

2.111 0.333 1.75 16.5 KzPb[Cu(NO,),I 

2.136 0.252 
2.171 0.343 

1.92 
1.92 

15.7 
16.3 

(c) static 
K,Ca[Cu(N0d6l 

KzBa[~(NO2),1 2.132 0.308 1.92 16.55 
KzSr[Cu(NOJ,I 

2.138 0.303 1.98 16.5 
0.318 1.90 16.5 2.127 

( b ’  16.4 

c c 
0 ._ 0 

t + 
._ 

: !? s 
4 4 

n 

20 16 I2 20 12 

Energy (kK 1 Energy ( k K )  

Figure 77 (a) The electronic reflectance spectra of (i) K2Pb[Cu(N02)J-three-dimensional dynamic (-), @) 
Rb,Pb[Cu(NO,),l-two dimensional dynamic (- - -), and (iii) &Ba[Cu(NO,)&tatic ( a  a); (b) the polarized 

single-crystal electronic spectra of [Cu(en),](S04) 
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The electronic spectra of fluxional copper(I1) complexes involving nonequivalent ligands and 
the potential energy surface of Figure 67(a) can be similarly interpreted, (Figure 76b), but due 
to the additional splitting of Eo by 2A’ it is not possible to evaluate Em. Nevertheless, the 
electronic spectra of these fluxional pseudo Jahn-Teller systems show the same insensitivity to 
the anions present. In a series [Cu(bipy),(ONO)]X complexes, X = (NO3)- (253), (BF4)- 
(241)547 and (PF& (403) ,396 the electronic spectra (Figure 78a) ,90891087 consist of two broad 
peaks of comparable energy and intensity, despite the clear difference in in-plane geometry in 
(253), (241) and (403), A 0  = ([Cu-O(2)] - [Cu-O(l)]) = 0.090, 0.346 and 0.251 A, respec- 
tively (Figure 24b). The comparable electronic spectra of (253) and (241), with bands at ca. 
9500 and 15 OOO cm-l, suggest a closely comparable underlying static CuN402 chromophore 
stereochemistry, which is substantiated in the Cu--0(2) us. Cu-O(1) plot of Figure 78(b). 
The low temperature data for (253) clearly give a linear correlation and the data for (241) lie 
on this correlation, suggesting that (253) and (241) exhibit different degrees of fluxional 
behaviour, but with the same underlying static CuN402 chromophore stere~chernistry.~~~ 

1 15.2 9.5 

3 2.5- 
cu 
0 
- 
I 2.4-  
3 

2.3- 

20 K 

100 K 

I 

165 K 
298 K 

2.27 a - 2 . 2 u  
20 I8 I6 14 12 IO 8 6 2 0  21  2 2  2.3 

C u - O ( I )  ( A ,  Energy ( k K )  

Figure 78 [Cu(bipy),(ONO)](Y) complexes: (a) electronic reflectance spectra;goo (b) Cu-O( l )  vs. C u a ( 2 )  ( + 
refers to [NO,] at different temperatures) 

In discussing the electronic properties of copper(I1) complexes the previous sections have 
involved concentrated copper(I1) complexes, rather than those of the copper(I1) complexes 
diluted into a diamagnetic host lattice. In order to determine whether or not the electronic 
properties of pure copper(I1) complexes are determined by the presence of near neighbour 
copper(I1) ions, it is desirable to examine the properties of copper(I1) ions diluted in an 
isomorphous diamagnetic host lattice such as the corresponding zinc(I1) c o m p l e ~ . ~ ~ ~ ~ ~ ~  In such 
studies the electronic properties will be either influenced by the presence of adjacent ions, i.e. 
the cooperative Jahn-Teller effect ,432 and the electronic properties will change with the 
percentage of CuT1 present and a phase change may occur, or the electronic properties will not 
be influenced by adjacent ions, i. e. the noncooperative Jahn-Teller e f f e ~ t . ’ ~ ~ , ~ ~ ~  In general 
three factors will be involved: (i) the magnetic dilution of the individual copper(I1) ion; (ii) the 
relative structure of the CuL, chromophore and the ZnL, host lattice environment; and (iii) 
the nature of the lattice namely class I, hard lattices, ionic or covalent,432 or class TI, 

For class I behaviour at low dilution the CuL6 environment is forced by the strong lattice 
vibrations present to assume the high symmetry of the local lattice, as in NaC1,1088 Mg0lm or 
Ca(OH), (Table 67a). With increasing concentration of Cu2+ a phase transition occurs (due 

soft lattices, m o i e c u l ~ ~ . ~  B 
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to the limited solubility of the Cu2* ion in the high symmetry environment) to lower symmetry, 
as in CuC12 (366)7s4 and CuO (377).788 For lower symmetry environments in class I such as 
Ba2[Zn(W06] (404)'O9' a phase transition occurs at 20% copper(I1) substitution, above which 
there is a gradual shift in the electronic energy levels to higher energy with increasing 
copper(I1) concentration (Figure 79a and b). In class I1 behaviour, a high symmetry host lattice, 
such as [Zn(pyNO)6](BF4)2 (405),'09' may also constrain the [C~(PyNO),]~+-doped cation to 
have a pseudo trigonal octahedral stereochemistry, against the tendency of the C u Q  
chromophore to distort, as in c u  pyNo)6](No3)2 (406).1093,1094 This lattice effect, the 
'cooperative Jahn-Teller m(ay be retained through increasing copper(I1) concentra- 
tions up to 100% Cu with no change of phase and accounts for the occurrence of the cubic 
K2[PbCu(N02)6] (177)426 and trigonal [C~(en)~](So,) (178)"' complexes. In (177)426 the long 
Pb-0 distance of 2.77 8, for the PbOlz chromophore contributes to the retention of a cubic 
lattice, and hydrogen bonding of the trigonal sulfate anion in (178)427 contributes to the 
retention of a trigonal lattice with the formation of a fluxional pseudo octahedral CuN6 
chromophore in both complexes. This situation even applies to the lower C, symmetry of the 
two-dimensional fluxional CuN402 chromophore of [CU(~~~~)~(O~CM~)](BF~)-~H~O (239)243 
and in the corresponding [Zn(phen)2(02CMe)](BF4)-2H20 (394) ,'14 where hydrogen bonding 
between the acetate oxygen atoms and the water molecules may also help to retain the C, 
symmetry of the copper(I1) lattice against its tendency to distort to a (4 + 1 + 1*) structure, as 
in [C~(phen)~(  O,CCH,] (BF,) (395) and [Cu( bipy)20zCH)] (BF4) (408). 

I5 10 5 

Energy ( k K )  
0 0.2 0.4 0.6 0.8 1.0 

Cu concentration, x 

Figure 79 The electronic reflectance spectralw1 of 1-100% Ba,[Zn(Cu)WO,]: (a) variation with composition; (b) 
variation of the d,z td,+,Z transition ( ), 4E,, with composition x 

This general feature of both class I and class I1 behaviour of the copper(I1) ion, i.e. the 
ability to exist in a high symmetry environment against the prediction of both the first- and 
second-order Jahn-Teller effects, is the best single piece of evidence for the cooperative 
Jahn-Teller effect and has recently been reviewed.432 It is generally responsible for the whole 
range of fluxional copper(I1) stereochemistries and of the temperature variable ESR spectra of 
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Table 67 Class I and Class I1 Lattice Behaviour for Concentrated Copper(I1) Ions and [C~(ligand),]~+ Complexm 
Diluted in a Host 

Class I Class XI 

High symmetry 
Cubic or trigonal 

Hard Soft 

e.g. NaCI, MgO, etc. Cu” sites [Cu(ligand)f’ 

(i) Low dilution: 
no local CuL, eg mode 

(ii) High concentration: 
whole lattice distorts (phase change) 
to a low symmetry CuL, 
static environment, 
e.g. CuCl,, CuO 

Only low symmetry 
lattice formed 

(ii) High concentration: 

(i) Low dilution: 
CuL,-ZnL, 

CuL, distorts 
away from ZnL, geometry 
to static distorted CuL, , 

Cooperative 
Jahn-Teller effect432 

i.e. Ba,CUWO6 

(a)  Equivalent ligands 

(b )  Nonequivalent ligands 

I No phase 
change 

High symmetry 
Cubic (Oh), trigonal (4) 
or monocliniclC,) 

(i) Low dilution: 
local CuL, chromophore 
dominates 
(ii) High concentration: 
local CuL, chromophore 
domination retained 

Only low symmetry 
lattice formed 
Low and high dilution 
give distorted 
CuL, independent 
of concentration, i.e. 

Cu/[Zn(dien),]Br,.H20 

Noncooperative 
Jahn-Teller effect5I4 

~ ~ / ~ ~ ~ ~ ~ ~ P Y ~ * ~ ~ ~ ~ ~ l ~ ~ ~ ~ ~  

these complexes. In concentrated copper(I1) compounds it is responsible for the general 
feature of exchange narrowing4’ of the ESR spectra of ‘ferrodistortive’ CuL, chromophores 
and of exchange coupled misaligned antiferrodistortive systems (Figure 33a and c) , which have 
generally complicated the relationship between the ESR spectra and stereochemistry of 
copper(I1) complexes .4’,48*396,35n,432,816 

The behaviou?40 of class I1 copper(I1) complexes involving nonequivalent ligands (Table 
67b) is more complicated for two reasons. First, the corresponding zinc(I1) and copper(I1) 
complexes may simply not exist,’095 as in rZn(3-pyridine sulfate)z(OHz)z]~2H20 (409) and 
[Cu(3-pyridine s~ l fa te )~(OH~)] -H~O (410); where they do exist, as in [Zn(methoxyacetate),- 
(OH,),] (411)397 and [Cu(methoxya~etate)~(OH~)] (237),541 the space groups may not be 
isomorphous, Fdd2 and P 2 / n  respectively, and the M 0 6  chromophores can not be isostructu- 
ral. In complex (411)397 the two waters occupy cis positions, while in the copper complex they 
occupy trans positions. Secondly, even where the corresponding zinc(I1) and copper(I1) 
complexes do exist with the same space group, the zd.4 and cuL6 chromophores are not 
generally isostructural due to the differences of their dl* and d9 electronic configurations, 
respectively. Even in low symmetry the ZnN402 chromophore of [Zn(bipy)z(ONO)](NO,> 
(412)547 is less distorted than the CuN4O2 chromophore of (253).546 In these systems the copper 
complexes can be diluted 514 over the full range of 1-100% in the zinc complexlW6 and the 
electronic spectra do not vary over the whole range of concentration. This is best seen in the 
constancy of the electronic reflectance spectra (Figure 80a and b). Thus, notwithstanding the 
more nearly octahedral structure of the ZnN402 chromophore of (253),546 this suggests that the 
structure of the CuN4Oz chromophore is the same in the concentrated copper(I1) complex, and 
in the 1% copper(I1)-doped zinc(I1) complex. In general3w the local molecular geometry of a 
CuL6 chromophore doped in the corresponding ZnL, chromophore corresponds with that of 
the pure CuL6 complex. This situation has recently been established for the Cs2(Cu)[ZnCL] 
(4W) systerns.=l 

In these molecular type lattices the structure of the CuN4O2 chromophore is independent of 
the structure of the host lattice, and the effect is referred to as the noncooperative Jahn-Teller 
effect.514 It applies to the vast majority of low symmetry copper(I1) complexes involving 
organic type ligands, but even here cooperative effects that influence the ESR properties, such 
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c* . . 

\ ,so, 

0 0 

[Zn(3-pyS03)2(0H2)2].2H20 (409)'095 [ C~(3-pyS0,) 4 OH,),] .H,O (410)1095 

0 

N 

H c1 ,..' 1 1 5 y  .. 

c c 
I? + P + 

E P 
2 n 2 

2 a 

18 16 14 12 IO 8 I8 16 14 12 IO 8 

Energy ( k K )  Energy (kK) 

Figure 80 The electronic reflectance spectra of 1-100% copper-doped [Zn(bipy),(ONO)](NO,) (-) and 
[Cu(bipy),(ONO)](BF,) (- - -);Im and (b) the electronic reflectance spectra of 5-100% copper-doped 

[Zn(phen)2(0,CMe)](BF4).2H20 

as exchange coupling, will only disappear with very bulky ligands, as in [ C u ( ~ ! ~ n ) ~ ] ( C l 0 ~ ) ~  
(l%),"s which displays copper nuclear hyperfine structure, All = 160 x 10- cm , even in the 
concentrated complex (Figure 35).957 In these dilute class I1 copper(I1) systemss40 the more 
accurate g and A values determined in the <lo% copper(I1)-doped zinc(I1) complex may be 
associated with the crystallographically determined CuN402 chromophore geometry of the 
100% copper(I1) complex.514 

The connection between the Jahn-Teller effect (first and second order) and the vibrational 
modes of the CuL, nuclear framework (Figure 24) has already been used to link a range of 
distorted stereochemistries of the copper(I1) ion and summarized in the plasticity effect (Figure 
20a)416 or the mutual infiuence of ligands (Figure 2Ob) .463 The continuously variable 
tetragonality (Figure 20a)"' of the elongated tetragonal octahedral stereochemistry accounts 
for the most common examples of isomerism in copper(1I) complexes such as the two forms of 
I and I1 [Cu(HBpz& (199).451 Less common is the occurrence of the same compound with two 
different stereochemistries such as the elongated rhombic octahedral structure of cy- 

[Cu(NH&Br2] (414)lW and the compressed tetragonal octahedral structure of @- 
[ C U ( N H ~ ) ~ B ~ ~ ]  (234).536 As the former involves a pseudo copper (11) stereochemistry, the latter 
is an artifact of the fluxional behaviour and these two structures are not genuine static 
structural isomers as the B form may be converted to the a form by the application of 
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pressure.1ws1100 Less extreme changes in stereochemistry of a copper(I1) chromophore can 
occur through a change in temperature, which can result in a significant change in colour, 

although the actual structural change is only associated with small 
changes in conformation of the ligands or hydrogen bonding effects. 

BI 

a-[ Cu( NH,),Br2] (414)Iw 

The term distortion isomer may be extended slightly to include:llM (a) anion distortion 
isomers, such as M'M''[CU(NO~)~] (250-252) and R2[CuCL] (175,187 and 206); and (b) cation 
distortion isomers, such as [Cu(dien)(bipyam)lX2 (227)51 and [C~(bipy)~Cl]X (225) .505 By 
varying the cations in (a) and the anions in (b) a wide range of complexes containing the same 
anion (a) or cation (b) may be prepared, but each with a significant range of C u b  
stereochemistries (Table 68). Examples of anion distortion isomers have already been given for 
the M'M"[CU(NO~)~] series (Table 68a) in the pseudo octahedral structure of K2Pb[Cu(NO&] 
(177),426 in the pseudo compressed octahedral structure of Rbz[PbCu(NOz)6] and in 
the static stereochemistry of KzBa[Cu(NO&] (182).433 The effect of both temperature and 
pressure will change the pseudo structure of (177),1'02 while that of temperature yields the 
three forms (250), (251) and (252) of Csz[PbCu(NO&]. Cation distortion isomers also occur 
with static stereochemistries as in the compressed tetrahedral to square coplanar stereochem- 
istries of the [CUCI~]~- anion. 1753476*483 The static compressed tetrahedral stereochemistry of 
the CuC14 chromophore of Cs2[CuCl4l (175)483 has the alternative static square coplanar 
geometry in (modphma)[CuC14] (206) .47 Examples of cation distortion isomers having different 
geometries have been described in the compressed rhombic octahedral CuN6 chromophore of 
[C~(dien)~](NO~), (235)537 and in the elongated rhombic octahedral chromophore of 
[C~(dien)~]Br~.H,O (194) .446 Examples of cation distortion isomers involving only small 
changes in a basic static geometry are in the CuN5 chromophores of the [Cu(dien)(bipyam)]X2 
(227)505 series (Table 68b).396,110571106 Bond-length changes up to 0.2 A and bond-angle changes 
of up to 25" can be involved in these essentially static structures. Within these series of static 
distortion isomers there i s  then a significant change in the energies of the electronic reflection 
spectra (Figure 81a-c),1'M although this is less than the changes in energy observed for a 
change in coordination number of the [CU(NH~)~]X, chromophores of (Figwe 81d).895 
Nevertheless, the differences in the electronic spectra do suggest a 'criterion of stereochemistry' 
within these series of anion or cation distortion isomers involving the same set of ligands.822 
The sense of the changes in energy of the electronic spectra from one distortion isomer to the 
next can then be used to suggest an assignment of the underlying electronic transition, even in 
the absence of polarized single-crystal electronic spectra (Section 53.4.4.5). In these series of 
anion or cation distortion isomers, the separate structures may be looked upon as points along 
the structural connecting the extreme regular structures and essentially 
mapping the route of the vibrational distortion along the p a t h ~ a y . ~ ~ ~ 3 ~ ~ ~ v ~ ~ ~  This concept of a 
structural pathway may be extended to include geometries that involve a change in 
coordination number, as in the dissociative SNl and associative &2 processes of chemical 
reaction m e c h a n i ~ r n s . ~ ~ ~ * ~ ~ " ~  This is shown for the CuCl, chromo hore in Figure 82, for which a 
range of coordination numbers from two to six p e  available.461' Figure 83, then, shows a plot 
of the changes in electronic energies round this structural pathway, which are clearly a function 
of the coordination number, the geometry and of the distortion present.489 Unfortunately, it is 
not possible to construct a structural pathway for every type of copper ligand as copper 
complexes with the required range of coordination numbers for equivalent ligands and differing 
geometries are not formed. However it is possible for complexes with nonequivalent ligands to 
keep one section of the coordinating ligands the same and to vary the remainder and in this 
way to develop a series of related complexes with a sufficient range of coordination numbers 
and geometries. This has been demonstrated for the [Cu(bipy)&]Y (225) 
complexes;396~50s~11~~11~~~'10~1111 as in Figure 84, the stereochemistries range from four- to 
six-coordinate, but without a rhombic coplanar geometry, as the coplanar arrangement of the 
bipy rings of the [C~(bipy)~]~+ cation cannot occur because of the static interaction of the 

2 
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Table 68 X-ray Crystallographic Data for Some Cation Distortion Isomers" 

(a )  M : M r r [ C W o * ) 6 l  
K2Ca 

Cu-N( 1) 2.313 
CU-N (2) 2.052 
C-N (3) 2.050 

(No, ) -  
(b )  [Cu(dien)(bipyorn)]X, complexes (227)'14 

CU-N( 1) 2.032(19) 
Cu-N(2) 2.039(18) 
Cu-N(3) 2.071(18) 
Cu-N(4) 1.991(19) 
Cu-N(5) 2.150(19) 

135.5(7) 
172.0( 8) 

N(1)--Cu-N(3)(3) 
N(2)4u-N(4)(4) 

(c )  [Cu(bipy),CI]X cumpIexes ( 2 ~ 5 ) ' ~  

Cu-N( 1) 1.993 
Cu-N(2) 1.991 
Cu-N(3) 2.076 
Cu-N(4) 2.136 
CUFc.1 2.263 
N(2)XuFc. l  137.1 
N(4)--Cu41 126.4 
N(2)--Cu-N(4) 96.5 

(c[o,)- 1105,1106 

KzSr K2Ba 
2.310 2.311 
2.041 2.048 
2.029 2.038 

( ClU4)-.0.5H20 
2.026(5) 
2.M3(4) 
2.052(5) 

2.170(3) 
1.993(4) 

15 1.9(1) 
167.9(1) 

0.5 (S, 0,)'- -3 H2 O"05* 
1.998 
2.089 
1.988 
2.105 
2.293 

130.1 
12.1 
107.3 

CI-.H,O 
1.990( 12) 
2.013(12) 
2.020( 12) 
1.998( 11) 
2.126(11) 

159.1(5) 
162.9(1) 

(pF6)- 505 
1.996 
2.105 
2.005 
2.108 
2.344 

115.7 
120.5 
123.8 

a Bond lengths in A, bond angles in degrees. 

2,g-hydrogen atoms.820 The link between the five- and six-coordinate geometries is extended by 
(4 + 1 + 1*) type structures (203) and (204) involving a cis bonding of the oxyanions present.47o 
The structural pathway is complicated by the fluxional properties of the cis distorted octahedral 
geometry of [C~(bipy)~(ON0) 1' cation, but once identified, by low temperature crystal- 
lography or ESR spectroscopy, causes little confusion ,3w The correlation of the stereochem- 
istry with the energies of the electronic spectra involves some ambiguities, but with the help of 
the ESR spectra to determine the electronic ground state, most of these are resolved (Figure 
85). From a spectroscopic point of view the major attraction of the structural pathway is that it 
offers a background against which the observed ESR and electronic spectra may be rationalized 
(Figure 85) and used to establish an 'electronic criterion of stereochemistry' for a limited range 
of complexes.5'7~8m*822 The ESR spectra can be used to identify the electronic ground state, 
d,z-,,z or d,z (Figures 26 and 27), and the presence of fluxional systems (from the observation of 
temperature variability), and the electronic spectra can be used for determining the range of 
excited state energies (Figure 85). 
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Figure 81 The correlation of the structure and electronic energy levels of series of anion and cation distortion isomers 
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Four coordinate Four coordinate d e s )  5300 
e,(eq) -3200 

Compressed Square coplanar 
tetrahedral 'c 

Six coordinate eo(eq) 4500 
\ /  eo(ax> 375 

en(eq> 1100 
- - -cu.-- 
/ \  I 

Two coordinated cu 
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A/ 
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Figure 82 Structural pathway for the CuCI, system and some calculated AOM 

Stereochemistry Complex Energy ( k K )  Ref. 
I 2 3 4 5 6 7 8 9 IO II 12 I3 1415 16 
I I I I I I !  I I I I I I I I 1  476 Square cwlanar [CuC14] (206) 

Compressed Cs,[CuCI,] (175) 483 
tetrahedral 

Elongoted octahedra I rhombic (MH,),[CuCh] (187) 438 

Square pyrarnldal CuCI, (415) 1110 

- 502 

489 

Regular trigmal 
pyramidal [ColNH,),] [Cutis] (221) 

Linear CuCI, (gl (242) - 
Figare 83 The electronic energies of a CuCl,, chromophore structural pathway461z4w,1108 
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Figure 85 Correlation of electronic spectral energies and g values for [C~(bipy)~X]Y complexes in a structural 
pathway (see FIgure &I)% 

While the structural pathway may be used to rationalize the structures and electronic 
properties of a series of copper(I1) complexes, it is dependent upon the data available. It does 
not explain why, with water or ammonia as ligands to copper(II), five- and six-coordination 
predominate, with no tetrahedral four-coordinate species known and the square coplanar 
known only for the ammonia ligand.895 Equally, it is not clear why the square pyramidal 
geometry is known for K[CU(NH~)~](PF& (218),"9 but is unknown for the water ligand and 
why neither ammonia nor water ligands will form a regular trigonal bipyramidal geometry, 
although the former has been suggested from EXFAS spectroscopy to in 
[CU(NH~)~](BF&,~~' in contrast to the square pyramidal stereochemistry predicted from the 
electronic reflectance spectra.449 

53.4.6 Theoretical Catadations of Energy Levels 
From the range of regular and distorted geometries of the copper(I1) ion (Figure 19) and the 

presence of only a single unpaired electron, (Ar)3d9, this might suggest that the calculation of 
the electronic energy levels of the copper(I1) ion in the different CuL, chromophore geometries 
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would be a relatively simple matter.830p1""1117 Unfortunately, while most of the approaches 
from the crystal field theory,828.832*1117-1123 through ligand field t h e ~ r y , ~ ~ ~ ~ , ' ~ ~ ~ * ~ ~ ~ ~  to molecular 
orbital theory83(rs32*1115,1118 are generally able to predict the correct ground state for the 
copper(I1) ion in a given stereochemistry (Table 41) and can in most cases predict the correct 
sequence of excited state levels,1123 the quantitative estimation of these energy levels leaves a 
great deal to be desired (Figure 86).1124 Even when the crystal-field splitting parameter A is 
replaced by the more informative second and fourth order radial distribution functions a2 and 
w4, their calculation involves such large uncertainties that the ratio aJa4 is usually assumed to 
be ca. 3.0.829 Thus, with different ligand atoms and Cu-L distances, ab and ai, too many 
unknown parameters are required to assign the copper(I1) electronic transitions, especially if 
these are poorly resolved (see Section 53.4.4.4). The extension of these crystal field 
calculations to include s in orbit coupling for the various copper(I1) ieometries has not 

Hucke1,'1'8*1126 or ab initio self-consistent field appro ache^^^" has been extensively applied to 
copper(I1) species (Table 69), they at best only yield satisfactory agreement with the observed 
electronic energies."= The greatest discre ancy has been in calculating the energy levels of the 
square coplanar CuL4 c h r o m ~ p h o r e ; ' ~ ~ * ~  4,1124 these estimate the d,z orbital (Figure 27a) to lie 
above the dxY, d,, and d , levels by ca. 5OOOcm-l. Even the assignment of the polarized 
single-crystal such as in the [Cu(R-a~ac)~] systems~4g,1137*11B have been 
ambiguous but are now considered"= to involve the dg level lying below the dxy, d,, and dy, 
levels (Figure 27a). This discrepancy of 5000 cm-' is now considered to arise from 4 - 3 4 2  
mixing (see Section 53.4.5), and introduces a further arbitrary parameter into the 

simplified the problem. P -  While the use of various ligand field, 309832~1125 extended 

op 

d,2-,,2 - 42 - d,z,,2 calculation. 836~1065 J~~~ - 

104 (tet) 

I 

= 
dyr 

- dz2 - - 4, 
dvz 

Tetrahedral Octahedml Square Trigonal Square 
coplanar bipymmidol pyramidal 

CUL CUL, CUL, CUF CUL, 

Figure 86 Crystal field levels of regular stereometries in units of Dq 

Table 69 Theoretical Calculations of the Electronic Properties of Cu"X, Chromophores 

Chromophore Method of calculation Stereochemistry" Ref. 

MO-WH ERO 1128 
LCAO-MO ERO 1129 [CUcbl4-, [ CUF6l4- 

[cuc15]3- MO TB 1130 
SCF (RHF and UHF), INDO L 1127 
Extended Hiickel and MO SP 1131,1132 

Q F ,  
Cu(porphyrin)-CuN,, CuS4 
Cu(cyc1opsWuNJ MO SBP 1131 
Cu(macrocycle)-CuN4, CuS, MO SP 1133,1134 
[ C U ( E ~ ~ ~ C ) J - - C U S ~  HFS-LCAO Extended Huckel RC 1135 

[ c e i 4 -  

~ ~ ~~ 

' ERO = elongated rhombic octahedral; TB = trigonal bipyramidal; L = linear; SP = square planar; SBP = square-based 
pyramidal; RC = rhombic coplanar. 
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In the most recent literature, two ho eful signs have appeared, which attempt to get round 

calculation of the ener levels of the square coplanar CuN4 chrom~phore"~~ and of those of 
the [CuCl4I2- anion:'" as a function of the change from square coplanar to compressed 
tetrahedral (Figure 82). Unfortunately, this method loses the identity of the d orbitals that are 
familiar to coordination chemistry. ''40 Secondly, the semi-empirical angular overlap method 
(AOM) has been extensively applied to the simple copper(I1) stereochemistries using just the 
electronic energy levels of copper(I1) complexes and the appropriate AOM expression for the 
different coordination numbers and stereochemistries (Table 70) .20,1124,1143,1144,1065 Unfortun- 
ately, the number of parameters required (eo, e,,, and e,J for copper(I1) complexes generally 
exceeds the number of resolved energy levels (maximum four), due to the broadness of the 
bands and frequent extensive overlap. The use of polarized single-crystal electronic spectra 
while improving the number of resolved bands, rarely provides a definitive assignment of the 
electronic energy levels for a particular com lex due to the ambiguities in determining the 

are available for isolated complexes,'lW the insensitivity of the energies to small differences in 
the values of e, and e, makes the determination of the latter from the electronic spectral 
transitions alone difficult ,1124 if not irnp~ssible."~~ This situation is further compounded by the 
complication introduced by the 4s-3d2z mixing referred to above. The limitation of the number 
and accuracy of the electronic energies has been elegantly overcome, by the fitting of the e, 
and e, parameters to both magnetic susceptibility and ESR experimental data measured by 
single-crystal techniques and using the CAMMAG pr~grarnrne."~~ As these two electronic 
properties are much more sensitive to the low symmetry effects of a copper(I1) ion in a 
complex, they more adequately reflect the precise copper(l1) ion and are a 
better test of the AOM  parameter^.''^' This also removes some of the ambiguity associated 
with the determination of the 'effective symmetry' to be used in the assignment4' of the 
polarized single-crystal electronic spectra due to their insensitivity to low-symmetry ligand-field 
e f f e ~ t s . ~ ~ ~ ~ , " ~ ~  In practice to increase the amount of experimental data the single-crystal x and g 
values along with their directional properties are used to calculate a best fit to the observed 
electronic energies, with no assumption of the 'effective symmetry' of the copper(I1) ion 
environment or about the direction of x and g tensors. The method uses the crysFdlo- 
graphically determined copper(I1) geometry, which is used to resolve the measured crystal x 
and g values into their corresponding local molecular x and g values, if the CuL, chromophores 
are misaligned by the s ace roup elements of symmetry (see Figure 33). Applied in this way 

number of first-row transition metal ions from chromium to nickel and while the original 
expectation that the AOM would yield e, and e, values that are transferable from one metal to 
another has not been realized,114s1147 the range of e, and e, values has been es tab l i~hed .~~~~* ' '~ '  
Nevertheless, in ref. 1147 there are only a few values for cop er(I1) complexes, despite the 

4s-3d2z mixing referred to earlier, which cannot be measured e~perimentally.~~~~'~~~'~~~ This 
problem has been nicely bypassed (but not overcome) in the more recent application of the 
CAMMAG program by associating a negative e, bonding role with the special 'voids' of the 
square coplanar, square pyramidal and elongated tetragonal octahedral stereochemistries of the 
copper(I1) i0n.1148,*150 Figure 87 summarizes the e, and e, values for a range of distorted 
copper(I1) complexes, the e,(eq) values range from 5000-6500cm-' and the e,(ax) from 
+lo00 to -3500 cm-l, with the latter consistent with the increasing tetragonal distortion from 
restricted tetragonal octahedral, to square coplanar. More recently the AOM approach has 
been applied to a series of C u C b  chromophores from four-coordinate square coplanar to 
elongated tetragonal octahedral, following the structural pathway of Figure 82(b), and 
mirroring the variation of the change of the electronic energies along the pathways of Figure 
8l(a), as shown in Figure 88.'la This correlation demonstrates, for the first time, that this 
modified AOM approach can be used to mirror the changes of e, and e, coefficients along the 
structural pathway of a series of CuL, geometries and equally establishes that the total bonding 
content Zp [e,(eq) + eo(ax) + en(ax)] is approximately constant at 23 000 f 1000 cm-l (Figure 
88). It will be of interest to discover if the AOM approach can be used to mirror the change in 
electronic energies along the structural pathway from compressed tetrahedral to square 
coplanar (Figure 82a) and from square pyramidal to trigonal pyramidal (Figure a d ) .  If so, 
then a significant advance will have been made in describing the e, and e, bonding function of 
the C1- anion as a ligand, and as a function of the stereochemistry of the copper(I1) ion, 

this problem. Firstly, the X, technique' P has been shown to provide a reasonable basis for the 

appropriate 'effective symmetry' to be used.8 !? Even where good electronic spectral energies 

the AOM approacha6* P $  14611 has been used to determine e, and e, values for a significant 

wealth of magnetic, ESR and spectral data a ~ a i l a b l e . ~ ~ ' - ~ ~ , ~  P, 48 The problem arises from 
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Table 70 Angular Overlap Method (AOM) d-Oribital u- and xhteraction Energies for Various Regular Copper(T1) 
Geometries" 

SP 1 0 3 0 0 4 0 2 0 2  
CTd 0 813 0 813 413 819 413 819 414 819 
SBP 2 0  3 0 0 4 0 3 0 3  
TP 1114 0 9/8 312 918 312 0 712 0 712 
ET0 3 0 3 0 0 4 0 4 0 4  

a Compiled from Table 9.2 ref. lD65. bSP = square planar; CTd = compressed tetrahedral; SBP = square-based pyramidal; Tp = 
trigonal pyramidal; ET0 = elongated tetragonal octahedral. 

namely the structural pathway of Figure 82. In establishing the e, and e, values for the C u C L  
chromophores of Figure 88, the assignments of the electronic spectra were determined as those 
which gave the most reasonable variation in the e, and e, values, including the negative eo(ax) 
values. In contrast a comparable attempt to assign the electronic spectrum of 
[C~(imidazole)~(ONO~)~] (419) unfortunately rejected the most 'reasonable' assignment, as it 
produced a negative e,(ax) value.1147~11s1 The application of this approach to the n-bonding 
function of the 2,2'-bipyridyl ligand, as in [Cu(bipy),I] (420) suggests (Figure 89) that is a JG 
donor at N(1), en positive, but a x acceptor at N(2), e, negative, consistent with the shorter 
Cu-N(l) distance of 2.01 8, relative to a Cu-N(2) distance of 2.03 It would be nice 
to think that at last the AOM is yielding separate e, and e, parameters that quantify the o- and 
E-bonding function of chelate ligands to the copper(I1) ion. 

F3BF 
en(Cl) = 5300 e,(O)= 6200 e,(N) = 6500 
e,(Cl) = 900 e-(O)= 1400 e ,  (F) = - 2750 

e(void) = 3000 e(void) = -3250 

NH3 
/c /N O\ / O  H 

H3Nx.aB H3N ; NH3 

/ c  o/N\o H 

S N 
: 3.0 N H ~  H3N :2.65NH3 H3N :2.9 NH, H3N :2.9 NH3 

> d o 1  
H3N i NH, H,N NH, HJ'J X%H3 8 

/o\H H3N 

e,(eq)= 5833 e,(eq)= 5700 e,(eq)= 6400 e,(eq)= 5800 
e,(=) = -1317 e,(ax) = -1000 , e,(ax) = -2800 e,(ax) = -1OOO 

e,(basal) = 5400 
e,(axial) = -750 

eo(eq)= kH,4' 5100 

e,(ax) = +700 

Figure 87 e, and e, AOM coefficient for a number of copper(I1) complexes"" 
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Figure 89. The bonding of the bipy ligand in the trigonal pyramidal CuNJ chromophore of [Cu(bipy)21]I"46 

0,NO 

N (2.03 

-1 

[Cu(imidazole),(ONO,),1 (419)11s1 [Cu(bipy),I]I (420)"" 

Notwithstanding the limited success of the various approaches to the calculations of the 
electronic energies of the copper(I1) ion (Table 69), these various approaches have been 
applied to the calculation of other physical data, with, not surprisingly, only limited success. 
Thus they have been used to calculate the g values using crystal-field calculations,'121 molecular 
orbital me th~ds , ' ' ~~  extended H u ~ k e l , ' ~ ~ ~  X,-type1'40 and simple AOM-type'lS4 calculations of 
which the X, calculations have been the most successfd. By combining the g values with the 
electronic energies of the d-d transitions of Figure 27, it is possible to obtain values for the 
combined orbital and spin-orbit reduction factors, r. 47748 In  axial copper(I1) complexes these 
are related through electron delocalization of the metal electrons to the simplified molecular 
orbital coefficients of the antibonding molecular orbitals given in Table 71 by the expressions: 
r,, = aP1 and r, = a$, where a measures the in-plane Q bonding, Pl measures the in-plane 
bonding and /3 the out-of-plane JG bonding. Table 72 lists a number of examples of orbital 
reduction parameters, assuming the above approximation. A number of conclusions may be 
deduced from this data. Firstly, for purely +bonding ligands such as ammonia and 
ethylenediamine (Y lies in the range 0.73-0.77 (for a purely covalent bond a = 0.5 and for a 
purely ionic bond cy = 1.0). Secondly, with these in-plane a-bonding ligands there is some 
evidence that in tetragonal octahedral complexes there is some weak out-of-plane JT bonding as 
the values are less than 1.0. Thirdly, with potentially n bonding in-plane ligands, such as 
oxygen, as q > rL the most significant JG bonding is out of the plane. Nevertheless, caution is 
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Table 71 The Antibonding Molecular Orbitals for an Axial 
Copper(I1) Complex with a dx2,2 Ground State 

advised in applying this over simplified molecular orbital treatment, even with good 
single-crystal g values and electronic energies, as attempts to extend this approach were not 
helpful, even for simple copper(I1) geometries.L155 More recently the use of k values has been 
reintroduced in a slightly different form involving g =go + np, where n is an integer and 
p = k2A/energy, and the g value relation used to confirm the assignment of the electronic 
spectra.a57432 Attempts to calculate the variation of the g and A values with the change in 
geometry from trigonal bipyramidal to square-based yramidal were more s u ~ c e s s f u l . ~ ~  
Equally, the calculation of the g values for the [CuCLf- anion from tetrahedral to square 
coplanar by the XLY method was remarkably and it will be interesting to see if this 
method can be extended to more than monatomic ligands. 

Table 72 The Combined Orbital and Spin-Orbit Reduction Parameters and Molecular Oribital Coefficients 

Complex TI1 r, (Y B B' 
~ ~ , ~ ~ ~ ~ ~ ~ , ~ , 1 ~ ~ ~ ~ ~ * ~ ~ ~ 1 2 ~ ~ ~ ~  0.16 0.78 0.76 1 1 
~ ~ 4 ~ ~ ~ ~ ~ , ~ 4 1 ~ ~ ~ ~ ~ 2 ~ , ) 1 2 ~ ~ 3  0.77 0.78 0.77 1 1 

0.74 0.76 0.74 1 1 
0.74 0.73 0.74 1 0.99 

[Cu(NH3)4(SCN)d 

[cu(en)Z(scN)21 0.71-0.75 0.71 0.71-0.75 1 0.94-1.0 
~ [ ~ S i 2 0 1 L l I  0.80 0.72 0.80 1" 0.90 
[Cu(3-Meaca~)~] 0.17 0.74 0.77 la 0.96 

[Cu(HCO2)2-4H2Ol 0.77 0.69 0.77 la 0.W 
Ca[Cu(MeC0,),]-6H20 0.926 0.78 0.926 1" 0.84 

[%NH&(NOZ)~I 
[ C U ( ~ ~ ) ~ ( B F ~ ) Z ]  0.73-0.75 0.74 0.73-0.75 1 0.98-1.8 

0.80 0.78 0.80 la 0.975 

' It may not be justified to assume that 8, = 1 in these cases. 

During the past few years extensive use has been made of MO calculations to correlate the 
assignment of the charge-transfer spectra of copper(II) complexes, especially those containing 
sulfur with the calculated values for these charge-transfer spectra using 
extended-Huckel-type calculations. As these transitions vary widely from 20 000-50 OOO cm-' 
and are not very sensitive to the stereochemistry of the copper(I1) environment (see Section 
53.4.4.5) their assignment from MO-type calculations is more successful than for the 
assignments of the corresponding d-d transitions of the copper(I1) ion. Consequently, these 
calculations are proving useful as robes for identifymg the type of metal ligand donor atom, 
especially for sulfur-type 1igandsJ587959 

An area in which MO orbital calculations have been surprisingly successful is in the 
calculation of the magnitude of the magnetic interaction in polynuclear copper(I1) complexes 
(Section 53.4.4.3), where antiferromagnetic or ferromagnetic behaviour may be present.876"" 
In [ C U $ O ~ C M ~ ) ~ ] ~  (316),= the nature of the C u - C u  interaction has been debated for 20-30 
years,8 34'' but the most recent calculations suggest that the mechanism may be a mixture of 
direct metal-metal bonding and super-exchange through the acetate bridging ligands (but see 
ref. 1155 for a note of caution). 

53.4.7 Catalytic Copper(II) Systems 

Copper and its complexes are outstanding amon the transition metal elements as reagents 
or catalysts in the reaction of organic compounds.'" The importance of the copper(I1) species 
in oxygenation reactions has been reviewed (Figure 10; Section 53.3.4).30 In general they yield 
relatively unstable copper(I1) species, including the only dioxJgen copper(I1) complex of 
known crystal structure, [CU~(O~)~(OH~)~(L'~)](PF~)~ (153).33 The question of copper- 
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promoted reactions in aromatic chemistry has been r ev ie~ed~ '~~~" l "  and also the role of 
organometallic complexes in organic In general the role of the copper is 
intimately involved and related to the presence of CUI and Cun oxidation states;' although 
there is little or no information on the stereochemistry of the various copper(1) or I1 

involving the industrial oxidation of ethylene to acetaldehyde (equations 25-27) the CuLI e Cu' 
redox process is involved only as an internal redox loop (a ping-pong process), continuously 
regenerating Cu" from Cu' by the reaction with molecular oxygen, which is so catalytically 
effective that the recess is industrially viable.'lm Many electron shuttle or ping-pong reactions 
are known, 115611g with little doubt about the involvement of a copper(1) oxidation state. It is 
then of interest that the kinetics of the auto-oxidation of the copper/ascorbate/dioxygen 
reaction in solution, pH = 2-4, has been studied independently and identical rate laws 
deterrnined,1161~1'62 but the two groups differ in the suggested mechanism of the reaction. The 
first group involves a copper(1) species,llm while the second postulates the involvement of a 
dinuclear copper(I1) dioxygen species [C~, (AsCh)~(0~) j~+.  As dinuclear copper species are 
well known in copper(1) and copper(I1) coordination complexes (Sections 53.3.2.2 and 
53.4.2.3, respectively) this does not resolve the question, which is further compounded by the 
isolation of copper(1) and (11) oxygen and dioxygen species in the solid state (Tables 15 and 73, 
respectively). The crystallographic characterization of the copper(I1) dioxygen C-02 species 
(Figure 11) is then of interest as two distinct types are observed, a p4-oxo plus a terminal 
oxygen ligand, and two symmetrical bridging C u - U  surface cage species. This further 
complicates the role of the O2 species in these dioxygen complexes, both of which involve 
either a superoxide or peroxide species.1163 The whole uestion of the dioxygen complexes of 
the transition metal ions has been reviewed recently:'64X6s and the physical characterization of 
the O2 species summarized (Figure 90). While the U-0 distances range from 1.25-1.49A7 
with IR frequencies ranging from 1195 to 790 cm-', the problems of identifying these vibrations 
by IR, Raman or resonance Raman spectroscopy are not trivial (Section 53.4.4.7),- and 
X-ray crystallographic data are clearly to be preferred. In view of the difficulty of obtaining 
good single crystals of these generally unstable complexes, this area of model compound 
synthesis has a promising future, particularly for low temperature X-ray powder profile 
ana1y~ i s . l~~~  

complexes or of the mechanisms of their involvement. Thus in the Wacker process, 13 

C& + [PdCl,]'- + HzO - MeCHO + PdO + 2HC1+ 2C1- 
Pd" + CuClz - [PdClJ2- + 2CuCI 

(25) 

(26) 

(27) 2CuC1+ 2HC1+ 1/2O2 - CuC12 + H20 
Table 73 Some Solid and Solution State 'Dioxygen' Copper(I1) Complexes" 

Visible 
Complex Colour spectra (cm-') ESR Weff IR(cm-') Ref. 

Brown cu. 14000 Silent Diamagnetic 820 1369 
Green - - Paramagnetic 520(cu--O) 133 

&(W2o2s4)(odl(BF4)2 Green cu. 15 OOO g =  2.05,2.22 Paramagnetic - 320 

2u(~(3,5-Mezp~)~}(O,)]~l/SEt@ Green cu. 19 OOO - Diamagnetic - 45,30(b) 
Zu(N, N-Et,en),( Om( a,)] ( C104), Blue 15 873 Silent Diamagnetic aS(M) 45,30(b) 

~~(0H)2}2(00H)(MeC0;)1  
M~PZ3)2(02)1 

A,, = 75 x 1 0 - ~ ~ ~ - 1  

Paramagnetic - c ~4c14bozlb Brown ca. 17000 - 

See Table 1s for corresponding oopptr(I) 'dioxygen' complexes. L = py, 4-pic, 2,4-lutidine, bipy. G. Spier, 2. Tyeklar and A. Rodteobauer, 
iorg. China. Acta, 1982,66, L69. 

M r M 
(a) superoxide 0; I (b) peroxide 0:- 

I cis and 
M trans form 

I M 
1.25-1.35 1.26-1.36 

1075-1122 
d(O-o)(A) 
v(O-O)(cm-') 1130-1195 

,Q. 
0-0 O M  
\ /  I cis and 
M nansform 

1.30-1.55 1.44-1.49 
800-932 790-884 

Fcgare 90 Structural classification of dioxygen complexes.1164g11s Vaska classifi&tion superoxide I(a) and II(a); 
peroxide I(b) and II(b) 
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The question of the role of copper(I1) complexes as catalysts has been expanded to 
look at the role of dinuclear copper(I1) complexes themselves, rather than those resulting from 
the oxygenation of the corresponding copper(1) complexes (Figure lob) and the oxidation of 
catechol to o-benzoquinone (Figure 91a).1167 By using a binuclear triketone complex, 
[CU,(BAA)~] (421), a 1:1 addition compound is postulated involving a good steric match 
(Figure 91b),1156,1168 and which can be as effective as the 'reactive copper' species in the 
CuC1-py system involving a postulated sy~tem:~~~7"@ 

The later is effective in oxidizing catechol to muconic acid even under nitrogen (e uation 
28).1167 This 'reactive copper' species172 has been variously formulated as a [Cu2O2?- unit 
containing a superoliide or peroxide 0, unit,1169 which may then involve a postulated unit:1167 

,o-0 
cu\ / 'C" 

R 

The unit has an asymmetric dibridging molecular structure (see 306). Similarly a structural 
mechanism for the hydroxylation of monophenolic substrates by oxytyrosinase has been 
po~tulated"~" involving this asymmetric dibridged species (Figure 92a) and the postulated 
pathway of Figure 92(b), I. In the associative ligand substitution I, initial carboxylate approach 
to a square pyramidal copper(I1) centre I(A) is followed by the two-dimensional rotation of the 
three planar copper ligand bonds to yield coordinated carboxylate structures I(B) and (C). 
However, as structures II(B) and (C) are difficult to relate to model copper(I1) complexes of 
known crystal structure, the mechanism shown in Figure 92(b) II(A)-(C) is suggested. An 
initial bicapped CuL402 chromophore is preferred with asymmetric two-dimensional rotation, 
resulting in the formation of a more familiar (4 + l* + 1")-type coordination with the 
carboxylate involved in its more familiar off-axis asymmetric bidentate bonding.470 These 
structures are then typical of the fluxional stereochemistries of the [C~(chelate)~(OXO) JY-type 
complexes,397 which themselves have been characterized as the ultimate 'oxygenation' products 
of the [CUI (~helate)~]Y complexes (see Section 53.3.8). Until definitive crystallographic data 
are available on these reactive oxygenated species,1171 it is nice to see the detailed 
crystallographic structure determinations of the oxygen insertion reaction (Figure l lb) taken14' 
from a copper(1) dinuclear complex I, through to a stable dinuclear hydroxy-bridged species IV 
to the free phenol V, but implying a possible dinuclear 11, CuiO, and Cui102, species, or 
possibly a mixed Cu'CuUO2 species. The reactivity of these oxygenated species (Figure 12) has 
already been probed by the use of their reaction products with C02.328 It is postulated that the 
p4-0x0 plus terminal oxygen species (b), is unreactive towards CO,, but the surface-bridged 
species (a) readily reacts with CO, to form a carbonate complex [ C U ~ C ~ ~ ( C O ~ ) ~ ]  with the 
postulated structure of Figure 12(c). This bonding role of the carbonate anion as a bridging 
ligand has already been established in [ (CU(L~)}~(~-O~CO)]  (122)"4 and 
[ C ~ ~ ( M e ~ p n ) ~ C l ~ ( 0 ~ C 0 ) ]  (280).62g In view of the reactivity of these oxygenated products of 
copper(1) and copper(1I) in the oxidation of small organic molecules, it is worth commenting 
that there is an extensive chemistry of addition compound formation by copper(1) with CO 
(Figure 7), and ethylene/acetylene (Figure 8), while no such adducts are formed with 
copper(I1). Indeed, the [CU{HB(~,~-M~,~Z)~}(C&)] (W2)"' complex is sufficiently 
coordinatively unsaturated for it to have been used (at 40°C) as the starting material for a 
[Cu'(HB(3,5-Me,p~)~} (02)] complex, which turns green on standing for a few days at room 
temperature."' The stability may be sufficient to justify low temperature X-ray crystal structure 
determination by powder profile analysis. Much less information is available on the activation 
of copper(I1) complexes for the oxidation of inorganic systems, but the kinetics of the oxidation 
of copper(1) by oxygen in acid solution has been reported and also the oxidation of 
Naz(S203).5Hz0 by oxygen-activated [Cu(NH,),X,] cornp1e~es. l~~~ 

The catalytic role of copper complexes in the oxidation of organic molecules is not restricted 
to solution, but can also occur at surfaces, particularly involving ion e~change'l'~ on silica 
gel,1174 Lind molecular sieves1175 or ion exchange resins.1176 The ion exchange of the 
[CU(OH,)~]~' cation has been most both at room temperature and after thermal 
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Cu( OH) 
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f-fO--cu-o 
-0-cu-0 

Figure 91 (a) Proposed catechol/copper(II) dimer;1'56*"68 (bi catechol/otthoquinone cycle with copper(I)/(II) 
ping-pong loop' '' 

Figwe 92 (a) Structural mechanism for the hydroxylation of monophenolic substrates by oxytytosinase; (b) reaction 
coordinate diagram for associative ligand substitution at the copper site of tyrosinase 

[Cu,(BAA),] (421)"bs 

dehydration under vacuum at temperatures up to loo0 "C. The changes have been extensively 
studied by ESR'178 and electronic reflectance both of which techniques are 
sensitive to the copper(1I) ion environment, but neither of which can yield precise information 
on the copper(I1) ion environment. More recently an elegant series of crystal structure 
determinations of the [Cu(0H&l2+ cation doped in zeolites has been carried out,1180,11S1 
before and after vacuum dehydration at 100-500 "C. The resulting stereochemistries are shown 
in Figure 93, and suggest that there is extensive reduction to copper(I), even at 35OoC, to a 
(Cu$1)(Cu:)Si12A112048-xH20 species, with novel tetrahedral and trigonal pyramidal CuO, 
chromophores, neither of which is commonly observed in normal copper(I1) complexes with 
oxygen ligands (see 213 and 222). Nevertheless, the trigonal yramidal [Cu05] species explains 

reflectance spectra of these unique systems were not reported. At higher temperatures the 
copper environments involve six trigonal Cu03 chromophores and two Cu atoms on the zeolite 

the observed ESR spectra and suggests a d,z ground state.ll7 f Unfortunately, the electronic 
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surface. Whether or not this set of structure determinations is correct in every detail, it clearly 
establishes that nature can be much more complex than molecular coordination chemists 
imagine, that novel copper stereochemistries can be observed in less obvious copper situations 
and that only by pushing crystallography to the 'limits of credibility' will such interesting results 
be obtained. It is then significant that the novel technique of pulsed electron spin-echo 
modulation has also confirmed a trigonal bipyramidal [CU(OH)~O~] environment 
(422) in a hydrated copper(I1) While the C u - 4  distances with Cu-O(ax) >> Cu- 
O(eq) are unexpected (see Section 53.4.2.1v), they are lent some credibility in the light of the 
above single crystal zeolite results. Unfortunately, this interesting technique involves the same 
type of curve fitting that is required in EXAFS spectroscopy and leads to uncertainty in the 
estimation of the all important long Cu-L distances. The use of EXAFS spectrosco has also 
been applied to obtaining Cu-0 distances on adsorbed copper(I1) species,1gT118J and 
extended to an interesting series of synthetic zirconium phosphate ion exchange resins. 1184~1185 

(i) de-350" (ii) de-350" + O2 (iii) de-450" (iv) de-500" (120 h) 

OH(3) or NH3 

tetrahedral 2.Fc p=1.27 z.4s/Cu2+(3) p 1.23 
o3 

I+(~) 
0 3  \\03 

0 3  0 3  

H 02- or OH 
O(2) or 02- ,CUO(5) / \  

Isu:+w cu2+(2) Cuz+(2) cUO(~)*.~' z h h + ( 6 )  cu0 on surfam 
4.43 4.45 : 4.0 4.0 cu: 

Figtw 93 Single-crystal structures of Cu zeolite Cu,-A, (Cu2+),(Cu*),(OH)Sil,AIl,0,~H,0, prepared by ion 
exchange at 1 0 0 T  

I OHz 

' 'cu-0 / 
\ 

0 12.30 

Cu zeolite (4u)"s2 

53.4.8 Biological Copper(L1) Systems 
The general involvement of the in biological systems is well documented 

and their biological function is now usually included in the majority of recent text books on 
inorganic chemistry. "JY 

A number of texts are now available on bioinorganic chemistry but ref. 26 provides a useful 
emphasis and account of the role of transition metal ions in biological systems.zs A number of 
texts24*25 and on copper proteins are now available and individual chapters on 
the different functions of the copper proteins are contained in the various volumes of 'Metal 
Ions in Biological Systems' edited by H. Sige1;29 in particular, volumes 12 and 13 are almost 
exclusively devoted to co per. In biological systems copper is the third most abundant 
transition metal element? with an Occurrence of 80-120mg in a normal human body 
(70 kg),26*11w compared to values of 4-5 g for iron and 1.4-2.3 g for zinc. It generally occurs in 
the copper(I1) oxidation state, but is believed to involve a copper(1) oxidation state in 
deoxyhemocyanin (Section 53.3.5)35'3352 and the copper(II1) oxidation state has been invoked 
in mechanistic studies (Section 53.5).26*1' 
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The function26 of copper in biological systems (Figure 94) is primarily in redox reactions 
(equation 29) associated with the reduction of oxygen to water (equation 30) with the transfer 
of oxygen to a substrate (Figure lo), namely (i) monooxygen insertion-oxygenase, e.g. 
phenol+ diphenol, and (ii) dioxygen insertion - dioxygenase, e.g. catechol+ o-quinone. 
Superoxide dismutase% has the specific, but important, role of removing the highly reactive 
superoxide anion (dismutation) (equation 31) and in these oxygenation reactions the copper is 
acting as the biological catalyst (enzyme) in the reaction (Section 53.4.7).'88 The second major 
biological role of copper is in the transport of copper around the human body,997 controlling its 
uptake and excretion. This transportation process is essential in controlling the two most 
important diseases of the human body caused by copper deficiency, namely (i) Wilson's 
disease,"98 and (ii) Kroky hair syndrome.'lW This transportation process controls the u 
level of the copper concentration in the human body, above which it acts as a poison. 12wEer 

Superoxide dismutation 
bovine erythrocyte 
superoxide dismutase 
0; removal (dismutation) 

Oxygen transport and activation 
tyrosine and oxyhemocyanin 

Biological copper 

Iron metabolism 
cytochrome c oxidase 
oxidation of cytochrome c 

Electron transfer 
plastocyanin and azurin 
redox transport 

Figure 94 Types of biological copper activitp 

CUI--- - Cui'- e- _* &Ix1 (29) 

O2+4e-+4H+ - 2H20 (30) 

20; - o,+o;- (31) 

During the past 10-15 years a great deal of effort has been put into characterizing the 
biological role of copper using the combined or se arate techniques of biology/biochemistry 
and of coordination chemistry (Section 53.4.8.1).~30,118~1'" Parallel to this has been an 
equally extensive effort to prepare and characterize a wealth of coordination complexes of the 
copper(I1) ion in an attempt to model the 
copper system (Section 53.4.8.2).30~'180~"91~1 

and chemical behaviour of the biological 
two approaches are outlined in the next 

two sections. 

53.dBl Biological copper(II) types I-111 
the first three 

types (1-111; Figure 95)11sg31m are associated with copper proteins containing a single type of 
copper centre, while type I F 3 '  involves more than one of the type 1-111 copper environments 
(Table 74). The copper proteins are generally referred to as the copper 'blue' proteinsl'n-llw 
as they are frequently associated with an intense blue colouration, which is now known to be 
characteristic of the type I copper proteins (Figure 95).30,1203 These blue proteins are usually 
associated with low molecular weights (for proteins) of approximately 20 OOO dalton units as in 
poplar plastocyanin (21 OOO-~CU), azurin (14 OOO-1Cu) and stellacyanin (16 ~ O O - ~ C U ) . ~ ~  All 
three proteins are believed to contain essentially the same copper(I1) environment, involving a 
CuNzS2 chromophore, the precise structure of which has been determined by single-crystal 
X-ray crystallography for l a s t ~ c y a n i n ~ ~ ~ ~ ~ l ~  to a resolution of 2.7A (Figure 96) and azurin 
to a resolution of 2.5 A.128: The CuN2S2 environments are similar and involve a very distorted 
tetrahedral geometry, with approximately trigonal (G,,) symmetry. The coordination involves 
two histidine nitrogen ligands at 2.04 A (Hist-37) and 2.10 A (Hist-87), a cysteine sulfur ligand 
at 2.13 8, (Cyst-84) and a methionine sulfur ligand at 2.90 8, (Met-92). It also involves some 

The biological function of copper has been classified into four 
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very nontetrahedral angles of 123, 137, 85 and 97". This geometry is unusual in a number of 
respects. Firstly, it is virtually unknown in a model mononuclear co per(I1) complex, 

described as approximately three coordinate, plus a long fourth copper-sulfur ligand distance. 
As a three-coordinate geometry for a mononuclear copper(I1) complex is also unknown, the 
type I geometry is doubly unique. In view of this novel geometry, the type I copper proteins 
exhibit some unique electronic properties.1203*'20g The intense blue colour originates from a 
broad multiple transition band at 13 000-18 000 cm-I ( E ,  3000-6000 M-' cm-l; Figure 97a), 
which is associated with sulfur to copper charge transfer from the cysteine ligand and is not d-d 
in origin.12m The d-d transitions have been identified in the near IR region in the circular 
dichroism spectrum of plastocyanin. 120871209 P olarized single crystal spectra of a film of 
plastocyanin have been used to suggest an assignment of the intense visible and less intense IR 
(d-d) spectra (Figure 97a).I2@' The ESR spectrum'm,12m of plastocyanin (Figure 97b) is 
consistent with an axial elongated environment gll>> gl > 2.0 (Table 41) equivalent to an 
appropriate d,2+ (or dV)  ground state (Figure 98), but with characteristically low copper 
hyperfine All values < 100 X cm-' (see Figure 38b for tetrahedral All values). The 
electronic energy levels of the CuN2S2 chromophore of the plastocyanin system has been 
simulated by crystal- and ligand-field calculations,'203~120~1210 and the latter suggest the mixture 
of energy levels shown in Figure 98. The type I copper(I1) proteins are also characterized by 
relatively positive redox potentials (Figure 62) in the range +NO-+700 mV.818 

molecular structures (174) to (255), and in view of the long C u d  of 2.90 x , may equally be 

Table 74 Multiple-type Copper Enzymes in Blue Oxidases 

No. of types present EMF(mV) 

I II III I II 111 

Plus laccase 1 1 1 394 365 434 
Ascorbate oxidase 3 1 2 
Ceruloplasmin 2 1 1 or2  490 
Laccase (tree) 1 1 1 
Laccase (fungal) 1 1 1 

- - - 
- - 

- - - 
- - - 

N 

7 / 

kk~  1 methionine 92 

cysteine 84 YN 

' C  
// " 

0 

Figure 96 Molecular structure of the type I copper blue site in plastocyanin at pH > 7.01'07 

The type I1 copper roteins (Figure 95) are generally referred to as the non-blue or normal 
copper proteins as,'aogalthough they appear blue, this colour is not associated with the high 
intensity of the type I S- Cu charge transfer, but with the low intensity of a normal copper(I1) 
d-d transition ( E  = 1~-1000 M-' cm-l).1203 The t e I1 proteins are generally associated with 

associated with a molecular weight of 75 000 dalton units. While the structure Is unknown, it is 
higher molecular weights than the type I proteins,' % thus galactose oxidase has one Cu atom 

coc -x 
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Figure 97 Blue copper protein (a) electronic spectrum; (b) ESR spectrum (- 'blue' copper; - - - 'normaI' copper); 
(c) plastocyanin polarized single-crystal spectrum; and (d) resolution by Gaussian analysislm 

D2d 

9100 0.6d12+ 0.3dyz 

4, IO OOo 0.4d, + 0.3d,z f 0.2d, 
dYZ 11400 0.7~'~~ + 0 2dyl 

Figure 98 Suggested assignment of the d-d spectrum energy levels of the CuN,S, chromophore in plastocyanin 
(energy values are in cm-1)1203~1209 

believed to involve a normal mononuclear CuN& chromophore environment with an 
elongated rhombic octahedral stereochemistry.lm3 It has (Figure 95) a typical d-d band at 
16 O00 cm-' ( E  = 100 M-' cm-l), and an axial ESR s ectrum, gl = 204, 811 = 2.28, with a 
normal copper hyperfine value for All of 185 X cm- (Table 49). The function of galactose 
oxidase is to catalyze the oxidation of galactose to the aldehyde, a process that can be poisoned 
by addition of ligands such as thiocarbamate, cyanide and fluoride ions.26,1m,'211 Type I1 
copper protein behaviour also occurs in mixed metal co per proteins such as bovine 
erthyrocyte superoxide dismutase (SOD, 35 000-2C~,2Zn)~~ and cytochrome c oxidase 
(100 000-2Fe,2Cu).= The crystal structure of SOD has been determined (Figure 99) and shown 
to involve a ZnCu dimer with a tetrahedral ZnN2N0 chromophore bridged by one imidazole 
anion to a square pyramidal CuN3N0 chromophore. ''12 A more recent structure determination 
is essentially the same but involves a slight tetrahedral distortion of the in-plane CuN4 
chromophore (see Section 53.4.2.1v).1213 The electronic spectrum and ESR spectral progrties 
are comparable to those of a normal axially elongated copper(I1) complex (Figure 95).' 

P 

B 

R 
Figure 99 The molecular structure of bovine erythrocyte superoxide dismutase'212 

The type 111 copper proteins are probably the most interesting of the non-blue or normal 
proteins, if only due to their high molecular weights (Figure 95). They are still of unknown 
crystal structure, but preliminary results have been reported. 1214 They occur1215 in tyrosinase 
(119 000-4Cu), Met-hemocyanin (7-8 x 106-2Cu), oxyhemocyanin and deoxyhemocyanin (see 
Figure 16c for the nomenclature used in namin the three hemocyanin proteins). They are all 
believed to involve dimeric Cuz structures, 26~129;3 with unsymmetrical bridging ligands (Figure 
loo), which in the case of the oxy- and deoxy-hemocyanin possibly involve a methoxy- and 
peroxy-bridging ligand, respectively (Figure 95),  bridging two tetragonal octahedral CuN202X2 
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chromophores. As deoxyhemocyanin involves two copper(1) ions, a bridging peroxy group is 
unlikely; the coordination number will more like1 be three or four and the protein will be 

axial copper(l1) environments are predicted to generate normal copper(I1) d-d spectra at 
16-17000cm-1 and n o m l  ESR spectra for the single copper(I1) environment of the 
met-hemocyanin. However, the most interesting feature of the oxyhemocyanin is that, like the 
deoxyhemocyanin (Cu'Cu') , it is diamagneticl2I6 despite the presence of two copper(I1) ions 
which must therefore be antiferromagnetically coupled with -J > 500 cm-' (see Section 
53.4.4.3). As a consequence of this large antiferromagnetic coupling the oxyhemocyanin 
protein is ESR silent,lm notwithstanding the presence of a visible d-d spectrum at 
16-17 000 cm-l, consistent with the presence of copper(1I) ions. As seen in Section 53.4.4.3 the 
antiferromagnetic coupling is consistent with both a di- and mono-bridged Cuz dimer (Figure 
lOOa and b respectively). In the absence of any crystallographic data on di- or mono-oxo- 
bridged copper(1) or copper(I1) species (notwithstanding the structure of (153),333 which is not 
antiferromagnetically coupled) the evidence for the bonding role of the O2 bridge must rest 
very heavily on the spectrosco ic evidence. Thus IR and Raman s p e c t r o s ~ o p y , ' ~ ~ ~ ~ ~ ~ ~ '  
resonance Raman spectroscopy,12p8.12'9 and EXAFS spectroscopf90,'2m provide knowledge of 
the copper atom environment, most of which supports the dioxo-di-bridge model of Figure 95 
(Table 75). See ref. 1203, for a detailed review of the spectroscopic arguments in support of 
what is still only a suggestion for the structure of the oxyhemocyanin protein. The 
met-hemocyanin structures are believed1221,1222 not to involve an oxygenated bridge, 02, but to 
involve a mixed oxidation state Cu'Cu" system (see Section 53.3.7). The probing of these 
systems with exogenous bridging ligands such as (N3)-, (NO2)- and halide anions produces 
evidence for intervalence charge-transfer spectra (Figure 101). x203m2 As the class 11 Robin and 
Day behaviour3@-' (Section 53.3.7) is unlikely to be associated with a single short bridging 
ligand, but always with two short bridging ligands, the structure of the half-met-hemocyanin is 
most - likely to involve a dibridged unit: 

colourless. For the met- and oxy-hemocyanins, Cu Y Cu' and Cu"Cu", respectively, the normal 

I I1 
p-dioxo p-monooxo 

P (a) Dibridging 
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R 
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I 
Figure 100 The dinuclear bridging unit in the met- and oxy-hemocyanin: (a) dibridging and (b) rnon~bridging'~'~ 

Table 75 Spectroscopic Evidence for the 'C P-O\ / Bridge Unit in ' \/ ' 
Oxyhern~cyanin'~~~-'"' 

Infrared Cu-N stretches -280 cm-' 

Raman30.'m3 50 cm-' 

Resonance Raman'218*'219 l60, -750 cm-' peroxide 
-710cm-' 0;- 

EXAFS'222 C u 4 u  3.58-3.66 A 
Four-coordinate Cu 
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101 The absorption spectra of half-met-hemocyanin protein plus added bridging ligands: 1 5 K  IT= 
intervalence charge-transfer spectra'203 

The multicomponent type IV copper proteins are usually coloured (Figure 95) as they 
generally contain at least one blue type I copper centre, but as there are usually more than one 
of each type present, the physical properties of the different types 1-111 environments are 
difficult to separate and, for ESR-silent type III centres, difficult to detect.1203 No crystal- 
lographic data are yet available on a type IV copper protein. 

53.4.8.2 Model compounds of type I-111 biological copper(1I) 

A wealth of model compounds have been quoted in the literature. Refs. 30 and 898 give 
excellent up-to-date accounts of the model compound approach to all three types of biological 
copper. Table 76 lists some examples of complexes that have been suggested as model 
compounds of the three type 1-111 biological environments.122s1228 The greatest effort has 
involved the preparation of type I and I11 structures, as t e I1 structures equate directly with 
the known mononuclear copper(I1)-type stereochemi~try'~*~~~~ Biologically relevant ligands 
such as the amino acids, heterocyclic ligands such as pyrazine and imidazole, and sulfur 
containing SR, and SR- ligands have been involved in the simulation of the type I copper 
centres. 122*1226 Two-centred macrocyclic li ands have been widely studied to simuiate the 
binuclear type I11 copper behaviour. 1227-1 30 Not surprisingly, the best approaches Rave 
involved the synthesis of an extensive range of model complexes involving only small changes 
in the ligands present, followed by the determination of as wide a range of physical properties 
as possible, such as magnetism, ESR and electronic spectra, and redox properties, then X-ray 
structure determination of those complexes whose properties best correspond to those of the 
appropriate type of biological copper system. Not surprisingly, the majority of these 
approaches failed to produce electronic properties remotely comparable to the unique 
properties of the biological system, but in this respect the low All values (<70 x lo4 cm-') of 
the ESR spectra of the type I biological copper have been the most difficult to simulate (but see 
155). On the other hand, the search for strongly antiferromagnetically coupled Cu, dimers has 
produced a wealth of magnetic and structural data, involving a range of C U ~ U  separations 
(Table 76c), which must inevitably result in a better understanding of the relationship between 
structure and exchange coupling and hence of the mechanism of exchange coupling. But 
equally importantly it has revealed the deficiency in our knowledge of the classical coordination 
chemistry of copper and has generated an interesting distinction1203 between the 'extrinsic' and 
'intrinsic' active metal sites in biological systems 'that will generate a copper site that is 
intrinsically different from that of small molecule copper complexes' (ref. 1203, p. 11). 
However, the biological copper situations are not different from those in small molecule copper 
complexes as long as we recognize that long copper-ligand distances (semi-coordination) and 
off-the-z-axis bonding are just as important as short copper-ligand  distance^."^^^^^^^^ The 
flexible biological ligand structures (Figure 96) are only a manifestation of the nonspherical 
symmetry of the copper(I1) ion, which is illustrated in the piasticity effect4I6 with faculative 
ligands and in the fluxional behaviour of temperature variable co per(I1) The 
potential energy diagram that explains the pseudo Jahn-Tel1er1ObPbehaviour is no different 
from that which describes the temperature variability of the Cu'Cu" Robin and Day class II 

8 
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systems360 in the biologically relevant [Cua(triketone)z] (421) complexes. Consequently it is 
not understood why it is said (ref. 1203, p. 11) that biological copper systems 'are different'? 
when the local copper(I1) environment of the type I1 and III coppers are 'normal' elongated 
rhombic or tetragonal octahedral stereochemistries, but both can behave as electron transfer 
catalysts in air in both biological systems (Figures 94 and 95) and in organic reactions. Is even 
the type I copper stereochemistry so different (Figure 96)? In general, it is the long 
Cu-S(methionine) distance of 2.90 A that is considered unique (Figure 96), but this is known 
in a model compound [Cu(bidhp)Clz] (424).'225,1234 Maybe the unique nature of the type I 
stereochemistry lies in the shortness of the short Cu--S(cysteine) distance of 2.13 A, which 
must be responsible for the low energy charge-transfer bands that characterize the 'blue' 
proteins, but equally, the type I stereochemistry may represent a near 'half way house' 
geometry along the structural pathway between a compressed tetrahedral copper(J1) geometry 
and a trigonal planar copper(1) geometry (Figure 102), with the direction of the structural 
pathway determined by the v3( Tz) mode of vibration of a regular tetrahedron of Ca symmetry, 
but with the 'extent' of reduction controlled by the reducing properties of the cysteine sulfur 
ligand. Consequently, the unique type I geometry is determined by the combination of a 
suitable copper chromophore, a soft mode of vibration and a suitable sulfur ligand redox 
process, none of which is uniquely biological in origin. The precise geometry of the type I 
copper CuN2SS1 chromophore will then be dependent upon its environment. If then the type 
1-111 geometries of biological copper systems are to be considered as normal small molecule 

.G . \ axis 
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tetrahedral DZd 

v3(Tz) 

- & L  cu-L 
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Figure 102 The structural pathway connecting the compressed tetrahedral copper(I1) geometry and the trigonal 
planar copper(1) geometry, and the relationship with the type I copper geometry 

[Cu(S3zCi,Hm)I (4n)1224 [Cu(bidhp)CI,] (424) 1225 [Fe"(bipym)Cu"] (425)'228 
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copper complexes, then a bright future is predicted for the 'open minded' synthesis of small 
molecule copper(1) and copper(I1) complexes to simulate the biological copper type I-IIT 
systems. At the same time, the question that should be asked is why is the same copper(I1) ion 
such a good general purpose catalyst in both biological and classical organic reactions. In this 
case, it is the flexible copper(1) and copper(I1) stereochemistries that link these two oxidation 
states. 

53.4.9 Survey of Copper(H) Ligands 

The classification of metals and ligands into hard and soft acids and bases (Table 2b) places 
the copper(I1) ion with borderline hard/soft acid behaviour, in contrast to the clearly soft acid 
behaviour of the copper(1) ion (Section 513.2.6).~~ In practice the cordination chemistry of the 
copper(I1) ion is dominated by nitrogen and oxygen as donor atoms followed by chlorine and 
then s u l f ~ r ; ~ , ~ ~ , ~ ~  bromine is well characterized, but fluorine is surprisingly limited. Iodine 
coordinated to copper(1I) only exists in the presence of, particularly, nitrogen donor ligands 
which stabilize the copper(I1) ion with respect to reduction (equation 32). The phosphorus 
atom as a donor is surprisingly uncommon compared to its frequent occurrence in copper(1) 
coordination chemistry (Sections 53.3.2.1-10); again this is associated with an ability to reduce 
copper(I1) to copper(1). Equally uncommon are ligand donor atoms involving arsenic, 
antimony and bismuth, and selenium or tellurium. 

cuz++4x- - cu*x,+x: (32) 
The following sections summarize the different types of ligands that form complexes with the 

copper(I1) ion, in the order that the ligands are described in Chapters 11 and 12, and are 
illustrated by Tables 77-82, in which data for molecular structures involving the different 
ligands are collected. Only in the case of novel ligand bonding roles are additional molecular 
structures included. The tables can then be used to obtain an overview of the types of 
complexes formed by a ligand, without giving an exhaustive listing of all the copper(I1) 
complexes formed by a particular ligand. 

53.4.9.1 Mercluy ligands 
No examples of simple Cu-Hg bonds are known. 

53.4.9.2 Carbon ligands 

The most common C u - C  bonded systems involve a-bonded (CN)- ligands (Table 77)lS5 
with none of the extensive alkene- or carbon-monoxide-bonded systems described for 
the copper(1) ion (Sections 53.3.2.10 and 11). The general chemistry of the cyanide ion as a 
ligand has been reviewed, with some mention of the CUI'-CN linkage.1235 The addition of 
(CN)- to aqueous copper(I1) solutions produces a transient purple colouration, which has been 
characterized by ESR spectroscopy as the [CU(CN)~]'- anion. 1236 The overall formation 
constant of [Cu(CN)4I2- has been examined electrochemically and a mechanism for its 
decomposition suggested, involving the possible formation of a transient &nuclear 
[CU~(CN),]~- anion. 1237 The decomposition to copper(1) cyanide and gaseous cyanogen may be 
represented by equation (33), a reaction that may be prevented if the copper(l1) ion is 
stabilized by complex formation, as in [C~(phen)~CN]+ or \C~(phen)(CN)~] species.'us The 
former has been characterized in [Cu(phen)2(CN)](N03) 239 and [C~(bipy)~(CN)](N0~)- 
2H201m with trigonal pyramidal CuN4C chromophores and in the square pyramidal CuN& 
chromophore of [Cu(cyciops)(CN)] The monodentate (CN)- ion as a ligand to the 
copper(I1) ion coordinates via the carbon atom, but this does not rule it out as a bridging 
ligand, as in [Cu,([14]-4,11-diene-N4)(CN)](C1O4) (Z!j8).''' In both situations the Cu-C,N 
distances are short (ca. 2.10 A), but the (CN)- ligand has been characterized as a longbonded 
bridging ligand as in [Cu~(tren)(CN)2](BPh4)2,~~~~ but at the long second distance of 3.05 A. A 
novel long (3.09 A) semi-coordinate bonding of the (CN)- triple bond to the copper(I1) ion in 
a CuN4(n - CN)2 chromophore is found in [CU(NH~)~][CU~(CN)~] (429).12" 
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Table 77 Carbon Ligands 

Complex Chromophore Geometrya Ref. 

CUN4C TB 1239 
TB 1240 
SBP 501 CuN4C 

CuN4C SBP 589 
- SBP 1241 

m4c 

TEI = trigonal bipyramidal; SBP = square-based pyramidal. 

Cu2’ + 2CN- - Cu(CN), - CuCN + 1/2(CN), 133) 

53.4.9.3 Nitrogen ligands 

Nitrogen donors are the commonest ligands to the copper(I1) ion; they are superior to 
oxygen and the halides as ligands. Of the 0 donor nitrogen ligands, ammonia is the most 
abundant (Table 78a),895 readily forming up to four short Cu-N distances (1.95-2.08 A) and a 
longer fifth Cu-N distance (2.19A) which is responsible for the ‘pentaamine effect’ in 
[Cu(NH3),]X2 systems.1243 While [Cu(NH&]X2 complexes have been s ~ g g e s t e d , ~ ~ ’ ~ , ~ ~ ~  there is 
no unambiguous single-crystal X-ray crystallographic evidence to support the elongated 
tetragonal octahedral stereochemistry with two semi-coordinated Cu-N distances of ca. 2.6 A, 
and these are better formulated as pentaammine ammonia adducts, [ C U ( N H & X ~ ] . N H ~ . ~ ~  In 
general the [CU(NH~)~X~]  complexes involve an elongated tetragonal octahedral stereochem- 
istry with semi-coordinated polyatomic anions, X-, from the familiar (NO3)- in 
[CU(NH~)~(NO&] (BF4)- and (c104)- anions to the less familiar linear (I4)’- and (I3)- 
anions of [CU(NH,)~(I~)~] (430) and [CU(NH,),(I~)~].’~~ 

Table 78 Nitrogen Ligands 

Stereo- 
chemistry” Ref. 

ET0 
SBP 
ET0  
SBP 
TB 
TB 
ERO 
ERO 
CRO 
SBP 
ET0 
ET0 
ET0  

SP 
SBP 
SBP 

570 
499 
457 
500 
504 
505 
536 

1098 
738 
764 
806 

1242 
1246 

616 
617 
770 
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Table 78 (continued) 

Stereo- 
Chromophore chemistry" Ref 

0 426 
E T 0  433 
CTO 531 
0. CRO, ERO 532.571.572 
ET0 
7 c  
ERO 
cis-0 
cis-0 
cis-0 

SBP 
SBP 
SBP 
SBP 
SBP 
ERO 
ERO 
SBP 
SBP 
SBP 
ERO 
TB 

TB 
ERO 
SBP 

TB 
ERO 
TB 

E T 0  
RTO 
ERO 
CTO 
7c 
SBP 
SP 
ERO 
SBP 
SBP 
SBP 
SBP 
RC 
ERO 
ERO 
ERO 
SBP 
ERO 
ERO 
SBP 
ERO 
TJ3 

TO 
ERO 
RC 
E T 0  

570' 
568 
472 
546 
396 
547 

613 
654 
655 
661 
667 
669 
671 
675 
707 
773 
866 

1265 

656 
1251 
1252 

504 
1253 
1254 

434 
440 
472 
542 
555 
633 
613 
604 
632 
632 
647 
706 
593 
728 
738 
771 
773 
78 1 
782 
863 

1151 
1152 

427 
452 

445 
478 

coc -x*  
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Table 78 (conrinwd) 

Stereo- 
Chromophore chemistry" Re5 

[ Cu( tmen) (Meim) ( GO4)Cu(2Meirn) ( tmen)]- 
(C104) (391) 

Tenadentate chelate ligands 
(I) Linear ligands 
[Cu(trien)(SCN)] (437) 

[Cu(phthalocyanine)] (UO) 
[Cu(cyclam)(SPh),1(189) 

[C~(CYClOP~)(CN)1(~) 

CuN202 
CuNzON'O' 

CuN,02CI 
CuN,O,O ' 
CuN2N;N" 
cuNzci,cl; 
CuN,Se, 
CuN20,O' 
CUN,OO' 
cuN20,0' 

CuN2OO'O" 

CuN2N'OO' 

CuN.,N; 
CuO,0~Nz 
CuN,N;N'; 

CuN 0 0' 
CuNt 
CuN,Cl . 
CuN40 

aN4F2 

CuN3N; 

CuN2N2N;N''OZ 
cuN2N;o2 

~ 2 N i O Z  
m 2 N ; o *  

CuN,O,O ' 
CuN40 
CuN,020; 
CuN,N;O, 

CuN,N;O, 
CuN2N;02 

CUNZN;O 

CuN2N;OZ 

CuN2Ni020' 
CUNZN, 

m 2 N ;  
CUN3Nf 
C U N ~ N ~  
CuNSN'N" 
cuN,OO' 
CuN,OO' 
CuN,OO' 
M2N: ,  
CuN,CICl' 

cuN6 
CuN,N;N; 
W Z N ;  
CuNzCIZN' 

M 4 S  
~ 4 S 2  

m.4 

w4c 

SP 
SBP 
SBP 
SBP 
SBP 
SBP 
ERO 
ERO 
SBP 
SBP 
SBP 
SBP 

ERO 
ERO 
ERO 
ERO 
ERO 
CTd 
TB 
SBP 
SBP 
cis-0 
cis-0 
cis-0 
cis-0 
SBP 
SBP 
SBP 
ERO 
cis-0 
cis-0 
cis-0 
cis-0 
7 c  
CTd 

ERO 
SBP 
CRO 
SBP 
SBP 
SBP 
SBP 
CRO 
SBP 

0 
ERO 
CTO 
SBP 

SBP 
E T 0  
SP 
SBP 

598 
623 
627 
628 
646 
655 
760 

1257 
863 
863 
863 
863 

448 
449 
450 
453,454 
472 
485 
505 
522 
5 14 
543 
545 
547 
546 
588 
626 
a 9  
762 
576 
404,1084 
396 

1110 
1111 
497 

446 
514 
537 
654 
627 
758 
862 
538,1266 

1267 

' 429 
' 451 

540 
603 

1268 
441 
480 
501 , 
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Table 78 (continued) 

Stereo 
Chromophore chemistry" Ref. 

(m) Tripod ligands 
[Cu(tren)(NH3)l(c1o,)z (a) CUN," TB 505 
[Cu,(tren),(benzidine)]( N03)4 (262) CuN4N' SBP 5% 

p-[Cu(biprim)(y-ONO,)(ONO,)] (438) CuN,O20'(Y' ERO 1269 

[Cuz(~en)z(NCO)z1(BPh4)z (299) CuN4N' TB 656 
[Cu,(tren)(NCS)](NCS) CUN4N' TB 1254 

a ET0 =elongated tetragonal octahedral; SBP = square-based pyramidal; TB = trigonal bipyramidal; ERO = elongated rhombic onahedral; 
CRO = composed rhombic octahedral; SP = square planar; 0 = octahedral; CTO = compressed tetragonal octahedral; 7C =seven coordinate; 
ch-0 = cis-octahedra1; RC = rhombic mptanar; TO = tetragonal octahedral; CTd = compressed tetrahedral. 

I 
I /  

/I& 
I 3.34 

[CU(NH3)4(14)*1 (430) 1246 

Substituted nitrogen donors to copper(I1) are much less common (Table 78b) .367,616,617 
Anionic nitro en ligands, such as nitrite (Table 78c),la7 azide (Table 78d),'73J249,1250 cyanate 
(Table 78e)12' and thiocyanate (Table 78f)1248 are all good ligands to the copper(I1) ion, but 
their functions are complicated by their ability to coordinate as ambidentate ligands.lm The 
nitrite ion readily forms hexanitro copper(I1) complexes,1073~1u7 but is also equally prolific in 
the formation of monodentate nitrito coordination, e.g. &[Cu(NO&]I (249),568 and asym- 
metric bidentate nitrito coordination, the latter enerally involving off-the-z-axis coordination 
as in [Cu(bipy)(ON0)2] (204)>72 The azide ionFag as a ligand to copper(I1) (Table 78d) has 
been well characterized in a surprisingly wide range of structural roles (Figure 103),'73 from 
monodentate, terminal bridging, 1,l-, l,l,l- and 1,3-bridging7 but is generally restricted to only 
one or two azide ions per cop er(I1 ion. The coordination chemistry of the cyanate ligand, 

isoelectronic N, anion , notwithstanding a wealth of preparative and physical properties. 
The (NC0)- anion generally bonds through the nitrogen atom for short Cu-L bonds, but 
through oxygen for long Cu-L bonds, as in [ C U ( ~ ~ ) ~ ( N C O ) ~ ]  (431),lZ1 but can also bridge 
as in [Cu(2,4-lut)z(NCO)~] (432).12s171252 The (NCS)- anion generally short bonds to 
the copper(I1) ion through nitrogen as in [CU(NH~)~(NCS),] (433)lX3 and 

(NC0)-, has been reviewed,' E )  but is less well characterized crystallographically than the 

(i) Planar systems 

"N 
\ 
/ 

M 

,M/"N 
N'-N2-N3 

M 
/N-N-N 

M 
Terminal P-&V di-p-( 1 , l )  

(ii) Generally nonplanar systems 

Figure 103 Coordination modes of &id0 ligands in copper(II) complexes. "May adopt a planar configuration. ?day 
adopt a planar structure or a form with only the azido groups coplanar"' 
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[Cu(tren)(NCS)](NCS) but is generally long bonded in the axial position through sulfur as 
in [CU(NH~)~(SCN)~]"~~ and [CU(~~)~(SCN) , ] , ' ~ '~  with long Cu-S distances of 3.00 and 
3.27 A, respectively. In the corresponding [ C U ( ~ ~ ) ~ ( S ~ C N ) ~ ]  (434) a unique long Cu-Se 
distance of 3.26 A is observed.1257 

[ Cu(py),( NCO),] (431)'*'' [ Cu( 2,4-lut) (NCO),] (432) lZs2 

SCN 
: 3.05 

&/2.03 
SCN, : NH, 

,/ I Q.98 
H,N ~ NCS 

SeCN 

NCS NCSe 

[Cu(NH,),(NCS),] (433)'"' [Cu(en),(SeCN),] (434)'"' 

With the monodentate heterocyclic nitrogen ligands,1258 a wealth of ligand types are formed 
(Table 78g) from pyridine, imidazole and pyrazine in Cu : L ratios of 1 : 1 to 1 : 6, but with shorr 
Cu-N distances, 1.95-2.05 A, for ratios up to 1 : 4, from the elongated tetragonal octahedra! 
CuN40Z chromophore of [ C U ( ~ ~ ) , ( O ~ C C F ~ ) ~ ] ' ~ ~ ~  and [Cu(imida~ole)~(OH~)~]F~ (188)440 to the 
novel seven-coordinate structure of [C~(py)~(O~N0)2]  (244) .ss5 With the increasing biological 
relevance of these hetercyclic nitrogen ligands when incorporated into polydentate chelatc 
ligands,1258 it is gratifying to realize that they function as simple nitrogen donors to copper(II), 
The ethylenediamine molecule represents the simplest type of nitrogen chelate ligand which 
readily forms mono and bis chelate copper(l1) complexes (Table 78h),1260J261 but only ~a 

limited number of tris chelate complexes, such as [Cu(en),](S04) (178).427 In general all three 
types of complexes are six coordinate with an elongated rhombic octahedral chromophore: 
an odd exception is the square base pyramidal CuN40 chromophore of [Cu(en),(OH),]- 
C U ~ ( C N ) ~ ( S C N ) ~ . ~ ~  A range of substituted ethylenediamine ligands are known (Table 7Xh), which 
form a series of mixed ligand complexes, but with the complete absence of any tris chelate 
copper(I1) complexes. The substituents increase the bulk of the ethylenediamine ligand and 
may block adjacent coordinate positions to give coordination numbers lower than six, as in the 
rhombic coplanar CuN4 chromophore of [CU(N,N-E~~-~II)~](NO~)~ (208).478 Chelate imine type 
ligands are most extensive with 2,2-bipyridyl,1262~1263 1, 10-phenanthroline1z63 and 2,2'- 
bipyridylamine (bipyam) (Table 78i). Mono, bis and tris chelate Complexes are formed for a:: 
three ligands except a tris chelate for bipyam. Six coordination is the most common, but with 
&-distorted octahedral the predominant stereochemistry of the [Cu(chelate>,Xz] 
c o m ~ l e x e s , ~ ~ ~ , ~ ~ ~  in contrast to the elongated rhombic octahedral stereochemistry of the 
[ C ~ ( e n ) ~ X ~ l  complexes (Table 78i) .47 In the [Cu(~helate)~]X~ complexes a compressed 
tetrahedral geometry was recognized early in [C~(bipyam)~](ClO~)~ (214) ,485 but only recently 
in [Cu(bip~)~] (PF&454 and [CU(phen)~](PF6)2.~~~ In the [Cu(~helate)~X]Y complexes thE 
suggestion3 of a structural pathway connecting the range of four-, five- and six-coordinate 
geometries for the bipy complexes4s4 can be extended to the phen and bipyam type 
complexes.1264 The most simple tridentate chelate ligand, diethylenetriamine, readily foms 
mono and bis chelate complexes and mixed ligand complexes (Table 78j),823 in which the CuNt 
chromophore involves an approximately lanar conformation, as in [Cu(dien)(O2CH)](HCO2) 
(347)758 and [C~(d ien )~]Br~ .H~O (194).' However, in the substituted dien ligands, a befit 
CuN3 chromophore is formed as [Cu(Et4dien)(N,)Br] (435).1265 The most simple tridentate 
tripod-type ligands, such as [CU(HBPZ~)~] (lW),451 are shown in Table 78(j). They generally 
involve a restricted tetragonal elongation due to the restricted bite of the ligands. With more 
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rigid tridentate chelate ligands such as 2,2',2"-terapyridyl (terpy), mono and bis tridentate 
complexes are formed as in the distorted five-coordinate CuN3C12 chromophore of 
[ C ~ ( t e r p y ) C l ~ ] ~ ~ ~  and six-wordinate compressed rhombic octahedral CuN6 chromophore of 
[Cu(terpy)zl(N03)2 (436).'267 

[Cu(Et,dien)N,Br] (435)'2hS [Cu( terpy) (NO,), (436)538.'26' 

The most simple tetradentate nitrogen ligand is trien (Table 78k), which in 
[Cu(trien)(SCN)](NCS) (437) involves an essentially planar CuN4 chromophore,1268 but with 
the copper lifted out of the plane to give a square-based pyramidal stereochemistry. With the 
tripod ligand tren, the CuN& chromophore stereochemistry is enerally five coordinate with a 

ligands, such as phtha l~cyanine~~ and cyclops5o1 (Table 78k), are cyclic and represent the 
simplest type of macrocyclic ligand that generally constrains the Nd ligand to be coplanar. With 
polynuclear heterocyclic ligands, such as 2,2'-bipyrimidinyl (biprim), tetradentate chelate type 
coordination occurs as in [Cu(biprim)(p-ON02)(02NO)] which involves a linear 
chain structure with bridging and asymmetric bidentate nitrate coordination. Polydentate 
chelate nitrogen ligands with more than four nitrogen donors are not unusual, in view of the 
stereochemical constraints that such polydentate functions must impose. The ligand ebtd does 
form a hexadentate copper(I1) complex in [Cu(ebtd)](BF4)(BF30Et)-H20 (230),5= but in 
the process imposes a most unusual bicapped square pyramidal stereochemistry on the cuN6 
chromophore. Likewise, the CuN7 chromophore in [CU(L'~)](C~O~)~ (243)554 involves a most 
unusual seven-coordinate pentagonal bipyramidal stereochemistry. In general with polydentate 
chelate ligands with more than three donor nitrogens, the preference is to form polynuclear 
copper(I1) complexes as in the molecular structures (260), (261), (277), (302), (303), (305) and 

trigonal bipyramidal stereochemistry [Cu(tren)(NCS)](NCS) .12 f Certain tetradentate chelate 

(306)-(312). 

[Cu( trien)( SCN)] (NCS) (437) [Cu(biprim)(p-ON02)(02NO)] (438)", 

53.4.9.4 Phosphorus ligands 

Phosphorus ligands are of very limited occurrence in copper(I1) chemistry, due to the reducing 
properties of the phosphorus, but if the copper(I1) is stabilized by complex formation they do 
arise, as in the teraacetate dimers of [ C U ~ ( O ~ C M ~ ) ~ ( P P ~ ~ ) ~ ]  (317).698 

53.4.9.5 Oxygen ligands 
Oxygen donors to copper(1I) are nearly as frequent in occurrence as nitrogen donors (Table 

79). They have a lower tendency to form oxygen chelate ligands, compared to the nitrogen 
chelates (Section 53,4.9.3), but adequately compensate for this limitation in the occurrence of 
hydrates and oxygen donors in oxyanions (see Chapter 15.5). 

The most simple oxygen donor is the water moIecule, which predominantly €unctions as a 
monodentate ligand notwithstanding the presence of two lone pairs on the oxygen atom. In 
aqueous solution the copper(I1) ion is solvated to give the hexaaqua copper(I1) ion, which 
also occurs in the various Tutton salts1270 of Table 79(a) and in [Cu(OH2)6](C104)2.12m31271 In  
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Table 79 Oxygen as a Ligand 

Stereo- 
Chromophore chemistry' Re5 

CuN40Cl 
CuN40 
Cu0,O' 
m 4 0  
cuo40;o" 
CuN,O,O' 
CuN,O,O' 
cuw2 cu0,o;o; 
cuo2c12cI; 
c u N , 0 2 0 ;  cu0,o;og 
cu0,o;o;w 
cuCl,O,CI' 
cuc1,c1;0, 
cuc1,0,cI' 
CUO 0'0' 

c u 0 , o ; q  
cuo20;o; 

cuo,o, 
cuN,o*o; 
cuo40;  
cuo40;  

Cu040; 

Cu0:o; 

cuo,o+0; 

cuo20;o; 
CuNzNiO 
CuN,N'OO' 
cuN30O' 
CuN$OO' 
cuN202 
~ N 2 0 ,  
CuN20,0' 
CuN300' 

CuN202 

cuozo;  
cu0,o;o; 

CuN,OO' 

m3°2 

CuN,OO '0" 
cu0,o;o; 
CuQzO~ 
CuN,O,N' 
CuN,O,O' 
CuN202N' 

cuo 0' 
Cu0:o: 
Cu06 
CUO, 
CUO, 
C G C &  

Cuo~0;O;o"~ 
CUO,Cl,Cl' 
cUcl,c1;0; 

CuOPOBrz 

ERO 
SBP 
SBP 
SBP 
9 c  
SBP 
SBP 
ERO 
ERO 
ERO 
ERO 
ERO 
7 c  
ET0 
SBP 
ERO 
SBP 
ERO 
ERO 
ERO 
ERO 
ERO 
ERO 
ERO 
ERO 
ET0 

ERO 

TB 
SBP 
SBP 
SBP 
SP 
SP 
SBP 
SBP 

SP 
SBP 
RC 
ERO 
TB 

ERO 
ERO 
SP 
SBP 
SBP 
SBP 

ERO 
ERO 
TO 
TO 
SP 
CT 
SBP 
7 c  
SBP 
ERO 

452 
500 
769 
522 
567 
626 
627 
440 
443 
444 

1095 
54 1 
558 
741 
765 
772 
772 
737 

1272 
435 
457,458 
910 
783 

1276 
1274 
1275 

436 

588 
623 
645 
658 
598 
616 
617 
673 

703 
706 
791 
790 
710 

524 
541 
612 
6 2  
646 
666 

757 
93 1 

1093 
582 
1280 
487 
615 
648 
724 
780 
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Table 79 (continued) 

Stereo- 
Chromophore chemistry" Ref. 

Cu02NzO; 
Cu04 
Cu0,N 
cuozoz  
cu 02c1,c1 
cu0,o; 
Cu04Nz 
Cu04 
cuo 0'0'' 
cuo: 

CuN202(3 
cUN~OZO' 
Cu0,o; 
Cu040; 
Cu0,O;o' 
CUN~OZO' 
CUN,OO' 
CuN200' 
cuNZO2O' 

cuo,oz 
cuo40z  

cuN,OfO; 

c u 0 , 0 ~ 0 ;  

cuNzo2q; 

c u o ~ o ~  

CuN,OO 
CUNZO~O; 
CUN~OO 
CUO 0' 

CuN300'O" 

CuNz020' 
cu0,o;o; 
CuN,OO' 
c U N , N 4 0 2  

CUN,N;O 
Cu040;O" 
CUN 0 0' 

CU0,P 
Cu0,N 
CUO4O' 
Cu0,o; 
cuo 0'0" 
cuo 0' 

CuN,O ' 0" 

CUNzNiOz 

cuo',o~ 

Cuoy 
Cu0:o; 

Cu2ozo; 

~ 2 N ; O z  
c u N 2 N P 2  

rn2OZOI 

CuN,O,O; 

CuNzN;Oz 
CuN30zO; 

CuNzN~Oz 

cuozo;  
CuNzN$O, 
W,N;O, cuo~o~o~o", 
cuN~O20'O" 

ERO 
RC 
SBP 
RC 
SBP 
ERO 
ERO 
RC 
ERO 
TO 

SBP 
SBP 
ERO 
ERO 
SBP 
SBP 
SBP 
SP 
SBP 
CRO 
ERO 
ERO 
E T 0  
ERO 
SBP 
ERO 
SBP 
E T 0  
RC 
ERO 
ERO 
SBP 
TB 
cis-0 
cis-0 
SBP 
9 c  
SBP 
SBP 
SBP 
SBP 
TB 
8C 
ERO 
SBP 
E T 0  
ET0 
ERO 

SBP 
ERO 
cis-0 
cis-0 
cis-0 
7 c  
cis-0 
cis-0 

RC 
cis-0 
Bd 
7 c  
ERO 

449 
480 

1232 
612 
651 
93 1 
729 
81 1 
737 
428 

628 
764 
788 
789 
798 
627 
862 
627 
863 
738 
743 
794 
755 
762 
863 
863 
863 
741 
742 
758 
541 
767 
768 
404,1084 
243 
576 
567 
647 
682,684 
698 
958 
699 
563, 5& 
783 
769 
797 
569 
548 

792 
472 
245 
547 
3% 
568 
568 
546 

791 
1110 
1111 
558 
526 
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Table 79 (continued) 

Stereo - 
Chromophore chemistry' Ref. 

6H20  (278) 

iil Oxvacids of sulfur 

CuN,O'O"O" 
Cuozo;o~o" 
CUN3020, 
Cu 0 * 0 ; 0 ; 
cuozo;o' 

CuN402 

CuNz020~  
CuNzO;O~ 

CuN 0 
CU0:o: * 

Cu N 2 0 2 0 j 
cUNZ020 
Cu N 0 0 

cUO40' 
CUO40' 
Cu0,O' 
Cuo4 
cUNzOzO' 

Cu0,NSO' 
cu0,o; 
cfizo2 
cuN40Z 

cuN40Z 
f iN40,  
CUO4O' 
cuo20;o; 

CGOZ 
CuN,ONO' 
CuN3020' 

CuN 0 
CUNZS~OO ' 

Cu0:o: 

c u o z o ; q  

ERO 
7 c  
7 c  
ERO 
SBP 
CTO 
ERO 
BdSBP 
E T 0  
8C 
ERO 
SBP 
ERO 

SBP 
SBP 
SBP 
CTd 
SBP 

SBP 
ERO 
RC 
ERO 
ERO 
ERO 
ERO 
SBP 
ERO 

ERO 
SBP 
ERO 
ERO 
E T 0  
8C 

ERO 

526 
648 
556 
7w 
792 
542 
793 
525 

1151 
566 
679 
710 
728 

1285 
1286 
803 
486 
624 

756 
800 

1287 
1288 
1289 
1290 
1291 
1292 
795 

442 
623 
673 
674 
77 1 

1053 

790 

aNumbers refer to structures in Chapter 15.5. bSee Figure 4, Chapter 15.5. '8C=eight coordinate; %=nine coordinate; 
BdSBP = bicapped square based pyramid. For other abbreviations see Table 78. 

these [Cu(OH2),I2+ cations the stereochemistry is generally elongated rhombic octahedral, 
complicated by the presence of fluxional behaviour (Section 53.4.5).397 In the presence of 
nitrogen donors, halide ions and oxyanions, lower hydrates are formed, involving up to 
four water molecules, e.g. [c~(en)~(OH~)Cl]  [CuCl2(0H2)2] (192),444 [CU(OH~)~- 
(02N0)2]-0.5H20 (245)588 and [CU(O~CH)~(OH~)~]~ZH~O (339).741 In the latter tetrahydrate, 
only two of the water molecules are involved in coordination to the copper(I1) ion, at the 
semi-coordinate distance of 2.36 A; the remaining two waters are present as lattice waters. The 
pentahydrates of copper@) are probably the least common, but, ironically, probably the best 
known hydrate of copper(I1) is [CU(OH~)~(O~SO~)] .H~O (439),1272 which only involves 
coordination to give a tetrahydrate copper(I1) cation, with bridging semi-coordinate (SO#- 
anions and the fifth water in the lattice. Water as a ligand is uncommon as a semi-coordinate 
ligand in six-coordinate copper(II), but it does occur in [C~(en)~(0H~)CI]Cl(200)~~~ and 
[Cu(irnidaz~le)~(OH~)~]F~ (188).440 It is equally uncommon as the fifth ligand in a square 
pyramidal or trigonal bipyramidal five-coordinate stereochemistry, but does occur in 
[Cu(NH3)4(OH2)](SO,) (219)'" and [CU(~~)~(OH~)]~CU~(S~CN)(CN)~]~~~ for the former and 
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in [ C ~ ( p h e n ) ~ ( O H ~ ) ] ( N 0 ~ ) ~ ' ~ ' ~  and [C~(bipy)~(OH~)](%0~) (228) for the latter.522 A bridgin 

In the novel dimeric [CU~(OHZ)IO]~+ cation of CU~(~H~)~O](CU(OH,)~][Z~F,]~ (440),ln4 
asymmetric Cu-0 distances occur, of 1.96 and 2.66 h , respectively. A comparable asymmetric 
bridging role occurs in the linear chains of [ C U ( O H ~ ) ~ ] ~ +  in [CU(OH~)~ (Hmaleate)],1275 while 
an almost linear bridging semi-coordinate water ligand occurs in [Cu(t~glyH)~(4-Mepy)~(OH~)] 

role for the water ligand is equally uncommon, but does occur in [Cu(OH2),(02CPh),] (365). 7&?3 

(441). 1276 

O\ so, 
/ 

[CU(~~~~YH),(~-M~PY),(OH,)~ (4441)127h 

In contrast to water as a ligand the OH- anion (Table 79b) functions less as a monodentate 
ligand than as a bridging ligand (Figure 104). The only six-coordinate hydroxy complex of 
known crystal structure is Ba2[CU(OH)6] (185),436 although the [Cu(OH),I2- anion almost 
certainly The predominant structural role of the OH- anion is as a single bridging 
ligand as in [C~~(bipy)~(OH)](Cl0,)~ (257)588 or as a double bridging ligand as in 
[ C U ( M ~ ~ ~ ~ ) ~ ( O H ) ~ ] ( N O ~ ) ~  (263).598 In the latter the Cu202 unit is generally planar and 
is noteworthy for the formation of a series of magnetic interactions ranging from ferro- to 
antiferro-magnetic (see Section 53.4.4.2). The OH- anion may function as a tridentate ligand, 
utilizing all three of its lone pairs in short Cu-0 distances of cu. 2.00A, as in 
[Cu,(OH)(pa0)~(0~S0)]-16.3H~O (322);03 in which the trigonal Cu30 unit is capped from 
underneath by a tridentate sulfate anion (323), involving longer Cu-0 distance of 2.15 A, to 
yield an overall square-based pyramidal CuN2020' chromophore. The Cu3O2 unit occurs in a 
novel copper(I1) cryptate, [CU~(OH)~(C~~I%~N~~~)](C~~~)~ (442)1278 to produce a cis- 
CuN20ZO; chromophore involving the unusual semi-coordinate ether-type oxygen ligand. The 
methoxide and phenoxide ligands have been characterized (Table 79c) in a similar brid ing role 
to the hydroxide anion in [CU~(O~H~(C€€~N(CH,~~~)~}-~,~-(OM~)] (277)'= and 
[CU~(~~)~(OP~)~].~P~OH.~H~O (298), respectively.646 The bridging role of the (0Me)- anion 
is of interest as it is believed to be present in the type 111 biological copper systems (see Section 
53.4.8).lZo3 The diethyl ether group as a ligand in copper(I1) coordination chemistry is not well 
characterized; dioxane occurs as a bridginp ligand (Table 79d) at semi-coordinate distances in 
[Cu(nibtfac),(dioxane)]-2 dioxane (398) ,93 but with two uncoordinated dioxane molecules in 
the lattice. The weakness of the ether-type oxygen atom as a ligand is demonstrated in the 
dinuclear complex [Cu~(LG)(OH)(02C102)](C104)~CHC13 (309)673 in which two ether oxygen 
atoms remain uncoordinated, while OH- and (OZC102)- ligands are involved in coordination, 
the latter at semi-coordinate distances. On the other hand, the ether-type oxygen ligands of 
[CU~(OH)~(C~~H~~N~~~)](C~O~)~ (442)'"' are involved in semi-coordinate bonding in this 
macrocyclic trinuclear complex. The R,X=O group is a much better oxygen ligand than the 
ether group (Table 79d); pyN0, Ph3P0, DMSO and TMSO, respectively, form a wealth of 
complexes with the copper(I1) ion.1279 The six-coordinate CuOb chromophore is characterized 
in [CU(~~NO)~](BF& (255) with a regular trigonal octahedral in cunfiict 
with the Jahn-Teller effect (see Section 53.4.9, while a four-coordinate Cu04 chromophore 
occurs in [Cu(pyNO),](BF4)* (443) as one of the few clearly square coplanar copper(I1) 
stereochemistries. 1280 In [ CU(~~NO)~(O~NO), ]  (291)w an elongated rhombic octahedral 
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mgUre 104 Coordination modes of the hydroxide ion in mpper(I1) complexes 

Cu020;OZ chromophore is present, but with the more bulky Ph3P=0 ligand a compressed 
tetrahedral geometry occurs as in [CU(P~,PO)~CI~] (216) .487 

\ FBF3 

.... , c u q 9 3  

FBF, : \  

: 3 3 4  0 '\ 4 9 1 l  

0 ' 0  

[CU~(OH)~(C~~E~ZN~O~)I(C~O~)~ (442)1278 [CU(PYN0)41(BF4)2 (443)12Ro 

Chelate oxygen ligands are best represented by the acetonylacetonate-type ligand and its 
substituted derivatives (Table 79e) ,lZs1 which readily form stable planar six-membered rings to 
copper(I1) as in [Cu(3-Meaca~)~] (207):'' interest in which stems from the determination of the 
one-electron d-orbital sequence of the rhombic coplanar stereochemistry, which remains the 
same independent of the substituents present.948 Higher Coordination numbers do occur, as in 
the five-coordinate ~Cu(acac),py] (444)1282 and in [Cuhfacac)z(bipy)] (197) ,449 which has a high 
tetragonality T of 0.9 due to the restricted bite of the out-of-plane chelate ligands and 
crystallographic CZ symmetry. Cu06 chromophores occur in the tris chelate l ~ ~ p e r ( I I )  
complexes, such as [Cu(ornpha),](C1O4), (179),428 [Cu(diol)3](SO,) and 
(C14H19N2)[Cu(hfacac)3]-1284 A most prolific area of copper-oxygen coordination chemistry 
involves oxyanions as ligands and has been reviewed as a whole in Chapter 15.5 from the point 
of view of the coordination number of the oxyanion involved. As this section includes a 
significant coverage of the copper(I1) oxyanion coordination chemistry, this will not be 
repeated, but Table 79(f) to (k) lists the different molecular structures of copper(1I) oxyanion 
complexes included in the present account according to the oxyanion present. While this 
collection is not exhaustive, it gives an overview of oxyanions as ligands to the copper(I1) ion 
and along with Chapter 15.6 includes most of the significant structural types, Table 79(e)-(i) 
also indicates the oxyanions of carbon, which were excluded from Chapter 15.6, but included in 
Chapter 15.5. In addition, significant reviews have been published of the following oxyanions: 
carbonates,1293 acetates,1294 nitrites,1247 nitrates473 and perchlorate oxyanions. lZg5 Those for the 
nitrate473 and nitrite'247 oxyanions involve an excellent coverage of the coordination chemistry 
and physical properties of complexes and of the anhydrous salts, as it is in the latter that the 
most multifunctional bonding roles of oxyanions are found (see Chapter 15.5). The perchlorate 
review1295 specifically limits its discussion to the ligand-containing complexes of the perchlorate 
ion, thus excluding the stereochemically most rewarding area of anhydrous perchlorate 

Y chemistry (see Chapter 15.5).'053 



Copper 741 

53.4.9.6 Suifir ligands 

Copper-sulfur bond@ are more common (Table 80) than copper-phosphorus bonds, but are 
limited to thiocarbamate-type ligands (209),479 (293)65D and dimercaptomalionitrile (385).813 
Owing to their reducing properties simple  sulfide^'^^^^^^ as ligands to the copper(I1) ion are 
only observed if the oxidation state is stabilized by, generally, nitrogen chelate ligands as with 
the macrocyclic ligands, e. in (301), (307), (308), (310), (423) and (424). Both short (ca. 

copper-cysteine bond in the type I biological copper as unusual (Figure 96) and hence 
probably responsible for the unique properties of the type I copper systems (Section 53.4.8). 
The thiolate ligand occurs in a semi-coordinate bonding role in [Cu(cyclam)\SPh),] (189)"l and 
the SCN- anion also bonds in this position in [CU(NH~)~(NCS)~] (433), [Cu(en),(SCN),] 
(434)1256 and [Cu(trien>(SCN)](NCS) (437),lB8 all with long Cu-S distances of ca. 3.0 A. 

No copper(I1) complexes containing short Cu-Se or Cu-Te distance are known, but a long 
Cu---Se distance of 3.26 8, occurs in [CU(~~)~(S~CN) , ]  (434).1257 

2.30 A) and long (ca. 2.90 x ) Cu-S distances are involved and highlight the shortness of the 

Table 80 Sulfur as a Ligand 

Chromophore Stereochemistrya Re$ 

RC 
SBP 
RC 
ERO 
SBP 
TB 
SBP 
ERO 
ERO 
ERO 
RC 
cis-0 

479 
650 
813 
4.41 
756 
1307 
658 
669 
671 
674 

1224 
1225 

For abbreviations see Table 78. 

53.49.7 Halogen ligands 

As a group the halide ions are second only to nitrogen and oxygen as ligands to the 
copper(I1) ion, a predominance that is obtained through the widespread coordination of the 
chloride ion (Table 81b),- which is much more extensive than that of the bromide ion and 
very much more extensive than that of either the fluoride or iodide ion (Table 81a and d, 
respectively). The fluoride ion is uncommon as a sim le monodentate ligand to the copper(I1) 
ion, but does occur in the [CuF6I4- anion in (186).43 It has been characterized in a dinuclear 
bridging role, as in [ C U ~ F ~ ( ~ ~ ~ Z H ) ~ ( F ~ B F ~ ) ~ ]  (265).604 It is also found in a more extensive 
bridging role in the infinite lattices of [CuF2] (369)" and K2(CuF4) The (BF4)- anion 
may be involved in long Cu-F distances of ca. 2.7 %, as a monodentate ligand or as a bidentate 
bridging ligand, e.g. in [CU(~~)~(FBF~) , ]  (193)445 and [Cu(bipy),(F2BF2)](BF4) (u11).453*454 
Similarly the (PF6)- anion is involved as a monodentate ligand with a long Cu-F distance of 
2.48 8, in [CU(~~~)(OH~)(FBF~>](BF~).~~~~ The coordination chemistry of the copper(II)-Cl- 
systems has been extensively and covers most of the simple stereochemistries of 
the copper(I1) ion (Table 81b), Le. compressed tetrahedral (175),483 square coplanar (206),476 
elongated rhombic octahedral (365) ,'84 square pyramidal (217)498 and trigonal bipyramidal 
(221),502 all of which involve a mononuclear CuC1, chromophore, with n = 4-6. Extensive 
polynuclear complexes are known from dinuclear (353) ,'66 trinuclear (359)772 and tetranuclear 

up to infinite lattices such as [CuC12] (366).'% In general, the Cu-C1 distances are cu. 

While the range of copper(I1) complexes involving Cu-Br bonds (Table 81c) is more limited 
than those for C A I  bonds (Table 81b), the structures tend to be analogous, with short 
Cu-Br distances of 2.4w and long distances of cu. 3.0A. Simple iodine complexes of the 
copper(I1) ion are unknown, in view of the ready reduction of copper(I1) to copper(1) with the 
liberation of iodine, nevertheless, copper-iodine bonds are formed if the copper(11) ion is 
stabilized by complex formation, as in [Cu(bipy)21]I (420),"w the structure of which involved 
the first example of five-coordinate copper(I1) stereochemistry. l3O0 Semi-coordinate iodide 

P 

and 2.9 8, (long). 
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Table 81 Halides as Ligands 

Chromophore Stereochemistry“ Ref. 

CuN3F0 
CuN,F,F; 
CuF,F; 
&F4F; 
CuN,F, 
CuN4F, 

CUCl, 
CUCl, 
cuO,Cl, 
CuNCi, 
CUCl CI 

cuo a C1’ 

CUCl, 

cuc1, 

Cuccc; 

CUCt&$ 

CuN,OCl, 

CuN,N,CI 
CUN,ClCI’ 
CuN2CI,N’ 

CuN,O,Cl 

CuN2C12Cl’ 
CuN4C1 

CuN,O,CI 

CuN,CI*CI’ 

CUCl, 

CUCl,Ci, 
cuc~,cl; 
CUCl4C1‘ 
cuo2cl ;w 
cucI ,c l ;c~  
CUc1,0c1; 
cuc1,c1; 
CUN,OCICI’ 
cua4c1; 

CUCl3C1~ 

cuN2a2(3; 
CuN a a 
c u d 4 c $  
CUCl2CI, 
CuCl,O,CI 
CUCh 
CuO*Cl,C~ 
cuo,c~,cl; 
CUN~C~CG 
CuCI,N, 
CuN,OClO’ 
cuc1,o,a; 
CUx,L 

CuN,Br4 
CuN,Br,Br; 
Cu0,B r2B r ‘ 
CuN,Br,Br’ 
CuNSBr,Br’ 
CUB[, 

&N$2 
CuN7NiI 

SBP 
ERO 
E T 0  
ET0 
ERO 
ERO 

CTd 
TTd 
CTd 
CTd 
CTd 
SBP 
SBP 
SBP 
CTd 
SBP 
TB 
TB 
SBP 
SBP 
SBP 
SBP 
SBP 
SBP 
TB 
L 
TO 
ERO 
ET0 
SBP 
ERO 
ERO 
ERO 
E T 0  
SBP 
ERO 
ERO 
SBP 
ET0 
CTd 
SBP 
SP 
SBP 
ERO 
ERO 
ET0 
SBP 
ERO 
CTd 

CTO 
ERO 
SBP 
SBP 
SBP 
L 

ERO 
TB 

594 
604 
535 
786 
445 
453,454 

483 
1079 
487 
488 
614 
63 1 
65 1 
498 
653 
653 
502 
505 
595 
603 
622 
628 
632 
633 
587 
417 
431 
784 
438 
765 
444 
766 
650 
779 
681 
785 
701 
701 
708 
708 
709 
476 
724 
780 
760 
781 
763 
772 
711 

536 
1098 
615 
634 
652 
417 

1301 
1153 

’ L = linear. TTd = trigonal distorted tetrahedral, For other abbreviationa s a  Table 78. 
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Table 82 X-Y-type Ligands 

Stereo - 
Chromophore chemirtry” Ref. 

CUOJ+J, 
CuN0,L 

CuN,CICI‘ 
CuN,N‘N” 
CuN,O, 
CuN,OO‘ 
CuN200‘C1‘ 
CuN,N 
Cu0,N 
CuN,O,O’ 
CUW, 
CuN,”OO’ 
CuN,N’O 
CuNNGO, 
CuNPN; 

CuN200’ 

CuN2S, 
C u ”  ’N”OS2 

CuNS,N’OO‘ 

CuONSO‘ 
CuN,OCI 0’ 

CUN~N; 

CuNSZN; 

CUN,S,Cl, 

CuN,O,O’ 

CuN,S, 
CuN,C 
CUN,CI 
cuN4c 
CuNON‘ 0’ 
CuN300’ 
CuN3N’0 
CuN300‘ 
CuN30F 
cus40z 
CuNS,OO’ 
CuNZOZO‘ 
cuN,oclcl’ 
cuN2s2 
-4 

CUNZO~O‘ 
CUN,OJ 
CuN,S, 

CuN4N; 
QN402 
h N 4 0 ,  

CuN2N;N;N; 

RC 
SBP 

SBP 
SBP 
SBP 
SBP 
SBP 
RC 
RC 
SBP 
RC 
SBP 
RC 
ERO 
SBP 
SBP 
RC 
ERO 
RC 
ERO 
cis-0 
ERO 
SBP 
SBP 
SBP 

ERO 
SBP 
TP 
TP 
RC 
SBP 
SBP 
SBP 
SBP 
ERO 
SBP 
SBP 
SBP 
RC 
RC 

ERO 
SBP 
SBP 

Bd SBP 
Bd SBP 
Bd SBP 

PB 

481,482 
716 

595 
661 
666 
710 
622 
593 
620 
710 
618 
758 
259 
866 
673 
675 
703 
669 

1224 
671 

1225 
674 
723 
756 
763 

441 
501 
587 
589 
629 
660 
667 
624 
594 
442 
658 
678 
65 

486 
480 

447 
523 
932 

524 
525 
526 

554 

a BdSBP = bicapped squarebased pyramidal. PB =pentagonal bipyramidal. For other abbreviations see Table 7K 
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occurs in [Cu(imidazole)J ] (445)"01 with a long Cu-I distance of 3.4 A compared to a short 
Cu-I distance of ca. 2 . 7 i .  

I 
[Cu(imidazole)aI,] (445)130' 

53.4.9.8 Hydrogen ligands 

ions. 
There is no X-ray crystallographic evidence that the hydrogen atom can bond to the copper(II) 

53.49.9 MLred donor chelate ligands 

These form an extensive series of copper(I1) complexes ranging from bidentate chelate ligands 
to hexadentate chelate ligands (Table 82a-e) with the predominant donor atoms N, 0 and S. 
Schiff's base N,O donor systems dominate the bidentate chelate ligands,481*1m e.g. in 
[C~(NMesalim)~] (222) and the early interest in these systems was concerned with the 
relationship1303 between the CuN202 chromo hore geometry, from rhombic coplanar (222) to 
com ressed tetrahedral [Cu(t-b~tylsalim)~]'~~' and the electronic properties of the copper(I1) 

With higher chelate ligand denticity the interest has involved the formation of a wider 
range of copper(1I) geometries, but more importantly the formation of polynuclear complexes, 
where the polydentate ligand may be involved in a bridging function that could hold the 
copper(I1) ions sufficiently close together for antiferromagnetic interaction to occur with the 
ultimate formation of diamagnetic dimers that are ESR silent (Table 44). Reference 30 gives an 
excellent up-to-date account of the wealth of structural and magnetic data that is currently 
available in this continually developing area. With the increasing denticity of the chelate 
ligands, there is considerable overlap with macrocyclic chemist 1298 where the geometry of the 

the copper(I1) ion, namely square coplanar , but with increasing flexibility of the ligand, the 
'plasticity' of the copper(I1) ion (Section 53.4.5) may also contribute to the final geometry of 
the copper(1I) ion, as determined in the crystalline 

macrocyclic ligand, if rigid, as in [Cu(phthalocyanine)j (210) 487, imposes its 'own' geometry on 

53.5 MIXED COPPER(II)/(III) COMPLEXES 

Compared to the copper(I)/(II) mixed oxidation state complexes (see Section 53.3.7) the 
copper(II)/(III) mixed oxidation states are of extremely limited occurrence and there are no 
single-crystal X-ray structural data available. The most simple system1308 is the dark brown 
Cs : Cu : F phase obtained by fluorination of a CsCl : CuCl mixture at approximately 400 "C. The 
product is believed to be a mixture at approximately 400°C of orthorhombic Cs[Cu"Cu"F,] 
and tetragonal C%[Cu&Cu'"F,]. Based on the comparison of the X-ray powder photograph of 
the former with Cs[Ni"Nin'F6] the CuF6 chromophore environment involves a regular 
octahedral environment with a Cu"'-F distance of 1.90 A.13w In CS~[CU~~~CU' '~F~]  the CuF, 
octahedral environment involves a Cu-F distance of 1.93A. As the ds configuration of the 
CuF6 chromophore involves a spin-free configuration, the copper(II1) environment is predicted 
to be paramagnetic, but unambiguous data have not been reported due to the presence of the 
accompanying copper(I1) species. A mixed copper oxidation state involving copper(I1I) has 
also been suggested for the perovskite La3Baz[Cut:-2,~CU~~~+2r~0~14+y~]. l3lo 

A more complex example of a Cu'""' system (Figure 105) is present in the trinuclear system 
[Cu,0p(OH)l,(ligand)3], where 0 s p  6 1; ligand = RNC(R')C(R')NO-; R = Et, Pry Bu or 
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Ph; and R' = Me or Ph.'"' In acid conditions (HClO,) the Cu30H unit predominates, but in 
the base NEt3, equilibrium deprotonation occurs to the Cu30 species (equation 34). 

Cu30H S Cu,O+H' (34) 

The yellow-green mixed valence complex [CU,O(P~%')~] (C104)2*H20 may be isolated from 
acetonitrile solution by a nearly reversible electrolytic oxidation (E&), + 0.44 V vs. SCE) of the 
corresponding Cui'O species. The complex (Figure 105a) is diamagnetic and has a relatively 
narrow and intense solvent sensitive intervalence electronic spectrum (Figure lb). While there 
is no crystallogra hic structure available, the near equivalence of the IR and proton NMR 

(Figure 105a) suggests a comparable structure and type 11 Robin and Day b e h a v i o ~ r . ~ , ~ , ~ ~ ' ~  
It is then of interest that the Cu:'OH complex only undergoes electrolytic reduction to yield a 
Cu$3$0 complex E& 0.3-0.45 V us. SCE).1313 

spectra of the Cu2Cum0 E complex and those of the Cui'O species of known crystal structures 

0 - cu-N, 

Wave number (kK) 

Figure 105 (a) The proposed structure'313 of [Cu,O(PPL') J(C104)2.H,0; and (b) the intervalence charge transfer 1 spectra at 11 091 cm- , sh 13 889 cm-' 

53.6 COPPEROH) COMPLEXES 

The copper(II1) oxidation state is three orders of magnitude less common than that of even 
copper(I), and crystallographic data are limited to less than 20 compounds or 
complexes. 5~10~11~17 It is a strong oxidizing agent and due to its ready reduction does not occur in 
nature,l' but due to its occurrence as a possible intermediate in redox reactions in biological 
systems," it has attracted increased interest in the literature, especially in redox/kinetic data." 
Brief accounts of the chemistry of copper(II1) appear in ref. 5 and the various editions of ref. 
10 and 17. The chemistry of copper(II1) was first reviewed in 1950,1314 and again in 1981;" the 
latter review forms the best account of the structural chemistry of copper(I11) to date, 
especially the redoxkinetic aspects of copper peptide chemistry, associated with the biological 
interest in the chemistry of copper(II1). 

53.6.1 Preparation of Copper(II1) Complexes 

As a higher oxidaiion state than copper(1) and copper(I1) species, copper(II1) is prepared by 
oxidation of the two lower oxidation states (Figure 106). Historically" this was first carried out 
in aqueous solutions using oxidizing agents such as the hypochlorite ion (C10)-,'31s chlorine 
gas C12,1316 and the persulfate anion (S20s)2-,1317 under alkaline conditions (Figure 106a-e). 
However as the [CU(OH~)~]~+ species is still unknown and the hypothetical [Cu(OH)4]- anion 
is very unstable,'318 although oxidation occurs, as reflected in the observation of colour 
changes, characterizing the copper(II1) species in solution has proved very difficult. Neverthe- 
less, the use of rather unusual oxidizing oxyanions,l"lp such as the (Te06)6- and (106)'- anion, 
results in the preparation of some relatively stable copper(II1) complexes even from aqueous 
solution, namely Nag[Cu(Te0&]-16H20 and Na7[Cu(IO6)&20Hz0. By using preparative 
mixtures of Cu(OH)2 and Na/KOH relatively simple compounds of copper(II1) such as NaCu02 
and Ba(CuO& were isolated,1314*1318~13m while the use of MCl/Cu2C12 and fluorine gas as the 
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oxidizing a ent roved most successful in the preparation of a range of M3[CuF6] copper(II1) 

the use of electrolytic ~ x i d a t i o n , ' ~ ~ ~ , ' ~ ' ~  especially in aqueous1323 and nonaqueous organic 
solvents" such as alcohol, acetone, acetonitrile1324 or sulfur d i0~ide . l~ '~  This not only o 
up the preparation of copper(II1) complexes involving nitrogen and sulfur li ands, 
complexes involving ligands such as thio carbamate^,'^^ diphos and d i a r ~ i n e , ' ~ ~  which are 
normally considered highly reducing. Using electrolytic reduction in liquid SO2 even the novel 
[C~(pyNO)~](PF~)~~cornplexe~ were ~repared,'"~ the Cu(III)N4 chromophore of Cu macro- 
cyclic complexes and polypeptide complexes. '' J~~~ The preparation of borane hydride 
complexes of copper(II1) and also of carborane complexes also became possible. 1330~1331 

complexes. 9 :  321,13 But even the use of the highly electronegative fluorine gas was surpassed by 

(a) Hypochlorite 
Cu" + alkaline HClO 

Ref. 
1315 - CU"' species + 0, 

(First suggested CuO,) yellow 

(b) Chlorine 
Cu(OH), + KOH + Cl, - Cu,O, red 1316 

+ Ba(OH), - BaCuO, red, unstable 1318 

(c) Electrochemical oxidation 
Cu(OH), + NaOH (12-14 M) - -+ Yellow ppt. 1322 

(d) NaClO or K2S20, + NaOH + (Te06)6- - Cu/(TeO,) complexes 1327,1319 
or electrochemically or - Cu/(IO,) complexes 

Fz 
(e) Cu,Cl, + GCl+ F2 (3,[CuF,l 1312 

Wgure 106 The preparation of copper(II1) complexes 

53.6.2 Stereochemistry of Copper(II1) Complexes 

To date all copper(II1) complexes of known crystal structure are mononuclear and there are 
no polynuclear copper(II1) complexes of known crystal structure (but see Figure 105). The first 
structure of a copper(II1) complex was that of the pale green K3[CuFg] which on the 
basis of its paramagnetism of pea = 3.01 BM was presumed to involve an octahedral CuF6 anion 
consistent with its X-ray powder photograph. More recently1333 the structure of the diamagnetic 
yellow-green Cs[CuF4] (447) has been determined by X-ray powder photography and shown to 
be square coplanar with a Cu-F distance of ca. 1.9 A. The first single-crystal X-ray structure 
of a copper(II1) complex was carried out on the first crystal of a copper(II1) complex to be 
isolated, namely Na3KH3[CU(I06)2].14H20 The structure involves a square coplanar 
Cu04 chromophore with Cu-0 distances of 1.90 A, but with an additional water molecule at a 
C u - 0  distance of 2.70& a distance that is rather long to be described as square-based 
pyramidal. In view of the instability of the copper(II1) ion in aqueous solution and the number 
of water molecules and free hydrogen cations in this complex, the structure is remarkably 
reminiscent of a copper(I1) stereochemistry, but its diamagnetism is the best evidence for the 
presence of a copper I11 ion. However, the recent crystal structure of the green 
[Cu(macrocycle)J (449) )332 where macrocycle = disodium 7,9,16,18,19,20-hexamethyl- 8,17- 
dioxa-l,2,5,6,10,11,14,15-octaazatricyclo[ 13.3.1. l6*'0] icosane-3,4,12,13-tetronato(4 - )-@,N5, 
N1',N14]-~-hydroxocuprate(III), involves a less ambiguous set of crystallographic data for a 
copper(II1) complex, which also involves a square-based pyramidal CuN40 chromophore. This 
complex also has a comparable long Cu-0 distance of 2.7 8, with the copper lifted out of the 
N4 plane and suggests that the structure of (448) above is correct. 

F 
c u  1.90 

F\ / 

F' ' F 

K3[CUF6] (446)"" Cs(CuF,] (447)'333 
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Na,KH,[Cu(10&].14H20 [Cu( macrocycle)] 

A number of diamagnetic square coplanar complexes of copper(II1) are known involvin a 
CuN4 chromophore, such as (B~qN)[0-phenylenebis(biuretato)cuprate(III)]~CHC1~ 
and the blue (EtNH3)[Cu(macro-N4)] (451)1337 complexes, where macro-N4 = the macrocyclic 
ligand 3,10-dimethyl-1,2,4,5,8,9,11, 12-octaazatetradecane-6,7 13,144etrane. Both complexes 
are diamagnetic and involve a coplanar CuN4 chromophore with a short Cu-N distance of 
1.82-1.86 and 1.88-1.90 A, respectively, and neither involves a fifth axial ligand within a 3.0 8, 
distance. 

(Bu:N)[Cu(macro-N,)]~CHCl, (450)'336 (E tNH,) [ Cu( rnacro-N,)] (451) '337 

The structure of [CU(H-~A~~~)]-~H~O.~.~N~C~O~ (&Z)1338 is important as the first structure 
of a coyper(II1) complex of a tripeptide which coordinates in the deprotonated state of the 
ligand.' The structure involves a square planar CuN30 chromophore with some of the shortest 
Cu-N distances known, even for copper(I1). The closest axial approach is a (C104)- oxygen 
atom at a distance of 2.91 A and the copper(II1) ion lies in the plane of the N30 ligands, 

The largest group of copper(I1) complexes of known structure (Table 83) involves 
coordination by the dithiolate group to yield Cu-S bonds with a planar CuS4 
c h r o r n ~ p h o r e . ' ~ ~ ~ ~ ~ ~  The Cu-S distances are in the range 2.17-2.26 A and at the Iowa range 
are considerably shorter than the normal CuI 'C distance of 2.3 A. Mention should be made of 
the novel copper(II1) carborane complex (Ph3PMe)[Cu(~B9H11)2] (4%) 71345 the structure of 
which involves a slipped sandwich C U ( C ~ B ~ ) ~  chromophore with four mean Cu-C distances of 
2.52 8, and six mean Cu-B distances of 2.21 A. As this type of copper environment involving 
six to ten coordination is unusual in copper chemistry, the matter is referred to (ref. 257), but it 
is worth notin that the corresponding copper(I1) and (111) carborane complexes are 
isostructural. 1 3 2  
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Table 83 Some Copper(II1) Dithiol Complexes 

c u s  (A) 
[CuBu~{bis(maleonitriledithionate)}] (453) 2.17 
K[Cu(l ,l-dicarboxyethylenedithi~l)~~E~O ' 2.195 
[Cu(N-pyrrolidyldithcarbamato)~](C10,) 2.20 
Cu{N,N-(BU"),NCSz},I(I,) 2.22 
~(~h3P)~")~CU(~~~0,Z1(454) 2.26 

2.19 [Cu(Bu"),dteBr,l (455) 

Ref, 

1339 
1340 
1341 
1342 
1343 
1344 

I/\ 
B-B-B 
I / \  /I 

C-B-B 
Cu-C 2.52 \ // 
Cu-I3 2.21 /%"\ 

B-B-C 

B-B-B 
V \ / l  

\ // 
S / ---. jBr N-C 2.193 c u  2.311 

B \ 
Br 

IC~(Bu")~dtcBr~] (455)13" (Ph,PMe)~Cu(C,B,H,,),] (456)'"' 

With so few crystallographic examples it is rather Wcul t  to summarize the stereochemistry 
of copper(II1). Nevertheless, it can be said that 0, N, and S sulfur ligands dominate the 
coordination chemistry of copper(II1) with Cu-L distances approximately 0.1 A shorter than 
the corresponding copper(I1) ligand distance (Figure 107). While the fluoride ion appears to be 
a reasonable ligand, the chloride and iodide ions are absent as ligands and only one example of 
the Cu-Br bond has been ~haracterized. '~~ The most common stereochemistries are rhombic 
coplanar, supplemented occasionally by a relatively long fifth ligand of cu. 2 . 7 k  With the 
fluoride as a ligand the predominant geometry is regular octahedral. The tetrahedral or trigonal 
bipyramidal stereochemistries have not been characterized for the copper(II1) ion. 

I I 
I 

CUI CUI' cu"' 

Fm 107 Ranges of Cu-L distances (A) for Cu', Cu" and Cu"' complexes 

53.6.3 Polynuclear Copper(II9 Complexes 

structure of the mixed copper(II)/(III) complex of Figure 105 suggests that these may exist. 
There are no clear crystallographic examples of polynuclear copper(II1) complexes but the 

53.6.4 Electronic Properties of Copper(1II) Complexes 
The copper(II1) ion with an (Ar)3d8 configuration generates the spectroscopic states 3F, 3P, 

which split in an octahedral crystal field as shown in Figure 108(a). The magnetic properties of 
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a series of MMi[CuFa] (446) complexes give peff = 2.7-2.9 BM, consistent with the presence of 
two free spins in the spin-free configuration of the copper(II1) ion in an octahedral crystal 
field. 1321 The electronic reflectance spectra involve spin-forbidden and spin-allowed bands 
observed in the region 9-20 kK with two charge-transfer bands in the region 30-45 kK.1347 The 
spectrum yields a A, value of 14.1 kK appropriate to an MI" ion. All other complexes of the 
copper(II1) ion are spin paired and diama netic with the spectra dominated by charge transfer 
spectra, which mask the d-d transition. 1 3 d  

IO 

kc 5 

t a l  IT - e, ( b )  

Aoci 14.1 kK 
., 3A*g'37; 

14.1 20.4 

3P 

A 

Fiw 108 Copper(ll1) ion (a) Orgel diagram and (b) the electronic spectrum of [CuF6l3- anionfM' 

Very little IR or Raman s ectroscopy of copper(II1) complexes have been reported,297 but 

and the biuret ligand undergoes little change on oxidation from copper(I1) to copper(III), with 
a general increase in the frequency of the modes of vibration. 

The redox properties1350 of copper"" couples are relatively low, with E" values in the region 
0.57-0.78 V for the [Cu(R,dtc)]2 systems in acetone s o l ~ t i o n , . ~ ~ ~ ~ ~ ~ ~ ~ ~  In copper(I1) peptide 
complexes," the E" values cover a wider range and show an interesting correlation with the 
vmw of the copper(I1) peptide electronic spectrum (Figure 109),13'* suggesting that the square 
planar Cu111L4 chromophore is more stable the more square coplanar the copper@) starting 
stereochemistry. This implies that the significant crystal field stabilization energy (CFSE) of the 
square coplanar C u 4  in the higher oxidation state must make a significant contribution to the 
thermodynamic stability of the copper(II1) peptide complexes (see ref. 11 for a more extensive 
discussion). 1353 The oxidation-reduction properties of the copper(III/II) couple with macro- 
cyclic ligands also suggests a dependence upon the electronic structure of the two ions involved 
in the inner-sphere electron transfer pathway. 1354 The photochemistry of copper(II1) complexes 
with macroc clic ligands also invokes the involvement of a copper(II1) macrocyclic 
intermediate:55 while the reaction of the [C~"~(enio)]+ cation with the I- ion, where 
enio = N, N'-ethyleneMs(isonitrosoacetylacetoneimine), suggests an inner-sphere mechanism 
first order in [I--].136 The ability of photoelectron spectroscopy to distin uish the copper(I1) 
and copper(II1) oxidation states has been reported (but see page 574).1357f358 

recently the spectra of [CUI', # '(biuret)] have been examined by normal coordinate analysis,lM9 

53.6.5 Biological Copper(1II) S y s t e r n ~ ~ ~ ~ ~ ~  

At present there is no X-ray crystallographic evidence to support the suggestion that the 
copper(II)/(III) redox cycle is present in any biological system, nevertheless this possibility 
should always be considered where a copper(I)/(II) redox cycle is copsidered. 1359 The presence 
of copper(II1) has been suggested in the active form of galactose oxidase and all its properties 
are said to support this suggestion, including its ESR spectrum.1363 As the most likely form of 
copper(II1) in a biological system is rhombic coplanar and diamagnetic, this suggestion has been 
questioned,l= but the final outcome must await X-ray crystallographic evidence. 

For the area of copper(I11) peptide substrate oxidation and of copper(II1) catalysis of O2 
activation,1365 the reader is referred to ref. 11, pp. 121-123, 
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Figure 109 The correlation of the E” values for copper(II/IIIj complexes with the copper(I1) d - d electronic spectra 
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53.7 COPPER(1V) COMPLEXES 
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This is one of the most limited oxidation states of copper and has only been 
characterized by two or three compounds with the most electronegative ligands, F- and 
02-.5,10,11,17*21 The best characterized is that of c.s2[cfi&1366 which is an orange-red solid 
prepared by high pressure (350 atm) fluorination of CS[CUC~]~ at 410 “C. The structure 
probably involves an octahedral [CuF6I4- anion, as the solid is paramagnetic (peE= 1.5 BM), 
which suggests that it is either a spin- aired complex with a &e: configuration due to the high 
oxidation state or it is spin free t&e[ with antiferromagnetic coupling of the three unpaired 
electrons. The copper(1V) oxidation state is also believed to O C C U ~ ~ , ~ ~ ~ ’  in the complex 
B ~ C U O ~ . ~ ~ ,  which is obtained by heating BaCuOz in air. The CuOz species has been 
characterized by matrix isolation techniques and is believed to involve an O=Cu--O structure, 

IR evidence, and not a peroxide (O$-).1368 
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The coordination chemistry of silver has historically been centred on the reaction of silver(1) 
ions with N-donor ligands and halides. However, an extensive chemistry now exists for P- and 
S-donor ligands, whilst for 0-donor ligands only weak complexes are generally formed and 
they have been studied in much less detail. Based on the reactivity and stability of its 
coordination complexes, the silver(1) ion has been characterized as a class B or 'soft' acid, for 
which the following stability order is observed: N << P > As > Sb; 0 << S - Se - Te; F < Cl < 
Br < I. Comparative studies between ligands with these donor atoms allowed the relative 
stability of silver bonds to be determined as P > S > N > 0. 

A large amount of structural data for silver complexes has been accumulated. The Iinear 
[H3N-Ag-NH3]+ ion was established in 1934 and for many years two-coordination was 
believed to be characteristic of the Ag' ion. With further development of silver chemistry, a 
wide range of geometries was realized, and especially in solution the silver(1) ion was often 
found to adopt a tetrahedral arrangement. For example, in liquid ammonia Raman spectro- 
scopic studies have shown that the linear [Ag(NH3)$ ion becomes further solvated to yield 
the tetrahedral ion [Ag(NH&]+. For pyridine, a tetrahedral complex [Ag(py)4]C104 has 
recently been isolated and its X-ray crystal structure determined. The complex was thermally 
unstable and on standing at room temperature readily lost 2 mol of pyridine. With imidazole, 
another structural aspect of silver chemistry becomes highlighted, that of cluster formation. In 
bis(imidazole)silver(I) nitrate, an isolated linearly coordinated cation is present. Investigations 
on the perchlorate salt, however, suggested a different arrangement and an X-ray crystal 
structure determination revealed the presence of a planar (Ag+), cluster, in which three 
radiating pairs of Ag+ ions were disposed on the corners of an equilateral triangle. In this 
system both three- and five-coordinate Ag' ions were present. 

Rather complex silver coordination is also exemplified by P- and S-donor ligands and a 
coordination number of two is rarely observed. With phosphines, a number of structural types 
have been found including tetrameric cubane and stair-type complexes. Steric requirements 
were found to play a dominant role in these structural variations. With thiols and metallothio 
anion ligands, recent attention has been focussed on the clusters generated by their reaction 
with silver(1) ions. Novel ring systems have been found where the silver ion was either three- or 
four-coordinate. Much future work is necessary to consolidate a systematic understanding of 
the factors determining the geometries of complex species in the solid state and in solution. 

Both the Ag" and Ag"' ions are readily accessible, although in aqueous solution these high 
oxidation states are thermodynamically and kinetically unstable and to achieve even limited 
stability requires the presence of N heterocycles, N macrocycles or biguanides. The preparation 
of these Ag'I and Ag"' complexes can be carried out by either electrochemical or chemical 
oxidations. Traditionally, S20;- has been a convenient oxidant, and with neutral ligands 
precipitation of red insoluble S20g- salts occurs. A number of other oxidants have been used, 
such as ozone, Pb02 or NOC1o4. 

In non-aqueous solvents, it is possible to alter the relative stability of the oxidation states of 
silver such that with some N4 macrocycles the silver(1) complexes are unstable and will actually 
disproportionate to produce the corresponding silver(I1) complexes. 

One application of these high oxidation state silver complexes has been as oxidants in 
organic syntheses. In particular, decarboxylations often proceed in high yield with Af 
complexes or with SzO;- in the presence of an A~ salt. 

Based on the limited structural data available, Ag" and Ag"' complexes appear to commonly 
adopt a square planar arrangement with four N-donor atoms. Some six-coordinate Complexes 
have also been identified. The Ag" ion is paramagnetic (4d9) and is readily detected by ESR 



Silver 777 

spectroscopy. ESR spectra of N-heterocyclic AgI[ complexes in frozen aqueous solution have 
also been interpreted in terms of square planar geometry and showed that little or no structural 
change occurred on dissolution. Considering the stability observed with N-donor ligands for 
Ag" and Ag"', it seems that these ions have more class A or 'hard' acid characteristics. 

The photographic industry continues to dominate in the industrial applications of silver 
complexes, especially in relation to halogen compounds, and a vast amount of literature each 
year is concerned with this field. Photographic applications of coordination complexes are 
covered separately in Chapter 59 and will not be dealt with in depth here. 

Biological and medicinal aspects of silver chemistry are covered in Chapter 62 but a number 
of features will be outlined here. Silver salts are powerful bacteriocides and it has been known 
for many years that storing water in silver vessels prevents spoilage. Silver nitrate is highly 
corrosive and can be applied locally to remove warts or cauterize wounds. In many states in the 
USA, a 1% AgN03 solution is dropped into the eyes of newborn infants to prevent ophthalmia 
neonatorum. Silver sulfadiazine has been found effective as a topical application to prevent 
infections in serious burns victims. 

Since much research work on silver complexes has been biased towards N-donor ligands, a 
large proportion of this chapter has been devoted to that field with broader coverage given to 
P-, S- and 0-donor ligands. Several volumes of the Gmelin series were recently published 
(1972-1976) on the coordination chemistry of N-, 0-, P- and S-donor ligands. These constitute 
the only substantial reviews of silver chemistry and exhaustively cover the European literature 
in particular. Owing to limitations of space, the references given here are to the more 
frequently cited periodicals and review journals and preference has been given to those 
published in English before January 1984. 

54.1 SILVERU) COMPOUNDS 

51.1.1 Group IV Ligands 

54l.l.1 Cyanides and filmhates 

(i) Cyanides 
An important method €or the extraction of silver from silver ores was by cyanidation, in 

which the ores were leached with a dilute solution of sodium cyanide. The silver was then 
recovered from the soiution by treatment with zinc. Silver has also been precipitated from 
cyanide solutions by electrolysis and such solutions are employed as the electrolyte in silver 
plating. 

The complex species present in aqueous solutions containing an excess of cyanide are 
Ag(CN);, Ag(CN)z- and Ag(CN)i-. Thermodynamic data for these species are collected in 
Table l . 1 7 2  

Crystal data are available for the salts KAg(CN)$4 and K3Ag(CN)4.s These salts were 
isolated by evaporation at room temperature of aqueous solutions containing KCN and AgCN 
in appropriate molar ratios. K3Ag(CN)4 was anhydrous (not hydrated as originally proposed)6 
and isomorphous with the corresponding copper salt. The dicyanoargentate(1) ion was found to 
be linear, with an A e  distance of 213 pm. KAg(CN)2 has UV absorption bands at 236 and 
270 nm.' 

IR spectroscopy has been used to study complex formation in solution and the absorption of 
complex cyano anions on 200-400 mesh Dowex-A-1 anion exchange resin.' To complement 
these studies the Raman spectra have been obtained for solid KAg(CN)2 and for the complex 

Table 1 Some Thermodynamic Data for Complex Silver Cyanides'.' 

log K" log Kb AHob (kJ mol-') ASab (J K-' mol-') 

Ag(W;/Ag*(CVz 20.0 20.48 - 138 -71, (-67)' 
Ag(CN):-/Ag(CN-)3 20.3 (30 "C) 21.4 - 140 -54, (-46)Z 
Ag(CN):-/Ag*(CN-)4 20.8 (30 "C) - - - 
Ag( OH)(CN) - / A g  (OH-).( CN- ) 12.7 13.2 - - 
Ag+*CN-/AgCN (s) -15.4 -15.66 - - 
-. -. . 

'25*c,1=1.0. b25"C,l=0. 
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Table 2 Characteristic Vibrational Bands for (a) Silver(1) Cyanides 

Raman9 (cm-') Infrareds (cm-') 

(b) For Solid KAg(CN), 

71 (A) y2 (A> Y 3  ( B )  Y4 ( B )  Y S  (A) Y6 (A) Y S  ( B )  Y7 ( A )  Y7 ( B )  Ref. 

2145.5 360 - - 250 328 - 142 - 10 
2148 - 2139.5 392 252 - 311 - 147 11 
- 360 2140 390 250 - 310 - 107 12 

species in solution at various CN- to Ag' molar ratio~.~*lO Spectral data are presented in Table 
2. 

More recently, Raman spectroscopy has been used to analyze the equilibria between Ag' 
and CN- in liquid arnm0r1ia.l~ The factors affecting linkage isomerism, ion aggregation and ion 
pairing of the following species were discussed: AgCN, AgNC, Ag(CN);, Ag(CN)(NC)-, 
Ag(NC)Z, Ag(CN)$-, AgZ(CN)+, AgZ(CN)z, Ag2(CN)F, MAg2(CN):- (M = Na+, K+) and 
MAg(CN)T (M = Li+, Naf or K+). The equilibria and characteristic CN- absorption for these 
silver(1) cyano species are summarized in Scheme 1. In the horizontal direction the scheme 
shows a change in the ratio of cyanide to silver in both mono- and bi-nuclear complexes. 
Compounds which lie on a vertical axis are in general linkage isomers (the exception is 
Ag2(CN)2 which is the dimer of AgCN). Compounds in the bottom row are formed by joining 
together a pair of mononuclear complexes. Finally, MAg(CN)T is a heterobinuclear complex, 
or ion pair, formed from Ag(CN)$- and an alkali metal cation. 

The solubility of silver cyanide in anhydrous H F  at 20°C was at least 3.2M; it was less 
soluble in wet HF and virtually insoluble in the aqueous acid. On the basis of IR and 'HNMR 
spectroscopy it was proposed that the equilibria described by equations (1) and (2) occurred. It 
was estimated that there was -40% each of (HCN),Ag+ and Ag+ and 20%HCNAg+ in 

Scheme 1 Raman absorption bands (cm-') used to characterize species involved in equilibria between CN- and Ag' 
in liquid arnrn~nia'~ 
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s01ution.l~ Transition metal complexes of HCN and related ligands were recently re~iewed.'~ 

AgCN+HF - HCNAg++F- (1) 

2HCNAg' - (HCN),Ag' + Ag+ (2) 

(ii) Fulminates 

Silver fulminate was recognized by Gay-Lussac16 to have the same composition as silver 
cyanate, thus providing the first example of isomerism. Two polymorphs of silver fulminate are 
known and their structures have been determined.17 Silver fulminate is regarded as a poor 
detonator due to its dangerous sensitivity; this may depend on the presence or absence of the 
second form." 

The preparation of a non-explosive and thermally stable fulminate complex, 
Et4N+[Ag(CN0)2]-, has been described and I4N NMR and IR spectra have been recorded 
(6 = +164 p$.m. in CH2C12, cf. 2y, CNO = 2294, yas CNO = 2119, ys CNO = 
1144 cm-').' 

54.1.2 Nitrogen Ligands 

54121 Ammonia and amines 

(i) Ammonia 
Classical methods of group analysis and separation take advantage of the stability of the 

[Ag(NH3)# ion to separate silver from mercury. Treatment of a precipitate containing AgCl 
with dilute ammonia leads to the reaction in equation (3) bringing the silver into solution. To 
confirm the presence of Ag+, nitric acid must then be added to cause reprecipitation of AgCl. 
In aqueous ammonia, the diarnmine was the highest species formed, and thermodynamic data 
for its formation are collected in Table 3.'&= 

(3) 

Where equilibrium constants have been expressed in concentration terms, it has been found 
that significant variations can occur depending on the concentration and kind of ionic medium 
employed. Recently, these variations were investigated for the Agf/NH3 system where it was 
discovered that the formation constants were generally lower in NO; media than in CIO;."+' 
The variation was interpreted in terms of interactions occurring between oppositely charged 
ions in solution. 

In liquid ammonia, Raman spectroscopy indicated that the major species present was the 
tetraammine.24 This was based on the observation that the band assigned as y(N-Ag--N),,,, 
at 370 cm-l in aqueous solutions was absent in liquid ammonia, whilst a new band occurred at 
29Ocm-'. Also, whilst no tetraammine salts have been isolated from aqueous solution, 
recrystallization of [Ag(NH&]C104 from liquid ammonia yielded [Ag(NH3)4]C104. 

Crystal structural data are available for [Ag(N€€3)2]2S04,25 [Ag(NH3)2]N03 (room 
temperature% and 223 Kz7) and [Ag(NH3)2][Ag(ON0)2].28 For the latter complex, the linear 
[H3N-Ag-NH3]+ units had A e N  bond lengths of 211 pm, a little longer than that found in 

AgCl(s) + 2NH3(aq) e Ag(NH,):(aq) + Cl-(aq) 

Table 3 Some Thermodynamic Data for the Formation of Silver(1) Ammines at 

25 "C 

Medium log 81 log 8 2  AH82 A p  Ref 
(kJ mol-') (J K- mol-') 

z = o  3.31f0.06 7.22f0.01 -56.1f0.4 -49.8f21 20,21 
22 
22 
22 
22 

3 M NaC10, 3.62 7.93 -59.3 -47.0 23 

1 M Lao, 3.22 7.21 - - 
1 M NaNO, 3.28 7.25 - - 
1 M KNO, 3.27 7.24 - - 
1 M NaCIO, 3.36 7.38 - - 
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Table 4 Observed Frequencies (cm-') in Raman Spectra of 
Saturated Aqueous Solutions of Diammine Silver(1) 

Complexes" 

[Ag(NH3),]N03 [Ag(NH,),]CIO, , Assignment 

3373 
3287 
3195 
1658 
1624 
1224 
372 

1399 ( Y J  
1048 (Yl) 
715 (Y4) - 

- 
3293 
3203 
1658 
1634 
1223 
369 

1107 (Y3 )  
934 (Yl) 
629 (Y4) 
460 (Yz) 

NO; or CIO; 
bands 

the earlier studies (189pm). In aqueous solution, an X-ray diffraction study of diammine 
silver(1) nitrate showed that the Ag-N bond was even longer at 222 f 2 pm." 

IR and Raman studies of some diammine silver(1) salts and their deuterated derivatives have 
been r e p ~ r t e d . ~ ' ~ '  Characteristic absorption bands are given in Tables 4 and 5. 

A 'H and 'H NMR study of single crystals of [Ag(NH3)2][Ag(ON0)2] has been reported.32 
Rapid reorientational motions of the ammine groups around their C, axes were found. The 
orientations of the C3 axes within the crystal corresponded with the Ag-N bond directions of 
the [H3N-Ag-NH3]+ unit. The deuterium quadrupole coupling constant was determined and 
found to be identical to that of solid ND3. It was concluded that the electronic configuration 
and the geometric structure of ammonia were changed only very slightly upon coordination to 
silver ions. 

The explosive nature of silver ammine salts (fulminating silver) has been thoroughly 
investigated. Neither the solid, precipitated during the addition of ammonia to a solution of a 
silver(1) salt, nor the silver salt ammine complex, formed when the precipitate was redissolved, 
was sensitive to even the most severe initiators of explosions. Tests have been performed on a 
range of concentrations and temperatures and for both fresh and aged solutions. Dried whole 
solutions were not sensitive to mechanical shock unless they were dried at 95 "C or bigher; then 
some darkening occurred and the solids would explode if initiated with shocks greater than 
100 kg cm-' drop weight. An extremely sensitive and violently explosive precipitate separated 
from ammoniacal silver solutions at pH values above 12.9. Such a precipitate could not be 
formed by addition of ammonia alone to a dissolved silver salt, but did form when KOH was 
added to the Ag-NH3 complex solution, or when silver oxide was dissolved in ammonia with or 
without decantation. The explosive species was given as Ag3N4. It was noticed that both 
ammonium carbonate and acetate completely inhibited NH3-Ag-oxide  explosion^.^^ 

Tollens' reagent, which is based on Ag(NH3)$, can be used to test for the presence of 
aldehydes. The weakly oxidizing system converts aldehydes to carboxylates and if the reaction 
is slow and the walls of the vessel are clean, then a silver mirror can often be observed, 
otherwise a grey or black precipitate results. No oxidation of ketones occurs, except with 
m-hydroxy ketones, and on the basis of its reaction with sugars, they can be categorized as 

Table 5 Observed Frequencies (cm-') in the IR Spectra of some Diammine Silver@) Salts and 
their Deuterated Analogues3' 

~~~ 

[ A g ( N H M W  [Ag(h'D,)zINO3 [&(NH&IzSO~ [Ag(ND,hIzSO~ AssignmM 

3320 2465 3320 2450 NH, str (asym) 
3270 2375 3230 2380 

1624 1177 1642 11% NH, def 
1602 1167 1626 1185 
1246 953 1236 937 NH3 bend 
1214 932 1222 930 NH, bend 
660 495 740 548 NH3 rock 
610 479 703 517 

3180 2320 3150 2290 NH3 str (SP) 
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reducing or non-reducing. Reducing sugars contain hemiacetal or hemiketal groups and exist in 
equilibrium with non-cyclic aldehydes or a-hydroxy ketones. On the other hand, a negative 
test is found for non-reducing sugars, since these carbohydrates contain acetals or ketds, which 
do not exist in equilibrium with aldehydes or a-hydroxy ketones.34 

(ii) Aliphatic monodentate amines 

In aqueous solution, silver does not appear to bind more than two monodentate amine 
ligands, which are predicted to give linear or almost linear structures, similar to that found for 
ammonia. 

Table 6 Some Thermodynamic Data for Silver Complexes of Primary Amines 

Amine 

~~ ~ ~ 

Methyl a 10.644 f0.005 3.06 f 0.03 6.78 f 0.05 
10.466 f0.002 3.07 f 0.02 6.89 f 0.01 

Ethyl a 10.662 f 0.004 3.44 f 0.03 7.34 f 0.05 
10.98 f 0.01 3.46 f 0.06 7.57 f 0.02 
10.636 f 0.008 3.46 f 0.03 7.34f 0.03 

n-Propyl ' 10.92 f 0.01 3.47 f 0.03 7.54 f 0.01 
10.564 f 0.004 3.45 f 0.01 7.44 f 0.02 

Isopropyl 10.623 f 0.008 3.64 f 0.06 7.77 f 0.04 
n-Butyl ' 10.93 f0.02 3.50fO.l 7.60f0.05 

10.639 f 0.003 3.43 f 0.03 7.48 f0.03 
s-Butyl ' 10.559 f 0.003 3.65 f 0.06 7.77 f 0.03 
t-Butyl ' 10.663 f 0.01 3.69 f 0.06 7.87 f0.03 
nPentyl 10.93 f0.06 3.55 f 0.09 7.70 f 0.03 

10.5W f 0.007 3.57 f 0.02 7.50 f 0.03 
n-Hexyl 10.63 fO.OO1 3.54 f 0.02 7.56 f 0.02 
Cyclopropyl a 9.064 f 0.01 3.10 f 0.08 6.43 5 0.05 
Cyclopentyl a 10.625 f 0.003 3.61 f 0.06 7.83 f 0.04 
Cyclohexyl a 10.617 f 0.006 3.72 f 0.08 8.02 It 0.05 

"I=O.l, T=25"C.  " I = O ,  T=25"C.  'I=0.05, T = 2 0 T .  

49.04 f 0.2 

52.34 f 0.1 

53.22 f 0.04 
59.83 

52.59 f 0.2 

57.45 

51.63 f 0.1 
53.05 f 0.4 

65.48 
62.17 

~ ~~~ 

35 
32.6f0.2 36 

35 
37 

34.6f0.1 36 
37 

36.1 f O . l  36 
35,44 

37 
33.3 f 0 . 2  36 

35 
35,44 

37 
22.2 fO.l 36 
33.3f0.4 36 

35 
35,44 
35,44 

The effect of increasing the chain length on the stability of the silver amine complex has been 
investigated. Thermodynamic data are collected in Table 6.35-37*e2 In general, there was an 
increase in stability as methyl groups were substituted in the hydrocarbon chain. For n-butyl- 
and n-pentyl-amine complexes, however, there may have been some hydrophobic interaction 
between the two ends of the hydrocarbon chain, since the increase in stability over the 
methylamine complex was not as large as expected.36 Secondary and tertiary amine complexes 
were generally less stabIe than their primary amine analogues (Table 7).3944 

Table 7 Some Thermodynamic Data for Silver Complexes of Secondary and Tertiary Amines 

Amine Medium 

Dimethylamine 

Diethylamine 

Diisoprop ylamine 

Dibutylamine 
Diisobutylamine 
Dial1 ylamine 
Trimethylamine 
Triethylamine 

Tributylamine 

mot, 1=1.09 
25 "C 
25 "C, I+ 0 

25 "C, I = 0.1 
Acetone, 0.1 M NaC10, 
Acetone, 0.1 M NaCIO, 
Acetone, 0.1 M NaCIO, 
Acetone, 0.1 M NaCIO, 
1 5 T ,  1-0.1 
25 "C, I = 0.4 

50 mol % ethanol 

- 

( W d * ~ O 3 )  

~ ~ ~ ~~~~~~ 

2.23 4.55 

- 6.38 
3.06 6.36 
3.41 6.73 

- - 

- 10.05 f 0.13 - 10.18 f 0.05 
I 8.83 f 0.13 
- 8.96 0.05 
- 3.31 

2.6 4.8 

2.22 3.82 

- 
-41 
-44.56 - 

- 
I 

- 
-78.7 

- 
-33 
- 27 
- 

- 
- 
-21 

~ 

38 
39 
39 
40 
44 
41 
41 
41 
41 
42 
43 

40 
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(i i i)  Ethylenediamine and aliphatic polyamines 

Studies on bidentate and higher dentate amine ligands have indicated that complex 
formation with silver(1) was rather more complicated than for monodentate amines. Poly- 
nuclear? protonated and even hydroxo complexes have been postulated to occur in solution. 

The silver(1) ethylenediamine system has been thoroughly investigated and thermodynamic 
data for complex formation are given in Table 8.45,46 The maximum coordination number of the 
silver(1) in these complexes was claimed to be two, although two molecules of ethylenediamine 
are coordinated. However, the stability constants, p2, of [As(NH~)~]+ and [Ag(en)2]+ were 
almost the same. A linear arrangement could not be achieved with ethylenediamine forming a 
chelate ring and could only occur if the ethylenediamines acted as monodentate ligands. This 
explained the stability constants found. However, when only one N of ethylenediamine 
coordinates, the other amino group must be able to add a proton or another Ag'. This led to a 
variety of species not found for simple monodentate amines. 

Table 8 Thermodynamic Data for Silver@) Ethylenediamine Complexes 

Logs AH" AS" Ref. 
(kJ mol-') (J K-' mol-') 

AgHen2+/Ag+. H+.en 2.34 -25.4 -41 45 
AgH,en;+/Ag*. (H+)2.(en)2 4.90 -50.8 - 77 45 
AgH(en):+/Ag+.(H+) .(en)" 6.47 -56.9 -66 45 
Ag(en);/Ag+ .(en)" 7.64 -52.5 - 30 45 

-55.2 f 1.3 -39 f 5 46 
&,(en):' / @g+)*. (en)' 13.15 -97.1 -74 45 

-107.8 f 2.7 -109 k 9 46 

The crystal structure of [Ag(en)]CI04 has been determi~~ed.~' In solution, it has been 
suggested that the 1 : 1 corn lex may exist as a hydrated chelate with some strain within the 
five-membered chelate ring& In the solid state, however, the complex formed infinite chains 
(1) with a bridging ethylenediamine between the silver atoms.47 

HZN-A g-NH 2 

/ \ 
\ FH2 CHz 

CIIE 

H2N-Ag- 
/CH2 \ 

-Ag-N H 2 

(1) 

Recently the stability of silver(1) complexes of N-methyl-substituted 4- 
methyldiethylenetriamines has been investigated by potentiometric pH and pAg measure- 
ments. Besides mononuclear complexes, polynuclear and protonated complexes were formed. 
Evidence of hydroxo complexes was also presented. 48 

(iv) Aromatic amines 

Silver(1) complexes with aromatic amines have been less studied than their aliphatic amine 
analogues, and in general are much less stable (Table 9).4(1-52 

Once again, 1 :2 linear complexes are expected, although it has been predicted that aromatic 
amines may also form 2: 1 complexes because of the possibility that a second silver ion could 
coordinate with the aromatic nucleu~.~' 

Complexation with racemic 2,3-di(4-aminophenyl)butane (L) gave A L 3N03, which was 
claimed to be six-coordinate with the silver bound to the six donor atoms. By comparison, the 
meso stereoisomer gave only a 1 : 1 complex AgN03. 

4( ) 

(u )  Aziridines, piperidines and quinuclidines 

Addition of an excess of anhydrous aziridine to silver chloride resulted in dissolution and the 
formation of a colourless solution. Attempts to isolate a complex were unsuccessful ,and 
addition of water, ethanol or ether caused reprecipitation of silver chloride. 
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Table 9 Some Stability Constant Data for Silver(1) Complexes with Aromatic Amines 

Aniline 

2-Toluidine 

3-Toluidine 

4-Toluidine 

2-Bromoaniline 
3-Bromoaniline 
4-Bromoaniline 
2-Chloroaniline 
3-Chloroaniline 
4-Chloroanilne 
4-Iodoaniline 
2-Nitroaniline 
3-Nitroaniline 
4-Nitroaniline 
2,4-Dimethylaniline 
2,6-Dimethylaniline 
3,5-Dimethylaniline 
N-Me thylaniline 

25 "C, 1 M KNO, 
1 7 T ,  1 ~ 0 . 2  
50 mol % EtOH 

25 "C, 1 M KNO, 

25 "C, 1 M KNO, 

25 "C, 59 wt % EtOH-HZO 

25 "C, 59 wt % EtCH-HZO 

25 "C, 59 wt % EtOH-HZO 
25 "C, 1 M KNO, 
25 "C, 59 wt % EtOH-H20 
25 "C, 59 wt % EtOH-HZO 
25 "C, 59 wt % EtOH-HZO 
25 "C, 59 wt % EtOH-HZO 
25"C, EtOH 
2 5 T ,  EtOH 
25 "C, EtOH 
25 "C, EtOH 
25 "C, 59 wt % EtOH-HZO 
25 "C, 59 wt % EtOH-HZO 
25 "C, 59 wt % EtOH-HZO 
96% EtOH 
25 "C, 1 M KNO, 
25 "C, 1 M KNO, 
25T, lMKNO, 
25 "C, I < 0.01 

49 
" 3.47 50 

- I .38 2.88 51 
3.0 f 0.05 52 

49 
3.65 f 0.05 52 

49 
3.4 f 0.05 52 

49 
3.9 f 0.05 52 
2.8 f 0.05 52 
2.8 f 0.05 52 

L -  2.75 f 0.05 52 
1.71 51 
2.13 51 
2.65 51 
2.50 51 
1.9 52 
1.7 52 
1.7 52 

- 2.37 3.70 (log P3 = 4.07) 51 
49 4.1 1.62 _ 

4.9 1.63 - 49 
4.78 1.0 49 
_ 1.38 1.74 51 

4.62 1.44 - 
- -  
_ _  

4.43 1.51 - 

4.71 1.47 - 
5.12 1.57 - 

_ _  
- -  
_ _  

- -  
_ _  
- -  
_ _  
- -  
_ _  
- -  
_ _  

With silver nitrate, colourless sheets could be precipitated by the addition of anhydrous ether 
to an aziridine solution. It was noticed that on standing for a few days in aqueous solution the 
salt decomposed and deposited metallic silver. The formation constants in aqueous solution 
were determined at 16.5 "C (I= 1.0 M NaN03): log 

In the presence of a range of metal ions, including Ag', aziridine was found to dimerize to 
1-(2-arninoethyl)aziridine (equation 4). A bis complex of this ligand was isolated as the silver 
nitrate salt. Characteristic 'H NMR spectral data are given in Table 

= 2.40, log P2 = 5.40.54 

The stability of silver(1) salts of piperidine and aikylpiperidines has been reported.56 
Formation constants (log p2) were in the range 3.8-7.7 (Table 11). 

Table 10 'HNMR Spectral Data for 1-(2-Aminaethyl)aziridine and 
its Silver(1) Complex (p.p.m.)" 

Solvent 6(HJ 6(H,) 6(HJ 6(Hd)  6(H,) 

Ag(L)ZNO, DZO -1.43 -1.85 -2.38 -2.94 - 
L DZO -1.32 -1.73 -2.32 -2.77 - 

Neat -1.04 -1.59 -2.14 -2.72 -1.42 

Reference: inrernaI DSS (for D,O) or TMS; T = 37 "C 
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Table U Formation Constants of some Silver(1) Salts of Piperidine 
and Alkylpiperidines (25 "C, Z = 0.5 M KN03)56 

Piperidine 
ZMethyIpiperidine 
3-Methylpipendine 
CMethyipiperidine 
Z,f%Dimethylpiperidine 
N-Met hylpiperidine 
N-Eth y Ipiperidine 
2-Et hylpiperidine 
2-Propylpiperidine 
Quinuclidine (DMSO, Z = 0.1)'' 

3.12fO.l  
3.450 f 0.005 
3.04 f 0.01 
3.20 f 0.01 
3.96 f 0.04 
2.64 f 0.02 
3.12 i 0.02 
3.84 f 0.M 
4.0 f 0.1 
2.1 

~~ 

6.43 f 0.01 
6.942 f 0.004 
6.427 f 0.004 
6.50 f 0.01 
7.71 f 0.03 
3.8 f 0.1 
5.20 f 0.06 
7.36 f 0.02 
7.52 f 0.01 
3.6 

The crystal structure of the complex between silver iodide and piperidine has been 
dete~mined.~' The colourless crystals were prepared by warming silver iodide with sufficient 
piperidine to allow the silver iodide to dissolve and then allowing the resulting solution to cool. 
The structure consisted of tetrahedral clusters of iodide ions with the silver atoms embedded 
into the faces of the tetrahedron. The (AgI), clusters were separated by the piperidine 
molecules which were bound to the silver via the N atom. The Ag-N bond lengths were 
232.9 pm, while the Ag-I distances were 285.3, 293.6 and 294.2 pm. 

The first metal complex of quinuclidine (2) was reported in 1966.58 Ag(quinuclidine)zNOa 
was isolated as a white solid after reaction of quinuclidine and silver nitrate in acetonitrile for 
several days. The formation constants were determined in DMSO (Table 11). The complex 
melted with decomposition at 158 "C. 

5412.2 N-heterocyclic ligands 

( i )  Pyrazoles and imidazoles 

Complexes containing the uninegative pyrazolide ion have been known since 1889 when the 
formation of an insoluble silver pyrazolide salt Ag(pz) was reported.59 The structure has never 
been established but it was probably polymeric. Some substituted pyrazolide derivatives were 
also prepared at that time. 

A stepwise halogenation of pyrazole and substituted pyrazoles has been carried out via their 
silver salts. Thus silver pyrazolide yields 4-halopyrazoles and 5-methylpyrazole gave 4-halo-5- 
methylpyrazole (equation 5) 

The silver complex (Ci-C3F,pz)Ag was found to be soluble in acetone where it was 
tetrameric. In general, silver pyrazolides were found to be remarkably insensitive to light6' 

The crystal structure of tris(l-phenyl-3,5-dimethylpyrazole)silver(I) nitrate (3) has been 
determined.63 The Ag' ion sat at the centre of a triangle of 3 Ns from the pyrazole rings and 
the Ag-N bond lengths were about 224pm. The nitrate groups were situated between the 
silver ions in the crystal lattice but the separations were of the order of 550-700pm-t00 far 
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for any significant interaction. 
Mem 

PhN, )Me d 

Poly(1-pyrazoly1)borates are dealt with in Section 54.1.2.6. 
A large number of imidazole (4) and benzimidazole (5) silver(1) complexes have been 

Early reports predicted that the site of complex formation of the imidazole 
molecule would be the 'pyridine' nitrogen rather than the 'pyrrole' nitrogen. However, the 
crystal structure of bis(imidazo1e)silver nitrate showed that the two pyrrole nitrogens were 
bound in almost linear arrangement (Ag-N 212.0, 213.2 pm, N-Ag-N, 172°).65 

Q> 
H 

(4) (5 )  

The crystal structure of bis(imidazole)silver(I) perchlorate has recently been determined.@ 
The structure revealed the presence of a planar (Ag+)6 cluster (6), in which three radiating 
pairs of Ag+ ions 305.1 pm apart were disposed on the corners of an equilateral triangle, the 
inner Ag+ ions being 349.3 pm apart. Each silver ion was linearly coordinated to two imidazole 
rings which were planar. The Ag-N distances were somewhat shorter than in the nitrate salt 
(Ag-N = 207.5 and 208.9 pm). 

N-Ag--N 

N- Ag-N 

/ 
N N 
\ 

(6) 

Exposure to y-rays at 77 K resulted in electron addition to a group of three equivalent 
silver atoms. ESR spectra showed no indication of delocalization on to the remaining three 
Ag' ions in the cluster. 

Stability constant measurements have shown that imidazoles form some of the most stable 
complexes of all N-heterocyclic ligands. Some thermodynamic data are given in Table 12. 

Table 12 Some Thermodynamic Data for the Formation of Silver(1) Imidazole Complexes 

Imidazole I = O . l ,  0°C 3.52 7.88 2 s f 7  9f25 67 
f = l . O ,  25'C 3.05 6.88 -6S.7f0.8 -88f4 68 

1-Meth ylimidazole I=l.O, 25°C 3.00 6.S9 -6S.3f0.8 -88f4 68 
64 
64 

2-Methylimidazale I = 1.0, r.t. 3.11 6.98 - - 
2-Ethyl-4-methylimidazolt I = 1.0, r.t. 3.64 7.74 - - 
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The acidity of the hydrogen bound at the pyrrole nitrogen is very weak; it is perhaps 
surprising therefore that silver imidazolates have been known since 1877.@ Silver(1) imidazo- 
late has been prepared by dissolving equimolar amounts of AgN03 and imidazole in distilled 
water. NaOH solution was then added dropwise untiI a pH of approximately 10 was reached. 
The precipitate formed was filtered, washed with ethanol and dried at room temperature under 
vacuum. To obtain Ag(imidaz01e)~NO~~ the white precipitate formed on adding AgN03 to 
imidazole was dissolved by adding HN03 to give a pH of 5.5 or 4.69 Colourless crystals were 
deposited on slow evaporation. The IR spectrum of Ag(imidazo1ate) showed that the N-H 
stretching band normally appearing at 3150-3400 cm-' for imidazole complexes was missing as 
expected.68 

Silver imidazolate together with rnercury(I1) chloride or zinc(I1) chloride has proved to an 
efficient promoting system for glycosidations. For example, 1 ,Ztrans-linked aryl glucosides 
have been pre ared from fully acetylated glycopyranosyl bromides in almost quantitative yield 
(equation 6). 78 

(ii) Pyridines, pyrimidines and pyratines 

Stability constant measurements on the silver(1) pyridine system were made by Bjerrum as 
early as 1941, although they were not published until 1972.71 It was found when determining 
the stability constants of the relatively weak pyridine complexes that an important cause of 
error in glass electrode measurements was the strong activity-decreasing effect of pyridine on 
its complex ions as well as on pyridine itself. This salting-in effect gave rise to inflated values 
for the maximum ligand number, which Bjerrum concluded was two.'l More recently, the 
formation constants have been o timized using the chemical shifts of the three different types 
of carbon atom observed in the &NMR spectrum." Since the exchange rates for bound and 
free pyridine molecules were fast on the NMR timescale, single, sharp resonances were 
obtained at 152.85 f 0.04 (ortho), 126.70 f 0.02 (rneta) and 140.54 f 0.05 (para). 
Thermodynamic data are summarized in Table 13.72,73,81-g5 

Silver nitrate is very soluble in water-free pyridine. The solid isolated from pyridine was 
temperature dependent wih maximum solvation occurring at low temperatures. Thus below 
-25 "C, Ag(py)2N03-4py was reported to be the stable solid.74 From aqueous pyridine, the bis 

Table l3 Some Thermodynamic Data for Silver(I) Pyridine Derivatives 

Amine Medium PK Log& Log& A432 AS& Ref. 
(kJmol-') (J K-' mol-') 

n 
- 2.05 4.10 -47.03 -79.1 73 

25T, 96% EtOH, O.lMNaCI0, 5.17 2.20 4.50 81 
2-Meth ylp yridine 5.97 2.45 4.93 81 
3-Methylpyridine 5.68 2.40 4.82 81 
CMethylpyridine 6.02 2.45 4.91 81 
2-Ethylpyridine 5.97 2.49 4.92 81 
2,4,&Trimethylpyridine 7.59 2.86 5.76 81 

Pyridine 25'C,l=O - 1.96 4.17 - - 

2-Aminopyridine 25T, 1=0.61 6.96 2.38 4.79 82 
3-AminOpyridiIE 6.26 2.21 4.41 82 
3-Cyanopy1idine 25 T, I = 0.02 - - 3.28 -12.3 -21.6 83 
CCyanopyridine X"C, 1 ~ 0 . 0 3  - -  2.94 -12.0 -16.0 83 
Pyridine-kboxylate 2oOcC,I=O.1 - 3.4a 5.0 - - 
&Methylpyridine-2-&oxylate - 3.85 7.0 - 84 

- 84 
Pyridine-3-carboxylic acid, 

methyl ester 25 'C, I = 0.02 - -  2.85 -31.2 -49.83 8s 



Silver 787 

pyridyl complex was obtained with three to four weakly bound water molecules which were lost 
when the salt was dried.71 

It has recently been reported that [Ag(py)4]C104 can be obtained by recrystallizing 
[Ag(py)2]C104 from a 5 : 1 chloroform-pyridine mixture.75 The complex readily lost pyridine 
and satisfactory analysis could not be obtained. 14N NQR transition frequencies found for these 
two salts are given in Table 14. 

Table 14 NQR Transition Frequencies (k€Iz) for 
Coordinated Pyridine at 77 K75 

[A!dPY)4lC104 2638 2137 501 
3130 (246O)a 670 
2638 (2045)' 593 

a Calculated 

The crystal structures of A ~ ( P Y ) ~ N O ~ - H ~ O ' ~  and [Ag@y)4]C10476 have been determined. In the 
first, silver adopted a distorted octahedral arrangement where the nitrato groups were not only 
chelated as bidentate ligands but also bridged between two silver ions. Two Ag-0 bond 
lengths were 282 pm, the other two were 291 pm. The Ag-N bond lengths were 216 pm and 
the py-Ag-py bond angle was 173". The water molecule was not coordinated. In the more 
recent structure (7) the unstable [Ag(py)4]C104 salt was characterized at 260K. The 
coordination geometry was close to tetrahedral and the Ag-N bond lengths were 252.2 pm.76 

The Raman spectrum of pyridine adsorbed on a silver electrode under potentiostatic control 
in potassium chloride electrolyte medium was reported in 1974.77 This study opened up a new 
field of scientific enquiry, which has rapidly grown in the last several years. The intensity of the 
Raman spectrum of pyridine was enhanced by at least five to six orders of ma nitude over what 
could be expected from the scattering cross section of the isolated m~lecule .~ ,79 This enhanced 
scattering intensity allowed the observation of a surface Raman spectrum of a monolayer of 
adsorbed species and Ied to the name 'surface-enhanced Raman scattering' (SERS). The reason 
for the enhancement is still uncertain, but it is believed that the effect of electrochemical 
etching on the silver surface produces a local periodic potential which interacts with the 
pyridine molecule to produce a much greater degree of polarizability than would be present in 
pyridine itseKsO 

The complexes of silver@) ions with substituted pyridines are well known and some 
representative thermodynamic data for their formation are included in Table 13.81-85 Several 
attempts have been made to correlate the stability of the silver complexes with the basicity of 
the substituted pyridines.81,82 In general, a linear relationship between the logarithm of the 
formation constants and the pK, of the free bases was found to exist. 

For amino- and cyano-pyridines, it has been found that coordination to silver primarily 
occurred through the pyridyl N atom.82,83 IR s ectral evidence has been used to show that this 
was not the case for substituted 2-a1nino-~' or 2-cyano-pyridines7 however, Some cyano 
stretching frequencies for silver complexes are collected in Table 15.86787 

Silver(1) cornpiexes can also be obtained when the pyridyl N becomes quaternized, if the 
aliphatic group contains an amine. Thermodynamic data for silver complexes with ligands of 
the type C5H5N+(CH2),NH (n = 2-5) are given in Table 16.88-89 

4 
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Table 15 Some IR Spectral Data (cm-') for Silver(1) Complexes of Cyanopyridines 

Complex Nitrile stretch C-C and C-N stretch Ring breathing Ref. 

2250 
2242 
2249 
2271 
2277 
2275 
2273 
2235 
2240,2247 
2240 

1587,1558,1467,1430 
1610,1475,1459 
1600,1468,1460,1453 

1605,1588,1538,1465 

1580,1551,1476,1463 
1595,1567,1475,1418 
1595,1567,1475,1417 
1400,1541,1497,1416 

980,1040 
980,1040 
1013" 

1007,1043 

926,1009 
1025,1075 
1028,1082c 
1060,1085 

~ 

86 
87 
87 
87 
87 
87 
87 
86 
86 
86 

a Masked by strong ClO; absorption. Complex dissociated to the 1 : 1 complex. ' 3 : 1 complex. 

Table 16 Thermodynamic Data for some Silver(1) Complexes of 
w-Aminoalkylpyridinium Complexes88789 

n = 2  2.08 4.46 46.4 f0.17 70.3 
3 3.91 6.01 53.93f0.04 65.7 
4 3.24 6.61 56.36*0.17 62.3 
5 3.49 7.22 56.57h0.08 51.5 

The reaction of silver(1) ions with pyridine-2-carboxylate (picolinate) (L) yields a white 
water-insoluble compound, initially assigned the structure Ag(L) .90 The addition of a strong 
oxidant converted this into the red Ag" complex Ag(L)2. Elemental analysis of the white solid, 
however, indicated that the assignment as a simple 1 : I complex was i n ~ o r r e c t . ~ ~ , ~ ~  Further, 
when AgN03 or AgC104 was used as a starting material it was discovered that some anion was 
retained. This was detected by both physical and chemical methods. Thus, X-ray photoelectron 
spectroscopy (ESCA) showed two peaks in the nitrogen 1s region centred at 405.5 and 
400.5eV. The position of the higher energy peak which was approximately one-fifth the 
intensity of the lower energy peak, was attributed to the nitrate ion. When AgC104 was used as 
starting material the white precipitate could be shown by ESCA to contain perchlorate 
In addition, when the sample prepared from AgN03 was treated with 2,2'-bipyridine, then 
some Ag(bipy),NO3-2H20 was obtained in low yield.92 It was concluded that the simple 1 : I 
formula was inappropriate and the exact composition, which may contain AgL-HL and 
Ag(HL),N03, depended upon the reaction conditions. IR data for species obtained at pH 3-4 
and pH 7 are summarized in Table 17.= 

The crystal structure of silver(1) pyridine-2-carboxylate monohydrate has been dete~mined.'~ 
Each Ag atom was coordinated by two N atoms (Ag-N = 220.7(3) pm) and two carboxylic 0 
atoms (Ag-0 = 252.4(4) pm). The H atoms of the C0,H groups were located on centres of 
symmetry making symmetrical hydrogen bonds between non-coordinated carboxylate 0 atoms. 
Thus the H atoms were equally shared by the COzH groups and there was no distinct molecule 
of silver(1) picolinate. 

Little is known about the chemistry of silver(1) complexes of unsubstituted pyrimidine; 
however, an extensive range of substituted pyrimidine corn lexes have been investigated due to 
their use in the preparation of nucleic acid constituents.2w In these reactions, which lead to 
the formation of glycosides, silver salts of uracils or thymines are treated with poly-0- 

Table 17 Some IR Spectral Data (cn-') for 'Silver(1) 
Pyridine-2-carboxylate'" 

pH 3-4 1589s 1682s 220e2600mw,br 
pH 7 1561s, 1579s, 1604ms 
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acylglycosyl halides. In addition, it is well established that Ag' has one of the highest 
propensities for binding at base (purine or pyrimidine) sites over phosphate groups in its strong 
interaction with nucleic acids and polyn~cleotides?~ 

Crystal structures of l-methylcytosineg5 and l-methylthymine% complexes have been 
determined as aids to the understanding of Ag' binding to polynucleotides. In (1- 
methylcytosine)silver(I) nitrate, a centrosymmetric dimer was present in which the N 
heterocycles were bridged by two Ag+ ions. Within these dimers, there were two strong 
metal-ligand bonds, (Ag-N = 222.5, A g - 0  = 236.7 pm) and an eight-membered ring (8) 
resulted. 

(8) (9) 

In (1-methylthymine)silver(I), one half of the silver atoms had linear coordination 
(N-Ag-N angle of 1W) and were strongly bound to the N atoms of the deprotonated ligands 
(Ag-N = 208.1 pm). The resulting planar Ag(L): units (9) were connected by the remaining 
silver atoms, which were tetrahedrally surrounded with oxygen atoms from two Ag(L); units 
( A g - 0  = 233.3 and 251.2 pm). 

These structures, together with potentiometric measurements, allowed proposals to be made 
as to the probable mode of interaction between Ag+ ions and polyuridine (polyu). For pH < 6, 
Ag2(polyU)2 was considered the predominant species, whilst for pH > 6, Ag(po1yU); became 
increasingly important. Equilibrium constants were calculated for these 2 : 2 and 2 : 1 complexes 
as log 822 = 12.1 and log ~ I Z  = 9.3. Ag(po1yU); was considered to have linear coordination 
while Ag~(polyU), was predicted to have, in addition to the N coordination, links through the 
0 -4  atoms. 

Metal binding of the N-3 position of either 1-methylthymine or 1-methyluracil monoanion 
facilitates binding of additional metals through exocyclic oxygens of these ligands. 

Recently, heteronuclear corn lexes containing &-Pt(NH3)~~+, Ag(1) and either 1- 
methylthyminew or l-methyhraci88 have been isolated. These studies were initiated due to the 
interest in the binding of platinum(I1) antitumour agents to DNA. 

In A ~ [ C ~ - P ~ ( N H ~ ) ~ (  1-methylthymine)2]zN03.5H20, the molecular cation (10) consisted of 
two units connected by a silver cation via the exocyclic 0 - 4  atoms. The A g - 0  bond distances 
were in the range 235.3-256.3 pm.w 

/"" 

,Me 
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For [(NH&Ph( 1-methyluracil)&g15+ (11), the molecular cation showed crystallographic 
centrosymmetry with Ag being at the inversion centre. The silver atom thus had square planar 
coordination with four 0-2  oxygens of 1-methyluracil ligands, two from each platinum dimer. 
The Ag-0 bond distances in this case were 243 and 235 pm, and the Pt-Ag separation was 
278.7 pm. 

Silver(1) complexes of pyrazine were first reported in 1895.99 Since then there have been 
numerous reports on the preparation and properties of pyrazine complexes of silver(1) .85 

Thermodynamic data for some of these complexes are given in Table 18. 

Table 18 Thermodynamic Data for the Formation of some Silver(1) Pyrazine 
Complexes (0.1 M KNU,, 25 oC)loo 

F'yrazine 1.38 2.41 -33.9 f 0.2 -67.4 f 0.4 
2-Methylpyrazine 1.65f0.01 2.76f0.02 -36.8f0.2 -70 .7f0 .4  
2,5-Dimethylpyrazine 1.96f0.01 3 .13f0 .03  -40.0f0.2 -67.8fO.S 

2-Chloropyrazim 0.96f0.01 1.53f0.05 -32.1f0.3 -76.1fO.S 
2,6-Dimethylpyrazine 1.95 f 0.02 3.46 f 0.10 -31.8 f 0.3 -46.9 f 0 . 8  

2-Aminopynuine 1.81 f 0.02 3.50 f 0.01 - I 

The structure of Ag(pyrazine)N03 (l2) has been determined.lol The 1 : 1 complex consisted 
of approximately planar kinked chains of the type [-AeNC&N-]*, with symmetric 
Ag-N distances of 221.3 f 1.4pm and N-Ag-N' angles of 159.2f0.9". Looking down a 
chain, the pyrazine rings were alternatively canted in opposite directions with a dihedral angle 
between the ring plane and the N-Ag-N' plane of roughly 14". The next nearest neighbours 
were nitrate oxygen atoms (Ag-0 = 272.0 f 2.1, 294.3 f 1.7 pm) and were beyond that 
expected for weak A e O  bonds (-250pm). 

N 
I 
0 

It has been argued that in complexes in which pyrazine is bound through only one of its 
nitrogen atoms, then the low local symmetry experienced by the pyrazine moiety would allow 
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for a band to appear in the IR spectrum at 950-1000cm-l. This band should be absent in 
bridged polymers of long chain length but may be weak in others of shorter chain length. For 
Ag(pyrazine)N03, which is known to contain bridging pyrazine molecules, a medium weak 
band is present at 990 cm-'. Other bands were present at 142Ovs, 1320s, 1162s, 11%, 1080vs, 
99Om and 805s cm-l.lDZ 

It has been observed that when an aqueous solution of pyrazine was added to an excess of 
silver nitrate solution, a precipitate of shiny white platelets formed immediately. If the order 
was reversed, however, and silver nitrate was added to an excess of pyrazine, the precipitate 
was formed only very slowly and after cooling. In each case, the precipitate was found to be 
Ag(pyrazine)N03 and the solubility product was determined as 2.3 X 10-4.103 

(iii) 2,2'-Bipyridine, 1, IO-phenanthroline, 2,2', 2-terpyridine and related species 

Silver(1) complexes of bipy, phen, terpy and their derivatives have usually only been isolated 
as intermediates in the preparation of the silver(I1) salts. Few studies have dealt solely with the 
silver(1) s ecies. Despite this, considerable information concerning their properties is 

Thermodynamic data for the formation of [Ag(bipy)$ and [Ag(~hen)~]+ and some 
derivatives are given in Table 19.104-10s Stability data in acetonitrile and ethanol have also been 
detennined.lW 

IR spectral data for [Ag(bipy)z]ClO, and [Ag(phen)2]C104 are tabulated in Table 20.92J10J11 
X-Ray photoelectron spectroscopy (ESCA) studies on silver(1) complexes have shown that 

the silver 3d3n,5/2 binding energies are insensitive to the nature of the central environment and 
therefore not useful for distinguishing between Ag' and A$' salts.92 However, the peaks for the 
Ag" complexes were generally significantly broader. Table 21 presents the binding energies 
found for Ag(bipy)2N03.2H20 and Ag(phen)2N03,H20. 

The presence of methyl substituents on bipy or phen can cause marked changes in the 
stereochemistry adopted by the central metal ion due to steric constraints. With 4,6,4',6'- 
tetramethyl-2,2'-bipyridine, only bis-ligand silver@) complexes have been obtained and these 
were proposed to be tetrahedral. No silver(I1) complexes could be isolated and this was 
claimed to be due to the inability of the molecule to adapt a planar configuration about the 
silver(I1) ion.l12 

In contrast, monochelated complexes have been obtained for 2-methylphen and 2,9- 
dimethylphen.113*'14 It was considered that these could be either trigonal coplanar monomeric 
species or dimeric, with the anionic ligand acting as the bridging unit. Molecular weight 
determinations were prevented due to low solubility. 

With terpy, compounds of the type Ag(terpy)X have been prepared and cannot be 
tetrahedral for steric reasons, in that terpy cannot span three comers of a tetrahedron. It has 
been argued that more likely only two of the N atoms are coordinated and that a distorted 
linear structure is adapted.'15 However, if this was the case the central N group would 
necessarily be within bonding distance. The other alternative was that they were three- 
coordinate. Addition reactions with neutral ligands such as HzO, pyridine or phosphines would 
then yield distorted square planar structures. 115 

available. 18 

Table 19 Some Thermodynamic Data for the Formation of SiIver(1) Complexes of Bipy, Phen and their 
Derivatives 

Ligand Medium Log& LogB2 AHA ASS2 Ref. 

phen 
5-Methylphen 
2,9-Dimethylphen 
4,7-Dimethylphen 
5,6-Dimethylphen 
5-Phenylphen 
4,7-Diphenylphen 
5-Chlorophen 
5-Bromophen 

O.lMKNO,, 35°C 
50% EtOH, 25 "C 
Z=O.l,25"C 
0.1 M KNO,, 25 "C 
0.1 M KN03, 50% EtOW 
0.1 M KN03,50% EtOH, 25 "C 
0.1 M KNO,, 50% EtOH, 25 "C 

0.1 M KN03,50% EtOH, 25 "C 
0.1 M KNOZ, 25 "C 
0.1 M KNO3, 25 "C 

0.1 MKNO,, 50% EtOH 

3.03 
3.70 
5.02 
7.30 
6.34 f 0.06 
5.76 
5.51 
4.99 
5.13 
4.70 
5.30 

6.67 
7.22 
7.05 

13.39 
13.93 f 0.01 
11.07 
10.67 
10.14 
10.02 
11.04 
11.77 
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Table 20 IR Spectral Data for ~Ag(bipy)JCIO.,,"o 
[Ag(phen)2]C10.,"' and [As(bipy)2]N03~Wz092 

26MW 
2551w 
2141w 

1587s 

1562w 

1312111 
1244w 
11% 
1155111 
1 0 7 h  
loDom 

807m 

757s 
725m 

669w 

1622 
1593 

1575 

1515s 
1500 
1433s 
1350 
1339 
1222 

1143s 

987 
961 
860 
850 
8409 
770 
764s 
7269 
720 

610 

1635w, br 
1593m 
1586111 
1575mw 
1566m 

Table 21 Silver 3d and Nitrogen 1s Binding Energies (eV) for Silver(1) 
Complexes of bipy and phen= 

Ag 3 4 2  4 3dm N 1s 

[43(biPY)*lNO,*2HzO 374.1 368.1 a . 2  399.3 
iAgbhen)zlNO3*HzO 374.1 368.1 406.3 399.6 

Referenced to carbon Is line of graphite at 284.OeV. 

54 L23  Nitrosyls and dated  ligands 

( i )  Nitrosyls, dinitrogen, hydrazine and hydroxylamine 

Little is known of the silver(1) chemistry of the title ligands.'16 Hydrazine and hydroxylamine 
are sufficiently strong reducing agents that simple salts of Ag' are unstable and decomposition 
readily occurs. 

The reduction of silver(1) ions by hydrazine was characterized by a long induction period 
where a 1 : 1 complex formed (log K1 = 3.2).11' The nature of the complex was not established. 
Several hydrazinates of silver have been identified and the preparation of Ag2SO4.3N& was 
reported in 1932.'16 The rate of the reduction to metallic silver was found to be influenced by 
pH and composition of the solution phase. Hydrazine complexes of transition metal ions in 
general have been re~iewed. l~*,~ '~ 

With hydroxylamine, the stability constant (log Kl) with silver(1) ions was determined to be 
1.85. Attempts to measure the formation constants of higher complexes were thwarted due to 
the rate of the redox reaction being too high. An estimate af log /3* < 3 was made, however.Im 

( i i )  Azo and azomthine dyestuffs 

The use of azo salts for the complexometric and colorimetric determination of metal ions has 
been well established. For silver(I), complexes from a wide range of reagents have been 
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investigated but only in a few cases have their spectra or stability constants been determined. 
Many of the original studies were done prior to 1900, although a recent review is available.121 

54324 Mono- und didkylamides, imido and nitrido ligands 

General reviews of transition metal complexes of alkoxides, dialkylamideslU and nitrides'" 
showed that the main focus of attention was on the earlier transition metal elements, in 
particular, the Ti, V and Cr triads. 

There has been little systematic study of silver(1) with these ligands, or indeed, with the 
copper triad as a whole. Cu' and Au' dialk lamides have been reported, although no mention 

time123 and 'AgN12' was reported in 1893.1M 
was made of analogous Ag' complexes.12 1 The explosive Ag3N has been known for some 

SU.25 Triazenes, sulfur diimines, azides, cyanates, thiocyanates, selenocyanates and 
tellurocyanates 

(i) Triazenes 

Addition of bispyridylsilver(1) acetate to a methanolic solution of either diazoaminobenzene 
or its 4,4'-dimethyl derivative gave lemon-yellow needles of the corresponding silver salt.125 
The compounds were only slightly soluble, except in warm nitrobenzene. MW measurements in 
pyridine suggested that the complexes were monomeric, although it was claimed that this may 
have been caused by the strong donor properties of that solvent.'26 The compounds were not 
sufficiently soluble in non-coordinating solvents to verify this proposal. The anticipated 
structure for these compounds involved a four-membered ring (W). 

(ii) Sulfur diimines and related ligands 

Organic sulfides react with chloramines to give a variety of compounds including sulfur 
diimides (Scheme 2).127*128 In solution and especially in the solid phase, it was proposed that 
the molecule dimerized and was held together by electrostatic attractions. Ebullioscopic MW 
determinations of the diethyl derivative were intermediate between that required for monomer 
and dimer.'= 

NHZCI 
RZS+NH,C1 - [R,>NH,]+Cl - R,S=NH 

Scheme 2 

Reaction of the diethyl derivative (L) with AgC104, Ag2S04 and AgN03 produced 
Ag3(L)C104.H20, Ag3(L)HS04.2H20 and Ag3(L)N03 respectively; the crystal structure of the 
latter has been determined.129 
The structure was best described as consisting of SA&N tetrahedra with central N atoms 

linked to form double layers with four common corners. The nitrate ions were positioned 
between these layers. 

Treatment of FW=!+NR with a Grignard (R'MgX) or dkyllithium reagent (LiR') gave an 
S,N,N'-trisubstituted sulfur diimino complex of Li or Mg. Reaction of these with AgI produced 
complexes thought io have a bridged structure (14).130 
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(iii) Azides 

Silver azide can be readily prepared by precipitation from aqueous solutions containing silver 
and azide ions. Recrystallization from aqueous ammonia affords colourless plates and needles. 
It was found to be potentially explosive and often detonated when subjected to 

In solutions containing an excess of azide ions, the diazido anion Ag(N3); was proposed to 
account for the increase in solubility. No structural information is available of isolated salts or 
from solution studies. Table 22 gives stability constants (logbz) for the anion in a range of 
solvents. 132~133 Significant increases in stability were found in the non-aqueous solvents as 
compared to water, a result similar to that found for other anionic species A@; (see Section 
54.1.7). 

Table 22 Stability Constants (log 82) for Ag(N,); in Different 
Solvents 

Water DMF DMSO HMPT Ref. 

25"C,I=0.005-0.01 4.2 11.9 7.0 11.4 132 
8.0 - 133 - -  I = 0.1 

(iv) Cyanates 

The cyanate ion forms complexes with a wide range of metal ions although its coordination 
behaviour has not been studied as widely as that of the thiocyanate ion.134 A 14N NMR study of 
the NCO group in a range of metal complexes showed that N bonding was more common than 
0 bonding, Le. they should be regarded as is~cyanates. '~~ All the isocyanates studied gave 
chemical shifts to high field of the free ion and conversely, alkyl or aryl cyanates gave rise to 
large low-field shifts. 

The diisocyanatoargenate(1) ion, Ag(NCO);, was found to give a chemical shift value, 
s(NCO), of - + 4 2 ~ . p . m . l ~ ~  Based on this and IR data'36,137 it was proposed that N bonding 
was present as was found in the crystal structure of the N-bridged polymer AgNC0.13' 

Owing to the rapid decomposition of the cyanate ion in water, the use of aprotic solvents was 
necessary for the preparation of the Ag(NC0); ion. Since alkali cyanates are poorly soluble in 
aprotic solvents, the cyanate salts used were the tetraethylammonium, tetramethylammonium 
and tetraphenylanonium cyanates. Either dry acetone or acetonitrile could be used as solvent 
as silver isocyanate was reasonably soluble in both. Once prepared the silver salts were found 
to be light- and moisture-~ensitive.'~~~'~~ 

The crystal structure of the tetramethylammonium salt of Ag(NC0); has been 
determined.139 The anion was approximately linear (N-Ag-N bond angle 177.2') and the 
Ag-N bond lengths were 201.5 and 206.8 pm. 

(v) Thiocyanates, selenocyanates and tellurocyanates 

In aqueous solution, thiocyanato complexes of the type A~(SCN)[?2~& have been inferred 
from solubility and potentiometric data. For high concentrations of thiocyanate the complex 
having m = 1 was predicted to be the most abundant. Thermodynamic data are mllected in 
Table 23. 140~141 

Crystal data are available for N u g ( S c N ) ~ l ~ ~  and KAg(SCN)2.143 The symmetry of the 
ammonium salt was monoclinic, belonging to space group P2Jn. The unit cell contained four 
molecules. The crystal was found to be built up of AgSCN molecules, NlX+ ions and SCN- ions 
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Table 23 Some Thermodynamic Data for Complex Silver 
Thiocyanates140,1A1 

Log K" Log Kb AH 
(kJ mol-') 

Ag( S C N )  / Ag . SCN- 4.59 4.75 - 
Ag(SCN);/Ag.(SCN-)* 8.29 8.23 - 
Ag(SCN)-/Ag.(SCN-)3 10.06 9.45 - 
Ag(SCN)z-/Ag. (SCN-)4 11.26 9.67 -117 

'2S"C, 1 = 4  (NaCIO.,). b25"C, I+O. 

and not, as expected, by a linear Ag(SCN), ion. The silver atom coordinated four sulfur atoms 
in a very distorted tetrahedron. The Ag-S distances were 247.4 It 2.0 pm within the AgSCN 
molecule, 265.4 f 1.9, 263.0 f 2.7 and 274.2 f 2.9 pm from one AgSCN molecule to the three 
surrounding SCN- ions.'" 

An IR and Raman spectroscopy study of NH&g(SCN)2 has been interpreted in terms of a 
superposition of the syctra of the SCN- ion and the AgSCN molecule, in agreement with the 
above structural data. 44 

In aqueous solution it was found that the binding of the sulfur atoms to the silver nucleus was 
not strong enough to give the complexes a character of independent units which could be 
detected by spectroscopic means. The displacements observed in the CN stretchin vibration 

The nature of thiocyanato Complexes of silver in non-aqueous solvents has recently been 
reas~essed.'~~ IR and Raman spectra were used to show that when Ag' was complexed by 
SCN- , the species present and the equilibrium steps involved were solvent specific. Charac- 
teristic absorption bands are summarized in Table 24. In pyridine, complexation passed 
through [Ag2(SCN)J+ and AgSCN to [Ag(SCN),]-, such that even when the [SCN-IT/[Ag+lT 
ratio was 0.059, 50% was present as the linear [Ag(SCN)J ion. 

were directly dependent upon the amount of silver present per thiocyanate group. 13 

TaMe 24 Characteristic Absorption Bands (cm-') for Silver(1) Thio- 
cyanato Complexes'" 

Raman IR Assignment 

2106 f 2 2104 k 2 Bridged SCN, e.g. [Ag,(SCN)+] 
2093 f 4 2086 f 4 y (CN); ya (CN) in [Ag(SCN),]- 
2077 f 3 2074 f 4 E%er AgSCror terminal SCN 

2057 f 3 2054 f 4 Free SCN- 
in bridged complexes 

complex or tetrahedral species 
- 2116 Observed in hmpa solution; doubly bridged 

Only AgSCN and [Ag(SCN)2]- were identified in THF, DMSO and acetone, and only 
[Ag(SCN)2]- was found in propylene carbonate. Solutions in DMF and DMA at high 
[SCN-]/[Ag+] ratios contained a small proportion of the SCN- as the bridged complex 
[Ag2(SCN)3]-, but in trimethyl phosphate the SCN- was approximately equally distributed 
between [Ag2(SCN),]' and [Ag(SCN),]-. The Raman spectra of thiocyanatosilver(1) com- 
plexes in HMPA could not be obtained due to deposition of silver metal on the cell walls. IR 
spectra in HMPA were found to differ from those in all the other solvents; no linear 
[Ag(SCN)2]- complex could be detected. One possible explanation was that due to the 
powerful donor and solvating properties of HMPA a tetrahedral complex of the type 
[Ag(SCN)2(HMPA)2]- was produced. An alternative explanation for the observed bands at 
2118, 2105 and 2080cm-' was that a multinuclear complex such as (15) occurred, containing 
two SCN bridges between the Ag+ centres. Such a complex was predicted to require two 
frequencies (symmetric and asymmetric) due to the bridging ligands (2118 and 2105 cm-') and 
one due to the terminal ligand (2080 cm-').la 

Complexes related to (70Hg(SCN)4, the well-known calibrant used in magnetic susceptibility 
measurements, have recentiy been prepared containing s i l~e r ( I ) .~~~ '~ ' "  In the presence of a 
number of Lewis bases octahedral adducts such as CO[A~(SCN)~].~DMF were obtained. Magnetic 
moments indicated the presence of high-spin cobalt(I1). With nickel(II), two types of complex 



796 Silver 

\ 
Ag-S 
\ \  
\ \  

N C  

S-C-N 

were isolated. In one, zigzag thiocyanate bridges gave rise to polymeric structures, whilst the 
other consisted of ion pairs of the type [NiLX][Ag(SCN2),], (where x was 3, 4 or 6). 

The interaction of silver ions with [CO(NH~)~NCS] + was first reported in 1899 to give a 
stable silver adduct [ C O ( N H ~ ) ~ N C S A ~ ] ~ + . ' ~ ~  More recently similar adducts have been 
prepared as part of studies on the silver ion-assisted aquations of this and other related 
complexes and UV and IR data were reported.'47c 

The selenocyanate ion is much less stable than the thiocyanate ion. However, silver 
selenocyanate complexes are in general more stable than the corresponding thiocyanates. 
Complex species of the type [Ag(SeCN),I1-" and [Ag,(SeCN)]"-' (n = 1-4) have been 
predicted from potentiometric and solubility studies in aqueous solution. 

Colourless crystals of KAg(SeCN)2 separated from aqueous solutions as regular cubes in 
addition to crystals of KAg(SeCN)4 and finely acicular colourless crystals of K2Ag(SeCN)3. 
The latter salt was more readily prepared from alcoholic and acetone solutions. 

To obtain the higher complexes such as Ag(SeCN)g it was often necessary to introduce 
non-aqueous solvents. For example, in aqueous solution the most abundant high complex was 
found to be Ag(SeCN)g-; however, on addition of acetone, the complex Ag(SeCN):- became 
prevalent. A similar effect was observed in methanol. Formation constants in mixed 
methanol-water systems have been determined and in 74% MeOH log p3 and log p4 were 
14.60 and 15.13 respectively." 

Tellurocyanate complexes of silver(1) have not been reported. 

54.126 Poly(j3yrazolyl)bonrtes 

The first silver(1) poly(pyrazoly1)borate complexes were reported in 1975.'" Since then, a 
number of silver complexes of the type A~(L)(R,,B(~Z)~_") have been isolated and 
characterized. 1s17152 They were prepared by the reaction of the poly(pyrazoly1)borate anions 
with silver(1) salts, usually the nitrate, in the presence of donor ligands, L, and were isolated as 
white, thermally stable compounds. In most cases they were either insoluble, or at best only 
sparingly soluble, in common organic solvents. 

The crystal structure of [ A g ( P ( c a M e - ~ ) ~ }  {BPh&z),}] (16) has been determined.'53 The 
silver atom was pseudo-three-coordinate with the BPhZ(pz)z ligand attached via one normal 
(219.4 pm) and one long (241.1 pm) Ag-N bond; the P-Ag-N bond angle was 160". 

The 'HNMR spectrum of this complex showed no inequivalence of the pyrazolyl protons 
between -60 and 20°C. This was interpreted in terms of the molecule being fluxional with 
either (a) a rocking motion of the R3PAg moiety between the two nitrogens or (b) a complete 
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dissociation and reassociation of the pyrazolyl nitrogens, occurring rapidly, even at lower 
temperatures, making the two pyrazolyl groups equivalent .lS3 

54127 Nitriles 
Acetonitrile interacts with the d" metal ions Cu' and A$ to form solvated species of marked 

stability. This stability has been used in potentiometry where the IAgl, 0.01 M AgN03 couple in 
acetonitrile has been recommended as a reversible reference electrode .lS4 

A variety of techniques have suggested that in acetonitrile the linear Ag(MeCN)2+ ion forms. 
The complexes AgNO3-MeCN and AgN03-2MeCN have been isolated from silver nitrate 
solutions in acetonitrile and their IR and Raman spectra have been rep~rted. '~~*'~" 
Ag(MeCN)4C104 was isolated as colourless needle-shaped crystals on dissolving AgCl in 
MeCN. It was unstable at room temperature and an X-ray crystal structure performed at 
240 K, to avoid decomposition, showed discrete tetrahedral ions, Ag(MeCN)4+, with Ag-N 
bond lengths between 218 and 233 

At room temperature, Raman spectroscopy has been used to study the solvation of AgN03 
in H20-MeCN  mixture^.^" Solvation numbers were found to vary with Ag+ concentration, 
being near four in the dilute concentrations range (<0.05M), about two in the moderate 
concentration range (-0.05-5.0 M) and decreasing to about one at higher concentrations 
( S . 0  M).15' The formation constants of the mono- and bis-acetonitrile complexes were 
determined to be 0.41(1og pi) and 0.78(log B2) in water-acetonitrile mixtures.'58 

In the presence of AgBF4, N-alkyl derivatives of nitriles have been prepared by reaction with 
alkyl bromides. The first step was believed to involve the formation of species such as 

Dinitriles of the type NC(CH2),CN, where n = 2, 3 or 4, react with silver(1) salts to form 
bis(dinitri1e) silver(1) complexes. '60-'~~ With silver nitrate a range of stoichiometries were 
found. For example, if dichloromethane was added to a hot solution of silver nitrate in 
succinonitrile, 2AgN03.(CN)2C2& was obtained, whereas addition of benzene gave 
AgN03.(CN)2C$&.'60 In the case of glutaronitde 3.75AgN03-(CN)2C3H6 formed when 
dichloromethane was added to AgN03 dissolved in the dinitrile.162 
The structure of 2AgN03.succinonitrile revealed the presence of complex cations, 

[AgNC(CH2)2CNAg]2", and ionic nitrate ions.16' The Ag-N distances were 197 pm and the 
C-N bond distance was close to that expected for a triple bond (112pm). In 
AgC1O4-2(adiponitri1e) the structure was in the form of a two-dimensional polymer with the 
adiponitrile acting as a bridge between silver ions. The silver ion was tetrahedrally coordinated 
by four N atoms with Ag-N distances of -228 ~ r n . ' ~ ~  

Silver tricyanomethide, AgC(CN)B, has been prepared by precipitation from a mixture of 
solutions of AgN03 and KC(CN)3. Flat needles could be obtained by recrystallization from 
dilute ammonia solution. The X-ray structure was undertaken to determine whether a planar 
three-coordinate species was formed. The results suggested that a distorted layer arrangement 
existed with three non-equivalent Ag-N bond lengths of between 211 and 226 pm. 

[Ag(RCN)~]BF~.159 

54L28 Oximes 

syn-Phenyl-2-pyridylketoxime (syn-PhC(=NOH)C5H5N; HPPK) has been reported to react 
with silver nitrate in ethanol-water to form Ag(HPPK)2N03 (white salt, m.p. 190-191 "C). On 
the basis of IR and electronic spectra it was concluded that the structure was linear with only 
the pyridyl N atoms being bound to the Ag+ ion.'@ 

Reaction of the bis(pyridine-2-aldoxime) copper salt with silver ions has been reported to 
lead to a heterobinuclear species being produced. The perchlorate salt could be isolated from 
neutral solution and the OH stretch of the intramolecularly H-bonded species of the starting 
material at 160Ocm-' was not observed. The most likely structure was given as 517). The 
dissociation constant for equation (7) was determined as 2.2 f 0.3 X 

Little information is available concerning the reaction of oximes with silver(1) 

dm3 mol-'.' ' 
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A range of substituted 4-hydroxyimine-5-pyrazolone silver(1) compl 
Their DroDerties have been reviewed.165 

s have been studied. 

An ;n;sual class of compounds containing silver(I), an organic anion and a 2,6-dioxhnho- 
cyclohexanone in a 1 : 1 : 1 mole ratio has been reported to exist in the solid state. No structural 
assignment was made and the compounds were found to be completely dissociated in 
solution.lm 

54.1.3 Phosphorus, Arsenic, Antimony and Bismuth Ligands 

54.1.3.1 Phosphines 

(i) Monodentate phosphines 

A variety of silver(1) complexes of phosphines are known. For triaryl and mixed alkyl-aryl 
tertiary phosphines, stoichiometries of from 1 : l  to 1:4 have been reported, whereas with 
trialkylphosphines most of the isolated complexes were of 1 : 1 stoi~hiometry.~~~ 

Among these, halide and pseudohalide complexes of the general formula A@,X (where 
X = halide or pseudohalide, P = phosphine and n = 1-4) have been studied in detail. 

For the 1 : 1 complexes with X = halide, a number of crystal structure determinations have 
shown that tetrameric [AgXPR,], units (R=Et  or Ph) are formed where the arrangement 
could be either ‘cubane-like’ or a chair form (18a and l8b). Some relevant bond distances are 
summarized in Table 2S.17s177 

P 

X 

P 

P 
P 

P 
P 

(Ma) cubane (18b) chair 

The observed stereochemical variation (equation 8) was ascribed to the increasing in- 
tramolecular repulsive interactions, X - - - X for example, when bulkier phosphines and heavier 
halides were introduced. Based on measurements of molecular species in solution, it was 
further proposed that a step involving dissociation into two dimeric molecules may occur for 
extremely bulky ligands. 174 

M4X4P4 - M4-4 - M A P 4  
(cubane) (distorted (chair) 

cubane) 

The structure of Ag(SCN)(PPr,”) was found to contain zigzag polymeric -Ag-SCN-Ag- 
SCN chains,178 cross-linked in pairs by A g 4  bonds to form double chains having a stair-step 
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Table 25 Distances (pm) in some Silver Halide (or Pseudohalide) Phosphines (for Ag-X and 
X-X, the maximum and minimum values are given if available) 

Compound Ag-P Ag-X Ag-X X-X Ref. 
( m a n  value) 

239.0(0.2) 282.1(0.2) 265 392.6(0.3) 170 
237.6(0.3) 276.1(0.3) 265 403.3(0.3) 171 
238.8(0.3) 253.2(0.3) 365.2(0.5) 

[AgBr(PEt&" 240.2(0.5) 289.7(0.5) 273 420.1(0.3) 170 

[AgBr(PPh,)l, 241.5(0.5) 296.2(0.1) 280 420.0(0.1) 172 
242.9(0.2) 267.7(0.1) 396.4(0.2) 
243.8(0.2) 291.9(0.1) 291.1 476.8(0.1) 173 

291.8(0.1) 472.3(0.1) 

[AgCl(pEt3)14 
[AgCl(PPh,)h 

242.2(0.7) 

[AgI(PEt3)14 

[AgI(PPh,)l4 245.9(0.4) 
cubane 246.2(0.5) 303.8(0.2) 291 480.3(0.2) 174 

245.6(0.5) 233.7(0.2) 440.0(0.2) 
245.5(0.5) 

1 .5CH2C12b 243.0(0.3) 299.5(0.1) 292 476.3(0.1) 174 
chair form 245.4(0.3) 272.4(0.1) 450.5(0.1) 174 

[AgCl(PPhzPY)l4 239.6(0.5) 264.6(0.5) 270.5 - 175 

176 
[AgCl(PPh,),l, 247.2(0.2) 274.1(0.2) 267 371.0(0.2) 177 

[AgBr(PPh3&CWCl3 251.3(0.7) 274.2(0.4) 274.2 403.0(0.6) 172 

238.7(0.5) 253.8(0.5) 
[AgSCN(PPh,),lz 248 Ag-N 235 Ag-4  258 - 

246.7(0.2) 259.6(0.2) 

247.9(0.6) 
255.2(0.1) 
255.6(0.1) 255.2(0.1) 255.2 
252.0(0.1) 

187 - AgCl(PPhJ3 

'Ag has a three-fold disordered position around the three-fold axis, P and X do not. bAg is 
three-coordinate. 

configuration (19). IR data on this and other thiocyanato phosphine complexes are collected in 
Table 26. i79,180 

(19) R = Pr 

Stable 1 : l  complexes of the type R3PAg(OC103) have been isolated using bulky 
phosphines such as PBu;, PCy3 (Cy = cyclohexyl) and P ( o - M ~ C ~ H ~ ) ~  as well as with the less 
bulky triphenylphosphine and para-substituted triarylphosphines.'81 On the basis of molecular 
weight measurements and also their IR spectra, it was concluded that they had linear 
two-coordinate monomeric structures in which the perchlorate ion was coordinated to the silver 
in both the solid state and in dichloromethane solution."' 

Table 26 IR Data for Some Silver Thiocyanate Phosphine Complexes 
(cm-') 

V(CN) V(CS) v(NCS) Ref. 

2128vs, 2075sh 
2111s 
2108vs, 2068sh 
2090 
21OOs, 2050sh 
2092vs, 20508h 
2090 
2083s 
2074vs 

- 
738m 
- 
I 

757m 

732w 
I 

- 
- 

45Om,441m 
475s 
454w, 444w 

- 
456w, 447w 
484m 
462s 
494m 

179 
180 
179 
180 
179 
179 
180 
179 
179 - 
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For BuSP complexes of the type BuSPAgX, where X = C1-, Br-, I-, CN-, SCN-, OAc- and 
NO;, lH and 31PNMR and IR spectra as well as conductance measurements showed that the 
complexes were non-ionic. Molecular weight measurements in 1 ,Zdichloroethane or chloro- 
form, suggested that for X = C1-, OAc- or NO, the species were monomeric, whereas the 
bromo complex was a dimer.'= 

Reactions of (1,8-naphthalenedicarboxylato)disiIver(I with phosphines yielded products 

containing triphenylphosphine was determined and an A&08 core was found in which the 
coordination geometry of each of the four silver ions was different. In each case the silver ions 
were bound to one phosphine and the Ag-P distances were in the range 234.1-237.8~111. 
Variable temperature 31P NMR spectra showed that whilst the four Ph3PAg units were 
equivalent, this was not due to intermolecular exchange, since the Ag-P bond did not 
dissociate at low temperatures on the NMR timescale. It was argued that changes in the 
coordination of the oxygen atoms could result in a symmetric central A&08 core and that such 
a process would only involve a waving of the naphthalene moieties above and below the Ag4 
unit. This would then result in equivalent Ph3PAg units.'= 

For the 1 : 2 complexes A m 2 ,  structural determinations have shown that in general the 
complexes are dimeric. From the bond distances in Table 25 it can be seen that the Ag-P 
distances are relatively constant and unaffected by the nature of X. This is in contrast to that 
observed for AgXP-type complexes. 

Trimesitylphosphine has been described as the bulkiest known phosphine. 184 When this was 
treated with silver@) hexafluorophosphate in CHzClz in the dark, a 1 : 2 adduct was obtained in 
70% yield as a white crystalline solid. The crystal structure of this, the first 1 : 2 cationic adduct 
with phosphines, has been determined.'@ In the cations, the Ag-P distance was 246.1 pm, a 
little larger than expected, possibly due to the intermolecular overcrowding between mesityl 
groups on opposing ligands. The P-Ag-P moiety was essentially linear (179.4'). 

Some 1:2 complexes have also been reported for BU~P. ' '~ Spectral data and conductance 
measurements suggested that for BujP,AgX with X=ClO,, BF;, PF; and NO;, the 
complexes contained the linear cation [P-Ag-PI +. 

A notable characteristic in the 31P NMR spectra of [(tol)3P]2AgL complexes was the variation 
in magnitude of the Ag-31P coupling constants (Table 27). Thus values from 380 to 470Hz 
were observed in compounds for which conductivity studies did not indicate an appreciable 
extent of dissociation (equation 9). 

containing R3PAg+ units, where R = phenyl or p-tolyl." 4 The crystal structure of the complex 

{(tol),P},AgL # {(tol),P},Ag+ + L- (9) 

The values of the Ag-P coupling constant were correlated with the percent s character in 

For 1:3 com lexes of the type A m 3 ,  the only solid state structure yet determined is for 
the Ag-P bond and also with the magnitude of the P-Ag-P bond angle.186 

central silver ion (Table 25). 
No structural determinations of 1 : 4 A m 4  complexes are available although they have been 

detected bv 31PNMR in solution.'86 It was Drooosed that thev would be tetrahedral with the 

AgC1(PPh3)3.18 .p This was monomeric and had a distorted tetrahedral arrangement around the 

halide ion'not coordinated 
would readily occur. 

and that elimiiati6n of a phosphine group to yield AgX(PR3)3 

Table 27 Coupling Constants for some 
Silver Phosphine Complexes (Hz) 

J(lmAg-F) 

450 
378 
278 
470 
4% 
442 
444 
437 
442 

Ref. 

186 
186 
186 
186 
186 
182 
182 
182 
182 
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Table 28 Bond Lengths (pm) for some Silver(1) Disphosphine Complexes 

Complex Ag-P Ag-X Ag-X X-X Ref. 
(mean value) 

248.1(0.4) 265.6(0.4) 265.0 378.6(0.8) 188 
246.1(0.4) 264.3(0.4) 
246.1(0.2) 291.1(0.1) 289.5 432.3(0.1) 189 
246.1(0.2) 287.9(0.1) 
247.2(0.3) 266.4(0.4) 
249.2(0.3) 271.8(0.3) 268.1 376.9(0.4) 190 
249.3(0.4) 267.8(0.3) 
249.9(0.4) 266.3(0.3) 

241.2f0.11 
191 245.5(0.1) 251.2(0.1) 251.2 - 

245.6lo.3 j 
245.5(0.3) 

192 

192 

a PSP = PhPCH,C&SCH2C&PP&. 
2,11-bis(diphenylphosphinomethyl)benzo[c]phen~threne. DPM = bis(dipheny1phosphino)methane. 

PC,P = PbP(CH,);PPh,. E Ag is three-coordinate; (P . . . P) = 

(ii) Diphosphines 

Most of the diphosphine complexes of silver known are of the type A m 2 ,  where X is a 
halide and P2 is a diphosphine. In general, they adopt dimeric structures in the solid state, with 
the exception of the silver chloride complex of 2,1l-bis(diphenylphosphinomethyl)benzo[c]- 
phenanthrene which is monomeric. 

From the bond distances in Table 28,188-192 it can be seen that the Ag-P distances remain 
relatively constant, whilst the Ag-X distance varies depending on the halide. This was also the 
case with 1 : 2 silver complexes with monodentate phosphines. 

Reaction of AgN03 with an equimolar quantity of bis(dipheny1phosphino)methane in 
methanol afforded the complex [Ag(DPM)NO&. The product was an air-stable, colourless 
crystalline material, soluble in polar solvents such as MeOH, MeCN, DMF and DMSO, 
although insoluble in water. Solid samples and solutions of the compound showed no sensitivity 
to light. Metathesis with excess K[PF6] in MeOH at room temperature led to the tetranuclear 
complex [Ag4(DPM)4(N0&](PF6),. It had similar properties to the bimetallic complex in that 
it was also light- and air-stable.192 

The doubly bridged complexes were structurally characterized by single-crystal X-ray 
methods and found to contain M2P4 core structures in the previously unknown syn 
conformation (20). The Agz(DPM)2 framework in these compounds was quite flexible, 
exhibiting folding angles from 138" to 152" in the solid state. In addition, the nitrate ligands in 
[Ag(DPM)NO3I2 were found to be labile, dissociating in solution with the formation of planar 
dicationic species [A&(DPM)2]2+. The ability of the [Ag2(DPM)2]2+ unit to fold along the 
Ag-Ag axis allowed the close approach of two of these units to produce an enciosed central 
cavity. In [Ag.,(DPM)4(N03)2]2', this cavity was occupied by two nitrate anions. lSn 

5413.2 Phosphitm 
The reaction of phosphorus-donor ligands with silver@) ions has traditionally been centred 

on tertiary arylphosphines. The synthesis of complexes with tertiary phosphites has often been 
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hampered by the fact that many of them melt below room t e m p e r a t ~ r e . l ~ ~ J ~  Insoluble, 
crystalline complexes have been prepared, but in general these are ionic and of the type 

With triethyl phosphite, 31P NMR has been used in an attempt to characterize the interaction 
with silver(1) ions. At - 100 "C, in 80 : 20 dichlorometharie-toluene mixture, the predominant 
species was the cationic complex [Ag(P(OEt)3}JX-. For a range of anions including C1-, 
Br-, I-, SCN-, NO, and ClOb, the coupling constant, J(lWAg-P) was 341 f 1 Hz and the 
chemical shift 6 was found to be 153 f 0.1 p.p.m., relative to an internal. capillary containing 
PEt3. When the temperature was allowed to warm u to 25 "C it was found that, because of the 
kinetic lability of the silver phosphorus bond, the 'PNMR spectra could not provide useful 
information concerning the composition of the solution. The temperature dependence of the 
chemical shift for the complexes was taken as evidence for significant dissociation of the ligand. 
Species such as AgbX, A&X, AgL+X- and A&L+X" were proposed to exist in so1ution.la6 
Conductivity measurements were also used as further evidence that dissociation had occurred. 

31P-[107Ag, 'HI magnetic triple resonance experiments have also been applied to the study of 
the complex ions [(Et0)3P],Ag+ (n = 1-4), made by dissolving silver thiocyanate or nitrate and 
triethyl phosphite in dichloromethane at -80 "C. Table 29 gives the NMR parameters obtained 
and shows the trends in silver shielding as n changes. As found earlier, when n = 4 then the 
silver is fully coordinated b the phosphite ligands and the NMR parameters were almost 

Slow addition of silver perchlorate to a large excess of trimethyl phosphite gave rise to a 
mildly exothermic reaction from which [AgL4]Cl04 could be obtained. It should be pointed out 
that if the AgC104 was added too rapidly, then the reaction mixture burst into flames. 

Use of silver nitrate and only a small excess of trimethyl phosphite also gave rise to an 
exothermic reaction; in this case AgLN03 was is01ated.l~~ The low conductivity of this 
complex in acetone and its IR spectrum in the nitrate region suggested the presence of 
coordinated nitrate. In acetone, it was found to be monomeric and only poorly conducting. The 
structure was expected to contain a bidentate nitrate. In acetonitrile, dissociation was evident 
due to the 10-fold increase in molar conductivity. 

The crystal structure of [Ag{P(OMe)3}2N03]2 has been determined.195 In the crystalline 
state, the structure consisted of a centrosymmetric dimer (21) containing a bridged nitrate. The 
bridging occurred via only one oxygen and this was equidistant from both silver atoms ( A H  
distances were 245.6 and 245.4pm). The Ag-Ag separation was 409.5pm, while the Ag-P 
bond lengths were 241.1 and 241.2pm. 

The 'HNMR spectrum of [Ag{P(OMe)3}4]BPb has been r e ~ 0 r d e d . l ~ ~  It comprised a 
doublet [3J(P-H) = 11.5 I-IZ] which was fully resolved. The appearance of intraligand 
phosphorus-hydrogen coupling in the spectrum was attributed to very rapid ligand exchange. 

Deprotonated secondary phosphites [(RO),PO]- may act as ambidentate ligands (22) and 
(23). Examples of both bonding modes are known. The IR spectrum of silver diethyl phosphite 
(Nujol mull) was found to bear a striking resemblance to that of triethyl phosphite and showed 
no bands attributable to a P-H or P=O group.lW By way of contrast, a 31P NMR spectrum of 
AgP(O)(OEt), in diethylamine gave a single resonance at 104.2p.p.m.198 It was claimed that 

[Ag{P(OR)3)41 +x-. 

independent of counter ion. 18 

Table 29 31P and ImAgNMR Parameters of 
[{EtO),P},Ag]+X- (X = SCN- or NO; a in CH,Cb solu- 

tion at -80 'C)lP3 

6( '07Ag)b J('wAg-31P)c G(3'P)d 
n 

SCN- NO; SCN- NO; SCN- NO; 

1 -350 -904 794.1 1059.0 130.5 125.2 
2 -191 -593 535.3 689.4 132.0 126.8 
3 -33 -212 402.2 454.1 132.4 132.8 
4 1 0 341.8 340.8 130.8 130.9 

' In solution there was rapid equilibrium between A&--X and 
Ag*X-, and any particular value of n the parameters listed are 
an average. In p.p.m. relative to [(EtO),P],Ag+NO;, selected 
as the most stable y d  least susceptible to effects of concentration 
and tempeiature. In Kz; possibly this coupling constant is 
negative. In p.p.m. relative to high frequency of 85% H,PO,. 
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for an O-bonded complex the resonance should have occurred above 130p.p.m., relative to 
85% H3P04. At 233 K, the silver ligand bond was kinetically stable on the NMR timescale, and 
the 31PNMR spectrum consisted of two doublets due to spin-spin coupling with '07Ag and 
lWAg (both Z = i), consistent with their natural abundance and gyromagnetic ratio. The size of 
the coupling constant [J(107Ag-31P) = 954 Hz] indicated a one-bond coupling and was believed 
to be the largest reported for J(1mAg-31P). 

The ligand properties of the related phosphonites P(OR)2R' and phosphinites P(0R)R; have 
attracted little attention.lw,m Reaction with silver chloride generally produced 1 : 1 complexes 
of the type AgClL, whilst with silver nitrate, complex cations of the type AgL: were 
generated. The products were characterized by elemental analysis, 'H and 31P NMR spectros- 
copy and conductivity measurements. 

5413.3 Arsenic, antimony and bismuth ligands 

Silver iodide derivatives of trialkyl-phosphines and -arsines were prepared in 1937 for 
comparison with their copper(1) iodide analogues.m1 The preparations involved shaking the 
ligands with silver iodide dissolved in concentrated aqueous KI. The products were found to be 
tetramers and of similar structure to the CUI complexes. The PGAs silver complex was 
isomorphous with [CuI-AsEt3I4. Molecular weight determinations in a range of organic solvents 
showed that partial dissociation occurred in soiution. 

Ligand exchange reactions have been used to prepare mercury(I1) trialkylarsine 
complexes.m Reaction of AgN03.AsMe3 with mercury halides gave the mercury arsine and 
silver halide (equations 10 and 11). The silver nitrate complex was not characterized. 

AgNO,.AsMe, f HgC1, - [HgQ.AsMe3]N03 + AgCl (10) 

[HgCl.AsMe3]' + AgNO,.AsMe, - [Hg(AsMe,),lZ+ + AgCl (11) 

Silver salts of triphenylarsine and triphenylstibine have also been prepared. When silver 
trifluoroacetate was added to a methanol-water solution of triphenylarsine, a change due to 
complexation was observed in the W spectrum. The trifluoroacetate was assumed to be 
completely dissociated and a 1 : 1 complex with the arsine formed. The stabiLity constant at 
25 "C was determined as log PI = 5.7-5.8.203 

Derivatives of AsPh3 and SbPh3 with AgSCN'- and AgOA2" had different stoichiometry. 
Regardless of the mole ratio used in the preparations, the only products obtained with AgSCN 
were the 1 : 2 complexes AgSCN.2XPh3 (X = As, Sb).'79 These were assumed to be dimeric by 
comparison with the analogous phosphine complex X = P (see Section 54.1.3.1). 1 : 3 complexes 
were isolated with AgOAc from refluxing acetonitrile.204 Attempts to prepare a triphenylbis- 
muth complex were unsuccessful, a black solid insoluble in nitric acid being formed. In 
solution, the complexes AgOAc.3XPh3 (X = As, Sb) were found to be partially dissociated, as 
evidenced by conductivity and molecular weight measurements.204 

An X-ray structure analysis of the complex formed from the normally chelating ligand, 
o-allylphenyldimethylarsine, and silver nitrate showed that it contained two silver atoms 
bridged by the ligand. One silver atom was coordinated to the arsenic (Ag-As = 249 pm) and 
the other to the alkene. These two silver atoms were also bridged by a doubly bidentate nitrato 
group with four similar Ag-0 bond lengths ( A g 4  = 254-273 pm). A second bridging nitrate 
completed the chain-like structure, forming two asymmetric bidentate linkages with two 
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Table 30 Some Formation Constants for Silver(I1 Complexes with Ligands Containing As 

Ha 6.13 5.126 4.643 207 
o-OMe" 6.14 4.67 4.540 2a7 
m-OMe" 6.20 4.804 4.556 207 
p-OMe" 6.36 5.495 4.759 207 
0-C1" 5.20 4.13 4.045 207 
p-Cl" 5.96 4.958 4.466 2@7 
o-SMeb 5.14 7.88 @gBAg+) 4.64 (tog BASH++) 212 

~20*C,f=0.1.  b25T,I=0.1. 

A g - 0  distances (285,281 pm) significantly longer than the other two (243,235 pm). The silver 
atom was six-coordinate since a long bond (290pm) linked an oxygen atom of a neighbouring 

The preparation of a range of substituted bis(carboxymethy1)phenylarsines of general 
formula RC6H&(CH2C02H)2 has been reported and their 1 interaction with Ag' ions in 
aqueous solution s t ~ d i e d . ~ ~ ~ ' '  The complex species AgL-, AgL and AgH2Lf were proposed 
and their formation constants were determined. Table 30 gives some representative examples. 

A number of di- and tri-arsine ligands have been reacted with Ag' ions. When silver nitrate 
was treated with o -phenylenebisdimethylarsine, a non-conducting complex of the type 
(AgN03)2L was formed. The IR spectrum indicated monodentate nitrato groups and the 
complex was assigned a dimeric structure with a single bridging ligand.zm Previously, 
complexes of the type [AgL][AgXd (X = C1-, Br-, I-, NO;) and [AgL]Y (Y = NOT, C10;) 
had been obtained with this ligand. 

Reaction of (triars)AgBr (triars = bis(o-dimethylarsinopheny1)methylarsine) with the car- 
bonyl anions Mn(CO)F, Fe(C0);- and Co(C0); in THF gave complexes of the type 
(triars)Ag-Co(C0)4.210 The crystal structure of the complex with an Ag-Ch bond has been 
determined.211 The silver atom had a distorted tetrahedral arrangement with three A e A s  
bonds (262-272pm) and an Ag-0 bond (266pm). The tetrahedral starting material was 
prepared by reaction of the triarsine with AgBr in 

Other arsenic-containing ligands reported include mixed donor species with S212 or N2'37214 as 
the other donor atom. The ligand bis(carboxymethyl)(o-methylthiopheny1)arsine (24) contains 
S and As donors in a position suitable for chelation. Formation constants for its complexes with 
AgT are given in Table 30. The silver complexes of the m and p derivatives were insoluble 
under the conditions used and no data could be collected.'12 

The bidentate ligands (25) and (26) have been reacted with silver(1) salts. Reaction of AgCl, 
with (25) in alcoho1 gave a colourless solution when heated for 1 h on a water bath, in the 
absence of air. After filtering the hot solution, colourless rods deposited when crystallization 
was induced by cooling and scratching.213 The product obtained was formulated as 
[Agb][AgCl2] and was found to be light sensitive. 

Colourless bis-chelated silver(1) cations containing (26) have been isolated by the addition of 
large anions, such as ClOb, PF; and BPhT. The complexes were univalent electrolytes in 

CH, Me. Q 
/As I Me 

AS( Me 

Gy;ecH2C02H)* 

(241 

54.1.4 Oxygen Ligands 

541.41 Aqua species 

Most compounds of silver are practically insoluble in water and when isolated are invariably 
anhydrous, suggesting a low aflinity of silver for oxygen.215 Those salts which were readily 
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soluble included the fluoride, nitrate, chlorate and perchlorate, of which the latter was actually 
hygroscopic. In aqueous solution, reports of the hydration number vary considerably, with 
most early re orts favouring a value of 2. On the other hand, an NMR method gave a smaller 
value (0.7)21'and conductivity217 and compressibility218 measurements gave values of 3-4. It 
has been claimed21h that this was perhaps a reflection that the techniques employed were 
unsuitable and that the probable value was 4, with the aqua complex adopting a tetrahedral 
structure. This was recently confirmed by an extended X-ray absorption fine structure 
(EXAFS) study, performed on concentrated aqueous silver perchlorate and nitrate solutions. 
Data collected on solutions between 3 and 9M were consistent with the coordination of four 
water molecules each bound to the Ag+ ion, with Ag-0 distances of 231-236pm.219b These 
distances were slightly smaller than those predicted earlier by X-ray diffraction but 
significantly longer than those obtained for the diammine silver(1) ion (222 pm), indicating that 
the water molecules were not so strongly held. 

Solvation in non-aqueous solvents has been described as comparable to that of the potassium 
ion (ionic radii, 126 pm Ag+, 133 pm K+).2m 

The h drolytic behaviour of Ag' in solution has been critically reviewed by Baes and 
Mesmer&l The addition of alkali to Ag+ solutions produces a dark brown precipitate, Ag&, 
which is more soluble in highly alkaline solutions than in water. Even under these conditions, 
only the mononuclear species AgOH and Ag(OH), are produced and claims of polynuclear 
species have not been substantiated. At 25°C and I = O ,  the equilibrium constants for the 
formation of AgOH and Ag(0H); were determined to be -12 .0f3(10g~~)  and -24.0f 
O.l(l0g 82).2*1 

54L42 Dimygm, pprorid4s and superoxides 

The gas-phase oxidation of ethylene to ethylene oxide over a supported silver catalyst was 
discovered in 1933 and is a commercially important industrial process. Using either air or 
oxygen, the ethylene oxide is produced with 75% selectivity at elevated temperatures 
(cu. 250°C). Low yields of epoxides are obtained with propylene and higher alkenes so that 
other metal-based catalysts are used. A silver-dioxygen complex of ethylene has been 
implicated as the active reagent.'" 

To gain more insight into silver-dioxygen species, a matrix isolation study involving 
cocondensation of Ag atoms with 1 6 0 2  and *'02 was initiated. Two products were obtained, 
Ag+(O:) and Agf(0T).223 

Unlike Au+(O;), which was green,m both Ag"(0;) and Ag+(Ob) were colourless, 
although weak absorptions at 275 and 290 nm respectively were observed in their UV spectra. 
Ag+(O,) was formulated as a 'side-on'-bonded superoxo molecular species and this was 
supported by IR spectra. Ag+(O;) was described as a tetraoxygen species rather than a 

M+(O:) complex. 
bis(dioxygen) Neither copper nor gold gave a secondary reaction to produce a related 

5414.3 Alcohols and alkoxides 
In 1930, it was reported that silver nitrate had a high solubility in a variety of solvents. For 

example, at 25 'C 100 cm3 of ethylene glycol and phenol dissolved 53.9 and 82 g of the salt 
respectively. Monohydric alcohols, esters and ketones were found to be poor solvents. From 
the results of potentiometric measurements, the existence of complexes between AgN03 and 
the solvent molecules was deduced. 

A compound, AgNO3-2PhOH, was isolated as white crystalline cubes from phenol, although 
its limits of stable existence were narrow; a metastable m.p. at 7.6"C necessitated 
supercooling to -30°C before the compound could be obtained.= 

The reactions of alcohols related to phenolphthalein and fluorescein with Ag' ions have been 
investi ated for their application as colorimetric reagents in determining trace amounts of 
silver.' A simple, rapid and sensitive method was found which used 2,4,5,7-tetra- 
bromofluorescein and 1,lbphenanthroline. A ternary complex was formed with a deep pink 
colour (A, 550 nm) in the presence of silver(1) ions and the two reagents. No significant 
colour change was observed in the absence of the diimine.227 

A recent review suggested that alkoxy derivatives of the later transition metals had increased 
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in interest since 1975, with several reports of Rh, Ru, Pd and Pt complexes. However, no Ag’ 
complexes were included.228 

54.144 B-Ketwnolates 
The silver(1) salt of 2,4-pentanedione (acetylacetone; A) has been prepared by mixing 

equimolar quantities of approximately 1 M  solutions of AgN03 and NaA dissolved in 
oxygen-free water. The creamy white silver complex precipitated immediately. It was first 
prepared in 1893229 and when pure could be kept for a few days with only moderate darkening. 
Decomposition was more rapid when the compound was exposed to oxygen, water or organic 
solvents, or if it was heated, when liberation of silver occurred. Some characteristic IR 
absorption fre uencies are given in Table 31 and for 

Table 31 Some Charac- 
teristic IR Absorptions of 
Silver(1) Acetylacetonate 

(cII-~)’~’ 

material, NaA. %o 
comparison, those due to the starting 

AgA 

1612 
1508 
1464 
1414 

1232 

1008 
905 
764 

(1366) 

- 

- 

NaA 

The stability of some silver f3-diketone complexes has been determined by pH titrations at 
30°C in 75% dioxane.231 For most of the complexes studied, a linear relationship existed 
between the dissociation constant of the /3-diketone (p&) and the stability constant (log K,) 
(Table 32). 

In 1975, it was reported that while lanthanide shift reagents could not be used directly to 
simplify the NMR spectra of alkenes, when coupled with silver salts substantial shifts codd be 
induced.232 Since then, a number of studies have re orted the use of both chiral and achiral 
lanthanide(II1)-silver(1) binuclear shift reagents, 23’237 where the ligands were generally 
fluorinated f3-diketones. 

In order for the shifts to be induced in the NMR spectrum of different substrates, two 
equilibria (equations 12 and 13) were proposed to exist. In one, the substrate S coordinated to 

Table 32 Stability Constants (log K,) of some Silver(1) Complexes of @-Diketone in 75% Dioxane 
at 30 TZ3’ 

Ligand Formula Acid Stability 
dissociation c o n s m  

constant 

2,CPentadione 
1-(2-Furyl)-1,3-butadione 
1-Acetyl-2-cycloheptanone 
1-Acetyl-2qclo hexanone 
1,3-Diphenyl-l,3-propanedione 
1-(2-Furyl)-3-phenyl-1,3-propanedione 
3-Phenyl-2,4-pentanedione 
l-Phenyl-l,3-butanedione 
1-(2-Thienyl)-l,3-butanedione 
l-Acetyl-2-cyclope~tanedione 

MeCOCH,COMe 
C,H,OCOCH,COMe 
MeCOC,H,,O 
MeCOC&,O 
PhCOCH,COPh 

MeCOCHPhCOMe 
PhCOCH2COMe 
C4H,SCOCH,COMe 
MeCOC,H,O 

C,H,OCOC&COPh 

12.65 
12.10 
14.10 
13.80 
13.75 
13.00 
12.60 
12.85 
12.25 
11.60 

9.72 
7.61 
6.67 
6.52 
6.07 
5.74 
5.44 
5.43 
5.19 
4.22 
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a silver #?-diketonate, Ag(B-dik). This was then further associated with a lanthanide chelate, 
Ln(p-dik)3, to form in situ a tetrakis complex. The tetrakis chelate ion pair was believed to be 
the active shift reagent complex.237 

Ag(/?-dik) + S e Ag@-dik)(S) 

Ln(/?-dik), + Ag(/?-dik)(S) e Ln(B-dik),Ag(S) 

54,145 ThiosulJates 
The process of fixation of photographic negatives involves the dissolution of silver halides in 

thiosulfate solution. In fact, photography could not have become a commercial success without 
Herschel's discovery in 1839 that unexposed silver halide could be washed away with 
thiosulfate before the image was exposed to light.u8 Up to that stage, unexposed silver halide 
in the recorded image darkened upon repeated exposure to light and hence photographic 
images were not permanent. 

From studies of the reaction between silver and thiosulfate ions, a large number of complex 
ions have been suggested to exist in solution. The available thermodynamic data for these 
species are collected in Table 33.u9,240 

Table 33 Some Thermodynamic Data for Thiosulfate Silver(1) C o r n p l e x e ~ ~ ~ * ~  

log K" AH AS 
(kJ mol-') (J K-' mol-') 

~~ 

25 "C, I = 4.0, udess indicated otherwise. 20 "C, I = 0. 

A wide variety of salts have been isolated from solution; however, it has been claimed that 
obtaining pure products is beset with difficulties and this perhaps explains some of the 
divergent formulations based on analytical data.a41 

Structural data are available for NaAgS203.Hz0,242 (N&)7[Ag(S203)4]-2NH.,Cla3 and 
Na4[Ni(NH3)4][Ag(&03)z]2.NH3.244 In NaAg&O3-HZ0, the two independent Agf ions have 
similar tetrahedral coordination sites binding to one water molecule and three terminal S atoms 
with Ag-O=262 and 275pm and Ag-S between248 and 265pm. Each coordinated S 
belongs to three Ag coordination polyhedra, giving a polymeric structure containing double 
layers parallel to [OlO]; these are held to ether by Na+ ions which have distorted octahedral 
coordination with Na-0 = 229-277 pm.' In the [Ag(SzO3)4l7- anion, the thiosulfate group 
again behaved as a monodentate ligand bound to silver via the terminal sulfur atom. The 
arrangement of S,O:- groups around the silver was approximately tetrahedral with Ag-S 
bond distances approximately 258 pm. 

On the basis of IR results it has been claimed that the thiosulfate group may also act as a 
bidentate ligand bonding through both the terminal S atom and an 0 atom. One such case was 
(NH4)2Ag2(I)2(S203) E) .245 Characteristic absorption bands for thiosulfato silver(1) complexes 
are given in Table 34. 
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Table 34 Characteristic Absorption Bands (cm-') for Thiosulfato Silver(1) Complexes 

Na[Ag(SzO3ll.HzO 1020 635 1170 527 240 
Na3[Ag(SzO,),I*2HzO 1035 670 1162 543 240 
(NH4)3[Ag(S*O3)J 1005 640 1160 535,528 240 
Ba3[Ag(Sz03)212 1010 650 1185,1150 550,520 240 
Na4[Ni(NH3)4][Ag(~03)z]z-NH3 1010 650 1180,1145,1120 550,530 244 

Carboxylates and malates 

(i) Carboxylates 

Silver(1) carboxylates have been obtained by the addition of equivalent amounts of freshly 
prepared silver oxide to aqueous solutions of the appropriate a~id."~ Their degradation by 
halogens provides a convenient method for the preparation of alkyl halides (Hunsdiecker 
reaction) or esters (Simonini reaction)."* Equations (14)-(18) have been proposed to account 
for the products obtained and were the result of extensive studies. 

RCOzAg + Xz - KCOZX + AgX 
RCOzX ---.-j RCO,-+X- 

RC02. R.+CO, 
R. + RCOzX RX + RCO,. 

RX + RCOzAg - RCOzR + AgX 

Limited structural information is available for silver(1) carboxylates, despite their extensive 
use as catalysts in the manufacture of urethane polymers. This is in part due to their frequent 
insoluble and light-sensitive nature making chemical characterization of the complexes difficult. 
Dimeric structures have been reported for the perfl~orobutyrate"~ and trifluoroacetate 
complexes.25o In each case two-fold symmetry was crystallographically imposed, The Ag-0 
bond lengths were 223-224 pm, and in the more accurate determination of the trifluoroacetate, 
the Ag-Ag separation was found to be 297pm. A dimeric structure was also found for the 
silver(1) complex of 3-hydroxy-4-phenyl-2,2,3-trimethylhexane carboxylate.=l In the asym- 
metric crystal unit the Ag...Ag separations were 277.8 and 283.4 pm. 

The asymmetric stretching frequency for 24 silver carboxylates [vaS(CO2)] was observed to 
correlate with the Taft substituent constant 0". IR absorption data could be used to predict u* 
values with a standard deviation of 0.1.252 

The l9 F NMR spectrum of single crystals of silver tdluoroacetate showed a single resonance 
at room temperature due to rapid rotation of the CF3 moiety. Cooling to 40K gave the rigid 
lattice spectrum which consisted of the six lines expected for the two types of dimer present in 
the unit cell."o 

Complex ions of the type Ag(02CR); and Ag2(02CR)' have been proposed to exist in 
solution, based on measurements of solubility in water and in mixed solvents. Some 
thermodynamic data for silver carboxylates are given in Table 35.253,254 

Tabk 35 Some Thermodynamic Data for Silver(1) Carboxylates (25 "C, Z = 0) 

Log K AHo AS Ref. 
(kJ mol-') (J K-' mol-') 

AgOAc/Ag+.OAc- 0.73 4 25 253 
Ag( 0 Ac); / Ag +. (OAc- )' 0.64 4 25 
Ag2(OAc)+ /(Ag+)'. (0 Ac- ) 

Ag( O,CCH,CI); /Ag + I ( 02CCHzCl-)z 
Ag(O,CPh)/Ag ' .(O,CPh-) 0.53" 254 
Ag(O2CPh);/Ag* .(0,CPh-)2 0.62 

a I = l .  

1.14 

0.7 f 0.2 
Ag(OzCCH2Cl)/Ag+ .(02CCHzCl-) 0.64 253 
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The products of the reactions between silver@) carboxylates and triphenylphosphine were 
colourless, diamagnetic solids, stable at room temperature to oxygen and not significantly light 
sensitive. Reaction with triphenylphosphine was also found useful as a method of solubilizing 
silver carboxylates. 

Three types of monocarboxylato silver complexes have been obtained from these reactions. 
In the first, three triphenylphosphine molecules were present together with a unidentate 
carboxylato group. The second contained two triphenylphosphines and a bidentate carboxylate 
group. From studies of their ’HNMR and IR spectra and solution molecular weights it was 
claimed that the silver atoms were four-coordinate in both cases.2s5~256 The stoichiometry of 
these complexes was found to be pK, dependent. All the acids formed complexes of the type 
[Ag(O&R)(PPh&] but only those with pK, > 3.9 formed complexes of the type 
[Ag(OzCR)(PPh&]. TabIe 36 gives some IR CO; stretching data. It can be seen that for the 
tris(tripheny1phosphine) complexes, the differences between vs (asym) and v3 (sym) carboxy- 
late stretching frequencies are significantly larger than for the bis-ligand complexes. This 
supported the proposal of chelated carboxylate groups. 

The third type of complex found was [Ag(O2CMe)(PPh3)I4. This was prepared by reaction of 
silver acetate with an equimolar amount of PPh3 in toluene at reflux, followed by filtration of 
the hot solution and recrystallization by slow evaporation of the same solvent. The X-ray 
crystal structure determination showed a centrosymmetric tetramer with two independent Ag 
atoms having different environments. One was bound to one PPh3 (Ag-P = 237.6 pm) and two 
0 atoms (Ag-O=224.1 and 226.0pm) while the other was bound to a PPh3(Ag-P= 
235.4 pm) and three 0 atoms (Ag-0 = 222.6, 232.0 and 247.5 pm). The shortest Ag-Ag 
separation was 312.2 pm.’” 

Recently the use of mixed lanthanide silver complexes as NMR shift reagents has been 
assessed. In the original e x p e r i m e n t ~ ~ ~ ~ ? ~ ~ ~  silver(1) carboxylates such as Ag02CCF3 and 
Ag02CC3F7 were used, although later studies showed that larger shifts could be induced with 
silver fi-diketonates (see Section 54.1.4.4). 

(ii) Oxalates 

Silver oxalate is a colourless, crystalline substance which on heating undergoes an exothermic 
decomposition, The reaction begins at a little over 100 “C and easily becomes explosive. It was 
noticed quite early that samples prepared in the presence of an excess of oxalate were less 
stable thermally than those prepared using stoichiometric amounts of oxalate and silver ions. 
The thermal decomposition of silver oxalate into silver and C 0 2  has subsequently been studied 
under varying conditions of preparation, decomposition environment and p r e i r r a d i a t i ~ n . ~ ~ , ~ ~  

The crystal structure of silver oxalate may be considered to be made up of a series of chains 
held together in sheets by Ag-0 crosslinks (28). Ag-0 bond lengths were 217-23Opm and 
between chains the Ag-0 separation was 258-261 pm.m 

Mechanical treatment of silver(1) oxalate with Cun has recently been shown to cause the 
copper ions to dissolve in the silver(1) oxalate to form a dilute solution of Cun ions detectable 

Table 36 Infrared COT Stretching Data (cm-’) for Silver Carboxylatesz5’ 

Complex vs vS Av Av  Modeof pK,of 
v8 - v3 (#odium coordination parent 

salt) (mi-  or acid 
bi-dentate) 

1570 1380 190 164 Uni 
1530 1390 140 164 bi 
1525 1360 165 140 Uni 
1530 1400 130 140 bi 
1530 1360 170 150 uni 
1480 1360 120 150 bi 
1550 1360 190 145 Uni 
1510 1355 155 145 bi 
1600 1340 260 185 mi 
1625 1320 305 235 U n i  
1660 1295 365 295 Uni 
1590 1405 185 160 Uni 

4.76 
4.76 
4.18 
4.18 
4.27 
4.27 
3.91 
3.91 
2.87 
1.48 
0.70 
3.00 
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by ESR.=l More prolonged treatment of silver(1) oxalate brought about decomposition 
analogous to that of thermal decomposition and which was accelerated by the Gun.%' 

A voltammetric study of complex formation between silver(1) and oxalate ions was 
performed at a rotating platinum electrode.263 From half-wave potential measurements the 
formula of the complex was found to be AgC206. Preliminary paper electrophoresis studies 
with saturated sodium oxalate as the supporting electrolyte gave definite indications of a 
negatively charged complex also. However, due to the very low solubility of Ag&04 and the 
low stability of the negatively charged complex, no quantitative data were obtained. From the 
voltammetric study the instability constant (log K) for the negatively charged complex was 
determined as -2.41 (hence log B1 = 2.41).263 

54. LA 7 Aliphatic and aromatic hydroxy acids 

There are only scant reports of the reaction of silver ions with aliphatic or aromatic hydroxy 
acids and only a few stability constants have been reported.2” In general only weak complexes 
were formed and typical examples include reactions with ascorbic or tartaric acids. 

With ascorbic acid, silver was reduced to metallic silver although at room temperature the 
reaction was slow enough for a measurement of the igstability constant (K1 = 2.2 f 0.2 x 
hence log 

Reaction of disodium tartrate with silver nitrate at pH 5.6 was followed by the change in the 
absorption s ectrum at 216-250nm. Two complex ions were proposed, Ag(C4bO6)- and 
Ag(C4&06)r-, with formation constants log B1 = 2.29 and log p 2  = 4.21 respectively.266 

In relation to carbohydrate chemistry, the Koenigs-Knorr synthesis of glycosides involves 
the treatment of glycosyl halides with an alcohol or phenol in the presence of a heavy metal 
salt.267 Karretm discovered that reaction of silver salts of hydro acids could also be used and 
use of these reagents has been extended more recently.2 Numerous variations and 
improvements on the original method have now been reported, and silver oxide, silver 
carbonate or silver trifluoromethanesulfonate have since become the accepted standard 
 reagent^.'^' 

= 3.66 f 0.04).265 

? 

54.L4.8 DMSO and DMF 

(i) DMSO 

DMSO solvates of AgN03 and AgClOa have been reported. Ag(DMSO)N03 was obtained 
by evaporation of the excess DMSO in vacuum from DMSO solutions of AgNO3. 
[Ag(DMS0)2]C104 was isolated by evaporation of acetone and DMSO in vacuum from acetone 
solutions containing anhydrous AgC104 and DMSO. It was very unstable and on rubbing or 
scratching exploded with extreme violence. Their IR spectra indicated that the DMSO was 
coordinated via the 0 atom. Characteristic bands for the SO stretch and CH3 rock were 
reported for Ag(DMSOkN03 at 1018vs and 949 an-’, and for Ag(DMS0)2C104 at 1o2ovs and 
950s cm-’ respectively.’ 

The stability of DMSO solvates of AgC104 have been measured in a range of s01vents.”~ 
Formation constants are presented in Table 37. In general, the complexes were found to be 
more stable than the corresponding DMF species (see Section 54.1.4.8.ii). 

The crystal structure of [Ag(DMSO)Z]C104 has been determined.272 The structure was built 
up of infinite chains of silver atoms joined by doubly bridging DMSO oxygens. Each silver was 
also coordinated to a perchlorate ion giving an overall distorted trigonal bipyramidal structure, 
The Ag-0 bond distances ranged from 236 to 274pm. A general review of transition metal 
complexes of sulfoxides was recently published and this summarized the sparse literature 
dealing with silver(I),m 
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Tabk 37 Formation Constants for DMSO Adducts of AgCl02" 

Nitroethane - 4.8 f 0.1 5.0 * 0.2 6.40 f 0.10 
Acetone 1 . 2 f 0 . 2  2.41f0.10 2.48f0.10 3.40f0.10 
Sulfolane" 1.74 f 0.15 2.48 f 0.15 3 . 3  5 0.15 - 

a 1 ,l-Dioxo-l-thiocyclopentane. 

(ii) DMF 
The formal reduction potential of silver ion in DMF was found to be +OS79 f 0.004 V us. 

SCE. The values of the stability constants of the DMF complexes of silver(1) in various solvents 
are given in Table 38. It was observed that the complexes were most stable in n i t r ~ e t h a n e . ~ ~  

Table 38 Stability Constants of DMF Complexes of Silver(1) in 
Various Solvents274 

Nitroethane 1 . 7 f 0 . 2  2 .7 f0 .2  3 . 0 f 0 . 2  2.42f.0.15 
Sdfolane 1.3 f 0.2 1.7 f 0.2 - - 
Acetone 0.5fO.l  1.24f0.05 - - 
2-Butanol 0.36 f 0.05 0.3 f 0.1 I 

Methanol -0.36 f 0.02 -0.7 f 0.1 - - 
- 

1 : 1 adducts of DMF with AgBF4 and AgC104 have been isolated from 2-nitropropane. Their 
'H NMR spectra show close similarity to those of DMF-Lewis acid or DMF-protonating acid 
spectra. Coordination was proposed to exist via the carbonyl 0 atom.275 Proton shifts are 
presented in Table 39. 

Table 39 'H NMR Shifts of Silver(1) Adducts with DMF 
in 2-Nitropropanems 

. .  . . 

Adduct cis-Methyl" trans-Methyl CHOb 

Ag3F4+DMF 94 87 488 
AgC104.DMF 96 90 490 
DMF 102 94 474 

"Shifts in Hz upfield from second peak in 2-nitropropye septet. 
Cis and tram are with respect to the aldehyde proton. Shifts in 
Hz downfield from internal TMS. 

The addition of absolute benzene to solutions of silver nitrate in DMF gave a fine white 
precipitate with the composition AgN03.2DMF.2'6 The adduct was hygroscopic and photosen- 
sitive. The IR spectrum showed a series of strong bands (Table 40) and indicated that 
coordination occurred via the 0 atom. The adduct melted at 210f2"C after which 
decomposition occurred in the liquid phase. Further heating to 500 "C eventually led to metallic 
silver being produced. 

Table 40 Infrared Spectral Data for 
AgNO,.2DMF (cm-')" 

AgNO, .2DMF Possible assignment 

161Ovs V ( C _ o ) a  

1120 v(cN) 
1325vs 

1025w 
815s Anionic NO; 
730s 
670s w-) 

1680 cm-1, 
'For pure DMF v ( M )  occurred at 
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(iii) Other amides mad N-oxides 

Reaction of AgC104 with N,N-dimethylacetamide (DMA) in excess DMA followed by 
addition of ether gave Ag(ClO&DMA.H,O. The white crystals decomposed at 92 "C. An IR 
spectrum showed that the v(C=O) band, originally at 1662 cm-' for free DMA, was shifted to 
1628 cm-l. This shift of 34 cm-' on coordination indicated a decrease in the stretchin force 

In contrast, it was reported that at least small amounts of a complex of Agf linked to the 
nitrogen existed in aqueous solutions of the system AgNO-DMA."' This conclusion was 
reached on the basis of the lowering of the activation parameters for the barrier to rotation 
about the amide N-C bond (Table 41).279 

constant and was taken as evidence of coordination through the 0 rather than N atom. 47 

Table 41 Activation Parameters for Rotation About Amide N - C  Bond279 

T , A  E. Am ASS 
(K) (s-l) (kJ mol-') (kJ mol-') (J mol-' K-') 

Ag+-DMA-d3 337 4 x 1013 79.5 f 2.9 77.0 f 2.9 f 5 . 9  
DMA-d3 336 8 X 1013 87.9 f 3.8 84.9 f 3.8 f11.3 

A 1 : 2 adduct, AgNOy2DMA, has also been i~olated."~ The white crystalline precipitate 
was obtained by the addition of benzene to a solution of silver nitrate in DMA. It has a melting 
point of 200 f 2 "C. 

Metallic silver was found to react with NBS and provided a convenient high yield route to 
the silver salt of succinimide (equation 19).=' Spin trapping experiments were performed to 
show that nitrogen-centred radicals were intermediates in the reaction. 

The coordination chemistry of aromatic amine N-oxides and dioxides has been the subject of 
numerous studies in recent y e a r ~ . ~ l - ~ ~  

The basicity of the aromatic amine N-oxide can be substantially varied by the introduction of 
substituents on the aromatic ring. IR spectra of free N-oxides display a prominent band between 
1200 and 1300 cm-', attributable to the nitrogen-oxygen stretching frequency v(N0). The 
more activating the substituent, the lower the energy of the absorption. Upon coordination, 
v(N0) is decreased by up to 60 cm-'. IR data for pyrazole and pyridine derivatives are given in 
Table 42.=l-% 

Table 42 IR Spectral Data for some Silver(1) Complexes with N-oxides 

v(N0) (cm-l) Ref. 

Pyrazine N-oxides 
Ag(pz 1-oxide),NO, 1310 284 
A g ( W O 3  

L = 3-methylpyrazine 1-oxide 1254 284 

2-chloro-3-methylpyrazine 1-oxide 1303 284 
2-chloro-3-methylpyrazine 4-oxide 1310 284 

2,5-dimethylpyrazine 1-oxide 1320,1310,1288 284 

Pyridine N-oxides 
Ag@y l-olride),ClO,.(py 1-oxide) 1210,1238 281 

L = Cmethylpyridme 1-oxide 1203 281 

2-etbylpyridine 1-oxide 1197 281 
4-chlompyridine 1-oxide 122s 285 
2-cyanopyridine 1-oxide 1210,1220 286 
4-cyanopyridine 1-oxide 1239 286 

Ag(L),CIO4 

Cmethoxypyridine 1-oxide 1199 285 
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Reaction of AgC104 with N-oxides in acetone, methanol or ethanol often resulted in salts 
containing more than one mole of ligand. Bridging structures were proposed to occur, based on 
the IR spectral shifts.% The analysis of the silver perchlorate complex with 2,2'-bipyridyl 
1,l-dioxide indicated two moles of ligand per mole of silver. In this case it was considered that 
the complex was monomeric and that each ligand was bound to the silver ion by only one 
oxygen giving rise to a linear, two-coordinate arrangement.2g7 

54149 Hydroxamates, cupferron and related oxygen ligands 

The complexing capacity of hydroxamic acids was predicted by Werner in 1W8, who also 
indicated the metals most likely to form stable Since then, the formation of 
poorly soluble and intensely coloured hydroxamates has been used for analytical determina- 
tions for a number of metal ions, such as Fe3+, Mo5+, V5' efc. A recent general review of 
transition metal complexes of hydroxamic acids included the few known examples of silver(1) 
complexes.289 

The rearrangement of hydroxamic acids or their esters to isocyanates was discovered 
in 1872 by Lossen and is now known as the Lossen rearrangement.290 During attempts 
to determine the mechanism of this rearrangement, a variety of silver hydroxamates were 
prepared and their decomposition to isocyanates observed.291 In each case, the sodium or 
potassium salt of an ester of the hydroxamic acid was dissolved in ether-alcohol solution and 
then treated with aqueous silver nitrate. The ether layer often turned yellow before 
precipitation occurred in the aqueous phase, Decomposition temperatures of the silver salts 
were generally greater than 100 "C at which stage the isocyanate was formed. The hydroxamic 
acids investigated were diphenylacetylhydroxamic acid, triphenylacetylhydroxamic acid, 
pyromucylhydroxamic acid and thenoylhydroxamic acid. 

Cupferron (29), as the name suggests, has been applied to the analytical determination of 
copper and iron. In neutral solution, a white 1 : 1 complex with Ag' has been obtained which 
reacted with Me1 to give the methyl ether.292 Reaction of the related ligand (30) with silver 
nitrate in aqueous methanol gave a red precipitate which on further reaction with Me1 gave the 
methyl ether in a reaction analogous to that for cupferron.293 

54.1.5 Sulfur Ligands 

54.151 Thioolates 
The coordination chemistry of the thiolate group has been widely investigated where it was 

part of a polydentate ligand. Fewer studies involving monothiolates have been carried out to 
determine the coordination characteristics intrinsic to the RS- group.294,295 

Compounds of the type AgSR have been known and used for a long time. Early studies with 
primary alkanethiolates showed that the yellow solids were thermally stable and generally 
insoluble in common organic solvents. Some interesting early examples include AgSCJ17 and 

Characterization of the essential oils of onion and garlic was aided by the isolation of silver 
derivatives. The salts containing n-propanethiol and allyl thiol were both insoluble and could 
not be recrystallized?% 

When silver fluoride and CS2 were heated in an autoclave at 140 "C then AgSCF3 was formed 
in 70-80% yield (equation 20) .297 The trifluorornethanethiol group formed could be transferred 
intact by further reactions.298 

AgSCF, . 

3AgF + CS, A&S + AgSCF3 (20) 
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Until recently, little structural information has been available for silver thiolates. Based on 
molecular weight measurements it was suggested that for [AgSR], when R was a tertiary alkyl 
then n = 8, while when R was a secondary alkyl then n = 12. For primary alkanethiolates which 
were generally insoluble, unreliable high molecular weights were obtained, indicative of 
non-molecular structures. 

The crystal structures of several silver thiolates have now been reported and, in general, the 
Ag-S distances were between 240 and 280pm.29sm If longer distances (e.g. 330pm) or 
secondary bonding were included in the interpretation, then molecular cycles and a variety of 
molecular cages could be recognized. These included [Ag4(SR),I2-, [Ag5(SR)&, 
[Ag5(SR)7]2- 3w and [A&(SR)#- (n = 1, 2).301 A one-dimensional non-molecular structure 
was confirmed in only one compound.302 

The structure of (3-methylpentane-3-thiolato)silver(I) was found to consist of cores of chains, 
which were approximately linear. Each chain contained two separate strands, with alternating 
silver atoms and double bridged thiolate ligands, which were intertwined. Of interest was the 
unprecedented absence of any silver-sulfur bonding between chains.3m 

For benzenethiol, crystallization equilibria (equation 21) exist in non-aqueous solvents, such 
that pale yellow (Med)[Ags(SPh),l as well as colourless (AgSPh), and yellow 
(MeJV)2[A~(SPh)7] can be isolated.30 Far IR spectral data are available for the latter 
compound and also for AgSBu' and (Et$J)[Ags(SBut)7] .303 

(21) 
PhS- Phs- 

(AgSPh),(S) [A&(SPh),I2- e [A&(SPh),]*- 

The dithiols (31) and (32) were found to react with a variety of heavy metal ions to form 
precipitates of the corresponding metal m e r c a p t i d e ~ . ~ ~ ~ ? ~ ~  Characteristic IR data for these 
complexes are given in Table 43. 

F F F F  

H S L r n S H  

F F F F  

Recently the crystal structures of two 1,l-dithiolate cluster anions have been reported. The 
while the second, first, [Ag,{S2C---C(CN)2}6]a-, contained a cube of eight Ag' 

Table 43 IR Spectral Data for Silver@) Dithiolates 
@-'> 

1632w 1630 
1485sh 
1474sh 1475~s 
1469s 
1460s 
144h 

136% 

l232w 

139Ovs 

135owv 

llooVs 
1010s 

%Om 
949111 
895m 

76ow 
719s 
598w 

8 1 h s  

54ovs 
5oovs 
490s 

432w 
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[Ag6{SzC=C(CN)z}6]6-, contained an Ag octahedron.307 Both could be formed from aceto- 
nitrile solutions of bis(benzyltriethylammonium)-2,2-dicyanoethane-l,l-dithiolate and AgN03. 
They can be readily distinguished by their IR spectra. [Ag8{S2G----C(CN),},l4- has a 
characteristic absorption at 910-920 cm-' whilst in [A&( S2W(CN)2}6]6- the corresponding 
band occurs between 930 and 945cm-l. The latter compound was found to be structurally 
identical to the neutral molecule [Ag&CNPr2)6] ,308 

54.1.5.2 Thioethm 

Dialkyl and diary1 thioethers generally react with silver(1) salts to form 1 : 1 c o m p l e x e ~ . ~ ~ ~ ~ ~ ~  
Few data are available for these adducts; however, on the basis of formation constants they 
appear to have relatively high stability (Table 44).3117312 

Tnbk 44 Formation Constants for some 1 : 1 Silver(1) Thioether Complexes 

Tetrahydrothiophene 50% aq EtOH, 25 "C, 1 M NaClO, 3.51 - 311 
2,2'-Thioethanol 1 M aq KNO,, 20 "C 3.60 6.06 312 

1 M NaNO,, 25 "C 3.43 311 
Bithionol Ethanol-water, 25 "C, 1 M NaCIO, 4.55 7.10 314 

The IR spectra of the compounds Me2SeAgN03, Et2S-AgN03 and Pr;S.AgNO3 indicated 
that the nitrate anion retained its D3,, symmetry in the compounds, i.e. was The broad 
intense y3 band at 1370 cm-l was not split, yz was at 819 cm-', and there was no indication of 
absorption by the nitrate in the 103Ocm-' region. The sulfur atoms may serve as bridges 
between silver atoms.313 

With bidentate thioethers such as RS(CH2),SR (n = 2-S), ck-R'SHC=CHSR' and o- 
C&(SMe)z, silver(1) forms 1 : 2 chelate complexes involving tetrahedral Ag'. The stabilities in 
aqueous solution of some of these complexes in which R=CHzCH20H have been 
measured .312 

Silver forms a 1 : 2 complex with bithionol (33), a commercial bacteriostat.314 The formation 
constants are given in Table 44. 

54.1.5.3 Metallothio anions as ligands 

One area of silver chemistry that has received much recent attent..m is the synthesis of 
multinuclear aggregates.315 Anionic metal dithiolato complexes such as KnM(S2C.&)2 were 
found to form adducts with silver(1) phosphines. In these complexes, the inert cations (K+) that 
accompanied the metallothio anions could be readily substituted by coordinatively unsaturated 
silver phosphines Ag(PR3)2f. For dithiooxalto complexes this led to the isolation of a 
remarkable range of linkage isomers (34)-(37) ,316*3'7 

Spectral data used to characterize these structura1 types are given in Table 45. The type of 
isomer obtained for the dithiooxalates depended on the kinetic inertness of the original 
complex and occasionally the resulting products were not the energetically most stable species. 
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PPhs\ /ph,P 

(37) M = Ni" 

In such cases slow rearrangements to the thermodynamically favoured form occurred. With 
kinetically labile complexes, the bridging mode adopted by the dithiooxalate ligand was a 
reflection of the thermodynamic stability of M-S2C202 vs. (R3P)-Ag-S2&02 interactions. 

Table 45 Some Properties of Polynuclear Dithiolate Complexes Containing Silver Phosphines 

Complex Colour pgm (BM) v(C=O) sfretch v ( C 4 )  and v ( M 4 )  ReF 
(cm-') v(C--S) 

Green 

3.86 1622m, 1440s, 1572s 862br 
Diamagnetic 1608w, 1530s 1081sh 

3.95 1370s 112ow 
5.81 1380 - 

Diamagnetic 1653s,1628s 1034s 
v ( W )  stre&h 

j 
- 2202s 1495s. 1146s 
- 2200s 1492s; 1146s 
- 2210s 1445vs, 924sh, 

914m.879~1 
- 2200s 1485~s: 933m, 

922sh, 878m 

MNT = 1,2-dicyano-l,2-ethyIenedithiolate. 1-MNT = l,l-dicyano-2~-ethylenedithiolate. 

325s, 370s 
343111 
375s, br 
314s, br 
345s 

355s - 
380,288 

315 
315 
315 
315 
315 

318 
318 

318 

318 - 

The majority of these metal species have been found for Ni" dithiolate~.~'~ The 31PNMR 
spectra for various substituted phosphine complexes of the type [$R3P)2Ag]ZNi(mnt)2 (where 
mnt = 1,2-dicyano-1,2-ethylenedithiolate) have been e~amined .~  The magnitudes of the 
Ag-P coupling constants observed were in the order PPh3 C PEtPh, < PEt2Ph = PEt3 (Table 
46). This increase in JAep was interpreted as a consequence of reduced steric strain which 
allowed the P-Ag-P bond angle to open as the s character of the P-Ag bond increased from 
PPh3 to PEt3. An alternative explanation was based on the increase in basicity of the phosphine 
as alkyl groups were successively introduced. 

An unusual cage structure with two six-membered rings was formed by reaction of 
thiometalates with silver salts. Extraction of an aqueous solution of either (N&)zWS?" or 

Table 46 Coupling Constants for 
some Silver Phosphine Complexes 

(Hz)319 

Compound 

L = Ni(mnt), 
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(NH4)2M0S4321 with a solution of Ph3P and AgN03 in dichloromethane gave crystals of 
[M2S8Ag4](PPh3)4 (M = W, Mo). The complexes were isostructural and contained a system of 
SAg2S2M rings which were connected with metal-sulfur bonds (38). All the metal atoms were 
tetrahedrally coordinated and the WSt- or MoSZ- ions could be considered as terdentate 
ligands where the terminal MS bonds were significantly shorter. The Ag-S and Ag-P bond 
lengths were in the ranges 254-265 pm and 240-244 pm respectively. 

PPhi 

S 

S -  

I 
S-Ag 

I l l  
I \  s 

I I Y’ PW-Ag I \  I 

5415.4 Mono- and di-thiocarbamates 

The preparation and properties of some silver( I) complexes of dialkyldithiocarbamates were 
reported in 1959.3” The complexes Ag(R2dtc) were polymeric in solution as well as in the solid 
state. 

The crystal structures of the diethy1-323,324 and di-n-propyl-dithiocarbamate~~~~ have been 
determined. The cy-forms of the diethyldithiocarbamate and the di-n-propyldithiocarbamate 
contain discrete hexameric molecules. In [Ag(Pr2dtc)16, the silver atoms form a somewhat 
distorted octahedron with six comparatively short and six longer edges. The short edges 
correspond to metal-metal distances which are comparable or somewhat longer than those in 
the metallic phase of silver. The long edges form two centrosymmetrically related triangles in 
the silver octahedron. Outside the other six faces of the octahedron, one dithiocarbamato 
ligand is situated, linked to the silver atoms of the face by silver-sulfur coordination. 

One of the sulfur atoms is linked to one silver atom while the other is linked to two. The 
silver coordination is three-fold but not planar, the metal atoms being situated ‘inside’ the 
plane of the coordinating sulfur atoms.325 

In the a-modifications of silver(1) diethyldithiocarbamate irregular hexamers are linked in 
chains by weak bonds only (Ag-S = 299 pm). Two of the six silver atoms have four-fold 
coordination, the others three-fold. Two ligands coordinate to only two metal atoms, the others 
to four. Five short metal-metal distances occur in each of the he~arners.~’~ In the 
@-modification, which is a true high polymer, all the silver atoms have four-fold coordination 
and all the ligands are linked to three metal atoms, (39). There are only two short metal-metal 
distances per six silver atoms. Crystals of the /%form were obtained from CS2 solutions cooled 
to -40 “C. Ag-S bond lengths were in the range 251-274 pm.324 
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The use of silver diethyldithiocarbamate has been recommended for the determination of 
arsenic and antimony .327 One disadvantage, however, was that the red colour developed during 
the test varied markedly in intensity and wavelength depending on the reagent. Thus between 
different batches, the wavelength of maximum absorption could vary between 520 and 550 nm. 
The reagent containing a small excess of silver had higher sensitivity to arsenic and was found 
to absorb at longer wavelengths than did the complex containing a slight excess of free 
ligand.326 

541.55 1,Z-Dithiolenes 

A recent review on transition metal complexes of 1 ,Zdithiolenes summarizes the virtually 
non-existent literature dealing with silver complexes.32s Only one general report exists for their 
production, which gave complexes of the type [AgL,(CIO4)] [where n = 1, 2 and L = various 
thioethers, C2H2(SH)2, C6H4$SH)2, o-M~C~H,(SH)~, maleonitriledithiolate (mnt2-) and tol- 
uene 3,Cdithiolate (tdt2-)].,’ An early report claimed the existence of an ESR-detectable 
Ag(mnt)$- species; however, this could not be obtained free from impurities330 

54156 Other S-containing ligan& 

(i) Sulfonates and sudfonmides 

In 1958, some water-soluble sulfonated aromatic ethers, sulfides and selenides were prepared 
and the stability constants of their complexes with silver ions determined. The coordinating 
capacity of sodium benzenesulfonate was found to be negligible (log K = -0.04) compared with 
that of the ligands containing the additional donor atoms such as S or Se. The p-Me0 
derivative also had a very small stability constant (log K1 = -0.12), and so for both these 
ligands coordination through the sulfonate group only was predicted an6 the sulfonate group 
was shown to be a very poor donor for silver(1) ions.331 

More recently, the crystal structures of several silver sulfonates have been determined: those 
containing methane~ulfonate,~~~ brornomethane~ulfonate~~~ and pyridine~ulfonate.~~~ In the 
first of these, no distinct molecule of the silver salt was found in the unit cell. The silver atom 
was five-coordinate with a very distorted trigonal bipyramidal arrangement. Ag-0 bond 
distances were in the range 234-263pm. Each silver was bound to five different 
methanes~lfonates.~~~ 

Slow evaporation of an aqueous solution containing stoichiometric amounts of AgzO and 
bromomethanesulfonic acid led to the precipitation of crystals of the silver salt. Each ligand 
was found to coordinate four silver atoms by means of its three sulfonic 0 atoms and a further 
two by means of the Br atom (40). Thus each silver atom was octahedrally surrounded by four 
0 atoms (A -0 = 235.4 and 248.6 pm) and by two Br atoms in axial positions (Ag- 
Br = 297 pm). 333 

Sulfonamides have been extensively used in medicine for their antibacterial properties. Silver 
sulfadiazene (N-pyrimidin-2-ylsulfanilarnide, 41), when applied topically, has proved effective 
in preventing infections in burns v i~ t ims .~~’ ,~~‘  

The mode of antibacterial action appeared to involve interaction with DNA, thus binding the 
silver .337 Silver sulfadiazine solutions were not light sensitive and unlike silver nitrate did not 
remove chloride from body 
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The structure of silver sulfadiazine has been the subject of some controvers which for the 
solid state has now been settled by X-ray crystal structure  determination^.^^^,^^ The silver was 
not coordinated to the amine N to give linear two-fold coordination. Instead, the nitrogen 
atoms of the pyrimidine ring were found to coordinate to two different silver atoms to form 
polymeric chains extending through the crystal. Each silver in this chain was also coordinated 
to an oxygen from a sulfonyl group (Ag-4 = 254 pm). A second identical chain was joined to 
the first chain by coordination of an imido nitrogen and in addition the silver atoms in one 
chain were only 292 pm from a symmetry-related silver atom in the second. The coordination 
about the silver was described as a distorted trigonal bipyramid (42).339 

B 

( i i )  Thiocarboxylic acid amides, including thiourea 

The preparation and structural investigation of silver(1) thiourea complexes have been the 
subject of numerous reports.34o In solution, the formation of stable, mononuclear complexes 
containing up to four thiourea roups has been proposed anh the associated thermodynamic 
data are collected in Table 47. 34F,342 

Table 47 Thermodynamic Data for the Formation of Silver@) Thiourea Complexes 

Temperature Medium h g p ,  Logs,  Logp, Logs ,  AH AS Ref. 
("C) (kJ mol-') (J K-' mol-') 

15 0.5KNQ 7.17 11.01 13.43 14.40 -100 -78.2 34 1 
25 Z+O,pH6.8 7.30 10.60 12.80 13.72 -143 -213 342 

Crystal structure data are available for Ag(tu)&l?" A g ( t ~ ) ~ C 1 0 ~ ~  and A ~ ( ~ u ) ~ S C N . ~ ~  In 
the latter compound the Ag atoms were coordinated by two thiourea S atoms (Ag-S = 248.2 
and 246.2pn-1) and one S of a thiocyanate ligand (Ag-4 = 260.8 pm). The three S atoms 
formed an almost planar arrangement with the central Ag atom. A fourth sulfur atom was 
much more weakly bound (Ag-S = 311.1 pm) and completed a highly distorted tetrahedron. 
In addition, it acted as a bridge to the second half of the centrosymmetric dimer (43). 

Polymeric thiourea complexes have also been isolated. For example, [Ag2(t~)3(N03)2]n was 

COC -AA 
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Table 48 characteristic IR Absorption Bands (cm-') of 
Thiourea and [Ag2(tu),]z'M 

tu [Ag2(43lZ+ Assignment 

3450sh.br 

1485m 1468s 

;%} E}} 1388s TI-) 

1091s 1094m D-NH, 
735sh 

721s 703m 
Mostly C=S, some C-N 

precipitated from a solution of thiourea in nitric acid by adding an aqueous silver nitrate 
solution. IR spectra were interpreted in terms of silver-sulfur bonding only. Characteristic IR 
absorption bands are given in Table 48.346 

Attempts have been made to deprotonate the coordinated thiourea group, Upon contact of 
A g ( t ~ ) ~ N 0 ~  with ammonia, the initially white complex became grey and turned black following 
complete removal of the solvent. The products obtained (ammonium nitrate, silver sulfide, 
thiourea and cyanamide)were rationalized by equations (22) and (23) .347 

(22) 

(23 

A g ( t ~ ) ~ N 0 ~  + ZNH3 - [Ag(NH,)(tuH)] + N&N03 + 2tu 

2[Ag(NH3)(tuH)] - Ag2S + tu + N S N H z  + 2NH3 

A wide range of substituted thiourea derivatives of silver(1) have been studied.340 The crystal 
structure of tris(N-methylthiourea) silver(1) chloride has been determined and the central silver 
atom was tetrahedrally coordinated to three S atoms (Ag-S=252pm) and one ci atom 
(Ag-Cl  = 265 ~ m ) . ~ *  

Thioacetamide is a well-known reagent which has been used in both qualitative and 
quantitative analysis. Its reaction with silver ions has been used for its de t e rmina t i~n .~~~  

In the titration of thioacetamide with silver nitrate in distilled water and in slightly acidic or 
basic solution, a black precipitate of silver sulfide formed. The other products of the reaction 
were ammonium nitrate and acetic acid. Two reaction athways have been suggested for the 

reaction proceeded similarly. However, in 0.5M or more concentrated HN03 solutions a 
different reaction took place. Under these conditions a light, pearly precipitate was formed and 
a silver thioacetamide complex was obtained. 

course of this reaction, Scheme 3 and equation (24).349,3 P a In the presence of 0.1 MHN03,  the 

0 
II 

S 
II 

M d - N H ,  + 2H20 + 2Ag+ -+ AgS + M-C-OH + NH: + H+ 

Reaction of 2-thioamidopyridine (L) with silver perchlorate in polar solvents, or by means of 
the halide complexes K[AgX2] in aqueous ethanol, resulted in the fleeting yellow precipitate 
which formed first being rapidly reduced to a mixture of colloidal silver and silver sulfide, a 

MeCNH, + 2AgN03 

MeCN + 2 H 2 0  

NH,OAc + 2HN03 

- Ag,S t- MeCN + 2HNO3 - NH,OAc - AcOH + NH4N03 + HN03 

Scheme 3 



Silver 821 

result similar to that observed with thioacetamide. However, by allowing the ligand to react 
with AgC104 in benzene then the yellow complex [AgL]C104.2HzO was isolated. The water 
could be removed by drying at 100°C. Conductance measurements in DMF showed that the 
complex was a uniunivalent electrolyte. The substance absorbed at 367nm in the visible 
spectrum. Evidence for sulfur bonding was given by the shifts observed in its IR 
s p e ~ t r u m . ~ ~ ~ , ~ ~ ~  Silver halide solvates of N,N-dimethylthioformamide (DMTF) have been 
prepared by dissolving the silver salts in DMTF under nitrogen at 50°C and cooling the 
saturated solution to 0°C. For the iodide it was necessary to aid crystallization by the addition 
of a small quantity of absolute diethyl ether. AgCl.2DMTF and AgBra2Dh4TF were found to 
be isomorphous. The silver atom was tetrahedrally surrounded by three sulfur atoms (Ag-S 
bonds ranging from 250 to 281 pm) and one halide atom ( A e C l =  254, Ag-Br = 266 pm) 
forming a chain-like structure. 

The silver atom in AgI-DMTF was at the centre of a distorted tetrahedron of three iodide 
ions (Ag-1=280-296 in and one sulfur atom (Ag-4-252pm). The structure was 

The IR and NMR spectra of the solvates in solution show only slight shifts from the free 
ligand. The dissociation constants, logK, calculated in DMTF from conductivity measure- 
ments, were found to be -2.17 (AgC1*2DMTF), -2.28 (AgBr*2DMTF), and -2.85 
(AgI.DMTF).354 

described as band-like.3 9 )  

54.1.6 Selenium and Tellurium Ligands 

Few studies have been made on silver complexes of selenium- or tellurium-containing 
ligands.335 It was noted in 1951 that Me2Te in acetone reacted with AgI in concentrated 
aqueous KI to give AgI(TeMe& and (AgI)2TeMe2.356 These were unstable and smelt strongly 
of Me2Te. MqSe gave a colourless compound, (AgI),SeMez, which rapidly decomposed in air, 
while SMez and OEt, showed no signs of reacting at all under these conditions. From this and 
other observations it has been concluded that with Ag+ the stability order is Te>Se>S>> 
0."' 

A wide range of ligands of the type RXCHZCO~H where R = alkyl, alkenyl or aryl and 
X = S ,  Se or Te have been reacted with silver ions and thermodynamic data for some 
representative examples are given in Table 49.358,359 The silver-selenium complexes were found 
to be more stable than their silver-sulfur analogues as a result of both larger favourable 
enthalpy and smaller unfavourable entropy changes. 

Ligands of the type X(CH~CHZCO~H)~ (X = 0, S ,  Se or Te) were synthesized and their 
reactions with silver([) ions studied. Thermodynamic data for their formation are also given in 

Table 49 Thermodynamic Data for the Formation of Selected Silver(]) Complexes with Ligands 
Containing Group VI Elements 

R X Medium Logo, Logb2 AH& TAS Ref. 
I T("C)  (kJ mol-') (kJ mol-') 

RXCHZCOZH 
Bun 

Ph 

m-ClC&, 

p-MeC,H, 
P-CIC&, 

X( CH2CH2COZH)z 

s 0.2 25 3.92 6.70 
Se 0.2 25 4.58 8.01 
s 0.2 25 4.77 7.02 
Se 0.2 25 5.16 7.96 

0 0.1 25 0.92 - 
S 0.1 25.1 2.77 4.8 
Se 0.1 25 3.62 6.1 
Se 0.1 25 3.33 5.6 
se 0.1 24.9 3.44 5.9 
Se 0.1 25 3.73 6.5 

Log K (AgHzL) 

s 0.2 25 3.18 
Se 0.2 25 4.05 
Te 0.2 25 5.03 

-58.5 -16.1 
-59.6 -13.5 
-126.1 -25.6 
-155.5 -110 
AH@, A?bl 

(K3mol-') (JK- mol-') 
(I  = 0.2) -4.48 -2.5 

-22.2 -21.3 
-28.8 -27.2 
-28.9 -33.0 
-23.7 -30.5 
-30.7 -31.8 

358 
358 
358 
358 

359 
359 
359 
359 
359 
359 

(AgH+) AS qJw) 
(kJ mol- ) (J K- mol- ) 
-22 f 2 -4f2 357 
-30 f 5 -If5 357 
-32 f 5 -4f5 357 
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Table 49.357 It was assumed that in all of these cases bonding was primarily through the Group 
VI donor atom with minimal chelation through the carboxyl groups. This was supported by the 
apparent absence of a silver complex for X = CH2. 

54.1.7 Halides 
Silver(1) halides are undoubtedly the best known of all silver(1) salts and the ability of thc 

silver ion to form sparingly soluble precipitates with halide ions has been applied to their 
quantitative determination for many years. 

Conventional photographic emulsions contain face-centred cubic AgBr and AgCl and may 
contain up to 10 wt % hexagonal AgI. Their primary sensitivity to light, which is in the order 
AgBr>AgCl>AgI, is magnified up to 10l1 times when the emulsions are developed (see 
Photographic Applications, Chapter 59). 

Complex ions of the type AgX; and AgX:- have been described for chloride, bromide and 
iodide and their relative stability was found to be I- > Br- > CI-.360 The effect of this complex 
ion formation on solubility can be readily assessed from the observation that in 1 M HC1, AgCl 
becomes -100 times more soluble than in pure water. 

Complex halides containing fluoride, however, do not appear to be as common, although 
they are known for silver(E1) .361 Recently, the first example of a fluoro-bridged dinuclear 
silver(1) complex was reported.362 Attempts to crystallize a BF: salt of the silver(1) 
diphosphine complex Ag(diphos)+ (diphos = 2,ll-bis(diphenyl phosphinornethyl)benzo[c]- 
phenanthrene) resulted in a few colourless crystals being deposited. On solving the crystal 
structure it became evident that the complex was actually [(diphos)Ag-F-Ag(diphos)]BF, 
(44). It was suggested that decomposition of a BF; ion had occurred in solution and generated 
some F- ion. The Ag-F bond distances were -255pm and the Ag-F-Ag bond angle was 
158.6.362 

The stability constants for A@; s ecies (where X = CI-, Br- or I-) have been determined 
for a range of solvents (Table 50). 36g36s The table shows that in all cases higher stability was 
found in a non-aqueous solvent than occurred in water. 

Table 50 Stability Constants (log /3J for the Formation of the Complex Silver 
Halide Anions AgX; in Various Solvents 

Solvent Conditions AgCI; AgBr; AgI; Ref. 

DMSO I = 0.1, 23 "C 11.9 11.7 13.1 363 
MeCN I=O. l ,  23°C 12.6 13.4 14.6 363 
MeOH 1 M LiClO,, 23 "C 8.0 10.9 14.8 363 
Acetone 0.1 M LiClO,, 23 "C 16.7 19.7 22.2 363 
Nitroethane 1 M LiClO,, 23 "C 22.2 22.5 23.5 363 
Water 25 "C 5.4 7.6 11.2 364 
DMF I = 0.005-0.01, 25 "C 16.3 16.6 17.8 364 

365 Sulfolane 30°C 19.8 19.7 - 
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A large number of complexes containing the AgXF anion (where X = Br- or 1-1 have been 
isolated,3m although in some cases they may not contain a linear AgX; anion. For example, a 
complex described as [RhpyJ3r2Ag]Br2 was reported in 1935 to be isolated from tram- 
[Rhpy4Br2]+ salts by treatment with AgN03, followed by HBr.366" Although this could perhaps 
be reformulated as trum-[Rhpy4Br2]+AgBr:, it is also possible that it is similar to intermediates 
more recently observed in studies of silver ion-induced aquation of [CO(NH~)~X]'+ salts.366b 

A series of compounds of the type [M$er~)~l[AgX,], have been prepared (where M = Co, Ni, 
Cu, Pd and Pt and X = Br- and/or I-].3 

The orange crystals of the Ni" salts with X = Br- and I- were isomorphous and were also 
isomorphous with the I- salts where M = Pd" and Pt11.368 The crystal structure revealed square 
planar Ni(en)%+ ions and chains of [A&]:- ions. The silver ion was not linearly coordinated, 
but instead had a distorted tetrahedral structure where four halogen atoms were coordinated. 
These tetrahedra were linked by the sharing of edges. Weak interactions of two halides for the 
nickel ion were obsemed with N i B r  = 336 pm and Ni-K = 351 pm. Average bond lengths 
re orted were 272 pm for Ag-Br and 287 pm for Ag-I.368 The square planar nature of the 

spectra of the cornplexe~.~ 
A linear AgX; anion was reported in the complex [(BUZNCS~)~AU][A~B~~].~~~ The gold ion 

was square planar with four sulfur atoms coordinated (Au-S = 232-236 pm) whilst the AgBr: 
ion was linear with AgBr=245pm. The anion was near the sulfur of the cation with the 
shortest contact Aga-4 = 316 pm. 

Compounds of general composition M2AgX3 have been known for over 150 years."O Crystal 
structure data have been reported for K2CuC13 (isomorphous with Cs2AgC13 and Cs2Ag13)371 
and K2Ag1272*373 (approximately isomorphous with Rb2Ag13374 and (N€Q2Ag13). In these 
compounds the silver was tetrahedrally coordinated to four halogen atoms, but in these cases 
the tetrahedra shared corners to generate AgIz- chains. 

A claim for the only example of trigonal coordination of silver in an AgXz- ion was made for 
[PMePh3]2Ag13.375 Attempts to prepare other trigonal ions in compounds of the type 
[cationI2AgX3 (where cation NEtt , NPr:, AsPh+, PPh+ and N(PPh3);) were unsuccessful. 
Reaction of the appropriate halide with AgX in a 2: 1 mol ratio resulted in the formation of 
either compounds of different stoichiometry, e.g. [NEt4][AgC13], [NPr4I3[AgBr4], 
[PPb][AgBr2] and [N(PPh3)2][AgC12], or compounds of the desired stoichiometry, e.g. 
[NPr4l2[Ag1i whose far-IR spectra contained too many bands to be due to mononuclear, 
planar AgX3- species. For [PMePh3I2[AgI3] the far-1R spectrum showed a stran$ Y(Ag-I) 
band at 133 cm-I which was assigned to the asymmetric Ag-I stretching mode.3 Previous 
assignments376 of some AgI2- compounds as CW pyramidal or C, pyramidal were questioned 
since their Raman spectra could be satisfactorily analyzed in terms of infinite polymeric 
structures. 375 

The crystal structure of the analogous Cu' complex, [PMePh3],[Cu13], showed that the anion 
was not perfectly symmetrical and that significant differences occurred in the Cu-1 bond 
lengths. The '"INQR spectrum detected these differences and was consistent with the 
presence of three crystallographically inequivalent iodine atoms. For [PMePh3I2[AgI3], once 
again a number of resonances were observed in the lZ7I NQR spectra and these were claimed to 
be due to chemically similar but crystallographically inequivalent iodine atoms in an isolated 
AgIz- anion.375 

In solution, a band in the UV at -252nm was tentatively attributed to the AgI;- anion. 
Bands due to other anionic and cationic silver iodide species were also assigned.377 

The existence of AgC1;- was recently reassessed and the value of logp3 in water was 
determined as 5.65 f 0.03 at 25 0C.378 A review of older values was made and they were 
compared to that obtained from a study of the solubility product of AgCl in water-ethanol 
mixtures. 

Solids with high ionic conductivity have been prepared from KI and AgI e.g. KAg& The 
rubidium salt was isostructural with this and had somewhat better handling properties, being 
less sensitive to the effects of moisture, which caused decomposition to AgI and M2Ag13. 
RbAg& was found to have the highest temperature specific electrolytic conductivity, 
0.27 (B cm)-' of any solid measured. This and other iodide-based solid electrolytes were 
recently reviewed.379 

Cationic siher halide species have been known for a long time.3" To account for the 
solubility of silver halides in aqueous silver(1) salts, complex ions such as Ag2X+ and AMz+ 
were proposed. Stability constants for these species (X = CI-, Br- and I-) are given in Table 

? 
Ni PI ion had earlier been redicted on the basis of the diamagnetism and diffuse reflectance 
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Table 51 Stability Constants (Logp) of Cationic 
Silver Halide Complexes AgZX+ and Ag,Xz+ in 

Various solvents at 24 ‘C3* 

Cation DMSO MeCN Acetone Water 
I = O . S  I=1 I = 0 . 5  

- 5.04 
Ag3Cl2+ 7.32 - 5.48 

- 9.70 
AgJ+ 10.40 10.04 - 13.20 
AgJ2* 10.61 9.11 l8.% 14.10 

7.73 - 
- A@+ 

A&Br+ 8.23 - 

51380 allowing comparisons to be made between the stability of species obtained by dissolving a 
silver halide in excess halide or excess silver ion. In general, it can be seen that the cationic 
complexes are less stable than the analogous anionic complexes in the same solvent. 

Neutral adducts of silver halides with phosphines have been discussed earlier under Section 
54.1.3.1. 1 : 1 adducts were found to be tetrameric and adopted either a (pseudo)-‘cubane’ or 
‘chair’ (‘step’) type structure. 

Until recent1 , onl two reports existed for 1 : 1 adducts of silver halides with amines, namely 
AgI. piperidine’ andYAgImorpholine?81 The first had a tetrameric cubane structure whilst the 
second was described as a stair polymer adduct. The range has now been extended to include 2- 
and 3-methylpyridine, quinoline and t~iethylamine.~~’ In each case the adduct was obtained by 
recrystallization of silver(1) iodide from neat base. The colourless crystals were found to lose 
base readily on exposure to the atmosphere and structural data were collected from crystals 
mounted in argon-filled capillaries, containing mother liquor. 

The triethylamine complex was found to be isomorphous with the tetrameric triethylphos- 
phine analogue and had a pseudo-cubane structure. The remaining three had stair polymeric 
structures (45) with the 2- and 3-methylpyridine complexes being quite similar, although the 
quinoline derivative exhibited significant differences. Ag-N bond lengths were in the range 
232-235pm and Ag-I bond lengths were 283-296pm. It was concluded that the commonly 
held belief of linear, two-fold coordination for Ag’ was questionable since for halide complexes 
at least they were actually rare.382 

L 
I 

/””- 
I-Ag 

L = 2- or 3-methylpyridine 
or quinoline 

(45) 

54.1.8 Hydrides 

The existence of a stoichiometric solid silver hydride remains doubtful, but evidence has 
been obtained for a gaseous silver hydride (AgH).383j384 Silver hydride species have been 
postulated in the reaction mechanism of oxidations involving gaseous hydrogen with silver salts 
present as catalysts.385 

Several complex hydrides have been prepared, such as AgBH4; these were all thermally 
unstable.383 More stable complexes were obtained with substituted boranes when isolated as 
phosphine derivatives.38G388 

Reaction of tris(triphenylphosphine)silver(l) nitrate or tris(methy1diphenylphosphine)- 
silver(1) nitrate with KH3BC02R (R = H, Et) produced complexes containing siher- 
hydrogen-boron bridges. Characteristic IR data are given in Table 52.386-388 Pertinent features 
supporting monodentate coordination were the position and number of peaks in the terminal 
and stretching region, in particular the strong 1Wcm-l absorption assigned as a BH3 
deformation band. The separation between terminal and bridging B-H stretching modes, 
generally found to be >200 cm-’, further supported monodentate coordination. The carbonyl 
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Table 52 IR Absorption Data (cm-') for some Silver(1) Complex Hydrides 

Complex <loo0 1000-1300 1300-1500 y(C=O) Ybn .(B-H) yem(B-H) Ref. 
15tXL17OC. 1&2200 2200-25&l 

(ph3p)2AgBH4 - 1110s 138Om - 

- 1070s - - 
(Ph3P)3A~H2C02H 77ow? 1Uom - 1660s 
(MePh,P),AgBH4 

(Ph,P),AgHBH,CO,Et 82Ow 1140-1150s - 1644oVs 

(MePh,P), AgHBH,CO,Et 805111 1230m - 1660s 

113Oms 
105Ovs 

1osovs 

1120-1 130s 
1045vs 

119om 138Gw 
1110s 
1030m 

KH3BCOzEt 905m 1220m 14%~ 1630s 

KBH4 lllovs 

2 m  2355s 388 
1965s 2 m  

221ow 
2050s 2300s 388 
2100s 2330s 387 

2080s 2350sh 386,387 

2130s 2320s 388 
2290s 

2270 

- 2320s 

226ovs 

absorption bands were a 1  present in the 1640-1660cmL1 range, consistent with the lack of 
coordination by the oxygen sites. In solution, conductivity, molecular weight and NMR data 
suggested that a phosphine dissociated from the single-hydrogen-bridged complex and a doubly 
bridged complex then formed. The reverse process, involving formation of the singly bridged 
species, could be obtained by addition of an excess of phosphine. 

54.1.9 Mixed Donor Ligands 

5419.1 Open polydentate species 

(i) Schiff base ligands 
Schiff base complexes of transition metal ions have occupied a central role in the 

development of coordination chemistry. In particular, the tetradentate ligands acacenHz (46) 
and salenH2 (47), prepared from ethylenediamine and acetylacetone or salicylaldehyde, have 
been thoroughly investigated since their discoveries in 1889 and 1931.389 Most of these studies 
have dealt with divalent metal ions such as Co", Nil' or Cu" and there are relatively few 
reports concerning silver(1) c o m p l e x e ~ . ~ ~  

In 1962, it was reported that when silver nitrate was added to a warm aqueous solution of 
acacenHz, a finely divided colourless compound immediately precipitated. If instead the 
solution was heated on a water bath, then an uncharacterized dark brown substance formed. 
Analytical data and conductivity measurements suggested that the former complex was 
Agz(acacenHz)(N03)2.391 The decomposition observed was most likely caused by hydrolysis, 
since many Schiff base ligands hydrolyze rapidly in water. 

Formation constants for 1 : 1 and 2 : 1 Ag' complexes with ethylenediamine Schiff bases of the 
type RCH=NCH2CH$I--CHR, have been reported (Table 53).392 Based on the higher 
stability of the pyridyl derivative, it was claimed that the pyridyl N participated in the 
coordination. 

Schiff base metal complexes have been shown to act as  ligand^.^^^,^" When the calculated 
quantity of silver perchlorate in ethanolic solution was added to a chloroform solution of 
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Table 53 Formation Constants for some Silver(1) 
Schiff Base Complexes in Methanol at 20 "C, I = 0.l3" 

Ligand Log81 Log/?, 
R CH=NCH, CH, N=CHR 

R=Ph 
2-furyl 
2-thienyl 
2-pyridyl 

6.48 8.36 
6.70 8.95 
7.54 9.42 
9.78 11.00 

Cu(salen), then a red precipitate of { C~(salen)}~AgC10~~2H~O formed. The structure was 
thought to be similar to that found with NaC104,= where the silver atom would be 
six-coordinate. Four oxygen atoms from the complex ligands, Cu(salen), and two from the 
bidentate perchlorate ion would make up a distorted octahedral arrangement. 

A terdentate Schiff base ligand 8-(2-pyridylmethyleneamino)quinoline (48; pmg) was reacted 
with silver(1) for comparison to the structurally similar ligand, 2,2',2"-terpyridyl. It was found 
that complexes of the type Ag(pmg)C104 and [Ag(pmg)L)C104, where L = py or PPh3, could 
be isolated. No firm conclusions could be made concerning the structure of these complexes. 
However, the existence of the cationic species Ag(pmg)+ was demonstrated and its coordina- 
tion unsaturation established with respect to addition of monodentate ligands, py and PPh3. 
Similar results were obtained with 2,2' ,Z-terpyridyl. '15 

Reaction of the Schiff base ligand N,N'-bis(o-diphenylphosphinobenzylidene)(e~ylene- 
diamine (49; en=Pz) with AgBF4 produced a pale yellow salt. ?'he IR spectrum of this complex 
showed strong bands due to the imino and BF; group (v(C=N) 1653cm-', v(3F;) 
1080 cm-'). The crystal structure of the CUI analogue was reported and the copper ion was 
found to adopt a severely distorted tetrahedral geometry. This strain was manifested in its 
reactivity since both the copper and silver complex reacted with t-butyl isocyanide. In the case 
of silver(1) a five-coordinate adduct was obtained, [A~(~II=P~)(BU'NC)]BF~.~~~ 

54.1.9.2 Amino acids, proteins and peptides 

(i) Amino acids 

The reaction of silver(1) ions with amino acids has received considerable attenti~n.~" A 
number of studies have attempted to analyze the effects of substituents on the stability of the 
silver(1) complexes. When a series of o-amino acids NH~+(CH~),COZ (n = 1-5) were ex- 
amined, it was found that lengthening of the aliphatic side chain increased the overall stability 
of the c o r n p l e ~ . ~ ~ ~ ~ ~  

When side chains containing alkenic groups were introduced, it was found that the stability 
was generally higher than in amino acids having fully saturated side chains. Interaction of the 
silver ion with the alkene was proposed to account for this increase in stability.400 
Thermodynamic data for the formation of some silver(1) amino acid complexes are collected in 
Table 54.39-3411 

The crystal structures of Ag(Gly)69 and A ~ ( H G ~ Y ) N O ~ ~ "  have been determined. For the 
latter compound, the silver ions bridged centrosymmetrically related+carboxyl groups to form 
dimers of glycine. The actual composition was best represented as (NH3CH2C0;Ag+)2(NO;)2. 
Below -55°C the compound was found to be ferroelectric. It was the first crystal containing 
either silver or the nitrate ion in which ferroelectricity was observed.- 

The IR spectra of partially deuterated Ag(Gly) and Ag(A1a) have been recorded. Changes 
occurring when the amine group was deuterated are collected in Table 55.'" 
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Table 54 Thermodynamic Data for the Formation of some Silver(1) Amino Acid Complexes 

Ligand Medium Log& Log& AHB2 yI32 Ref. 
(kJ mol-') (J K- mol-') 

&H3(CH2),CO; 0.5 M KNO,, 25 "C 
n = l  (0.05 MKNO,, 25 "C) 3.15 (3.22) 6.56 (6.75) - - 398 (399) 

n = 3  3.46 (3.47) 7.20 (7.24) - - 398 (399) 
n = 4  3.56 (3.50) 7.35 (7.41) - - 398 (399) 

n = 2  3.33 (3.44) 7.12 (7.25) - - 398 (399) 

n = 5  3.59 (3.62) 7.54 (7.54) I - 398 (399) 

R = CH,-=CH2 4.22 7.38 - 
RCH(NH2)C02H I=0.1,25"C 

- 400 
- 400 
- 400 

400 (norleucine) 3.21 6.71 
Glycine 20 "C 4.0 7.26 401 

I = 0.01, 25 "C 3.44 6.81 -33.7 f 2.5 -47 f 8 402 
- 400 I = 0.1, 25 "C 3.01 6.22 - 
- 403 Alanine 25 "C 3.64 7.21 - 
- 404 Z = 0.6, 25 "C 3.60 7.06 - 
- 404 Serine Z = 0.6, 25 "C 3.40 6.67 - 

B-Phenyl-a-alanine I = 0.6, 25 "C 5.30 7.83 - - 404 
- 404 L-Methionine 1=0.6, 25°C 6.45 

- - - 411 5.22 
404 Asparagine I = 0.6, 25 "C 3.30 4.45 

- 411 S-Methyl-L-cysteine 0.1 MKNO,, 25 "C 5.42 9.62 - 
- 411 L-Ethionine 0.1MKN03, 25°C - 9.64 - 

3.81 6.74 - 
3.34 6.41 - CH2=cH(CH*), 

CH,--CH(CH,), 
(IlOlValilW) 3.08 6.27 - 400 - 

- - cH3(cH2)2 

cH3(cH2)3 

- - 
0.1 M KNO3, 25 "C 

- - 

When sulfur atoms are introduced into the amino acids, the formation of silver-sulfur bonds 
appears to be of critical importance. The involvement of the other two donor centres, Le. NH2 
and COT, however, then becomes less clear. It was discovered that reaction of silver nitrate 
with either C U " ~ ~  or Conm salts of S-methyl-L-cysteine gave rise to adducts, where the silver 
ions were proposed to bind only to the sulfur atoms. NMR spectroscopy has been used to study 
the binding sites in a range of sulfur-containing &-amino  acid^.^^"^^'^ 

For S-methyl-L-cysteine solutions containing a 1 : 1 mole ratio of silver(1) ions, variation of 
the pH from 2 to 9 made no difference to the chemical shift of the S-Me protons. This 
suggested that the ligand was bound entirely through the sulfur since the shift did not depend 
on the deprotonation of the carboxyl (pK1=2.14) or, apparently, the amine (pKz=  9.22) 
groups. For 1 : 2 Ag' to ligand ratios, a shift in the S-Me protons was observed above pH 4.5, 
until at pH > 9 it reached a constant value of only about 0.13 p.p.m. in comparison to the S-Me 
group of the free Ligand. This was interpreted in terms of amine group complexation and loss of 
one of the sulfur atoms from the coordination sphere. Similar results were obtained for 
L-methionine and L-ethionine, suggesting that coordination occurred primarily through the S 
atoms. 411 

Table 55 IR Spectral Data (cm-') for Partially Deuterated Silver Amino 
Acid Complexes* 

v, v, 6 y Twist Swing 

Amino mup 

alanine 

Carboxy h e  
N D 2  

Amine group: 

Deuterated 

Deuterated 

glycine Not deuterated 

alanine Not deuterated 

3256 3170 1640 1154 
2344 2340 1195 944 
3237 3153 1616 1262 
2426 2321 1201 937 

1601 1391 682 591 
1582 1392 703 597 
1581 1406 770 692 
1584 1404 770 670 

1171 
891 

1169 
892 

638 
482 
659 
513 

564 
571 
574 
573 
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(ii) Proteins and pepiides 

A knowledge of the structure of proteins has long been recognized as fundamental to an 
understanding of their chemical and biological functions. One technique for the successful 
determination of the X-ray crystal structure of proteins was initiated by Perutz in 1954 and 
involved the isomorphous replacement of heavy atoms into the protein crystal.412 The 
development of this technique was recently reviewed.413 

or more often with 
histidine, as in myoglobin, trypsin and carboxypeptidase A.414 In most cases the reaction was 
similar to that for Hg2+. 

Silver ions cause strong quenching of protein fluorescence by at least two hstinct 
mechanisms: collisional quenching and energy transfer to Agf -mercaptide absorption bands.415 
The effect was studied in detail for both sulfhydryl and non-sulfhydryl proteins and had a 
number of practical applications including the determination of SH groups and as a probe of 
binding sites. 

Another approach to the study of proteins has been the reaction of silver ions with simpler 
model compounds, for example di- and t r i -pep t ide~ .~~~  The reaction with glycylglycine was h t  
studied in 1951 and the formation constants for 1 : 1 and 1 : 2 complexes were 
Thermodynamic parameters for these reactions have since been measured (log B1 = 2.90, 
log p2 = 5.65, AHB, = -56.9 f 0.8 kJ mol-', Asp, = -80.5 f 3 J K - l m ~ l - ~ ) . ~ ~ ~  

The crystal structure of A (HGly-Gly)NOj has been determined.69 At pH6 the complex 
formed showed that each Ag ion was coordinated by the 0 (carboxyl) atoms of two different 
ligands, but both oxygen atoms of each carboxylate group were involved in metal binding (SO). 
In the eight-membered ring generated, the Ag-0 bond lengths were 219 pm.69 

Silver nitrate has been found to react with cysteine, as in 

B 

R 0 
,0-Ag-0 \ I  

/ 'C-CH,NHCCH,NH, H2NCH,CNHCHZ-C, 
0-Ag-0 

(50) 

Recently the structures of silver(1) complexes with cyclo-(glycyl-L-histidyl), cyclo-(L- 
methionyl-L-histidyl) and cyclo-(L-histidyl-L-histidyl) were examined using 'H and 13C NMR 
spectroscopy. The NMR measurements suggested that the silver ion was bound to the sulfur 
atom of the thioether and to the nitrogen atom of imidazole groups in these cyclic peptides, but 
not to their amide groups.417 

54.19.3 Complerones 

The ability of polyaminocarboxylic acids to form stable, water-soluble chelates over a wide 
pH range accounts for their diversity of uses. Ethylenediamhetetraacetic acid, &EDTA, has 
played a central role in this development and stimulated interest in other complexones with a 
view to finding ligands with increased affinity and selectivity for metal ions. 

There have been few studies dealing solely with the reaction of silver(1) ions and 
complexones to form complexes.418 Generally these complexes are less stable than those with 
other transition metal ions and formation constants for silver often bear close similarity to 
those of alkaline earth cations. Based on this, methods have been devised where silver 
electrodes can be used in the titration of metal ions, particularly alkaline earths, with 

diethylenetriaminepentaacetic acid (H5DTPA)420 or ethyleneglycol bis(2- 
aminoethyl ether)-N,N'-tetraacetic acid (H4EGTA) .421 In the presence of suitable masking 
agents selective titration of calcium in the presence of magnesium could be achieved since the 
log K of silver-EGTA was intermediate between the values for calcium and magnesium (log K 
in 0.05 M borate buffer: Ag', 6.0; Ca2+, 9.0; Mg2+, 43G421 Formation constants for silver(1) 
ions with various complexones are given in Table 56.41 

Characterization of complexes has generally been based on solution studies, for example 
using NMR spectroscopy (1H,426 13C,427 I5N4=) since few reports have dealt with isolated 
complexes.422 

Two salts of H4EDTA have been prepared, A&H2EDTA and AgEDTA, Upon addition of 
a solution of AgN03 to a solution of NazHzEDTA under vigorous stirring, a heavy white 
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Table 56 Formation Constants for some Complexes of Silver(1) ions with Complexones 

Ref. AgHL.H Complexone" Conditions Log K2iLL Log KiiZf Log KAgHzL 
~~ ~ 

NTA 25 "C, I =  0.1 5.35 6.80 - 418 
HEDTA 25"C, I=O.l 6.63 5.82 4.96 418 
CyDTA 25"C, I=O.1 8.39 6.90 5.13 418 
DTPA 25"C, I=O.l 8.72 7.86 5.07 418 

EGTA Z"C, z=o.1 7.04 7.64 418 
0.05 M borate 6.18 

buffer 6.0 I 421 
0.1 M KNO, 6.9 - + 421 

- 419 EDTA 25T, z=o.1 7.3 - 
7.28 3.36 422 

TTHA I = O . I  8.7 8.9 Log Kzi: = 14.0 423 
- 424 PIDA 20T, I=O.1 6.09 - 

CyDA 20T, I = 0.1 4.94 - - 425 

8.61 

- 

"NTA = nitrilotriacetic acid, HEDTA = hydroxy-2-ethylenedidiaminetic acid, CyDTA = trans- 
1,2-diaminocyclohexane-N,~, N',  N'-tetraacetic acid, DTFA = diethylenetriaminepentaacetic acid, 
EGTA = ethyleneglycolbIs(2-aminoethyl)-N,N'-tetraacetic acid, EDTA = ethylenediaminetetraacetic 
acid, ?THA = triethylenetetraminetetraacetic acid, PIDA = N-(Zpyridylmethy1)iminodiacetic acid, 
CyDA = cyclohexyliminodiacetic acid. 

precipitate immediately appeared. In pure water, the pH after saturation with the salt was 
4.0-4.3 from which the solubility was calculated as 1.4-1.5 x 

The AaEDTA salt was obtained by adding AgN03 to Ag EDTA3- or EDTA4-, keeping the 
pH of the solution above 8. The precipitate was silk white and appeared as fine needles under a 
microscope ( ~ 2 0 0 ) .  Its solubility was calculated to be between 1.9 and 2.8 x 

NMR studies of Ag' with CyDTA indicated a high degree of ionic character €or the 
ligand-metal bond since no coupling to 'H, 13C or ''N was observed and the spectra were 
similar to that found for the free 

M. 

M>= 

Table 57 gives some chemical shift data. 

Table 57 Chemical Shift Data for the Silver(I) Cydta Complex, 
[Ag(CyDTA)I3-, in Solution4-" 

_ _ .  

'H, 28 "C 6ocr,on/ J(AB) S(merhine) 

3.03 0.48 17.4 2.56 
3.07 0.27 15.5 

13c, 7 "C S(C0;)' 6(CH) S(CH, eq) S(CH2 ax) G(cyclohexune 
ring CH,) 

pH 10.7 181.3 ( X 2) 61.4 ( x 2) 58.5 ( x 2) 54.3 ( x 2) 26.4 ( X 2) 
24.6 ( X 2) 180.3 ( X 2) 

"N, 22 "C S* 

-345.2 

'Chemical shiftb of pattern relative to sodium 3-(trimethylsilyl)-l- 
propanesulfonak. Relatiy chemical shift of two AB protons. 'Relative to external 
(capillary) TMS standard. Relative to MeLSNO, at 6 = 0. 

The 13C shifts were not significantly pH dependent above pH9, and selective relaxation 
experiments revealed no uncoordinated carboxylates at pH 12.5. The complex in solution was 
therefore formulated as a hexadentate species A~'(CYDTA)~-. 

541.9.4 Bidentate N 4 ,  N 4 ,  etc. 

( i )  8-Hydroxyquinoline 

The reaction of 8-hydroxyquinoline with siher(1) ions to give metal chelates is well 
e s t a b l i ~ h e d . ~ ~ ~ . ~ ~  Complexes of the type AgOx-HOx md Ag(H0x); have been isolated, with 
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formation constants (log K, 20 "C, I = 0.1) of 5.20 [AgL/Ag.L-] and 9.56 [Agb-/Ag*(L-)2.431 
Resolution of optical isomers has been achieved with a-bromo-d-cam h o r s ~ l f o n a t e . ~ ~ ~ , ~  In 
2 N [a$$ = +39.1" whilst in CHCL containing 10% pyridine [aID = +43.3°.432 

A yellow and a green form of AgOx-HOx have been reported and it was proposed that the 
temperature of the solutions determined which product was obtained."' Several explanations 
have been given for the difference in colour, for example, the green form contained 
~ i l v e r ( I I ) ~ ~ ~  or contained some free metallic silver .430 

Both complexes are diamagnetic and attempts to remove one of the ligands to leave a 1 : 1 
complex resulted in total disruption of the structure:434 no compound of the type AgOx has 
been identified. IR spectra of the yellow and green compounds, run as KBr pellets in the 
4000-200cm-1 region, differed significantly only by the appearance of a weak band at 
ca. 2580 cm-I for the yellow form. By analogy with a uranium complex, this was interpreted in 
terms of a monodentate ligand and the existence of an N+-H-0- hydrogen-bonded system.'l 
The fourth coordination site of the tetrahedra1 species would be occupied by a solvent 
molecule. 

X-Ray photoelectron spectroscopy of the yellow form showed only one peak in the NIs  
region, centred at 399.9 eV. This was regarded as not being inconsistent with the formation of 
some AgOx.HOx-S (S = solvent), since a small amount of positively charged nitrogen present 
would have gone undetected in the presence of the large peak due to neutral nitrogen. 

The crystal structure of a pyridine solvate of bis(8-hydroxyquinoline)silver(l) has been 
reported.435 The silver atom was bound to both ligands through the phenolic oxygens and the 
ring nitrogen atoms in a distorted tetrahedral arrangement. The Ag-0 bond lengths were 
245.1 pm and 250.5 pm; in contrast, the Ag-N distances were not significantly different (214.5, 
215.5pm; 51). The distance between 0-1 in one molecule and atom 0'-1 in an adjacent 
molecule was 245.7 pm indicating that the phenolic hydrogen was contained between the two 
oxygen atoms forming a strong hydrogen bond. The pyridine molecule appeared to be held in 
the lattice by van der Waals forces only, and was subject to considerable thermal motion.435 

78 

(ii) Thiosemicarbazides, thiosemicarbazones and related N, S ligands 

Thiosemicarbazides (TSC) and thiosemicarbazones generally react with transition metal ions 
to form chelate complexes by bonding through both the sulfur and the hydrazinic nitrogefi 
atoms. With silver(1) however, they appear to behave as monodentate ligands and bond 
through the sulfur atom only.436 

Thermodynamic data for the formation of Ag(TSC)3+ are given in Table 58."' Based on the 
similarity of the stability of this complex and the analogous thiourea complex, the ligand was 
proposed to be monodentate. The IR spectra of [Ag2(TSC)3](N03)2438 and of Ag(TSC)C1439 
were also interpreted in terms of silver-sulfur bonding only. 

For the free ligand, the hydrazinic N lies trans to the S atom (52a), whereas to form chelate2 
complexes a cis arrangement (52b) must be present. The only structures of complexes known 
so far in the trans configuration are polymeric silver(1) complexes.436 

The X-ray crystal structure of colourless, orthorhombic needles of Ag(TSC)CI (53) revealed 
two distinct types of silver atom.440 Both had tetrahedral stereochemistry, although their 
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Table 58 Thermodynamic Data for the Formation of some Silver([) Complexes with Potentially Bidentate N,S 
Ligands 

Ligand 

TSC 3 0 T ,  I = O . l M  10.56 12.49 - 1 1 3 f l  - 1 3 4 f 4  437 
- 442 Acetone thiosemicarbazone 25 "C, pH = 5, - 13.2 - 

Glyoxal dithiosemicarbazone pH 1.1 log = 23.6 - - 443 
40% EtOH 

S N 
/ \  
(52b) 

environments were different. One silver atom was bound to two S atoms and two c1 atoms, 
with one of the Ag-Cl bonds longer than the other (275 c f ,  265 pm). The other silver atom was 
coordinated to three S atoms and one C1 atom, with one of the AgTS bonds markedly longer 
than the other (277 #. 248 and 251 pm). 

CI 

(53) 

X-Ray data are also available for Ag2Br2(TSC)3 and a bridged thiocyanate complex, 
[AgNCS(TSC)2],.441 In the latter complex (54) the silver stereochemistry was considered 
unusual in that two S atoms from two TSC molecules and one N and one S from two different 
NCS groups made up the nearest neighbours in a distorted trigonal pyramid. The NCS groups 
linked the silver atoms, although the Ag-S bond was relatively weak (299pm). There were 
three longer contacts to two N atoms and an S, which completed the coordination polyhedron 
of a distorted pentagonal bipyramid.441 

(NH2NH)NH2CS i I 

\Ag-N-C-S 
j S~NHJNHNH,) INH,NH)NH,CS/ $-C-N-Ag, I ' /  

(NH,NH)NH,CS, j , , SCNH,(NHNH,) 

(NH2NH)NH,CS 1 
AAg-N-C-S 

(54) 

Thiosemicarbazones have been known for some time to exhibit a range of biological activity, 
including action against smallpox and certain kinds of tumour. This activity has frequently been 
thought to be due to their ability to chelate metal ions."6 It is perhaps su risingly therefore 

Table 58 gives the formation constants for siIver(1) complexes of acetone thiosemicarbazone 
and glyoxal dithiosemicarbazone (55).443 In the latter case, the ligand was found to be suitable 
for the photometric determination of silver at pH 1 : 1, in the presence of EDTA, The effective 
molar absorptivity was 43 OOO cm2 mmol-l at 335 nm.u3 

that virtually no thermodynamic data are available for thiosemicarbazones. % 



The reactions of silver(1) with 1,5-diphenyl thiocarbazone (56; dithizone = H a z )  by 
comparison to thiosemicarbazones have been thoroughly investigated.4423* Dithizone has for 
many years been used as a colorimetric reagent for trace metal ions. Its metal complexes are of 
two types, the so-called ‘primary’ and ‘secondary’ dithizonates. Primary dithizonates are 
generally formed at low pHs where the ligand becomes mono depronated (pK, = 4.5) but 
retains the NH proton. Secondary dithizonates are formed in the presence of an excess of metal 
and/or at higher pH values where the ligand becomes fully deprotonated. Since it has been 
estimated that for free dithizone pK2 > 15, the second proton obviously becomes labilized in 
the presence of metal ions. 
Primary and secondary silver(1) complexes have been readily prepared by extraction of silver 

nitrate into a chloroform solution of dithizone. For the secondary complex an excess of silver 
nitrate was nece~sary.~’ IR spectral data for both complexes are recorded in Table 59.& The 
primary complex Ag(HDz) has been reported in hydratedM5 and anhydrous@ orange-red 
forms. The secondary complex Ag2Dz was an anhydrous brown solid. 

Silver was one of several metals found to give a photochromic primary complex. In THF it 
was normally yellow (Arn, = 470 nm). Activation at 450 nm, i.e. in the region containing the 
normal visible absorption band, generated a violet solution with A,, in the 570-620nm 

Table 59 Principal IR Bands and Far-IR Spectral Data 
(an-’) for Dithizone (H,Dz) and its Primary (AgHDz) 

and Secondary (Ag,Dz) Complexesw 

Assignment HZDX A g H h  AgZDZ 

Ring deformations 

1593111 
1562vw 
152Osh 

15OOvs 
- 

144ovs 
1320s 

1250s 
889s 
546m 
524sh 
509m 
498vs 

442m 
438sh 
426sb 

300s 
283w 
265w 
247sh 
222m 
19om 
157w 
15ow 

3218111 
16oom 
1 5 6 3 ~  
152Ovs 
151ovs 
15OOsh 
1413sh 
1431111 
1358vs 
1309m 
1262s 
856vw 
54% 
526s 
508m 
493s 

447W 

417w 
356vw 
326vw 
304w 
28Om 

243m 
227m 

157w 
15Om 

1582111 
1562w 

1511vw 

1318s 
1309s 
126ovs 
87hh 
557m 
537s 
522sh 
497m 
462w 

419sh 

323vw 
304vw 
28ovw 

245m 
226m 

149mw 
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range.& After 40-6Oseconds at 10°C this activated form returned to the normal form. At 
higher temperatures the rate increased markedly, such that at 25°C the return time was 
2-5seconds. The photochromic effect was rationalized for the Hg" complex in terms of a 
rearrangement involving the breaking of a hydrogen bond and IR data supported this pro . 
When deuterated, the return rate for the mercury complex was slowed down three-fold. ' An 
analogous change was proposed for the primary silver complex (equation 25). Further support 
for a change in hydrogen bonding was provided by the observation that no photochromism 
occurred with secondary dithizonates.444 

EO"' 

Ph 

Ph 

The extraction constant for primary silver(1) dkhizonate, from aqueous solution to a range of 
organic solvents, has been found to lie in the range log K = 5.8-8.94.a2.M It was concluded 
that changing the solvents did not achieve any worthwhile improvement in separability of silver 
from other metal ions compared to what could be achieved by addition of suitable masking 
agents. Carbon tetrachloride was the preferred extractive solvent (Amax = 463 nm)."* 

A novel use of ultrasonics for the collection of silver has been reported.448 When solid 
dithizone was added to an aqueous solution containing trace acounts of silver and irradiated by 
ultrasonics for 15 minutes, 98% of the silver was collected on the solid dithizone powder which 
could then be filtered off. In the absence of ultrasonic irradiation less than 40% collection 
occurred. 

A number of substituted dithizone ligands have been pre ared although few have major 
advantages over the original ligand in analytical applications. 4'E 

54.1.10 Multidentate Macrocyclic Ligands 

sAl.lO.1 Planar macrocycles 

(i ) Porphyrins 

Although a number of silver(1) porphyrins have been they have not been 
extensively studied since they tend to disproportionate readily into the corresponding silver(I1) 
complexes (Section 54.2.6.1.i). 

54.110.2 Other poiyaza macrocycles 
Reaction of silver@) with macroc clic tetraaza ligands has been found to be a facile process 

reactions. In dry acetonitrile, however, no disproportionation occurred and with (57) a white 
silver(1) complex precipitated. The necessity for water to be present for disproportionation was 
shown by the fact that if this complex was then added to water or aqueous methanol soiutions, 
disproportionation then readily occurred.451 

for forming silver(I1) complexe~.~ Y 0,451 Metallic silver was a by-product in each of these 
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Macrocyclic Ns complexes have been prepared from Z,&diacetylpyridine and an appropriate 
tetramine using template methods. The crystal structures of two silver(1) complexes containing 
the ligands 3,2,3-N5 (58) and 2,3,2-N5 (59) have been d e t e ~ m i n e d . ~ ~ ~ , ~ ~ ~  

(58) m =  3, n = 2 (3,2,3-N5) 

(59) rn = 2, n = 3 (2,3,2-N,) 

In [Ag(3,2,3-N5)]C104 there were two cations of similar geometries in the unit cell. Ag-N 
bond lengths were in the range 237-255 pm.452 In the dimeric complex [Ag(2,3,2-N5)lz(ClO4),, 
two near planar [Ag(2,3,2-Ns)]+ cations were associated in a face to face fashion such that each 
Ag'ion interacted with an N of the other macrocycle. The Ag-Ag separation was 317.7prn, 
which may have represented a weak Ag.-.Ag bond.453 

A novel reversible ring expansion of the macrocycle (60) to (61) has been discovered. On 
treatment of [Sr (60) (ClO4),] with AgC104 in refluxing methanol over a period of 30 minutes, 
the fluorescent yellow colour deepened and small yellow crystals separated in 80% yield on 
cooling. The 'HNMR spectrum of the complex in CD&N unequivocally established that the 
macrocycle was in the (61) form. The product, [Ags (61)](C10x)2, contained two four- 
coordinate silver atoms. The reverse process was achieved by treatment of this complex with an 
excess of B a r 2  in refluxing MeOH. This gave AgBr along with the complex [Ba (60)(C104)2], 
which was shown to be identical in properties to an authentic sample prepared vita a template 
method .454 

54.1.10.3 Multicomponent ligands 

(i) Crown ethers 

A significant development in the attempt to understand cation selectivity of ligands was the 
synthesis of over 50 polyethers, having ring sizes ranging from 9 (3 oxygens) to 30 (10 
oxygens) .&' Since the initial observations that these compounds showed marked selectivity 
toward certain alkali metal ions, a number of other cations, including Ag+, have been found to 
be strongly complexed in both water and less polar solvents. 
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Tabte 60 The Formation Constants of Silver(z) with some Crown Ethers 

Crown ether Medium L o g s  AH AS Ref. 
(kJ moi-') (J K-' mol-') 

15C5 0.94 -13.5 fO.l -27.2 457 
18C6 1.50 f 0.03 -9.08 f 0.4 -1.7 457 

25"C, HzO 1.6 456 
DC18C6 

isomer A. cis-syn-cis 25 "C, H,O 2.36 f 0.11 0.3 f 0.004 46 457 
2.3 456 

isomer B: cis-mti-cis 25 "C, H,O 1.59 -8.74 1.3 457 
1.8 462 

C18C6 25T, HZO 1.7-1.9 456 
DB18C6 1.4 458 

A comprehensive review of synthetic macrocycles gave detailed tabulations of preparations, 
effects of binding sites and thermodynamic data known up to 1973.456 Table 60 gives 
thermodynamic data for the formation of silver(1) crown ethers in aqueous solution and 
includes several more recent  figure^.^^',^^* 

The complexing ower of crown ethers for Agf has also been investigated by solvent 
extraction studies. 458461 Extraction of silver picrate into either benzene or chloroform solution 
was compared in the presence of a range of crown ethers. In all cases, the Ag+ ion was more 
extractable into benzene than chloroform and this was thought to be due to the strong 
interaction of the Ag+ ion with the JT electrons of the benzene molecules. The ion pair complex 
formation constants (logK) for extraction of silver picrate into benzene by crown ethers, 
defined by equation (26), are as follows: 12C4, 2.22; 15C5, 4.71; B15C5, 3.59; 18C6, 4.70; 
DB18C6, 3.82; DB24C8, 3.35 (12C4 = 12-crown-4, DB18C6 = dibenzo-18-crownd, etc.).&l 

(Ag picrate),,g,, + (crown ether)organic e (Ag(crown ether)picrate),,,, (26) 

The effect of substituting S or N for 0 on the metal-binding properties of 18C6 (62) and 
DB18C6 (63) has been studied.462 The replacement of two ether donors by thioethers 
significantly enhanced the coordinating ability of 18C6. Replacement of these S atoms by N 
further enhanced this efiect. Unfortunately, the data were not obtained in the same solvent 
(K+: methanol; Ag': water) making valid comparisons difficult. The same donor order @e. 
N > S > 0) was claimed to exist for Ag+ with acyclic ligands.463 

(62) E = O ;  18C6 (63) DB18C6 

The increase in affinity for Ag+ by the introduction of sulfur into the macrocyclic ring was 
the subject of an extensive study. As much as four orders of magnitude increase in the 
formation constants couId be achieved.w 

In addition to the above studies, the effect of substituting sulfur, aza nitrogen and pyridyl 
nitrogen in crown ether rings has recently been investigated. The reactions of the ligands 
(64)-(69) in methanoi at 25 "C were studied by titration calorimetry. Thermodynamic data for 
those reactions, where measurable heat was obtained, are recorded in Table 61.-' The 
ligand which gave the greatest selectivity for Ag+ over Na+ and K+ was found to be 
thia-18-crownd (T18C6, 

The crystal structures of two isomeric 15-membered ring macrocycles containing the donor 
groups ON2S2 (70) and O$N2 (71) have been determined as their silver thiocyanate 
In the first, the coordination sphere around the Ag' ion embedded in the cavity was 
approximately square pyramidal, with a weak interaction between the Agf ion and the 0 atom 
(Ag-4  288.3 pm). In the second, a square pyramidal structure was again obtained, although 
in this case there was no interaction with the 0 atom ( A g 4  371.9 pm). 
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(68) x = o  
(69) X = S 

(70) X = N, Y = S 
(71) X = S ,  Y = N  

(66) X = H  
(67) X = C1 

Table 61 Thermodynamic Data for the Reaction of some Macro- 
cyclic Ligands with Silver(1) in Methanol at 25 "C 

L i g d  Log K 

(64) = T18C6 
(65) 
(66;X=H) 

(68; x = 0) 
(69; x = S) 

(67; X = a) 

15C5 
1XC6 
21c7 

>5.5 
>5.5 

4.88 f 0.05 
3.76 f 0.02 
2.50 f 0.07 
3.05 f 0.05 
3.62 f 0.01 
4.58 f 0.03 
2.46 f 0.04 

AH AS 
(W mol-') (J K-' mol-') 

-51.5 f 0.8 
-34.9 
-32.8 f 0.1 -16.4 
-33.6 f 0.3 -40.7 
-6.40 26.4 
-29.2 f 0.3 -39.4 
-27.5 f 0.2 -23.0 
-38.3 f 0.5 -40.7 
-28.9 f 0.3 -49.1 

Ref. 

466 
465 
465 
465 
467 
467 
466 
466 
466 

Crown ethers with an alkane chain readily form micelles with critical micelle concentrations 
(CMCs) ranging between M. The crown ether surfactant (72) was found to bind 
Ag+ ions (log f l =  8) strongly and formed a relatively large micellar aggregate (MW = 6.3 x 
lo6). A variety of sensitizers, when solubilized in aqueous solutions containing the silver 
complex, were shown to be oxidatively bleached, with simultaneous formation of A$. Under 
visible light irradiation, rapid bleaching of cyanine dyes was observed and a stable absorption 
band with A,,=415nm detected. This band was attributed to monatomic silver atoms 
stabilized within the macrocycle. The photoinduced reduction to Ago was also performed with a 
number of other chromophores, including R ~ ( b i p y ) z + . ~ ~  

and 

(ii) Cryptundr 

Shortly after the discovery of crown ethers (Section 54.1.10.3.i), the preparation of 
macropolycyclic complexing agents (73)-(75) containing three polyether strands joined by two 
bridgehead nitrogens was r e p ~ r t e d . ~ " * ~ ~ ~  These ligands were collectively termed [2]cryptands, 
where the [2] indicated that they were bicyclic ligands. Species containing three and four 
macrocyclic rings are also known. Cryptands were found to have the ability to accommodate 
metal ions of suitable sizes and form inclusion complexes, called cryptates. The observed 
stability constants were ve high, exceeding values of comparable crown polyethers by two or 
more orders of magnlt~de?~-This was thought to be due to more effective chelation, since the 
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i'.y A".", (73) u = l ,  b = c = O ,  cp.1.11 
(74) a = b = 1, c = 0, cp.2.11 
(75) a = b = c = 1, C[2.2.2] k L o k o + &  / 

\ 

metal ion became embedded in a three-dimensional cavity created by the bi- or tri-cyclic 
cagelike molecules. 

The stability and selectivity patterns of cryptands were found to be markedly solvent 
dependent and stability constants of Ag[2]cryptates in a range of solvents are presented in 
Table 62.474-478 Thermodynamic data for their formation in water are given in Table 63.476 

Table 62 Stability Constants (Log K) for Silver [ZjCryptates in Various Solvents at 25 T 

Water MeOH EtOH MeCN Propylene N-Methyl DMF DMSO 
carbonate propionamide 

Ag(2.1.1)+ 

Ag(2.2.1)+ 

Ag(2.2.2)+ 

a.52474 10.6475 

10.6Q'"4 13.3478 9.7478 

9.6477 12.20476 8.9475 

9.85474 12.3478 9.3478 

11.13476 10,61476 9.7047s 7.7475 

11,82476 14,64476 13.8475 11.2475 

11.S4" 8.92476 

7. 6475 

10.4475 

8.62476 8.&75 6. 1475 

12.4475 8.247a 
12.43476 9h4?' 
10.0"75 7.15475 

-I 478 
1.L 

10.03476 1,34r6 

Table 63 Thermodynamic Data for the Formation of 
Silver [2]Cryptates in Water at 2.5 

LogK AH AS 
(kJ mol-') (J K-' mol-') 

Ag(2.1.1)+ 11.13 -71.5 -25 
Ag(2.2.1)+ 11.82 -51.0 54 
Ag(2.2.2)+ 9.6 -53.6 5 

The data obtained for [2.2.2]cryptand in acetonitrile solutions were further 
i nve~ t iga t ed .~ '~ ,~  Silver ions are strongly solvated by acetonitrile and a competition was found 
to exist between complexation of the ligand and the solvent. This was claimed to be 
predominantly responsible for the lower stability of Ag[2.2.2]+ in acetonitrile than in water and 
for the rapid decrease in the stability constant at low mole fraction of acetonitrile (xMecN). This 
phenomenon was then studied by determining the rate of formation and dissociation of 
Ag[2.2.2]+ in acetonitrile-water mixtures.481 

The dissociation rate constant was found to be almost independent of solvent composition 
and the rapid decrease in the stability constant near xMeCN=O was therefore due to the 
variation in the formation rate constant. The constant value of kd, suggested that in the 
transition state the Ag' ion was bound to the [2.2.2] nitrogen atoms in a manner similar to that 
usually found with other nitrogen donors, for example, acetonitrile.M1 

Slow evaporation of a methanol-butanol solution of the [3]cryptand (76) and of silver nitrate 
yielded crystals with stoichiometry (76)-3AgN03. The crystal structure revealed that two of the 
silver atoms were located inside the molecular cavity of the [3]cryptand with an Ag-Ag 
separation of 388 pm. These silver ions were bound to five heteroatoms of the ligand and to an 
oxygen atom of a nitrate ion. The third silver ion was located outside the ligand and was bound 
to all three nitrate anions, forming an [Ag(N03)3]2- unit. The two sections were connected by 
bridging oxygen atoms from the nitrato group forming chains.482 

lH and 13C NMR spectroscopy have been used to study successive formation of mononuclear 
and dinuclear complexes with [3]~ryptands .~~ A heteronuclear (Ag+, Pb2+) complex of (77) 
was described, In the 13C spectra, significant differences were observed for the carbon atoms 
adjacent to the bridgehead nitrogen atoms, such that the dinuclear silver complex and 
dinuclear lead complex could be readily distinguished from the heteronuclear species. The fact 
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(76) a = 0 
(77) a = 1 

that three distinct C-N resonances were observed for this complex indicated that the 
intramolecular cation exchange process was slow on the NMR t i m e s ~ a l e . ~ ~  

54.1.11 Naturally Occurring Ligands 

541.111 Polyether antibiotics 

Since the discovery in 1964 that the antibiotic valinomycin exhibited alkali cation specificity 
in rat liver mitochondria, a new area of research has developed, based not only on biological 
systems but also on model systems such as crown ethers.484 The ability of neutral compounds to 
form lipid-soluble alkali and alkaline earth complexes was observed in 1951. The structure of 
the corresponding li and, the anion of the antibiotic nigericin (78), was characterized as its 
silver salt in 1968.da Silver was used as a heavy atom crystdlographically, since the Agf 
cation had a radius between that of Na+ and K+ , which were the two alkali cations with which 
nigericin was most active. 

The structure and absolute configuration of a series of similar compounds, grisorixin (7!4),487 
monensin X-206 (81),489, X-537A (82)490 and lysocellin (83),491 all antibiotics of the 
nigericin group, were then elucidated within a short period, again as their silver salts. 

(78) R = O H  
(79) R = H 

CO,H 

Me Me Me Me 
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(83) 

A boron-containing antibiotic has also been studied using this t e c h n i q ~ e . ~ ~  Aplasmomycin 
(84) appears related to boromycin, which was the first well-defined boron-containing organic 
compound to be found in nature.493 

Values of the stability constant of silver(1) monensin in a range of non-aqueous solvents have 
recently been determined (log K ,  25 0C):494 MeOH, 8.1 f 0.1; propylene carbonate, 15.0 f 0.1; 
DMF, 9.94f0.05; MeCN, 8.6f0.1; DMSO, 5.37f0.05. The value of K increased by 10 
orders of magnitude on going from DMSO to propylene carbonate. For the aprotic solvents, K 
was observed to increase in the same order in which the solvation of the free silver ion 
decreased. The formation rates were practically diffusion controlled (-lo1' M-l sal) in 
methanol, acetonitrile and DMF. 

54.2 SILVER(II) COMPOUNDS 

54.2.1 Heterocyclic Nitrogen Ligands 

A general method for preparing silver(I1) complexes with heterocyclic N donors is io  
precipitate the peroxodisulfate from water as a sparingly soluble, yellow to dark red crystalline 

This is achieved by oxidation of a silver(1) salt solution with potassium persulfate 
in the presence of an excess of the appropriate ligand. Complexes of other anions have been 
subsequently prepared by double decomposition. PbOz, BaOz, CaOz and O3 have also sufficed 
as oxidants in the case of heterocyclic ligands, due to the lowering of the Ag'/A$ oxidation 
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potential brought about by coordination. Alternatively, anodic -oxidation techniques may be 

The properties of the N-heterocyclic complexes of silver(1I) have recently been reviewed and 
it was found that in most complexes square planar coordination occurs about the central ion 
although higher coordination numbers are known.496 

5421.1 Pyridine and pyridinecarboxylates 

and electro~hemical~~ 
oxidation. [Ag(~y)~]Xz (X = &S,Oi- or NO;) salts are orange or orange-red crystals depending 
on the anion. Silver(I1) ions are rather unstable due to their powerful oxidizing nature in 
solution. However, it has been observed that when strongly acidified with non-reducing acids 
aqueous solutions of Ag'I are fairly stable. 

The equilibria in acids between free and complexed ligand and silver" may be described 
either by equations (27) and (28) or by equations (28) and (29), where L = py. 

(27) 

L + H +  e HL+ (28) 

(29) 

Silver(I1) pyridine salts have been prepared by both 

Ag2+(aq) + 4HL+ e [AgL4l2+ + 4H+ 

Ag2+(aq) + 4L e [A&,]'+ 

No stability constants for equations (27) and (29) are available, although an estimate for 
log p4 of 27 has been made.499 The equilibrium between silver(I1) and protons competing for N 
donors was predicted to be set up fairly quickly, just as for copper(II), and the tacit assumption 
in early work that silver(I1) was kinetically inert in nitric acid media was incorrect, 

The persulfate salt is only sparingly soluble in water but dissolves in nitric acid without 
reduction. However, dissociation or partial dissociation of the ligands occurs on dissolution. 
Consequently all results collected in this medium should be treated with suspicion. This 
includes electronic and electron spin resonance spectra.496 

No structural data are available for silver(I1) pyridine salts. Based on the evidence500 of ease 
of doping at all levels of the silver and copper persulfate complexes into the cadmium species, 
isomor hism was assumed. X-Ray powder photographs have since shown this not to be the 
case. 

Electron spin resonance studies of silver(I1) pyridine complexes have proved to be extremely 
useful in determining the nature of the species in solution. Since natural silver has two isotopes, 
lWAg and lWAg, in approximately the same abundance, both of spin I = & ,  and since their 
nuclear magnetic moments differ by less than 15%, interpretation of spectra is often considered 
in terms of a single nucleus. The forms of the hyperfine splitting patterns for lN, cis and trans 
2N, 3N and 4N, would be expected to be quite different and hence the number of pyridines can 
be readily assessed from well-resolved spectra. Spin Hamilton arameters obtained from both 
solid and frozen solution spectra are collected in Table 64.497*4961M1-510 

Seconda -ion mass spectrometry (SIMS) has been applied to the study of some silver 
complexes?;' For [ A g ( p ~ ) ~ ] s ~ O ~  however, although the spectrum obtained was rich in 
fragment ions, no A&, species could be detected, Doubly charged species are not commonly 
observed in SIMS analyses and the reduced form of the intact cation, i.e. [Ag(~y)~]+, was 
apparently not suf6ciently stable in the gas phase. 

Peroxydisulfate oxidations have also been used to prepare a variety of pyridine mono- and 
di-carboxylic acid silver(I1) complexes.496 All these compounds were orange-red in colour and 
sparingly soluble to insoluble in most solvents, including water. 

For the neutral 1 : 2 monocarboxylic acid complexes, their IR absorption spectra showed a 
shift of the free COzH group from -1700cm-' to -163Ocm-l on coordination. This was 
indicative of coordination of the carboxylate group. Far-IR s ectral data indicated that pyridyl 
N atoms were also involved in the bonding to the central Ag ion.512 

No single crystal X-ray structure determinations have been reported for the monocarboxy- 
lates. The 2-carboxylate (picolinate) was claimed to be isomorphous with the copper(I1) 
analogue however, which had square planar stereochemistry. On the basis of X-ray powder 
data, polymeric square planar structures were proposed for the 3-carboxylate (nicotinate) and 
4-carboxylate (isonicotinate) . 

Magnetic susceptibility measurements for the 2- and karboxylates were found to obey 

4 9 9  
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Curie-Weiss behaviour from 309 to 83 K with a We& constant B 5 10 K. The 3-1~rboxylate 
was studied in the range 275-4.2K and the data were interpreted in terms of an 
antiferromagnetic interaction between silver ions using the Ising linear chain model. This gave 
an exchange energy of J = -30.8 f 1.0 cm-’ and g = 2.5 f 0.02 which was somewhat smaller 
than the experimentally determined ( g )  of 2.OtL5l3 

The oxidative effects of silver(I1) complexes of pyridine carboxylates have been studied for a 
variety of substrates. With a-amino acids, a ra id reaction occurred at 70°C in aqueous 

gous aldehyde and yields were generally greater than 80%. Other substrates included primary 
and secondary amines, alcohols, monosaccharide derivatives, alkenes, arylalkanes and 
arylalkanols.gO Only minor differences were detected in efficiencies when 2-, 3- or 4-mOnO-, or 
2,3-di-carboxylates were used as the oxidant. 

Silver(I1) complexes of the following pyridinedicarboxylic acids have been isolated following 
peroxydisulfate oxidations of their silver(1) salts: 2,3-quinolinic, 2,5-isocinchom~ronic, 2,6- 
dipicolinic, 3 ,Ccinchomeronic and 2 ,Clutidinic acids. 496 The complexes have generally been 
assigned structures of the type Ag(LH)2 and IR data confirm the presence of free and 
coordinated carboxylate groups. The magnetic moments reported for the dicarboxylates at 
room temperature were in the range 1.74-1.80BM with the 2,6 derivative giving the lowest 
value. Curie-Weiss behaviour with 6 5 10 K was found for all exce t the 2,6 derivative which 

solution with bis(pyridyl-2-carboxylato)silver(II) .5 P The product was the next lower homolo- 

had 8 = 0 K. This suggested a structural difference for this corn lex. 915 
The crystal structures of the 2,3-516 and 2,6-dicarboxylates51 ? have been determined. En the 

former, the silver atom lay on a centre of symmetry and was strongly bound to the 2-carboxyl 
group (Ag-0 213.1 pm) and to the nitrogen atom (Ag-N 212 pm). The overall structure was 
a tetragonally distorted octahedron, since stacking occurred and weak interactions existed 
between the silver atom and the ketonic group of the 3-carboxylic acid (Ag-0 298 pm).’I6 

In the latter monohydrate complex, a highly distorted octahedral structure was revealed, 
containing two different ligands coordinated to the silver. One was described as dianionic 
(dipic) whilst the other a neutral ligand (dipicH2). The formula was therefore best represented 
by Ag(dipic)(dipi~H,).H~O.~~’ For the dianionic ligand, the silver atom formed bonds to the 
two negatively charged (and crystallographically equivalent) oxygen atoms ( A g - 0  221 pm) 
and also to the nitrogen (Ag-N 209pm). With the neutral ligand, the silver atom was less 
strongly bonded to the two ketonic oxygen atoms (Ag-0 253pm) and the nitrogen ( A e N  
221pm). The two ligands were approximately planar and intersected at 83.4”. The complex 
molecule was assigned C, symmetry. 

The X-ray photoelectron spectra of pyridine dicarboxylates have been investigated and 
binding energies for the silver 3d3,2 and 3dSn electrons are given in Table 65.% It was found that 
the complex Ag(dipic)(dipicH2)-4H20 gave the lowest silver 3d binding energies, an observa- 
tion said to be consistent with an increase in coordination number relative to the other 
complexes. It was argued that this higher coordination number would result in an enhanced 
build-up of negative charge at the silver centre resulting in a decrease in the binding energies.% 

Table 65 X-Ray Photoelectron Data on 3d Binding Energies for 
Silver(I1) PyridinedicarboxylatesgZ 

Subs f i t i o n  Complex 3d5, 
positions 

2,3- [ Ag( quinH),]*2H20 373.6 367.6 
274- [Ag(lutW),]*2H~O 374.1 368.2 
2,5- [Ag(isocinchH),] 375.1 369.0 
296- [Ag(dipic)(dipicH2).4Hz0 372.9 366.9 
3,4- [Ag(cinchH),].H,O 374.5 368.5 

a Carboo Is binding energy at 284.0 eV was used as a reference in each case. 

542l.2 &azine and pyrmine carboxylates 

A dark red-brown precipitate of Ag(pyrazine)&08 was obtained by peroxydisdfate 
oxidation of A$ solutions containing pyrazine at 0 4 ° C .  In a related experiment, the 
2-carboxylate derivative was obtained. Both reactions proceeded via the oxidation of white 
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silver(1) precipitates and were essentially quantitative. It was found necessary to store the 
samples of 0-5 "C, since at room temperature, decomposition occurred after a few days.518 

Reaction with pyrazine-2,3-dicarboxylic acid led only to the isolation of a mixed oxidation 
state complex of stoichiometry Ag"Ag:{py~-2,3-(CO~)))~. No stoichiometric product could be 
isolated with the ligand, pyrazine-2,3,5-tricarboxylic acid. Although a dark brown solid 
containing Ag" was formed after about 10 minutes, longer reaction times led to decomposition 
of the ligand. 

The structure of the pyrazine complex was suggested to contain polymeric square planar 
cations with bridging pyrazines and the magnetic properties (300-80 K) were interpreted in 
terms of an antiferromagnetic exchange interaction. A Curie-Weiss constant of 84 K was 
calculated. At room temperature, the magnetic moment was found to be 1.61 BM. 

The 2-carboxylic acid derivative had normal magnetic behaviour (y  = 1.81 BM at 295 K). A 
diffuse reflectance spectrum was characteristic of square planar complexes and an IR spectrum 
showed the presence of covalently bound carboxylate groups. 

Examination of Ag1'Ag:{pyz-2,3-C02)2}2 X-ray powder patterns showed that the complex 
was not a mixture of siher(I1 species but a discrete silver(1)-silver(I1) mixed oxidation state ., 
complex.518 A olymeric structure was again proposed and'this was supported by ESR, NMR 
and IR data. 49? 

5421.3 2,2'-Bipyddyl and 1,lOyhenanthroline 

Mono and bis 2,Z'-bipyridyl and 1 ,lo-phenanthroline complexes of silver(I1) have been 
isolated as red-brown crystals by either peroxydisulfate, anodic or ozone oxidation 
techniques.497i519 No tris-chelated species have been s~bstantiated:~~ although it is worth 
noting that a 2,2',2"-terpyridyl bis complex has been isolated and claimed to be a six-coordinate 
species.520 

The redox potential for Ag(bipy)g+/Ag(bipy)z has been reported as 1.453 VSz1 while that of 
the corresponding 1 ,lo-phenanthroline couple was 65 mV less.522 

The magnetic moments for solid silver(I1) N-heterocyclic complexes are generally close to 
1.8 BM su estin quenched orbital angular momentum and spin-only paramagnetism (Table 
66) *496,497,5@32>53 

Table 66 Bulk Magnetic Susceptibilities and Effective Mag- 
netic Moments of Ag" Complexes at -298 K 

Pcff (BM) Ref. 

1.71-1.78 500,523 

1.82 500 

Crystal structure data are available for Ag(bipy)2(N03)2.H20526 and Ag(bip~)(NO~)~.~" In 
the former case two bridging nitrate groups at 278 and 282pm make up an essentially 
octahedral arrangement around the Ag" ion. One of the bipyridyl ligands was planar and the 
other non-planar. Nitrate bridging was also a feature in the latter complex. 

The electronic spectrum of aqueous Ag(bi y)2+ solutions in the visible region shows a 
maximum at 455 nm with E,, = 2000 dm3 mol- cm . 

A spectrophotometric study of an aqueous solution of silver(I1) containing nitric acid and an 
excess of 2,2'-bipyridine was consistent with the existence of only two complexes related by the 
equilibrium shown in equation (30). At 25"C, Kh for this equilibrium was determined as 
3.3 f 0.5 x lom3. From the variation with tem erature the enthalpy and entropy for the 
reaction were calculated to be 11.5 f 2.6 kJ mol-'and -9 f 10 J K-l mol-' 

(30) 

P 2-1 528 

[Ag(bi~y)~]~+ + H+ F= [Ag(bipy)l*+ f Hbipy' 
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The kinetics of the oxidation of hydrogen peroxide by Ag(bipy)$+ were investigated in 
aqueous nitric acid medium.529 The reactive species was found to be Ag(bipy),'+ present in 
equilibrium with Ag(bipy)$. It was claimed that this was not necessarily due to the freeing of 
coordination sites but may be due to the difference in redox reactivity. 

The use of nitric acid as a solvent for ESR spectra once again highlights the problem of 
dissociation or partial dissociation of the heterocyclic N ligands. Thus, dissolution of 
[ A g ( b i ~ y ) ~ ] S ~ O ~  in a minimum quantity of concentrated nitric acid produced spectra which, on 
the basis of the observed nitrogen hyperfine structure, can only be assigned to cis-Ag(bipy)X,- 
type species.499 

The ESR spectra of polycrystalline samples of Ag(bipy)%+ and Ag(phen)$+ show axial or 2 

rhombic g tensor symmetry. No silver or nitrogen hyperfine structure could be resolved. 
Secondary-ion mass spectrometry (SIMS) of [Ag(bipy)$+ yields a spectrum identical to that 

of the silver(1) complex, showing peaks attributable to <L + H)+, Ag' and AgL+. This 
suggested facile reduction occurred to the unipositive cation. 30 

54.2.2 Oxygen Ligands 

54.2.21 Aqua species 

It has been known for some time that Ag2+ ions could be stabilized by the use of strongly 
acidic  condition^.'^' Studies in perchloric, sulfuric and phosphoric acids have emphasized the 
importance of silver(I1)-solvent complexes and the role of kinetic factors in determining the 
lifetime of Ag" with regard to its reduction by ~ a t e r . ~ ~ ~ , ~ ~ ~  

A number of striking similarities were observed in the kinetics of AgII decomposition in 
these mineral acids. (1) The rate laws showed second order dependence on Ag" and inverse 
first order dependence on Ag' concentration. (2) Arrhenius activation energies were all about 
46 kJ mol-'. (3) Measured rate constants taken under similar conditions of temperature and 
ionic strength were comparable from one medium to another. 

On this basis it was proposed that in each case the disproportion of Ag" (equation 31) was 
the critical reaction step since it would be independent of the nature and charge of the solvent 
ligand. The detailed mechanism then involved reactions of Ag3+ species (equations 32 and 
33).532,533 

(31) 
K 

2Ag' Agf+A$'  rapid 

(32) 
K Ag3* + H20 e Ago* + 2Hf rapid 

Ago+ 6 Ag+ + io2 rate-determining (33) 

Using pulse radiolysis techniques, the reaction of Agf ions with OH. radicals has been 
Formation of silver(I1) species were believed to proceed via OH- radical addition, 

shown by equation (34). Subsequently depending on the pH of the solution, hydrolysis 
equilibria were established for which the pK values of the reactions given by equations (35) and 
(36) were calculated as 5.35 and 8.35 respectively."' 

Ag'+OH* Ag[OH)+ 

AgOH+ + H+(aq) e A&' + H20 

Ag(OH)2 e AgOH'+OH- 

54.2.22 Carboxylates 

The persulfate ion SzOi-, with or without various transition metal ions, is a particularly 
effective oxidant, especially for the decarboxylation of carboxylic In the presence of 
silver(I), persulfate oxidation to silver(I1) readily occurs and for aliphatic carboxylic acids the 
decarboxylation mechanism given in Scheme 4 has been established. The aliphatic radicals 
produced may then disproportionate, abstract hydrogen or be further oxidized to an alcohol. In 
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the presence of N heterocycles in acidic media, the alkyl radical generated can also be used for 
homolytic alkylation reactions.536 With arylacetic acids , coupled 1 ,Zdiarylethanes have been 
produced, often in high yield.537 In all of these cases it is anticipated that Ag" carboxylates are 
intermediates; however, none have been isolated. 

Ag' + S20g- - Ag" + SO: + SO:- 

Ag" + RCOzH - Ag' + RC02.  + H+ 

RCOy - R.+CO, 

Ag'+SOf -- Agn+SOz- 

Scheme 4 

54.2.3 Sulfur Ligands 

54.23.1 Mono- and di-thiocarbamates 
In 1959, it was reported that on mixing silver(1) N,N-dialkyl dithiocarbamates with the 

correspondin thiuram disulfide, dissolved in benzene or chloroform, the solution immediately 
turned ESR spectra of these solutions showed the formation of paramagnetic d9 
AgU complexes. The reaction was explained by the equilibrium expressed in equation (37). 

S 

When these experiments were repeated, in the absence of air, it was discovered that the 
intensity of the ESR signal due to the Ag" species almost Reexamination of the 
reaction for R=Bu" showed that further oxidation to a red, diamagnetic A P  complex 
occurred in air or with excess thiuram disulfide and this accounted for the decrease in signal 
i n t e n ~ i t y . ~ ~  Values of spin Hamiltonian parameters for some silver(I1) complexes are giv& in 
Table 67. 539-542 

Table 67 Spin Hamiltonian Values for some Silver(U) N, N-Dialkyldithiocarbamate Complexes 

Ref. 

2.019 27 
2.022 28 

539 
540 

Ail 
( x cm-') 

[Pr'2NCSzIzAg 2.035 2.011 37 24 541 

~ ~ ~ ~~~~~~~ ~ 

[(Pr;NCSz)zAgI, 2.0087 2.0156 2.0456 12.5 13.2 17.7 542 

[Pr;NCS,I,Ag 2.0094 2.0157 2.0493 21.1 22.6 33.5 542 
doped into Zn complex 

doped into Zn complex 

A kinetic study of the oxidation of some hexameric silver(1) dialkyl dithiocarbamate 
complexes by thiuram disulfides to the silver(I1) complexes has been reported.543 Although a 
100-fold excess of the thiuram disulfide was used, the formation of the Ag"' complex reported 
earlier was not considered. 
ESR spectra obtained from magnetically dilute samples of the silver(I1) complexes doped 

into the corresponding dimeric zinc complex could be attributed to both homo- (Ag,Ag) and 
hetero- (Ag,Zn) dinuclear species. In the Ag,Ag dimer the g values were almost equal to those 
for the Ag,Zn dimer; however, the hyperfine coupling constants A were only about half. From 
this it was concluded that the structures of these two species were very similar.542 
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By analogy to the zinc structure, the coordination sphere around the silver(1I) ion was 
anticipated to contain four sulfur atoms from two dialkyl dithiocarbamates in a square planar 
arrangement. Dimerization would occur by interaction via two A g - S  bridges (85).538 

(85) 
Polarized optical absorption measurements have been made for the bis(N,N- 

diethyldithiocarbamato)silver(II) complex also diluted in the zinc complex.544 Two spin-allowed 
transitions were observed: 'A2+ 'B1 (625 nm) and 2A2+2& (425 nm). 

54.2.4 Halogens 

AgFz has been prepared by fluorination of AgCl at 200 "C. It was an amorphous, black solid, 
which was very hygroscopic and reacted vigorously with water. Complex fluorides of the type 
MAg"F6 (where MW = Sn, Pb, Zr or Hf) have been prepared by fluorination of A&S04- 
A2MX2 mixtures at 480 0C.545 Evidence for an elongated tetragonal Ag"F6 group came from an 
electronic and ESR study of these complexes.s46 The distortions where MIv = Zr or Mf were 
much greater than where MIv = Sn or Pb and substantial exchange between Ag" sites was 
indicated in the former ~ o m p o u n d s . ~ ~ ~ , ~ ~  In this respect, the colours of the compounds were 
noteworthy (Zr, €if, blue-violet; Sn, Pb, light blue). 

Other complex Agl' fluorides prepared were A1AgF3 (A' = K, Rb or Cs) which had a similar 
structure to KCuF3, blue-violet K2AgF4547 and CsAgM"*F6 (MI'' = T1, In or SC).~@ The latter 
compounds were shown to have the cubic RbNiCrF6 structure and had complex magnetic 
properties. 

High oxidation state silver halide complexes of chloride, bromide and iodide tend to be even 
more unstable with respect to reduction and have not been studied in 

54.2.5 Mixed Donor Ligands 

542.5.1 Amino acids 

The silver(I1)-catalyzed decarboxylation of carboxylic acids was noted in Section 54.2.2.2. 
The oxidation of amino acids is thought to occur by a similar process. 

In a recent kinetic study, AgII, generated from Ag' by reaction with OH. radicals, was 
treated with glycine. Transient spectra, kinetics and product analysis indicated that the 
mechanism involved two steps. The first step was formation of an Ag" complex. The second 
step was an electron transfer from the carboxyl group to the Ag" within the complex. 
Formaldehyde was found to be the main product obtained. Oxidation of a-phenylglycine gave 
benzaldehyde. 

The possible participation of Ad" as an oxidant was discounted on the basis of the kinetic 
data. The observed complexations and oxidations occurred at timescales shorter than those 
required for the formation of Agll'.sso 

54.2.6 Multidentate Macrocyclic Ligands 

54.261 Planar macrocycles 

(i) Porphyrins 

It has been known for some time that silver(1) porphyrins are generally unstable toward 
disproportionation to the silver(I1) complex, sometimes with deposition of a silver mirror.s51 
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For example, when silver acetate in pyridine was added to free meso-tetraphenylporphyrin 
(H2TPP), a green disilver(1) complex rapidly formed, requiring only slight warming. Vigorous 
boiling of the salt slowly converted it to a reddish-orange monosilver(I1) complex. Owing to the 
greater instability of the disilver(1) complex in acetic acid solution, only the silver(I1) complex 
could be isolated from this solvent. Silver(II1) porphyrins have been produced by both 
electrochemical and redox reactions. 

Studies on silver(I1) porphyrins have largely been centred on synthetic porphyrins, such as 
H2TPP and octaethylporphyrin, H20EP. However, a range of complexes based on heme 
derivatives have also been described.552 Some of these latter complexes have been charac- 
terized by IR spectroscopy.553 

It has been found that whereas Cu" porphyrins luminesce, the Ag" complexes do not. By an 
examination of electronic absorption spectra, emission spectra, redox potentials and near-IR 
absorption data, it was proposed that this could be rationalized on the basis of the energy of 
the b ,  ( d X ~ ~ y ~ )  orbital. Extended Huckel molecular orbital calculations predicted that the 
d-x* transition would be above the lowest ( x ,  n') levels for Cu" but below them in the Ag" 
complexes. The near-IR absorptions found for Ag" were attributed to CT t r a n s i t i ~ n s . ~ ~  

Complexing silver with TPP or OEP caused small but noticeable chemical shifts in the 
binding energy of the Ag, C and N peaks.555 Weak N Is satellites have also been observed in 
the X-ray photoelectron spectra.556 

Recently, ESR spectroscopy has been used to study silver(I1) porphyrins. Aggregation in 
metalloporphyrins, in tetrachloroethane (TCE) and 2-methyltetrahydrofuran (MTHF) has been 
studied at 77 K.557 In MTHF a well-resolved signal due to monomeric Ag" mesoporphyrin(1X) 
dimethyl ester (MPD) was observed. In TCE, however, additional signals on the monomer 
spectrum and a g = 4 signal with a partially resolved structure were found when the gain was 
increased. The g = 4 signal was ascribed to the AM, = 2 transition of the dimeric [Ag"MPD],. 
In an equimolar molar mixture of Cu"MPD and AgI'MPD a heterodinuclear complex was 
formed. 

ESR s ectroscopy has also been used to study spin-labelled silver porphyrins such as 

isomer than for the cis isomer (34.8 G cf. -20 G). For the trans isomer, it was proposed that 
the interaction was possibly due to overlap of metal orbitals with porphyrin orbitals providing a 
direct pathway to the point of attachment of the vinyl group to the porphyrin and on through 
the vinyl group to the nitroxyl ring. The ENDOR result for AgTPP indicated that the 
metal-porphyrin interaction was a combination of both u and ; r ~  effects.'" Similarly the 
silver-nitroxyl interaction was believed to be due to a mixture of both u and 36 effects. The 
geometry of the molecules would prevent intramolecular metal-nitroxyl collisions and the 
spectra were concentration independent indicating that intermolecular collisions also did not 
contribute significantly. 

(86).558,55 r The isotropic exchange coupling constant J was found to be greater for the trans 

The enhanced resolution of ENDOR over ESR allowed a more detailed analysis of the 
spectrum of AgTPP. It was found that the nominally d-like odd electron had 138% 46 
~ h a r a c t e r . ~ ~  
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(ii) Phthalocyanines 

Silver(I1) phthalocyanine has been obtained by the action of silver nitrate on dilithium 
phthalocyanine in absolute alcohol at room temperature, or by the action of silver sulfate upon 
lead phthalocyanine in boiling l-chl~ronaphthalene.~~,~~~ ESR studies confirmed the presence 
of the paramagnetic d9 Af ion, and for a frozen solution in l-chloronaphthalene showed 
well-resolved nitrogen hyperfine lines. In the undiluted solid at room temperature, only a 
broad resonance was observed at g = 2.016. This may have been caused by aggregation5" 

Silver(1) phthalocycinines have not been ~ubs tan t ia ted .~~~ 

54.26.2 Macrocyclic Polyaza Ligands 
Addition of silver(1) perchlorate or nitrate to an aqueous suspension or 50% methanolic 

solution of rneso-Me6[14]ane (87), a completely saturated macrocycle , resulted in dispropor- 
tionation of the initially formed silver(1) complex to elemental silver and a silver(I1) complex 
with the ligand.450 Later, a variety of macrocyclic complexes were similarly prepared, in which 
the nature of the peripheral substituents and ligand saturation were varied as in (87)-(90).451 
All of these silver(I1) complexes were yellow to orange and had IR spectra similar to their 
nickel analogues. Magnetic moments were in the range 1.9-2.1 BM as expected for monomeric 
d9 complexes (Table 68). The complexes were exceptionally stable even in reducing solvents 
such as ethanol which only after some time led to silver mirrors being deposited. 

(87) R' = H, R2 = Me 
(88) R ' = H ,  R 2 = H  
(89) R'=Me,  R 2 = H  

Table 68 Spectral, Magnetic and Electrochemical Data for Silver(I1) Tetraaza Macr~cycles~~' 

2.2 348(2.7) 2.11 2.05: 0.617 (1) -0.283 (2) 
280 (3.6) 

27Ssh (3) 

(87) 

1.95 342 (13.3) 2.09, 2.03, 0.71 (1) - (88) 

(89) 1.81 382 (8.6) 1.99, 2.07 0.96 (1) f 

(90) 
300 (2) 

1.96 338 (6.2) - - 0.63 (1) -0.37 (2) 
300 (6.2) 

"Faraday measurements. 
x ~ O - ~  in parentheses. EPolyaystalline samples at room temperature unless otherwise noted. 
corresponding Ni" complex. 

wave. 

M in complex, lo-' M Et4NC104 in MeCN; molar extinctioj coefficient, E,  
4% doped in 

Rotating Pt working electrode, !Agio. 1 M Ag+ in MeCN reference electrode, 
M complex, lo-' M Et4NCI04; number of electrons given in parentheses. Very poorly defined hvo-electron 

ESR spectra of the Ag" complexes were found to be typical of a d9 axial system. In each case 
gll and g, were well resolved although resolution of nitrogen hyperfine structure could not be 
achieved. 

Electrochemical data obtained for these complexes are also given in Table 68. In each case a 
one-electron quasi-reversible anodic wave was observed between 0.7 and 0.9 V which suggested 
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that AgIII complexes might be obtained either by electrochemical or perhaps by chemical 
oxidation, This was confirmed by isolation of Ag(87)(C10& by controlled potential oxidation 
and more easily by reaction with NOC104 in acetonitrile. It was found that when the silver(i1) 
complexes of (87) and (88) were dissolved in nitric acid, diamagnetic species were produced 
suggesting oxidation had occurred. 

The crystal structure of A ~ ( I ? z ~ S O - M ~ ~ [  14]ane)(NO& was found to contain a square planar 
arrangement of N atoms from the macrocycle at Ag-N distances of approximately 216 pm. 
Axial interactions with nitrate oxy ens resulted in distorted octahedral coordination in which 
the Ag-0 distance was 280.7 pm. 4 3  

54.3 SILVER(1H) COMPOUNDS 

54.3.1 Nitrogen Ligands 

543.l.1 Biguanides 

A number of well-defined crystalline complexes of silver(II1) have been described. 496 In 
particular, biguanides, substituted biguanides, ethylenebis(biguanide) and piperazine dibiguan- 
ide have been found to complex and stabilize silver(II1). 

The piperazine dibi uanide silver(II1) complexes prepared were [Ag"'(pipz bigH)z]X3 where 
x = OH-, NO; or !so4 2- -3 H20.564 These compounds were red to red-brown and were 
sparingly soluble in water but insoluble in alcohol, chloroform, acetone, ether, DMF and 
diacetone alcohol. The biguanide and substituted biguanide silver(II1) com lexes had the 
general formula [Ag(bigH)z]X3 and [Ag(MebigH)2]X3 where X = NO,, OH-, !SO:- or mixed 
anions.565 The complexes were generally isolated in a hydrated form. 

The first preparation of a silver(II1) biguanide was as a result of attempts to prepare a 
silver(I1) derivative of ethylenebis(biguanide) (91) .566 Oxidation of a silver(1) salt by sodium 
peroxydisulfate in the presence of the ligand, however, gave the red silver(II1) derivative 
instead. 

Crystal structure data are available for three salts of this complex: the nitrate,*7 
p e r ~ h l o r a t e , ~ ~  and sulfate hydrogen sulfate hydrate.569 In these salts, the organic ligand acts as 
a tetradentate ligand coordinated through four nitrogen atoms and wrapping itself around the 
silver ion, to give a slightly distorted square planar configuration. The Ag-N bond lengths 
were approximately equal at -197-203 pm. In the latter salt, coordination around silver was 
completed by two oxygen atoms belonging to SO$- and HSO, groups, which were on opposite 
sides of the square plane at rather long distances of 293-294 pm. One interesting feature of this 
compound was the presence of the strongly hydro en-bonded species [03SO-H--OS03]3-, 
with OH0 separation 251 pm and bond angle 168"'' 

The kinetics of the oxidation of Ag(enbisbig)" to Ag"' by excess SzOg- were shown to 
consist of two consecutive reactions, each being first order with respect to [Ag(enbisbig)+] and 
[SzO$-].570 It was argued that the oxidation of the silver(1) complex occurred in one-electron 
steps, the silver(II1) complex being formed by the reactions given in equations (38) and (39), 
where X may be SzO$- or both SO: and SO?-. The activation energies for these reactions were 
54.8 f 3 kJ mol-' and 59.8 f 16 kJ mol-'; the corresponding values for loglo A were 7.7 and 
9.6. 

Q 

Ag(enbisbig)+ + SzO:- -3 Ag(enbisbig)" + X 

Ag(enbisbig)'+ + S20g- - Ag(enbi~big)~' + X 

Photoelectron spectroscopy of Ag(enbi~big)(ClO~)~ gave binding energy chemical shifts for 
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AgI" as 377.3 eV (34,) and 371.4 eV ( 3 d 5 ~ )  which were some 3.0 eV larger than for AgI or 
Ag" complexes, indicative of the +3 oxidation ~ ta t e .~"  

54.3.2 Oxygen Ligands 
54.3.2.1 Aqua species 

The simplest species containing silver(II1) is Ag(OH);, which in 1.2 M NaOH at 25 "C was 
stable for about 2 hours. The yellow solution gave a single broad absorption band in the UV 
region with I,, = 270 mm. Preparation of the ion generally involved anodic oxidation of silver 
metal in basic media.5n.573 

The stability of Ag(OH); was found to be very dependent on base strength. In 0.1 M OH-', 
the ion had a half-life of less than 30 minutes and when a solution at 30 "C was rapidly brought 
to pH11, decomposition occurred within 1 or 2 seconds. The products of decomposition in 
base were solid Ago and oxygen. A kinetic study of the acid-initiated reduction has been 
reported.573 

54.3.3 Multidentate Macrocyclic Ligands 

54.3.3.1 Planar macrocycles 

(i) Porphyrins 

Oxidation of Ag"0EP (OEP = octaethylporphyria) in chloroform with iron(II1) perchlorate 
gave a quantitative conversion to [Ag"'OEP]C104.57 The colour of the solution changed from 
a bright red to a brownish red. The qualitative electronic excitation spectrum of the Ag'" 
complex was quite similar to that for Ag"OEP.496 Values of A,, and E (in parentheses) 
obtained for [Ag1"OEP]C104 were 552 nm (25 OOO), 576 nm (9800) and 404 nm (131 000). 

Based on the similarity of the spectra it was proposed that oxidation had not occurred at the 
porphyrin ring but rather at the silver ion. The sample was found to be diamagnetic, as 
expected for a ds square planar configuration. Cyclic voltametry with Ag"0EP also c u n h e d  
that the oxidation occurred at the central metal and the measured Ag"'OEP/Ag"OEP couple 
was 0.44 v . ~ ' ~  

Photoelectron spectroscopy of a sample of [Ag"10Ef]C104 mixed with a small amount of 
AgI'OEP showed marked shifts of -3 eV in the binding energies of the silver 3& and 3d, 
electrons for the Ag"' complex.555 These occurred at 377.1 and 371.0 eV for the A P  complex. 
Comparable shifts have also been reported for AglIT biguanides."' 

54.3.3.2 Macrocyclic tetraaza ligands 

Macrocyclic tetraaza ligand complexes of silver have been found for oxidation states + 1 , +2 
and +3. In the presence of water, the silver(1) complexes generally disproportionate to 
silver(I1) depositing silver metal. Some of the silver(1I) species obtained have been oxidized, 
both chemically (NOC1O4-Hz0 in acetonitrile) and electrochemically, to silver(II1) complexes 
of substantial stability . 498 

Me6[14]1,4,8,11-N4-ane (87) and [14]1,4,8,11-N4-ane (88) gave violet AgII' complexes in 
aqueous solution which slowly turned yellow. The solutions initially showed no ESR signal but 
these were found to grow with time, as the violet colour disappeared. The spectra finally 
obtained corresponded to those of the Ag" complexes. The hexamethyl derivative was quite 
stable both in the solid state and in dry, purified acetonitrile. On the other hand, the 
unsubstituted ligand complex was very unstable in the solid state and in solution, excepting 
pure acetonitrile containing concentrated perchloric acid .451 

The silver(I1) complexes of (87) and (88) were found to be oxidized by concentrated nitric 
acid to orange silver(ZI1) complexes. NMR spectra were obtained for these diamagnetic Ag"' 
complexes and were compared to the Nil' analogues. Addition of concentrated HC1 led to 
red-orange needles being formed. These were claimed to contain [Ag(L)Cl,]+; however, they 
could not be fully characterized. 
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55.1 INTRODUCTION 

This article will cover coordination complexes of gold in all oxidation states. It will include 
descriptions of metal-gold-bonded complexes, but will exclude most organometallic chemistry. 
A general account of gold chemistry, giving references to recent reviews, a brief survey of the 
properties of gold complexes in each accessible oxidation state, and a general survey of 
bonding in gold complexes are given first. Some of these aspects will be treated in a more 
specific way in the main part of the text, which is systematized according to oxidation states of 
gold and ligand types. 

55.2 REVIEWS OF GOLD CHEMISTRY 

Gold chemists are fortunate in the number of reviews which have been published, including 
three recent monographs.’” Some recent reviews are listed in Table 1, and readers wishing 
more detailed accounts of specific aspects of gold chemistry than can be given in this chapter 
are referred to these reviews. 

The most active aspects of the coordination chemistry of gold, besides the organometallic 
chemistry1~z~15-21 which will not be treated here, appear to be studies of gold compounds in 
unusual oxidation states and stereo~hemistries,~,~ the bioinorganic chemistry of goId with 
especial reference to the treatment of rheumatoid arthritis (~hrysotherapy),’~~ and the 
synthesis and properties of gold clusters and other complexes with gold-metal  bond^.',^,^ This 
work has been greatly assisted by the applications of spectroscopic  technique^^^^^ and 
particularly by the routine determination of structures by X-ray crystallography .7 
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Table 1 Recent Reviews of Gold Chemistry 

Title Ref. 

Gold: Organic Compounds 
The Chemistry of Gold 
Gold Usage 
Compounds of Gold in Unusual Oxidation States 
Gold Chemistry Today 
Is Gold Chemistry a Topical Field of Study? 
X-Ray Structural Investigations of Gold Compounds. A Compila- 
tion of Reference Data 
Gold: Inorganic Chemistry 
Platinum, Gold and Other Metal Chemotherapeutic Agents: 
Chemistry and Biochemistry 
Bioinorganic Chemistry of Gold Coordination Compounds 
The Mammalian Biochemistry of Gold: An Inorganic Perspective 
of Chrysotherapy 
Immunopharmacology of Gold 
The Biological Chemistry of Gold 
The Chemistry of Gold Drugs Used in the Treatment of 
Rheumatoid Arthritis 
Organogold Chemistry 
Gold: Organometallic Chemistry 
The Organic Chemistry of Gold 
Reactivity and Mechanism in Organogold Chemistry 
Organic Complexes of Univalent Gold 
The Oxidation-Reduction Reactions of Gold Complexes 
Organogold chemistry 
Gold: Electrochemistry 
Gold and Mossbauer Spectroscopy 
Preparation and Properties of Gold Cluster Compounds 

7 
8 

9 
10 

11 
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

55.3 A SURVEY OF OXIDATION STATES IN GOLD COMPLEXES 
The complexes of gold are most readily classified according to the oxidation state of gold. 

This section will give a very brief summary of the oxidation states found for gold, to serve as an 
introduction to the more detailed treatment which follows. 

55.3.1 Oxidation State -I4,= 
The alloy CsAu has been known to have non-metallic properties for many years.26 It has also 

been recognized that gold could act as a pseudohalogen, based on the high electron afhity of 
gold (2.31 eV, cf. 3.06eV for iodine).27 CsAu has the CsCl lattice structure and recent studies 
have shown that the compound is essentially ionic CsfAu-. The evidence includes studies by 
Mossbauer and ESCA spectroscopies on the solid and conductivity studies on the melt (m.p. 
590°C).4 In addition, CsAu exists in the gas phase at high temperature and the dissociation 
energy of 460 kJ mol-' is very similar to that for CsCl (444 kJ Theoretical studies2' 
suggest that these CsAu species are also very largely ionic, Cs+Au-. There is a steady trend 
towards less ionic character, and therefore more metallic character, in the series of alloys MAu 
(M = Cs, Rb, K, Na). 

Of greater interest to the coordination chemist is the observation that solvated electrons in 
liquid ammonia can reduce gold to Au-, characterized by an absorption band at 278nm 
( E  = 5 x 104).30 Electrochemical studies show that Au- is stable in liquid ammonia and the 
anodic wave in the cyclic voltammogram, corresponding to oxidation of Au-' to Auo, occurs at 
-2.15 V.31 These solutions have not been studied by coordination chemists, but they have great 
potential for synthesis of gold complexes in low oxidation states. Au- has the electron 
configuration [Xe]4f145d'06s and is isoelectronic with H&. 

55.3.2 Oxidation State 0 

Gold(0) is most important for the elemental state. In the gas hase, gold exists largely as Auz 
molecules with DdAuAu) 221 kJ mo1-l and r(AuAu) 250 pm. 3 4  
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Atomic gold is highly reactive and a number of complexes have been trapped by matrix 
isolation at low temperatures. For example, the complexes AuOz, AuCO, Au(CO)~, AuC,I&, 
Au(CJ&)~, AuC2H2 and AuCs& have been prepared by condensing Au atoms with the 
appropriate reagent in noble or inert hydrocarbon matrices and have been characterized 
spectroscopically.3*37 The complexes with CO, GI& and C6& are the normal n c~mplexes~*~' 
but Au(GH2), formed from Au atoms and acetylene, can exist as a-bonded radical species 
Au-CH=CH' or Au-C=CH2, as determined by ESR s t ~ d i e s . ~ , ~ '  

There are also a great number of gold complexes in which gold-gold or gold-metal bonds 
are present, in which the formal oxidation state of gold may be considered to be zero or 
fractional values close to zero. These complexes will be discussed in Sections 55.21-55.23. 

Reports on the extraction of metallic gold from o r e P  or from laboratory residuesw have 
been published. 

55.3.3 Oxidation State +I 

Au' and Au"' are the most common oxidation states in coordination complexes of gold. 
Gold(1) has the electron configuration [Xe]4f145d1', and it can form linear, trigonal planar or 
tetrahedral complexes in which the hybridization at gold can be considered to be sp (linear), 
sp2 (trigonal planar) or sp3 (tetrahedral) respectively, using the 6s and one or more of the 6p 
orbitals of gold in bonding. This picture is oversimplified since the 5d orbitals of gold are 
involved in bonding to some extent. Gold(1) has a much stronger tendency to form linear 
complexes than does copper(1) or silver(I), and the reasons for this have been d i ~ c u s s e d . ~ , ~ ~ ~  
A claim of square planar Au in KAu(CN),bipy has been disproved;43 the complex contains 
linear [Au(CN),]- ions. 

Gold(1) is a very soft metal ion as can be seen from the standard potentials and stability 
constants given in Table 2, referring to the reactions of equations (1) and (2). 

[AuL]++e-  - Au+2L J d b I  (1) 

(2) [Au(OH~),]+ + 2L S [AuIq]+ + 2H20 K = pz 

Table 2 Standard Electrode Potentials at 
25T, and Stability Constants for Gold(1) 

Complexes in Aqueous 

HZO + 1.83" 0 
c1- +1.154 11 
Br- +0.959 15 
SCN- +0.662 20 
I- +0.578 21 

+OS63 21 
+0.380 24 

NH3 

+0.20 27 
S----C(NH,)* 
Se=c(NH2)2 
s20;- +0.153 28 
CN- -0.48 39 

a This value is estimated and is used to calculate the 
values for log Bz. Others have estimated ny,, for the 
gold(1) aqua complex in the range 1.67-2.12V. 

A more extensive series of stability constants has been determined in acetonitrile solution, 
where disproportionation of gold(1) does not cause major problems.4M8 The stability constants 
follow the following series: anionic complexes [AuX2]-: CNO- < CNS- - C1- < Br- < I-  << 
CN-; cationic compkxes [ A d 2 ] + :  Ph3P0 < M e 3  < py AsPh3 < NH3 << PPh3 and ArNC < 
MeNC - PPh3 < PPhzMe < PPhMe,; neutrd complexes [AuXL]: MeaO - cud << Me2S < 
Me2Se < SbPh3 < ArNC - AsPh3 < MezTe < MeNC - PPh3 < PPhzMe < PPhMe2. 

/CH2-o \ 
In the titration of [Au(MeCN),]+ with the ligand L = it was found that 
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the stability constants followed the series KI >> K2 >> KJ > K4 and with K d  = 6.6 M-l in 
acetonitrile at 25 0C.47 The data again show that Au' is a so€t metal ion and the trend in stability 
constants shows clearly the preference of Au' for coordination number two. 

In complexes with ambidentate ligands, gold(1) ahnost invariably bonds to the softer end of 
the ligand, as is clearly expected from the above discussion. For example, the ligands NCO-, 
S20g- and SO$- bond through N or S rather than 0.4p-52 Similarly, SCN- normally bonds 
through S rather than N, though the equilibrium between the N- and S-bonded forms in 
[AuL(NCS)] depends on the nature of the ligand, L.52353 An example of a trigona1 planar 
complex with S-bonded thiocyanate is shown in Figure l.54 

,PPh, 

Figure 1 The structure of IAu(SCN)(PPh3)2] 

55.3.4 Oxidation State +a4 
From the ionization energies given in Table 3, it can be seen that more energy is needed to 

give Au2+ from atomic gold, than to give either Cu2+ or Ag+ from the neutral atoms, but that 
the M3+ state is reached more easily for Au than for Ag or Cu. Hence the +I1 oxidation state 
is less common for gold than for either Cu or Ag. There is a strong tendenc for 
disproportionation to give A d  and Au"'. The electron configuration of Au2+ is [Xe]4fL5d9, 
and ESR spectroscopy is a useful technique for studying mononuclear gold(I1) complexes 
which are paramagnetic. 

Table 3 Ionization Energies (Umol-') of Cu, Ag 
and Au 

Element 1st 2hd 3rd 
~ ~~~~~~~~~ 

cu 745 1958 3554 
AS 731 2074 3361 
Au 890 2980 2943 

Many complexes whose empirical formulae suggest the presence of Au" are not paramag- 
netic. The majority of such complexes are really mixed oxidation state AUI-AU~' complexes 
but there are also many binuclear gold(I1) complexes with Au-Au Examples include 
'AuCl;, which contains equal numbers of linear Au' and square planar AdU centres in the 
[AuqC18] molecules:' and [Au~I~{~-(CH~)~PM~~}~]~~ respectively. The structures of these 
molecules are given in Figure 2. 

CL 

\? Ch-Au-C\ Au f I-AU-Au-I A 
qP) 

Cl- Au-,;I 
Au 

Cl\cL 

4 
Figare 2 The structures of a gold(1)-gold(I11) complex, [AuqCIJ, and a gold(I1) complex, [ A U ~ I ~ { ~ - ( C H ~ ~ P M ~ ] ~ ]  

55.3.5 Oxidation State +HI 
The electron configuration of Au3+ is [Xe]4f"5d8, and all known gold(II1) complexes are 

diamagnetic with the low-spin configuration. The vast majority of complexes are square planar, 
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but complexes with coordination number five and six are also known. These have distorted 
square pyramidal and tetragonally distorted octahedral structures respectively.* 

Gold(II1) is a very soft metal ion as can be seen from the electrode potentials and stability 
constants given in Table 4. The potentials J T ~ , ~  and refer to the reactions of equations (3) 
and (4) respectively, and p4 is the stability constant for equation (5). Although gold(1II) forms 
many more complexes with hard ligands, such as oxygen donors, than does gold(I), it has been 
argued that gold I11 displays the higher selectivity for soft ligands.44 There is no doubt that 
both Au' and Au I' are soft metal ions. 0 

[AuL413+ + 3e- - Au + 4L 

[AuL4I3* + 2e- - [A&]' + 2L 
d , O  

4 1  

[Au(OHJ$' + 4L F==+ [AuL$+ + 4H20 K = p4 

Table 4 Standard Electrode Potentials at 
25°C and Stability Constants for GoId(II1) 

Complexes in Aqueous Solution"," 

Ligand x : , ~  Zogp4 ~ 2 . ~  
HzO (+1.52)' 0 (+1.4) 
CI- f1.00 26 1-0.93 
Br- +0.85 34 +om 
S a -  +O.& 45 +0.62 
1- +OS6 49 +OS6 
NH3 +0.32 60 +0.21 
CN- (-0.10) 82 (+0.1) 

"This value is estimated and is used to calculate the 
values for log p4. The value &,= is a~so 
commonly quoted.z2'" 

Of the two common oxidation states +I and +III, gold(1II) is favoured with hard ligands and 
gold(1) with soft ligands. This can be seen by study of the equilibrium constants, K,  €or the 
dispro ortionation reaction of equation (6), for which the values (L, K) are: H20, 1O'O; Cl-, 
5 x 10 t -  , Br , lo5; SCN-, 2.1; CN-, -loLx. 

(6) 
K 

3[AuLJ+ e [AuL,]" + ~ A u  + 2L 

55.3.6 Oxidation State +IV 
There are no well-characterized gold(1V) complexes. An oxide, AuOz, has been reported 

and its electrochemistry has been studied," but it is very improbable that it contains gold(IV), 
Organogold(1V) complexes have been suggested as reaction intermediates. Thus the 

decomposition of [AuMeJ is catalyzed by oxygen (equations 7 and 8). It is suggested that an 
electron transfer reaction gives [AuMed] and O;, and that the gold(1V) species then undergoes 
reductive elimination of ethane to give [AuMe2]. The gold(I1) intermediate [AuMeZ] then 
decomposes to CZHs and Au or, in the presence of PPh3, disproportionates to gold(1) and 
goid(111).~~ 

[AuMe,]- 2C&+Au (76 

(8) 2[AuMe,]- + 2PPh3 -% 2C& + [AuMe(PPh,)] + [AuMe3(PPh3)] 

55.3.7 Oxidation State +V 
The electron configuration of Au5+ is [Xe]4f145d6, and all complexes have the expected 

low-spin octahedral stereochemistry. Only fluoride complexes have been prepared, and AuF5 
and [AuF6]- are very powerful oxidizing agents.58 Attempts have been made to prepare 
[AuF6], but these have not been successful and it remains to be seen if gold(V1) complexes will 
ever be accessible. 
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55.4 BONDING IN GOLD COMPLEXES 
It is intended to give some general comments on bonding in gold complexes here, but it 

would not be appropriate to give a comprehensive coverage. Bonding in specific classes of 
compounds will be discussed in the main body of the text, 

55.4.1 The Significance of Relativitym 

Gold’s position in the Periodic Table is such that relativistic effects are at a maximum, and it 
has been argued convincingly that many of the anomalous properties of Au, when compared to 
Ag and Cu, may be ascribed to such effects. The relativistic effect is to strongly stabilize the 6s 
level, to stabilize the 6p levels to a lesser extent and to destabilize the 5d levels of gold. The 
effects are as follows: 

(1) The relativistic contraction of the Au 6.s shell explains the shorter and stronger covalent 
bonds formed by Au compared to Ag.40 For example, it has been calculated that -1 eV of the 
total bonding energy of the Au2 molecule of 2.34eV and -46% of the dissociation energy of 
AuH are due to relativistic effects.40@’ The common occurrence of Au-Au bonds in cluster 
complexes can be attributed to this effect. It also accounts for the high ionization energy and 
electron affinity of gold, which in turn are responsible for the nobility of gold and the ability of 
gold to form Au- respectively. 

(2) The relativistic effect is responsible for the large 6s + 6p energy separation in gold, which 
is partly responsible’ for the tendency of gold(I) to form linear complexes with coordination 
number.two. 

(3) The stabilization of the 6s and destabilization of the 5d levels by the relativistic effect 
leads to a particularly low 5d+& separation for gold. In turn, this makes the 5d levels of 
suitable energy for bonding. It is not yet clear how significant 5d-6s: hybridization is in the 
bonding of gold(1) complexes,2 but the effect is certainly helpful in stabilizing the higher 
oxidation states +I11 and +V for gold with respect to copper and silver.40 

Clearly, relativistic effects must be included in MO calculations of gold complexes. 

55.4.2 Bonding in GoId(I) Complexes 

The involvement of Sd orbitals in bonding in gold(1) complexes has for many years been 
considered as a major cause of the high tendency of A d  to form linear complexes. The 
argument is (according to the VB method most commonly quoted) that mixing of the closely 
spaced 5d,z and 4s orbitals on gold gives the orbitals VI and V2 of Figure 3. The electron pair 
then occupies q1 (rather than 5d,z), where lobes are concentrated in the xy plane away from 
the ligands. Further hybridization of V 2  with 6p, then gives two orbitals with lobes directed 
along the z axis, suitable for accepting electron pairs from two 

92 64 *3 $4 

Fme 3 Proposed hybridization of 5dg and 6s orbitals in linear gold(1) complexes 

There have been several theoretical studies of bonding in gold(1) complexes, but agreement 
between different groups is far from perfect. Most recent studies indicate that 5d involvement 
in bondin is si nificant and also indicate that there is very little involvement of the 6p  orbital^.^^^'^^^^^^' For example, in [AuMe(PH3)] the A w P  bond is calculated to involve 
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-35% Au 5d character but very little Au 6p character and similar results are found for the ions 
[AuX2]- (X = CN, C1, F).62.63 The old assumption of 6 - 6 ~ ~  hybridization in linear goId(1) 
complexes thus appears doubtful, based on these theoretical studies. 

Early studies of IWAu Mossbauer spectra of gold(1) complexes were interpreted in terms of 
sp hybridization of gold I , with little involvement of 5d orbitals.& This interpretation is still 

with the d-s hybridization scheme predicted from MO calculations.62 
Detailed studies of the electronic and MCD spectra of gold(1) complexes such as [AuCl,]-, 

[Au(CN)J, [Au(CNEt)Z]+, [Au(CN)(MeNC)] and [Au(P(OM~)~]+ have been interpreted in 
terms of a splitting of the 5d levels of gold to give u (dt2), sc (d,,, dyz) and S (dxy, d,a-,z) levels 
with the ordering Q > S > JC, as expected from crystal field theory. The u level is destabilized 
by u bonding and the x level is stabilized by x back-bondin , in the cases with x-aoceptor 
ligands, compared to the non-bonding u orbitals of The data were therefore 
interpreted in terms of sp hybridization at gold with little involvement of 5d orbitals. In 
contrast, a study of the UV photoelectron spectra of [AuMe(PMe3)] indicated that the 5d, and 
5ds levels were coincident and that the 5d, level (5dZ2) was stabilized by u bonding. This must 
be due to involvement of 5d,z in bonding,63 and a qualitative MO diagram is given in Figure 4. 
It will be clear from this account that a definitive description of bonding in linear gold(1) 
complexes is still awaited. 

used in most papers on 6) Au Mossbauer but the existing data are also consistent 

Figure 4 A qualitative MO correlation diagram for a linear complex [AuI$, applicable to [AuMe(PMq)] 

The techniques of I9’Au Mossbauer s p e c t r o s c ~ p y , ” ~ ~ ~ ~ ~ ~ ~ ~  NQR spec t ros~opy~*~~~  and 
X-ray photoelectron spectroscopy-’ have all been very useful in investigating structure and 
bonding in gold(1) complexes, and in distinguishing between gold(1) and other oxidation states 
of gold. 

55.4.3 Bonding in Gold(III) Complexes 
Calculations on square planar gold(II1) complexes are generally consistent with the idea of 

5d,2-,26s-6p,6pY hybridization of gold(III), and with the sequence of energy levels d,z-yz > 
dxy > d,,, dyr > drz as is common for square planar There is a need for new 
calculations using more powerful MO methods and including relativistic effects, in order to give 
quantitative predictions which can be tested experimentally. 

A number of physical techniques including lWAu MOssba~er,2~,’~ NQR,8’vM UV-visible 
absorption and MCD s p e c t r o ~ c o p i e s ~ ~ ~ ~  and UV and X-ray photoelectron spectroscopies9s95 
have been used to probe the electronic structures of specific gold(II1) complexes. 
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554.4 The trans Influence in Gold Complexes 
The trans influence of a ligand is the ability of a ligand to weaken the bond trans to itself in a 

complex. Gold(1) and gold(II1) complexes are, in the simplest treatment, considered to use sp 
and dsp2 hybrid orbitals in forming linear and square planar complexes respectively. A good (T 

donor, L, tends to concentrate gold 6s character in the AuL bond and the trans bond must then 
overlap with an orbital of low s character. A weaker and more ionic bond is then formed. 

The trans influence can be measured by many techniques, including bond lengths from X-ray 
structures, bond stretching force constants from vibrational spectroscopy, or from ImAu 
Mossbauer or NQR parameters. 

Tables 5 and 6 contain Au-Cl bond lengths in a variety of linear gold(1) and square planar 
gold(II1) complexes. It can be seen that the trnm influence follows rougly the series C donors 
(alkyl, aryl) > P donors (phosphines, phosphites) - S donors (thiols) > C1- > CO > 0 donors, 
although the range of bond lengths is not great. The series appears to hold for both gold(I) and 
gold(III), and it is consistent with similar series deduced from NQR and "'Au Mossbauer 
 measurement^^,^,^^*'^ and from vibrational So me typical gold-halogen stretch- 
ing frequencies are given in Table 7, and they are self-explanatory. For linear gold(1) 
complexes, it has been suggested that the parameter IT = O.S(IS/S + QS/22.37), derived from 
isomer shifts (IS) and quadrupole splittings (QS) from the 197A~ Mossbauer spectra of 
complexes [AI&]+, can give a measure of the donor ability of the ligands L. In addition, an 
additivity model operates so that isomer shifts and quadrupole splittings in linear gold(1) 
complexes, [AuLL']+, can be e~ t ima ted .~~  This u parameter appears to be better in this sense 
than the partial quadrupole splitting, which is satisfactory for other Mossbauer nucleLP A list 
of ~7 parameters is given in Table 8. 

Table 5 Gold-Chloride Bond Distances (pm) in Some Linear Gold(1) 
Complexes 

Complex trans atom r(AuC1) Ref. 

N 
co 
P 
CI 
P 
P 
P 
P 
P 
s 
C 

225.6(8) 
226.1 (6) 
227.3(5) 

229 
227.9( 3) 
228.8(1) 
229.2 
229.5 (mean) 
231 (mean) 
229.5(10) 

22a.1(2) 

96 
97 
98 

100 
101 
102 
103 
104 
105 
106 

7,99 

55.5 HYDRIDE COMPLEXES OF GOLD(1) 

Gaseous AuH has been known to exist at high temperatures for many years, and its 
spectroscopic and bonding properties have been studied in No simple gold 
hydrides of the formula [AuHL] are known, but some complexes with bridging hydrides are 
known. These are formed by displacement of THF from [Au(THF)(PR3)]' or C1- from 
[AuC1(PPh3)] by nucleophilic metal hydrides, rner-[I~H~(PPh~)~], tr~ns-[PtH(CsCl,)(PEt,)~1 or 
[MH(CO),]-, where M = Cr or W. The products have structures (,1)-(3) and the structures of 
(la) and 3a have been confirmed by X-ray crystallography.1'"',' ' Since the Au-H bond is 
str~ng,"'-'*~'~ Lere is reason to believe that many more hydrido complexes should be prepared. 

(la) L = PPh3, L' = PPh, 
(lb) L = PPhs, L' = PEt3 

(2) L= PEt, (3a) L = PPh,, M = Cr 
(3b) L =  PPh.?, M = W 



870 Gold 

Table 6 Gold-Chloride Bond Distances (pm) in Some Square Planar Gold(II1) 
Complexes 

Complex trans atom r(AuC1) Ref. 

0 
c1 
N 
N 
c1 
N 
c1 
N 
c1 
N 
c1 

p-Cl 
Cl 

p-CI 
c1 
S 
S 
C 
c1 
P 
Au 
C 
C 
C 

225.0(5) 
227.7(7) 
227 
227 
228 
225.9(7) 
227.6(8) 
227.715) 
228.5(5) 
227 
227 
224 
227( 1) 
2=(2) 
227.4 
230.5 
27-70) 
238(1) 
227.5 
235 
235.9 

238 
230.7(10) 

B8(1) 

107 
107 
108 
109 
109 
110 
110 
119 

120 

111 
7,112 

55 
113 

114 

115 
115 
116 
117 
118 
104 

a L' = 7-methyl-4-azafluorene, L'= PRAZEPAM. L3 = 4,4'-azotoluene. L4= thianthrene. 

Table 7 Gold-Halogen Stretching Frequencies (cm-') for some 
Complexes [AuXL] and [AuX,L] 

L in [AuXL] v(AuC2) v(AuBt) v(AUI) Ref. 

349 
329-333 
328-338 

333 
326 
325 
317 
311 

121 
229-234 187 121-125 
232-235 1W 121,123-125 

250 - 123 
- - 126 

229-234 - 127,128 
210 155 124,129 

205-206 164 124,129 

v(AuCZ) v(AuBr) v(AuZ) 
Lin [AuX,L] transL trans L puns L 

312 202 - 134 
302 215 - 121 P h d s  

Me$ 313 202 - 127 
Ph- 289 182 162 132 

Ph3P 

55.6 HALIDE COMPLEXES OF GOLD(I) 

 reaction^,^^^^^^'^' spectroscopic proper tie^'^^^' and ~ t r u c t u r e s ~ , ~ ~ ~  of the 
gold(1) halides AuCl, AuBr and AuI have been studied thoroughly. They are all coordination 
polymers (4) with bridging halide ligands, X, and linear coordination about gold(1). In AuCl 
the AuClAu angle is -93" while in AuI the corresponding AuIAu angle is 72'; AuBr exists in 
two forms, one isostructural with AuCl and the other with AuI. Gold(1) fluoride is not known 
and is expected to be unstable with respect to disproportionation to gold and AuF,. 

The 
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Table 8 The u Parameters73774 Derived from IWAu Mossbauer 
Spectra of Linear Complexes [AuL$ 

Ligand IS (mm s-l) QS (mm s-') 0 

c1- 
Ph3PS 
N; 
C5H5N 
Me$ 
AsPh, 
C,HInNH 
CN- 
PMePhz 

PMe,Ph 
PPh, 

1.72 6.13 
2.46 6.82 
2.61 6.84 
3.19 7.32 
3.43 7.56 
3.98 8.45 
4.04 7.88 
4.30 10.12 
4.75 9.69 
5.06 9.43 
5.48 10.15 

0.23 
0.31 
0.32 
0.36 
0.38 
0.44 
0.43 
0.50 
0.51 
0.53 
0.57 

Au Au Au 
\ /  

'X' X 
(4) x=c1, 33r: I 

The comp€exes [AuX2]- are colourless when X=C1 or Br, but yellow when X = I .  The 
complex ions with X = Cl or Br can be prepared by reduction of A U K  - in absolute ethanol'55 

with bulky ~ a t i o n s . ' ~ ~ , ~ ' ~  
The complex ions [AuC12]- and [AuBr2]- disproportionate in aqueous s o l ~ t i o n ' ~ ~ , ~ ~ ~  

according to equation (6) for L = C1- or Br-, but [Ad2]- does not.146 However, the complex 
ions are stabilized in the presence of excess halide, and  calculation^^^^*^'^ indicate that soluble 
gold in sea water is present as ions such as [AuC12]-, [AuClBr - and [AuCl(OH)]-. 

[AuC12]- and the bromo and iodo analogues have been studied. The NQR study indicated that 
the AuCl bonds in [AuClZ but theoretical studies indicate 

X-Ray structural studies have proved that the ions [AuX2]- have linear structures as 
expected, for example in the complexes [Au(C~H~N)~][AUC~~] and [Au(&CNBU~)~]- 
[ A U B ~ ~ ] . ~ , ' ~ ~  There are also many structures on mixed oxidation state complexes containing 
mixtures of [AuX2]- and [A&]- ions, which will be discussed again in Section 55.12.1. 
Typical examples are Cs2[AuC12][AuC14] ,161,16' Rb3[AuC1z]2[AuC14] ,163 Rbz[A~Br2][A~Br4]163 
and K2[A~12][Au14].164 Several others are also known and they are usually prepared by 
controlled thermolysis of the corresponding gold(II1) complexes. 

There are a great number of gold(1) complexes with both halide and other ligands, and these 
will be treated in the following sections. 

and, when X = I, by reaction of [AuBr2]- with excess iodide.15 I ]  They can be isolated as salts 

The vibrational spectra ,79,1553160 197A~ Mossbauer spectra7 3 774778 and NQR spectra7g99 of 

greater covalent character. L.4 
have -68% ionic 

55.7 COMPLEXES OF GOLD(1) WITH OXYGEN DONOR LIGANDS 

The only simple oxo complex of gold(1) appears to be CsAuO, which is isostructural with 
KAgO and therefore contains Au40t- ~ n i t s . ~ . ~ ' ~  Most other complexes contain a tertiary 
phosphine ligand on gold(I), and all are reactive compounds since gold(1) has little atsnity for 
oxygen donors. 

A common synthetic method is that of equation (9), where X = MeC02,1m PhS03,'@ NO 3 I7O 
or C104,171 and relies on the precipitation of silver chloride. A variation of this method is the 
synthesis of the ring complex (9, by the reaction In other cases, the synthesis may 
involve mercury(I1) salts or sodium salts (equations 11 and 12).173,174 Another useful synthetic 
method involves reaction of alkyl- or aryl-gold(1) complexes with carboxylic acids or acid 
anhydrides (equations 13-15).176.177 

(9)  [AuCl(PPh,)] + AgX + [AuX(PPh,)] + AgCl 
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3~AuCl(PBu~Cl)] f 3Agz0 - [AuPBukO], + 6AgCl 

[AuQ(PMe3)] + NaOSiMe, - [Au(OSiMe,)(PMe,)] 

[AuPh(PPh,)] + (CF3CO)20 - [Au(O,CCF,)(PPh,)] + CF3COPh 

(10) 

(11) 

12) 

(13) 

(14) 

(15) 

2[AuC1(PPh3)] + Hg{ON(CF,),}, - 2[Au(ON(CF,),}(PPh3)] + HgCI2 

[AuPh(PPh,)] + MeC0,H - [Au(02CMe)(PPh3)] + C,H, 

[AuMe(PPh,)] + (CF,),CO.H,O --j [(CF,),C(OAUPP~,)~] 

The tris(tripheny1phosphnegold) oxonium ion is a particularly significant oxo com lex, prepared most conveniently by reaction (16)178,180 and which crystallizes in dimeric units. I$ 

(16) 
Agio  

[AuCl(PPhdI NaBF4 ' [(PhJ'Au)@l*[BW 

In all these complexes with Au-4 bonds, the oxygen donor is easily displaced by other 
ligands and this gives them a very useful role in synthesis. Some typical reactions of 
[(Ph3PAu)30]f are shown in Scheme 1. 

[ Ph,PAuCFI,COPh] [Ph3PAuCH,CHO] 

[PhlPAuCsHPh,] -t [ ( P ~ ~ A u ) ~ G P ~ ~ ] '  

Scheme 1 

55.8 COMPLEXES OF GOLD(1) WITH SULFUR AND SELENIUM DONOR 
LIGANDS 

55.8.1 Complexes with Sulfide and Selenide Ligands 

The simple sulfide Au2S is a very insoluble, luminescent compound whose coordination 
chemistry is u n k n o ~ n . ' ~ ~ ' ~ ~  Better characterized complexes can be prepared with tertiary 
phosphine-gold(1) units (equation 17; R = Me, Et, Ph).18G18s In [S(AuPPh&], each gold@) 
centre has linear stereochemistry with angle AuSAu = 88.7(1)"."' 

2[AuQ(PR3)] + Na,S - [S(AuPR3)J + 2NaCl (17) 

Both S2- and Se2- derivatives of formula [X(AuFPh,),]+ are known (equation 18; X = S or 
Se).'86-189 The structures are and the dimeric unit with short Au - 1 . Au contacts 
found in the selenide derivative is shown in Figure 5.IE8 A similar complex 
[A~(S(AUPP~~)~}~]'[M~~S~C~,]- is formed by reaction of [AuCl(PP3)] with S(SnMe3)2.1w 

3[AuC1(FPh3)] + Se(SiMe& - [Se(AuPPh,),]+Cl- + 2Me,SiC1 (18) 

There are also interesting complexes with sulfide bridging between gold(1) and tungsten(VI), 
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P 

P \ 

b 

Figure 5 The dimer units in the structure of [Se(AuPPh,),]’. Phenyl groups are omitted 

as in (6) and (7) with trigonal and linear stereochemistry at gold respectively,’91J9z and in 
[Au2BaSnS4] , chains of [SnS4I4- tetrahedra are similarly linked by linear S--Au-S bridges. lg3 

S-Au-S 

S’ \S-Au-S 

55.8.2 Complexes with Sulfite and Thiosulfate Ligands 

The complex Na3[Au(S03)2] is formed by reduction of [Au(SO~)~]’- by alkaline sulfite 
solution, and is thought to contain linear gold(1) with S-bonded sulfite  ligand^.^^,'^'^ These 
gold sulfite complexes are important in electroplating applications, giving more desirable gold 
deposits than the traditional cyanide solutions, and a useful derivative is N~,Au(SO~)~(NO~) 
whose structure is not known.51 

The thiosulfate derivative Na3[Au(S2O3),].2H,O contains S-bonded thiosulfate ligands and 
the stereochemistry at gold(1) is linear.49,50 The complex may be formed from gold(II1) 
solutions by treatment with thiosulfate (equation 19), and the reaction involves initial 
substitution to give [Au(&O~),(OH~)]~- followed by reduction of gold(II1) to gold(1) by excess 
thiosulfate. 197 

[ A U ( N H ~ ) ~ ] ~ ~  + 4S20:- -t 4H’ --+ [Au(&O&]~- + S40i- + 4N&+ (19) 

55.8.3 Thiocyanate and Seienocyanate Complexes 

The simplest derivatives are the linear complexes [AU(SCN)~]-,~~* 
[ A U ( S C N ) ( P P ~ , ) ] ” ~ ~ ~ ~ ~ ~ ~  and [Au(SeCN)(PPh3)] , which may be prepared according to 
equations (20) and (21). 

[AuCl(PPh,)] + AgSCN + IAu(SCN){PPh,)] + AgCl 

[AuCI(PPh,)] + NaSeCN - {Au(SeCN)(PPh,)] + NaCl 
(20) 

(21) 

In selenocyanates, the ligand is always Se-bonded, but for thioc anates some N-bonded 
isomer along with the major S-bonded species can be detected3 For [Au(SCN)L] the 
abundance of N-bonded isomer depended on L as L = P( OPh), > PMe3 > PPh, > AsPh3 > 
S(CH2Ph)2. With bidentate phosphine ligands, bridged corn lexes [NCSAuL/’LAuSCNI with 
L-L = Ph2PCH2CH2PPh2 or Ph2PC”CPPh2 are k n o ~ n . ~ ~ ~ * ” ~  

Thiocyanate complexes of gold(1) with higher coordination numbers are known. Thus, the 
tricyclohexylphosphine complex [AU(PC~~)~][SCN] is ionic with linear gold(I)M2 but 
[Au(SCN)(PP~~)~]”~ has trigonal planar stereochemistry, with S-bonded thi~cyanate .~~ The 
difference is due to the greater steric hindrance of tricyclohexylphosphine. Even a four- 
coordinate gold(1) complex [Au(SCN)(PPh3)3] can be prepared by crystallization in the 
presence of a large excess of PPh3, and has distorted tetrahedral stereochemistry with a very 
long AuS bond distance of 279.1(3) pmem3 
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Complexes with thiocyanate bridging between AuI-Ad, Ad-A u In or Au1-PdIT centres 
can be prepared, for example according to equation (22).Z04,205 

55.8.4 Complexes with Thiourea, Triphenylphosphine Sulfide and Related Ligands 

Thiourea gives a very stable water-soluble old(1) complex [Au{S=C(NH2),},]+, which is 

ligand or for gold to interact with the counter ion in solid complexes.m3m8 Derivatives such as 
[Au{S = C(NHMe)2}2]+ and [AU{S=CNHCHZCHZNH)~]+ are known, and the structure of the 
latter has confirmed a distorted linear structure with r(AuS) = 228 ppm and angle SAuS = 
167.1°.m,210 

Other molecules containing e S  linkages, for example thioamides, RC(=S)NH2, or 
thiohydroxamic acid derivatives, such as PhC(=S)N(Ph)OH, form stable complexes with 
gold(1) .211,212 The complex ion formed from 2-thioamidopyridine is thought to contain 
tetrahedral gold(1) with structure (8). Similarly, complexes derived from Ph3P==S such as 
[AuC1(SPPh3)] are stable c o m ~ l e x e s . ~ ~ ~ * ~ ~ ~  

useful in the extraction of gold from its ores.' f There is no tendency to add a third thiourea - 

+ 

55.8.5 Complexes with Thioether Ligands 

corresponding dialkyl sulfide (equation 23). 
Complexes of formula [AuCl(SR,)] are usually prepared by reaction of [AuClJ with the 

[AuClJ + 2R2S + Ei20 - [AuCl(SR,)] + R,SO -k 2H* + 3Cl- (23) 

Mechanistic studies show that the first step involves substitution to give [AuC13(SRZ)] and 
then attack by further ligand SRZ leads to reduction. However, it is not clear whether the 
second thioether attacks at gold, at halogen or at coordinated OH groups.21G218 One suggested 
sequence of reactions is given in equations (24)-(26), and involves a chlorine atom transfer 
from gold to sulfur in the redox step.216 

[AuCl,]- + SR2 - [AuCl,(SR2)] f C1- (24 
(25) 

(26) 

[AuCl,(SRZ)] + SRz --* [AuCl(SRz)] f [RlSCl]*Cl- 

[RzSClISC1- f H20 - RzSO f 2HCI 

Alternatively, the complexes can be prepared by direct addition of the thioether or 
selenoether to AuCl (equation 27).,19 

AuCl + SeMez - [AuCl(SeMe,)] (27) 

With bidentate ligands the only complexes isolated are of formula 
[C1AuS(R)(CH2),S(R)AuC1], with bridging thioether ligands. Com lexes are known with 
R = Me, n = 2, 3; R = Et, n = 2; and R = Ph, n = 2, 5, 8, 10.10sn219~2208g1 

The vibrational spectra and NMR spectra of many thioether complexes have been 
reported,121*12'*i283222 and the molecular structure of [ClAuS(Ph)CH$H,S(Ph)AuC11 has been 
determined.1o5 This molecule packs so that there are short intermolecular Ad-Au contacts, 
between the otherwise linear gold(1) centres. The stability constants for formation of [AuCIL] 
follow the series L = Me2Te > MezSe > Me2S.48 
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Thioether ligands are easily displaced from gald(1) by tertiary phosphine and other good 
ligands for gold(I), and the complexes [AuCl(SR2)] are therefore useful synthetic intermedi- 
ates. For syntheses in organic solvents the complexes [AuCI(SR2)], with R = M e  or Et, or 
[AuCl(tetrahydrothiophene)l are often used but for syntheses in aqueous solution the 
water-soluble derivative with R = CH2CH20H is preferred. This method involves treatment of 
[AuCLI- with R2S to give [AuC1(SR2)], followed by in situ displacement of SR2 by other 

55.8.6 Thiolate Derivatives 

Gold(1) thiolates have important applications in gold coating and in the treatment of 
rheumatoid arthritis. There has been intensive research on these complexes, and excellent 
reviews have been published.+l4 The reader is referred to Chapter 62.2 for a review of 
medicinal applications. 

Complexes (AuSR), may be prepared by reaction of RSH with [AuClJ or with 
[AuCI{ S(CH2CH20H)2}] or by reaction of [AuC1(AsPh3)] with Me3SiSR.223,”8 Complexes are 
known with a very wide range of alkyl or aryl groups, R, includin te ene dithiolate, 
2,3-dimercaptopropanol (BAL), thiovanol and other complex thiolates!2s2’The polymeric 
gold(1) thiolates may be insoluble solids or liquids. The ‘liquid golds’ may be painted on to 
pottery erc. and then pyrolyzed to give decorative gold films. 

A second important class of complexes contains both thiolate and tertiary hos hine ligands. 
These are prepared by reactions such as those of equations (28) or (29).1sS12m3gra6 Bridged 
complexes (9) and (10) may be prepared either from dithiols or from tertiary phosphine thiol 
derivatives, respecti~ely.‘~~,~~ The structure of the large ring complex (10) has been 
determined.238 

(2) 
(29) 

[AuCl(PMe,)] + RSH + Et,N - [Au(SR)(PMe,)] + Et3NHCl 

[AuMe(PMe,Ph)] + PhSH - [Au(Sfh)(PMe,Ph)] + cb 

/ \ 

I 
CH, 
I 

Et2 
S-Au--PMe3 ,P-Au-S 

CH, CH, CH2 

CH: CH, 
I I 

l‘S-Au--PMe, l S A u - P  
EtZ 

(9) (10) 

A complex with bridging thiolate ligand has been prepared (equation 30).239 

Me,Sn( p - SR)Cr( CO), + [ AuCl( PPh,)] - [ Ph,PAu( p - SR)Cr( CO),] + MGSnC1 (30) 

The complexes which have been used in chrysotherapy (the treatment of rheumatoid arthritis 
by gold drugs) are given in Table 9. Of these, (ll), (12) and (18) are the most important. 
Complexes (11) and (12) were for many years dominant, but they must be administered 
parenterally, and the new drug (18) is unique in that it is therapeutically beneficial when 
administered or all^."^,^ 

Complex (18) is a crystalline solid, whose structure has been determined (Figure 6).241 The 
coordination at gold(1) is almost linear: angle SAuP = 173.6”, with r(AuS) = 229 pm and 
r(AuP) = 226 pm. The NMR and 1 9 7 A ~  Mossbauer spectra have been studied, and samples of 
(18) labelled with 195A~, 32P and 35S have been p r e ~ a r e d . ~ ’ - ~ ~  

H OAc 

AcO 

I 
H 

Figure 6 The structure of the gold drug, ‘Ridaura’ 
H 
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Table 9 Gold(1) Complexes used in Chrysotherapy 

Number Formula Name (trade name) 

Gold(1) sodium thiomalate (Myochrysin) 
Gold(1) thioglucose 
(Solganol) 

[AuSCH&H(NH:)CO;] 

Na 

WAu(S203)*1 

Na+[AuSCH,CH(OH)CH,SO:] 

[AuCl(PEtS)] 

CH,OAc 

AcO VAUPEtS OAc 

AuSCH,CONHPh 

L-Cysteinatogold(1) 
Sodium gold(1) thioglucose 

Sodium gold@) thiosulfate 
(Sanochrysin , Aurothion) 
Sodium gold(1) thiopropanol- 
sulfonate (Allochrysine) 
C hloro( trie thy lphosphine)gold( I) 
(S, K and F 36 914) 
(S)-2,3,4,S-Tetraacetyl-l-B-O- 
thioglucose(triethy1phosphine) 

(Auranofin, Ridaura) 
go W) 

Gold(]) thioglycoanilid (Lauron) 

The structures of (11) and (l2) have been investigated by EXAFS, and shown to contain 
approximately linear gold(1) centres with r(AuS) = 229-237 pm.246,247 The structures are 
therefore thiolate-bridged pol mers (20). The 1 9 7 A ~  Mossbauer and electronic spectra are fully 
consistent with this struct~re!*’~~ In solution, the linear AuSz coordination is maintained and 
it is thought that cyclic oligomers (AuSR), ( e . ~  n = 6) exist, but the degree of oligomerization 
is dependent on pH and ionic ~ t r e n g t h . ~ ~ ~ , ~ ~  ,2 

The biochemistry and medicinal chemistr of the gold@) thiolates used in chrysotherapy have 
been thoroughly reviewed e l s e ~ h e r e ~ ~ ~ ~ ~ ~ ~ a n d  this account will deal only with stability and 
ligand exchange reactions of the gold(1) thiolates of interest to coordination chemists. 

Complex (18) is decomposed in acid solution, but the nature of the products is dependent on 
the solvent. In aqueous media the primary reaction is de-0-acetylation and the Au-S bond 
remains intact.%’ However, in aqueous methanol, reaction occurs to give [AuCl(PEt,)] and the 
p-thiolate [RS(AuPEt&]+, with R = tetraacetylthioglucose.263 In vi’uo, the triethylphosphine 
ligand of (18) is displaced from gold and oxidized to Et3P0.2649265 Under these conditions, it is 
probable that (18) will behave in a similar way to (U) and (12) in the body, and the unique 
property of (18) is probably the lipid solubility which leads to effective transport in the body 
after being administered orally.252 

Although the mechanism of action of gold drugs is still unclear,%I4 there is general 
agreement that interaction of the gold(1) centres with thiol groups of proteins and enzymes is of 
key significance. Studies of model systems have shown that exchange reactions occur readily by 
an associative mechanism, for which the simplest representation is given in equation (31), and 
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the exchan e of thiol groups has been fully confirmed in vivo by appropriate labelling 

AuSR + R'SH e [R'S-Au--SR]- + Hf (31) 

stUdies,'14&,267 

11 
R'SAu + RSH 

The equilibrium (31) has been studied in detail with RSH = L-cysteine and is expressed in 
for formation of [Au(Cys),]- 

(32) 

No structure determinations on simple bis(thiolato)gold(I) complexes have yet been 
reported, but they are assumed to have linear stereochemistry as in [Au(S,O~)~]~- and in the 
complex D-penicillamine derivative Na[A~$Ni;'(pen)~], of structure (21) .268,269,270 

equation (32). The true equilibrium constant K is 2.1 x 
(cys = L-cysteine), but formation of this species is almost complete in basic so l~ t ion .~ '  

C y a  
[Au(Qs)], e [A~(Cys)].q 7 [Au(CyS)z]- + H* 

Me, /'Or 
co- 

\2 Me2 

FXH\ 
SAU-S \ N i I N H L  

IC"-"\ 
H2N\ / 2\ 

/CH-&e2 Me2 I 

' 'NH, 
\ /  

co; COT 

S A u - S  H2N 

C-CH 
\ /  

(21) 

In at least some cases, the equilibria are more complex than shown in equations (31) and 
(32), since the polymeric (AuSR may add thiolate to give oligomeric species, such as 
[Au~(SR)~]~-  and other [Au(SR).&")- species with 1 < n < 2.251*271,272 

Similar thiolate exchange reactions have been shown to occur in complex (18),2"32"3273 and 
displacement of chloride (and phosphine) from [AuCl(PEt3)] was also established (equation 
33).2&4*265 The gold(1) thiolate can displace weakly bonded ligands from gold to give p-thiolate 
derivatives (equation 34).265 

[AuCl(PEt,)] + RSH [Au(SR)(PEt3)] + HCI (33) 

(34) [ Au(N0,) (€'Et,)] + [ Au( SR) (PEt,)] e [RS( AuPEt3)J'NO; 

These thiolate exchange reactions are thought to lead to incorporation of gold(1) to thiolate 
functions in proteins and enzymes, and thence to interfere with the inflammatory process. 
Thiols such as 2,3-dimercaptopropanol (BAL), N-acetylcysteine and penicillamine have also 
been used in the treatment of gold toxicity. Protein-bound gold is mobilized by complexation to 
the added thiol and can then be e x ~ r e t e d . ~ ~ * " ~  

There is still intense interest in developing better gold thiolate drugs and new modifications 
of the complexes are being sought (equation 35) .274 

CHzOAc rH 
0 S-C-NH, CH,OAc 

[AuC1(PEtzOPr')] + AcO @ -+ ( P r ' O ) E t 2 P - A u - S ~ o A c  AcO (35) 

OAc 
OAc 

Toxicity of gold may in art be due to reactions with disulfide groups in proteins according to equations (36) and (37). n!m 

3RSSR + 10AuBr; + 18Hz0 - 6RSO; + 10Auo + 40Br- + 36H4 (36) 

2ROH + 2Sa- (37) 
AuBr4- 

RSSR H20 ' 
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55.8.7 Complexes with Unsaturated Thiolate Ligands 

Some complexes with particularly interesting structures are formed from gold(1) and 
N,N-dialkyldithiocarbamates and 0, 0'-diisopropyldithiophos hate ,277-279 and probably also 
for dithiophosphinates, prepared according to equation (38) .J These form dimeric units with 
approximately linear SAuS linkages, but the dimers are further associated into chains by 
intermolecular Au - . * Au contacts as shown in Figure 7. When it is considered that the 
Au-Au distance in metallic gold is 276.8pm, it is clear that the intramolecular and 
intermolecular Au-Au distances in these complexes of 276-310 pm and 305-340 pm respec- 
tively must involve some bonding interaction,' and this has been confirmed by Raman 
spectroscopy.281 

W[AuCh] + 3Na[S,PEt,] - [AuS,PEt,], + (Et,PS,), + 3NaCl+ HCI (38) 

U 

c 

Au 

Figure 7 The structures o f  top, AuS,CNPr,; middle, AuS,CNBh; bottom, AuS,P(OPr'),. Dialkylamino and alkoxy 
groups are omitted. After ref. 7. 

A related complex is the dithioacetate [ (AuS~CM~)~]  prepared from Na[AuCL+] and 
MeCS2H. This forms a tetrameric unit (22) in which all four Au-Au bond distances are 
301 pm.282 

(22) 

There are many derivatives with tertiary phosphine ligands of formula [Ph3PAuX], where 
X = SC(==S)OMe, SC(=S)NMe2, SP(=S)F2, SP(=S)(OPri)2, SeC(=O)NR2 and 
SC(=O)NRz, and [Ph3PAuXnXAuPPh3] where X-X = SC(CN)==C(CN)S or C4S4.m--z87 
In the dithiocarbamate and tetrathiosquarate derivatives (23) and (24) the gold(1) centres are 
approximately linear with a weak interaction with the second sulfur atom of the 
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\ /?36prn 
S S 

In thiocarbamates or sulfinates, prepared according to equations (39) or (40), the ligand is 
S-bonded to gold(1) .284,288,289 

[AuCI(PPh,)] + AgSOIPh - [Au(SO,Ph)(PPh,)] f AgCl (39) 

(40) [AuMe(PMe,)] + SO, - [Au(SO2Me)(PMe3)] 

55.9 COMPLEXES OF GOLD(1) WITH NITROGEN DONOR LIGANDS 

55.9.1 Azide and Isocyanate Complexes 

The azide complexes [Au(N&]- and [Au(N3)(PPh3)] are readily pre ared,2*m and 
I4N NMR studies indicate the presence of covalent Au-N bonds?g' The complex 
[ A u ( N ~ ) ( P P ~ ~ ) ~ ]  is also known.294 Both [Au(N&- and Au(N3)(PPh3)] undergo 1,3-dipolar 
cycloaddition reactions with unsaturated reagents, as illustrated in Scheme 2, but CO reacts to 
give isocyanatogold(1)  derivative^."^^^^^^^^^ 

Ph,PAuN, 

Mey-?, Ph3PAuNCO + NZ 
MCNCAU-C 'N 

\N/ 
Scheme 2 

Isocyanatogold(1) complexes, including bridged complexes such as [OCN- 
AuPPhzCHzCH2PPhZAu-NCO], can be pre ared by metathesis or by reaction of azidogold complexes with CO (Scheme 2, equation 41). 494,295 

[Au(N~)~]- + CO - [Au(NCO)z]- + Nz (41) 

55.9.2 Complexes with Anionic Nitrogen Donor Ligands 
The complex (25), prepared from [AuC14]- and N-methylhydantoin in aqueous solution, 

contains linear gold(1) centres with r(AuN) = 194 p n 2 %  The Au-N bonds are easily cleaved 
by thiols. 
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Derivatives of simple amides are the volatile [Au{N(SiMe&} (PMe3)] and the particuIarly 
significant tetrakis(triphenylphosphinego1d)ammonium ion [ N ( A U P P ~ ~ ) ~ ] . + , ~ ~ ~ J ~  There are 
also interesting cyclic derivatives, such as (%)-(a), prepared from pyrazoles, 2-pyridyllithium 
or isocyanide precursors r e ~ p e c t i v e l y . ~ ~ ~ ~ ~ ~  

/"" 
OMe 
\ pAu-N\ 

Me-N\ J--OMe = Y P  
/eN\ 

OMe Me 
(28) 

Finally, there are a considerable number of complexes of formula [AuX(PPh,)], with 
X=imidazolyl and similar derivatives,,e.g. (29) and (30),-304 as well as the more complex 
products (31) and (32), which have been characterized crystallographically. 

3 Ph3PAu--N /-y 
Ph3PAu-N ,Me 

W N  

Ph3PA i 
55.9.3 Complexes with Amines, Nitriles and Related Ligands 

These ligands give simple linear gold(1) complexes, such as [Au(MeCN)$, [Au(NH&]+ 
and [ A u C ~ ( N H ~ ) ] . ~ ~ - ~ ' ~  In [AuCl(piperidine)] , with r(AuN) = 207 pm, the molecules associate 
into tetramers through weak intermolecular Au - - Au  interaction^.'^ 

Diamines can bridge between gold(1) centres, as in [CIAUNH~CH~CH~NH~AUC&].~~~~~~~ 

55.9.4 Complexes with Pyridine and Other Heterocyclic Ligands 

there are intermolecular Au - - Au contacts as shown in Figure 8. l3 
The complexes AuX(py) have recently been shown to be [A~(py)~]+[AuX2]- (X = Cl, I) and 

Figure 8 The structure of [Au(py)J[AuI,] 



Gold 881 

There are also many interesting complexes derived from pyrazoles and imidazoles, such as 
(33)-(35). 

In the complexes [A&]* the ligands L are bonded through the pyridine nitro en when 

There are some interesting structures in gold complexes derived from bidentate ligands. 3 1 ~ 3 2 2  

For example, in complex (%), derived from 2-diphenylphosphinopyridine, only the phosphorus 
atom is coordinated whereas in the 2,2'-bipyridine complex (37), both nitro en atoms 
coordinate and the stereochemistry of gold(1) is between linear and trigonal planar!s3z1 

L = 3- or 4-cyanopyridine, but through the nitrile function when L = 2-cyanopyridine. $17 

The ligand 2-dimethylphosphinopyridine forms a binuclear gold(1) complex (M), with a 
remarkably short Au - - * Au distance of 277,6(1) pm, clearly indicating a bonding 
interaction. 323 

2+ 

55.10 COMPLEXES OF GOLD(1) WITH PHOSPHORUS, ARSENIC AND 
ANTIMONY DONOR LIGANDS 

55.10.1 Complexes with Phosphide, Arsenide or Antimonide 

The compound Au2P3 is not a f-olf(111) complex, but contains linear gold(1) centres linking 
P6 rings, and Au7PI0I is Au$(Plo) I and contains both trigonal planar AuP3 centres and also 
linear gold(1) centres.32 

In the arsenide and antimonide derivatives Na2AuAs or Na2AuSb there are zigzag (AI&)?"- 
chains, with structures like the old(1 halides (4), while AuSb, has metallic properties and has 

The diphenylphosphide and diphenylarsenide derivatives [ (AuPPh2),] and [ (AuAsPhz),] I are 
formed according to equation (42), and are presumed to have structure (4) where X = PPh2.236 

(42) 

the cubic fluorite s t r u ~ t u r e . ~ ' ~ ~  f )  ' 

[AuMe(PMqPh)] + Ph2PH - [(AuPPh2),] + CH, + PMe2Ph 
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5510.2 Linear Gold(1) Complexes with Monodentate Phosphine, Arsine or Stibine 
Ligands 

These complexes are stable and easily prepared, and so are very commonly used in gold(1) 
chemistry. The usual synthetic method involves reaction of [AuC14]- with the tertiary 
phosphine, arsine or stibine (equation 43; Y = P, As or Sb, R = alkyl or aryl). The phosphine 
acts as both reducing agent and ligand in these reactions, and the mechanism has been studied 
in 

[AuCLI- + 2R3Y - [AuCl(YR,)] + R3YC12 + Cl- (43) 

In other syntheses, a weakly bound ligand L is displaced from [AuClL] (L = Me$, COY 
alkene) by the new li and, or direct combination of the gold(1) halide with the ligand is used 
(eauations 44-46] - 3 2 3 3 1  

' klkyl phosphite complexes can be prepared by alcoholysis of chlorophosphine complexes 
(equation 47) .w4,332 

[AuCl(SMe,)] + Bu:P - [AuCl(Bu:P)] + MeS (44) 

[AuCl(PCl,)] + 3MeOH - [AUC~(P(OM~)~)]  + 3HCl (47) 

A great number of complexes AuXL] are known including derivatives with L = PMe3, 

Structure determinations on [ A U C I ( P C ~ ~ ) ] , ~ ~  [AuCl(PPh,)] ,Lo [AuBr(A~ph, ) ]~~ and 
[ A u C ~ { P ( O P ~ ) ~ } ] ~ ~  confirm the expected linear structures, and detailed studies of vibrational 
~pec t r a~ '~ -~~ '  and 197Au Mijssbauer spectra23 have been completed. Studies of vibrational 
spectra of complexes [AuCl(Ph,P=Ph)] and [Au2C12(p-Ph2PCCPPh2)] indicate that d,-d, 
back-bonding from gold to phosphorus is very weak in these complexes, and other 
spectroscopic studies are certainly consistent with this view .337-339 

AsMe3,lZ9 PPh3233 AsPh,, SbPh3732 L PMe,Ph3-,, PBu4, P(cyc10hexy1)3~~~ and P(CH2SiMe3)3.335 

55.10.3 Complexes of Gold(1) with Excess Phosphine, Amine or Stibine Ligands 

It has long been knowri that complexes [AuX(PR3)] (X = halide, R = alkyl or aryl) could 
interact with excess phosphine to give complexes AuX(PR3),, AuX PR& or AuX(PR& but 
only recently has a good understanding of the system been 0 b t a i n e d . 1 ~ ~ ~  

A careful study of the system [AuXL] with excess L studied by UV-visible spectroscopy and 
conductivity indicated the equilibria of equation (48) were significant (X = Cl, Br, I and 
L=PPh3). No interaction was observed with the weaker ligands AsPh3 or SbPh3, and the 
ionization of [AuXL] to [AuL]+X- was only significant for X = C1, not for X = Br or I.342 
Similar observations were made using the ligands rn-diphenylphosphinobenzenesulfonate and 
2-phenylphosphindolie. For the latter ligand (L) the complex LAuIL] was found to be 
undissociated and non-conducting in dichloromethane s o i ~ t i o n . ~ ~ ~ , ~  Preparative and stability 
constant studies with phosphite ligands, L, showed that complexes up to [Au4]+ could be 

formed,345 For example with L=EtC--CH,&P, the equilibria of equation (49) were 
,,,/CHrO\ 

\ /  C H r O  
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observed, with K1 >> Kz >> K3 > K4 = 6.6 M-' in acetonitrile solution at 25 0C.346 
L L 

[A&] [Au&] e [AuLJ'X- e [AuL,]'X- (48) 

L L L L 
[Au(MeCN)J e [AuL(MeCN)]+ e [AuL.J+ -- A [AuL,]+ G== [AuL,]+ (49) 

The factors influencing the coordination number for gold(1) are complex and the use of 
31P NMR studies in solution and 197A~ Massbauer spectroscopy and X-ray crystallography on 
solid samples has been vital in studying this problem. In solution studies, the simplest systems 
use non-coordinating anions such as ClO;, BFZ or PF;. Under these conditions, complexes 
[AuL#, [AuL3]+ and [A&]+ have been detected using 31P NMR spectroscopy. Exchange of 
free and coordinated phosphine is fast on the NMR time scale at room temperature but can be 
slowed at low temperatures. The maximum coordination number is dependent on the bulk of 
the phosphine used. Thus, when L = P(cyc10hexyl)~ only [AuL]' is observed, when L = PBu3 
or P(6tolyl), both [Auk]+ and [AuL3]+ are detected, and when L = PEt3 or P(OEt), [AuL$, 
[AuL3]+ and [AuL4]+ are observed. 

In solution studies in which [AuClL] is treated with excess L, the first com lex formed is 

the solid state the situation is different. Thus, both [AuCI(PP~~)~]  and [AuCI(PP~~)~]  contain 
coordinated chloride and have distorted trigonal planar and tetrahedral stereochemistries 
r e s p e c t i v e l ~ . ~ ~ ' ~ ~ ~  Complexes [AuSCN(PP~,)~] and [AusnCb(PMe~Ph)~] are also trigonal 
~ l a n a r . ~ ~ . ~  If the anion is non-coordinating or if the phosphine ligand is very bulky, the linear 
[A&]+ structure is also observed in the solid state, as in [Au(PMePh&][PF6] and 
[Au{P(cyclohexyl)3}2]SCN r e ~ p e c t i v e l y . ~ ~ ~ ~ ~ ' ~  In the 2,11-bis(diphenylphosphinomethyl)benzo- 
[clphenanthrene derivative (39), gold(1) has approximately T-shaped stereochemistry with an 
almost linear PAuP skeleton and a very long Au-Cl  bond.356 

K1 Kz K 3  K.3 

[AuL.$Cl- with no evidence for [AuClL], when L = PEt, or P(4-t0lyl)~.~~**~ F O However, in 

I c1 
(39) 

When three tertiary phosphines are present, complexes may be trigonal planar with 
non-coordinated anion as in [Au(PP~~)~]+X-  (X = B9HI9S, BPh4 or NO3) or distorted 
tetrahedral as in [AuCl(PFh3)3] or [AUSCN(PP~~)~].~~,~~~-~~ 

In complexes with four tertiary phosphines or stibines, the complexes may be regular or 
distorted tetrahedral [AuL4]+, as in [Au(PMePh2),][PF,J or [AU(S~P~~)~][AU(C&)~].~~~,~ 
However, salts of Au(PPh3)8Ph4 may contain mixtures of tetrahedral and trigonal planar 
gold(1) centres or, in the CHC13 solvate, essentially trigonal planar gold(1) with one PPh3 ligand 
interacting only very weakly with gold. It is probable that steric effects are again important 
here. 363 

The above discussion has been based largely on structures derived from X-ray studies, but 
'97Au Mossbauer spectroscopy is also very useful in distinguishing between linear, trigonal and 
tetrahedral stereochemistry in these complexes. For example a sample analyzing as 
A u ( A ~ P h ~ ) ~ c 1 0 ~  was shown to contain a mixture of [AuL$ and [AuL4]+ rather than [AuL$ 
centres by 197Au Mossbauer s p e c t r o s ~ o p y . ~ ~ ~ ~ ~ ~  

There are interesting trends in bond lengths in tertiary phosphine complexes (Table 10). The 
Au-P and AuCl bond lengths increase dramatically in [AuCl(PPh3),] as n increases from 1 to 
3, and there is a similar trend in r(AuP) for the complexes [Au(PPh&]+ with n = 2-4. This 
increase in bond length is due to a decrease in s character of the hybrid orbitals used by gold in 
the Au-P bonds, as the hybridization changes from sp to sp2 and sp3 in the linear, trigonal and 
tetrahedral complexes, and also due to steric effects in complexes with higher coordination 
numbers. 

coc -cc 
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Table 10 Bond Lengths (pm) and Angles (") in Some Tertiary Phosphine Gold(I) 
Complexes 

Complex r(AuP) r(AuX) L(PAuP) Ref. 

223.5(3) 
232.3-233.9 
223.0-231.3 
239.5-243.1 
234.6-234.9 
238.4-241.3 

228.6( 3) 
238.2 (mean 

260,261 
231.6(4) 
244.9 

229.5-231.6 

227.9(3) 
250.0(4) 
252.6(10) 
271.0(2) 
246.8(4) 
279.1(3) 
- 

1) 

132.1( 1) 
136.4(3) 

127.8(1) 

180 
120 (mean) 

180 
109 
1 80 

116.1-119.6 

113.8-122.3 

35 1 
351 
351 
352 
54 

203 
351 
357-360 
363 
353 
362 
354 

55.10.4 Complexes with Bidentate and Tridentate Ligands 

The most common complexes have these ligands bridging between linear gold@) centres, 
giving complexes such as [CIAuLnLAuCl] where L-L = PhzPCHZPPhz, Ph2PCH2CHzPPh2, 
Ph2AsCHzCH&Phz, 2,2'-bis(diethylphosphino)biphenyl, BuiPOPBu: or Ph2PNRPPh2 (R = 
H or Me).1",36s369 Similarly, the tridentate ligand M ~ C ( C H Z P P ~ ~ ) ~  give a trigold(1) complex 
MeC(CHzPPhzAuC1)3, in which two of the linear gold(1) centres are only 309 pm apart.lD3 

With higher ligand to gold ratios a number of different structural forms have been observed. 
The simplest complexes are binuclear bridged complexes (40) with linear gold(1) but 
with different W-visible absorption spectra from mononuclear [AuL]+ derivatives. 

It is also possible for the anion to coordinate in similar complexes to give three-coordinate 
gold(1) centres in (41)371-373 in which the diphos hines bridge between gold(1) centres, or in 

separation is only 296 pm.371 
Coordination number four is observed either in chelate com lexes, such as (43) and (44), or 

in bridged complexes, such as I I A u ( ~ - P ~ ~ P - P P ~ ~ ) ~ A ~ I ]  .37p378 

(39) and (42) in which the diphosphines chelate.35 B 3374 In the binuclear complex (41a) the AuAu 

Me, Mer  Et2 Et2 

As ' 'As As ' 'P 
Et? Et, Me, Me2 

Complexes (41) can be deprotonated with strong bases to give the bis(dipheny1- 
phosphin0)methanide or amide derivatives (45) and (461, and (45) has a remarkably short 
Au . - Au contact of 288.8(3) pm.372*379*380 
Bis(dipheny1phosphino)methane also gives the trinuclear complex (47), in which there are 

two linear ClAuP and one linear AuP: unit, with short gold-gold contacts.lW 
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55.11 COMPLEXES OF GOLD(1) CARBON DONOR LIGANDS' 

An earlier review treated the organometallic derivatives, including alkyl, aryl, vinyl, alkynyl, 
carbonyl, carbene, alkene and alkyne complexes,16 and these will not be treated here (see 
Table 1 for other books and reviews on organogold chemistry). Two important articles dealing 
with [AuCl\CO)] , including its structure and catalytic properties, have been published 
recently. 97,38 

55.11.1 Cyanide and Fulminate Complexes1*' 

The complex [AU(CN)~]- is of great commercial significance, since its ready formation from 
gold, cyanide and oxidizing agents is exploited in the extraction of gold from its ores and 
because solutions of [Au(CN)2]- are often used in gold electroplating applications. The 
mechanisms involved in these rocesses have been studied and AuCN is considered a probable 

Both the cyanide, [Au(CN),]-, and fulminate, [Au(CNO),]-, ions contain linear gold(1) 
A report that KA~(CN)~(2,2'-bipyridyl) contains square planar gold(1) has been 

disproved; the bi y ligand is not coordinated to gold and the complex contains linear 
[Au(CN)$ ions.'3390 AuCN is polymeric with a linear (-Au-CN-)"A+ chain 
structure. 91 

The neutral cyanide complexes formed according to equations (50) and (51) have been 
shown to contain linear gold(1)  centre^,^^'^^^ and there are also anionic complexes such as 
[Au(C,F,) (CN)]- .3pQ 

intermediate in both systems. 3g-386 

[Au(CN),]- + Me1 - [Au(CN)(MeNC)] + I- (50) 

(51) [Au(O,CMe)(PPh,)] + HCN - [Au(CN)(PPh,)] + MeC0,H 

The ion IAU(CN)~]- has been subjected to exhaustive theoretical and spectroscopic 
s t ~ d i e s . ~ * , ~ ~ , ~  ,395-397 In 197Au Mossbauer studies, the sign of the electric field gradient was 
shown to be negative and the Mossbauer parameters are strongly affected by pre~sure.~~*~- 

55.11.2 Isocyanide Complexes 

Alkyl and aryl isocyanides are good ligands for gold(1) and many complexes are known. 
They can be prepared by reaction of the isocyanide with [AuCLJ to give first [AuC13(RNC)], 
which is reduced by excess isocyanide to give [AuCl(RNC)J. l-40~ However, the preferred 
route is to displace SR2 from the complexes [AuX(SR2)] (equations 52 and 53).404-407 

[AuCl(SMe,)] + MeNC - [AuCl(MeNC)] + SMe, (52) 
[AuCJ?~(SC~H~)] + PhNC --* [AuCZs(PhNC)] + SC& (53) 

Addition of excess isocyanide ligand gives the ionic [Au(RNC)~]+ and there is some evidence 
for [Au(RNC)~]+ also, but more work is needed to characterize complexes with higher 
coordination n ~ r n b e r . ~ ~ ~ ~ * ~ ~ ~ ~  

Spectroscopic studies, including vibrational spectroscopy , UV-visible absorption and MCD 
spectroscopy and lP7Au Mossbauer spectroscopy, suggest that isocyanides act largely as u 
donors to gold(1) with very little d,-p, back-bonding.69*4049408 It is this polarization R- 
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Ndg+-Aud-  which makes the isocyanide ligands susceptible to nucleophilic attack and has 
led to formation of carbene complexes, iminoalkyl complexes and catalytic conversion of 
isocyanides to formamidines using alkyl or aryl isocyanide complexes of gold(I) .301,mm,-15 
A review of this significant work has been published.16 

55.11.3 Carbodiphosphorsne Complexes 

carbodiphosphoranes, which are good ligands for gold(1) .4167417 

Two remarkable complexes (48) and (49) have been synthesized directly from the 

/Me Me,P All 
\C/ 

PhR, 

/ 
Ph3P 

C-Au-Cl 

Me,P' 'Au \ 
Me 

(48) (49) 

55.12 COMPLEXES OF GOLD(II)4 

55.12.1 Apparent Gold(II) Complexes 

It has long been realized that many complexes which, from the empirical formulae, appear to 
be gold(I1) complexes are really mixed oxidation state gold(1)-gold(II1) complexes. Some early 
examples were the demonstration that CsAuC13 is @[AuCl2][AuCl4], A U C ~ ~ S ( C € € ~ P ~ ) ~  is 
[AuC1{ S(CHzPh)2}][AuC13(S(CHzPh)z}] and AuCl(DMG) is [AU(DMG)~][AUC~~] (DMG = 
dimethylglyoximate) .41w20 A beautiful recent example is the demonstration that AuClZ is 
really Au4Cls with equal numbers of gold(1) and gold(II1) centres (Figure 2).55 A number of 
other well-characterized examples are given in TabIe 11. 

Table 11 Some Apparent Gold(I1) Complexes 

Formula Best formulation Ref. 

422 
423 
424 

163 
164 
163 
165 
425 
381 
426 

99,162 

427 
156 

a mnt = rnaleonitriledithiolate. dtc = N,N-dibuty!dithiocarbamate. 

It will be clear from Table 11 that mixed oxidation state complexes need not contain equal 
numbers of A d  and A d n  centres, and fractional oxidation states between I and I11 may be 
o b ~ e r v e d . ' ~ ~ , ' ~ ~ , ~ ~ , ~ ~  The mixed oxidation state complexes can, in many cases, be distinguished 
from true Au" complexes by '"Au Mossbauer spectroscopy or by ESCA.4,23,4zw29 

Another problem which can arise is the crystallization in the same lattice of [AuBrz]- and 
Br:, or of Au'I and 8. Clearly it will be difficult to assign oxidation states without application 
of X-ray structure determination, I9'Au Mossbauer or ESCA. 166,430 

In the structure of Csz[AuC12][AuC~] there is association between the ions giving each gold 
atom a very distorted octahedral stereochemistry. At very high pressure the longer interionic 
Au e a Cl distances Contract until all gold centres have approximately octahedral stereochem- 
istry, and the system may then become a true gold(I1) system. Similar observations have been 
made on AuXZ{S(CH2Ph)Z} (X = C1 or Br).431433 
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55.12.2 Binuclear Gold(II) Complexes494J4 

The formation and reactions of some binuclear gold(I1) ylide complexes are shown in 
Scheme 3. Oxidation of complexes (50) with halogens or with ethylene dihalides gives the 
gold(I1) complexes (51), in which the gold centres have square planar stereochemistry including 
formation of a gold-gold bond. The complexes are therefore diamagnetic. A typical structure 
is given in Fi ure 2. Further oxidation with halogens occurs with cleavage of the Au-Au bond 
to give (52).4343~38 

CH, CHZ I I 
I I 

CH, CH, 
\- D /  

Me-Au-Au-I e 
C&"CH, 
I I X, 

Au Au - X-Au-Au-X 
I 1 o r  CZIIAX2 I I 

\-D / 
CH, CH, 

R, 

CH, CH, 
I I 
/p< 

(54) 

R, 

CH2 CH2 
lP\ 

I ,x I ,x 
x' I 

\- p /  

Au Au 

"AH, CH, 

X = CI, Br? I 
R = Me, Et, But, Ph 

Scheme 3 

Oxidation of (50) with methyl iodide gives (53), a methyl gold(I1) complex which is very 
photosensitive. A long-distance trans influence is observed in (53; R = Me), since r(Au1) = 
289.4 pm compared to r(AuI) = 269.9 pm in (51; X = I, R = Me).56 Treatment of (53) with 
methyllithium gives (SI), which is now a mixed oxidation state complex with both linear gold(1) 
and square planar gold(II1) centres.435 The reaction illustrates that the gold(1)-gold(II1) or 
binuclear gold(I1) complexes may have very similar energies. 

Some further examples in which binuclear gold(I) complexes can be oxidized to give 
binuclear gold@) complexes arejiven in equations (54), (55; R=Et ,  Pr, Bu) and (56; 
X = CHz, CMe2 or NMe).369,3723441* 

A, 4. + (R,NCS,), - R,Ncs~-A~--A~-s,cNR, 
r r I 

\p /CH2 
CH, CH2 CH2 

\P' 

(54) 
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X X 

I I 
AU + C1, - C1-Au-Au-Cl 

I 
CI 

I 
C1 

Ph,P \PPh, 
I 
I 

C1 

Ph,P/ 'PPh2 
I 

Au 
I c1 

The gold(I1) complex of equation (55)441 and related species are unstable with respect to 

Remarkably, oxidative addition to [Auz{ p-CH2P(S)Ph2)2Lray give either a gold(I1)-gold(LI) 
disproportionation to the known complexes [A~(dtc)~]  + [Au(SCN)$. 

or a gold(1)-gold(II1) complex as shown in equation (56a). 

I 
I 

S-AU-CH, 

\ 
Ph,P 

S-Au-CH, I?/" 
I \- 

/ 
PPh, 

/ ,' Ph,P 

S-AU-CH, 
Ph2P I 'PPh, 

/ /  

'CH2-Au-S 

CHZ-AU-S 
\ 

/ 
I 

55.12.3 Mononuclear Gold@) Complexes 
The first evidence for mononuclear gold(I1) complexes was obtained during a study of the 

reaction (57). 
The major species present were (55) and (57), but the gold(I1) complex (56) could be 

detected by ESR at its very low equilibrium con~ent ra t ion .~~ Since the only naturally occurring 
isotope of gold, "'Au, has I = 3, the ESR spectrum contains four lines of equal intensity due to 
coupling with the '=Au nucleus. When R = P f ,  the complex has g2.040 and A(~=Au) 
28 x cm-l. It is thought that the odd electron is in the cr* (5d,z-p) orbital of gold, but is 
undoubtedly delocalized over the dithiocarbamate ligands, The complexes [AU(S~CNR~)~]  can 
be cocrystallized with the stable diamagnetic complexes [N~(SZCNR~)~], and a similar 
diselenocarbamate Au Se2CNEt2),] has been detected by ESR during decomposition of 
[AuSe2CNEtz]. d( 

The first isolated gold(I1) complex was the maleonitriledithiolate derivative 
(BIL,N)~[A~{S~C&(CN)~)~], obtained by reduction of the corresponding gold(II1) complex with 
sodium b~rohydride.~' The complex is green, air-sensitive and has the square planar structure 
(58). This same complex can be obtained in a corn ro ortionation reaction between 
AuCl{ S(CH2Ph)2}.AuC13{S(CH2Ph)2} and Li2[S2CZ(CN)2]J8 !he anion can be cocrystallized 
with (Bu&)~[M{S&(CN)~}Z] (M = Ni, Pd or Pt) and detailed ESR studies suggest that the 
odd electron in the gold complex is in a largely ligand-based M0.449 There is dw good 
evidence for the mixed li and complex [AU(S~CNE~,)(SZC&(CN)~}]-, formed by reduction of 
the gold(II1) derivative."' 
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The gold(I1) complex [Au{ S2C2(CF3)2}2] forms a charge transfer complex with tetrathiaful- 
valene, which gives one of the very few examples of a spin-Peierls transition, in which a system 
of 1D antiferromagnetic S = 4 Heisenberg chains becomes progressively dimerized as a result of 
magnetoelastic coupling with the 3D lattice phonons. As a result its magnetic properties have 
been studied in very great 

There are two other significant gold(11) complexes. The phthalocyanine complex of gold@) 
was prepared by reaction of AuBr with 1,3-diiminoisoindoline at 250 "C and was characterized 
by its ESR ~pectrurn,"~ while the carborane derivative (Et4N)2[Au(B9GHll)2], which is a 
blue-green solid, has the magnetic moment peff = 1.79 BM expected for a mononuclear gold(I1) 
complex. 456 

55.l2.4 Gold@) Complexes as Reaction Intermediates 

The first evidence for gold(I1) was obtained from a study of the Fe'katalyzed exchange of 
chloride with [AuCbl-. The first step was thought to involve formation of a labile gold(II) 
complex formed according to equation (58).457 

(58) 

Many other redox reactions involving gold(1)-gold(II1) interconversions are thought to 
involve gold(I1)  intermediate^,^',^^^,^^^ but only in one case have they been sdfkiently 
long-lived to enable direct detection by ESR.443 

Fe2+ + [AuClJ - Fe3* + [AuCL,]'- 

55.W HALIDE COMPLEXES OF GOLD(1II) 

55.13.1 Fluoride Complexes 

The parent [(AuF3),] is best prepared by reaction of Au or [Au2C16] with fluorine. It has a 
unique fluorine-bridged helical chain Tetrafluoroaurates(II1) can be prepared 
directly from [(AuF3),] (equation 59), by reaction of BrF3 with gold in the presence of KCI or 
Ag to give K[AuF4] or Ag[AuF4] respectively, or by reaction of [AuC14]- salts with F2 or 
BrF3.*2,*3 All these fluoride complexes are hydrolyzed by water and react with benzene to 
give fluorinated derivativesm Complexes [AuF3-SeF4] and [AuF3-BrF3] are known and are 
thought to contain a bridging fluoride ligand. 

NOF + AuF, - [NO]+[AuFJ (59) 

55.13.2 Chloride and Bromide Complexes 

The parent halides [Au2&] (X=Cl, Br) have structure (59), with square planar 
g0ld(III) .~3"~~ They can be prepared by direct combination of the elements, and [Au2CL] can 
also be prepared by reaction of H[AuCl4].3H20 with thionyl chloride.*-* 

(59)  X = C1 or Br 

The acids H[AuC14] and H[AuBr4] are prepared by oxidation of gold in the presence of HC1 
or HBr. The oxidant can be concentrated HN03, C12 or Br2, and many others or 
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electrochemical oxidation can be e f f e~ ted .~ ' .~~*  The acids can be crystallized in hydrated forms, 
and give many salts such as Na[AuC14].2H20, K[AuC14] and K[AuBr4]-2H20. 

The ions [AuC14]- and AuBr4]- have regular square planar stereochemistry both in the solid 

exhaustively.8s90 
There have been claims that association of [AI&]]- with added halide or pseudohalide can 

occur to give spectroscopically observed complexes with coordination number five or six.478*480 
However, these claims have not been confirmed and, in some cases, have been d i ~ p r o v e d . ~ ~ , ~ ~ ~  
For example, [AuBr4]- reacts with Br- to give no [AuBr$- but [AuBr2]- and Brr, which 
then reacts with solvent, and [AuCLI- with Br- gives not [AuClJ3r]- but [AuC1,Br4-,]-. The 
equilibrium constant for equation (60) is iven by log K = 7.3 f 0.3, the bromide complex being 
more stable for the soft gold(I1I) ~ e n t r e J l 7 ~ ~ ~  

state and in solution, 5, 471473 and their spectroscopic properties have been studied 

[AuCl.J + 4Br- [AuBrJ + 4C1- (60) 

Although there is little evidence for long-lived five-coordinate complexes derived from 
[AuC14]- or [AuBr4]-, there is no doubt that ligand substitution reactions involve short-lived 
five-coordinate intermediates. For substitution of ligands Y- (NO;, N,, Br-, I-, SCN-) for 
C1- in [AuClJ the rates were shown to follow the rate law -d/dt[AuCI,]= ( k , +  
kz[Y-]}[AuCk]. The k, term corresponds to the usual associative displacement by solvent, 
while the k2 term corresponds to direct displacement of C1- by Y-. Gold(II1) displays a very 
high discriminating power for soft entering ligands, indicating that bond formation is important 
in the transition ~ t a t e . ~ " , ~ ~  The rates are also dependent on the trans effect of the fram ligand 
and on the nature of the leaving F or the substitution of bromide for chloride in 
[AuC14]-, the kl term is very small and the magnitudes of the second-order rate constants k2 
for the consecutive substitution reactions leading to [AuBr4]- are given in equation (61).&l The 
effect on the rate constants of the large trans effect of Br- over C1- is obvious. 

c1 

185 M-' 5 - l  

[AuBrJ (61) [AuCIBr;] --- TM-"-' 6 3 M  : \  I Z4('M I<-Y 
[AuCl,] + [AuCI,Br] 

The catalytic effect of iron(I1) on the substitution reactions of [AuC14]- is well known. 
Larger amounts of iron(I1) can reduce [AuC14]- to [AuC12]- and the reaction proceeds in two 
one-electron steps.487,488 However, with reducing agents such as [PtCl4I2- or [PtC12(2,2'- 
bipyridine)], the reduction of [AuCI4]- occurs in one two-electron step with C1 atom 

The reduction of [AuC14]- by ligands like phosphines, arsines, stibines, 
thioethers and thiourea is also thought to involve one two-electron reduction step, again with 
Cl atom transfer, as discussed in previous s e ~ t i o n s . ~ ~ ~ ~ ~ ' ~  

Complexes of formula AuCI3.XCl4, where X = S ,  Se or Te, can be prepared (equation 62). 
These complexes contain distorted square planar AuC1, coordination with a bridging chloride 
[C13AuClXC13], but in solution they ionize to give [XCl3][AuCI4] .492-495 

AuzCLj + 2SC12 + 2C12 4 2AuCl,.SC1, 

An important reaction of gold(II1) ~ h l o r i d e ~ ~ , ~ ~ ~  and, under some conditions, of H[AuCL,]" 
is the ability to metdlate aromatic com ounds to give arylgold(II1) complexes. The reader is 
referred to an earlier review for details. 

(62) 

p6 

55.13.3 Iodide Complexes 

Gold(II1) iodide complexes may be easily reduced to gold(1) in many cases. For example, the 
equilibrium constant for equation (63) in aqueous solution is 200 M-l, corresponding to about 
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25% conversion to [AuI,]- in saturated iodine s o l ~ t i o n . ~ ~ , ~ ~  

[ A u I ~ ] ~ + I ~  [AuIJ (63) 

Pure Et4N[Au14] can be pre ared by reaction of Et4N[AuClt] with anhydrous liquid HI, but 
it is of limited stabilityJ2 There are more stable derivatives such as trans- 
[AuI2(C(NHC&Me),}# and tr~ns-[AuI~(CN)~]-, formed by iodine oxidation of the 
corresponding gold(1) c o m p l e x e ~ . ~ ~  

55.14 HYDRIDE COMPLEXES OF GOLD(III) 

There are no well-characterized hydrides of gold(II1) , though there is evidence for formation 
of AuH3, Li[AuH4], A u ( B H ~ ) ~  and Au(GIH~)~ at -120°C. They decompose on warming to 
hydrogen and metallic gold.501 

55.15 COMPLEXES OF GOLD(1II) WITH OXYGEN DONOR LIGANDS 

chloro-hydroxo complexes are formed by hydrolysis of [AuC14]- (equations 64 and 65) .502-504 

There is no evidence for the simple aqua ion [AU(OH~)~]~+ ,  but mixed chloro-aqua and 

(64) 

(65) 

Gold(II1) oxide, Au203, contains square planar gold(II1) with bridging oxo ligands, and the 
compounds AuOCl and A U ~ O ( S ~ O ~ ) ~  are also pol meric with bridging oxo 
Little is known about their coordination ~hemistry.~~-~@' 

The compound [Au(SO3F)3] has been prepared and is a powerful acceptor for S03F-. Thus 
complexes of [Au(SO3F)& with cations K+, Br;, Br:, [I(S03F),]+ and [Br(S03F),]+ have 
been prepared. H[Au(SO$)~] is a strong acid when dissolved in HS03F. Complexes can be 
prepared by several methods, for example as shown in equation (65a).510-512 

[AuCl,]- + HZO e [Au(OHJCl,] + C1- 

[Au(OH2)Cl,] e H' + [Au(OH)Cl,]- 

KCI. + AuCl, + 4BrS0,F - K[Au(SO,F),] + 2C1, + 2Br2 (6% 

Nitrato complexes, with monodentate nitrate, are very similar to the fluorosulfates. Thus 
A u ( N O ~ ) ~  and the better characterized salts of [ A U ( M ~ ) ~ ] -  are known. For example reaction 
of gold with N205 gives [N02]+[A~(N03)4]-, and the structure of K[Au(NO&] has been 
determined,51s515 

In the complex oxides MAu02 (M = K or Rb) there are infinite chains with square planar 
gold(II1) centres linked by pz-oxo ligands, while M3Au03 are properly formulated &[Auz06] 
in which the anion is isostructural with [AuzC16].516,517 

As well as complexes containing only oxygen donors, there are several gold(II1) complexes 
with mixed 0,N donors. These are typically pre ared by substitution of [AuClJ with the appropriate ligand. Some examples are (@)-(a). &519 

-I+ 

' 'N 

--.+ 

COC -cc* 
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55.16 COMPLEXES OF GOLD@) WITH SULFUR, SELENIUM AND 
TELLURIUM DONOR LIGANDS 

55.16.1 Sulfide, Selenide and Telluride Complexes 

The complexes AuzX3 (X = S, Se or Te) are known but their structures are u n ~ e r t a i n . ~ ~  In 
AuSeBr all gold(II1) centres have square planar coordination, but some have AuSe4 and some 
AuSe2Brz str~ctures.~” In AuTezX (X = C1 or I), there are polymeric [Au(Te2)],+X- units with 
ditelluride, Te;-, ligands bridfi3 between square planar gold(II1) centres. The compounds 
exhibit metallic cond~ctivity.~~ -5 

55.16.2 Sulfite and Selenite Complexes 

Reaction of Na2S03 with [Au(OH),]- gives [Au(SO~)~]’- and the salt Na5[Au(S03)4].5H20 
has been isolated.’l This contains S-bonded sulfite, and can be reduced by excess sulfite to 
[AU(SO~)~]”. Selenite complexes of gold(II1) are 0-bonded, h~wever.~” 

The structure of Au S03)2(NH2CH2NH2)]2- has been determined and shown to be (64) with S-bonded sulfite.” J (  

55.16.3 Thiocyanate Complexes 

Most thiocyanato complexes of gold(II1) are S-bonded. These include [AU(SCN)~]- and the 
complexes (65)-(677), which are formed by oxidative addition of thiocyanogen to the 
corresponding gold(1) complex.295,527-529 

An apparent exception is seen in the products from reaction of [Au(SCN)J with 
(Et2NCH2CH2)zNCS;, which are thought to exist as an equilibrium mixture of isomers as 
shown in equation (66). 

SCN 
I 

Me,P-Au-CN 
I 
SCN 

(65) 

SCN SCN 
4 I 

I 
SCN 

I 
SCN 

O C N - A U - P ( P ~ ~ ) C H ~ C H ~ P P ~ , - A ~ - N C O  

(67) 

Many or anometallic derivatives are known, including complexes with bridging thiocyanate  ligand^?^^,^' 

55.16.4 Complexes Witb Ligands Having C = S Groups 

thiourea, some examples being (68) and (69).532,536 
There are a considerable number of complexes of thioketones, thioamides, thioacids and 
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(68) (69) 

In some cases easy reduction to Bold(1) may occur and in others the gold(II1) centre may 
catalyze hydrolysis of the ligand.537- 39 

55.16.5 Complexes with Thioether Ligands 
Complexes [AuC13(SR2)] and [AuBr3(SR2)] are numerous. They are usually prepared by 

oxidation of the gold(1) complex [AuCl(SR2)] or [AuBr(SR2)] with the required halogen. 
These are also formed as intermediates in the reaction of excess thioethers with [AuC&]- or 
[Au2C16] to give [AuCl(SR2)], and the redox reactions between gold(1) and gold(II1) are 
particularly eas in these  derivative^.^^^^^^^^^^ The 1R and NMR spectra of the complexes have 
been ana ly~e~~1,1z7 ,134 ,~2  and the molecular structure of [AuC13(thianthrene)] (70) has been 
determined.l13 

The bidentate ligand MeSCH2CH2SMe forms a chelate derivative of gold(1I.I) (n), but the 
structures of AuC13.L where L = MeSe(CH2)3SeMe or Se(CH2CH2)2Se are not known.219’540J41 

CI 
t 
I 

Cl 

Q 
-81 

55.16.6 Ditbiolate and Dithiocarbamate Complexes 

1 ,ZDithiols give several stable square planar gold(II1) complexes. Some complexes of 
biochemical interest are those derived from 2,3-dimercaptopropanol (BAL) ,=” dirnercaptosuc- 
cinic acidB9 and penicillamine.542 These are thought to have structures similar to that of the 
toluenedithiolate derivative (72).543 They can be prepared by reaction of [AuClJ with the 
dithiol and base or by oxidation of gold in the presence of the dithiol. 

Also significant are the alkene dithiolate derivatives such as (73) and (74), prepared 
according to equations (67) and (68).544,545 

Using the mild transfer agent Me2SnS2G(CN)2, it is possible to prepare complexes such as 
(75) and (76) with only one dithiolate ligand.287 



894 Gold 

Dithiocarbamate and related complexes of gold(II1) have been studied in great detail. There 
are two types of derivatives of general structures (77) and (78), having AuS4 coordination. 
Complexes (77) are formed by oxidative addition of (R2NC&), to the gold(1) dithiocarbamate, 
while (78) can be formed by halogen oxidation of gold($) dithiocarbamate. Both reactions 
involve gold(I1) intermediates as discussed in Section 5.12.2.’56*546552 

Oxidation of gold(1) dithiocarbamates with excess halogen, X,, gives the complexes (79; 
X = C1 or Br).533,554 

Diselenocarbamate and thioselenocarbamate complexes such as (80) and (81) can be 
prepared in similar and the dithiophosphinate [Au{ SP(S)Ph,},] is clearly 
related.558y559 

Finally, the mixed ligand complexes with both dithiocarbamate and 12-dithiolate ligands 
should be mentioned. Both neutral and ionic isomers (82) and (83) have been character- ked.S6(&562 

There are interesting addition compounds of [AuBr2(S2CNBu2)] with trans-stilbene and 
trans-az~benzene,~~~ the electrical resistivity of [Au(S~CNR~)~][TCNQ] has been 
and the mechanism of decom osition of gold(II1) dithiocarbamates has been investigated using photoelectron spectroscopy. 5 8  

55.17 COMPLEXES OF GOLD(1II) WITH NITROGEN DONOR LIGANDS 

55.17.1 Azide Complexes 

The complex ion [Au(N~)~J-  reacts with alkyl isocyanides according to equation (69),291 and 
with CO to give [ A u ( N C O ) ~ ] - . ~ ~ ~  Azide-bridged complexes such as [ A u ~ ( , u - N ~ ) ~ M ~ ~ ]  are also 
known. The ligand field and charge transfer bands in the UV-visible spectra of [Au(N~)~]- have 
been assigned and the structure determined.567 
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55.17.2 Ammine Complexes 

The complex ion [Au(NH~)~]~+  has been well c h a r a c t e r i ~ e d . ~ ’ ~ ~ ~ ~  The complex is a weak 
acid with pK, 7.5, but the hydrolysis product [Au(NH~)~(OH~)]~+ is a strong acid with 
pK, -0.7; the primary species in solution is thus [Au(NH&(OH)]’+. A formation constant for 
[Au(NH~)~]~+,  p4 = 1046, has been e~timated.’~ 

The substitution of bromide for ammonia in [Au(NH&I3+ occurs in a stepwise fashion to 
give [AuBr(NH3)3I2+, tn~ns-[AuBr~(NH~)~]+, [AuBr3(NH3)] and [AuBrJ, and the cor- 
responding second-order rate constants follow the sequence kl  < k, >> k3 < k4. As a result the 
complex trans-[AuBr2(NH3),]Br can be isolated from partially reacted mixtures.5m The 
complex [AuC13(NH3)] has been isolated in a different way by pyrolysis of NH4[AuCk], and its 
structure has been determined.”’ 

55.17.3 Complexes with Other Monodentate Nitrogen Donor Ligands 

There is a very extensive range of complexes [AuC13L], which are easily prepared by reaction 
of either [AuCl$ or [AuzCls] with the corresponding nitrogen donor ligand L. Bromo 
derivatives [AuBr3L] are prepared similarly. Complexes with L = pyridine are most commonly 
studied and the cationic [AuCl&]+ may be prepared by further displacement of chloride by 
pyridine or its  derivative^.^^^"^' The vibrational spectra, electronic spectra and mechanisms of 
substitution of pyridine for chloride (and the reverse reaction) have been s t ~ d i e d . ~ ~ ’ ~ ~ ~ ~  

Similar complexes [AuC13L] are known for L = RCN ,573~581 pyraz~les’~~ and nicotinic acid .583 

More complex examples include the azafluorene and diazepine derivatives (84)-(86). 109.110*584 

The complexes [AuCI3(RN=NR)] (87; R = P h  or 4-toly) decompose on heating to give 
2-chloroazobenzene or 2-chloroazotoluene, and it is proposed that an intermediate (88) is 
formed.120~57*~”5~586 This complex (88) can be isolated by metathesis from the corresponding 
mercury(I1) complex. 587s88 

55.17.4 Complexes with Diamine and Triamine Ligands 

The NH protons of diamine and triamine complexes of gold(II1) are acidic, as shown by the 
data in Table 12. The acidity increases with the degree of substitution at nitrogen, and the 
trend is attributed primarily to steric effects.58s591 

The amido ligand has a higher trans influence than the amine ligand as can be seen from the 
A u - C l  bond lengths of 227pm and 233pm in the related dien and (dienH) derivatives (89) 
and (90) re~pectively~’~ However, it has not yet been shown that the longer A d  bond 
length in (W), and in related derivatives of (Ebdien-H) = \Et2NCH2CH2)2N-, leads to greater 
lability of the Au-C1 bond towards ligand s u b s t i t ~ t i o n . ~ ~  99 
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Table 12 pK, Values of Amine Complexes of 
Gold(II1) 

PK, Ref. 

7.48 569 
6.3 589,590 
5.8 590 
4.5 590 
4.0 590 
2.2 591 

(899) 

The chelate ligands in these complexes can be displaced from gold in acidic solution, and the 
reactions involve a stepwise sequence in which each nitrogen is displaced from gold and then 
protonated, thus preventing the back r e a ~ t i o n . ~ ~ ~ ~ ~ ~ . ~  

The ion [Au(en)$+ associates with chloride in solution, and in the solid state the ion 
[AuC12(en);?l+ is found to have distorted octahedral stereochemistry.- On reaction with 
chlorine, [Au(en),I3+ gives the chloroamine derivative [AuCl2(HC1NCH2CH2NHC1)]Cl by 
reaction at the ethylenediamine ligand.603*604 

55.17.5 Complexes with Other Polydentate Nitrogen Donor Ligands 
The complexes of gold(II1 with 2,2'-bipyridine, 1 ,lO-phenanthroline and related ligands 

have been much studiedJm8 In solution, complexes such as [AuC12(bipy)]Cl or 
[AuBr2(phen)]Br were characterized, but it was suggested that the neutral complexes such as 
[AuBr3(phen)] were present in the solid state. However, it is now thought that the square 
planar forms persist in the solid There is evidence for association of [AuCl,(bipy)]+ 
and [AuC12(5-nitrophen)]+ with chloride in solution, prior to the displacement of the chelate 
Iigands from gold by excess 

The formation of five-coordinate gold(II1) has been demonstrated clearly in the complexes of 
2,9-dimethyl-l , 10-phenanthroline and 2,2'-biquinoline, which have the distorted square pyram- 
idal structures (91) and (92). However, the structures of the ligands prevent square planar 
coordination, so that these examples are a t ~ p i c a l . ~ ' ~ ' ~  However, a related organometallic 
derivative, [AuC1(C4Ph4)(phen)J, is known and has a similar distorted square pyramidal 
structure.616 

In gold(II1) complexes with tripyrazolylborate or tripyrazolylmethane and related ligands, 
only two nitrogen atoms coordinate giving complexes such as (93) and (94) with square planar 

In the 2,2',2"-terpyridyl complex [AuCl(terpy)]C12.Hz0, one chloride and the water 
molecule coordinate very weakly to the square planar [AuCl(terpy)12+ ion.'0B 
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There are several porphyrin derivatives of gold(I1I) such as the tetraphenyl- 
porphyrinatogold(III) cation, Au(TF’P)]+ (95), which forms a square pyramidal complex 
[AuClJTPP)] with Reduction of the latter complex gives the phlorin derivative 
(%) * 

The macrocyclic complexes (97) and (98) have been prepared by template synthesis.-% 

(95) 

+ 

Ph 
(96) 

55.18 COMPLEXES OF GOLD(1II) WITH PHOSPHINE, ARSINE AND STIBINE 
LIGANDS 

Complexes [AuX3(PR3)] are usually prepared by oxidation of the gold(1) derivative 
[AuX(PR3)] with the correspondin halogen. Mixed halogen complexes can be prepared in a 
similar way as in equation (70).329* 4 

These complexes have sharp melting points and were long considered to be pure compounds, 
but NMR studies show that they contain all possible combinations and isomers of formula 

The complexes [AuC13(PPh3)] and [AuMe3(PPh3)] have distorted square planar stereochem- 
istry, and the electronic structure of [AuMe3(PMe3)] has been studied by photoelectron 
s p e c t r o ~ c o p y ? ~ ~ ~ J ~ ~  

Halogen oxidation of gold(1) complexes can also give products involving reaction of 
phosphine substituents or give binuclear gold(II1) complexes (equations 71 and 72) .w-650 

[AUX,Y3-,(PR3)] 
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Br 
I 

Ph,P-Au-Br + Br, Ph,P-Au-Er 

PhZ 
,P-AuCl, 

PhZ 
/P-Au--CI 

M e N .  +2CI2 - Me-N, 
'P- Au-CI 

Ph, 

Oxidation of the tetrahedral derivatives [Au(L*L)$, where LnL = O-C~H~(ASMQ)~ or 
O-CgH4(PMe&, gives gold(II1) complexes based on [AU(L^L)~]~+. However, this square 
planar unit binds to added halides to give [AuX(L"L)~] +, presumed to have s uare pyramidal 
structure, or [AuXz(L- L)$, with tetragonally distorted octahedral structure%3143 The axial 
bonds to halogens are weak, and the attraction may be primarily electrostatic in origin, as in 
the amine complexes discussed earlier. In the neutral complex [AU(C&)~{O-C&,(A~M~~)~}], 
only one of the arsenic centres is coordinated and the stereochemistry is distorted square 
planar .63s 

55.19 COMPLEXES OF GOLD(1II) WITH CARBON DONOR LIGANDS 

Organometallic derivatives have been reviewed e l ~ e w h e r e . ' ~ ~ ~ ' ~ ~ ' , ~ ~ ~  

55.19.1 Cyanide complexes 

The [Au(CN)J has square planar stereochmistry as determined for the acid 
H[AU(CN)~].~H~O and the salt K [ A U ( C N ) ~ ] - H ~ O . ~ ~ ~ , ~ ~ ~  The ions [AU(CN)~X~]- (X = C1, Br, 
I) have trans stereochemistry and are formed by oxidation of [Au(CN)~]- with the 
corresponding halogen.639642 The oxidation of [Au(CN)~]- bx I; is much faster than by I2 and 
a single step tram oxidative addition has been suggested.& The electronic spectra of these 
complexes and of trans-[A~(CN)~BrCl]- have been assigned.664 

A number of organometallic derivatives [AuR~(CN)~]-, R = aryl, have cis stereo- 
chemistry .645 

55.19.2 Isocyanide Complexes 

Isocyanide complexes, such as [AuC13(PhNC)], may be prepared by reaction of the 
isocyanide with H[AuCI4] or by chlorine oxidation of [AUCI(P~NC)] .~  Organometallic 
derivatives have been prepared in a similar way; for example, [Au(C&)(PhNC)] with bromine 
gives [AuBrz(C&) (PhNC)] .406 

55.20 COMPLEXES OF GOLD(V) 

The first pure gold(V) complex to be prepared was [Xe2FI1][AuF6], formed by reaction of 
AuF3 with fluorine and XeFZs5* The [AuF6]- ion is approximately octahedral with r(AuF) 
186 ~ r n . ~ '  

A number of other salts of [Au&,]-, including those with the cations K+, Cs+, NO+, Ol,  
[BrF6]+, [IF6]', XeF', Xe2F:, [XeF,] and KrF+, have since been The simplest 
synthesis involves fluorine oxidation of M[AuF4] to give MfAuF6j, with M = K, Cs or NO.4 

Spectroscopic studies confirm the presence of [AuF6j- in most of the above salts, but in 
[RrF][AuF6 it seems that there is significant interaction between the ions through a brid 
fluoride.6513 b 53-655 This compIex is prepared by reaction of gold in liquid HF with KrF2.6503 Pg 
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Thermal decomposition of [KrF][AuF,] or [O, AuF6 gives the parent fluoride AuF5, which 

exists as a mixture of dimer [Au2F10] and trimer [Au3FIS] with approximately octahedral 
stereochemistry at each gold centre.657 

is a fluoride-bridged polymer in the solid state. 1 1  sp65036 1*654 However, in the gas phase AuF, 

55.21 COMPLEXES WITH GOLD-GOLD BONDS 

55.21.1 Gold-Gold Bonding in Gold(1) Complexes 

In linear gold(1) complexes, the molecules often pack so that short intermolecular AuAu 
contacts are observed. Such AuAu contacts are typically in the region 275-340pm. For 
comparison the AuAu distances in metallic gold, gaseous Auz molecules and binuclear gold(I1) 
complexes are 288.4pm7 250pm and ca. 260pm respectively. A detailed review of the 
structures of gold(1) complexes with apparent intermolecular AuAu bonding has been 
published,' and many examples were given in Sections 55.6-55.11. 

The intermolecular bonding forces between linear gold(1) centres are not directional in 
nature. Thus such contacts can involve pairs of gold(1) centres (e.g. complex 38), linear chains 
of gold(1) centres (e.g. Figures 7 and 8), squares of gold(1) centres (e.g. complex 72) or infinite 
two dimensional arrays of gold(1) centres (e& M~NCAUCN).~,' A bonding picture which can 
explain these data is outlined below. The linear gold(I) complexes are assumed to use the 
6s-5dZz hybrid W2 (Figure 3) and 6p, orbital to interact with the ligands along the molecular z 
axis. The remaining filled 5dZz-6s hybrid orbital, and vacant 6px and 6py orbitals are then 
available to interact in the xy plane, forming the weaker intermolecular AuAu bonding 
interactions. The orbitals are expected to give maximum overlap with AuAuAu angles of 180" 
or 90°, as is observed experimentally, but any such angles are allowed. In the limiting case, 
with strong Au-(Au),-Au chains as in Figures 7 and 8, the hybridization at gold may 
become close to dsp2 giving approximately square planar gold centres. 

55.21.2 Electron-deficient Gold(1) Complexes 

The majority of these compounds are organometaliic derivatives and so they will not be 
dicussed in detail. '~Z~'~Z' The chief interest here is in the gold-gold bonding interactions which 
are observed in such complexes. For example; in the 10-membered ring (2,4,5-Me3Ca2Au)5, 
Au. .  -Au  distances of 269-271pm are observed and in the ferrocene derivative 
[Fe(CSH5){CsH4(AuPPh3)2)]+ the Au - Au distance is 277 pm (Figure 9).658,659 Similar short 
Au . . - M distances are observed in the y-hydrido derivatives (la) and (3a) [e.g. r(Au - + - Ir) = 
276.5pm in In both classes of compounds the AuCAu or AuHIr interactions are 
best regarded as closed three-centre two-electron bonds leading to both AuC and AuAu or 
AuH and AuIr bonding interactions respectively. 

b r 
Figure 9 The structures of [(2,4,6-Me,C6H,Au),] and of [F~(C,H,)(C,H,(AUPP~,)~}]+ 

5521.3 Gold Cluster Complexes 

This section will review an extensive class of compounds containing two or more gold atoms 
in which the average oxidation state of gold is less than one. Several fine reviews on aspects of 
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this topic are available ,4-B3660*661 including articles on bonding,662665 structure,’ X-ray photo- 
electron s p e ~ t r a ~ ~ , ~ , ~ ’  and Mossbauer spectra.w.” Au, clusters have found application as 
labels in electron microscopy studies.668 Emphasis here will be placed on syntheses, structures 
and reactions of the complexes. It will be seen that many of the structures are based on 
tetrahedra or centred icosahedra of gold atoms, and there is now a logical rationalization of 
these observations662-665 

The simplest complex is the binuclear [ A u ~ ( P P ~ ~ ) ~ ] ,  prepared by reaction of [AuI(PPh,)] 
with sodium naphthalide, NaCla8. It is isoelectronic with Hg2C12 but, curiously, has the trans 
bent structure (99 with r(AuAu) = 276 pm and angle AuAuP = 129”, rather than the expected 
linear structure. 2 

A trinuclear cluster { A U ( P ~ ~ C ~ P O M ~ ) } ~  is formed by reaction of methoxide with 
[AuC1(2,4,6-triphenylphosphabenzene)] and is thought to contain a triangle of gold atoms.m 

Two tetrahedral Au4 clusters, (100) and (101), have been ~haracterized.~~’.~~’ Complex (100) 
is prepared by reaction of [Au9(PPh&I3+ with iodide ion. This reaction is fairly typical of 
syntheses in which a higher gold cluster is treated with ligands to give cleavage into smaller 
clusters. Complex (101) contains one terminal iodide and another triply bridging iodide which 
i s  bound only very weakly below the plane containing the Au3P6 atoms. Complex (100) may be 
considered a 54-electron cluster (countin I as a one-electron ligand)665 or a 58-electron cluster 
(counting I as a three-electron ligand))’ while (101) is a 56-electron cluster (considered as 
A ~ ~ ( d p p m ) ~ I + )  or a 62-electron cluster (considered as A~~(dppm)~I (y~- I )  with prI as a 
five-electron ligand) and typifies the difficulties of rationalizing structures in terms of 
conventional electron counting methods. 

I 

The complex [ A U & - - P ~ ~ P C H ~ P P ~ ~ ) ~ ( ~ ~ - P ~ ~ P C H P P ~ ~ ) ]  (NO& is closely related to (101) 
but it contains an extra gold(1) atom with linear PAuC coordination which interacts with the 
cluster. It can be prepared by reaction of atomic old with Ph2PCH2PPh2 and N m 0 3  or by 

Three different structural forms have been established for [Au&l2+ clusters. The first such 
complex was the distorted octahedral [AU6{P(4-MeCd&)3}6]” ion, isolated as the BPG salt in 
minute yield. More recently the neutral [Au6(PPh3)4{Co(CO)4}2] (102) was Prepared by 
reaction of [Au,(PP~~),]~+ with [CO(CO)~]- , and [AG(P~,PC&CH&H~PP~~),] + (103) was 
prepared by reaction of [Au9(PPh&l3+ with the bidentate ligand.675~676 The edge-shared 
tetrahedral structure found for (102) is also seen in Au~(PPh&j(N03)2 (104).663.6n It is clear 
from these structures, from low temperature ‘PNMR studies and from theoretical 
 calculation^^^^^^ that the energy differences between the distorted octahedral, edge-shared 
tetrahedral and bis(edge-capped) tetrahedral structures are very small. 

reaction of [Aug(PPh&l3+ with Ph2PCH2PPh2. 24,679 



Gold 901 

(102) (103) (104) 

An Au7 cluster [Au7(PPh3),]n+ has been partially characterized but details artre not 
available.%l 

Most of the larger gold clusters with 8-13 gold atoms can be considered to be derived 
structurally from a centred icosahedral AuI3 cluster by removal of some of the peripheral gold 
atoms, and a centred Aug chair can be identified. The AU8 clusters so far identified are 
[ A u ~ ( P P ~ ~ ) ~ ] ~ +  synthesized and characterized as both the alizarinsulfonate or hexafluoro- 
phosphate salt, and the [ A U ~ ( P P ~ ~ ) ~ ] ~ +  ion with structures (105) and (106) re~pective1y.~'- In 
the latter complex the central gold atom is not bound to a triphenylphosphine ligand and so is 
exposed. 

!+ 

The complex [AU~L~]'+ (L=PPh3) is prepared by the reaction of equation (73), as 
determined by monitoring the reaction using 31P NMR spectroscopy. In addition [Au&]'+ has 
been shown to be an intermediate in this reaction (equation 74), and the reactions can be 
reversed by addition of [Au(N03)L] (equation 75) 

Aug clusters may be formed by reduction of [Au(N03)L] (L = triarylphosphine) by sodium 
borohydride in ethanal, when [AU~L~]~+(NO:)~ is formed. The structures of the derivatives 
~ A U ~ { P ( ~ - M ~ C ~ H ~ ) ~ } ~ ] ~ +  (107), as the PF; salt, and EAU,(P(~-M~OC~),},]~+ (108) are quite 
different. Complex (107) is based on the centred icosahedral structure with a rectangle of four 
peripheral Au atoms missing, while (108) has a centred crown structure.@' The 31PNMR 
spectrum for (107) contains on1 one resonance in solution even at low temperature showing 
that the complex is and calculations suggest a very low activation energy to 
conversion between different structures.685 However, the solid state 31P NMR spectrum shows 
two 31P environments in the [ A u ~ ( P P ~ ~ ) ~ ] ~ +  ion.m 

The neutral Au9 cluster [AU~{P(C&~)~}~(SCN)~] has structure (lo!)), again based on the 
centred icosahedron but with different gold atoms missing compared to (107). It was prepared 
by reduction of [Au(SCN) {P(C,H11)3]] with borohydride.688 

Finally, reduction of [ A u ~ ( P P ~ ~ ) ~ ]  + gives [ A ~ ~ ( f p h ~ ) ~ ] + ,  with a centred cubane structure 
(110). In mixtures of [Au9(PPh&I3+ and [A*(PPh&]+ there is some paramagnetic 
[A~g(Pph~)~]'+ present in equilibrium (Ke,=4.7) and it can be detected by ESR 
spec t ros~opy.~~ The first gold clusters isolated had the formula [ A u ~ ~ X ~ L , ] . ~  They can be 
prepared by reduction of [AuXL] (X = halide or thiocyanate) with Na[B&] or [Ti(Phh4e)2] or 
by gold atom reactions with [ A U X L ] . ~ ~ ~ - ~  The structures of [AU~,(SCN),(FP~~)~], 
[Aul~I~{P(4-ClC&)~}~~, [Au~~I~{P(~-FC&)~}~]  and [Aul1I3(PPh3)7] have been determined. 
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All are based on a centred icosahedron of gold atoms with two atoms missing, and each 
peripheral gold is bound to either a phosphine or a halide or thiocyanate ligand.m- A typical 
skeletal structure for the [AullX3L,] structure is (111). Some closely related derivatives of 
formula [AullX2L8]+ are also known.692 

(110) (111) 

Reaction of [Au~~(SCN)~(P(~-C~C~&)~}~] with Ph2PCH2CH2CH2PPh2 gave the Aull cluster 
[AU~~(P~~PCH~CH~CH~PP~~)~]~+(SCN-)~. This has a skeletal structure based on the centred 
icosahedron but with one triangle of atoms replaced by a single gold atom at the periphery. 
The geometry, (IU), may be affected by constraints from the chelating ligands.= The complex 
[ Aul I( PMe,Ph) is also known.698 

3+ 

The largest gold clusters which have been characterized crystallographically are the Au13 
clusters [AU~~(PM~~P~)~ , - ,C~~]~+  and [ A U ~ ~ ( P ~ ~ P C H ~ P P ~ ~ ) ~ ] ~ + ,  which were prepared by reduc- 
tion of the appropriate phosphine-gold(1) precursors. The& have the structures (U3) and 
(114), each based on a centred icosahedron of gold atoms.698, This structure is considered the 
parent of the structures found for many of the Au8-Aull clusters, which have different 
numbers of gold atoms missing from the periphery. 

The largest cluster claimed is the remarkable [ A U & ~ ~ ( P P ~ ~ ) ~ ~ ] ,  isolated on reduction of 
[AuCl(PPh3)] with diborane. A reasonable structure, based on analytical, molecular weight and 
Mossbauer spectral data, appears to be a small section of a gold metal lattice surrounded by 
ligands. 

The theoretical treatment of bonding and structure of gold clusters has met with considerable 
success. For the higher gold clusters, the best predictions are that, for a cluster [Au&-~]"" in 
which the peripheral gold atoms define a closed spherical polyhedron, there will be a closed 
shell electron configuration when 12x + 6 electrons are present. The structures of complexes 
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W3)  (114) 

[Au8L8j2+ (102 valence electrons), [Au9L8]+ (114 valence electr~ns),&Au~~L~,]~+ (138 valence 
electrons) and [Au&~]~+  (162 valence electrons) fall into this class. 

On the other hand, if the peripheral gold atoms have a ring or torus structure for 
[Au,L,-,l"+, the number of valence electrons for a filled shell should be 12x+4. The 
complexes AUJ,,]~+ (100 valence electrons) and [AUgL8l3+ (112 valence electrons) fall into 
this class.@ -- 5 

In general, the theoretical predictions are upheld although the energy differences between 
structures are small as a result of the bonding between peripheral gold atoms being weaka5 

Much of the systematics of synthesis of gold clusters can be understood in terms of steric 
effects. For example, to prepare the clusters [ A U , ~ L ~ ~ ] ~ + ,  the ligands must be ~ r n a l l . ~ , ~ ~  With 
larger ligands L, there is not room for the 12 peripheral LAu units in the icosahedral structure, 
and so smaller clusters with two or more of the LAu units missing are formed. Many of the 
structures rely on having some small anionic ligands (halide or thiocyanate) to assist in packing. 
The quantitative aspects of predictions based on steric effects have been aided by calculations 
of Kitaigorodski packing coefficients or of cluster cone angles.",698 

55.22 COMPLEXES WiTH GOLD-MAIN GROUP METAL BONDS 

55.22.1 Complexes with Gold-Boron Bonds 

also a very reactive complex derived from [B5H8]-, thought to be [Au(B~H,)(PP~,)].~" 
The simplest complex is [Au(BPhz)(PPh3)], prepared according to equation (76) .701 There is 

2[AuCL(PPh,)] + [Co(BPh&(PP)Z] - 2[Au(BPh,)(PPh,) + [CoClz(PP)~] (76) 

A more extensive and better characterized series of complexes is derived from carboranes. 
Thus [C2B4H7]- gives [ A U ( ~ - G B ~ H ~ ) ( P P ~ ~ ) ] , ~ ~ ~  [C2B9HI1l2- gives the isomeric complexes 

[Au(GB9Hlopy)(PPh3)]. 5 6 ~ 7 ~ 7 0 7  The gold(II1) carborane derivatives have an interesting 
'slipped' structure as typified by ( ~ E I ) , ~ O  '06 

[Au(S~CNE~~)(CZB~HI~)~  and [Au(S2CNEt&j[Au( CZB~HZI)~], and [(?2B9HlOPYJ- gives 

55.22.2 Complexes with Gold-Group IV Metal Bonds 

The complexes [Au(MPh3)(PPh3)] (M = Si or Ge) can be prepared according to equation 
(77) and the germanium derivative is the more The germanium complex reacts 
with further LiGePh3 to give the Au GePh3),]- ion, and aU the complexes are reactive towards cleavage of the Au-Ge bonds. J,7A 

[AuCI(PPh,)] + [Mn(CO),]- - [AU(MII(CO)~)(PP~,)] (77) 
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A number of complexes with SnC13 ligands are known, and this ligand stabilizes complexes 
in higher coordination numbers than two for g~ld(I) .*~ The known derivatives include 
[ Au( SnC13)( PPh,),] , [ Au( SnC13)( PPh3)3] and [ Au( SnC13)( P( CH~SiMe3)3)2] , and the distorted 
trigonal structure ex ected for [Au(SnC13)L1 derivatives has been confirmed for 
[ A U ( S ~ C ~ ~ > ( P M ~ ~ P ~ ) ~ ] .  P 11-714 

55.23 COMPLEXES WITH GOLD-TRANSH'ION METAL BONDS 

It is difficult to draw sharp boundaries between compounds containing simple Au-M bonds, 
compounds containing a gold atom bound to two or more transition elements, and compounds 
containing two or more gold atoms and one or more transition metal atoms. Thus compounds 
with gold-transition metal bonds may be found in Sections 55.21.2, 55.21.3 and in the 
following sections. 

55.23.1 Compounds Containing Linear LAuM Bonds 

These were the first gold-metal-bonded complexes to be isolated and many examples are 
known.715 They are usually prepared by reaction of the appropriate metal carbonyl anion with 
a gold(1) complex [AuClL], as in equation (77). Some typical examples are given in Table 13. 

Alternative synthetic methods involve use of the transition metal hydride or trialkyltin 
derivative (equations 78 and 79).716,718,721 

Table l3 Some Linear Gold-Metabbonded Complexes 

Complex M Ref. 

V,Nb,Ta 
V, Nb, Ta 
Cr, Mo, W 
Mo 
Mn, Re 
Mn 
Mn 
MI3 
Fe 
Fe 
Fe 
Fe 
Si, Ge 
co 
co 
co 
Rh, Ir 
Ir 

716,717 
716 
718,719 
720 

724 
724,725 
720 
726 
726 
727 
720 
728,729 

732,733 

736 
737 

715,721-723 

730-735 

720, 738 

(79 
-Ph SnCl 

{AuCl(PPh,)] + [P~,SIIV(CO)~] [Au(V(CO),}(PPh3)] 

In these complexes, the gold-metal bonds are apparently weak and polar and, in man' 
cases, the metal carbonyl anion can be dis laced by donor ligands (equation 80)716*m*732*733 a 
well as by halogens and similar reagents. 72P 

[&PAUTa(CO)6] + 2ph3P _* [Au(PPhs)3][Ta(CO)6] w 
The structures of several complexes have been determined.7~7",727,730,731,738 From thl 

structure of [Ph3PAuFe(CO),(q-C3H,)1, it has been suggested that the FeAu bond is bes 
considered as a donor-acceptor Fe-, Au bond.n7 
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55.23.2 Compounds with M(AuPR3), Units (n =2 or 3) 

These complexes are related to those of Section 55.23.1, but have the added feature of 
Au - Au bonding between the gold atoms. They are usually prepared from the metal 
carbonyl anion with [AuCl(PR3)] and some examples are given in Table 14. 

Table 14 Some Complexes with M(AuPR,), Units (n = 2 or 3) 

Complex M Ref. 

The structures of [ (P~~PAu)~V(CO)~]  (116) and of [(Ph3PAu)20s(C0)4] (117) show the 
presence of an approximate tetrahedron and triangle of metal atoms respecti~ely.'~,~" Thus 
AuAu bonding as well as AuV and AuOs bonding is significant. The AuAu bonds are thought 
to arise in much the same way as the intermolecular AuAu bonds between linear gold(1) 
centres and between peripheral gold atoms in gold clusters, that is ptirnatily through 
interaction of fdled d orbitals on gold with empty 6p, and 6py orbitals.747 

AU 
I 
L 

In [((p-dppe)Au2Fe(CO),)2] the two Au2Fe triangles are similar to those in 
[(Ph3PAu)2M(C0)4] (M=Fe or Os) and are well separated. However, in [((p 
dppm)A~~Fe(CO)~)~]  there are additional AuAu bonding interactions and the four gold atoms 
form a distorted rhombus.7"*7459747 

55.23.3 Compounds with AuMC Rings 

Metal carbene and carbyne complexes can act as donors analogous to alkenes and alkynes. 
When gold is the acceptor such interactions can lead to dimetallacyclopropanes or dimetallacy- 
clopropenes, as illustrated by the reaction (81).748 

In analogous syntheses, the anionic metal carbene precursor [(p-C5H5)(C0),W(p- 
CHR)W(CO)5]- gives (US), and using carbyne complexes the derivatives (119) and (120) can 
be built up in a stepwise manner (R = 4-tolyl).74g~750 

(rl-csH,)(co)2 R 
(q-CsHs)( CO),W CR 

RC W(Co),( q-C.&) R ( C O M V G H ~ )  
(118) (119) (120) 



906 Gold 

55.23.4 Gold-Metal Mixed Clusters 

There has been rapidly growing interest in this area for several reasons. Firstly, a number of 
new types of complex with gold doubly, triply or quadruply bridging between transition metals 
have been discovered. Secondly, it has been pointed out. that the H atom and LAu unit are 
approximately isolobal (H using 1s and LAu mostly 6s in bonding) and that neither has 
significant steric effects. Thus it was suggested that, when LAu and H derivatives of a given 
cluster are known, the X-ray structure of the LAu derivative may serve as a guide to the 
position of H in the corresponding hydride In practice, this prediction has been 
useful in many complexes containing only one gold centre. However, when two or more gold 
atoms are present, gold-gold bonding often occurs and the structures are generally not related 
to the hydride cluster structures. 

The synthetic methods used involve reaction of a cluster anion with [AuClL], elimination of 
methane between a cluster hydride and [AuMeL] or addition of LAu' units to metal-metal 
bonds. The emphasis here will be on structure and reactions of the complexes. Some examples 
of mixed gold clusters are given in Table 15, where it can be seen that most work has been on 
derivatives of clusters of iron, ruthenium and osmium. 

The complexes [M~(CO)~~(~Z-COM~)(~~-AUPP~,)] (M = Fe, Ru) have structure (Ul), and 
are formed according to equation (82). They give a good exam le of complexes in which the 
hydride and LAu derivatives of the cluster are isostructural. 752,78 

-cH, [M3(CO)lo(y,-COMe)(~2-H)l + MeAuPPh, - [M3(CO),,(~,-COMe)(y,-AuPPh3)1 (82) 

Another extensive series of complexes is of general formula O~Z(CO)&~-X)(~~-AUPR~)]  
of structure (l22), with X = H, Cl, SCN, NCO and A u P R ~ . ~ ~  -766 These complexes can be 
prepared in a number of ways as illustrated by equations (83)-(85).762-765 Again they are 
isostructural with the corresponding hydrides. 

I 

[OSJI(CO)~~]- + AuC1(PEt3) - 
[OS~(CO) ,~]  + AuCl(PPh3) - 

The related complexes [OS~(CO)~~X(AUPR~)] are thought to have structure (123),762,7m,765,766 
while the remarkable compound [ { OS~(~-H)(CO)~~}~(~~-AU)]-, prepared as the [N(PPh&]+ 
salt by reaction of (122; X = H) with [N(PPh&]Cl, has structure (W). This complex has 
square planar gold(1) bridging between the two Os3 The interaction between gold 
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Table Some Mixed Clusters Containing One or More Gold Atoms 

Complex Ref. 

754 ., 

785 
753 
754 
754 
755 
756,757 
752,757 
756,757 
758 
758 
758 
758 
759 
760 
761,762 
762 
762 
762,763 
764 
765,766 
761 
765,766 
767 
768 
769,770,772 
769,771 
756,769 
771 
771 
770 
770,773 
773 
714 
174 
175 
170 
776 
777 
777 
778 
779 
780 
781 
751 
782,783 
782,783 
782,783 
784 
785 

present; see tcxt. 

and each Os3 cluster is best considered a three-centre two-electron bond, but it is interesting 
that the O s a u  unit has the eclipsed planar configuration. 
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Other trinuclear complexes in which the H and LAu derivatives are isostructural =e (125; 
X = S or PPh),’s8u759 (~WJ)~” and (U7),768 but [Fe(C0)9(p3-HC = NBut)(p2-AuPPh3)] of 
structure (12%) provides an exception. The hydride analogue has a structure with hydride 
bridging a different edge of the Fe3 

L 

The higher clusters with one y2-AuL group also appear to be isostructural with the cluster 
hydrides in most cases. Exam les include [&H3(CO)1Z(A~PEt.3)] (129; M = Ru or Os) and [Os4H(CO)n(AuPEt)] (m). 799,770,772 

Triply bridging AuL groups are found in several clusters. The first example to be 
characterized was [Feco3(CO)9(pz-CO)3(~3-AuPFh3)] (Wl) which is isostructural with the 
corresponding hydride .751 Similar derivatives are [CoRu3( CO)l~(pz-CO)3(p3-AuPPh3)] and 
[Co3Ru(CO)g(p2-C0)3(p3-AuPPh3) whose skeletal structures are shown as (W2) and 
(W3).7839784 

(CO >3 
Fe 

Au 
L 

RU 

Metal cluster carbides have given some very interesting gold derivatives including 
[FeJI(CO)12C(p3-AuFEt3)], in which gold binds to the carbide and two iron atoms as shown in 
(M), and [Fe5(CO),4C(AuPPh3),] in which one gold binds to the carbide and four iron atoms, 
as shown by the skeletal structure (135). Rug derivatives have been prepared by oxidative 
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addition of [PB3AuX] to [RugC(C0)15] to give [RUSC(CO>,~X(~~-AUPP~)] and then, by loss of 
CO, [RU~C(CO)~(~--X)(~~-AUPP~~)] of skeletal structures (136) and (137).774*775 

L 
I L 

(136) (137) 

In (136) and (137) gold is not bound to the carbide, and this is also the case in 
[Ru~C(CO)~~(NO)(~~-A~PP~~)~, where gold bridges between three ruthenium atoms on a face 
of the centred octahedron of Ru atoms, and in the highest nuclearity mixed cluster 

Finally, in this section on clusters with one gold atom, the unusual complex [Rh2(p- 
to the 

[OS&(CO),(/L~,-AUPP~~)] .n87780 

C0)2(C5Me5)2(p2-A~C1)1 is prepared by addition of the AuCl unit from [AuCl(CO 
Rh=Rh double bond of [Rh2(CO),(C5Me5),], and is thought to have structure (138). 7Yl 

c1 
I 

When two or more LAu units 

(138) 

are present in a cluster, they are sometimes not bonded to 
each other. Examples include (l22j with X=AuPPh3, (i35) and the carbide clusters 
[ O S ~ C ( C O ) ~ ~ ( A U P P ~ ~ ) ~ ]  and [R~~c(Co)~~(AuPMePh~)z j  with skeletal structures {WS) and 
(140). However, in the closely related complexes [Fe5C(C0)14(AuPPh3)2] and 
[ R U ~ W C ( C ~ ) ~ ~ ( A U P E ~ & ]  the gold atoms occupy adjacent bridging positions and, at least in 
the latter case, AuAu interactions are significant (the skeletal structures are 141 and 142). 
Variable temperature NMR studies indicate that the RusC derivative is fluxional and that, in 
solution, isomer (140) is in equilibrium with an isomer with structure analogous to (142)."6*7" 
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Particularly interesting is the series of complexes [Ru~H,(CO)~~(AUPP~~)~-,], 
[CoRu3H, (CO) 12(A~PPh3)3-n] and [Con RU~-~(CO)~~(AUPP~~)~-,], containing different num- 
bers of AuL  unit^.^^^,^^^,^^^^^^,^^^ The skeletal structures of the Ru4 series are (l29), (143) and 
(144), those of the CoRu3 series are (132), (145) and (la), and those of C O ~ R U ~ - ~  series are 
(l33), (147) and (146). The way in which the clusters are built up is as follows. The first gold 
bridges an edge (the R q  series) or a face (the CORU~ and ConRu4-, series) of the cluster 
according to the isolobal analogy with the H derivative. However, the next gold caps an AuM3 
or AuMz face, so as to give Au-Au as well as AuMz bonding. The third gold then caps 
another AuM2 face in a similar way. Thus a compact structure consisting of face-sharing 
tetrahedra, with as many adjacent gold centres as possible is built up. 

1 
L 

(146) 

I 
L 

(147) 

Another pair of complexes which fit and extend this pattern are [Fe4C(p-H)(CO)12(AuPPh3)] 
and [Fe4C(CO)Iz(AuPPh3)2], with structures (134) and (148). In (148) the Au2Fea atoms make 
a distorted octahedron, so that the p2-AuPPh3 centre in (l34) moves over to cap the Fe3C face, 
to maximize AuAu and FeAu bonding.754 Further examples are the related complexes 
[Fe3(CO)9(p3-S)(A~PPh3)2] and Ru3 CO)s(PPh3)(p3-S)(AuPPh3)2] which have the skeletal structure (149; M = Fe or R u ) ~ ~ ' , ~  ! (  and [Ru~(CO)~(~~-COM~)(AUPP~~)~] 

L 
(149) 

However, there are exceptions to these empirical rules. For example, 
[ O S , H ~ ( C O ) ~ ~ ( A U P P ~ ~ ) ~ ]  has the structure (Ul), described as two tetrahedra sharing a 
common edge, and [Ru~H(~~-COM~)(CO)~(AUPP~~)~] has structure (W2), in which the 
Ru3Au2 atoms form a distorted square pyramid. Several of these complexes are fluxional, with 
exchange of non-equivalent Au centres being fast on the NMR timescale. Examples are (149; 
M = Ru) and ( S O )  where only one signal is observed for the Ph3PAu units in the 31P NMR 
spectrum.7sg Evidently the energy differences between isomers are small and opening oi 
Au-M and/or AuAu bonds can lead to rapid rearrangements of the cluster  skeleton^.'^' 
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At this stage the field of mixed AuM clusters is in a state of flux with very rapid advances in 
the synthesis and structure of new clusters, and the general pattern of structures, fluxionality 
and bonding only beginning to emerge. Further advances are expected in these areas. 
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56.1.1 INTRODUCfION 
This survey is in two parts, the first dealing with the coordination chemistry of zinc and 

cadmium, particularly the recent rapidly growing activity in the stuctural investigation of 
complexes of these elements with a wide range of ligands, and the second, with the biological 
aspects of zinc and cadmium chemistry. We begin with an account of the application of physical 
techniques to the study of the coordination chemistry of zinc and cadmium and then focus 
mainly on the structural features of their complexes, classified according to ligand. 

The coordination chemistry of zinc and cadmium in both the non-biological and biological 
weas has been the subject of intensive research; every reference cannot be cited and selection 
has had to be severe. Priority is given mainly to work of the last 10 years but frequent 
references to reviews are provided in the text, both to those which are mainly comprehensive 
listings of papers and to those which deal critically with a particular topic leading back into 
earlier work. Wherever possible references have been chosen with the latter feature in mind, 
particularly where several reports on one topic have appeared at about the same time. 

The general chemistry of the two elements has recently been surveyed in detail by Aylett' 
and the well-established main features of the chemistry, particularly structural features, are 
described in standard texts.' Earlier work and particular aspects are also well d~cumented;~,~ 
more detailed coverage of earlier work is also availableM and earlier work has been 
periodically re~iewed.~ Structural work on inorganic systems is particularly well described and 
correlated by Wells. * Recent developments. in the coordination chemistry of these elements is 
comprehensively surveyed in refs. 9-15 and 1468b-j and a similar coverage of recent aspects of 
reactivity and mechanism is to be found in refs. 15-22. It is not practicable to cover in detail 
the large volume of work which has been carried out on the determination of the stability 
constants of zinc and cadmium complexes* with a large range of ligands but a selection of these 
are to be founduFm and selected thermodynamic information is also available.25,1468i 
Procedures for the determination of stability constants are well documented26a and critical 
surveysxb of the computer programmes which are so much a part of such studies are now 
available. Detailed information on sources of data from recent studies in this area are to be 
found in listings of references .s15,146&-h A very large number of preparations have been 
reported, but in general unless several techniques are used in the study of the products to give 
convergent structural information they will not be surveyed here but listings and references to 
them are readily a ~ a i l a b l e . ~ ' ~ ~ ~ ~ ~ ~ - ~  

We shall first explore some of the important structural features of zinc and cadmium 
complexes and, to anticipate our findings a little, we shall find a rich variety of stereochemistry 
for each of these elements. One of their most striking features is their stereochemical 
flexibility; each is willing to submit readily to the structural demands of the ligand, but they 
often do so in different ways. In the second part of this survey we shall see how this ready 
variation of stereochemistry is put to good use in the active site environment-and probably 
function-of the supremely important zinc metdloenzymes, enzymes which are capable of 
dramatic catalysis of a wide range of reactions. 

56.1.2 THE APPLICATION OF PHYSICAL TECHNIQUES TO THE STUDY OF 
COORDINATION AT ZINC AND CADMIUM 

56.1.2.1 NMR, NQR and Related Topics 

A fairly recent development in zinc and cadmium chemistry has been the use of NMR to 
study the coordination environment of these metals; '13Cd and 67Zn nuclei have been 
* A structure-reactivity relationship which predicts formation constants of complexes with organic ligands has been put 
forward."b 



Zinc and Cadmium 927 

studied and, of course, much information has been obtained by studying the NMR of nuclei in 
ligands. The following studies serve to illustrate these developments; additional information is 
available in sections on ligands and in the biochemical section. 

Several studies have now been made on the high-resolution NMR of "'Cd (natural 
abundance = 12.8%, I = 1) and '13Cd (natural abundance = 12.3%, I = 3); the '13Cd 
(13.31 MHz at 1.4 T) NMR spectra of aqueous solutions of cadmium(I1) salts in the presence 
and absence of many uni- and bi-dentate complexing agents have been A large 
non-linear variation in chemical shift with concentration in the 0.1-5 mol 1-1 range for the free 
halide salts shows formation of both mono- and poly-halogeno complexes. Cadmium sulfate, 
perchlorate and nitrate show linear relationships depending much less on concentration, 
suggesting little association, although the results for nitrate in these studies are in contrast with 
previous Raman results which showed considerable coordinated nitrate. In the presence of a 
wide variety of organic and inorganic ligands, the shifts produced are essentially linear, and we 
may now conclude that: (i) ligands binding through oxygen (sulfate, nitrate, nitrite, acetate, 
formate) cause increased shielding of the cadmium nucleus; (ii) those binding through nitrogen 
(ammonia, pyridine, azide, ethylenediamine) produce a marked deshielding; (iii) ligands in 
which binding via sulfur seems probable (thiourea, thiocyanate) cause very large deshielding. 
Many of the nitrogen ligands also produce line broadening, which stems from an apparently 
slower dissociation rate of these complexes. The chemical shifts, or the broadening, may be 
used for the titrimetric determination of binding constants. 

Similar results are found in "'Cd (16.31 MHz at 1.807 T) NMR studies;" large non-linear 
chemical shifts with concentration of cadmium chloride solutions were observed, while the 
nitrate, sulfate and perchlorate show much smaller linear shifts, consistent with the formation 
of stable chlorocadmium complexes even at low concentration. 

Colton has reported "'Cd NMR data for a comprehensive selection of tetrahalocadmate(I1) 
ions:' and has also investigated the equilibria established in solutions containing cadmium and 
several different halides ions. Colton has also investigated a range of [CdX2(PB~3)2] and 
[ C ~ & ( P B U ~ ) ~ ]  complexes, together with mixed cadmium-mercury phosphine complexes.31 
The formation of edtaH, complexes has been studied by '13Cd NMR, and a series of solution 
equilibria were proposed to account for the results.32 Biochemical applications of '13Cd NMR 
include the study of cadmium-substituted horse-liver alcohol dehydr~genase~~ and cadmium- 
substituted carbonic anhydrase (see Section 56.1.13.2 et seq.).34'1466d7'468*h 

Promising results are being obtained from the application of magic angle spinning techniques 
to the l13CdNMR study of solid cadmium compounds3537 and further development of this 
method is yieldin interesting results. Using FT methods, millimolar concentrations of Cd 
can be studied by h d  NMR.35 The range of chemical shifts found for a variety of organic and 
inorganic complexes was ca. 640 p.p.m. [relative to Cd(C10&] and is consistent with the '13Cd 
chemical shifts being dominated by the paramagnetic contribution to the shielding constant. 
The range of '13Cd chemical shifts spanned by the organocadmium compounds reported is in 
excess of 300 p.p.m., i.e. about 15 times that of the =C range, the order of which, in increasing 
shielding, is CdMea < MeCdEt < CdEtz < CdPrT < CdBu? < CdPh2. This trend is not 
observed in dialkyhercury compounds, where the n-propyl and ethyl shieldings are reversed. 
Cd-C and Cd-H coupling constants are reported. Alkyl group exchange in the system shown in 
equation (1) has been demonstrated. The rate of exchange is slow on the NMR timescale 
( 4 . 5  x 102 s-'). l13Cd organometallic chemical shifts are very sensitive to the Lewis basicity of 
the solvent. G measurements indicate that for aqueous solutions of Cd(C10& and CdC12, the 
intermolecular dipole-dipole contribution to relaxation is significant, while the mechanism of 
relaxation for CdBr, and Cd12 is unclear; the mechanism of relaxation in the CdR2 systems is 
predominantly spin rotation. Further examples of the use of Cd NMR are given under the 
appropriate ligands. 

CdMe, + CdEt, === 2Cd(Et)(Me) (1) 

A full description of the application of Fourier transform NMR methods to 67Zn (natural 
abundance, 4.12%, I = $ ,  resonance at 4.81MHz at 1.807T) appeared in 1974.39 The 
dependence of the chemical shift on concentration for solutions of Zn halides is strongly 
non-linear, higher frequencies being observed with increasing concentration, an effect partly 
ascribed to the change of stereochemistry from octahedral to tetrahedral on passing along the 
series from [Zn(Hz0)6]2+ to [ZGI2- .  No shift with concentration was found for the (JOT, 
NO;, and SO$- salts. For the halides, an anomalous shift to higher frequency was observed on 
substitution of DzO as solvent, whereas no shift was observed for the salts containing 
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non-coordinating anions. Similar results were obtained from '*Hg studies. The halides show 
increasing chemical shift with increasing temperature and line widths are sensitive to 
concentration, pH, temperature and the nature of the anion. Two slightly earlier r e p o r t ~ , ~ - ~ l  
by the same group, on the concentration dependence of the chemical shift pointed out that this 
behaviour resembles that found for analogous cadmium systems and is attributable also to the 
formation of mono- and poly-halogeno complexes, even at low concentrations. 

Recently 67Zn NMR studies of imidazole and carboxylate complexes30 and the thermolysin- 
zinc complex42 have been described and '13Cd NMR studies of a wide range of complexes have 
been reported;G53 lI3CdNMR data for pyridine adducts of Cd" @-diketonates show the 
influence of the sulfur and nitrogen donors on the chemical shift.54 Cadmium NMR studies on 
cadmium fluoride have also been re ~ r t e d . ~ ~  A 'I3CdNMR study of '13Cd-enriched phosphine 

cadmium dithiophosphate complexes has been de~cribed.~' 
A number of multinuclear NMR studies (lH, 13C, 57Zn, 'I3Cd and 77Se) of the [ML412- 

(M=Cd or Zn; HL=RSH) and [MLI2- (M=Zn or Cd; H2L=chelating dithiol) s ecies 
including the mixed ligand complexes [Cd(SPh),(SePh)+n]2-, have been reported.dk46 A 
'13Cd NMR study of [Cdlo( SCH2CH20H)16]4+ has been reported .56 

Ligand nuclei have been the subject of many studies, for example, 35Cl NMR has been used 
as a probe of chelated zinc(I1)  environment^.^' Molar relaxivity is suitable for characterizing 
the zinc environment in terms of the quadrupolar relaxation of 35Cl nuclei that it can produce in 
0.5 M NaC1. Bidentate chelation (glycinate, glutamate, succinate) increases its effectiveness in 
producing 35Cl relaxation. Terdentate chelation (iminodiacetate, aspartate) can either increase 
or decrease the amount of relaxation caused by zinc. The least relaxation is produced when the 
ligand atoms have a formal negative charge and a large acidity constant. In some instances, zinc 
chelated by four ligand atoms (nitrilotriacetate) is effective for 35Cl relaxation, and therefore 
such chelation does not represent a coordinatively saturated environment a point of significance 
in terms of zinc function in metalloenzymes (see Section 56.1.14.1.1). Molar relaxivities for 1 : 1 
and 2: 1 chelates usually differ and it is possible to derive formation constants which are 
consistent with literature values. In a number of systems, hydrolysis reactions are readily 
identified. Data are readily a ~ a i l a b l e . ~ ~ ~ , ' ~ ~ ~  

A wide range of pyridine complexes have been investigated. The 13C NMR chemical shifts of 
the ligand carbon atoms in such complexes have been correlated with the polarizing ability of 
the metal ion58 and a good correlation between the calculated pK, value of the ligand and 5 
was observed. A multinuclear NMR study (13C and "N) of 13CN-enriched cyano complexes has 
been reported {[Zn(CN)4r-, 8.9 Hz, S(l'C) -19.0, s(l5N) -101.4; [Cd(CN),12-, Jcs 
7.7Hz, S("C) -16.5, 6( 5N) -97.8; 6(13C) with res ct to KCN, S(15N) with respect to 
NaN03} .59 Recent developments have been 

Measurements of 'H NMR of zinc and cadmium complexes, both in solution and of crystals, 
have been made. A broad-line 'HNMR study of [Zn(OH2)6][C104]2 over the 4.2-363K 
temperature range confirms the basic octahedral symmetry of the cation, although some 
reorientation of the water molecules does occur.6o 

A 'HNMR study of hydrated zinc acetate has been made, and a comparison with the 
corresponding cadmium species reveals that the geometry of the crystal is dictated by the 
number of water molecules and the anion, rather than by the cation.61 

The rotational motion of the ammonium ions in ammonium trifluorozincate has been studied 
over the temperature range 298-1 K by 'H NMR methods." Halogen NQR studies of [%I* 
and [MX3]- salts (M = Cd or Zn; X = C1, Br or I) have been reported.@ 

The lattice dynamics of [Zn(H20)6] [C1O4I2 have been investigated by 'H NMR (4.2-363 K) 
and vibrational spectroscopic  method^;^,^^ monitoring of the IR-active vibrational modes of 
the coordinated water revealed phase transitions at 284,256.5 and 233 K. A 'H NMR study has 
also revealed that the water-perchlorate hydrogen-bonding interaction in [M(H20)6] [ClO4I2 
(M = Zn or Cd) is significantly weaker for the cadmium compound.66 The interconversion of 
the isomers of cadmium complexes of the imines RC(S]CHR'CH=NRPr' has been followed by 
IHNMR over the temperature range -50 to 60°C.' '?FNMR has not been neglected, for 
instance, the magnetic screening of the '% nuclei in the complexes ZnF2.xHa0 (x = 4, 7 or 10) 
and ZnF(0H) has been calculated from 1v NMR studies.6B 

A considerable number of NQR studies have been made on zinc and cadmium complexes, 
for example, the "Cl, 'lBr and lUINQR spectra of a number of CdX2-polyether complexes 
have been reported and indicate that the compounds are dimeric in solution, with symmetrical 
halogen bridges between the metal atoms.@ A number of amino acids and peptide complexes 
of cadmium(I1) have been investigated by 14N NQR spectrosc~py.~~ 

oxide complexes has been reported 4 f  and a multinuclear NMR investigation (31P and 'I3Cd) of 
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The cadmium(I1)-pyridine system has been quite extensively st~died,'~?" and the I4N NQR 
spectra of the complexes [Cd2(py)3(NO3)4], [Cd(py)2C12] and [Cd(py)3(N03)2]73 have been 
reported. I4N NQR data on the Zn(C104)2 complex with hexamethylenetetramine have been 
obtained.74 The 14N NQR spectra of the complexes [Zn(~y)~(N0~)2],  [Zn(py)s(N0,)2] and 
[ Z n ( ~ y ) ~ X ~ l  (X = C1, Br, I, NCS or N03) have been rep~rted.~'  Non-coordinated cations in 
some zinc complex salts have also been studied, e.g. the Raman and 87RbNMR s ectra of 
Rb2[ZnC4]76," and Rb2[ZnBrd7"80 have been reporteci. High-resolution solid state 'C NMR 
spectra [Me4NI2[ZnCb]' and ClNQR spectra of K2[ZnC14]82 have also been reported. The 
tetrahedral complexes [MX2L] (M = Zn or Cd; L = pyridine or substituted pyridine; X = 
halide) have been studied by halogen NQR and 13C NMR ~nethods,'~ 

There is no doubt 
that 13C NMR provides a powerful tool for investigating the coordination of organic ligands and 
their acid-base behaviour .la- 

Recent developments have been the subject of several 

56.1.2.2 x-Ray Diffraction, Photoelectron Spectroscopy, Vibrational Spectroscopy and 
E M S  

In recent years the technique of X-ray scattering on solutions of metal complexes has yielded 
interesting results on coordination geometries and metal-ligand distances;'46%J a most 
interesting finding is that metal-ligand distances of the complexes often differ from those found 
in the solid state and instances of this are pointed out under the various ligand headings. A 
recent illustration of the application of this technique combined with Raman spectroscopy is 
provided in the study of zinc-en complexes in aqueous solution; [Zn(en)2]2+ and [Zn(en),I2+ 
have the expected tetrahedral and octahedral geometries re~pectively.~~' * 

A considerable number of studiesof photoelectron spectra of zinc, cadmium (and mercury) 
compoundsab have been described; as we shall see below the results are often not without 
controversy. The He' photoelectron spectra of the zinc dihalides have been recently described 
and comparison with mercury is interesting here.85a In contrast to previous work, the 3d 
ionizations are well characterized. The fine structure can be interpreted only on the basis of 
weak crystal field effects, and there is no evidence for covalency on the art of the inner 3d 
electrons. Preliminary results on Zn dialkyls lead to the same conclusionJb In the 
photoelectron spectra of HgMe2, CNHgMe and Hg(CN)2 show an orbital energy sequence 
(6 > n > a) which is opposite to that deduced for the Zn compounds (a > n > 6) .  Preferential 
stabilization of the n ( d )  level on substitution of Me by CN in HgMez and MeHgCN is 
attributed to back-donation of electron density from d n  orbitals to the antibonding K* orbitals 
of the cyanide. This was regarded as the first direct evidence for dn-n* back-bonding in 
compounds involvin formally d10 cations of the B sub-group elements. Again, the results of a 
photoelectron stud& of Zn, Cd and Hg halides (except the fluorides) differed from those of a 
previous report. Much larger chemical shifts are observed for the inner 3d metal orbitals, and 
analysis of the results leads to a larger electronegativity for Hg than for Zn, contrary to the 
previous result, but in agreement with the Pauling scale. A reinterpretation of the Allred- 
Rochow electronegativity values for these elements using more accurate screening constant 
values gives an order of Zn 5 Cd < Hg, in agreement with these spectroscopic results and the 
Pauling scale. 

It is interesting to compare these findings with those of a slightly earlier study in which the 
photoelectron spectra of gaseous zinc, cadmium and mercury halides were investigated ,- 
Assuming a linear molecule, a simple MO scheme was assigned, and the valence structure 
appears to be 4dn:xf .  Spin-orbit splitting of the ng and xu orbitals is observed, with the ng 
splittings generally being greater than those of the nu orbitals, and the iodide splittings 
exceeding those of the bromides. It is notable that the nu molecular orbital has metal 
contribution, whereas the ng does not. There is a striking discontinuity in the energies of most 
of the molecular orbitals on going from cadmium to mercury (Zn > Cd > Hg), in common with 
the trends observed for several other properties of compounds of Group IIB. An order of 
electronegativity may be deduced which is in agreement with the Allred-Rochow scale 
(Zn > Hg) but at variance with the Pauling scale. 

Photoelectron spectra of ZnF2 in the vapour phase have been recorded using pseudomolecu- 
lar beam techniques, and it is proposed that the valence shell configuration is: 

(%)4(4)4(%)z F (%,)'(.;l)'(~")2((..,)4 

*Related and important studies are to be found under the appropriate ligands and are surveyed in recent 
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This differs from the configuration assigned to the other Group IIB dihalides, but closely 
resembles those of the IIA dihalides.” The photoelectron spectrum of CdF2 was also recorded 
with results very similar to those reported for ZnF2.’la 

Photoelectron spectroscopy studies have not been confined only to halides.’lb The X-ray 
photoelectron spectra of the phosphides, sulfides and oxides of Zn show% that incomplete 
screening of the (n + 1)-s and -p electrons through the nd shells leads to non-systematic 
changes of orbital energies and valence electron radii in the first, second and third row 
elements. Interaction of the metal 3d state with the 3sp of the bonded element considerably 
affects the valence bands of the compounds, and thus should be taken into account when 
considering the electronic structure of Zn compounds. IR and X-ray photoelectron studies 
have been reported on the oxygen-bonded hydrox lamide derivatives MX2(0NHZMe)2 
(M = Zn or C; X = C1 or Br) and MC12(ONH20H)2.g3~JThe X-ray photoelectron spectra of a 
series of metal chelates of edta (including Zn)95 show a nearly linear relationship between the 
chemical shifts of the N ( l s )  electron binding energies and the charge on the N atoms of the 
chelates, calculated using Pauling electronegatives. Further information is available.l4--g 

The photoel&tron spectra of the complexes [NR.,]2[Z&] (X = C1, Br, NCO, NCS or NCSe) 
have been reported.% A decrease in binding energy is noted on increasing the R chain length in 
the tetraalkylammonium ion, while the trend in binding energies associated with X follows the 
spectrochemical series. In a related area the ionization spectra of ZnC12 and CdCl, have been 
determined, and compared with the calculated ionization potentials.97 The spectra consist of 
three groups of energies; the first is due to the metal outer valence s orbitals and the chlorine p 
orbitals, the second to the metal d orbitals, and the third to the chlorine inner s orbitals. 

A large number of IR and some Raman studies of zinc and cadmium complexes with various 
ligands have been made and some of these are described under the appropriate ligand. The 
following studies show features of interest and earlier work is well documented in them. The 
complete vibrational spectra of K2M(CN), (M=Zn,  Cd or Hg) and [Zn(NH&]12 have been 
reported.9s101 An IR study of K2M(CN), and M(CN)2 up to pressures of 30 kbarlm shows a 
lowering of the symmetry of the [M(CN),I2+ ion to I& through compression when M = Zn or 
Cd, while either L)2 or C, symmetry must be considered when M=Hg. The symmetry of 
Zn(CN)2 is also lowered, whereas M(CN)2 (M=Cd or Hg) are converted into highly 
symmetric forms. The behaviour of CdF2 under high pressure has also been studied using 
Raman spectroscopy.1m A study of the vibrational spectra of ZnFX, CdF2 and CdFX (X = C1 
or Br) has been made; for the latter the mixed halo species were prepared by mixing equimolar 
amounts of CdFz and CdX2 in the vapour phase. The fluorohalides were characterized as 
molecular species for the first 

Cadmium complexes have not been neglected in these and other physical studies. For 
example, an electron diffraction study of CdBr2 has been made, and it was concluded that the 
equilibrium structure corresponds to a linear Br-Cd-Br molecule, with a Cd-Br distance of 
2.372 8, and a Br-Br distance of 4.694 A.105 Raman and IR spectroscopic studies of CdC1, 
have also been reported.’06 The Cd2+-en system is of interest, and a detailed study of the 
vibrational spectra (IR and Raman) of [Cd(en)(N02)2] and its deuterated derivative has been 
reported. 

The relatively recent technique of quantitative Raman spectroscopy has been appliedima to 
the determination of the equilibrium constants for the reactions in equation (2). The 
advantages of the technique include the direct proportionality of the signal obtained for a single 
complex species in a complicated equilibrium to the concentration of the species; this is 
particularly advantageous in cases of mixed complex formation, where most methods give 
only indirect evidence for the existence of mixed species, and where very complicated 
relationships exist between measurable quantities and the total concentration of reactants. The 
results obtained (K0-K3=5.3,  8.5, 5, 0.45) agree well with previous values obtained from 
polarographic and potentiometric studies. 

and further developments have been surveyed.1468c-h 

[Cd13-nBr,+l]z- + I- [CdBr.bLnJ2- + Br- n = 0-3 (2) 
The thermochemistry of complexing of gaseous transition metal ions, including Zn and Cd, 

with Group V and Group VI li ands has been reviewed.lWb Gaseous cluster ions including Zn2 
and Cd2 have been reviewed.’ Bb 

EXAFS studies are few in this area; an interesting one on solutions of ZnBrz in EtOAc has 
indicated that quasi-solid clusters, resembling the crystal environment , persist even in dilute 
(0.05 M) solution.lW Biological applications are important. 1463,1466g7h 

Theoretical studies in this area are not very numerous but ab initio molecular orbital 

B 



Zinc and Cadmium 93 1 

calculationsllO on the binding of H2S and [HSI- to Zn" suggest that sulfur binding is less 
favoured than the binding of H20, OH- and NH3, and also allow an assessment of the effect of 
coordination on the acidity of H2S. 

Ab initio MO calculations have also been reported for the species [ Z ~ ( O H Z ) ~ ] ~ + ,  [Zn(OH)Z] 
and [Zn(OH)4]2-.111,112 Th e hexaaquazinc(I1) ion was calculated to possess regular octahedral 
symmetry, while in the other species the Z n - 0  bond angles and bond lengths were calculated 
to be a function of the number of hydroxy groups bonded to the metal. Of particular interest, 
as we shall see, to the functions of zinc in biochemical systems is its flexibility in coordination 
number and g e ~ r n e f r y , ~ ~ ' ~ - ~  and in this connection a theoretical study of five-coordination 
in complexes of stoichiometry bis(unidentate ligand)(terdentate 1igand)metal is intrig~ing.''~ 
Minimization of the repulsive energy terms shows that neither trigonal bipyramidal nor square 
pyramidal is the expected stereochemistry; this arises simply from the relative rigidity of the 
chelate rings and is quite distinct from any other steric interaction in the molecule. 

Recent developments have been surveyed. 1468eh 

56.1.3 HYDRIDE AND RELATED LIGANDS 

A convenient and economical synthesis of ZnHz has been reported.l14 The 1 : 1 reaction of 
NaH with ZnCl, or the 2: 1 reaction of LiH with ZnBrz or NaH with ZnIz produces only the 
alkali metal halide and ZnHz. The reaction of KH with ZnClz in various molar ratios yields 
initially ZnHz and KCI, although the KC1 reacts further with ZnCl, to yield KZnZCl5. The 
ZnHz prepared by this method is more thermal1 stable and reactive than that prepared by 
reaction of LiA1H4 with Zn alkyls. The reaction'l'of ZnX2 (X = C1 or Br) with AIH3 produces 
a complex hydride of composition H3Zn2X, while reaction with Zn12 produces a complex 
Zn12.AlH3. Reaction of CdIz to give HCdBr is slow. Little structural characterization is 
possible because of product insolubility. IR studies of the alkali metal borohydrozincates 
LizZn(BH4)4, NaZn(BH&-EtzO, K2Zn3(BH&, MZn(BH4)3 (M = Na or Rb), 
Cs,,Zn(BH&, and several hydrates and etherates have been reported.'l6 Bonding is 
postulated to resemble that in borohydroaluminates and covalent borohydrides. 

Complex zinc hydrides of composition MnZnmH2m+n (M = Li, Na or K) may be synthesized 
by reaction of the appropriate M,Zn,Rh+,, alkyl with either LiAla ,  NaAlh  or A1H3.117 
Thus, the reaction of Li2ZnMe4 with LiAlH, produces LizZnH4, which is also the product of 
the reactions of LiZnRzH (R = Me, Bus) and LiZn2Me4H with LiA1H4. The reaction of LiAlH, 
with LiZnMe3 produces LiZnHJ. In contrast to the reaction of Z ~ ( B U ' ) ~  with KH, which yields 
K2ZnH4 directly, KH and ZnMe2 react in a 1 : 1 ratio to produce KZnMe2H. Reaction of this 
with a further mole of ZnMez gives the complex KZnzMe4H, which, like its lithium and sodium 
analogues, decomposes when attempts are made to isolate it. The complexes MZnZH5 may be 
prepared by the reduction of either MZnMezH (M= K or Na) or MZnZMe4H (M=K) with 
AlH3, while reaction of MZnMezH (M=K or Na) with MAlH4 (M=K or Na) gives the 
MZnH3 complexes. Structural data are generally difficult to obtain because of the insolu- 
bility of the hydrides. Borohydride complexes are well established; the adduct 
[(Cp)zNb(CO)H.Zn(B&)2]118 involves hydrogen-brid ed Nb and Zn (Nb-H-Zn = 107") and 
direct Nb-Zn bonding [r(Nt+Zn) = 2.829AI. Each bH4)-  fragment is bidentate with respect 
to the zinc. Several syntheses have been described for Mgz11H4.l~~ 

56.1.4 NITROGEN LIGANDS 

56.1.4.1 Ammonia, Hydroxylamine, Hydrazine and Azide 

A wide variety of zinc and cadmium complexes are formed from these ligands and in some 
cases, e.g. that of ammonia and the ammine complexes, they have a long history.23*6,s They 
have been widely studied both in the solid state and in s~ lu t ion .~ ,~~ , "  Here attention is drawn 
to some recent d e ~ e l o p m e n t s . ~ ~ ' ~ ~ ~ ~ " - ~  

Detailed Raman and IR studies on the ions [M(NH3)4]2+ and [M(NH3)6]2+ (M = Zn or Cd), 
including ''N labelling, have been used in the calculation of force constants for the M-N 
bonds in those complexes. The force constant increases with decreasing coordination number 
and decreases from zinc to cadmium.120,121 

A number of structures in solution, of ammine and related complexes, have been determined 
by X-ray diffraction techniques, supported by the use of Raman spectroscopy. A study on 
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aqueous solutions containing zinc(I1) or cadmium(I1) chlorides and ammonia at various mole 
ratios revealed the tetrahedral species [Zn(NH3)4]2+ and [ZII(NH~)~C~]+ , which were 
characterizedlZ with r(Zn-N) = 2.03 A, and r(Zn-N) = 2.00 8, and r(Zn-Cl) = 2.30 A, 
respectively. No species of higher coordination number could be observed. For CdCl,, (with 
NH3/Cd = 9.9) the octahedral hexaammine complex was present [r  Cd-N) = 2.37 A].'= The 
same approach has been used to study [Zn(e11)~1~+ and [Zn(en)3]2+, 24 which have tetrahedral 
and octahedral stereochemistries with r(Zn-N) at 2.131 and 2.276 A, respectively. Interest- 
ingly the Zn-N distance in the: tetraammine complex is shorter than that in [Zn(en),]'+. 

A crystal structural analysis of [Zn(NH3)4]12 has been reported; the near-tetrahedral cation 
closely resembles that found in the corresponding triiodide salt reported earlier,'25 with Zn-N 
distances in the range 1.997-2.030 The crystal structure of [Zn(NH3)4][13]2(1) shows the 
metal to be in a tetrahedral N4 environment, and the triiodide ion to be nearly 1inear.l" 

\ 

The complexes [M(NH&][ReO4I2 (M = Zn or Cd) have been d e s ~ r i b e d l ~ , ~ ~ ~  and investi- 
gated spectroscopically and thermogravimetrically . Thermal decomposition of these salts leads 
to the novel species [M(NH3)2(Re04)2]J containing monodentate oxygen donor perrhenate 
ions. The crystal structure of [ Z ~ I ( N H ~ ) ~ C ~ ~ ]  shows the metal to be in a near-tetrahedral N 2 Q  
environment [(Zn-N) = 2.024 8, and (Zn-Cl) = 2.273 A] .130 

There is considerable interest in zinc-ammine complexes as host molecules and several 
structural studies have been made; the clathrate complex [Zn(NH3)4] [Ni(CN),]-O. 1PhOH.H20 
has been described.131 

The compounds M(NH3)2Ni(CN)4 (M = Zn or GI), which consist of two-dimensional 
polymeric sheets of tetracyanonickelate ions bridged by coordinating diamminemetal(I1) 
cations, function as host lattices for clathration of small aromatic molecules such as thiophene, 
furan, pyrrole or pyridine; IR studies indicate the presence of hydrogen bonding between the 
host lattice ammonia and the aromatic guest  molecule^.^^'^^^^ A crystal structure determination 
of the related clathrate Cd(en)Ni(CN)4(pyrrole)2 has been r e ~ 0 r t e d . l ~ ~  Similarly, the complex 
Cd(py)zNi$CN)a consists of polymeric [Cd-Ni(CN),], layers held together by Cd-bound 
pyridine. l3 

Raman spectral studies of solutions of metal nitrates in li uid ammonia show a coordination 
number of four for zinc and mercury, but six for cadmium.'' Dissolution of ZnClz and InCIJ in 
a 1 : 2 ratio in liquid HCN yields [ZII(NCH)~] [InCL], with HCN coordination via nitr0ge11.l~' A 
Raman study of the compounds [Cd(NH3),]X2 (X=Cl, Br or I) has been 
Structural determinations of A2Zn(NH2)4 (A = Rb or K) reveal monomeric tetrahedral 
anions. 139 

Hydroxylamine (L) complexes of the formula MX& (M = Zn, X = C1, Br or $SO4; M = Cd, 
X = C l  or Br) have been prepared. An interesting difference is found between zinc and 
cadmium; depending on the method of preparation, the ligand is bound to zinc either via 
nitrogen or via oxygen as its N-oxide; coordination to cadmium is exclusively as the N-oxide,lM 
In complexes of the stoichiometry MX2(MeONHZ)' (M = Zn, X = C1; M = Cd, X = C1, Br or 
I), bonding is via 1itr0gen.l~~ 

Stability constant measurements for the aqueous Zn2+-azide system indicate that four 
mononuclear complexes of moderate stability are formed, whereas for mercury, maximum 
coordination of only two azide ligands is ~bserved. '~~~'" Com plexation of Cd" in aqueous 
NO;-N, yields the mixed species [Cd(N03)(N3),]("-')- (n = 1-4). 144 Crystallographic structu- 
ral determinations of A2Zn(N3)4 ( A = K  or Cs) have been re orted; the former exhibits 
isolated Zn(N3)z- tetrahedra with linear azide (N-N = 1.18 A).".'" Thermal decomposition 
of the above compounds yields nitrogen and Zn3Nz as the main products.14' A new 
a modification of Zn(N3)z has been obtained by the use of an ethereal solution of 
HN3.lM The compounds -X2 and ZnLClz (M = Zn or Cd; X = halide or pseudohalide; L = 
MeNHOH or MeON€€2),149 [M(N2H4)3(N03)2] (M = Zn or Cd), [Cd(N2H4)2(N03)z] and 
[Zn(N21€,)2(N3)2] ,150 which are of interest as primary explosives, have been described. 

Formation constants for [Cd(N3),]("-2)- have also been measured (n = 1-5).15' For Zn" or 

' 
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Hg", only four or two complexes may be formed, respectively. Hydrazines and substituted 
hydrazines are the subject of a number of recent studies, for example, the reaction of CdF, 
with 80% hydrazine yields only the oxyfluoride (N2H&(CdOFZ), but reaction with anhydrous 
N2H, yields the adducts CdFz.2N2H4 and CdF2.3N2H.+, which are postulated to contain double 
and triple hydrazine bridges. 15' 

Reaction of hydrated CdC,04 with hydrazine yields Cd(~04)(N2H,).0.5H20 which may be 
converted into Cd(C204)(N2H,J2. In both cases, hydrazine acts as a bridging ligand; in the 
former the oxalate is ionic, while in the latter it is bidentate.lS3 

N-Acylhydrazine (L) derivatives of the stoichiometry MX2L (M = Zn or Cd; X = NCS, 
NOz, NCO or +SO4; L = formyl-, benzoyl- or nitrobenzoyl-hydrazine) have been prepared; the 
ligand is N ,O-chelate bonded in all 

The complexes ML-ynH20 (M = Zn or Cd; H2L = diformyl- or diacetyl-hydrazine) have also 
been synthesized, and are dimeric or polymeric with the quadridentate hydrazine acting as a 
bridging ligand. 158*159 A normal coordinate analysis of diformylhydrazine and its zinc complex 
with deprotonated ligand has been reported. 160 

Malonic acid dihydrazide (L) complexes of the stoichiometry MLSO4-xH20 (M = Zn or Cd) 
have been synthesized; a structure determination of ZnLS04.3H20 reveals an 
[(H20)2ZnLZn(H20)2](S04)2~2H20 dimer in which the ligand is quadridentate and 

The preparation and spectrosco ic characterization of the complex Zn[(NSiMe&L 

The molecular structure determination of bis(dicyandiamide)-Cd12 shows the Cd to be 
tetrahedrally coordinated by the two nitrilic N atoms of the organic ligands (Cd-N = 2.22 A, 
Cd-I = 2.73 A). The structure thus differs from di-p-chloro(dicyandiamide)Cd,165 which is 
polymeric with the organic molecules bridging adjacent Cd atoms through nitrilic and guanidic 
nitrogen. Recent work in this area is the subject of several reviews.p-15,14680-h 

bridging. 161,162 

(L = pyridine) have been reported. 161! 

56.1.4.2 Amines 

56. LA21 Monofunctional amines 

In general, the literature contains fewer references to complexes formed from monofunc- 
tional amines than to those formed from ammonia itself or from multidentate amines. 
However, some clarification of earlier studies is to be found in recent reports, e.g. the 
complexes [Cd(PhNH2)X2] (X = C1 or Br), and their deuterated derivatives, have been 
reinvestigated and shown to be octahedral.i66 This latter study clarified some of the confusion 
present in the earlier literature concerning these compounds. Another aniline complex, 
3CdCl2.4L, has been studied and it has been shown that there are two types of octahedral 
environment in which the cadmium atoms are found, one comprising a { C d a }  unit and the 
other a {CdCW2} unit.16' 

The IR spectra (3500-150 cm-') of Zn(aniline)2Xz (X = C1, Br or I) have been assigned with 
the help of 15N labelling; v(Zn-N) stretching frequencies occur in the range 450-350 C ~ I - ' . ~ ~  

The in situ alcoholysis of the easily prepared compound Ph3P=NSiMe3 in the presence of 
anhydrous halides of zinc and cadmium leads to the formation of a range of complexes of 
triphenylphosphinimine Ph#=NH(L),169 including [ZnX2LI2 (X = C1, Br or I), [CdC12LJ2, 
[CdIzL]2-(CHC13)2 and [Cd2Br4L]. The presence of an intensz P==N absorption in the region 
1106-1118cm-1 of the IR spectrum confirms the ligand to be a two-electron nitrogen donor 
(Ph3P=NH). The dimeric complexes are all trans halogen-bridged structures. The 2 : 1 complex 
with CdIz involves two types of phosphinimine ligands as evidenced by two different N-H 
stretching frequencies). This is shown in its structure,'' which involves two {Cd12L} units 
linked by N-H - * - I hydrogen bonds. The 3:2 complex with CdBr2 is believed to have a 
polymeric structure in which [CdBr2L] and [CdBr2L] units are linked via halogen bridges. 

561,422 Polyfunctionol amines 

A very large volume of work on 1,Zdiaminoethane and related complexes exists and their 
properties are well documented. There are several features of interest in recent s t~d ie s .~ '~* ' -~  

The stability constants for the formation of Zn-en Complexes in DMF have been 
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determined, and the complex ions formed shown to be more stable than the corresponding 
species in an aqueous environment.17' 

The ternary complexes formed between Zn" and the ligands en, 1,2-pn, gly, 
Me2N(CH2),NH2 and MeNH(CH2)2NHMe have been in~est igatedl~~yl~~ and an interesting 
crystal structure of a hydrido-en complex has appeared; X-ray and neutron difkaction 
studies174 of the hydrido complex HZn(MeNCH2CH2NMe) show the compound to be dimeric; 
it has the structure shown in (2). Each zinc atom has a terminal hydride bonded to it, and is 
also bonded to three nitrogen atoms, to give an N,H environment. 

An X-ray spectroscopic study of aqueous solutions of cadmium-en complexes has shown 
that, like their zinc(1I) counterparts, the ions [Cd(en)2]2+ and JCd(en)gIz+, respectively, involve 
a tetrahedral and an octahedral geometry at the metal atom.' 

Much of the interest in the en complexes has centred upon the ability of [Cd(en)J2+ salts to 
form clathrate compounds. The compounds [Cd(en)] [Pd(CN)J and [Cd(NH3)2] [Pd(CN)4] each 
accept two guest molecules of phenol, benzene or thiophene17 *176 and the thermal decomposi- 
tion of these species, and of the related complex [Cd(en)][Ni(CN),].C6& has been 
studied. 176~177 The compound [Cd(en)Cd(CN)4].2C&s is of interest, since the en ligand has 
been shown to be bridging, although on heating to 100°C it loses benzene to form 
[ Cd(en)] [Cd( CN)4]. 

The structure determination of Zn(en)(NCS)Cl reveals monomeric tetrahedral zinc coordin- 
ated to thiocyanate via nitrogen.179 A structure determination of Cd(en)(NO& reveals a 
polymer containing cadmium in a seven-coordinate penta anal prismatic environment; the en 
functions as a bridging ligand, as does one of the nitrites. 

A series of complexes of the type ML(SCN), (C104)2-s (M = Zn, Cd, or Hg; x - 1 or 2) has 
been prepared where L is en and its tetramethyl derivative, diethylenetriamine and its 
pentamethyl derivative, triethylenetetramine and its hexamethyl derivative, and 
bis(ethy1enediamine). The complexes are either monomeric with four-, five- or six-coordinate 
metal, or polymeric containing bridging thiocyanate; the perchlorate is always ionic. The 
thiocyanate is generally bonded through nitrogen to zinc and cadmium (and through sulfur to 
mercury). 

The molecular structure determination of LZn(NCS)(C@4)j (L=en or pn) shows it to 
consist of LZn(QO4)ZnL dimers, with octahedral coordination about the Zn and a gauche 
configuration for the LZn ring.182,1s3 

Ethylenediamine is known to react with zinc, c a h u m  and mercury halides to give 
complexes possessing a polymeric chain structure with the ethylenediamine acting as a 
bidentate bridging ligand, and it has been reported184 to react with Hg(SCN)z and M(CN), 
(M = Zn, Cd or Hg) to give 1 : 1 and 1 : 2 complexes containing monomeric structures with the 
ethylenediamine acting as a bidentate chelating ligand. Reaction of the more basic N,N- 
diethylethylenediamie, not only with mercuric halides and pseudohalides, but also with zinc 
and cadmium thiocyanates, gives monomeric, tetrahedral 1 : 1 complexes.185 

The crystal structure of (ethy1enediamine)zinc benzohydroxamate hydrate has been 
reported.lW The two benzohydroxamate ions and an ethylenediamine form a distorted 
octahedron about the zinc. The asymmetric unit also contains a water molecule and a 
benzohydroxamic acid molecule. 

The mixed ethylenediamine complexes [Zn(en)fi02]X (X = NOz or Br), containing 
bidentate nitrite, have been reported, as well as the complex [Zn(en)2N02]CI0, which is 
polymeric and contains nitrite bridging through both nitrogen and oxygen. 189 

The preparation of some mixed ethylenediamine-oxalate or other ligand complexes of 
cadmium(I1) has been reported.'w19t The reaction of a mixture of cadmium oxalate and CdX2 
(X = C1, Br, I or SCN) with ethylenediamine gives the complexes Cd(en)X(G04)o,5. The 

It0 
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cadmium is octahedraliy coordinated by ethylenediamine, X and three oxygen atoms (two 6.om 
bidentate oxalate, one from bridging oxalate). The c i ~  octahedral complexes Cd(en)2(NCS)C1 
and Cd(en)&I have also been reported, as well as the complexes Cd(en)zXX' (X=N03 or 
C104; X' = Br or ;GO4), which contain bridging bromide and oxalate groups. The nitrite 
complexes Cd(en)2N02(C1U4) and CdenINOz have also been prepared, as well as the tris 
complex Cd(en)3X(C104) (X = I or NO3). 

Salts of the type [H2L][Zn&] (X=C1 or Br; HzL=HN+(CHzCHz)3N+H) have been 
prepared and show interesting behaviour on thermal decomp~si t ion .~~~ Heating to 423 K results 
in elimination of HX to form the ZnX3LH complex, in which the HL molecule now also 
occupies a position in a deformed tetrahedral coordination sphere. 

Mixed ligand complexes of Zn2+ with en and monoethanolamine (mea) in H20-MeOH 
systems have been investigated. 19' At <20% MeOH, the presence of the complexes 
[ Z ~ ~ ( e n ) ~ - - ( m e a ) ~ - ~ ] ~ +  (n = 0-3) and the complexes [Zr~(en)~]~+ and [Zn(mea)2]2+ is indicated. 
At >20% MeOH, only the tris complexes (n = 0 or 3) are found. Stability constants for mixed 
complexes of Zn2+ with en and glycine in mixed aqueous solutions of methanol, dioxane, 
acetonitrile and DMF have been determined. 193 In general, the stability constants increase with 
increasing composition of the co-solvent in the order HzO < MeOH < MeCN < DMF < 
dioxane. 

The crystal structures of dichloro(TMEDA)zinc and dibromo(TMEDA)cadmium have been 
r e p ~ r t e d . ' ~ ~ > l ~ ~  In the former complex, the geometry about the zinc is distorted tetrahedral with 
average Zn-C1 and Zn-N distances of 2.21 and 2.08 A, respectively. In the latter complex, 
each cadmium is octahedrally coordinated by two pairs of bromine atoms (average Cd-Br 
distance = 2.75 and 2.84 A) and a pair of nitrogen atoms in a cis configuration (average Cd-N 
distance = 2.46 A). Bromine atoms provide bridges, resulting in a chain-like structure. 

The chelating behaviour of 1,Zdiamines towards Cu, Ni and Zn when the stereochemical 
relationship between the two amino groups is restricted has been studied. 196 Alicyclic tram 
diamines gave 1 : 1 complexes more stable than those formed with the cis isomers. The stability 
of the metal chelates with 3,3-dimethyl-l,2-diaminobutane is comparable to that of the trans 
isomers. The difference in stability of the trans and cis diamine complexes increased in the 
order Cu > Zn > Ni, and both the stereochemical requirements of the ligands and differences in 
the coordination geometry of the metal are thought to be responsible. Little difference in 
stability was observed for 1 : 2 complexes, except in the case of Ni. 

The formation of 1,2-pn and 1,3-pn complexes of zinc has been studied, and the simple 1 : 1 
and 1 : 2 complexes, as well as a 1 : 1 : 1 ternary species, have been detected in solution; 1,2-pn, 
which gives a five-membered chelate ring, is a better ligand for Zn" than 1,3-pn.1w The 
polarographic reduction of a number of Zn1'-1,3-pn complexes in a range of solvents has also 
been in~estigated. '~~ The reaction of (3a) with 1,3-pn in the presence of Zn2+ ions results in the 
formation of [ZnL$+ (L = 3b) rather than the expected macrocycle.lW The clathrate 
complexes [Cd(lt-1,2-pn)] [Ni(CN)4].1.5L (L = pyrrole, thiophene or benzene) have been 
prepared, as have [Cd(f-1,2-pn)] [Cd(CN)4].1SPhH and [Cd(f-1,2-pn)] [Hg(CN)4].1.5PhH.200 
Further clathrate complexes of the type {[CdL,] [Ni(CN),J.G) (L = H2NCH2CH20H; n = 1 or 
2; G = benzene, thiophene or pyrrole) have been prepared201 and structurally characterized .'02 

Studieszo3 on the complexation of Zn'' with 1,3,5-cis, cis-triaminocyclohexane (L) show that 
the [ZnL]'+ complex formed is less stable than that formed with analogous linear triamines 
such as 3,3'-diamin0dipropylamine;~" in the presence of excess ligand, only the [ZnL(OH)]+ 
complex is formed in both cases. In contrast, a si nificant macrocyclic effect is evident in the 
large stability constant observed for the [ZnLf+ complex containing the cyclic triamine 
1,4,7-triazacyclononane.205 Derivatives of the type [ZnL](C104)2.H20 have been prepared 
where L is the macrocyclic diimine 5,12-dimethyl- or 5,12-diethyl-1,4,8,1l-tetra- 
aza~yclotetradeca-4,ll-diene.~~~~~ 

6 
(3) a; X = O  

b; X = N(CH2)3NH, 
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The chemistry of five-coordinate zinc with ligands of this class has been a subject of 
interest. The crystal structure of p-oxalato-bis[di-(Iaminopropyl)amine]zinc bis(perch1orate) 
has been determined.m* The oxalate group is bridging and bichelate, bound in such a way as to 
complete a five-membered, rather than a four-membered, ring. Coordination of the three 
amine nitrogens completes a distorted trigonal bipyramidal coordination about the zinc. Apical 
sites are occupied by one oxygen of the oxalate and by the tertiary nitrogen of the amine 
ligand. Zinc complexes with the potentially tridentate ligands [(MeNH),CR] (R = H, Me or Et) 
have been described?09 as have the complex ions [ZnLI2+ (L = tach, 1,5,9-triazanonane or 

I (H2NCH2)3CMe).210 In the latter cases it has been shown that the rigidity of the ligand plays an 
important role in coordination, and this is reflected in the thermodynamics of complex 
formation. The tripod-like ligand (Et2NCH2CH2),N(CH2CH20H) has been shown to give 
dimeric, five-coordinate complexes as in the cation (4) of the compound [ZnzL] [C104]2.211 

The chelating properties of the triamine H2N(CH2)2NH(CH2)4NH2 (L) towards Cu, Ni and 
Zn have been investigated.212 Five complexes having the formulae ML2+, N4, MHL3+, 
M(HL)I+ and [MHLI3+ are common to all three metals. In addition, Cu and Zn form the 
hydroxo complexes [Cu(OH)L]+, [Zn(OH)L]+ and [Zn(OH)2L]. With regard to the simple 
complex ML2+, the amine acts as a bidentate chelate towards Ni and Zn, and in a terdentate 
manner towards Cu2' ; the latter contains both five-membered and seven-membered chelate 
rings. The MG+ Complexes contain only five-membered rings, with both amine ligands acting 
in a bidentate manner. 

The ligand 1,4-bis[ bis(Zaminoethyl)aminomethyl]benzene hexahydrochloride213 (5) provides 
two terdentate moieties separated by a rigid bridge, and so offers the possibility of synthesizing 
binuclear complexes, Formation constants have been measured for interaction with several 
cations, including zinc(1I) , and indicate that [Zn2L] formation occurs. 

H2N\ i""' 
H*N NH2 

(5) 

The molecular structure determination of bis(diethylenetriamine)ZnBr2.H20 shows it to 
contain discrete monomeric [Zn(dien)2I2+ cations.214 Coordination about the zinc is approxi- 
mately octahedral with bonds to the secondary nitrogens (2.13 A) being shorter than the others 
(2.25 A). 

Complexation of Ni, Cu and Zn in aqueous solution by the tripod-like l,l,l- 
tris(aminomethy1)ethane (L) has been investigated ?15 Evidence is presented for the formation 
of M(HL),+, ML2+ and MG+ cations, as well as the hydroxo species [Cu(OH)L]+, 
[Zn(OH)L]+ and [Zn(OH)2L]. 

Zn complexes with the cyclic triamines (6) have also been investigated.216 Formation of the 
1 : 1 complex occurs in a single step, but with some of the larger ligands loss of a proton occurs 
before any noticeable metal-ligand interaction occurs. Some hydrolysis of the [ZnL]" 
complexes is observed; the stability increases as the ring size decreases, in agreement with 
predictions from molecular models. 
[Bis(2-dimethylaminoethyl)methylamine]Cd(NCS)~ contains five-coordinate cadmium in a 

square pyramidal environment; the apical position is occupied by N-bonded thiocyanate 
(Cd-N = 2.18 A) while the basal positions are occupied bv the amine (Cd-N = 2.34-2.37 A) 
and the second thiocyanate (Cd-N = 2.21 A) ligands.'l' 

The interaction of Cd2+ with MeNH(CH2)3NH2,21" dien, HZN(CH~)~NH(CH~)~NH~ or 
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H2N(CH2)3NH(CH2)aH?19 has been investigated and, in each case, a 1 : l  complex was 
formed; { Cd(dien)Clz) exists as polymeric chains of octahedral units connected by haIide 
bridges, whereas the complexes with the other ligands contain dimeric  specie^.^'' A structural 
analysis of an N2P, potentially terdentate ligand complex [ZnLC12] (7) (L= 
Et2NCH2CH(NEt2)CH2PPh2) has shown the metal to be in a distorted N2C12 environment, with 
a pendant non-coordinated phosphine.”’ 

,Et 

Hexamethylenetetramine is a potentially tetradentate ligand, and a number of groups have 
investigated its coordination b e h a v i o ~ r . ” ~ - ~ ~ ~  A r ange of interesting complexes with zinc and 
cadmium have been characterized, including [MLX2] (X = or SCN222), [ML(S04))3222 
(M = Zn or Cd) and 3Cd12-2L*4H20,224 in which the amine acts as a terminal monodentate or 
bridging bidentate ligand. A structural analysis of 3Cd12.2L.4H20 has shown the compound to 
consist of CQI, clusters bridged by the ligand.224 

The thermodynamics of complex formation of several linear aliphatic tetramines with zinc 
have been reported as part of a study to determine the effect of ring size on these 
thermodynamic functions. Previous resultsz5 on the [Zn(2,2,2-tet)I2+ complex assign it a 
tetrahedral configuration on the basis of a very large entropy of complexation. However, zinc 
complexes with 2,3,2tet and 3,2,3-tet exhibit a higher enthalpy but a lower entropy of 
formation, and favour either octahedral or square pyramidal geometry.226 The complex 
[Zn(3,2,3-tet)I2+ may be transformed into the species [Zn(OH)(3,2,3-tet)]+ and the thermo- 
dynamic functions associated with this reaction are in accord with simple deprotonation of a 
coordinated water moIecule in square pyramidal or octahedral geometry. 

Complexes ZnL(C104)2 and ZnLC1(C104) (L = tetramethylcyclam) have been isolated.227 
The latter contains the five-coordinate ZnLCl+ cation for which NMR results indicate a square 
pyramidal configuration with the chlorine in the apical position and all four methyl groups on 
the same side of the plane. 

Complexationm of Zn2+ with the quadridentate 1,5-diazacyclooctane-N,N’-diacetic acid 
(H2L) leads to formation of the trigonal prismatic [Zn(L)H,O] species. The hydrolysis constant 
of the coordinated H20  (pK. = 8.6) is much lower than that of the coordinated H20 in the 
octahedral complex formed by ethylenediaminediacetate (pK, = 10.5). This increased acidity of 
coordinated H20 with decreasing coordination number has also been previously noted in the 
[Zn(Me6tren)H20]2+ cation,=’ and has been attributed in part to the hydrophobic environment 
provided by the Me groups. This finding has important implications for the role of the 
7ZnOH2 species in the zinc metalloenzyme, carbonic anhydrase (see Section 56.1.14.1.1). 

A series of five-coordinate cadmium and mercury complexes with the tripod-like tetramines 
tris(2-aminoethy1)amine (tren) and tris(2-dimethylaminoethyl) amine (Me6tren) have been 
prepared.230 A complete X-ray structural analysis showed that the compound Cd2(Me6tren I4 
consists of the five-coordinate cation[CdIMe6tren]+ and the unusual dinuclear anion Cd216 , 
The cation is a slightly distorted trigonal bipyamid, whereas the anion is formed by edge 
sharing between pairs of Cd14 tetrahedra.231 Comparison with mercury is interestin here; the 
molecular structure of the [HgBr6I4- anion in l&HgBr6 has been described.* IR and 

\ 

2- 
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conduc ivity data show that the complexes M2tren14 (M = Cd or Hg), HgzMe6tred4 and 
Hgztre d Br4 possess the same structure, as do the related complexes [CdC1L]BPh4 (L = tren or 
Me6tren), [HgClMe6tren]C104 and [HgSCNMe6tren]BPh+ 

The compounds Hg3(Me6tren)&, (X = C1 or Br) have been formulated on the basis of IR 
and conductivity data as [HgXMe6trenI2Hg&. The complexes Cd(Me6tren)X2 (X = C1 or Br) 
show the presence of uncoordinated NMe2 groups in the IR and are assigned a five-coordinate 
structure where the tetramine acts as a terdentate ligand. In contrast, CdBr2tren is best 
formulated as [CdBrtrenJBr, with the tetramine acting as a quadridentate ligand. The complex 
Hg(SCN)2tren also has this structure. The complexes Cd(C104)L-nH20 (L = tren or Me6tren) 
have also been prepared. Where n = 1, the complexes are best formulated as 
[Cd(H20)L](C104)2, containing bound water in the five-coordinate cation. Where n = 0, the 1R 
shows the presence of both coordinated and ionic perchlorate (which is easily displaced in 
solution) and the complex is then formulated as [CdLC1O4]C1O4. The related nitrate complex 
CdL(N03)2 also contains both ionic and coordinated nitrate. 

The open-chain potentially quinquedentate ligand 1 ,ll-bis(dimethylamino)-3,6,9-trimethyl- 
3,6,9-triazaundecane (Metetren) forms the complex [Zn(Me7tetren)] (C104)2. On the basis of 
IR, conductivity and electronic spectral studies of isomorphous Ni and Co complexes, the 
compound is postulated to have distorted trigonal bipyramidal symmetry. The complexes 
[Zn(Me7tetren)NCS]BPh, and Zn(Me7tetren)(NCS)z were also prepared. The former is 
postulated to be still five-coordinate, while the latter is pseudooctahedral, with the amine 
acting in a quadridentate manner in both cases.233 A IDI Mossbauer of the purportedly 
five-coordinate [ZnN(CHZCH2NMe)31]I shows the two iodine atoms to be equivalent. 
Accidental equivalence is unlikely, and a structural revision may be necessary. 

An interesting radical-ligand complex [ZnL]+ has been prepared [L = radical anion of 
glyoxalbis(N-t-butylamine)] , generated by an electrolytic method within an ESR cavity. This 
species forms further complexes with ligands X- (X = C1, Br, I, NCS, NCO or N3) in both 1 : 1 
and 1 : 2 (except I) stoichiometries, and with en in a 1 : 1 s to ich i~metry .~~~ 

Comprehensive surveys of work in these areas are a ~ a i l a b l e . " ~ , ~ ~ ~ " ~  

56.1.4.3 Amino Acids 

Complexing of zinc and cadmium by amino acids, both natural and otherwise, and of 
polypeptides, has been the subject of study for many years because of the importance of 
zinc-protein systems and the physiological effect of cadmium compounds (see Section 56.1.14). 

A number of reviews are available in this area; several complexes with amino acids are 
covered in recent general reviews on ligands of biological im o r t a n ~ e . ~ ~ ~ ~ ~ ~  The coordination 
chemistry of L-cysteine and ~-penicil lamine~~~ and glutathioneg9 has been reviewed. 

Some of the complexes have important practical applications, for instance the chelating 
properties of the amino acid mimosine (8; cu-amino-f?-(3-hydroxy-4-oxo-l ,4-dihydropyridin-l- 
y1)propanoic acid) have been implicated in its inhibition of various metalloenzymes, and hence 
in its biological activities such as the defleecing of sheep. In this context, formation constants 
have been measuredw for Zn" and Cd" with mimosine (8) and related compounds (9-ll). 
These derivatives formed monomeric complexes, in which metal binding by the hydroxypyri- 
dine group was favoured relative to the amino acid group. With mimosine, dimeric complexes 
were major species. Consideration of a blood plasma model indicates that mimosine binds zinc 
(and copper) more strongly than do simpler amino acids, in accordance with the suggestion 
that mimosine exerts its biological action by depleting copper and zinc levels in blood plasma. 
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Biological significance can sometimes arise in rather unexpected ways; the thermal properties 
of chelate polymers of 2,6-diaminopimelic acid (dap; 12) and 4,4'-diamino-3,3'- 
dicarboxybiphenyl (bbdc; 13) with Zn" have been compared"' with those of non-polymeric 
divalent metal chelates with amino acids. This confirms the expected enhancement of thermal 
stability when coordination polymerization occurs, these results possibly being relevant to the 
thermal stability of certain bacterial spores which contain dap. Zn" complexes of dap are more 
thermally stable than those of bbdc, possibly because the latter chelate cannot pack as well, 
due to the intermolecular repulsions of the biphenyl groups. 

There are a large number of preparative, structural and physical investigations in the area of 
amino acid complexes of zinc and cadmium and interesting structural features are often 
obnerved. 

Complexes studied recently in the solid state include [Zn(N-acetyl-m-leucinate),J+] (L = 
H20 , pyridine, 3-methylpyridine or 4-methylpyridine) which involves bidentate coordination of 
the amino acid via the carboxylate group,242 ZnL.2H20 (HL = glutamine, histidinem or 
N-acetyl-DL-tryptophanm) and [Cd(~-Phe),l-nH~O The L-phenylalanine ligand in the com- 
plex of Cd" is bidentate coordinating via NH, and COT groups in the complex dihydrate, and 
terdentate in the anhydrous complex, the second oxygen of the carboxylate being linked to 
another Cd". Although the use of N-acetyl-DL-valine (AcValH)246 introduces the possibility of 
coordination via the peptide group (14), the complexes [Zn(A~Val)~l and [Zn(AcVal&] 
(L = pyridine, 3- and 4-methylpyridine or 1 ,lo-phenanthroline) probably involve coordination 
via only the carboxylate group. 

Most studies of zinc complexes of amino acids have concentrated upon naturally occurring 
ligands, but some other amino acids have been investigated. Complexes with 3- and 4- 
aminobenzoic acids have been r e p ~ r t e d ~ ~ ~ . ' ~ '  and a crystal structure of [ZnL].l .5H20 
(HL=4-aminobenzoic acid) has shown that the compound is polymeric, with the metal in a 
distorted N20z environment 

This is in contrast with the crystal structure of the complex [CdL(H2O),] (HL= 4- 
aminobenzoic acid); here the metal is in a seven-coordinate Nz05 environment, with the ligand 
acting as a bridge to form a polymeric one-dimensional structure.249 

Determinations of the crystal structures of [Cd(GIy)2X2] (X = C1 or Br) have shown the two 
compounds to be isomorphous and to involve an octahedral environment about the metal; the 
amino group is hydrogen bonded to a carbonyl group and a halide ion.250 

Circular dichroism studies of the [ZnL,(phen)2](2-")+ (HL = chiral amino acid) systems have 
been reported.251 A molecular structure determination of Cd glutamate dihydrate shows the Cd 
to be coordinated in a square pyramidal fashion by the two oxygens and two nitrogens of the 
glutamate and the water molecule.252 The IR spectrum of [Zn-(glycineglycinate)X]*H20 has 
been assigned.253 

A very large number of amino acid complexes of zinc and cadmium have been described. 
Among the most recent are complexes of zinc with histidine,256z6y2s8 threonine ,=' tyrosine,257 
glutamic acid,=' m-nor-leucine,260 as artic acidz1 and tryptophanz2 have been described. 

Cadmium complexes with glycine F3,49 histidine ,m alanine 7264,266 DL-norleucine ,263 valinex9 
and numerous other amino a ~ i d s ' ~ ~ , ~ ~  have been re orted. A study of the interaction of 
dipeptides with cadmium ions has also been described. 

alanine,272*274 b-alanine,2" n0rleucine,2~~ pr01ine,2~'methionine,2' serine ,274 
histidine,271 asparagine 1276 noradrenaline 7m t e r i z i d ~ n e , ~ ~ ~  S-ethyl-L-cysteine ;79 

S,S'-methylenebis(L-cysteine),280 ornithine, lysine, 2,4-diarninobutyric acid and 2,3- 
diaminopropionic acid.=' 

norleucine,"l phenyIalanine,"* 
proline,285 serine ,286 histidine,"' leucine , tyrosine, norvaline, arginine and 

Z 9  

Rather earlier but still recent studies include those of zinc com lexes with gl 

Cadmium complexes with glycine ,271-273,282-284 
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tryptophan,B6 valine,287 ornithine,288 lysine,28y glycylglycine,2w 4-aminohippuric acid,291 
teri~idone,~'~ S-ethyb~-cysteine~~~ and a number of other peptides2923293 have been described. 

Solution studies include those on Zn" complexes with L-hydroxyproline ,294 glutamate,295 
glycine,296 glycine/histamine, glycine/L-histidine,297 ~-histidine/histamine'~~ and N,N'- 
dimethylgly~ine(HA)/2,2'-bipyridine~~ mixed ligands. In the last case, complexes 
[Zn(bipy)A]+ and [Zn(bipy)A2f were characterized. Mixed ligand complexes of O-phospho-m- 
serine, Zn" and L (L = histamine, 1,lO-phenanthroline or 2,2'-bipyridine) have been studied to 
model substrate, enzyme and metal ternary complex formation in the phosphoserine 
phosphohydrolyase-catalyzed hydrolysis of O-phosphoserine in the biosynthesis of serine.300 
Complexes of Cd" include those of L-hydroxy roline,M1 ~ ~ - s e r i n e , ~ ~  aspartic acid 
(as the protonated complexes)304 and citrullines' Stability constants reported include those for 
histidine and its derivatives, histamine, 1 c lhistamine, aspartic and glutamic acids, aspargine, 
glutamine, glycine, cysteine and alanine ~ x - ~ ~ ~  with Group IIB metals as a whole. 

Reactions with peptides perhaps provide better models for the interaction of zinc ions with 
proteins, and complexes with N-a~etylglycine,"~ N-benzoyl ly~ine?'~ N-benzoylglycyl-L- 

alanine293 have been described. Complexes of Znu and Cd" with N-benzoylcysteine involve 
M(HL)2 stoichiometry, with coordination occurring via a deprotonated thiol group 
and carboxyl oxygen, as shown by IR spectro~copy.~'~ This is an active area, actively 
r e v i e ~ e d . ~ ~ ~ ~ ~ ~ " - ~  

g y y  

cyclo -(~-histidyl-~-histidyl) ,318 N-benzoyl-L-leucine2 8 and N-benzoyl-L-phenyl- 

56.1.4.4 Schiff Bases, Hydrazones and Oximes 

Schiff bases, especially multidentate ones, are powerful ligands for metal ions and zinc and 
cadmium complexes are well represented in this area. The findings of structural studies are 
interesting in that the ligand can control the stereochemistry of the complex and provide us 
with numerous examples of unusual geometry about the central metal ion, thus serving to 
illustrate the coordination flexibility of these ions. 

A recent example of this is a crystal structural analysis of the zinc complex of the imine 
derived from 2-pyridinealdehyde and cis,cis,cis-l, 3,5-triaminocyclohexane which shows the 
metal to be in a trigonal prismatic environment (Zn-N (pyridine), 2.211-2.282 A; Zn-N 
(imine), 2.142-2.167 A) .320 

Again, a crystal structure of the complex [ZnLC1&H20 (L = 2,6-diacetylpyridine dioxime) 
(E) has shown the metal to be in a distorted trigonal bipyramidal N3C12 environment ( Z n 4 1 ,  
2.233, 2.244 A; Zn-N (pyridine), 2.063 A; Zn-N (oxime), 2.238, 2.246 A).32' 

(fi) 
Schiff bases formed from salicylaldehyde and amines, the salicylideneimines, have received a 

good deal of attention as ligands and form a widely investigated group of anionic N,O donors; 
a number of Group IIB complexes of these ligands have been described. Zinc complexes with 
the imines derived from the condensation of salicylaldehyde with amino sulfa drugs 
(sulfofurazole, sulfaphenazole or s~lfamethoxypyradizine)~~ or aminoarenes3" have been 
investigated. Related ligands have been prepared by the condensation of 2-hydroxy- 
aceto henone with sulfa 3-carboxysalicylaldehyde with 1, l-dibenzylethylenediamine 
(16)31: or 2-hydroxynaphthaldehyde with 2-aminobenzylalcohol (17),3% and all have been 
shown to form zinc complexes. 

4-Amin0-2~6-di-tert-butylphenol reacts normally with salicylaldehydes to form Schiff bases, 
and complexes of the type [Znb#HL = 18) have been isolated, and shown to generate radical 
species on treatment with Pb02.3 In contrast, reaction with bis(diketonato)zinc(II) complexes 
leads not to the Schiff bases, but to the monoiminoquinone complexes (19).326 
A crystal structure of the complex (20) has been reported329 and it is seen that the complex 

possesses a distorted Cr symmetry, with a trans arrangement of the ligands. 
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BZ OH 

NH 

"'I 

(18) (19) (20) 

The Schiff base from 2-aminomethylfuran and salicylaldehyde forms a zinc(I1) complex 
which has been shown, by 'HNMR and IR spectroscopy, to contain the ligand in the form 
(Zl), rather than as a 2-furylirnine (ZZ).330 The complex [Zn&] (H2L = 23) has been described 
and considered to have the structure 

N\ 
I 

% 
"I 

(24 
The complex [ZnL}.HzO of the quinquedentate Schiff base (25; H2L) has been prepared, the 

zinc environment is a distorted trigonal bipyramid (211-0 = 1.95 A; Zn-N = 2.11-2.16 A)332 
and IR and NMR studies on the Z n L  complex of the uadridentate Schiff base (26; H,L) 
indicate a tetrahedral rather than a planar configuration. 339 
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(25) X = C1 or Me 

A study of the electronic transitions in salicylaldimine complexes of Zn, Cd and Cu has been 
reported.334 Except in cases of profound alteration in coordination, the positions of the UV 
bands are not sensitive to coordination changes on going from the solid to solution. Evidence 
for chloroform-oxygen hydrogen bonding is presented. A band previously assigned to a a-d 
charge-transfer transition in Cu complexes has been found to be an n-n* ligand absorption. 

In fact, several reports have appeared on the spectroscopic features of complexes of zinc and 
cadmium with Schiff bases. The electronic absorption spectra of various salicylaldimine 
complexes of zinc have been determined335 to clarify assignments made previously for similar 
copper(I1) complexes. A band at cu. 41 000 an-' has been reassigned as an n-n4 transition of 
the oxygen lone pair, rather than the a-3d transition proposed earlier. 

The IR spectra of "N-labelled complexes of N-p-tolylsalicylaldimines with zinc, copper and 
cobalt have yielded assignments of the metal-iigand stretching frequency and certain ligand 
vibrations.336 The v(M-N) values are metal-ion dependent in the order Co < Cu > Zn as 
expected from crystal field theory. Substituent-induced shifts are related to the residual polar 
effects of salicylaldimine substitution and to the inductive effects of N-aryl substitutents. 

A variable temperature 'H NMR study of the complexes Z n b  (HL = 27a or 27b) in solution 
has indicated that they are dynamic, interconverting between the A and A  enantiomer^.^" 

A charge-transfer complex [ZnLQ] (HzL = 28; Q = p-chloranil) has been characterized, and 
a weak n-n* interaction between the ZnL and Q moieties dem~nstrated.~~' A related 
complex, [ZnL] (H2L = 291, is formed from the template condensation of HCN tetramer, 
H2N(NC)C=C(CN)NH2 with salicylaldehyde in the presence of ZnC12.339 In the absence of the 
zinc salt, unsymmetrical mono-Schiff bases are obtained. 

OH OH HO 

(27) a; R = M e  
b; R=CHMe, 

Template and 'capping' reactions feature in recent work. A number of sterically hindered 
HzO and N4 ligands have been prepared in which a quadridentate Schiff base is capped by 
condensation of salicylaldehyde or pyrrole-2-carbaldehyde with a series of bis(8- 
arninonaphthy1)alkyl ethers. These ligands combine the versatility of the Schiff base with the 
protective features well known for certain model porphyrin systems, and appear to be of some 
interest. The zinc(1I) complex and other transition metal complexes have been prepared.340 

But surprises are sometimes found; reaction of Cd(OAch with the ligands (30a, H2L; 30b, 
H2L') in acetone-DMF results in ring opening to yield polymeric complexes of the 
stoichiometry [C&L(OAC)~] (DMF)(H20) and [Cd&(OAc)p(DMF)z] in which the ligand is 
bound in the form of its deprotonated Schiff base. The former contains a cubane-like Cd404 
core, while both complexes contain two seven-coordinate cadmium atoms in a distorted 
pentagonal bipyramidal geometry.341 

Again, the template condensation of ethylenediamine or phenylenediamine with 2,6- 
diformylpyridine might be expected to give 2 f 2 N6 donor macrocycles, but with a range of 
metals only open-chain complexes were obtained; a crystal structure of the product obtained 
from the reaction with phenylenediamine in the presence of a cadmium template reveals that a 
2 + 1 bisimino ligand is formed, which acts as the basal N5 donor set in a pentagonal 
pyramidal complex in which a monodentate Phenylenediamine group occupies the axial 
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(30) a; R = M e  
b; R = H  

position.342 Zn(OAc), has been used as a template in the condensation of o-phthalonitrile and 
2-aminopyridine and gives the complex (31) containing an isoindoline ligand. 

Also containing adjacent OH and CHO groups is pyridoxal, and zinc complexes of Schiff 
bases derived from histidine and pyridoxal have been investigated as models for the reactions 
of vitamin B6 analogues.343 

2,6-Dicarbonyl pyridine derivatives and their Schiff bases are fruitful sources of polydentate 
ligands and again there are some interesting structural surprises. A molecular structure 
determination of the cobalt analogue of the diaqua(2,6-diacetylpyridine bis-2- 
pyridy1hydrazone)zinc cation (32) shows the metal to be pentagonal bipyramidally coordinated 
by five nitrogens and two water mole~ules.~'"' An unusual rearrangement of the zinc complex 
occurs on deprotonation to give the zinc complex (33), is shown in equation (3). Each zinc is 
surrounded by six N atoms in a distorted octahedral configuration, with the py groups 
unusually acting in a bridging manner. Reaction of Zn or Cd acetate with the potentially 
quinquedentate ligand 2,6-bis(2-methyl-2-benzothiazolinyl)pyridine under basic conditions 
results in rearrangement to produce complexes of the deprotonated tautomeric Schiff base 

The complexes are five-coordinate and contain the Schiff base in a novel heiical 
configuration. The sulfur atoms may be alkylated with Me1 or the bridging &,a'-dibromo-o- 
xylene or 1,Qdiiodobutane to give complexes as such as (35), which appear to be 
seven-coordinate, approaching a pentagonal bipyramid. 
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The first pentagonal bipyramidal complex of zinc, ZnLC12.3H20, was reported in 1973, 
where L is the planar five-coordinate 2,6-diacetylpyridinebis(semicarbazone) .346 The crystal 
structure determination shows the complex to contain the [LZnC1(H20)]+ cation, with three N- 
and two O-donor atoms forming a slightly distorted planar pentagon around the metal ion and 
the chlorine and water in axial positions. 

Structural surprises are not confined to 2,6-DAP derivatives though; zinc and cadmium 
complexes have been obtained with the quadridentate thioiminato Schiff base N,N'- 
ethylenebis(monothioacetonimine);347 uv and visible spectra indicate planar geometry, rather 
than the tetrahedral geometry observed for the salicylaldimine complexes. 

A review34* on metal complexes of oximes and hydroxylamine contains information on Zn, 
Cd and Hg complexes of these ligands, and oximes and dioximes have continued to attract 
attention as ligands in recent years. Attempts have been made to quantify the contributions of 
oxime deprotonation and oxime-oximato hydrogen bonding to the stability of metal oxime 
complexes. Thus a range of complexes, including those of zinc(II), of the diamine dioxime 
ligand 4,4,9,9-tetramethyl-5,8-diazadodecane-2,ll-dione dioxime (H2dddo) and its O-methyl 
ester (Hddmo) have been studied potentiometrically. 349 H2dddo coordinates in the oxirne- 
oximato form [Zn(Hdddo)]+, and the hydrogen bonding has been studied for 
[Zn(Hdddo)]C104. Hddmo gives the complexes [Zn(Hdd~no)~]~+ and [Zn(Hddmo)(ddmo)]+. 

Zinc complexes of ia number of bulky polydentate ligands (36) which are structurally related 
to phthalocyanines have been reported by Gagne.350 

(W 
Zinc and cadmium nitrato complexes of the 2,6-diacet~lpyridine derivatives (37) have been 

prepared, and reveal a variety of nitrate bonding modes. 51 

(37) 

The diimines (38) and (39) formed by the condensation of benzil with en or 1,2- 
diaminobenzene, respectively , have been shown to form the tetrahedral complexes [CdL] .352 

(38) (3) 

For useful surveys of this area, see refs. 9-15 and 1468~-h. 

56.1.4.5 Amides, Imides and Hydrazides 

made in this wea.'157'468*h 

reported. IR evidence indicates bridging halide ligands, with L coordination via 0 and N.353 

These ligands coordinate readily to zinc and cadmium'46Bi and several studies have been 

Preparation of the complexes CdX2b (X = CI, Br, 1 or SCN; L = acetamide) has been 

The crystal structure of dichlorobis(N,N-dimethylacetamide)zinc shows zinc tetrahedrally 
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coordinated by the two ligand oxygens (Zn-O= 1.96, 1.98A) and two chlorines (Zn- 
Cl = 2.21, 2.22 The 2: 1 complexes of N,N-dimethyl- and N,N-diethyl-acetamide with 
ZnX2 (X = halide) have also been investigated, and the ligands shown to coordinate to the 
metal via the oxygen atom of the amide grouping, again giving a tetrahedral Zn02Xz 

The malonamide (L) complex [CdCl2L].MeOH has been prepared in which the coordination 
about the metal is octahedral, with the malonamide acting as a bidentate Nz donor and the 
chlorine atoms mutually ck3" This compound differs from the related, but five-coordinate, 
zinc complexes which have also been de~cribed.~ '~,~~'  The complexes [Cd(tmu)Xz] (X = C1, Br 
or I) have been reported and, like the zinc complexes, the ligand has been shown to be 
coordinated through 

An analysis of the vibrational spectra of the oxamide complexes, K2[ZnL] {L = (CONH2), 
or (COND,),} has been presented.361 

Much of the interest in amides as ligands has centred around the factors that control the 
alternative binding modes adopted by these compounds. Binding of Zn" enhances amide 
deprotonation of N,N-bis (2'-pyridinecarboxamide)-l ,Zbenzene (40; LH2) to give planar 
[ZnL.H20], having maximum electronic delocalization. Coordination of the amide oxygens is 
hindered by the resulting decrease in the chelating ability of the ligand.362 Znl' and Cd" 
complexes with 2,6-dipicolinic acid hydrazide involve a tridentate ligand, with two deproton- 
ated amide nitrogens and a pyridine nitrogen acting as a donor. The amide oxygen atoms are 
sterically unable to coordinate (41). The resulting complex may be cyclized by treating with 
j?-diketones .363 

(40) (41) 

The ligand N-(2-pyridyl)acetamide forms octahedral complexes [MLX,] (X = C1, Br or I; 
M = Zn or Cd) that involve the carbonyl oxygen and heterocyclic nitrogen while 
thermochemical measurements have been carried out on these corn pound^.^^^ IR and Raman 
studies on the complex [CdLX2] (X = Cl or Br; L = N,N'-dimethyl-l-ethylimidazole-4,5- 
dicarboxamide) show the ligand to be oxygen-bonded .366 

In the complexes [ZnLX,], [ZnL812], [ZnL4(NCS),] (L=42; X=C1 or Br), IZnLX2] and 
[ZnL3(NCS)2] (L=43; X =  C1, Br or I) the lactams are coordinated to the metal through the 
amide oxygen atom.367 

A number of complexes incorporating saccharin have been described, including 
[Znb(H20)4] (HL=saccharin) (44)365,369 in which the ligand is thought to act as a 
monodentate N donor. 

(422) (43) . (44) 

A large number of hydrazide complexes are known, and the interaction of a range of ligands 
of the type R C O " R 2  with zinc and cadmium has been investigated. The hydrazide ligands 
are thought to act as bidentate N,O donors in the complexes [CdL(SCN)2] and [Cdb] [(NO&] 
(L=RCONHNH,; R = E t ,  Pr", n-C5H11 or n-C7H15)3M but as monodentate N donors in 
[ML,,C12] (L = Pr'CH2CONHNH2; M = Zn or Cd; n = 1 or 2).371 The latter ligand is thought to 
coordinate to the metal in the imino1 form P+CHZC(OH)==NNH~.~~~ Other complexes which 
have been described include CdL3(SO,), CdL$&.HzO (L = GH13CONHNH2)372 and 
ZnL3(S206) (L = PhCONHNH2).373 The crystal structure of [CdL(NCS)(SCN)J (L = 
PhCONHNH2) shows the metal to be in a distorted octahedral environment, with the 
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hydrazide acting as a bidentate N,O donor, and one N-bonded and one S-bonded thiocyanate 
ligand.374 

The dihydrazides (L) of oxalic and malonic acid have been used as ligands in the complexes 
[ZnALIX (X = CI, NO3 or $SO4; A = deprotonated glycine, serine or methi~nine).~'~ In these 
complexes, the most probable mode of coordination of the hydrazide ligand is via the carbonyl 
oxygen and amino nitrogen, and an example of this mode is to be seen in a crystal structural 
analysis of the complex [L,&d(NCS),Cd(SCN),CdL] (L = propionic acid hydrazide) which has 
the structure (45).3 

56.1.4.6 Iminodiacetic Acid and Related Polydentate Ligands 

The edta complexes of zinc and cadmium are well documented and we focus here on some of 
the structural variants based on iminodiacetic acid. 

Among the archetypal derivatives a structure determination of K2Zn[NH(CH2C02)2]2 
reveals discrete anions in which the terdentate Ligands give the zinc an octahedral configuration 
(Zn-N = 2.16 A; Z n - 0  = 2.03, 2.12 and the molecular structure determination of the 
complex Zn(HL)y4H20 (H2L = iminodiacetic acid) shows the HL ligand to be bidentate, 
coordinating only through the oxygen, and forming bridges between zinc atoms.378 

Further iminodiethanoate complexes investigated recently have included (H2NCOCH2)- 
N(CH2C02H)2 and (H2NCOCH2CH2)N(CH2C02H)2?m (H02CCH( OH)CH2)N(CH2C02Hb:m 
DL-( H02CCH+NCH2CH (COzH)N( CH2C02H)2, 381 &e dta,382 ( Me02CCH2)2NCH2CH2N- 
(CH2C02Me)2 83 and { (H02CCH2)2NCH2CH2NHCH2CH2NHCH2CH2}2NH. 384 

A number of tetraacetate ligands have been compared with edta, and formation constants 
discussed in terms of structural features in the ligands. Thus, constants for the formation of the 
1 : 1 complexes of ethylenebis(N,N'-(2,6-dicarboxy)piperidine) with Zn" and Cdl' are lower 
than those with edta due to the steric effects of the piperidine ring.385 The influence of the 
CH2C=CCH2 structure on the chelating properties of 174-aminobutyne-2-tetraacetate has also 
been assessed.386 Another development in the study of edta has involved the preparation of 
simple derivatives, such as the tetraamide. This ligand is probably 0-bonded via the amide 
function, but on deprotonation the donor atom changes to the amidate nitrogen.387 Equilibria 
in acidic solutions of edta complexes of Zn" and Cdn involve the formation of mono- and 
poly-protonated complexes.388 

The formation of 1 : 1 complexes between ethylenediamine-N,N'-diacetic acid (edda) and 
Zn" or Cd" have been studied by calorimetric (AH) and potentiometric techniques.- Earlier 
studies had omitted Eo allow for protonation reactions of the ethanoato groups in the ligand. 
Thermodynamic parameters for edda lie between those of nitrilotriacetate and triethylenetetra- 
mine. Edda appears to undergo a slow metal-ion-catalyzed hydrolysis in aqueous acid solution. 

Amide deprotonation is normally observed in copper(II), nickel(I1) or cobalt(Z1) com- 
plexes of amides, but it has now been demonstrated that [Zn(LH)2jz- (H3L = 
H2NCOCH2N(CH2C02H)2) may be further deprotonated, and that the equilibria in Scheme 1 
are established. The ability of the d10 zinc(II) ion to promote such equilibria suggests that a 
major requirement for deprotonation of an amide is a positively charged centre, since the d" 
ion cannot show ligand field effects.390 

[Zn(HL)#- == [z~L(HL)]~- + Hi 
[ZnL(HL)I3- e [ZnLI4- + H+ 

Scheme 1 
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The cadmium complex [CdLCl]Cl.H20 (L = tetramethyl ethylenediaminetetraacetate) has 
been prepared and it is proposed that the complex has the octahedral structure 

,OMe C02H 
I 

Interaction of Zn2' and Cd2+ with the chelating agents ethylenedinitrilotetraacetic acid and 
1,2-trans-cyclohexylenedinitrilotetraacetic acid (&L) (4th) shows evidence for the formation 
of dinuclear [M2L] species, in addition to mononucleas [MLI2- and [MHLI- ions.39z Evidence for 
similar dinuclear species is obtained from studies of other polychelate agents such as 
diethylenetriaminepentaacetic acid (H5L),393 triethylenetetraaminehexaacetic acid (H6L)3g4 and 
ethylenediamine-N,N'-diacetic acid (H,L) ,395 and the binuclear complex Zn,(edta).€€*O has 
been ~haracterized.~'~ 

NMR studies have been widely used in studying the complexing of ligands of this type to zinc 
and cadmium. For example the cadmium complex of cis-1,2-cyclohexanediaminetetraacetic 
acid3sn has been investigated by NMR methods; the complex is octahedral, and there is no 
evidence for the penetration of water into the inner coordination sphere of the metaL5* An 
NMR study of the zinc complex of the ligand {(H02CCH2)2NHCH2CH20CH2}2 has shown 
that the ether oxygen atoms are not coordinated to the metal, i.e. the configuration (47) is 
adopted.398 

The natural abundance 15N NMR spectrum of [ C a r -  (H4L = 48) has been reported and 
satellite peaks due to coupling of 15N to the 'llCd and 3Cd nuclei have been detected.3w 

(47) 

Related ligands which have been studied include (49) ,@' (H0,CCH2)2NCH,CH(C02H)- 
N(CH2C02H)2,401 (50) ,402 (51) ,m ethylenediaminedisuccinic acid,403 { (H02CCH2)2NCH2CH2}2- 
NCH2C02H { (H 02CCH&NCH2CH2} 2NCH2CH20CH=CH2405 and ( H02CCH2) 3N. 

The phosphorus analogue of &edta, (H02CCH2)2PCH2CH2P(CH2C02H)2, has been shown 

COZH C02H 
FOZH C02H I I I 

COC -EE 
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to form zinc and cadmium corn Iexes resembling those of Kedta itself.” Comprehensive 
surveys of this area are available. 15~1468eh E 

56.1.4.7 Azo Compounds 

There have been few recent studies in this area. The complex [ZnL(bipy)] (HL = 52) has 
been reported, and shown to adopt a pseudooctahedral configuration, in which the metal 
interacts with the ortho chloro substituent.@’ 

Stability constant determinations for complexes of Zn and Cd with various chelating 
azobenzenes show that zinc forms the stronger complexes.409 , 

Related to azo compounds are compounds containing theHP-N- group; alcoholysis of 
PhsP=NSiMe3 in the presence of ZnX2 (X = halide) results in the formation of Ph3&NH 
complexes, which are thought to have the halide-bridged structure (53) .410 

The molecular structure of bis(perfluorophenyl)(tetramethyltetrazene)zinc (54) shows tetra- 
hedral coordination about the zinc:” with the N4 system of the tetrazene in a trans 
configuration bonded to the zinc via N-1 and N-3 (Zn-N = 2.13, 2.25 A). NMR data are 
consistent with a rapid equilibrium in solution (equation 4). 

TMT* + TMTZnR, e TMT + TMT’ZnR, (4) 

Further phosphorus-nitrogen s stems are considered under ‘Heterocycles’ (Section 56.1.4.8) 
and have been su r~eyed . ’~~ . ’~~~‘  

56.1.4.8 Heterocycles 

56L48.1 Imi&zole, pymole  and related species 
Many of the biologically active zinc metalloproteins contain a zinc(I1) ion bound to one or 

more imidazole ligands of the amino acid residue histidine. For this reason a large number of 
studies over an extended period have been carried out on zinc and cadmium complexes of 
imidazole, substituted imidazoles, histidine and related ligands. There has also been much 
recent activity in this field; much structural information is available. 

A structural determination of {Zn(imidazole)4 (C104)2 shows the zinc to be approximately 

polymeric; the Cd atoms are linked into infinite chains by double chlorine bridges, while two 
such chains running parallel to one another are themselves linked by bridging chlorine atoms. 

tetrahedrally coordinated (Zn-N = 1.99, 2.00 A ).412 The compound {CdC12(imidazole)} is 
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Coordination about cadmium is octahedral (Cd-Cl = 2.67 A, Cd-N = 2.24 The struc- 
ture of (Cd(imidaz01e))~) (SO&H20 is also polymeric. Cadmium exhibits octahedral mor- 
dination, being bonded to three nitrogens, a water molecule and two oxygens from sulfate, 
which links the coordination polyhedra in infinite chains (Cd-N = 2.26 
{ Cd(imidaz01e))~ (HC02)2 has been prepared; the uncoordinated formate is stabilized by 
unusually strong hydrogen bonding to the imidazole ligands.415 

The complexes C G X z  (n=2,  X=Cl, N03, OAc, Br or I; n =4,  X=SCN, L=2-  
benzylimidazole) have been prepared; thiocyanate is 

A good deal of spectroscopic information is also available. 
Metal isotope labelling techniques have been used to clarify the M-N bond assignments in 

the octahedral [Zn[HIm)~]Cln and pseudotetrahedral [Zn(HIm)2X2] complexes (X 5 Br, I, NO3, 
NCS; HIm = imida~ole).~ ' Much lower frequencies (208 cm-') are observed for the octahedral 
complexes as compared to the tetrahedral (255,239 cm-l). A comparison with other N-bonded 
species shows that the frequency is governed by both the mass of the ligand L and the strength 
of the M-L bond. 

Solution equilibria have also been the subject of several studies. For example, the gross 
stability constants (&; n = 1-5) of imidazole CompIexes with the MU ions of Cu, Ni, Cd, Zn 
and Co have been determined; the following order of stability was found: Cu>Ni>Cd> 
Zn > 

The stepwise formation constants for the displacement of H20 from [Cd(H20)6]2+ by 
imidazole have been measured.419 On the basis of enthalpy changes, a change in coordination 
from octahedral to tetrahedral and then back again is postulated at certain steps (Scheme 2). 

[Cd(H,O),im]*' e [Cd(H,O),(im),]** 
[Cd(im).,]'+ e [Cd(im),H,O]Z+ 

Scheme 2 

A potentiometric study of the formation of cadmium-imidazole complexes has been 
reported and a number of species, including [CdL]'+, [C&I2+, [Cdbl2+, [CdL4I2+ and 
[Cd(OH)L]+, have been chara~ter ized .~~ 

Imidazole complexes are widely studied as models for zinc-containing enzymes, and the 
complexes [ZnL,] (n = 1-4) have been characterized in aqueous solution.259 A number of 
ternary complexes with imidazole and carboxylate ligands have been s t ~ d i e d , ~ , ~ ~ ~ ~ ~  and, in 
particular, the Cd2'-HIm-malonate4" and Cd2+-HIm-succinate4Z5 systems have been well 
characterized. Crystal structural analyses of the complexes [Zn(OzCMe)z(HIm)2] and 
[Zn(02CEt)2(HIm)~] have been reported; in each case the metal is in a near-tetrahedrd N202 
environment with monodentate carboxylate groups bonded to the metal (Zn-N, 1.987- 
2.010 A; Z n - 0 ,  1.947-1.987 A; Zn-0 (non-bonded), 2.645 A).426 

These results are comparable to those obtained from the structural analysis of [ Z ~ ( O A C ) ~ L ~ ]  
(L = N-ethylimidazole) which has also been reported (Zn-N, 2.031, 2.010 A; Zn-0, 1.944, 
1.976 A; Zn-0 (non-bonded) 2.850, 2.862 A)." 

The N-vinylimidazole complexes [ZnL4]X2 (X = NO3, BF4 or (30,) are tetrahedral, whereas 
[Cdh]X2 are octahedral; the complex [CdLj(N03)a] hits also been 

A series of zinc and cadmium complexes of N-ethyl- and N-propyl-imidazole have been 
described; the 1 : 1 complexes [MLX2] (M = Zn or Cd; L = N-alkylimidazole; X = halide) are 
monomeric tetrahedral species, whereas [(MLX&] (M = Zn or Cd; L = N-alkylimidazole; 
X = halide) are halide-bridged dimers.4ts 

An IR spectroscopic study of the imidazole complexes [Zn(HIm),] [N03k, 
[Zn(HIm)4(N03)2] and [Zn(HIm),] [C1O4l2 and their deuterated anal0 ues has been made!' 

The crystal structure of [Cd(GlyGly)(Im)Cl] has been reported7' and shown to involve 
dimeric units with a distorted octahedral geometry about each metal atom; this complex has 
also been studied in a 13C NMR investigation of a range of nucleoside and peptide complexes of 
cadmium(I1) .430 

Treatment of [Zn(a~ac)~] with a mixture of imidazole and tetramethylimidazole results in the 
formation of [Zn(Im),] and a determination of the crystal structure of this compound has 
revealed that it consists of tetrahedral {ZnN4) units, connected by bridging imidazole 
groups.431 

Complexes with 1,2-dimethylbenzimidaole have been described, and there is evidence that 
the ligand may act as both a monodentate and a bidentate N donor.432 The ligand (55) is 
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prepared by the condensation of 1,2-diaminobenzene with diethylenetetraminepentaacetic acid, 
and a crystal structure of the complex [Zn2LCL(H20)2] has been reported.433 

A crystal structural analysis of the bisimidazolyl ketone complex (56) has been made, and the 
metal shown to be in an approximately tetrahedral environment .434 

The Schiff base formed in the condensation of histidine kith pyridoxal has the structure (57) 
and has been shown to form a range of zinc complexes.261 

where 

(55) (56) (57) 

Imidazoline-oxy1 complexes have been studied, and the ligand in [Znb]  (HL = 58) has been 
shown to be coordinated via the oxygen atom of the carbonyl group and a deprotonated 
hydroxy 

A crystal structural analysis of the complex [Znb(H20)2] (HL = 59) has been reported, and 
the metal shown to be coordinated to two water molecules, the carboxylate group and the 
imino nitrogens of the imidazole residues, to give an N2020; environment.436 

COOH 
Me sbNxMe ? 

Me Me 

Earlier, an ESR investigation of complexes formed between Zn, Cd and Hg and several 
paramagnetic imidazolin-1-oxy1 free radicals had been reported.437 For a given ligand, the 
changes in the 14N hyperfine splitthgs can be correlated with the formation constants, and the 
following order of stability is observed: Hg > Cd > Zn. 

An 15N NMR study of the complexation of l-methyiimidaz~le-~~N~ with Zn(NO& and 
Cd(N03)2 has been made.438 

Complexes of 3-indoleacetic acid (60) and 1,2-dimethylbenzimidazole (61) have been 
described. 439,440 

Crystal structures of the benzotriazole complexes [Zn(HL)C12] and [Zn2LJ (HL = 
benzotriazole 62) have been reported; the former compound has the metal in a tetrahedral 
N2C12 environment (Zn-N, 2.014, 2.034A; Zn-Cl, 2.241, 2.235A) and the latter is a 
polymeric species.441 The complex [H2LI2[ZnCL] (HL=62) has also been described; it is 
isostructural with the tetrachlorocobaltate(I1) analogue, which has previously been structurally 
characterized.441 The synthesis and powder diffraction pattern for [ZnLC12] (L = 62) have also 
been reported.442 Complexes of the type MX& (M = Zn, X = C1, Br, I or SCN; M = Cd, 
X = C1; L = allyl or 3,5-dimethylpyrazole) have been synthesized; where L is 33- 
dimethylpyrazole, cadmium also forms the complexes (CdBr2L3 and Cd12L4. When L is 
allylpyrazole, alkene coordination is not observed; thiocyanate is N - b ~ n d e d . ~ ~ , ~  

NH 

(60) (61) (62) 

The enthalpies of chelation of Zn" with [H,B(pz).+J (n = &2; pz = pyrazolyl) in both 
acetonitrile and water have been measured; when n = 2, the complex is four-coordinate, but 
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six-coordinate when n = 0 or 1. The substantially decreased enthalpy of complexation on going 
from n = 1 to n = 0 is attributed to coordination competition from the uncomplexed pyrazole 
ring.445 

3,5-Dimethylpyrazole (L) has been shown to react with Cd(BF4)2 to give CdLF, containing 
a linear fluoride-bridged chain structure with L completing an octahedral coordination for the 
Cd.446 

The reaction of 5methylpyrazole with cadmium tetrafluoroborate gives a complex which is 
formulated as the tetrameric species [Cd4F4L12] [BF4]4.447 It is thought that the fluoride ion is 
generated by the (possibly metal-assisted) hydrolysis of tetrafluoroborate, and that a 
heterocubane C4F4 cluster core (63) is formed. 

A crystal structure of the complex [ZnLBr2] (L = benzoylaziridine) has shown the metal to 
be in a tetrahedral N2Br2 environment 

(63) (64) 

Zinc complexes with irnidaz~le,~’ 1,2-dimethylimida~ole,~~ (61),4s1 1,2,4- t r ia~ole ,~~~ 5- 
cyan~tetrazole:~~ ben~imidazole,4~~ 4-amin0-1,2,4-triazole~~~ and 2-amino-5-pheey1-1,3,4- 
o ~ a d i a z o l e ~ ~ ~  have been reported. A crystd structure of [ZIIL(SCN)~] (L = 1,2,4-triazole) 
shows it to consist of (ZnN6) octahedra linked by a 2,4-bridging triazole The 
five-coordinate benzotriazole complexes [ZnL3X2] (X = N3 or NCO) and the octahedral species 
[ZnL,(NCS),] have been des~ribed.~” The octahedral complex [Zn(HL)2(H20)2]C1,-2H20 
(HL = 2-hydrazino-6-methyl-4(3H)-pyrimidone) has also been described; one of the chloride 
ions is hydrogen-bonded to the ring NH and the zinc atom is coordinated to a ring nitrogen and 
the terminal NH2 group.459 

Benzoxazole (L) derivatives of the stoichiometry M(XCN)& (M = Zn or Cd; X = S or Se) and 
Cd(NCSe)L have been prepared; the former are pseudotetrahedral while the latter is 
polymeric. The ligand is N-bonded in all cases.46o Benzoxazole-2-thione (L) forms the similar 
MXzL complexes (M=Zn, Cd, Hg; X=C1, Br, I) and CdI2L; coordination is through 
nitrogen, and not sulfur or oxygen.461 

Isoxazole (L) complexes of stoichiometry CdLX, (X=Cl, Br, I or NCS) have been 
prepared.&’ IR evidence indicates them to be tetrahedral, dimeric, anion-bridged complexes, 
with N coordination. 

Zinc, cadmium and mercury complexes of isoxazole (L) and several of its derivatives of the 
stoichiometries MLX, and MbX2 (X = C1, Br, I or SCN) have been prepared. In general, the 
former are polymeric containing either isoxazole bridging through nitrogen and oxygen or 
bridging halide, while the latter are either monomeric and tetrahedral, with isoxazole bound 
through ox en in the case of zinc, or polymeric and octahedral containing bridging 

Complexes of the stoichiometry [ML,] [C1O4], [L = thiabendazole (691 contain the metal in 
an octahedral coordination with the chelating ligand coordinated via the nitrogens of the 
imidazole and thiazole rings.465 

The complex [ZnL] [C104]2 (66) has been reported.& 

isoxazole. 46& 

N-Acetylpyrazole reacts with zinc ions to form a tris complex, and the salt [Znb][BF4I2 
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(L = N-acetylpyrazole) has been isolated.467 The ligand is coordinated to the metal through 
nitrogen and the acetyl oxygen atom, and the acetyl group is found to exist as the enol 
tautomer. A similar mode of bonding is ado ted in the tris(N-carbamoylpyraole)zinc(II) ion, 
which has also been isolated as its BF4 salt. 

The 2 : l  complexes Z n L  (LH=67) have been investigated by multinuclear (15N, 13C and 
'H) NMR techniques?@' complex formation causes considerable change of the x-electron 
structure in the merocyanin part of the ligand. 

2 

56L4.8.2 Pyridines and related species 

There is a large body of information on complexes of pyridine, substituted pyridines and 
ligands containing pyridine rings and other donor atoms. Complexes with pyridine and its 
derivatives have been r e v i e ~ e d . ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ ~ ~  

The structure of deca-p-ethanoatodioxobis(pyridine)heptazinc(II) involves seven zinc atoms, 
bridged by ethanoate groups, in a heptameric centrosymmetrical unit. In each of the two 
half-units, a central oxygen is surrounded tetrahedrally by four zinc atoms (one of which is 
common to both). Five of the six edges of this tetrahedron of zinc atoms are bridged by 
ethanoate groups, the remaining one being open. The structure thus contains three types of 
zinc; Zn(1) lies on the centre of symmetry in an octahedral environment, Zn(3) is coordinated 
to three oxygen atoms from ethanoate and the pyridine nitrogen, whilst Zn(2) and Zn(4) are 
tetrahedrally coordinated by oxygen atoms. The EPR spectrum of the copper-doped crystal has 
been measured.471 

v(Cd-N) and v(Cd-X) stretching frequencies have been assigned in the far IR (a30 cm-') 
and low-frequency Raman spectra of [Cd(py)X2] (X = C1 or Br).472 The results support a 
structure for this common stoichiometry comprising double-strand halogen-bridged polymeric 
chains, in which the Cdn is bound by one pyridine ligand, two bicoordinate halogens and three 
tricoordinate halogens. C ~ r n p l e x e s ~ ~ ~ . ~ ~ ~  and formation constant data for a number of 
substituted pyridines and quinolines have been reported. Zinc complexes of nicotinamides have 
attracted particular attention475 and the crystal structures of dichloro- and diiodo-bis(N,N- 
diethylnicotinamide)zinc(II) have been p~bl ished.~ '~ 

Detailed measurements have been made of the low-frequency Raman spectra of [Zn(py)2X2] 
(X = C1 or Br) and of the far-IR spectra of the complex where X = C1 at liquid nitrogen 
temperature. It is found that skeletal molecular vibrations couple with lattice vibrations in the 
crystal, except for the Zn-X stretching vibrations. Force constant calculations indicate the 
Zn-N bond to be stronger in the bromide, while the Zn-Cl  bond is stronger than the Zn-Br 
bond,477 

A more refined structure determination of ZnClzFy2 has been reported (Zn-N = 2.05 A, 
Z n - C l =  2.22, 2.23 The Raman Zn-C1 stretching frequencies in a series of ZnC& 
(L = pyridine and its substituted derivatives) have been shown to depend significantly on 
pressure in the range 0-12 kbar; it appears that Z n - C l  JT bonding is more sensitive to pressure 
than the a-bond c ~ m p o n e n t . ~ ~ ~ , ~  A comparison of calculated vibrational frequencies for the 
pyridine ring in MXzpyz complexes (M = Zn, Cd or Hg; X = C1, Br or I) reveals that only in 
the case of zinc do the frequencies depend on the halogen substituent.a1 

Iodine and bromine NQR studies on the complexes MXZL (M = Zn, Cd or Hg; L = nitrogen 
heterocycle) show that the covalency of the M-L bond decreases in the order Cd > Zn > 
Hg.= NMR, X-ray photoelectron studies and extended Hiickel calculations on HgClzpyz 
indicate a moderate amount of electron transfer to the metal from pyridine relative to 
ZnClzpy2; filled mercury d orbitals do not participate in bondinga3 

Quinoline complexes have not been so widely studied as those with pyridine ligands, but a 
few compounds have been described. The reaction of [Znb(HzO)] (HL = l-chloro-2,4- 
pentanedione) with quinoline gives the five-coordinate species [ZnL(quin)] .484 Similar 
reactions occur with isoquinoline, quinaldine and Cmethylpyridine. The complexes 
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[Zn(amq)X2] (X=Cl,  Br or I) and [Z11(amq)~][C10~]~ are tetrahedral, in contrast to some 
other zinc(I1)-amq complexes which have been described.= 

A13C NMR investigation of the ligands 8-HO-quin, 4-Me-8-HO-quin and the complex [Znb]  
(HL = 4-Me-8-HO-quin) in DMSO-& has demonstrated the complex to have a weakly ionic 
Z n - 0  interaction, with most of the negative charge localized on the oxygen.486 

The complex [ZI&(NCS)~] (L = benzoquinoline) has been prepared and the NCS ligands 
have been shown to be N bonded, in contrast to those in the corresponding Hg" or Cd" 
c~mplexes.~' 

The complexes [ZnLQZ] (EIL = PhC02H; Q = quin or isoquinoline) have also been reported 
and shown to have octahedral coordination at the zinc(I1) atom, with a bidentate carboxylate 
group.- 

The complexes [Cd(amq)]Xz (X=Cl, Br or I) and [Cd(amq)~](ClO&~~ have been 
described, as has [Cd(amq)2(SCN)z].487 In the latter compound the thiocyanate is S- 
coordinated, in contrast to the corresponding zinc complex in which it is N-bonded to the 
metal. The crystal structure of [ZnL(H20)][ZnC14] (L = 8-aminoquinoline) has revealed the 
metal to be in a trigonal bipyramidal environment 

The complexes [Zn(4-~inylpyridine)~X~] (X = C1, Br or NCS) and [Zn(2-~inylpyridine)~X~] 
(X = Br or I have been prepared. The crystal structure of the chloro complex shows it to be 

N-Substituted derivatives of 2-[(N-acetyl)amino]pyridine (L) react with ZnC1, to yield 
ZnLClz derivatives in which the ligand is chelate bound via pyridine N and amide 0 atoms.491 

A structure determination of [ZnLC12] (69; L = 2-pyridinaldazine7 a ligand unusual in its 
variability of chelation) shows the ligand to be terdentate; the zinc coordination is midway 
between trigonal bipyrarnidal and square pyramidal (Zn-N = 2.15-2.17 A)."' 

tetrahedral.4 b 

Zinc complexes of several polymeric N-donor ligands have been reported. Poly-( 1-vinyl-2- 
pyrrolidinone) of various molecular weights forms the complex [ZnC12(GH9NO)]loo.493 
Complexes with the pobpinylpyridines poly(2-pyridylethylene) and poly(4-pyridylethylene) 
have also been prepared. 94 

Metal complexes of several zinc, cadmium and mercury salts with 2-, 3- and 4-cyanopyridine 
have been reported.49s In none of the complexes was cyanide coordination observed. Zinc 
halides react with 3- and 4-cyanopyridine, but not with 2-cyanopyridine, to give 1 : 2 complexes 
which are assigned a monomeric tetrahedral structure on the basis of IR evidence. The 
cadmium halides also form 1:2 complexes with all the cyanopyridines, except cadmium 
chloride, which reacts with 2-cyanopyridine to give a 1:l complex. The former contain 
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octahedrally coordinated cadmium with halogen bridges, while the latter contains a dimeric, 
tetrahedrally coordinated cadmium. Zinc thiocyanate yields a monomeric tetrahedral 1 : 2 
complex with 4-cyanopyridine, but does not react with the 2- and 3-derivatives. Cadmium 
thiocyanate gives 1 : 2 compIexes with 2- and 3-cyanopyridine which are assigned a polymeric 
octahedral structure containing M-SCN-M bridges. Zinc sulfate reacts with 4-cyanopyridine 
to give a 1 : 2 complex considered to have octahedrally coordinated zinc in a polymeric structure 
involving chelating sulfate. The 4-cyanopyridine N-oxide complex, ZIIL(NCS)~ is by contrast 
apparently monomeric with tetrahedral 02N2 co~rdina t ion .~~”  

The involvement of zinc in nicotinamide-based hydride-transfer reactions has led to 
numerous studies of Group IIB complexes of yridine carboxylic acid derivatives. Cadmium 
complexes of 2- yridinecarboxylic acidF6 3-pyridinecarboxylic acid4w and 3- 
pyridinecarboxamiderg8 have been reported. The crystal structure of [Cd(HC02)2L.2(H20)2] 
(L = 3-pyridinecarboxamide) has also been described; the metal is in an octahedral environ- 
ment in which the amide acts as a monodentate N donor.498 

A range of binary and ternary complexes of nicotinic acid and nicotinamide have been 
and crystal structural analyses of [C&(HZO~(HCO~)~] (L = nicotinamide)501 

and [CdL(H20)2(OAc)2] (L = N, N-diethylnic~tinamide)~~ have been reported. Both com- 
plexes are octahedral, with the amides coordinated to the metal through nitrogen (Cd-OAc 
2.281 A; Cd-N 2.376 A; Cd-OH 2.299 A). 

The structure determination of di-p-(N,N-diethylnicotinamide) tetraisothiocyanatodizinc 
also shows zinc tetrahedrally coordinated with N,N-diethylnicotinamide molecules bridging 
through both nitrogen and oxygen.503 

The vibrational spectra of [ZnL&] (LH = 2-pyridinecarboxylic acid N-oxide; L’ = H 2 0  or 
DzO) indicate coordination through the N-oxide oxygen and the carboxylate g r ~ u p . ~ ”  In 
contrast, the complexes with 3-pyridinecarbox lic acid N-oxide and pyridine-4-carboxylic acid 
N-oxide are polymeric multinuclear species?5 Crystal structures of [ZnL4(NCS),] (L = 3- 
pyridine-N, N-diethylcarb~xamide)~~ and [ZnL&,O),(HCO&] (L = 3-pyridinecarbox- 
amide)507 have been reported. 

The crystal structure of [ZnL(HzO)2][N03]2 (L=70) shows that the metal is in an 
octahedral environment, bidentate 2-pyridylacetamide ligands bonding through the ring N and 
amide 0 atoms, the water molecules occupying axial sites.5M 

Complexes with pyridine aldehydes and ketones are of interest and the ligand bis(Zpyridy1) 
ketone has been the subject of several investigations. The type of coordination adopted with 
this compound appears to depend upon the counterion, since [ZnL(N&] is four-wordinate 
whilst [ZnL(NCE)2] (E = S or 0) are six-coordinate with the ketone acting as an N2 donor in 
each case.468 Of the complexes [ZnLX2] (X 7 C1, Br or I), only the iodide ionizes in DMF, 
apparently indicating that the halide ions are strongly c o ~ r d i n a t e d . ~ ~  3-Pyridinealdehyde is also 
of interest as a ligand and complexes with the parent compound510 and its 
thio~emicarbohydrazone~~~ have been reported. The condensation of 2-pyridinealdehyde with 
tach and 2-pyridinealdehyde or 2-acetylpyridine with 1,l  ,l-tris(aminomethyl)ethane, results in 
the formation of tridentate ligands (L) which form the corresponding [ZnLI2+ complexes. 
These complexes have been shown to be chiral, undergoing rapid racemization in 

The reaction of Zn(OzCMe)2.nH20 with (7 l )  in BzOH results in the formation of 
monomeric five-coordinate complexes.5i3 

(70) (71) 

Zinc complexes of pyridine aldehydes are sometimes regarded as models for the activated 
complex formed in the reduction of acetaldehyde by NADH in the presence of the 
zinc-containing alcohol dehydrogenase enzymes (see Section 56.1.14.1) and complexes with 2- 
and 4-pyridinealdehydes have been ~ tud ied . ’~~ ,~ ’~  Nicotinic a ~ i d , ~ ~ , ~ ~ ~  n i c ~ t i n a r n i d e , ~ ~ * ~ ~ ’  
isoni~otinamide~~ and Zaminonicotinic acid5I8 have been investigated as ligands, and it is now 
evident that these compounds normally act as monodentate ligands, coordinating to the metal 
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through the ring nitrogen atom. A crystal structural analysis of the complex [ZnL(aca~)~]  
(L = nicotinic acid) has zinc coordinated in this 

Crystal structures have also been reported for the complexes [Zn(dien)L]’+ (L = bis(2- 
pyridy1)amine) , in which the five-coordinate zinc atom adopts a trigonal bipyramidal 
config~ration,”~ and (Zn(3-03Spy)2(H20)4], in which the two 3-pyridinesulfonic acid ligands 
adopt the axial positions of an octahedral (ZnO&} unit.520 The reaction of ZnEt2 with 
LiA1H4 in ether results in the formation of a moderately stable form of ZnH,, which reacts with 
pyridine to give complexes containing coordinated 1 ,+dihydropyridines. The complexes 
[hZnG]  (HL = 1,Cdihydropyridine; G = (py), or TMEN) have been characterized and used 
for the reduction of carbonyl corn pound^.^^ 1 zz 

The compounds [CdLJ,] and [CdLX,] (X = C1 or Br; L = bis(2-pyridy1)ketone) are all 
monomeric non-electrolytes in which the ligand acts as an Nz donor. Complexes of (71; 
Ar = Ph or 2-thienyl) have been reported.513 

The complex [ZnL&12-EtOH (L = 72) forms a two-dimensional network, held together by 
-NH * C1 hydrogen bonding, and with bidentate Nz-donor ligands (Zn-N (average), 
2.179 A).523 

The terdentate ligand B-(2-pyridyl)alanine forms zinc complexes with a considerable degree 
of enantioselectivity Zinc complexes of 2-pyridyl azo corn pound^,^^^ ~x i rnes ’~  and 
sulfonamides5” have also been described. 

The crystal structure of bis[2-thiobenzaldimino)2,S-diacetylpyridine] zinc has been deter- 
mined as a five-coordinate complex with the ligand donor atoms describing an approximate 
trigonal bipyramid .528 The overall configuration of the ligand is decidedly helical, however, 
resulting from steric interactions between the methyl groups and the protons of the aromatic 
rings. 

Di-2-pyridyl ketone complexes to Zn2+ in an N,N-chelate fashion, while the keto group is 
present in the form of the geminal diol. In basic solution, this latter group is ionized, leading to 
N ,  0-coordination by the ligand.529 

The reaction of picolinoylhydrazide with salicylaldehyde results in the formation of the 
ligand (73), which may act as a bi-, ter- or quater-dentate donor, and a number of zinc 
complexes of this ligand have been prepared.530 

(721 (73) 

A crystal structure of [Zr1L]fC10~]~ (L = 74) has been reported, and the ligand shown to be 
uin  edentate.^^^ The related ligand (75) forms a pentagonal bipyramidal zinc complex 
ZnL [C104 2, which is obtained by a metal exchange reaction of [BaL][ClO& with 

Ln~JO4l2.5~2 
The reaction of [Nil.,] (H2L = 76a) with ammonium persulfate, pyruvic acid and AgN03 gives 

(76b) which acts as an NzOz donor to a number of transition metals. The complexes 
[ZnL] (H2L = 76a or 76b) have been prepared, and their electronic spectra reported.533 

Derivatives of the stoichiometry ZnL4(NCS)2, CdL(NCS)2(DMF) and CdL(NCS), (L = 
acridine) have been prepared; the first two contain hexacoordinated metal ions, while the third 
contains N,S-bridging thiocyanate.s34 

(76) a; R = H  
b; R = 0,CMe 

COC -EE* 
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Zinc complexes of a range of pyridone defleecing agents have been described.s35 A number 
of pyridoxamine(77) complexes have been reported 36, 37 and a crystal structural analysis of the 
complex Z ~ I ~ ( O H ~ ) ~  (78) (HL = 77) has been 

OH 

(77) (78) 

A zinc complex of the carcinostatic antibiotic streptonigrin has been described.538 
In a rather different area of heterocyclic ligand chemistry compounds of the stoichiometry 

Zn(N03)zL and ZnzCLL have been isolated from the reaction of ZnX2 (X = NO3 or Cl) with 
the hexameric dimethylaminophosphaene N6P6(NMe&.539 The complex contains [ZnLX]+ 
cations possessing a distorted trigonal bipyramidal geometry involving coordination of four of 
the six ring N atoms. Coordination is found to localize the JT electrons on nitrogen, weaken the 
ring bonds, and strengthen the exocyclic P-N bonds. 

561.4&3 Purine bases 

The interaction of nucleosides and nucleotides with zinc(I1) ions is of obvious biological 
significance and much work has been done to elucidate the nature of the interaction. 
Complexes formed between ATP and Zn2+ are of particular importance, since the presence of 
this metal ion accelerates the hydrolysis of the polyphosphate, thus the complexes provide 
models for ATP transport and biological phosphate transfer and are of possible relevance to 
DNA and RNA polymerases. A crystal structure of [Zn(HzATP)(bipy)l2-4HZO has been 
reported, in which the zinc ions are in {Zn04Nz} octahedra, with two bridging -0P- 
 unit^.^‘"' The adenine complex [ZnL] [C104].EtOH.Hz0 (HL = adenine) has been prepared, by 
the reaction of Zn[ClO& with adenine in ethanolic triethyl orthoformate, and the method is 
claimed to be advantageous over those involving a ueous  condition^.^^^,^" Zinc(1I) nucleoside 
complexes have been investigated by 13CNMRq43 and, in aqueous NaC1, b 3’ClNQR 
spectroscopy?44 Zinc complexes with 2-hydrazin0-3-methylquinoxaline~~’ and 9- 
methylhypoxanthineM have also been described. 

A crystal structural analysis of the dimeric adenine complex [ (LCd(N03)z(HzO)}2] [NO3I2 
(L = adenine) has been reported, and the compound shown to have the structure (79); the 
Cd-Cd  distance is 3.616 A, which indicates that there is little significant metal-metal 
intera~tion.’~~ 
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(L = purine) has been shown to possess the tetrahedral structure 
; Zn-N, 2.054 The interaction of 7-azaindole (81 with zinc 

chloride has been investigated, and the products [Z&C12] (Zn-Cl,  2.231, 2.212 A ; Zn-N, 
2.063, 2.038 A) and [LHI2 [ZnCL,] have been structurally ~haracterized.~~’ Complexes of zinc 
with cytosine,549 adenosine triphosphate55G552 and other purines553 have been investigated, and 
a crystal structure of the complex [{Zn(bipy)(H2ATP)}2]-4H20551 has been described. 

A number of zinc and cadmium complexes of adenine (82),554,555 adenine N - o ~ i d e , ~ ~ ~  
inosine:% cytidine559 and other  nucleoside^^^ have been studied. The structure of 

(9-methy1adenine)ZnCl is polymeric; each zinc ion is tetrahedrally coordinated to two chlorine 
atoms (Zn<l= 2.22 X) , and to N-1 and N-7 of neighbouring adenine moieties (Zn- 
N = 2.05 A structural study of the related cadmium complex, CdCl2(DMSO)L 
(L = 9-methyladenine), has shown the complex to form a one-dimensional polymer.562 

The compounds Na2ZnL*2H20 and Na2Cd&.6H20 (where L = ATP) have been 
and coordination via the nitrogen base and phosphate group established. 

Formation constants have been determined for the ternary complex of Znn, ATP and 
1 ,lO-phenanthr~line.~@ Ternary complexes usually involve metal-bridged ligands, but in some 
cases a ternary complex results from an aromatic ring-stacking between two suitable ligands, 
with a metal bound to only one of them. However, a particularly enhanced stability of the 
ternary complex results when stacking and bridging occur. In this context, it is important that 
ligand-ligand interactions were observed, (e.g. by electronic or ‘H NMR spectroscopy). This 
has allowed the intramolecular equilibrium constant for the equilibrium between triphosphate, 
Zn,L-tryptophanate, 2,2’-bipyridine or 1,lO-phenanthroline to be determined by ‘H NMR. The 
percentages of the stacked isomers decrease in the order [Zn(phen)(ATP)l2-, 
[Zn(bipy)(ATP)]’- , [211(bipy)(IPT)]~- , [Zn(bipy)(UTP)]2- (IPT = inosine 5’-triphosphate, 
UTP=uridine 5‘-phosphate). This series is the same as the sequence of stabilities for the 
metal-free adducts [(phen)(ATP)I4- > [(bipy)(ATP)I4- = [(bipy)(IPQI4-. These series reflects 
the decreasing size of the aromatic-ring systems forming the  stack^.^ 

The formation of [Cd(ATP)]’- complexes has been studied by ‘HNMR, and it has been 
shown that there is a marked tendency to form dimeric intermolecularly ion-bridged 
structures.550 

Much coordination chemistry has been carried out with simple pyrimidines and the nucleic 
acid bases. The crystal structure566 of tetrakis(l-methyl-p~idine-2-thione)zinc(II) perchlorate 
bis(propanone) demonstrates unidentate coordination by the non-methylated (N-3) nitrogen 
atom, with r(2n-N) at 2.058 and 2.060A. The structure of dichlorobis(1- 
methylcytosine)cadmium(II)56’ involves two Cd-Cl  bonds (2.497 and 2.485 A) and two 
Cd-N(3) bonds (2.281 and 2.296 A) with approximately tetrahedral stereochemistry. 

A structure determination of CdL(H20),-3H20 (L = guanosine-5’-phosphate) reveals a 
cadmium ion octahedrally coordinated by five water molecules and the N-7 of the purine ring 
system (Cd-N = 2.37 A; Cd-0 = 2.24-2.34 Similarly, a structure determination of 
CdL(H20)4 (L = 8-azahypoxanthinato) reveals octahedral cadmium bonded to N-7 of the 
purine anions and to four water  molecule^.^^ Theophylline (83) is frequently used as a 
substitute for guanine (84) in model systems, and the complexes [CdL@NH2)2(H20)2] 
(L = 83) have been de~cribed.~’~ 
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The zinc(I1) complex with methyl-5-nitrosobarbituric acid has been reported.571 as have 
formation constants for mixed ligand complexes of Zn" and Cd" involving cyto~ine"~ and 
2-amino~yrimidine~~~ respectively. 

As we have seen, complexes with adenine and 9-methyladenine (to block the nitrogen atom 
utilized in binding ribose or deoxyribose groups in nucleic acids) have been much studied; 
[Zn(9-Mead)X2] is tetrahedral, but [Cd(9-Mead)Xz] (X = C1 or Br) is octahedral with halide 
bridges. The zinc complex is isomorphous with the corresponding chloride, of known structure, 
and probably involves Zn-N interactions with N-1 and N-7 atoms in the purine ring.574 
Adenine complexes [M(Had)&j (X=Cl, Br, NO3 or ClO,), and those with deprotonated 
ligand, have also been r ep~r t ed .~  5 ,  76 

The structure determination of bis(5,5'-diethylbarbiturato)bis(picoline)zinc shows zinc tetra- 
hedrally bonded to the deprotonated nitrogen atoms of the barbital anions (Zn-N = 1.99, 
2.01A) and to the nitrogen atoms of the picoline ligands (Zn-N=2.07, 2.10A). The 
molecules are linked by N-H - - - 0 hydrogen bonds.577 

Stability constants for formation of [ML3I2+ complexes (L = flavoquinone derivatives; 
M = Zn or Cd) have been measured; the ligand is N,O-chelate bonded, and the complexes of 
zinc are the more stable."' 

The metal complexes of riboflavin5'-phosphate (flavin mononucleotide, FMN) have been 
studied. Zn(FMN).2H20 shows some perturbation of the IR bands of the phosphate group, sug- 
gesting that metal binding occurs at the phosphate group.s79 Reviews are available.~'5~'468c~h~1470 

561.8 8.4 Bipyri&ls and o ghenanthrolines 
Complexes of these ligands have long been studied. Some recent extensions of the 

well-documented earlier work are now d e s ~ r i b e d . ~ ~ ~ , ' ~ ~ " ~  
'HNMR studies of solutions of [Zn(bipy)]'+ and [Zn(phen)]'+ have been reported. These 

complexes show little tendency, unlike the free ligands, to stack in solution.580 
The electrolysis of alkyl or aryl halides in MeCN-benzene at a zinc electrode in the presence 

of bipy results in the formation of complexes of the type [RZnX(bipy)] (R=Me, CF,, Et, 
CHpCHCH,, Ph, C& or Bz; X = halide). This provides a route to arylzinc complexes, since 
aryl halides do not normally react with metallic zinc. Oxidation of [RZnX] in the presence of 
RX and [R4N]X had resulted in the formation of [w]RznXz and these are the first examples 
of compounds containing the RZnXz anion.581 

A study of the photophysical behaviour of the N-donor ligands phen and bipy in the complex 
cations [Zn(phen)z(H20)2]2+ and [Zn(bi~y)~]~+ shows that they have larger fluorescence yields 
and smaller phosphorescence yields than the free molecules. The fluorescence yields of both 
complexes were higher than those of corresponding mono-bidentate complexes; this change is 
attributed to ligand-ligand interaction leading to delocalization of the excited singlet state.582 
The luminescence spectrum of [Zn(b i~y)~]~+ at 77 K has been reported,583 and is of particular 
interest since it had been claimed that anomalies in the fluorescence and vibrational spectra of 
aqueous solutions of bipy are due to the leaching of Zn" ions from the glassware to give a 
highly fluorescent zinc-bipy complex.584 The anomalies had previously been interpretedsm as 
evidence for the formation of a covalent hydrate of the diimine; such species must now be 
regarded as hypothetical in the absence of any further evidence for their existence. 

The factors that control the stabiiity of ternary complexes involving bipy or phen have been 
studied. The methyl resonances of [Me3Si(CH2)nS03]- (n = 2 or 3) are shifted upfield by 
[Zn(bipy)]'+ or by [Zn(phen)]'+, while Zn'+ caused no shift at all. This has been attributed5* 
to a hydrophobic interaction between the trimethylsilyl group and the heterocyclic aromatic 
ring system. The effect of varying the n-acceptor properties of the bipyridine ligand on the 
ternary complex with pyrocatecholate (pyro) and zinc(I1) has also been For the 
equilibriun; of equation (5 )  [dpx = 2,2'-dipyridylamine (dpa) , 2,2'-dipyridylmethane (dpm) or 
2,2'-dipyridyl ketone (dpk)], the formation constants decrease in the series dpk > dpm > dpa. 
Thus, the enhanced stability of ternary complexes containing an 0 donor and a heteroaromatic 
N base is dependent on the rc-acceptor properties of the latter ligand. 

Zinc and cadmium complexes with 4,4'-bipyridine have been ~repared.~" The system 
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[Zn(~hen)~l~+-AMP has been studied, and shown to possess strongly Pfeiffer-active optical 
activity. 589 

A combined crystallographic and '13Cd NMR study of the complex [Cd(bipy)2(N03)2].1H20 
in the solid state and in solution has been described; the crystal structure reveals two 
crystallographically and chemically distinct octahedral environments for the metal. In one case, 
the metal has two monodentate O-donor nitrate ions coordinated (Cd-N, 2.33-2.43 A; 
Cd-0, 2.41-2.435 A), and in the other it is coordinated to one monodentate nitrate ion and 
to one water molecule (Cd-N, 2.34-2.39 A; Cd-ON02, 2.43 A; Cd-OH2, 2.246A). The 
solid state Il3Cd NMR investigations also indicated the presence of two metal sites5' 

The complex [Z&&hen)](HL = SS) has been shown to be a homogeneous catalyst for the 
oxidation of cumene . 

56.1.5 PHOSPHORUS LIGANDS 

The phosphorus ligand coordination chemistry of zinc and cadmium is not extensive. The 
'simple' complexes formed from the interaction of zinc and cadmium halides with tertiary hos- 
phines have proved controversial, and a number of relevant studies have appeared."5,pwh 
The complexes M2L& (M = Zn or Cd; L = P(~ych)~;  X = C1, Br or I) are readily prepared, 
and form halogen-bonded dimers of C Z ~  symmetry.59' In contrast, the previously report- 
ed compounds [ZnXz PR3 2 have been shown to be [ZnXZ(PR3)0PR3] (R = Cy; X = C1, Br or 

cyclohexylphosphine complexes has been reported .51 Cadmium triphenylphosphine com- 
plexes have also been studied in solution by NMR methods.592 Complexes with 
( H0)2P( 0) CH2CH2P( 0) (OH), ,593 MePhP( 0) OH , 594 ( HOCH2CH2)2NCH2P( 0)( OH)2 ,595 
Et,NCH2CH2PPh$96 and HMPA597 have been described. The complex [CdLCl,] (L = HMPA) 
is tetrahedral (Cd-Cl, 2.399 A; Cd-0, 2.179 A) with monodentate O-donor li 
[ClLCd(p-Cl)], (L = Et2NCH2CH2PPh2) is a chloro-bridged dimer (8259' while 
[Zn(PhMePOz)(dioxane)]n is polymeric, with a repeat distance (Zn-Zn) of 4.614 

I).5y1 An intensive $ 'P and '13CdNMR study of cadmium tri-n-butylphosphine and tri- 

.'% 

H 

A number of complexes [CdX2(R3P)2] (X = C1, Br or I) have been prepared by the reaction 
of R3P with CdX,, and are thought to have a pseudotetrahedral C2,, skeletal symmetry. 
Investigation by 31P NMR spectroscopy has estabLished that the complexes undergo fast 
phosphine exchange at room temperature, but the limiting low temperature spectra correspond 
to the frozen out species, and show satellites due to coupling to "'Cd and '13Cd nuclei 
( I  = 4).598 In contrast, [Cd(fR3)(SCN),] is fluxional even at 183 K, and a polymeric trigonal 
bipyramidal structure is pro ~ s e d . ~ ~ ~  This has been confirmed by a crystal structural analysis of 
[(rn-t~l~P)Cd(ScN)~] (87) .' The five-coordinate complex { CdClz(PhMezP)}, has been re- 
ported, and shown to have the structure (88).600 

-----N 
(87) (88) 

The reactions of [Cd(DMS0)6]2' with R3N, R3P and R3As parallel those of 

Tetrahedral species [ZnX&] (X = Cl, Br or I; L = Et3P or Et2PhP) have been included in a 
[Zn(DMS0)6]zf , and a number of complexes with these ligands have been prepared.601 
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general study on compounds with these ligands, involving IR, and 'H, 13C and 31PNMR 
spectroscopic measurements.= A crystal structure of the complex [ZnLCl]Cb2DMF (89) has 
been reported;m3 the ligand acts as an N3 donor, and the metal is in a pseudotetrahedral NJCl 
environment. 

Zinc in a trigonal prismatic configuration has been found in the fluoroborotris(2-aldoximino- 
6-pyridy1)phosphine zinc complex cation.604 As in the analogous d7 Co" and d8 Ni" complexes, 
the clathrochelate zinc cation possesses approximate C, symmetry. The immediate environ- 
ment of zinc consists of six nitrogen atoms which define a slightly tapered trigonal prism. 
Distortion from C, symmetry is probably caused by the encapsulated metal ion being larger 
than the cavity of the free unperturbed anion. 

Complexes of the phosphine (90) have been investigatedms as models for the active site of 
carbonic anhydrase enzymes (see Section 56.1.14.1). 

56.1.6 OXYGEN LIGANDS 

56.1.6.1 Hydroxide and Water 

The simple chemistry of coordinated hydroxide and water is well documented. Here we 
consider some recent work in this area. 

Studies have been reported of the complex equilibria present in electrolytically produced 
supersaturated solutions of ZnZ+ in aqueous KOH. Light-scattering and NMR techniques 
indicate the excess zinc to be present as a solute, rather than a colloid, and the predominant 
species appears to be the [Zn(OH)4]2- ion.606 However, Raman and potentiometric studies 
indicate that initially, quasi-colloidal particles, based on Zn(OH), and molecules of solvation, 
are present.m7 These particles undergo a first-order decay to yield a solution containing the 
species [Zn(OH)2(H20)2], [ZII(OH)~H~O]- and [ZII(OH)~]~-, the actual constitution depend- 
ing on the concentration. The non-colloidal zinc species are tetrahedral, rather than planar or 
octahedral. Stability constants for the ions [Zn(OH),]cn-2)- [n = 1-3) have been reported.60S 

. A zincate species, (Na2Zn02), has been characterized in the solid phase of the 
NaOH-ZnO systemm Among the related structures recently determined are potassium 
zincate, K2Zn607:10 which involves three-coordinate Zinc, and the mineral bay1donite,6l1 
(Cu, Z~I)~P~(ASO~)~(OH), ,  which involves partial substitution of copper by zinc. Its structure 
consists of two different interconnected sheets, a lead arsenate and a copper octahedral sheet. 
The latter sheet is formed from three crystallographically distinct {CUO~(OH)~} octahedra. 
One of these, the Cu-2 octahedron, is subject to less distortion than the other two, and appears 
to be the likely site for zinc substitution. Indeed, this (3-2 site in bayldonite is very similar to 
the octahedral {Zn04(OH)2) group in adamite, ZnzAs04(OH) .612 

An X-ray diffraction study of aqueous Zn(NO& has been reported, and, as expected, a 
coordination number of six, almost independent of concentration, was found;613 however, it is 
interesting that although the [Zn(H20)6]2' ion persists at most concentrations of aqueous 
solutions of zinc salts, the total hydration number is concentration dependent, and a study of 
aqueous zinc sulfate has revealed that the total number of water molecules associated with the 
Zn(S0,) decreases linearly with log [ZnS04].614a More recent studies confirm octahedral 
coordination in [Zn(OH2)6]2+,614b but concentration dependence of hydration was not 
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observed.614",d A Raman study of [Zn(H@)6]MF6 (M = Si or Ti) has been reported, and the 
symmetrical Z n - 0  stretching frequency has been unequivocally identified.615 Variable- 
temperature Raman studies on the species [M(HzO)612+ (M = Zn or Mg) are consistent with 
stronger binding of water to zinc.616 NMR studies of W' (M = Zn, Cd or Hg) in water and 
methanol suggest that the covalancy of the metal-oxygen interaction increases in the series 
Hg C Cd < Zn.617 Raman studies of Zn(C104)2 solutions in aqueous HC104 indicate a change 
from octahedral to tetrahedral hydrate coordination as the acid concentration is 

X-Ray diffraction measurements carried out on aqueous solutions of Cd ClO,), show the 

measurements on an aqueous solution of Na2Cd14, supported also by Raman measurements, 
confirm the tetrahedral configuration of the [CdI#- ion (Cd-I = 2.79 A).619 

The Raman s ectra of zinc chlorate solutions show chlorate coordination in the species 

The enthalpy of solution of Zn(C104)2 has been measured,621 while hydrolysis of this 
compound results in the formation of [Zn4(OH)4]4+ and [Zn2(OH)]3+.622 StabiIity constants 
have been determined for the species [Zn(OH),]("2)- (n = 1-4).623 

Glassy solutions of ZnXz (X= halide) in water have also been studied by Raman 
spectroscopy and the results indicate the presence of the tetrahedral ions, 

A redetermination of the molecular structure of Zn(N03)2.2H20 shows the zinc to be at the 
centre of a distorted octahedron of four nitrate oxygens and two water molecules (Zn- 
0 = 2.04-2.17 A). The octahedra are linked by common nitrate groups.626 The basic nitrate 
Zn5(OH)8(N03)2-2Hz0 has been reported.627 

The structure of NaZn2(OH)(H20)(Mo04)2 contains octahedrally coordinated zinc a tom 
linked to each other by double oxygen bridges. The edge-shared octahedra form chains parallel 
to the b axis which are connected to each other through tetrahedral molybdate groups 
( Z n - 0  = 2.12 A).a KzZn2(Mo04)3 similarly contains edge-shared Zn06 octahedra.m 

A redeterminatioP' of the molecular structure of Zn3(P04)2-4H~0 shows it to consist of 
irregular ZnOz(HZO), octahedra, Zn04 tetrahedra and PO4 tetrahedra which share corners and 
edges (octahedral Zn-0 = 2.10 A, tetrahedral Zn-0 = 1.96 A). Similarly, a molecular 
structure determination of Zn2KH(P04)2.2.5H2Cl shows two distinct Zn atoms, one oc- 
tahedrally coordinated by three water molecules and three phosphate oxygens Z n 4 =  

Zn[Pb(IO3),]-6H2o contains zinc octahedrally surrounded by four water molecules and two 
iodate oxygens (Zn-0 = 2.04-2.21 A).632 

Crystal data for the methanesulfonates Cd(MeSO&.2H20 and Zn(MeS03)2-4H20 have 
been reported.633@" 

A neutron diffraction examination of HgzZn( CN)4(H20)4-3H20 reveals structure (91).635 A 
neutron diffraction study of K2[zn(H20)6](so4)2 has also been reported.636 

hydrated Cd2+ to be coordinated to six water molecules (Cd-0 =2.31 a ), while similar 

+ 6 8  [Zn(aq)ClO31 - 

(Hzo),](s")-, 624,625 

2.11 A) and one tetrahedrally coordinated by phosphate oxygens (Zn-0 = 1.94 A). 633 

In Cd2(OH)z(S04), the metal is in a highly distorted Cd06 en~ironment,~~' whereas in 
Cd(Br03)2.2H20 the metal is in a seven-coordinate Cd0, en~ironment.~~' 

The methanesulfonic acid complex, [Cd(MeS03)2], has been prepared by the reaction of 
CdC12 with MeS03H- and a crystal structure of Cd(03SCH2S03).3Hz0 has shown the metal 
to be seven coordinate, in a distorted pentagonal bipyramidal environment.640 

A structure determination of /3-Cd2(0H)2S04 reveals layers of highly distorted Cd06 
octahedra linked by edge and comer sharing and joined by SO$- ions.641 
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56.1.6.2 Oxyanions 

and their  derivative^.^^^^^^'^ 
Considerable structural variation is found in complexes in which the ligands are oxyanions 

The crystal structures of the nitrito complexes [Zn(en)2(N02)] [NO;?] and [Zn(tmen)2(NOz)z] 
have been described.612 
O2 donor (Zn-0, 

nitrite acts as a chelating 
(93) it acts as a monodentate 0 

donor (Zn-0,2.221 A). 
0 

1 

The complex dinitratobis(antipyrine)zinc has been shown crystallographically to contain zinc 
octahedrally coordinated by the oxygens of two antipyrine molecules (Zn-0 = 1.93 A) and 
four oxygens belonging to one symmetric and one unsymmetric bidentate nitrate groups 
(Zn-0 = 2.03-2.52 A).643 

The coordination of Cdz+ by nitrite ion in aqueous solution has been studied by Raman 
spectroscopy,&14 and cumulative formation constants have been derived (/31-/34 = 61.6, 993, 
2390, 1899). Bidentate 0 chelation is postulated, except in the third and fourth complexes 
where unidentate nitrite is also present. This is in contrast to Zn, which forms Zn(N02)2 as its 
highest complex in aqueous solution. 

The crystal structure determination of Cd(N03)2.2Hz0 shows Cd to be surrounded b seven 
0 atoms (Cd-0 = 2.30-2.59 A) belonging to four nitrate and two H 2 0  molecules$’ Five 
form a distorted pyramid with Cd approximately in the centre of the base, and the other two 
are on either side of the base. The polyhedra are linked by common nitrate groups to form 
layers held together b hydrogen bonding. The trihydrate has previously been shown to contain 

Complexes of stoichiometry ZnLX2 (X = NOz or NO,) have been isolated from the reaction 
of zinc nitrite or nitrate with 1,2-dimorpholinoethane and 1,2-dipiperidin0ethane.~’ The 
complexes contain zinc in a distorted octahedron of two ligand nitrogens and two bidentate 
O-bonded nitrite or nitrate anions. The nitrite complexes show greater stability than the 
nitrates. 

The [Zn(NO&l2- ion similarly contains eight-coordinate zinc with approximate dodeca- 
hedral symmetry (Zn-0 = 2.06,2.58 

Crystallographic data on Cd(P03)2 have also been reported,649 while the structure of 
(NH,)Cd(PO,OH)(OH) contains polymeric layers of Cd06 octahedra (Cd-0 = 2.31 A).“’ 

CdBa(P03), contains infinite (PO,) chains; cadmium is octahedrally coordinated (Cd- 
0 = 2.24-2.32 A).651,652 Cd 3(P309)y14H20 contains discrete cyclic trimetaphosphate anions; 
cadmium is again octahedrally coordinated by four phosphate oxygens and two water molecules 
(Cd-0 = 2.23-2.33 A).653 In the related BazZn(P309)z~10H20, zinc is octahedrally coordin- 
ated by four water molecules and two phosphate oxygens ( Z d  = 2.03-2.08 A); barium is 
eight ~oordinate.~’~ The compound ZnS(P3010)z.17Hz0 contains discrete linear tripolyphosph- 
ate anions. Zinc coordination is of three types: (a) octahedral, consisting of four phosphate 
oxygens and two water molecules, (b) tetrahedral, consisting of four phosphate oxygens and (c) 
octahedral, consisting of two phosphate oxygens and four water molecules (Zn-0 = 1.93- 
2.08 A).655,656 In contrast, the zinc in Zn2HP3010.6H20 possesses either octahedral coordina- 
tion consisting of four phosphate oxygens and two water molecules or tetrahedral coordination 
by four phosphate oxygens (Zn-0 = 1.92-2.18 A).”’ 

Polymeric zinc phosphinates of the stoichiometry Zn(OPR20)2, which may be soluble or 
insoluble depending on the R group, have been prepared. The insoluble derivatives have 
structure (M), while either structure (95) or (96) may be true for the solublepolymers.658 

eight-coordinate Cd. b z  
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(94) (95) (96) 

Zinc halides react with the anions [P(CHCOCH2R)O(OEt)z]- (R = hCH2CH20CH2CH2 or 
N(CH,),CH2) to yield the complexes ZnLX (X =: Cl, Br or I) which are dimeric and bridged by 
the oxygen atom of the carboxy group. The N03X donor set thus confers a trigonal 
bipyramidal coordination on each zinc atom.659 ZnC12 reacts with 2-aminoeth lphosphonic acid 
(H2L) to yield Zn(HL)2 in which zinc is tetrahedrally coordinated.’ The complex 
Zn(OHCH2P03) is polymeric, containing distorted Zn06 octahedra connected by bridging 
phosphate ions.661 

The stable phase in the Zn3(P04)2-Zn3(V04)2 system has the composition Zn3p1.5Vo.508. 
The structure consists of sheets parallel to (100) formed of chains containing rings of 
corner-shared (Zn-1)04 and (V,P)04 tetrahedra; the (Zn-2 O4 groups form chains parallel to 

Zinc chloride has been shown to react with triethylthiophosphate to produce the alkyl 
pyrothiophosphate (L) complex ZnL(OH2) which probably has the polymeric structure (97). 
On the other hand, reaction with tri-n-butylthiophosphate results in formation of the 
pyrothiophosphate (L) complex Zn2L(H20),, presumed to have structure (98). IR evidence 
suggests the presence of P--S-P rather than P-0-P linkages.663 

the b axis through corner sharing (Zn-0 = 1.95, 1.96A).66 1 

0 

il 
0 

The complex Cd2(P04)F contains octahedrally coordinated Cd bonded to four 0 and two F 
atoms (Cd-0 = 2.26 A; Cd-F = 2.27, 2.46 A); the fluorine atoms are cis.- 

The X-ray diffraction pattern of Zn1.5V1.504 (prepared by reduction of Zn2V203) indicates a 
spinel structure with zinc occupying tetrahedral sites.= The complexes M3Vlo0,-nH20 
(M = Zn or Cd) have been prepared by reaction of the metal acetate with V205.666p667 

X-Ray diffraction studies of aqueous CdS04 solutions have clearly demonstrated the 
formation of O-sulfato These are of the general form 
[~d(~~~)~~,(~~~~),]c””’+, and appear to be the major species present in concentrated 
solutions. These results are fully in accord with tensimetric studies of the cadmium and 
magnesium sulfate aqueous systems, which indicate an increased interionic attraction at 
elevated temperatures. 671 In contrast , X-ray diffraction studies on cadmium perchlorate 
solutions show no evidence for the coordination of the perchlorate ion to the metal, the only 
cationic species present being [Cd(H20)6]2+(Cd--0, 2.292 A, cf. Cd-0, 2.292 A in solid 
[Cd(H20)6] [C104]z) .670 

The crystal structure of Cd(S04) has been redetermined.672 The cadmium atom in Cd(S04) is 
in a very distorted Cd04 tetrahedron, with the Wd-0 angles varying from 88.1 to 142.7. In 
contrast, the Structure of Cd2(NH&(S04)3 contains two inequivalent octahedral sites for Cd2+, 
and is essentially isostdctural with K2Mg(S04)3. It is found that Mn2+ may be preferentially 
incorporated (82%) into the site with the shorter average catiomxygen distance.673 

The preparation and thermal analysis of several basic Cd sulfates have been reported.674 The 
thiosulfates A2[Cd(Sz03)2] (A = Rb or NH3 have been prepared; spectroscopic evidence 
indicates bidentate coordination through 0 and S .67J 



964 Zinc and Cadmium 

The species MZnSO4C1 (M = Rb or T1) is polymeric, the anion consisting of infinite layers of 
the composition [ZnSO&l]:-; zinc is surrounded by an 03Cl donor set, forming a distorted 
tetrahedron ( Z n 4  = 1.94-1.97 A; Zn-C12.19 

Anhydrous Zn(SO,F), reacts with py to give a complex [Zn(py),(SO,F),] having a 
tetragonally distorted octahedral structure containing unidentate fluorosulfate;6n by com- 
parison with a series of complexes, Cu(py)&, the fluorosulfate anion may be said to have 
greater coordinating strength than C106, BF; and NO:, but less than CF3COr or (p-tolyl 
sulfate)-. Extensive dissociation to give the [Z~(PY)~LQ]*+ cation (L = solvent) occurs in 
solution. 

The organosulfinato complexes (RS02)Zn(OH& react with bipy according to equation (6) 
(R = Ph or p-MeCa) .  In the case of the bis(bipyridy1) derivatives, both 0-bonded and 
S-bonded linkage isomers are f~rrned.~" The hydrated sulfinate also reacts with py to give the 
derivatives [(RSOz)Zn(py)] (R = Ph or p-MeC6.t14).679 The polymeric structures (99) and (100) 
are postulated for the two 1 : 1 complexes. 

(RS02)2Zn(OH2)2 -ZH,O- (RSO,),ZnL (RS02)ZnL2 [ZnLl[RS0212 L = bipy (6)  
+L +L CL 

R 

k 
(99) R = Ph 

I 

R 
(100) R = p-MeC,H, 

The properties of the complexes Zn[Cr04] and Zn[Cr04]-3.5Zn(OH)2.H20 have been 
investigated; their reduction by CO (formed in situ from the decomposition of zinc oxalate) 
leads to the formation of species containing catalytically active Cr" and CI" centres.680*68' 

PPht salts of the [Z~(MOOS,)~]'- anion have been obtained by reaction of PPhCl with 
Cs2MoOS3 and ZnS04. The zinc is postulated to be coordinated by four sulfur atoms in a 
square planar environment 

The zinc atom in Na2ZnSi30s possess highly distorted tetrahedral coordination (Zn- 
0 = 1.94 A).6w 

56.1.6.3 Alcobds, Ethers, Ketones, S-, N- and P-Oxides 

A number of interesting modes of coordination are found with simple organic molecules as 
ligands, e.g. a crystal structure determination of the tetrameric methylzinc(I1) derivative 
{MeZn(OMe)}4684 shows the structure to be as in (101). Close1 related to this is the structure 

consists of two enantiomorphic distorted cubes which share a corner; the zinc atoms O C C U ~ Y  the 
corners of a tetrahedron and oxygen atoms the corners of an interpenetrating, but smaller, 
tetrahedron ( Z n 4  = 2.06 A). 

of the polymerization catalyst Zn(OMe)2(EtZnOMe)6 (102).68 Y The centrosymmetric complex 

OMe 

Me 
/ z-0 \ 

Me 
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The molecular structure of chloro (2-diethy1aminoethoxo)zinc (103) shows it to contain an 
eight-membered non-planar Z&04 ring, with Zn-0 = 1.96 and 1.92 A, and Zn--Cl= 
2.21 A.686 The bromo derivative is similar. 

/R 
/zn-o\ zn-c1 "-7 

(103) R = (CH,),NEt, 

Depending on the molar ratio of reactants, the reaction of NaOMe with ZnC12 in MeOH 
produces the following complex ions: Zn(OMe)$-, Zn( OMe)3MeOH-, ZnCl(0Me); and 
Zn2C4(OMe)$-. The last is postulated to have methoxide bridges; analogous reactions occur 
with sodium i s ~ p r o p x i d e . ~ ~  

Mass spectroscopic investigations of the species MeZnOR (R = Me, Et or But show that all 

The structure of ZnL3S04 (L = glycol) reveals discrete [ZnL, cations in which zinc is 

The 1 : 2 complex of tetraethyleneglycol dimethyl ether with cadmium chloride has been 
shown to be a 

The complex [(CF&Cd(glyme)] has been prepared by metathesis of (CF3)2Hg with [CdMe2] 
in glyme, and has been shown to be a useful intermediate for the preparation of other 
trifluoromethyl compounds (e.g. &Ge, R2Sn and R3P).691 

Formation constants for the species [M(OAC),]{~-")+ (M = Zn or Cd; n = 1-3) have been 
determined; in addition, zinc forms a tetraacetato c o m p l e ~ . ~ ~ ~ , ~ ~ ~  Stability constants for 
complexation of Zn2' and Cd2+ by other ca rboxy l i~*~~~~  and hydroxycarboxylic acids696-699 
have been reported. 

A particularly well-studied ligand is L-3 ,4-dihydroxyphenylalanine (L-DOPA); this may 
coordinate like alaninate or a pyrocatech01;~~ ZnT1 appears to favour binding to L-DOPA as to 
pyrocatech~ls .~~~ Formation constants have been measured for the ternary complexes Zn": 
dopamine: alanine/pyrocate~hol~~ and Zn": L-DOPA:L (L = enicillamine, L-alanine, glycine, 

The complex of Vitamin B6 (pyridoxine) with CdC12, [CdLCl,], involves infinite chains of 
chloro-bridged Cd". The ligand is bidentate through two oxygen donors and bridges via the 
third, so that each Cd atom is bound in a CdC1303 e n ~ i r o n m e n t . ~ ~  

X-Ray structural determinations of the complexes MX2L (M = Cd, X = I; M = Hg, X = C1; 
L = pyridine N - o ~ i d e ) ' ~  show the Cd complex to be composed of infinite chains of [CdI] units 
alternately bridged through two I atoms and two 0 atoms. The Cd coordination is 
trigonal bipyramidal ( C d - 0  = 2.28, 2.38 A; Cd-I = 2.72-2.96 A). Zinc forms the complex 
ZnLJ2, which is monomeric and tetrahedral (Zn--X= 2.57 A; Zn-0 = 1.99 A). 

Salts of [Znkl2+ (L=pyridine N-oxide) have recently been shown to undergo facile solid 
state reactions with alkali metal halides, an observation to be taken into account when 
recording the IR spectra of these and related  compound^.^^ A crystal structure of the complex 
[ZnL6] [C1O4l2 (L = 4-methylpyridine N-oxide) has been reported.707 The metal is in a 
near-octahedral Os environment, with an average Zn-0 distance of 2.114 A. 

The complex with isonicotinate N-oxide [Zn(N-i~onicO)~(OH2)2].4H20 is polymeric, the 
ligand bridging adjacent zinc ions and coordinating via the N-oxide group and a carboxylate 
oxygen, while the species [(N-isonic0)2Zn(OH2)Zn(N-isonicO)2], involves bridging water 
molecules in addition, the zinc being five-coordinate.m The analogous cadmium complex has a 
polynuclear s t ru~ture . '~  

8-Hydroxyquinoline N-oxide (LH) is usually deprotonated in its complexes, but a series 
of compounds, including [Zn(LH)4(OH&] [C10&2HZ0, have been described. The environment 
of the zinc is octahedral with the ligand coordinating only through the phenolic hydroxyl 

Reaction of Zn(ClO& with 2-pimlinic acid N-oxide (HL) yields ZnL in which the ligand is 

form oligomers in the gaseous state having either six or seven monomer units.M( 2 
octahedrally surrounded by six glycol oxygens ( Z n 4  = 2.09 A). 6 l +  

2,2'-bipyridine, citric acid, tartaric acid or sulfosalicylic acid). $3 

 COUP?^^ 
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0,O-chelate bonded via N-oxide and carboxylate  oxygen^.^" In contrast, nicotinic acid 
N-oxide (HL) forms ZnL.5H20, which is best described as a hexacoordinated, linear, 
polynuclear complex of the type [ZnL(OH2)2],-3nH20, probabl involving ZnLZn bridges. 

2-Pyridylcarbinol N-oxide (HL) reacts with Zn(C104)2 to yield Zn(HL)4(C104)2; IR studies 
indicate a six-coordinate structure involving two bidentate and two unidentate ligands.713 

Zinc-oxygen and zinc-nitrogen stretching frequencies have been assigned in the IR spectra 
of [ZnL,C12] (L = 2-pyrrolidone; n = 2 or 3) and [Zn(R-sal)& (R-sal = substituted salicyld- 
dehyde; L = H20 or pyridine).714 

CdX2 (X = C104 or BF4) reacts with 1-methyl-Zpyridone (L) to yield CdL& while zinc 
yields only tetracoordinate ZI~L&~ complexes; the ligand is bound via oxygen in both cases.'15 

The reactions of zinc and cadmium with thiomorpholin-3-one (L) and thiazolidine-2-thione 
(L') result in the complexes MLd(NO3)2, MLS04, IV€L~(NO~)~, ZnGS04 and CdL$04; except 
in the last case, IR evidence indicates coordinated sulfate, while nitrate is ionic in all cases. L is 
coordinated via oxygen and L1 via nitrogen.716 

Crystal structural analyses of the complexes [ZnBr2(Ph3P0)z] Zn-0, 1.965, 1.970 A; 
Zn-Br, 2.354, 2.357 A) and [ZnClz(Ph3PO)2] (Zn-0 ,  1.967 A; Zn-Cl ,  2.187 A) have been 
reported; both complexes show near-tetrahedral geometries about the Another group 
had reported the crystal structure of the complex [ZnC12(OPPh3)2] again finding the metal to be 
in a near tetrahedral OzClz+envir~nment.718- 

The structure of [Zn{H3NCH2(Me)P(0)O}C12] has also been reported, and the compound 
forms polymeric -P-SZn-&P- chains, with the metal in a pseudotetrahedral 02C12 
environment (Zn-0, 1.95 A, Zn-C1, 2.24 

The vibrational spectra of zinc halide complexes (X=Cl, Br or I) with Me3P0 confirm the 
presence of the C;, ZnX202 skeletal s t ruc t~re . '~  Complexes [Zn(R3PO),] [BF4I2 have been 
prepared721 for R =  Me, HOCH,, Et, Pr, CMe2H or Bu, while complexes with trimor- 
pholinophosphine oxide (morpo) and chlorodimorpholinophosphine oxide (cdmpo) include 
[Zn(m~rpo)~] [C104]2.H20, [Zn(m~rpo)~] [PF6]2*2HzO and [Zn(cdrnp~)~X~] (X = NO3 or ClO,) 
where the ligand probably coordinates by the oxide group and a morpholine N atom.m 

The complex CdL&l, [L = PO(NH2)3] is hexacoordinate, with the ligand N,O-chelate 
In the complex ZnL(N03)2 (L = N, N-dimethyldiphenylphosphinamide), the ligand 

is bound via the phosphoryl oxygen; the nitrates are symmetrical and bidentate.7u 
A determination of the structure of [Znb]  [C10& [L = o-phenylenebis(dimethylarsine 

oxide)] reveals (ZnL&+ cations; coordination about each zinc is approximately trigonal 
bi~yramidal.~~' 

Complexes of tri-4-tolylphosphate (ttpj include [Zn( t t~ )~Cl~]  (monomeric) and 
[(tt~)~M(ttp)~M(ttp)3] [C104]2 (M = Cd or Zn). 26 Studies on IR data (and electronic spectra for 
transition metal species) indicate that ttp is a ligand almost as strong as the triorganophosphine 
oxides, and is significantly stronger than trimethylphosphate. The increased donor strength of 
ttp probably reflects inductive and steric effects. The complexing of Cd" by diethylenetriamine- 
N, N, N',  N",N"-pentamethylphosphonic and Zn" and Cd" by methyl diphenyl 
phosphate728 have also been reported. 

Zn(C104)2 forms the complex [ZnL3] [C104]2 (L = diethyl acetylphos honate) in which the 
ligand is bidentate through phosphoryl and acetyl oxy en and the complex 

Complexes of nicotinamide (L) and its N,N-diethyl derivative of the stoichiometry MX2L 
(M=Zn,  X=C1, NCS or NCSe; M=Cd,  X=NCS or NCSe), MX2L (M=Zn, X=NCS; 
M = Cd, X = I) and MXzL4 (M = Zn, X = NCS; M = Cd, X = C1, Br or I) have been prepared. 
In the first two types, L is bidentate and N,O-bonded; thiocyanate is N-bonded in all 
cases .731-733 

The crystal structure of [Zn(DMS0)6] [C1O4I2 has been reported; the metal is in an 
octahedral Zn06 environment, with an average Zn-0 distance of 2.110 A. Complementary 
solution studies reveal the persistence of the [ZII(DMSO)~J~+ cation in DMSO solution, with 
Zn-0 distances of 2.127 A.734 

The electrochemical behaviour of zinc(I1) in DMSO has been investigated (E* Zn/Zn2+, 
-1.806V7 cf -1.562V in water).735 

The pseudooctahedral complexes Cd(OzSR)zL (L = bipy, o-phen) and Cd(O,SR),L, (L = 
bipy, en) may also be obtained; the former contain bidentate sulfinate and the latter 
monodentate, 0-bonded in all cases. Complexes of the stoichiometry Cd(02SR)2L3 (L = bipy 
or en) are best formulated as [CdL,] [02SR]2.736p737 

The ligand is bound through the N-oxide and carboxyl oxygens. 7 1 1  

I 

[ZnL4(C104)] [C104] (L = methyl methylphenylphosphinate). k4 
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The structure of Cd(NCS)z(urea)2 contains infinite chains of cadmium atoms bridged by 
thiocyanate; urea completes a distorted octahedral configuration.738 Crystallographic data on 
[Cd12CX(NH2)2] (X = 0 or S) have also been reported.n9 Metal acetates react with urea (L) to 
yield M$OAC)~L (M = Zn, Cd or Hg); the complexes are six-coordinate, containing bidentate 
acetate. Zn(C104)2 and Zn(NO3)Z react with urea and N-phenylurea res ectively to yield 
ZnL& complexes; the complex [Zn(~rea)~(H~O),] [ C1O4I2 was also i~olated!~',~~~ 

The reactions of CdC12 and SbC15 and organic nitro compounds in non-aqueous solvents lead 
to formation of [Cd(RN02),] [SbC16]2 (R = Me, n = 4; R = Ph, n = 3; R = a-naphthyl, n = 2) 
containing unidentate (n = 4) or bidciiiate (n = 2 or 3) nitro 

56.1.6.4 Diketones and Related Ligands 

P-Diketones have long been studied as ligands for zinc and, to a lesser extent, cadmium, and 
here again some unusual structural features are found and intriguing differences between 
cadmium and zinc are to be seen.9-15,1468*h 

An electron diffraction study of [Zn(acac),] has recently been reported. The Zn-0 
distances of 1.942 f 0.006 8, correlate reasonably weil with those determined from an X-ray 
structural study of the crystalline solid (Zn-0, 1.999 A) and are shorter than those observed 
in the solid state structure of the monohydrate (Zn-0, 2.02 

An intensive study of the vibrational (IR) spectrum of Zn(acac), and its l80, @Zn and 64Zn 
labelled derivatives has also been made, and the bands assigned on the basis of the isotopic 
shifts assuming C, localized 

Ethal ies of formation of metal pentane-2,4-dionates (including Zn") have been measured 

Powder EPR spectra for Mn"-doped com ounds [M(a~ac)~(bipy)] (M = Zn or Cd), 
[Zn(acac)2(phen)] and [Cd(aca~)~(phen)H~O)]~' indicate that distortions from octahedral 
symmetry were greater for the bipyridine adduct than for the phenanthroline adduct, and 
greater for Cd than for Zn. IR measurements confirm that all the compounds are 
tris-bidentate, except for [Cd(aca~)~(phen)(H~O)] which probably has coordinated water and a 
free carbonyl group. 

The fluorescence and phosphorescence yields of various b-diketones are found to be 
enhanced by coordination to Zn2+, A13+ and Be2+ in an increasing order. This is ascribed to a 
ligand-ligand interaction in the excited and ground state, in the case of Zn, most probably 
arising through both Coulomb exchange and dipole-dipole interaction.748 

The molecular structure of KCd(acac)3.H20 contains discrete [Cd(a~ac)~]- anions in which 
the coordination is if good approximation to trigonal prismatic stereochemistry ((3-0 = 2.24- 
2.33 A).749 In contrast, the structure of (catena-di-pacety1acetonato)Cd consists of linear 
chains of Cd atoms bridged by one oxygen atom of each ligand (Cd-0 = 2.28, 2.35 A). The 
remaining two sites in -the octahedral coordination are occupied by non-bridging oxygens 
(Cd-0 = 2.22-2.25 

A determination of the crystal structure of [NK] [CdL3] (HL = 104) has shown the ligand to 
be bidentate, with the geometry of the anion again distorted towards a trigonal prism.751 

directly. $46 

(104) 

Adducts of the type Zn(bfa)2L (hfa = hexafluoroacac; L = phen or bipy) have been prepared; 
IR studies indicate an octahedral c~nfiguration.'~~ The interaction of Zn(hfa)2 with pyridine in 
the gas phase under chemical-ion mass spectroscopic conditions shows the presence of ions of 
the type [Zn(hfa)(py)$, [Zn(hfa)(p~)~]+ and [Zn(hfa)2(py)2]; the first two stoichiometries are 
unknown in the solid state.753 

The reaction of [Zn(acac),] with aza heterocycles has been shown to result in the formation 
of five-coordinate species [Zn(a~ac)~L] (L = quinoline, isoquinoline or m~rphoiine). '~~ 

Further examples of the rare P-diketone (as opposed to P-diketonate ligand have been 
found, and the complexes [Zn(acacH)3] [Inch] and [Zn(MeCOCH&OzEt)3] [Inch] have been 
described.755 
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Zinc chelates of the stoichiometry ZnL, have been prepared from various substituted 
monothio-/.+diketones RC(SH)=CHCOCF3(HL) .756 The mass spectra of Z n b  complexes of 
the monothio-/3-diketones RC(SH)=CHCOPh (R = Me or Ph) have been reported.757 The 
most interesting feature is the loss of H2S, which does not occur with the free ligands, or with 
metal complexes of fluorinated 

The thermodynamics of complex formation between the chelates ML, (M=Zn or Hg; 
HL= RC(SH)=CHCOCF,, R = M e  or Ph) and py and bipy have been investigated.759 Zinc 
forms 1 : 1 complexes with both ligands, the bipy being bidentate. Mercury gives a 1 : 1 complex 
with py, but only an extremely unstable adduct is formed with bipy. 

The molecular structure determination of bis( O-ethy~thioa~etoacetato)zinc~~ shows the 
metal to be at the centre of a deformed tetrahedron, with Zn-S=2.25A and Zn- 
0 = 2.01 I$ .  The molecular structure of the related complex bis(0-ethylthioacetothio- 
acetato)zinc, in which the bonding is totally via sulfur, has also been det~zrrnined.'~' 
Coordination is approximately tetrahedral, with Zn+3 = 2.30 A. In both complexes, the bond 
distances in the chelate ring indicate aromatic character, with a lone pair on the ethoxy oxygen 
being involved in delocalization. 

The complexes Z n L  (HL = nicotinylacetone or 4,4,4-trifluoronicotinylacetone) have been 
prepared. Substitution of a methyl group in the acac ring by a pyridyl ring strengthens the 
-0 and M-0 bonds and weakens the C=C bond of the chelate ring, while further 
trifluoromethyl substitution increases the -0 and C k C  bond strengths and decreases the 
M-0 bond ~ t r e n g t h . ~ ~ * ' ~  

The heteronuclear chelate complex (105) has been prepared and its molecular structure 
determined. The N202 site is occupied by planar Ni, while the 0202 site is occupied by Zn. 
Coordinated py completes the five coordination for the zinc. The Zn-0 distances average 
1.95 8, to the terminal oxygens and 2.09 8, to the bridging oxygens; the zinc is displaced from 
the least-squares basal plane by 0.32 I$ towards the py. Cu, UOz or VO may be used in place of 

(105) 

A fuller account of the structural determination of this heteronuclear chelate complex has 
appeared.765 In addition, a pa er on the general preparation of the binuclear complexes NiML 
where M = Zn, Cu, CO'', Fe{ Mn" and VO" has appeared; in all cases, Ni occupies the NzOz 
site and M occupies the 0202 site.766 

The cocondensation of Zn2+ with ethylenediamine, salicylaldehyde and acetylacetone has 
been shown to lead to the complex (106).767 

56.1.6.5 Carboxylates and Related Species 

With few other ligand classes do zinc and cadmium form such a structurally vaned series of 

The crystal structure of cadmium(I1) formate dihydrate has been determined7m and consists 
of a three-dimensional polymer with each cadmium octahedrally coordinated. In a two- 
dimensional plane, the formates bridge in an unti,unti configuration, while in the perpendicular 
plane, the bridging is in a syn,anti manner. Water molecules occupy the remaining coordination 

Multinuclear complexes and intriguing geometries abound. 
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positions, and the polymer is further strengthened by hydrogen bonds between water and 
formate. The compound is isomorphous with magnesium, zinc, manganese and copper formate 
dihydrates. 

There has in fact been much interest in the cadmium-formate system, and a crystal 
structure of anhydrous Cd(HC02)2 has been reported. The formate ion acts as a bridgin 
ligand, and the metal ion here is seven-coordinate (107).769 The complexes NaCd(HC02)3, 
KCd(HC02)3,’71 K3Cd(HC02)5,’71 [NH4]Cd(HC02)3,772,n3 CdBa(HC02)4-2H20n2 and 
LiCd(HC02)3773 have been characterized as components of the appropriate Cd(HC02)2- 
M(HC02), s stems. The formation of mixed acetate-formate complexes has also been 

7 8  

investigated. 774 

A Raman and IR spectroscopic study of Zn(OAc), and Z ~ ( O A C ) ~ . ~ H ~ O  has been described; 
in the latter compound the metal is in an octahedral environment, with trans diaxial water 
ligands and bidentate chelating acetate groups, and in the former compound the metal is in a 
pseudotetrahedral environment.775 

A further determination of the crystal structure of Zn(02CMe):! has shown the metal to be in 
{ZnO,} tetrahedra, which are connected by bridging ethanoate 

Mass spectral studies777 on the well-known basic zinc carboxylates Zn40(RC02)6 (R = Me, 
Et or Pr”) show the presence of tetrametallic molecular ions [Zn,O(RCO2),]+ which 
decompose via initial loss of a ligand radical followed by elimination of the even-electron 
species Zn(RCO& and (RC02)20. The trimetallic cation [Zn,O(RCOa)s]+ and the doubly 
charged cation [Zn40(RC02)4]2+ are observed in considerable abundance. 

It has been proposed that the higher zinc carboxylates exhibit an enantiomeric polymorphism 
on the basis of the X-ray diffraction characteristics of the materials at elevated  temperature^.'^' 

Electrical conductivity studies on molten zinc carboxylates of even-numbered chain length 
from c6 to (218 are consistent with a small concentration of relatively mobile Zn2+ 

An IR study of the complexes C~(OAC)~ .~H,O and C ~ ( O A C ) ~ - ~ D ~ O  has been made, and a 
full analysis of the spectrum reported.780 A spectroscopic study of the solvation of Cd(0Ac)z in 
alcoholic solvents has also been The IR spectra of Zn” monoiodoethanoate show a 
chelating carbox late group rather than a bridging group, as found in a range of divalent metal 

The structure determination of cadmium cyanoacetate shows the cadmium to be coordinated 
to one nitrogen and five oxygen atoms in a distorted octahedral geometry.783 Each of the two 
independent cyanoacetate ligands coordinates to three symmetry-related cadmium atoms to 
give a three-dimensional polymeric lattice. One ligand coordinates through two oxygen atoms, 
one of them bridging, while the other coordinates through two oxygen atoms and the nitrogen 
atom. In common with many other acetates, the metal atom is not chelated, with the ligands 
acting as bridging molecules. 

Crystal structures of the isostructural complexes [Zn(OH2)&] (LH = phenoxyacetic acid or 
4-chlorophenoxyacetic acid) have been re orted, and the metal has been shown to be in a 
distorted octahedral O6 environment (108)% 

Crystal structures of the related complexes tetraaquabis(2,4-dichlorophenoxyacetato)zinc(II) 
and diaquabis(2,4-dichlorophenoxyacetato)zinc(II) have been reported, in which two distinct 
metal environments occur. In the [Zn(H20)&] (HL = 2,4-dichlorophenoxyacetic acid) mole- 
cule (109) the metal is in an octahedral O6 environment, with a rrans diaxial arrangement of 

iodoethanoates. ?A 
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(108) 

monodentate carboxylate groups (Zn-OH2, 2.098 A; Zn-0, 2.071, 2.121 A) and hydrogen 
bonding between coordinated water molecules and uncoordinated oxygens of the carboxylates 
in the same molecule. 

In [Zn(0H2)&] the metal is in a tetrahedral environment (110) (Zn-OH2, 2.002A; 
Zn-0, 1.915, 1.956 A).785 

HzO OH2 I$ 

t 109) (110) 

The crystal structure of Cdb(py)3.py (LH = 4hydroxybenzoic acid) has been reported, and 
the metal shown to be in an octahedral e n ~ i r o n m e n t ; ~ ~ , ~ ~ ’  one of the carboxylate anions is 
bidentate, but the other is monodentate and hydrogen-bonded to one of the pyridine 
molecules. The remaining three pyridine molecules are coordinated to the metal. 

A crystal structural analysis of Zn(py)2Ly2py (LH = 4-hydroxybenzoic acid) has shown the 
metal to be in a tetrahedral 02Nz environment (ill).''' 

The crystal structures of several other carboxylato complexes have been reported. The 
structure of zinc o-ethoxybenzoate monohydrate is polymeric with distorted tetrahedral 
coordination of each zinc by three carboxylato oxygens and one water molecule.789 Bis(2- 
ch1orobenzoato)zinc is also a polymer; each zinc is bonded in a tetrahedral fashion to four 
oxygens from four different ligands to form a chain-like structure ( Z n - 0  = 1.91-1.94 A).” 
The complex p3-hydroxo-tri-p-(2-chlorobenzoato)dinc~2H20 again consists of polymeric 
chains, and contains two independent zinc atoms; one has an unusual trigonal bipyramidal 
environment, while the other is octahedrally coordinated.791 The structure of [(S- 
malat0)Zn(H~O>~]-H:20 likewise consists of polymeric chains. An a-carboxy oxygen and the 
hydroxyl oxygen complete a five-membered chelate ring with the zinc, while coordination of 
the 8-carboxy group creates in addition a six-membered chelate ring; a distorted octahedral 
zinc configuration is completed by two water molecules and a bridging @-carboxylate oxygen 
from a neighbouring malate group (Zn-0 = 2.05-2.15 A).’= Zinc lactate trihydrate contains 
zinc in a distorted octahedral confi uration of four oxygens from two lactate ligands and two 
water molecules ( z n a  = 2.11 A) !93a 
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An example of a high coordination number for cadmium is found in aquabis(4- 
aminobenzoato)cadmim( 11) 9793b which involves seven-coordinate cadmium, with two chelating 
carboxylate groups, a water molecule and axial positions filled by amino groups from ligands 
bound to the neighbouring metal centres.794 

The crystal structure of bis(2-methylimidazole)-y-oxalatozinc(II)~~H20 involves tetradentate 
oxalate bridges between the zinc atoms, with the two imidazoles cis ~oordinated. '~~ Zinc(II) 
cyanoethanoate involves a polymeric, octahedral structure with bridging or chelating carboxy- 
late groups and an N-bonded cyano On reaction with 2,2'-bipyridine or pyridine, the 
octahedral complexes [Zn(02CCH2CN)2(bipy)] or (Zn(02CCH2CN)2(py)z] are formed, re- 
spectively. These contain bidentate carboxylate groups, but no metal-cyano interactions. 

In the complex Z&.2Hz0 (HL = 2,2,5,5-tetrarnethyl-3-imidazoline-3-oxo-l-oxyl-4- 
carboxylic acid), L- acts as a bidentate ligand via carboxylate and oxo oxygen donors. When 
the 3-oxo group is not present, the ligand is bidentate through the carboxylate and imino 
groups.797 

The crystal structures of several further polymeric carboxylate-cadmium complexes have been 
determined. Anhydrous bis(2-pyridinecarboxy1ato)cadmium (112) has a centrosymmetric 
dimeric structure with a distorted octahedral coordination about each cadmium, which is 
chelated by two orthogonal picolinato groups.798 A sixth coordination position is occupied by 
the non-chelating oxygen atoms of the non-bridging picolinato group of a neighbouring dimer, 
thus conferring a polymeric [Cd(C5&NC02)2]Zn structure on the complex. 

The structure of (pyrazine-2,3-dicarboxylato)zinc dihydrate is also polymeric, but each zinc is 
coordinated in a distorted octahedral manner by three carboxylato oxygens, one nitrogen and 
two water 

(W 

The enthalpy and entropy of complex formation between Zn" and picolinate and dipicolinate 
anions in aqueous solution have been determined by calorimetry and from formation constant 
data. The greater stability of the dipicolinate complex compared to the picolinate complex 
reflects an entropy effect, and AH* is actually less favourable. These anions are well known to 
have a low basicity to H+ compared to their complexing ability to metals. In the present case, 
this probably reflects the coplanarity of the carboxylate anions and the pyridine ring, so that 
the oxygen atoms are in a favourable position to coordinaten8"" 

A spectroscopic (IR, electronic and X-ray) study of anhydrous zinc oxalate has been 
reported; it is suggested that a polymeric structure containing tetradentate oxalate and 
octahedral zinc ions is adopted.801 Complexes with a number of other polycarboxylic acids, 
including malonic,sM-804 succinic,8m-805 maleic,802 malicm and citric acidsm have also been 
described. Crystal structures of [Zn(H20)L] (H,L = malonic acid, CH2(C0,H)2)" and 
[Cd(H20)2L] (H2L = succinic acid, (H0zCCH2)2)805 have been reported. In the former 
compound the metal is in an octahedral D4h environment, and a sheet-type polymer is formed, 
whereas in the latter compound the metal is in an approximately pentagonal bipyramidal 
environment, with succinate ions bridging adjacent metal centres. The complexes [ML] 
(M = Zn or Cd; HL = pentamethyl cyclopentadienepentacarboxylate) are air-stable and readily 
prepared from HL.806 The ligand is thought to be coordinated to the metals via the carbonyl 
oxygen atoms. 

The oxalato complexes [M(CzO4)k] (M=Zn or Cd; L=substituted pyridines or 4- 
toluidine) are also polymeric with bridging oxalato groups.w7 

It has been reported that the anhydrous oxalate K2[Zn(G04)2] may easily be prepared by 
thermal dehydration of K2[Zn(G04)2].5H20.808 Further heating yields ZnO and K&04.1R 

' 
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studies indicate that both the hydrated and anhydrous complexes again have polymeric 
octahedral structures analogous to K2[Mn(C204)2] ; the water is loosely held and dehydration 
readily occurs. On the other hand, the molecular structure of ZnQ04.H20.MeOH is 
monomericm and contains zinc at the centre of a deformed octahedron of six oxygen atoms, 
with oxalate acting as a quadridentate ligand. 

The complexation of Ag+, Co2+, Ni2+, Cu2+, Zn2+ and Cd2+ by unsaturated derivatives of 
malonic (RCH(C02H)2) , acetic (RCH2C02H) and iminodiacetic (RN(CH2C02H),) acids 
(R = CHFCH(CH,),, n = 1-3) has been investigated."' Only in the case of Ag+ was chelate 
formation involving the alkenic bond observed; similar results were obtained for unsaturated 
derivatives of various @-amino acids.'*l Preparative and crystallographic data €or the malonato 
complexes [ZnCH2(CO&]-2H20 and [ZnHO2CCH2CO2I2-2H20 have also been reported.812 

A molecular structure determination of Cd malonate monohydrate shows each malonate 
ligand chelated to three symmetry-related Cd atoms, with two of the oxygen atoms also in 
bridging positions.813 The lattice formed is polymeric and further strengthened by hydrogen 
bonding via coordinated water. The Cd is seven-coordinate with nearly pentagonal bipyrarnidal 
geometry (Cd-0 = 2.27-2.50 A). 

The structure of cadmium(I1) maleate dihydrate contains two cadmium atoms and two 
maleate ligands, both pairs of which are chemically distinct.'14 One cadmium is six-coordinate 
through four water molecules and two bridging maleate ligands, while the other is eight- 
coordinate, in a distorted dodecahedral geometry, through four chelated carboxy groups from 
the two maleate ligands. The maleate ligands link the cadmium atoms into a three-dimensional 
polymer which is further strengthened by hydrogen bonding. 

The thermal decomposition of Zn(HL)2 (H2L=rnaleic acid) takes place at 423-503K to 
yield maleic acid and ZnL, providing an example of an ion-exchange reaction occurring in the 
solid 

The molecular structure determination of zinc lactate trihydrate also shows zinc to be the 
centre of an octahedron consisting of four lactate oxygens and two water molecules 
(Zn-0 = 2.11 A).816a 

56.1.7 SULFUR LIGANDS 

56.1.7.1 ThioIs and Thioethers 

Very beautiful complexes are obtainable using sulfur-containing ligands. The reactivity of the 
metal ion-sulfur bond has been reviewed.816b 

It is now well established that thiophenol reacts with zinc salts to give zinc-sulfur clusters, 
and a further example, [Me4N]2[(p-SPh)6(ZnSPh)2(ZnCl)2], has been characterized crystal- 
lographically. The admantane-like structure observed in [ (~-sPh)~(ZnSPh)~l~-  is seen to persist 
in the anion (l13).817 

(113) 

There is an interesting preparative feature in the chemistry of these compounds: the 
electrochemical oxidation of anodic zinc or cadmium in acetonitrile solutions containing RSH 
or R2S2 provides an excellent route to the polymeric M(SR)2 compounds;'l' this is in contrast 
to the behaviour when Et3N is also present in the solution, when the isolated product is the 
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cubane species, [EtJW]2[Zn4(SR)10].819 A crystal structure of [Et3NH]z[Zn4(SPh)Io], prepared 
by this method, has been described; it is confirmed that the anion in this compound adopts the 
adamantane-like structure (114 , with little evidence for metal-metal bonding, Zn-Zn, 

observed in the crystal structure of the complex [Me4N]2[Fe4(SPh)lo)C3H7CN.8m 
The [Z&(SPh)lo]2- cluster anion has also been prepared by the reaction of NaSPh with 

ZnCl,, and 'H NMR studies have revealed a rapid SPh(bridging)-SPh(termina1) interconver- 
sion, which is thought to occur via opening of the cluster by successive breaking of two bridging 
Z n - S  bonds.820 A rapid metal exchange reaction in the mixed-metal clusters 
[&-,Zn,(SPh)l$- (M = Cd, Co or Fe) and [Co4-,Cd,(SPh)lo]2- was also detected. 

- 3.98A; Zn-S(bridging), 2.371 A ; Zn-S(terminal) 2.291 A.819 The same anion geometry is 

SR 
I 

A crystal structural analysis of the pentanuclear cluster [(MeZn)5(ButS)5] (115) has also been 
reported; once again there is little evidence for direct Zn-Zn or S-S interactions.=' The 
structure is clearly based upon a square pyramid of zinc atoms. Further work in this area is 
surveyed in references 1468~-h. 

The novel species obtained from the reaction of zinc(I1) salts with thiophenol have been 
further investigated and complexes of formula Zn4 SPh),(ROH)] have been isolated from the 

shown that they should be formulated catena-(p-SPh){ (p-SPh)&5n4(ROH)(SPh)} and that they 
form one-dimensional polymeric crystals with one intercluster bridging PhS unit. A crystal 
structure of the complex [Me4N] [ClZn4(p-SPh)12(ZnSPh)4], formed from Zn(NO&, PhSH, 
Pr3N and [Me4N]Cl, has also been reported.= 

The reaction of zinc ethanoate with 1,4,8,11-tetrathiaundecane gives the trimetailic complex 
(116) which transmetallates on treatment with [Ni(H~0)6]~+. 

interaction of Zn[C03] and PhSH in ROH.82 1 (  A crystallographic study of these species has 

Some interesting polynuclear complexes of zinc(I1) have been characterized in another 
system: 2-pyridinethiolate (pySH) reacts with ZnClz in the presence of sodium hydroxide to 
give [Zn(pyS)2].8N A large excess of base leads, however, to the formation of oxohexakis-p- 
[2(1H)-pyridinethionato]tetrazinc(II) [L6Zn40j, involving N,S coordination of the ligand. 
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Similar complexes were prepared for L = 2-thiazoIi&nethiolate7 5-methyl-2-thiazolidinethiolate 
and 1-methyl-4imidazolethiolate. The following chlorozinc complexes have also been pre- 
pared: [(pyS),Zn,Cl] , [(pyS).&n3C12] and [(pyS)ZnCl]. The last compound is probably 
polymeric.8 ’ 

The crystal and molecular structure of Z n L  (HL = 5-butylthio-8-thioloquinoline (117) 
has been reported; the metal is more conventionally coordinated here in a distorted tetrahedral 
N~S,  environment. 826 

The crystal structure of cutena-bis[y-(N-methylpiperidiniu-4-thiolato)]cadmium(II) per- 
chlorate dihydrate827 involves infinite chains of cadmium atoms, each of them tetrahedrally 
coordinated to four sulfur atoms of four different N-methylpiperidinium-4-thiolato groups. 
Each sulfur atom bridges two consecutive cadmium atoms, r(Cd-S) = 2.548 A. 

Cadmium(I1) complexes with l-amino-2-mercapto-5-trifluoromethyl-l,3,4-triazole,n28 1- 
benzyl-2-ethylJ-mercapto-1,3,4-triazole,82y 3-amino-2-mercaptoquinazol-4-one7*30 2-thioura- 
ci1831 and 4,6-dimethyl-2( lH)-pyrimidinethi~ne~~*~~ have been reported. With the latter ligand 
(HL), the complexes {Cd(HL)2X2} (X= C1, Br, I or TFA), [Cd(HL)3][C104],.2H,0 and CdL, 
have been prepared; the [Cd(HL),X,] compounds are polymeric, with a halogen-bridged 
structure, and differ from the corresponding zinc(I1) and mercury(I1) complexes, which are 
tetrahedral monomers.832 The complexes [CdL$l,] with the thiolo and selenide ligands (L) 
(ll8a-e) have been reported.834 

H 
Y X  

(118) a; S NH 
b; S S 
c; Se NH 
d; Se 0 
e; Se S 

Cadmium(I1) complexes with a number of thiolodicarboxylic and thioethers have 
been described; the ligands employed include: HOaCCH2SSCH2C02H and H02CCH2CH2- 
SSCH2CH2C02H,836 Me2S and MeSSMe,837 (119)’= and HO2CCHZCH(CO2H)SCH(CO2H)- 
CH2C02H.839 The complex [CdLC12] (L = 119) has the interesting feature of planar geometry 
at the 

A crystal structural analysis of the complex [NEb] [CdL3] (HL = benzothiazole-2(3H)- 
thione) (120) has been reported; the anion possesses strict C3 symmetry with the ligand acting 
as a bidentate N,S donor (Cd-S, 2.667 A; Cd-N, 2.47A).s40 

The reaction of ZnCl, with 4-thiolo-1-methylpiperidinium chloride (H2LCl) results in the 
formation of [ZnLCl2]2.H2O which has been shown by a crystal structural analysis to have the 
zwitterionic structure (121).841 

We should note in passing that in many cases of ligands having thiolo with other donor 
atoms, e.g. N, it is not always clear how the ligand is coordinated, but for [ZnL4][N03I2-H20 
(L = l-rnethyl-2-thioloimidaz0le),8~~ [Znb]  (HL = l22hm0 [Zn(HL)fi2] and [Z&].LH 
(HL = 2-thiolo-4,6-dimethylpyrimidine; X = C1, Br or I) it has been demonstrated that the 
metal is present in { ZnS4} , { ZnN,S2} and { ZnN2X2} polyhedra respectively. 
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c1 

The following complexes with l74,6-trirnethylpyrimidine-2-thione (L) and 1- 
methylpyrimidine-2-thione (L') have also been c h a r a c t e r i ~ e d : ~ ~ ~ ~ ~ ~ ~  [ZnL3]X2 (X = I, CI04 or 
BF,); [MkX2] (M = Zn or Cd; X = Cl or Br); [ZnL;x2] (X = Cl, Br or I); [CdL$X2] (X = Br or 
I) and [CdL'Clz]. The 1 :3  complexes involve bidentate ligands (with four-membered chelate 
rings), while 1 : 2 complexes result from the presence of anions of greater coordinating power. 
The 1-methyl derivative, while a weaker ligand, shows greater variety in its coordination 
pattern. The IR spectra of the 1 : 2 complexes show metal-halogen stretching frequencies in 
between those usually observed for tetrahedral and octahedral halogen-bridged compounds. 
This is interpreted in terms of M-N,M-X and long M 4  bonds. However, the crystal 
structure of tetrakis (l-methylpyrimidine-2-thione)zinc(I1) perchlorate shows that the zinc is 
tetrahedrally coordinated by nitrogen atoms of four ligands. So in this caw the sulfur atoms are 
not coordinated to zinc, the r ( Z n 4 )  distances being 3.206 and 3 .255kW The complexes 
[MbCl,] (M = Zn or Cd; L = 2-thiouracil) are probably pseudotetrahedral, with v(Zn-Cl) at 
(319 or 337) and 287 cm-' and v(Zn-S) at 215 cm-1.831 

Studies on ligands containing the thioether group received fresh impetus from the finding that 
one of the ligands to copper in the electron-transfer protein, plastocyanin, is a thioether group. 
Naturally occurring species are L-methionine and S-methyl-L-cysteine, while biotin contains a 
reduced thiophene group. Formation constants for meta1:thioether interactions have been meas- 
ured by observing the decrease in the intensity of the visible spectrum of a Cu-thioether 
complex resultin from the addition of a competing metal ion. In this way, constants have 
been determine& for Zn" and Cd" with 2,2'-thiodiethanol (HOCH2CH2SCH2CHzOH), tetra- 
hydrothiophene and diethyl sulfide. Data have also been reported for biotin- with enthalpies 
and entropies of complex formation for the thiophene-2-carboxylate Interestingly, 
comparison of data for the last named ligand with those for ethylthioacetate and phenylthio- 
acetate suggest that aromatic sulfur donors have a greater tendency to form bonds with these 
metals than do aliphatic sulfur donors. Recent surveys of work in this field are available.1468"h 
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Other measurements on Zn" and CdI' complexes include formation constants for aliphatic 
thioethersYM8 and calorimetry with dithiodiacetate, 3,3'-thiodipropionateW and 
phenylthioacetate.8so 

The Schiff base com lex (123) forms a 1:l complex with p-chloranil, which has been 
intensively investigated.g' There is evidence for both a n-n* interaction of the aromatic rings 
with the complex, and a local donor-acceptor interaction of the metal with the chloro 
substituent. 

A zinc complex of the diazonium cation 124 has been reported, and is claimed to be useful as a high-speed light-sensitive compound.85 a )  

(123) X = 0, S or Se (W 

Dithiolato complexes of zinc and cadmium, [NEt4I2MX2 where X is the dianion of 

The reaction of (n-C~)~TiC12 with ZnCl2 and ethane-1,2-dithiol has been shown to yield the 
cyclopentadienedithiocarboxylic acid, have been r e p ~ r t e d . ~ ~ , ' ~ ~  

novel complex (125).s55 

The complexes ZnX2b [X = C1, Br or I;L = [3,5-diphenyl-A4-(1,3,4-thiadiazoline)-2- 
ylidenel-p-methoxythioacetophenone or -p-methoxyacetophenone] have been isolated.856 On 
the basis of IR evidence the metal is believed to be trigonal bipyramidally coordinated with the 
ligand acting in a bidentate manner. The complexes are thus best formulated as [ZnLXIX. 

56.1.7.2 Thioacids, Thioamides and Related Speciea 

We have seen that physical measurements are indispensable in examining zinc and cadmium 
coordination and this is no less true in the study of sulfur coordination. Whereas IR, NMR and 
X-ray investigations dominate this scene other, less direct, techniques have been used. 

For example, dipole moment measurements on 2 : 1 zinc chelates of fluorinated monothiodi- 
ketones RC(SH)=CHCOCF3 are consistent with a tetrahedral configuration in solution.857 
Detailed mass spectral studies on these chelates have also been r e p 0 r t e d , 8 ~ ~ , ~ ~  as have mass 
spectral studies on a variety of zinc, cadmium and mercury thiooxinates.860 The crystal 
structure determination of Cd(thiooxinate)z reveals cadmium in a distorted NzSz tetrahedral 
configurationqM1 Tris(thiocarbonohydrazide)Cd( Clod)* contains cadmium octahedrally coordi- 
nated by the N,S-chelating ligand (Cd-N = 247-2.44 A; Cd-S = 2.59-2.62 A); a 2: 1 
derivative can also be isolated in which cadmium is tetrahedrally coordinated, although four 
perchlorate interactions yield a polyhedral coordination intermediate between a dodecahedron 
and a square a n t i p r i ~ r n . ~ , ~ ~  

In a cadmium thiodiacetate hydrate, the ligand is terdentate, coordinated via sulfur as well as 
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two oxygens ( C d - 0  = 2.28 A; C d - S  = 2.66 A); a distorted octahedral coordination is 
completed by bonds to a water molecule and to two adjacent ligands.'& A structure 
determination of bis(thioben~oato)Zn(H~O)~ reveals a tetrahedral zinc environment consisting 
of two water molecules and two monothiobenzoato groups bonding as unidentate ligands 
through sulfur (Zn--S = 2.28 A).865 Complexes of the stoichiometry 
bis(monothioben~oato)M(py)~ (M = Zn or Cd) have also been prepared; the monothiobenzo- 
ate is proposed to be bidentate.866 'H NMR studies on the complexes ML, (M = Zn or Hg; 
HL = 2-amino-1-cyclopentene-1-dithiocarboxylic acid) support the exclusive use of sulfur atoms 
by the ligand in metal while NMR studies of the complexes [ (CZH5)4N]2Z~  
(H2L = cyclopentadienedithiocarboxylic acid) show a reduction in the aromaticity of the 
five-membered ring on coordination.868 

The pyrazolone derivatives (l26) give intensely coloured complexes with zinc(I1) ions and 
have been advocated as reagents for the colorimetric determination of the 

The molecular structure of tetramethylenebis(thioacety1acetoniminato)zinc (127) has been 
dete~mined.'~' The tetramethylene chain is folded to give pseudotetrahedral symmetry about 
the zinc, with Z n - S  = 2.28 8, and Zn-N = 2.00 A. 

HO CS,Me c==3 

HO- 
(W (127) 

The molecular structure of triaquazinc thiodiglycolate (-202CCH2SCH2CO$-) shows that the 
zinc has a distorted octahedral environment, being weakly bonded to a sulfur atom (2.60A) 
and five oxygens, one from each of two carboxy groups (2.03, 2.10 A) and three mutually cis 
water molecules (2.02-2.10 A). The two five-membered rings are significantly non-planar, and 
extensive hydrogen bonding 

A complete IR and normal coordinate analysis (including metal isotope data) have been 
carried out on the thiocarbonato complexes A2M(CS3)ZM(CS3)2 (M = Ni or Zn; A = PPh:, 
M e a ,  or  ASP^;).*^^ 

The complex bis(ethylxanthato)(py) Zn contains zinc in a trigonal plane composed of the 
pyridine and a pair of sulfur atoms from the xanthate ligands (Zn-N=2.03& Zn- 
S = 2.29 A).873 In contrast, the xanthate ligands in bis(ethylxanthato)(l,lO-phen)Cd are 
bidentate, thus conferrin a pseudooctahedral configuration on the metal (Cd-N = 2.38 A; 
Cd-S=2.64, 2.72i%).878 Zinc chelates of the stoichiometry ZnL, have been isolated 
(HL = several Schif€ bases derived from S-methyldithiocarbazate) .875 

The complexes Z ~ I ( N H ~ ) ~ S ~ O ~ - H ~ O  and Cd(NH3)&03 have been prepared; thiosulfate is 
unidentate and sulfur-bound.g76 In addition, the mixed thiosulfates 3Rb2S20&&03+3H20 
and Rb2Cd(S20& have been isolated; thiosulfate in the former is unidentate and sulfur-bound , 
whereas it acts as a chelate in the latter.8n 

IR studies of metal and dithizonate~,~'~ including complexes of Zn, Cd and Hg, 
have been reported. 

The complexes M X L  (M = Zn, X = C1, Br or I; M = Cd, X = Cl) and HgX2L (X = Cl, Br, 
SCN, NO3 or 3S04) have been isolated, where L is the sterically hindered ligand 2-imino-4-oxo- 
1,3-thia~olidine.*~ All complexes are formulated as monomeric tetrahedral; with Zn, ligand 
coordination is via the ring N atom, but in the Cd complexes coordination via sulfur is 
observed. The ligand is bound via both N and S in the Hg complexes. The SCN is unidentate 
and S-bonded; nitrate is unidentate, whereas sulfate is bidentate. 

The trithiocarbonato complex anions [M(CS3),lZ- (M = Zn or Cd) have been isolated as their 
tetraphenyl-phosphonium and -arsonium salts." The trithiocarbonate is bidentate and forms 
four-membered chelate rings. 

Stepwise stability constants for complexation between Zn2+ and Cd2+ and the acids 
X(CH2CH2COzH)2 (X = 0, S, Se or Te), Se(CHzC02H)2, X(CN(Me)C02H)2 (X = S or Se) 
and H02CCH2SCH2CH2C02H have been measured.882 The structures of benzeneselenic acid 
complexes of zinc, cadmium and mercury have been investigated by IR spectrosoopy; the 
bonding of the areneseleninato ligand depends on the water content of the compound. The 
hydrated complexes are always of the 0,O-type; the anhydrous complexes are mainly 0,O 
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bound in the case of zinc, while the cadmium and mercury derivatives contain unidentate 
ligands bound via oxygen and selenium respectively.8a 

Many studies have been made on thiourea, thiocarbazides and thiocarbamates. For example, 
recent work on complexes of thiourea and its derivatives has included the measurement of 
formation constants for interaction with Zn” 884 and Cd4.s84,885 Enthalpies of formation for 
cadmium complexes with thiosemicarbazide (L) and its 4-methyl derivativeM6 have been 
determined, and entropy changes calculated for successive complexation (using literature 
values for formation constants). The variations in these functions have been interpreted in a 
model postulating coordination number changes from six in [Cd(H20),#+ to four in 
[ C ~ L ( H , O ) Z ] ~ ~  and [CdL$+ and back to six in [CdL3I2+. In all cases, the ligand is bidentate. 
Complexes with thiosemicarbazides and related ligands include the Zn(OZCMe)z- 
thiosemicarbazide c~mplex ,~ ’  octahedral [ZnLX2] (L = ethyl methyl ketone thiosemicar- 
bazone; X = C1, Br, I or NO3) with bridging X and bidentate, bonded ligand, and tetrahedral 
[Znb]  [C104]2,888 and ZnLC12-H20 (L = ethylacetoacetate semi~arbazone).~’ 

The thiourea ligands in [Cd(02CMe)z(tu)z] and [Cd(tu),] [C104] (n = 4 or 6) are bonded 
through their sulfur atom; the former complex has a tetrahedral S204 arrangement, with a 
more distant interaction with two other oxygen atoms giving the metal atom a bicapped 
tetrahedral geometry,sg0 whilst in the latter two complexes the perchlorate counterion is 
hydrogen-bonded to the amino groups of the ligand.@’ 

Complexes of the chelating thioureas (l28; R = Me, Ph, PhCH2, 0 -  andp-tolyl) have also been 
reported,s92 for example those of stoichiometry MLXz (M = Zn, X = C104; M = Cd or Hg, 
X = Cl). No perchlorate coordination was observed in the zinc complexes, and IR evidence 
indicated ligand coordination via the suIfur and heterocyclic nitrogen. The Cd and Hg 
complexes are non-electrolytes; coordination to the Hg is postulated to resemble that in the Zn 
complex, while it is believed that Cd is coordinated via the sulfur and the NH group to the 
heterocyclic ring. 

(u%) R = Me, Ph, PhCH2, 0-  and p-tolyl 

The molecular structure of bis(ethy1enethiourea)zinc thiosulfate has been determined.893 
Zinc is tetrahedrally surrounded by three sulfur atoms (two from ethylenethiourea, one from 
thiosulfate; Z n 4  = 2.32 A) and one oxygen from the thiosulfate (Zn-0 = 2.02A). The 
thiosulfate groups behave as bridging ligands. 

Both 1 : 1 and 2: 1 complexes of N,N-diethyl- and N,N-dimethyl-thiourea with zinc, cadmium 
and mercury halides have been prepared. The 2: 1 complexes are either monomeric and 
tetrahedral or polymeric and halogen-bridged with octahedral metal coordination; the 1 : 1 
complexes also gossess a polymeric, halogen-bridged structure, but with tetrahedral metal 
co~rdination.~’~. 

The complexes &(SZO~) (M = Zn, Cd or Hg; L = ethylenethiourea) contain bidentate, 
chelating S20g-.896a Paramagnetic imidazoline oxy1 complexes [ML] (M = Zn or Cd; HL = 129) 
show an unusual electron exchange phenomenon between the two ligands.s96b 

Dithiomalonamide (L) and its dimethyl and diphenyl derivatives form complexes of the 
stoichiometry ZnLX2 and Znb(C104)2 (X = C1, Br or I), Both contain tetrahedrally coordin- 
ated zinc; the dimethyl ligand is N,S-chelate-bonded while the others are S,S-b~nded.~~’ The 
complexes [ML] [C1O4”J2 have also been prepared and do not contain coordinated perchlorate. 
The complexes ZnL (H2L = dithiooxamide, N,N-dimethyl- and N, N-dicyclohexyl-dithioox- 
amide) have been and consist of linear chains containing four-coordinate zinc. 



Zinc and Cadmium 979 

With N,N-dimethyl- and N,N-dicyclohexyl-dithiooxamide, Zn, Cd and Hg form the 
non-electrol te MLX2 (X=Cl, Br or I) and electrolyte MLX2 and ML3X2 (X=C104) 

complexes, a tetrahedral coordination is indicated, while the analogous Cd complexes contain a 
halide-bridged octahedral structure. 

The reaction of dithiooxamide and its tetramethyl and tetraethyl derivatives with zinc, 
cadmium and mercug halides leads to complexes of stoichiometry MLX2 (M = Zn, Cd or Hg; 
X = C1, Br or I),", M - S  bonding is involved; IR spectra show that the zinc and mercury 
complexes are four-coordinate, while the cadmium complexes are octahedral with halogen 
bridges. 

A crystal structure determination of the complex [ r a B ~ ]  [CdL3] (WO) (HL = Et2NCS2H) has 
shown the metal to be in a geometry intermediate between octahedral and trigonal prismatic, 
with each dithiocarbamate acting as a non-symmetrical S, chelate (Cd-S,  2.655-2.755 A).9o2 

complexes.8 B ' IR studies show that all the complexes are S,N-coordinated; for the ZnLX, 

S J  

octahedral trigonal 
prism complex 

(W 

A detailed study of the reactions of [Cdb] (HL = Et2NC&H) with halogens, and of the 
reactions of iodo derivatives with Lewis bases has been described.902 

A crystal structural analysis of the complex 2CdC12.L, has been described (L= 
BU~NSCCH~O(CI-I~)~OCH~CSNBU~), and the metal shown to exist in two separate environ- 
ments, one trigonal bipyramidal and one octahedral.m 

In the thioamide complexes [MLQX~] (M = Zn or Cd; L = 2-thioacetamidothiazole; X = Cl or 
Br) the ligand is thought, on the basis of multinuclear NMR studies, to act as a monodentate 
donor through the ring nitrogen atom.904 

The crystal structure of the first monomeric thiocarbamate complex, 
bis(cyclopentamethylenethiocarbamato)bis(pi~~dine)zjnc, was described in 1973,905 The 
coordination geometry about the zinc is approximately tetrahedral, consisting of s u k m  of the 
two thiocarbamate ligands ( Z n - S  = 2.29, 2.31 A) and nitrogens of two piperidine ligands. 
Hydrogen bonding of the uncoordinated thiocarbamate oxygen with the proton of the 
coordinated piperidine occurs. 

Solution studies on the compounds [Bu4N] [M(R2NCS2)3] (M = Zn or Cd; R = Me or Et) 
show the zinc complex (unlike the cadmium complex) to be some 90% dissociated into the 
neutral bis complex and the free ligand anion. This is in accord with the structure of the solid 
complex,9o7 which shows that only one dithiocarbarnato group is bidentate, the other two being 
formally unidentate. 

Reactions of dithiocarbamate complexes have been the subject of several recent reports. For 
instance, reaction of [Z~IZ(TMTD)] (TMTD = tetramethylthiuram disulfide) with two equiv- 
alents of Ph3P yields the dithiocarbamate salt [Ph3PC(S)NMe2] [Zn12(S2CNMe-J], whereas 
reaction with three equivalents yields the salt [Ph3PC(S)NMe2] [Zn13(PPh3)].908 The anions 
[ZnX2(S2CNMe2)]- were also prepared by the reaction of [Bu$N] [S2CNMe2] with ZnX2, and 
addition of a further mole of [Bu$N][S2CNMe] yields the neutral [Zn(S2CNMe,?),]. Further 
reaction of the latter with [BGN] [S2CNMe2] yields [ButNj [Zn(S2CNMe2)3]. 

'H NMR spectra of some dithiocarbazo complexes of zinc, Z n b  (HL = R1R2NNMCSSH, 
have been determined,909 and indicate pseudotetrahedral geometry with chelation by sulfur 
only. 

A 'HNMR investigation of the configuration of Zn* R1R2C="HCS2Me and 
R1R2C=NNHCSN& complexes in solution has been made and the configuration shown to 
depend upon the nature of the two R groups; with R' = Ar and R2 = H, only one conformer, 
with the aldehydic hydrogen syn to the N-N bond, was present, but a mixture of syn and anti 
conformers was present with the compounds derived from ketones.'" The formation of 
cadmium(I1) complexes of the ligands R1R2C==NNHCS2Me and R1R2C==NNHCSNH2 have 

coc -PP 



980 Zinc and Cadmium 

been studied by 'HNMR and the behaviour found shown to be similar to that of the 
corresponding zinc complexes. 910 

The complexes CdLX2 (X = C1, Br or NCS) and CdL(C104)2 (L = EtMeC=NNHCSNH,] 
have also been investigated and have been shown to contain tetrahedral cadmium(I1) .911 

Bis(thiosemicarbazide)CdS04 is polymeric, with sulfate acting as bridging ligand (Cd- 
0 = 2.41-2.52 A). Octahedral configuration about the cadmium is completed by the bidentate 
N,S-chelating thiosemicarbazide (Cd-S = 2.54 A, Cd-N = 2.37 A); both cis and tram 
configurations of the two chelate rings are 

NMR studies of thiosemicarbazone (L) complexes of the stoichiometry ZnLClz and ZnL#lz 
have been used to evaluate the conformer structure in solution and the possibility for rotation 
of the C-NHz bond.913 

Compounds of the stoichiometry MLXz (M = Zn or Cd, X = SCN, OAc; M = Hg, X = SCN, 
CN or BF4) have been isolated, where L is either thiomorpholin-3-one (L1) or thiazolidine-2- 
thione (L2).914 In the case of mercury CN and S C N  derivatives with both ligands, a 
pseudotetrahedral geometry is postulated containing S-bonded SCN; L is coordinated via S and 
L2 via N. The zinc-SCN complexes are also tetrahedral but with N-bonded SCN, 0-bonded 
ligand in the case of L', and N-bonded ligand in the case of L2. The cadmium-SCN complexes 
are polymeric octahedral, with bridging SCN groups and ligand coordination the same as in the 
case of zinc. IR evidence indicates unidentate coordination of the acetate and tetrafluoroborate 
groups, while the coordination characteristics of the ligands are the same as found for the SCN 
complexes. 

The pseudotetrahedral complexes ZnLX2 (X = CL, Br or I; L = 2,6-dimethylthiopyrone) 
have been prepared; the ligand is coordinated vi0 sulfur .915 Thiazolidine-2-thione (HL) reacts 
with MC12 (M = Zn, Cd or Hg) as its deprotonated thiol to yield polymeric ML, complexes in 
which the ligand is N,S-b~und.~ '~ 

Stability constants for complexation of HC+ by a variety of potentially octadentate N4S4 
chelating agents have been determined; the order of stability Hg > Zn > Cd was also noted.917a 

56.1.7.3 Phosphine Sulfides and Selenides, Sulfnr and Selenium Heterocycles 

Complexes of dithiophosphate ligands917b have attracted attention recently; in Cdb(L')2 
(HL = (Et0)2PSzH; L' = hexamethylenetetramine) (Wl) the metal is in a distorted octahedral 
S a ,  environment:" whereas in [NMe4] [CdL3] (HL = (PI!O)~PS~H) the metal is again in a 
geometry intermediate between octahedral and trigonal prismatic (lXZ).919 

The crystal structure of bis(di-n-propyldithiophosphinate) zinc(I1) has also been reported, 
and the compound shown to exist as discrete dimers is in the solid state (133).m 

IR and Raman spectroscopic studies of the ligand tetraallyldiphosphine disulfide and its zinc 
complex ZnLC12 have been reported.921 

Polymeric dithiophosphinate complexes of the type (134; M = Z n  or Cd) have been 
obtained.= These complexes add py readily and reversibly to yield polymeric octahedral 
complexes. 

The interaction of metal ions with vitamin B1 (thiamine hydrochloride, 135) continues to be 
of interest, and a combination of IR, 'H and 13C NMR techniques have been applied to the 
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1133) (W) R =pMeOC,H, 

study of the zinc complex. It has been demonstrated that the metal is bonded to N-3' of the 
pyrimidine ring, not to the sulfur atom.m3920 

Cadmium complexes of the same ligand have been described, and, in general, resemble 
those reported for 

The complex [ZnL] (HL=l36) has been shown to exist with the ligand in the illustrated 
tautomer, rather than as its double bond isomer, with the imine bond towards the benzene 
rings. * 

A crystal structural analysis of CdbBr2 (L = 137) has been described.926 The ligand is in the 
tautomeric form depicted, and is coordinated to the metal through N-1 to give an octahedral, 
polymeric complex. 

;OH TqTJ / \  &;! 
HO \ 

y N L j  i \ 
H + NJ+-,A-,N~S 

035) (W (137) 

A number of complexes of zinc with benzothiamle and other sulfur-containing ligands have 
been described and the crystal structure of [NBh] [Zn\S2CNMe&l2 (02CMe), which contains 
a square pyramidal (ZnS40} unit, has been reported." 

Zinc ethanoate behaves similarly to mercury(I1) ethanoate on reaction with 242- 
pyridy1)benzothiazole and gives com lexes of a ring-opened 

Surveys of this area are 

56.1.8 Halides and pendohalides 

The history of zinc and cadmium halides is long and well documented. 
The relatively recent application of physical techniques to the study of, for example, solution 

species in the molten salts or the nature of halometal anions in the solid state has revealed 
many interesting and remarkable findings which we now briefly explore. 

56.1.8.1 Coordination of the Halides in the Molten State 

Molten zinc chloride has a remarkably high viscosity at its melting point (318°C) and an 
X-ray diffraction study at 323°C has revealed that the liquid consists of [ZnCLI2- and Zn2+ 
ions, rather than molecular ZnC12.929 The conductivity of ZnC12-LiC1 melts has been 
investigated. 930 

On the other hand, the temperature-dependent viscosity and electrical conductivity of 
molten ZnBr2 and ZnC12 has been interpreted in terms of large molecules having the 
composition {ZnC12}, and {ZnBr2},,, free Zn2+, and C1- and Br' anions arising from salt 
diss~ciation.~~' This is in contrast to a previous postulate of dissociation to give Zn2' and 
ZnC4- ions. Thermal conductivity studies of the molten MX2-PbX2 (M = Zn or Cd; X = Cl or 
Br) systems also indicate that the layer structure of the Zn and Cd halides is partially 
retained."2 

A number of apparently conflicting reports have appeared, describing the liquid state 
for which molten zinc chloride has been taken as a model in non-compatible schemes. A 
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neutron diffraction study of isotopically enriched molten zinc chloride suggests that metal- 
halide ion interactions are minor, and that the structure shouId be regarded as a mixture of zinc 
and chloride ions.933 In contrast, an X-ray diffraction study at 330, 430 and 530°C has 
suggested that the ligand phase closely resembles a loosely distorted CY-, j3- or y-ZnC12 
structure, with corner sharing ZnC4 units; there are four close Z n - C l  contacts at 2.30A at 
each temperat~re.’~~ Further Raman studies of ZnCl2-KC1 melts are in accord with the 
presence of [ZnClz],, [ZnCl$- and other unidentified species. 935 The molten CdCI,-KCl 
system has also been studied over the range 0-100 mol% CdC12 at 857 K.936 Related reports 
have described studies on the molten MnFz-ZnFz ~ y s t e r n , ~ ~ ~ . ~ ~ *  ZnC12-CuC12,939 CdC12- 
AgC1940 and CdCl~-PbC12~’ systems. The AgC1-CdCl2 system is of some interest, in that 
vapour pressure measurements show it to exhibit a negative deviation from Raoult’s law.940 
The ternary system CdC12-LiCl-NaCl has been investigated, and a range of chlorocadmate 
species ~haracterized.~~’ 

The reactivity of a variety of non-aqueous zinc, cadmium and mercury systems has been 
described. A series of papersws” reports several aspects of the inorganic chemistry of fused 
zinc chloride. The stoichiometry of the reactions of 15 oxyanions with fused zinc chloride has 
been e s t ab l i~hed .~~  With hydroxide, carbonate, nitrate, peroxide and sulfite, oxide ion was the 
non-volatile product; bicarbonate was also decomposed to oxide, possibly via an intermediate 
basic carbonate chloride. Nitrite gave oxide as the h a 1  product, with partial intermediate 
formation of nitrate. Sulfate did not react, but its solution, and those of metaphosphate and 
pyrophosphate, could be quenched to glasses. Thiosulfate gave sulfide and sulfate as 
non-volatile products, while pyrosulfate, persulfate and bisulfate gave sulfate. Metabisulfite 
produced sulfate, sulfide and oxide, with the proportions varying with concentration. The 
stoichiometries of the reactions of eight halogen and pseudohalide anions with fused zinc 
chloride have been e s t a b l i ~ h e d . ~ ~  Perchlorate and chlorate decompose to oxide , oxygen and 
chlorine, the latter with partial intermediate formation of perchlorate. Both bromate and 
iodate gave oxide, oxygen and free halogen, accompanied by extensive oxidation of the melt, 
while periodate gave oxygen and iodate, and at higher temperatures, oxide, accompanied by 
melt oxidation. Of the pseudohalides, cyanide did not react; cyanate gave cyanide as the main 
product while thiocyanate formed sulfide, cyanide and sulfur. 

The reactions of four transition metal ions and oxyanions with fused zinc chloride have been 
further elucidated.ws Potassium chromate dissolves without reaction at 350 “C (Y,, = 
26 OOO cm-l) but at higher temperatures reacts to give zinc chromite, with slight melt oxidation. 
Potassium dichromate also gave zinc chromite through a chromate intermediate, but with more 
extensive melt oxidation. Silver oxide reacted to give silver chloride with no decomposition to 
silver metal, while sodium metavanadate reacted probably to give a zinc metavanadate species. 
The solubilities of cobalt(II) chloride, nickel(I1) chloride, chromium(II1) chloride, and zinc 
oxide and sulfide in fused zinc chloride have also been rnea~ured.”~ The spectra of nickel(I1) 
and cobalt(I1) dissolved in a zinc chloride-zinc sulfate melt showed a tetrahedral-octahedral 
coordination equilibrium, the octahedral species being favoured by an increase in temperature 
and zinc sulfate ~oncentration.”~ 

EMF measurements on the ZnCl2-AC1 (A=K,  Rb or Cs) systems have yielded partial 
molar free energies, enthalpies and entropies, and the results have been interpreted in terms of 
an acid-base reaction.948 The enthalpy of mixing consists of a contribution from the reaction to 
form the tetrahedral complex A2ZnC14, and a contribution from the mixing of the products 
with remaining reactants to form a solution. The results indicate that as the polarizing power of 
the alkali metal cation decreases, the ‘reaction’ part of the enthalpy becomes more 
pronounced, reflecting the increased basicity of the alkali metal salt. 

A dissolution mechanism for zinc, cadmium and mercury in their molten halides has been 
proposed on the basis of experimental and literature data.949 Dissolution occurs at the 
metal-salt phase boundary. Adsorbed I@+ cations are reduced to M+ ions which then migrate 
into the salt phase where @+ dimers form. The stability of the M$+ ions was found to increase 
in the order Zn < Cd << Hg (the latter is so stable that Hg+ is undetectable in solution). 

The stability constants in melts of NH$rJ03.nH20 of ZnX’, ZnXz (n = 1-3; X = CI or Br), 
CdX’, CdXz (n = 1.5-3; X = C1 or Br) and HgX’, HgXz (n = 2.5; X = C1 or Br) have been 
d e t e ~ m i n e d . ~ ~ ~ . ~ ~ ~  The behaviour of zinc is peculiar if the K1 and Kz values are compared with 
those of cadmium and mercury. The stability constants increase with temperature and the 
bromide is more stable than the chloride, trends which are opposite to those normally observed 
for the halide complexes of most metals in anhydrous or aqueous melts. The data also show 
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that hydration of M” cations competes more significantly with ion association in the case of 
zinc, which is consistent with the much smaller Pauling radius of Zn2+ as compared with Cd2+ 
and Hg”. 

Raman studies of bivalent Zn in fused ZnC12-KC1 show conclusively the formation of the 
[ZnCl4I2- anion ,952,953 although thermo-EWS and thermal conductivity955 studies of the 
systems ZnCl2-CsCI and CdCl2-KC1 show maxima at a 1 : l  molar composition. Thermal 
analysis, however, shows the presence of Cs2ZnC14 and CsZnZCl5. 

Dissolution of ZnC12 in fused LiC1-KCl or CsCl-KCI yields the tetrahedral [ZnC14)2- ion 
(vl = 267, 275 cm-l, respe~tively):~~ and dissolution of Zn12 in molten In1 yields the [Zd4lZ- 

ZnClz vapour pressures, activities and partiaI molar energies have been determined for the 
fused salt system shown in equation (7). Deviations from ideality at high ZnClz concentrations 
are attributed to partial covalent bonding in ZnC12, while deviations at low ZnCL concentra- 
tions are attributed to formation of complex ions.9587g59 

ion.g57 

ZnC1, + Na2S04 ZnSO, + 2NaCl (7) 

A study of the far IR spectra of the liquid, glass and crystalline states of ZnClz has been 
reportedgm with particular reference to the effects of order and temperature on band shape. 

A review discussing ZnF2, its hydrates ’ and some fluorozincates is available.961 Enthalpy 
measurements on fused mixtures of ZnFz with KF indicate that the principal anionic complex in 
this system is [ZnF3]- or a polymer of this 

An X-ray characterization of the various compounds formed in the NaC1-CdCl2 system has 
been reported.gs3 

56.1.8.2 Solution Chemistry 

The solution chemistry of zinc and cadmium halides is a topic of active interest, and 
numerous studies of the related equilibria shown in Scheme 3, in various solvents S, have been 
reported. 

IM(S),I2* + 2C1- e [MCl(S),l* e [MCL(S)p] 
[MCi,(S),] + 2Cl- e [MCl3]-, + p S  + C1- e [MC1412’- + p S  

Scheme 3 

Extensive X-ray diffraction studies on cadmium-iodo complexes in aqueous and DMSO 
solution have confirmed the nature of the solute species. In water, complexes present include 
[Cd(I-120)6]2+ (Cd-0 ,  2.292 A; cf. Cd-0 in crystalline [Cd(H 0)6][c104]2, 2.292A), 
[Cd(H20)I]+ (Cd-I, 2.80 A; Cd-0, 2.30 A), [Cd14j2- (Cd-I, 2.79 1) and traces of [CdI,]- 
and [Cd12(S),]. In DMSO, the characterized species included [Cd(DMS0)6]2+ (C&-0, 
2.292 A; cf. Cd-0 in crystalline [Cd(DMS0)6] [ClO,],, 2.291 A), [Cd12 (DMSO),] (Cd-I, 
2.75 A), [CdI3]- (Cd-I, 2.773 A, I-Cd-I, 112”) and [CdI4I2- (Cd-I, 2.790A). The [Cd13]- 
and [CdI4I2- ions possessed the same structures in each solvent (trigonal and tetrahedral 
respectively), and showed no evidence for the additional coordination of solvent molecules 
within the first coordination These results are confirmed in studies on the ZnBr2- 
MeOH and LiBr-ZnBr,-MeOH systems, which show a coordination number of four about the 
metal in each case (presumably [ZnBr2(MeOH)2] and [ZnBr,]”) with only trace amounts of 
[ZnBr3]-.965 The formation of chloro complexes in DMSO solutions of zinc perchlorate has 
also been ~ tudied . ’~  

An EMF method has been used to study the interaction of ZnClz with chloride ion in 
methanol. It is found that K1 (7.76 X lo3 M) is less than K2 (1.74 X lo4 M), a finding which is 
interpreted in terms of passing from an octahedral [ZnC1(MeOH)5]+ species to a tetrahedral 
[ZnC12(MeOH)z] Related studies have shown that the solubility of cadmium 
halides in water decreases with increasing p r e s ~ u r e . ~ ~ ~ , ~ ~ ~  Anionic [ZnC13]- and [ZaCl4I2- 
species are present in zinc chloride battery electrolyte, and are responsible for the observed 
negative transference numbers for zinc in aqueous acidic chloride medium.w0 In neutral 



984 Zinc and Cadmium 

chloride medium, the two simultaneous processes in Scheme 4 occur in the polarographic 
reduction of cadmium(I1) .971 

[CdCl,,](2-n)+ - [Cd(S),]'* + nC1- 
[Cd(S),]*+ + 2e- + Hg e Cd(Hg) 

Scheme 4 

The dissociation constants of MX2 (M=Zn, Cd or Hg; X=C1, Br, I or Clod) in DMF, 
acetone and ROH solvents have been measured.m The order of anion donor strength is found 
to be ClOd<I>Br>CI; a small-angle neutron scattering study of D20 solutions of zinc 
chloride has been reported.m 

of CdC12 solutions in HOAc-HzO indicates association into ion 
pairs such as [Cd2Cl2Iz+. Measurements on MeOH-H20 solutions of CdC12-KI indicate 
formation of the CdI; ion.975 Studiesw6 of MX2 dissociation in DMSO (M = Cd or Hg; X = C1, 
Br, I or SCN) show, in the case of Hg, the same order of stability as found in aqueous solution 
(I > Br > Cl > SCN), while a different order of stability is found for the Cd complexes. 

The careful study of Zn-C1 stretching frequencies by Raman spectroscopy in aqueous 
solutions of zinc chloride in hydrochloric acid solutions has allowed the quantitative study of 
[ZnClJ- f~rmation. '~  

Raman measurements on concentrated aqueous solutions of cadmium halides show the 
presence of chloro complexes of tetrahedral and octahedral symmetry, but the formation of 
only tetrahedral bromo complexes.978 A combination of solution and solid state '13Cd NMR 
spectroscopic results have allowed the compilation of '13Cd chemical shifts for the complexes 
[CdX]+, [CdX2], [CdX3]- and [Cd&I2-, for X = C1, Br or 

Stability constants for the complexes [MXn]("-')- (M = Zn or Cd, n = 1-4, X = C1; M =  Zn, 
Cd or Hg, X = I ,  n =4;  M =  Cd, X =  SCN, n = 1 or 2; M =  Zn or Cd, X=F ,  n = 1) have been 
measured in aqueous s o l ~ t i o n . ~ * ~ ~  

Complexation of MI2 (M = Zn, Cd or Hg) by I- (as KI) in MeOH has been in~es t iga t ed .~~  
No complex formation was found in the case of Zn, but for M = Cd the species [Cd13]- was 
identified in contrast to the case of mercury for which the following reaction was shown to 
occur: 

A conductometric 

The disscciation constants of H2ZnC14 and H2CdC14 in tributyl phosphate have been 
measured over a range of  temperature^.^" Values of the overall formation constants for the 
complexes [ZnC1n]("-z)- (n = 1-6) in mixed water-dimethylformamide systems (0- 
30 mol dm-3 in H20) decrease with increase in H20 c~ncent ra t ion .~~~ Interaction with halide 
ions has also been studied9@ in DMF for Zn2+ and Cd2+. For Zn2+, values have been 
determined for n = 1-6 (Cl- and Br-), n = 1-5 (NCS-) and n = 1-4 (I-), whilst for Cd" 
overall formation constants have been determined for n = 3-5 with all these anions. In all cases 
higher coordination numbers and formation constants were obtained in DMF than in water, 
reflecting the weaker solvation by the former solvent .988 Anionic zinc complexes can show 
differences, as between chloride and thiocyanate; the formation of halide and pseudohalide 
complexes has been investigated by a number of TOU s.*% Although Zn2+-SCN- mixtures 

the tetrachlorozincate(I1) ion under similar conditions, the major species present in the 
Zn2+-C1- system in DMSO being the 1 : 1, 1 : 2 and 1 : 3 complexes.991 

The Zn2+-Cl- system has also been investigated in THF and 1,2-DME, and, once again, 
there is little evidence for the formation of the [ZnCL]"- ion, the major solution species being 
[ znCl3]- .995 

The extraction of the Group IIB metals from a ueous solution is of obvious commercial 
importance and continues to be investigated. The precise species which is extracted 
depends on the pH, but both Aliquat 336 and tri-n-butyl phosphate extract [ZnC13]- from LiCl 
solution and [ZnCl$- from acidic media. 

Raman spectral studies of the species [MXn](n""2)- (n = 2-4; M = Zn, Cd or Hg; X = C1, Br 
or I) in anhydrous tributyl phosphate have been reported.*w1 For the MX2 molecules, sufficient 
metal dihalide-solvent interaction exists to suggest bent X-M-X species with C;, rather than 
Dah symmetry. The effect appears most marked for zinc(I1) and least marked for mercury(I1) 

appear to give the tetrahedral ion [Zn(NCS),]'-, J P  there is little evidence for the formation of 
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which is in accord with the Lewis acidity sequence ZnX2 > CdX2 > HgX2. A similar analysis of 
the anionic M X T  complexes formed from a 1:l mixture of LiX and MX2 again demonstrates 
solvent interaction, and a tetrahedral C, species is indicated, rather than the planar structure 
found in the solid state. 

Much work has been devoted to the halide complexation of these elements in non-aqueous 
media. Equilibrium and calorimetric measurements for the formation of the [MXn](n-z)- 
(M = Zn or Cd; X = C1, Br, I or SCN; n = 1-4) anions in dimethyl sulfoxide (DMSO) have 
shown that stability constants follow the same order, but are much larger than those found for 
aqueous solution; zinc exhibits an enhanced hardness as an acceptor in DMSO as compared to 
cadmium. Calorimetric measurements indicate a change from octahedral to tetrahedral 
coordination with increasing halide concentrations.lrn-lm 

Large-angle X-ray scattering measurements1OW on solutions of Cd12 and NaI in DMSO show 
the [CdI4I2- species to be regularly tetrahedral [r(Cd-I) = 2.790 A] and the [Cd13]- oup to 
be pyramidal [r(Cd--I) = 2.773 A], while in [CdIj+, r(Cd-I) was found to be 2.75 f These 
results suggest that CdI, does not occur as a dominant species; (formation constant data are to 
be found in ref. 1005). 

Heats of formation of MI, and MI$- in a variety of non-aqueous solvents have been 
obtained by calorimetric titration of MI2 with NaI (M = Zn, Cd or Hg).lm8 Interaction of MBr2 
(M = Zn, Cd or Hg) with ABr3 in DMF gives (A1Br2)2MBr4.1009 

Complex halide formation in DMF and DMSO involving the systems LiX-MX2 (X = Br or I; 
M = Zn, Cd or Hg)lolo and ZnXz-CdX2, CdX2-HgX2, and ZnX-HgX2 (X = Br or I)1o11 has 
been studied using viscosity, density, electrical conductivity and cryoscopic measurements. In 
DMF only the [ma]- species are observed, whereas in DMSO formation of the [W]'- ion 
occurs. Titration of the Mx2 salts M = Zn, Cd or Hg; X = Cl, Br, I or SCN) with LiX and 
NaCNS in either DMF or DMSO'' * shows that the heats of formation of [ZnC13]-, [HgX3]- 
and [Hg&I2- are exothermic in both solvents. Exothermic heats of formation are also 
observed for [Zn(NCS)4]2-, [CdC4I2- and [CdBr4]- in DMF; all other complex species have 
endothermic heats of formation. 

A study has been reported of the complexation of ZnBr2 by Br- (as LiBr) in solvents of low 
basicity but different dielectric permittivities P p y l e n e  carbonate, (Me0)2C0 and EtOAc) 
using Raman spectroscopy and calorimetry.'" Both the [ZnBrJ and [ZnBr41Z- anions are 
observed, except in the case of EtOAc, where only the 1 : 1 complex is formed. The dielectric 
permittivity has no effect on the AH? of the complexes. 

The interaction of CdClz with NH&l or LiCl in THF or 1,ZDME has been studied; there is 
no evidence for the formation of [CdCl4lZ- in these solvents, the only products being Li[CdC13] 
or [N&][CdC13].f014 

I 

56.1.8.3 Pseudohalides and Related Species and Solid State Studies 

A Raman study of zinc(11) coordination in aqueous thiocyanate solution has been 
reported.'015 No bridging thiocyanate is observed, and bonding to the zinc is totally in the 
Zn-NCS mode. The results are consistent with the existence of all four species [Zn(NCS)14]. 
There is strong evidence that the two lower species are octahedrally coordinated, while the 
higher species are tetrahedral. 

Aqueous solutions containing cadmium and thiocyanate have also been shown to contain the 
species [Cd(SCN),(H20),] (n = 1-4); there is no evidence for the formation of polynuclear 
complexes, although both S- and N-bonded thiocyanate are present.1°16 

The complex species [Cd(SCN),] and [Cd(SCN)3]- have been investigated, and it is thought 
that the thiocyanate is coordinated to the metal via sulfur in DMSO solution, but that in 
aqueous solution it is coordinated through the nitrogen atom. lo" 

of coordinated zinc@) in KSCN at 200°C shows the presence of 
the tetrahedral [Zn(NCS)4]2- species, somewhat distorted by polymerization, and bands due to 
Zn-NCS-Zn bridges are also observed. Linkage isomerism is also present, as evidenced by 
bands due to both Zn-NCS and Zn-SCN bonding modes. 

Much recent interest in the Group IIB tetrahalometallate salts has centred on the dynamic 
behaviour and the phase transitions which they exhibit, and studies of [~+Ji&Q] 

[ZnC4],'M7 Rb2[ZnBr4]1M7 and [RNH3]2[CdCh] (R=Mel"' or Pr" lo30) using a variety of 
techniques have been described. 

The Raman 

(R = t e t r a d e ~ y l , ' ~ ~ ~  H,lOmlm Melm3), [MeNH3]z[ZnC14],1024 Rb2[ZnCI4],l- K2 
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Structure determination of the ZnC13- ion as its MeM; and Ni(MeCN)$+ salts show only 
slight distortions from perfect tetrahedral symmetry (Zn-Cl = 2.27 A).1031J032 

The crystal structure of CkZnC1, has been determined.1033 The anion shows only slight 
distortion from tetrahedral symmetry (Zn-Cl=  2.28-2.31 A), in contrast to the same anion in 
the complex [CO(NH&] [ZnCl,] [Cl] where gross distortions are observed. lo3, Calculations 
indicate that in the latter complex, the major cause of bond length distortion is anisotropy in 
the applied electrostatic crystal forces. For the former complex charge distribution values were 
obtained from crystal force, NQR and MO calculations. The results were in overall agreement. 

A number of other X-ray structural studies of tetrahalometallate complexes have been 
described. In [Co(L)Cl] [ZnCl,] (L = US) the anion is in a distorted tetrahedral configuration, 
with Zn-Cl (average, 2.263 &Im5 whereas a more regular tetrahedral geometry is observed in 
[ZnL(H20)] [ZnCl,] (L = 8-aminoquinoline) (Zn-Cl  (average), 2.2 A).1036 The anion in 
W~O~(OAC)~(HZO)~ [ZnBr4] is tetrahedral, with Zn-Br (average) 2.41 A.1037 Other com- 
plexes reported include [CdL,] [Z&] (L = PhNH2, 2-, 3- or 4-MeC6HaH2; X = C1, Br or 
I). 1038 

The far IR spectra of the [ZnCl4I2- anion in salts with the 1,10-phenanthrolinium and 
2,2-bipyridinium cations have been r e ~ 0 r t e d . l ~ ~ ~  The anion in the former salt appears to be 
tetrahedral, while that in the latter is believed to be halogen-bridged. 

The crystallographic determination of the structures of the CdC1:- anion as its thiaminium 
salt shows it to have an almost regular tetrahedral arrangement, with Cd-Cl = 2.45 A,1o4o 

A crystallographic determination of the [ZnI4I2- anion structure has been reported in its salt 
with the 2,4-dirnethyl-lH-l,5-benzo diazepinium cation.lwl It possesses rigorous symmetry 
(Zn-I = 2.60 A) with deviations from the highest tetrahedral symmetry being due to packing 
forces. 

The Raman and IR spectra of the [Zn(CNO),]'- anion have also been reported.lM2 The 
results are consistent with high tetrahedral symmetry, i. e. linear metal-CNO groups. 

Single crystal structural analyses of K2[ZnF4] and K3[Zn2F7] have been reported.lW3 
Although the [ZnF,]'- ion is perfectly tetrahedral, the [Zn2F7I3- ion shows a shortening of the 
terminal Zn-F bonds. 

A number of complex halides have been structurally characterized, including KCdF, ,Iw 

Rbz?~cOFg , '~~  C S Z ~ A ~ F ~ , ' ~ ~  Cd2MgC16.12Hz0 ,IM Cd2NiCls.12H201047 and KCd3C1,-4H20. 
The novel derivatives HZn13-L3 (L = Et20, py, FhNHZ) and H2Zn14.L4 (L = Et20 or PhNH2) 

have been described, and their structures discussed in 
The structure of the dimethylammonium pentachlorodicadmate(II), Me2NHzCdzQ5-2Hz0, 

involves polymeric chains of (CdC16} and { CdC15(H20)} octahedra, the dimethylammonium 
cations being located in the space between the chains.1os0 The com ounds [N€&][CdCl,] and 
[Me3NH] [CdC13] also contain infinite chains of {CdC16} ~c tahedra . '~ '~"~~~ 

A determination of the crystal structure of Cs[CdBr3] has been reported and the metal shown 
to exist in trigonally distorted {CdBr,} 0 ~ t a h e d r a . l ~ ~  The Raman spectra of Rb[CdX3] (X = Cl 
or Br)lo5, and [Pr4NI2jCdX3Y] (X = Br or I; Y = C1, Br or I) have been reported and the latter 
anions, like [CdC13X] -, shown to have a pseudotetrahedral geometry.1055 

The interaction of [&PI+ with aqueous Cd2+ and CN- results in the formation of the 
complexes [&PI [Cd(CN)3], examples of solid complexes containing the rare [M(CN)& 

A structural deteminationlo5' of CsCdC13 reveals a polymer containing two distinct types of 
cadmium ion. One is surrounded by six chloride ions in a near perfect octahedron 
(Cd-Cl = 2.60 A), while the other is surrounded by two distinct groups of chloride ions 
(Cd-Cl = 2.64, 2.59 A) in a distorted octahedran. Alternatively, Raman spectral studies on 
[PrzN] [CdX3] (X = C1, Br or I) indicate discrete [CdX3]- anions possessing C, 
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Force constant calculations on the MX; series, (M= Zn, Cd, (or Hg); X = C1, Br, or I) 
indicate an order of metal-halogen bond strengths C1> Br > I.'059 

The [Cd2C15]- ion has been reported as its morpholinium salt.1060 
The structure of cdcl2.2.5H20 contains two crystallographically distinct Cd atoms bridged 

by C1 atoms (Cd-Cl= 2.68, 2.71 A). Both are octahedrally coordinated, one by five c1 and 
one H20, the other by four C1 and two H20 (terminal Cd-Cl  = 2.56 A).1M1 

A crystallographic studylM2 of the mixed salt CdC12-2NaCI-3H20 shows it to consist of sheets 
of chlorine octahedra. Of the four octahedral sites of one sheet, one is occupied by Cd and the 
other three by 4Cd : 3Na. Water molecules and Na atoms are located between these sheets, with 
only interstitial hydrogen bonds. 

A crystallographic determinationlm of the structure of the [Zn,CL]'- ion in its salt with the 
(n-CsH4)Ni(PPh,); cation shows the zinc to possess approximately tetrahedra1 coordination 
with two of the six chlorines acting as bridging ligands. 

A series of adducts of organocadmium halides with neutral bidentate ligands RCdXsL 
(L = dioxane, bipy or phen) have been prepared by electrochemical oxidation of the metal in 
the presence of L and the alkyl halide. In the additional presence of [N(n-propyl),]X, salts of 
the [RCdX2]- anion may be isolated.lm 

A crystal structure determination of Cd(NCS)2 has been reported and the metal shown to be 
in an N2S4 en~ i ronmen t . ' ~~  

Complexes with pyridine N-oxide of zinc thiocyanate and selenocyanate of the stoichiometry 
ZnL3X2 (X = S C N ,  SeCN) have been reported.1066 IR evidence shows that they are best 
formulated as [ZnL$+[ZnX$-. 

The structure of Cd(SCN)Z contains Cd octahedrally surrounded by four sulfur and two tram 
nitrogen atoms with slightly distorted geometry (Cd-N = 2.24, C d - S  = 2.76 A).1067 

The structure of Cd2(pn)2(NCS)4 is polymeric, containing bridging NCS groups. Two 
crystallographically distinct Cd atoms are again present; one is octahedrally coordinated by five 
N atoms (two from pro lenediamine and three from SCN) and one S atom, the other by three 
N and three S atoms. 

The complexes 
COM(NCS)~(L)~ (M = Zn or Cd; L = 2-, 3- or 4-cyanopyridine, nicotinamide, ethyl nicotinate 
or isonicotinic acid hydrazide) are best formulated as CoL6M(SCN),. The complexes 
CoHg(SCN)& (L = 2-, 3- or Caminopyridine, 3-cyanopyridine or ethyl nicotinate) possess 
only bridging SCN ligands, and have the polymeric structure (139). On the other hand, the 
complexes C O Z ~ ( N C S ) ~ ~  (L = 2-, 3- and 4-aminopyridine) contain both bridging and terminal 
SCN groups, and are postulated to have the dimeric structure (140). 

lAY 
Several other complexes with N-donor ligands have been prepared. 

The crystal structure of [Cd(en)NCSI2GO4 shows it to consist of infinite chains of {Cd(en)'+} 
ions bound by oxalate groups. Each Cd atom possesses a distorted octahedral configuration, 
with unidentate, N-bonded NCS.lW0 Molecular structure determinations of [Cd(en)z(NCS)2] 
and [Cd(en)2(NCS)Cl] show the former to be tram octahedral and the latter to be cis 
octahedral, The NCS is unidentate and N-bonded, although the M-NCS is non-linear.'"'' 

The free energy and enthalpy of formation of the [Cd(SeCN)]+ cation indicate exclusively 
N-bonded selenocyanate.lm2 

The complexes K2[CdN(CN)2l4 and K2[Cd(C(CN)3)2(XCN)2] (X = S or Se) have also been 
prepared. The former is octahedral, containing both bridging and terminal N(CN)2 groups, 
while the two latter contain bridging XCN and unidentate[C(CN)3] groups. The complexes 
K2[Cd(C(CN)3)2(SCN)2] and €G+[Cd(N(CN)&] both contain only unidentate ligands. The XCN 
groups are N-bonded in all cases. The crystal structure of KCd(NC0)3 shows the Cd atoms to 
be octahedrally coordinated by six N atoms; as in the KCdC13 N-bridged double chains dong 
the c-axis are formed which are linked together by K atoms.1073 Surveys of this area are 
available.lm"h 

COC -PF* 
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56.1.9 MULTINUCLEAR COMPLEXES OF ZINC AND CADMIUM 
Althou h reviews have appeared on the polyatomic cations of zinc, cadmium and 

we shall be concerned here with complexes of iigands in which there are 
donor sites enabling it to coordinate more than one metal ion or where a ligand may have a 
bridging function giving rise to multi nuclear species. 

Among the least structurally complicated compounds are the complex anions \BH)2 
[CoMC16] (M = Zn or Cd) and (BH)2[Co2MC18] (M = Zn, Cd or Hg; B = NH3 or en).1074 The 
former contain an M-Co bond with tetrahedral coordinations about both metal atoms; the 
latter contain a central M tetrahedrally connected by four bridging chlorines to two Co atoms 
whose tetrahedral coordination is completed by two terminal chlorines per cobalt. The 
complexes (BH)2[CoMCb].2H20 and (BH)2[Co2MC18].4H~0 have also been prepared; the 
water molecules complete an octahedral coordination for the cobalt atoms. The analogous 
complexes of Ni have also been prepared.1075 IR, electronic and magnetic moment measure- 
ments have been reported on complexes of the type [COM(NCS)~(L),] and [NiM(NCS)4 
(THF),] (M=Zn or Cd).lm6 In the cases where L=py or bipy, the complexes are best 
formulated as [CoL,] [M(SCN)4] (x  = 6 and 3, respectively); when L = phen, six-coordination 
of the M atom is indicated in the formulation [Co(phen),] [M(NCS)4phen]. The complexes 
NiCd(SCN)4(THF)2 and NiZn(NCS)4(THF)4 contain bridging thiocyanate groups, with 
octahedral coordination about both metal atoms in the latter, but only about the Ni in the 
former. The complexes CO[Z~(NCS)~](~~)++,  Co[Cd(NCS)4](en)3 and [M(NCS)4] (triethylenetri- 
amine)z (M = Zn or Cd) are postulated to contain Co in a square planar environment. 

The preparations and molecular structure determinations of the complexes [(n- 
Cp)Mo(C0)3ZnC1(OEt2)]2 and [ (~-CP)MO(CO)~]~ Zn have been reported.lm7 The former is 
prepared from (n-Cp)Mo(C0)3H and EtZnCl in Et@ and has structure (141) (Mo- 
Zn = 2.63 A, Zn-Cl= 2.40 A, Zn-0 = 2.09 A). The Et20 can be removed to give a polymeric 
species, [(n-Cp)Mo(CO)ZnC11,, in which the pseudotetrahedral stereochemistry about the 
zinc is completed by oxygen coordination from one of the carbonyl groups. The latter complex 
is prepared by the reaction of (n-Cp Mo(CO)~H with Et2Zn, and contains a linear 

prepared. 
Mo-Zn-Mo linkage (Zn-Mo = 2.54 a ). Analogous tungsten complexes can dso be 

L c1 L 

Et20'' '--. C1 ' b E t z  
'zn' \znl L = ( ~ - C ~ ) ( C O ] ~ M ~ - -  

(141) 

The crystal structures of several Lewis base adducts of CdJMn(CO)5]2 have been determined. 
In the cases where the ligand is the terdentate pyridyl' * or diglyme (di-(2-methoxyethyl) 
ether),lm9 the coordination is best described as very distorted trigonal bipyramidal, with the 
Mn(CO)5 groups occupying equatorial positions. In both complexes, deviations of the 
equatorial angles from 120" are attributed to the large size of the Mn(C0)5 groups. In the 
former complex, considerable displacement of the nitrogen atoms from ideal axial geometry is 
due to restrictions imposed by the terpyridyl ligand, while the latter complex, the OCdO angle 
of 126" is due mainly to puckering of the chelate rings. The cadmium-manganese bond Iengths 
(2.78 and 2.71 A) are consistent with the view that weakening of the metal-metal bond occurs 
on adduct formation. 

The structures of the bidentate bipyridyl and 1,lO-phenanthroline adducts have also been 
reported. '080 The cadmium is tetrahedrally coordinated, distorted by considerable reduction of 
the NCdN angle due to the geometrical limitations of the bidentate ligand, and expansion of 
the MnCdMn angle due to the bulky nature of the Mn(CO)5 groups. The manganese-cadmium 
bond length (2.68 A) is in keeping with the observation that the covalent radius increases with 
coordination number. 

= Zn, Cd or Hg) with a wide 
variety of N-donor ligands (L) have been r e p ~ r t e d . ' ~ ~ ~ - ~ ' ] % ~  In general, the roducts are of three 

(SCN)4*2L or M1w(SCN)4*4L, which are polymeric bridged complexes in which the octahedral 
coordination of M1 or both and M1 is completed by two or four L ligands, respectively; and 
(c) M1M2 (SCN)c2L or M1w(SCN)4.4L, which are monomeric bridged complexes in which M' 

Reactions of M'M@CN), (M1 = Ni, Fe, Zn, Cu or Co; 

types: (a) M1w(SCN)4*6L which are best formulated as [M1L6][M t SCN)J; (b) M'W 
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attains either tetrahedral or octahedral coordination, respectively. Complexes of the analogous 
selenocyanates M1W(SeCN)4 (M1 = Co, M2 = Zn, Cd or Hg with pyridine and bipyridine also 
show the same three types of structure.loW 

A number of heteronuclear dithiocarbamate complexes MCdL4 (M = VO, Mn, Fe, Co, Ni, 
Cu or Zn; HL = Et2NCS,H or 142) in which the cadmium is in a tetrahedral S4 environment 
have been described.'085 

The reaction of (143) with metal salts results in dealkylation and the formation of the 
trimetallic species (144). Thus the reaction of (143) with Cd(OzCMe)2 results in the formation 
of (144; M1 = M2 = Cd; X = 2Br). A heteropolynuclear species, (144; = Ni; M' = Cd; 
X = CdBr4) results from the reaction of (144; M1 = - Ni; X = 2Br) with Cd(02CMe)2.1086 

(142) (143) (144) 

Zinc and cadmium complexes of the novel tripod ligand (145) have also been described,lm 
The reaction of Hg(HL)2 (HL = 2-mercaptobenzoic acid, 146) with cadmium nitrate leads to 

the novel CdHgL, species, in which the cadmium is bonded to the carboxylate oxygen atom, 
and the mercury to the thiolate 

(1W (14) 

For derivatives of the type M1M2(NCX)4 (X= S, Se), structure determination of 
CdHg(SCN)4 reveals tetrahedral HgS4 and CdN4 coordination connected via bridging SCN, 
with deviations from strict tetrahedral symmetry being due to close approach of the two 
tetrahedra. 'Og9 

The crystal structure of cadmium hexacyanopalladate consists of an uninterrupted cubic 
P M - N - C d  framework, with each metal at the centre of a perfect octahedron (Cd- 
N = 2.27 A).1m The platinum I1 complex trans-Pt(CI)(PEt3)2(CH=NC&Me-4) acts as a 

The structure of Cd2As31 involves As atoms in a helical structure, while the Cd atoms are 
five-coordinate to three As and two I atoms, with r Cd-As) at 2.62-2.74A and t (Cd--I)  at 
2.98-3.43 

Multinuclear- complexes often have low solubility; Drago and co-workers have described an 
anion-bridged soluble dinuclear chelatin s stem based on 4-t-butyl-2,6-bis[N-{ [(heptylthio)- 

monodentate ligand to CdClz.l A )  

thiocarbonyl] amino 1 formimdo yllphenol . k Y  ' 

A binuclear complex of Zn" and Cu d with histidine has also been reported.lW3 

56.1.10 ZINC(1) AND CADMIUM(1) 
The species Cd+ and [Cd2]'+ are known, for example, in solutions of cadmium metal in 

molten cadmium halides, but are not well characterized. However, crystallographic data are 
now available1o94 on these species in zeolite A, which have been prepared by exposing fully 
Cd2"-exchanged zeolite A to cadmium vapour. The crystal structure of the partially 
dehydrated, fully Cdz+-exchanged zeolite A, [Cd(H20)2']3[Cd2+]3-A, shows that all six Cd2+ 
ions are associated with six-oxygen rings of the aluminosilicate framework. Three of these Cd2' 
extend into the large cavity and are three-coordinated by three framework oxides. The other 
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three Cd2+ ions are recessed into the sodalite unit, where each is coordinated to three 
framework oxides and to a fourth group (OH-) to give a near-tetrahedral structure. Upon 
exposure to cadmium vapour, the three-coordinate Cd" ions react to give Cd+ and Cd$+ 
species. Two different coordination environments are present for the [CdZl2+ ion, but the 
Cd-Cd  distance is the same in both cases, at 2.35 A. Each unit cell contains three Cd2+, three 
Cd+ and 1.5 Cdg+ ions. 

In general, cadmium(1) is a very unstable species but more examples of it are known than of 
zinc(1). The s ecies Cd+ has been produced by pulse radiolysis of solutions of cadmium(I1) 
complexes, 1098096~109Ba and the complexes [ZnL]' and [ C a l f  (L = [14] ane-1,4,8,11-N4) have 
been prepared by this means.IM It is thought that the initial step in the pulse radiolysis is the 
decomposition of water to hydrated electrons and [OH]', and that it is the former species which 
reduces the Cd" to Cd'. 

l13Cd NMR relaxation data indicate that the addition of cadmium metal to CdIz results in the 
formation of Cdg+ and Cd+, with the monomeric species having a half-life of about 10 ps.lW 

56.1.11 MACROCYCLIC COMPLEXES 

56.1.11.1 Cyclic Amine, Ether and Related Species 

There is a considerable volume of recent work1468i on the preparation and properties of zinc 
and cadmium complexes of macrocyclic ligands having N,  0 or both in the ring as donor atoms. A 
frequently used route to such ligands is the condensation of a difunctional primary amine with a 
difunctional carbonyl compound, usually under conditions favouring template or promnastic 
reaction. Such condensations of primary amines with carbonyl groups to give macrocyclic 
imines (e.g. 147) in which the template ion is coordinated to the imine groups are thought to 
proceed via carbinolamine intermediates, which then undergo elimination of water. Of 
considerable interest, therefore, is the isolation of a zinc complex (148) of a dicarbinolamine, 
which appears to be such an intermediate in the formation of the N5 macrocycle. The 
carbinolamine complex has the carbinolamine C - 0  and N-H bonds disposed on the same 
side of the macrocycle.lm 

(147) 

The Zn" complex of a 14membered hexaaza macrocycle can be prepared by the template 
condensation of 2,6diacetylp ridine with hydrazine. lop9 Reaction of this diacetylpyridine with 
4,7-diazadecane-l ,lO-diamineZw in the presence of Cd" gives the complexed 17-membered 
pentaaza ligand (149; X = NH). This [CdLBr]Br.0.5H20 species has a pentagonal pyramidal 
structure with an axial bromide ligand. 

The tetraza macrocycle (l50; Lh), with four ethanoate groups, is readily prepared by 
treatment of the cyclic tetramine with bromoethanoic acid.'lol Its complex [ZnLH2] utilizes two 
amino N atoms and two carboxylates as ligands. The fully deprotonated complex may be 
prepared in solution by treatment with NaOH. 

The complex [ZnL(H20)2]2+ (L = 2,2,4-trimethyl-1,5,9-triazacyclododecane) loses a proton 
from an aqua group with a pK, of 9.56."02 Macrocycles such as (Ul), with a pyridine group 
incorporated into the structure, react slowly with Zn2' compared to other 14-membered cyclic 
aliphatic tetraaza ~ystems,'~" probably as a result of the rigidity introduced into their structure 
by the pyridine ring. 

Reaction of Zn(SO&F& with the macrocycle (152; HzL), in the presence of a tertiary amine 
such as triethyl- or tri-n-propyl-amine, yields the complexes [ZnL(amine)] ; NMR studies 
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\ + +  
-0,C NH HN-CO; 

VI I 

(149) (1W (W 

indicate the coordination geometry to be square pyramidal with apical The complex 
[CuL][ZnC14] (L = 3,10-Me-2,9-Ph2-[14]-1 ,3,8,lO-tetraene-l ,4,8,11-N4; 153) undergoes a trans- 
metallation reaction on treatment with zinc metal to give the five-coordinate complex 
[ZnLCl]+, which may be isolated as its PF; salt.1105 It is interesting to note that the complex 
could not be prepared using zinc as the template metal. 

There are interesting preparative features to be found in this area of coordination chemistry; 
for example, the template condensation of 2,6-diacetylpyridine with 3,6-dioxaoctane-l,8- 
diamine in the presence of Cd2+ results in the formation of complexes of the 1 + 1 macrocycie 
(l54).'lO6 The macrocyclic complexes [CdL(NCS),] (L=l55;  R = H  or Me) have been 
prepared by template condensations or by metal exchange reactions,*lM and the compound 
[CdLIII (L = 156) has also been described.llo8 

Zinc complexes of a number of saturated tetraaza macrocycles and their open-chain 
analogues have been investigated,"~l"l and it has been confirmed that the macrocyclic 
complexes are more stable than the non-cyclic complexes, whatever reference for stability is 
taken. It has been concluded that the stability is due to a favourable enthalpy term, although it 
has been noted that comparative studies mean little unless the coordination geometry is well 
characterized, and strictly comparable."" The complexes [ZnLX2], [ZnBr(py)b][ZnJ3r4] 
(L = [14]ane-1,4,8,Il-N4; X = Cl or Br); [ZnBr&] (L = [15]ane-1,4,8,12-N4, [16]ane-1,5,9,13- 
N4, 1,4,8,1 l-Me4-[14]-ane-l ,4,8,1 1-N4) and [ZnBr(EtOH)b][ZnBr4] (L = 1,4,8,1 l-Me4-[14]- 
ane-1,4,8,11-N4) have been prepared, and their solution properties studied."" 
me transamination of open-chain ligands may be used in the preparation of macrocyclic 

complexes, and the template condensation of the zinc complex of 2,6-diacetylpyridine 
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bisprofylimine with 3,6-dioxaoctane-1 ,&diamine results in the formation of the complex 
rznL1 + (L = 157).1112 * .  

Reaction in sith of the macrocycles (L = 158) with ZnCl, yields [ZnLC12] complexes which 
are postulated to be octahedral; in contrast, Cd(C104)4 yields 2: 1 complexes whose structures 
remain ~nc1ear . l '~~ 

(157) (158) R = (CH2)2,3 or CH2CHMe n = 2 or 3 

Cadmium complexes of the cryptands (156) and (159)-(162) have been investigated, and 
both [CdLI2+ and the binuclear complexes [Cd2LI4+ are f ~ r r n e d . " ' ~ ~ ~ ~ ' ~  

Complexin of Cd" by cryptands has been considered with the object of finding ligands that 

ligand for chelation therapy (I$. however, Section 56.1.13.2.2). The cryptand (163) shows a 
remarkable selectivity, for Cd over Zn, of lo6 and for Cd over Ca of 5 x 10'. Lehn has 
reviewed these aspects of the cryptands. ''16 Interaction of diazapolyoxa macrocycles (164) with 
Zn" have been reported."" 

will bind Cd B selectively with respect to Zn" and Ca", and so ultimately provide a suitable 

n 

Cadmium corn lexes of the macrocycles (165; n =3, m = 2 ,  3 or 4),"18 [18]ane- 
1,4,7,10,13,16-N~'m and [14]ane-1,4,8,11-N41119 have been reported. The l5 N NMR spectrum 
of [Cd([18]ane-l,4,7,10,13,16"~)][N0~]2 has been described and shows satellite peaks due to 
coupling to '"Cd and '13Cd nuclei; interestingly the spectrum shows sets of resonances due to 
two conformations of the cation, one corresponding to a planar and one to a trigonal 
bipyramidal , 

A zinc complex of [18]ane-1,4,7,10,13,16-N6 has been reported,'lm and the metal exchange 
of Cu" for Zn" in a range of cyclic polyamine complexes, [ZnLI2' (L = [12]ane-1,4,7,10-N,, 
[ 13lane-1 ,4,7,10-N4, [ 14]ane-1,4,8,11-N4 or [ 15lane-1 ,4,8,11-N4) in aqueous solutions buffered 
by ethanoate has been investigated.'l2l The metal exchange reaction was thought to involve a 
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ligand dissociation (equation 8) as already proposed for the metal exchange reactions of 
porphyrin in DMF. 

[ZnL]" + MeC02H - [Zn(02CMe)]+ + HL+ (8) 

The formation of the complex ions [ZnL(H20)l2+ and iZnL(OH)]+ (L = 5,7,7,12,14,14-Me6- 
[14]-4,ll-diene-1,4,8,11-N4; 166) has been described.'" A number of mixed donor macro- 
cycles of the type (165) have been prepared (n = 2, rn = 2; n = 3, rn = 2, 3 or 4) and their zinc 
complexes characterized. A determination of the crystal structure of the complex [ZnLI,] 
(L = 8,12-Me2-5,6: 14,l5-B~-[14]-5,14-diene-8,12-NZ-l,4-O2) has indicated that only the nitro- 
gen atoms are coordinated to the metal.'lZ3 Lewis et al. have described a number of 
zinc com lexes of macrocycles incorporating 2,2'-bipyridine or 1 ,lo-phenanthroline sub- 
units. 112&f)26 / 

The formation of zinc complexes with a further series of [14]ane-N4 macrocycles has been 
investigated."" The macrocycle [9]ane-1-0-4,7-N2 forms a zinc complex,1128 and the crown 
ether complex [ZnL][SbCl& (L = 18-crown-6) has also been ~haracterized."~~ Zinc complexes 
of a range of encrypting ligands have been ~ t u d i e d . " ~ * , ' ~ ~ ~  

The treatment of aqueous solutions containing Zn" or Pb" with crown ethers results in the 
preferential complexation of Pb", to give a complex which is readily transported across the 
CHCl3-H20 interface, and the method appears to have potential for the separation of these 
two metals.1132 Polyethers have also been used for the extraction of zinc from aqueous media 
containing thiocyanate, and the distribution of the metal between the two phases has been 
shown to depend upon the solvent and any other cations which may be present.1133 

This is a large and active area and a number of recent surveys are a ~ a i l a b l e . " ~ - ~ ~ '  

56.1.11.2 Porphyrin and Phthalocyanine Derivatives 
This area of macrocyclic coordination chemistry is also the subject of much recent activity, 

partly because the zinc and cadmium complexes have interesting spectroscopic and photo- 
chemical properties. 

On the preparative side, template reactions are again useful; for example, the template 
condensation of phthalimide (or its potassium salt) with malonic acid or arylacetic acids in the 
presence of zinc or cadmium acetate has been shown to result in the formation of [ML) 
(H2L = tetrabenzoporphyrin or meso-tetraaryltetrabbenzop~rphyrin).~~~~~'~~~ 

The template synthesis of phthalocyanine complexes [ZnL] by the condensation of dicyano 
compounds with urea in the presence of zinc chloride and ammonium molybdate has been 
described. 1136~1137 

Zinc naphthalocyanine has been prepared in low yield (18%) by the template reaction of 
Zn(02CMe)2, urea and 2,3-naphthalenedicarboxylic acid."38 The synthesis of zinc tetra-2,3- 
naphthoporphine by a template reaction has been 

Several reactions of zinc porphyrins are of interest as ligand modification methods. Thus, the 
reduction of ZnL (H2L=167) with MeCHN2C02Me, followed by demetallation, gives the 
homoporphyrin (168) and the N-alk lated species (l@) Vilsmeier-Haack formylation of 
zinc octaethylporphyrin gives (170) .Iy4' The formation of a zinc 'nitrotetrabenzoporphyrin' has 
also been reported.1142 The reaction of meso-(dimethylaminomethy1)aetioporphyrin with 
alcohols ROH in the presence of Z ~ ( O A C ) ~  gives good yields of the complexes (171).1143 

Cadmium complexes of macrocyclic ligands have not been as widely studied as the 
corresponding zinc complexes, but the fact that cadmium macrocycles undergo easy metal 
exchange should make them attractive subjects for future study. The crystal structure of 
[Cd(TPP)(dioxane)] and its '13Cd NMR characteristics have been reported.llU The formation 
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NANAN 

N,,N ,N ( r  
(3 R Ph 

(167) (a; R = SO,H)(b; R = CMe,) (169) 

of cobalt(I1) porphyrins by metal exchange of [ZnL], and [CdL] (L = TPP), with CoCl, in field 
desorption mass spectrometry has been r e~0r t ed . l ' ~~  Metal exchange reactions of 
manganese(I1) porphyrins with zinc have been studied. 

The formation of porphyrin complexes by the reaction of H2L (167a) or (173d) with Zn2+ has 
been investigated. In the case of (167a), an activated complex [H2L*---Zn(H20)6]2+ was 
implicated as an intermediate,'147 while the reaction of (1736) with Zn2+ was first order in each 
reactant, and faster than the corresponding reaction of (173t1)."~ 

The metallation of TPPH2 in D20 or H20 has been studied, and the rate difference 
(kH/kD = 2.3) shown to be due to differences in the concentration of OH and OD complexes, 
and not due to intrinsic differences in the reactivity of TPPH and TF'PD."49 The synthesis and 
properties of porphyrins bearing cationic or anionic substituents are areas of active interest, 
and zinc com lexes of the ligands (172), tetrabenzoporphyrin and octamethylporphyrin have 
been studied. 150-1154 

The formation of axially substituted complexes MLL' (M = Zn or Cd; H2L = porphyrin; 
L' = another ligand) has been investigated by a number of gr0ups.1155-1158 An EXAFS study 
has shown that there is no short axial Zn-S interaction in peptide-substituted zinc porphyrins, 
in which the side chain bears a cysteine residue.1159" 

Most of the work investigating the ability of porphyrins to act as photosensitizers uses the 
readily available meso -tetraphenylporphyrin (173a), although various anionic and cationic 
derivatives are being investigated. A review on this and related areas has recently been made by 
Porter and c o - ~ o r k e r s . " ~ ~ ~  Many workers have used the 1 ,l'-dimethyl-4,4'-bipyridinium 
dication as an electron acceptor and the photoreduction of this species in the presence of [ZnL) 
(H2L = 173a or 173b) has been investigated.'lm Various chemical mixtures have been used for 
the photoreduction of water, including [ZnLI4- (H& = (173b)/Pt/H~Oj,~'~~ [ZnLI4+ 
{ [HzLI4+ = (173~)}/Pt /H~O,"~~ and [ZnL] (H2L = (173a)/edta/W+/H20).116 . It is interest- 
ing that the reversible photooxidation of [ZnL] (H2L = 167a) provides a photocatalytic method 
for the reduction of uinones.'153,1164 

A photoexcited F&'/Zn" hybrid hemoglobin has been shown to have interesting electron 
transfer properties. 
The effect of substitution of the phenyl groups of the TPP ligand has been in~estigated."~~ 
Sn02 semiconducting electrodes are photosensitized by zinc Zorphyrin complexes but the 

zinc species is consumed in a competing dimerization reaction." 

P 
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d; R = 0 0 , O H  - 

R 

a; R = P h  
b; R = 4-HO,SC& 'u 

R 

c; d; R R = =4-Me,NC3H, 4-(l-methylpyridinium) 

(173) 

In cationic micelles, the anionic phthalocyanine, Na,[ZnL] (&L = 167a), in the presence of 
cysteine, has been shown to sensitize the photoreduction of the l,l'-dimethyl-4,4'-bipyridinium 
dication (methyl viologen, Paraquat) although, in the presence of a surfactant, [Zn(Pc)] was 
more effe~tive."~' 

A number of studies related to the spectroscopic properties of zinc and cadmium 
phthalocyanines in the context of the photocatalytic decomposition of water have been 
published. 116s-1171 

Zinc porphyrin complexes are also of interest in such photochemical systems, and 
photochemical studies of a series of porphyrin, porphine and related complexes have been 
reported. 11721177 

Related investigations have involved studies of the electronic, fluorescence and hosphores- 
cence and the polarized absorption and linear dichroism spectraEm of zinc 
porphyrins. 

A number of workers have studied zinc tetraphenylporphyrin complexes, and an intensive 
study of the luminescence properties of [ZnTPP has been reported.1180a [ZnTF'P] is also used 

Zinc tetrasulfophthalocyanine is an attractive choice for the chromophore in multi- 
component systems for the photoreduction of water, but recent studies have shown that only 
low yields of hotoproducts are obtained, and that porphyrin-based chromophores are more 

The results of CNDOl2 calculations for [Zn(Pc)] have been reported, and compared with the 
PPP and EHMO calculations for the same species.1183 

The formation of the five-coordinate axial complexes ZnTPP(L) has been studied electro- 
chemically, and thin-layer spectroelectrochemical techniques have been used to demonstrate 
the electrochemical and spectrochemical reversibility of the process: 1184,1185 

in the well-known 'synthetic leaf' experiments." B Ob 

efficient.'ls1J1 ;P 

[ZnTPP(L)] ==== [ZnTPP(L)]+ 

The electrochemical oxidation of zinc tetra-4-t-butylphthalocyanine (167b) in nitrobenzene 
or 1,Zdichlorobenzene has been reported.llM 

The radical cations of zinc(I1) porphyrins may be prepared from the parent complex ZnL, by 
reaction with Fe11',1187 or by oxidation of a triplet state with E U " ' ; ~ ~ ~  it photodisproportionates 

A crystal structure of the complex [ZnLQ$] (L = isobacteriochlorin) has been reported; the 
metal is in a distorted planar environment. 

to [ZnL] and [ZIIL]~+."~~ I 
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A crystal structure of a dinuclear zinc complex of the PO hin precursor, 
1,2,3,7,8,12,13,17,18,19-decamethylbiladiene-a,~ (174) has been de~cribe&’”J~~’ and the 
octaethylisobacteriochlorin complex (175) has been studied as a model for siroheme 
enzymes.1192 

Et 

Et 

(174) (175) 

A number of studies concerning zinc complexes of porphyrins or related ligands have dso 
been r ep~r t ed : l l~~ l l% cadmium complexes of a number of porphyrins have also been 
investi ated,1197-1199 a number of NMR studies of zinc porphyrin complexes have been 

1,3 $trinitrobenzene have been described.12ma Recent developments in metailo- 
madel B oo,1201 and a number of donor-acceptor complexes of zinc tetrapyrrole species with 

phthalocyamine chemistry, including aspects of zinc complexes, have been re- viewed. % l5,1202b, 1468-h 

56.1.12 KINETICS AND REACTIVITY 

and cadmium, have featured in the past in many full and comprehensive which 
also include an account of these aspects of their bioinorganic chemistry; here we shall survey 
some recent studies in this area. 1468c-h 

The formation and dissociation kinetics for the complexation of Cu, Zn, Co and Ni with the 
quadridentate 1,4,8,11-tetramethyl-1,4,8,ll-tetraazacyclotetradecane to give five-coordinate 
species have been reported.lZo3 The rate order (Cu > Zn > Co > Ni) is the same as that for H 2 0  
exchange, but the rates are much slower, probably owing to conformational changes occurring 
in the ligand. The dissociation is acid-catalyzed; the five-coordinate species are found to be 
much less kinetically inert than four- or six-coordinate complexes. No macrocyclic effect was 
observed. 

The kinetics of incorporatioq of zinc ions into the substituted tetraaza macrocycles 
1,4,8,11-(CH2C02H)4-[14]ane-1,4,8,11-N4 and 1,4,7,10-(CH2C02H)4-[12]ane-1,4,7,11-N4 have 
been studied. 

The kinetics of metal insertion into a range of H2L species have been studied by a range of 
A kinetic study of the ligand substitution reaction in equation (9) 

(L = (H,NCHZCH~NHCH~CH~)~NH) has been made1208 and the kinetics of the ligand 
exchange reaction between [Cu(edta)I2- and [Cd(trien)]’+ have been investigated.lm 

The kinetic and reactivity aspects of the coordination chemistry of, inter alia, 

[ZnL]’+ + [Cu(edta)l2- e [Zn(edta)l2- f [CuLI2+ (9) 

The kinetics of the reaction of [PbL] (€&L = (HOzCCHz)2NCH,CH20CH2CH20CHz- 
CH2N(CHzC02H)2) with Cd’+ have been investigated and the product shown to be 
[CdHL]-.1210 

Ligand exchange processes in a number of phosphine oxide complexes have been 
investigated by 31PNMR, and it is proposed that the ligand exchange of [Zn(Ph3PO)4]2+ in 
CD2C12 proceeds via a dissociative mechanism, since the rate of exchange is independent of 
Ph3P0 concentration. 1211 Complexes of (Me2N)3P0, (Me0)sPO and (MeO)2MeP0 have been 
similarly investigated.1212 

Studies on the complexing of CdZf by N-carboxymethyliminobis(ethylenenitri1o-N‘,N’- 
diacetic acid) (H5L) in the pH range 7-2 are consistent with stepwise protonation of the species 
[CdLI3- to give finally [CdH2L]-. The proton-assisted dissociation is interpreted as a stepwise 
unwrapping from one end of the molecule, with C G N  fissions corresponding to the 
rate-determining steps.”13 
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lH NMR studies of the Zn2'-HN(CHzCOzH), system have shown that 2: 1 complexes are 
formed in aqueous solution, and that a variety of intra- and inter-molecular exchange processes 

An ultrasonic study of the zinc and cadmium complexes of Wedta has demonstrated a 
dynamic e uilibrium in solution interconverting the pentadentate and hexadentate forms in 

Measurement of stability constants for complex formation between Zn2+ and the Schiff bases 
derived from salicylaldehyde (sal) and either en or 1,3-diaminopropane indicate terdentate 
coordination by two nitrogen atoms and one oxygen atom. Znz+ also promotes formation of 
these Schiff bases, and the rate constants are consistent with a mechanism which involves the 
preequilibrium formation of a mixed [(sal)Zn(diamine)] + complex. 1216 

NMR studies of several thioureas and their zinc complexes have been used to determine both 
activation energies for C-N bond rotation and activation energies and entropies for ligand 
exchange processes. 12" 

Complexes of zinc chloride and erchlorate with the carcinogenic N,N'-b-chloroethyl- 

complex have been studied by NMR spectroscopy. 
The ligand exchange of [Zn( tmt~)~]~+  with tmtu in CD2C12 has been studied by 'HNMR 

spectroscopy and the reaction shown to be first order in the complex.1219 
The hydrolysis of the Schiff base (176) is catalyzed by the complex Zn(im)*L+ (LH= 

176). lzu, 

O C C U T . ~ ~ ~ ~ .  

solution. 122 

ethylenediamine have been reported.' I1 The solvolysis rates of the free ligand and of the zinc 

(176) 
The zinc complex of (HOCH2 &NHz(tris) is a most effective catalyst for the hydrolysis and 

relevance to the mode of action of zinc-dependent p-lactamases. 
The formation constant for 1 : 1 complex formation between bipy and Zn2' in DMSO has 

been determined; the interesting feature from the view oint of this section is that the 

The zinc-ion-catalyzed aquation of c i~- [Cr(H~O)~b]+ (HL = CHz(C02W)z) has been shown 
to obey a rate law of the type in equation (lo), although other transition metal ions are more 
effective 

aminolysis of benzylpenicillin,12 2 and it is suggested that this observation may be of some 

dissociation of [Zn(t~ipy)(DMSO)~l'+ is catalyzed by Hgr.12 E 

kobs = k[H+] -I- kt[Z+] (10) 

A unique zinc complex containing a coordinated biradical has been postulated as an 
intermediate in the decomposition of the tetramethyl-2-tetrazene complex of zinc chloride 
(Scheme 5). lrn 
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. '  , '  

1 .\ [." I \  ] c12 zn' N. 

\I 
N-N.. 
II :Zna, A 
N-N+ ' 

/I 

Scheme 5 

Libipy reacts with RZnX at -100°C to yield RZnbipy radicals, the half-lives of which 
depend on the R group.l= 

56.1.13 APPLICATIONS 
56.1.W.1 Industd Uses 

a range of batteries but we are concerned here with compounds rather than the elements. 
The metals themselves are widely used in alloys, anticorrosion finishes of various kinds, and 
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561.13.l.l Zinc 

A large scale use occurs on the vulcanization of rubber with sulfur, a process which can be 
carried out at a lower temperature in the presence of accelerators which include zinc 
dimethyldithiocarbamate, zinc oxide itself and zinc oxideIthio1obenzothiazole. 

Zinc acetate is used in wood preservation, as a mordant in dyeing and in the manufacture of 
glazes for painting on porcelain. It also has use in veterinary medicine. The bromide is used in 
making silver bromide collodion emulsions for photography and in the shielding of viewing 
windows for nuclear reactors. A number of zinc carboxylates, e.g. the caprylate, are useful as 
fungicides. The carbonate is used as a pigment and in the manufacture of porcelain and 
pottery, and has been used topically as a mild antiseptic. 

Zinc chloride has long enjoyed a wide range of uses as a deodorant, disinfecting and 
embalming material; alone or with phenols in preserving railway sleepers; fireproofing wood; 
with ammonium chloride as a flux for soldering; etching metals; in the manufacture of 
parchment paper, artificial silk, dyes, activated carbon, cold water glues; browning steel, 
galvanizing iron, copper plating iron; with magnesia in special cements; petroleum oil refining; 
cement for metals and for facing stone; a mordant in dyeing; carbonizing woollen goods, 
producing crepe and crimping fabrics; as a solvent for cellulose; preserving anatomical 
specimens; in textile microscopy for separating silk, wool and plant fibres; and as a dehydrating 
agent in organic synthesis. 

Zinc chromate is a useful yellow pigment widely used in metal priming paints; zinc cyanide is 
used in electropating; the fluoride, ZnFZ, is used in the fluorination of organics, in the 
manufacture of phosphors for fluorescent electric lights, in glazes and enamels for porcelain 
and in wool preservation. 

Zinc oxide has a wide range of uses apart from its use as an artist's pigment where it provides 
a more translucent white than flake white or titanium white. It is used in cosmetics, driers, 
quick-setting cements; with syrupy phosphoric acid or zinc chloride in dental cement; in the 
manufacture of opaque glass, enamels, car tyres, 'white' glue, matches, white printing inks and 
porcelain. The photophysics of zinc oxide has been reviewed.l-" 

Zinc phenolsulfonate has been used in insecticide formulations and in veterinary practice for 
the treatment of ulcers. Zinc phosphate has been used in dental cement formulations and the 
phosphide in rat and field mice poisons. The propionate has been used as a fungicide on 
adhesive tape to reduce plaster irritation caused by moulds, fungi and bacteria; the silicate has 
been used in television screens. 

Zinc stearate has uses in tablet manufacture, in cosmetic and pharmaceutical powders and 
ointments; as a flatting and sanding agent in lacquers; as a drying lubricant and as a dusting 
agent for rubber; as a plastic-mould releasing agent; as a waterproofing agent for concrete, 
rock wool, paper and textiles, 

Zinc sulfate has been used as a mordant in calico printing; for preserving wood and skins; for 
the manufacture of other zinc salts; for clarifying glue and in electrodeposition processes. The 
sulfide is used as a pigment and as a source of other pigments; ZnS is used in X-ray and 
television screens and, with a trace of a radium or mesothorium salt, in luminous dials of 
watches. The telluride has been used as a photoconducting semiconductor. 

561.1322 Cadmium 

Cadmium acetate is used in the pottery and porcelain industry for producing iridescent 
effects; the borotungstate forms an aqueous solution of high density when concentrated 
(d = 3.28), useful in the mechanical separation of minerals and in density gradient techniques; 
the bromide, like the zinc salt, is used in photography, process engraving and lithography. 

Cadmium chloride is used in photography; in dyeing and calico printing; in radio valve 
manufacture; in the manufacture of cadmium yellows and reds; in galvanoplasty; in mirror 
manufacture. 

Cadmium fluoride has similar uses to the zinc halide. Cadmium oxide is used in ceramic 
glazes; the sulfate, as a source of other cadmium compounds and in the radio valve industry; 
the sulfide is important as a yellow pigment for artists, and is used in the paint, soap, glass, 
textile, paper, rubber and pyrotechnics industries. Cadmium sulfide in admixture with other 
compounds such as the selenide gives rise to other pigments of value. It is also used in 
phosphors and fluorescent screens and in scintillation counters. Semiconductors such as CdS 
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and CdSe can continuously convert low energy light into electricity but they are still 
self-destructive because of the oxidation at the photoanode: CdS Cd2+ + S 4- 2ec. Addition 
of sulfide or polysulfide anions to the electrolyte can protect the CdS from this type of 
oxidation and it has been suggested that a direct conversion of solar energy to split water into 
hydrogen and oxygen may become practical. The tungstate is also used in X-ray screens. 

56.1.W.2 Medical Aspects 

Zinc compounds have long been used in medical and veterinary applications and zinc 
preparations of a number of drugs1226 are widely used. In this section we focus on insulin1227 
and on the toxicology of cadmium. An interesting short review on the general medical and 
biological as ects of zinc chemistry is available.’*= Nutritional aspects have also been 
surveyed. 1244,4245 

56113.21 Chemistry and biosynthesis of insulin: the occurrence of zinc 

Insulin, RMM about 6000, is made up of two chains of amino acids joined by disulfide 
linkages. The sequence of amino acids in the two chains (termed A for acidic and B €or basic) 
and the arrangement of the three disulfide bridges were worked out by Sanger and associates in 
the period 1945-1955.1n9 The complete synthesis of both ovine and human insulin was 
achieved in 1963. 1230~1231 

While it had been assumed that the A and B chains were synthesized separately and then 
joined together in the 6 cells of the pancreatic islets, Steiner and colleagues and Chance and 
associates demonstrated that the cells form insulin from a single-chain precursor termed 
proinsulin.lu2 On conversion of human proinsulin to insulin, four basic amino acids (arginine 
31, arginine 32, lysine 64 and arginine 65) and the remaining connector or C-peptide (residues 
33 to 63) are removed. The resultant insulin molecule has two chains, the A chain with glycine 
at the amino-terminal residue and the B chain with phenylalanine at the amino terminus. 

An even larger molecule termed preproinsulin has been identified as a precursor of 
proinsulin. Preproinsulin is extended at the N terminus of the B chain by at least 23 amino 
acids, many of which are hydrophobic. It is cleaved to proinsulin in the endoplasmic 
reticulum, where it is synthesized, and is not therefore a product that accumulates in the B cell. 

Hodgkin and co-worker~’~~~ determined the structure of insulin by single crystal X-ray 
analysis. Insulin can exist as a monomer, a dimer or a hexamer composed of three such dimers. 
Two Znzf ions are coordinated in the hexamer, which is presumably the form stored in the 
granules of the p cell. The hexamer has approximately symmetry and the two zinc ions lie 
one above the other, coordinated via histidine imidazoles, along the three-fold axis. The 
biologically active form of the hormone is thought to be the monomer. X-ray analysis has also 
shown that the two chains are compactly arranged, with the A chain positioned above the 
central helical portion of the B chain. From each end of this helical region the terminal 
portions of the B chain extend as arms, and the A chain is enclosed between them. 

Many species variations are known, and some are of clinical significance. Further 
information on the pharmacological aspects of insulin is available.1227314661. The function of the 
zinc ions is not clear. 

561.13.22 Toxicology of cadmium: medical and environmental aspects- 

Cadmium is close to lead and mercury as a metal of current toxicological concern.1234b 
Extraction of lead and zinc ores, which contain cadmium, pollutes the environment with 
cadmium. The use of cadmium before 1900 was infrequent; however, its valuable metallurgical 
properties, such as resistance to corrosion, increased its use markedly, for example in the 
manufacture of alloys and as a coating on steel. It is also now widely used in nickel cadmium 
(‘nicad’) batteries. Coal and other fossil fuels contain cadmium which is released into the 
environment on combustion. 

Workers in smelters and other metal-processing plants may be exposed to high concentra- 
tions of airborne cadmium, but for most of the population, exposure from food contamination 
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is most important, Uncontaminated foodstuffs contain less than 0.05 pg of cadmium per gram 
wet weight, and the average daily intake is about 50pg. Drinking water normally does not 
significantly contribute to cadmium intake; cigarette smoking does. Shellfish and animal liver 
and kidney are among the foods that may have concentrations higher than O.O5pg/g, even 
under normal circumstances. When foods such as rice and wheat are contaminated by cadmium 
in soil and water, the concentration of the metal may increase considerably (1 pg/g). 

In Fuchu, Japan, shortly after World War 11, numerous patients, mainly multiparous women, 
complained of rheumatic and myalgic pains; the disease was named itai-itai (‘ouch-ouch’). 
Cadmium in the local rice was found to play an etiological role. The source of the metal was 
the effluent from a Pb-Zn-Cd mine located upstream from the rice fields. 

Cadmium is poorly absorbed from the gastrointestinal tract whereas absorption from the 
respiratory tract ayears  to be more complete; cigarette smokers may absorb 10 to 40% of 
inhaled cadmium.’ 

After absorption, cadmium has a strong preferential affinity for liver and kidney. About 50% 
of the total body burden is found in these two organs. Liver and kidney also contain a 
low-molecular-weight protein called metallothionein (see Section 56.1.14.2) because it has a 
high affinity for metals such as cadmium and zinc; one third of its amino acid residues are 
cysteine.1236 This metal-binding protein may act as a scavenging agent and lower the 
concentration of cadmium at more critical sites within the cell. Interestingly, cadmium also 
appears to induce the synthesis of this protein. 

The half-life of cadmium in the body is 10 to 30 years, and concentrations of the metal in 
tissues thus increase throughout life. Cadmium is probably the environmental poison most 
prone to accumulation. 

( i )  Acute cadmium poisoning 

Acute poisoning may result from inhalation of cadmium dusts and fumes (usually cadmium 
oxide) and from the ingestion of cadmium salts. The major toxic effects are due to local 
irritation. In the case of oral intake, these include nausea, vomiting, salivation, diarrhoea and 
abdominal cramp. Cadmium is more toxic when inhaled. Signs and symptoms, which appear 
after a few hours, include irritation of the upper respiratory tract, chest pains, nausea, dizziness 
and diarrhoea. Permanent lung damage may occur in the form of emphysema and peribron- 
chial and perivascular fibrosis. Death is usually due to massive pulmonary oedema. 

(ii) Chronic cadmium poisoning 

The toxic effects of chronic exposure to cadmium differ somewhat with the route of 
exposure. The kidney is affected following either pulmonary or gastrointestinal exposure; 
marked effects are observed in the lungs only after exposure by inhalation. 

(a) Kidney. When the concentration of cadmium in the kidney reaches a level of 200 pglg, 
there is renal injury. It seems probable that binding of the metal by metallothionein protects 
the organ when concentrations are lower. 

(b) Lung Excessive inhalation of cadmium fumes and dusts causes loss of ventilatory 
capacity, with a corresponding increase in residual lung volume. The disease thus shows the 
main features of emphysema. The mechanism is not entirely understood but a discussion is to 
be found in ref. 1234a. 

(c) Cardiovacular system. A most interesting and controversial issue concerning the effects 
of cadmium on man is the suggestion that the metal takes part in the etiology of hypertension. 
An initial epidemiological study1=’ showed that people dying from hypertension had 
significantly higher concentrations of cadmium and higher cadmium-to-zinc ratios in their 
kidneys than people dying of other causes. Similar correlations were later found. Cadmium- 
induced hypertension has been reported in female rats after prolonged exposure to the metal in 
their drinking water but this has not been uniformly confirmed and hypertension is not 
prominent in either industrial cadmium poisoning or itai-itai. 

(d) Bone. There appears to be an interaction between cadmium, nutrition and bone disease. 
The effect of cadmium may be due to interference with renal regulation of calcium and 
phosphate balance.1234” 
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(i i i)  Therapy of cadmium poisoning 

The management of cadmium poisoning presents difficulties, but several chelating agents 
have been studied with regard to mobilization of the metal. Dimercaprol (2,3-dithiolo-l- 
propanol) chelates and markedly increases urinary excretion of cadmium in rabbits; however, it 
also increases mortality from renal injury produced by cadmium.'u' It is believed that some 
cadmium-dimercaprol chelate dissociates in the kidney and thereby increases the cadmium 
concentration and subse uent renal injury. CaNa2Edta has been shown to be an effective 
chelator in some studieh'  but others have observed increased renal injury.'z40 Chelating 
agents are thus generally not indicated for the treatment of cadmium poisoning; the organism, 
provided that it is not overwhelmed by too large a dose rate, appears to develop its own 
defence through metallothionein biosynthesis. 

56.1.14 ASPECTS OF THE BIOLOGICAL CHEMISTRY OF ZINC AND CADMIUM 

Zinc has a role in biological systems second in importance only to iron; cadmium has a more 
restricted biological chemistry but its toxicology and physiological effects (Section 56.1.13.2) 
have several interesting feat~res.'~" 

56.1.14.1 The Biological Role of Zinc Coordination Chemistry: Zinc Metalloenzymes 

It is mainly in the area of zinc metalloenzymes that most work has been done, with useful 
recent surveys a ~ a i l a b l e , ' ~ ~ ' , ' ~ ~ , ' ~ ~  and this is the area we shall consider here.1242*'243 Work on 
the transport of zinc within the organism is reviewed elsewhere, as is work on nutritional 
a s ~ e c t s . ~ ~ J ~ ~ ~  

The first indicationlrn that zinc was required by a living organism appeared in 1869 when 
Raulin showed that lack of zinc retarded the growth of Aspergillus niger. Eight years later came 
the observation that zinc was a constituent of plants,lM7 vertebrateslM7 and animals;L248 more 
than 50 years later still, conclusive evidence that zinc is essential for the normal owth of 
rodents was published.lU9 We now know that zinc is essential for all life forms.1m1g 

The second phase of zinc biological chemistry dates from the identifi~ation, '~~ in 1940, of the 
element in carbonic anhydrase. Not until 1955 was a second zinc metalloenzyme (carboxypep- 
tidase) identified.lZ4 Over one hundred zinc-containing metalloenzymes have now been 
identified, representing each of the six categories of enzymes designated by the International 
Union on Biochemistry Commission on enzymes (Table 1). Carbohydrates, lipids, proteins and 
nucleic acids are synthesized or degraded by processes which req~ire'"~ zinc metalloenzymes as 
catalysts. Several valuable accounts and surveys'465" of the field have appeared including 
two stimulating key surveys by Vallee,'255,1256 a d iscus~ion '~~ in depth of the best-characterizedzinc 
metalloenzymes, a brief summarylZs of recent developments, a more extensive discussion1259 of 
the biochemistry of zinc metalloenzymes in relation to biological problems, an article- on 
zinc and microorganisms, and detailed discussions1261 of zinc chemistry and biochemistry. A 
valuable collection of short authoritative surveys of the main zinc metalloenzymes has also 
appeared.1262 Recent work is surveyed in ref. 1462. 

Zinc in metalloenzymes may (i) participate directly in the catalytic process, (ii) serve. to 
stabilize protein structure or (iii) have a regulatory role. In each case, removal of the metal 
from the holoenzyme generally results in an apoprotein having no catalytic activi The 
enzymes considered briefly below provide examples of each of these functions of Z B .  The 
study of zinc metalloproteins has often in the past been beset by analytical problems and by 
contamination with traces of metal ions; a review covering these important topics has 
appeared.1263 Another recent review deals with the physiological, nutritional and medical role 
of zinc. 1264 

Metal-substitution studies, especially those in which Con replaces Zn", have proved to be an 
important tool in the study of zinc metalloenzymes; the Con-substituted species often have 
activities approaching those of the ZnU enzyme in its in vivo reaction. These modification 
procedures have been the subject of a recent review,= which, however, focusses in particular 
on the use of substitution-inert metal ions. A recent innovation in metal-substitution techniques 
is the replacement of Zn" in zinc metalloenzymes b 113Cd11, which can then be examined by 
Cd NMR. The results of a recent such investigation1& indicate that the '13Cd1' can serve as an 
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Table 1 Zinc metalloenzymes 

Enzyme E.C. number Source 

Class 1: Oxidoreductases 
Alcohol dehydrogenase 
D-Lactate dehydrogenase 
D-Lactate cytochrome reductase 
Superoxide dismutase 

Class 2: Transferases 
Transcarboxylase 
Aspartate carbamoyl-transferase 
Phosphoglucomutase 
RNA polymerase I and I1 
DNA polymerase I and I1 
Deoxynucleotidyl transferase 
Reverse transcriptase 
3-Mercaptopyruvate sulfur transferase 

Class 3: Hydrolases 
Alkaline phosphatase 
Fructose 1,6-bisphosphatase 
Phospholipase C 
a-D-Mannosidase 
Leucine aminopeptidase 
Carboxypeptidase A 
Carboxypeptidase B 
Carboxypeptidase GI 
Dipeptidase 
Neutral protease 
Collagenase 
Dihydropyrimidine amido hydrolase 
B-Lactamase I1 
Creatine amidino hydrolase 
Pyrophosphatases 

Class4: Lyases 
Aldolase 
L-Rhamnulose-1-phosphate aldolase 
Carbonic anhydrase 
6-Aminolaevulinic acid dehydrase 
Glyoxalase I 

Class 5: Isomerases 
Mannosephosphate isomerase 

Class 6: Ligases 
tRNA synthetase 
Pyruvate carboxylase 

1.1.1.1 
1.1.1.28 
1.1.2.4 
1.15.1.1 

2.1.3.1 
2.1.3.2 
2.7.5.1 
2.7.7.6 
2.7.7.7 
2.7.7 
2.7.7 
2.8.1.2 

3.1.3.1 
3.1.3.11 
3.1.4.3 
3.2.1.24 
3.4.11.1 
3.4.12.2 
3.4.12.3 
3.4.12 
3.4.13.11 
3.4.24.4 
3.4.24.3 
3.5.2.2 
3.5.2.8 
3.5.3.3 
3.6.1.1 

4.1.2.13 
4.1.2.9 
4.2.1.1 
4.2.1.24 
4.4.1.5 

5.3.1.8 

6.1.1 
6.4.1.1 

Plants, yeast, vertebrates 
Bacteria 
Yeast 
Plants, yeast, vertebrates 

P. shermanii 
E. coli 
Yeast 
E. gracilis, yeast, plants 
E. coli, invertebrates 
Vertebrates 
Oncogenic viruses 
E. coli 

E. coli, vertebrates 
Vertebrates, chloroplasts 
B. cereus 
Plants, vertebrates 
Yeast, vertebrates 
Vertebrates 
Vertebrates 
P. stutzeri 
Vertebrates 
Microorganisms 
Clostridum hbtolyticum, vertebrates 
Liver, plants 
€3. cereus 
Bacteria 
Widely distributed 

Bacteria, fungi, yeast (Class 11) 
E. coli 
Vertebrates, plants 
Vertebrates 
Vertebrates, yeast 

Yeast 

E. coli 
Yeast 

extremely sensitive probe of the active site of zinc metalloenzymes; although care is needed in 
any mechanistic extrapolation to zinc since, typically, Cd"-substituted metalloenzymes are 
often catalytically inactive. 

Another technique which has greatly aided the study of zinc metalloenzymes is X-ray 
crystallography. A recent comparative involving the zinc proteins for which the 
tertiary structure has been determined, suggests that there exist significant similarities in the 
active-site regions of these enzymes. These similarities presumably arise in part from the 
coordination requirements of Zn". Even with this technique caution is necessary; slightly 
different procedures for growing the protein 'crystal' can lead to the isolation of different 
crystal forms which are both structurally different and have different reactivity. Examples of 
this are to be seen with carboxypeptidase A'268 and doubtless other examples will emerge. 
Furthermore, the X-ray method applied to proteins, unlike its application to simpler crystals, 
depends on accurate knowledge of the amino acid sequence; cases exist, e.g. in earlier studies 
on carbonic anhydrase, where the sequence was in error at a residue and this obviously 
necessitated structural revision. 
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As Galdes and Hill point out in a valuable survey of work on zinc metalloenzymes for the 
year 1979,1241c it is remarkable that, in spite of intensive research, the precise function of zinc 
in metalloenzymes is still not fully understood. A survey of the enzymes reviewed then reveals 
that in almost every case zinc enzymes act on C-0 groups; (i) as hydratases (e.g. carbonic 
anhydrase), or (ii) as hydrolyases (e.g. peptidases, 8-Iactamase 11), or (iii) by aiding the 
oxidoreduction (e.g. alcohol dehydrogenase) and rearrangement (e.g. aldolases) of such 
groups. Two types of mechanism whereby the ZnU can effect these reactions have been 
progosed. One, the zinc carbonyl mechanism, proposes that the substrates bind directly to the 
Zn through the oxygen of the C-0 group, the Zn" polarizes the group, facilitating 
nucleophilic attack at carbon (e.g. carbonic anhydrase, peptidases) or attack by the bound 
oxygen atom (e.g. nucleotidyl polymerases). The second, the zinc hydroxide mechanism, 
proposes that the Zn" acts through a water molecule, bound to the metal ion, the function of 
the Zn" being to lower the pK, of the bound water molecule from -14 to -7. The resultant 
metal-bound hydroxide ion can then attack the carbon atom of the susceptible C-0 group 
(e.g. carbonic anhydrase, peptidases), or acts as a proton acceptor and ionizes the oxygen atom 
to 0- (e.g. alcohol dehydrogenase). It is of course possible that Zn" can act in either manner, 
depending on the enzyme in question. The zinc carbonyl mechanism has generally found more 
support than the zinc hydroxide mechanism, and at one time or another has been proposed to 
be operating for all the major zinc metalloenzymes, including carbonic anhydrase, carboxypep- 
tidase, alcohol dehydrogenase and aldolase. The most definitive example of this type of 
mechanism was thought to be supplied by carboxypeptidase A, where X-ray diffraction studies 
have shown the pseudosubstrate Gly-Try is bound to the active site Zn" through the peptide 
carbonyl group. However, the validity of this X-ray study to the mechanism of the enzyme has 
been questioned, and in 1979 it was claimed in one publication, for the first time since the 
diffraction results appeared over 10 years before, that the enzyme uses a zinc hydroxide 
mechanism in its catalysis. ferhaps the best case for a zinc hydroxide mechanism can be made 
for carbonic anhydrase; for this enzyme a large amount of experimental evidence obtained 
during the past decade and a half, including work reviewed below, supports such a mechanism. 
However, even for carbonic anhydrase, this mechanism has not yet found universal support, 
and there is some evidence that the C-0 group of the substrate is bound to the metal during 
catalysis. Clearly the coordination flexibility of zinc, which we have seen demonstrated 
throughout Sections 56.1.3-12, makes it well suited to this function. 

for several zinc-containing metalloenzymes combine 
elements from both types of mechanism by suggesting that the substrate binds to the enzyme 
through the C-0 group, but that in the process the metal-bound water molecule is not 
displaced, so that the reaction proceeds via a five-coordinate intermediate. This hybrid 
mechanism is discussed below in greater detail for alcohol dehydrogenase. 

Concerning the role of observable intermediates, it should be pointed out that there is an 
important mechanistic principle'269 which applies to all reactions (not only enzymic ones) which 
is commonly overlooked: it is simply that the isolation of an intermediate does not necessarily 
mean that the intermediate lies on the reaction pathway. Furthermore, the observation of an 
intermediate in a reaction which has reached a stationary state does not necessarily mean that 
that intermediate Iies on the reaction pathway. 1269~1270 The problem can sometimes be solved by 
examining the non-stationary state, where more complex kinetics are then observed, e. g. 
consecutive, concurrent or mixed regimes may be used to reach the stationary state; or by 
examining the absolute magnitudes of rate constants bearing in mind such restrictions as 
diffusion limits; or, in some cases, by using isotope effects. Studies of these latter kinds have 
been done on some Zinc metalloenzymes but not many. 

We shall now briefly outline some of the features of the zinc metalloenzymes which have 
attracted most research effort; several reviews are available, these are indicated under the 
particular enzyme, and for more detailed information the reader is referred to these. Attention 
is focussed here, albeit briefly , on carbonic anhydrases,'241'12",1268 carboxypeptidases, leucine 
amino peptidase,1"131262 alkaline phosphatases and the RNA and DNA polymerases.1"1,1262.1462 
Finally, we examine alcohol dehydrogenases in rather more detail to illustrate the use of the 
many elegant techniques now available. These enzymes have also attracted much effort from 
modellers of the enzymic reaction and such studies, which reveal much interesting coordination 
chemistry and often new catalytic properties in their own right-and often little about the 
enzyme system itself (except to indicate possibilities), will be mentioned in the next section of 
this chapter. 

The latest proposed 



1004 Zinc and Cadmium 

56; 1.14 1.1 Carbonic anhydrases 

Carbonic anhydrases are zinc metalloenzymes present in animals, plants and certain 
microorganisms; they catalyze the reversible hydration of carbon dioxide (COz + HzO e 
HCO; + H+). In addition to this physiological reaction, carbonic anhydrases also catalyze the 
hydrolysis of many esters and the hydration of several aldehydes. Those best characterized, the 
bovine and human enzymes, are monomeric, containin one mole of tightly bound zinc per 
30 OOO RMM.1262,127' X-ray crystallographic studies1268*12' of the human enzyme reveal that the 
zinc ion lies near the bottom of a deep cleft, coordinated to the imidazole groups of three 
histidyl residues in a distorted tetrahedral geometry. Two of the histidyl imidazoles are close 
together (residues 94 and 96) and are coordinated through the 3' N; the remaining one is at a 
more remote site in the chain (residue 119) and is coordinated through the 1' N. The fourth 
coordination site is presumabl occu ied by a water molecule. Such studies have undergone a 

Despite the fact that carbonic anhydrase was the first zinc metalloenzyme identified'253 and a 
good deal is known of its structure, there is still controversy about the nature of the various 
active-site species and the detailed mechanisms of their action. In particular, the identity of the 
group with a pK, of -7 that is involved in the mechanism, and the stereochemistry around the 
zinc ion during catalysis, are still in dispute. The various mechanisms proposed assume either 
ionization of a histidine imidazole group (bound or not to the zinc) and nucleophilic attack on 
C 0 2  by the coordinated imidazolate anion,1z73~1z74 or ionization of the Zn"-coordinated water 
and nucleophilic attack on C02 by 0HI.l"' Many papers on this problem have appeared 
recently and the extensive literature is the subject of the several review articles referred to 
above. 

number of revisions in detail. Ir62,,268,?462 

56 L l 4  L2 Peptidhm-arboxypeptidases 

The zinc-containing carboxypeptidases are secreted as an inactive precursor or zymogen 
(procarboxypeptidase) in the pancreatic juice of animals.1275 As their name implies, these 
enzymes catalyze the cleavage of the C-terminal amino acid from proteins and peptides; they 
also catalyze the hydrolysis of certain esters.1276 Bovine carboxypeptidase A, one of the most 
intensively studied zinc metalloenzymes, contains one mole of zinc per mole of rotein 

activity can be restored by zinc or one of a number of other metal(I1) ions.1279 These metal 
substitution studies provide an elegant demonstration of the role of the metal ion during 
catalysis. Table 2 compares the kinetic parameters for the Zn"-, CoII-, Mn"- and Cdn-enzyme- 
catalyzed hydrolysis of a peptide substrate and its structurally analogous ester substrate. These 
data indicate that the primary role of the metal in peptide hydrolysis is its catalytic function, 
and that it has little to do with peptide binding, while the reverse is true for ester hydrolysis.lm 
X-ray structural examination 28 ,1z82 shows the molecule to be ellipsoidal, with a cleft 
(containing the Zn) associated with the active site. The zinc is bound to two histidyl imidazole 
side chains (residues 69 and 196) and the carboxyl group of a glutamate residue (residue 72). 
The fourth position is presumed to be occupied by a water molecule which may be replaced by 
substrate when the substrate is bound. Distorted tetrahedral geometry is observed. Other 
catalytic residues in the active site include Glu-270, Tyr-248 and Arg-145 so here we have a 
beautiful illustration of the zinc ion working with other groups in the active site to achieve 
catalysis. This kind of organic-inorganic cooperativity is often a striking feature of 
metalloenzymes, aspects of which have been recently reviewed. 1462,1466a. 

Based on the crystallographic data, detailed mechanisms for the carboxypeptidase A enzymic 
reaction have been r ~ p o s e d . ' ~ ~  These mechanisms and recent work relating to them have 

conclusions are based on the assumption that the kinetic and chemical properties are conserved 
on crystallization. In general coordination chemistry examples abound where the structures of 
species in the crystal and in solution are markedly different and indeed it has been 
~ h o ~ n ~ ~ ~ , ~ ~ ~ ~  that the detailed kinetics of carboxypeptidase A solutions differ from those of the 
enzyme crystals. It has been suggested that different conformations of the active site exist in the 
two physical states.'= Detailed kinetic studies on crystals over a range of enzyme concentra- 
tions, substrate concentrations and crystal sizes have been carried outlag and the results 
interpreted in terms of a recent theory for insolubilized enzymes.1zw The marked differences 

(RMM 34 500)12n and removal of the metal results in a totally inactive apoenzyme.' P TB The 

been reviewed.1284*1 f 85,1462~1466a Although probably correct in general, these mechanistic 
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Table 2 Metallocarboxypeptidase-catalyzed hydrolysis of Bz- 
(Gly)2-L-Phe and Bz-(Gly),-GOPhe" 

Me& kcat ~ o - ~ K $  1 0 - 4 ~ ~ ~  K i f 1  
(min-') (1 mol- 1 (min- ) (1 mol ') 

Cobalt 6Ooo 1.5 3.9 3300 
Zinc 1200 1.0 3.0 3000 

Cadmium 41 1.3 3.4 120 
Manganese 230 2.8 3.6 660 

a Assays performed at 25 "C, pH 7.5,l .O M NaCl and a buffer concentration 
of 0.05MTris for peptide hydrolysis and 10K4MTris for ester 
hydrolw.'z80 

between the kinetic behaviour of crystals and solutions were confirmed and shown to be 
genuine, and not due to artifacts arising from diffusion limitations or surface phenomena. It 
was found that, for all substrates examined, crystallization of the enzymes markedly reduces 
catalytic efficiency ( k ,  is reduced 20- to 1000-fold). Also, substrate inhibition, apparent in 
solution for some di- and depsi-peptides, was not observed in reactions using the crystals. 
Larger substrates with normal kinetics in solution could exhibit activation with the crystals. The 
physical state of the enzyme also affected the mode of action of known modifiers of the 
peptidase activity of the enzyme. Similar differences between the solution and crystal kinetics 
were observed for carboxypeptidase B.lz9l It has been that these differences raise 
serious questions about the capability of crystallography to delineate binding modes, as well as 
to visualize possible mechanisms of the enzymic reaction. Dynamic studies have shown the 
existence of rapidly interconvertible structures of carboxypeptidase A in solution. For example, 
resonance Raman spectra1'= of arsanilazotyrosine-248 carboxypeptidase A solution contain 
multiple, discrete bands which change with pH, demonstrating the existence of interconvertible 
species, and similar conclusions have been reached on the basis of CD measurernents;lm "N 
NMR has also been useful with this derivative.1466" Crystallization, however, might single out a 
particular conformation which does not permit the most efficient catalysis. This is suggested to 
be a possible reason for the observed kinetic differences between the crystals and the solutions 
of carboxypeptidase. 1289~1291 Different crystal habits may also be generated by changing the 
conditions of crystal growth and this has led to controversy concerning the disposition of the 
hydroxyphenyl side chain of tyrosine-248 in the resting enzyme; again the arsanilazo derivative 
of this side chain rovided a useful means of resolving this controversy, Comprehensive reviews 
are available. 
for example ref. 1466b. 

P 268.1262,1462,1466a Other carboxy peptidases have also been studied recently; see 

(i) Leucine aminopeptidme 

The essential Zn" atoms (two er subunit) in this hexameric enzyme from bovine lens have 
been substituted with Mn", Co', Cd" and Mgrl by dialysis of the native enzyme against 
solutions of these cations.lZw The amount of metal bound was reported to be in the range 6-12 
moles er mole of protein. This substitution gives active MnU- and Col'-substituted enzymes; 
the M$- and Cdlhubstituted enzymes are inactive. The native bovine enzyme is activated by 
Mg" and Mn". The stability of the hexameric structure of the bovine enzyme in solutions of 
guanidine hydrochloride has been investigated."% The hexameric structure is retained in 
0.5 M-guanidine hydrochloride (from 0.75 M to 2.5 M guanidine-HC1). Dissociation into 
trimers occurs, while above 2.75 M guanidine-HCl momomers dominate and partial unfolding 
of the subunits accompanies dissociation.12% 

Reports relating to the quaternary structure of leucine aminopeptidases have 
appeared,1297~1zg* including a preliminary X-ray study.1299 In the latter work at 2.2 A resolution 
a P6322 space group is revealed, the dimensions of the unit cell being a = 132 and c = 122 A. 
The asymmetric unit is a protomer of RMM 54 OOO. 

Leucine aminopeptidase may be isolated from Aspergillus oryzae. l3O0 The RMM (37 500)  of 
this enzyme is significantly smaller than that from mammalian sources, but, like the latter, it is 
a metalloenzyme. 
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(ii) Other proteases 

The active site of thermolysin, a zinc endopeptidase isolated from Bacillus 
thermoproteolyticus, is reported1301 to be similar to that of carboxypeptidase, and these two 
enzymes seem to be the product of convergent evolution. An NMR inve~ t iga t ion~~~  of the 
ionizable residues at the active site of the Mn'*-substituted enzyme shows two perturbing 
groups with pK, values of approximately 8.5 and 9.5. These were tentatively assigned to 
Tyr-157 and the metal-bound water molecule. The binding behaviour of the inhibitor 
N-trifluoroacetylphenylalanine to this Mn"-substituted enzyme strongly suggests that there are 
two binding sites on the enzyme, the tighter of which leads to non-productive binding. 

Some years ago, collagenase from the microorganisms Clostridium hirtolyticurn was shown to 
be a zinc metalloen~yrne;'~~~ mammalian collagenases are also zinc metal lo enzyme^.'^" The 
collagenase-like peptidase of rat testis1305 has also been shown independently to be a zinc 
metalloenzyme. 

Holmq~ist'~" has shown that, in contradiction to earlier reports,'3o7 BacilZus cereus 
'microprotease' is a monomeric enzyme containing one mole of Zn" Fer RMM of 34 OOO, and is 
thus a typical zinc-containing neutral protease. Earlier reports' O7 that this enzyme was 
oligomeric, with a subunit to RMM 2700, seem to have been due to autocatalytic digestion of 
the enzyme. Several reports'3w313w on the isolation and characterization of new metallo-neutral 
proteases have appeared recently and reviews are available. 1241~1462 

56.1.14l.3 Alkaline phosphatases 

Alkaline phosphatases from various species and locations c a t a l y ~ e ' ~ ~ ~ ~ ' ~ ~ ~  the hydrolysis of 
alkyl and aryl phosphates and show maximum activity in the pH range 7.5-10.0. Zinc is an 
integral component of those enzymes which have been adequately characterized, that from 
Micrococcus sodonemis being an e~ception.'~~' The enzyme from E. coli, RMM80000 has 
been most intensively investigated. It is dimeric with two identical subunits; when isolated with 
precaution against the zinc loss, E. coli alkaline phosphatase contains four moles of Zn" per 
mole of the dimer. The addition of the first two zinc ions to the apoenzyme is sufficient to 
restore activity, the second two further stabilizing the protein structure. An early report1312*1313 
of the ma nesium content was largely overlooked until relatively recently, when it was 

moles Zn per mole and that containing four moles Zn per mole. It has been shown that,1314 
although the zinc ion content is clearly four moles per mole, the magnesium content is closely 
related to the conditions chosen for optimal growth of the organism and purification of the 
enzyme. These are not the conditions which optimize the binding of magnesium ion. As 
isolated, the enzyme often contains two moles Zn per mole, but the evidence seems conclusive 
that there are a maximum of six metal sites available, four of which normally bind Zn" and two 
Mg". The relationship between the binding of the metal ions (ZnU and Mg") required for full 
activity and the protein structure has been explored13" using differential scanning calorimetry. 
It is an interesting application of the latter technique which gives, inter alia, the thermodynamic 
parameters accompanying protein unfolding. It is found that binding of the first two Zn" ions 
markedly increases the stability of the enzyme by 290kJmol-', and there is also some 
indication of cooperativity in binding. The next pair of Zn" ions to be added further stabilize 
the protein by -125 kJ mol-', and the suspected role of the Mg" ion in further stabilizing the 
protein is confirmed by this study. As anticipated, Mg" does not affect the stabiiity of the 
protein when ZnU is absent. The entropy contribution to the relative free energy suggests that 
the internal order in the metalloproteins is greater than that in the apoenzyme. 

The enzyme can be reconstituted with six moles Con per mole; the Co" can therefore 
presumably occupy both the sites accommodating the four Zn" ions and those which are 
normally occupied by two Mgn ions. In an investigation1318 of the oxidation of the Co" ions to 
Co"' (the latter having the useful property of being relatively inert with respect to the rate of 
replacement of its ligands, provided that structural distortion is not too severe), it was observed 
that alkaline phosphatase containing six moles of Co" is more rapidly inactivated in HaOz than 
that containing four moles, which in turn is more rapidly inactivated than that containing two 
moles. Only two moles of Co" per mole of enzyme are oxidizable. It was su gested from a 

the site which normally binds Mg" are not oxidizable and that only two moles of the Co" at the 
remaining sites can be oxidized to Cou'. Interestingly, oxidation of only one mole of Col' per 

f o ~ n d ~ ~ ' ~ , ' ~  F that the binding of magnesium increases the activity of the enzyme containing two 

study of the peroxide oxidation in the presence of zinc and magnesium that Co If ions bound to 



Zinc and Cadmium 1007 

dimer was sufficient to prevent reactivation on subsequent zinc addition, implying non- 
equivalence of the dimeric phosphatase metal-binding sites. 

The relationship between the sites that bind metal ions has also been studied,13" using 31P 
and '13Cd NMR spectroscopy; these techniques have provided valuable information on the 
influence of metal-ion binding, cooperativity and phosphate binding. 

Alkaline phosphatases from other sources have been investigated, for example, alkaline 
phosphatase from human liver has been and found to be a tetrameric glycoprotein 
of RMM about 136000. The purification requires the presence of zinc and magnesium, 
otherwise activity is lost. Whereas the Mg" could be replaced1321 (with retention of activity) by 
Ca" or Mn", no other metal ion, remarkably, not even CoII, could replace the requirement for 
Zn''. In these experiments the concentrations of the various metal ions were controlled by the 
addition of complexing agents, As pointed out by Galdes and Hill, this is not without risk 
since, not only do such agents inhibit the enzyme (by removing the metal ions), but they can 
bind quite tenaciously to the protein, perhaps, thereby, complicating studies of the binding of 
metal ions and its relation to activity. 

Further information, especially concerning recent deveIopments, on these intriguing species 
is to be found in recent reviews. 1241~1262,1462,1466d3e 

56.l.14S.4 RNA and DNA polymerases 

The RNA and DNA polymerases offer the first insight into the possible origin of the 
dramatic consequences of zinc deprivation or deficiency; their importance cannot be over- 
emphasized. They may possibly have roles in processes from ageing to cancer. In studies'322 on 
Euglena racilis, for example, grown in a medium seriously deficient in zinc, defects were 
observedgU in nucleic acid and protein synthesis, and even in cellular division. The interesting 
feature is that all stages of cellular development in this organism were affected, i.e. those 
analogous to the first growth period, G1, the period which follows (characterized by DNA 
synthesis), S, and the second growth period, GZ, to mitosis require zinc. There has been much 
activity in the investigation of these nucleotidyl transferases, in particular, DNA 

and RNA polymerases. 1327-1329 It has previously been shown that some 
RNA-dependent DNA polymerases13s1332 (reverse transcriptases) from tumour V ~ N S ~ S  
contain zinc. In addition, elongation factor 1 from rat liver, which catalyzes the binding of 
aminoacyl-tRNA to an RNA-ribosome site through the formation of an aminoacyl-tRNA- 
EF1-GTP ternary complex, requires An important recent report shows that the 
s-Met-tRNA synthetase from E. coli contains zinc.1334 These and similar results emphasize the 
importance of zinc in the growth and development of all organisms. 

There has been much research on the location of the zinc ions, the interaction of template or 
substrate with the enzymes, and the relationship of zinc and an 'activator' metal ion (usually 
magnesium) to the fidelity of transcription. The DNA-dependent RNA polymerase from E. 
coli which contains two moles of zinc ions per mole of enzyme has'335 the subunit structure 
az/3fl'a The separated subunits obtained in the presence of 7 M  urea do not contain zinc. 
However, both the p and f l '  subunits take up zinc ions to give 0.6 f 0.3 and 1.4 f 0.5 moles of 
tightly bound zinc ions per mole of subunit respectively. It was suggested that at least one of 
the two tightly bound zinc ions in the RNA polymerase is located in the fl '  subunit, whilst the 
other Zn" ion may be in f l ' ,  or p, or at the contact domain of these two subunits. 

Since methods for the replacement of zinc by other metal ions are relatively unexploited in 
this area, the reported of the DNA-dependent RNA olymerase from E coli grown 

the role of the metal ion. After a slight lag, upon the introduction of the Co'* ions, the growth 
of the organism recovered. This provides a dramatic illustration of the close similarity between 
the properties, both structural and functional, of the zinc proteins and of their Co" analogues. 
The purified enzyme contains 1.8-2.2 moles of cobalt per mole of enzyme, it is enzymically as 
active as the Zn-RNA polymerase, and the physical properties are practically identical. The 
absorption spectrum in the 500-800 nm range of Co--RNA polymerase shows two major peaks 
which are thought to be associated with two different CoI I  ions since they are differently 
affected by the addition of substrates or templates. Oxidation of the CoII to Co"' results133s in 
at least one Co'" ion remaining tightly bound to the isolated p' subunit, even in the presence of 
6.5 M urea. This is consistent with other work on the same enzyme, which that 
one of the two intrinsic metal ions is located in the p'  subunit that is responsible for DNA 
binding and the other metal ion may be in j3' or fl  subunit, or at the contact domain of these 

in a medium that is deficient in Zn" and supplemented with Co 2 is of great value in assessing 
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two subunits. Unfortunately, in view of the recent13" interpretation of the inhibition 
mechanism, the effects of 1,lO-phenanthroline upon the spectrum were not reported. Kinetic 
studies showed that the two enzymes had the same V-; K ,  values for UTP and ATP were 
also similar, though the apparent K ,  for T7 DNA was less for the cobalt enzyme. Transcription 
accuracy was the same for both enzymes, but the Co-RNA polymerase is less efficient in 
initiating RNA chains, as revealed by rates of GTP/ATP incorporation into the 5'-terminal of 
RNA products. The important finding is that the metal ion of RNA polymerase is involved in 
recognition of the promotor and specific initiation in RNA synthesis. 

These studies relate directly to the role(s) of the zinc. The zinc ion may coordinate the 
3'-OH of the terminal nucleotide in the growing RNA chain, be involved in recognition of 
specific promotor sites on the DNA template, or be required for the maintenance of the proper 
subunit arrangement. Recent EXAFS studies on the zinc binding sites in the protein 
transcription factor IIIA used by RNA polymerase I11 show that each of the (probably nine) 
zinc ions present is coordinated by 2 His and 2 Cys,  the protein being arranged in a series of 
chain-grasping fingers held in place by the zinc(His)2(Cys)2 

(i) The role of the activator 

The interaction of Mn", substrates and initiators with the RNA polymerase from E. co!i has 
been in~estigated.'~~' It was shown that Mn" binds tightly to the enzyme and weakly at 6 f 1 
additional sites. It has been concluded that the tightly bound Mn" is at the site responsible for 
chain elongation and that the Mn" interacts with the leavin pyrophosphate group. In studies 
on human DNA polymerase activity in vitro it was found13$ that the substitution of Mn" for 
Mg" has profound effects on the kinetic parameters of the olymerase reaction. Depending on 
the reaction conditions Mn" may be as effective as Mgf, strongly preferred or absolutely 
required. The metal 'activator', in contrast to the tightly bound zinc, appears to have a role 
concerned with the binding, alignment and conformational change in the incoming deoxynucle- 
oside triphosphate within the active site of the polymerase. 

has been made of the effect of different metal activators on the 
fidelity of DNA synthesis, using the DNA polymerase from avian myeloblastosis virus. With 
poly[d(A-T)] as a template, the error frequencies for dCMP incorporation were 1:1400, 
1 : 1100 and 1 : 600 for Mg', Co" and Mn'I respectively. Increasing the concentration of Mgn 
above that required for maximum activity had no effect on the error frequency, while 
increasing Co" and Mn" concentration resulted in greater error frequency, due to differential 
rates of complementary and non-complementary nucleotide incorporation. The effect of Ni" on 
DNA synthesis was much the same as that of Mg", but addition of Ni" (or Co" or MnK) to the 
Mg"-activated polymerase led to a decreased fidelity of DNA synthesis. It is possible that metal 
ions such as Mn", Co" and Ni", in addition to binding at the Mg" site, also bind to additional 
sites in the enzyme, with consequent structural changes. The relationship to the carcinogenicity 
of the metals is briefly considered in this report. Further information on recent developments in 
this fascinating area is to be found in r e ~ i e w ~ . ~ ~ ~ ~ , ~ ~ ~ , ~ ~ ~  

An interesting 

561.1415 Alcohol dehydrogenases 

illustrate the approach used in the study of a typical zinc metalloenzyme. 

reaction of alcohol oxidation and aldehyde or ketone reduction. 

We consider this enzyme, or group of enzymes, in rather more detail as a case history to 

The enzyme alcohol dehydrogenase, E.C. 1.1.1.1, functions to catalyze the reversible 

dChy&OgCtlaSC 
RCHO + NADH + H+ RCH20H + NAD+ 

The major substrate is ethanol, but it deals successfully with many other alcohols and 
carbonyl compounds. The mammalian enzyme was first crystallized by Bonnichsen and 
Wasdn from horse liver in 1947,1341 but only in the past 15 years has complete structural 
information been obtained by determination of the complete amino acid sequence and X-ray 
structure. 

Horse liver alcohol dehydrogenase has a molecular weight of 80000 and is made up of two 
subunits, each containing two zinc atoms. The subunits are not active in the monomeric form. 
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The enzyme consists of three main isozymes formed by the dimeric combination of two 
different protein chains. The two types of protein chains have been labelled E (for ethanol 
active) and S (for steroid active). About 90% of liver alcohol dehydrogenase (LADfl)) is EE 
and the remaining 10% consists of ES and SS. SS is also ethanol active, although lower than ES 
and EE, and vice versa. Polymeric forms of the isozymes are also known. 

Functioning of the enzyme requires the presence of a coenzyme, nicotinamide adenine 
dinucleotide which exists in its oxidized (NAD+) or reduced (NADH) forms. The structure of 
NADH is shown in (177). Reduction or oxidation occurs by transfer of the pro-R C-4 hydrogen 
atom of the nicotinamide stereospecifically to or from the substrate. The reaction is therefore a 
ternary one, with the substrate and coenzyme necessarily within the active site for the reaction 
to 

kjijA 0- I 0- 1 
0 H&-0-P-0-P- 

II I I  
0 0  

(177) NADH 

Alcohol dehydrogenase is also obtained from yeast. Yeast alcohol dehydrogenase (YADH) 
was the first pyridine nucleotide-dependent dehydrogenase to be crystallized by Negelein and 
Wulff in 1937.1M2 YADH is a tetramer of molecular weight 140 000-150 000. The amount of 
zinc determined varies,1343 but there are strong indications that the subunits of YADH and 
LADH have similar structures, including the presence of two zinc atoms. 

Three major isozymes of the yeast enzyme are known.1344 Isozyme 1 is the classic yeast 
enzyme which functions in fermentation. The second isozyme has a broader substrate 
specificity and is selectively produced by yeast grown on lactate or ethanol as the sole carbon 
source. Both these isozymes are found in the cytoplasm and are repressed by high glucose 
levels. A third has been shown to be present in the mitochondrion but has been little 
investigated. The primary structures of the two cytoplasmic alcohol dehydrogenases have 
recently been determined.1344 There are fifteen amino acid differences between the two 
isozymes. These differences are reflected in the different patterns of subunit cooperativity 
found between the enzymes, since the most significant amino acid differences are found at the 
interface between the main subunits of the isozyme, and near the cleft separating the coenzyme 
binding domain from the rest of the subunit. All the residues directly involved in the catalytic 
mechanism are the same in the two isozymes. 

Yeast and mammalian alcohol dehydrogenases M e r  in substrate specificity and catalytic 
activity. The yeast enzyme is more specific for acetaldehyde and ethanol, but mammalian 
enzymes have a broad substrate specificity, and even with primary alcohols maximum activity is 
not observed with ethanol. Because of the large amount of alcohol dehydrogenase present in 
human liver and its role in alcohol metabolism in man, human iiver alcohol dehydrogenase is of 
particular interest. It was first purified by Wartburg ei and crystallized by Mourad and 
W o r ~ n i c k . ~ ~ ~  Human liver alcohol dehydrogenase is a dimer with subunit structures analogous 
to those of horse liver, and each subunit probably contains two zinc atoms. Several different 
types of human ADH have been i ~ o l a t e d . ~ ~ ~ ’ , ~ ~ ~  with minor variations in amino acid 
composition and reactivity towards ethanol. Alcohol dehydrogenase has now been isolated 
from a wide varieq of other sources including rat,1349,1465i d r o ~ o p h i l a , ~ ~ ~ ~ , ~ ~ ~ ~  
wheat,1353 bacteriai3 and fungi;1465h the activities of such ADHs often differ from one source 
to another. 

(i) Structure of enzyme 

The enzyme has been well characterized, the complete amino acid sequence is known, and 
there have been many crystal structure determinations. The complete amino acid sequence for 
the liver enzyme was determined by Jornvall in 1970;135s it contained 374 residues, consistent in 
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nature with the tertiary structure, the distribution of hydrophobic residues correlating with the 
large hydrophobic cores in the protein. 

Although the enzyme was first crystallized from horse liver in 1947, it was not until 1963 that 
preliminary X-ray work was undertaken by Yonetani and The0re11.’~’~ The crystal form in 
which the enzyme is obtained depends on what other species are present. The free enzyme 
crystallizes in an orthorhombic space group. If other species are present, including the 
coenzyme, the enzyme crystallizes in two different crystal forms, triclinic and monoclinic, 
depending on the crystallizing conditions. It was thought that loss of crystallographic symmetry 
upon coenzyme binding was due to a conformational change induced by coenzyme binding. 

The first electron density map obtained at 6 A resolution gave the overall dimensions of the 
enzyme and the position of one zinc atom.13” A resolution of 5 8, for LADH in the presence 
of inhibitor revealed the coenzyme binding site.1358 From a map at 2.9 8, resolution the general 
folding of the main chain and the position of the second zinc atom was established.’359 This 
electron density map showed the organization of the subunit. It is divided into two parts, 
unequal in size and separated by a wide and deep cleft. The coenzyme-binding domain consists 
of a sequence of 120 amino acids in the smaller part of the subunit. The structure also revealed 
the two different types of zinc atom in the enzyme. One, known as the structural zinc atom, is 
near the surface of the enzyme but completely surrounded by protein chains and not accessible 
to chelating agents. It plays a role in maintaining the three-dimensional structure of the 
enzyme. The other zinc, which plays a role in the catalytic mechanism and therefore termed the 
catalytic zinc atom, is bound at the bottom of the cleft in the subunit by three protein chains. 

resolution enabled the position of all the side chains to 
be established, and a plausible mechanism of action for the enzyme to be derived.13” The two 
domains of the LADH subunit are separated by a pocket lined almost entirely by hydrophobic 
residues. The catalytic zinc is at the bottom of this pocket. The coordination of the catalytic 
zinc was established as being distorted tetrahedral. It has three protein ligands; two sulfur 
atoms from Cys-46 and Cys-174 and one nitrogen from His-67. A water molecule or hydroxyl 
ion depending on pH, completes a distorted tetrahedral coordination. This pocket is about 
25 A from the surface to the zinc atom. The zinc-bound water molecule is involved in a system 
of hydrogen bonds which include Ser-48 and His-51. These hydrogen bonds probably play an 
important part in proton release in the catalytic mechanism. The structural zinc atom is also 
ligated in a distorted tetrahedral arrangement by four sulfur atoms from cysteine residues 97, 
100, 103 and 111. Binding of 1,lO-phenanthroline and imidazole has been shown crystal- 
lographically to occur at the catalytic zinc and to displace the zinc-bound water molecule of the 
enzyme, but causes no other structural changes to the enzyme.136i 

The extension of this study to 2.4 

( i i )  Binding of coen~yme’~~’*~J 

Although it was initially thought that the coenzyme bound via the catalytic zinc atom, 
Weiner established that the coenzyme is able to bind to zinc-free LADH, and thus established 
that the zinc is not necessary for coenzyme binding, even though it is not possible for the 
zinc-free enzyme to react with a substrate.1362 Further studies showed that the native enzyme 
possesses additional sites capable of binding the coenzyme.1363 The coenzyme is bound less 
strongly at these sites than to the binding sites that also exist in the apoenzyme, but binding of 
coenzyme to these allosteric sites inhibits catalysis. The location of these additional sites, 
however, is not established. 

Several crystal structures of the enzyme in the presence of the coenzyme and substrate or 
substrate analogues have served as important indicators of the role of the coenzyme in the 
enzymic reaction. A crystal structure of the enzyme in the presence of NAD+ and 
p-bromobenzyl alcohol as substrate revealed that the oxygen of the alcohol is directly bound to 
the catalytic zinc, thus putting the carbon 1 of the alcohol 3.5A from carbon 4 of the 
nicotinamide ring; the substrate is thus positioned ideally for direct transfer of hydrogen. The 
position of the alcohol is close to where the water molecule is bound in the free enzyme, but it 
was not possible to establish whether this had been displaced on binding of the ~ u b s t r a t e . ’ ~ ~  

A crystal structure of a ternary complex of horse liver alcohol dehydrogenase with NADH 
and the inhibitor, dimethyl sulfoxide, first at 4.5 A resolution136s and a further refinement to 
2.9A r e s ~ l u t i o n , ’ ~ ~  has been published by Eklund et ai. The gross structure of the ternary 
complex is similar to that of the free enzyme structure. Each subunit is divided into a 
coenzyme-binding domain and a catalytic domain. The subunits are joined together near the 
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coenzyme-binding areas towards the centre of the molecule and the catalytic domains are at the 
ends of the elongated molecule. 

Since previous spectroscopic work indicated that binding of coenzyme triggers a conforma- 
tional change, it is not surprising that the crystal form of the ternary complex is different from 
that of the free enzyme. Comparison of the structures show that the main differences of 
conformation in the presence of NADH are best described as a rotation of the catalytic 
domains with respect to the central part of the molecule by 7.5". The two coenzyme-binding 
domains maintain their relative orientations. The outer edges of the catalytic domains move 
towards the centre, while the insides move away from the core. The functionally important 
result of this is that the clefts between the domains become narrower by 1-244, causing the 
catalytic domain to move closer to the bound coenzyme, and, importantly, this conformational 
change has the effect of shielding the active zinc site and its surrounds from the solution; 
hydrogen transfer is thus an essentially nonaqueous process and this effect could play an 
important role in lowering the activation energy of the reaction. 

The area of coenzyme binding within the enzyme is well established;1343 about 140 amino 
acid residues build up a pattern of pleated sheets surrounded by a-helices which leads to the 
creation of a specific crevice for binding of the coenzyme wiu the adenine. 

The 2.98, resolution structure reveals that the NADH is bound in the enzyme binding 
domains by an extensive series of hydrogen bonds through the oxygen atoms of the 
pyrophosphate and the amide group of the nicotinamide. However, no atom in the coenzyme 
molecule is within bonding distance of the active site zinc atom, the closest being 4.5 8, from 
the metal ion. 

(iii) Subunit equivalence and half-site reactivity 

Some early kinetic studies on the enzymic reaction indicated that LADH exhibits pre-steady 
state 'half-of-the-sites' reactivity. Bernard et al. reported that two distinct kinetic processes, 
well separated in rate, were observed for the conversion of reactants into products under 
conditions of excess enzyme.'367 They also reported that each of the two phases corresponded 
to conversion of exactly one half of the limiting concentration of substrate being converted to 
products. On the basis of this they proposed two possible models, the favoured one based on 
catalytically non-equivalent but interconvertible states of the two binding sites, with the 
possibility that the asymmetry of the sites may be induced by coenzyme binding. Further 
evidence for this non-equivalence of the subunits was obtained in similar subsequent studies 
using a chromo horic nitroso substrate, p-nitroso-N,N-dimethylaniline with limiting NADH 

However, in their study of intermediates in the enzymic reduction of acetaldehyde, Shore 
and Gutfreund could find no inequivalence in the binding sites of the subunits at all NADH 
concentrations studied.1369 This conclusion that the two active sites are kinetically e uivalent is 

Kordal and Parsons also supports this conclusion.'3-X They devised a method of persuading 
3H-labelled NADH to bind to one site per enzyme molecule and then, using a stopped-flow 
technique, to react this with excess unlabelled product. FuIl site reactivity was observed in 
either direction. They concluded that no half site reactivity was observed, and that there was 
no indication of subunit asymmetry induced by either the coenzyme binding or by chemical 
reaction. 

In contrast to this Dunn et al. have proposed, on the basis of LADH-catalyzed kinetics of 
4-deuterio-NADH with a series of substituted benzaldehydes, that the generally accepted 
mechanism of reaction cannot alone sufficiently account for the results obtained and again 
proposed that the subunits in the enzyme become kinetically non-equivalent during 
~a ta1ys is . l~~~ The arguments put forward by Dunn in this paper have also been discussed by 
Anderson and Dahlquist who concluded that the biphasic rate behaviour of LADH reflects 
either a 'half-sites' reactivity mechanism or a complex and as yet not fully understood reaction 
mechanism. 1374 

In response to these papers, Andersson and Pettersson have published new results 
reaffirming their conclusions that the enzymic sites are equivalent.137s By refining their previous 
procedures to give increased sensitivity in their kinetic and spectroscopic measurements, they 
claim to have shown that there is no evidence for subunit inequivalence or interaction, and 
have shown that adequately interpreted, the results of can lead to the same 

concentrations.' Ep 

supported by kinetic studies by Hadorn et ul.1370 and b Kvassman and Petter~s0n.l~ 9 Work by 

C , X  -GG 
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conclusion, i.e. that there is no subunit interaction resulting in half-site reactivity and that 
kinetically the catalytic sites in the enzyme are equivalent. 

(iv) Role of zinc 

Initial attempts to determine the functional role of the zinc were based on the inhibitory 
effects of various chelating agents such as 1,lO-phenanthroline and 2,2’-bipyridyl. These 
chelating agents inhibit the action of the enzyme by competing with the oxidized or reduced 
coenzyme, being partially competitive against ethanol, and showing complex behaviour with 
acetaldehyde. Since the chelating agents are large enough to exclude sterically other molecules, 
it was not possible to ascertain the role of zinc in binding coenzyme or ~ubstrate.’”~ 

It was originally assumed that in LADH the zinc existed in an octahedral form with six bonds 
available for coordination, until in 1967 Vallee and co-workers showed that the enzyme 
contained two different types of zinc atom.’377a Loss of two zinc atoms from the enzyme resulted 
in loss of catalytic activity but maintained the tertiary structure. It was postulated from this that 
one metal ion per subunit played a role maintaining the tertiary structure, while the other zinc 
functioned in a catalytic role. Only two of the zinc ions in the liver enzyme interact with the 
inhibitors 1 ,lo-phenanthroline and 2,2‘-bipyridyl, thus demonstrating the different chemical 
reactivities of the zinc ions.1378 It was also shown that one zinc per subunit could be selectively 
exchanged or removed by dialysis. This modified enzyme containing one zinc per subunit did 
not bind 1,lO-phenanthrohne, hence the catalytic zinc is removed first during dialysis.L379 The 
second zinc atom can be selectively removed in preference to the catalytic zinc, by 
carboxymethylation followed by dia1y~is . l~~~” 

(v) The cobalt-substituted e n ~ y m e ~ ~ ~ ~ ~ , ~ ~ ~ ~  

Young and Wang,1380 by observing the rates of cobalt substitution for zinc, provided further 
evidence that there are two distinct classes of metal ion present. They showed that cobalt 
specifically and rapidly replaced two ‘easily exchangable’ zinc atoms, and replaced the other 
two zinc atoms much more slowly. Enzymic activity also changed significantly upon 
replacement of the two easily exchangable metal ions. Kinetic studies by Shore and Santiago, 
comparing the native zinc and totally cobalt-substituted enzyme showed that the turnover rate 
at pH 7 was the same for both, but at pH 10 the turnover rate was significantly slower for the 
cobalt substituted enzyme. These differences would seem to indicate that the metal is involved 
in the catalytic hydrogen-transferring step of the liver alcohol dehydrogenase mechanism 
The results show that the rate-determining step at pH7 is NADH dissociation. The lower 
turnover rate at pH 10 shows a specific effect of pH on the rate-determining step of the cobalt 
enzyme, which was not shown for the native enzyme. Since a significant isotope effect was 
found at saturating concentrations of NAD+ and ethanol, they concluded that the metal is 
probably involved in the catalytic hydrogen-transferring step of the LADH mechanism. 
However their findings were inconclusive as to whether there is direct NADH/metal andlor 
direct substrate/metal interaction at the active site. 

Sytkowski and Vallee devised a method of specifically replacing either the non-catalyk or 
catalytic zinc atoms with 65Zn and thus have been able to prepare [(LADH)Znz65Znz] and 
[(LADH)65Zn2Zn2] .13= (The first pair are designated as the structural or non-catalytic pair; the 
second pair the catalytic pair.) They were also able to replace either just the non-catalytic zinc 
or both sets of metal ions by cobalt, thus preparing [(LADH)Co2Zn2] and [(LADH)C&C*]. 
Preparation of these has enabled the catalytic and non-catalytic sites to be distinguished by 
their different reactivities. 1382~1383 1 ,lo-phenanthroline instantaneously and reversibly inhibits 
[(LADH)Co2Zn2] in the same way as it does [(LADH)Zn2Zn2], establishing that 1,lO- 
phenanthroline interacts with the zinc in both cases, but in contrast the inhibition of 
[(LADH)Co2C~] is time dependent and irreversible, indicating that 1 ,lo-phenanthroline 
competes successfully with the enzyme , presumably because cobalt is bound much more weakly 
than zinc. The difference in the mode of inhibition allows differentiation of the pair of metal 
atoms at the catalytic site. 

The non-catalytic site can be identified by the much higher reactivity of these metal atoms in 
metal exchange reactions, and hence they exchange more rapidly. They suggest that the 
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location of the non-cataIytic site, near the surface of the molecule, and its more regular 
coordination (by four cysteine sulfurs) may contribute to the faster exchange rate, than the 
mote distorted catalytic site 25 A from the surface of the enzyme. 

The UV spectra of these complexes are very similar to those found in tetrahedral complexes 
of Co" known to have a somewhat distorted geometry, suggesting a similar geometry in the 
cobalt enzyme.'3s3 Tetrahedral mercaptide complexes of the type [Co(SPh)4)2- were also 
shown to have similar absorption characteristics to those of [(LADH)Co2C02]. This work is in 
complete agreement with the X-ray crystallographic studies of the native LADH, already 
mentioned, which shows distorted tetrahedral coordination of both the catalytic and non- 
catalytic zinc atoms of the enzyme. 

The structural and catalytic zinc atoms have also been replaced by cadmium-109 by 
equilibrium dialysis methods similar to that for cobalt, again either replacing just the structural 
zinc atoms giving [{LADH)Cd2Zn2], or both types of zinc giving [(LADH)Cd2Cd2]. The 
enzymic activity of both species was similar to the native enzyme.1384 The cadmium-substituted 
enzyme is similar in all other respects to the cobalt substituted enzyme, i.e. mode of inhibition, 
UV spectra. The '13CdNMR spectrum has been observed for the 113Cd11 fully substituted 
enzyme and, as expected, shows two resonances corresponding to the two types of cadmium 
atoms in the enzyme.'385 

A method has also been developed for specifically substituting the catalytic zinc ions for 
other transition metal ions in the liver enzyme. This was first reported for substitution by 
C011.1386 In order to achieve this specific substitution, the zinc at the catal ic site is removed by 

low concentration yielded [(LADH)Zn2C02] with over 90% catalytic activity. The UV spectra 
show LMCT transitions between Co" and the sulfur ligands at 283 and 370nm, and a d-d 
transition originating from the metal binding site at 520 nm. These and other spectroscopic data 
are consistent with substitution at the active site only. Binding of NADH to this species to form 
the binary complex shows a large increase in the intensity of the cobalt d-d transition. Since 
these transitions are highly dependent on ligand geometry, this probably reflects a distortion of 
the coordination sphere of the catalytic cobalt ion caused by the conformationaI change 
involved. 

Insertion of Cun ions into the enzyme depleted of catalytic Zn" occurs slowly and the 
deep-blue resultant species, characteristic of type 1 copper proteins, shows little, if any, 
catalytic On standing, a solution of this species changes from dark blue to 
colourless, which is thought to be due to an intramolecular redox reaction yielding the 
copper(1) species. Possibly, a disulfide bridge is formed between cysteines 46 and 174. This 
would enable the copper(9 ion to remain bound in the catalytic site, and would be analogous 
to known Cu' systems.13 The blue solution resembles the behaviour of the catalytic-site- 
substituted cobalt species and the binding of coenzyme to this copper enzyme gives rise to 
changes in both the optical and ESR spectra which must be interpreted as distortions of the 
coordination sphere. 

Magnetic relaxation studies of this active-site-substituted Cu" enzyme indicate that although 
it is able to bind coenzyme, thereby distorting its metal binding site, it is unable to discriminate 
significantly between alcohol substrates and water. The resulting relatively weak binding of 
alcohol would explain the lack of catalytic activity for the Cu' substituted enzyme.13s9 

Nickel has also been substituted into the active site of the enzyme.'3w Although the activity 
achieved was only about 12%, the spectroscopic properties are consistent with the nickel ions 
having entered the active site only, with the near tetrahedral geometry maintained. Attempted 
insertion of Nin into the non-catalytic sites was not successful. 

Attempts to introduce manganese(I1) ions into the liver enzyme depleted of zinc at the 
catalytic sites were unsuccessful.1391 However, Mnn does bind to the enzyme at two other sites, 
but the binding is relatively weak compared to what would have been expected at the catalytic 
sites. Binding of Mn" to these sites is unaffected by the presence or absence of ZnT1 at the 
catalytic site. It is also thought that Znn binds to these sites on reconstituting the enzyme 
depleted of Zinc. 

Cobalt-containing yeast alcohol dehydro enase has been made by growing yeast in media 
containing cobalt with some zinc present.13 The ratio of cobalt to zinc was found to be very 
close to 1:2. The absorption spectrum of this cobalt-containing enzyme showed large 
differences from the native enzyme.1393 By analogy with non-enzymic systems, the spectrum 
indicated that cobalt(l1) was present in a roughly tetrahedral environment, coordinated to at 
least one cysteine. It was further shown that a water molecule can be displaced by a chelating 

dialysis and this species crystallized. Dialysis of this species against Co IT acetate in sufficiently 
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ligand. In fact, the proposed coordination is remarkably similar to the coordination of the 
catalytic zinc in LADH, and is probably similar in YADH. 

YADH has been obtained from yeast grown in a zinc-free, 
manganese-rich medium.13' The enzyme was found to have four atoms of metal per enzyme 
molecule, all of which were manganese. This manganese enzyme is much less stable than the 
native zinc enzyme and the kinetic parameters are different. 

Obviously much of the work following up the preparation of these species has focussed on 
interpretation of spectroscopic data and distinguishing the catalytic and non-catalytic sites, as 
well as comparison with the native enzyme. Further investigation of the properties of these 
transition-metal-substituted enzymes, and looking at the intermediates formed, is a useful 
means of probing the structural and electronic properties of the catalytic metal ion, and how 
the catalytic metal ion binds substrate. A particularly useful substrate for investigating the 
catalytic role of the active site metal ion in the enzyme mechanism has been the chromophoric 
aldehyde, trans 4-(N,N-dimethylamino)cinnamaldehyde, DACA. In the reduction of DACA, a 
transient chemical intermediate is formed with LADH and NADH at high pH.1395 The UV 
spectra of the complex with the native zinc enzyme shows an absorption maximum of the 
chromophore red-shifted by 66nm to 464nm relative to the free DACA at 398nm. This was 
cited as evidence for direct coordination of the carbonyl group of the substrate with the 
catalytic zinc ion, which acts as a Lewis acid. It was shown that not only is the presence of 
metal ions in the catalytic site a requirement for binding of the substrate, but also the binding 
of coenzyme must occur prior to substrate binding, triggering a conformational change before 
the substrate is coordinated. 

A manganese-containin 

(178) trans-C(N,N-Dimethylamino)cinnamaldehyde (DACA) 

When cobalt is substituted for zinc at the active site, a similar complex is formed.13" The 
absorption spectra also show a large red shift for the substrate maximum upon binding to form 
the ternary complex. Binding also causes a small shift in the d-d band. 

The resonance Raman spectrum of a similar complex has been reported, that of a ternary 
complex of LADH, NADH and 4-(N;N-dimethylamino)benzaldehyde (DABA) with the 
disappearance of the carbonyl stretching frequency of the DABA at 1664 cm-I also indicating 
strongly that inner sphere complexation of the substrate occurs, the zinc withdrawing electron 
density from the aldehyde oxygen forming a zinc-oxygen coordinate bond. 1397 

The Cd"- and Ni"-substituted enzymes also form ternary complexes at high pH with DACA, 
with similar red shifts of the absorption maxima.'390 The magnitudes of the red shifts of the 
DACA absorptions in the ternary complexes with different metalloalcohol dehydrogenases are 
dependent on the metal present in the active site, as are the dissociation constants for the 
complexes. If the interaction between the neutral DACA ligand and the metal ion is described 
as a dipole-metal ion interaction, then the largest red shift will occur with the metal ion with 
the smallest ionic radius in tetrahedral symmetry. This seems to be the case, with Con having 
the smallest ionic radius producing the largest red shift, followed by Ni", Zn" and the smallest 
shift for Cd", which possesses the largest ionic radius. This model is also supported by the 
dissociation constants showing that DACA is bound most strongly to the smallest ion, Co". 
These trends support the idea of a direct inner sphere coordination of the substrate to the 
metal ion, which is acting as a Lewis acid in these systems. The larger red shifts for Con and 
Ni" over Zn" mean that Co" and Ni" are stronger Lewis acids than Zn". 

This conclusion has been further supported by kinetic investigations of the dissociation of 
DACA from the intermediate with all the metal-ion-substituted enzymes, and of the rate of 
hydride transfer. Formation of the DACA intermediate occurs as a reversible, rapid, 
pH-independent step between pH 4 and pH The decay of the complex however is 
pH-dependent and undergoes a change in rate-determining step, from hydride transfer at low 
pH, to release of alcohol product at higher pH. The rate of decay varies with the active site 
metal present. The rate constant for the hydride transfer process is 1.4 times greater for the 
Co" species over Zn'I, with Ni" having a similar rate constant to the zinc.1399 The value for Cdn 
is 40 times smaller. This correlates with the expected order of Lewis acidities (for a tetrahedral 
ligand field) in the same way as the spectral data, i.e. Co" > Ni" 3 Zn" >> Cd". The large 
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difference in rate constant for the Cd" species is proposed to be a consequence of the longer 
bonds to Cd", which could result in a misalignment of reacting atoms and perhaps a different 
coordination geometry as well as the expected Lewis acid strength. 

Not all the spectroscopic data lead to the conclusion that inner sphere coordination of the 
substrate occurs as a prerequiste for hydrogen transfer. Various NMR studies indicate that 
substrates are not bound directly to the metal. NMR studies by Sloan et al. on the 
cobalt-substituted enzyme, NADH and the aldehyde analogue isobutyramide measured the 
effect of Co" on the relaxation rates of protons of the metal-bound water and 
isobutyramide.lm Coenzyme binding causes a small change in the HzO relaxation, probably 
due to the conformational change, but binding of the substrate analogue decreases the number 
of fast exchanging protons by over 50%. From the relaxation measurements, assuming a 
predominant paramagnetic contribution, the distances between the methyl and rnethine 
protons of the isobutyramide and the metal ion were calculated as 7.6 and 7.2A respectively. 
These distances are too great to allow the isobutyramide to be directly coordinated to the 
active site cobalt ion. To account for this they suggested a model in which the water molecule 
coordinated to the active site metal ion forms a bridge between the functional group of the 
substrate and the metal ion, i.e. second sphere coordination. This model is substantially 
different from those proposed on the basis of X-ray diffraction studies. 1364-1366 

In order to show that the origin of this difference is not a function of the particular substrate 
analogue used, similar NMR relaxation studies have been performed with dimethyl sulfoxide 

since the crystal structure of the enzyme-NADH-DMSO ternary complex is well 
res01ved.l~~ From the relaxation data, the distance between the methyl protons of DMSO and 
Co" was calculated to be 8.9 f 0.9 A, again too great for direct coordination of the sulfoxide 
group to the metal ion. Since the cobalt enzyme appears to be functionally similar to the native 
enzyme, the difference is unlikely to be a direct result of substitution. One possibility is that 
there may actually be a difference between the solution and crystalline structure of the enzyme 
ternary complex, particularly since it is well established that the crystalline enzyme is 10oO 
times less active than in solution.1402 

Second sphere coordination has also been proposed on the basis of '13Cd NMR of binary and 
ternary complexes of cadmium-substituted LADH. 1403 The binding of coenzyme to the 
cadmium-substituted enzyme, either NAD+ or NADH, causes the resonance due to the 
catalytic metal atom to move to higher field. This is not accounted for, but is thought to be due 
to the conformational change. Addition of butyramide to form a ternary complex shows no 
change in chemical shift or line width. '13CdNMR is thought to be very sensitive to nitrogen 
us. oxygen ligation at but the spectra of ternary complexes with either pyramle or 
trifluoroethanol are identical. The authors suggest that these results agree with coordination of 
the substrate analogue in the second coordination sphere of the metal ion. 

More recent NMR studies have questioned the concept of outer sphere coordination of 
substrate. Andersson et al. have suggested that the magnetic relaxation rate of solvent protons 
in solutions of LADH with Co" ions substituted specifically for zinc at the catalytic site arises 
mainly from diamagnetic contributions, and the paramagnetic contributions are relatively 
small.1389 This puts into doubt the conclusions of Sloan et ~ 1 . l ~  and Drysdale and Hollis,l4O1" 
who assumed paramagnetic contributions were predominant; their results suggesting second 
sphere coordination of substrate may require some reinterpretation. "N NMR has also been 
informative in this system.1401b 

(vi) Other chemical modifications 
Carboxyrnethylation. It was found by Vallee and Li that one cysteine residue per subunit may 

be selectively carboxymethylated with iodoacetate. 1405 Since this reaction causes deactivation of 
the enzyme, this cysteine residue, later identified as Cys-46,1406 was suggested to be at the 
active site. The deactivated carboxymethylated enzyme still binds NAD+. The car- 
boxymeth lation of this residue is preceded by a reversible binding of iodoacetate to the 
enzyme." This observation has helped to identify an anion-binding site in the coenzyrne- 
binding domain, where the pyrophosphate group of the coenzyme binds. 

Subsequently this mechanism, known as the affinity labelling mechanism, has dso been 
shown to operate with 2-bromopropionate, 3-bromopropionate and 2-bromobu ate in a 

The reactivity of Cys-46 is dependent on the metal present at the active site as revealed by 
similar way. Iodoacetamide also deactivates the enzyme, but by direct alkylation. 1 4 2  
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studies on the fully substituted cobalt and cadmium enzymes.lm The rate of alkylation is in the 
order Co > Zn > Cd. This order correlates with Cys-46 being alkylated as a metal mercaptide, 
with a strong metal thiol complex making the sulfur a poor nucleo hile. This is supported by 

Denaturation. The stability of LADH and its denaturation has been studied under a variety 
of conditions including acid pH, and different concentrations of urea and guanidine 
hydrochloride. At pH5, LADH loses its activity while still in the dimeric state, and at lower 
pH dissociation occurs, as can be seen in the drastic change in the fluorescence polarization 
spectrum.'410 The spectral data obtained are consistent with unfolding of the tertiary structure, 
some of which occurs before subunit dissociation. 

In 7 to 8 M  urea, LADH dissociates into two subunits with considerable changes in the 
tertiary Similar dissociation occurs in 6 M guanidine hydrochloride. Removal of 
hydrochloride leads to partial reactivation. 1412 The rates and percentage of reactivation are 
dependent on the concentrations of NAD+ and Zn" present. High concentrations of either 
promote the formation of inactive aggregates of the subunits.1413 The kinetics of renaturation 
have been shown to be complex, with no dependence on NAD+ concentration, but a marked 
dependence on the rate and yield of reactivation occurs on altering the Zn" concentration. The 
exact nature of the mode of denaturation and reactivation is not understood, but it is probable 
that much peptide chain breaking occurs. 

The yeast enzyme is reversibly denatured in urea at concentrations of less than 2 M, probably 
because of dissociation into subunits. l4lo At higher concentrations irreversible denaturation 
occurs as a result of unfolding of the polypeptide chains. 

Inhibitor binding. There is much evidence, wherever binding to LADH has been studied in 
detail, that all molecules binding to LADH either bind at the coenzyme binding site or at the 
substrate binding site. Studies on inhibitors at the coenzyme binding site have shown that there 
are three main binding areas, the adenosine binding cleft, the anion binding site where the 
pyrophosphate group of the coenzyme binds, and the nicotinamide binding region. 

The coenzyme binding region of alcohol dehydrogenase has been shown to be structurally 
similar to the coenzyme binding region in other pyridine-nucleotide-dependent de- 
hydrogenases, thus it is not surprising to find that inhibitor molecules which are found to be 
coenzyme-competitive to one particular dehydrogenase would be expected to bind in a similar 
fashion to other dehydrogenases.1359p1414 

Dawkins et al. have shown that salicylate is a coenzyme-competitive inhibitor to alcohol 
dehydrogenase as well as malate, lactate and isocitrate dehydrogenase, 1415 Salicylate binding 
has been studied because of the possible relation between inhibition of dehydrogenases and the 
pharmacological effects of this molecule. An X-ray study of the binding of iodo-substituted 
salicyclic acid to LADH shows that the salicylate binds in the same hydrophobic pocket in 
which the adenosine part of the coenzyme binds, in spite of their very different structures.1416 
The position of the phenyl ring partly overlaps the position of the adenine; the hydroxyl group 
of the salicylate forms a hydrogen bond to one of the carbonyl groups of Asp-223. This residue 
has been shown to be the same in several dehydrogenases, indicating its possible importance in 
coenzyme binding. 

X-Ray structures have shown that the anion [Pt(CN4I2- binds at the same site on the 
enzyme as the YJrophosphate group of the coen~yme,'~ and binds in strict competition with 
the coenzyme. ' UV difference and phosphorescence spectroscopy indicated that coenzyme 
binding is a result of a combination of ionic and non-polar environments at the adenine binding 
site of the enzyme and supports the crystallographic The presence of this anion 
binding site in the coenzyme binding domain also rationalizes the mechanism of car- 
boxymethylation of Cys-46, already mentioned. The reaction is preceded by a reversible 
binding of iodoacetate to the enzyme.'407 The sulfur atom of Cys-46 is coordinated to zinc in a 
position so that one of its lone pairs is directed towards the anion binding site. The distance 
from the site to the sulfur atom of Cys-46 is about 8A. Therefore iodoacetic acid can be 
positioned by reversible binding to this anion binding site for subsequent attachment to Cys-46; 
a typical example of an active-site-directed irreversible inhibitor. 

On the basis of the crystal structures available, it has been possible to design active-site- 
directed inhibitors for LADH. Plapp and Chen have successfully designed and evaluated a 
series of w-(bromoacetamido) fatty acids, [BrCH2CONH(CH,),COOH], as inhibitors.1419 As 
predicted, the carboxylate or carboxamide groups can bind to the catalytic zinc ion in the 
enzyme-coenzyme complex while the bromoacetamido groups could bind 14A away in the 
substrate-binding pocket. In the absence of coenzyme, the carboxylate groups did, as expected, 

model studies of alkylation of metal-mercaptoethanol complexes. I& 
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bind to the anion binding site formed by Arg-47 and Lys-228, and alkylate Cys-46. The rate of 
deactivation was much retarded in the presence of coenzyme, the mode of deactivation being 
different. 

Substrate-competitive inhibitors. The binding of chelating agents like 2,2'-bipyridine and 
1,lO-phenanthroline was used in initial attempts to determine the role of zinc in the catalytic 
mechanism. These inhibitors are competitive with NAD+ and NADH, partially competitive 
with ethanol and show complex behaviour with acetaldehyde. It was not possible to ascertain 
whether the chelating agents were competitive with substrate.1376 X-Ray studies of the 
1,lO-phenanthroline complex with the enzyme have shown that the chelating groups bind to the 
catalytic zinc and displace the zinc-bound water at the substrate binding site.'361 The large size 
of the inhibitor molecuIe probably retards coenzyme binding. 

Imidazole also acts as a substrate-competitive inhibitor, forming both binary complexes with 
LADH, and ternary complexes in the presence of coenzyme. X-Ray studies show that 
imidazole also binds to the, catalytic zinc by displacing the water molecule.1361 The presence of 
imidazole at the active site also enhances the rate of carbo~ymethylation'~~~ of Cys-46 with 
both iodoacetate and iodoacetamide. 1420 This enhancement of alkylation has become known as 
the 'promotion effect'. 1421 Imidazole promotion also improves the specificity of the alky1ati0n.l~~ 
Since Cys-46 is thought to be alkylated as a metal-thiol complex, imidazole, on binding the 
active site metal, could enhance the reactivity by donating 0 electrons to the metal atom, which 
distributes the increased electron density further to the other ligands in the coordination 
sphere, The increased nucleophilicity of the sulfur results in promoted alkylation.lm 

Pyrazole, an isomer of imidazole, was also found to be a potent substrate-competitive 
inhibitor of LADH in the same way as imidazole. Theorell et al. demonstrated that the 
inhibition is due to the formation of an exceptionally strong enzyme-NAD *-pyrazole 
complex.1423 It has been shown that introducing a substituent on the pyrazole at positions 1 or 3 
abolishes the inhibitory power, but substitution with iodine, bromine or alkyl groups in the 
4-position greatly enhances its inhibitory action. 1424 However introduction of an unsaturated 
hydrocarbon residue at the 4-position rendered the pyrazole less active than the corresponding 
saturated analogues. 1425 The 4-substituted pyrazoles are very sensitive to the nature of the alkyl 
group; this sensitivity is thought to be due to a combination of lipophilic and electronic 
f a ~ t o r s . ~ ~ " , ~ ~ ~  

The pyrazole is thought to coordinate to the catalytic zinc via the N-2 nitrogen, the N-1 being 
coordinated to the pyridine ring of NAD+ with loss of the imino-H as a proton to neutralize 
charges. The loss of inhibitory action on substitution at N-1 is in agreement with the proposal 
on steric grounds, but there is no satisfactory explanation of inhibitor loss on 3-substitution. 
Andersson et ai. have shown that the rate of pyrazole dissociation decreases with increasing 
pH, and that ionization of the enzyme-bound inhibitor has a pK, value below 4.14% This would 
account for the exceptional stability of the ternary complex at neutral and alkaline pH, but they 
do not consider it necessary to assume that pyrazole and NAD+ are covalently linked in the 
ternary complex formed. 

Since a large number of enzymes are known to undergo irreversible deactivation with 
acetylenic substrates, Alston et al. tested for this with both horse liver and yeast alcohol 
dehydrogenase, using 3-butyn-l-01.'~~~ The substrate is oxidized to a product that is capable of 
then combining covalently with nucleophilic groups on the enzyme. By analogy with other 
enzymic systems, this is thought to be via an allene intermediate. Many molecules of butynol 
are oxidized for each enzyme molecule inactivated, and multiple sites of alkylation are 
suggested. 

The first true latent inhibitor for ADH (Le. an inhibitor produced by the catalytic act of the 
enzyme that is time de endent) was reported as being the substituted allyl alcohol, 

enzyme loses its activity, the rate of deactivation being proportional to the concentration of the 
alcohol. Latent inhibition was confirmed by showing directly that the aldehyde is an inhibitor. 
A mechanism is proposed in which the aldehyde formed reacts with an unspecified nucleophilic 
site on the enzyme with subsequent protonation. 1429 

3-ethylthioprop-2-en-1-01.' B This is a substrate for LADH, but after a short period the 

(vii) Mechanisms for catalysis1462 

The catalytic activity of liver alcohol dehydrogenase is strongly pH dependent over a wide 
range. It has been well established that this pH dependence derives from the combined effects 
of pH on several steps in the catalytic mechanism. They are all proton equilibria involving 
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ionizable groups, accounting for the net production or consumption of protons during catalysis. 
An understanding of the pH dependence therefore contributes a major part of the elucidation 
of the mechanism. 

The dissociation of the enzyme-NAD+ and enzyme-NADH complexes show a pronounced 
pH dependence which is not present for dissociation of the zinc-free enzyme-coenzyme 

Taniguchi et d. have calculated that the pH dependences of coenzyme binding 
to the en me can be interpreted as resulting from perturbation of a single residue of 

NADH show the same pH dependence on rate, dependent on a group of pK, - 9.2. NAD+ 
dissociation is controlled by a group with a pK, of -7.6, but there is no pronounced 
dependence on pH for the rate of NADH d i s s ~ c i a t i o n . " ~ ~ , ~ ~ ~ ~  Binding of alcohol to the binary 
complex is dependent on pH above a certain value which varies with ~ u b s t r a t e , l ~ ~ ~ * l ~ ~ ~  but a 
pK, of -7.6 controls the uptake. In contrast, there is no effect of pH on the rate of aldehyde 
binding to the binary complex. 1435 

Although early work by Dalziel indicated that the pK, regulation of coenzyme binding 
involved several ionizable it is now more widely believed that a single residue 
causes the pK,  perturbation^,'^^^ but for such a large perturbation, the perturbed group would 
have to be in the close proximity of the nicotinamide ring of the enzyme-bound NAD+. The 
crystallographic results support this proposal,1360 and the pK, - 7.6 dependence of NAD+ 
dissociation probably reflects the pK, of the zinc-bound water molecule linked to a proton relay 
system in the enzyme. 

The presence of coenzyme greatly increases the affinity of the enzyme for substrates. 1437 

There is a wide body of evidence to support this.1465b,' Fluorescence quen~hing,'"~ CD 
spectra,'439 thermodynamic studies'm~'al support evidence from UV and X-ray 
data1365 that coenzyme binding triggers a conformational change in the enzyme upon coenzyme 
binding. 

The classical steady-state studies of TheoreIl and Chance showed that the increased affinity 
for substrate by the NADH-bound enzyme leads to a distinct sequence of the binding of 
coenzyme and substrate and subsequent reaction.lM2. The binding of coenzyme is a compulsory 
step prior to substrate binding. Release of products from the enzyme site occurs via reversal of 
the sequence. This mechanism, known as an 'ordered bi-bi' mechanism because of the required 
order of association and dissociation of the coenzyme and substrate with ternary complex 
formation is summarized in Scheme 6, where E, S and P represent enzyme, substrate and 
product respectively. 

E+NADH e E(NADH) 

E(NADH) + S e E(NADH, S) 

pK, - 8.6.l 7 32 More recent investigations confirm this, showing that association of NAD+ and 

H+ + E(NADH, S) e . . . . . I -- E(NAD+, P) 

E(NAD+, P) e E(NAD') + P 

E(NAD+) E+NAD' 
Scheme 6 

This scheme accounts for &he steady-state and transient-state kinetics of the enzyme under 
normal 

Aldehyde formation during the catalytic action of the enzyme requires a net removal of two 
hydrogen atoms from the alcohol substrate. This dehydrogenation process is known to proceed 
by a mechanism of combined proton and hydride ion transfer, and it has been well established 
that transfer of hydride ion occurs directly between substrate and coenzyme in the productive 
ternary complex. 

Various studies suggested that the rate-limiting step in the enzymic reaction involved 
carbon-hydrogen bond formation and/or breaking.'m*'w In the light of this, Jacobs et al. 
compared the electronic substituent effect on the rate of the LADH-catalyzed reduction of 
aromatic aldehydes with reduction by borohydride.l"' In contrast to the large substituent effect 
with borohydride, the electronic substituent effect on LADH reduction is very small. This 
result was surprising if carbon-hydrogen bond formation or breaking were solely rate limiting. 
Lack of a substituent effect shows that the reaction cannot be considered as a simple hydride 
transfer, and so proton transfer must play an important part in modifying enzymic activity. 

As previously described, there is a water molecule coordinated at the active-site zinc ion, and 
it has already been suggested that this plays an important role in the mechanism of the enzymic 
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reaction. This water molecule is within hydrogen bonding distance of the hydroxyl group of 
Ser-48. In turn, this is located within hydrogen bonding distance of His-51. BrandCn et al. 
suggested that this system may function as a 'proton charge relay' as i l l u ~ t r a t e d l ~ ~  in Scheme 7. 
It is suggested that th4.s zinc-bound water molecule and the associated charge relay system plays 
an acid-base catalytic role in the reaction, and may together or individually account for the 
dependence of the reaction on several proton equilibria, and the pH dependence at various 
steps in the reaction. 

\ I /  
Zn2' 

H-? H-0 
I 

H B 
1 OH- 0-Ser-48 === 0-Ser-48 

I 
A H 

I 

Scheme 7 Proton charge relay system 

It has also been suggested that the ionization of the zinc-bound water affects the anion 
binding site of the coenzyme binding domain, the conformational change being triggered 
through electrostatic interactions in the polar anion binding region in the coenzyme binding 
domain. 1446 

Dworschack and PlaFp presented a mechanism based on this proton relay system and this is 
shown in Scheme 8.lU The alcohol or carbonyl groups are bonded to the zinc, as is the water 
molecule, giving a fivecoordinate zinc. 

pK = 8.4 
H -0-Ser-48 - 

H 
I 

bHis-51 H N 

11 

I 
H 

pK s4 
H-0-Ser-48 . 

H 
I 

I 

I! 
0- Ser-48 
I 

I;I 
(1 His-51 

H 

11 

I 
I;I 
0 --Ser-48 
I 
B 

His-51 

N 
H 

Scheme 8 Mechanism according to Dworschack and Plapp 

COC -GG* 
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Dunn has also proposed a mechanism involving this charge relay system in ternary complex 
formation, but with the substrate displacing the zinc-bound water, as shown in Scheme 
Hydride transfer from NADH, to form an alcoholate anion, has been shown to occur before 
protonation.1398 As well as not requiring penta-coordinate zinc, this mechanism differs from 
Dworschack and Plapp’s in postulating the formation of an alcoholate anion. 

\I/ 
Zn2+ 

\I/ 
Zn2+ 

I I 
H d o  r;I j + R-C 

0- 
I 

0- \H 
f 
I! B 

H-0 NADH L I E+NADH =G H-0 +NADt 

N t y  N iy 
I 

H 
I 

H 

Ib+ 

H’ H 

\I / 
I1 

Zn2+ 
\ I /  
Zn” 

R ‘c=o NADH H-0- NAD’ 

RCH,OH+ 1 H 
I +H2O 
Q- Q- 
H 
I 

H 
I 

<If {;J 
I t  

\I/ 
Zn2+ 

‘C-0- NADH 

A 

R 

H’ ’ 

I 
0- 

H 

\ I /  
ZnZ+ 

R- CH~- 0- 

k 
I 
8- 
H 
I 

\I/ 
zn” 

H-0- 

NAD’ H 
I 

{jf 
e o  

H 

{y 
Scheme 9 Mechanism after Dum er ul. 

Both these mechanisms propose that the alcohol substrate combines with the unprotonated 
form of the enzyme-NAD+ complex. Kvassman and Pettersson have proposed an alternative 
mechanism in which alcohol binding to the binary complex requires the presence of a neutral 
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water at the catalytic zinc atom.la5 They also suggest that the kinetic data of Dworschack and 
Plapp can be understood without the assumption that the water remains in the coordination 
sphere of the zinc in the ternary complex. They suggest that the pH dependence of the reaction 
can be accounted for by displacement of water through a dissociative mechanism of ligand 
substitution of water for substrate.lM" 

In their mechanism, presented as a series of proton equilibria in Scheme 10, the reaction is 
controlled by three steps; (a) ionization of the zinc-bound water, which destabilizes the binary 
complex to an extent that substrate binding cannot occur (pK,, Scheme 10); (b) a stabilizing 
effect of alcoholate ion formation in the ternary complex. The pH dependence of this step is 
the result of ionization of the alcohol.1449 (c) The dissociation of the alcohol from the ternary 
complex. This is similar in rate to the dissociation of aldehydes, which might be expected for a 
substitution mechanism, both neutral species forming structurally similar ternary complexes. 

NADH RCHO 

E\ 
OH- 

EYNAD+ 

RCH,OH 7 H*O 

,NADH ,NADH NAD" 
- E  

RCHO 'RCH~O- 'OH- 
- E\ 

HI0 
- E\ 

H20 
E\ 

1 p H +  

E ,NAD+ ,NAD' 
L 

E, 
'OH- 

RCHzOH NAD+ 

Scheme 10 Proton equilibria suggested to affect the catalytic activity of liver alcohol dehydrogenase by Kvassman and 
Pettersson 

This mechanism, accounting for the observed pH perturbations, does not directly consider 
the proton charge relay system involving Ser-48 and Hisdl. However it is probable that this 
system is important in facilitating, by charge distribution, formation of the alcoholate anion and 
hydride transfer to NAD+, and in the reverse reaction, neutralization of the alcoholate anion 
and alcohol dissociation. 

(uiii) Other zinc metalloenzymes 

Many systems with intriguing properties and interesting chemical and biochemical properties 

Biomimetic modelling of many zinc metalloenzymes has been the subject of much research 

Other environmental aspects, which are wide-ranging, are considered in refs. 1448b and 

have been observed recently and are reviewed in refs. 1241a-f, 1262, 1462, 1466f-k, 1468~. 

which is well served with useful reviews (refs. 9, 10, 11, 16-22, 1241a [pp. 35 et seq.]).  

1470. 

56.1.14.2 Cadmium and metal lot hi one in^^"^^^^^^^^^^*^ 
We have seen (Section 56.1.13.2.2) that cadmium can induce the synthesis of a Cd-binding 

protein; in fact, the administration of copper, zinc, cadmium or mercury to animals induces the 
synthesis of these proteins called metallothioneins, which play an important role in the 
metabolism of these elements. 

Historically, the term 'metallothionein' designates the cadmium-, zinc- and copper- 
containing sulfur-rich protein from horse renal cortex,14M and must satisfy several criteria. lm 

(a) The metal content, usually of Cd, Zn or Cu, is very high. (b) The cysteine content is about 
30-35% of the total amino acid composition. (c) Aromatic amino acids, histidine and disulfide 
are usually absent; the mammalian proteins contain only a single methionine residue. (d) The 
ratio of metal ions bound to SH groups is one-third. Generally, there are seven moles of hP+ 
per 20 to 21 SH groups of metallothionein. (e) The metdothionein has no protein absorption 
band near 280 nm. ( f )  RMM's range from 6OOO to 7000. 
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5411421 Occurrence 
The metallothioneins have been found in several vertebrate species and in marine 

invertebrates. 14” Prim and Weser purified a copper-containing metallothionein from 
Saccharomyces cermisiae. 1453 Another copper-binding protein was isolated from Neurospora 
c r c ~ s s a . ~ ~ ~ ~  The first unequivocal demonstration of a metallothionein in a vascular plant was 
recently reported.1455 The amount of metallothionein in different species and tissues is variable. 
The concentration has been reported to increase up to 40-fold by the induction of its 
biosynthesis by certain metals such as cadmium or zinc. In new-born rat liver (one to four days 
old) the concentration of Zn- and Cu-metallothionein is 20 times that in 70-day-old adult 
rats.14s6 There are several recent reports and reviews in this active area.1”3>1467a-k 

5611422 Primary shrrchrre and evolution of metallothioneins 

Comparative studies on amino acid sequences of 12 mammalian metallothioneins have been 
reported.’457 They are all similar and contain 61 residues; N-acetylmethionine and alanine are 
at the N and C termini, respectively. The cysteinyl residues are distributed fairly uniformly 
along the polypeptide chain with a predominance of -Cys-X<ys- sequences. 

Metallothioneins from Neurospora crassa contain only 25 amino acid residues, but the 
primary structure is quite similar to the N-terminal part of the mammalian ~ r 0 t e i n s . l ~ ~  These 
data indicate that the gene that codes. for the Neurospora crmsa metallothionein is 
evolutionarily related to the gene of the vertebrate metallothioneins. Equine metallothionein 
exists in two major variants (metallothionein 1A and metallothionein 2A), which show 
remarkable similarities. Some allelic polymorphic variants also occur in man, horse and rabbit. 
Recent developments have been comprehensively reviewed. 1467a 

54114.23 The ntetal-binding site 

The -Cys-X-Cys- sequences are the primary metal-binding sites and most metal ions 
can bind at a third c teinyl residue located elsewhere in the molecule. The resulting trithiolate 

neutral pH. The metal ions are released, on lowering the pH, yielding the apometallothionein, 
which is stable at low pH but which polymerizes by forming disulfide bridges at neutral pH 
(reviewed in refs. 1457 and 1467a,b). 

complexes, [(metal) F -  ‘(Qs )3]-, endow the metallothionein with an overall negative charge at 

561.14.24 Optical properties and structure of metallothioneins 

Since aromatic amino acids and cysteine are absent, there is no protein absorption above 
270 nm. Metallothioneins exhibit a broad absorption peak, with the maximum at 190 nm. 
Absorptions due to the metal-thiolate complexes show as shoulders at 250 nrn (Cd), 220 nm 
(Zn) and 270 nm (Cu).145871M9 Theoretical predictions based on the amino acid sequence of the 
peptide chain indicate that the &-helical conformation is forbidden, and @-structure is almost 
impossible to attain. CD and NMR studies on both the metal-containing and metal-free protein 
confirmed the p r e d i c t i o n ~ * l ~ ~ v ~ ~  However , metallothioneins are stable to tryptic digestion and 
the slow exchange of many peptide hydrogens of metallothionein with those of the solvent 
suggest that the protein has a compact and well-defined tertiary structure. 

The metabolism of metallothioneins and their role in metal toxicity (cf. Section 56.1.13.2) 
are the subject of a number of recent reviews and  paper^.^^^,^^^^,^-^,^ 
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56.2.1 INTRODUCTION 

The coordination chemistry of mercury differs from the coordination behaviour of other late 
transition elements since the H$+ ion, which has configuration dlO, exhibits neither paramag- 
netism nor 'd-d' transition spectra. However, the current interest in the interference of 
mercury with biological systems makes it necessary to understand more completely the ability 
of mercury to bind donors. The resulting stereochemistry of the mercury atom is characterized 
by coordination number two, which is often expanded to an effective coordination number 'two 
plus four' on the basis of a van der Waals radius for mercury of 150pm.l Recently a van der 
Waals radius of 171-176 prn has been discussed; this larger radius would result in an expansion 
of the coordination sphere of the mercury atom.2 Relationships between the valence-orbital- 
binding energies and crystal structures of mercury compounds have been shown.3 

A comprehensive review of mercury coordination chemistry in Gmelin covers the literature 
up to 1960 (and up to 1965 in later  part^).^ In this chapter the literature has been covered up to 
the middle of 1985. 

56.2.1.1 Bibliography 

There are a number of books and articles on general aspects of the coordination compounds 
of mercury; annual surveys are published in Coordination Chemistry Reviews5 and the Annual 
Reporb on the Progress of Chemistry, Section A (Inorganic Chemistty-Mercury ). McAuliffe's 
book 'The Chemistry of Mercury' covers the literature up to May 1975.7 The coordination 
chemistry of mercury(II) halides has been summarized by Dean, covering papers up to 1977.8 
A review of dimercury(1) coordination compounds was published by Brodersen in 1981,9 and in 
the same year GrdeniE reviewed bonding in the crystal structures of mercury compounds." 

56.2.1.2 General 

Mercury has the electronic configuration (Xe)4f145d106s2. The first three ionization potentials 
are 10.43, 18.65 and 34.4eV, therefore under chemically significant conditions no more than 
two electrons are removed horn the mercury atom. Only one complex of mercury(III), with id9 
configuration and a half-life of 5 s at -78 "Cy has been synthesized. The synthesis involved 
electrochemical oxidation of Hg(1,4,8,11-tetraazacyclotetradecane)(BF4)2 in propiononitrile 
solution." In contrast to most other metals mercury forms polycations, e.g. Hg$+, H& or 

Consideration of the standard potentials yields equations (1) and (2).12 This shows that the 
dimercury(1) ion, Hgz+, is stable to disproportionation as long as no ligand appreciably reduces 
the activity of the H g +  ion either by complexation or by precipitation. Since many ligands bind 
the Hg2+ ion very strongly, the number of coordination compounds of H&+ is limited. 

H&+ . 

H&+ - HgfHg2' (E"= -0.115V) (1) 

(2) K = [H$+]/[Wg:'] = 1.15 x lo-' (in aqueous solution) 

56.2.2 MERCURY COORDINATION COMPOUNDS WITH MERCURY 
OXIDATION NUMBERS LOWER THAN +1 

There are mercury compounds with mercury oxidation numbers lower than +1, e.g. 
+0.5,16,21 +0.6713,15,27 or +0.35.18.20 Yellow crystals of H&(ASF~)~ have been formed by the 
reaction of metallic mercury with AsFs in liquid S02.13 X-Ray structure determination showed 
a linear polycation Hg+-Hg-Hg+ with Hg-Hg distances of 255 pmS1' Metallic mercury and 
SbF5 react in liquid SO2 to form Hg3(Sb2F11)2.'5323 The Hg-Hg distances in the complex 
Hg,(AlCL,)2 are 256 pm;I4 the H g X l  distances are 251 and 256 pm; the HF-Hg-Hg angle is 
174". Dark red crystals of Hg4(AsF6)2 were obtained in liquid SOz.' This coordination 
compound contains centrosymmetric H&+ ions, which are connected to chains (see l)." 

An excess of metallic mercury reacts with AsFs in liquid SO2 to form 'alchemist's gold' 
(Hg2.8&& or Hg2.82(A~F&.94), which contains infinite chains of mercury atoms in two 



Mercury 1049 

perpendicular directions between the close packed AsF; o ~ t a h e d r a . ' ~ , ~ * ~ , ~  The Hg-Hg 
distances in the chains are 264pm; the formal charge of each mercury atom in the chains is 
+0.35. 'Alchemist's gold' is an anisotropic metallic conductor in the direction of the mercury 
chains and is therefore a 'one-dimensional metal.'s~m*zz~"~z8 The isostructural Hg&bFh 
contains mercury chains with Hg-Hg distances of 266p1-n.~~~'~ Structural data for compounds 
of these polycations are summarized in Table 1. 

Table 1 (a) Polycations with Oxidation Numbers Lower Than +1 and (b) Cluster Compounds of Mercury 

255.2(5) 
255.1( 1) 
256.2(1) 
258.8(2) 
262.0(2) 
298.5(3) 
2 W )  
2 6 w )  

308.2(3) 

312.2(3) 
288.8(2) 

313.1(3) 
314.4(3) 
314.6(3) 
314.9(3) 

309.7( 3) 

238(5) 
251.7(3) 
256.2(4) 
271(3) 
287(4) 

287 
286( 1) 

271.7(4) (Hg . . * OS) 

264.0(7) (Hg . r . Mn) 
271.2(4) 

180.0 
174.42(4) 

177.27(9) 

180.0 
180.0 

60.0 

90.0 

60.0 

15 
14,27 

16,21 

17,18,25 
19 

415 

416 

29 

Hg-Hg spin coupling was recently studied by '%gNMR.z6a It can be seen that the 
Hg-Hg bond length increases with decreasing formal charge on the mercury atoms. 

Recently cluster compounds of mercury with an Hg, ring, an Hg4 ring and an Hgs 
octahedron with four capped tetrahedrally correlated faces have been d e ~ c r i b e d . ~ ~ - ~ ' ~ , ~ ' ~  
Structural data are listed in Table 1. 

56.2.3 MERCURY(I) (He) COORDINATION COMPOUNDS 
The reaction between dimercury(1) salts and molecules with an electron-pair-donating atom 

normally destroys the metal-metal bond of the dimercury(1) ion Hg+-Hgf by disproportiona- 
tion, forming metallic mercury and a mercury(I1) compound, but the use of nonpolar solvents, 
weak Lewis bases and dialytic crystallization methods has contributed to the successful 
preparation of single crystals of several dimercury(1) coordination compounds in the past 25 
 year^.^,^,^' The myth that the dimercury(1) species Hg$+ forms few coordination compounds 
has been exploded. 

56.2.3.1 Halide and Pseudohalide Ligands 

There is little evidence for the formation of soluble complexes in aqueous solutions of Hg' 
halide and pseudohalide systems,12y32 but the mercury(1) halides themselves are well-known 
substances. X-ray studies on the dimercury(1) dihalides show that all these compounds possess 
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similar structures with linear X-HgHg-X molecules and four more-distant X neighbours for 
each of the two mercury atoms of the Hg$+ion. Data are presented in Table 2. At low 
temperatures H e x 2  (X = C1, Br) transforms to a phase of lower symmetry; Raman spectra 
measured up to a pressure of 16 kbar revealed increasing disorder with increasing pressure.36 
The solid dimercury(1) dihalides are soluble in molten mercury(I1) d i b r ~ m i d e . ~ ~  The halides 
Hg2X2 are solvobases in HgBr2 melts, i.e. in these solutions only a few dissociated complexes 
{Hg2X(Hg2X&}+ (HgBr2X)- exist; they react with a solvoacid HgBrA (A = ClO;) to give 
mixed mercury(1) salts Hg2X(C104) .37 High pressure and high temperature studies on 
mercury(1) chloride show a structural transition at 5-20 kbar (orthorhombic phase).38 The 
ferroelastic transitions of Hg2C12 and Hg2Br2 at 100-300K were studied by X-ray 
diffra~tometry.~~ The longwave optical vibrations in mixed dimercury(1) halides HgZ(ClxBrf-x)2 
on single crystals were studied.40 A space experiment for studying the effects of weightlessness 
on the creep of annealed and sublimation grown H&X2 polycrystals (X = C1, Br, I) has been 
de~c r ibed .~~  The structure of the mineral terlinguaite (2HgO-Hg2Cl2) has been redetermined 
(Table 2) .340,341 

Table 2 Structural Data on Dimercury(1) Halide Coordination Compounds and the Mineral 
Terlinguaite (2HgO-Hg2Cl$ 

-. 

Compound 4 H g - W  (pm) Shortest Hg - - - X (pm) Ref. 

BrHgHgBr 249.0(10) 270.7(12) 33,34,35 
250.8(1) 215.7(18) 33,34,35 
252.6(6) 242.6(35) 33,34,35 

~ g H @  

IHgHgI 267 34 
ClHgHgCl 

a The mineral terlinguaite H&OZCIZ contains three mercury atoms forming an equilateral triangle 
(Hg-Hg=270.8(2)pm). The structure can be described as being built up of endless chains (H&O,Cb), 
fused to a network by contacts Hg--CI=284(1)pm. Within the chains the interatomic distances are 
Hg--Cl= 260(1) pm and H g - 0  = 223(3) pm for each mercury atom belonging to the triangle; for mercury 
outside the triangle the distances are H g - 0  = 202(3) pm and Hg-€I = 317 pm. One quarter of the mercury 
atoms are outside the triangle; they are bonded to two oxygen atoms (202 pm) forming (-Hg&) chains. 
The oxidation number +4(3 (i..?. H& : H 2 *  = 1 : 1) may be formally attributed to the other mercury atoms 
forming the triangle.w’” 

56.2.3.2 Oxygen Ligands 

There are stable complexes of the Hg$+ion with the following oxygen donors: pyrophos- 
phate, tripolyphosphate, oxalate, ar-dimethylmalonate and s u c ~ i n a t e . ~ ~  The dihydrates of ionic 
dimercury(1) salts contain the nearly linear ion (H20-Hg-Hg-0H2)2+, e.g. in 
Hg2(N03)2.2H2042,56 or Hg2SiF6.2Hz0.43 Saturated organic ethers such as 1,4-dioxane or 
ethyleneglycpl dimethyl ether form crystalline adducts of composition 1:l or 1:2 with 
Hg2(N03)2.44’55 The 1 : 1 coordination compound with 1,4-&oxane (2) contains infinite chains 
with coordinated NO3 at each Hg atom {-(ONO2)-Hg-Hg-(O2N0)-O(CH2)@-}.. In 
Hg2(pyoxide)4(C104)245 three of the four ligands form bridges with the neighbouring dimeric 
Hg2 units; each mercury atom of the Hg+-Hgf ion is irregularly four- or five-coordinated. The 
coordination compounds between Ph3P0 and H&(CIO& contain six6 or four ligand 
m0lecules,4~ and the one between Hg2SiF6 and OPPh3 contains five ligand  molecule^.^^ In the 
structure of dimercury(1) o-phthalate , Hgz{C,&(C02)2)2,48 the Hg$+ ion is linear1 bonded to 
0 atoms of different phthalate groups. Other dimercury(1) salts, e.g. Hg2(Br03)z$ HeSO4;’ 

Hg4POfi028 and Hg6(As04)2,53 contain Hg-Hg-0 bonds with Hg-0 distances between 
208 and 277 pm. Vibrational spectra of crystalline hydrolysis products of dimercury(1) dinitrate 
have been reported.60 Recently a crystal structure of one of these phases exhibited infinite 
chains ~(-Hg-Hg(OH)-), (with Hg-Hg = 250.4(4) and 250.6(4) pm) as well as H$+ ions 
coordinated to the OH groups in the chains (Hg-Hg = 249.8(3) pm) and NO, ions coordin- 
ated with one oxygen atom to the H&+ ions ( H e 0  = 221 ~ r n ) . ~ ~ ’  Coordination compounds of 
Hg2(C104)2 with Ph3P0 and Ph3As0 have been reported.” In the structure of HgRezOIo there 
are (Hg20)4 rings bridged by H$+ ions forming a layer ?((Hg!0)4Hg%}i+, which is connected 
by Reoh anions.344 Structural data of dimercury(1) coordination compounds with 0 donors are 
summarized in Table 3. 

Hg2Se04,50 Hg2(C104)2-nH20 (n = 2 or 4):l Hg2(MeC02)2,52959,61 He(H2P04)2,57 
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1- 

63- 

Table 3 Structural Data of Dimercury(1) Coordination Compounds with 0 Donors 

Compound d(Hg-Hg) (pm) d(Hg-0)  (pm) Hg-Hg-0 angle (") Ref. 

248 
249.5(3) 
249.9(1) 

250.0(3) 

250 
250.5(3) 
250 
250.6 

250.7(6) 
250.8(2) 
250.8(2 j 
253.2(2) 
251(1) 
251.'9(4) 

- 
2W3) 
214.2 
251.4(13) 
224.2 

214 
214(3) 

211,273 (0,NO) 
262 (0 dioxane) 
216(4) 
213(2) 
213(2) 
211(2) 
=1(5) 
208(5) 

252.3(2) 219(2j 
277121 

Hg2Agp04 

. .  - 
170.9(9) 
167.2(4) 

164.9(6) 
193.2(6) 
180 
166.6 

171,102 
111 
174(1) 
167.5(7) 
164.9(6) 
168.1(6) 

171 
175 

W 1 )  

51 
35,43 
57 

35, so 
51 
54 
52,59 
44,s 

35,49 
42,56 
58 

35,50 
48,61 

116.0(5) 46,47 
140.0(5) 

159.9(7) 

157(1) 

114(2) 
11912) 

105.9(6) 45 

146(1) 53 

llO(1) 344 

260.8(2) 222.4(11) 101.'2(3) 553 
231.3(11) 140.1(3) 
234.8(12) 142.9(3) 

56.2.3.3 Sulfur Ligands 

Hg2(SCN)2 probably contains building blocks S-Hg-Hg-S61 For a long time, however, 
only one compound was known which contained dimercury(1) as well as mercury(I1) bonded to 
sulfur atoms, namely H&Hgi1S2(C104)2.63 Recently the reaction of 1,3-dithiane with H&(NO& 
or Hg2(C10& in methanol as solvent has led to stable coordination compounds H&(1,3- 
dithiane)(A)z (3 and 4).64,65 Further compounds of this species are formed with 1,4-dithiane (5 
and 6) or 1,3,5-trithiane (7). The X-ray structure determination of the 1,3-dithianedimercury(I) 
dinitrate shows chains (--SC4H&-Hg--Hg-), (Figure 1 and Table 4). Normally the 
coordination compounds of sulfur donors with H&(NO& are 1:l adducts with chain 
structures, but only two of the three sulfur atoms of the 1,3,S-trithiane are donor atoms to the 
Hg+-Hg'ion, forming a chain and not the expcted layer structure. The coordination 
compounds with H&(C104)2 are only 1 : 2 adducts since the C10; anion is well known as a very 
weak 0 donor in contrast to the NOT anion. Further dimercury(1)-sulfur complexes have been 

COC -HH' 
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prepared by the reactions of Hg2(N0&, Hg2(C10& or Hg2SiFs in methanolic solutions (or the 
two phase systems water/benzene or water/dichloromethane) with the following S donors: 
1,3-dithiolane, 2-phenyl-l,3-dithiolane, 2,2'-trimethylenebis( 1,3-dithiolane), bis(benzy1thio- 
methane) and dibenzyl sulfide.% Polydentate sulfur ligands with a neopentane framework form 
stable complexes with Hg2(N0& and Hg2(C104)2.67 Stable coordination compounds have also 
been prepared between Hg2(N0& and the sulfur donor ligands 2,2,4,4-tetrachloro-1,3- 
dithietane, exxo-3,4,5-trithiatricyclo[5.2.1 .O]decane and 1,4-dimethyl-2,5,7-trithiabicyclo-l,3,5- 
trithiane.68 In liquid SO2 1 : 1 adducts between Hg2(AsF& and Ph3PS or (p-FC&),PS, which 
contain Hg-Hg-S bonds, are stable.69370 

F@m? 1 The packing of the ((C,H,S&-HeHg-}, chains in the structure of the dimercury(1) sulfur complex Hg, 
(1 ,3-dithiane)(N03)2 

Table 4 Structural Data of Dimercury(1) Coordination Compounds with S Donors 

Hg,(l ,3-dithiane)(N03), 252.69( 14) 249.15(60) 174.05(19) 65 
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56.2.3.4 Selenium Ligands 
Normally the coordination compounds of mercury in the oxidation state +2 are more stable 

than the complexes with the dimercury(1) ion; this is true for almost all Lewis bases. However, 
if a nonbonding electron pair of a selenium atom is used in forming adducts between mercury 
salts and a selenium compound of this kind, then mercury(I1) (Hg+) forms no  adduct^'^.^ and 
mercury(1) (H&+) is able to form stable coordination compounds.73 The X-ray structure of 
tetrakis(diphen lseleno)dimercury(I) diperchlorate is shown in Figure 2 (yellow 
m~dification).~~There also exists a red modification of this comp~und,’~ which is shown in 
Figure 3, In both modifications of the polymorphic H~(Ph2Se)~(C10& different H 6 e  
distances and Hg-Hg-Se angles are found (Scheme 1 and Table 5). The di hen 1 selenide 
ligand forms stable 1 : l  complexes with both €€&(NO& and Hg2(C104)2!3 1yl  adducts 
between H%(AsF& and selenium donors such as Ph3PSe in liquid SO2 have been 
de~cribed.~’. This behaviour of mercury in both oxidation states +1 and +2 is important with 
regard to the role of selenium as a mercury antagonist in biological sy~tems.~’ 

2 The yellow modification of the dimercury(1) selenium complex Hg,(Ph,Se),(ClO,), 

Figure 3 The red modification of the dimercury(1) selenium complex Hg,(Ph,Se),(ClO,), 

56.2.3.5 Nitrogen Ligands 

Dimercury(1) salts react with basic nitrogen compounds such as ammonia to form insoluble 
black products, which were originally considered to be dimercury(1) coordination 
but by X-ray examination it was shown that, in addition to finely dispersed black metallic 
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Rsd Yellow 

Scheme 1 

Table 5 Structural Data for Hg,(SePh&(C1O4), 

d(Hg-Hg) (pm) d ( H g 4 e )  (pm) H g - H g S e  angle (") Ref. 

Yellow modification 255.79( 8) 270.12( 16) 141.05(5) 73 

Red modification 255.3( 1) 265.3(2) 152.0(3) 74 
280.17(18) 116.39(5) 

291.9(2) 104.4(3) 

mercury, only mercury I1 nitrogen compounds with four-coordinated nitrogen atoms were 

complexes of Hg2+ with electron pair donors. If the activity of the mercury(I1) is not much 
decreased by the Lewis bases, then the dimercury(1) ion Hg+-Hg+ will be stable to 
disproportionation.' Dimercury(1) nitrogen coordination compounds are formed, therefore, if 
the stability constants of the complexes with the two oxidation states of mercury are not too 
different. Thus dimercur (I) coordination compounds can be expected with nitrogen com- 

present (equation 3) ,n- $ 9 )  This disproportionation reaction is caused by the formation of stable 

pounds of low basicities. 9 J  

H&X, + 2NH, - Hg + HgNHzX + NKX 
X=C1,Br 

(3) 

The building blocks (a) and (b) exist for the dimercury(1) nitrogen coordination compounds. 

1 I 
I t I I 

-N+-Hg-Hg-N+- -N-H~-H~N- 

(a) amides (trimrdinated N atoms) (b) amines (tetracoordinated N atoms) 

The first true dimercury(1) nitrogen compound was obtained by the reaction of diacetylhydra- 
zide (NH acidic) with dimercury(1) dinitrate in aqueous solution.31 This compound is an amide 
and contains tricoordinated nitrogen Dimercurated amines with tetracoordinated 
nitro en atoms have been obtained by reactions of amines of lower basicities with dimercury(1) 
salts. %,93 

54.23.5.1 Nitrogen ligan& with tricoordinated nitrogen atoms: amides 

The reaction of acetamide with HgO at 240 "C is accompanied by the bonding of mercury not 
only to nitrogen but also to carbon atoms; under these circumstances a small amount of 
metallic mercury is observed together with the formation of dia~etylhydrazide.~~ This has led to 
the preparation of the first true compound of this class, Hg2{N2(COMe)2} (8).31 Similar 
compounds of the type Hgz{N2(COCX3)2}, with X=F,Cl ,  probably also have a chain 
~ t r u c t u r e . ~ ~  NH acidic acylamides and hydrazides react with freshly prepared H&C03 as shown 
in equation (4). Saccharin, bis(fluorosulfury1)ureide and other NH acidic compounds react in a 
similar manner." Aromatic sulfonyl- and acyl-cyanamides react with the Hg+-Hg+ ion to 
form compounds Hg& with L = H2NC&S02NCN-, C,&NSO2NCN- or C5WCONCN- 
with group structures, and Hg2L(N03) with L = H2NC&CONCN-.95 The IR spectra do not 
allow a decision as to whether the Hg$+ ion is bonded to the nitrogen atom of the amide group 
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or the N of the pyridine ring; this means that these coordination compounds can have either tri- 
or tetra-coordinated nitrogen atoms. Only the p-aminobenzoylcyanamidedimercury(1) nitrate 
(9) possesses both types of coordinated nitrogen atoms in a chain ~ t ruc tu re .~~  Structural data 
for N donor complexes are given in Table 6. 

Me 
I 

C=O 

C==O 
I 

Me 
(8) 

R /’ 
Hg,C03 + 2HN, 

FO,S’ SO,F \ 
SOzF 

R = SO,F, CO,Et, CO,Me, CONEt, 

Table 6 Structural Data for Dimercury(1) Coordination Compounds with N Donors 

Compound d(Hg-Hg) (pm) d ( H g - 4 )  (pm) Hg-Hg-N angle (“1 Ref. 

246 
247 
248.7( 2) 
249.9( 1) 
249.8(2) 
249.99(11) 
250.84( 7) 

251.0(2) 
252.2(1) 
250.1( 1) 
251.1( 1) 

251.1( 1) 

251.6(7) 

251.77(5) 

- 
- 

221 
220.3( 13) 
216 
2 2 5 3  1.6) 
222.7(7) 
247.6( 7) 
219(2) 

219(1) 

278( 1) 
219(3) 

248( 4) 

215.0(5\ 

220( 1) 

2W3) 

225(3) 

230(4) 

255.1(2) ’ 217.8(42) 
cm symmetrical structure 

- 
- 

167.4 
165.6(2) 
176 
167.57(2.71) 
118.4 
153.9 
168.3(4) 
1 7 2 4  1) 
170.6(3) 
174.4(5) 
128.2(3) 
162(1) 
172(1) 
136.7(9) 

180.0 
164.5(24) 

780) 

31,91 
91 

106 
104 
105 

111 

123 
123 
123 
107 

97,99 

103 

98 

109 
100 
112 

54.23.5.2 Nitrogen ligunds with tetracoordinated nitrogen atoms: amines 

The first coordination compound of this type was the aniline complex Hg(PhNHg2(N03)2,96 
but later research revealed that up to six ligands are coordinated to H&(N03)2, The first 
X-ray crystal structure determination of this type of coordination compound was published in 
1967 for Hg2(phen)(N03)2.98 In this complex one Hg atom of the Hg+-Hg+ ion is bonded to 
both N atoms of 1,lO-phenanthroline; the other Hg atom is coordinated to oxygen atoms of the 
nitrate ions.98 More recently X-ray structure determinations have been made with complexes of 
Hg2(N03)2 with either 1,4-diazine 

Other addition compounds of Hg~(N03)~ with aromatic amines9’ contain two molecules of 
the N ligand and one molecule of Hg2(N03)*; with 4-fluoroaniline four molecules of the ligand 
are coordinatedew Similar results have been obtained with Hp2(N03)2 or H&(C104)2 and 
mono-, di- and tri-substituted anilines, pyridines and 1,4-diazabicycl0[2.2.2]octane. 101*lM 
Coordination compounds are also formed with arninopyridine, trichloroacetaminopyridine and 
aminochloropyridine. lo3 The X-ray structure determination of the coordination compound 
between Hg2(C10.& and 3-aminopyridinium perchlorate revealed the structure (12). lo3 

or quinoline (ll).’m 
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n 

2 ( C 1 0 4 ) - ( H ~ C ~ ~ f i H - H g - H ~ - ~ ~ ~ C ~ ~ ~ H ) 2 ( C  
(12) (group structure) 

Chain structures are formed by the complexes with p-aminobenzoic acid (l3) and nicotinic 
acid (14).'04 

x-Hg-Hg-I%H2C&COr]n ~-Hg-Hg-fiC,H&D-]-], 

(NO3)- or (Clod)- (NO3)- or (C104)- 

(W (14) 

The compound Hg2(3-S02py)2*2H20J dimercury(I)pyridine-3-sulfonate dihydrate, is an inner 
salt with N-Hg-Hg-N bonds and only weakly coordinated water molecules (Figure 4).lW 

O(H20) 

Figure 4 The structure of dimercury(1) pyridine-3-sulfonate dihydrate Hg2(py-3-SO3),.2W,O 

The dimercury(1) salts of metanilic acid, Hgz(rn-H2NC6H4S03)~.2HzO (Figure 6), HgZ(rn- 
H2NC6&S03)2 (layer resp. band structure) (Figure 5 ) ,  and that of sulfanilic acid, Hg,(p- 
H2NC&S03)2 (layer structure) (Figure 7), contain nearly linear N-Hg-Hg-N bonds (Hg- 
N = 218-220 pm) with weakly coordinated oxygen atoms (Hg-0  = 270 pm) from the SO3 
groups. 123 

Hg,(m-HflC,H,SO,), P i 

Figmre 5 The structure of the P i modification of dimercury(1) methanilate Hg2(m-H2NC,H4S0,), 
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Hg~(rn-H,NC,H,SO,l, ,2H20 P2, In W 

w e  6 The structure of the P 2Jn modification of dimercury(1) methanilate, Hg2(rn-H,NC6H4S0,)2.2&0 

Hgz(P-HzNC,H,SO, l2 C 2 / ~  

Figwe 7 The structure of dimercury(1) sulfadate, Hg2@-H,NC&f4S03), 

According to X-ray examinations the compounds of Hg2(C104)2 with 4-CNpy,'OS 3-Clpy106 
and 1 ,8-naphthyridine1m contain tetracoordinated nitrogen atoms with different Hg-N bond 
lengths; in all three cases two molecules of the ligand are coordinated to one molecule of 
Hg2(C104)2. A similar situation exists for the ligands 2-Clpy, 5-NOzquinoline, picoline, 
2-methylpicoline, 2,6-lutidine and 2,4,6-trimethylpyridine. '02~'08 The structure of 
H&(acridine)2(C104)2 is known by X-ray examination.lW Cyano carbanions such as the 
tricyanomethanide anion, C(CN);, the p-tricyanovinylphenyldicyanomethanide and some 
propionides, e.g. the 1,1,3,3-tetracyanopropionide, form complexes with the H& ion with 
N-Hg-Hg-N- bonds.'" Dianions such as 2-dicyanomethylene-l,1,3,3-tetra- 
cyanopropanediide also form stable coordination compounds with the dimercury(1) cation.'" 
For structural data of N donor complexes see Table 6. 

56.2.3.6 Phosphorus ligands 

Trifluorophos hine complexes of the dimercury(1) ion H S  in liquid SO2 have been detected 
by 'gFNMR.69*8 Cations such as (Hg2PF3)'+ or {H&P(CF3)Ph2}'+ in these solutions are also 
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confirmed by Raman data. The 13C NMR data show little metal to phosphorus back-bonding in 
these phosphine complexes. Although many attempts have been rnade,l14r115 it . has so far not 
been possible to prepare single crystals of dimercury(1) phosphorus coordination compounds 
because of the disproportionation reaction. 

56.2.3.7 Arsenic Ligands 

As(CF~)~,  forming the coordination compound {02NOHgHgAs(CF3)3}+(N03)-.116 
AsPh3 seems to form a 1 : 1 adduct with Hg2(AsF& in liquid S02+69*70 H&(NO& reacts with 

56.2.3.8 Antimony Ligands 

Only triphenylstibine reacts with Hg2(AsF& in liquid SOz to form a 1 : 1 a d d ~ c t . ~ ~ , ' ~  

56.2.3.9 Metal Ligands 

Complex formation between the lone pair of tin(I1) and the dimercury(1) ion takes place 
during the reaction between Sn13r2 and Hg(C104)2 in molten HgBrz at 250 "C (equation 5),37?'17 
but it is not possible to isolate the orange precipitate of HgaSnzBr~(C104) in molten HgBrz 
without decom osition. The ions HgzSn2Br+ and H&Sn2+ have been identified by mass spectrometry. llB 

Br Br 
t / 

I 
NEt4C104 + Hg,,Br, + 2SnBr2 - NEbBr + Br-SnHgHgSn (C104)- (51 

\ 
Br Br 

The reaction of {N(CH2CH2PPh2)3}CoCl'(BPh4)- with sodium amalgam leads to a 
coordination compound (E) with linear -Co-Hg-Hg-Co- groups which contains a 
relatively long Hg-Hg bond distance of 265.1 pm.ll' 

56.2.3.10 JC Donor Ligands 

Dimercury(1) JC corn lexes are formed between aromatic compounds and Hg2(AsF6)2 in 
liquid SO2 as solvent.' 3m Insoluble complexes with the ratio arene : H& = 1 : 1 (arene = 
benzene, naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acenaphthene, fluor- 
anthrene, phenanthrene, anthracene, 9,lO-dimethyianthracene or 1,3-dinitrobenzene) or 
1 : 2 (arene = 9,lO-benzophenanthrene) have been characterized by elemental analysis and, in 
some cases, by Raman ~pec t ro rne t ry .~ '~*~~~  The 13CNMR data allow the estimation of 
formation constants for the hexamethylbenzene, p-xylene and 1 ,Cdichlorobenzene complexes 
together with the chemical shifts for the bound substrates in these cases.121 Probably the 
coordination compounds of dimercury(1) salts with carbazole, dibenzofuran and diben- 
zothiophene are also n complexes.122 

f 
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56.2.4 MERCURY(I1) w') COORDINATION COMPOUNDS 

56.2.4.1 Halide Ligsnds 

Mercury(I1) fluoride, HgF2, is obtained by fluorination of metallic mercury or HgC12;'" it is 
a white crystalline solid, which darkens in colour on exposure to air due to hydrolysis. Cubic 
eight coordination of mercury atoms is found in HgFz, which possesses the fluorite structure; it 
is one of the few mercury(I1) compounds in which the bonding is believed to be mainly ionic.'" 
By dissolving yellow HgO in aqueous HF a dihydrate, HgF2.2H20, is formed, which can be 
thermally decomposed into Hg(0H)F. lZ6 The structure of mercury(I1) fluoride hydroxide 
involves {Hg(OH)}i+ chains with three Hg-F interactions at 249-250 pm, so that the structure 
approximates to zigzag columns of (Hg03F3) octahedra and is better described as a polymeric 
rnercuronium fluoride (Hg(OH)}i+nF-. 127-129 There is another hydroxyfiuoride, 
Hg3F4(OH)2*3HzO, which is formed by the hydrolysis of rnercury(I1) fluorosulfonate .130 

The other three mercury(I1) halides, HgX2 (X = C1, Br, I), are simply obtained from the 
reactions of the elements. In the lattices of HgCl,, HgBrz and the high temperature (yellow) 
form of Hg12 (stable above 127°C) 'molecules' of the halides are present.131 In each of these 
structures four halogen atoms from neighbouring 'molecules' approach the mercury atom at 
relatively long distances. The behaviour is in agreement with Grdenid's classification of 
effective and characteristic coordination of mercury in crystal structures. '," HgBr, and yellow 
Hg12 are isostructural, having a distorted brucite struct~re.'~' The red form of HgI,, which is 
stable at room temperature, consists of corner-linked HgI4 tetrahedra, while the unstable 
orange form, which contains Hg4110 units, is formed by four corner-linked Hg14 

Structural data are listed in Table 7. 

Table 7 Mercury(I1) Halides 

Compound Structure (pm; ") Ref.. 

HgFz c*2 tme, 8 X Hg-F = 246 I24 
HgClz Distorted octahedral, Pnma, 2 = 4 2 x H g - C l =  225 135, 136 

2 x H g - C l =  334 
2 x H g - C l =  363 
C I - H g I  = 177.8 

HgBrz Brucite type, Cmc2,, 2 = 4 2 x Hg-Er = 248 132 
4 x Hg-Br = 323 
Br-Hg-Br = 180 

HgI, (yellow) Brucite type, Cmc2,, Z = 4 Hg-I = 26136)  133 
Hg-I = 262.0(6) 
I-Hg--T= 178.3(3) 

'HgIz (red) Distorted tetrahedral, P4,/nmc, 4 X Hg-I = 278.3(3) 133 
2 = 2  2 x Hg-I = 350.7(6) 

2 X Hg-I = 351.0(6) 
I - H e 1  = 112.72; 103.14 

Besides the high temperature form of HgIs there is a high pressure form, HgIz (h.p.). 
Compression of the red form above 10 kbar induces a change to a phase which appears yellow 
under the micr~scope.~" The far-IR and Raman spectra of Hg12 (h.t.) and HgIz (h.p.) are 
significantly different from each other and suggest that the two yellow materials have different 
structures. Above 75 kbar there is a further transition to a form with a structure believed to be 
that of the 8 H poly-type of Cd12.1383139 

Mercury(I1) bromide exists in four polymorphic modifications, which have been studied by 
IR and Raman s p e c t r o ~ c o p y . ~ ~ ~ ~ ~ '  H gBrz has been used as a nonaqueous solvent in its molten 
state at 250°C; it contains in the melt HgBr+ cations and HgBrp anions; the ion product 
[HgBr+] x [HgBr?] = 2 x From compression measurements Brid man found that HgC12 

has revealed a second-order transition below this and all three phases have been investigated 
shows only one phase transition up to 45 kbar at ambient temperature.' % A recent NQR study 

by IR and Raman spectroscopy under conditions of or near hydrostatic compression i p  to 
40 kbar.142,143 ~ ~~~ ~ 

The electronic spectra of HgX2 (X = Cl, Br, I) have been measured in several solvents in an 
endeavour to characterize the solution structures of these compounds.lU The peak maxima 
correlate linearly with dielectric constants and Kosower's 2 value for solvent polarity in 
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accordance with the solvation of linear mercury(I1) halides in the equatorial position. Solvent 
effects upon S(lWHg) in HgX2 (X = Cl, Br, I) have been studied.145 The lWH g chemical shifts in 
a number of nonaqueous solvents cover a range of 2A00p.p.m. Solvent and temperature 
dependence and the difference of 6(Hg) are related to the donor abilities of the solvent. The 
solvent effects upon S(Hg) are smallest for HgClz and largest for HgIz (over 1800 ~ . p . m . ) . ' ~ ~  

Numerous mixed halides HgXY (Scheme 2; X#Y) have been characterized by X-ray 
powder patterns. Rastogi et uZ.1*148 studied HgCII, HgBrI, HgFBr, HgFI and HgClBr by 
X-ray powder patterns in order to rule out the possibility that these products are mixtures of 
the corresponding symmetrical mercury(I1) halides. The structures of the mixed fluorohalides 
HgXF (X = Cl, Br, I) have been established by vibrational ~pectrometry.'~~ The reactions (6) 
and (7) yield two forms of the mixed halide HgCIBr.lM The powder pattern and all parameters 
of the a-HgClBr (see Table 8) are similar to those of HgC12, therefore it is possible that the 
chlorine atoms in the linear HgXz molecules of HgClz have been replaced by Br atoms. Since 
the radius of the Br atom is larger than that of the C1 atom, the lattice is dilated in this case. 

fHgX,+iHgY, e HgXY e $-IgsX,+iY, 

Scheme 2 

Hg,C12+Brz - 2HgC1Br (6) 
cr-form 

(7) HgClz -I- HgBrz -+ 2HgClBr 

B-form 

Table 8 Cell Parameters of the Two Forms of HgClBr 
(pm; g cm-') 

Compound Parameters Ref. 

a-HgC1Br a=619.6 Pnmb 150 
b=1312 2 = 4  
c = 427 p = 5.91 

B-HgCIBr a = 678 Pnmb 150 
b=1317.5 Z = 4  
c = 417 p = 5.40 

The parameters of p-HgClBr (see Table 8) are the same as those reported for @-Hg(a, Brh 
and its X-ray powder patterns is similar to HgCI2.l5l This phase, therefore also possesses linear 
halogen-Hg-halogen molecules but the distribution of all C1 and Br atoms may be random. 
There are numerous halomercurates(I1) with various cations. Some compounds with alkali and 
alkaline earth metal ions are listed in Gmelit~,~ and some with sulfonium, phosphonium, 
arsonium etc. cations have been listed by Gmelin4 and Deacon.lS2 The major species present in 
solutions of HgX2+X- are H X+, HgXz, HgX; and H a -  and the thermodynamics of the 
formation of (HgxI)(2-ny(X = C1, Br; n = 1, 2) has been discussed.1s3 Mixed 
halomercurates(II), e.g. (HgBr12)-, (HgBrzI)- and (HgX2X'X)'- (X # X' # X }  have been 
characterized by Raman spectrometry. 1s4-1s8 Changes in electronic spectra of aqueous solutims 
of HgXz (X = C1, Br, I) on adding F- ions have been interpreted in terms of the formation of 
(HgXzF)- and possibly ( H ~ X Z F ~ ) ~ -  .159 The stability of halomercurate(I1) ions in aqueous 
solution is F << C1< Br < I,' x1 therefore only some fluoromercurates(I1) are known. The 
compounds MHgF3 (M = K, Rb, Cs, Tl') are formed by the fluorination of H C12.2NH3 + MC1 

curates have been intensively studied b IR and Raman spectroscopic methods in order to 
establish the nature of the anions.164-16 Nowadays there are a lot of X ray structural data 
available on halomercurate(I1) complexes (see Table 9). 

Isolated HgCl, groups appear in the complex with perloline and in (MeNHJ)2HgCl+171J75 
Alkylammonium tetrachloromercurates(I1) are of interest for the phase transitions in the solid 
~ t a t e . ~ ~ ' . ~ ~  The phase transitions are due to the organic part of the crystal 'melting' while the 
inorganic portion remains virtually unchanged. 188 Raman studies of PClS-HgCl2 melts indicate 

while the reaction of HgF2.2H20 with py and HF yields (pyH)2HgF4*2H~O.~ s ,161~163 Halomer- 

Y 
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Table 9 Structural Data for Some Halomercurates(II) 

Compound Snucrure (pm; ") Ref. 

~t-N&HgC13 

(MeNH3)HgC13 

Orthorhombic, a = 620; b = 628; c = 881 
Cubic, a = 447 
Perovskite, a = 457 

Pbam, orthorhombic 167,168 
a = 825.8(2); b = 1166.3(2); c = 892.6(2) 
six-coordinated Hg; chains A(HgC12Cl.,,+J 
2 X Hg-Cl= 238.3(1); CI--Hg-4 = 169.96(4) 
2 X H g - C l =  289,7(1) 
2 x Hg-Cl  = 325.1(1) 
Tetragonal, distorted HgCI, groups connected to layers 169 

2 X H g - C l =  234; 4 X Hg-Cl  = 296 
Isomorphous with NH4CdC13 170 
Tetrahedral HgCl, units H@1= 250 171 
Orthorhombic; twofold ribbons of (Hg2CT#- 171 
2(HgClC13BClm); Hg-Cl = 235, 240; 
2 5 Hg-Cl  = 281; 2 X Hg-CI  = 327 

162,163 

a = 447.5 

:wgcl2HIJc14,4) 

P 1; a = 764.4(1); Z = 2 173 
b = 974.9(2) 
c = 1032.5(2) 

five-coordinated Hg; trigonal, bipyramidal ; 
3 X Hg<l= 243; H g - C l =  305.4, 301.7 
Cmcm; a = 944.3(4); Z = 4 

b = 1826.4(5) 
c = 739.4(3) 

five-coordinated Hg; trigonal, bipyramidal; 
2 x Hg-CI = 242.3; 1 x H@I =243.4 
2 x Hg-Cl  = 303.0 
Four-coordinated Hg; ;(HgCl,Cl& chains 
Hg<l= 232.0(9); 237.1(11); 271.2(10); 281.7(10) 
Tetrahedrally coordinated Hg with Hg-Cl  = 247.0 
Similar to (MeNH3)HgC13 
Orthorhombic, P 2,2,2, distorted HgCI, tetrahedra 
H&1= 243,246,248,254 

174 

175 

175 
175 
266 

176 P!; a = 911.2(6); Z = 1 

linear pseudo molecules HgCl, [ H g 4  = 232.1(3)] and binuclear 
HkCl, anions [Hg-Cl = 271.0(3)-349.2(3)] 

HgU4 tetrahedra; 4 x Hg-Cl = 2 4 5 4 5 )  
six-coordinated Hg: 2 x H g 4 3  = 236.0(3) 

b = 723.8(7) 
c = 74935) 

T110Hg3c116 I4/rn; a = 849.0(2); c = 2372.9(6) 177 

4 X H g 4  = 309.8(17) 
Tm%CI,, C 2/m; a = 1171.6(1.1); /3 = 118.55(90) 178 

b = 1415.0(1.4) 
c = 646.0(6) 

double salt TlCl.5HgC12; 2 x Hg-CI = 227.3(11) 
Trinuclear anions, (Hg2MCld2-, W e d  by C1 bridges involving the 
terminal Hg-Cl  bonds 
Trinuclear anions as above, Linked by the HgClM bridging Cl atoms 
via linear HgClz units 

2 X Hg-Br = 255.2; 2 x Hg-Br = 250.7 

350 

350 

(Et'"Hg2PtC1, 

(EtJN)2Hg3MC110 
(M = Pt or Pd) 
%HgBr4 Isolated HgBr, tetrahedra 180 

KHgBr,-H,O BgBr, tetrahedra sharing corners 179 
{Mg(0H2)6}Hg2Br6 Binuclear Hg&6 Hg-Br = 247.1-281.4 18  
T14HgBr6 Six-coordinated Hg 181 

2 X Hg-Br = 254.0,4 x Hg-Br = 310.9 
C % W 4  HgI, tetrahedra; Hg-I = 271-291 183 
(Me,S)HgI3 Trigonal planar coordinated Hg 184 

{Mg(0H2)6}Hg2b similar to {Mg(OH2)6}Hg2Br6 182 
MHg4.8H20 HgI, tetrahedra; Hg-I = 274-285 185 

Compressed HgI, octahedra 186 nml, 

2 X Hg-I = 271 ; H e 1  = 265 

(M = Ca, Sr) 

six-coordinated Hg: 2 x H e 1  = 266.6(2) 
H e 1  = 311.2(4)-366.5(9) 
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the presence of the salts (PC14)HgC13 and (PC14)2HgC&.189 Mass spectrometry has been used to 
identify a species HgAICls formed by the reaction of HgCl, with AlC13.190 {Cr(NH&}HgCl,, 
which exists in two modifications, contains mercury atoms in distorted trigonal bipyramidal 
coordination with short e uatorial Hg-Cl bonds (241.7-243.1 pm) and very long axial Hg-Cl  
bonds (287.1-303.8 ~ m ) ? ~ '  In HgIN03 and Hg212TiF6, (HgV), chains pass through the 
structure, while in Ag2Hg12(N03)2-H20 I-Hg-I segments with an angle of 176.9' and two 
Hg-I distances of 263 pm are f o ~ n d . ~ ' ~ , ~ ~  

The literature contains numerous reports of complexes formed between mercury(I1) halides, 
HgX2 (X = C1, Br, I), and neutral donor ligands containing the donor atoms N, P, As, Sb, S, Se 
or Te. Some of these species are described in subsequent sections. For a recent survey consult 
ref. 555 and papers cited therein. 

56.2.4.2 Pseudohalide Ligands 

Mercury(I1) cyanide consists of almost linear NC-Hg--CN molecules, with H g - C  = 
201.5 pm and C-Hg-C = 175'.191 Moreover, each mercury atom is surrounded by two sets of 
equidistant nitrogen atoms from neighbouring molecules, completing a distorted octahedron 
around the Hg. The effect of high pressure upon Hg(CN)2 has been studied using Raman 
spectroscopy and interpreted in terms of structural distortion within the crystal.193 Hg(CN)2 
forms stable adducts with many s01vents.l~~ In the solvate with THF, 5Hg(CN)z.4C4H80, the 
Hg atoms have octahedral surroundings.195 Two corners are occupied by C atoms of the same 
Hg(CN)2 molecule, while four others are engaged by four 0 atoms of the THF rings, or by four 
N atoms of the neighbouring Hg(CN)2 molecules, or by two 0 and two N atoms. When HgO is 
dissolved in aqueous Hg(CN)2 solution, a compound (Hg(CN)}20 is formed which has a 
molecular oxo-bridged structure in the solid state but exists as Hg(CN)(OH) in solution.'% In 
solutions of Hg2+ and CN- the species Hg(CN)2, Hg(CN); and Hg(CN)f have been 
characterized by spectroscopic, potentiometric and polarographic methods. l W - ~  There is no 
evidence for the existence of mononuclear complexes Hg(CN),"-2)- with x > 4.200 The 
trigonal-planar-coordinated Hg(CN); group is found in the compound CSH~(CN)~.~O~ 
Tetracyanomercurates(I1) with alkaline ions M2H (CN), (M = Li, Na, K, Rb, Cs, Tl') have 
been prepared and characterized by X-ray methods .'-m The potassium salt possesses a spinel 
structure, while the other compounds have a deformed spinel lattice. Recently the structure of 
Bi1Hg(CN)~.4py has been solved;206 the compound consists of tetrahedral Hg(CN)4 and 
bisdisphenoid Ba( CN)&Y)~ groups, which are linked together by Hg-CN-Ba bridges. The 
analogous Sr compound is isostructural.206 

Numerous complexes of the type MHg(CN)2X-nH20 (M=Na, K, Rb, Cs; X=C1, Br, I, 
NCO, NCS, N3) have been prepared by the reactions of MX with Hg(CN)2.m,m The 
compounds are double salts closely related to KHg(CN)21, which consists of Hg(CN)2 
molecules with each mercury weakly bonded to four iodines (Hg-I = 338 pm).m Some species 
with bivalent cations have been established. The compounds M{Hg(CN)2SCN}2.4H20 (M = 
Mg, Ca, Sr, Ba), formed by the reactions between Hg\CN), and the corresponding M(SCN)2, 
have been characterized by X-ray structural analysis.' ' The Mg salt has a difficult structure 
with six- and seven-coordinated mercury (Figure 8); the other three complexes have layer 
structures similar to KHg(CN)J. 

The compounds KHgX2(CN)-H20 (X = C1, Br) are obtained by reacting equimolecular 
amounts of HgXz and KCN in a ueous solutions. Their structures can be described as double 
salts Hg(CN)2.HgX2.2KX.2H20~l1 In the structure of Hg(CN)yAgN03.2H20 there are 
approximately linear chains -Ag-NC-Hg-CN-Ag-, while the homogenous chain 
-Hg-CN-Hg-CN is found in Hg(CN)(N03).282,m The compound (MeHgCNHgMe)+NO; 
contains the unit -Hg-CN-Hg-.298 Mercury(I1) azide, Hg(N&, is formed from HgO and 
aqueous HN3 or by metathesis in aqueous solution between Hg(N03)~ and NaN3. It exists in 
two modifications, the very explosive /? form and the more stable a form.212,213 The IR 
spectrum suggests the presence of NrHg-Nr units.'12 This has been proved by X-ray 
structural analysis of the LY form.214 This structure consists of NrHg-N3 molecules with 
almost linear N-Hg-N bonds. Every Hg atom is coordinated by five additional N atoms 
belonging to neighbouring molecules. The coordination polyhedron around the Hg can be 
described as a distorted capped trigonal prism. The corn lexes Hg(N3)i-, Hg(N3)y, 
(Ph3P)2Hg(N3)2 and {Hg(CN0)2N3}- have also been des~ribed?~' 

Mercury(I1) cyanate is formed from AgNCO and HgCl, in methanol.'l The potassium salt 
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Figure 8 The coordination of Hg" in the compound Mg{Hg(CN),SCN},.4H20 

K2Hg(0CN), contains 0-bonded Hg atoms on the basis of IR measurements, but 14N NMR on 
the tetraalkylammonium analogues suggests N b ~ n d i n g . ' ~ ~ , ~ ~ '  By mixing aqueous solutions of 
Hg(MeC02)2 and MOCN (M = K, Rb, Cs) the triclinic compounds MZHg3(NCO)8 are 
formed;242 they are double salts 2MHg(NC0)3.Hg(NCO 2. Mercury(I1) fulminate is obtained 
by reaction of mercury with nitric acid and methanol." The compound was introduced by 
Nobel as a detonator but it has been replaced by Pb(N&, which is more stable.lg4 

Hg(CN0)2 is decomposed by heat (e uation 8).4 It crystallizes in the orthorhombic form and 
contains linearly coordinated mercury.' * It reacts with alkali metal fulminate solutions to form 
the highly explosive compounds M2Hg(CN0), (M = K, Rb, Cs); with larger cations such as 
Ph&+ more stable complexes are f ~ r m e d . ' ~ ~ * ~ ~  Besides the homogeneous anionic mercury(I1) 
fulminato complexes there are a few mixed species with unknown structures, 
e.g. Na{Hg(CNO)2X) (X = C1, Br) or Na2S203-2Hg(CNO).p' 

9 

Hg(CNO), - Hg + 2CO + Nz (8) 

Hg(SCN)2 is formed by reaction (9). Hg(SCN)2 belongs to the monoclinic space group C2/m 
with Hg forming collinear S - H g - S  bonds to two coplanar SCN groups. An octahedral 
environment is achieved by weak interaction of Hg with the N atoms of four neighbouring 
molecules.222 The compound burns in air to yield a voluminous spongy ash of unknown 
composition ('Pharaoh's serpents'). The complex Hg(SCN), is formed by the reaction of 
Hg(SCN)2 with MSCN (M = K, Cs, NH4, Me,N, etc.) and numerous X-ray data are available 
on the solid compounds (see Table The cesium salt contains the trigonal planar 
Hg(SCN), group, while the other complexes are isomorphous and can be described as double 
salts.201."1 In the tetrathiocyanatomercurates(I1) tetrahedral Hg(SCN)4 groups are present 
which are ligands to a number of ions (see Table 10). 

HgpO,), + 2NaNCS % Hg(SCN)2 + 2NaN03 (9) 

The solvent influences on the complex formation and stability have been reviewed by Golub 
et allg4 Several monomeric complexes of H SCN)2 with N, 0, P, As and S donor ligands are 

mercury(I1) are also known.2259226 Recently the isolation of a mercury(I1) thiocyanate complex 
with hexamethylenetetramine with exclusively N-bonded SCN groups has been published 
(Figure 9) .233 The corn ounds (CH2)6N4.Hg(SCN)2 and (CH2)6N4-2Hg(SCN)2 exhibit covd- 
ently bonded Hg-S?94.pp' 

Mixed halide-thiocyanate compounds Hg(SCN)X (X = C1, Br, I) are formed from equimolar 
amounts of the pure components, They contain six-coordinated mercury(II) achieved by 
bridging X and S C N   group^.^ The formation constants of the mixed thiocyanato complexes 
have been detected spectroscopically.235 Raman spectra of mixed halothiocyanatomercurate(II) 
complexes have been reported by Cooney and The structure of ammonium 

known with terminal Hg-SCN bonds.=" 8( Some thiocyanate-bridged dimeric complexes of 
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Table 10 Structural Data of Some Thiocyanatomercurates(I1) 

Compound Structure (pm; ”) Ref. 
~~ 

Four-coordinated Hg 
25 and 2N atoms 
SCN- ions and Hg(SCN), groups 
Hg-S = 240,245 
Trigonal planar Hg(SCN), groups 
Hg-S = 244,245,256 
Four-coordinated tetrahedral Hg 

HgS, tetrahedra, 4 x H g 4  = 255.8 
HgS4 tetrahedra, 2 X H g - S  = 252 

2 x H g - S  =258 
Double tetrahedra Hg2S6 

HgS4 tetrahedra, 2 X H g - S  = 257.9(7) 
2 X H g - S  = 252.3(8) 

HgS, tetrahedra 

HgS, tetrahedra 
2 x H g - S  = 261.0(2) 

HgS, tetrahedra 

HgS, tetrahedra 
Hg-S = 252.5 
Anionic double tetrahedra 
{~(NCS),(NCS)~Hg(SCN),(SCN)~}’- 
HgS, tetrahedra connected by two SCN bridges with ZnN6 octahedra 
Double tetrahedra ZnN, and HgS, with two NCS bridges 

SCN bridges: H g S  = 259; Hg-N = 240; 2 X Hg-4 = 246 

Hg-S = 242.4-285.5 

H g 4  = 249.1(5)-260.2(4) 

2 x H g 4  = 249.5(3) 

H g S  249.1(3)-255.2(3) 

194 

241 

201 

238 

239 
240 

243 

244 

245 

246 

247 

248 

249 

418 
418 

Figure 9 An example of Hg-NCS bondingm3 

dichlorothiocyanato-$-mercurate( 11) contains Hg in a distorted octahedral coordination 
sphere.237 There are two covalent bonds (Hg-S = 238.9(9), Hg-Cl = 233.9(7) pm); Hg is also 
linked to four C1 atoms (2 X H g - C l =  278(2) and 2 X H@l= 348 pm). Hg(SeCN)2 is formed 
by the reaction between Hg(MeC02)2 and KNCSe.250 On the basis of IR measurements it was 
suggested that selenocyanate bridges are present in Hg(SeCN)2.251 The anionic complexes 
Hg(SeCN)? and H SeCN)f- are more stable than the corresponding thio- 
cyanatomer~urates(1I)~’~~’~ Nevertheless, the complexes M*Hg(SeCN)3 or M$Hg(SeCN)4 
have been studied less than the sulfur analogues. Some compounds MHg(SeCN)4(M= 
Cu,Pb,Zn,Co,Cd) have been prepared and should contain SeCN bridges with Hg-Se 
bonds.254-256 Some other mixed metal complexes involving Hg(SeCN):- have been 
~ha rac t e r i zed .~~~-~*  Com pounds formulated as Pb{mg(SeCN)6}AM = Co, Ni) have been 
reported and their reactions with Lewis bases have been described. The X-ra structure of 
SrHg(SeCN)44py reveals a tetrahedral mercury with four Hg-Se  = 264.1(2) p m h  The nature 
of selenocyanate bonding in the complexes MHg(SeCN)4 (M = Co, Ni) with certain pyridine 
derivatives has been determined by IR and electronic spectral studies.=l An interesting species is 
the compound lead(II)di(isothiocyanato)bis(~-seleno~~ato)di(thiocyanato)~b~tate(~I)mer- 
curate(I1) 
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SCN SCN 
(16) 

Mercury(I1) tricyanomethanide, Hg{C(CN)3}2 is an ionic compound which is cleaved by 
hydro lys i~ .~~  The compound is decomposed by heat to yield a voluminous brown ash. 
Mercury(I1) dicyanamide has been described and a polymeric structure is suggested (Figure 
10).194,264 

Figue 10 The structure of Hg(N((=N),},'94 

The interaction of mercury(I1) with nonlinear pseudohalide ions N(CN);, ONC(CN); and 
C(CN): in MeOH, MeCN, DMSO and MezNAc has been investigated potentiometri~alIy.~~~ 

56.2.4.3 Oxygen Ligands 
56243.1 Oxides 

The two well known forms of HgO are the stable orthorhombic and the metastable 
hexagonal form.2679268 The former is made by heating the nitrate in air, or by precipitation of 
aqueous mercury(l1) salts with alkali metal hydroxide. The dry methods produce the red form 
and the wet method yields yellow HgO. The different colours are caused by particle sizes; the 
yellow form is more finely divided and chemically more active. The structure is buiit up of 
infinite planar zigzag chains (17). There are four 0 atoms of different chains at 281-285 pm 
from the Hg atoms in addition to the two 0 atoms in the chain. The hexagonal modification is 
produced by slow precipitation from dilute solutions of K2Hgk and KOH. The compound is 
isostructural with cinnabar (HgS) and contains chains in which the bond angles and bond 
lengths are the same as in the planar chains of the orthorhombic form. Two further 0 atoms at 
279 and two at 290prn complete a very distorted octahedral coordination around Hg.268 HgO 
decomposes on heating, and is converted to HgX, by halogens. 

By reaction of HgC12 with KOH and H202 in alcohol Hg02 is formed. It is a polymorphic 
compound. The (Y form has monoclinic crystals (space group C ~ / W Z ) , " ~  while the @ form is 
orthorhombic with Hg and 0 2  groups forming infinite zigzag chains (18), similar to PdS2.m 

/-& 
O-HpTO 

-&OP" 2 0 6 p  

(W 

Alkali metal compounds of the type M2Hg203 (M = Na, K) should be mentioned, though the 
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structures are not established.274 The compounds MzHgOz (M = Li, Na, K, Rb, Cs) are formed 
by heating HgO with MO, in oxygen; they contain linear (O-Hg-O)2- ions (Hg-0 = 
195 pm).274,276 The formation of mononuclear hydroxo complexes of Hgz+ has been studied by 
measuring the H+ concentration of solutions with various Hgz+ concentrations.286 The 
experimental data may be explained by assuming the equihbria (10) and (11). 

(10) 

(11) 

Hg2’ + HZO .--* HgOH+ + Hf 

Hg” + 2H20 - Hg(0H)Z + 2H+ 

log Kl = -3.48 f 0.03 

log (KlK,) = -6.18 * 0.02 

56.2.4.3.2 Cornpiam with carboxylates and reluted ligan& 

The weak base HgO can be dissolved in weak acids to form mercury(I1) salts. Usually an 
excess of the acid is necessary to prevent hydrolysis and the formation of basic salts. The 
complex formation between mercury(I1) and carbonate has been ~tudied.”~ Three complexes 
were found, the simplest formulations being as shown in equations (12)-(14). 

(12) 

(13) 

(14) 

Anhydrous mercury(I1) acetate crystallizes on cooling from a hot solution of HgO in 50% 
acetic The structure consists of isolated (MeCO&Hg molecules with an Hg-0 
distance of 207pm and 0-Hg-0 angle of 176’. Chains are formed by two weak H g - 0  
interactions of 273pm. By the packing of these chains the Hg gets a fifth 0 neighbour at a 
distance of 275 pm, yielding a nearly tetragonal pyramid as the coordination polyhedron of 
Hg.279 Other mercury(I1) carboxylates, such as the oxalate, HgC204, or the tartrate, 
HgC4&06, have been ~ r e p a r e d . ~ , ~ ’  Different complexes in the systems H&04-X- 
HzO (X = NO;, Br-, SCN-, MeC0:) have been studied by paper ionophoresis.=’ The result- 
ing complexes are more stable than the simple HgC&04. The synthesis and properties of 
mercury(1J.J trifluoracetate and its use in the mercuration of aromatic compounds have been 
reviewed. In the complex formed between (CF3C02)2Hg and 1,4-dioxane (1 : 1) the Hg is 
coordinated to the CF3COF, with H g - 0  = 208 pm. The 1,Cdioxane molecules bridge the 
Hgatoms with Hg-O=264p1n.~~ There are a lot of complexes with carboxylic acids and 
related ligands of the general composition H&. Some examples are given in Table 11. 
Mercury(I1) trifiuoromethylsulfonate salts are of considerable interest; they are inconvenient to 
handle, but the solid salt {Hg(DMSO)6}(F3CS03)2 has been shown to ossess attractive 
properties as it is a stable The ligands are fixed via oxygen; a ‘%ig NMR study 
of a series of derivatives has been 

H e  + H+ f C0:- - HgHCO: 

Hg2‘ + C0:- - HgCOj 

Hg2+ f C0:- + H20 - HgOHCO; + H’ 

log K1 = 15.05 f 0.10 

log Kz = 10.45 f 0.20 

log K 3  = 4.40 f 0.10 

Table 11 Some Compounds H g L  with L = Oxygen Donor Ligand 

compound 

Mercury (11) trichloroeththnnoare 
Hg(nitrilotriacetate)(phen) 
Hg(OzCR), (R=  CnH2n+l, n = 2-9) 
Hg(OzCCHzOPh)z 

Hg” tropolonate 
{Hg(DMSO),)(O,SCFd, 

Churocteristics Ref. 

Preparation of the pyridine adducts 287 
Determination of formation constants 288 
Study of the vibrational spectra 289 
Octahedrally coordinated Hg with bridging carboxylate 290 
groups 
X-ray structure analysis; six-coordinated mercury atoms 29 1 
Preparatiofi and properties 314 

56243.3 Compltxa with inorganic oxo anions 

Mercury(I1) nitrite seems to have a nitro, 02N-Hg-N02, rather than a nitrito structure.292 
The complex K3{Hg(NOz)4}(N03), obtained from KNOz and Hg(NO&, contains the 
Hg(NO2):- ion.293 In this complex eight-coordinated mercury(II) is found with a very distorted 
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square antiprism arrangement of 0 atoms around the metal (Hg08; Hg-0 = 234-258 m)." 
Moreover the complexes Kz{Hg(NO&} and Rb2Hg{Hg(NOz),} have been reported.= The 
IR spectrum of the former suggests that the NO; ligands are chelating.294 The species 
MHg(N02)3 (M = Rb, Cs, TI') are cubic, crystallizing in a form having space group P ~ n 3 r n . ~  
Mercury(I1) nitrate is obtained by the reaction of HgU with N204 to produce Hg(N03)2-N204, 
which loses N2O4 to yield Hg(N03)2.297 By dissolution of metallic mercury in excess nitric acid 
the species Hg(N03)z.nHz0 are obtained (n = 1,2, 8).4 Hg(py)*(N03)2 has been crystallized 
from a mixture of yellow HgO, pyridine and HN03 in ethanol.2w The compound explodes 
when heated. The IR spectrum confirms coordinated NO3 groups.2w The compound 
Hg(PPh3)z(N03)2 (19) contains mercury(I1) in a (2 + 2 + 2) coordination s here because NO, 
acts as a chelate ligand (Hg-P = 245.1 pm, H g - 0  = 250.7, 279.0 pm).481, 3k 

0 
I 

IN\ 
"\ P 
"\ 7 

Ph3P-Hg-PPh3 
/ \  

N 
1 
0 

(19) 

In the corresponding Hg(PPh,)(NO&, the mercury(I1) has a distorted tetrahedral coordina- 
tion with H g - 0  bond lengths of 219.0, 242.8 and 256.0pm and an Hg-P distance of 
235.9pm. There are two distinct types of NO3 groups bonded to Hg. One is an unshared 
unidentate ligand and the other acts as a bridging group joining two Hg atoms.303 The complex 
(Me4N)2Hg(N03)4 is obtained from (Me4N)N03 and Hg(N03)* in ethan01."~ The IR spectrum 
indicates that the overall symmetry of the anion (Hg(N03)4}2- is lower than Td and confirms 
coordinated nitrate.2w The compounds Hg(CN)2.AgN03.2H20 and Hg(CN)(N03) have been 
mentioned earlier (see Section 56.2.4.2) because the main features of their structures are 
infinite chains -CN-HgXN-Ag-CN- and -Hg--Hg<N- respectively.282T283 In 
each structure the characteristic coordination number (two) of mercury(I1) is extended by 
oxygen atoms. In Hg(CN)2.AgN03-2H20 the Hg atoms have five contacts with 0 atoms 
(Hg-0 = 255-306 pm), while in H (CN)(N03) mercury(I1) interacts with six 0 atoms of three 
NO3 groups (Hg-O=273pm).'."3 A similar coordination of mercury is found in 
HgI(N03)(Hg-I =266.1, 264.4pm; 6 X Hg-0 = 264.8-325.7pm) and Ag2Hg12(N03)2-H20, 
where six 0 atoms of NO; groups form a hexagon in the equatorial plane perpendicular to the 
I-Hg-I segment.301 

some polyphosphate~.~~ In the mercury(I1) phosphate the Hg atoms are two-coordinated in a 
nearly linear way; the Hg-0 distances vary between 206 and 213pm and the 0-Hg-0 
angles between 163.4 and 169.9".312 All 0 atoms belong to phosphate tetrahedra. Each Hg 
atom is bonded to one 0 atom of each of two phosphate tetrahedra and each phos hate p u p  
is bonded to three Hg atoms.312 The structure of HgJ3P04 has been determined$' The two 
independent Hg atoms in the cell have six- and seven-coordination polyhedra. The pairs of 
short H g 4  bonds are approximately trum and the average Hg-0 distance is 2 0 7 ~ r n . ~ ' ~  A 
mercury(I1) pyrophosphate complex has been studied by potentiometric methods.309 The 
principal species seems to be Hg(OH)(P207)3-. Mercury(1I) arsenates have been reported, but 
are generally ill 

A redetermination of mercury(I1) sulfate has been done.31' There are very distorted Hg04 
tetrahedra in the structure (0-Hg-0 = 84.4-143.4"). HgS04-H20 crystallizes from solutions 
of the anhydrous compound in moderately dilute acid. Mercury is coordinated with one sulfate 
0 atom and one water molecule, forming discrete HgS04-H20 groups connected by If bonds 
to form a three-dimensional structure. Four more-distant 0 atoms of different SO4 tetrahedra 
complete an irregular octahedron around mercury. 313 Mercury(I1) selenite, HgSe03, is 
obtained from mercury(I1) i t ra te  solutions on addition of Na2Se03.31 The selenate, HgSe04, 
is isomorphous with HgS04.313 However, the mercury(I1) selenate monohydrate and 

Several mercury(I1) phosphates are known: Hg3(P04)2$04,305 H gHP04,30" H&PzOTm and 
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HgSO4*H20 have different structures. Mercury(I1) is coordinated to six oxygen atoms forming 
a distorted octahedron with Hg-0 distances of 226.0-249.9 pm. The shortest distances of 226 
and 228 pm are the ones to the selenate groups. Four of the oxygen atoms in the coordination 
octahedron belong to four different selenate groups and two to H20. The Hg04(0H2)2 
octahedra and the Se04 tetrahedra build up the three-dimensional structure by sharing 
corners.317 Several mercury(I1) tellurates have been prepared: HgTe03, Hg;;Te06, 
Hg2H2Te06.315,31s,31’ The structure of Hg3TeO6 contains octahedral Te06 and tetrahedral 
Hg04 units with each oxygen bonded to one Te and three Hg atoms (Hg-O=233,  
Te-0 = 198 pm). 

The mercury(I1) salts of halogen oxy acids, Hg(C103)2-2H20, Hg(Br0&-2H2O and 
Hg(C104)2*6H20 are obtained by dissolving the oxide in the appropriate-acid. The perchlorate 
is the most important and crystallizes trigonally with the space group P 3 m 1. The structure is 
built up from discrete octahedral Hg(OH2)2+ units and C104 ions. The six H g - 0  bonds are 
equivalent to bond lengths of 234.1 ~ m . ~ ”  In Hg(C104)2.6L (L = pyridine l-oxide) the water of 
crystallization is formally substituted by L; nevertheless the structure is similar to 
Hg(C104),.6H20. It consists of cubic close-packed layers of (HgL6)2+ cations with ClOh anions 
in trigonal holes of the array.318 Mercury(I1) has regular octahedral coordination with 
Hg-0 = 235 pm.321 The iodate, Hg(I03)2, is obtained by precipitation from aqueous solutions. 
Some complexes with oxo anions of the d metals have been prepared and characterized by 
means of X-ray crystal structure analysis. Details are listed in Table 12. 

Table 12 Complexes with Oxo Anions Involving d Metals 

Compound Structure (pm; ”) kf. 
HgCrO, Linear 0-Hg-0 groups (Hg-0 = 210, 212); different Cr04 tetrahedra 

forming endless zigzag chains 
321 

HgCr0,.1/2HZ0 Similar- chains to-th&e in HgCrO, (Hg-0 = 205.5, 206.4; 0-Hg- 
0 = 179.981 

323 

HgM004 

m-HgzVzO, 

Linear G H g - 0  groups (2 x H g - U =  203); four more distant 0 
(2 X H g 4  = 267,2 X H g - 0  = 277) 
Hg links two (VO,), chains by ionic bonds forming {Hg(VO,),}, units 
between neutral ( H g a ) ,  chains 

324,325 

325 

56243.4 Basic salts of mercury(II) 

Because HgO is only weakly basic, most mercury(I1) salts hydrolyze to basic salts in aqueous 
solutions unless acidified. Therefore numerous basic salts are known and have been reviewed 
el~ewhere.~,’ X-Ray scattering measurements on acidified mercury(I1) perchlorate solutions 
indicate the presence of Hg(OH2)2+.336 Hydrolysis produces polynuclear species which are 
thought to be of the types Hg2(OH)(OH2)g+, Hg30(0H2)$+ or Hg40(OH)(OH2)$+.336 The 
dominant features in the structures of basic salts of mercury(I1) are infinite zigzag chains see 
Figures 11 and 12) or complicated oxo-bridged groups as in H&02(N03)2329 or H&02C12. 
Isolated molecules are rare; one example is given in Figure i3.300 Structural data of some basic 
mercury(I1) compounds are given in Table 13. 

3 4 L 1  

Figure 11 Chains {Hg(OH)+}, in basic mercury(I1) salts 

Figure 12 Zigzag chains in basic rnercury(I1) salts 
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Figure W Structure of the mercury(I1) complex compound Hg2(PPh3)2(OH)(C104)3.egdm 

Table l3 Some Basic Compounds of Mercury(I1) 

Compound Srmcmre (pm;") w 
~~~~~~~~~ ~ ~~ 

Infmite chains {Hg(OH)}:*; Hg-3=2.03.1, 205.4 
Hg,O, honeycomb, Hg-0 = 264-281 
Zigzag chains O - H g - ( O H ) - H d O w H g - O  with terminal 0 
atoms provided by sulfate 
(HtbOz)?"' layers 
(Hg,Oz)R+ layers 
Infinite chains {Hg(OH)}:+, mercury being further coordinated by 6 0  
from XO; 
Infinite H g - 0  polymers 

327,32.8 
329 
330,331 

332,333 
332 
335 

336,337 

Isolated molecules (see Figure 13) Hg-P = 235; Hg(2)--0 = 203; 
Hg(1)-0 = 210 
Infinite {Hg(OH)}:+ chains 
Two-coordinated Hg (2 x H g 4  = 207); three-coordinated Hg 
( H g - 0  = 217,232,233) 
{O(HgCl),}Cl- ( H g - 0  = ZOS) 
( H & I O ~ C ~ ) ~  chains (2 x H g - 0  = 202; 2 X Hg-0 = 223) 
Infinite (Hg-0-Hg-0) chains (Hg-0 = 205); HgO, groups 
~fmite+(Hg&Hg-O) chains (Hg-0 = 201.4) 
oo[(I-$20)4H&v2]:+ macro cations, H i 4  rings connected by Hgu 
(Hg -0 = 219,214; HC-0 = 205) 

300 

338 

339 
340,344 
342 
343 
344 

N243.5 Oxygen donor ligands 

Almost every mercury(I1) salt forms stable complexes with oxygen donor molecules. Some 
details have been reviewed by McAuliffe7 and by Deanss Table 14 lists some examples which 
have been studied by structural analysis. 

56.2.4.4 Sulfur Ligands 

56.24.4.1 Inorganic compounds 
Mercury(I1) sulfide, HgS, is dimorphic. Metacinnabarite, a rare mineral, is obtained by 

precipitation from aqueous acidified mercury(I1) chloride by HzS .351 It crystallizes in the zinc 
blende structure in which Hg" forms tetrahedral bonds ( H g 4  = 253 pm); it is stable above 
400 aC.352 The more common form, cinnabar, is obtained from the elements or by passing HzS 
into mercury(I1) acetate in hot glacial acetic acid containing N&SCN.35' It crystallizes in the 
space group P 3221 and consists of infinite -Hg+Hg-S- chains spirally wound on axes 
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Table 14 Mercury(I1) Complexes with Oxygen Donor Ligands 

Compound Structure @m; ") Ref. 
-~~ ~ ~ ~- 

Hg( C104)2*4DMS0 Hg2(DMSO):+ 345 
HgC12.PhZSO HflSPh, coordination ( H g - 0  = 258; Hg-Cl= 229.1,228.9,323.0, 346 

HgClZ-(DMSO), HgC1, molecules (Hg-Cl= 220.6) 347 

HgBr,-(dioxane), 

328.4) 

(DMSO).HgCI, units ( H g a  = 252,256; Hg-Cl= 230.9,232) 
HgC12-2MeOH 2 X Hg-c1=231; 2 X Hg-0 = 282 348 

349 Distorted octahedral HgBr20, units (Hg-Br = 243; Hg-0 = 283) 

parallel to the three-fold axis ( H g 4  = 236.8 pm, S-Hg-S = 172.8", Hg+Hg = 104.7°).353 
In these chains mercury has two more neighbours at 310pm. Cinnabar is notable for its 
extraordinarily large optical rotatory power in the solid state. The structural properties of the 
type A"BV1 semiconductor alloys in the system HgTe-HgS have been Replacement 
of S atoms in the lattice of cinnabar by Te atoms did not cause noticeable structural distortion. 

Mercur (11) sulfide reacts with K2S or Rb2S to give the complex mercurates(I1) -gS4 and 
Rb6HgS4!5573s The crystal structure of &HgS4 is similar to that of N&Zn04 and consists of 
isolated HgS4 tetrahedra (Hg-S = 254.2, 3 x Hg-4 = 259.1 pm). Several complex sulfides 
M2HgS2 (M = Na, K) have been mentioned, although no recent studies appear to have been 
r e p ~ r t e d . ~  Recently the sulfur-rich anionic complex {Hg(S6)2}z- with tetrahedrally coordinated 
mercury(I1) ( H g 4  = 250.5-260.6 pm) has been ~yn thes i zed .~~  Hg2P2S6357 and H&P2S?58 
contain P2S6 or P& groups respectively. The Hg atoms are surrounded by four sulfur atoms in 
a deformed tetrahedral arrangement (Hg2P2S7: mean distance Hg-S = 259.1 pm; Hg2P2S6: 
mean distance Hg-S = 261.5 pm). The compounds Hg3pS3, Hg3PS4, Hg4PZS7, HgPS3 and 
HgPS2 have been prepared and characterized by X-ray diffraction studies.35g The complex 
HgiHgyS2(C104)2 should be mentioned although nothing is known of its structure.63 There are 
several mixed halogeno-sulfur-mercury(I1) compounds listed in Table 15, Numerous 
mercury(I1) thiocyanato complexes with exclusively S-bonded SCN- have been mentioned in 
Section 56.2.4.2. 

Table 15 Structural Data of MercuryF) Sulfur Complexes 

Compound Structural data (pm; ") Re5 

Orthorhombic; Fmmm; a = 1260, b = 2870, c = 723 
Cubic; I2,3; a = 814 (isostructural with Hg3S2C12) 

S-Hg-S = 165.1; Hg-S-Hg = 94.1 
OD structure, Hg3S pyramids with shared Hg forming (Hg3S2)i+ 
layers 
X = I; Hg12.2HgS; orthorhombic; a = 936, b = 969, c = 1850 

Hg3S2F2 360,361,366 

362,363 

364 

365 

Hg3SzC12 Infinite planar chains S-Hg-S-Hg-; 2 X H g - S  = 242; 

Y-Hg3s2c1'2 

HgX2-2HgS (X= CI, Br, I) 

The complex Naag(S03)2.H20 has been prepared. It contains discrete Hg(S03)$- anions 
with S-bonded SO3 units ( H g 4  = 240.2,241.1 pm).383,394 Mercury(I1) thiosulfate complexes 
obtained in solution also appear to be S bonded.39 Mercury(I1) forms numerous compounds 
with different sulfur donor ligands. Many of them have been reviewed by McAuliffe7 and by 
C~nstable .~ 

5624.4.2 Thiols 

The compounds RSHgX (R = Me, Et, Pr, Bu; X = Cl, Br, I) have been studied by vibrational 
~ p e c t r o r n e t r y . ~ ~ ' ~ ~ ~  The species MeSHgX (X = Cl, Br) are i sos t ru~tura l~~~ with a polymeric 
structure in which the mercury is in a pseudo-octahedral e n ~ i r o n m e n t . ~ ~  IR and Raman 
measurements on a series of RSHgX have demonstrated the formation of a range of 
monomeric, dimeric and polymeric structures in the solid state, but they also have established 
the compounds to be monomeric in pyridine In pyridine solution the equilibrium 
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(15) is established. Mercury(I1) sulfides Hg(SR)2 are also formed from HgO and RSH. Some 
compounds Hg(SR)2 are summarized in Table 16. 

2RSHgX - Hg(SR),+HgX2 (15) 

Table 16 Mercury@) Sulfides, Hg(SR), 

Compound Method Structure (pm; ") 

R = Me, Et, Pr", Pr' IR Linear S-Hg-4 units 370 
R = M e  X-ray Five-coordinated Hg; 2 x Hg-S = 236; 3 X Hg-S = 326 371 
R = E t  X-ray Discrete molecule; four-wordinated Hg; 2 X H e  = 372,373 

245; H@ = 353,358 
R = But X-ray Polymeric, tetrahedrally coordinated Hg; 2 x H g - S  = 370,372 

259; 2 X Hg-S = 266 

562.443 Su&des 

35Cl NQR measurements on the compounds 2HgC12-Et2S and 3HgCl2.2MezS have been 
reported.374 Crystal structures are known by X-ray analysis for the corn lexes (EtSMe)HgCl,, 
HgLBr2 and HgL(SCN), (L = HO2CCH2SCH2CH2SCHZCOzH) ?75737' In the compound 
2HgCl2.(tetrathiafulvene) the ligand acts as a tetradentate donor so that Hg'' is in an octahedral 
environment (Figure 14).377 In HgC12*2(1,4-thioxane) the mercury(I1) is tetrahedrally coordin- 
ated by two S and two CI functions (2 x H g - S  = 2.57, 2 x Hg-Cl=  248 pm).378,379 1 7 ,  3 5- 
Trithiane forms WgXz-L (X = C1, Br, I) c o m p l e ~ e s . ~ ~ ~  The chloro complex is built up of 
one-dimensional chains with tetrahedrally coordinated mercury (2 X Hg-Cl  = 244, 2 X Hg- 
S = 261 pm) (Figure 15). 

CI 

Figore 14 The structure of the complex compound 2HgC12.(tetrathiafulvene) 

F@ue 15 The chain structure of HgC12-( 1,3,5-trithiane) 

The stability constants for 1 : 1 complexes between 2,2'-thiodiethanol, tetrahydrothiophene , 
diethyl sulfide and Hf were detected in H 2 0  and mixed aqueous solvent systems.384 

56.24.4.4 Thione and eluted ligands 

HgX2 (X = C1, Br, I) reacts with imidazolinethiones (20) to give HgkX, and HgL'Xz 
respectively.3s5 In H&X2 the mercury atom adopts a distorted tetrahedral coordination 
( H e 1  = 251, 252 pm; Hg-S = 249, 250 pm), but in H&'C12 it has a trigonal pyramidal 
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geometry (Hg-Cl = 236, 258, 270 pm; Hg-S = 242 ~ m ) . ~ ' ~  Complexes with 1,4,6- 
trimethylpyrimidine-2-thione (L) and the 1-methylpyrimidine-2-thione (L'), HgLX2 (X = 
C1, Br, I), H 2L4& (X = C1, Br) and HgL'X2 involve N-S chelating thione ligands for H&X2 
and HgL'Iz!S6 The far-IR spectrum of HgL'12 includes a band at 154cm-' assigned to 
v(Hg-I)temi,,d, implying it to be tetrahedral in structure. The other compounds involve 
halogen-bridged octahedral structures. The compounds Hg2L;& probably involve composi- 
tions of the type HgL3-Hg&.386 In {(Me2PS)2(Ph2PS)C}HgCl (see 21) the mercury is in a 
distorted tetrahedral coordination geometry with mean S-Hg-S and S-Hg-C1 bond angles 
of 102.1" and 115.8" respectively (Hg-S = 252.2, 255.0, 271.6 pm; Hg-Cl  = 240.8 ~ r n ) . ~ ~  

RY k R .  I 

U 

(20) R = H ,  R ' = M e ,  Et(L) 

R = R' = Me, Et(L') 

Diethyldithiophosphate forms a disordered structure with mercury of composition 
Hg{S2P(OEt)2}2.388 Mercury is surrounded tetrahedrally by four S atoms at 256pm. The 
complex Hg(N03)~.2Ph3PS has been prepared and the structure discussed.400 A series of 
species Hg(Bu?PS)zX2 (X = Cl, Br, I) have been described and their 31P NMR spectra have 
been reported."I 

562.445 Thiourea and related ligands 

The complexing of Hg" by several sulfur ligands, including thiourea, in mixed solvents has 
been studied.389 In H ~ ( H z N C S N H ~ ) ~ C ~ ~  the mercury atom is inside a distorted trigonal 
bipyramid surrounded by two C1 and three S atoms with axial covalent Hg-Cl  bond lengths of 
224 and 236pm and equatorial Hg-S bond lengths of 237, 261 and 3 1 0 ~ m . ~ ~  However, in 
diiodobis(thiourea)mercury(II) each Hg atom is tetrahedrally coordinated to two S atoms at 
short Hg-S distances of 246prn and to two I atoms at distances of 284pm. Two further I 
atoms at Hg-I distances of 386prn complete the Hg coordination polyhedron to form a 
flattened o c t a h e d r ~ n . ~ ~  

562446 Xanthates and dithiocarbamates 

Mercury(I1) forms stable complexes with anionic sulfur  ligand^.^'^,^^ Mercury(I1) ethyl- 
xanthate, Hg(S2COEt)2, contains Hg" in a distorted tetrahedral environment (Hg-S  = 234, 
249, 276, 294 ~ m ) . ~ %  In the structure of mercury(II) isopropylxanthate,397 four Hg atoms and 
four bridging xanthate groups link together alternately to form a centrosymmetric 16- 
membered ring. A xanthate group chelates the first Hg in the ring and another xanthate group 
bridges the second together with the corresponding one in the adjacent ring. The latter 
bridging groups are arranged around a two-fold axis generating an infinite -Hg--S-C+ 
Hg- helical chain (Figure 16).397 

A crystallographic and spectrometric study of mercury(I1) dithiocarbamate showed tetra- 
hedrally coordinated mercury with H g - S  distances of 249.9-262.9 ~ r n . ~ ~ '  The compounds 
( B ~ a ) H g ( R ~ d t c ) ~  (R = Me, Et) have been prepared. The tris anion is not completely 
dissociated in acetone 

56.2.4.5 Selenium and Tellurium Ligands 
Mercury(I1) coordination compounds containing Se or Te donor atoms constitute a rather 

neglected area of coordination chemistry. Often the species show similarities to the cor- 
responding sulfur compounds (sFe Table 17). Mercury(I1) selenide, HgSe, and mercury(I1) 
telluride, HgTe, are simply formed by direct combination of the  element^,^ Single crystals are 
available by chemical transport methods using a pure H2 or Ar stream.m X-Ray diffraction 
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S,coPr8 

0 Hg 

Engure 16 The two-dimensional network of the tetramer linked with the helical chains represented by arrows in the 
complex compound Hg(S,COPr'),. The two-dimensional sheet is perpendicular to the plane of paper 

showed that the crystals belong to the cubic system with a = 608 pm for HgSe and a = 643 pm 
for HgTe. At 600°C the structure of both compounds is of the sphalerite type, while the 
common structure is the zinc blende type.402>403 Both compounds are semiconductors; HgTe in 
particular also shows thermoelectric and IR photoconductivity effects. The thermal expansion 
of HgSe has been studied with a high temperature powder X-ray camera and the expression for 
the thermal expansion coefficient has been given."" A crystallographic and magnetic 
investi ation of the mercury chromium sulfide selenide system, HgCrz(S,Sel-J4 has been 
made!' The distribution of cations in tetrahedral and octahedral sites, as well as the lattice 
constants, have been studied. The magnetization and susceptibility were detected as functions 
of the magnetic fieId. 

Table 17 Mercury(I1) Coordination Compounds with Se or Te Donorsa 

lsostructural 
Compound S compound Structural data (pm) Ref. 

Hg&2F2 Hg3s2F2 - 360,366 
Hg3SezC12 

w s s e 4  W g S ,  
R b 6 w e 4  K6HgS4 

HgJe2fl2 Hg3S2C12 - 362 
357 

+ 355 
- 355 

Hg-Se = 258-383.3 Hg2P$e, wgZP2s6 

'These Fompounds are ioostructural with the corresponding S compounds in Section 56.2.4.4.1. 

Pseudo halogenomercurates(I1) containing Se atoms have been mentioned in Section 
56.2.4.2. Preparative details for the complexes HgLXz (L = tolylphosphineselenide; X = Cl, Br, 
I) and 3H N03)z.4Ph3PSe have been reported and the structures of the products have been 
discussed.& The species Hg(Bu3PSe)zX2 (X = C1, Br) and Hg214(Bu$PSe)2 have been charac- 
terized by their 31PNMR spectra.401 Several complexes containing the ligand 2- 
methylbenzoselenazole (22; L), namely HgLX2 (X = C1, Br) and HgL1.,X2 (X = ClO,, NO3) 
have been described. Some more species of addition complexes with Se or Te donors are listed 
in Table 18. 

Se 
(22) 
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Table U Some Addition Compounds Containing Se or Te Donors 

Compound Ref. Compound Ref. 

(HgCl,-TeBu,), 407 HgCl,.l,4-diselenane 410 

HgI,-TePh, 555 HgCl,.selenourea 414 
HgCl,.MeSe(CHA,SeMe (n = 2,3)  409 HgX,+elenourea), (X = C1, Br, I) 414 

HgC1,-TeEt, 408 HgX,.SePPh, (X = C1, Br, I) 411-413 

The structure of tetraphenylphosphoniumtris(tellurophenolato)mercurate(II) contains iso- 
lated cations and anions. In the trigonal planar anion {Hg(TePh)3}- the ligand has a 
propeller-like arrangement around the central Hg atom. The mean Hg-Te distance is 
269.7 ~ m . ~ ”  Recently the structure and vibrational spectra of the coordination compound 
HgIz-TePh2 have been described.’’’ The molecule was found to exhibit a tetrameric structure 
involving two types of I bridges. 

56.2.4.6 Nitrogen Ligands 

The chemistry of mercury(I1) nitrogen coordination compounds has been unclear for a long 
time. In addition to coordination complexes of nitrogen ligands there are compounds of the 
types Hg(NR2)2 with tricoordinated nitrogen atoms. Furthermore for compounds first described 
more than 100 years ago, e.g. Millon’s base, Hg2N(OH)-2H20, the ‘fusible’ Hg(NH&X2 (X = 
C1, Br), and the ‘infusible white precipitates’, HgNHzX, their compositions have been doubtful 
for a long time. Only modern instrumental methods like X-ray structure determinations or 
modem spectroscopic techniques have revealed the real structures of these compounds.g0 They 
contain building blocks (a) and (b). 

-R-€ig-N- 
I I 

(a) amides (tricoordinated N atoms) (b) amines (tetracoordinated N atoms) 

562461 Nitrogen ligunds with tricoordinated nitrogen atoms: amides 

Since its first preparation in 1852 by the dissolution of HgO in molten acetamide, the 
mercury(I1) acetamide Hg(NHCOMe)2 (23) has been used frequently as the starting material 
for the preparation of other mercury(I1) compounds .419 X-ray structure determination together 
with NMR data clear1 show that the acetamide ligand is moriodentate and Hg-N bonded: 
(Hg-N = 206 ~ m ) . ~ ~ ,  It has also been shown that the supposed difference between the 
N--C and C - 0  bond lengths leading to the tautomeric imino1 structure is statistically without 
significance. Mercury(I1) acetamide on heating to above 240 “C (m.p. 203 “C), or upon addition 
of acetone to its methanolic solution, disproportionates into acetamide and a polymer of 
composition (HgNCOMe), Structural data for some mercury(I1) amides are listed in 
Table 19. 

B 

0 
II 

M e 4  
\ lH 

\ 
,N-Hg-N 

H C-Me 
I I  
0 

(23) 

Hg{N(CF&}* has been prepared from F3CN=CF2 or cyanogen chloride and HgF2.422 
Hg{(F3C)zNNCF3}2 is formed from HgFz and (F3C)2NN==CC12.4u Since the Hg-N- bonds 
are readily cleaved by halogens, these compounds are valuable precursors to N- 
halogenoamines and (F3C)zN compounds.424 Hg{N(SiMe3)2}2 contains a linear N-Hg-N 
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Table I9 Structural Data of Mercury(I1) Nitrogen Compounds: Amides 

Compound Structure (pm, ") Ref. 

Hg(NHCOMe), 

DioxadiazadiphosphadimemaCy clododecane 

Hg(NHCOPh), 
Hi3"SCF,),h 

Plane centrosymmetric molecules; Hg-N = u)6(6); 2 0  atoms of 
neighbouring molecules with Hg-0 = 288(6) 
Molecule with C, symmetry; Hg-N = 205.0(1.3); nearly linear 
N-Hg-N 
Two crystallographically independent molecules with different 
geometries 

421 

434 

437 

(I) Hg-N = 204 and 205; N-Hg-N = 167 
(2) Hg--N = 203 and 206; N - H k N  = 175 

P ZJc, contains a twelve-mem-kred ring with N-Hg-C bonds 438 
439 
440 

C 2/c discrete molecules with 1 symmetry, Hg-N = 201.7(5) 
C 2/c, Hg almost linearly bonded to two N [Hg-N = 206(3), 
204(2), N-Hg-N 172(l)] and also equatorially to two 0 of 
adjacent molecules w@= 267(2), 283(3)] 

system with trigonal planar nitrogen.425 Mercury(I1) amidosulfates, (M(0,SN))Hg (M = Na, 
K, etc.), have been synthesized in alkaline solutions by dissolving HgC12 or HgO in the alkali 
metal a m i d o s ~ l f a t e ; ~ ~ ~ ~ ~ ~ ~  they probably possess chain structures (25). 

r M' M' 
so; 70, 

N 
I 

Hg/ '--. /N\ 
y H g  

I so; I so; f so; 
n 

On heating under vacuum these compounds decompose into bis(amidobisulfato)mercwates, 
M..,[{(03S)fi}2Hg]42g (M=Na, K, etc.), also obtained from Hg(N03)2 and the metal 
imidosulfate, HN(S03M)2.428 Sulfamide, S02(NH&, sulfimide or hydroxylamidosulfuric acid 
reacts with mercury(I1) acetamide or acetate in aqueous solutions to yield mixtures which 
should contain (-HN-SO$€N-Hg-), units ,430 S7NH and S4N4H4 react with mercury(I1) 
acetate to form Hg(NS7)2 and Hg(NS)2 or Hg5(NS)8;431,432 no structural data are available on 
these compounds. HgF2 reacts with OCFNSF2 to give Hg(NSF2)2,433 which decomposes in 
vacuo to NSF and HgF2. The structure of Hg(NSF2)2 contains nearly linear N-Hg-N bonds 
(Hg-N=205pm) and the very short N 4  distance of 1 4 4 ~ m . ~ ~ ~  Mercury(I1) 
bis(sulfiny1amide) and mercury(I1) fluorosulfurylisocyanate have been ~ y n t h e s i z e d . ~ ~ ~ , ~ ~ ~  
Mercury(I1) saccharinate contains mercury bonded to two nitrogen atoms with Hg-N bond 
lengths 203-206pm and N-Hg-N angles of 167" or 175°.437 Mercury(I1) bis 
(diphenylphosphinic-N-methylamide) contains N - € I N  bonds.438 The structure of 
bis[2,3,4,S-tetrakis(trifluoromet.h lthio)pyrrolyljmercury(II), Hg{N(CSCF&},, contains Hg- 
N bonds of length 201.7(5) prr~?'~ Bis(benzamido)mercury(II) also contains N-Hg-N bonds 
(Hg-N = 206 or 204 pm; N-Hg-N = 172"; Hg-0 = 267 or 283 pm).440 Imidazole and 
histidine form mercury(I1) complexes with tri- and tetra-coordinated N  atom^?^^^^^' 

5624.62 Nitrogen ligunds with tetracoordinated nitrogen atoms: amines 

(i) Ammonia addition and substitution compounds 

Millon's base, (HgzN)(OH)*2HzO, originally obtained by Millon in 1845 by dissolving yellow 
HgO in an aqueous solution of ammonia, forms salts with different anions; the structure is 
anion dependent."*= The basic building block of the salts of Millon's base and the base itself is 
a three-dimensional network of connected NHg4 tetrahedra similar to the network in SiOz. The 
anions or water molecules are situated in the holes of this I(NHhn)+ networkeW Each mercury 

coc -11 
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atom is coordinated to two nitrogen atoms and each nitrogen atom is bound to four mercury 
atoms. The Hg-N distances vary from 204 to 209 pm.n9817s4387790 The substance formulated as 
HgNH2F is the fluoride of Millon’s base with N H S  in the holes of the framework, 
(Hg2N)F.NHS.87 The iodide of Millon’s base, Hg2NI, is the basis for the detection of ammonia 
in drinking water by Nessler’s method.g0 With weakly coordinating anions such as C10: the 
(NHG~)  network has a cubic structure; with halides the hexagonal form is more stable (see 
Figures 17 and 1Q90 

O H g  O N  

Figure 17 The cubic (Hg,N)+ network of Millon’s base in (Hg2N)(OH)-21 0 

Figure 18 The hexagonal (Hg,N)+ network in the bromide of Millon’s base (Hg,N)Br 

Millon’s base and its salts are members of the “-2(N&-,Hgnl2)+ series. This allows the 
‘fusible white precipitates’ Hg(NH3),XZ (X = C1, Br) to be regarded as the first members of this 
series of mercury-substituted ammonium ions and not only as normal coordination complexes 
of two NH3 to one+ Hg2+ ioq.go The structure of the compounds Hg(NH3)2X2 (X = Cl, Br) 
consists of linear H3N-HeNH3 groups inserted in a simple cubic lattice (see Figure 19). The 
compound Hg(NH3)2Br2 forms mixed crystals with either NHar or HgNHzBr in a cubic phase 
up to 55 mol % NH& or up to 60 mol % H ~ N H Z B ~ . ~ ~  These+solid solutions demonstrate that 
the pure HgNHzBr contains infinite chains (-fiH2Hg-NHzHg-), with no particular 
orientation (see Figure 20).83i85 A rhombic form of HgNH2Br is stabilized by forming solid 
s+olutions with up to 5 mol % HgBr,; this modification contains the infinite chains (-Hg- 
NHr), in parallel orientation (see Figure 2l).” 

The cubic modification of HgNH2gr is disordered with regard to the positions of the mercury 
atoms; this means that the (-Hg-NH-), chains are randomly orientated in the lattice. This 
cubic modification becomes ordered on being cooled to absolute zero, yet it shows no transition 
of any k$nd and does not change into the rhombic form with parallel orientation of the 
(-Hg-NH,). chains. The entropies of the cubic and the rhombic forms are the same at 
100 K; below this temp$rature th,e entropy of the cubic form is greater than that of the rhombic 
form.&’ There are (H3N-Hg-NH3) groups, (-Hg-NH-), chains and a three-dimensional 
network (NHw),; the two-dimensional layer structure has been found in the compound 
Fg2NH&:5 which contains three-mercurated ammor@m ions and is better formulated as 
,{Hg3(NH)2}Br-(HgBrF).86 The slightly puckered 2{ (NH)Hg312}, layers with Br- ions in the 
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F I p e  19 The elementary cell of the ‘fusible white precipitate’ Hg(NH,),Br, 

Figure 20 The etementary cell of the ‘infusible white precipitate’ HgNH2Br, cubic modification 

0 
0 Hg 
O N  
O H  

Figure 21 The elementary cell of the rhombic modification of HgNH,Br 

holes of the six-cornered layers and HgBrs ions between the layers have Hg-N distances of 
213 pm; the Hg-Br distance in the H e r :  ions is 260 pm (see Figure 22). Structural data for 
some mercury(I1) amines are summarized in Table 20. 

(ii) Hydrazine addition and substitution compounds 
Hydrazine forms 1 : 1 q d  1 : 2,coordination compounds with HgX2. The 1 : 1 addyct contains 

@finite chains (-Hg-NHz-NHr), , while the 1 : 2 adduct contains (HzNNHrHg- 
NH2NH2) All Hg-N compounds have been examined by IR or Raman spectroscopy 
and due to the great difference in scattering power for X-rays between mercury and nitrogen 
atoms, much additional information on the constitution of these compounds has been 
obtained.= With hydrazine a coordination compound Hgz(NzHz)C12, which has a sheet 
structure, is obtained by substitution of H atoms by two bonding Hg atoms. This layer structure 
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Table 20 Structural Data of Mercury(I1) Nitrogen Compounds: Amines 

Compound Structure (pm, ") Ref. 

I 

Dichloronicotinemercury (rr) 

Phenylmercury(I1) dithizonate (yellow form) 

Dichloro(9-methylhypoxanthine)memry( 11) 

Tris( 1,8-naphthyridine)(perchlorato)mercury(II) per- 
chlorate; {HO(N,G&) , (C~~~  )W04) 

Mercury(I1) 8-mercaptoquinolinateate; 
HdC&NS)z 

Linear H,&-H~-&H, groups; H~--N = 211 
(-HeNH,-) chains; Hg--N = 217, HeN-Hg = 90 

{Hg,(&H),) layers with Br- in holes and trigonal (HgBr,)- 
between the layers, Hg-N = 213 
Tridymite-type three-dimensional framework (hg.,,,) with 
Br- in the holes, H e N  = 206 
Cristobalite-type three-dimensional framework (hk) with 
(OHL- and 40 in the holes, Hg-N = 204 
(Hg N H2) layers with U- between them, the mercurated 
&H-NH group is in the cir configuration (no N-N frequency 
in IR) 

H g - C  = 210(2) 

(-Hg-NHz-) chains; Hg-N=206, Hg-N-Hg = 109 

2 2  

Hg-N = 289( 1) 

N-Hg-N = 180 
C-Hg--C = 180 
Hg-N = 222.2(8) 
Hg-N = 231.3(10) 
Hg-0 = 216.2(8) 
almost planar 
Hg-N = 229(4 X )  
H g 4  = 2 7 2 ( 3 ~ )  
The N atoms of bipy form a flattened tetrahedron around the 
Hg; three nitrate 0 complete the coordination of mercury 
Hg-N = 230(2); 228(2) 

Hg-0 = 223(1); 235(2) 
278(3); 282(2) 

Hg-0 = 221(1); 253(2) 
258(2); 281(2); 282(2) 

The structure contains two independent Hg atoms each coordi- 
nated to one bipy ligand 
Hg-N = 239.7 (pyrrolidine) 
Hg-N = 245.4 (pyridine) 
Each nicotine molecule is bonded to two adjacent Hg atoms, 
one through the pyrrolidine and the other through the pyridine. 
The coordination around the Hg is completed by two C1 
( H g 4 1 =  236.4; 238.4) to a highly distorted tetrahedron 
H g 4  = 210; Hg-N = 266 

S-Hg-C = 168.0(7) 

The complex is virtually pianar except for the Hg-phenyl ring 
which is twisted out of the plane by cu. 60" 

Hg-Cl=  240.1(2); 235.3(3) 

Cl-Hg4I = 140.5(1) 
Distorted trigonal planar coordination around the Hg atom; two 
further Hg . * 4 C1 interactions which Link the complex molecules 
together at distances 292.5(3) and 297.9(3); with an angle 
C l - H g 4  = 165.8(1) 
Hg is irregularly swen-cwrdinated with the three asymmetri- 
cally bidentate ligands and one C10, ion. 
Hg-N = 264(2); 23q2); 284(2); 214(2); 287(2); 220(2) 
H g - 0  = 293.4(4) 
The thermal motion of the perchlorate is high, but there 
appears to be no disorder 
Hg is surrounded by 2N and 2s atoms; the distances are: 
H g - S  = 232 and 233; Hg-N = 250 and 236. 
N-Hg-N = 90, S - H e N  = 80 and 81; S-Hg-S  = 163 

Hg-N = 224(2); 236(2) 

Hg-4 237; S--Hg-N = 73.6(4) 

N-Hg-C = 118.4(8) 

Hg-N = 229.9(7) 

N-Hg<l= 101.4(2); 118.0(2) 

82, a3 
85, a3 
7a,79 
86 

a4 

443 

460 

461 

462 

463 

464 

468 

469 

483 

489 
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Figure 22 The structure of NH(HgBr), consisting of (Hg3(NH)2], layers, Br- ions in the holes of the layers and 
(HgBr,)- ions between the layerss6 

is derived from the chain structure of HgNH,Cl by connecting nitrogen atoms of the parallel 
chains (formal oxidation of mercurated NH3 to mercurated NZ&) (Figures 23, 24 and 25).443 

OM ON 

Figure 23 The (-Hg-NHz-)n chains in mercury(11) amidochloride, HgNH2C1 

Fignre 24 The (-J3g2N2Hr), layers in mercury(I1) hydrazinochloride, Hg2N2H&12 

(iii) Other nitrogen donor ligands 
Nearly all nitrogen donor compounds form complexes of variable composition with 

mercury(I1) compounds of all kinds. Since the literature of these coordination compounds of 
mercury(I1) is listed up to May 1975 in McAuliffe’s book,’ only some new complexes will be 
mentioned here. 

Amido mercury(I1) sulfonic acid, is aq inner salt, H&-Hg-SO?, but it 
is pot clear if it is a mixture of H3N-Hg-pH3 with -O,SHg-SO, groups or only 
H3N-Hg-S0T.444 The compound (Me-Hg-NH,)F- has been obtained by the reaction of 
MeHgF and NH3.444 Organomercurioammonium complexes -2 {NH4-,(HgMe),} + and 
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O N  

25 The elementary cell of mercury(1I) hydrazinochloride, HgzNzHzCI, 

(NH,-(,,,,Me,(H Me),)+ have also been ~ b t a i n e d . ~ ’ , ~ , ~ ’  The compound N(HgMeh has also 

In addition to the Hg(NH3)2X2 compounds described in Section 56.2.4.6.2.i other coordina- 
tion complexes with ammonia have been reported, namely HgF2.nNH3 (n = 2,4, S) ,  
HgC12-nNH3 (n = 3/2, 2, 4,8, 9, 5, 12), Hg12-nNH3 (n = 4/3, 2,6, 

More information about the coordination compounds of mercury(I1) oxo salts with 
ammonia or primary, secondary or tertiary amines or aromatic amines is obtainable in 
McAuliffe’s book: but a clear reinvestigation is desirable. 

The complexes between mercury(I1) salts and ethylenediamine (en) are well known. Results 
of IR and X-ray measurempts show that t4e structure of Hg(en)C12 contains infinite chains in 
the tram form {-Hg-NH-(CH2)2NHz}n.450 Bis(en) complexes are known with 
HgX2 (X = N03, Cl04, I, S ~ S ) . ~ ~ ~ ~ ~ ~  The compound (en)z.3Hg12 is built up of trigonal planar 
HgI(en)+, HgI: and tetrahedral Hg12(en).’% Hg(CN)2.en and Hg(SCN)2-en contain mono- 
nuclear species with chelating en in the cis form.454 Diethylenetriamine, 
H2NCH2CH2NHCH&H2NH,, forms five-coordinated HgLX2 (X = C1, Br, I, CN) and six- 
coordinated octahedral HgbY2$Y = c104, SCN) .455 Me2NCH2CH2CH2NH2 forms complexes 
of the composition Hg3L2C16.4 1,ZDimethylhydrazine forms a tetrahedral complex with 
HgC12.457 Tetramethyl-2-tetrazine yields complexes HgXyL (X = C1, Br).458 

One of the many organomercurial compounds with ‘secondary’ chelating N-Hg-N 
bonds459 is the bis[(dimethylamino)methyl]phenylmercury(II) t60 this compound contains linear 
C-Hg-C bonds (Hg-C = 210 pm) and also linear N-Hg-N bonds (Hg-N = 289 pm). 
Some recent crystal structure determinations have been made on 2,2‘-bipyridylmercury( 11) 
nitrate,&l bis(2,2’-bipyridyl)mercury(II) nitrate dihydratem and the 1 : 1 complex of 
Hg(CF3C02)2 with 2,2’-bi~yridyl;&~ the Hg-N distances are between 222 and 236prn. The 
X-ray structure of dichioronicotinemercury(I1) has been solved; each ligand is bonded to two 
adjacent mercury atoms, one through the pyrrolidine nitrogen (Hg-N = 239.7 pm) and the 
other through the pyridine nitrogen (Hg-N = 245.4 pm), forming endless polymeric chains. 
The coordination around the Hg is completed by two C1 ligands (Hg-Cl=236.4 and 
238.4 pm), resulting in a highly distorted tetrahedral arrangement.# The crystal structure of 
the HgClz complex with racemo-5,5,7,12,12,14-hexamethy1-1,4,8,11-tetraazacyc1otetradecane 
(tetb) has been reported.w The macrocyclic ligand (tetb) is fixed by two HgC1, molecules; the 
structural unit is a Cl-bridged species, (tetb)Hg(p-CI),HgCl,, which contains both six- and 
four-coordinated mercury atoms; the (tetb) ligand is folded so that the four nitrogen atoms 
occupy adjacent sites on a distorted octahedron; the configuration at each chiral center is 
lS(R), 4S(R), 7S(R), xS(R), 11S(R), 14S(R). The six-coordinated mercury atoms are bonded 
to two nitrogen atoms (Hg-N = 227.4 pm), two further nitrogen atoms (Hg-N = 244.0 pm) 
and two C1 atoms (Hg-Cl= 284.2 pm). The four-coordinated mercury atoms are bonded to 
two bridging C1 (Hg-Cl= 252.9 pm) and two terminal C1 (Hg-Cl = 242.1 pm).& The X-ray 
structure of dichloro(l,5-diphenylcarbazonato-N,N’)dimercury(II)466 has been solved. n- 
Electron delocalization in the Ph-N-N-C-N-N-Ph chain, which was found in the 
structurally related dithizone molecule, does not occur, but a localized single bond for 
C(Ph)-N and a localized double bond for N-N were found. Each mercury atom, sandwiched 
between the planes of two benzene rings, forms an almost linear bond with one N and one CI 
in a diagonal coordinationVM 

There are many studies of the analytical detection and quantitative determination of mercury 
based on reactions with N donors, e.g. the spectrophotometric determination of mercury(I1) 

been synthesized. 2 4 4 9  

HgBr2.nNH3 (n = 2, S), 
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with 5,6-diphenyl-2,3-dihydro~l,2,4-triazine-3-thione .467 This highly selective method for the 
determination of 0.05-0.55 mg Hg using the yellow 1 : 2 complex extracted into CHC13 at pH 10 
is based on the measurement of absorbance at 430 nm, E = 8.1 x lo3 M-l. The only interfering 
ions are CN-, Tl+ and Pd2+. There might be some chelating Hg-S and Hg-N bonding in this 
case.&' The yellow form of phenylmercury(I1) dithizonate is a three-coordinated mercury(I1) 
complex; solutions in organic solvents of the 1 : 1 complexes of organomercury(I1) cations and 
dithizone undergo reversible photoisomerization (yellow blue) at convenient rates. X-Ray 
structure determination also indicates a chelating effect in the yellow form (Hg-S = 237 pm; 
Hg-N = 266 pm; angles S-Hg-C = 168", S-Hg-N = 73.6", N-Hg-C = 118.4").468 A 
further three-coordinated mercury(I1) complex is dichloro(9-methy1hypoxanthine)mer- 
~ u r y ( I I ) . ~ ~  This structure is of interest concerning the well known binding of mercury(1I) ions 
to nucleic acids. The Hg-N distance is 229.9(7) pm; the two Hg-Cl  distances are 
240.1(2) pm. The three angles centred on mercury are: N-Hg--CI= 101.4(2)", 118.0(2)" and 
C1-Hg-Cl = 140.5(1)". The coordination plane is twisted relative to that of the purine ring 
system; the angle between the two planes is 60".469 Adducts such as kHg(CN), 
(L = imidazole, substituted imidazoles, or 3,5dmethylpyrazole), and (l-vinyl- 
imidaz~le)~H&(CN)~ are obtained and characterized using IR and NMR data; the adducts are 
dissociated in acetone solutions.471 It is evident that the reactivity of mercury(I1) depends very 
much on the anion involved. As a consequence, any generalization should be looked at with 
caution, especially if it concerns the behaviour of mercury(I1) in solution towards natural 
products containing nitrogen donors, e.g. nucleic acids or purines. 

56.2.4.7 Phosphorus Ligands 

P(HgC1)3 is formed by reaction of PH3 and HgC12.473 The very unstable product 
Hg{P(CF3)2}2 is obtained by reaction between (CF3),PH and divinylmercury(I1) ."74 Compared 
to Hg{P(CF&J2, Hg(PBu5)2 is remarkably stable towards oxidation and thermal 
decomp~sition.~ The system HgX2-PMe3 has been studied intensively. The mercury adducts 
with X=C1, Br, I and CN react with AgN03.PMe3 to form {Hg(PMe3)X}N03 or 
{Hg(PMe3)2}2f depending on the amount of AgN03.PMe3.476 By reaction of H a 2  and nPMe3 
various products have been isolated (equation 16) and characterized by their Raman, IR and 
31P NMR spectra.4n The 1 : 1 complexes should be halide-bridged dimers, while Hg(CN)2.PMe3 
has an oligomeric ~tructure.~" Generally mercury(I1) salts are known to form complexes with 
tertiary phosphines in the HgX2:PR3 ratios of 1:1, 1:2, 2:3, 2:4 and 3:2; numerous X-ray 
structures on such species are available (Table 21). 

HgX, + nPMe, - HgX,-nPMe3 

X=Cl,Br,I;  n = 1 , 2  

X = CN; n =  1 , 2 , 4  

X = SCN; n = 4  

Tri(t-buty1)phosphine and tri(o-toly1)phosphine form 1 : 1 complexes with mercury(I1) halides 
and with Hg(SCN)Z. Physicochemical measurements, i. e. conductance , molecular weight 
determinations, IR and Raman spectra, indicate a dimeric structure (26) of C, skeletal 

Besides structural determinations there have been a considerable number of 31PNMR 
spectroscopic investigations. The dimeric complexes Hg2&(PBu3)2 (X = Cl, Br, I) have been 
investigated by lQ9Hg and 31P NMR techniques.'@-' The 1%g-31P spin-spin coupling constants 
and the chemical shifts 6 "P were measured for 1 : 1 and 1 : 2 complexes of H e 2  (X = C1, Br, I, 
SCN and CN) with R3P (R=Bu, n-octyl and EtO).494 The ligand electronegativity has a 
stronger effect on the coupling constants and the chemical shifts than in the corresponding Ptn 
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Table 21 Mercury(I1) Compounds with P Donor Ligands 

Compound Structure (pm; ") ReJ 

HgCI,.PR,; R = Me, Et, Ph 

HgCl,(tricyclohexylphosphine) 

Hga2*(PEt3)2 
(Me2EtP)3(HgC12)Z 

(BugP)HgCl, 

{ Hg(NO,),L}, (L = trimesitylphosphine) 

HgCI,.L (L = (N,N-diethylaminoethyIethyl)- 
diphenylphosphine) 
HgCi,.L (L = Me,PPMe,?) 
HgC1C1O~*P(O-tOlyl)3 

HgBr,.(ck-Ph,PCH=CHPPh,) 

Hg( CN),. (Ph,PCH,CH,PPha 

Hg(CN),*PPh, 

cu-Hg(SCN),*PPh, 

B-Hg(SCN),*PPh, 

R = Ph; discrete C1-bridged dimers 
R = Et; chain-like arrangements of monomeric Et,P.HgCI, 
R = Me; ions (Me,P.HgCI)+CI- 
Two independent centrosymmetric dimers 
Hg,: Hg-P = 241.6; Hg,: Hg-P = 241.2 

Hg-Cl= 239.1; Hg-CI = 241.3 
H g - C I =  264.1; 266.5; Hg--Cl= 260.2 

Monomeric complex 
{Hg(Me,EtP),CI) cation with linear P-Hg-P 
(Hg(Me,EtP)Cl,)- anion with tetrahedral coordinated HgU 
Alternating four- and fiveaordinated Hgl< tetrameric 
structure 
Six-coordinated Hgn 
Hg,: Hg-P = 239.5; H@ = 218.0,241.9 
Hg,: Hg-P = 241.8; H@ = 225.7,234.2 
three additional weaker Hg-0  bonds (258-290) 
Tetrahedrally coordinated Hgn _ _  
Hg-Cl=2&1.3,244.5;Hg-?=241.7;Hg-N=264.1 
Polymeric structure (-Hg-P-P-Hg-P-P-Hg-),, 
Dimeric centrosymmetric moledes; four-coordinated Hg" 

Distorted tetrahedrally coordinated Hg" 

Infinite chains { Hg(CN),(Ph,PCH,),), 

Distorted tetrahedrally coordinated Hg" 

Five-coordinated H e ;  equatorial Hg-P = 246.1; 
H g - S  = 253.9,246.9; axial Hg-N = 268.0,280.0 
Hg,: five-coordinated; equatorial: Hg-P = 242.9; 

Hg,: four-coordinated; H g S  = 264.8,245.4; Hg-N = 240; 

Distorted tetrahedrally coordinated Hg" 

Distorted tetrahedrally coordinated Hg'' 
H g - 0  = 219.0,242.8,256.0; W P  = 235.9 
Distorted trigonal bipyramidal coordination of Hg", 
five-coordinated HE-P = 237.1: H H  = 225227,266.258 

Hg-P=239.5; Hg41=233.2;  Hg--O=273 

2 X Hg-P = 257.5 

Hg-P = 260.6,253.4 

Hg-P = 243.4; 258.9 

H g S  = 249.1,251.9; axial: Hg-N = 271,289 

Hg-P = 243.2 

2 X Hg-P = 245.1 

Hg(MeCO,),+L (L = tricyclohexylphosphine) Dimeric molecu1es:three nearly coilanar bonds ' 

Hg(MeCO,),.L (L = tri-o-tolylphosphine) 
Hg-P = 237.8; H g 4  = 219.4,229.2 
Hg-P = 241; H@ = 236,220 
six-fold coordination by weak bonds Hg-0 = 252-292 

478,483, 
484 

479 

482 
485,490 

490 

492 

504 

505 
5 10 

481 

480 

481,300 

486 

487 

481 

491 

508 

509 

complexes.494 A range of mercury(I1) ethanoates, {Hg(PPh3),(02CR)2} (n = 1, 2, 3; R = 
Me, CH2F, CHF2, CF,), has been studied.495 The 1 : 1 and 2: 1 complexes are monomeric 
species in which the carboxylate groups are bidentate. The ?Hg-31P coupling constants and 
the 31P chemical shifts for these complexes increase in the order OzCMe C O,CCH#< 
OzCCHFz < 02CCF3. Possible correlations with the pK, values of the carboxylic acids are 

(L = tertiary yhosphine) is observed with decreasing basicity of the phosphineJb (Variable 
temperature 'PNMR spectral data have been used to investigate ligand exchange rates in a 
wide range of arylphosphine complexes. The previously described compound 
{Hg(N03)2(PR3)} (R = 2,4,6-trimethylphenyl) is of interest as it exhibits the largest 1wHg-31P 
coupling constant yet observed (S(31P) = 1.81 p.p.m.; J(1%g-31P) = 10 278 

The lwHg NMR technique has been used for the interpretation of solution eq~ilibria.~'l-~'~ 
Mercury(I1) perchlorate reacts with a variety of tertiary phosphines in EtOH to form 
four-coordinated complexes HgL3(OC103)(C104) (L = Ph$, (P-MeC&)3P).5M Conductance 
measurements and IR spectra suggest that one of the perchlorate groups is coordinated to the 
metal in these comple~es. '~ Thermodynamics of the complex formation in DMSO between 
Hg" and ligands coordinating via nitrogen, phosphorus, arsenic, antimony or bismuth have 
been studied by Ahrland et aLSo7 The measurements are feasible only if X = N, P or As, as the 

An increase in the 31P-1wHg coupling constants for the complexes (H Lz 
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ligands Ph3Sb and P h a i  are rapidly oxidized. For the systems measured the stabilities follow 
the sequence N << P > As.5M Several structural stuhes of steric effects in phosphine complexes 
have been p e r f ~ r m e d . ~ ~ ~ ~ ~  Ligand profiles for (Me3C)3P and (0-to1 1)3P have been given and 
the maximum cone angles are 187" and 198" respectively.508* ' lo An ionic phosphito-P- 
mercury(I1) complexes [Hg{P(0)(0Et)~},]~"-~)- (n = 3,4) have been formed from HgLz and 
NaL (HL=HP(O)(OEt),; equation 17) and characterized by 31P and lWHgNMR 
spectros~opy.'~~ 

HgL, + nNaL e WHgLI ,+2~I  (17) 
n = l , 2  

The Hg atom in bis(dimethylphosphonate)mercury(II) forms strong bonds with two P atoms 
(Hg-P = 241 pm; P-Hg-P = 165.9°).512 Two phosphoryl 0 atoms from neighbouring mole- 
cules interact weakly with the mercury atoms (Hg * # * 0 = 254 pm) to give a very distorted 
tetrahedral coordination around Hg.'12 The reaction of 0-butylphenylphosphonite, 
Ph(Bu"O)P(H)O, with either HgO or mercury(I1) acetate results in the formation of 
{Ph(Bu"O)P(0)}zHg; multinuclear NMR studies on this and related complexes have been 
reported.' The mercury(I1) halophosphides HgzP3C1 and Hg2P3Br have been prepared.514 
HgzP3C1 has the monoclinic Cd2P3C1 structure while H&P3Br has a related orthorhombic 
structure. Both are black semiconductors and stable in HC1 and H N 0 3 .  

56.2.4.8 Arsemk md Antimony Ligands 

Although monodentate tertiary phosphines form mercury(I1) complexes in several ratios, 
much less work has been reported with tertiary arsines; only a few stibine complexes are 
known. Mercury(I1) halides HgXz (X = C1, Br, I) react with trimethylarsine to yield 
{Hg(AsMe3)X}+ and { l31g(AsMe~)*}~+.~'~ The analogous reaction with SbMe3 produces only 
metallic mercury, but methyldiphenylstibine reacts with the mercury(I1) halides in methanol or 
acetone solution to form the 1 : 1 complexes {Hg(SbMePh2)X2}2 (X = C1, Br, I); these com- 
plexes are dimers with halogen-bridged structures.532 Alkylarsine complexes are generally 1 : 1 
or 2 : 1; they are expected to have structures analogous to the corresponding phosphine 
compounds. The ligands that have been studied are listed in Table 22. Only a few X-ray 
structures are available; some results are listed in Table 23. 

Table 22 Arsines Suitable for Complex Formation with HgA," 

Ligand Ref. 

A w e 3  473 
&Et3 515, 516,517 
m r 3  515 
ASBY 515,518 
AsPh3 478, 506 
AsPhzPr 506.519 
AsPhZMc 506 
AsPhzEt 506 

As@ -MeOC&,), 551 

AsMe2(p-Me2NC6H4) 520 
Aspme, 519,521 

MeC(CH&Ph,), 551 
Fh&(CH,),AsPh, (n  = 1, 55 1 

As( mesityl), 552 
5 3) 

' A = halide, pseudohalide, NO,, (30,. 

. A number of 1:l complexes of HgClz with 1-naphthylarsines have been described.'" 
Complexes of rnercury(I1) bromide with some diarylalkylarsines have been prepared by 
treating R2R'As with H@r2 in Et20 (R = M e o w ,  p-EtCs€&, n-naphthyl; R' = alkyl, 
PhCHz); their IR spectra have been di~cussed.~" Mercury(I1) perchlorate reacts with a variety 
of tertiary arsines in EtOH to form four- and three-coordinated complexes of the types 
HgL(OClO,)(ClO,) (L = Ph2MeAs, PhzEtAs, Ph2PrAs) and HgL(OClO3)(C1O4) (L = 

coc -11. 
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Table 23 Some Compounds Containing As or Sb Donor Ligands 

Compound Structure (pm; ") Ref. 

Ph,AS*HgCl, Discrete C1-bridged dimers, isostructural with 478 

HgBrz.LCH,Clz (L = tris(o- Tetrahedrally coordinated Hg" 528 

Ph,As*Hg(SCN), Planar trigonally coordinated Hg" 522 

Ph3P'HgClZ 

diphenylarsinopheny1)arshe) Hg-As = 260,282 
Hg-Br = 255,262 

HE-As = 260 
H i - S  = 253,255 
Tram dimeric structure 
Halogen-bridged dimers 
Discrete centrosymmetric dimers of 

523 
532 
552 

dinitrato(trimeGty1arsine) mercury(I1) 

H g - 0  = 241(2), 220(2); 228(2), 239(2) 
Hg-As = 247.6(3); 248.2(3) 

(dinaphthyl)MeAs, (&a hthyl)EtAs, (cyc10hexyl)~As) with one perchlorate ion, which is 
directed to the metal?'The IR spectra of the o-phenylenebis(dimethy1arsine) complexes 
HgL(C104)2 and HgLX2 (X = Cl, Br) have been recorded by Deacon et aLSz6 Assignments of 
the observed frequencies, including those for the metal-halogen stretching frequencies, are 
proposed and discussed in relation to the structures of the complexes. An X-ray structural 
analysis of { (CJ?5)2Hg}2Ph2AsCH2AsPh2 revealed approximately planar coordinated 
mercury.527 The Hg-As distance of 340pm is only slightiy less than the sum of the van der 
Waals radii of 350 pm. Tris(o-diphenylarsinopheny1)arsine (27) forms complexes of the types 
HgX2(chelate) and Hg(~helate)(ClO~)~. '~  In the former compounds (X = halide) only two of 
the donor atoms of the quadridentate ligand are bonded to the central mercury atom, which is 
tetrahedrally coordinated. 

(27) 

In HgBr2(chelate)-CH2Cl2 mercury is coordinated to two terminal arsenic atoms at 260 and 
282pm and to two bromine atoms which are at distances of 255 and 262pm, respectively. 
o-Phenylenebis(dimethy1arsine) forms HgLX2 (X = halide) with tetrahedrally coordinated 
mercur$II) in the solid state, but shows some evidence of isomerism in solution (equation 
18).526* p5 The resulting cation (HgL$+ is present in the corresponding diperchlorate 
c ~ r n p l e x . ~ ~ ~ ~ ~ ~  Jain has studied complexes containing mercury(I1) pseudohalides HgXz (X = 
SCN, CN) and polydentate ligands bis(l,2-diphenylarsino)ethane (bdpae) (28) and o- 
phenylenebis(dimethy1arsine) (diars; see 29 and 30) by recording their IR spectra in the region 
4000-200 cm11.523 

Tri(o-to1 1 stibine reacts with mercury(I1) halides in cold benzene solution to form 1:l 
complexes!2J Under reflux the stibine is chlorinated to R3SbC12 by HgC12, which is reduced to 
Hg2C12. In refluxing THF the products are RHgCl and RzSbC1.529 Triarylbismuthines 
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R3Bi (R = Ph, o-tolyl, p-tolyl) are chlorinated to RzBiCl by HgC12.529 The complex 
(Hg12-Ph2SbCHzSbPhz) is an insoluble yellow solid, which probably has a polymeric 
structure. 533 

56.2.4.9 Metal Ligands 

56249.1 Group IIIb and IVb compounds 

Mercury(I1) forms a lot of compounds containing Hg-Si,  Hg-Ge or H g 4 n  bonds. 
Suitable synthetic routes include the reactions of the appropriate R&H with R a g  and of 
R3EX with sodium amalgam (R, R' = alkyl or aryl; X = Cl, Br; E = Si, By reaction 
of BuiHg and R3SnH the compound (R3Sn)&g (R = Me, Et, Pr") is formed below -10 "C. 
Decaborane(l4), &&4, reacts with HgCl:! in diethyl ether to form (B1~H14-n)(HgCI)n (n = 
7, 8), but in THF or with HgBr2 reduction to dimercury(1) occurs.53B The complex 
(Me&)2Hg(BloHl& has been prepared from HgCI2 and (Me&)(B10H13) in THF with an 
"B NMR spectrum similar to the zinc analogue.539 

56249.2 Transision metals 

Mercury(I1) forms a series of cornpounds in which it is bonded to a transition metal to form 
heteronuclear Hg-M The most widely used synthetic routes have been reviewed 

Besides heteronuclear bonds M-Hg there are structural elements M-Hg- 
M! 550 e.g. (31), or cyclic arrangements as in or {($- 
Mek5H4)Mn(CO)2Hg) 4.416 A trigonal prismatic coordination of mercu has been reported in 
the green zerovdent mixed metal cluster [ H g { ~ t ( 2 , 6 - M e 2 ~ ~ ~ c ) 6 ~ ~ ~ ~  

56.2.5 APPENDIX 
56.2.5.1 Mereury(1) Compounds and Compounds with Mercury Oxidation Numbers Lower 

than +1 
Recently a review on extended linear chain compounds, including the species H g 3 - ~ s F 6  and 

H&gSbF6, has Two more members of this series, Hg3-gNbF6 and H B - ~ T ~ F ~  
have been prepared and their structures are reported.557 Both compounds are isostructural with 
Hg3+&F6 and consist of chains of metallically bonded Hg atoms in an incommensurate MF; 
host lattice.557 The new compounds HgJW6(M=Nb,Ta) are trigonal and can be obtained 
from Hg3-&€F6. They consist of hexagonal sheets of Hg atoms, which are separated by sheets 
of M F g i ~ n s . ~ ~ '  Mercury atoms in similar sheets can be found in the graphite intercalate 
KHgC4.559 Although the Hg-Hg distances are similar in both the intercalate and 
Hg3NbF6 (285 and 290 pm respectively), the sheets differ in that in the Nb compound each Hg 
has six nearest Hg neighbours and a formal charge of 1/3+, while in the intercalate each Hg has 
only three Hg neighbours and a formal charge of 0. 

The mercuz cations H$+, H$+, H&+ and Hg$+ have been studied by lWHgNMR 
spectro~copy.~ For H& the largest nuclear spin-spin coupling constant reported to date was 
observed. 

56251.1 Oxygen ligan& 

The structure of H&(NO& has been determined. There are discrete centrosymmetric planar 
Hg2(N02)2 units with Hg-Hg=251.6 2 pm. The NO2 ligand is monodentate through an oxygen atom with Hg-0 = 224(2) ~ r n . ~  b '  
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The crystal structure of H ~ , O ( O H ) ~ ( N O ~ ) ~  contains finite cationic chains 
[(Hg&(OH)4(N03)6]4+.562 These chains are joined together by weak van der Waals inter- 
actions between neighbouring Hg and 0 atoms forming ribbons running along the 
crystallo raphic a axis. The basic dimercury(1) nitrate contains linear infinite chains L[Hg20H- 
(Hg2)znl&. These are interconnected to a three-dimensional framework by nitrate ions coordi- 
nated to mercury (Hg-Hg = 249.9(3), 250.5(3) 2X).563 

In the crystal structure of the mixed valent compound Hg402(N03)2 there is a two- 
dimensional framework ?[ (Hg")z20(Hg~)l~2]'.sw A three dimensional structure is obtained by 
additional weak Hg-0 contacts via NO, anions. A novel mercury(1,II) compound has been 
reported. 565 

The structure of HgOI  is built up of layers with bond distances Hg'-Hg'= 253.4, 
Hg-0 = 213-216 and Hg-I = 305-314pm. The layers are connected by H g - 0  bonds 
(247 pm) to form a three-dimensional 

The compound K5Cs5[(Hg&WO(H20)(AsW9033)2] has been synthesized and its crystal 
structure determined. There are dinuclear Hgz+ cations, each coordinated to four oxygen 
atoms and inserted between two AsW9 groups (Hg-Hg = 244.6(6), 245.0(5), 252.1(6), 
254.5(6) ~ m ) . ~ ~  

56.2.5.2 Mercury(I1) Coordination Compounds 

56.25.21 General 

187 references.567 
Recently Constable's annual review of mercury coordination chemistry appeared, covering 

56.2.5.2.2 Halide IigandF 

The compounds (EtNH3)2HgC14 and (PrNH3)2HgC14 form ferroelastic perovskite layers.568 
With thermal and dielectric measurements several phase transitions were detected in the 
ferroelastic region at about 200 K. The compounds (MeNW,)HgX, (X = Br, I) can be obtained 
from stoichiometric mixtures of the methylammonium halo enides and the mercury(II) 
halogenides in methan01.~~ For X = Br the environment of H$+ is trigonal bipyramidal with 
Hg-Br = 252.7(2)-256.5(2) (equatorial) and 319.2(2) pm (axial). The bipyramids from double 
chains with MeNH; cations between them. The structure of MeNH3Hg13 consists of chains of 
corner-sharing distorted tetrahedra (Hg-I = 270.8(3) and 277.7(3) ~ m ) . ' ~ ~  Crystals of 
MeNH3HgC13 belong to the trigonal system (space group P 32) exhibiting two phase transitions 
at 215 and 330 IS. A three-dimensional ferroelectric character has been supposed on the basis 
of a low value of spontaneous polarization.570 

For the coordination compounds (LH),HgC14 and (LH2)HgCL (LH = N-ethylmorpholinium 
cation, LH2 = N-ammoniumethylmorpholinium dication) the crystal structures were deter- 
mined, Both compounds are composed of discrete monomeric [HgC14I2- units with H g 4 1  
distances ranging from 23943) to 256.2(3) pm.571 

The crystal structure of HgC12{P(2-thienyl)3}2 has been determined. The complex is found to 
be a distorted tetrahedral monomer with Hg-C1 = 253.9(2) and 251.9(2), Hg-P = 247.2(2) 
and 2 5 1 . 3 ( 2 ) ~ m . ~ ~ ~  The geometry about mercury has been compared with that found in 
HgC12(PR3)2 (R = Et or Ph). 

In the crystal structure of the complex salt Na[Hg4(p-C1)4(P(0)(OEt)2}8]-6H20 there are 
also contacts Hg-Cl  and Hg-P. The molecular structure consists of discrete eight-membered 
(Hg-Cl)4 rings with Hg positioned at the comers (Hg-Cl(mean)=285.3pm). Two 
P(0)(OEt)2 ligands are coordinated to each mercury atom (Hg-P (mean) = 240.2 pm)." 

The complex [HgBr2(P(CH2CH2CN)3}2].M~C0 is found to be monomeric, while in 
[HgCl2{P(CHzCH,CN),}1, there is a polymeric structure in which almost linear C1-Hg- 
P(CH2CH2CN)3 units are linked by chlorine atoms to give single chains.574 The geometry about 
mercury in the two complexes indicates tris(2-cyanoethy1)phosphine to be a strong u donor and 
comparable with triethylphosphine in its interactions with mercury(I1) halides. In the crystal 
structure of tris(ch1oromercurio)acetic acid dimethyl sulfoxide solvate, (ClHg)3CC02H.DMS0, 
the mean value for Hg-Cl is observed at 233 ~ m . " ~  

Chloro-bridged dimeric H&C@- anions are found in (TePh3)2[Hg2Cb].576 They consist of two 
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distorted HgC14 tetrahedra sharing an edge, with Hg--Cl= 268.4(2), 271.7(2) (bridging) and 
235.0(2) (terminal). 

HgC12 forms a 1 : I complex with 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) with 
hexagonal bipyramidal coordinated mercury.577 The chlorine atoms are strongly coordinated in 
the axial positions and the 18-crown-6 in the equatorial position (Hg-Cl = 231.4(1), 
H g - 0  = 282.5(4) pm).577 

The coordination compounds HgCI2-K2Cr2O7 and HgCh.(NH&Cr207 comprise Cr207 
groups which show no unusual features. In the ammonium salt, finite centrosymmetrical 
Hg2C1408 groups are present while infinite HgC1202 chains exist in the potassium salt.578 The 
centrosymmetric anion [Hg216]'- is present in (PPb)[Hg13]. In the anion two iodines bridge 
two HgIz units, and the coordination about mercury is approximately tetrahedral (Hg-I 
(terminal) = 270.7(1), 269.0(1); Hg-I (bridge) = 286.4(1) and 296.2(1) pm).579 

Cs2HgBr4 is representative of the /3-KzS04-type structure exhibiting several phase sequences 
upon cooling.580 The phase transformations are explained by a rotation wave through the 
HgBr4 tetrahedron. 

5625.23 Sulfirr ligands 
The compound (NBG)[Hg(SPh)3] consists of a rare example of trigonal-planar-coordinated 

Hg; there are no weaker, intermolecular Hg . - S axial interactions (Hg-S = 240,7(3), 
243.1(3) and 250.7(3) ~ r n ) . ~ ' ~  

56 2 5.24 Nitrogen and phosphorus ligands 

The c stal and molecular structures of HgN2S.NHJ and 2Hg(NH3)212.S4N4 have been 
reported%' In the former compound two Hg atoms are bridged to form eight-membered rings 
[Hg(N=S==N)I2. In addition, each Hg is coordinated by an NH3 molecule and by an N atom of 
an adjacent ring (Hg-N = 209.8(24) (2x) and 247.2122) pm). 2Hg(NH3)2I2-Sa4 is an inclusion 
compound with S4N4 molecules in the holes of the lattice of the large Hg(NH3)212 tetrahedra 
(Hg-N = 230 pm). 

The cationic eight-membered metallacyclic compound [Hp(p-dp m)2 DMS0)414+ 

troscopy. For the first time a metal-metal spin-spin coupling in [M2(p-dppm)2] rings 
without a formal metal-metal bond is reported (J(199Hg-199Hg) = 699-1061 Hz depending on 
the 

The bidentate ligands L = Ph2P(CH2),PPh2, n = 1,2 (dppm and dppe) form stable and 
isolable complexes of stoichiometry [H&]( 03SCF3)' using mercury(I1) trifluoro- 
methanes~lfonate.~~~ The lWHg NMR spectra of the [H&I2+ complexes consist of 1 :4 : 6:4 : 1 
quintets, indicating four equivalent phosphorus atoms to be coordinated to mercury. The first 
structurally characterized homoleptic phosphine complex of Hg" is present in 
[Hg(PMe2Ph)4][Ta2Cllo0].585 There are Hg PMe2Ph)4]2+ units with Hg-P (average) = 253.7 

study phosphine complexes of Hg" in solution. Data are reported for a series of mercury(I1) 
complexes HgX2{P(cyclohexyl)3}(PBu3) (X = Clod, 03SCF3, N03, CF3CO2, MeC02, Cl, Br, I, 
SCN, CN) in &chloromethane solution.586 The two-bond coupling 2J(P'-P) of these asym- 
metric complexes decreases with increasing coordination ability of the anion and range between 
198 and 85 Hz. Data are also presented for Hg(03SCF3)2{P(cyclohexyl)3)2 and 
Hg(03SCF3)2(PBu3), (n = 2,3 ,  4) which imply that the perchlorate anion may be more strongly 
involved in coordination to mercury, in solution, than the CF3SO; anion.586 

(CF$0y)4 has been prepared in high yield and characterized using P and P (  -HgNMR spec- 

and P-Hg-P = 102.4-111.9°. 31P and I (  *Hg NMR measurements have been widely used to 

5625.25 Metal ligan& 
The compound Hg9AsBiZBr12 is obtained by solid state reaction. The structure consists of a 

polymeric cationic framework i[Hg7(HgBr),Asi+] Figure 26) formed by chains of H a s  
tetrahedra, which are connected by mercury atoms$p7 At several positions this connection is 
truncated by terminal HgBr groups (Hg-As = 242.8-253.0 pm). 

Recently the cluster anion [Hg4Tel2I4- and the polymer [Hg2Te5I2- have been prepared and 
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characterized by X-ray structural analysis.588 The cluster anion contains tetrahedrally coordin- 
ated Hg” with Hg-Te = 270.6-298.3 pm. The anion in (PW),[Hg,Te,] consists of 
A[HgZTe5l2- chains. In the crystal structure of [RhzHgCl(p-H)(CO)z{p-(PhO)2PN(Et)- 
P(OPh)2}2] the rhodium and mercury atoms adopt a triangular structure with the rhodium- 
rhodium and rhodium-mercury distances corresponding to those normally found with formal 
Rh-Rh and Rh-Hg bonds (Rh-Rh = 276.2(1), Rh-Hg = 271.1(1) and 277.8(1) pm).589 

In [RU~(NO)(CO)~&H~ the mercury atom links two Ru3 trian ular units by bridging an 
Ru-Ru edge of each unit (Hg-Ru = 286.8(1) and 285.5(1) pm).’ An unusual asymmetric 
Rh-Hg-Rh bridge contains the crystal structure of [Rh&13(p-HgClj(CO)2(p-dppm)Z], in 
which only one Rh is oxidized by insertion into an Hg-Cl bond.’ The corresponding 
Pt-Hg-Pt chain in [(PPh&(2,4,6-C&$33)Pt]2Hg is a more symmetric one with R-Hg- 
Pt = 169.57(4)” and Pt-Hg bonds (263.7 pm) which are the longest so far described.592 
The compound [(CF3)3GePt(PPh3)2]2Hg contains a Ge-Pt-Hg-Pt4e chain of CZ 

symmetry with bond lengths Pt-Hg = 263.0(2) and 266.5(2) pme5” 
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51.1 INTRODUCTION 
Palladium occurs in combination with platinum and is the second most abundant platinum 

group metal (pgm), accounting for 38% of pgm reserves. The USSR produces over 50% of the 
world's palladium, which is more than double that produced in South Africa. Two major 
sources of the metal are braggite, a mixed sulfide of platinum, palladium and nickel, which 
contains 16-20% palladium, and michenerite (PdBi3). 

Wollaston discovered palladium in 1802 in the course of refining platinum and since then it 
has found industrial usage. 3n 1984 demand for palladium was 3.1million ounces compared 
with a supply of 2.9 million ounces. The major applications of the metal are in the electronics 
industry, where it is used as an alloy with silver as an electrical contact material or in 
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palladium-bearing thick film pastes in miniature solid state devices and in integrated circuits. 
These applications account for 41% of the demand for the metal. Palladium also finds 
widespread use in dentistry as it is as inert as gold but considerably less expensive: this accounts 
for a further 31% of demand. Other applications of palladium are in automobile exhaust 
catalysts (11%) and jewellery (6%). 

The metal exists as six naturally occurring isotopes: lmPd (0.8% relative abundance), lMPd 
(9.3%), lo5Pd (22.6%), '%Pd (27.2%) losPd (26.8%) and "OPd (13.5%). A list of the physical 
properties of the element are given in Table 1. 

Table 1 Physical Properties of Palladium 

Atomic number 46 
Atomic weight 106.4 

Cell constant A (nm) 0.389 
Atomic radius (nm) 0.1375 

Melting point ("C) 1554 
0.244 

Thermal conductivity (W m-' IC1) 15.3 
11.1 x 10-6 

Electrical resistivity p (ohm crn) 

Crystal lattice fcc 

Specific gravity (g 12.02 

Specific heat at 0 "C (J g-') 

Linear coefficient of thermal expansion (OC-') 

at 0°C 9.93 
at 20°C 9.96 

Binding energy (eV) 3.91 
Ionization potential (eV) 8.33 
Work function (eV) 5.32 
Tensile strength (annealed) (MPa) 165.5 
Young's modulus of elasticity (GPa) 117.2 

Hardness (annealed condition) 
Vicker's hardness number 41 

Emf us. Pr at 1000 "C (mv) -11.491 

Pauling electronegativity 2.2 

Palladium is one of the 4d transition elements and has the electronic configuration ls2, 2s2, 
2p6, 3s2, 3p6, 3d1', 4s2, 4p6, 4d1° with a completely filled 46 shell which is quite easy to break. 
The most characteristic feature of its chemistry is its similarity with platinum, its 5d congener. 
It differs from platinum in that it is more reactive and this is reflected in the chemistry of the 
metal in various oxidation states. Palladium has a well-established chemistry in the 0, I, 11 and 
IV oxidation states. Palladium(1V) complexes are less stable than the corresponding platinum 
compounds and are readily reduced to palladium(I1). PalIadium(I1) is the dominant oxidation 
state and usually the compounds are diamagnetic with low spin d8. Pd" is generalIy regarded as 
a class b (soft) metal and this is reflected in the rich chemistry with sulfur and phosphorus donor 
ligands (see Sections 51.8 and 51.9). However, palladium(I1) will also complex with hard ligands 
such as oxygen and nitrogen (Sections 51.4 and 51.5). There is also an extensive organometallic 
chemistry of palladium(II), which has been dealt with in a companion volume.2 

Palladium(1) complexes are in general dimeric or oligomeric and consequently, although they 
have a d9 configuration, they are usually diamagnetic. The chemistry of this oxidation state is 
discussed in Section 51.3. Unlike most transition metals, the chemistry of low valent palladium 
is not dominated by carbonyls: [Pd(CO),] is only stable at 80 K in a matrix. As with platinum, 
the most common complexes are those containing phosphines, where complexes of the type 
[PdL,] (n = 2,4) have been isolated. The chemistry of palladium(0) is dealt with in Section 
51.2 and elsewhere.2 

Palladium(V) and palladium(II1) complexes have dso been reported. Two complexes of 
palladium(V) have been isolated: (02)[PdF6] and Na[PdF6]. These were formed by the 
oxidation of PdF4 in HF with KrF2 in the presence of O2 and NaF re~pectively.~ The dioxygenyl 
salt may also be prepared by the reaction of palladium powder with an Fz/02 mixture at 320°C 
and 60000psi. The Rarnan spectrum of [PdF& is comparable with other MF6 ions, showing 
bands for vl, v2 and vf at 643, 570 and 268 cm-*. 

Compounds of palladium(II1) are also extremely rare. PdF3 and [PdX3(amine)] do not have a 
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d7 configuration but have been shown to consist of two metals, one divalent and one 
tetravalent. However, palladium(II1) dithiolene complexes have been prepared by the 
oxidation of the corresponding divalent dithiolene compound and the EPR spectrum has been 
reported in liquid or frozen s ~ l u t i o n . ~ , ~  For complexes (1)-(3) the single crystal EPR spectra 
have been ~ t u d i e d . ~ , ~  These show an intense line due to those palladium isotopes without a 
nuclear spin and a hyperfine sextet resulting from the interaction of the unpaired electron with 
lo5Pd ( I = $ ) .  It is perhaps worth emphasizing that dithiolene ligands are known to form 
complexes where the oxidation state of the transition metal is u n u ~ u a l . ~ ~ ~  

(1) (2) (3) 

Further details of common palladium precursors and general palladium chemistry may be 
found in refs. 2 and 9-12. 

51.2 COORDINATION COMPLEXES OF PALLADIUM(0) 

51.2.1 Introduction 
Palladium(0) compounds have a d" configuration and unlike most transition metals this 

oxidation state is dominated by phosphine complexes rather than carbonyls. In fact binary 
carbonyl Complexes with palladium are unstable at room temperature. The highest coordina- 
tion number known for PdO is four and [PdL4] complexes adopt a square planar structure. 
Dissociation of ligands from [PdL,] occurs readily to generate the 16- and 14-electron species 
[Pdb] and [Pdkj:  these are tri onal planar and linear respectively. Another notable feature of 
Pdo is that facile oxidation to d Pd" occurs. 

A review on the organometallic complexes of palladium(0) has been published recently in a 
companion volume'3 and here we restrict ourselves to considering areas of particular interest to 
coordination chemists. 

Q 

51.2.2 Phosphine and Phosphite Complexes of Palladiam(0) 
These are readily prepared by the reduction of palladium(l1) compounds in the presence of 

excess phosphines (equation 1). Typical reducing agents include copper,14 hydrazine,15 
borohydride,16 propoxide" ions and alkylaluminum compounds. lS7l9 The palladium precursors 
may be simple salts such as PdC12 or PdO,', complexes such as [PdC12L#5 (e.g. L = PPh3) or 
p-diketonate compounds.20 The latter complexes undergo facile reduction and a range of 
organic reducing agents which contain an activated hydrogen have been employed .21 

(1) 
i, reductant 

ii, phosphine 
Pd" - [PdP,] 

A range of methods for the preparation of [Pd(PPh&] are exemplified in Scheme 1. 
Triphenylphosphine has been the most widely employed hos hine;14 however, complexes 

fashion. 
incorporating PF3,I4 phosphites" and arsines and stibines F P  have been prepared in similar 

PdO ck -[Pd(Me)z(PEt3),] 
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The lability of the ligands in [PdL,] is a convenient tool which has been used in the synthesis 
of mixed ligand complexes (see Scheme 2).21,24,25 

[Pd(PPh,),] + 2SbPh3 * [Pd(PPh3)z(SbPh3)z] 

Scheme 2 

A novel method of preparing palladium(0) mixed phosphine complexes was reported by 
Fahey (equation 2).% 

hum - [PdBr( Ph) (PEt,),] + LiPPh, - [ Pd( PPh3)( PEt3)2] (2) 

[PdL3] complexes have been prepared by reaction (3).27-29 

L = PPh3, P(OPh)3, P(4-ClC6H,+)3, P(4-MeC&14)3 

The monomeric 14-electron complexes [PdL] have only been isolated where L is extremely 

Confirmation that the equilibria (4) and (5) are dependent on the steric bulk and basicity of 
bulky, e.g. PBuj, P(C6H11)3, P B u ~ P ~ . ~ '  

the phosphine has come from 31P NMR ~ t u d i e s . ~ ~ , ~ ~  

[PdL,] e [ P a ]  + L  
[Pas ]  [PdL]+L 

The structures of the complexes [PdL] (L = P(GH&, PBuiPh) have been confirmed by 
X-ray studies on single ~ r y s t a l s . ~ ~ , ~ ~  Although these compounds both exhibit Cz symmetry, the 
tricyclohexylphosphine complex is bent (F-Pd-P = ISSO), whereas the di-t- 
butylphenylphosphine complex is linear (P-Pd-P = 170"). An adequate explanation of these 
differences has not been made; however, they are not due to packing effects. 

Palladium(0) complexes undergo oxidative addition to form Pd" d8 complexes readily. They 
form hydrido, chloro or dichloro species with HC114-w*35 and also react with alkyl and aryl 

These reactions are exemplified in Scheme 3. 

[PdL"I I fy po* L 

H\ / L=PPh,; n = 4  PPh3 
L = P(c&II)3; n = 3 

Pd 
c1 PPh3 L/ \ 

I 

R\ / 
,pd\ 

R\Pd/ 
/ \  

Ph3P c1 
n =: 4; R = PhCH2, CH,C&,CN 

Ph3P 
n = 4; R = Me, Ph 

Scheme 3 
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The oxidative reactions of palladium(0) compounds with a range of organic compounds are 

A range of main group organometallic compounds such as Cd(GePh3 2, PhgbPbPh, and 
described in ref. 13. 

Hg{Ge(C,$5)3}2 have been shown to react with [Pd(PPh&j to form Pd 21 compounds which 
contain Pd-M bonds.53J4 

RN3 (R = Me, Et)55 and an isonitrile dichloro compound has been isolated from reaction (6). 
The azide complex [Pd(N3)2(PPh3)2] has been prepared from the reaction of [Pd(PPh3),] with 

RNCC1, -k [Pd(PPh,),] - IPdClz(CNR)(PPh3)]56 (6) 

The dimeric complex [Pdz(dppm)3] has been shown to react with iodine or pentafluorophenyl 
disulfide to form paUadiurn(1) adducts [Pd2\dpprn),X,] (X = I, SCJ?5). Further reaction with 
oxidant gave the d8 species [Pd$dppm)X,J. [PdL,] species are known to react with small 
molecules such as NO, SO2, CS2 and OZ5 

The complexes [P&(02)] are active oxidizing agents and oxidize C02,5961 SOz, N022,63 
and NO5* (see Scheme 4). The rate of oxidation increases in the order L = PPh3 < C&IIINC < 
P B u ~ . ~  

to form [PdbL’]. 

Scheme 4 

51.3 PALLADTCTM(0 COMPLEXES AND CLUSTERS 

51.3.1 Introduction 

In 1971 only two complexes of palladium(1) had been identified.6s Although the area has 
grown significantly, the relative paucity of palladium cluster compounds can be attributed, in 
part, to the surprising weakness of palladium-carbon monoxide bonds and in particular those 
where CO is bound terminally. In this chapter the chemistry of palladium(1) and clusters of 
palladium in other oxidation states will be considered. However, complexes containing organic 
ligands such as allyl and cyclopentadienyl will not be dealt with as this area has been reviewed 
recently in a companion voIume.66 

Palladium(1) complexes should be paramagnetic, having a d9 configuration; generally, 
however, those characterized complexes are diamagnetic and multinuclear. Over the past eight 
years an extensive chemistry of palladium dimers containing bidentate ligands with a small bite 
angle, such as PhzP(CH2)PPhz and, more recently, diphenylphosphinopyridine (4), has been 
developed. 

0 N/ PPhz 

(4) 

51.3.2 Dinuclear Complexes 

51.3.21 Isonih.ile complexes 

compound has been prepared in high yield by reaction (7).68 
The first reported palladium(1) isonitrile complex was [Pd&lz(BuWC)4] .67 More recently this 
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[Pd2(dba).J + 2[PdCl,(PhCN),] + 8Bu'NC --* 2[PdzCI,(Bu'NC),] + 4dba + 4PhCN (7) 
dba = dibenzylideneacetone (1,5-diphenyl-l,4-pentadien-3-one) 

The related compound [Pd2(CNMe)6]2+(PF;)2 has been prepared from the reaction of 
Na2[PdCL] with MeNC followed by treatment with N m F 6 .  Equivalent conductance measure- 
ments have shown the species to be dimeric and the IR spectrum indicated the presence of 
terminal and not bridging isocyanide ligands.69 A single crystal X-ray determination has shown 
this complex to have the structure (5) with a palladium-palladium bond of 2.5310(9) 8, and in 
which the isocyanide ligands adopt a staggered c o n f i g u r a t i ~ n . ~ ~ ~ ~  While the 'H NMR spectrum 
of this compound in acetone-& was consistent with the solid state structure at -30 "C, at higher 
temperatures the two methyl signals coalesced and this fluxionality was later rationalized in 
terms of an exchange mechanism similar to that for [Pd2(Ph2P(CH2)PPh2}2(CNR)z](PF6)2. 

2 +  

Me 
N 
C 

[Pd2{Ph2P(CH2),PPh2}2(CNMe)Z](PF6)2 has been prepared from the reaction of 
[Pd2(CNMe)6 PF6 with Ph2P(CH2),PPh2 (n = 2, 3 or 4). The structure (6) is consistent with 

behaviour has been rationalized in terms of a transient polarization of the Pd-Pd bond to give 
PdO-Pd" intermediates. The pseudotetrahedral geometry created at PdO permits the two ends 
of the phosphine to become equivalent and reversion to planar geometry permits the 
interchange of axial and equatorial sites. A complex [Pd2{ Ph2P(CH&PPh(CH&PPh2}2](PF& 
(7) has been prepared from the reaction of [Pd2(CNMe),](PF6), with t r i p h ~ s . ~ ~  However, 
attempts to prepare palladium(1) complexes from the reaction of [PdC12(FhCN)2] with 
bis(diphenylphosphinomethy1)phenylphosphine resulted in the formation of (8). 

the 'H and I' 'P NMR ) and IR characterization studies. This compound is fluxional and its 

I I 
Pd -PPh2 
I /  

I Lh2-7d I Ph 

f 
/Pd\ 

PhZP, ,PPh, 

c1 c1 
(7) (8) 

The Pd-Pd bond can be cleaved using UV light. UV irradiation of a frozen solution of (5) 
in an EPR cavity indicated the presence of a metal-based radical with g = 2.12. Irradiation of a 
solution of (5) in CX,  (X = C1, Br) gave [Pd1'X(CNMe),]PF6 and with JPt2(CNMes)](PF& 
present the heterobimetallic complex [PdPt(CNMe)6](PF6)2 was ob~erved.~ 

51.3.2.2 Phosphine complexes 

[Pd2C12$p-dppmz)J (9) has been synthesized by the reduction of [PdC12(dppm)], from 
[Pd2C12(q -C3H&], from a cyclobutenyl derivative," from [Pd,(dba),] or [Pd(PPh&] and 
[PdC12(PhCN)2]?4+76,n and from [ (PdCl(CO)},] (see Scheme 5).78 
The heterobinuclear complex [PdPtClz(p-dppm)z] can also be prepared by treating the 

product from the reaction of dppm and [Pd(PPh,),] with [P~C~~(NCBU')~], '~ The corresponding 
bromide, iodide and thiocyanate dipalladium and palladium-platinum complexes have been 
prepared by metathesis of the dichloride (9) with NaX.76 
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C1-dd-dd-Cl dppm 
I I  

Ph2P-PPh, 

cl+ 
R = 4-MeCJ14 

[Pd(PPh&] + IPdCl&'hCN),] Pd2(dba)3] + IPdCW'hCN)aI 

dba = PhCH=CHCOCHPh 
Scheme 5 

For both the dipalladium and palladium-platinum complexes the metal-metal bond is 
unusually reactive and a number of small molecules undergo an insertion reaction with (9) to 
give (10; equation 8). The corresponding sulfide-bridged dipalladium dimer can be prepared 
from the reaction of S8 or MeC- with (9).83 A mixed rhodium-palladium dimer can also 
be prepared from (9) (see Scheme 6).s" 

PPh, PhJ'?Ph2 
n 

I I I I 
I * 1  I 

-PPh2 
I 

PhzP 

CI-PCC-M-CI A, CI-Pd, ,M-Cl 

PhzP \/PPhZ PhzP 

(9) (10) 

M = Pt; A = CO, CS2, SOa, Me02CGC02Me74*76 

M = Pd; A = CO, SO*,, Me0,CC&0,Me7P-82 

Scheme 6 
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Table 2 Pd-Pd Bond Lengths in Palladium(I) dppm Complexes 

Pd-Pd bond length (A) 
2.699 
2.652 ' 
3.258(2) 
3.383(4) 
3.492( 1) 
3.274 
2.586 

Refs. 

78 
85 
79 
79 
83 
86 
87 

The structural determinations on a number of these palladium dppm dimers have been 
carried out and the palladium-palladium bond lengths are summarized in Table 2. 

Diphenylphosphinopyridine has been used in the synthesis of a range of hetero- and 
homo-metallic dimers of palladium(1) (see Scheme 7) .w91 These compounds have been 
extensively characterized by NMR and IR spectroscopy. 

A structural determination on (11; Scheme 7) showed an Rh-Pd bond length of 2.594& 
which is indicative of a metal-metal b ~ n d . ~ ' , ~ ~  One of the ruthenium-palladium complexes has 
been isolated and shown to have the structure (Iza), where the palladium-ruthenium bond 
length is 2.66 A and the P'RuPd angle is 74.7°.90 

The Pd-Pd bond in (13; Scheme 7) is not as reactive as in the dppm complexes. This 
compound is carbonylated to give terminally bound CO groups as shown by IR spectroscopy. 
As would be predicted, the CO is bound weakly and attempts to isolate the product resulted in 
recovery of starting materials.89 The metal-metal bond is also preserved on reacting (W) with 
MeNC. The product [Pd2(CNMe)4(PPh2py)z](PF6)2 is believed to have uncoordinated pyridine 
from the similarity of its spectra with those of the corresponding PPh3 compounds. The lack of 
reactivity of Pd-Pd in (W) has been ascribed to the inflexibility of the ligand and the ease of 
replacement of the pyridine nitrogen." 31P NMR data on selected diphenylphosphinopyridine 
complexes are given in Table 3. 

Mixed metal dimers have also been prepared from ~uns-[MClzL] species (see Scheme 

Pd-Pd bonds have also been observed in thiophosphide complexes as illustrated below. A 
crystallo ra hic study of (14; equation 9; L = MeNC) confirmed the structure with Pd-Pd 
2.608 A!'*' 

8)*87*92-94 

R 2 P 4  

(9) 
I I  
I I  

[Pd(PR,),] + R;P(E)H [€'yz[&P] GPd-Pd-L 

Rz S-PRZ 

R, R' = alkyl, phenyl; E = S, Se,  (14) R = Et, Ph; L = P(OPh&, PPh(OPh)2, 
MeNC, Bu'NC, dppm 
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Table 3 31P NMR Data on Selected Diphenylphosphinopyridine Complexes 

6 (p.p.m.) J‘(Rh-P) (Hz) J(P-P)  (Hz) 

HT [F&PdCl,(CO)(p-PF’h,py)] 21.9,16.2 112.7 (2.3) 17.4 
HT [ R ~ P ~ B ~ ~ ( C O ) ( ~ - P P ~ , P Y ) I  19.6,14.3 ’ 112.0 (2.9) 17.3 
HT [RhPdCl,(CNMe) 2( p -PPh,py)]PF6 26.9,17.5 108.9 (1.6) 
HH [ RhPdCl,( CNMe),( p -PPh,py)]BPh, 7.9 94.2 
HT [RhPdCl,(CNMe),(r-PPh,py)]BPh, 27.6 109.3 17.1 

[PdZCI*(fi-PPh,PY)*l 23.8,29.3 
[Pd(CNMe)4(PPh2PY)21 (pF6)2 11.8 

51.3.3 Trinuclear and Tetranuclear Clusters 

There are few characterized Pd3 or Pd4 clusters; however, the structures of the compounds 
isolated embody a variety of geometries. The most common structure encountered for Pd3 
species is a triungulo arrangement. Otsuka et al. have described the synthesis of the sulfur 
dioxide-bridged complex [Pd3(S02)2(B~tNC)S]-2C& from the reaction of [Pd(Bu‘NC)2] with 
SO2. The compound was originally formulated as a dimer;97 however, a crystallographic study 
has shown it to be a triangulo species (E) with Pd(1)-Pd(2) and Pd(1)-Pd(3) bond distances 
of 2.734 8, and Pd(2)-Pd(3) 2.760 A.98 

Triangulo diphenylphosphido species have been generated and these are illustrated in 
Scheme 9.w The structure of (16) has been confirmed crystallographically; the metal-metal 
bond len ths are 2.90 A.1oo The complex [Pd3C12(PPh2)2(PPh3)3], originally prepared by 

identical with (16).lo2 
Coulson,l Q has been reformulated as (17), where the metal-metal distances are virtually 
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But 
N 
C 

I"  
Pd(1) 

O 2 S 7  \'soz 
ButNC,\ / ,CNBu' 

Pd(2)- Pd(3) 
I I 

Scheme 9 

Although binary palladium carbonyls have yet to be isolated, phosphine-stabilized systems 
do exist. Thus [Pd3(CO),(PPh3),] (x  = 1, y = 3; x = 3, y = 3, 4) has been prepared by the 
reaction of [Pd(aca~)~] with CO in the presence of triphenylphosphine and 
triethylaluminum'03~1~ or by the carbonylation of [PdC12(PPh3)3] in methanol containing 
amines.'05 [Pd3(C0)3(PPh&] loses triphenylphosphine at 500 atm of CO to form [P&(C0)3- 

This unusual cluster 
alladium atoms, each palladium atom having a square planar 

(PPh3)] .lO6 
Balch et al. have described the preparation of (18; equation 

contains a linear array of 
geometry and Pd-Pd 2.592 x . 

Me Me Me 

[Pdz(CNMe6)I2+ + [Pd(CNMe),] - [Pd3(CNMe)8]z+ 

(18) 

While palladium acetate exists as a trimer with acetate bridges in both solution and the solid 

The reaction of [Pd2C12(dppm)2J (9) with metalloanions yields trimers and tetramers (see 
state, the metal-metal distance is too long to invoke a Pd-Pd bond.108*109 



11 10 Palladium 

Scheme lo).'' The structural determination of (19) revealed the following bond lengths: 
Pd-Pd 2.586(1) A, Pd(2)-420(2) 2.729 A, Pd(1)-Co(1) 2.511(1) A. 

Scheme 10 

While palladium carboxylates generally decompose in a CO atmoshere to give metal, the 
compounds [Pd(O2CR)(CO)].nRC02H (n=O, 0.5; R=Me,  CD3, Et or Ph) have been 
prepared from the corresponding Pd" acetate in carboxylic acid-benzene solution. A 
crystallographic study on the acetate complex showed it to have the tetrameric structure 
(20).l1O The compound consists of two dimeric palladium(1) units linked by acetate bridges. 

n 4---yo C 
Pd(l)--Pd(2) 2.663A 0 0 = 0 
Pd(lEPd(3) 2.909 A 

(20) 

A Pd4 species has been isolated from the reaction of CO with [Pd(NO,),L] (L=PPh3, 
PPh2Me, PPhMe2). The complex has been shown to have the nido structure (21) with Pd-Pd 
(bonded) 2.750 %, and Pd-Pd (non-bonded) 3.365 8L.l" 

51.3.4 High Nuclearity Clusters 

A number of reports of high nuclearity palladium clusters have been made in recent years. 
Palladium halocarbonyl clusters of unspecified nuclearity [PdX(CO)], (X = Cl, Br) have 

been prepared by several groups of workers through the carbonylation of [PdCl,(MeCN),] or 
PdXz (X = C1, Br).'12114 These decompose in solution to give Pd" and Pd'. When Na2[PdCb] 
was used as a precursor, then an anionic palladium(I1) dimer (22) re~u1ted.l'~ 
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[Pd,(C0)7(PMe3)7] has been isolated from the reaction of (23) with C0.'15 This cluster has a 
monocamed octahedral structure with one Dhosohine attached to each Pd atom. Four of the 
carbond &ligands bridge the octahedral face;, w lke  the other carbonyls edge bridge (PcCPd 
2.79(2) A). 

A number of clusters have been prepared from [P~,(OAC)~] as indicated in Scheme ll.1'6*117 
The structural determination of (24) (R = Bun) has been carried out. The molecule consists of a 
P& octahedron with four Pd atoms unsymmetrically centred on non-adjacent faces (Pad-- 
Pdcapped 2.709 .$; Pdm-Pdm 2.825 .$; Pdapic-Pdcapped 3.300-3.422 A). The Pd4 cluster (25) is 
tetrahedral with symmetrically bridging CO ligands (Pd-Pd 2.778-2.817 A). 

[Pdlo(CO)l4(PBu;)l 

Pd:P = 1:l 5 

Pd.P= 1:4 tO 1.10 

IPd~o(~3-CO)o(CL2-CO)8(PR3)61 
(24) 

11 McC0,H 

[P&(co)#%)d 
(25) 

[Pd,(OAc),] + CO + PR, 

Scheme 11 

High nuclearity Fe-Cd clusters have been prepared from the reaction of iron cluster anions 
with palladium salts (see Scheme 12).*18 Complex (26) has an unusual structure: the metal 
framework consists of a trigonal antiprismatic array of six Pd atoms where the six Fe atoms cap 
the lateral faces: 12 of the carbonyls are terminally bound to Fe (two per atom), six bridge the 
Fe-Pd bonds and six triply bridge the FePdz triangles. It is interesting to note that each Pd is 
bound to three different CO groups and the P d - C  bonds are shorter than in the FeQd cluster 
(27). There are two Fe-Pd bond lengths (2.698 and 2.609A) and two Pd-Pd bond lengths 
(2.810 and 2.948.$). The formation of these Pd8e6 species has been rationalized in terms of 
loss of CO terminally bound to Pd from the hypothetical Pd3Fe3 species (28) to give 
[Fe3Pd3(C0)1z]2-. Subsequent condensation of two dusters in a staggered conformation along 
the C3 axis would result in formation of the Fe6Pd6 cluster.118 

MySO 

MeCN 
[Fe6Pdb(CO)24EI]3- = [FeiP&(CO)J- + H+ 

TMBA = PhCH,NMe; 
Scheme 12 
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CO 

(CO),Fe-PbFe( CO), 
I 

\ /  \I 
Pd - Pd, 

(28) 

51.4 PALLADIUM(II): OXYGEN DONOR COMPLEXES 
51.4.1 Introduction 

Palladium(II), as a soft metal ion, does not form strong bonds with oxygen donors and 
therefore complexes with unidentate ligands readily undergo substitution reactions. The chelate 
effect leads to a greater number of stable complexes for bidentate ligands. Oxygen donors can 
also be stabilized by incorporation in a bidentate ligand with other more strongly binding atoms 
such as nitrogen or sulfur. 

51.4.2 Palladium(1I) Complexes of Oxygen-containing Solvents 

Oxygen-containing solvents such as water, alcohols or ethers are such poor donors that few 
complexes with pailadium(I1) have been isolated. The most important class of complexes of 
this type consists of those containing water, which are formed as intermediates in the 
substitution reactions of palladium(I1) when carried out in aqueous solution. In these reactions 
their formation is in competition with the second order reaction of the complex with the 
incoming ligand. The aqua complexes can also be formed by reaction of halo complexes with 
silver salts (e.g. NO,, C104, BF4) in water. These complexes are acidic, being in equilibrium 
with hydroxo complexes in neutral or basic media. 

Reaction of halo complexes with silver perchlorate or tetrafluoroborate e uation 11) has 
been used in the preparation of a number of complexes [Pd(dppe)S2]Y2.'19, Products have 
been isolated with acetone, water and 0-bonded DMSO. With methanol or THF attempts to 
isolate the complexes yield only [PdY2(dppe)], while with ethanol attempted isolation results in 
the formation of Pd metal. Dimethyl sulfoxide normally shows the expected preference of 
palladium(I1) for metal-sulfur bonding; however, steric effects can alter this preference leading 
to metal-oxygen bonding, for example [Pd(DMS0)4J exists as ~is-[Pd(DMSO)~(DMs0),12f. 
As the alkyl groups become bulkier, the trans isomer is preferred (e.g. trans- 
[ P ~ ( B U ~ S O ) ~ ( B U ~ ~ O ) ~ ] ~ ~ )  and finally all ligands become oxygen-bound, e.g. [Pd((i- 
C5H11)2SO}4]. 121-1w While the complexes [Pd(dppe)(DMSO)2]Yz are stable in solution and in 
the solid state, the mono-DMSO complexes are not. The palladium-oxygen bond is very labile 
and in CH2C12/DMS0 solution the DMSO ligand readily reduces to dimethyl sulfide (Scheme 
13)- 124 

(11) 

( 7  

[PdCl,(dppe)] + 2AgY A [Pd(dppe)S,]Y2 

S = solvent; Y = ClO, or BF, 

I(PdC1(dppe)),]Y2 + 2DMSO e 2[PdCl(dppe)(DMSO)]Y - 
[PdCl(dppe)(SMi=JlY - [{PdCl(dppe)},]Y, + 2SMe, 

Scheme l3 

51.4.3 Palladium(I1) Complexes Containing Simple Oxyanions 
Hydroxo complexes are in equilibrium with aqua complexes in water, as indicated above, but 

they have rarely been isolated. In a non-aqueous medium hydroxo complexes can prove quite 
stable; for example, reaction of [PdC12(PPh3)2] with AgBF4 in moist acetone yields the 
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hydroxo-bridged dimer [Pd2(OH)2(PPh3)4](BF4)2. This complex does not react with excess 
PPh3 in contrast to the chloro-bridged analogue, which reacts by bridge ~1eavage.l~’ 

Anions such as sulfate and nitrate bond weakly to palladium, forming complexes which 
dissociate to a significant extent in water or any donor solvent. They may be isolated from 
concentrated aqueous solutions following reaction of [PdClZb] (L = neutral donor) with AgX 
(X=$04 or A variety of complexes containing triphenylphosphine may be 
prepared by reactions of [Pd(0z)(PPh3)z] with the appropriate oxide (equations 12-14). 

[WO,)(PP~~)ZI + CO, IPd(C03)(PPh3)zl’29 (12) 

The sulfato and nitrato triphenylphosphine corn lexes were also obtained by the reaction of 
sulfuric or nitric acid with [Pd(PPh3)4] in ethanol.’ Nitrato complexes can also be prepared by 
isolation of [Pd(N03)2(H20)2], obtained by dissolution of Pd metal in concentrated nitric 
a ~ i d , ~ ~ ~ , ~ ~ ~  and subsequent reaction with ligands L (e.g. b = 2,2’-bi~yridyl).l~~ A crystal 
structure determination has been carried out for the complex ~~S-[P~(N~~)~(DMS~)~J.’~~ 

P 

51.4.4 Palladinm(II) Complexes Containing Alkoxide Ligands 

Palladium alkoxide complexes are thought to be formed in the reactions of alcohols catalyzed 
by palladium(I1) chloride. These reactions include the oxidation of alcohols, yielding acetals or 
 ketone^,'^'^'^* and their carbonylation yielding esters. 13’ Alkoxide intermediates are also 
thought to be involved in the reaction of sulfur dioxide with [PdClz] suspended in alcohol 
(equation 15). 140,141 

2S0, + 2ROH + 2PdC12 - tra~s-[PdzC1,(SO,OR),IZ- 
R = Me, Et, Pr 

As with many other examples of palladium compounds containing oxygen donors, alkoxide 
complexes have very rarely been isolated. Two compounds which have been obtained are 
trans-[Pd( OMe)( CN) (PEt3)2] 14’ and the methoxide-bridged dimer [ Pdz(p-OMe)2(2,2 ,6,6- 
tetramethylheptanedionato)~] . 143 

51.4.5 Palladium(II) Complexes Containing Carboxylate Ligands 

Palladium forms binary complexes [Pd(02CR)2], with monocarboxylic acids. 144~145 The value 
of n varies under different circumstances. A crystal structure determination for [Pd(02CMe)z], 
confirms a trimeric form for this compound in the solid state. This structure (29) allows each 
palladium atom to retain essentially square planar coordination with each acetate ligand 
bridging two metal atoms. Depending on the solvent, monomeric, dimeric or trimeric forms 
may exist in solution. 14’ Different carboxylate ligands also give different positions of 
equilibrium with, for example, the fluorocarboxylates giving preference to the monomer. In 
substitution reactions with unidentate ligands such as PR3 or AsR3 these complexes react to 
give products containing monodentate carboxylates [Pd(OZCR1)L] (L = PR3 or AsR3). 
Reaction of [PdL4] (L = PPh3 or iPh2PCH2CH2PPh2) with dibenzoyl peroxide at room 
temperature also yields complexes [Pd(OZCPh)b]. 148 Reaction of Pd OzCR)2], with bidentate 

Reaction of [PdC12(diene)] with silver carboxylates yields complexes [Pd& 
carboxylate)2(carboxycyclo-ene)~] .149,150 NMR studies have shown that both the bridging 
carboxylate and the ‘ester’ carboxylate exchange with free carboxylate in solution in 
independent equilibria, the exchange of the bridging ligand being rapid on the NMR timescale 
at ambient temperat~re.’~’ NMR studies have also been carried out on other cornpiexes 
[Pdz(~-OzCMe)z(r3-C3H5)2]1s1 and [Pd2(p-O2CR)2XL] (selection of R = Me, CF,, m e 3 ,  
CPh3, CC13, CH,Cl, CH,Br; X = C1, Br, I; L = PMe2Ph, A ~ M e ~ p h ) ’ ~ ~  containing bridging 
carboxylate ligands. The complexes undergo rapid conformational exchange involving sol- 
volysis of one metal carboxylate bond to give a mono-p -carboxylate intermediate. Involvement 

ligands leads to complete displacement of the carboxylate Iigand.’ L (  
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of the solvent was shown by the study of complexes [Pd~{0~C(CH2)~C02}C1z(PMezPh)2] in 
which the two bridging carboxylate groups are linked, and the marked effect of the addition of 
small amounts of different solvents to CHC13 solutions of the com lexes on the coalescence 

Dicarboxylic acids form monomeric complexes with palladium(II), Kz[Pd(Xz)2] (X, = 
oxalate, malonate, They may be prepared by warming a suspension of palladium(I1) 
chloride with a concentrated solution of the alkali metal dicarboxylate or by using other 
palladium complexes containing readily substituted ligands such as [Pd(OH),], 
[Pd(N03)2(Hz0)2] or [Pd(OzCMe)2]3.155 These complexes are claimed to have useful anti- 
tumour ~r0per t ies . l~~  Complexes [Pd(Xz)L] (X2 = dicarboxylate; L = amine or L = diamine) 
may be prepared by reaction of the dichloro complex with a carboxylate salt.156J28 

temperature for the two methyl resonances of the PMezPh ligands. 12 

* 51.4.6 Palladium(I1) Complexes Containing /LDiketonate Ligands 

Palladium(I1) P-diketonates may be prepared by reacting [PdClz] with the p-diketone and 
potassium hydroxide, 15’,15* or by treating a methanolic solution of Naz[PdzC16] with excess 
P - d i k e t ~ n e . ~ ~ ~  

Crystallographic studies of [Pd{PhC(0)CHC(O)Me}2], cis159,’60 and trans’61 isomers, show 
that the complexes have almost perfect square planar geometry indicating the suitabilit of 
j?-diketones as chelating ligands for palladium(I1). The palladium-oxygen bonds are 1.98 1 in 
length. Considerable effort has been given to the analysis of the infrared spectra of these 
compounds. The spectra are complex, requiring isotopic labelling (e.g. with lMPd and 
110pd163) to confirm assignment of bands. 

Substitution and exchange kinetics for [Pd(aca~)~] have been studied where the kinetic 
equations derived are those typical of square planar substitution reactions.164Ja The 
substitution chemistry of palladium P-diketonates is complex due to the many coordination 
modes ado ted by these ligands: 0,O-chelates, q3 bonding,’@ P t 4  bonding through the y 
carbon, 166~1g singly 0-bon~ied.l‘~ The complex [Pd(hfa~)~] reacts with PPh3, P(o-tolyl)3169 or 
Ph2PCJ-LP(Ph)CzH4PPhz (triphos)”’ to form five-coordinate compounds. Two of these 
compounds [Pd(hfa~)~{P(o-tolyl)~}] and [Pd(hfac)(triphos)] have been studied by X-ray 
crystallography and both have essentially square pyramidal geometry. The apex of the pyramid 
is occupied by an oxygen atom of hfac with the bond being significantly longer than normal 
(2.80 A and 2.65 8, respectively). Variable temperature NMR studies indicated rapid in- 
tramolecular exchange involving the apical 0 site. There was no evidence of similar 
five-coordinate compounds being formed for other /3-diketonates, e.g. acac, tfac.16’ 

The extent of substitution for these complexes is governed by a combination of the steric 
requirements of the incoming nucleophile and electronic factors. The mode of bonding of any 
remaining b-diketonate ligands is generally governed by electronic effects. Thus with a series of 
nitrogen donors complexes [Pd(O, O-hfac){CH(OCF3)z)L] (L = NHMe2, 2,ddimethylpyridine, 
2,4,6-trimethylpyridine) may be obtained. 67 Displacement of one /3-diketonate ligand yields 
complexes [Pd(hfac)L&hfac) (L = Ph3As, &(PhzAs)2CHz, NMe3, NHMe2, ButNC, phenothi- 
azine, phenoselenazine, 4bipy and itetrathiana~hthacene’~~ or aniline172) or complexes 
[Pd(acac)b]BF4 after treatment of [Pd(acac)2] with H B S  and L (L = PEt,Ph, PPh3, 
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P(4-C&I&e)3 or AsPh,). 173 In contrast to the reaction of [Pd(hfa~)~] with aniline, [Pd(a~ac)~] 
yields an anilide-bridged dimeric complex [Pd(a~ac)(p-NHPh)]~.~" Reaction of [Pd(tfac)2] with 
tertiary phosphines followed by a heterocyclic nitrogen base generates complexes of tfac 
dianion [Pd(C, 0-tfac)LL'] (e.g. L = PPh3, L1 = 2,6-dirnethylp~ridine).'~~ Where steric factors 
permit, reaction with excess ligand leads to displacement of both p-diketonate ligands.'75 

Reactions of the coordinated p-diketonate ligand are those typical of aromatic ring 
systems176 with electrophilic substitution at the y carbon being favoured, e.g. reaction with 
nitric 

51.4.7 Palladium(lT) Complexes with Other Chelating Ligaads Containing an Oxygen 
Donor 

1,2-Dihydroxybenzene derivatives readily form complexes of the type 
[Pd(O,C&R)(PPh,),] . 178~179 The increased acidity of aromatic alcohols compared with 
aliphatic alcohols combined with the chelate effect makes these compounds much more stable 
than alkoxide complexes. Their stability is such that they can be subjected to further reactions 
involving the side chain group R to generate compounds suitable for use as indicators for 
immunoassay. 178 

Aromatic hydroxy groups also act as donors in a variety of N,O chelating ligands, e.g. 
salicylaldimine, salicylaldoxime, 8-hydroxyquinoline, etc. (see Section 51 5 4 ) .  

Another example where the strength of the Pd-N bond and the chelate effect combine to 
yield a series of stable complexes is the a-amino acids. The complexes with glycine have been 
the most studied. 180*181 The thermodynamically prefemd isomer of [Pd(glycine)2] is the cis 
form, in contrast to the majority of palladium amine complexes.181 On treatment of 
cis-[Pd(glycine),] with acid, one carboxylate group is displaced followed by cleavage of the 
palladium-amine bond, yielding [PdXz(glycine)] (X = H20 or acid anion, e.g. Cl). Continued 
reaction results in the displacement of the second glycine ligand.'80-182 

51.5 PALLADIUM(llt): NITROGEN DONOR COMPLEXES 

51.5.1 Introduction 

A wide variety of organic compounds contain nitrogen atoms which are capable of acting as 
donors in coordination complexes. The strength of the palladium-nitrogen bond has led to a 
large number of stable compounds being prepared. The absence of low-lying d orbitals for 
nitrogen leads to the bonds being exclusively (7 in character in the majority of the complexes. 
In consequence these ligands lie low in the trans influence and trans effect series, which is 
reflected in the stability of these compounds. 

51.5.2 Amines 

The largest class of complexes of this type is [ P d X 2 ~ ]  (X = halide or pseudohalide; 
L = amine), the complexes being readily prepared by addition of the amine to [PdCI,+l2- in 
aqueous solution or by reaction of the amine with [PdCl,] or [PdC12\EhCN)2] in organic 
solution. Complexes of the majority of simple amines have been prepared, including recently 
those of hydroxylamine,lW aziridinela5 and the tertiary amine NMe3.186 Normally the trans 
isomer (or a mixture of isomers) is isolated, though by control of the conditions the pure czk 
isomer may be obtained. Thus, for example, treatment of tetraamminepalladium(I1) perchlor- 
ate with excess perchloric acid generates ~zk-[Pd(NH~)~(€€~0)~]'+ in solution. Addition of a 
concentrated solution of sodium halide to this results in the precipitation of the cis isomer.187 
The chloro and bromo complexes are stable in the solid state, while the iodo complex 
isomerizes over a period of about one year. The success of this method relies on the low trms 
effect of the aqua and halide ligands and the corresponding com lexes with ligands of higher 
trans effect (e.g. SCN, NOz) cannot be prepared in the cis form. 

Tetramine complexes [PdL4]X, are also common. lS3 The salts [Pd(NH3)4][PdC14] and 
[Pd(NH3)4][PtC14] have a solid state structure similar to [Pt(NH3)4][PtCL], where the square 
planar molecular units are stacked vertically with short axial metal-metal distances (3.25 A), 

1g 
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leading to anomalous visible spectra, semiconductivity and photoconductivity. These 
properties are not due to metal-metal bonding but are thought to arise from the overlap of the 
p L  and dL2 metal orbitals creating a filled and empty band ~tructure . '~~ 

Complexes containing only one or three amine ligands are less common. The monoammine 
complex [PdC13(NH3)]- has been isolated as its tetraaminepalladium(I1) salt 
(Pd(NH3)4&PdC13(NH3)]2190 and the trimethylamine complex (NPr4)[PdC13(NMe3)] has been 
prepared.' A range of complexes trans-[PdX2L(amine)] (X = C1 or Br) may be obtained when 
L=phosphorus or arsenic donor by reaction of the dimer [Pd2X&] with an amine.'9'-193 
Attempts to perform similar reactions for L = Group VI donor result in disproportionation, so 
that only complexes [PdCl&] and [PdC12(amine)zJ are isolated. Triammine complexes 
[Pd(S03)(NH3)3J' and [Pd(NOz)(NH3),]+ have been isolated and their crystal structures 

Multidentate amine ligands react readily with palladium(I1) halides to yield chelated 
products. Crystal structure determinations have been carried out for 1,Zdiaminoethane 
complexes [PdClz(en)],'96 [Pd(en)2]C12197 and [Pd(en)2][Pd(S203),(en)]. 19' A variety of 1,2- 
diaminoethane, 1 ,2-diaminocyclohexane'gg and 1 ,3-diaminocyclohexane2"" complexes have 
been prepared because their necessarily cis geometry makes them analogous to the antitumour 
platinum complexes. In contrast to compounds trans-[PdX&] these former complexes are 
claimed to have activity comparable with or greater than that of ci~p1atin.l~~ 

Diaminopropane complexes [PdC12(NH2CH2CHXCH2NH2)] (e. g. X = OH) exist in different 
crystal forms where the polymorphism is thought to be due to different conformations of the 
chelate ring.m192oz The solution state equilibria have been studied by NMR 
N- 2 Aminoethy1)-1,Zdiaminoethane (dien) yields complexes [PdX(dien)]X (X = CI or 

AgC104 in the appropriate solvent. As for the platinum analogue, the aqua complex 
[Pd(dien)(HzO)](C1O& reacts with tetraphenylborate to yield [PdPh(dien)](BPh4). Reaction of 
the hydroxo complex with carbon monoxide yields COz and palladium metal is deposited.206 
N,N'-Di(2-aminoethyl)-l,Zdiarninoethane (trien) acts as a tetradentate ligand in complexes 

[Pd(trien)]X2 (X = PF6, Clod). A crystal structure determination for [Pd(trien)](PF6)2.KF'F6 
confirmed that the palladium atom retains planar coordination with the four nitrogen atoms in 
a trapezoidal arrangement (Pd-N varying from 1.95 to 2.08w).m7 The related ligands (30) 
also act as tetradentate donors when only perchlorate or hexafluorophosphate anions are 
present, but one of the pyridine rings is displaced in the presence of The 
tris[2-(dimethylamino)ethyl]amine ligand acts as a tridentate donor in neutral or acid solution 
but in strongly alkaline media (pH > 12) the ligand is tetradentate, the complex having a 
trigonal bipyramidal coordination geometry (31) 

' 

I).2M L- ' A range of solvated complexes may be obtained by reaction of [PdI(dien)] with 

Palladium-nitrogen bond lengths for a variety of amine complexes are given in Table 4. 

Tmbk 4 Palladium-Nitrogen Bond Lengths in Palladium Amine 
Complexes 

Complex Pd-N (mean) (A) Ref. 

2.004(3) 
2.060(9) 
2.1 OS( 20) 
1.97#( 12) 
2.036 
2.00 
2.034 
2.09 

193 
300 
192 
194 
195 
301 
215 
302 
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51.5.3 Aromatic Heterocyclic Amines 

The inclusion of the nitrogen donor atom in an aromatic heterocycle allows the possibdity of 
n-bonding with the metal centre, giving these ligands some similarities to tertiary phosphines. 
Thus pyridyl and bi yridyl ligands stabilize organometallic complexes of palladium (see 

While ligands (L) such as 1,lO-phenanthroline and 1,8-naphthyridine normally act as 
bidentate donors, they are essentially monodentate in complexes C ~ ~ - [ P ~ C ~ ( P E ~ ~ ) ~ L ] X  (X = BF4 
or Clod). The heterocyclic ligands are fluxional with a dissociative mechanism being dominant 
above -10 "C and an intramolecular exchange occurring at lower  temperature^.^'^ The 
preference for bidentate coordination can lead to a departure from the normal rule of square 
planar coordination for palladium(I1). Thus the halobis(2,9-dimethyl-l ,lo- 
phenanthroline)palladium(II) ion has a trigonal bipyramidal structure and dicyanobis(2,9- 
dimethyl-1 ,lO-phenanthroline)palladium(II) has an octahedral geometry.214 Distortion of the 
square planar structure towards a tetrahedral arrangement due to steric interactions has been 
noted for [Pd(2,2'-bipyridyl)2](N03)2*H20.215 

Imidazoles act as monodentate donors for palladium, forming complexes [PdC&] and 
[PdL4]C12.216-221 Both cis and trans isomers of the former complexes have been isolated and 
their antitumour properties investigated.216 A polymeric compound [Pd(imida~olato)~], has 
also been isolated which contains bidentate bridging imidazolato ligands. 

A variety of rimidine derivatives, L, have been used to synthesize complexes [PdX,L] 
(X = C1 or Br)!'Tm A study of the coordination site in complexes [PdC13L] and [PdC&] 
showed the metal to be bound to N(l).2247225 

Reaction of [PdC14J2- with purine nucleosides (1 : 1) in dimethylformamide yields complexes 
K[PdCl,(LH)] (LH = guanosine, inosine or xanthosine; 32) bonded through the N(7) atom of 
the purine. In aqueous solution these complexes decompose, the nucleoside chelating through 
N(7) and O(6) with deprotonation of the imine nitro en atom N(1). If the solution is kept at 
pH = 9, chloro-bridged dimeric products are isolatedj6 Reactions of K2[PdCL] with two molar 
equivalents of nucleoside in aqueous media can yield either the bis chelate trm-[PdL2] or 
cis-[PdC12L] as indicated in Scheme 14.227 Further substitution reactions with additional 
equivalents of nucleoside yield complexes [PdL&]C12 similar to the compounds [PdL4]C12 
synthesized previously.228 

companion volume). Z R  

LH = guanosine or inosine 
Scheme 14 

The interaction of [PdCl(dien)]Cl with nucleosides and nucleotides has been studied by 
NMR spectroscopy. While guanosine, xanthosine and inosine bind through N(7), cytidine is 
coordinated through N(3) and adenosine monophosphate acts as a bidentate bridging ligand 
coordinating through N( 1) and N(7). A crystal structure for [Pd(dien)(g~anosine)](C10~)~ has 
been reported.229 

These reactions, and in particular the ease of formation of the N(7)-0(6) chelate, may be 
relevant to the mechanism of action of the anticancer transition metal compounds such as 
Ch-[PtC12(NH3)2] .230 
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51.5.4 Carbonyl Condensation Products 

compounds with RNH2 derivatives. 
A wide range of potential ligands can be formed by condensation reactions of carbonyl 

51.5.4.1 Imines 

A variety of salicylaldimine complexes have been synthesized where the ligand chelates 
through the N and 0 atoms in a Puns isomeric form (33). While the Pd atom retains square 
planar coordination in these complexes, the ligands bend away from the planar form, which 
gives the maximum delocalized n bondin . The extent of this folding increases with the 
increasing bulk of the R ' The same effect was subsequently noted for 
salicylaldoximato~37 dipyrr~rnethene~~~ and tetraaza-14-ann~lene~~ complexes. The cis 
configuration for complexes of this type has only been obtained where the nitrogen atoms are 
fixed by a linking group, e.g. ligands obtained through condensation reactions of 1,2- 
diaminoethane derivatives.240,242 

R 

R 
(33) 

Reaction of the bis(salicylidenimine)palladium(II) complexes with mineral acids yields 
N-bonded complexes tr~ns-[PdX~(LH)~] (X = C1, Br, I, SCN; LH = HOC&14CHNPh).2Q3 

a-Diimines (RN==CHCH=NR, R = Pr', But, EtMe2C; R-dim) react with equimolar 
amounts of [PdX2(PhCN),] (X = halide) in dichloromethane to yield chelates cis-[PdX2(R- 
dim)] similar to the bipyridyl complexes which contain an analogous N=C-C=N skeleton. 
However, in contrast to the bipyridyl ligand, which is almost invariably bidentate, if the above 
reaction is carried out using excess a-diimine, then complexes containing the monodentate 
ligand tran~-[PdX~(R-dim)~] are formed. Reacting the a-diimine with [PdCl2(PPh3),] again 
yields complexes containing the monodentate ligand, [PdClz(PPh3)(R-dim)], where NMR 
studies have shown the metal-ligand bond to be fluxional between N and N' donor atoms. A 
mechanism involving a pentacoordinate intermediate or transition state is proposed.244 

Similarly, 1,3-diaryltriazenes ArNNNHAr, formed by condensation of ArNHz with diazo- 
nium salts, behave as monodentate ligands in complexes cis- and pans- 
[P~(A~NNNA~)z(PP~~)~]"~*~~~ and [PdC12(ArNN%r)L] (L = PPh3, PEt3, AsPh3, P M ~ P ~ I ~ ) . ~ ~  
These complexes undergo an intramolecular N(l)-N(3) exchange, which has also been studied 
by 'HNMR spectroscopy, and AHS values of 32-44kJmol-' with negative AS* have been 
measured."' 

Carbodiimides also act as monodentate li ands forming complexes tram- 
[PdX2(RN+NBut)z] (X = C1 or Br; R = Me or 

51.5.4.2 Oximes 

Reaction of palladium chloride with monooximes yields stable bis complexes of trms 
stereochemistry (34) Tetrakis(monooxime) complexes may be obtained by reaction with 
[Pd(aca~)~] .250 

Dioximes form bis complexes (35) where the ligand normally chelates through the nitrogen 
 atom^.^'-^^^ Detailed studies have been made of the partially oxidized compounds obtained 
from reaction of bis(diphenylg1yoximato)- and bis(benzoquinone dioximat0)-palladium with 

and bromine.256 These complexes contain polyhalide anions and possess the high 
anisotropic electrical conductivity associated with many complexes which crystallize as stacked 
molecular units.2" 

Ligand geometry may alter the coordination properties of dioximes as illustrated by a study 
of the complexes of camphorquinone dioxime (H2CQD). This ligand exists in four isomeric 
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. H .  
0’ ‘0 

I I 

. .  

forms (36)-(39), which differ in the orientation of the OH groups. In complexes [Pd(HCQD),] 
the isomer is chelated through both nitrogen atoms but the S isomer forms an N,O chelate. 
The’ neutral ligand also forms complexes [P&l,(H,CQD),], where the /3 
through the nitrogen atoms (n = 1) but the a, y and 6 isomers are 
through only one nitrogen atom (n = 2).258 

isomer again chelates 
monodentate, bound 

Arylazooximes (LH) react with tetrachloropalladate(I1) to yield chloro-bridged dimers (40) 
or the bis chelates [PdL],2597260 though the dimeric complexes are better prepared by reaction 
of LH with [PdC12] or [ P ~ C ~ ~ ( P I I C N ) ~ ] . ~ ~ ~  Reaction of these complexes with PPh3 results in 
splitting of the chloro bridge, while addition of excess PPh3 generates an equilibrium between 
the chelated azooxime and its monodentate N(oxime) bound form (equation 16). 

Reaction of the chelate with HC1 gas in chloroform yields the dimeric product Pd2C&] in 
which the oxime is protonated and the azooxime is bonded through N(azo) only. 

Reactions of g-diketones with nitrous acid yield oximes, derivatives which are more 
commonly referred to as isonitroso com ounds.262 These bond to palladium through the 
nitrogen atom and one ketone group (41). 

h 

2 L 2 6 5  

The free carbynyl function of this ligand may undergo further condensation reactions. With 
amines RNH,, products [PdLL’l are obtained where both L and L’ may be N,N’-bonded 
chelates (42; R = Me, Et, Pr, B U ) ~ , ~ ~ ’  or L’ may be bonded through N(imine) and 0 oxime 
(43; R = H).% Similar linkage isomerism is seen for other oximato ligands of this type. c, 
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51.5.4.3 Other carbonyl condensation products 

Semicarbazones form complexes trans-[PdLl, chelating through the iminic nitrogen atom 
and the enolic oxygen atom (44).268 Hydrazones also bond through the iminic nitrogen to yield 
complexes of structure (45). Hindered rotation about the Pd-N bond results in two isomeric 
forms which exist in equilibrium in solution and may be distinguished by ‘HNMR 
spectroscopy.269 Glutaraldehyde bis(dimethy1hydrazone) is a ligand suited to the formation of 
large ring chelates and has been used to s nthesize [Pd2C4{Me2NN=CH(CH2)3- 
CH=NNMe2}2] , which contains a 16-membered ring. ?m 

F‘n’ I 
\ ,CHR /* PhMeN 

(44) (45) 

Multiple condensation reactions involving diketones or condensations with bifunctional 
carbonyl-containing compounds (e.g. salicylaldehyde) yield a variety of multidentate ligands 
but their coordination behaviour is generally as expected from studies of the simpler ligands, 
allowing for the restrictions that ligand geometry places on which atoms may form bonds (for 
examples, see refs. 271-280). 

51.5.5 Macrocylic Ligands 

A logical extension of the condensation reactions which yield multidentate nitrogen donors is 
the formation of macrocyclic ligands. The preference of palladium for square planar 
coordination makes it an ideal metal for the formation of complexes of these ligands. Thus 
palladium porphyrins are very stable and resistant to demetallation.281 Both 14- and 16-atom 
macrocycles have been used to form complexes. The ligand 1 ,&dihydroJ,7,12,1Ctetramethyl- 
dibenzo[b, i][l,4,8,ll]tetraaza[l4]annulene reacts with [PdCl,(PhCN),] to yield the complex 

A crystal structure determination for this compound showed that while the square planar 
coordination of palladium is retained, strain within the molecule is relieved by a folding of the 
ligandu9 similar to that described above for salicylaldimine complexes. The /3 position of these 
ligands may be substituted by electrophilic reagents before or after complexation.282 

Tetrabenzo-175 ,9,13-tetraazacyclohexadeca-l,5,9,13-tetraene alladium dichloride (47) may 

Reaction with nucleophiles yields 2J0-disubstituted products.284 Partial oxidation of these 
macrocyclic complexes with iodine yields mixed valence non-stoichiometric compounds of high 
electrical 

(46)- 

be formed by template condensation of o-aminobenzaldehyde. E33 

51.56 Azide 
An extensive series of papers has been published describing azide complexes of palladium. 

By precipitation with large cations, non-explosive binary azide complexes may be isolated. 
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Mononuclear [CTA]2[Pd(N3)4]287 and binuclear [AsPh4][Pdz(N&] 
characterized. 

"=N 
N 
N 

\ / * \  / 
N=NN 

Pd Pd 
N=NN "EN 

N 
111 
N 
(4) 

iii 
/ LN/ \ 

(47) 

forms have been 

Examination of the former complex in conjunction with other azide complexes has allowed 
classification of azide in the spectrochemical series between S-bonded SCN- and 
diethyldithiophosphate .289 The bridged species reacts with neutral donors to give compounds 
[Pd(N3)2k] (e.g. L = PPh3), which are convenient materials for studies of the reactions of 
coordinated azide.290 Characterization of [Pd(N3)2(PPh3)2] by IR spectroscopy and X-ray 
diffraction sug ests that while the two azide ligands are equivalent in the solid state this is not 
so in solution.@% This complex tends to dimerize in solution and even in the solid state to yield 
[Pd2(N3)4(PPh3)z] with a structure analogous to (48) ."l Dimeric azide-bridged cationic 
compounds [Pdz(N,),(PPh3),]X2 (X = C104, BF,, PF6) may be prepared by reaction of 
[Pd(N3)2(PPh3)2] with the corresponding nitrosyl salt .292 

The coordinated azide undergoes addition reactions with a variety of unsaturated com- 
pounds. Thus with carbon monoxide under very mild conditions the azide is converted to 
isocyanate with the loss of nitrogen (equation 17) .29s295 

(17) 

Cycloaddition reactions occur with a wide variety of compounds, yielding products of 
structure (49).296-29* These reactions may be used as a convenient route for the synthesis of the 
organic heterocycles. 

20 "C 
EPd(NM'Ph3)zl+ 2CO [Pd@CO)z(PPh3)zI+ 2Nz 

(49) 

x-Y 
R e N  

N=C 
R S e N  

RN=C=O 
R N = M  
--S=C=s 
R m R  

51.5.7 Other Organic Ligands 

Palladium will form complexes with the great majority of other organic compounds 
containing potential nitrogen donor atoms. Of all of these, the most useful are probably those 
of alkyl and aryl nitriles. These complexes [PdX,(NCR),] (e.g. X=C1; R = M e )  are stable 
compounds of great value as synthetic intermediates m299 They are readily prepared by heating 
the palladium(I1) halide in the nitrile and precipitating with light petroleum. The complexes are 
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soluble in a range of solvents and readily undergo substitution reactions in which the nitrile 
ligand is displaced. 

51.6 PALLADIUM(N) COMPLEXES 

51.6.1 Introduction 
Palladium(1V) is a relatively rare oxidation state. The paucity of isolated complexes in 

comparison with PtIV has been ascribed to the much higher ionization potential required to 
produce Pd4+ (109.5 us. 97.16 eV for Pt1V).303 Binary complexes with oxide and the chal- 
cogenides have been well characterized as have PdF4 and [Pd&I2- (X = F, C1, Br). The 
chemistry of platinum group metals in higher oxidation states has been the subject of a recent 
review .304 

51.6.2 Halide Complexes of Palladium(IV) 

PdF4 has been prepared by the fluorination of PdF3 under p r e s s ~ r e . ~ ~ ~ , ~  A urer product 
may be obtained when PdSnF6 or PdGeF6 is used as the starting rnateria1.'sm Neutron 
diffraction studies have shown that PdF4 is isostructural with PtF+ It is composed of PdF6 
octahedra where the terminal Pd-F bonds are 1.94 A and the bridging Pd-F bonds are 1.91 
and 2.05 A. 305-308 

The fluorination of alkali metal salts of tetrachloropalladate(I1) and hexachloropalladate(1V) 
or mixtures of (NH&[PdC14 and group I1 carboxylates using F2, ClF3 or BrF, gives 

The mixed valence complex Pd'1[Pd'VF6] has been prepared from the reaction of PdBr2 with 
BrF3. The relevant bond lengths in this compound are PdU-F 2.17A and PdIV-F 
1.90 w.306,309,310,3177318 The structures of other hexafluoropalladate(IV) salts are dependent on 
the counterion (see Table 5). 

hexafluoropalladate( IV) salts.3 d 9-'16 

Table 5 Structures of Hexachloropalladate(IV) 
~~l~~312314,317,321,3Z? 

Compound Lattice type 

a M' = Ca, Zn, Cd, Hg. 

The compounds (NO),[PdF,]319 and [XeFS]2[PdF6]320 have been reported. A structural 
determination on the latter compound showed bond lengths of 1.89A (Pd-F),320 It has been 
suggested that the xenon complex XePd2Flo is in fact an XeF+ salt of [Pd~Fgl ; - .~  

While the free acids H2[Pd&] (X=Cl,Br) have been prepared in solution, attempts to 
isolate them have been unsuccessful.323 Hexachloro- or hexabromo- alladate(1V) can be 
isolated by reacting the free acid with halogen or alkali metal halide. 

Synthesis of the corresponding iodide salt was elusive until recently when C%[PdI6] was 
prepared by the treatment of an acid solution of [PdCLl2- with a large excess of cesium iodide. 

324-87 

F 573 554 602 280 246 319,331 
c1 317 293 358 175 154 332-340 
Br 148 176 253 130 100 
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This compound is stable to air and humidit but decomposes on heating to give &[Pd14], 
which in turn reduces further to the metaL3 The chloride salts M2[PdC16] (M = N€&, alkali 
metal) may also be reduced readily to the corresponding palladium(I1) species with halogen 
loss at 200 0C.326,329 Both c s~ [PdI~]  and (NH4)2[PdC16] have K2[PtC16] type  structure^^^^^^^ 
(Pd-Cl in the latter complex is 2.3A). Vibrational spectra of [Pd&]’- have been reported 
and these are summarized in Table 6. 

P 

51.6.3 Complexes of Pdadiwn(1V) with N, P and As Donor Atoms 

51.43.1 Palladium @VI complues containing N donor atoms 
[PdCb(NH3)2] has been synthesized by the chlorination of [PdC12(NH3)2] in ~ a t e 3 ~ l  or 

CHC13 or CCh. On heating it decomposes to the palladium(I1) startin while on 

A number of related amine complexes [PdCl&] have been repared by similar methods 
(L = MeNH2, piperidine,3412343 NMe3,346 l-phenylethylamine!47 p y r i d i n e , ” l ~ ~ ~ ~ , ~ ~ * ~ ~ ~  LY- 
picoline;341 b = b i ~ y ? ~ ~   hen:^' 2,9-dimethyl-l ,1O-phenanthr0line,3~’ b i g ~ a n i d i n e ) . ~ ~ ~ ~ ~ ~  The 
pyridine complex has also been formed by NOCl oxidation of [PdC12pyz].348 These workers also 
reported the synthesis of [PdIzCl2py2] via iodine oxidation of the chloropalladium(II) analogue. 

While the chlorine oxidation of [PdClzen] in chloroform ave [PdCI4en], when the reaction 

In general these neutral amine complexes are reduced on heating. The 2,9-dimethyl-1,10- 
phenanthroline and bipyridyl complexes are more stable. For example [PdC14bipyj does not 
decompose in boiling water. Thermal gravimetric analysis has shown, however, that this 
complex is reduced to the palladium(I1) analogue at higher temperatures.341 

The yellow cationic compound [PdC12(NH3)4]C12 has been formed in the chlorine oxidation 
of [Pd(NH3)4]C12.356-357 This is also thermally unstable and reverts to palladium(I1) in aqueous 
solution or on heating. 

The oxidation of [PdCl,(en),] with nitric acid was reported to give [PdClz(en)2](N03)2.35s360 
However, this assignment has been disputed by other workers who have characterized this dark 
green material as [Pd(en)2C12Pd(en)2](N03)4, a mixed valence complex of palladium(I1) and 
palladium(1V) .%’ For [PdClz(en)z] more severe oxidizing conditions were required to achieve a 
complete oxidation, for example bromine oxidation in aqueous HBr resulted in the formation 
of [PdBrz(en)z]Brz, an orange solid.363 However, yellow tram-[PdCl,(L-propylene- 
diamine)](N03)2 was synthesized readily by nitric acid oxidation of the palladium(I1) analogue.362 

There is a recent report of the pre aration of the anionic complex of (N%)[PdX5LJ (X = C1, 

standing a partial reduction to [PdC12(NH3)2][PdCl@H3)2] occurs. 342-34f 

was carried out in water, hexachloropalladate salts resulted. t43 

L = NMe3, py; X = Br, L = NMe3). 3& 

51.63.2 PalIadium(IV’ complexes containing P or As donor atoms 

The preparation of palladium(1V) complexes containing monodentate phosphine and arsine 
ligands has proved elusive until recently. A particular problem in these systems is that an 
excess of oxidant, e.g.  Cl2, results in the formation of [PdCl#- together with the oxidized 
ligand, e.g. PPh30, AsPh30, AsPh3C12.346 The controlled chlorination of trahs-[PdCl&] 
(L=PPG, AsMe2Ph) has been shown to give the trans palladium(1V) analogues and the 
anionic species (N%)[PdX5L] (X = C1, L = AsEt,, PPh3S; X = Br, L = AsEt3, PEtzPh).346 The 
stability of these complexes is strongly dependent on the nature of L. The complexes 
rrans-[PdC&] (L = PMe2Ph, PPh3, PPr;, AsEt3, AsMe2Ph, SbMe3) have borderline stability 
and are difficult to purify. The other complexes indicated above decompose slowly at room 
temperature but are stable for months at -20 “C. 

[PdX2(diars)2](C104)2 (X = C1, Br) has been prepared via the nitric acid oxidation of 
[PdX2(diars)2] followed by acidification with perchloric Similar methods have been used 
to prepare a range of other arsines and phosphines and the stabilities decrease in the order 
diars > AsMePhz B A S M ~ [ ( C H & A S M ~ ~ ] ~ . ~ ~  

Direct halogenation of the corresponding alladium(I1) species has been used to prepare 
[PdC12(QAs)]C12 (QAs = A s ( ~ - C ~ H ~ A S P ~ ~ ) ~ $ ~  and very recently a range of complexes 
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51.6.4 Palladium(IV) Cyano Complexes 

Hexacyanopalladate(1V) salts may be produced via metathesis of [PdC16]*-. For example 
K2[Pd(CN)6] has been obtained in low yield from the reaction of Kz[PdC161 with KCN in the 
presence of K2S208, where the latter prevents reduction to palladium(I1) .369 Salts with other 
anions have also been prepared.3m376 

A crystal structure determination on Cd[Pd(CN),S has shown that both metals have a 
perfectly octahedral environment (Pd-C = 2.07(2) A). 77 

51.6.5 Complexes of Palladium(IV) Containing Group VI Donor Atoms 

A dark red solid, formulated as Pd02-nH20 (n = 1,2), was produced by the treatment of 
K2[PdCb] with This is slowly reduced to PdO at room temperature with the loss of 0 2 .  

This compound is readily reduced by H2, H2OZ and organic compounds. It reacts with mineral 
acids to give alladium(I1) species and it is slightly soluble in concentrated alkali, giving 

The corresponding anhydrous compound PdOz has been formed by heating PdO with KClQ 
at 950 "C and 65 kbar. This is insoluble in acids and alkalis and loses O2 very Other 
established palladate(1V) species include Mz[PdzO7] (M = lanthanide)382 and Na2[Pd03] .383 
Attempts at preparing K and Rb analogues of the latter compound resulted in the formation of 
a paramagnetic material with approximately the correct composition; the paramagnetism was 
ascribed to the presence of Pd" 

A number of other PdKV species with group VI donors have been prepared as shown in 
equations (18)-(23). 

(18) 
(19) 
(20) 
(21) 

(22) 
(23) 

Palladium(1V) compounds containing SeM%0,390  dithiocarbamate^,^^'^^^ N- 
amin~rhodamine,~~~ thiosemicarba~ones,~~~ q~inazoline-2,4-dithione,~~~ and 173,4-thiadiazole- 
2,5-dithioPg7 have also been reported. 

The anionic palladium(1V) species (NPr4)[PdCl5(SM%)] has been prepared by chlorine 
oxidation of the corresponding palladium(I1) sfecies. It undergoes facile decomposition at 
room temperature like the phosphine anal~gue.~ The neutral compound tran~-[PdCtz(SMe~)~] 
could not be characterized, however, because of thermal decomposition. 

2- 33,380 [Pd(OH)6] . 

[Pd(NO&] + NzO, - [Pd(N03)J385 
Pd(meta1) + HNO, - [Pd(N03),(OH)z]385 

Pd(metal) + HSO$/S@& - pd[pd(SOp)6]386'3R7 
Pd(meta1) + HSO,F/S,O, + MI - M[pd(S03)6]387 

[Pd(OH),]'- + [Hz106]3- + KOH - &[Pd(106)2]KOH388 
PdCl, + pe(OH),] + NaOH + NaOCl - Na,H3[Pd(Te06)2]~4H20389 

(M= Cs, Ba, NO, CIOz) 
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51.8.1 INTRODUCTION 

Palladium(I1) is a class b or 'soft' metal ion and therefore generally forms stronger complexes 
with sulfur donors than with oxygen donor ligands. A comparison of the complexes of the 
simple oxygen and sulfur ligands shows that H20 and ROH form more stable complexes than 
H2S and RSH, that OH- forms complexes of comparable stability to SH-, and that RzO and 
RO- form very much less stable complexes than R2S and RS-.' An electrostatic model of the 
bonding predicts the relative positions of the neutral ligands since the permanent dipole 
moments and coordinating abilities of the oxygen ligands decrease in the order H20 > ROH > 
R20, whereas for the sulfur ligands they both increase in the order H2S < RSH < R2S. The 
greater polarizability of sulfur means that this permanent dipole moment will be augmented by 
an induced dipole moment, which will be greater for the sulfur than for the oxygen ligands. 
Another contribution to the strength of the palladium(I1)-sulfur bond could be made by n 
back-donation of electron density from the metal atom to the empty, relatively low energy d 
orbitals on sulfur. On the other hand, both electrostatic and covalent descriptions of the B 
bonding in the complexes of the anionic ligands suggest that the stability should decrease in the 
order RO->RS-, whereas in fact the reverse is found experimentally.' This suggests that st. 
back-donation of electron density from metal to ligand may be important in the thiolato 
complexes, explaining the observed stability order RS- > RO-, since JT back-donation will be 
absent in the alkoxide complexes due to the lack of suitable empty low energy orbitals on 
oxygen. Complexes of palladium(I1) with sulfur, selenium or tellurium donor ligands generally 
exhibit similar stabilities, though the actual stability sequence within this group of donor atoms 
depends on the nature of the other ligands bound to the metal. 

Ligands such as sulfite ions, thiosulfate ions, thiourea and dialkyl thioethers that bind to 
palladium(I1) through a sulfur atom generally exhibit a high trans effect as deduced from 
preparative studies.2 However, the trans influence of these ligands is negligible; this has been 
deduced, for example, from the IR stretching frequencies of Pd-Cl  bonds trans to dialkyl 
thioethers and from X-ray crystallographic determinations of palladium-ligand bond lengths in 
trans positions.' The tram effect of these ligands is therefore probably a x trans effect resulting 
from n back-donation of electron density from the palladium atom to sulfur, leaving the ligand 
with little or no trans influence. However, it should be remembered that it is possible for a 
ligand that has no apparent trans influence to exert a polarization or u trans effect. Reference 1 
discusses these topics in depth. 

1131 
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This section of the coverage of palladium(I1) coordination chemistry will concentrate on 
complexes of the more common, usually unidentate ligands containing sulfur, selenium or 
tellurium donor atoms; coverage of the vast number of chelate complexes of bi- or 
multi-dentate ligands will be limited but the reader will find references to most classes of 
palladium(I1) chelate complexes and these will provide an entry into the literature, 

51.8.2 UNIDENTATE LIGANDS 

51.8.2.1 Sulfides, Hydro-sulfides and -selenides and Other Small Ligands 

The simplest sulfur ligand is the sulfide anion S2- but the simple, water insoluble, binary 
compound PdS is not usually regarded as a coordination complex and is discussed elsewhere 
along with PdSe and PdTe.',3,4,5 A simple sulfide complex can be prepared by reacting sodium 
sulfide with [PdC12(dppe)] as in equation (1).6 The yellow palladium(I1) complex apparently 
requires a bidentate phosphine for stabilization, whereas for the corresponding platinum(I1) 
complex monodentate phosphines are adequate. The r6le of the bidentate phosphine for 
palladium(I1) is probably to stabilize the cis geometry, since the platinum(I1) product with 
monodentate phosphines is cis. This is seen again in the requirement of a bidentate phos hine 

(3),6,7,8 although reaction of the azido complex [Pd(N3)2(PPh3)2] in dichloromethane at -30 "C 
with HzS does give the yellow di(hydrosu1fido) complex [Pd(SH)*(PPh3)2] .9 

for the preparation of the rare HE- ( E = S  or Se) complexes shown in equations (2)6, t! and 

(1) 
EtOH 

[PdCl,(dppe)] + 2Na2S.9H,O Na,[Pd(S),(dppe)] + 2NaC1+ 9H,O 

[PdCl,(dppe)] + 2HzS + 2NEt3 a [Pd(SH),(dppe)] + 2[NEt,H]Cl (2) 

Reactions of H2S with [Pd(NCMe)4][C104]2 and tertiary phosphines PR3 give the trinuclear 
thiocluster [Pd&.&),(PEt3)6][C104]2 when R = Et, and the di(hydrosu1fido) complex 
[Pd(SH)z{P(CH2CHMe2),)2] when R is the more bulky Bu' fragment. An X-ray analysis of the 
latter complex shows a trans square planar geometry around the Pd atom with Pd-S distances 
of 2.305(1) &lo Triply bridging sulfide ligands are also found in [Pd3(p3-S)2(PMe,),][BPh4]2, 
the X-ray structure of which (1) shows an approximately trigonal bipyramidal structure with 
one triply bridging sulfide ligand lying above and one below a distorted Pd3 triangIe; one 
Pd-Pd distance is significantly shorter than the other two." This trinuclear cluster, and the 
PMePhz analogue, is formed from [Pd(NCMe)4][BF4]2, hydrogen sulfide and the corresponding 
phosphine in the presence of NaBPh4. The PMe3 derivative is also obtained in low yield as a 
secondary product in the reaction of [PdH(PMe3)3][BPh4] with C0S.l' 

A red crystalline tetrasulfide complex [PdS4(dppe)], again containing a chelating di hos- 
phine, is obtained when [PdC12(dppe)] in ethanol is treated with either Na2S4 or 'Na2S5'.1pThis 
tetrasulfide complex was first synthesized by reaction of elemental sulfur with [Pd(d~pe)~]  in 
benzene at room temperature13 and most likely contains a five-membered PdS, ring, as 
structure (2). Recently the platinum analogue was shown by X-ray crystallogra hy to have this 
structure, with the tetrasulfido ligand behaving as a dianionk chelating ligand. 

Sulfur and selenium dichlorides coordinate through the chalcogen atom to form corn lexes of 
the type [PdC12(ECl&] (E = S, Se) and these have a trans square planar structure! Sulfur 

lt 
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dioxide easily inserts into the metal-metal bond of [PdzC12(pdppm),], which also abstracts 
sulfur from S8 or propylene sulfide to give sulfur insertion into the Pd-Pd bond. The 
coordinated (bridging) S2- can be oxidized using rn-chloroperbenzoic acid to SO2, which 
remains coordinated. These reactions are depicted in Scheme 1; the structures have been 
confirmed by X-ray crystallography.16 

Ph,P -PPh, I 
I 

(3-Pd-Pd-CI + SO, e ~~ 

-- -I- I 
Ph,P PPh, 
\I 
orange deepviolet - 

It 
m-CIC,H,COOH 

Ph2P '-$Ph, 

yellow-brown 

Scheme 1 

51.8.2.2 Sulfites 

The potentially ambidentate sulfite ion SO:- generally binds to palladium as a unidentate 
ligand through sulfur, as in the complexes [Pd(S03)(H20),(NH3)3-,] (n = 0-3).17 These are 
obtained as yellow-orange (or white when n = 0) crystalline precipitates by addition of an 
appropriate amount of concentrated N a O H  to an aqueous solution of the triaqua complex 
[Pd(SO,)(H,O),], itself best prepared from PdCl,, AgS03 and water, although some workers 
have formulated the solid thus obtained as [Pd(S03)(H20)zJ.'8*19 It seems probable that the 
diaqua and triaqua species are two distinct compounds, each obtainable depending on the 
extent to which water is removed at reduced pressure. It also seems likely that in water solution 
both compounds exist as the triaqua complex. The complexes containing aqua groups cannot 
be dehydrated to form the corresponding bidentate sulfite compounds, as has been done with 
sulfate complexes: instead, decomposition occurs. These aqua complexes, absorbed on silica 
gel, have been used to detect the presence of carbon monoxide in gas streams: the high trans 
effect of the sulfite group labilizes a water ligand, which is readily replaced by CO to give a 
transient sulfito-carbonyl-palladium(I1) complex. This rapidly decomposes to Pd metal, 
which is detected visu~tlly.'~ Evidence for unidentate Pd-S bonding comes mainly 
from detailed IRZ0,21 and Raman" spectroscopic studies and this mode of bonding has been 
confirmed in the X-ray crystal structures of [Pd(SO,)(NH,),] (Pd-S 2.25 tram- 
Na2[Pd(S03)2(NH3)2]-6H20 (Pd-S 2.29 (preparation of a cis isomer has been 
r ep~r t ed l '~~~)  and Na6[Pd(S0&] -2H20." Although the crystal structure of this last complex 
has only recently been determined, it was first made by Wbhler as long ago as 1874 when he 
added sodium hydroxide to an aqueous solution of Pdc12 previously saturated with S O Z , ~ ~  The 
structure shows that the [Pd(S03)4]6- anion contains remarkably long Pd-S bonds (mean 
2.33 A) .25 Another early report describes a bright red complex [NH&[PdCL so,)], obtained 

The reaction at room temperature of [Pd(S03)(H20)2] in water with triamines such as 
L3=dien or HN(C&&Et2)2 is exothermic and gives rise to the stable complexes 
[Pd(S03)L3].19 1,lO-Phenanthroline derivatives such as [Pd(S03)(NH3)(phen)] or 
Na2[Pd(S03)2(phen)] may also be obtained, the nature of the products formed usually 
depending on the extent of hydrolysis of the starting sulfito complexes.ls These complexes all 
contain unidentate S-bonded sulfite groups, but the insoIuble complex [Pd(S03)(phen)], which 
is resistant to hydrolysis even in boiling water, probably has the dimeric structure (3), in which 
the sulfite ligand functions as a bidentate bridging group bonding through both S and 0 

by saturating a concentrated solution of ammonium sulfite with (NH&PdC14.' (7 
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atoms.18 A polymeric structure containing bridging sulfite groups was originally suggested for 
the [Pd(S03)2]2- complex anion,17 and indeed a crystal structure determination of 
K2[Pd(S03)2].H20 (prepared from K2S03, K2S2OS and PdC12) has shown that the nearly 
planar, distorted square environment of Pd is formed by two cis-coordinated S and two 0 
atoms belonging to four different sulfite groups, i.e. two adjacent Pd atoms are linked by two 
bidentate sulfite ligands to form infinite undulating chains of six-membered rings, as structure 
(4). The S O  bond distances confirm that S coordination of the sulfite group strengthens all 
the S-0 bonds by enhancement of R bonding, while the Pd-S bond length is 2.24A.= It is 
considered likely that aqueous solutions of Na2 (or K,) [Pd(S03)2] and Na6[Pd(S03)4] contain 
hydrated species such as [Pd(S03)(H20),] (n = 2 or 3) and [Pd(S03)2(H20)]2-, some species 
probably having dimeric structures involving bridging as well as unidentate sulfite  group^.'^ 

n 
(3) N N=phen (4) 

51.8.2.3 Arenesulfinates 

Complexes with the arenesulfinate anion ArS0; can be prepared by treating a palladium(I1) 
tetrahalide complex with sodium arenesulfinate, as equation (4) .29,30 Further reactions , as 
equations (5) and (6) ,  suggest that the arenesulfinate ligand, in common with other S-bonded 
ligands, exerts a strong trans e f f e ~ t . ~ ~ , ~ ~  This was originally ascribed to a pronounced R acceptor 
ability for the PhSO; ligand, but later work with platinum(I1) complexes suggests that the high 
trans effect of arenesulfinate ligands is in fact due to the ArSOZ group being a very strong Q 

donor.31 It can therefore be presumed that the coordinated water in (5)  is tram to a sulfinate 
ligand and cis configurations can be assigned to all the products of equations (4)-(6), The halo 
aqua complexes (5) are bright orange air stable materials, whereas the diaqua complexes (6) 
decompose rapidly to Pd', the biaryl compounds and SOz. The diaqua complex (6) can 
more easily be prepared directly from palladium(I1) chloride or nitrate, as equation (7). The 
water bound in this complex is easily exchanged for neutral uni- or bi-dentate ligands, as 
equation (8).29,30 The products of the reaction are yellow or colourless air stable solids, though 
the PPh3 complex is stable only under nitrogen and the PPh3 dissociates in organic solvents. 
Detailed IR and electronic spectral studiesw confirm that these complexes all have cis 
configurations (except for the py complexes, which appear to be trans) and in all complexes the 
ArSOz ligand is coordinated to Pd through S .  Other complexes that have been prepared are 
[PdX2(PhS02)2]2- (X = C1 or Br, probably cis), [PdC1(PhSO2)L] (L = py, gyeridine or PPh3, 
probably trans; = phen) and [Pd(OH)(PhSO,)(PPh,),] (probably trans).' 

Naz[Pd&] + 2ArS02Na + H20 - Na[PdX(ArSO,),(H,O)] + 3NaX (4) 
20 "C 

H20 

X = Cl, Br; Ar = Ph, 4-MeC6H4 (5) 

(5) 
20 'C 

(5) + H20 - [Pd(ArSO,),(H,O),] + NaCl 

X = C1, Ar = Ph, 4-MeC,H4 

(5) + NaSCN - Na[Pd(CNS)(PhS02),(H20)] + NaCl (6) 

(7) 

* 2 0  

(6) 

X=Cl ,Ar=Ph 

20 T 

HzO 
PdX, + 2ArSOzNa + 2Hz0 - (6) + 2NaX 

X = C1, Ar = 4-MeCA; X = NO3, Ar = Ph 
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[Pd(ArSOz)z(H,O),I + nL - [Pd(ArSO,),L,] + 2H20 
R = 1; L = bipy, phen, en, o-(Ph,P),C,H, 
n = 2; L = py, PPh3 
Ar = Ph, 4-MeC,& 

The selenium analogue of (6) can be obtained in similar fashion to the sulfinate compound: 
addition of ArSe02Na to NazPdC14 or ‘Pd(N03)2’ in water gives the orange-brown areneseleni- 
nate complexes [Pd(ArSe02)2(H20)2], in which coordination is through Se.33 

Anionic tetra(organosulfinato)palladium(II) complexes, also bonded through S, are obtained 
by the reaction of silver organosulfinates with [AsPh4j2[PdC14] (itself made from PdCIZ and 
2[AsPh4]C1 in acetonitrile at S O T ) .  The yellow products, as equation (9), decompose after a 
few minutes in polar organic solvents or even as solids under nitr~gen.~’ 

(9) 
0 ec 

[AsPh,],[PdCl,] + 4RS02Ag [AsPh&[Pd(RSOJ,] + 4AgCl 

R = Me, Ph, 4-MeC& 

Binuclear palladium(I1) arenesulfinate complexes are air stable and have the chloride ligands 
bridging and sulfinate groups S-bonded and terminal. Treatment of the filtrate from the 
reaction shown in equation (4) (X=Cl, Ar=Ph) with [AsPh4]C1 gives 
[ A S P ~ , ] ~ [ P ~ ~ C L ( P ~ S O ~ ) ~ , I ,  which on the basis of its IR spectrum has a cation with a centre of 
symmetry, as structure (7) (R= Ph). Similar treatment of the filtrate from reactions (5) 
(X = Cl, Ar = Ph) or (7) (X = Cl, Ar = 4-MeC6&) gives [AsPh4]z[PdzC12(ArS02)4].30~32 

Although coordination of arenesulfinate ligands to a ‘soft’ metal centre such as Pd” is 
invariably through sulfur, simultaneous Coordination through oxygen may occur in order to 
reach a favoured coordination number (in this case four) in the absence of a competing ligand. 
Thus the removal of water from the diaqua complexes [Pd(ArS02)z(HzO)z] by means of 
2,2-dimethoxypropane gives golden yellow diamagnetic complexes which are polymeric, as 

additional Pd-0 bond is very weak and is readily cleaved, e.g. reversibly 
MeCN to give [Pd(ArSO,),-L] in solution, or- irreversibly- by m i -  or 
such as L=PPh3, py or L=b ipy  to form the known compounds 

equation (10j.-The 
by L=MeOH or 
bi-dentate ligands 
[Pd(ArS02)2L2] .34 

Ar = Ph, 4-MeC6H4 

It has long been proposed that the oxidation of alcohols catalyzed by PdC12 involves labile 
Pd-OR intermediates. Such an intermediate can be trapped by SO2 insertion into a fd-OR 
bond to form the stable binuclear anions (7) ( R=OMe, OEt, OPr”). These may be 
precipitated as their [PhAs]+ or [PhP]+ salts, or will react with neutral ligands with 
displacement of the RSO; groups to give [PdCl&] (L = PPh3, py; L = bipy, dppe, nbd, cod) 
or [Pd2C14(PPh3)2]. Similarly, PdBr, suspended in MeOH reacts with SO2 to give 
[Pd2Br.@0z0Me)&PFh&.35 

Complexes such as (6) have been postulated as intermediates in the PdClz-catalyzed 
dimerization of arenesulfinic acids or their sodium saits to give the corresponding organic 
biaryls . 36 
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51.8.2.4 Thiosulfates 

Thiosulfate complexes of Pd" are similar to those of pt", though in contrast to the reactions 
of the tetrachloroplatinate(I1) anion, the reaction of equimolar quantities of K2PdC14 and 
Na2S203 precipitates all the palladium as a mixture of PdS and PdS203.37 However, when 2 mol 
equiv. of Na2SZ03 are treated with lmol equiv. of &PdCl4, the thiosulfate complex 
K2[Pd(S203)2] is obtained in both soluble and insoluble modifications. The brownish-yellow 
insoluble form is believed to involve polymeric complex anions of the type [{Pd(p- 
S--S03)2},]2n- with S-bridging thiosulfate groups, whereas the brown soluble modification 
probably contains two S,O-chelating thiosulfate groups coordinated to a single Pd" ion.= 

Reaction of [Pd(en)2]C12 (lmol equiv.) with Na2S203 (2mol equiv.) in water forms a 
yellowish-green precipitate of [Pd(S203)(en)] in which the thiosulfate ligand is again said to be 
S,O-~helated,~~ though a more recent study obtained only the product with empirical formula 
Pd2(S203)2(en)3 and this was correctly formulated as the salt [Pd(en)2][Pd(S203)2(en)] (vide 

Addition of alcohol to the solution remaining after separation of either of these 
complexes gives a yellow precipitate of Na2[Pd(S203)2(en)], in which the thiosulfate groups are 
unidentate and coordinated to the metal by palladium-sulfur bonds This is the more 
usual form of thiosulfate coordination and examples of such complexes, generally prepared by 
displacement of halide ligands by S 2 0 3 -  anions, include [Pd(S203)(NH3)2(H20)] from 
trans-[PdC12(NH&] ,37 [Pd(NH3)4]S203, [Pd(S203)(NH3)3] and [Pd(S203)2(NH&I2- from 
[Pd(NH3)4]C1Z,37,38 and trans - [Pd(S203) (H20) ( tu)2] and trans -Na2[Pd( SZO3)2( J from 
[ P d ( t ~ ) ~ ] C l ~  (tu = thiourea) .37 The complexes [Pd(%O,)(triamine)] [triamine = 
HN(&H4NE&, MeN(C2H$rJEt2)2 or MeN(C2H4NMe&], in which the amine is tridentate and 
the thiosulfate unidentate, are orange powders and are synthesized by addition of the triamine 
to [Pd(S203)(NH3)3] suspended in water, with gentle heating. They have been used in the 
course of a stud of the rates and mechanism of substitution reactions of sterically hindered 

As a consequence of its coordination through sulfur the thiosulfate ligand has a high tram 
effect, as deduced from preparative studies,2 but negli 'ble trans influence. This follows from 

cations and c~k-[Pd(S~O~)~(en)]~- anions, and where the mean Pd-N bond lengths are 
2.07(1) A trans to ethylenediamine in the cation and 2.08(1) 8, trans to thiosulfate in the anion. 
The S 2 0 3 -  groups are bonded to palladium through sulfur with nearly tetrahedral Pd-S-S03 
angles. The coordinated SzOz- groups maintain the pyramidal shape of the free ion but there is 
a significant lengthening of the S-S bonds, from 2.013(3)A in MgS203 to a mean of 
2.066(6) A in this complex. Thus it is clear that the S-S bonds are weaker and in consequence 
the S O  bonds should be stronger, which is in agreement with the interpretation of the IR 
spectra of these Pd thiosulfate c o m p l e ~ e s . ~ ~ * ~ ~  In view of this structural determination it would 
seem that the correct structural formula for the compounds previously formulated as 
[M(NH3)4]3[Pd(S203)4] (M = Pd37 or Pt4') is probably [M(NH3)4][Pd(S203)2(NH3)2].39 

Pd" complexes. 1 8  

the X-ray crystal structure of [Pd(en)2][Pd(S203)2(en)], % which comprises discrete [Pd(en)2]2+ 

51.8.2.5 Thiolates 

The thiolate ion RS-, being highly polarizable, forms strong bonds with 'soft' metal ions such 
as Pd". The simple thiolato compounds such as Pd(SR)2 (R= alkyl or aryl) are highly 
associated in solutions of organic solvents, with the phenyl and eth 1 derivatives being virtually 

members are more soluble in organic solvents, however, and can be crystallized, and the X-ray 
crystal structure of the n-propyl derivative shows that the molecule exists as the hexamer 
[Pd(SPrn)2]6 in the solid state. The Pd atoms form a six-membered puckered ring and each 
adjacent pair of metal atoms is joined by a double thiolate bridge, which is folded along the 
sulfur-sulfur axis, as structure (8). The molecule thus has a cage structure and has a large hole 
of 7A diameter within it.44 The Pd(SR)2 complexes are made by treating a finely powdered 
[PdCW2- salt in chloroform with the appropriate thiol in chloroform: hydrogen chloride is 
evolved. Alternatively an aqueous solution of [PdCI$- salt may be shaken with the thiol. With 
benzenethiol the latter method precipitates quantitatively Pd(SPh)2 as a bright vermilion, 
amorphous powder. As no similar colour is developed when benzenethiol is added to aqueous 
solutions of complexes or simple salts of Pt, Ir, Rh, Au or Ag, the reagent can be used for the 
detection and determination of Pd in the presence of these 

insoluble and probably having a linear polymeric structure.414 Y The n-propyl and higher 
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Treatment of Na2PdC4 with diphenyl disulfide in methanol yields a wine red polymeric 
complex [PdC1(SPh)ln containing alternate chloride and thiolato bridges, as (9) .& If 
[PdC12(NCMe)2} is used as the starting material, a dithioether-bridged complex [C12Pd(p- 
PhSSPh)2PdClz] is formed in benzene. This gives the original monothiolato-chloro-bridged 
polymer (9) on refluxing in methanol.46 The chloro bridges in this complex are cleaved by 
neutral ligands such as pyridine or triphenylphosphine (equation 11). 

Reaction of (9) with an excess of ethylenediamine gives [(en)Pd(p-SPh),Pd(en)J2+, or 
treatment with a stoichiometric amount of C1- gives [C12fd(p-SPh)2PdC12]2-, while reaction of 
(9) with dppe (1 : 1) or PPh3 (excess) leads to simultaneous cleavage of both halogen and sulfur 
bridges to give monomeric species.46 

MCOH 
nNa2PdC14 + nPhSSPh - 2nNaCl-k L-PPhj or AsPhj 

(PdtL=l:  1) 

n 

Clearly one common feature of complexes containing the coordinated group SR- is their 
tendency to form polymeric units. However, it has been demonstrated that if the group R has 
strong electron-withdrawing properties the tendency to polymerize is reduced. In this respect 
the pentafluorobenzenethiolato group Ca5S- behaves like a halide ion and monomeric 
complexes have been prepared (equations 12 and 13).47 Reaction (13) also yields some of the 
thiolato-bridged dimer tran~-[(PPh~)(C,F,s)Pd(p-SC~F~)~Pd(sca~)(PPh~)], the X-ray struc- 
ture of which shows square planar stereochemistry about Pd and the two PdPS3 planes 
perpendicular to each other.48 Other golden yellow or orange monomeric thiolato complexes 
have also been prepared, e.g. by equations (14)42 and (15).4g 

(12) 
EtOWHiO 

K,PdCl, + 2[BqN]Cl+ 4CS5SH - [Bu,N],[P~(SCZ~)~] -t 2KCl+ 4HCI 

(14) 
EtOH 

[PdCI,(PR&] + 2NaSR' - [Pd(SR'),(PR,),] + 2NaCl 

PR, PEt3; R' = Ph 
PR3 = fdppe; R' = Ph, Et 

(15) 
CHCI3. reflux 2-3 h 

tPd(Ndz(PPh&]+ RSSR R=Me, Ph ' [Pd(SR)2(PPh3)21 + 3Nz 

It is well established that whereas halogen-bridged dimeric Complexes of Pd" are readily 
cleaved by unidentate li ands such as pyridine or PPh3, the correspondin thiolato-bridged complexes are not. 46,50*4 Furthermore, only the cis isomers of the Pd IF thiolato-bridged 
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complexes [(PR3)C1Pd(p-SR'),PdC1(PR3)] are formed, whereas with Ptl' both cis and trans 
isomers can be preparedbS1ns2 The complexes [(PR3)ClPd(p-Cl)(p-SR')PdCl(PR3)], which 
contain both chloro and thiolato bridging li ands, are also always cis and this is consistent with 

Cleavage of the aryl disulfides Ar2S2 by [Pd(PPh3)4] gives the red dimeric compound (10) 
when Ar = Ph, which produces the diiodo complex (11) when treated with Mel, as equation 
(16).53 The formation of PhSMe probably occurs via an electrophilic attack of the positive end 
of H3C+ I- on the sulfur atom of the terminal 4 P h  group; nucleophilic substitution of 
PhS- by I- can be ruled out since no reaction occurs between (10) and iodide ion. The 
platinum analogue of (10) reacts with [PdC12(NCMe)2] to give the interesting heterobimetallic 
complex [(PPh3),Pt(p-SPh)~PdC12] with bridging thiolate groups.53 Furthermore, the monome- 
ric species [Pd(SAr)2(PPh3)2] can be made when electron-withdrawing substituents are 
incorporated in the aryl disulfides, e.g.  when o- or rn-nitrophenyl disulfide is used.s3 

the high trans effect of the thiolate ligand. S F  

Mention may be made here of the red-brown insoluble arenetellurolate-bridged polymers 
[Pd(TeAr),], formed from the reaction of ArTeCOAr' or Ph,MTeAr (M = Ge or Sn) with 
[PdC12(NCPh)2].s4 The exact mechanism is unknown, but it is thought likely that an unstable 
intermediate, [PdC12(ArTeCOAr')2] or [PdClz(Ph3MTeAr),], decomposes with formation of 
Pd(TeAr)2 and the chloride-containing by-products Ar'COC1 or Ph3MC1. Related dimeric 
complexes with both terminal and bridging ArTe- ligands have been prepared by oxidative 
addition reactions of [Pd(PPh3).+] and diary1 ditellurides to give [Pd(TeAr)z(PPh3)]2 (Ar = 2- 
thienyl or p-EtOC,&) .55 

51.8.2.6 Thio- and Seleno-cyanates 

518.26.1 Thiocyanates 

The thiocyanate ligand is probably the most widely studied of ambidentate ligands and it 
forms innumerable complexes with Pd", usually bonding through sulfur, but the nature of the 
other ligands in the complex and also steric factors may determine the way in which the 
thiocyanato group is bound. The factors affecting the mode of coordination and the physical 
methods available for determining this are discussed at length in a comprehensive review of the 
coordination chemistry of the cyanate, thiocyanate and selenocyanate ions.s6 Throughout this 
account palladium-thiocyanate bonding is represented as Pd(SCN), palladium-isothiocyanate 
bonding is represented as Pd(NCS), and when no specific bonding mode is implied Pd(CNS) is 
used. 

A red precipitate of Pd(SCN)2 forms when KSCN is added to a solution of K2PdC14. With 
excess KSCN a red solution containing the [Pd(SCN)4]2- anion is produced and this is normally 
isolated as the [EhN]+ salt.57758 The crystal structure of K2[Pd(SCN)4] shows square planar 
coordination of the palladium atom with S-bonded thiocyanate groups. The two crystal- 
lographically independent Pd-S bond lengths [2.31(1) and 2.39(1) A] are significantly different 
and the complex ions form infinite chains with one of the independent sulfur atoms on one 
complex ion lying in the axial position with respect to the palladium atom in the adjacent 
complex ion (3.66 A). The independent Pd-S-CN angles are lOl(2) and 109(2)0.59 

X-Ray diffraction is certainly the most reliable method for determining the structure of 
thiocyanate com lexes but S- and N-bonded complexes can often be distinguished using IR 
spectroscopy.56*$6z The typical v(CN) range for S-bonded thiocyanate is 2130-2085 cm-l 
(usually a sharp peak), while that for N-bonded thiocyanate is 2100-2050 cm-l (often broad); 
the v(CS) and d(NCS) frequencies are also sometimes useful (see ref. 56). Table 1 gives a 
selection of typical homoleptic and mixed ligand thio- and seleno-cyanate complexes of Pd" 
along with their v(CN) stretching frequencies. The IR frequency criteria are not entirely 
satisfactory since the ranges overlap to some extent, but the two possibilities can generally be 
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distinguished by measuring the integrated intensity of the v(CN) absorption, since for 
S-bonded thiocyanate ligands this is less than the free ion value, whereas for N-bonded 
thiocyanate ligands it is greater.63 The far-IR region can also help in distinguishing between S- 

r and N-bonded thiocyanate ligands, since Pd-SCN complexes exhibit a band in the region 
320-290cm-1 that has been ascribed to the v ( P d 4 )  stretching mode, whereas Pd-NCS 
complexes have a band around 270-260 cm-l due to v(P~l-N).~l 

In general, looking at Table 1, it would appear that the presence of ligands that can accept 
electron density from the metal encourages the formation of Pd-NCS bonds, whereas ligands 

Table 1 Typical Palladium(I1)-Thiocyanate and 4elenocyanate Complexes and IR Data” 

Compound Coordination mode v(CN) (cm-’) Refs. 

2093,2122 
2109(s, sp), 2112(sh) 
2100,2116 
2112 
2115 
2107 
2115,2119(sh) 
2111,2122 
2110,2120 
2116 
2114 
2122 
2093 
2089 
2095 
2092b 
2119(s, sp) 
2089(s, br) 
2108(s, sp), 2117(m, sp) 
2100(s, br) 
2113(s, sp), 2120(sh) 
2110(s, br) 
2125 
2060 
2120(s, sp); 2090(s, br) 
2117; 2085 
2126; 2108 
2118; 2095 
2116; 2090 
2068(w), 2116(s, sp) 
2118 
2121 
2085 
2112,2116 
2120,2126 
2120, 2126 

1 
1 
2 
3 , 4  
3 
5 
4,5 
6 
6 
3 ,435  
3 
7 
3,4,7 
2 
4,5,8 
9 
5 
5 
5 
5 
3 
3 
10 
10 
3 
6 
6 
6 
11 

12 
13 
13 
13 
14 
6,15 
6 

Recorded as Nujol mull spectra unless otherwise indicated; br = broad, tn =medium, s = strong, sh = shoulder, sp = sharp, w =weak. 
In acetone solution. 
1. A. Sabatani and I. Bertini, Inorg. Chem., 1965, 4,959. 
2. A. Turco and C. Pede ,  Nature (London), 1%1,191,66. 
3.  I. Bertini and A. Sabatini, Inorg. Chem., 1966,5,1025. 
4. A. Sabatini and I. Bertini, Inorg. Chem., 1965, 4, 1665. 
5. J. L. Burmeister and F. Basolo, Inorg. Chem., 1964, 3,  1587. 
6. D. W. Meek, P. E. Nicpon and V. I. Meek, J. Am. Chem. SOC., 1970, 92, 5351; see also W. Levason and C. A. McAuliffe, J.  

7. W. C. Fultz and J. L. Burmeister, Inorg. Chim. Acta, 1980,45, L n l .  
8. C. Pecile, Inorg. Chem., 1966, 5, 210. 
9. J. L. Burmeister and N. J. DeStefano, Inorg. Chem., 1971, 10, 998. 

Chem. Soc., Dalton Tram., 1974, 2238. 

10. F. Basolo, W. H. Baddley and K. J. Weidenbaum, J. Am. G e m .  Soc., 1946,8B, 1576. 
11. J. J. MacDougall, E. M. Holt, P. de Meester, N. W. Alcock, F. Mathey and J. H. Nelson, Inorg. Chem., 1980, 19, 1439; 3. H. 

Nelson, J. J. MacDougall, N. W. Alcock and F. Mathey, Inorg. Chem., 1982, 21, 1200. 
12. D. Forster and D. M. L. Goodgame, Inorg. Chem., 1965, 4, 1712; I. L. Burmeister and L. E. Williams, Inorg. Chem., 1966, 5, 

1113; H.-H. Schmidtke and D. Garthoff, Helu. Chim. Acta, 1967, 50, 1631. 
13. J. L. Burmeister, H. J. Gysling and J. C. Lim, J. Am. Chem. Soc., 1%9,91,44. 
14. J. L. Burmeister and M. Y .  AI-Janabi, Inorg. Chem., 1965, 4,962; J. L. Burmeister and H. J. Gysling, Inorg. Chim. Acta, 1967,1, 

15. P. Nicpon and D. W. Meek, Inotg. Chem., 1967,6, 145. 
100. 

COC -KK 



1140 Palladium(II): Sulfur Donor Complexes 

with no n-bonding ability tend to encourage Pd-SCN bonding. There are numerous 
exceptions to this, however, and in addition many complexes contain both N- and S-bonded 
thiocyanate in the same molecule. Since the order of decreasing softness is SCN- > NCS- it is 
readily seen that anti-symbiosisW can explain the observation that the hard N-bonded 
thiocyanate in [Pd(NCS)(SCN)(Ph2PCH2CH2CH2NMe2)] is trans to the softer phosphorus, 
while the soft S-bonded thiocyanate is trans to the harder nitrogen of the bidentate ligand.65 
When discussing the S- or N-bonded nature of thiocyanate ligands it is important to remember 
that the factors that tip the balance in favour of one mode of bonding over another must be 
very small. For example, both the S- and N-bonded linkage isomers of [Pd(CNS)2(AsPh,)2] and 
[Pd(CNS)z(bipy)] can be isolated by first forming the kinetically favoured S-bonded isomer and 
then rearranging this to the thermodynamically more stable N-bonded isomer, e.g. equation 
(17).66 

The small energy difference between the S- and N-bonded thiocyanates enables steric factors 
to modify the mode of bonding. N-bonded thiocyanate complexes might be expected when 
there is steric crowding around the metal since the M-N-CS grouping is usually linear, 
whereas the M - S - C N  grouping is bent with an M-S-C bond angle around 105". Thus in 
[Pd(SCN)(dien)][N03] the diethylenetriamine ligand allows sufficient room for a non-linear 
Pd-S-CN grouping,6' whereas in [Pd(NCS)(Et4dien)][SCN] the four bulky ethyl groups 
prevent the non-linear Pd-S-CN geometry from forming but allow the formation of the 
linear Pd-N-CS grouping.68 IR and UV-visible spectral studies on the complexes 
[Pd(CNS)L][BPh4] (L = Et4dien or MeEt4dien) reveal that they undergo S- to N-bonded 
linkage isomerism in solution, with N- to S-bonded reisomerizations in the solid state.69 A 
systematic study" of steric control of the mode of thiocyanate bonding in [Pd(CNS)z(diamine)] 
and [Pd(diamine)2][SCN]z shows that diamines presenting the least steric hindrance 
(H2NCH2CMe2NH2, MeHNCH2CH2NHMe, etc. ) form the ionic complexes; diamines with 
intermediate steric demands, e.g. (U), yield S-bonded neutral complexes; and the most 
sterically demanding diamines, e.g. (13), yield the N-bonded neutral complexes. 

0 nnNH2 
WN 

(12) (13) 

The diphosphine Complexes [Pd(CNS)2{Ph2P(CH2),PPh2)] show a nice change in the mode 
of coordination of the thiocyanate ligands from both S for n = 1 (see 14), through one S and 
one N for n = 2 (see V), to both N for n = 3 (see 16). This implies that the coordination here is 
controlled by steric factors alone, since n-bonding capabilities remain constant in this series. 
X-Ray data show that an increase in n is accompanied by an increase in the P-Pd-P angle 
and a large increase in steric interaction between the phenyl groups and the coordinated 
th i~cyanate .~~ The distribution of linkage isomers in [Pd(CNS)2(diphosphine)] and the 
diphosphine-bridged bimetallic complexes [Pd2(CNS)2(diphosphine)2] has been studied by 
31P NMR spectros~opy.'~ Near 25 OC only a single broadened resonance due to time averaging 
over several environments is observed but at -40 to -60 "C well-defined resonances assignable 
to the various possible linkage isomers can be observed. 

r. 2 

The crystal structures of trun~-[Pd(SCN)~(P(0Fh)~}~] and ~ ~ ~ ~ s - [ P ~ ( N C S ) , ( P P ~ , ) ~ ]  show 
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that the presence of N-bonded thiocyanate ligands in the latter complex is probably a result of 
intramolecular steric crowding rather than Pd-P n bonding.73 An interesting study of the 
structure and solution behaviour of Pd" thiocyanate complexes of l-substituted-3,4-dimethyl- 
phospholes shows that in the complexes [Pd(CNS)2(RPCH=CMe-CMe=kH}2] the thiocya- 
nates are both S-bonded (R =Me), both N-bonded (R =But) or one S -  and one N-bonded 
(R = Ph or B z ) . ~ ~  The complexes are cis in the solid state with the exception of R = But, which 
is trans. Upon dissolution of the complexes in CDC13, linkage isomerism occurs in all cases and 
geometrical isomerism in some cases, giving mixtures of isomers in solution. 

The nature of the anion can play a part in determining the mode of bonding in the solid 
state. Thus the complex cation [Pd(CNS)(Et4dien + has an N-bonded thiocyanate ligand in its 
most stable form when SCN- is the counterion,?"but when PF; or BPh; are the counterions 
the stable isomer in the solid state has S-bonded thiocyanate  ligand^.^^?^^ 

The physical state of the complex can also affect the mode of bonding of the thiocyanate 
ligand. Thus it is S-bonded in [P~(SCN)*(ASBU;)~] in the solid state, whereas on melting this 
complex partially isomerizes to a mixture of the N- and S-bonded linkage isomers. On 
resolidification the melt yields only the S-bonded isomer.62 In view of the possibility of S-  or 
N-bonding, molten thiocyanate is of some interest as a non-aqueous solvent: electronic spectra 
of Pd" in both aqueous and molten thiocyanate indicate that highly tetragonally distorted 
octahedral species are present.77 

The nature of the solvent may modify the mode of thiocyanate coordination of certain 
complexes in solution. For example, a study of the behaviour of [Pd(NCS)z(AsPh3)2] and its 
linkage isomer in a number of different solvents concludes that Pd-SCN bonding is promoted 
by solvents with high dielectric constants, whereas solvents with low dielectric constants result 
in a mixture of PGNCS, Pd-SCN and Pd-SCN-Pd bonding 

Some five-coordinate Pd" thiocyanate complexes have been reported. Both [Pd(SCN)(2,9- 
Me2phen)2][C104]79 and [Pd(NCS){ AS(O-C~I~~ASM~~)~)][SC~'~ have been characterized, but 
the mode of coordination is unspecified in [Pd(CNS)L][SCN] [L = 1,8- 
bis(dimethylarsino)naphthalene];81 in the latter system it would appear that six-coordination 
occurs in solution. 

Dimeric compounds of the type [Pd2(CNS)2X2L] (X = C1, CNS; L = ASP&, AsBu3, PBu3) 
have been isolated and shown to contain NCS bridges,= and such bridging is also believed to 
occur in the low-temperature form of 2-methylaIlylpalladium(II) thiocyanate (17) (whereas the 
coalescence of the 'HNMR spectrum at higher temperatures is believed to be due to the 
formation of a tetramer) .83 The dinuclear complex [Pd(SCN) { (PPh20)2H}]2 has been prepared 
by metathetical reaction from the chloro-bridged dimer and the X-ray structure (18) shows 
square planar coordination around the Pd with an unusual symmetrically hydrogen-bonded 
{ (PPh20)2H}- anionic ligand.84 

51.8.262 Selenocyanates 
Similar complexes to the thiocyanate complexes are formed by selenocyanate ions and once 

again the Se- and N-bonded linkage isomers can be distinguished by IR spectro~copy.~~ Some 
typical complexes are listed in Table 1. The mode of bonding of the selenocyanate ligand to 
Pd" is much less sensitive to electronic effects than that of the thiocyanate ligand and in 
[Pd(SeCN)&], when L is varied from a cr-bonding to a a-bonding ligand, the selenocyanate 
ligand is always Se-bonded, with possible exceptions such as [P~(NCS~)~(PBU!)~] in which 
steric crowding favours the linear Pd-N-CSe grouping.85 The [Pd(CNSe)(Et4dien>]+ com- 
plexes are very similar to the corresponding thiocyanate systems: the compound 
[Pd(SeCN)(Et4dien)][BPh.+] is the kinetic product of the reaction of Ehdien with 
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K2[Pd(SeCN),], but when dissolved in a variety of solvents it isomerizes and solid 
[Pd(NCSe)(Et,dien)][BPh,] can be isolated. This latter compound reisomerizes in the solid 
state to give again the Se-bonded compound. With dien, only the Se-bonded compound 
[Pd( SeCN)( dien)][BPh4] is ~bse rved . '~ ,~~  

51.8.2.7 Sulfoxides 

The coordination chemistry of sulfoxides with transition metals is a much-studied topic." 
Academic interest has often centred on their arnbidentate donor ability, while dimethyl 
sulfoxide (DMSO) is of intrinsic importance as one of the most effective aprotic solvents 
known. Higher sulfoxides have found application in the extraction of metals during refining 
processes and some potential in the separation of platinum group metals has been noted.88 

While sulfoxides such as the ubiquitous Me2S0 (DMSO) form complexes with many metals 
by coordinating through oxygen, the pronounced class b behaviour of ions such as Pd', Pt" or 
Ir"' leads to complexes in which the sulfoxide ligands are usually bound to the metal through 
sulfur. Many diorganosulfoxide complexes of the type [PdX2(R2S0)2] [X = halide, nitrate, etc. ; 
R = alkyl or aryl, R2 = (CHZ)~] have been prepared by dissolution of PdX2 in the a propriate 
hot sulfoxide or by treating [PdC12(NCPh),] with an excess of sulfoxide in benzene!%= These 
complexes have been shown by IR spectroscopy to contain S-bonded sulfoxide ligands: there is 
no exception to the generalization that an increase in v(S=O) from the free ligand values of 
around 1020-1055 cm-' to values in the range 1100-1180 cm-' indicates coordination through 
sulfur, whereas a decrease in v ( S 0 )  to the range 910-960 cm-' indicates 0 coordination. An 
X-ray crystal structure determination of [PdC12(Me2S0)2] confirms the S coordination and trans 
 onf figuration,^^ but the nitrato complex [Pd(N03)2(Me2SO)2] turns out to be an example of a 
Pd" complex with a cis configuration.94 In it the Pd-S bonds (2.23 and 2.25 A) are significantly 
shorter than in the trans- PdC12 Me2SO),] complex (2.30 A) and this, along with an increase in 

suggests enhanced d,-& bonding in cis -[Pd(NO,),(Me,SO),]. The complex [Pd(SU,)- 
(Me,SO),] contains cis, S-bonded sulfoxide ligands and a chelating sulfato 

IR and NMR studies show that the solid truns-[PdC12(R2S02)] complexes on dissolution in 
chloroform yield the chloro-bridged binuclear species [PdCl2(R2S0)I2 with essentially little or 
no persistance of the mononuclear form (equation 18).91 These binuclear complexes can also be 
isolated in the solid state, and their IR spectra have been they revert to the 
[PdC12(R2SO)2] types on treatment with R2S0.91 On the other hand, trans-[PdClz(MezS0),1 is 
said to convert to the cis configuration upon dissolution in a~etonitrile.~' No thermal trans + cis 
isomerization is observed and thermogravimetry indicates decomposition at the melting point .98 

It should be noted that the bis complexes [PdX2(Me2S0)2] (X = C1, Br) cannot be prepared 
from aqueous solution: treatment of K2Pd& in aqueous solution with an excess of MeSO 
yields only K[PdX,(M%SO)] .90 The complexes K[PdX3(Me2SO)] , [PdCl,(Me,,SO),] and 
[PdCl2(Me2S0)l2 have been studied as active catalyst precursors for the decomposition of 
hydrogen peroxide ." 

v(S=O) from 1116cm- E (  in the trans complex to 1136 and 1157cm-l in the cis complex, 

S(0)Rz 
+ 2RzSO (18) 

The Pd" halide-bridged dimeric complexes of the type [PdC12L]2 (L = R2S0, RzS, but not 
thiourea) are cleaved in methanol by carbon monoxide to yield monomeric truns-[PdCl2(CO)L] 
~ p e c i e s . ~ ~ , ' ~  The high trans effect of S-bonded Me2S0 causes rapid cleavage of the trans halide 
bridge in the dimers and the variation in rate constant for this reaction with the nature of the 
sulfur donor has been measured and a trans effect series constructed: (CH2),S > S-EtzSO > S- 
Me2S0 > Et2S.'01 The values of v(C0) and v(Pd-C) in the complexes truns-[PdC12(CO)(S- 
R2SO)] (R = Me, Et, benzyl) and truns-[PdCl2(C0)(SR2)] [R = Me, Et, Pr; R2 = (CH&] have 
been correlated with the variations in ~d acceptor abilities of the sulfur ligands.lo2 It is also 
observed that v(S=O) is at a lower frequency in the 6runs-[PdC12(CO)(S-RzS0)] complexes 
than in the [PdC12(S-RzSO)]2 dimers, and this is explained in terms of reduced JT back-donation 
from the metal centre to the p,-d, orbital of the O=S bond in the former complex because of 
competition for metal n electron density from the tram carbonyl group. 

The dicationic tetrakis(dialkylsulfoxide)palladium(II) complexes [Pd(R2S0)4]124 can be 

cl\ Pd /cl\pd/ 
2[ PdCI,( RZSO),] F= 

Rz(O)S A 'C I l  'c1 
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prepared by treating a solution of PdC12 dissolved in dialkyl sulfoxide at an elevated 
temperature with an acetone solution of AgC104 or AgBF4, or by a metathesis reaction 
between [Pd(NCMe)4][BF4]2 and an excess of the appropriate sulfoxide ligand.97+f03,'" IR 
spectroscopy has shown that both S- and 0-bonded dialkyl sulfoxide ligands are present in 
these tetrakis c~mplexes~~, '*~  and interesting structural changes are revealed as the steric 
requirements of the alkyl groups are increased. Thus DMSO and tetramethylene sulfoxide 
form C~~-[P~(O-R~SO)~(S-R~SO)~]*+ [R = Me or R2 = (CHZ),) complexes, di-n-propyl and 
di-n-butyl sulfoxides both form trans-[Pd(O-R2SO)2(S-R2S0)z]2+ (R = Pr" or Bun) and 
diisopent 1 sulfoxide forms an entirely oxygen-bonded homoleptic dication [Pd( 0- 
Pe$O),]'+ The structure of c~-[P~(O-M~~SO),(S-M~SO)~][BF~] has been confirmed by 
X-ray crystallography.106 This series suggests that when severe steric influences are not 
predominant, for example in [PdC12(Me2S0)2], the dialkyl sulfoxides exhibit their true 
preference for P d - S  bonding. However, increasing the steric effects, for example in 
[Pd(R2S0),I2+ [R = Me or R2 = (CH,),], can prevent Pd-S bonding but still allow Pd-0 
bonding so that a mixed S- and 0-bonded complex cation is obtained, with electronic effects 
(anti-symbiosis)64 dictating a cis configuration. In the Pf' and Bu" derivatives the steric 
influence apparently increases to such an extent that a trans structure is obtained, and finally 
[Pd(O-Pe$O)4]2+ represents the limiting case in which the steric influence becomes completely 
dominant, permitting only oxygen bonding. 

The dicationic S-bonded complex [Pd(dien)(S-MezSO)][C1O4I2 can be made from 
[PdI(dien)][I] (dissolved in M%SO) by halide abstraction with AgC104,107 while the complexes 
[Pd(d~pe)(t?-Me,SO)~][Yl~ and [PdCl(dppe)(O-MezSO)][Y] (Y = C104 or P&), in which the 
large diphos hine ligands make coordination via sulfur extremely sterically hindered, are 
0-bonded. '"The latter complex readily forms the corresponding thioether (SMe2) complex by 
loss of oxygen from the MezSO.loR Sulfoxide deoxygenation has also been reported in the 
reaction of PdC12 with tetramethylene sulfoxide: at ambient temperature the bis(S-sulfoxide) 
complex [PdC12{S-(CH2)4SO)2] is formed but in the presence of acetone and hydrochloric acid 
at higher temperature deoxygenation results to give the tetrahydrothiophene complex 
[PdClZ{ S(CH2)4) 21 .92 

51.8.2.8 Thio- and Seleno-ureas 

Thiourea and selenourea, and their nitrogen-substituted derivatives, act as unidentate ligands 
towards Pd", coordinating through their sulfur or selenium atoms. 1w113 X-Ray diffraction 
analyses of [Pd(SC(NH2),},]Cl2 show that the PdS4 atoms are distorted slightly from a square 
plane towards a tetrahedral arrangement with a mean P d - S  bond length of 2.33(1) 8, and two 
essentially ionic axial chloride ions at 3.594(3) and 3.791(3) A from Pd.'14 Conductometric and 
electronic spectral measurements provide evidence for five-coordinate complexes of the type 
[PdXL4][Y] (X = halide; Y = halide, C104 or BPh,; L = N,N'-disubstituted thio- and seleno- 
urea) and the equilibrium shown by equation (19) is re orted to occur in solutions of PdXzL4 in 

square pyramidal species [ PdXL4]+ form the expected four-coordinate complexes [PdX2L4, 
which are reported to be generally unstable in the solid state.'l2 However, several have been 
readily ~ y n t h e s i z e d l ~ ~ ~ ~ ' ~  and used in the course of vibrational spectroscopic studies on 
Pd"-thiourea c ~ m p l e x e s . ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~  P olymeric complexes of the type [PdXzL], have also been 
reported.96 

weakly coordinating and not highly polar solvents."l>' P In the presence of an excess of X- the 

[PdXL,]' + X- == [PdX,LJ + 2L (19) 

Spectrophotometric studies have been carried out on solutions of Pd" containing thiourea in 
perchlorate, chloride, bromide and thiocyanate media,l16 such solutions being of practical 
importance in the analytical chemistry of palladi~m."~ 

51.8.2.9 Tertiary Phosphine or Arsine Sulfides and Selenides 

Although the donor properties of Ph3P=S and Ph3P=Se appear to be weaker than that of 
Ph3P=0, complexes of the type [PdX2L] (X = C1, Br; L = Ph3PS, Ph3PSe or Ph3AsS) are 

These rather insoluble compounds are prepared by treating PdClZ in dilute 
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hydrochloric acid solution with the ligand in alcohol or acetone solution. Complexes of 
stoichiometry [Pd2Br4L3] have been obtained on reaction of PdBr2 with Ph3PS or Ph3PSe.1'9 
The v(P-S) or v ( P 4 e )  IR stretchin frequency of the ligand is lowered on coordination, 
indicating Pd-S or 4 e  coordination?' this is consistent with the charge distribution in the 
single bond formulation of these ligands (Ph3P+-S-). 12' The complex trum-[PdC12L] 
[L = SeP(NMe2)3] has been prepared from PdC12 and L. In solution this complex loses one 
phosphine selenide ligand to form the dimer [PdCl2LI2, which was also prepared by an 
independent route from [PdC12(NCPh)2] and L. The dimer [PdCl2LI2 in turn, in the presence of 
free ligand L, affords ~ i s - [ P d C l ~ L ] . ~ ~  In general complexes of unidentate phosphine sulfides 
and selenides are somewhat less stable than those of their bidentate analogues. 

51.8.2.10 Thio-, Seleno- and Telluro-ethers 

Many monomeric palladium(I1) complexes of the type [PdX2(ER2)2] (X = wide variety of 
anionic ligand, E = S or Se, R = alkyl or aryl) have been pre ared, generally by the reaction of 
the organic sulfide with an aqueous solution of [PdX,$-.3,41, ' 2s127 D isplacement of benzonitrile 
from trun~-[PdX~(NCPh)~] in benzene is an alternative method which has been used to make 
diary1 telluroether complexes.55 They exist only in the dram configuration (the a form of early 
work) and do not thermally isomerize. The crystal structures of, for example, trans- 
[PdC12(SeEtZ)2]128 and [Pd(SCN)2(Te{ (CH2)3SiMe3}2)2]129 confirm this trans geometry and 
show that the chalcogen atoms are pyramidal. The generally yellow or brown complexes are 
soluble in benzene, chloroform and light petroleum. The selenoether complexes are similar to 
the thioether complexes but the stabilities generally decrease in the series SR2 > SeR2 > TeRZ. 
Many examples of the [PdX2(ER2)2] complexes have been studied by variable temperature 
'H NMR to study inversion at coordinated chalcogen: 1 2 7 ~ 1 3 ~ 1 3 4  at low temperature the 
chalcogen atoms are pyramidal, but on warming to above the coalescence temperature a rapid 
inversion occurs, which is not a dissociative-associative process. A simplistic view of the 
mechanism generally proposed135 is the displacement at the palladium(I1) centre of the lone 
pair of the chalcogen used in the Pd-E bond by the lone pair not involved in the bonding via a 
planar intermediate in which the chalcogen atom remains pyramidal, as in equation (20). For 
thioether and selenoether complexes a second coalescence at higher temperature is observed 
involving free and coordinated I i g a n d ~ . l ~ ~ , l ~ ~  The ease of exchange between free and 
coordinated ligands is in the order TeEt, >> SeEt, > SEt,, as are the relative inversion barrier 
energies. 131~133 The whole area of stereodynamics of metal complexes of sulfur-, selenium- or 
tellurium-containing ligands has recently been reviewed.'% 

The IR and Raman spectra of these t r~ns- [PdX~(ER~)~]  complexes have been studied.'& 
127~137,138 They show v(Pd-S) stretching vibrations around 310 f 30 cm-', v(Pd-Se) at CCI. 
220 cm-' and v(Pd-Te) at ca. 200 cm-'. The electronic spectra exhibit three main bands: one 
due to a dxy += ~ , Z - ~ Z  transition at 22 000-24 000 cm-', one due to charge transfer from the S or 
Se bonding orbitals to the Pd d , ~ - ~ z  orbital at about 32000cm-l and a third at 40700- 
42300cm-' in PdC12(SeEt2)2] due to a charge transfer from the chloride ligands to the Pd 

Thio-, seleno- and telluro-ethers may be used as reagents for the determination of palladium 
by solvent extraction and spectrophotometric measurement of [PdX2(ER2)2] .139 Aikyl phenyl 
sulfides form similar yellow monomeric [PdC12(SPhR)2] complexes when the alkyl group has a 
straight carbon chain, but when R=Bu' or Me2EtC the red polymeric complexes 
[Pd2C14(SPhR)], are formed and these probably have a tetrameric structure (n  = 2) with bridging 
chlorides. 140 Cyclic thioethers such as thiophane (kH2CH2CH&H2, L) also form trans- 

d , ~ - ~ 2  orbital. 121,127 

as well as chloro-bridged [Pd2Cl&] though thiophene 
does not form complexes, which, in view of the aromatic nature of 

thiophene, is doubtless due to the involvement of the unshared electron pairs on the sulfur 
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atom in the formation of a stable JT electron sextet. The structure of the 1,Cthioxane complex 
trans-[PdC12(SCH2CH20CH~CHz)2] has been confirmed by X-ray crystal10graphy.l~~ 

Complexes of the type [PdX3(SR2)]- (X = C1, Br; R = Me, Et) can be prepared by reacting 
the halo-brid ed dimeric compounds [Pdz&(SRz)z] (vide infra) with [PriNICI in 1:2 molar 

prepare the mixed-ligand complexes trans-[PdC12(am)(SR2)]. Much of the early work on 
the transmission of electronic effects through a heavy metal atom (trans influence) used mixed 
ligand complexes of the type [MXz(am)L] where M = Pt or Pd and L included t h i o e t h e r ~ : ' ~ ~ , ~ ~ ~  
the change in v(N-H) was studied with changing trans ligands. Once formed they are unstable 
to disproportionation, giving a mixture of trans-[PdCl~(SR2)~] and t r~ns - [PdCl , (am)2~~~~ ,14~  
These mixed ligand complexes have also been prepared with seleno- or telluro-ethers, and 
they too tend to disproportionate to the symmetrical species. A study has been made of the 
kinetics of dis lacement of amine ligands to give mixed thioether-amine complexes, as in 
equation ( X ) . p ,  Plots of log k2 (k2 = second order rate constant) against the sum of the Taft 
u* values for the entering thioether in these reactions were all straight lines with alkyl and aryl 
thioethers lying on the same line. This suggests that d,-d, bonding is either non-existent or 
minimal in these P d - S  bonds since the reactivity of the thioether is dominated by its (r donor 
ability. 

@a4PdCl2(amW*I 4- RSR' R,R'=a,ky,oraryl ' tram-[PdCl,(amine)(SRR')] + amine (21) 

The mixed thioether cr-carbon ligand complexes tr~m-[fdX(EEt~)~Ar] (X = C1,3r, I; E = Se 
or Te; Ar=variety of aryl groups) have been prepared by reaction of the dihalo complexes 
trans-[PdX2(EEt2),] with the appropriate arylmagnesium halides. The analogous sulfur- 
containing a-aryl derivatives, however, could not be obtained from tran~-[PdX~(SR~)~] (R = Et 
or Ph) com lexes and only reduction to metallic palladium occurred. Attempts to  obtain 

of an excess of Grignard reagent did not give the diaryl species trans-[PdArZ(ERZ),], although 
the corresponding diaryl Pt" derivatives are known. 14' 

That sulfides coordinate to palladium(I1) more strongly than the corresponding sulfoxides 
has received an interesting confirmation in a study of the complexes (19)-(21) (R=4-  
MeC6H4).149 The complex (U) is the best catalyst both for cyclotrimerization of diphenylethyne 
and for isomerization of allyl ethanoates. In both processes a vacant metal coordination site is 
essential and the thioether sulfur is too strongly bound (in 20 and 21) for facile dissociation. 

proportions.' 9 8,143 The dimeric [P~z&(SR~)~]  complexes can also be cleaved by amines to 

12-dirnethoxyethane, 25 "C 

u-methyl Pd P I derivatives . .  resulted in complete recovery of the starting complexes, while the use 

0 
I I  

R-%-Me 
I 

Cl-Pd41 
I 

R-&Me 
II 
0 

t 19) 

0 
I1 

R-S-CH %Me 
,-t 

Cl-Pd-CI 
I 

R--S-CH,-S--Me 
II 
0 

R-S 

pC1 
\ 'Cl 

"f 0 

The dimeric complexes [Pd2&(ER2)2] may be prepared according to either equation (22) or 
(23).150 As pointed out above, they are readily cleaved by unidentate ligands such as amines to 
give monomeric trans-[PdXz(am)(ERz)] c o m p l e x e ~ . ~ ~ , ' ~ ~  Initial studies with these dimeric 
species were concerned with the relative stabilities of complexes such as [M2C14(ER2)2]: for 
M=Pd the stability order is SRz>SeRz>TeR2, whereas for M=Pt  the sequence SR2>> 
SeR2 < TeR2 is found.15" The Pd" complexes are generally more soluble and less stable than 
their Pt" analogues except for the SeRz complexes where the Pd" species are the more stable. 
This difference in the sequence of stabilities may be due to the relative sizes of the orbitals used 
for M-E u bonds, those of Se being comparable with those of Pd and those of Te with Pt. 

EtOH 
{PdX,(ER,),] + Na,PdCl, - [Pd&(ER,),] + 2NaCl (22) 

EtOH 
(23) 2ER, + 2Na,PdC14 - [Pd,&(ER,),] + 4NaCl 
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These dimeric compIexes were initially assumed to be halide bridged; however, subsequent 
X-ray diffraction studie~'~' of the complexes [Pd2Br4(SMe2)2] and [Pt2Br4(SEt2)2 have 
confirmed the suggestion made on the basis of their relative solubilities and IR spectrd5' that 
in the Pd" complex the SMez ligands are terminal [as (a)], whereas in the Pt" complex the 
SEtz ligands are bridging [as (23)]. A notable feature of these two structures is that when the 
thioether is in a bridging situation, the M-S bond is significantly shorter [2.22(1) A] than when 
it is terminal [2.30(2) A]. The stronger M-S bond when the thioether ligand is bridging than 
when it is terminal may be due to the fact that the S atom in the terminal position in the Pd" 
complex carries a lone pair of electrons which can act repulsively with non-bonded d electrons 
on the metal, whereas when the S atom is in the bridging position in the Pt" complex all the 
sulfur outer electrons are accommodated in bonding orbitals, eliminating the repulsive 
interactions and allowing a stronger bond. However, the total number of repulsions between 
the ligand non-bonding lone pairs and the metal non-bonding d electrons is not altered on 
transferring a bromide from terminal to bridging since a terminal bromide has three 
non-bonding lone pairs, whereas a bridging bromide has only two. It is therefore not obvious 
why these Pd" and Pt" complexes adopt such different structures, though the explanation may 
lie in the spatial dissimilarity of the 4d and 5d orbitals. 

51.8.3 BIDENTATE AND MULTIDENTATE LIGANDS 

The number and variety of coordination complexes of palladium(I1) with sulfur-containing 
bidentate or multidentate ligands is legion, and it is possible here only to summarize the 
different kinds of complexes formed and to guide the reader into the literature. Table 2 
contains a selection of typical palladium(I1) complexes of bi- or multi-dentate sulfur or 
selenium donor ligands, and comments on pertinent aspects of particular complexes. Chelate 

Table 2 Some Typical Palladium(I1) Complexes of Bi- or Multi-dentate Sulfur or Selenium Donor Ligands 

Ligand ( L )  Comp1exe.q formed Remarks Refs. 

Bb(thioether) complexes 
RS(CH,),SR (R = alkyl or aryl) 

n = 2 , 3  
n = 2 , 3  
n = 6 , 8  (R=Ph) 
n = 12 (R = Ph) 
n = 2 , 3  

o-C&L(SR), 
o-C,H,(CH,SR), 

SR RS 
cir-RSCH=CHSR 

Thioether-thiolate complexes 
cir-RSCH=CHS- 

(R = Me, Et, Bu) 

EtS(CH,),S- 

MeSCH,CH,S- 

I 

Early studies 
Studies on inversion at sulfur 
Polymers formed 
First S donor trans-chelating ligand 
Obtained from [Pd(NCMe),][CIO,], precursor 

Cis and trans isomers observed 

Thiolate-bridged 

Only tram isomer 
Thiolatebridged 

Polymer. From Pd(PPh,), and (MeSCH,CH& 

172 
3,4,5 
4 
4,6 
4 
4 7  
8 

8 

4,5 ,7  

9 

IO, 11 

12 
10 

13 
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Table 2 (continued) 

Ligand (L)  Complexes formed Remarks Refs. 

1, I-Dithiolate complexes 

t 
\ 

MeC - 

( E ~ $ H C H , C H , ) , N ~ ~ -  /,- 

R&CH /"- 

S 

/s 
Ys 

Me,&-C I- 

S '  
\ 

/s- 
O=C 

/" 
P h N 4  

S- 
\ 

'S I  

S 
But- - 

S 

/4 
\. 

Dithioacetate complex. Three distinct modifications 
known, all 2: 1 L: Pd ratio. One contains alternate 
mononuclear and binuclear (bridging L) units 
stacked in columns (X-ray structure), one contains 
dimers only (X-ray structure), while the structure of 
the third form is not established 

From insertion of CS, into tram-[PdMeI(PMe,)J 

Dithioknzoate complex. X-Ray structurc shows vir- 
tual planarity of all atoms; intermolecular Pd 4 + . S  
distances suggest interaction 

Alkylxanthate mmplexes 

Dithiocarbamate complex 
Dialkylthiocarbamate complexes. These are generally 

more stable than the xanthate complexes 

Cationic dithiocarbamate complex 

14 

15 

16 

17 

18 
18-21 

22 

21 

Zwitterionic chelating ligand by insertion of CS, into 15 
Pd-PMe, bonds 

15 

Dilhiocarbonate complex. From debenzylation of 
[Pd($COBz),] with excess PMePh,, or from 
Pd(PR3, and COS. X-Ray structure shows 
q h a r  P2PdS&0 atoms 

23 

Trithiocarbonate complex 24 

Dithiocarbimate complex. From [Pd(PM%Ph)(q'- 22 
SCNPh)] and SCNPh 

N-Cyandithiocarbimate complex 24 

1,l-Dicyanoethylene-2,2-dithiolate complex 24 

r-Butylthioxanthate or t-butyltrithiocarboaate corn- 25 
plex. X-Ray analysis shows a bis-t-butylthidate 
b r i d d  dimeric structure 

COC -KK* 
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Table 2 (conrinued) 

~~~ 

Ligand ( L )  Complexes formed Remarks ReF. 

S 

E t P '  - 
S 

4- 
\. 

X-Ray analysis shows a tris-ethylthiolate-bridged tri- 
meric structure with an isosceles triangle of Pd 
atoms, each Pd surrounded by a square of S atoms 

25 

20,26 

21 

28,29 

29,30 

31 

31 

31 

31 

32,33 

32 
32.34 
34 
35,36 
37 

36 

38 

Dialkyldithiophosphate complexes 

S 

R,P: - 

s 
I,2-Dithiolene complexes' 

A- 
\. (R = alkyl, aryl, F) 

Dithiophosphinate complexes. These form 1 : 1 and 
1 : 2  tertiary phosphine adducts [Pd(q'-S,P&)(q2- 
%p&)(PR;)l and [ p d ( 1 1 2 - ~ ~ R , ) ( p R 3 2 1 ~ & ~ ~ l  

Maleonitriledithiolate or cis-l,2-dicyanoethylene-l,2- 
dithiolate complex. Green. From [Pd(NH,),]CI, or 
PdC12 and N%S,G(CN), 

Dark red. From [R,N],[PdL.J by oxidation with I2 or 

Deep pink. From [PdCI,(PPh,),] 
F w w 2 ( - 3 M 2 1  

F3C Pale pink. From Pd(PPh,), and c-s 
bis(perRuorornethyl)-1,2-dithietene: I I I 

N C A s -  

F3c?fs- 
F&s- 

Red-brown. From [PdL(PPh,),] and (CF,),qS, 

Pale green. From [PdL(PPh,),] and (CF3),C2S,, then 

Blue. From reaction of bPdCI, and 

hydrazine 

phxs- Ph s- 

adducts with dialkenes. X-Ray structure of 1: 1 
adduct with cyclohexa-1,3-diene shows that a 1,& 
cycloaddition reaction occurs with formation of two 
new C S  bonds 

Orange. From reaction of [PdLJ with hydrazine 
Red 
Green 
Brown-violet. From PdCI, and Na$,C2H2 
Black. From I, oxidation of [Et,N][Pdb]. X-Ray 

structure shows two square planar [PdLJ units in 
eclipsed relationship joined by a Pd-Pd bond of 
2.790(2) A to form a dimeric structure 

R 

R 1:: 
IPdLJ (R = Me,p-MeOC,H,) 

Orange. From the analytical reagent quinoxaline-2,3- 
dithiol 

Bridging dithiolate 39 

13 

Other complexes of bidentate sulfur donor ligands 
I 

-SCH2CH$ / \  'Malate bridged. From oxidative addition to 
Pd(PPh,),, or from PdCI,(PPh,), or 

rrn, demethylation 
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Table 2 (continued) 
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Ligand (L)  Complexes formed Remarks REf. 

R'R~P=S 
I 

R'R~P=S 

[PdL(PMe,Ph)zl Cleavage of above dimer &ith PMe2Ph 13 
[PdL(diars)] From PdCl,(diars). Less strongly coordinating chelate 13 

ligands than diars give a polymeric product [PdL], 

Dithiwxalate complex. Very stable; strong P d - S  40 
bonds. X-Ray diffraction shows square planar, S- 
kmded 

[ P d u  (R' = R2 =Et;  
R' = Ph, R2 = H) 

Complex of diphenylphosphinothioyl derivative of 41 
thiourea. Bound through S only, not N or P 

Dithiobiuret complex. X-Ray structure shows PdS, 42 
planar, hgands non-planar 

Blue. X-Ray structure shows PdS, planar with cir 43,44 
ligands 

Black solid, green solutions 44 

Di(tertiary phosphine) s a d e s ,  e.g. R' = R' =Me. 45.46 
X-Ray structures of R' = R' = NEt, and R' = NEb, 
R'= C,H,, show L in gauche conformation 

Me 
\ c-s 

/,.a- - 
HC,I - P d b l  

c'+s 
/ Me 

Complexes of multidencate sulfur donor t i g a d  

Chalcogen-bridged di-iron species functioning as 48 
bidentate ligand 

Dithiotroplonate complex. Violet 49 

Djthioacetylacetonate complex. Bright red H) 

Tetrathiceth complex with bridging L. Complicated 51 
S-dealkylation reactions on prolonged reflux in 
DMF 

51 
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Table 2 (continued) 

Ligand ( L )  Complexes formed Remarks Refs. 

n 1) [ P a l z +  

U 

Complexes of bidentute and mulliokntate selenium donor ligands 

,Se 

RSe(CH,),SeR 
(R = Me, Ph; n = 2,3) 

X-Ray structure shows trimeric structure with an 52 
isosceles triangle of Pd atoms, each Pd surrounded 
by a quare of S atoms 

X-Ray stmctures show two normal P d - S  bonds and one 53 
Pd.. 4 interaction for each L. Electrochemical 
oxidation of [PdL,]" affords the relatively 
stable trivalent palladiurn(IY1) species, [Wb]" 

54 

X-Ray structure shows that Pd is coordinated to four S 
atoms in a square planar fashion; only long range 
weak axial interactions are observed with the two 
remaining S atoms, Le. the conformation of the 
macrocycle is an S-shaped double boat, with the Pd" 
ion at the molecular inversion centre 

55 

Very stable complex, soluble in DMF. L acts in a 
bidentate fashion toward each of the four Pd" ions 
resulting in four square planar metal ions per 
molecule 

56 

Diethylselenotbiophosphinate complex 27 

Diethyldiselenophosphinate complex. The Se corn- 
plexes are not as stable as their S analogues and 
decompose in daylight and on heating 

57 

Selenothiocarbamate complex 58 

Diselcnoether complexes. There is a ring contribution 
to the "Se NMR chemical shifts dependent upon 
the chelate ring size. 

59 
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Ligand ( L )  Complexes formed Remarks Refs. 

cis-MeSeCHdHSeMe I P G L I  

o-C,H,( SeMe), IPdX2Ll 

MeC(CH,SeMe), [Pdfl,Ll 
(MeSeCH$H,CH,),Se [PdCl,L] 
C(CH,SeMe), [Cl,PdLPdCI,] 

CH,(CH,SeCH,CH,SeMe), [Cl,PdLPdCI,] 

Studied by 'H and "Se W R  

Studied by 'H and 77Se NMR 

59 

59 

hpbably polymeric with bridging L 59 

60 
60 

Triselenoether complexes. Studied by 77Se NMR; 
bidentak with one SeMe group not coordinated 

Tetraselenoelher complex; bridging L 60 

Insoluble; bridging L 61 

'The ligands L are drawn for convenience with localized valence bonds and ionic charges. Reversible oxidation-reduction sequences 
are a characteristic feature of many 1,2-dithiolene complexes, and there is difficulty in assigning meaningful oxidation states to metal 
atoms in a redox series when the electronic configuration of the ligands themselves may also be undergoing change. 
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complexes containing thioether or selenoether donor groups are covered in a comprehensive 
review,’23 and there are several detailed accounts available on the complexes of the important 
1 , l -di thi~latel~~ and 1,2-dithi0lene’~~ ligands. Other more general reviews cover structural 
systematics of 1,l-dithiolate and 1,Zdithiolene chelates,155 stereochemical aspects of bis chelate 
complexes includin sulfur and selenium donors multinuclear complexes with sulfur- 
containin ligandsf5’ and complexes with 1,2-dithiolium ions and dithio-@-diketonate 
ligands.’” A recent theoretical study deals with dimerization and stacking in the metal 
complexes of dithiolenes and tetrathi01enes.l~~ 
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51.9.1 INTRODUCTION 
The excellent monograph by McAuliffe and Levason’ reviews much of the work in this field 

up to the end of 1977. Hartley’s book2 also includes much of relevance to this area, as does the 
relevant section of ‘Comprehensive Inorganic Chemistry’ .3 Care should be exercised, however, 
in using these older texts, as some generalizations current at that time have since been found to 
be erroneous. In addition, there are useful annual reviews of the literature covering the period 
1979-1983 .4 The vast organometallic chemistry of palladium(I1) with phosphorus, arsenic or 
antimony donor ligands falls outside the scope of this work, and is dealt with in the companion 
series ‘Comprehensive Organometallic Chemistry’.$ This incrudes the extremely important 
selective oxidation of alkenes by palladium(I1) catalysts.6 

- 
51.9.2 PHOSPHINE, ARSINE AND STIBINE COMPLEXES 

51.9.2.1 Unidentate Ligands 

Complexes of the following stoichiometries are known (E = P, As or Sb; R = alkyl, aryl, etc. ; 
X = singly charged anion, e.g. halide): [PdX2(ER3)2]*, [PdX2(ER3)3], [PdX(ER3)3]+, 
[Pd(ER3)4I2+, [PdX3(ER3)]-, [P~z&(ER~)~]*  and [Pd2X2(ER3)4I2+. Those complexes marked 
with an asterisk are by far the most numerous. 

5l.9.21.1 Complexes of the type [PdX2(ER3JJ 

typical examples are listed in Table 1. 
Innumerable complexes of the type cis- and tran~-[PdX~(ER~)~] have been prepared. Some 

1157 
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Table 1 Typical Complexes of the Type FdX,(ER,),] 

~~ 

PMe, 
PBu'Me, 
PBut2Me 
PPh3 
AsPh3 
SbPh3 
PPh,( CH,OCOMe) 
PMe (CH,OCOMe) 
PBu<(CH,OCOMe) 
PPh2(-t} 
P P h , ( w P f )  
P P h , ( ~ B u ~  
Sb(o-tOlyl), 
Sb(m-t0lyl)3 
Sb (p -tolyl), 

cis-C1, Br; trans-I 
trans-C1, Br, I 
trans-Cl, Br, I 
trans-a, NCO 
trans-Cl, NCO 
cis-c1 
cis-C1; trunsBr,  I 
cis-C1; tramC1 
trans-Cl 
cis-C1, Br; trans-I 
cis-C1, Br; trans-I 
cis-C1, Br, I 
trans-Br, I, SCN, NO, 
cis-Br, I, SCN, NO, 
cis-Br, I, SCN, NO, 

1 
2 
2 
3 
3 

4,5 
6 

1. J .  G. Evans. P. L. Goeein. R. J. Goodfellow and J. G. Smith, J.  Chem. 
SOC. (A), 1968, 464; RY. Goodfellow, J .  G. Evans, P. L. Go&n and D. 
A. Duddell, ibid., 1968, 1604. 

2. B. E. Mann, B. L. Shaw and R. M. Slade, I .  Chem. Soc. (A), 1971,2976. 
3. A. H. Norbury and A. I. P. Sinha, J .  Inorg. Nd. Gem., l 9n ,35 ,  1211. 
4. J .  Chatt and R. G .  Wilkins, J.  Chern. Soc., 1953, 70. 
5 .  C. A. McAdiffe, I .  E. Niven and R. V .  Parish, Imrg. Chim. Acm, 1977, 

6. J. Chatt, G. J. Leigh and R. M. Slade, 1. Chem. Soc., Dalton Trans., 

7. R. T. Simpson and A. J.  Carty, 1. Coord. Chem., 1973,2,207. 

22,239. 

1973,2021. 

( i )  Compounds with X = halide 

The dihalide complexes [PdX2(ER3),] are formed when solutions of [PdX$- (X = C1, Br or I 
are treated with two equivalents of a tertiary phosphine, arsine or stibine, as in equation (1). ? 

[Pd&I2- + 2ER3 + [PdX,(ER,)J + 2X- (1) 

The products are generally yellow air stable crystalline solids. Their thermal stability 
decreases in the order PR3>AsR3>SbR3.* Because of their ease of preparation, their 
diamagnetism and their ready solubility in a range of organic solvents, the [PdX2(ER3)2] 
complexes have been extensively studied spectroscopically. Notable references are given in 
Table 2. 

It is particularly important to be able to distinguish between cis and trans isomers. In 
solution, NMR spectroscopy (lH, 31P, 13C) is the most useful technique; in the solid state the 
far-IR spectra are usually diagnostic, since both the number of bands (two for cis, one for 
trans) and the frequency of absorption (vPbx) are characteristic of the isomer present. 

In solution a cis-trans equilibrium mixture is rapidly established, though usually only one 
form is obtained on working up (in contrast to the chemistry of the analogous Ptn 
~ompounds).~ The mechanism of czb-trans isomerization is generally agreed to be one of 
consecutive displacement, the process being accelerated by addition of excess ER3, as shown in 
equation (2) (L = ER3).'* In general the cis isomer is more stable than the trans isomer," the 
amount of trans isomer in solution decreasing with basicity of the ligand and increasing dipole 
moment of the solvent. Bulky ligands, however, tend to favour the trans isomer, as evidenced 
by the fact that few cis complexes containing the ligands PBut2R, PButR2, P(o-tolyl)2R or 
P(o-tolyl)R2 are known (see Table 1). 

1 
1 
1 
1 

(2)  

L 
1 
I 

X 

G P d - X  + L e + X- e X-Pd-X + L 

The halide complexes (PdX2(ER&] are precursors to a wide variety of derivatives, which 
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Table 2 Spectroscopic Studies 
on Complexes of the Type 

[PdX,(ER&I 

Technique Ref. 

ESCA 1 
IR 2 
NMR 

‘H- {”P} 
1 3 c  

1H 3 
4 
5 

13C-{lH} 6 
3’P 7 

3 5 ~ 1 ~ ~ ~  8 

1. G. Kumar, J.  R. Blackburn, R. 
G. Albridge, W. E. Moddeman 
and M. M. Jones, Inorg. Chem., 
1972, 11, 296; F. Holsboer and 
W. Beck, 2. Nahuforsch., Ted 
E,  1972, 27, 884; D. T. Clark 
and D. B. Adams, Chem. 
Commun., 1971, 6432. 

2. K. Shobatake and K. Nakamoto, 
J .  Am. Chon. Soc., 1970, 92, 
3332; K. Konya and K .  Naka- 
moto, Specrrochim. ACM, Prrrr 
A ,  1973,29, 1965, 

3. J.  H. Nelson and D. A. Redfield, 
Inorg. N u d  Chem. Lett., 1973, 
9, 807; B. E. Mann, $id., 1974, 
10, 273; A.  W. Verstuyft, L. W. 
Cary and J. H. Nelson, Inorg. 
Chem., 1975,14, 1495. 

4. R. J.  Goodfellow and B.  F. 
Taylor, J .  Chem. Soc., Dalton 
Trans., 1974, 1676. 

5 .  G. Balimann, H. Motschi and P. 
S. Pregosin, Inorg. Chim. Ach, 
1977,23,191. 

6 .  D. A. Redfield, J .  H. Nelson and 
L. W. Cary, I n o g .  Nucl. Chew. 
Lea., 1974,10, 727. 

7. B. E. Mann, B. L. Shaw and R. 
M. Slade, J.  Chem. SOC. (A) ,  
1971, 2976; A. W. Verstuyft, J .  
H. Nelson and L. W. Cary, 
Inorg. Nucl. Chem. Len., 1976, 
l2 ,53.  

8. C. W. Fryer and J. A. S. Smith, 
J .  Chem. Soc. (A) ,  1970, 1029. 

may in general be prepared by simple substitution reactions. In addition to their use in 
oxidatioq6 compounds of this class have found useful catalytic applications in a number of 
areas. A range of compounds [PdX,(ER,),] with added SnClz are recognized catalysts for the 
reduction of diene and triene esters to monoenes;12 the rate of hydrogenation has been studied 
in some cases.13 The complex [PdC12(PPh&] has also been used in the catalysis of 
hydrosilylation reactions. l4 

( i i )  Compounds with X = pseudohalide 

The pseudohalide complexes [PdX2(ER3)2] (X = N3, NCO, CNS or CN) may be prepared by 
metathesis of the chloro complexes with NaX or LiX. 

Particular interest attaches to the thiocyanate complexes since the mode of coordination of 
this ambidentate ligand is markedly influenced by the other ligands present:” isomerization can 
be brought about in a number of cases by heating the solid complex or by dissolution in an 
appropriate solvent. The type of coordination found in a particular complex may in general 
only be rationalized by a consideration of both electronic and steric factors. As an example of 
the latter, tran~-[Pd(NCS)~(PPh~)~l contains N-bonded, linear NCS groups, but in the 
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analogous complex containing the less sterically demanding triphenyl phosphite ligand , 
truns-[Pd(SCN)2{P(OPh)&], the thiocyanate ligand is S-bonded and non-linear.16 Phosphine 
and arsine complexes of palladium(I1) containing thio- or seleno-cyanate ligands are discussed 
further in Section 51.8.2.5. 

The preparation of fulminate (CNO) and isocyanate (NCO) complexes, and their reactions, 
have been reported." These include the conversion of [Pd(NC0)2(PPh3)2] to 
[Pd(NCO)(C02R)(PPh3)2] on reaction with CO and ROH (R = Me, Et). 

Coordinated azido ligands also undergo unusual reactions: for example, with RCN, 
[Pd(N3)2(PPh3)2] yields the cyclic compound shown in structure (1). l8 

(iii) Other compounds 

Numerous compounds with other ligands are known, including complexes with SCF, ,19 
SzCNRz,20 &COR-, S2PRF and S2P(OR)Tq2l These are discussed further in Sections 51.8.2.5 
and 51.8.3. 

Complexes of type [PdX*(ER3)L] and [PdXY(ER&] are readily obtained, usually by 
bridge-splitting reactions with [Pd&(ER3),] and L, or [Pd2X2(ER3)4]2+ and Y-. 

The dihydrides [PdH2(ER3),] have not been isolated; this is in sharp contrast to the ready 
formation of [PtH2(ER3)& The tris(triethy1phosphine) complex [Pd(PEt3)3] forms a hydride in 
solution under hydrogen pressure at -63 "C, but it has not been isolated." Hydridohalides are 
similarly much less stable than their platinum analogues. The X-ray structure of trans- 
[PdHC1(PEt3)2] has been reported:23 a long Pd-C1 bond (2.43 A) is consistent with the hydride 
being trans to chlorine. 

51.9.21.2 Complexes of the lype [PdxZ(ER3.h] 
Five-coordination is much less common for PdI' than for Ni". Nonetheless, ligands with 

suitable steric requirements can, under favourable conditions, yield [PdX2(ER3)3] complexes, 
e.g. [PdC12(PBzMe2)3].24 Partial dissociation of X- in solution often occurs and 
[PdX(ER3)3][Y] can frequently be isolated by adding a large anion (Y = C104, BPh4, etc.). 
Stibines in particular seem to favour high coordination numbers. 

The X-ray crystal structures of a number of compounds of general formula [PdBr2L3] have 
been determined, for example when L = 2-phenylisophos hinoline (2), the structures of both 
racemic and optically resolved forms were determined?'and when L = (3), the structure of 
[PdBr2L3].PhC1 was obtained.26 The geometry of all these molecules is similar, being distorted 
tetragonal pyramidal with an apical bromine. w Et 

51.9.21.3 Mononucieiar ionic complexes 

[PdX(ER3),][Y] may be prepared either from or via [PdX2(ER3)3] (vide supra)," OF by 
addition of ER3 to solutions of [PdzXz(ER3)4]2+.28 A comparison of the spectral properties of 
[PdX2L], [PdX,L] and [PdXL3]+ (L = PPhMez) has been reported.29 The dications 
[Pd(PR3)4]2+ (R = Ph, OPh) are prepared by oxidation of [Pd(PR3),] using Ph3C+.30 The 
[PdX3(ER3)]- anions are best obtained by treatment of [Pd&(ER3),] with &NX in 
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dichl~romethane.~’ The X-ray strwture of [Ph3PCH2CHzCOMe]+[PdC13(PPh3)]- has been 
determined.32 

5l.9.2.l.4 Complexes of the type [Pd&(ER&] 
The binuclear complexes [Pd&(ER&] are readily prepared, commonly by reaction of ER3 

with excess [ P a l 2 - ,  or by reaction of [PdXZ(ER3),] with [PWI2-, either in solution in 
alcohols, in suspension in organohalogen solvents, or by melting together,33 The usual 
geometry is the sym-trans structure (4). Typical examples are listed in Table 3. These 
binuclear compounds are generally less soluble than the analogous mononuclear derivatives. 

Bulky phosphines favour the formation of [Pd&(PR&] from [PdX2(PR&], presumably 
since this results in a release of steric strain. Thus, metathesis of trans-[PdC12(PPhBut&] with 
LiI yields only [Pd214(PPhButz)2],34 and reaction of [PdCl4IZ- with PBut2(o-CaJ’r‘) yields 
[PdC14(PR3)2] and not [PdC1z(PR3)2] .35 

x\pd/X\pd/ER3 
/ \x/ \x 

R3E 
(4) 

Table 3 Typical Binuclear Complexes of the Type [Pd2X4(ER3),] 

Complex Comments 

Orange-red 
Deep-red 
Tan 
Reddish-brown 
Deep reddish-purple 
Orange 
Yellow 
Yellow 
Deep- y ellow 
X-Ray structure’ 
X-Ray structure’ 

1. R. H. Fern and G. R. Segrott, J.  Chem. SOC. (A). 1970, 3197. 
2. J .  Powell and T. Jack, Inorg. Chem., 1972,11, 1039. 

Complexes with a variety of other bridging groups are known, including phosphido-, thio-36 
and carboxylato-bridged  compound^.^' Reaction of base with the secondary phosphine 
complexes [PdX2(PEt2H)2] eliminates HX to form a didkylphosphido-bridged complex, as in 
equation (3); the ease of elimination of HX decreases in the order X=I>Br>Cl.= The 
elimination of HX also depends on the phosphine, decreasing in the order PPh2H > PEtPhH > 
PEtzH. The dichloro complex [PdC12(PPh2H)2] is too unstable with respect to loss of hydrogen 
chloride to be isolated. Secondary diarylphosphine complexes yield both mononuclear and 
dinuclear products.39 

A number of compounds related to the [Pd2&(ER&] complexes are known. Reaction of 
& ~ n s - [ P d ( m H ) ~ ( P M e ~ ) ~ ]  with [PdC12(PMe3)2] in Et2NH and CuCl as catalyst yields the 
ethynediyl-bridged comjlex [(PMe3)2C1Pd-C=C-PdC1(PMe3)2] in which the acetylide bonds 
in an q2(u, u) fashion. The heterobimetallic complexes [(ER3)2Pd(p-X)ZHgY2] are formed on 
reacting either cis- or ~rans-[PdXz(ER~)~] with HgY2 (Y = C1, Br or I), though these cannot 
always be isolated, and in some cases the HgY2 ‘extracts’ ligands to form [(HgY2),(ER&] 
(n a 1) and [Pd2&(ER3j2] ,41 Reaction of trum-[PdCl2(AsMe&] with [IrCL(PMe2Ph)2] yields 
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the palladium-iridium heterobimetallic complex [ (Me3As)C1Pd$p-C1)21rC12(PMezPh)2], the 
structure of which has been determined by X-ray ~rystallography.~ 

51.9.215 Complexes of the type [PdtxZ(ER3)4]2+ 

The halide-bridged dications [Pd2X2(ER3)4]2+ are obtained by treatment of the dihalo 
complex [PdXz(ER&] with the alkylating agents S(F)O*(OMe), [Me30][BF4] or [Et30][BF4], 
or, iess generally, with BX: (X' = F, C1, Br) or AgY (Y = BF4, clod, e ~ c . ) . ~ ~  Alkylating agents 
can also be used to extract other anions, including X=NS, NCS, NOz or NO3, from 
[PdX2(ER&] to yield either anion-bridged or (from NO2 and NO3 complexes) hydroxo-bridged 
cations.M The hydroxo-bridged dication [Pd2(p-OH)2(PPh3)4]z+ has also been obtained by 
metathesis of [PdCl,(PPh&f with AgBF4 in wet as well as from treatment of 
[Pd(02)(PPh3)2] with [NO)[BF4] in CH2C12.46 The hydroxo bridges are unexpectedly difficult to 
cleave, for example bridge-splitting does not occur with PR3 under ordinary conditions. 
However, the bridge-splitting reactions of the halide-bridged cations with a range of anionic or 
neutral ligands (L) provide a valuable synthetic route to [PdXL(ER3)2]n+ (n = 0, 1) 

51.9.2.2 Bidentate Ligands Containing Two P, As or Sb Donor Atoms 

51.9.221 Complexes of the fype cis-[PdX2(L-L)] 

Complexes of bidentate ligands L-L are predominantly of the type cis-[PdX2(L-L)] and 
some typical examples are given in Table 4. Direct reaction of [Pd&I2- with L-L often (but 
not always) leads to formation of the insoluble Magnus-type salts [Pd(L-L)2][PdX,]. The 
stability of the latter with respect to rearrangement into [PdX2(L-L)] depends markedly on 
L-L; some rearrange to the 1 : 1 complexes on stirring under gentle reflux in ethanol, whilst 
for others reflux in N,N-dimethylformamide or ethanolic HX is n e ~ e s s a r y . ~ ~ ~ '  The [PdX2(L-L)] 
complexes are planar, diamagnetic and generally soluble in organic solvents, in which they 
are monomeric non-electrolytes. It is possible to avoid Magnus-type salt formation by using 
PdX2 in place of [Pd&I2-, although the poor solubility of many of the palladium dihalides in 
suitable solvents makes reaction slow. A better procedure is displacement of a neutral ligand 
from a preformed complex, often [P~XZ(NCP~)~] .  Special preparative methods may be 
appropriate for particular complexes, for example cyanogen converts [Pd(L-LX] (L-L = 
dppe, dppp) to [Pd(CN)@-L)I .51 

Table 4 Typical Complexes of the Type cis-[PdX,(L-L)] 

G L  X Ref. 

1. D. W. Meek, P. E. Nicpon and V. I. Meek, J .  Am. Chem. Soc., 1970,92, 

2. W. Levason and C. A.  McAuliffe, Inorg. Chem., 1974,l3,2765. 
3 .  W. Levason and C. A. McAuliffe, Inorg. China. Acta, 1976.16, 167. 
4. W. Levason and C. A.  McAuliffe, J .  Chem. Soc., Dalton Trans., 1974, 

5. W. Levason, C. A.  McAuliffe and S. G. Murray, Inorg. Nucl. Chem. 

5351. 

2238. 

Lett ,  1976, 12, 849. 

Much interest has centred upon the [Pd(CNS)2(LL)] complexes, since the nature of the 
thiocyanate coordination is influenced by the particular ligand present. Thus, X-ray diffraction 
studies have shown that the mode of thiocyanate coordination in [Pd(CNS)2{Ph2P(CH2),PPh2}] 
changes from both S for n = 1 (dppm), through one S and one N for n = 2 (dppe), to both N 
for n = 3 ( d ~ p p ) . ~ ~  Linkage isomerism amongst these compounds has also been studied by 
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31P NMR spectros~opy.~~ Sterk factors account for the different coordination modes, while the 
influence of electronic factors is evidenced by the difference in structure between analogous 
palladium(I1) and platinum(I1) compounds, for example, the thiocyanates are N- and S-bonded 
in [Pd(NCS)(SCN)(diars)], but only S-bonded in [Pt(SCN)2(diars)].54 These and other 
diphosphine or diarsine complexes of palladium(I1) with thio- or seleno-cyanate ligands are 
further discussed in Section 51.8.2.6. 

51.9.222 CompIaes of the type trans-[P&(L-L)] 

The rigid ligand 2,11-bis(diphenylphosphinomethyl)benzo[c]ph~nanthrene (5) forms trans 
planar complexes [PdX2(L--L)] (X = C1, Br, I);55 the steric properties of the ligand effectively 
prevent it coordinating to produce cis planar or tetrahedral complexes. Trans chelation has also 
been achieved with flexible ligands of the correct backbone length under appropriate 
conditions; thus, for example, trans-[PdClz{But2P(CH2),PBut2}] (n = 10, 12)56 and trans- 
[PdC12{MezAs(CH2)12AsMe2}]57 have been prepared. In addition to these mononuclear 
complexes, the binuclear compounds [PdC12{But2P(CH2).PBu'2}]2 (n = 10,12) have been 
isolated and the structure of the compound with n = 10 has been determined by X-ray 
crystallography as (6).56 

(6) Pd-P = 2.37 8, 
Pd-CI = 2.26, 2.29 A 

51.9.223 Complexes of the type [Pd(Z-L)2]'f 

Planar bis-ligand complexes of the type [Pd(L-L)2][C104]2 are known for a wide range of 
ligands and are usually obtained by treatment of [PdCIz(L-L)2] or [PdC12(L-L)] and L-L 
with NaC104 or dilute HC104 in a suitable solvent, often an aqueous alcohol. There are similar 
complexes with BF;, PF;, BPh;, etc., as counterions. Typical examples are the complexes 
formed by the ligands o - C ~ H ~ ( E P ~ ~ ) ~  (E2 = P,P; As,P; As,As; Sb,P) with palladi~rn(II).~~,'~ 
These are 1 : 2 electrolytes, and the IR and electronic spectra confirm the ionic formula t i~n .~~ 
The X-ray crystal structure of [Pd(PhMePCH2CH2F'MePh)2][C1]2 has been detem~ined.'~ 

519.224 Complexes of the type [PdX~(L--Lhl 
The bis-ligand complexes [PdXz(L-L)2] (X = C1, Br, I) are formed by some ligands but not 

all; for instance, alkyl-substituted diphosphines fail to yield this type of complex even with a 
large excess of ligand.60 The most extensive series of compounds is formed by the o-phenylene 
ligands o-C6&(EMe2)E'Me;? (E, E' = P, As, Sb).50,58 The structure of [ P ~ I ~ { O - C ~ & ( A S M ~ ~ ) ~ } ~ ]  
has been determined by X-ray crystallography.61 The Pd atom is six-coordinate with long cram 
axial Pd-I bonds; electronic spectral differences between [PdX(L-L)2][C104] (vide infra) and 
[PdX2(L-L),] suggest that the latter may generally be hexaccoordinate and tetragonal.49J4 

In solution there is a tendency for [PdX2(L-L)2] to form pentacoordinate [PdX(L-L)z]+ 
ions, which may be isolated as perchlorate salts. The relative stabilities of the complexes 
of types [PdX2(L-L)?], [PdX(L-L),]' and [PdX2(L-L)] are influenced by two factors: (a) 
the increasing promotion of pentacoordination along the series P<As<Sb;  and (b) the 
decreased stability of the bis-ligand complexes with respect to their [PdX2(L-L)] analogues for 
weaker donors such as aryl-arsines and -stibines, such that ionic halides can displace one of the 
bidentate ligands. Thus, [PdX~(diars)~] is a 1 : 1 electrolyte in solution, whose conductivity is 
increased by addition of excess L-L. This behaviour may be explained in terms of the partial 
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dissociation of L-L in solution, as in equation (4).54 The [PdX2(L-L),] complexes decompose 
on heating in the solid state to [PdX2(L-L)] and L-L. 

(4) [PdX,(diars)2] e [PdX(diars),]+ + X- e [PdX,(diars)] + diars 

The thiocyanate complexes [Pd(CNS)2(L-L)2] are known for some bidentate ligands L-L; 
in general the tendency to five-coordination is markedly less than for the corresponding halide 
complexes, although the same order with respect to donor is f o l l ~ w e d . ~ ~ , ~ ~  

51 9.2.2.5 Complaes of bis (diphenylphosph2no)methanc 
Much interest has recently been devoted to complexes of Ph2PCH2PPh2 (dppm) which, 

because of its small bite, often prefers to bridge rather than chelate.62 
The complex [PdC12(dppm-PP‘)], in which the dppm ligand is bidentate, reacts with NaCN 

to give the binuclear ‘face to face’ complex [(NC)2Pd(p-dppm)2Pd(CN)2] (7; X = CN). When 
the salt [Pd(dppm-PP’)2][C1]2 is treated with NaCN the compound trun~-[Pd(CN)~(dpprn-P)~] 
(8; X = CN) is formed, in which the dppm is monodentate. This complex is fluxional at 20 “C 
due to rapid ‘end over end’ exchange of the monohapto dppm ligands. When trans- 
[Pd(CN)2(dppm-P)Z] (8; X = CN) is treated with [Rh2C12(C0)4] or trans-[IrCl(CO)(PPh3)Z], 
the two free phosphorus atoms coordinate to the second metal and heterobimetallic complexes 
of the type [(NC)2Pd(p-dppm)2M(CO)Cl] (9; M = Rh or Tr) are formed, while treatment with 
[Mo(CO)~(C,H,)] (C7H8 = cyclohepta-1,3,5-triene) or HgC12 produces [(NC)2Pd(p- 
dppm)2Mo(C0)3] or [(NC)~.Pd(p-dppm)2HgCl2], re~pectively.‘~ 

A Ph2P nPPh2 Ph,P 
A 

Ph2P 
1 /x 
Pd 

x/I 
ph2pvPPh2 

(7) (8) (9) 

Analogous acetylide complexes containing monodentate dppm, t ran~-[Pd(WR)~(dppm- 
P)4 (8; X = m R ) ,  can be made by treating the heterobimetallic complexes [(RC%C),Pd(p- 
dppm)2HgC12] with sodium sulfide, the palladium-mercury complexes themselves being 
obtained from treatment of [Pd(dppm-PP’)2][Cl]2 with Hg(C+CRX. A wide range of 
heterobimetallic complexes containing palladium(I1) can then be made by treating (8; 
X = M R )  with suitable substrates (as for the dicyanides, vide supra), or by displacing the 
d” metals from heterobimetallic complexes, especially of Hg” or Ag’, in transmetallation 
reactions.@ Similar chemistry pertains to the isonitrile palladium(I1) dppm complexes (RNC 
being isoelectronic with R W - ) , 6 5  and there is an X-ray crystal structure of 

Binuclear palladium(I1) complexes of dppm may also be prepared by oxidation, for example 
of [ClPd(f-dpp~n)~PdCl] with Ss to give the sulfur-bridged ‘A-frame’ molecule [Pd2CI2(p-S)(p- 
dppm)2],i or of [Pd2(p-dppm)3] with CHRXz to give the ‘A-frame’ [Pd2X2(p-CHR)(p- 

Treatment of q3-allylpalladium chloride with dppm results in several products, e.g. 
[PdCl( q3-C3H5)( dppm-P)], [Pd(q3-C3H5)(dppm-P)2]+ and [Pd( q3-C3H5)(dppm-PP’)]+, as well 
as the bimetallic [CIPd(p-dppm)zPdC1] .69,70 The products depend on the molar proportions, the 
solvent and the counterion: treatment of q3-allylpalladium chloride with 0.5 mole equivalents 
of dppm in acetonitrile gives [(q3-C3H5)ClPd(p-dppm)PdC1( q3-C3H5)], which probably has 
structure 

[ Pd(CNBuf)2(dppm-P)2] [BPh4]2. 66 

dPP42l. 
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Bis(dipheny1stibino)methane (dpsm) also prefers to bridge rather than chelate, forming 
[X2Pd(p-dpsm)2PdXz] and [PdX2(dpsm-Sb)2], but not [PdX2(dpsm-SbSb ’)I.” 

51.9.2.3 Bidentate Ligands Containing One P, As or Sb Donor Atom 

Complexes formed by hybrid bidentate ligands usually fall into the classes covered in the 
above sections and only the bis-ligand (2: 1) complexes will be treated here, together with some 
related chemistry. 

51.9.2.3.1 C o m p l t ~ ~ ~  of IlguRdS containing a nitrogen donor atom 

The substituted pyridine ligands Ph2ECH2CH2C5Hy (E = P, As) bond only through the E 
atom in [PdC12(L-L)2], the pyridine nitrogen remaining un~oordinated.~’ Similarly, the 
amine-stibine 0-C6H4 SbM%)NMe2 coordinates only through the antimony atom in [PdX2(L- 
L)z] (X = C1, Br, Ligands containing N donors strongly favour four-coordination of 
palladium(I1): a study of various amine-arsine complexes of the type [PdX2(L-L)z] showed 
that Ph2AsCHzCH2NH2 was more likely to chelate than o-substituted anilines, and that, 
depending on L-L and X, some or all of the structures (11)-(l3) may be ad~pted.’~ 
Deprotonation of the primary amine complexes [PdX2(L-L),] [L-L = o-C6H4(AsR2)NH2] 
occurs on treatment with aqueous base to form [Pd(L--G-H)2], where L-L-H=o- 
C~H~(ASR~)NH.  

51.9.2.3.2 Complewes of ligands containing a sulfur donor atom 

Sulfur-phosphorus bidentate ligands such as o-C6&(PPhz)SMe fail to form 2 : 1 complexes 
with palladium(I1 halides, but o-C&(AsPh2)SMe forms [PdX2(L-L)2] (X = Cl, Br) from 
aqueous acetonea The crystal structure of the diiodide complex has been determined and 

palladium(I1) centre with long trans axial Pd * ’ . S interactions 

S-Dealkylation of coordinated thioethers is well known. For example, the complexes 
[PdX2(L-L)] [G-L = o-C6&(ER2)SMe] dealkylate on heating in N,N-dimethylformamide to 
give either dimers (as 14) or  monomer^.^^.^^ The monomers are formed in the presence of 
excess ligand and the structure of the product for E =As, R = Me has been determined by 
X-ray crystallography as (W), with Pd-As = 2.34 %, and Pd-S = 2.30 A.78 The demethylated 
ligand can be readily realkylated.75,77,79 

51.9.2.4 Multidentate Ligands 

Planar [PdXL][Y] complexes have been prepared for a variety of X, Y and tridentate 
L. Typical examples are given in Table 5 .  The X-ray crystal structure of 
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[PdBr{ M~AS(CH~CH~CH~A~M~~)~}][B~] has been determined.80 The triarsine MeAs(o- 
C&ASMe2)2 forms [PdXL][X] complexes which, though 1 : 1 electrolytes in nitromethane, 
appear to be five-coordinate in acetone.81 The same ligand also forms [PdL][C1O4I2, which is a 
1 : 2 electrolyte in nitromethane. 

Table 5 Typical Complexes of the Type [PdXL][Y] 

L X Y Re& 

PhP(CH2CH2PPh& I I 1 

MeP(CH,CH2FMe2)z CI c1 
2 
3 

PhP(CH,CH,AsPh,), CI pF6 

1. R. B. King, P. N. Kapoor and R. N. Kapoor, Inorg. Chem., 1971,10, 

2 .  R. B. King and P. N. Kapoor, Inorg. China. Acm, 19?2,6,391. 
3. R. B. King, P. Zinich and J. C. Cloyd, Inorg. Chem., 1975, 14, 1554. 

1841. 

Planar ’ [PdX2L] complexes are formed by a number of hybrid tridentate ligands with one 
donor remaining uncoordinated. Typical examples are given in Table 6. 

Table 6 Typical Complexes of the Type [Pa&] 

L Donor set Ref. 

PhAs(CH,CH,NMe,), As, N, X, X 1 

P, P, x, x 2 

P h  

PhP(CH,CH,CH=CH,), P, alkene, X, X 4 

1. T. t. Morris and R. C. Taylor, J .  Chem. Soc., D a h  Trow., 1973, 

2. W. V. Dahlhoff, T. R. Dick, G. H. Ford, W. S. J. Kelly and S .  M. 

3. T. N. Lockyer, Aust. J .  Chem., 1974,27,259. 
4. P. E. Garrou and G. E. Hartwell, J .  Orgummet. Chem., 1974, 71, 443. 

175. 

Nelson, J .  Chem. Sac. (A), 1971, 3495. 

The linear tetraphosphine ‘tetraphos’, Ph2PCH2CH2PPhCH2CH2PPhCH2CH2PPh2, forms 
the planar dicationic complex [PdL][PF6]2,82 while the tripod ligand P( CH2CH2PR& 
(R = neopentyl), which cannot adopt the arrangement required to yield a monomeric 
planar structure, yields the complex [PdClL]+, in which one PR2 group remains unco- 
~ r d i n a t e d . ~ ~  Five-coordinate complexes [PdXL][Y] are formed by the tetraarsine ligands 
o-C6H4(As(o-CbH~sMez)Me)2,B4 Me2AsCHzCH2AsPhCHzCH2AsPhCH~CH2A~Me2~5 and 
As (o -C~H~ASR~)~  (R = Me, Ph).86 The kinetics of the substitution reactions for L = 
As(o-C&L,ASM~~)~ have been examined and the mechanism probably involves a planar 
intermediate with one or two arsenic atoms temporarily un~ordinated.~’ 

51.9.3 PHOSPHITE, PHOSPHONITE, PHOSPHINITE AND OTHER COMPLEXES 

The chemistry of phosphite, phosphonite and phosphinite complexes of palladium(I1) 
generally resembles that of their phosphine analogues. Its description here will therefore be 
brief, attention being paid to those areas where differences in behaviour are apparent. 

The planar phosphite complexes [PdX2{P(OR)3}2] have been prepared by a variety of 
methods, such as the reaction of P(OR)3 with [PdX$- in ethanol in the presence of LiX.= The 
palladium(I1) iodide and P(O-o-tolyl)3 complexes have trans structures or are cis/iram 
mixtures, but the others are predominantly cis isomers. The phosphonites, P(OR),Ph, and 
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phosphinites, P(OR)Ph2, similarly yield cis-[PdC12L]. A large number of complexes 
[PdCl,L(PR,)] [L = P(OR)3, P(OR),Ph or P(OR)Ph,] have been obtained by evaporating 1 : 1 
mixtures of [PdC12(PR3)2] and [PdC12L] in chloroform.89 The X-ray crystal structure of 
tran~-[Pd(SCN),{P(0Ph)~}~] has been determined (see Section 51.9.2.1.l.ii) ,16 while the 
structure of the diphosphinylamino complex [PdC12((Ph2P)2NEt}] shows cis planar P2C12 
coordination with Pd-P 2.22 A, Pd-Cl2.37 8, and P-Pd-P 71.5°.90 The phosphine- 
phosphinites, Ph2P(CH2),0PPh2 (n = 2,3), similarly yield planar [PdC12(L-L)] complexe~.~~ 

Cationic complexes [PdClL3][BPh$ [L = P(OR),] are formed by treatment of [PdC&] with 
a small excess of L and NaBPh4.9 The five-coordinate species [PdL5I2' [L=P(OR),] are 
obtained by treating PdClz with P(OR)3 in ROH, MeCN or THF, followed by addition of 
NaBPh4.93 Recrystaliization of the pentakis complex in the absence of excess phosphite leads to 
isolation of [Pd{P(OR)3)4]2" c ~ m p l e x e s . ~ ~ . ~ ~  The reaction of the cycloocta-1,5-diene complexes 
[PdClz(cod)] with P(OMe)Ph2 yields [Pd{P(OI~le)€'h~}4]~+ complexes, but the phosphonite 
analogues are unstable. 

The dimeric complex [Pd2(p-C1)2C12b] [L = P(0-0-tolyl)~l has been obtained by treatment 
of [PdCl,L] with PdC12;95 dimeric complexes derived from phosphinites are also known 
(see Scheme 1).% 

Phz Phz Phz 
.&P, ,P-0, ,P-0. 

[P~{P(OBU")P~~}~]  ' H: H 

Ph, Ph, Ph, 

Ph, .o-Fh2 Cl P-0 

.H 
. \ / \ /  * .  

Pd Pd 
EtOH/H,O 

/ \  / \  
2[PdC14]*- + 4PhzP(0)H 

* Me,P ' "  Pd '*H P(OR)Ph,, R = Me, Et 

CH,CI, 
[Pd(S,PMe,)zl 

P-0. 
Ph* 

Scheme 1 

51.9.4 SOME REACTIONS OF COORDINATED LIGANDS 

51.9.4.1 C yclome tslhtion 

The tendency of palladium(I1) complexes to undergo cyclometallation is significantly less 
than that of their platinum(I1) analogues. There are, however, still many examples. The X-ray 
crystal structures of tram-[Pd12(PR&] (R3 = Me2Ph, Ph,) demonstrate the existence of short 
intramolecular Pd-o-H contacts." The sterically hindered phosphines PBut2(o-tolyl) and 
PB~'(o-toly1)~ readily yield metallated derivatives of palladium of the type [Pd2X2(P-C),] .% 

Metallation is easier with the PBut2(o-tolyl) ligand than with PBu'(o-tolyl),. The bridges in 
[Pd2Cl2(P-Q1 are cleaved by a variety of ligands (L) to yield mononuclear [PdCl(P-C)L] 
complexes. The X-ray crystal structure of [P~,(OAC)~{ ~ - C H ~ C ~ P B u ~ ( o - t o l y l ) ) ~ ]  has been 
determined (see structure 16).w 

In contrast, the arsine analogues AsBut2(o-tolyl) and AsBu'(o-tolyl)2 yield the complexes 
trans-[PdCl2kJ and these produced only metallic palladium under conditions which induced 
cyclometallation in the case of their platinum analogues.100 The ligand PBut2(o-Ca E 

Bidentate phosphines are generally reluctant to metallate internally. An exception is 
metallates at the (Y position, but PBut2(o-C&Pr') produced only metallic palladium, 41 
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b 
I -  I 

(RO),P+P&X 
, I  

m-C6H4(CH2PBuf2j2, which reacts with [PdC12(NCPhj2] via metallation at the 2-position of the 
benzene ring.”’ Internal metallation of triarylphosphites on palladium(I1 j proceeds easily in 
boiling decalin to yield five-membered ring products, e.g. as (17).959102 These are rapidly 
reconverted to the phosphite complexes on treatment in solution with HX, in contrast to the 
irreversible cyclometallation of phosphines. 

51.9.4.2 Phosphinoacetylene Ligands 

The electronic effect of the coordinated R2P group upon the multiple bond in phos- 
phinoacetylene complexes activates it towards certain rea ents. C~~-[P~CI~(P~~PCZ=CCF~)~] 
may be prepared by reaction of [PdC12(NCPh)2] or [PdCbf- and Ph2PCkCCF3 in benzene. 
Under reflux in aqueous, ethanol this is converted into [P~(~C~-C~)(PP~~O){PP~~(OH~}]~ (see 
also Scheme 1) and cis-[PdClz{Ph2PCHzC(CF3)=CHPPh,)d. The X-ray crystal structures of 
the thiocyanate analogues of these complexes have been determined (see structures 18 and 19). 
Under milder conditions this reaction yields several other products; the crystal structure of 
[PdCl{Ph2PCH=C(CF3)b){P(OEt)Ph2}] has been determined as (20).lo3 

H. 

(18) Pd-S = 2.45 8, 
Pd-N = 2.08 

0 . . . O  = 2.42 A 

Phz 
NzC-S, ,P-CHz 

\ 

s P-c - I Ph2 

Pd-S = 2.37 A 
P&P = 2.27,2.28 A (191 

(20) Pd-P = 2.22,2.25 8, 
Pd-0 = 2.09 8, 
Pd-Cl = 2 -36 A 

Treatment with HC1 converts cis-[PdC12(Ph~PG=CCF3)2] into tram- 
[PdCl,{PhzPCH=C(Cl)CF3}2]. An X-ray examination of this complex shows that the HCI adds 
trans across the alkynic triple bond.’04 
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phthalic acid, 1050 
pyridine oxide, 1050 
selenium ligands, 1053 
sulfur ligands, 1051 
tin(1I) ligands, 1058 
trithianes, 1051 

amides, 1074 
amines, 1075 
antimony ligands, 1083 
arsenic ligands, 1083 
basicsalts, 1068 
carboxylates, 1066 
cluster compounds, 1049 
dithiocarbamates, 1072 
hydrazine, 1077 
metal ligands, 1085 
mixed halides, 1060 

Mercury(I1) complexes, 1059 
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nitrogen ligands, 1074 
oxygen donor ligands, 1069 
phosphorus ligands, 1081 
pseudohalides, 1060 
selenium ligands, 1072 
sulfides, 1071 
sulfur ligands, 1069 
tellurium ligands, 1072 
thiols, 1070 
thiones, 1071 
thiourea, 1072 
transition metal ligands, 1085 
xanthates, 1072 

Mercury(l1) cyanate, 1062 
Mercury(I1) cyanide, 2062 
Mercury(I1) fluoride, 1059 
Mercury(I1) fulminate, 1063 
Mercury(1) halides, 1049 
Mercury(I1) iodate, 1068 
Mercury(I1) iodide, 1059 
Mercury(1) nitrate, 1050 
Mercury(I1) nitrate, 1067 
Mercury(I1) nitrite, 1066 
Mercury(I1) oxalate, 1066 
Mercury(I1) oxides, 1065 
Mercury(I1) perchlorate, 1068 
Mercury(I1) phosphate, 1067 
Mercury(1) pseudohalides, 10.19 
Mercury(I1) selenate, 1067 
Mercury(I1) selenite, 1067 
Mercury(I1) selenocyanate, 1064 
Mercury(I1) sulfate, 1067 
Mercury(I1) sulfide, 1069 
Mercury(I1) tellurate, 1068 
Mercury(I1) trifluoroacetate, 1066 
Metacinnabarite, 1069 
Metallothioneins 

cadmium, 1021 
cadmium toxicity, Io00 
copper, 1022 
evolution, 1022 
metal-binding site, 10.22 
optical properties, 1022 
primary structure, 1022 
structure, 1022 

Met-hemocyanin 
copper(I1) complexes, 721 

Michenerite, 1099 
Microprotease 

zinc, 1006 
Mimosine 

metal complexes, 938 
Molten state 

cadmium halides 
coordination, 981 

zinc halides 
coordination, 981 

Monensin, 838 

Niccolates(II), hexafluoro-, 186 
Niccolates( II), tetracyano-, 67 
Niccolates(II), tetrahalogeno-, IS6 
Niccolates(II), trihalogeno-, 186 
Nickel 

natural isotopes, 3 
occurrence, 2 
physical properties, 3 

Nickel, diacetylbis( benzoylh ydrazon 
Nickel complexes, 1-300 

q3-bonded, 33 
arsenic sulfide, 36 
arsines, 34 
CgPh3,33 

cyclopropenyl ,33 

phosphines, 34 
phosphorus sulfide, 36 

113-P3,33 

Nickel(0) complexes, 5-32,s 
alkenes, 14 

NMR, 18 
properties, 17 
reactions with carbon dioxide, 32 

alkene phosphines 
X-ray crystal structure, 16 

alkynes 
reactions with carbon dioxide, 32 

arsine alkene, 15 
arsine alkyne, 15 
arsines, 8,9 
azobenzene, 22 
2,2’-azopyridine, 23 
benzonitrile, 20 
2-butene, 14 
carbon dioxide, 24,25 
carbon disulfide, 24,25 
carbonyl, 6, 10 

carbonyl arsines, 10,11 
carbunyl phosphines, 10,11 
chloro alkenes, 15 
cyano, 6 
cyclic nickelacarboxylates, 32 
cyclohexene, 14 
diazafluorene 

diazenato, 22,27 
diazene, 21,22 
diazomethane, 21 
dinitrogen, 26,27 
dioxygen, 27,28 
heteroalkenes, l8,19,20 
imino, 20 
isocyano, 6 
ketrnimine, 23 
nicktlacycles, 32 
nitriles, 20 

IR spectra, 11 

X-ray crystal structure, 23 

NMR, 21 
oxidative addition reactions, 32 

nitroso, 18 
nitrosyl, 12, 13 

structure, 14 
oxidative addition reactions, 31 
phosphaatkene, 21 
phosphine alkene, 15, 17 
phosphine alkyne, 15 
phosphines, 8 ,9  

oxidative addition reactions, 31 
structurc, 10 

phosphorus selenide, 30 
phosphorus sulfide, 30 
salicylaldiminato, 21 
stabilization, 6 
stibines, 8 ,9  
sulfur dioxide, 29,30 
tetraazadiene, 21,23 
tetraphosphorus, 30 

4-arninopyridine, 39 
arsines, 39 

Nickel(1) complexes, 5 ,3645 

synthesis, 40 
lato)-, 203 bipyridyl, 37 

cyano, 37 
dithiocarbamates, 44 
1.3-dithioketonato, 45 
dithiolenes. 44 
imidazole, 39 
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macrocycles 
electrochemistry, 39 
ESR, 39 

maleonitriledithiolato, 44 
2-methylimidazole, 39 
phosphines, 39 

synthesis, 40 
properties, 36 
pyridine, 39 
spin Hamiltonian parameters, 37 
tertiary arsines 

molecular parameters, 42 
tertiary phosphines 

molecular parameters, 42 
tetraaza macrocycles, 38 

Nickel(I1) complexes, 45-287 
2-acetamidopyridine, 214 
acetate tetrahydrate, 155 
acetophenone, 145 
acetylacetone, 142 

keto form, 144 
2-acetylpyridine N-oxide oxime, 214 
alanine, 219 
alcohols, 139 
aldehydes, 141 
alkanesulfinamides, 165 
alkoxides, 140 
alkoxyhalides, 140 
alkyl phosphines, 112 
alkyl phosphites, 114 
alkylsulfide, 154 
amides, 159-165 
amine oxides, 159-165 

aliphatic, 162 
aromatic, 162 

deprotonated, 96 
monodentate, 7C-107 
polydentate, 72 
tetragonal, 61 

amino acids, 219,221 
2-aminobenzenethiol, 212 
a-aminobutyric acid, 219 
aminocarboxylic acids, 21E-221 
l-amin0-2-ethanol,214 
2-aminoethanethiol, 208 
N-(2-aminoethyl)-l,2-ethanediamine, 72 
0-aminoimines, 96,97 
o-aminophenol, 214 
aminopolycarboxylic acids, 218 
1-amino-2-propanol, 211 
aminopyridine, 86 
2-aminopyridine N-oxide, 214 
ammines, 70 
anionic organic phosphorus, 152 
antimony ligands, 10S131 
aqua, 139 
arsenic ligands, 108-131 
arsenic oxides, 15!%165 
arsines 

amines 

bidentate tertiary, 116 
halo, 108 
monodentate tertiary, 108 
organometallic, 111 
pseudohalo, 108 
tetradentate tertiary, 125 
tridentate tertiary, 125 

arsine sulfides, 185 
aryl phosphines, 112 
aryl phosphites, 114 
aspartic acid, 220 
azides 

magnetic properties, 282 

azido, 104 
benzenedicarboxylic acid, 157 
benzenseleninato, 154 
benzimidazole, 82 
1,2-benzoquinone, 145 
1,2-benzoquinonedioximato, 98 
2,2'-bipyridyl, 80, 162 
2,2'-bipyridyl N-oxide, 214 
bis(acetytacetonat0) 

N,N-bis(Z-aminoethyl)- 1,242 thanediamine ,72 
bis(aminotroponiminato), 97 
bis(biguanide1, 101 
1,4-bis[bis(2-aminoethyl)arnino]benzene, 226 
bis(dialkyldithiophosphinato), 175 
1,5-bis(dimethylamin0)-3-oxapentane, 217 
1,5-bis(dimethyIamino)-3-thiapentane, 217 
1 ,Zbis(mercapto)-o-carborae, 182 
bis(o-phenylenediiminato) ,97 
bis(pyrrole-2-aldiminato), 97 
1,4-butanediamine, 71 
camphorquinone dioxime, 214 
camphorquinone monooxide, 215 
carbonyl phosphines, 112 
carboxylates, 15F159 

chlorins ,275 
corrins, 275 
croconates, 158 
cryptands, 270 
cupfen-on, 165 
cyano, 68 
2-cyano-8-hydroxyquinoline, 106 
2-cyano-l,lO-phenanthroIine, 106 
2-cyanopyridine, 106 
cyclam, 238 
cyclic hydrazones, 256 
tram-l,2-cyclohexanetetraacetic acid, 219 
deprotonated macrocycles, 25G257 
2,6-diacetylpyridine hydrazones, 198 
dialkylamide, 107 
N,N-didkylethylenediamine N-oxide, 214 
diamines, 71 
1,2-diaminopropanetetraacetate, 219 
1,5-diazacyclooctane-N,N'-diacetic acid, 157,221 
1,5-diazacyclooctane-N-monoacetic acid, 221 
dibenzotb ,+1,4,8,1 l-tetraazacyclotetradeca- 

2,4,6,9,11,13-hexaene, 250 
dicupferron, 165 
diethylenetriaminepentaacetic acid, 219 
2,6-di€ormyl-4-methylphenol, 226 
1,3-diketones, 142-145 

IR spectra, 143 
dimers 

magnetic properties, 276 
N,N-dimethylformamide. 164 
dimethyl selenooxide, 164 
dimethyl sulfoxide, 164 
2,12-dimethyl-3,7,11,17- 

terraazabicyclo[ 11 -3.llheptadeca-l( 17), 13,15- 
triene, 240 

2,21-dimethyl-3,7,11,17- 
tetraazabicyclo[ll.3. llheptadeca- 
1(17),2,l I ,  13,15-pentaene, 249 

NMR, 57 

magnetic properties, 282 

dinuclear 

a,fi-dionedioxiinato, 98 
I-diphenylarsino-2-diphenylphosphinoethane. 175 
1,2-diphenyl-l,2-ethanediamine, 71 
1,3-diphenyitriazene, 79 
diphosphates, 154 
di-2-pyridyl ketones, 217 

binucleating ligands, 221-226 
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disilylamide, 107 
ditertiary arsine oxides, 161 
ditertiary phosphine oxides, 161 
dithiocarbamates, 172 
dithiocarbamic acids, 213 
dithiocarboxylates, 173 
l,Zdithiolene, 177 
dithiooxalate, 181 
dithiosquarate, 182 
electronic spectra, 45-68.46 
energy levels, 46 
EPR spectra, 55 
esters, 141 
1,2-ethanediamine, 71 
ethers, 141 
ethylenediaminetetraacetic acid, 21 8 
ethylene-2,2-dithiolates, 175 
five-coordinate, 3,49,61,65 
fluoro-l,3-diketones, 145 
formate, 155 
formazyl, 97 
four-coordinate, 4 
gluconic acid, 159 
glycine, 219 
glycine peptides, 220 
glyoximes, 98 
ground states 

magnetic properties, 51 
spectra, 51 

halides, 186 
heterocyclic amines 

heterodinuclear 

hexamethylphosphoramide, 159 
5,7,7,12,12,14-hexamethyl-1,4,8,11- 

5,7,7,12,14,14-hexamethy1-1,4,8,11- 

5,7,7,12,14,14-hexamethyl-1,4,7,9,11- 

histidine, 220 
hybrid polydentate ligands, 216 
hydrazones, 198 
hydrogenopyridine-2,6-dicarboxylic acid, 221 
hydrogen sulfide, 166 
hydrogen sulfite, 154 
hydroxamic acid 

deprotonated, 165 
hydroxymethylenecamphor, 145 
8-hydroxyquinoline, 214 
imidazoles, 81 
imides, 165 
imines, 96 
isocyanato, 103 
isoselenocyanato, 103 
isothiocyanato, 103 
P-ketoamines, 204 
ketones, 141 
low spin, 65 
macrobicyclic ligands, 270 
macrocycles, 226-275 

addition reactions, 268 
reactivity, 267-270 
redox properties, 267 
substitution reactions, 268 
template synthesis, 226231 

magnetic properties, 283 

magnetic properties, 283 

tetraazacyclotetradeca-4, lCdiene, 249 

tetraazacyclotetradeca-4,11-diene, 249 

tetraazacyclotetradecane, 239 

magnetic susceptibility, 52 
maleic acid, 157 
mandelic acid, 159 
mercaptoacetic acid, 213 
2-(2-mercaptoethyl)pyridine, 212 
2-mercaptopyridine1 185 

mercaptosuccinic acid, 213 
methanesulfonatc, 154 
methionine, 220 
rnethylthiohydroxamate, 165 
methylthiohydroxamic acid, 214 
2-methyl-8-thiomethylquinoline, 213 
N-methylthiopyrrolidinone, 185 
mixed donor atoms, 187-226 
mixed macrocycles, 257-266 
1 &naphthyridine, 79 
nitrato, 147 
nitrito. 147 
nitro compounds, 141 
nitrogen donor ligands, 70 
a-nitroketones, 145 
nitrilotriacetic actd, 219 
l-nitroso-2-naphthol, 214 
2-nitroso-1-naphthol, 214 
nitrosyl, 106 
NMR, 56 
octahedral 

electronic spectra, 49 
magnetic properties, 60 

magnetic properties, 284-287 
oligonuclear 

organonitriles, 105 
organophosphorus, 159-16s 
oxalates, 158 

magnetic properties, 282 
oximates, 214 
oximes 

magnetic properties, 282 
oxygen-nitrogen chelates, 214 
oxygen-sulfur chelates, 213 
peptides, 219 
perchlorato, 152 
phenanthraquinone, 146 
phenanthroline, 80,162 
N,W-o-phenylenebis(salicylideniminato), 197 
1 -phenyl-l ,2-ethanediarnine, 71 
phosphates, 154,161 
phosphinates. 154 
phosphine oxide, 159 
phosphines 

bidentate tertiary, 116 
halo, 108 
hydrido, 111 
monodentate tertiary, 108 
organometallic, 111 
pseudohalo, 108 
tetradentate tertiary, 125 
tridentate tertiary, 125 

phosphine sulfides, 185 
phosphites, 154 
phosphonates, 161 
phosphoramide, 161 
phosphorodithioates, 174 
phosphorus ligands, 108-131 
phosphorus macrocycles, 257-266 
phthalocyanine, 271-275 
phthalonitrile, 106 
polymethylenebis(phenylthiourea), 185 
polynuclear 

polypyrazolylborate, 102 
porphyrins, 272-275 
1,2-propanediamine, 71 
pseudooctahedral 

pseudotetrahedral, 61 

pyrazoles, 81 

magnetic properties, 276-287 

NMR, 57 

electronic spectra, 51 
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pyridine-2-acetic acid methyl ester, 214 
pyridine-2,6-carbaldehyde 

pyridine-2-carbaldehyde Schiff bases, 198 
pyridine-2-carboxamide, 106 
pyridine-2-carboxylate, 106 
pyridine-2-carboxylic acid, 221 
pyridine-2,6-dicarboxylic acid, 221 
pyridine N-oxide, 162 
pyridines, 76 
P-(2-pyridyl)alanine, 220 
pyrocatechols, 145 
quinones, 145 
quinoxaline-2,3-dithiol, 182 
reduction, 8 
regular octahedral, 47 
Schiff bases, 89,188-204 
salicylaldimines, 188 

bidentate, 188 
salicylates, 159 
salicylideniminato 

ligands, 197 
saturated polyaza macrocycles 

structure, 231-241 
thermodynamics, 231-241 

reaction with o-aminohenzenethiols. 198 

saturated tetraaza macrocycles, 231 
saturated triaza macrocycles, 231 
selenato, 152 
selenium ligands, 166-186 
semiquinones, 145 
six-coordinate 

spectra, 60 
stereochemistry, 3 

spectromagnetic properties, 45-68 
squarate, 158 
square planar, 67 
square pyramidal 

stihines 
electronic spectra, 49 

bidentate tertiary, 116 
halo, 108 
monodentate tertiary, 108 
organometallic, 111 
pseudohalo, 108 

sulfato, 152 
sulfoxides, 159-165,164 
sulfur ligands, 166-186 
sulfur macrocycles, 257-266 
sulfur-nitrogen chelates, 208-213 
tartaric acid, 159 
tellurium ligands, 166-186 
terpyridyl, 81 
2,2,2-tet, 76 
2,3,2-tet, 76 
tetraamminedinitro 

electronic and magnetic structure, 61 
l,4,8,1l-tetraazacyclotetradecaneI 238 
tetraaza macrocycles, 95 
tetradentate tripodal ligands, 131 
tetragonal distortion, 48 
tetrahedral, 61 

electronic energy levels, 51 
NMR, 57 

6,7,13,14-tetramethyl-l,2,4,5,8,9,11,12- 

1,4,8,11-tetramethy1-1,4,8,9-tetraazacyclotetradecane, 

5,8,16,19-tetraphenyl-l,12-dithia-5,8,6,19- 

4,7,13,16-tetraphenyl-l,10-dithia-3,6,13,16- 

tetrasulfur tetranitride, 212 
tetrathia macrocycles, 169 

octaazacyclotetradeca-5,7,12,14-tetraene, 256 

239 

tetraphosphacyclodocosane, 266 

tetraphosphacyclooctadecane, 266 

tetrazole, 86 
thiazole, 82 
thioacetamide, 185 
thioacetic acid, 157 
thiobenzoic acid, 157 
thiocarboxylic acids, 213 
thiocyanides 

thio-1,3-diketones, 183 
thioethers, 169 
thiols, 166 
thiopropionic acid, 157 
thiosemicarbazides, 213 
thiosulfate, 153 
thiourea, 184 
t hioxantha tes, 172 
transition metal complexes 

hydroxy oximes, 215 
1.5,7-triazabicyclo[4.4.0]dec-5-ene, 275 
1,2,4-triazole, 86 
tribenzo[b, f, j]-1,5,9-triazacyclododecane, 241 
tridentate Schiff bases, 221 
tridentate tripodal ligands, 131 
trigonal bipyramidal 

magnetic properties, 282 

electronic spectra, 49 
magnetic moment, 65 

trigonal distortion, 47 
trimethyl phosphate, 154 
2,4,4-trimethyl-1,5,9-triazacyclododec-l-ene, 241 
trinuclear 

binucleating ligands, 221-226 
tropolone. 145 
unsaturated macrocycles, 241-250 
xanthates, 172 

amides, 291 
amines, 290 
amino acids, 2W 
arsines, 296 
cyano, 290 
dynamic voltammetry, 288 

Nickel(1lI) complexes, 5,287-300 

electronic structure, 288 
EPR. 288 
fluorine, 296 
macrocycles, 294 
oximes, 291 
oxygen, 296 
peptides, 291 
phosphines, 296 
sulfur ligands, 299 
synthesis, 288 

amides, 291 
amines, 290 
amino acids, 290 
arsines, 296 
cyano, 290 
electronic structure, 288 
fluorine, 296 
macrocycles, 294 
oximes, 291 
oxygen, 2% 
peptides, 291 
phosphines, 2% 
s u k r  ligands, 299 
synthesis, 288 

Nickel sepulchrate, 271 
Nicotinamide 

zinc complexes, 952 

Nickel(1V) complexes, 5,287-280 

hydride-transfer reactions, 954 
Nicotinic acid 

NMR 
cadmium complexes, 954 
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cadmium complexes, 926 
zinc Complexes, 926 

cadmium complexes, 926 
zinc complexes, 926 

bases 

Nucleoside 

NQR 

Nucleic acid 

zinc complexes, 957 

zinc complexes, 956 

Organotin(1V) compounds 
reactions with nickel Schiff base complexes, 198 

Oxidation 
surface 

copper(I1) complexes, 718 

platinum hydride complexes 
Oxidative addition 

synthesis, 355 
Oxidoreductases 

Oximes 

Oxygenase 

Oxygenation 

zinc, 1002 

nickel complexes, 5 

copper(I1) complexes, 721 

copper(I) complexes, 577 
copper(I1) complexes, 716 

copper(I1) complexes, 724 

copper(I1) complexes, 718 

Oxyhemocyanin 

Oxytyrosinase 

Palladium, 1099-1 115 
applications, 1100 
determination, 1144 
isotopes, 1100 
occurrence, 1099 
physical properties, 1100 

phosphine, 1101 
Palladium(0) complcxes, 1101-1103 

oxidative addition. 1102 
31P NMR, 1102 
synthesis, 1102 

phosphite, 1101 

binuclear 
Palladium(1) complexes, 1103-1111 

crystallography, 1108 
insertion reactions, I105 
structure, 1106 

bis(dipheny1phosphino)methane 
Pd-Pd bond lengths, 1106 

clusters, 1103-11 11 
halocarbonyl, 1110 
high nuclearity, 11 10 
high nuclearity iron, 1111 
tetranuclear, 1108 
trinuclear, 1108 

dimers, 1103 
triangulo diphenylphosphido, 1108 
diphenylphosphinopyridine 

heterobinuclear, 1104 
heterometallic dimers, 1106 
homometallic dimers, 1106 
isocyanides, 1104 

fluxionality, 1104 
'H NMR, 1104 
X-ray crystal structure, 1104 

phosphines, 1104 
Palladium(I1) complexes, 1131-1152 

acetylide 

31P NMR, 1108 

bis(diphenylphosphino)methane, 1164 
alkoxides, 1113 
allyl 
bis(diphenyIphosphino)methane, 1164 

amine-carbonyl condensation products, 1118 
amines, 1115 

palIadium-nitrogen bond lengths, 1116 
a-ammo acids, 1115 
N-(2-aminoethyl)-l,2-ethanediamine, 11 16 
areneseleninates, 1135 
arenesulfinates, 1134 
aromatic heterocyclic amines, 11 17 
arsine, 1157 

azido, 1160 
cyclometallation, 1167 
fulminate, 1160 
halo, 1158 

hydride, 1160 
isocyanate, 1160 
multidentate, 1165 
pseudohalide, 1159 
thiocyanate, 1159 
unidentate, 1157 

arylazo oximes, 1119 
azides, 1120 
bidentate ligands, 1146 

one As atom, 1165 
one P atom, 1165 
one Sb atom, 1165 
sulfur-phosphorus ligands, 1165 
two As atoms, 1162 
two As atoms, dihalo, 1162 
two P atoms, 1162 
two P atoms, dihalo, 1162 
two Sb atoms, 1162 
two Sb atoms, dihalo, 1162 

ck4rans isomers, 1158 

bipyridyl: 11 17 
bis( arsine) 

bis(diphenylphosphino)methane, 1164 
2,1l-bis( diphenylphosphinomethy1)- 

benzoIcIphenanthrene, 1163 
bis(diphenylstibino)methane, 1165 
bis(phosphine) 

tetrahalo, 1161 
bis(salicy1aldimine) 

reaction with mineral acids, 1118 
bis(stibine) 

tetrahalo, 1161 
camphorquinone dioxime, 1118 
carboxylates, 1113 

tetrahalo, 1161 

crystal structure, 1113 
NMR, 1113 
substitution reactions, 1113 

dialkyl thioetherr, 1131 
diamines 

cis, 1115 
trans, 1115 

N,N'-di(2-aminoethyl)-l,2-ethanediamine, 1116 
diaminopropane 
NMR, 1116 
polymorphism, 1116 

1,3-diaryltriazines, 1118 
dicarboxylic acids, 1114 

dicyanobis(2,9-dimethyl-l,lO-phenanthroline), 1117 
1,8-dihydro-5,7,12,14-tetramethyldibenzo[b,i]- 

[ ]. ,4,8,1 l]tetraaza[ 14]annulene, 1120 
1,2-dihydroxybenzene, 1115 

a-diimines, 1118 
1,3-diketonates, 1114 

antitumor properties, 1114 

immunoassay indicators, 1115 
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crystallography, 1114 
IR spectroscopy, 11 14 
substitution reactions, 1114 
X-ray crystallography, 1114 

dioximes, 1118 
ethanediyl bridged 

phosphine, 1161 
glutaraldehyde bis(dimethylhydrazone), 1120 
halobis(2,9-dimethyl-l, 10-phenanthroline), 11 17 
hydrazones, 1120 
hydroselenides, 1132 
hydrosulfides, 1132 
imidazoles, 1117 
imines, 1118 
isonitroso compounds, 1119 
macrocyclic nitrogen ligands, 1120 
multidentate, 1146 
multidentate amines, 1116 

crystal structure, 1116 
1 $-naphthyridine, 1117 
nitrato, 1113 
nitriles, 1121 
nitrogen donor complexes, 1115-1122 
nucleosides, 11 17 
nucleotides, 1117 
oximes, 1118 
oxyanions, 11 12 
oxygen-containing solvents, 1 112 
oxygen donor ligands, 1112-1115 
1 ,lo-phenanthroline, 1117 
o-phenylenediarsine, 1163 
o-phenylenediphosphine, 1163 
o-phenylenedistibine, 1163 
phosphine, 1157 

azido, 1160 
cyclometallation, 1167 
fulminate, 1160 
halo, 1158 

hydride, 1160 
isocyanate, 1160 
multidentate, 1165 
pseudohalide, 1159 
thiocyanate, 1159 
unidentate, 1157 

cis-trans isomers, 1158 

phosphinite, 1166 
phosphinoacetylene, 1168 
phosphite, 1166 
phosphonite, 1166 
phosphorus donor ligands, 1157 
purine nucleosides, 1117 
pyridyl, 1117 
pyrimidine, 1117 
reduction, 1101 
salicylaldimines, 1118 
selenium dichloride, 1132 
selenocyanates, 1141 
selenoethers, 1144 

dimeric, 1145 
IR spectra, 1144 
Raman spectra, 1144 

selenoureas, 1143 
semicarbazones, 1120 
stibine, 1157 

azido, 1160 
fulminate, 11 60 
halo, 1158 

hydride, 1160 
isocyanate, 1160 
multidentate, 1165 
pseudohalide, 1159 
thiocyanate, 1159 

cis-rrum isomers, 1158 

unidentate, 1157 
sulfides, 1132 
sulfites, 1131,1133 
sulfoxides, 1142 

IR spectra, 1142 
NMR, 1142 

sulfur dichloride, 1132 
sulfur ligands 

trans effect: 1131 
telluroethers, 1144 

dimeric, 1145 
IR spectra, 1144 
Raman spectra, 1144 

tertiary arsine selenides, 1143 
tertiary arsine sulfides, 1143 
tertiary phosphine selenides, 1143 
tertiary phosphine sulfides, 1143 
tetraammines, 1115 

photoconductivity, 1116 
physical spectra, 1116 
semiconductivity, 11 16 
solid state structure, 1115 

tetrabenzo- 1 ,S ,9,13-tetraazacyclohexadeca-1,5,9 ,I 3- 

tetrakis(arsine) 
tetraene, 1120 

dihalo dinuclear, 1162 
hydroxo bridged, 1'162 

dihalo dinuclear, 1162 
hydroxo bridged, 1162 

dihalo dinuclear, 1162 
hydroxo bridged, 1162 

tetr aki s(phosp hine) 

tetrakis(stibine) 

tetrasulfide, 1132 
thiocyanates, 1138 

bidentate As ligands, 1162 
bidentate P Ligands, 1162 
bidentate Sb ligands, 1162 
dimeric, 1141 
five-coordinate, 1141 
X-ray diffraction, 1138 

thioethers, 1144 
dimeric, 1145 
IR spectra, 1144 
Raman spectra, 1144 

thiolates, 1136 
thiolato, 1131 
thiosulfates, 1131, 1136 
thioureas, 1131,1143 
triammines, 1116 

crystal structure, 1116 
triphenyiphosphine, 1113 
tris(arsine) 

dihalo, 1160 
halo, ionic, 1160 

tris( phosphine) 
dihalo, 1160 
halo, ionic, 1160 

dihalo, 1160 
halo, ionic, 1160 

tris(stibine) 

unidentate ligands, 1132 
Palladium(II1) complexes, 1100 
Palladium(1V) complexes, 1122-1124 

amines, 1123 
ammines, 1123 
arsenic donor atoms, 1123 
cyano, 1124 
fluoride 

neutron diffraction, 1122 
group VI donor atoms, 1124 
halides, 1122 
hexabromo. 1122 
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hexachloro, 1122 
hexafluoro 

structure, 1122 
hexaiodo, 1122 
ionization potential, 1122 
nitrogen donor atoms, 1123 
phosphorus donor atoms, 1123 

Palladium(V) complexes, 1100 
Panulirus Interruptus 

hemocyanin, 581 
Penicillin, benzyl- 

zinc complexes, 997 
Peptidases 

zinc, 1004 
Peptides 

zinc complexes, 940 
Perovskites 

mixed copper(IIIII1) complexes, 744 
Pharaoh's serpents, 1063 
1 ,lO-Phenanthroline 

dehydrogenase inhibitor, 1017 
metal complexes, 958 

Phosphate blues, 471 
Photoelectron spectroscopy 

cadmium complexes, 929 
zinc complexcs, 929 

fixation, 807 
silver complexes, 777 
silver halides, 822 

cadmium complexes, 993 
nickel complexes, 5 
zinc complexes, 993 

Photography 

Phthalocyanines 

template synthesis, 993 
Pimelic acid, 2,6-diamino- 

metal complexes, 939 
Ping-pong reactions 

copper(I1) complexes, 717 
Plastocyanin 

copper(l1) complexes. 721 
Plastocyanin, deoxy- 

structure, 581 
Platinacycles, 395,412 
Platinacyclobutanes 

Platinalactones, 417 
Platinblau, 434 
Platinum complexes, 351-500 

acetylides 

alcohols, 465 
alkenes, 403 

skeletal isomerization, 396 

reactions, 402 

bonding, 403 
hydrogen-deuterium exchange, 410 
NMR, 407 
reactions. 407 
structure, 407 
vibrational studies, 408 

alkyl transfer, 391 
binuclear elimination, 398 
cleavage, 393 
electrophilic cleavage, 398 
insertion reactions 

alkenes, 401 
alkynes, 401 
carbon monoxide, 400 
isocyanides, 401 
sulfur dioxide, 401. 

isomerization, 393,394 
photochemical cleavage, 397 
redox cleavage, 398 

alkyl, 387 

reductive elimination, 398 
structure, 387 
synthesis, 387 

acetylacetonate reactions, 390 
alkali metal salts, 387 
Grignard reagents,'387 
organomercury reagents, 388 
organosilicon reagents, 388 
organotin reagents, 388 
oxidative addition, 388 
replacement reactions, 389 
ring-opening reactions, 390 

alkynes, 414 

allyl, 417 
synthesis, 414 

reactions, 419 
structure, 419 
synthesis, 418 

amines, 422 
anthranilaldehydes, 469 
aqua, 465 
aryl, 387 

cleavage, 393 
isomerization, 393 
structure: 387 
synthesis, 387 

acetylacetonate reactions, 390 
alkali metal salts, 387 
Grignard reagents, 387 
organornercury reagents, 388 
organosikon reagents, 388 
organotin reagents, 388 
oxidative addition, 388 
replacement reactions, 389 
ring-opening reactions, 390 

azides, 437 
bis(diphenyIphosphiny1)methanide 

reactions, 402 
boron halides, 374 
boron hydrides, 372 
bridged binuclear 

bridging carbyne, 385 
bridging hydrides, 363 
bridging thiocarbyne, 385 
carbenes. 381,382 
carbonato, 468 
carbon diselenide, 486 
carbon disulfide, 486 
carbon sulfide selenide, 486 
carbonyl. 377 

NMR, 462 

monomeric, 377 
multimetallic, 379 

carborancs, 373 
carboxyIato, 466 
catecholarcs, 468 
chelated aryl 

synthesis, 392 
complementary redox reactions, 498 
cumulenes, 410 
cyanide chain 

partially oxidized, 376 
cyclopentadienyl, 419 
delocalized ligands, 417 
dialkyl sulfides, 476 
2,3-diaminopropionic acid 

diazabutadienes, 438 
diazo, 438 
dihydrides, 361 
1,3-diketonato, 467 
diphenylboron, 372 
diselenocarbamates. 481 

optical diastereomers, 428 
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dithiocarbamates, 481 
1 ,Zdithiolenes, 484 
dithiophosphates, 481 
ethers, 465 
Group IIIA ligands, 372 
Group IVA ligands, 375,422 
Group VI ligands, 463 
Group VI1 ligands, 488 

structure, 488 
synthesis, 488 

Group VI11 ligands, 491 
glyoximes, 438 
halides 

electronic spectroscopy, 4% 
ESCA, 491 
IR spectroscopy, 48Y 
Mossbauer spectra, 491 
NQR, 491 
Raman spectra, 489 
spectroscopy, 489 

hydrazides, 438 
hydrides, 354 

catalysis, 371 
germanes, 358 
insertion reactions, 365 
NMR, 370 
phosphido bridged, 357 
reactions, 362 

with bases, 369 
with electrophiles, 369 

silanes, 358 
spectroscopy, 369 
structure, 362 
synthesis, 354 

from alcohols, 359 
from water, 359 

hydrogen sulfide, 473 
hydroperoxides, 465 
hydrosulfides, 473 
hydroxy, 465 
hyponitrites, 469 
imines, 438 
isocyanides, 380 

physical properties. 380 
reactions, 381 
synthesis, 380 

mechanisms, 492 
methionine S-oxides, 480 
nitrates, 468 
nitriles, 436 
nitrites, 437 
nitrogen, 422 
nitrogen oxide ligands, 436 
nitrosyl, 436 
oxidation states, 353 
oximes, 438 
oxygen bonds, 463 
perfluoropinacolate, 471 
peroxides, 465 
phosphazenes, 462 
phosphines, 439 

thiolato, 355 

cluster compounds, 462 
IR spectra, 448 
reactions, 449 

phosphinous acids, 459 
platinum-germanium bonds, 420 
platinum-lead bonds, 420 
platinum-silicon bonds, 419 
platinum-sulfur bonds, 471 
platinum-tin bonds, 420 
quinones, 468 
secondary phosphites, 453 

selenides, 475,478 
stannyldithioformate, 487 
substitution reactions, 492 

charge effects, 496 
steric effegs, 496 

sulfato, 470 
sulfides, 471,475 

inversion, 478 
sulfinato, 470 
sulfites, 470 
sulfoxides, 479 
sulfur dioxide, 485 
sulfur ligands, 471 
tellurides, 475 
tertiary arsines, 462 
tertiary stibines, 462 
tetrathiafulvalenes, 485 
tetrathiolenes, 485 
thiocarboxylates, 480 
thiocyanates, 487 
thio-l,3-diketonates, 483 
thiolato, 473 
thiourea, 480 
triazenes, 438 
undine, 434 
vinyl 

xanthates, 481 
ylides, 385 

acetylides, 387 
alkenes, 410 

synthesis, 410 
alkynes, 415 

electrophilic attack, 416 
NMR, 415 
properties, 415 

allenes, 412 
cyclopropene, 41 1 
haloalkenes 

reactions, 414 
methylenebis(diphenylphosphine), 457 
methylenecyclopropane, 410 
phosphines, 440 

NMR, 440 
reactions, 443 
structure, 4-40 
synthesis, 440 

reactions, 402 

Platinum(0) complexes 

physical properties, 413 
reactions, 414 
squaric acid, 411 
tertiary phosphites, 442 

Platinum( I) complexes 
isocyanides, 380 

Platinum(I1) complexes 
acetylides 

synthesis, 387 
alkenes, 403 

reactions, 408 
synthesis, 403 

alkyl diphenylphosphinites, 447 
amines, 422 
a-amino acids 

chlorination, 427 
aromatic nitrogen ligands, 429 
bibenzimidazolyl, 433 
biimidazolyl, 433 
binuclear (F-0, 0')-bridged, 471 
bipyridyl, 430 
carbon-metalated phosphines, 453 
carbonmetdated phosphites, 453 
cationic alkoxycarbenes, 384 
chelated amines 
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ring conformation, 424 

chelating phosphorus ligands, 450 
chemotherapeutic agents, 433 
cyanides, 375 

spectroscopy, 375 
structure, 375 

cyclic amines, 424 
germyl, 420 
glycine 

IR spectra, 427 
reactions, 427 

halides, 488 
heterobimetallic, 433 
hexafluoro-2-butyne, 415 
homometallic, 433 
hydrazones, 438 
imidazole, 433 
isocyanides, 380 
2,6-lutidine, 430 
1 ,&naphthyridine, 431 
1 ,lO-phenanthroline, 430 
phosphido-bridged, 456 
phosphines, 445 

bond enthalpies, 447 
NMR, 448 
structure, 447 
synthesis, 445 

phosphites, 446 
phthalazine, 432 
phthalocyanine, 434 
planar 

polydentate phosphorus ligands, 452 
porphyrin, 434 
pyrazolates, 432 
pyrazolylborates, 432 
pyridine, 429 
Schiff bases, 426,439 

Platinum(II1) complexes 
aromatic nitrogen ligands, 435 
binuclear (p-0,O')-bridged, 471 

amines, 428 
aromatic nitrogen ligands, 435 
cyanides, 377 
isocyanides, 380 
macrobicyclic, 428 
phosphines, 462 
six-coordinate 

substitution reactions, 492 

Platinum(1V) complexes 

substitution reactions, 497 
Porphyrin, tetrabenzo- 

zinc complexes 
template reactions, 593 

Porphyrin, tetraphenyl- 
zinc complexes 

synthetic leaf experiments, 995 
Porphyrins 

cadmium complexes, 993 
nickel complexes, 271 
photosensitizers, 994 
zinc complexes, 993 

ligand modification, 993 
Preproinsulin, 999 
Procarboxypeptidases, 1004 
Proinsulin, 999 
Prop-2-en-l-ol,3-ethylthio- 

Protonation 
dehydrogenase inhibition, 1017 

platinum hydride complexes 
synthesis, 354 

nickel complexes 
synthesis, 290 

Pulse radiolysis 

Purines 
zinc complexes, 956 

Pyrazole, 3 ,J-dimethyl- 
cadmium complexes, 951 

Pyrazoles 
dehydrogenase inhibitor, 1017 
metal complexes, 948 

metal complexes, 952 

zinc complexes, 957 

Pyridines 

Pyrimidines 

Quinaldine 

Quinolines 
zinc complexes, 952 

metal complexes, 952 
zinc complexes. 952 

photoreduction 
Quinones 

zinc complexes, 994 

Rheumatoid arthritis 
gold drugs, 875 

Riboflavin 5'-phosphate 
zinc complexes, 958 

RNA polymerases 
zinc, 1007 

Rubber 
vulcanization 

zinc complexes in, 998 

Salicylic acid 
inhibitor binding 

Sandwich complexes 
nickel, 35 

Schiff bases 
cadmium complexes, 940 
zinc complexes, 940 

palladiurn(l1) complexes, 1131-1 152 

copper(I1) complexes, 604 

extraction, 777 

medical applications, 777 

acetylacetone, 806 
alcohols, 805 
alkoxides, 805 
alkylamides, 793 
amides, 812 
amino acids, 826 
arninopyridines, 787 
ammines, 779 

antimony ligands, 803 
aqua, 804 
arsenic figands, 803 
arsines, 803 
ascorbic acid, 810 
azides, 794 
aziridines, 782 
azomethjne dyes, 792 
azo salts, 792 
benzimidazoles, 785 
2,2'-bipyridyl, 791 
bismuth ligands, 803 
bithionol, 815 
carboxylates, 808 
complexones, 828 

dehydrogenases, 1016 

Selenium Iigands 

Semi-coordination 

Silver 

Silver complexes, 775-850 

Silver([) complexes 

aliphatic monodentate, 781 
aromatic, 782 
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crown ethers, 834 
cryptands, 836 
cupferron, 813 
cyanates, 794 
cyanides, 777 

IR spectra, 777 
Raman spectra, 778 

cyanopyridines, 787 
dialkylamides, 793 
dimethylformamide, 81 1 
dimethyl sulfoxide, 810 
N,N-dimethylthiofotmamide, 821 
dinitrogen, 792 
dioxygen, 805 
diphosphines, 801 
dithiocarbamates, 817 
1,2-dithiolenes, 818 
1,2-ethanediamine, 782 
fluorescein, 805 
fulminates, 779 
grisorixin, 838 
hydrazine, 792 
hydrides, 824 
hydroxamates, 813 
hydroxy acids 

aliphatic, 810 
aromatic, 810 

hydroxylamine, 792 
imidazoles, 784 
imides, 793 
1,3-ketoenolates, 806 
metallothio anions, 815 
I-methylcytosine, 789 
methylpyridine halides, 824 
1 methylthymine, 789 
monothiocarbamates, 817 
morpholine copper halides, 824 
nitrides, 793 
nitriles, 797 
nitrosyls, 792 
oxalates, 809 
N-oxides, 812 
oximes, 797 
peptides, 828 
peroxides, 805 
1,lO-phenanthroline, 791 
phenolphthalein, 805 
phosphines 

monodentate, 798 
phosphites, 801 
picolinate, 788 
piperidine copper halides. 824 
piperidines, 782 
polyamines 

aliphatic, 782 
polyaza macrocycles, 833 
polyether antibiotics, 838 
poly(pyrazo1yl)borates. 796 
polyuridine, 789 
porphyrins, 833 
proteins, 828 
pyrazines, 786 
pyrazoles, 784 
pyridines, 786 
pyrimidines, 786 
quinoline halides, 824 
8-quinolinyl, 829 
quinuclidines, 782 
Schiff bases, 825 
selenium ligands, 821 
selenocyanates, 794 
stibines, 803 
succinimide, 812 

sulfates, 818 
sulfonamides, 818 
sulfur diimines. 793 
superoxides, 805 
tartaric acid, 810 
tellurium ligands, 821 
tellurocyanates, 794 
2-2' ,2' ' - terpyridyl, 791 
2,4,5,7-tetrabromofluorescein, 805 
thioacetamide, 820 
2-thioamidopyridine. 820 
thiocarboxylides, 819 
thiocyanates, 794 
thioethers, 815 
thiolates, 813 
thiosemicarbazides, 830 
thiosemicarbazones, 830 
thiosulfates, 807 
thiourea, 819 
triazenes, 793 

amino acids, 846 
aqua, 844,850 
biguanides ,849 
2,2'-bipyridyl, 843 
carboxylates, &44 
cinchomeronic acid, 842 
dipicolinic acid, 842 
dithiocarbamates, 845 
isocinchomcronic acid, 842 
isonicotinates, 8.10 
lutidinic acid, 842 
N-heterocyclic ligands, 839 
nicotinates, 840 
1 ,IO-phenanthroline, 843 
phthaiocyanines, 848 
picohnates, 840 
polyaza macrocyclic ligands, 848 
porphyrins, 846,850 
pyrazine, 842 
pyrazinecarboxylate, 842 
pyridinecarboqlates, 840 

oxidative effects. 842 
pyridinedicarboxyla tes 

X-ray photoelectron spectra, 842 
pyridines, 840 

ESR, 840 
secondary-ion mass spectrometry, 840 

Silver(I1) complexes, 83S850 

quinolinic acid, 842 
tetraaza macrocyclic ligands, 850 
thiocarbamates, 845 

Silver fluoride, 846 
Silver(]) halides. 822 
Solvent effects 

platinum complexcs 
substitution reactions, 494 

Stellacyanin 

Stereochemistry 

Streptonigrin 

Sulfur ligands 

Superoxide dismurase 

Surface-enhanced Raman scattering, 787 

Tellurium ligands 

Terlinguaite, 1050 
1,4,8,1l-Tetraazacyclotetradecane, 1,4,8,11-tetramethyl- 

copper(I1) complexes, 721 

copper(I1) complexes, 596 

zinc complexes, 956 

palladiurn(I1) complexes, 1131-1 152 

copper(I1) complexes, 721 

palladium(l1) complexcs, 1131-1152 

zinc complexes, 996 
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Tetraaza macrocycles 
nickel complexes, 5 

Tetragonality 
copper(I1) complexes, 603 

Theophylline 
cadmium complexes, 957 

Thermolysin 
zinc, 1006 

Thiabendazole 
metal complexes, 951 

Tollen’s reagent, 780 
Transcription 

Trans effect 
DNA polymerases, 1007 

palladium(I1) amine complexes, 1115 
platinum complexes, 353,493 

Transferases 
zinc, 1002 

Tripodal ligands 
nickel complexes, 131 

Tyrosinase 
copper(I1) complexes, 724 

Urea, thio- 
metal complexes, 978 

Vibrational spectroscopy 
cadmium complexes, 929 
zinc complexes, 929 

metal complexes, 980 
Vitamin B1 

Wacker process, 717 
Water 

photocatalytic decomposition 
metal phthalocyanine complexes, 995 

Water gas shift reaction, 421 
Wilson’s disease, 721 
Wolfram’s red salt, 427 

X-206,838 
X-537A, 838 
Xenon 

X-ray diffraction 
platinum complexes, 391 

cadmium complexes. 929 
zinc complexes, 929 

Yeast alcohol dehydrogenase. 1009 
cobalt-coniaining, 1013 
manganese-containing, 1014 

Zeise’s salt. 353, 403 
Zinc, 925-1022 

metallocnzymcs, 1001, IOU2 
hiomimetic modelling, 1M1 
X-ray crystallography, lM2 
zinc-carbonyl mechanism, 1003 
zinc-hydroxide mechanism. 1003 

Zinc complexes 
acetate, 969 
alcohols, 964 
amides, 944 
amine oxides, 964 
amines, 933 
amino acids, 938 
1.4-arninohutyne-2-tetraacetate, 946 
4-[(2-aminoethyl)amino]-l-butylamine, 936 
ammonia, 931 
aniline, 933 
azides, 931 
azo compounds, 948 
biology, 1001 

1,4-bis[bis(2-aminoethyl)aminclmethyl] benzene 

bis(diethylenetriamine), 936 
11 .I l-bis(dimethylamino)-3,6,9-trimethyl-3,6,9- 

carboxylates, 968 
cyclic amines, 990 
cyclic ethers, 990 
cyclic triamines, 936 
1,2-rruns-cyclohexylenedinitrilotetraacetic acid, 947 
1,5-diazacyclooctane-N,N‘-diacetic acid, 937 
S,12-diethyl-l,4,8,1l-tetraazacyclotetradeca-4,1 I-diene, 

diketunes, 967 
5.12-dimethyl-1,4,8,ll-tetraazacyclotetradeca-4,1i- 

diene, 935 
1,2-ethanediamine, 933 
1 2-ethanediamine-N,N’-diacetic acid, 946 
ethers, 964 

hexahydrochloride, 936 

triazaundecane, 938 

935 

ethylenebis[N,N’-(2,6-dicarboxy)piperidine], 946 
EXAFS. 929 
fluorosifato, 964 
glyoxalbis(N-t-butylamine), 938 
hydrazides, 944 
hydrazines, 931 
hydrazones? 940 
hydroxides, 960 
hydroxylamine, 931 
imides, 944 
iminodiacetic acid, 946 
insuh, 999 
ketones, 964 
kinetics. 996 
macrocyclic, 990 
in medicine, 999 
multinuclear, 988 
NMR, 926 
NQR. 926 
nitrato, 962 
nitritn. 962 
~irganosulfur oxides, 464 
~-oxalarn-his[di~3-aminopropyl)amjne~. 935 
oximes. 940 
oxygen ligands, 960 
phosphinatcs, 962 
phosphine oxides, 964 
phosphine selenides, 980 
phosphine sulfides, 980 
phosphorus ligands, 959 
photoelectron spectroscopy, 929 
polynuclear, 973 
1 .?-propmediamine, 935 
1 ..?-propancdiamine, 435 
rcactivity. Wi 
salicylaldimine, Y42 
selenium heterocycles, 980 
culfinato. 864 
sulfur heterocycles, 980 
sulfur ligands, 972 
tetramethylcyclam, 937 
tetramethyl tetrazene, 948 
thioacids, 976 
thioamides, 976 
thioethers, 972 
thiols, 972 
1.3,5-cis,cis-triaminocyclohexane, 935 
1,4,7-triazacyclononane, 935 
1 I ~ 1-tris(aminomethyl)ethane, 934 
vibrational spectroscopy, 929 
water, 960 
X-ray diffraction, 929 
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Zinc(1) complexes, 989 
Zinc compounds 

industrial uses, 998 
Zinc halides, 981 

molten state 
coordination, 981 

solution chemistry, 893 

Subject Index 

Zinc hydrides, 43 1 
Zinc naphthalocyanine 

preparation, 993 
Zinc pseudohalides, 981 

solid state, 985 
Zirconium phosphate 

ion exchange resins, 720 



Formula Index 

AgBr, 
[AgBrz]-, 822 

[AgBr413-, 823 

[Ag(HCN)]+, 778 

Ag(03SCH2Br), 818 

Ag(O,SMe), 818 

AgBr4 

AgCHN 

AgCH2Br03S 

AgCH303S 

AgCH5ClN3S 

AgCzF30z 
Ag(HzNCSNHNHZ)Ci, 830 

Ag(O,CCF,), 808,809 

Ag(OzCCHZCl), 808 
AgCZHzC102 

AgCzHzNz 

A ~ C ~ H ~ N Z O ~  
[Ag(HCN)zI+, 778 

Ag(NO,)(MeCN), 797 
AgC2H4N02 

A ~ ( O Z C C H ~ N H ~ ) ,  826 

Gg(HO,CCH2NH2)NOS, 826 
AgCJWzOs 

AgCZH6N03S 

AgCzH6NO4S 

AgC2HSCIN4S2 

AgN03(SMe2), 815 

Ag(DMSO)NO,, 810 

Ag(H2NCSNH2)2CI, 819 
AgC2HsN2 

AgC2H9N2 

AgC2N2 

[Ag(en)l’, 782 

[Ag(Hen)]2+, 782 

[Ag(CN)(NC)I-, 778 
[Ag(CN),]-, 777,778 
[Ag(NC)z]-, 778 

AgC2Nz02 

796 

1189 
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" l  

AgI(2-Mepy), 824 

[Ag(HfiCH=NCH=cH)2]+: 776,785 
AgC6HRN4 

Ag(MeZNAc)*NO3, 812 
AgCsH N 

AgCqH6NO 
[ A g ( e N C H 2 C H 2 N H 2 ) 2 ] + ,  783 

Ag(&quinolinolate), 829 



Formula ladex 1191 

[ Ag(HI’;ICHzCHzYHCHMeCHzCMe,- -. 
NHCHzCH2NHCHZleCH,CM~*) 1 3 - ,  849 - -,_ ~~ 

AgC16H32N606 
Ag(HfiCH2CHzNHCHMeCH2CMez- 

NHCHzCHzNHCHMeCH2CMe2)(N0, 

- ._ .. 
Ag(phthalocyanine), 848 

[ Ag( fi=CMeCH=CMefi Ph)3]+, 784 
AgC33H36N6 

AgC36H44N4 

,809 

21+> 

790 

789 
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Formula Index 1193 

AuBr(AsPh3), 882 
AsAuC18H1,CI 

AsAuC~~H~SCI~  

ASCUUO6 

AuCI(AsPh3), 870,875 

AuCls(AsPh3), 870 

CU(UOZ)(ASO~), 653 
AsHgC3H,C1 

[HgCI(AsMe,)]+, 803,1083 
AsHgCisHisClz 

AsHgCzoHisNzSz 

AsHgzGFWh 

AsHgza6F6 

AsIrPdC19H31CISP2 

AsNiCz7Hz702PzSZ 

AsNiCZ,H4,N4S 

A s N ~ C ~ ~ H ~ ~ N ~ S ~  

A s N ~ C ~ ~ H ~ ~ P S ~  

HgCI,(AsPh,), 1084 

Hg(SCN),(AsPh3), 1084 

[Hgz{As(CF,)3) (NOJ)~', 10% 

Hgz,s&F6,1048 

PdC1(AsMe3)(~-CI)zIrC12(PMe2Ph)z, 1162 

Ni{ SzP(0)OMe} (arphos), 175 

[Ni(NCS) {N(CHzCHzNEt*)Z(CH2CH~A~Ph~)}]+, 135 

Ni{Ph2AsCHZCH2N(CH2CH2NEt2)2}(NCs),, 64 

[Ni{ MeA~(C~H,Silde-2)~} {PPh2(C,H4SMe-2)}]2+, 66, 
67 

A s N ~ ~ C ~ ~ H &  
NiZ(acac),(OAsPh3), 143 

ASPdC6H1sCIis 

ASPdC23H16F6Oz 

ASPdC3zHz4NzPSz 

[PdClS(AsEt3)]-, 1123 

[ Pd( hfacac) ( AsPh3)]+, 1 1 14 

Pd(SCN)(NCS){PhzAs(C6H4PPhz-2)}, 1139 
A S P ~ C ~ ~ H ~ ~ N ~ P S ~ ~  

Pd(SeCN)2{ Ph2As(C6H4PPh,-2)}, 1139 
AsPdC36H3oCIz 

A~PtCzoHy7Clz 

AsP~CZ~H~OC~~P 

PdClz(AsPhj)Z, 1158 

P ~ C I ~ ( ~ - P ~ Z A S C ~ H ~ C H = C H ~ ) ,  406 

PtClz(PEt3)(A~Phj), 445 

PtHCI(PEt,)(AsPh,), 445 

Ag(SCN)(AsPh&,, 803 

AsPtC24H31CIP 

AszAgCwH3oNS 

AS2AgzCioHi6Nz06 

A S ~ A U C ~ ~ H I ~ F ~ S  

AszAuCZ~H~SPZ 

(AgNO,),(diars), 804 

Au(C6FS),(diars), 898 

[Au(~-E~~PC,H~ASE~~)~]+, 854 

[Au(AsPh3)2]+, 871 
As2AuC36H30 

AsZBCUC~ZW~~N 

AszCuC1,OiZ 
Cu( d im)  { B (N- H)4}, 544 

Cu(CIOz)z(A~04)2,716 
AszCUZCZOH~J~N~ 

AszFeNiCysHzoIzO 

AszHgC6His 

AszHgCioHieClz 

As,HgC49HzzFzo 

A S ~ H ~ Z C ~ ~ H Z ~ N ~ S ,  

A S Z H ~ Z C ~ ~ H ~ ~ N ~ O ~  

CuzIz(2-MezNC6~AsMe2)2, 553 

NiIz(CO){Fe(q5-Me2AsC5H4)2}, 124 

[Hg(AsMe,),lZ+, 803,1083 

HgCl,(diars), 1084 

IHg(C6Fd2}ddpam), 1084 

{H~(SCN)~}~(P~~ASCH~CH~ASP~~), 1084 

I .  I 

Pd(SCHzCH2S)(diars), 1149 
A s Z P ~ C ~ ~ H ~ ~ C I ~  

PdCI,(AsEt3)2, 1123 
A~zPdCi6HzoSz 

Pd(2-MezAsC6H4S)z, 1165 

PdC1z{MezAs(CHz)yzAsMez}, 1163 
ASzPdC16H36CIz 

ASzPdC&z4C12 
PdCI,(Ph,AsCHzCHzASPh2), 1162 

PdClq(PhaASCHzCH2AsPhz), 1124 

Pd(SCN)2(AsBu3)2, 1141 

AsaPdGaHzcCI4 

AszPdC&d& 

As2PdCz~Hz4N2Sez 
Pd(SeCN),(PhzAsCH2CHzAsPhz), 1139 

A~2PdC30Hz4C12 

As2PdC3oHSoCIz 

A~zPdC34H33ClP 

A S Z P ~ C ~ ~ H Q ~ C I ~  

PdC12{ 1,2-(PhzAS)zC6H4}, 1162 

PdCi2{ AsButz(C6H4Me-2)},, 1167 

[PdCl{PhP(CHZCHzAsPh2)2)1+, 1166 

PdClz (AsBu'( C,H,Me-2)z} 2,  1167 

Pd(NCS)2(AsPh3)z, 1139, 1140,1141 

Pdlz(2-PhzAsC6~SMe)2, 1165 

P ~ , B ~ , ( A S M ~ ~ ) ~ ,  1161 

A Q G s H ~ o N z S ~  

Pd(SCN)2(AsPhs)z, 1239,1140 
AS2PdC38H3412S2 

As2PdzC6HlsBr4 

Ad'diC 1 ZH~OCL 
Pd,CI,(AsEt3)2, 1161 

A~zPtCIoH270 
[PtMe { CfOMe)Me)(AsMe3)zlC, 383 

Pt(SCN),(diars), 1163 
A s ~ P G z H I ~ N A  

A~zPtCyzHsoCIz 

AszPtCi,H3oCL 

AszPtCizH3oIz 

AS 2 P t C 2 4 H 5 s I 

PtCla(AsEt3)z, 497 

PtCL,(AsEt,),, 463 

PtIz(AsEt3)*,463 
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I .. _. 

AgBr{ (2-Me2A~C6H4)ZA~Me}, 804 

Ag(OAc)(AsPh,j,, 803 

Ag{(2-MezAsC6H4)2AsMe}Co(C0)4, 804 

{AuMn(CO)5}3{(MezAsCH2)3CMe}, 905 

AS3AgC56H4802 

A s J A ~ C O C ~ I H Z ~ ~ ~  

A s ~ A u ~ M ~ ~ C Z ~ H Z ~ ~ I S  

As3CdzI 
Cd,As31,989 

As3NiClIHZ7BrZ 

A S ~ N ~ C ~ ~ H ~ , , C I ~ N  
NiBr,{MeAs(CHzCH2CHzAsMez)z}, 67,125 

NiCl,{N(CH2CH2AsMez)3}, 59 

Ni(NCS)z{MeC(CH2AsMez)3), 133 

[NiCI{P(CH,CH,CH,AsMe&}]+, 66 

[Ni( CN) { P( CH,CH,CHzAsMe2)3 I]+, 135 

[NiBr{N(CHzCHzAsPhz)3}]+, 66 

NiI{N(CHzCH2AsPh2)3}, 41,43 

[ Ni { N(CH2CHzAsPhz)3}]C, 43 

[Ni(COMe) {N(CHZCH,AsPh,),}]+, 138 

NiT{N(CHzCWzAsPh2),}, 42 

AsJN~CIJHZ~NZSZ 

A S ~ N ~ C ~ ~ H ~ ~ C I P  

A S S N ~ C ~ ~ H ~ ~ N P  

As3NiC42H42BrN 

A S ~ N ~ C ~ ~ H ~ J N  

A S ~ N ~ C ~ ~ H ~ , N  

A s ~ N ~ C ~ ~ $ - I ~ ~ N O  

A s ~ N ~ C ~ ~ H ~ ~ I N  

[Ni{ N(CH,CH,ASP~~)~} (PPh,)]+, 41 

[ Ni { N( CH2CH2AsPh2) 3} (PPh,)] * ,42,43 

[Ni{Sb(C6H4AsMe2-2)3}cl] + ,66 

[Ni{Sb(C6H4AsMez-2)3} (NCS)]+ ~ 66 

[Ni,(triphos)(q3-As3)lf, 36 
[Ni2(triphos)(q3-As3)]z+, 36 

[NizI{N(CH,CHZAsPh,),)1+, 42 

[ P ~ B ~ { M ~ A S ( C H ~ C H ~ C H ~ A ~ M ~ ~ ) ~ } ] + ,  1166 

[P~CI{M~AS(C~H~ASM~~-~)~}, 1166 

[Ag(diars)J, 804 

{ A ~ I ( A s P ~ J > ~ ,  803 

[Au(diars),]+, 884 

fC~(diars)~]+, 542,583 

[Cu(AsMePh,),]+, 537 

A S ~ N ~ C ~ ~ H ~ ~ N P  

A S ~ N ~ S ~ C ~ ~ H ~ ~ C I  

A S ~ N ~ S ~ C ~ ~ H ~ ~ N S  

As3NizC41H39P3 

A S ~ Y ~ C ~ ~ H ~ ~ I N  

As,PdCllHz7Br 

AsjPdCIgH23CI 

AsaAgCzoH3z 

AS4Ag4C36H8414 

A s ~ A u C ~ O H ~ ~  

A s ~ C U C Z O H ~ ~  

AS~CUCSZHSZ 

A S ~ C U C ~ Z H ~ O O ~  

A S ~ C U ~ C Z ~ H ~ O I ~  
[Cu(OAsPh3)4]+, 589 

C U ~ I ~ ( A S E ~ ~ ) ~ ,  559,583,585 

Cu,I,(AsPh3),, 583 
As&u,C7&oL 

As4HgCzzH3zNzSz 

A s ~ H ~ C S ~ H ~ Z  

As4NiCI2Hz8Br2 

As4NiCl,H3,CI 

As4NiC20H3z 

Hg(SCN),(diars)2, 1084 

HgBr,( ( ~ - P ~ , A S C ~ H ~ ) ~ A S } ,  1084 

NiBr(Me,AsCH=CHAsMe,),, 119 

[N~C~{AS(CH,CH,CH,A~M~~)~} ]+ ,  66 

NiIdiars),, 9 
[Ni(diars)#+, 66,289 

A S ~ N ~ C ~ ~ H ~ ~ C I  
[Ni(diars),CI]'+, 67 

A S ~ N ~ C ~ ~ H ~ ~ C I ~  
[NiCl,(diars),]+, 5,289.299 
[NiClz(diars)2]2f, 289 

As4NiC,oH3z12 
NiI,(diars),, 124, 125 

A s ~ N ~ C ~ ~ H ~ ~ N  
[Ni(CN)(diars),]+, 118 

As,NiC,,H3z0, 
Ni(CO)z(diars)2, 11 

As,NiC,,H,oBr 
[NiBr(McPhAsCH,CH,AsPhMe),l " ,119 

As4NiC32H44 
Ni(AsMezPh),, 9 

As4NiC40H52C12 
NiCl,{2,2'-(MeA~),biphenyl}~, 124 

As4NiC44HQONB 
[N~(M~P~A~CH,CH,ASP~M~)~(TCNE)~]~+, 119 

A S ~ N ~ C ~ ~ H ~ ~ N O ~  
[N~(OASP~~M~)~(NO,)] ' ,  65 

As4NiC52H52C108 
[Ni(OAsPh,Me),(CIO4)]', 51,64 

As4NiCS4H4,Br 
[ N ~ B ~ ( A S ( C ~ H , A ~ P ~ ~ - ~ ) ~ } ] + ,  66, 133 

As4NiC54H&l 
[ N ~ C I { A S ( C ~ J & A ~ P ~ ~ - ~ ) ~ } ] + ,  66 

As4NiC72HGD 
Ni(AsPh3I4, 9 

A s ~ N ~ C , ~ H ~ ~ C I O ~  
[Ni(ClO4)(0AsPh3),]-, 64,152 

[PdC12(diars)z]z+, 1123 

PdI,(diars),, 1163 

[P~(NCS){AS(C&I~ASM~~-~)~} ]+ ,  1141 

As4PdCzoH32Clz 

AsJ'dGoH3dz 

A s ~ P ~ C E H ~ ~ N S  

A s ~ P ~ C ~ ~ H ~ ~ N S  

As4PdC,,H&12 
[Pd(NCS) { 1 ,8-(MezAs)ZCloH6}2]+, 1141 

[P~CI~(AS(C,~ASP~, -Z)~} ] '+ ,  1123 
AsPt GoH,, 

[Pt(dia~s)~]'+, 498 
As4PtCzoH,zCI, 

A~4PtC72Hm 
[PtClz(dia~~)z]~+, 498 

Pt(AsPh,),, 440,463 
As4ZnCzoH3~04 

[Zn(diars d i~x ide ) , ]~~ ,  966 

[Ni(OAsMe,)#+, 3,64,159 

[Ni(diars){MeA~(C~H~AsMe~-2)~}]~~, 66,67,128 

NiCI,{MeC(CH2AsMe2),}2, 133 

[Ni{ ( O A S P ~ , ) ~ C H ~ } ~ ] ~ + ,  161 

[ N ~ { ( O A S P ~ ~ C H ~ ) ~ } ~ ] ~ + ,  161 

A s ~ N ~ C ~ ~ H ~ ~ ~ ~  

As5NiC27H39 

As6NiC2,HS4Ci2 

AS6NiC7&&6 

A s ~ N ~ C ~ ~ H ~ ~ ~ ~  
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A s ~ N ~ z C ~ ~ H ~ ~ N ~  
Ni,(TCNE){ PhAs(CH,CH,CH,AsMe2),>,, 128 

[Ni21{N(CH,CH,AsPh,),),j+, 43 

[Pd{MeAs(C6~AsMe,-2)z),~2+, 1166 

Ni2(Hz0) {P~AS(CH,CH,CH~ASM~~)~}~, 128 

Au(AlH4),, 891 

[AuAsI2-, 881 

AuCI(AsMe,), 870 

(AuAsPh,),, 8x1 

AuBr(AsPh,), 882 

AS6Ni2C84H8412N2 

AS6PdC38H46 

A s ~ N ~ ~ C ~ ~ H ~ ~ ~  

AuA13H1, 

AuAs 

AuAsC3H,CI 

AuAsC,,H,, 

AuAsC,,H,,Br 

AuASC1sH1SCl 

AUASZC28H16F15 
AuCI(AsPh,), 870,875 

Au(C6F5),(diars), 898 
AuAszCzsH4sPz 

A ~ A w % H ~ o  
[AU(2-Et2PC6&ASEtz)2]+ ~ 884 

[ Au(AsPh,),]+ ,87 1 

[Au(diars),]+, 884 

Au(BPh2)(PPh3), 903 

Au(BH,),, 891 

AuAs4C20H32 

AuBC~~HZSP 

AuBIH~z 

AUB4CZOH22P 
Au(p-CZB4H,)(PPh3), 903 

A~BscisHz3P 
Au(B5Hs)(PPh3), 903 

AuB~C~H~INSZ 

A u B ~ C ~ ~ H ~ ~ N P  
Au(S2CNEt,)(CzB,H,J, 903 

Au(CZB~HIOPY)(PP~~), 903 

[Au(CZBIIHI d a l  - I  903 
[ A U ( C Z B ~ H I ~ ) ~ ~ ~ - ,  8x9 

[AuCIBrl-, 871 

[AuBr,]-, 864,871 

[AuBr,]-, 886 

[AuBr4]-, 877,889,895 

AuCI(CO), 869,885 

AuMe(PH,), 867 
AuCN 

AuCN, 885 
AuCO 

AuCO ,864 
AuCZBrCIN2 

[ Au( CN),BrCl]-, 898 

AuBisC4H,2 

AuBrCl 

AuBr, 

AuBr, 

AuBr4 

AuCClO 

AuCH~P 

AuCzHz 

AuCZH3ClN 

A u C ~ H ~  

Au(C,HZ), 864 

AuCl(MeNC) ,885 

Au(C,H4), 864 

AuCI(SMe2), 870 

AuCI(SeMe,), 874 

AuCI3(SMe,), 870 

AuC,H6C1S 

AuC2H6CISe 

A u C ~ H ~ C I ~ S  

AuCzHBNzO&Z 

AUC~HBN~S~ 
[Au(SO3),(en)jZ-, 892 

[Au{SC(NHJz}21+, 8% 874 
AuC2HsN,Se2 

[Au{SeC(NHd2I21+, 864 
AuCJZN~ 

[AuIz(CN)zI-, 891 
AuCzNz 

[Au(CN),]-, 864,868,871,885,898 

[Au(CNO)J, 885 
AuC~N~O,  

[Au(NCO),]-, 879,894 
AuC2N2S2 

[Au(SCN)z]-, 864,873 
AuCzOz 

A u C ~ H ~ N ~  
Au(CO),, 864 

Au(CN)(MeCN) .899 
Au(CN)(MeNC), 868,885 

A U C ~ H ~ N O ~ S  

A U C ~ H ~ O ~ S  
AUSCHZCH(NH~)CO~H, 876 

[AuSCH~CH(OH)CH~SOJ, 876 
AuC,H,ClO,P 

AuC,H,CIP 

AuC,Br2N2S2 

AuCI{P(OMe),}, 870,882 

AuCI(PMe,), 870,872 

[AuBrz{SKdCNIz}I-, 893 
A u C ~ H ~ O ~ S  

AUC4H6CIN2 
[AuSCH(COJCHZCOZ]~-. 876 

Au($i=CMeNHCH=tH)Cl, 881 

AuCl(DMG), 886 

[Au(MeCN),]+, 864,880,883 

AU(&--=- NN-NNMe)(CNMe) ,879 

Au(C&)z, 864 

AUC~H~CINZO~ 

AuC,H,N, 

AuC,H N 

A u C ~ H ~  

AuC,H,,ClO,S 
AuCl{S[CHZCHzOH),}, 875 

A~CqHioC13S2 
AuC13(MeSCHzCHzSMe), 893 

[AuMe4]-, 866 

Au(SO,Me)(PMe,) , 879 

AuMe(PMe,), 868 

[Au(SMe2)2]+, 871 

[Au(dien)C1I2', 896 

[Au(dien-H)C1I3*, 896 

[A~(dien)(OH)]~', 896 

[AuClz(en)z)+, 8% 

[ A ~ ( e n ) ~ ] ~ + ,  896 

[Au(CN)J, 898 

A G H n  

AuCqH1202PS 

A u C ~ H ~ ~ P  

A G H & z  

AuC~H,>CLN~ 

AuC4HI4CIN3 

A u C ~ H ~ ~ N ~ O  

A~CqH16C12Nd 

A u C ~ H I ~ N ~  

AuC4N4 

AuC4N4S2 

AuC,N,S, 

AuC,04S4 

AuC5H f2lN 

[ A ~ ' W ~ ( S W Z I - ,  892 

[Au(SCN)J, 592 

IA~(S2C202)21-, 893 
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A U C I { H N ~ H , } ,  869,880 
AuC6HsC13 

AUC& 
[AuCI,Ph] ~, 870 

A u ( C ~ H ~ ) ,  864 
AuC6HsN4-’ 

[Au($J=CHNHCH=eH)2]+, 88 1 

AuCI2H8Cl3S2 

AuCizHsN4 
AuCl,(thianrhrene), 870,893 

[Au(CNMbi~y)l-, 885 
AuC12H&IZNz 

AUCLZ(~-P~N=NC~H~), 895 

AuCl,(PhN=NPh), 895 

(AuPPhZ),, 881 

AUCizHioCWz 

AuCizHioP 

AG2HizN4Sz 

AUCIZHI& 

AuC12H1gClaS 

AUCizH2zOioSZ 

[A~{~-PYC(S)NH~) ,~+,  874 

AuMe2{HC(fiN=CHCH=eH),}, 897 

AuC12Ph(SPr2), 870 

[Au(thiogl~cose)~]-, 876 

AuCI(PBu‘,), 882 

AuBrz(C6F5)(PhNC), 898 

AuC12H2,ClP 

AuCl3H5BrzFjN 

AuC,-,H,FSN 
Au(C,F,)(PhNC), 885,898 

AuC13HI &13N 

AUC14H12Br3Nz 

A~Ci4Hi2S4 

AuC14Hl,CI,S 

A~Ci4Hi4C13N 

AuC14H16PS 

AuC13(7-methyl-4-azafluorene), 870 

AuBr3(2,9-dimethyl-l ,IO-phenanthroline), 896 

[Au(3,4-S2C6H3Me),]-, 893 

AuCI~{S(CH~P~)~) ,  886 

AuC13{4-(4-MeC6H4N=N)C6H4Me), 870 

Au(SPh)(PMe2Ph), 875 

[AU(~~(Z-OC~H,CH=NCH~CH,N=CH)C~H,O)]+, 
891 

AUCiJWz 
[Au(PMe,Ph),]+, 871 

AuC17HidClNP 
A~C1(2-pyPPh,), 881 

AuCisHizC13Nz 

AuCisHi2N202 
AuC13(2,2’-biquinolyI), 896 

[Au(S-quinolinolate),]+, 891 

AuCI(P(OPh),}, 869,882 
AuC,,H,,CIO,P 

AuC~~H&IP 
AuCI(PPh3), 869,870,871,882,884 

AuClsH,,CIPS 
AuCl(SPPh,), 870,874 

AuClsH&13P 
AuC13(PPh3), 870, 897 

Au(Na)(PPh3), 879 

AuCl{SzCZ(CN)z}(PPh3), 893 

Au(NCO)(PPh,), 879 

AuCIBHISN~P 

AuC~~H~SCIN~PSZ 

AuCt9HI5NOP 

A u C I ~ H ~  jNP 

AUCigHISNPS 
Au(CN)(PPh,), 885 

Au(SCN)(PPh,), 873 
AuCz,HlsNPSe 

Au(SeCN)(PPh,), 873 

Au{&C(S)SN=N) (PPh,), 879 
A u C ~ ~ H I S N ~ S ~  
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AuCl(Ph,PC=CPh), 882 

Au(N-CF3)(PPh3), 879 
AuCzoHi F N4P 

, , -, 

AUC,~H,,O,P 
Au(OAc)(PPh,), 972 

AuC2oH3409PS 

AuC21H24P 
Au(PEt3)(S-2,3,4,5-tetraacetyl-l-~-O-thioglucose 

AuMe3(PPh3), 866,897 

Au(S-2,3,4,5-tetraacetyl-l-~-O-thioglucose)- 
{PEt2(OPri}, 877 

AUC21H360ioPS 

AuCzzHisNzPSz 
Au{SzC2(CN),}(PPhd1 8% 

A U C ~ ~ H ~ ~ N ~ P  
Au(&N=CMeCH=CMe) (PPh3), 88 1 

AuCz3HzSNPSz 

AuC24H2002PS 

A u C ~ ~ H ~ ~ P  . 

Au( SZCNEt2) (PPh3), 879 

Au(SOZPh)(PPh3), 879 

AuPh(PPh,h 872 
AuC2,H;,ClN3P3 
AuC1(P(Me)N=PPh2NPPh,fiH}, 882 

A;Cl(C(P€'h3)2}, 886 
A u C ~ ~ H ~ ~ N P Z S  

Au(SCN)(PP~~)~,  865,874,883,884 
AuC~OHZ~CLNZ 

AuC14(C4Ph4)(phen), 896 

AuCl(triphos), 869 

AuCl(tetraphenylporphyrin), 897 

[ Au(tetraphenylporphyrin)]+ , 897 

AuC~,H~,CIP~ 

A u C ~ ~ H ~ ~ C I N ~  

AuC44HzaN4 
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[A~(H20)2]+, 864 

[AuBr,(NH,),]+, 895 

[Au(NH,),]+, 864,880 

[Au(H,O),]~+, 866 

[ A u B ~ ( N ~ ~ ) ~ ] ~ + ,  895 

[AU(NH,),(OH)]~+, 895 

AuH6Br2N2 

AUH6N2 

AuH804 

AuH9BrN3 

AuHioN3O 

A u H ~ ~ N ~ O  

AuHi zN4 

AUT, 

A d 3  

A d 4  

[ Au( NII3)3( 895 

[ A u ( N H ~ ) ~ ] ~ + ,  895,896 

[ALII,]-, 864,871 

[Ad,]-, 886 

[Ad4]-, 891 

Au(PE~,)(~-H)I~H,(PP~~)~, 869 

Au(PPh&-H)IrH,(PPh,),, 869 

Au{ Mn(CO),} (PPh3), 903 

Au{ Mo(CO),Cp }(PPh,) ,904 

[Au(S03)2(N0z)14-, 873 

[Au(N03)4]-, 891 

[Au(N,),]-, 871,879 

[A~(N3)41-, 894 

A U I T C ~ O H ~ ~ P ~  

AuIrC,ZH63P3 

AuMnCz3Wl,0,P 

AUMOCZ,H,OO,P 

AuNOgSz 

AUNaOiz 

AUN6 

AuNiz 

AuO& 

AlIO.& 
[Au(SO~)Z]'-, 873,892 

[Au(SZOq)2]-, 864,876,877 
[Au(S203),]", 873,877 

AuO $81 

AUOS3CifiHi60ioP 
[Au(SO3)4]*-. 873,892 

0~3H(CO)lo(AuPEt3), 906 

OS~(CO)~~(NCO)(AUPE~~) .  906 

OS,( CO)~~(NCO)(AUPE~~) ,  906 

0~3(CO)1oCl(AuPPh,), 906 

OS4HJ(CO)1Z(AUPEtB), 908 

Os4H(CO),,(AuPEt,), 908 

A u O S ~ C ~ ~ H ~ ~ N O ~ ~ P  

AuOs3C1,H1sNO1zP 

AuOs3CzsH15C101oP 

Au0s4C18HlS01ZP 

A U O S ~ C I Y H I ~ ~ ~ P  

Ru~C(CO),,(NO)(p~-AuPPh3), 909 
AuSb 

[AuSbI2-, 881 

AuC1(SbPh3), 870 

[Au(SbPh3),]+, 883 

Au(SnCl,)(PMe,Ph),, 882,904 

Au(SnC1,) { P(CH2SiMe3)3}2, 904 

AuSbCIsHlSCl 

AuSb4Gz&o 

AuS~C~~HZZCI~PZ 

AUSnC&&13PzS& 

AUSnCjgH&&P2 
Au(SnCI,)(PPh,)2,904 

AuSnC54H45C13P3 
Au( SnC1,)( PPh,) 3, 9W 

Au{Ta( CO),)(PPh3), 904 

Au { v (  c o )  6 )  ( PPh3), 904 

AuTaCMH150,P 

AUVC24H1506P 

A U W C Z ~ H ~ ~ O ~ P  
Au(PPh3)( p-H)W( C0)5,869 

AuzBaSnS4 
Au,B;tSnS4, 873 

AuzBr6 
[(AuBr2)( AuBr4)12-, 871 
Au2Brh, 889 
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Au~Ni,C,~H,,N~O,S, 
[AU~N~~{SCM~,CH(NH,)CO~}~]-, 877 
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BA&UC,~H,,N~ 
Cu(diars){B(@N=CHCH=CH)4), 544 

_ _  _ _  - 
Cu(F,B(ONCM~CMeNCHz)2CH2}, 542,583 

B C U C ~ ~ H ~ ~ F ~ N ~ O ~  
Cu{FzB(ONCMeCMeNCHz)2CH2}(CO). 549,567, 

576.583 

BCudi7Hz6N6 
CU{ HB(fiN=CMeCH=t Me),) (C,&), 569,583 
[CU{HB(~~N=CM~CH=CM~)~}(C~€L)]*, 718 

~ . 
BCuC;lHz,N70~S 
CU{HB(~~N=CM~CH=~M~)~}(SC~H~NO~), 544 
[Cu(HB(hN=CMeCH=CMe),) (SC,H4NOz)]-, 581 

Btuc;gH,;P2 
CU(PP~ , )~ (H~BH~) ,  546,585 

BCuCwHaqP, 
Cu(PPhiMe)3(HBH,), 546,585 

C U ( P P ~ ~ ) ~ ( F B F ~ ) ,  542,584 

Cu ( HB( N- H)3} ( C2H4) (CuCl) ,569,572, 

B C U C M H ~ ~ F ~ P ~  

BCUZC~IH~~CIN 

583 

. .  
BNiC4,H4iP2 

BNiC54H49P3 

BPfCioHi3N6 

Ni(BPh2)(PPh3)2, 40 

Ni(BH4)(PPh3)S, 40 

PtMe { HB($JN=CHCH=CH),}, 415 

PtMe{HB(N-H),}(CF3C=CCF3), 415 

PtMe( CNBu') { HB (hN=CHCH=C H)3}, 380,432 

PtC1(BPh2)(PEt3)2, 372 

SnMe3BF4, 689 

Cu(en)2(FBF3)2, 688,716,741 

Cu(Mecdien)(NCBH&, 609 

BPtCidHi3F6N 

BP~CISHZZN~ 

BPtCz4H40CIPz 

BSnC3HgF4 

BzCUC~HI~FBN~ 

BzCGiHzsNs 
., 

B,CUC,~H~ N;; 
Cu{HB(&N=CHCH=CH),},, 601,701,706,734 

CU~O(DMSO)(~CH~CH~OCH~CH~)(BF~)~, 577,578 
B z C ~ Z C ~ H I ~ F ~ O ~ S  

. .  
B ~ N ~ C ; ~ H , , N ~  

NI{ H ~ B  ( I~N-CHCH~H) ,} ,  ,102 
B2NiCI6Hl4N 

Ni{ E12B ( H)( fiN=CM&H==k Me)} 2 ,  

102 

B2NiC20H32N 

B,NiC,,H N 
Ni{EtZB(N-H),},, 102 

Ni{B(N-H)4}2, 102 

Ni(py N-o~ide)~(BF~)%, 61 
BZNiC30H30F~N606 

. .  
B,NiCj,H,,N 

B 2 N i Z C l 4 H 4 J ~ ~  
Ni{Ph,B(-H),},, 102 

[{Ni(NCBH3){ N(CH2CH2NH2)3}}2]2+, 74,75 

B3NiClsHZ4N12 

B3ZnH12 
[Ni{H2B(fiN=CHCH=CH)2}3, 102 

IZn(BH4)31-, 931 
B~AuCZOHJ' 

A U ( W - C ~ B ~ H ~ ) ( P P ~ ~ ) ,  903 
B,PtC~,H&'2 

BaZnHlh 
(PtCzB4H4)Mez(PEt3)2, 373 



Formula Index 1201 

CdBr4 
[CdBraI-, 985 

CdCHdI2N20 
CdIz(H2%CONH2),967 

[Cd(SeCN)]+, 987 
CdCNSe 

CdCzH204 

CdCzKCIzN3 
Cd(0zCH)Z. 968 

CdClz{ HzNC(=NH)NHCN} , 933 

Cd(C204)(N2H4), 933 
CdCZH,N,O, 

CdCIH6 

CdC2H606S2 

CdC2H,N40, 

CdMe,, 927 

Cd(O,SMe),, 961 

Cd(en)(NOz)2, 930,934 
C ~ ( C Z O ~ ) ( N ~ W Z ,  933 

CdCzHid604S3 
Cd{HZNC(S)NHNH2}zS04,980 

C d C N 2 S 2 

Cd(NCS)z, 987 
Cd(SCN)z, 985,987 

CdCzSs 
tCd(CSd2l~ ,977 

W ( O , C ) Z ~ 2 1 , 9 7 2  
C d C 3 H 2 0 4 

CdC3H30, 
[ Cd( 0 ,CH),]-, 969 

CdC3HdCIZNz 

CdC3HsN3S 
CdCI,(H&CH=NCH=CH), 948 

[Cd(en)(NCS)]+, 987 

[Cd(&-1,2-pn)l2+, 935 

[Cd(SC(NHNH2)z}3]2', 976 

[Cd(CN)J, 986 

[Cd(NCO),]-, 987 

[Cd(SCN),]-, 985 

CdC3HioNz 

CdC3Hi~NizS3 

CdC& 

CdC3N303 

CdC3N3S, 

CdCaH204 

CdCdH404S 

CdC4b08 

Cd(OZCCH=CHCOz), 972 

Cd{(OzCCHz)zS}, 976 

(Cd (O,CH),] F ,  969 
CdC4II604 

Cd(OAc)z, 969,998 

Cd(O&CH2NW2)2CIz, 939 

Cd(NCS)z(HzNCONH&, 967 

CdEtz, 927 
CdC4H?3C12N3 

CdC4H16BTIN4 

CdC4HsClZN204 

CdC&N60zS2 

CdCdHio 

Cd (dien)Ci,, 937 

Cd(en),BrI, 935 

[Cd(en)2]2', 934 

[Cd(en),(NO2)l+, 935 

C ~ C ~ H I ~ N ~  

(=dC4H16NS02 

CdC4N4 
[Cd(CN),I2-. 928,930 

CdC5H5C12N 
Cd(PY)C12,952 

CdCSHSI2NO 
CdIi(py N-oxide), 965 

CdC&Oio 



1202 Formula Index 

[C~(O~CH)S]~- ,  969 
CdCsHi6CINSS 

CdCsH4N204 

CdGH7C12N 

Cdw10F602 

Cd(en)z(NCS)CI, 935,987 

Cd(02CCH2CN)z,969 

Cd(PhNH2)C12,933 

Cd(CF3),( MeOCH2CHZOMe), 965 
CdGHizC1zN404 

CdC6Hi4 

CdC&14N404Sz 

CdCsH16Br2N2 

CdC6Hi6N402 

CdC6Hi6NsS2 

C~CI~(H~NCOCH~CONH~)Z,  945 

CdPrz, 927 

Cd(OAc)z{HZNC(S)NH2}2,978 

CdBr,(TMEDA), 935 

[Cd(EtC0NHNH2),IZ+, 945 

C ~ ( ~ I I ) ~ ( N C S ) ~ ,  987 

[CdBr{N(CH2CHZNH&}]+, 938 

[Cd(er~)~]~+,  934 

Cd(pyxidoxine)C12, 965 

{ CdC1,(PPhMe2)}, ,959 

CdC12(DMSO)(9-methyladeNne), 957 

CdBu,, 927 

[Cd{N(CN)z}412-, 987 

CdC6H18BrN4 

CdC6H24N6 

CdCsHiiC12N03 

CdCgHllClzP 

CdCgHl3C12N,OS 

CdCsHi8 

CdCsNiz 

Cd(a~ac)~,  967 

Cd(H&N=CMeCH=eMe),F,, 951 
CdCioHi F2N4 

947 

CdHz16 

CdH,BrlOn 
[Cd(H,O)I]+, 983 

,993 



Formula Index 1203 

kd&]2+, 984 
CdzClS 

[Cd&-, 986,987 
Cd,FO,P 

COCUC~OHZ~N~S 
[CO(~~)~(SCH~CH~NW~)CU(NCM~)Z]~+, 553 

COHIZOL 

CoH,,CIN, 
[CO(OHZ)~]", 682 

[Co(NHq)5C1]2f, 684 

C U A ~ C ~ ~ H ~ ~ N ~ O ~  
[AgCu{2-pyCH=NO}z]+, 798 

CuAIC6HACL 

COC -HH 



1204 Formula Index 

Cu(F,B(ONCMeCMeNCH&CH,) (CO), 549,567, 

Cu(2,9-Mezphen)(HzBHz), 544 

Cu{ HB(fiN=CMeCH=C Me),) (0,) ,578,717 
[Cu{ HB(hN=CMeCH=C Me),) ( Oz), 718 

576,583 
CUBCi4Hi6Nz 

CUBC15HzzN6Oz 

CUBC~7Hz,&6 
Cu (HB/hN=CMeCH=c Me)?} (C,H,), 569,583,718 

CuBrCl 
ICuBrC11-, 550 

C;Brz 
[CuBr,]-, 537,550,575,585 

CuBr3 

C U C F ~ O ~ S  
[CuBrJ, 643 

Cu(03SCF3), 568 

Cu(O,CH)(OH), 642 
CuCH203 

CuCHjNz 

CUCH~N~OS 
Cu(CN)( NH3), 565 

Cu(ONOZ),(OZNMe),649 
CuCH4N3 

Cu(CN)(NZH4), 565 
C U C H ~ O ~  

[Cu(CO)(OHz)z]+, 566 

Cu(HzNCONHNHJC12,644 
C U C H ~ C ~ ~ N ~ O  

CUCH~NZO, 

cuco 
Cu(NH,),(O,CO), 643 

[Cu(CO)]+, 566 

CuCl(HC=CH), 570 

[CuCI,(HC=CH)]-, 570 

Cu(O,CH),, 617,650,716 

CuCzHzCl 

CUCZHZCIZ 

CuCZHZO4 

CuCzH205 
Cu(CzO4)(HzO), 690 

CuC2H3BrN 
CuBr(NCMe), 585 

CuCI,(l ,2,4-triazole), 646 

CuI(CNMe), 563,585 

Cu(OAc), 608,662 

CuC,H,CIzN, 

CUC~WJN 

cuc2H302 

[Cu(OAc)]*, 683 
Cu( 02CMe), 564 

CUC~H~CINZS~ 

C U C Z H ~ C ~ N ~ S ~  

cUczH6 

CuCzHsClNZ 

CuCzHsClZOS 

CUCI(CZN~S~H~). 563 

CU(H~NCSNHCSNH~)CI, 545 

[CuMeJ, 550 

CuCl(MeNNMe), 563 

CuClz(DMS0). 646 

cu(en)(co), 583 
[Cu(en)(COj] ‘* 566,567 

[Cu(SPMe3)j + ,548 
C U C ~ H ~ P S  

QC3N3 
[Cu(CN),]‘-, 545,582 
[Cu(CN),]’-, 574 

CUCqH4N406 

CuC4HSN04 

CuC&C1 

CUCqH6CIzNz 

C~(E;I=CHCH=NCH=CH)(O,NO),, 640 

[Cu{(O2CCHz)zNH}]-, 683 

CuCI(MeC=CMe), 557 

CuCI,(McCN),, 643 

Cu(O,NO),(MeCN),, 649 
CUC4W&06 

CuC4H8BrOS 
CuBr($CHzCHz0CH&H2), 563 

CuC12{ OmH2)4} ,  646 
CUC~HSCI~OS 



Formula Index 1205 

[Cu(en),lz+, 537,601,686,689,690 
CuCJIlrNSa . 

[Cu(CH4NzS),]+, 543 
CuC4HlsCIN40 

Cu(en)z(OH2)C1, 601,738 

[ C U ( ~ ~ ) ~ ( O H ~ ) ] ~ ~ ,  734,738 
CuC4HiSN40 

CGHi,Ns 
[Cu(en)2(NH3)12+, 609 

[Cu(CN),]-, 542 
[Cu(CN),I2-, 729 
[Cu(CN),I3-, 574,582 

C U C ~ N ~  

[Cu(Cz04)zIz-, 642,649 
CuCsHsClN 

CuCl(py), 563,583 

CU(OHZ)~(CSO~)~ 640 
CUCsH608 

CGHi iNz  

CuCSHl2BrNO 
Cu(CN)(HNEt2), 563,583 

CuBr(OCH,CH2CH2NMe2), 644 

[Cu(dien)(CO)]+, 566,567 

[C~(dien)(O,CH)1~, 642,700,734 

Cu(CsOaBrz), 690 

C~CsH13N30 

C~CsHi4N302 

CUC6BrzOd 

CI$O~CCH,CN)~, 670,673 
CUC6HsN30 

Cu(2-pyCH2NH,)Br2, 642 
CUC6HBCI2N4 

CU(HWH=NCH=CH) z ~ i z ,  64 1 

[Cu(en),]2+,600,617,656,663,669,690,691,698,700, 
701 702.704.734 

C U C ~ H ~ I N ~  

CUC~HJ’JO~ 

CuCTH&12N2 

CuI(2,6-Mezpy), 585 

[CUI 2,6-py(COMe)2)]Z+, 613 

C U ( ~ - ~ ~ C H ~ C H ~ N H ~ ) C I ~ ,  643 
CuGHioN402 

CUGHISNZ 
CU( DMG) ( HWH=NCH=CH), 609 

CdCN)[NEtr), 563 
CuC7H,,N,S . 

[ CU{ (H,NCH,CHzNHCH2)2} (NCS)]+, 609 
[CU((H,NCH,CH~NHCH~)Z}(SCN)]+, 735,741 
ICU{N(CH,CH,NH,)~}(NCS)]+, 609,734,735 

CUCsH6ClN4S2 
CUCI(C~H~N~S~) ,  563 

CUCgHgN606 
Cu(2,2’-bipyrimidinyl)(p-ONO2)(OZNO), 735 

CuCl(cot), 570 

CuC1(2-thiouracil),, 548 

CUCgHsCl 

CUC8H&N402S2 

CuCSHBN4 

CUCBH NBO6 

CuCsHioOlz 

[CU(NCCH~CH~CN)Z]+. 565 

c~(NB=cHcH=NcH=cH),(o,No)~, 604 

Cu(tartrate)2, 668 

CuI(2,4,6-Me3py), 563,585 
CuC&,IN 

CU(GDMG)2, 668 

CuBr(Pr”HCH2CHzNHPr’), 547 

CuBr(Et2PPEt2), 563,583,585 

[CU(,H~NCSM~)~]+, 542,584 

Cu(OzPEt2),, 607,651 

[CU(M~SCH,CH,SM~)~]+, 543,591 
[ Cu( MeS CH2CH2SMe)2] 2+, 591 
[ C U ( M ~ S C H ~ C H ~ S M ~ ) ~ ] ~ ~ + ,  591 

[Cu(dien)2]2*, 601,610,617,663,675,698,700,701, 

CuCBHloBrNz 

CuC8HZ0BrP2 

C~csHzoW4 

CuCsHxDJ‘a 

CuCBH20S4 

acsHz6N6 

707,734 
C U C ~ N ~ S ~  

[ ~ { S G ( C N ) ~ ) Z I - ~  748 

tCu(Szcc(cO~)z} zl-, 748 
CUGOBS, 

CuC9WlBBrzNS2 

CuGH N S  
Cu(SzCNBu‘,)Br2, 748 

[ C U ( I ? A H ~ ) ~ ] + ,  584 

{Cu(SPMe,)CI},, 556 
(=UCgHzKW& 



1206 Formula Index 

CuC9H3oN6 

CuCioHsNz 

CGoHsN404 

C~CioHsN604 

[ C ~ ( p n ) ~ l ~ + ,  678 

[Cu(bipy)J+, 548 

Cu(bipy)(ONO),, 604,733 

[CU{ 1,2-(HNCONHCON),GH4]]-, 747 

I C U { ( ~ - P ~ ) ~ N H I ] ~ + ,  699 
C~ClOHlOC1ZNZ 

CU(PY)2C12, 577 
{CU(PY)ZCI2),,, h60 

CGoHioIzNz 
CU2Iz(PY)z7537 

CuCioHioNzOA 
C ~ ( ~ - P Y S O ~ ) ~ ( O H Z ) ,  705 

CuCioHioN408 

CuCioHizNz06S 

CuCioHizNzOs 

CuCioHi4NzO8 

C~CioHi404 

CuC10H9N3 

Cu(py N-oxide)z(0zN0)2, 739 

Cu(bipy)(OHz)z(OzSOz), 631 

[CU{ (OzCCHz)zNCHzCH,N(CHzCOz)~]]' ~, 996 

Cu(H,edta), 663 

Cu(acac),, 596,675 

CuBr(2-pyCH2SBu'), 544 

Cu{ Hz( OzCCHz)zNCHzCH,N(CHzC02)z) ( OHz), 601 

Cu( 1,4,8,12-1etrathiacyclotetr adecane) (OClO,) z, 601 

CuC, ,BrNS 

CUCioHi6Nz09 

CUCioHzoClz08S4 

CuCioHzoNzS4 

CuCioHzoS4 
Cu(SzCNEtz)z, 605,628,712 

Cu( 1,4,8,1l-tetrathiacyclotetradecane), 543 
[Cu(l,4,8,11-tetrathia~yclotetradecane)]~+, 682 
CU(S2CEt2)z" 668 

CuCioHzoS, 
Cu( 1,4,7,10,13-pcntathkdcyclupentadecane), 542 

[Cu(dien){HzC=CH(CW~)~Me) J T, 569,583 

Cu(bipy)CI(CO), 583 

Cu{ (2-py)2NH}(OC103)(CO), 566,575 

Cu(PEt3)Cp, 570 

Cu(bipy)(C20d1 642 

[CuPh,l-, 550 

CUC10H25N3 

CuCiiH&lNzO 

C~CiiH9ClN305 

CuCiiHzoP 

CuCizHs"04 

CUClZHlO 

c ; c ~ ~ H ~ O N ~ O  
[Cu(phen)( OHZ)l2+, 676 

CuCl;Hl N S 
[ c ~ ( ~ ~ = N c H , c H , s ) , ~ + ,  543 

C~CizHi608S4 
[CU( OzCCH~SCH~CH~SCH~CO~)~~- .  543 

C U C ~ Z H ~ ~ N ~ S ~  

CuCizHi,O4 
[Cu(MefiC(S)NHCH=CH),]+, 548 

Cu(MeCOCMeCOMe),, 605,656,663,700.716. 740 . -  
CuCjZH, N 0 

[CU(HN-H)~(OH~)~]~+, 601,734,738 

C U { H O ~ H O H ) ~ C ~ ~ ,  628 
CUC1,II,,C1 0 

_ _  _- 
[CU(E~SCH~CH~SE~)~]+ ,  542,584 

Cu(Et,dien)(N,)Br, 734 

[CU(H~N~HCH~CHNH~~H~CHNH~~H~)~]~+. 610 

[Cu(EtNHCH2CH,NHEt),]+, 572,583 
ICu(Et,NCH,CH,NH,),] ' ,542 

CuCl2HZ,3rN6 

C U G ~ H ~ O N ~  

C~CizbzN4 

[Cu(Et2NCH2CHZNH-J2J2+, 605,734 
CuC,THwNnO _- _- 

[CUI N( CH2CH~NMe2)3](OHz)]2+, 681 

[Cu(dien)(Cz04)Cu(OHz)z(TMEDA)]z+, 661 
CGzH33N506 

C U C ~ ~ H & S  
Cu(phen)(NCS), 583 
Cu(phen)(SCN), 584 

CuI(acridine), 563 

Cu(hlacac),(&=CHCH=NCH&H), 640 

Cu(phen)(CN),, 729 

C U C ~ ~ H ~ ~ N  

CG4&.FnN204 

CUC14H8N4 

CuC14H,,N,02 
CU(~-OCJI,CH=NH)~, 668 

Cu(OHz)z(OzCPh)z(OH2), 613 
C~Ci4Hi8ClzNz 

CuCi4HiJNz 

CuCi,H2IN, 

CUC14HZZ04 

Cu(4-pyEt),C12.660 

C~l (2 ,dMe~py)~ ,  548 

[C~(dien){(Z-py)~NH}]"', 707 
[ Cu(dien) { (2-py)2NH}]2+, 607,707 

Cu(MeCOCEtCOMe),, 675 



Formula Index 1207 

~, - 
SuCl,HioBrN4 

CuBr(Pr'NHCH2CH,NHPri)2, 585 

ZUCi8HizNzOz 
Cu(8-quinolinolate),, 668,683 

Cu{ 1,4-bi~(2-pyridylamino)phthalazine}(OH)C1~, 727 

Cu{ 1,4-bi~(2-pyridylamino)phthalazine}(OH)(IO~)~, 

~ U C ~ ~ H ~ ~ C I ~ N S O  

= U C d i s I & o i ~  

727 
zuc18H15S3 

[Cu(SPh),]-, 547,584 

[Cu(2-pyMe),]+, 548 

Cu( ON=CMeCHzNNPh)(HON=CMeCHzNNPh), 

CuCisHziN3 

CUCi8HziN60z 

543 
C~CiaHz4Niz 

cUCi~H36NzS4 

CGoH&z 

CU(H&CH=NCH=~H),, 601 

[CU(SZCNBU~)~]+, 748 

[Cu(bipy),(ONO)] '. 612 

Cu(hfacac),(bipy), 601,611,698,740 

[C~(bipy)~Cl]+, 588,607,676,707, 711 

[Cu(bipy)z(O,CIOz)l', 641 

Cu(bipy)z(02C10z)z, 711 

Cu(bipy),I, 714 
[Cu(bipy),I]+, 741 

CuC20H10F1ZNZ04 

CUCZ~HI~CIN~ 

CUCzoH1&1N404 

CuC~oHi6ClzN40s 

CUCzoHi6IN4 

CUCznHifiNd 
[Cu(biiy)i]+, 537,574,580 
[C~(bipy)~]2+, 607,682,686,707,711,734 

CuC2nHi,N,O, 
[Ci(bipyf2(ONO)]+, 580,617,656,663,668,669,698, 

699,700,703,706,708,711 
CUCzoHi6Ns03 

[C~(bipy)~(O,NO)l+, 612,711 

[C~(bipy),(OH,)]~+, 609,711,739 
C ~ C ~ U H I J W  

CuCZlHiON, 
Cu(H$TCH CH N-CHCH2CH2NHCH2CH2N= 

&H,),(CN)I3+, 622 
"I ., - 

[ Cu(bipy),(OAc)]+, 612 
CuC22H2aN202 

C G Z H ~ ~ N ~ S Z  
Cu(2-0C,H4CH=NBut),, 744 

Cu( 1,4,8,11-tetraazacyc1otetradecane)(SPh),, 741 
Cu( 1,4,8,12-retraazacyclotetradecane)(SPh),, 601 

[ C u { ( 2 - H ~ N C H z ) z N C H z P h } ( 0 2 N O ) ] + .  609 

[Cu(phen)z]+, 543,580,581 
[Cu(phen),l2+, 607,682,686,734 

[Cu(phen),(OzNO)J+, 609 

CUCz3H2iN60 

CU%Hi6N4 

C U C ~ ~ H I ~ N S O ~  

CuCznHiaFnNzOin 
C~(4-0,~C~H~COCHCOCE3)z-  

( I~CH~CH~OCH,CH~) ,  642 
CuC,aHrnNaO 



1208 Formula Index 

C~CzsHi7N402 

C~CzsHi7N403 
[Cu(phen),(O,CH)]+, 612,704 

[Cu(phen),(03CH)]+, 580 
CUC25H22ClP2S2 

CU{ H2C( SPPh&} C1,547 
CUCZ~HI~N~SZ 

C U C Z ~ H E I N ~ ~ Z  
Cu(phen)2(NCS)2, 601,611,698 

fC~(phen)~(OAc)l+, 594,612,669,698,699,704 

CUCZ~HZONSO~ 
[Cu(tetrabenzo[b,jf,r][1,5,9,13]- 

tetraazacyclohexadecane)(O~NO)]+ , 609 
CuC28HZ3ClNZP 

C'C28H24N4 
Cu(bipy)(PPh3)C1, 542,585 

[C~(2,9-Me~phen)~]+, 542,580,583 
[C~(2,9-Me~phen)~]~+, 682,686 

[C~(2,9-Me~phen)~(O~NO)]+, 580,612 

[Cu(terpy),]2+, 610,735 

[C~(bipy)~]*+, 601 

[Cu(py N-oxide),l2+, 600,617,704,739 

C U ( F ~ C C O C H C O C ~ H ~ O M ~ - ~ ) ~ -  

Cu(phthalocyanine), 605: 642,744 

C~CzsHz4Ns03 

3 0 2 2 6 

CUCaoHz4N6 

CUC30H30N606 

hc30H32F6010 

(6CH2CH20CH2~H2)2, 672 
CUC~ZHMN~ 

CUC32H30C12NZ03 
CU{ O( CH2CH2CH2NH=CPhC6H30-2-C1-5)2}, 609 

CuC34H32N1 
[CUI ( 2 - H N ~ C H z ) z N C H ~ C H ~ N ( C H 2 ~  

NC6H4NH-2)2]zC, 609 

Cd(PPh,),(NO,), 537 
Cu(PPh3)2(02NO), 542,575 

[ C U ( C ~ ~ H ~ O N ~ ) I + ~  572 

[CU(C~&ON~)~~I+ ,  588 
C U C ~ ~ H ~ ~ C I N ~  

C u C J L O , P 2 h  

CUCwH34Nz08 
Cu(PPh,Me),(SPh)(SO,), 545,584 

Cu,(0,CPh),(quinoline)2, 284 

[CUI tris(4methylbenzo)[b,f,j]- 

[C~(dppe)~]+, 542,543,572,583 

CuC4SH4ZN6 

[1,5,9]triazacyclododecane, 600 
CuCszH4sP4 

C U C ~ ~ H ~ S C ~ P ~ S ~  
CuCl(SPPh3)3, 545 

CUCS~H~SF*P~ 

CuCsoH,oOzP3Sz 

CUC&5oP3S 

C U F ( P P ~ ~ ) ~ ,  542,584 

CU (SO 2) ( SPh) (PPh&, 580 

Cu(SPh)(PPh,),, 580 

{ CU( 3-pyCONEt&Cl,} 3,635 
CUC60H84C1SN1206 

CuCdLoP, 
[ C U ( P P ~ ~ ) ~ ] + ,  542,583 

{ Cu( OBu') ( PPh3) ) 4, 580 
CUC8SH9604P4 ' 

CuCaN6012 
[CaCU(NO~)6]'-l 702 

CUCI, 

c u c 4  

[CuCl,]-, 600,633,643,652 
[CUCI,]~-, 563 

CuCI,, 709 
[CUC~~]*-, 542,595,601,605,606,648,656,663,668, 

699,700: 707,709,713,716 
CUCl4O 

CUCI, 
[CUOCI~]~-, 639 

CuCl,, 709 
[CUC~,]~-, 607,656,709,712 

cuc16 
[Ck&14-, 712 

[Co(en),( SCH2CH2NH2)Cu(NCMe)2]6+, 553 
C U C O C ~ ~ H ~ ~ N ~ S  

C U F ~  
ICuFdl-. 746 
[CuF;j2', 610,648,664,741 

[CuF6I2-, 750 
[CuFJ3-, 746,749 
[CuF6J4-, M31,hlO,h64,712,741 

CuGaInO,: 607,650 

CuF, 

CuGaIn04 

CuH104 
Cu(OH)(I03), 648 

CuClz(OHZ)Z, 601,690,738 

[ CuC13(OH2)2]-, 643 

CU(OHZ)~(OZNO)~, 613,642,738 

[Cu(OH)d]-, 745 

C U H ~ C I ~ O ~  

CUH4C1302 

CuHdNzOs 

C~H404  

[ Cu(OH),]*-, 739 
CUH4OBS 

CuH,O,S 
CU(OH~)~(O~SOZ). 641 

CU(OH~)~(OSO~) ,  689 



Formula Index 1209 

[CU(OH,),]+, 569 
[Cu(OH,)6]2+, 587,594,601,603,617,667,668,672, 

678.680.6Xl. 682. 6W9, 700,701,718,719,735 

[Cu( OiN0)4]2-, 613 

[Cu(N0,),I3-, 614,733 
CUNdAo 

CUN6 
Cu(N,)z, 642 

[Cu(N0,),I4-, 596,601,610,617,633,652,656,706 

N ~ C U ( C ~ O ~ ~ , ( H ~ O ) ~ ,  690 

702,704,707 

CUN60iz 

CuNiC4HSOl, 

CuPbN6012 
[P~CU(NO,),]~-, 65h,663,669,690,691,698,700,701, 

CuPtH&I,N4 
Cu(NH3)4PtC14,652 
Pt(NH,),CuC&, 653 

C U R ~ C Z ~ H ~ ~ P Z  

CuRezCi~H60iz 

C U R ~ ~ C Z ~ H ~ ~ P Z  

[ReHs(PPh2Me)zCu]i, 585 

{Re(CO)4}2(OAc)zCu, 652 

[{ReH,(PMePh,)},Cu]+, 572 

[ C U ( S Z O ~ ) ~ ] ~ - ~  589 
CUS406 

CuSb&.,H45CI 

C U S ~ Z C ~ H ~ ~ N ~  
CuCl(SbPh,)j, 584 



1210 Formula Index 

CU~(OAC)~(H,NCONH~)~, 635 

[CH=NCH& H),(N;ICH= 
3 H ) 1 3 + .  622 

CuzCiiHzoNs 
[Cu,( 1,4,8,1l-tetraazacyclotetradeca-4,11-diene)- 

(CNl13 ' .729 

CU2Cl~HiZCI4N4 
CU,~~-DVCH,NNCH,DV-~)Q,. 622 

C U ~ (  OAc),( HOAC)~, 635 
CuzCi 2H25N308 

Cu,(OAc),(dlen), 635 

C U ~ C ~ ~ ( H O C M ~ ~ C M ~ ~ O H ) ~ ,  623 
CUZC12H28C1404 

C~XizH&14N4 
CuzCl,(TMEDA)2,624 

CUZC1ZH321ZN4 
{ CuI(TMEDA)],, 551 

Cu~Ci2H3,N5O 
[CU~(TMEDA),(N~)(OH)]~+, 625 

[CU(~~~~)(C~O~)CU(OH~)~(TMEDA)~~+, 660 
CUZC1ZH33N506 



Formula Index 1211 

~ -~ ~- 
C~,(2,2’-bIquinolyl)~(CN)~, 550 

[Cu2(TMEDA)2(~CM~NCH=CH)2(C2O4)IZ+, 
CuzCzzH44Ns04 

660.661 

[Cui { N(CH2CH2NH2f3) ( benzidine)14+, 622 

[Cu~{(Me2NCH2CH2)2NMe}2(biimidazdate)J2+, 629 
CUZCZ~H~ONIO 

CUZC24H54N40 

Cu2CZ5H16C12N40 
[ C U Z { H 2 N ~ H Z ) S } 4 ( 0 H ) Z I ~ + ~  623 

Cu,( phen),CI,(CO), 565 

Cuz(02CCF3)4(quinoline),, 635 

CUZ(C~~H~~N~O)(H&N=CHCH=CH), 554 

CUZC26H14F1ZN20S 

C U Z C Z ~ H Z ~ N ~ ~  

. -. .. 

Cu,(en),(OPh),, 627 

. .  

Cu2C28~50N4S4 
[ Cu2 { 1,3-{ (EtSCH2CHz)2NCH2}2C6H4} ( MCCN)~J~+ ,  

555 

CU,CI, 
ICu2C13]-, 563,585 



1212 Formula Index 

CUJ- ~- 
[ C U ~ I ~ ] ~ ~ ,  563,585 

. .  

[Cu3Sisl3-, 556 
Cu3Te0, 



Formula Index 1213 



1214 Formula Index 

Ga2NiC,,H,,N, 

GcPtC, FH19C1P2 
Ni{ McGa(fiN=CHCH=CH),) 2 ,  102 

PtCl(GeMe,)(PEt,),, 420 

[PtHZ(GeHzF)(PEt3)3]+, 358 

Pt(OH)(GePh,)(PEt,),, 465 

[Au(GePh,),l-, 903 

GePtC18H49FP3 

GePtC30H460Pz 

Ge2AUC36H30 

G&HgPtC,,H,,P, 
Pt(GePh3)(HgGePh3)(PPh3)2, 421 

Ge2PtC6,H1,F,,P, 
PtH{Ge(C,~~)zkGe(C6F5)2}(PPh3)z, 358 

[PtCl,(GeCI 3)2]2-, 421 

[Pi( GeCl,),] -, 42 1 

[PtH(GeC13)s]2-, 421 

Ge2PtCllo 

Ge5PtC1,, 

Ge,PtHCl,, 

HgAgGN303 
Hg(CN)zAg(N03), 1062, 1067 

AgzHgI2(N03)2, 1062, 1067 

WgAIC15,1062 

H k! A g 2 12 N 2 0 6 

HgAICIS 

H&C3H&I 

HgAGsHirC12 

HgASCzoHisNzSz 

H@SzC6Hia 

[HgCl(AsMe,)]+, 803,1083 

HgClz(AsPh,), 1084 

Hg(SCN)Z(AsPhj), 1084 



Formula Index 1215 

HgClz(MezPPMe2), 1082 

Me :}ClT, 1078,1081 



1216 Formula Index 

, .- 
H&FO 

Hg(OH)F, 1059, 1069 
HEHNO~ 

Hg(CO)zMn(q5-MeC5H4), 1085 

HgMoO,, 1068 
HgMoO, 

HgSeO,, 1067 

HgSeO,, 1067,1069 
HgSeO, 

HgSe2C,H,C12N4 
HgC12(H2NCSeNHz)2, 1074 

HgClz(heCHzCH2SeCH&H2), 1074 

HgCl,(MeSeCH,CH,SeMe), 1074 

HgSezCIHsClz 

HgSe&H&h 

H&5e2C,JL,CI,P, 
HgCl,(SePBu&, 1073 

[Hg(SeCN),]- , 1064 

[HgSe4I6-, 1071 

[Hg(SeCN),I2-, 1064 

Hg{N(SiMe&j2, 1074 

Hg(SnMe&, 1085 

SrH,g(SeCN)d, 1064 

HgSe&N3 

HgSe4 

HgSedW, 

H ~ S ~ ~ C I Z H ~ ~ N Z  

&$&His 

HgSrSe4C4N4 

HgTe6~HloCl~ 
HgCI,(TeEt,), 1074 

HgI,(TePh,), 1074 
HgTeG2Hl& 



Formula Index 1217 

HgzC4H Sz 

. [Hgz{SCH,s(CHz)3}]z+, 1052 
[Hgz({CH CH SCHzcH2)]z+, 1052 

H ~ z C ~ H ~ C I ~ S ~  

Hg&&NOz 
(HgCl,),(tetrathiafuIvene), 1071 



1218 Formula Index 

IrCuC3~H2;C12NSOP 
[IrC1(PPh3)(fl=NC(py-2)=CHCH=~py-2} (p- 

NOICuC1lZ+. 653 

Pt(PMe3);(PFh3)(PhzPC6H4)HIrB9Hlo, 372 

PtPh(PEt&i-H),IrH(PEt,),, 363 

[{IrP3(triphos))3C~5Br4]+, 572 

IrPtC30H68P4 

Ir3Cu5Cl~3H, 17Br4P1~ 

Li3Ni2C73H72N,02 

Li12Ni2C72HmN4 
Ni2(Ph2CNH)2(Ph2CNLi)3(OEt2)z, 20 

{ UV"Li)3MNJ12,27 

MgH1206 
[Mg(HzO),IZ+, 961 

MgZnH4 
MgZn&, 931 

MnAuCz3Hl5O5P 
A U { M ~ ( C O ) ~ ) ( P P ~ ~ ) ,  903 

M ~ A u ~ C ~ ~ ~ ~ ~ ~ ~ P ~  

MnO.87C%.26PS3 

MnH1206 

MnH,", 

MnHgC8H7O2 

MnNiC40,S4 

(Au(PPh,)},Mn(CO),, 905 

Mno.s7C~.26PS3, 690 

[Mn(OH2)6]2*, 682 

[Mn(NH,),12+, 689 

Hg( CO) ,Mn( Q 5-MeCSH,), 1085 



Formula Index 1219 

MnNi(SzCzOz)z, 182 

[MnPt(p-CSMe)(CO),(PMe,Ph)Cp]+, 385 

Cd{ Mn(CO)S} z, 988 

Pd{Mn(CO)s}2pyz, 1108 

{AuMn(C0)s}3{(Me2AsCHz)3CMe}, 905 

Hg4Mn4(CO)8(q5-MeC,H4)4, 1049 

MnPtCl7HI9O2PS 

MnzCdCloOlo 

MnzPdCzoHloNzOlo 

M ~ ~ A S ~ A U ~ C Z ~ H Z ~ O I ~  

Mn4Hg4GzHZ8O8 

MoAuC26HzoO3P 

MoCUC~HSSS 
Au{Mo(CO),Cp} (PPh,), YO4 

[ CU( SP~)(SZMOS~)]~-, 572 

[ { CU( SPh)} z( S ~ M O S ~ ) ] ~ - ,  572 
MOCUzCizHioS6 

MoCUZCI~OS~ 
[(MoOS3)(CuCl)21z-, 572 . .  

MOCu3C13S4 
[MOS~(CUCI),]~-, 572 

MoHgOa 

[Ni{ MeAs(&H,SMe-2),} { PPhz( C61&SMe-2)}] 2+, 66, 
67 

N~ASZC~H~~CIZ 
NiC1,(Me2AsCH=CHAsMez), 119 

NiAsZd13H3& 

NiAs2C1RH29N2P 
[Ni{ (Me2AsCHZCHzCHzSCHz)zCH2}]z+, 130 

Ni(CN>, (PhP(CHzCH,CH2AsMez)z}, 67,125 

[Ni( (PhzAsCHzCH2NMeCH,)z}]2", 130 

NiCl,(OAsPh&, 62,159 

Ni2( acac),(OAsPh,), 143 

N ~ A s ~ C ~ ~ H ~ ~ N ~  

N ~ A S ~ C ~ ~ H ~ ~ C I Z O ~  

NASZC31iH4309 

NiAs2C42H3sN~02 ~' 

NiAslFeC1H2J20 
Ni(2-OC6H4CH=NCH2CHzAsPhz)2, 190 

NiIz(CO){Fe(~5-MezAsCsH4)z}, 124 

NiBrz{MeAs(CHzCH2CHzAsMez)z}, 67,125 

NiC1z{N(CH2CH2AsMez)3}, 59 

Ni(NCS)2{MeC(CHzAsMez)3}, 133 

[ NiC1(P(CH2CHzCHzAsMe2)3}]~, 66 

[Ni(CN){P(CH,CH2CHzAsMe2)3}]+, 135 

[Ni Br (N( CH2CHZAsPh2)3}] + ,66 

NiI{N(CHzCHzAsPhz)3}, 41,43 

[Ni{N(CH2CHzAsPhz)3}]+, 43 

[Ni(COMe) {N( CH2CHzAsPh2)3}]+, 138 

NiI(N(CHzCHzAsPhz)3}, 42 

NiAs3C1,H2,Br2 

N ~ A s ~ C ~ ~ H ~ ~ C I ~ N  

NiAs3CI3WZ7N2S2 

N ~ A s ~ C ~ ~ H ~ ~ C ~ ~ '  

N ~ A s ~ C ~ ~ H ~ ~ N P  

NiAs3C4,H4$3rN 

NiAs&H4JN 

NiAs,C4,K2N 

NiAs3C44H44N0 

NiAs3C4,K71N 

NiAs,C,,H,,N 
[NiP~~N(CH,CHzAsPhz)3]+, 138 

NiAs3C,,HJ7NP 

NiAslC,,H,,NP 
[Ni{N(CHaCHZAsPh2)3}(PPh,)ll, 41 

[N~(~(C~zCHzAsPhz)3}(PPh3)]", 42 

[Ni{Sb(C6H4AsMez-2)3}cl]+, 66 

[Ni(Sb(C6H4AsMe2-2)3} (NCS)]+, 66 

NiBr(MezAsCH=CHAsMez)z, 119 

[NO{ A S ( C H ~ C H ~ C H ~ A S M ~ ~ ) ~ } ] + ,  66 

N i ( d i a ~ ) ~ ,  9 
[Ni(diars)$', 66,289 

NiAs4CzoH32CI 
[Ni(diars),CI]+, 67 

N ~ A s ~ C ~ ~ H ~ ~ C ~ ~  
[NiCl,(diars),]+, 5,289,299 
[NiC12(diars)z]2+, 289 

Ni12(diars)Z, 124,125 

[Ni(CN)(diars),]+, 118 

Ni(C0)2(diars),, 11 

[NiBr(MePbAsCHzCH2AsPhMe)$, I1 9 

Ni(A~Me,ph)~, 9 

NiC12{2,2'-(MeAs),biphenyl}z, 124 

N ~ A s ~ S ~ C ~ ~ H ~ ~ C ~  

N ~ A s ~ S ~ C ~ ~ H ~ ~ N S  

NiAs4ClzHZsBrz 

NiAs,C,,H,,CI 

NiAs4C20H32 

N i A s C H I 

N ~ A s ~ C ~ ~ H ~ ~ N  

NAs&&H&z 

N ~ A S ~ C ~ ~ H ~ O B I  

NiAs4CSZHa4 

N ~ A S ~ C ~ O H ~ ~ C I ~  

N ~ A s ~ C ~ ~ H ~ , , N ~  



1220 Formula Index 

[N~(M~P~ASCH~CH~A~P~M~)~(TCNE),]~', 119 

[N~(OASP~,M~) , (NO~)]~ ,  65 
N ~ A s ~ C ~ ~ H ~ ~ C I O ~  

[Ni(OAsPhzMe)4(C104)]+, 5 1,64 
N ~ A s ~ C ~ ~ H ~ ~ B ~  

[NiBr{As(C6H4AsPhz-2)3}]-, 66,133 
N ~ A s ~ C ~ ~ H ~ ~ C ~  

[NiC1(As(C6H4AsPhz-2)~}]+, 66 
N~AS,C,,H~~ 

Ni(AsPh3),, 9 
NiAspCtzWhoCIOx 

[Ni( Cl0.,)(0A~Ph~)~]', 64,152 

[N~(OASM~,),]~+, 3,64,159 

[Ni(d1ars){MeAs(C~H~AsMe~-2)~}]~+, 66,67,128 

N~C~,{M~C(CH,ASM~,)~}~, 133 

[Ni{(OAsPhz)zCHz}3]2+, 161 

[N~{(OASP~~CH~) ,} , ]~ ' ,  161 

[Ni(BF4)(en)2(HzO)]', 72 

NiBH,(phen), 45 

NiAs5Ct7H39 

NiAs6C22H54C12 

NiASsC&6606 

N ~ A s ~ C ~ ~ H ~ ~ ~ ~  

NiBC4HlsF4N40 

NLBCizHizNz 

NLBC36HnPz 

N I B C ~ L O P Z  

NiBC,,H,,P, 

Nl(BH,)(H){P(C,Hii),}*, 112 

N1( BPhJ(PPh3)2,40 

Ni(BH4)(PPh3),, 40 
NiB2C12H16N8 

Ni{H2B(f4N=CHCH=CH)z),, 102 . .~ 
NiB2C1;H;,N8 

Ni (H2B (hN=CHCH=CH) (& N=CMeCH=k Me)} ,, 
102 

NiBZC18Hd12 
Ni { HB (hN=CHCH=C H)3} 2 ,  102 

Ni(Et,B(hN=CHCH=CH),]2, 102 
NiBZCZoH3zNs 

NiB,C,,H 4N8 
Ni{B{N-H),,},, 102 , ,- 

NiB2C36H3,N8 

NiB3C18Hz4Nlz 
Ni{ Ph2B(f4N=CHCH&H),} 102 

INi{H,B(fiN=CHCHdH),),. 102 
Ni'B10C36H40PZSZ 

N&oCZ~H~OPZSZ 

NiBaO, 

NiBrNO 

NiBr, 

NiBr, 

NiCH3C10 

NiCH5N04 

NiC2F602P2 

Ni( S2C2BloHlo)( PPh3)z. 182 

Ni(S3C2&OH10) {(PhP)zC2B1oH LO), 182 

BaNiO,, 297 

NiBr(NO), 13 

[NiBr3]-, 187 

[NiBr4IZ-, 187 

Ni(OMe)Cl, 140 

Ni(OMe)(OH),(NO), 107 

Ni(CO)dPF&, 11 

Ni(03SCF3)z, 154 

Ni(O,CH),, 155 

Ni(S2C2H,), 67 

NiCzF606S~ 

NiC,H,04 

NiCzHZS2 

NiC2H302 

[Ni(OAc)]+, 155 

Ni(S2CNH2),, 67 

Ni(S2N,Me),, 212 

Ni(OMe),, 140 

Ni(O,SMe),, 154 

Ni(SMe),, 168 

NiCZ&N2S4 

NiC,&N,S, 

NiC2&02 

NiC,H60,S, 

NiC2H6S2 

NiC&IBN& 

NiC,H,N,S, 
Ni{H2NNC(S)NH2}2,210 

Ni(NCS)2(NH3)n, 70 

[Ni ( H2NNHC(S)NH2}2]2-, 210 

Ni(PH3),(GH4), 17 

NiCl,(MeNHNHz)2, 77 

[Ni( en) (H2 0)4] 2+ ,72 

Ni(en)(HzO),(SO4). 106 

[Ni(S,C),]'-, 172,176 

Ni(HCSCHCHS) ,67 

Ni~H~CH=NCH=~H)Cl, ,  83 

NiC,Hi,N& 

NiC,HloP, 

NiC2HlZCI2N4 

NiC2H16N,04 

NiCZHl6N2O8S 

NiCZS6 

NiC3H3S2 

NiC3H4ClZNz 

[Ni(CN),I2-, 37 
NiC,N,S, 

- - I  

[Ni(NCS),]-, 104 

[Ni(CN),(N0)]2-, 6,37,107 
NiC3N40 

N i C a C 1 N a 

[Ni(dN)4C1,]3-, 290 
[Ni(CN)4C1,]5 ,290 

INi(S2CCHN02)z12-, 176 
NiC,H,N,O& 

. -  
N ~ ' C , H ~ C I ~ N ~ ~  
[Ni{HzNC(=NH)NHC(=NH)NHz} ZCl,]', 291 

NiC4H,N,0,S4 
[ Ni( NCS)i( HzO) z-, 104 

NiCAHAO,, 
[ Ni( CZO~)2(OH2)2]2-, 158 

Ni(SZC2H2)2, 179 

Ni( M&CH=NCH=c H)CI2, 83 
Ni(IkCMeNHCH=CHICI,. 83 

NiC4H4S4 

NiC&,Cl Nz 

I -  

NiC4H6C12N20~ 
Ni(CIO&(MeCN),, 152 
Ni(OzCIOz)z(MeCN)2, 105 

Ni(HON=CHCH=NO),, 99 
NiC4H6N404 

NiC4H8NZ02S2 

NiC4H8N6S4 

NiC4HaS4 

NiC,H,NO, 

Ni(SOCCH2NH,),, 219 

Ni(H,NCSNH2),(NCS)2, 185 

[Ni(SCH2CHzS)2]2-. 170 

Ni{02CCH(NH2)CH2C02}(HzO)2, 220 
NiC4H10C12N604 



Formula Index 1221 

Ni(H2NCONHCON.H2)2C12, 165 

[Ni(HONCOCHzNHz)z]zc, 165 

[Ni{H,NC(=NH)NC(0)NHz}2]+, 291 

[Ni{ S2P(0)Et)2]2-, 172 

Ni((02CCH2)zS)(HzO)3, 216 

Ni(SEt)Z, 168 

Ni(02CCHzC1)z(OH,)4, 155 

Ni(PC12Me)4, 8 

Ni(Gly-O)z(HzO)2, 219 

Ni(SCH2CH2NH2)2, 208,209 

Ni{S2P(OMe)z}z, 175 

Ni{ 02P(OMe),} 2,  154 

[Ni(HOCH2CH2NH2)2]*', 214 

Ni(Gly-0)2(NH3)2, 219 

Ni(OAc)2(H20)4, 155 

[Ni(en),CI2]+, 290 

Ni(H2NCSNH2)4C12, 59,61,185 

[Ni(en)#+, 72,823 

Ni(S203)(H2NCSNH2)4, 153 

[Ni(N02)(en)2]f, 72, 151 

[Ni(N03)(en)$, 149 

Ni(NO,),(en),, 72,150 

Ni(NO,),(en),, 149 

[Ni(en)2(H20)Z]Z+I 72 

[Ni(CN)2(CO)~IZ-, 6 

NiC4HloN404 

NiC4H10N803 

NiC4H1002PZS4 

NiC4H1007S 

NiC4HloS2 

NiC4H,,Cl,08 

NiC4H12ClsP4 

NiC4Hi2N2O6 

NiC4H12NZS2 

NiC4HI2O4P2S4 

NiC4H1208P2 

NiC4Hl4N2O2 

NiC4H14N404 

NiC4H1408 

NiC4H16C12N4 

NiC4Hi6C1,N8S4 

NiC4H16N4 

NiC4H1&03& 

NiC4H16Ns0, 

NiC4HI6N5O3 

NiC4H,,N,04 

NiC4Hl6N606 

NiC4HZ0N4O2 

NiC4N202 

NiC4N4 
[Ni(CN),]-, 290 
[Ni(CN),]Z-, 4,6,7,67,68,69,70,290 
[Ni(CN),I3-, 37 
[Ni(CN),I4-, 6 ,7  

NiC4N4S4 
[Ni(NCS)4]z-, 104 
[Ni{S2CN(CN)},]z-, 175 

NiC4N4Se4 
[Ni(NCSe),l2-, 104 

Ni(C0)4, 6 

[Ni(S2C202)z1z-, 181 

[NiBr3(py)l-, 78 

NiClz(py), 78 

NiC404 

NiC404S4 

NiCSHSBrSN 

NiC5HSCl2N 

NiCSN3 

NiC,HANOA 
[Ni(CN),I3-, 3,69,70 

[Ni{N(CH2C0J3}]-, 219 

Ni(&CH=NCH&H),, 86 
NiC,H6N, 

N i( &N=CHCH=c H)*, 82 

Ni(HN-H)&l2, 83 
Ni(H~N=CHCH=~H),Cl,, 83 

Ni(H,NCSCHCSNH,),, 183 

Ni(Se,COEt),, 173 

Ni(CN)2(EtzNH), 70 

[Ni{MeC(=No)C(Me)=NCH,CH,NHJIZt, 294 

[Ni{MeC(=NO)C(Me)=NCH2CH2NH,)I", 294 

[Ni(Gly-O)?]-, 219 
Ni(02CCH2NCOCHzNCOCHZNH2)(H,0), ,291 

Ni(02CCH2CH2NH2)2(H20)2, 219 
Ni(02CCH2NHMe)2(H20)2, 220 

Ni{0zCCH(NH2)CH20H}Z(HzO)z, 219 

Ni(Gly-O),(en), 219 

NI(O,N),(TMEDA), 151 

Ni(N03)2(Me4en), 149 

Ni(en),(NCS),, 59,72 

[Ni( { HN=C(NH2)NHC(NH,)=NCH2}2}]2-, 101 

~Ni{N(CH2CH2NH2)3}Br]+, 75 

Ni3rz(ONMe3)2, 164 

NiBr,(PMe3)2, 110 

Ni(PMe3)ZC13, 299 

Ni(MeSCH2CH,NHz)212, 208 

Ni(NO,)(NO)(PMe,),, 14 

[Ni{(HzNCH2CH2NHCH2)2}]2+, 74,76 

[Ni(MeN02)6j2+, 141 

[ Ni(GIy-O)(en),]+, 219 

[Ni(HOCHZCH2NHZ)3]2+r 214 

Ni(H2NCSNHZ),Br2, 184 

[Ni(en)3]2C, 3,60,71,95,106,226 

Ni(en)3(N03)2, 58,61,149 

[Ni(HOMe)6]2 ', 140 

NiC,H,Cl N4 

NiC6HI0N4S4 

NiC6H1002Se4 

NiC6HilN3 

NiC6HIIN30 

NiC,H,,N,O 

NiC6Hi2N306 

NiC&1&206 

NiC6HI6NZo8 

NiC6Hl6N4o2 

NiC6H16N404 

NiC6Hl6N4O6 

NiC6Hl6N6SZ 

NiC6H&io 

NiC6HI8BrN4 

NiC6Hl8Br2N2O2 

NiC6H18Bt2PZ 

N ~ C ~ H ~ S C ~ J P ~  

NiGH&N2Sz 

NiC6HlsN2O3P2 

NiC6HlaN4 

NiC6Hia&Oiz 

NiC6H20Ns02 

NiC6HZ1N303 

NiC6HZ4BrZNlZS6 

NiC6HZ4N6 

NiC6H,aN,Ot, 

NiC6H2406 

NiCeN606 

NiC6N& 

NiC&Se6 

[Ni( NC0)6I4-, 104 

[Ni(NCS)6I4-, 104 

[Ni(NCse)614-, 104 
NiC6012 

NiC& 

NiC7HI2N4O6 

NiC,H,&laOP, 

INi(C204)314-, 58 

Ni(S2C,S2CS)2, 181 

Ni( C404) (Hh CH=NCH=c H) , ( H20) 159 



1222 Formula Index 

NiC12(CO)(PMe3)2, 112 NiC8Hz$r16 
NiC7Hl8IOP2 [Ni(dien)#+, 74,75 

NiC,Hz0N4 [Ni{S,C,(CN)2),]-, 179,180,299 

NiC8F12S4 [Ni{S,C,(CN)z)i]3-, 44,179 

NiI,(CO)(PMe,),, 112 NiC8N4S4 

[Ni{ (H,NCH,CH2NHCH2),CH,}]2+, 74,76 [Ni{S,C,(CN)2)2]2-, 175,179,180 

Ni{SzCz(CF3)2}2, 178,179,180 NiC804S4 
[Ni{SzC2(CF3)2}z]-, 179,180,299 Ni(S2C402),, 182 

NiC8H8N405 NiC9H7Br3N 
[Ni{0,CCH2NCOCH2NCOCH2NCOCHzNH,)I"-, 220 NiBr3(quinoline), 62,187 

NiC8H80& NiC9HSCl2N2 
[Ni{OZCCHZ)2S}Z]2-, 216 Ni(8-aminoquinoline)Clz, 84 

NiCBH10N208 NiC9Hz4BrN4 
[Ni{ (0,CCH2)2NH}2]2-, 683 [NiBr{N(CH,NMe&)]+, 3,51 ,65  

NiC8H ZBr2N4 NiC9HZ7Br2P3 
Ni(&=CMeNHCH=eH)zBrz, 83 NiBr,(PMe,),, 66, 110 

NiC8H12C12N4 NiC9HZ7IZO9P3 
Ni(H$JN=CHCH=CMe),CI,, 83 Ni12{P(OMe)3)3, 115 
Ni(MefiCH=NCH=tH)2ClzI 83 NiC9HZ7N5o6S 

Ni&Hl2Cl2N4OS Ni{MeN{P(O)WMe2M z)(S04), 161 
Ni(C104)2(MeCN)4, 152 NiC9H30C12N60s 

NiCsHl,N12S8 Ni{HzN(CHz)3NHz)3(C~~4)z, 71 
{ Ni(NCS),(NH3) }4,70 NiC9H30N6 

(Ni{S2C2Me,},]3-, 45 [Ni{HZN(CH~),NH,},]", 96,227 

Ni3(S3CMe)(SzCMe)3, 174 NiC12(py)2, 59,78 

Ni{ (SCH2CH2N=CMe),}, 20" N1(1nos1ne-5'-monophosphate), 59 

Ni(HDMG),, 4,99 Ni(S04)(bipy)(H,0),, 153 

Ni( 02CCH2SCH2CH2NH2)21 208 

Ni(NCS)2{(H2NCHZCH2NHCH2)2), 74,76 [Ni{2,9-(H,NNH),bipy}]zt, 96 
Ni(NCS)2{N(CH2CH2NH2)3}, 74 NiClOHl4N~O4P~ 

Ni(CO)Z(PMe3)2, 11 NiCloH,,OS, 

NiC8HlZS4 [Ni(pn),jz+, 227 

NiCaHlZS9 NiC,oH.,oC12N2 

NiC8H,,N2S NiC?oHiiN408 

NiC8HI4N4O4 NiCloH12N206S 

NiCsH16N204S2 NiC10H12N208 

NiCsH,8N6Sz NiCl0Hl2N 

NiC,H,,O,P, Ni(W'H&(py)21 154 

[Ni{ (02CCH2)2NCH2CH2N(CH2C02)z}]z-, 219 

NiC8HI8P2S4 Ni(MeCOCHCSMe)(MeCSCHCSMe), 183 

NiC8Hi9N2O4 Ni(MeCOCHCSMe),, 67,183 
N i ( P M e 3 ) { S C ( S ) m } ,  26 NiClOH1402S2 

[Ni{02CCH2N CH2CH2CH ) NH)(H,O),]+, 221 
[Ni{ 0 2 C C H z N ~ ~ z ) ~ ~ ( H 2 0 ~ ~ ~ + ,  157 

NiBr2{(HOCH2CH2)~S)2, 216 Ni(MeCSCHCSMe), ~ 67,183 

Ni(SCH2CH2NMe2)2, 209 NiC10H16Br204 

[Ni( 1,4,7, 10-tetraazacyclododecane)j3+, 296 NiCloHr CI2N4 

Ni{S,P(OEt),},, 67, 172 NiCl0Hl6CI4N4 

Ni { Se2P(OEt)z}z, 174 NiC?0W~t"04 

Ni(S2PEtZ),, 172 NiCloH16NzO& 

NiClnH1404 

NiCpHzOBrzO4S2 NiCI0Hl4S4 

NiC8H20N2SZ [Ni(MeCSCHCSMe)J, 45 

NiC8HZ0N4 Ni(Hacac),Br2, 143 

NiC8HZ0O4P2S4 Ni(HdN=CMeCHdMe),Cl,, 83 

NiC8H,,04P,Se4 Ni($J=CMeNMeCHdH)2Clz, 83 

Ni(acac),, 142, 144 

N~CBH~OP~S,  N1{ OZCCH2N(CH2CH&H2)2NCH,C02}, 221 

NiC8HZ1CIOP2 Ni(bipy)(H,O),(SO,), 106 

NiC8HZ2N4 Ni(H2edta)(H20), 218 
[Ni{ (H2NCH2CHZCH2NHCH&t}]'+, 74: 229 NiC10H16N404 

NiC8HZ4Br2N4S2 Ni{ON=CMeC(Et)=NO},, 67 
NiBr,{ (HzNCHzCH2)2S}z, 216 NiCloH18N2 

NiC8HZ4ClzN4Os Ni(CNBu')*, 7 
Ni(CI04),(MeNHCH2CH,NHMe)2, 152 N i C d M W z  

NiC8HZ4Cl2O4 Ni(CNBut),(Oz), 7,27,28 
NiCl,(EtOH),, 140 NiCloHlsN204S 

NiC8Hz4F8N4P4 Ni(02S02)(CNBu')2, 29 
Ni(PFzNMe2)4, 9 NiCIOHl8NZOS 

NiCaH24NZP4S4 Ni{OaCCH2N(CHzCH~CHZ)zNCH2COz}(H20), 157, 
Ni { Me2P( S)NP( S)Me2} 2, 183 

[ N I ( A C N H ~ ) ~ ( H ~ O ) ~ ] ~ * ,  165 Ni{ (02CCH2)2NCH2CH~N(CH2C02H)2}(Wt0)2, 219 

Ni(ON0)2(Me2NCH2CHzNH2)2, 150 

NiCl(COMe)(PMe,),, 112, 114 NiCioH16Nz09 

221 
NiClOHl&Olo 

NiC,H2,N604 NiCI0Hl8N4 
Ni { MeC(=NH)CHC(=NH)Me } 2, 98 



Formula Index 1223 

NiC10HlsN406 
Ni(ONO,),(CNBu'),, 29 

Ni(gNCHNNCHMeCHMeNNCH"CHMeHMe), 

Ni(flNHCH2NNCMeCMeNNHCHzNNCMecMe), 257 

Ni(a~ac),(H,O)~, 142 

Ni{02CCH(NH2)CH,CH,SMe) 2, 220 

Ni(SzCNEt2)2, 67,bx, 172 

Ni(Se2CNEtZ),, 172 

[Ni { 'I(I=CHCH=N( CH,),NHCH~CHZNH(~H~),~~+, 

NiCtoHds  

257 

NiC10H1~06 

N~CIOHZONZO~SZ 

NiCloH~oNZS4 

NiCloHz0N2Se4 

NiCioHzoN4 

229 
NiCloH20Ns 

[ Ni{ &=CMeC(Me)=NNHCH,NHN=CMeC(Me)= 
NNHCH2NH}12'. 230,257 - I _  

NiC1oHzo06 
[Ni(Hacac)z(H20)2]2+, 143 

NiCloH2oS4 

NiClOHz4Cl2N4 
[Ni(l,4,8,11-tetrathia~yclotetradecane)]~+, 171,258 

NiCI2( 1,4,8,1 I-tetraazacyclotetradecane), 234 
[NiC11(1,4,8,11-tetraazacyclotetradecane)l +, 296 

Ni'C10H&N402 
Ni(HZNCHZCH2NMe2)2(CC13C02), 59 
Ni(MeNHCH,CH2NHMe),(CC13C02), SY - -  .~ 

N ~ C , ~ H ~ J N  
[NiI( 1,4,8,11-tetraazacyclotetradecane)]+, 238 

[Ni($CH2CHzSCH2CHzNHCH2- 
NiC10H24N202S 

CH20CH2CHzNHCHzCH,)(H20)]Z+, 262 

[Ni(KCS){N(CHZNMel),}]+, 65 

[Ni( 1,4,8,1l-tetraazacyclotetradecane)(NO,),]*, 289 

[NiBr( 1,7-dirnethyl-1,4,7,1O-tetraazacyclododecane)- 

NiCtoHd606 

NiC,oH26BrN40 

U%OIl+, 232 - I_ 

N ~ C ~ O H Z ~ P ~  
[NiBr{ (MeHPCH2CH2PMeCH2)z}]2+, 130 

NiC,,H2,BrOP1 
[NiBr(CO)(PMe,),]', 112 

[NiBr{N(CHzCH2NEt2)(CH2CH2SMe)z}]+, 216 

[Ni( 1,4,8,l l-tetraazacy~lotetradecane)(H~O)~]~+, 239 

NiC1(CH,SiMe3)(PMe3)z, 112 

Ni(OC02)(CNBu')2,29 

[Ni(6,6-dimethyl- 1,4,8,1 l-tetraazacycIotride~ane)]~+, 

NiCloHzsBrNzSz 

NiCloH~sN40~ 

NiC,oH29ClPzSi 

NiCllHlSNZ03 

N~C, ,HZ~N~ 

233 
NiCllH27N209P3 

Ni(CN),(P(OMe),),, 115 . .  
NiCl;H2$iOP2Si 

NiC, ,ClsOa 
NiC1(COCH2SiMe3)(PMe3),, 112 

Ni (Hh CH=NCH=(I: H)4C12, 83 
Ni(HhN=CHCH=CH)4C12, 58,83 

_L .- 
[Ni(2-pydOkH2)z(H20)~]2+, 106 

Ni(m-histidine),, 59, 220 
Ni{&CHC NOZ CMeNCH2CH2NCMeC(N0,)- 

NiCltHd%04 

&€&I, 269 

Ni(MeCN),(ClO,),, 56,58 

Ni(CO),(CNBu')z, 29 

Nil  (MeCSCHCMeNCHzh). 206 

NiC,2H,sC12N608 

N i C 1 ~ ~ ~ ~ ~ ~ O z  

NGzHisNzSz 
-,-, . 

NiCl&2sN4 
Ni(fi==CHCH=CMeNCH2CH2N=CMeCH= 

CHNCH2CH2), 255 

Ni'C12HZ1N303 

NiC12H ,CI N OS 
[ Ni( AcN CH2CH2NAcCH2CHzNAcCHz~H2)]z+, 296 

N i I m N  (CH~Mz(Cl04)2,67 



1224 Formula Index 

[Ni(HOAC)6I2+, 155 
NiC12Hz5N3 

[Ni(2,4,4-trimethyl-l ,5,9-triazacy~lododec-1-ene)]~' 

[Ni(~CHzCH2NHCHzCHzNHCHz~Hz)z]2~, 258 

[NiBr,(PBu',)]-, 110 

[Ni {MeC(=NO)C(Me)= 

[NiIm(CH2)3NH(cH2)3} 21'' I 77 

NiBrz(PEt3)2, 110 

NiBr3(PEt3)2, 5,288 

24 1 
NiCizH26N4Sz 

NiC12H2,Br3P 

NiCizHmN60 

N(CW~CH~NH)~CH~CHZNHZ}]'+, 294 
NiC12H2& 

NiC,zH3,~BrzPz 

NiC12H30Br3P2 

NiCI2HTaN6 .- .. . 

[Ni(l,4,7-triazacyclononane)z]z+, 232 
[ N i ( H N m H 2 ) 6 ] Z + ,  70 

NiCizH?nNn 
{Ni(sepukhrate)lZ+, 271 

[Ni(DME)3]2', 142 

[Ni { MeS( O)CHZCH2S( 0)Me) 3] 2 + ,  164 

Ni(MeNHCSNHMe),Br,, 184 

NiC1zH3006 

NiC12H3006S6 

NiC1~H32Br2N~S4 

NiC12H32C12N4 

NiCq2Hq2Nh 
Ni(EtNHCH2CH2NHEt)2C12, 59 
._ _ _  . 

[Ni( 1,4,8,1 l-tetraa~acyclotetradecane)(en)]~+, 239 

Ni(Me2PCH,CHzPMez)2, 9 
NiCi2H32P4 

[Ni{HN(CH2CH2CH2NHz)z}z]+, 74 
75 

Ni(DMSO),( C104)2, 58 

Ni{N(SiMe3)z}2, 107 

rNi(0NMe,),lZ', 164 

NiCI2H,,NzSi4 

NiC12H36N404 

N ~ ' c ~ ~ H ~ ~ N ~ O ;  .- 

[Ni{H,NCHzCHZN(0)Mez} 3]2+, 164 
NiCi2H36Ns06Pz 

Ni(NMPA)2(N02)2, 159 

NiCizH39N9 

NiCizH44N606P~ 
[Ni{HN(CH2CH2NH2)2}3]z+, 58 

[Ni(HMPA)z(OH2)4]Zt, 161 
Ni&N&6 

[Ni{ Se2CC(CN)z}3] ~, 300 
[Ni{Se,CC(CN)2}312-, 299 . . .  

NiC, H , N  0 
N&@j&cHMe}( bipy), 32 

NiCl tH2nN10, 
N~~{MeCOCHC(Me)=NCHz}zCHz), 205 

Ni(Hacac)(cod), 144 
NiC13H2,,02 

NiCt3H3,BrF3P2 
NiBr( CF3)(PEt3),, 114 

[NiMe(PMe,),]+, 42,112,113,114 

Ni{S2Cz(CF3)z)i(tetrathiafulvalene), 179 

Ni{S2C,(CN)z)2(tetrathiafuvalene), 180 

[NiI2,6-p?r(C0,),},lz~, 221 

Ni{2,6-py(COzH)CO2Iz, 221 

Ni{SC(CF,)C(CF3)SCHzC(Me)=}2, 181 

NiC13H3.4'4 

N~CYJWYZSS 

NiCl,H4N4Ss 

NiC,,H,N,O, 

NiC14WaN208 

NiC14H1RF12S4 

N~CY~HIONZS~ 

NiC14HI002S2 

NiC14H1004 

NiC14Hl~S4 

Ni{(2-SC6H4N=~),}, 208 

Ni{OC(S)Ph},, 213 

Ni(2-OC6H,CHO),, 188 
Ni(OzCPh)2, 155 

Ni{ S=(~CH=CHCH=CHCH=C~)}~, 181 

Ni(S3CPh)26r 176 

Ni(benzimidazole),Clz, 83 

Ni12(2,9-Me2phen), 81 

Ni(8-q~1nolinolate)~, 214 

Ni(2-OC6HaCH=NOH),, 215 

NiC14HIOS6 

NiC 14H1 2C12N4 

N ~ C I ~ H Y  ZLNZ 

NiC14hzNz02 

NiC14H1~N2o4 

Ni(oA~);(py)~, 155 

[Ni{2-pyNHN=CMeC(Me)==NNHpy-2}]z+, 94 

Ni(Mezpy),CIz: 62 
Ni(3-Et ~ y ) ~ C l ~ ,  59 

[NI{~,~-(HZNN=CW)PY}~]~+, 90 

Ni(2-pyCH2CHzNH2)2Clz, 86 

Ni{S2P(OMe)z}z(b~~~), 80 

Ni(OAc)2(HzO)2(py)z, 59,78,155 

[Ni{S2C(C02Et)2}z]2-, 172 

Ni(S,CPh){S,CPh), 176 

Ni(C10,)z(5,7,12,14-tetrametbyl-1,4,8,11- 

NiC14H16N6 

NiC,,H,,Cl,N, 

NiCifHiaNio 

NiC14H20ClzN4 

NiC14H20Nz04PZS4 

NiC14HzoN206 

NiC14HZ008S4 

NiCl4HzOS5 

NiC14H11C1zN408 

tetraazacyclotetradecane) ,152 
NiC14H2202P 

NiC14H24N4 

NiC14Hz40zS2 

NiC, 4H26N602 

NiC14H27N60z 

N~{P(C~HI&)(C~)Z,  40 

[Ni{ h=CMeC(Me)=N(CH,),N=CMeC(Me)= 
N(CHz),)]*+, 229 

Ni { MeCSCHC( OEt)Me},, 67 

[Ni(MeC(=NO)C(Me)=NCHzCH,NHCH,),IZ+, 294 

[Ni{ MeC(=NOH)C(Me)=NCH2CH2NHCH2CHz- 
NHCH,CH2N4Mec(=NO)Me)la+, 294 

NiC14H2RN604Se2 
Ni(DMF),(NCSe)2, 104,165 

[Ni( 1,4,8,ll-tetraazacyclotetradecane)(MeCN),13+, 289 
N i C d h N 6  
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NiCi,H3zN& 
Ni(EtNHCHZCHzNHEt)z(NCS)z, 59 
Ni(H,NCH2CH2NEt,),(NCS)z, 59 

[Ni(1,4,8,1l-tetramethyl-l,4,8,1 I- 
NiCl4H3& 

NiC14H34P~ 
tetraazacyclotetradecane)(N3)]+, 239 

Ni(PEt3)z(HzkCHz), 16 

Ni{SzP(OEt)}2(TMEDA), 174 

Ni(HMPA),(NCS),, 161 

Ni{ S2Cz(CF&},(GW), 179 

[Ni(NO)(CNBut)~] * ,29 

Ni(terpy)C12, 81 

[Ni(C6Cls)(CO)(PPhMez)]+, 114 

NiC14H3&04P~S4 

N ~ C ~ & ~ ~ N & Z P ~ S Z  

NiClSH7FI2SS 

NiC15H7N40 

NiClSHl1ClZN3 

NiCl5Hl1ClSOP 

NiCI5Hl2N3P 
[Ni{P(PY)3}1,58 

NiC1sHi&06 

[Ni(aEac)&, 143 

[Ni{P(OCHz),CMe>3(NO)]~'~, 14 

Ni(CNBu'),( SOz), 30 

[N~(S&OBU')~~-, 172 

NiC15H2,NOloPZ 

NiClSHz7N3O2S 

NiCl5HZ7O3S6 

Ni'C&&3S6 
Ni(SZCNEtz),, 299 
[Ni(S2CNEt&]+, 300 

[NiBr{N(CH,CHzNEtz)2(CHzCH~SMe)} 
NiC1,H3,BrN,S 

NiClrHa&P, 
[Ni(OPMe3)s]2', 64 

[Ni(P(OMe)3}5J2f, 115 

[Ni(q~inoxaline-2,3-dithiolate)~]~-, 182 

Ni{ (c6w4N=c(s)c(s)=~H)~},  182 

Ni{PF,[c=CHCH=CH$)I4, 10 

N ~ C I S H ~ ~ O J ' S  

NiC16H8N4S4 

NiC16HloN4S4 

NiC16Hl~F8P4S4 
_ _  

NiC1&1;N606 

NiC16H14NzOz 
Ni(1 ,8-naphthy1idine)~(NO~)~, 80 

Ni(salen), 197 
Ni{ (2-OC6H4CH=NCH2)2}, 192 

Ni((2-SCAH4CH=NCH2)2), 193 
NiC16H14N2SZ 

]+, 216 

~~ ~ 

NiC1.$16N&~ 
Ni( 2-OC6H4C.H=NMe) z, 189 

NiC,sH,RNn04 
Ni{O~CCH(NHz)CH,py-2}z, 220 

Ni(CNBu'),[TCNE), 17,29 
NiCi6HisN6 

NiC16Hl9C1N5' 

NiC16H~oNz02 
[Ni { HN ( CHzCH2N CHpy)a} Cl]+ ,59 

Ni(2-OC6H,CH=NMe)(2-HOC6H4CHNHMe), 20 
NiCl~HzoN& 
Ni(NCS)2(2-pyCH2CH2NH~)2r 87 

[Ni{ (2-pyCHzCH,NHCHz)z}]2+, 88 

Ni{HCHC COMe)CMeNCHzCHzNCMeC(COMe)- 
NiC16H22N402 

&HTl. 269 - -_ 
NiCI6H&lzNs 

Ni(HfiCH=NCH=~Me)4ClZ, 83 
Ni(HfiN=CHCH=CMe)4C12, 58,83 
Ni(MefiCH=NCH=tH),ClZ, 83 
Ni(fi=CMeNHCH=~H)4Clz, 83 

Nic&z~Na 
[ Ni (&=CMeCH,CMe,N=CHCH,N= 

CMeCH,CMe,N=CHCH,)I2 ' ,228 
NiC, .H,,CIINcOa 

. .  

INi!5.7.7.12.12.14-hexamethyl-l,4,8,11- 
L \ I ,  

tetraaza~yclotetradec~-4,14-diene)~~+, 227.228, 
249,296 

tetraazacyclotetradeca-4,1 I-diene)l2+. 227,228, 
[Ni(5,7,7,12,14,14-hexamethyl-1,4,S,ll- 

296 

CMeCH,CMe,NHCH,~H,)]2+, 249 

Ni(EtNCHMeCHCHNEt)Z, 107 
[Ni(fi=CMeCH2CMeZNHCHzCHzCH,N= 

NiC16H36Br2F2P2 
NiBrz(PFBu'2)z, 110 

[Ni(S,7,7,12,14,14-hexamethyl-l,4,8,11- 
NiCi6H3& 

tetraazacycl~tetradecane)]~+. 228,239 
NiC16H39NOP2 

NiCl,HllNjSz 
Ni(PEt3)Z(Bu'NO), 19 

Ni(terd(NCS),, 82 . _ I , .  , -  

NiC,,H,,N4 
Ni( 2-NHC6H,CH=NCH2CHMeN=CHGH4NH-2), 

98 I 

NiCi7H180aP2 

N~CITHIONZS~ 

IWI7Hz7NP~S4 

NiC17H33N50~ 

NiC17H3,PS 

NiC,,H,,ClP,S2 

Ni(CO),{PhPH(CHz),PHPhz), 11 

NiCIz{2 $C H CH NH(CH2),NHCH2-2- 
-H2}, 259 

Ni(SzPEtz)z(quinoline), 78 

Ni(NC0)z{HmH~)5}3, 70 

NiCp(SH)(PBu,), 166 

Ni(MeCSCHCSMe)Cl(PEt,),, 183 
NiCI;H3,N5S3 
Ni(NCS)2{N(CH2CH2NEt2)2(CH2CHzSMe)}. 216 

NiC,,HzaNOP- 
[N~{l&C(CHzPEtz)3}(NO)]+, 12 

Ni(2,2'-biquinolyl)BrZ, 62 

Ni(8-quinolinothiolate)z, 683 

Ni($I;I=CHCH=CHNC6H4N=CHCH=CHNc6H4), 

NiCiBHl,BrzNz 

NiClsHIZN2S2 

NiC18H,,N4 

250 
NiClBH15Br3P 

NiCl,Hl,13P 

NiC!diI6N4O2 

(NiBr,(PPh3)] ,62,110,187 

[Ni13(PPh3)]-, 110,187 

N1 WhC(0)=NNCMelz, 203 



1226 

NiC1~H24N204PZS4 
Ni{S2P(OMe),},(2,9-Me,phen), 80, 174 

Ni{ 02CCH(NH2)CH2C6H40H-4)2fHzO)z, 220 

[Ni(2-pyCH,NH,),]Z+, 58, 86 

NiCt&4N208 

NiC18H24N6 

NiCl8HZ4N,P 

NiC,~H,,N,P~' 
Ni(PMe3),(PhN=NPh), 22 

Ni(S2PMe2)2(2,9-Mezphen), 64 
N ~ C I ~ H Z ~ N Z P Z S ~  

NI(S2CNBu&I, 299 
NiClsH N4 

[Ni { 8=CMeCH2CMe2NH(CH2)3N= 
CMeCH,CMe,~(~H,)3)12'. 227 

[Ni(l,5,9-trithiacy~loundecane)~]~-, 171 

[NiBr { N( CH,CH,NEtz)3}]+, 74 

Ni(PEt3),, 32 
NiC18H48P4Si3 

Ni(PEt3)2(PSiMe3)2, 23 
NiCl~H541zNl~04 

Ni{MeN{P(0)(NMe,)z}2),I,, 161 
NiCI9Hl5PSZ 

Ni(PPh3)(CS2), 25 
NiC&d'& 
Ni{(SCH2CH2PPhCH2),CHz), 130 

NiCl9HZ5PS 
NiCp(SEt)(PBu,), 169 

NiC19H05C10Pz 
NiC1(PhCO)(PEt3),, 114 

NiCmH8N4S8 
Ni{ SzC2(CN)2}2(tetrathiafulvalene)2, 181 

NiCZ0H9Fl2NS5 
Ni{ S2CZ(CF3)2}2(phenothiiazine), 179 

Ni{ S2C2(CF,),}Z(phenoxazine), 179 

[Ni{S,CC(CN)COPh}z]2-, 176 

Ni(cod)(C6F5NNNNC6F5), 23 

NiC18H42BrN4 

Nic18H45p3 

NiC2oHVF,,NOS4 

N ~ G O H ~ O N Z O ~ S ~  

NiGOH12FlON4 

Formula Index 

NiC,,H;,N , 
NiC20H,lCl,N302 

NiC,,H2,N202 

[Ni{ HC( gN=CHCil=H),} ,I2+, 102 

Ni{ (2-O-5-C1C6H3CH=NCH2CH,CH,),NH}, 194 

Ni(2-OC,H4CH=NPr'),, 62 

Ni(acac),(py)2, 143 

Ni(acac),(py N-oxide),, 143 

Ni(2-OC&CH=NPri),, 189 
[Ni(py)4(HzO)z1Z+, 59 

W P Y ) ~ N H Z S O ~ ) Z ,  59 

NiCZ0H,4N 2 O4 

NGoH24Nz06 

NiCZOH24N402 

N ~ C Z O H Z ~ N ~ O ~ S Z  

N i C , H , N P , S , 
Ni(NCS),{ P(CH2CH2CN)3}2, 111 

, 
NiC2iHZ8N2O4P2S4 

Ni{S,P(OEt)),(phen), 174 

Ni(camphorquinone oxime oximate),, 214 
NiC2JL0N4O4 

. -  
NiCZ&32Br2Ni 

Ni(H&N=CMeCH=CMeLBr,. 83 , . -, 

N i C , H C 1 , N 

NiCZOH3,CI2P4 
Ni(fi=CMeNMeCH=cH)4Clz, 83 

[NiCl,(dipho~)~]+, 289.299 
[NiClz(diphos)2]z++, 289 

N1C2,H ,N,02 
[Ni{ d=CHC(=CMeOMe)C(Me)=N(CH,),N= 

CMCC(=CM~OM~)CH=N(&I,)~}]~*, 256, 
270 

NiC2oHJ'+ 
[Ni(diphos)2]2' ,289 

NiCzoH3C" 
Ni(CNBu')*, 7,29 

NiC30H37012P4 
[NiH{ P( OCH,),CMe},]+, 115 

NiCZOH37PS3 
NiCp(S,CSEt)(PBu,), 177 

NiCzoH46N409 
Ni(OAc)4(Me,en)z(0H,), 157 

NiCZ0H4&l2N8S4 
Ni(EtNHCSNHEt),Cl,, 184 

NiCZOH48~4 
NiI(depe),, 124 
[NiI(de~e)~]+, 119 

NiC20H4d'4 
[Ni(depe),I2', 118 

NiCZOH55P3Si4 
Ni(PMe3) ((Me3Si)2CHPC(SiMe3)z}, 21 



Formula index 1227 

"_ _ _  
[Ni(tribenzo[b,f,j][l ,5,9]triaza~yclododecine)]~+, 229 

[Ni(tribenzo[ b ,j,j'l[ 1,s ,9]triazacyclododecine)(HzO)- NiCziHiA04 

(N0,)1+, 241 
NiC21HZlBrPS& 

NiCz1Hz1C1PS3 

NiC2,H2,C1NP 

[NiBr{ P(c6H4SeMe-2),}] *, 66 

[NiC1{(2-MesC6H4),P>]~, 66,133, 170 

NiCIE'PhqMMezNCHd. 20 
NiC21Hz5N30z - 

NiCllH3,BrN7 
Ni {MeN(CHzCHzCHzN==CHC6H40-2)2}, 64 

NiBr{N(CH2CH2&"=CMeCH=~Me),}]~' ,88 ~. 

NiCz,H~,N40, 
INi~5.7.7.12.14.14-hexamethvl-1.4,S~ 11- 

I I < . , .  
tetraazacyclotetradecane)(acac)]+, 239 

NiCZ2Hl8N& 

NiC,?H2-P 
Ni{ 3-isoquinolinylCH=NN=€( S)NHz} 2, 203 

_ _  _ _  
Ni(PPh3)(H2C--CH&, 16 

[Ni(NCS),{ P(CH2CH2CN)3}z]2-, 110,111 

NiC12(PhCHZl'CH2CH=CH~Hz)2, 110 

Ni(O,SMe)dpvh, 154 

NiCz2H24N10P2S4 

NiC,ZH26ClZPz 

NiCZZH26N~0& 

NiC2;HisN4 
Ni( CNBu')Z(PhNNPh), 22 

NiCZ2Hz8Nl4 
Ni(CNBu'),(PhN=NPh), 22 

NiC22H3804 
Ni[Bu'COCHCOBu')+, 4.67, 143 

[Ni{2,6-py(CMe=NNHCOPh)z) (H20)2]2+, 199 
N i C 2 3 H N 

Ni(CNBu'),(diazaRuorene) , 22 

[Ni{ (2-pyCH2CH2)2NCH2CH2NHCH2CH2py-2}]z+, 88 

Ni(l,8-naphthyridine)3(C104)2, So 

[NiCl{2-(2-pyCH=N)C6aS)21+, 199 

Ni(tetramethylporphyrin), 274 

Ni(02PPh2)2, 154 

Ni(Se2PPhz)2, 172 

[Ni(SPh)*Iz-, 167 

Ni(tetramethylch1orin) ,275 

Ni( C d H )  ( c6C1,) ( PMeZPh), , 114 , 

Ni(acac)(Me)(PPh3), 144 

Ni{fi=CMeCH COMe CHzNC6H4NCH2CH- 

NiCz3Hz8N5 

NiCZ4H18C12N608 

NiC24H18N4S~ 

NiCz4HzoN4 

NiC24Hzo04Pz 

NiC24H20PZSe4 

NiCz4H2oS4 

NiC24H2ZN4 

NiCZ4HZ3Cl5P2 

NiC?4H250ZP 

NiC24Hz6N40z 

e & ) ,  228 
NiC+-LsC12N4 

N I ( H ~ N P ~ ) ~ C I ~ ,  59 
NiCZ4HzsCl2N4O8 

Ni(C104)2(PhNH2)4, 59,152 

[Ni(Hz0)2(3-Mepy)41'+, 78 

[Nit 1,2-(H2N)2C6H4)412+, 77 

NiCZ4H3tN40z 

NiC24Hds 

NiCZ4H3 CllN1l 
Ni(H&CH==NCH=CMe)&12, 83 
Ni(mN=CHCH=CMe)&lz, 83 
Ni(Me$TCH=NCH=~H),C12, 83 , -  - 

Ni(MeNCH=NCH=CH)6(C104)2, 56 

Ni(SPh),(PEt,),, 169 
NiCMH4,,PZS2 

NiC,H4,CiP, 

NiC24H4t01P 
NiCl{l , ~ - ( B U ' ~ P C H ~ ) ~ C ~ H ~ } ,  119 

N~(~-C~-~-OC~H~CH=NCH~CH~NE~Z) ~ ~ 6 . 5  
Ni(2-O-3-Cl~H3CH=NCHzCH2NEtz)z, 189 

NiC16H40ClN3P 

N i C 9 A I% nN P 
[N~{P~~PCH~CHZN(CH~CHZNE~~)Z}C~]', 64 

N~iP(C6Hli)3) (n-PhCH,CN), 20 

Ni(CO)z(dppm), 11 
NiCZ7Hz2Od'2 

NiC2,HZ4Ci3N6 
Ni(8-aminoq~inoline)~C1,, 84 

NiC12~(OPPh2CHz)2CH,}t 161 
NiCz7Hz6C1202P2 

COC -NN' 
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[Ni(fi=CHC6H4N=CHC6HdN=CHC6H4N= 
W 6 H 4 ) I Z + ,  229,269 

NiG8H20N404 

NiCZ8H2~S4 

NiCzsHzzIN404 

NiCZ8HzA04 

Ni{PhC(=NO)C(=NO)Ph},, 294 

Ni(SzCzPh2)2, 180 
[Ni(SzCzPh2)J, 179 

Ni{HON=CPhC(Ph)=NO},I, 100,294 

Ni{HON=CPhC(Ph)=NO},, 100 
NiC2;HzzO3P 

N i I , ( P h , P b H P P h , ) .  12d 

Ni(NCS)z(PPhzMe)z, 110 

NiClZ{(Ph,PCHzCHz)20}~ 62,124 

Ni{(SCW,SI (dppe), 119 

NiBr2HN(CHzCH2PPhz)2}, 128 

NiC28H2sC120PZ 

NiCzsH2sP~S3 

NiCasHzsBrzNPz 

NiCzaHzs04P _ _  -. 
Ni(aca~)~(PPh,), 143 

[Ni(H,NCHPhCHPhNH,)z]z+, 72 

Ni(C104)z(3,5-Mezpy)4, 76, 152 

[Ni(3,4-Mezpy)4]2+1 76 

[Ni(HZNCHPhCHPhNHz),(HzO)z]z+. 72 

Ni(l,2-02C6H2Bu'Z-3,5)2, 146 

Ni(C=CPh)z(PEt3)2, 112,114 

NiCZ8H32N4 

NiC28H36C12N408 

NiCZ8H36N4 

NiCz8H36N402 

NiG8H4&4 

NiCmHooPz 
~~ 

NiC28H42N5PSz' 
Ni{PhzPCHzCHzN(CHzCHzNEtz)z}(NCS)Z, 64 

[Ni (b i~y)~]~+ ,  290 

[Ni(bipy N,N'-di~xide)~]~+, 162 

[ N ~ ( ~ - P Y & ) z ~ ~ + ,  84 

[Ni(2-py3NH)3]2C, 84 

Ni(4-pyCH=CH2)4(NCS)z, 59 

Ni(py N-oxide),(CIO4),, 61 

N i C d L N 6 0 6  

NiC3,HMN, 

NiC30HZ7N9 

NiC3oHzsN6Sz 

NiC30H30C12N6% 

NiC30H30N6 

[Ni(py)612'* 58 
NiC30H3~N606 

NiC30H31N2P2 

NiC30H3~I~02P2 

[Ni(py N - o ~ i d e ) ~ ] ~ + ,  58, 162 

Ni{ fiC(Me)=CHCH=c Me} ,( PPh3), 107 

Ni12{ (Ph2PCH2CH20CH2)z}, 124 

NiC1(N(SiMe2CH,PPhz),}, 129 

[N~(P~OCH),(CH,)~}SI~', 115 

Ni(acac),(C10,),, 58 

N~~P(C~HH)~)IP(C~H~~)ZP~}, 40 

NiC30H36CI~2SiZ 

NiC30H450~&'~ 

NiC30H&120~~ 

NiC30Hd', 

NiC30H7ZC1ZN120SS6 
NI(E~HNCSNHE~)~(CIO~)Z, 59 

NiC31H25CINz 

NiC3,H32C1202P2 

NiC31H34BrP2S2 

Ni(C3Ph3)(py),C1, 33,34 

NiClz(Ph2PCH2~HOCMezO~HCHzPPhz), 125 

[NiBr( (PhzPCHzCHzSCHz)zCH2}]+, 130 

[Ni{ (Ph2PCH2CH2SCH2)2CH2}]z+, 130 

Ni(phthalocyanine)I, 274 

Ni(phthalocyanine), 106,271 

Ni(1 ,8-naphthyridine),(C104)z, 79 

[Ni(bi~y)~(phen)],+, 81 

NiBr(C6F5)(PMePhZ),, 112 

Ni(SPh),(bip~)~, 168 

Ni(NCS)2{Ph2PCH2CHZOCHZ)Z}, 124 

Ni(PhNCHMeCHMeNPh),, 97 

{Ni{(PhZPCH2CH2N=CMe)z}Br]', 207 

Ni(H,NCHPhCHPhNH2)z(C12CHCO)Z, 74 

Ni(3,5-MezC6H3NNNNC6H3Me2-3,5)z, 24 

INiBr{(PhzPCH~CHzNMeCHz)z}l+, 130 

NiC31Hd'~S~ 

NiC32H161NR 

NiC3zH16Ns 

NiC3,HmClzN,08 

NiGzHz& 

NiG2HZ6BrF5P, 

NiC3&&S2 

N~C~~H~ZNZOZPZSZ 

NiC32H3aN4 

NiC32H34BrN2P2 

NiC32H34C14N404 

NiC3,H3& 

NiC32H3sBrNZf2 

NiC,;H,;N302P; 
&(NPhC(O)NPhC(O)fiPh}(PEt,),, 32 

NiCJ2H& 
Ni(dcpe) (MelC=CMez), 17 



Formula Index 1229 

NiC33H28N02PZ 

N ~ C ~ ~ H ~ J ' Z S Z  

NiC34H~4N6 

Ni(CO),(Ph2PCH2~=CHCH=CHC(=NH)- 

[Ni{ (Ph2PCH2CH2CH2SCH2)2CH2}]z+, 130 

CHZPPhz), 124 

.. 

[Ni(phen)z(bipy)]2+, 81 

Ni{PPh(CW2CEIzPPh2)2}CI,, 67 

Ni(NCS)2{Ph2PCH2CH2NMeCH2)2}, 130 
NiC34H38N4P2S2 

NG4H421N2P2 

NiC34H44NZP2S 
[NiI{N(CH2CH2NEt2)(CH2CH2PPh~)~}]+, 135 

[Ni(SH){N(CH2CH2PPh~)~(CH,CH~N~Et~)~Z+, 137 

[Ni(02SMe) {P~P(CH~CH~PP~Z)Z) ]+ ,  128 

[Ni (~hen)~]~+ ,  80 
[Ni(phen),13+, 240 

[Ni(phen N,N'-di~xide)~] 2 + ,  162 

Ni(2-Ph2PC6H4Se)2, 124 

NiBr(PPh&, 40 

NiBr2(PPh&, 110 

NICI(NO)(PPh,),, 13 

NiCI(PPh3)2, 37 

NiC12(0PPh3)2, 62,159 

NiCI,(PPh,),, 62, 110 

[Ni(NO)(PPh,),]', 13 

Ni(N0)2(PPh3)2, 13 

Ni( NO2) (NO) ( PPh3) 2 ,  13 

NiC3,H3602P3S 

NiC36Hz4N6 

NiC36Hz8606 

NiC36H28P2Se2 

NiC36HjnBrPz 

Nic36H30BrzP2 

NiC36H30C1NOP2 

NiC36H30C1P2 

NiCJ6H30C1202P2 

NiC36H30C12P2 

NiC3,H30NOP2 

NiC36H30N202P2 

NiC36H30N~03PZ 

NiC36H30N40PZ 

NiC36H300zPz 
Ni(N3)(NO)(PPh3),, 14 

Ni(PPh3)z(O,), 28 

Ni(PPh3)2(SW2, 30 

Ni(SO4)(0PPh& 153 
Nic&boP~ 

Ni(PPh3)2, 9 
NiC36H321N2Pz 

NiI(2-pyCH2PPh2),, 124 

Ni12(PHPh2)3, 110 

[Ni{ (2-pyCH2)3N}2]2+, 88 

NiBr( H02CCH2PPhCH2CH,PPhCH2C02H)- 

NiC36H3004P2S2 

N ~ C J ~ H J O ~ ~ P ~ S  

NiC36H3312P3 

NiC36H36N8 

NiC36H39Br08P4 

(H02CCH2PPhCH2CH2PPhCH2Co,), 125 

NGsH3oOzPz 
Ni(C0)l(PPh3)2, 11 

Ni(CO)(PPh,),, 11 

NiBr2{PPh2(CH,Ph)},, 110 

NiC38H3002P4 

NiC38H34Br2P2 

Ni(SPh) ;( diphos) , 169 

Ni(acac)(PhC=CPhMe)(PPh3), 112,113 

Ni{N(CH2CHzPPh2)2(CHzCH2PPhCSzMe)), 26 

NiC38H3j02P 

NiC38H40NP3S2 

N G H d ' z  

NiC3gH39BrP3 
Ni(PPh&(H2C=C=CH2), 15 

NiBr(PPh,Me),, 40 

15 

NiC40if40N,P2 
NilPEtPh,)dPhN=NPh), 22 

NiC4bH52P4S2 
[Ni (S(CH2CH2CH2PPhCH2CH2PPhCH2CH3CHZ)2- 

Ni(octaeih ylporph yrin) ,274 
NiC, ;H3iiP3 

NiCl(triphos), 37,41 



1230 Formula Index 

NiC41H39C12P3 

NiC, 1H391P3 

NiC41H39NOP3 

NiCl,(triphos), 133 

NiI(triphos), 42 

INi(NO)(triphos)l+, 13 ._  
Ni‘C41H3gN;OjP3 

Ni(CN),{PPh,(CH,OH)} j ,  110,111 
NiCn, Hq90,PqS .. --  - - 

Ni(SO,)(triphos), 5,29 

Ni(SO,)(triphos), 64,133, 153 

Ni(SeO,)(triphos), 153 

[Ni(triphos)(q3-P3)]+, 33,36 

Ni(SH)(triphos), 41,42 

Ni(PPh3)2{(F3C)2CNNC(CF3)z}, 21 

NiCI(Ph)(PPh,),, 32 

Ni(PPh3)2(CH2CHCN)2, 15 

Ni(bipy)(PPh&, 32 

NiC41H3904P3S 

NiC41H3904P3Se 

NiC41H39P6 

NiC41H40P3S 

NiC42H30F12N2PZ 

NiC42H35C1PZ 

NiCi~H36NzPz 

N ~ G z H J ~ W ”  

NiC42H390P3 
Ni(CO)(triphos), 10 

Ni(triphos)(CS2), 25,26 

Ni(S,C)(triphos), 178 

Ni(PPh3),(CH2=CMeCOzEt), 17 

NiClz{MeC(CHzPPh,)z(CHzCHzPPh2)}, 133 

[NiBr{N(CHzCH,PPh2)3}]+, 3 , 6 4  

NiCI{N(CH,CH,PPh2)3), 37,41 
[NiCI{N(CH2CH2PPh2)3)]+, 66 

NiI{N(CH2CH2PPh2)3}, 5,42 
[NiI{ N(CH2CHzPPh2)3}] + ,135 

Ni{N(CH2CH2PPhJ3} (SOz), 29 

Ni{N(CH2CI-12PPh2)3}, 30,31 
[Ni(N(CH,CH,PPh,)3}]’, 41,43,136 

Ni{N(CHzCH2PPh2)3}(q’-P4), 30 

Ni{N(CHZCHZPPh2)3} (q’-P4S3), 31 

[Ni{N(CH,CH,PPh,),}(NO)]+, 5,12, 14 

[Ni{P(CH,CH,PPh,)3}]+, 42,43 
[ Ni { ( Ph2PCHzCH2PPhCH2) ,) ] 2+ ,  130 

[NiH{N(CH2CH2PPhz)3}]+, 30,136 

[Ni(SH){N(CH,CHzPPh,)3}1+, 166 

[NiH{P(CH2CH2PPh2)3}]+, 136 

[Ni(SH){P(CH2CH2PPh2)3}]*, 137 

Ni{N(SiMe3)2}(PPh3)2, 43, 107 

Ni(triphos)(C,F,), 15 

Ni(CN),(triphos), 133 

NiC421f39P3S2 

NiGzH39P3S3 

NiC42H4002PZ 

NiC42H41C12P3 

NiC4,H4,BrNP3 

NiC4,H42CINP, 

NiC42H4zINP3 

NiC4,H4,NOZP3S 

NiC4,H4,NP3 

NiC4,H4,NP7 

NiCQZH4,NP7S3 

NiC42H4ZN20P3 

N~C~ZHQZPQ 

NiC42H43NP3 

NiC42H43NP3S 

NiC42H43P4 

NiC4tH43P4S 

NiC42H48NP2SiZ 

NiC43H39F4P3 

NiC43H39N~P3 

NiC43H42NOP3 

Ni(CO){N(CH,CH,PPhz)3}, 11,31,41 
[Ni(CO){N(CH2CHzPPh,)3}]+, 138 

[Ni(S2CSMe)( triphos)]+ ,178 

[Ni{ SO,(OMe)} {N(CH2CH2PPh2)3}]+, 138 

[NiMe{ N(CH2CH2PPh2)3}]+, 138 

NiIP(C,H, l)MPhCHO)I 20 

Ni(octamethyltetrabcnzoporphyrinate), 274 

Ni(PPh,),(d), 15 

[Ni(S,COEt)(triphos)]+, 178 

~Ni(COMe){N(CHzCH,PPh,),)lf, 139 

Ni{P(OC6H4Me-2)3}2(H,C=CH,), 17 

NiC43H42P3SIS3 

NiC43&sN03P3S 

NiC43&5NP3 

NiC43Hf30P2 

NiC44H36N4 

NiC44H42P2 

NiCaH440P3S2 

NiC44H45NOP3 

NiC44H4606P2 

NiC,,H,,NO,P,S 
[N~(S02(OE~}{N(CH2CH2PPh2)3}]+, 138 

Ni{P( C6H11)3}2(a-PhCHzCN), 20 
NiC4,H73NP2 

NiCJ%&P, _. - ~ 

Ni(triphus)(C2F4),, 17 

Ni{P(OC6H4Me-2)3}2(CH2CHCN), 17 

Ni{&C(CF,)=C(CF,)$} (triphos), 26 

NiBr(MeC==CM~eph)(pPh~)~, 114 

NiC41H45NOSPI 

NiC46H,9F,P3S, 

NiC46H41BrPZ 
. .  

NiC46HiBN2P2 

NiC46H49NP3S, 
N ~ ( C N B U ‘ ) ~ ( P P ~ ~ ) ~ ,  29 

[Ni(S,CNEt,)(triphos)]+, 178 

Ni(PPh&(PhCOCH=CHCO,Me), 17 

Ni(C6FsNNNNC6F5)(PPh3)z, 23 

NiC47H4003P~ 

NiC48H30F10N4P2 

NiC48H3&P2 

NiC48hON2PZ 
Ni(PPh),{C,(CF&,l, 16 

Ni(PPh,),(PhN=NPh), 21,22 

Ni(triphos)(PhNCS), 25 

Ni(PHPh,),, 9 

NiC48H44NP3S 

NiC48H44P4 

NiC4*Hs4P4SZ 

NiC48Hto8C1201J’4 
[Ni(S,CPEt,)(tripho~)]~+, 178 

Ni(BujPO),( CIO,),, 159 

Ni(PPh,),(PhCH=CHPH), 15 

Ni{P(C6Hll)3}z( 1 ,2-q2-anthracene), 15, 17 

Ni{CH2{P(C,H,,)z~z~z, 10 

c 5 0 4 1 Z 

NiCS0H76Pa 

NiC50H92P4 
. ~ .  . 

NiC5;H4,NlO- 
[Ni{ tetrakts 4-N-methylpyridyl )porphyrin}(~~= 

d H ) z J 4 + ,  274 . ~- 
NiC52H48N303P4 

NiC52H48P4 

NiC52H52C10sP., 

NiC5,H5J’4 

NiCS4Hd30P4 

NiC,,H4,0P4 

Ni(N02)(W(dppe),, 14 

Ni(dppe)2, 6,9.31,118 

[Ni(OPPh2Me)4(C104)]*, 64 

Ni(PMePh,),, 9 

[Ni(OH) (2-Ph2PC6H4),P}]+, 136 

[Ni(HzO){ (2-Ph2PC6H4)3P}]2+, 136 



Formula Index 2231 

NiCS4H,,BrP3 

NiC54H45C1P3 
N ~ B T ( P P ~ ~ ) ~ ,  5,42 

NiCl(PPh3)3, 40 

Ni(PPh3MS02), 30 

Ni(PPh3)3, 9 

NiHBr(PPh3)3, 112 

NiC54H4502P3S~ 

NG4H45P3 

NiC54H46BfP3 

NiC54H52NZP2 

NiCG,Hq9Pz 
Ni{ P(C6H4Me-4),} ,(PhNNPh), 22 

Ni{P(C6H11)3}1, 9 
N ~ C S ~ H ~ S O I O P ~  

NiCs5H46NP3 

NiCs6Hs4Pz 

Ni(CO){P(OPh),}, ,11 

NiH(CN)(PPh,),, 112 

Ni{P(C6H4Me-4)3)2(PhCH=CHPh), 17 

[Ni(C3Ph3)(PPh&l+, 33 

Ni(CO)(dppb)z, 11 

N G 7 H d ' ~  

NiCS7Hs60P4 

NiC6&,NP3 

NiC62H54P3 

Ni(PPh,),(PhCN), 20 

[Ni(C,Ph,)(triphos)]+, 33,34 

[Ni(C3Ph3) {P(CH2CHzPPhz)2(CH2CH2POPh2)}]', 34 

[Ni(C3Ph3){P(CH2CH2PPh~)3)] +, 34,43 

[Ni(CIO4)(OPPh3),]+, 64,152 

Ni(OPPh3)4(C104)2, 159 

NiC,,H,,OP, 

NiC63Hd'4 

NiC72H60C108P4 

NiC72H60C12012P4 

Ni{P(OPh)3}4,9 

Ni(PPh3)4, 32 
[Ni(PPh3),]+, 40 

[Ni{(OPPh2)2CH2)3]2+, 161 

[Ni{ (OPPhzCH2)2}3J2+, 161 

Ni(triphos)2, 9 

[Ni2(p-S)z(triphos)z]+, 166 

Ni {P { CH2CH2P(C6HI 1 )Z 1 3  )zC~Z, 62 

Ni(PPh3)4, 9 

Cd(NH3)2Ni(CN)4, 932 

NiCd(SCN),(mF),, 988 

Cd(py)~Ni(W4,932 

NiC7zH60012P4 

NiC7zH6oP4 

NiC75H6606P6 

NiC78H7206P6 

NiC82H78P6 

NiCszH78P6Sz 

N ~ C S ~ H I S ~ C ~ Z P ~  

NiC9ZH60P4 

NiCdC4H6N6 

NiCdC,,H16Nd02S4 

NiCdC14HloN6 

NiCdC14H18N8 

NiCLNO 
Cd(en)Ni(CN),(pyrr~le)~, 932 

{PfiC12(NO)},, 107 
NiC1, 

[NiCIJ, 56,187 

[NiCl4l2-, 61,62,186,187,595 

Ni(02PC12),, 154 

[NiC1J4--, 186 

NiC14 

NiCl4O4P2 

NiCI, 

NiCllZP4 

Ni(PCl,),, 9 
NiCoCI&9N709 

[C~(NH, )~{ (O~CCHZ)~NCHZCH~N(CH~CO~)~~-  
Ni(H,O)]+, 219 

NiCuC4HaOl2 

NiF, 

NiF4 

NiF, 

N ~ C U ( C ~ O ~ ) ~ ( H ~ O ) ~ ,  690 

[NiF3]-, 187 

[NiF4jZ-, 187 

[NiF6]'-, 296 
[NiF6]3-. 296 
[NiF,Id-, 186 

NiSiF,, 56 

Ni(PF3)4, 8,9,10 

Ni{ MeGa(fiN=CHCH=CH)z} 2,102 

Ni(S,N2H)(S3N), 212 

NiF& 

NiF12P4 

NiGa2Cl6HZ4NS 

NiHN3S5 

NiHN& 
[Ni(S2N2H)(N&)]-, 212 

NiOfOHI. 297 
NiH02 

, - , .  
NiH&, 

NiH,2P4 
[Ni(H20fbj2+, 3,58,60,139,682 
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NiM02C2iH32S4 

NiMo,S1 
[Ni(SMe)4(MoCp2)z]2+, 168 

[Ni(MoS4)z]z-, 175 

[ N i M 0 ~ 0 ~ ~ 1 ~ - ,  296 
N ~ M O ~ O ~ ~  

NiN2O2 

NiN& 

NiN.0, 

Ni(N2)(02), 2 8 , B  

Ni(S3N)2, 176,212 

[Pfi(fi02)3]-, 150 
NiN402 

Ni(N&(Od, 29 
NiN401Z 

NiN4S4 

NiN5010 

[Ni(N03),IZ-, 148 

[Ni(NzSz)z]Z-, 212 

[Ni(NO2),l3-, 150 

[Ni(NOz)4(ON0)z]4-, 150 

Ni(Nd4. 28 

{Ni(N3)6]4-, 104 

[ {Ni(salen)}2Na(MeCN)2]+, 197 

[NiNb1203s]1Z-, 296 

[NiOJ, 297 
Ni(02), 29 

NiN6Olz 

[Ni(NO2),l4-, 150 
NiN, 

NiN18 

NiNa2C36H34N604 

NiNb1203, 

NiOz 

Ni04 

NiPbN6OIz 
Ni(02)*,2Q 

[PbNi(NO,),]Z-, 691,701 

[Ni{ Pt{ OP(OMe),},(diphos)} #+,  155 

[Ni(S4),I2-, 167 

Ni(SbPh3)4, 9 

NiSnC4CI4O4S4 

NiPtZC28H56012P8 

NiSB 

NiSbC72H60 

NiSbSr06 
SrNiSb06, 297 

[Ni(SzCz0z)z(SnC14)]2-, 182 

[Ni(SnPh3){N(CH2CHzPPhz)3}] + 139 
NiSnC60H57NP3 

NiSnHl2C1606 
Ni(H,O),(SnCl6), 61 

NiSnZC4CI8O4S4 

NiSrN6Ol2 
[Ni(S2C20zSnC14),]2-, 182 

[SrNi(N0~)6]~-, 701 
NiV13038 

[NiV13038]7-, 297 

Zn(NH3),Ni(CN),, 932 

Z I - I N ~ ( S ~ C ~ O ~ ) ~ ,  182 

NiZn(NCS),(THF),, 988 

NiZn{(PhCOCHCOCHCHMeNCHz)2}(py), 968 

NiZnC4H6N6 

NiZnC404S4 

NiZnCZOH32N404S4 

NiZnC31H31N304 

NiZrF, 

NiZAs3C4~H3J'~ 

NiZA~3C42H421N 

NiZAs6C38Hd4 

NlZrF6,61 

[NiZ(tnphos)(q3-As3)]+, 36 
[Ni2(triphos)(q3-As,)]2C, 36 

[NiJ {N(CH,CH~ASP~~)~}]+, 42 

Ni,(TCNE) {PhAs(CHzCH2CHzAsMez)2}z, 128 

[Ni21(N(CHzCHzAsPh2)3}z]+, 43 

Ni2(HzO){PhAs(CHzCHzCH2AsMez)z}3, 128 

IAuzNiz (SCMe2CH(NHz)C02}4]-, 877 

[{NiINCsH,){N(CH,Cn,NHz)3} M2+,  75 

Ba2Ni205, 297 

[Ni2(SCH2CH2S)3]2-, 170 

Ni2As6C84H8&N~ 

NizAsgC4sHa90 

NizAuzCz~H36N10~S4 

N ~ z B ~ C I ~ H ~ Z N I O  

NizBa,05 

N~zCBHIZS~ 

NizC6N6 
[ NiZ(CN),l4-, 37 

Ni2CsH& 

NizC8HZ6Cl4N6 

Ni2C8H32BrzNs 

Ni,C,H32C12N~ 

Ni2CSH32Nl& 

Ni,CloH +IN602 

NiZC10H14N~02 

NizCl0H2oS~ 

Ni2Cl0H3~N804 

Ni2CI0H32N~~S2 

NiZCI2Hd14 

Ni2CI4H~~N~02S2 

Ni2C14H3~C1~N30=, 

Ni2C14H3zN13 

Ni2CI4H36N1~0~ 

Niz{S(CHzCHzS)z}z, 170 

{NiClz(dien)}z, 74 

[Ni2(en)4Br2]2-, 280 

[{NiQ(en),}2]z", 72,277 

[{Ni(N02)(en~21zlZ+, 72,151 

[Ni,l(kN=CMeCH=~Me)z(NO)2]-, 14 

Ni(fiN=CMeCH=cMe)( NO)} z, 14 

Ni,(SEt),(S,CSEt), , 177 

[Niz(co~)~(en)4lZ', 72 
[Ni2(GO4)(en)4l2+, 158 

[{Ni(NCS)(enMz12+ I 72 

[{N~(N,){N{CHZCH,NH,),}}~]~+, 74,104,262 

{ Ni{ MeCOCHC(Me)=NCHzCH2S}}2, 222 

Niz{ OCHzCH2N(CH2CH2NEtz)z}(C104)z, 64 

[NiZ(N3)3( 1,~,8,11-tetramethy1-1,4,8,11- 
tetraazacyciotetradecane)]+, 104 

[(Ni(NCO){N(CHzCHzNH2)3}}~]z+, 74,104,282 

[Ni2{N(CH2CHZNH2)3}Z(NCS)~]2+, 282 
N ~ z C I ~ H ~ ~ N ~ O S Z  

Ni2Cl~H4&06 

NizC1 JL8Br208 

NizC ,Hz6N4S z 

[ISiz(l,4-((HaNCH2CHz)zNCHz}zc6H4}~H~~~~I4+, 
226 

[ {NiBr(EtOH)4}2]2+, 140 

[ {Ni(2-pyCHzCH~NHCHzCH~S)}2]2+, 216 
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NiiC1iH54P4Si4 ~ 

{Ni{ P(SiMe&} (PMe3)}2, 42,43 

{Ni(flNCHNNCMeCMeNNCHNNCMecMe), 257 
NizCzoHzaN16 

. .  

Ni;Cz&Ii8N808 
Nlz(N0d4(4-Mepy)4, 1 3  

NizCz4H48Slz 

Ni2CZ4HsZN8O4 
[Ni2(l,4,7,10-tetrathiacycloundecane)3]4~, 171 

[Niz(5 ,7-dimethyl-l,4,8,11- 
tetraazacyclotridecane)2(C;104)~z+, 233 

N ~ z C Z S H ~ ~ N O ~  
Niz(acac)4(~y), 143 

Ni2CZ6H44010 
N~~(acac)~(Pr 'OH)~, 143 

{N~(NCO),(~-PYCN),>~, 104 
N ~ Z C Z R H ~ ~ N ~ ~ O ~  

Ni2CZ8H24C14N4 
{Ni(2,9-Mezphen)C1,},, 80, 81 

Ni2(tropoIonate)4(HzO)z, 145 

[Niz(l ,4,8,1l-tetramethyl-1.4,8,11- 

[{Ni{N(CHzCH2NEt2)z(CHzCHzOH)}}z]2~, 217 

Ni,(OSCPh),(EtOH), 148 

Niz(acac)4{ HNTW2),}, 143 

[Ni,Br,(1,8-naphthyrid1ne)~],+, 79,283 

{ Ni(SzCCHzPh)Z} 2r 172,174 

Niz(COz)z(PY)G(NOz)z, 78 

{Ni(biquinolyl)CIz}, ,280 

{NiI(NO)(PPh,)},. 13 

N i Z C 2 8 ~ 2 4 0 1 0  

NiZC28H64N17 

tetraazacycl~tetradecane)~(N~)~]+, 240 
NiZCZRH66N602 

Ni2C30H2605S4 

Ni2C30&0N208 

N&BzHz~B~zNB 

Ni2C3ZHZ8S8 

NizC3zH30Ns08 

Ni2C36Hz4C14N4 

N~zC~~H~OIZNZOZPZ 

NiZC36H30N808 
NiZ(C204)(0N0)2(py)6, 158 

NiZC38H30PZS4 

{Ni(P%)(CSz))z, 25 

Niz(OzCBu')4(quinoline)2. 282 

{ Ni(SCHzCHZS)(PPh,)},, 170 

Niz(NCS)4(4-Mepy),, 282 

Niz(OzCBu')4(2-methyiquinoline),. 159 

NiZ{ 1,3-{ (2-OC,H4CH=NCH,),CHCH,},C6H4}, 226 

[Ni,F,{H2C(~N==CMeCH=(?Me),}4]Z ' , 102 

Niz( 0zCPh)4( quinoline),, 157,282 

NiZ(PhNNNPh),. 79 

NizC3s&oNzOs 

N ~ Z C ~ O H ~ E P Z S ~  

NizC4oH4zNioS4 

NizC40H54Nz08 

NizC4zH38N404 

NizC44H64FzN16 

Ni~C46HsrNzOs 

N ~ z C ~ ~ H ~ ~ N ~ ~  

Ni2Cs2H48N40hP4 
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Ni304 

Ni4C4H1204 
N1304,291 

INi4(OMe)4]4+, 286 
Ni4C18H15023 

[Ni4(C6H407)3(oH)(HZo)lS-, 
Ni4Czo&NzoS4 

{Ni,(en),(NCS)z } 2,282 
Ni4C28HS6016 

NhC36H44012 
Ni,(OMe),(acac),(MeOH),, 140,286 

N&(2-OC6H4CH0)4(EtOH)4,286 
NbC36H48016 

%C40Hs6016 
Ni,(0Me)4(2-OC6H4CHO)4(MeOH),,286 

Ni4(OMe)4(2-OC6H4CHO)4(EtOH),, 140 
Ni4C48H32N808 
[Ni,(OMe)4(OAc)z(CNCMezCHzCH2CHzCMe,NC)4]2+, 

157 

PbCuN6012 
[PbCU(N02)6]2-, 656,663,669,690,691,698,700,701, 

702,704,107 

PbFeN601z 
[PbFe(N0z)6]2-, 691 

PbN6 
Pb(N3)2,1063 

PbNiN6Ol2 
[PbNi(N0z)6]z-, 691,701 

PbPtCs4H4SCIP2 
PtCI(PbPhs)(PPhs)z, 420 

Zn{Pb(103)6) (HZ0)6, 961 
PbZnHl2I,O,, 

Pb9PtC36H30PZ 

PdASC6H&115 
[PtPbg(PPh3)2]4-, 421 

[ Pd C15 (AsEt,)]-, 1 123 

[Pd( hfacac)(AsPh,)]+, 11 14 
PdASC23H16F602 

PdAsC32HuNzPS2 
Pd(SCN)(NCS){PhzAS(C6H4PPhz-2)}, 1139 

PdAsC3zH24N2PSez 
Pd(SeCN)2{Ph2As(C6H4PPh2-2)), 1139 

PdAsC36H3oCIZ 
PdCIz(AsPh,),, 1158 

PdAsIrC,gH3,C1SPz 

PdAs,C,H,,Cl, 
P~C~(ASM~~)(~-C~)~I~CI,(PM~,P~),, 1162 

PdC12(AsMe3)2, 1161 

PdC14{Me2As(CH2)3AsMeZ}, 1124 

PdCl,(diars) , 1124 

Pd(NCS)(SCN)(diars), 1163 

Pd(SCH2CH2S)(diars), 1149 

P~As~C~H~BCI ,  

PdAszCioHi6CL 

PdASzCizHi6NzSz 

PdAszCizHzoSz 

PdA~ZC12H30C14 
PdCI,(AsEt3)2, 1123 

PdASzCi6HzoSZ 
Pd(2-Me2AsC6H4S)z, 1165 

PdC12{Me2As(CHz)12AsMez}, 1163 
P ~ A s ~ C ~ ~ H ~ J I ~  

PdAsaC26H~C12 

PdAsZC26H24a4 

PdClz(Ph2ASCH1CHzAsPhz), 1162 

P ~ C I ~ ( P ~ ~ A S C H , C H ~ A S P ~ ~ ) ,  1124 
PdAszC26Hs4NzSz 

Pd(SCN),(AsBu,), , 1141 

Pd(SeCN)2(Ph,AsCH2CHzAsPh2), 1139 
PdAs2G8HZ4NZSe2 

PdAszC3aH24C12 
PdClZ{ 1,2-(PhzAS)&jH4}, 1162 

P ~ A s ~ C ~ ~ H S ~ C I ~  

P ~ A s ~ C ~ ~ H ~ ~ C I P  
PdCI,{ ASBU'~(C~H,M~-~))  ,, 1167 

[PdCI{PhP(CHzCH2AsPh2)2}1+, 1166 

Pd(NCS),(AsPh,),, 1139,1140,1141 
Pd(SCN)Z(ASPh3)2,1139,1140 

PdA~zC38H341zSz 

PdAs3Cl1Hz7Br 
Pd12(2-Ph2AsC6H4SMe)z, 1165 

[P~B~{M~AS(CH~CH~CH~ASM~~)~}]+, 1166 

[PdC1{MeAs(C6H4AsMe2-2)2), 1166 

[PdC12(diars)2]2', 1123 

Pd12( diars), , 1163 

[P~(NCS)~AS(C,H,ASM~,-~)~}]+, 1141 

[Pd(NCS){ 1 ,&(Mez~)zCloH6}z]+, 1141 

PdAs3C19HZ3CI 

P ~ A s ~ C ~ , H & I ~  

PdAs&oHJa 

PdAs&a,HmNS 

PdAs&gH36NS 
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P ~ A S ~ C S ~ H ~ ~ C I ~  
[PdCI,{As(C,H,AsPh,-2)~}]*+, 1123 

PdAS&& 

PdAuCzoFisN2S2 

PdBr, 

PdC2H4N2S4 

PdC2H&IjOS 

[Pd{ M~AS(C~H~ASM~~-~)~)~]~+, 1166 

[Au(C,F,)(~-SCN)zPd(Cd,),lz-, 874 

[PdBr6I2-, 1122 

Pd(SZCNHz),, 1147 

[PdCI,(DMSO)] , 1142 

[PdCI,(SMe,)]-, 1145 

[PdCI,(SMe,)]-, 1124 

PdCzHsC13S 

PdC2H6CISS 

PdC2H6N4S2 

PdCzHsC12N2 

PdCzHsC14Nz 

PdCZH8Nz03SZ 

PdCzHsN,O& 

PdCzHsN406S6 

PdCzHid'LO4S4 

PdC&j 

PdC3HsClzOS 

PdC3H6C120zS 

Pd( SCN)2( NH3)2,1139 

PdCl,(en), 1116 

PdC14(en), 1123 

Pd(S203)(en), 1136 

[Pd(S203)z(en)]2-, 1116,1136 

[P~(SZO~)~(H~NCSNHZ)~]*-,  1136 

Pd(S203)(HZO)(HZNCSNHz)2,1136 

[Pd(S3C)z]'-, 1147 

PdC12(CO)(SMe2), 1142 

PdCI,(CO)(DMSO), 1142 

[PdCI,(NMe,)]-, 1116 

[PdCI,(NMe,)]-, 1123 

[PdC12(pn)12+, 1123 

PdC3HgC13N 

PdC3H9CISN 

PdCjH1oClZN2 

PdCg HloClzNzO 

PdC4H4S4 

PdC4H6CI2N2 

PdC4HsS4 

PdC4HsNzO4 

PdC4HsNsS4 

PdC12{HzNCH2CH(OH)CH2NHil), 1116 

Pd(SzCzHz)z, 1148 

PdC12(NCMe)2, 1121 

Pd(S2CMe)2, 1147 

Pd(Gly-O)p, 1115 

Pd{H2NC(S)NC(S)NH,}z, 1149 
Pd(SCN)2(HzNCSNH2)2, 1139 

PdC4H12C1202S2 

P~C~HI~CI.& 

PdGHi2N20sSz 

PdC4Hi20& 

PGHi20sS4 

PdCIZ(DMSO)z, 1142,1143 

PdCI,(SMe,),, 1124 

Pd(N03)2(DMS0)~,1113,1142 

Pd(SO,)(DMSO),, 1142 

[Pd(02SMe),12-, 1135 

[PtCl(dien)]+, 11 17 

[PdBrZ(en)Z]Z+, 1123 

PdCl,(en),, 1123 
[PdCl,(en),]z+, 1123 

PdC4HiSClN3 

PdC4H16BrZN4 

PdC4H16ClzN4 

PdGHiC" 

[Pd(en),12*, 1116 
PdC4H16N8S4 

[Pd(H2NCSNH2)412+, 1143 

[Pd(SCN),]'-, 1138 
[Pd(SZCNCN)2]'-. 1147 

PdC4N4S4 

PdC4N4Se4 
[Pd(SeCN)4]Z-, 1139 

PdCa04 

PdC40& 

PdC40B 

PdC&CI,N 

Pd(CO),, 1100 

[Pd(S2CzOz)z12 ,1149 

[Pd(C,0,),]2-, 11 14 

[PdCl,py] - , 1123 

[Pd(SCN)(dien)]+, 1140 

fPd( SeCN)(dien)]+, 1139,1142 

{PdCI(SPh)},, 1137 

PdC&II&S 

PdC5H13N4Se 

PdC,H,CIS 

PdC6HsN4 
{ Pd@CH=NCH=CH),),, 11 17 

PdC12(q3-C3H5)2, 1102 
PdC6HloC12 

PdC6HioS.i 

PdGHi,C1zNz 

PdGHt4Sz 

PdGHi4S, 

Pd(SCH=CHSMe)2, 1146 

PdC12(MefiCHzCH2NMcCHz~Hz), 1116 

Pd(SPr)z. 1136 

{ Pd(SCH2CH2CHzSMe)2},, 1146 

PdCb(Me2PCH2CHzPMez), 1124 

PdC12(PMe3)z, 1158 

PdC6H16C14Pz 

PdC6HlsC12P2 

pdc6H 1 8 4  
[Pd{(H,NCH,CH2NHCH2),)12f, 13 26 

PdCbHlgN,OS 
[ Pd(dien)(DMSO)I2+, 1143 

[Pd(CN),JZ-, 1124 

[Pd{S~~(S)SC(S)s}2]- ,  1101 

IPd{S&(CFJJJ ,  1148 
[P~{S~C~(CF&}ZI~- ,  1148 

Pd(SZC2Me&, 1148 

PdCbNs 

PdC6S10 

PdC8FizS4 

PdCsH,& 

P ~ C B H I ~ N D ~  
Pd(HDMG)2,1118 

PdC H C1 0 Sz 
Pc~I:$$H~)~} z, 1 l$ 
PdClz( CHZCHZOCH H2)2,1145 

PdC12 {S( CH2)4}2,1143 
PdCsHibClzSt 

PdC8HlsC12Se2 

PdC8HlSCl2Se3 

PdC8H20C1zSez 

PdC8H20PSSe 

PdC,H,,PSe, 

{PdCI2{ MeSe(CH2),SeMe)},, 1151 

PdC1z{(MeSeCH2)2CMe}, 1151 
PdCI,(Se(CHzCHzCHZSeMe)2}, 1151 

PdCIZ(SeEtz),, 1144 

Pd{SP(Se)Et,}2, 1150 

Pd(Se,PEt,),, 1150 
PdCsH22CI2Pz 

PdCsHzzNP2S2 
PdCII(PEtzH)z, 1161 

[Pd(S2CNHMe)(PMe3)2]+, 1147 

COC -WN* 
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PdCJL404S4 
[Pd(DMSO),IZ+, 1112,1143 

PdCeN4S4 
[Pd{SzCz(CN)z}z]-, 1101,1148 
[Pd{ SzCz(CN)z}zIZ-, 1147,1148 

PdCgH23ClP3 
[PdC1{MeP(CHzCHzPMez)z}] L, 1166 

Pd(hfacac)z, 1114,1115 

PdCl,(bipy), 1123 

PdCioHzFiz04 

PdCioH&14Nz 

PdCioHsF604 

PdCioHioC12LNZ 

PdCioHioCLNz 

PdCioHizC13N40s 

PdCioHi3C13Nsqs 

PdCiaHi404 

PdCioHi4S4 

Pd(F3CCOCHCOME)2, I 1  15 

PdlzClzpyz, 1123 

PdCl4pyz,ll23 

[PdCl,(inosine)]-, 1117 

[PdCl,(guanosine)]-, 1117 

Pd(acac)z, 1101,1114 

Pd(MeCSCHCSMe)z, 1149 

[PdBrS(PEtZPh)]-, 1123 

PdCl,(camphorquinone dioxirne), 11 19 

fd{SC(Se)NEtz}z, 1150 

[Pd( 1,4,8,1l-tetrathiacyclotetradecane)]+ . 1150 

PdClz{PMez(CHzOAc)} 2, 1158 

Pd(SO,)(phen), 1133 

[Pd(S03)z(phen)]2-, 1133 

Pd(NCS)z(bipy), 1139 
Pd(SCN),(bipy), 1139 

Pd( SeCN),(bipy), 1139 

Pd( hfacac)z(NHMez), 11 14 

PdCi,H15BrsP 

P ~ C I O H I ~ C ~ Z N Z ~ Z  

PdCioHzoNzSzSez 

PdCi oHzoS4 

PdCioHzzC1~04Pz 

PdCiZHsNZ03S 

PdC1ZHSNZ06S2 

PdCizHsN4Sz 

PdC1zH,N4Se2 

PdCizH9FizN04 

PdCizHioClz04Sz 

PdCizHioN4Sz 

PdCizHioSz 

PdClZHllN303S 

PdClJ4lzClOsS 

PdCizHi,O& 

[PdClz(0zSPh)~]~-, 1134 

Pd(SCN)z(PY)z, 1139 

Pd(SPh),, 1136 

Pd(SOJ)(NH,)(phen), 11 33 

[PdCl(OzSPh)z(HzO)]-, 1134 

Pd(OzSPh)z(H20)z, 1134 
PdC12H24S6 

[Pd( 1,4,7,10,13,16-hexathiacyclooctadecane)]2', 1150 
[Pd( 1,4,7-trithiacyclononane)z]z+, 1150 

PdCizHz604Sz 
Pd( OAc)Z( SEtz)z,475 

PdC1zH30ClN4 
[PdC1{N(CH2CH2NMe2),}]' 1116 

PdC1z(PBu'MeZ)Z, 1158 
PdCizH3aCLPz 

PdC1ZH31ClPZ 
PdHCI(PEts),, 1160 

PdC12H3zC1zP4 
[PdC12(MezPCHzCHzPMe2)z]2-, 1124 

PdC12{ SeP(NMe2),} 2, 1144 
PdCi2H36C12N~PzSez 

PdI( S YCPh) (PMe3) z, 1 147 

[Pd(NCS)(Et,dien)]+, 1139,1140,1141 
[Pd(SCN)(Et,dien)] +, 1139 

[Pd(NCSe)(Et4dien)]+, 1139,1142 
[Pd(SeCN)(Et,dien)]+ , 11 39,1141 

Pd(SCN)z(phen), 1139 

Pd(dithiotropolonate),, 1149 
Pd(S,CPh),. 1147 

Pd(N0,),(2.9-Me2phen), 11 16 

[PdCl(dien)]' ,1116 

[PdI(dien)]', 1116 

Pd(SC6H4SMe-2)*, 1146 

[Pd(dien)(HzO)]2+, 1116 

[Pd(dien)(guano~ine)]~+, 11 17 

P ~ C I ~ H Z ~ N ~ S  

PdCI3Hz9N4Se 

PdCi4HsN& 

PdCi4HioS4 

PdC14H12N404 

PdC14H13ClN3 

PdCi4HiJN3 

PdC14Hikb 

PdCi4Hi&O 

PdC14H26N805 

PdC14bN2P2S2 
Pd(NCS)z(PEt,)*, 1139 

PdC14H33NOP2 
Pd(OMe)(CN)(PEt,),, 1113 

Pd(S,CNPh)(PMe,Ph), 1147 

[Pd(SzC6HzMez)z]-, 1101 

[Pd{2-MeSC6H4SCHz)z}IZf, 1149 

PdCI,{ MeS(O)C,H,Me-4} ,, 1145 

Pd12(PMelPh)l, 1167 

PdC15H16NPSZ 

PdCi,Hi& 

PdCi6Hi& 

PdCi ~HzoC12OzSz 

PdC16H22W2 

PdCl~HISCl;P' 
[PdC13(PPh3)]-, 1161 

[PdCI,(SPPh,)]-, 1123 

Pd( SCN) ( NCS)(Ph2PCHzCH2NMez), 1139 

Pd(SCHZCHzS)(PMe2Ph)z, 1149 

PdCiEHlSC15PS 

PdC18HZ0N3PSZ 

PdCi&z6PzSa 

PdCi8H36C12N4 
PdCIz(B~'N=C==N3u'),, 1118 

PdC18H~2ClzP2 
PdC12(PBu'2Me)z, 1158 

PdCi&LJ', 
P ~ ( P E ~ ,  j3, 1160 

PdCzoHd4 

PdCzoHisN3 

PdCzoHiS04 

PdCzoH&IzN4 

PdC2oHzsC1zS2 

PdCzoHd'L04 

[Pd(bipy)z]2+, 1116,1117 

[PdPh(dien)]+, 1116 

Pd(PhCOCHCOMe)2, 1114 

PdC1z{N(NMePh)=CMeZ}2, 1120 

PdCIz( SPhBu'),, 1144 

Pd(camphorquinone dioxime monoanion), ,1119 



Formula Index 1237 

PdC2;HzsN4 
Pd(fiCHMeCHzCHMeC6H4NCHMe- 

CH2CHMeNC,H4), 1121 

PdS4(dppe), 1 1 32 
PdC26H25C12NPz 

PdCl,{(Ph,P),NEt}. 1167 
PdC&&zP& . 

PdCz6Hz6PzSz 

PdCz6Hz6PzSez 

P ~ C Z ~ H Z ~ ~ Z P ~ S Z  

Pd(SCN)(NCS)(PhPCH=CMeCMe==cH)z, 1141 

Pd(SH)z(dppe), 1132 

Pd(SeH)z(dppe), 1132 

Pd(PPh,O) {PPh,(OH)J (S,PMe,), 1167 

Pd(NCSe),(PBu3),, 1141 
PdC26H52M"Se2 

,-. _ _  . 
PdCz;H26C1z0P2 

PdClz{Ph,P(CHz)3P(O)Phz} 1167 
PdCALOPzS2 

Pd( SzCO) (PMeP h2) 2, 1 147 

PdC12{ PMez( CH,Ph)}3, 1160 

m 6 H 4 ) ,  1121 

PdCz7H3&1zP3 

PdCzsHzoN4 
Pd(N=CHCsH4N=CHC&N=CHC6H4N= 

PdCzaHzoS4 
Pd(SzCzPhz),, 1148 
[Pd(S,C,Ph,),]2-, 1148 

[PdC1(2,9-Mezphen)z] 11 17 
PdCzBH24ClN4 

pdC~aHz4N2PA 
Pd( SCN)(NCS)(dppe) ,1139,1140,1162 

PdCI(+C,H,)(dppm), 1164 
PdCzaHz7ClPz 

PdC,,Hi6P2 
Pd(PBu',Ph),, 1102 

PdC28H&l2Pz 

PdG,Ad,S 
P~C~Z{BLI'~P(CHZ)~~PBU~Z) 9 1163 

[Pd(SCN)(2,9-Mezphen)z]+, 1141 
PdCzgHZ6ClF30,Pz 

PdCzgHz6N2PzSz 

PdC30HzoC1zWz 

PdC3oHzzCI4F6 

k%Cl{PhzPCH=C(CF,)d}{P(OEt)Phz), 1168 

Pd(NCS)2{PhzP(CHz)3PPhz}, 1140,1162 

PdCIZ(PhzPC~CCF3)2,1168 

PdC12{PhzPCH=CCI(CF3)}z,1168 . .  
PdC30H23F3&P& 
Pd(SCN)2{Ph2PCH,C(CF3)=CHPPh2}, 1168 

PdCmHiaClzP2 _ _  _ .  - . 
PdC12{ 1,2-(Ph,P),C6&}, 1162 

PdCso&iNs 
Pd( CN),(2,9-Me,phen)z, 1117 

PdC3oHz5C1zN3P 

P~C~OHZ~F~NOZP 

PdC30H3oClzW'z 

~ d c ~ o H ~ 6 o ~ p z ~ z  

PdClZ(PhN"Ph)(PPh,), 11 18 

Pd(F,CCOCHCOMe)( PPh3)(2,6-Mezpy), 11 15 

PdClz{PPhz(CHzOAc)}z, 1158 

[Pd(dppe)(DMS0),]2+, 11 12,1143 
PdC30H45PS 

Pd(PPh3)(PEt3)2, 1102 

114 

PdC3 IH4,,P4 
[Pd(PhMePCHzCHzPMePh)z]z+, 1163 

PdC3&IdON4P2S4 

F'dC34Hs&LPz 

PdC3sH4oNJ'z 

P ~ C ~ ~ H ~ O C ~ Z P Z  

Pd(PhZP( S)N=C(S)NEtz}z, 1149 

PdCI4{ PBU' (C~H~P~ ' -~ )}~ ,  1161 

[Pd(CNB~'),(dppm)]~', 1164 

PdClZ(PPhj)z, 1101,1112,1158,1159 
Pd&6H30C1ZP2S2 

PdC12(SPPh3)2, 1143 



1238 Formula Index 

P~C,,H,J~P~ 

PdC36H78ClP4 
Pd{P(C6Hii)3}~, 1102 

[P~C~{P{CH,CH,P(CH,BU')~},) 1'. 1166 

Pd(C03)(PPh3)z, 1113 

Pd(NC0)2(PPh3)2, 1121,1160 

PdC37H3003Pz 

P ~ C ~ ~ H ~ O N Z O Z P Z  

PdC3~H30N~OsPzSz~ 
Pd(SCN)Z{P(OPh)3}2, 1140,1160,1167 

PdCdXwNJ'zS2 - - - - - - - 
Pd(NCS)~(PPh~)~,1139,1140,1159 

PdC38H3zN4PzS4 

PdC3&K3,CIzN,Pz 

PdC&d'zSz 

Pd{PhzP(S)N=C(S)NHPh}z. 1149 

PdC1Z(PhzPCH2CHzpy)2, 1165 

Pd(SMe)2(PPh3)2, 1137 

Pd i SzCz(CN),} ( PPh3) J ,  1 148 

Pd(S2CzPhz)(dppe), 1148 

[ Pd{ OS( CH2CHzCMeZ)2)4]2C, 1 143 

PdC40H34PzSz 

PdC4oHso04S4 

~ ~ C ~ O H E E O ~ S ~  

PGiH370zPz 

P ~ C ~ Z H ~ J ~ O ~ P ~ S  

Pd{(i-C~Hii)zSO}4,1112 

[Pd(acac)(PPh,),]+, 1114 

Pd(OH)(O,SPh)(PPh,),, 1134 
PdC42H39Br~P3 
PdBr2(l-Et-dibenzophosphole)3, 1160 
PdBr,(2-Ph-i~ophosphinoline)~, 1160 

P ~ C ~ Z H ~ Z I Z ~ ~ P Z  

Pd(O;CPh)(PPh,),, 1113 

PdClz{ 2,ll-(Ph,PCH,),-benzo[c]phenanthrene) , 1163 

Pd(hfacac)(triphos), 11 14 

Pd(SC6F5)2(PPh3)2, 1137 

Pd(SPh)z(PPh3)z, 1137 

Pd(dppn&, 1105 

Pd(CN)2(dppm),, 1105,1164 

Pd(dppe)2, 1162 

PdC44HwCW2 

PdC46H4oF602P3 

PG~HJoFIoPzSZ 

P ~ C ~ S H ~ O P Z S Z  

PdCsoH44P4 

[ P d ( d ~ p m ) ~ l ~ + ,  1164 
PdCszH44NzP4 

PdCszH48P4 

167 

,1164 

PdC1, 
[PdC14I2-, 717 

PdClh 
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PdHgN303S2 

PdHgN4Oz 
Pd(Sz03)(NH3)3. 1136 

[Pd(NOz)(NH3)3]+, 11 16 

[Pd(NH3)z(Hz0)2I2+, 1115 

[PdCl2(NH3)4l2+, 1123 

[Pd(NH3)4IZt, 1115,1116 

f'dHioN202 

Pm12C12N4 

PdHizN4 

PdH12N403S2 
[Pd(NH3)41Sz03, 1 136 

Pd(CN)z(p-dppm)2HgC12, 1164 

[Hg3PdC1,0]Z-, 1061 

P ~ H ~ C ~ Z H ~ ~ C ~ Z N Z P ~  

PdHg3Clio 

PdIZ01Z 

Pd16 

PdIrC28H28ClN20P2 

[Pd(106)2]6-, 1124 

[Pd1612-, 1123 

Pd(CN),(~-dppm)Ir(CO)Cl, 1164 
PdMn2CzoH10NzOlo 

Pd{Mn(C0)5)2pyz, 1108 
P ~ M O C , ~ H . + ~ N ~ O ~ P ~  

PdMo2C26HZONZ06 
Pd(CN)z(p-dppm)zMo(CO)3, 1164 

Pd{MoCp(CO),},py,. 1108 

Pd{ MoCp(CO),)2(NCPh)2,1108 

Pd(SNS2)2,1149 

[Pd(N3)4]'-, 1121 

PdM0tC30H20N206 

PdN& 

PdNiz 

Pd03 
[PdO3I2-, 1124 

[Pd(S03),]2-, 1134 
PdO& 

Pd06S4 

Pd012S4 

PdOisSs 

[Pd(Sz03)2]"-, 1136 

[Pd(SOJ4]6-, 1133,1134 

[Pd(S03),JZ-, 1124 
PdPtCizHisN6 

PdPtC34HZ8C12NzPZ 

PdPtC48H4oC12P& 

PdPtCsoH,4CIzP4 

PdRhClsH14C13NOP 

PdRhC21W2oC12N3P 

PdRhCzsH2zClNzOPZ 

PdRhC35HzsC13N20P2 

PdRhC3sH34C12N4P2 

[PdPt(CNMe)6]2+, 1104 

PdPtCl2(PhzPpy)z, 1107 

Pt(PPh3)2(~-SPh)2PdCll, 1138 

PtPdCIZ(pdppm),, 458, 1104 

PdRhCl,(CO)(PhzPpy), 1108 

[PdRhClz(CNMe)Z(PhzPpy)]+, 1 IO8 

Pd(CN),(y-dppm)Rh( CO)Cl, 1164 

PdRhCl3(CO)(PhzPpy)i, 1107 

PdRhC12(NCMe)2(Ph2Ppy)2, 1107 
[ PdRhC12( NCMe)2( Ph2Ppy) 2] +, 1107 

PdRh(CN)2(CO)(Cl)(dppm)z, 1105 
PdRhC53H44ClN20P4 

PdhlC36kI28C12N202P2 

PdSb2C6H,&I, 

PdSbzC2oH36C12Nz 

PdSb&H26C12 

RUPdC12(CO)Z(PhzPpy)z, 1107 

PdC14(SbMe&, 1123 

PdC12(2-Me2SbC6H4NMez)2, 1165 

PdCl2{PhzSb(CH&SbPh,}, 1162 

PdSbzC,,H&Iz 
PdClz(SbPh3)z, 1158 

Pd(SCN)2(SbPh3)2,1139 
PdSbzCwJboNzS2 

PdS bzC42H42CI2 
PdC12{Sb(C&Me-2)3}2, 1158 

PdC12{ Sb(C6H+Me-4)3} z ,  1158 
PdCI, { Sb( C6WMe-3),}2, 1158 

PdSbiGz&oPz 
Pd(PPh3)2(SbPh3)2,1102 

PdSi4Te2&6H60N2S2 
Pd(SCN),{Te(CH2CH2CH2SiMe3)z}2, 1144 

PdTezOlz 

{Pd(CN)iZrCp2},, 375 

PdzBr4(AsMe3),, 1161 
Pd2As2GHlsBr4 

Pd2AszC12HzoC14 

PdZC2C1402 
PdzCL(AsEtS)z, 1161 

[Pd,(CO)zC14]2-, 1111 
Pd2C2H6Br406S2 

[PdZBr4(SO,OMe),]* -, 1135 

[Pd2C14(S020Me)ZJ2+, 1113 

PdzBr4(SMez)z, 1146 

{PdCl,(DMSO)},, 1142 

PdzCz&C1406S2 

Pd2C4H1ZBr4S2 

P ~ ~ C ~ H I Z C ~ ~ O Z S Z  

P ~ Z C S H Z ~ N ~ ~ S S ~  

PdzC7H1604 
Pd2tS203)z(en)3, 1136 

Pdz( P - O A C ) ~ ( V ~ - C ~ H ~ ) ~ ,  11 13 
Pd2C8H12S8 

{Pd(S,CMe),),, 1147 

[Pd(en)#l2Pd(en),l4', 1123 

(PdCI,),{ p(C(CH,SeMe),} }, 1151 
(PdCl,),{p-{(MeSeCH,CN2SeCH,),CH2}}, 1151 

Pdz(NCS)2(H2CCMeCHz)2, 1141 

[PdzC14(02SPh)2]2-, 1135 

PdZC8H32C12NS 

Pd2GH2UC14Sed 

PdzCmHi4NzSz 

PdzCizHioCL04Sz 

P~zCIZHIOC~~SZ 

PdzCizHisN6 

PdzCiz~&U'z 

[(PdCl~)2(p-SPh)zJ2-, 1137 

[Pd,(CNMe),l2+, 1104 

PdZCL(PEt3),, 1161 

{PdCl(PMe,)z}2(p-C=C), 1161 

[ ( Pd(en))z(pSPh)z]z+', 1137 

(Pd(S,CSBu')( SBLI~)}~,  1147 

PdZC1,{ MezNN=CH(CH2)3CH=NNMe2}z ,1120 

Pd2(0Ac)2C12(PPhMe2)2, 1161 

Pd2C14H36C12P4 

P&CI~&N~SZ 

Pd&isH36& 

Pd2C18H40N8 

PdZC20H28C1204PZ 

PdzCzoH3&lzN4 

PdzCzzHzsNz04 

P ~ z C Z ~ H Z O C ~ Z ~ S S ~  

PdaCz4HzoCLS4 

Pd2C12(CNBut)4, 1103 

{Pd(acac)(p-NHPh)}2, 1115 

[PdzC12(0zSPh)4]*- , 1135 

(PdC12)a(@-PhSSPh)2,1137 
Pd2C24H4406 
Pd,(p-OMe)2(ButCOCHCOBut)2, 11 13 
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PtCg(PEt3)(AsPh3), 445 
PtA~c24HsiClP 

PtHCl(PEt,)(AsPh,), 445 
PtAs,ClOH,,O ' 

[PtMe{C(OMe)Me} (AsMe,),l+, 383 

Pt(SCN)z(diars), 1163 
PtAszCiz~i6N~Sz 

Pt(C=CPh)z(AsEt,)z, 388 

Pt (CZH4) (A~Ph3)2,4 10 
PtA~zC3sH34 

PtAs4CZ0H3Z 
[Pt(diars),12+, 498 

PtAS4CZOH3Z'CIZ 
[PtClZ(diars),lz+, 498 

Pt(AsPh,),, 440,463 

AuPt(PEt3)3(C6C15), 364 

ptAS&zH60 

P ~ A U C Z ~ H ~ S C ~ ~ P ~  

PtAUC24H46ClsP3 
Au(PEt,)( p-H)Pt( C6C15) (€'Et,) z 3 869 

ptBCioHi~N6 
PtMe{HB(fiN=CACH=~H),}, 415 

PtBC15HzZN; 
PtMe(CNBu') { HB(fiN=CHCH=CH),}, 380,432 

PtBCmHanCIP? 

Pt(cod)(~-lr2-B9C2Hll)? 373 

(PtC2B9H9)Me2(PMe2Ph),, 373 

Pt(PMe3)z(PPh3)(PhaPC6H4)HIrB~Hl~, 372 

PtB,GoHd'z 

PtB91rC42H58P4 

PfBioCi6H34Pz 

PtCC1,O 
(PtCl,(CO)]-, 377,378,379 

PtCC1,O 
[Pt(CO)Clj]-, 378 

PtCHzC120 
Pt(CO)H2Cl,, 378 

Ptc&cGo- - 
[Pt(CO)klzCl3]-, 362,378 

PtCH,Cl,NS 
PtC1,(iH3)(SC(NH~),}, 480 

PtCH, jF;N@,S 

PtC2C1*02 

PtCzH3C12N 

PtCZH4C12NOz 

PtCzH4C1, 

PtC&NzSa 

PtCZH6C130S 

PtCZHeN4 

PtCZH7CljN 

PtCzH~Cl~N2 

PtCZHaNzOzS 

[Pt( OSOzCF,)(NH3)s]3+ 9 470 

PtC1,(CO),, 378,379 

PtCl2(MeCN), 436 

[PtClz(Gly-O)]-, 427 

[PtC13(C>%)J- ,403,405,407,408,451 

Pt(S2CNH2),. 481 

[PtCl,(DMSO)]-, 479 

Pt(NH&(CN),, 375,377 

PtClz(NHdC&), 403 

PtC12(en), 422 

Pt(O,CCHzS)(NH,),, 474 

[Pt (NOz) ,(SCN) (CZO~)]~- ,  466 

PtI,(CNMe)2, 380 
PGHJaNz 

PtCaHhNh 
Pt(C%),(NH3)2, 377 

Pt(SzCMe),, 481 
PtC4H6S4 

PtC4HaN204 



1242 Formula Index 

Pt(Gly-0)2, 427 
PtC,H,,CIzNn 
IPtCI,(MeHNCNHNHCNHMe)lZ+, 381 .. 

Ptk4Hl;C1NzS 
[PtCI{S(CHzCH2NHz)2}]+, 478 

PtC4HlzClzNz 
PtCI,(H,NCHMeCHzNHMe) ,425 

PtC,HTZCG02Sz 

PtC4H12ClZSZ 

PtCQHl3BrN3 

PtCI,(DMSO),, 429,479 

PtClZ(MeZS)2, 430 

[PtBr(dien)l+, 424,476,494 
Pt?,Hl3ClZNz~S 

[PtCl,(HzNCHzCHzSCH2CHzNH3)]~, 478 
PtCIH13Cl4NzS 

[PtCI4(HzNCHzCHzSCHzCHzNH3)]+, 478 
PtGHi3N403 

PtC4Hl4C1NZOS 
[Pt(N03)(dien)]+, 494 

[PtCl( DMSO)( en)]+, 425 

[PtC13{S(CH,CH,NH3),)]+, 477 

IPtClz(DMSO)(enH)l+, 425 

[Pt(dia~)(H~O)]~*, 496 

[PtC1(N3)IZ+, 437 

[PtClz(en)z]z+, 428 

[Pt ( SMez)(en)(HzO)lZf, 476 

[Pt(en)z]2+, 423,424,500 

[Pt(Gly-0)~(NH3)zIZ+, 466 

[Pt{SC(NHz)J412+, 480 

[Pt( OH)( e r ~ ) ~ ] ~ + ,  423 

[PtCI(DMSO)(en)] ’ ,479 

[PtC1z(MeNHz)4]Z+, 428 

PtC4HiqC13NZS 

PtC4H1SCIZNZOS 

P G H I , N ~ O  

PtC,H,,CIN, 

PtC4H16ClzN4 

PtC4H16N20S 

PtC4Hi6N4 

PtC4Hi6N404 

PGHie.NsS4 

PtCaHITN40 

PtC4HlsClN20S 

PtC4HaoClzN4 

PtC4N306Sz 
[Pt(NOz)(SCN)z(Cz04)13-, 466 

PtC4N4 
[Pt(CN)4]1-75-, 376 
[Pt(CN),I2-, 375,437 

[Pt(NCO),JZ-, 469 
PtCdN404 

PtC4N4SI 
[ Pt( SCN),] *- , 487 

PtC,N,Se, 
[Pt(SeCN),12-, 488 

PtCaN,, 
[Pt(CN)4(N3)z]Z-, 437 

Pt(CO),, 377 
PtC404 

PtC,OaS, 
~Pt(CzOzsz)z]z-, 480 

PtCaO, 
[Pt(Cz04)z]z-, 466 

PtCl2(F3CSCHMeCHZSCF3); 477 
PtC&ClZF& 

PtC,H,CLO, 
\PtClz(&c)]-, 467 

PtC13(a-pyridonato)(NH,),, 435 

[PtCl(a-pyridone)(NH3),1’, 435 

PtC&I1&13N30 

PtCSH,,ClN30 

PtCsHiiCI3N 

PtC5Hl5CI2N3 
PtClz{(HZNCH,CH2)2NMe}, 425 

PtCsHZiN6 
[ Pt(NH&{ MeC(NH)CHC(NH)Me}13+, 429 

PtCsHi2N306 
[Pt(Gly-O),] -, 427 

PtC6H13CIN202 

PtC6H14CIzNz 

P ~ C ~ H ~ ~ C I ~ N Z O Z  

[PtCI(Me,CNO)(Me,CNOH)]-, 426 

P t C I z ( H 2 N m  H2)2,424 

PtC1z(MezCNOH)2, 426 

PtCIZ(NMe3)2r 460 
PtC6H,,C1,Nz 

PtC6H&laN4 

PtC6H18CljP2 
PtCl>{(H2NCH*CH&N}, 425 

PtCI,(PMe,),, 448 

Pt12(PMe&, 448 
PtC6H18IZPZ 

PtC6HlSS2 
PtMe2(SMe2)z, 392 

[PtClz(pn)z]z’, 500 
PtC6HzoCIzN4 

PtCsHZON4 

[Pt{S,C(CN)2}-J2-, 481 
PtCAN, 

[Pt(CN),IZ-, 377 
PtC6N& 

[Pt(SCN),12-, 487 
PtChNhSeh 

[Pt(SeCN),IZ-, 488 
PtC7H5C13N0 

PtC12(2-pyCOCHC1), 386 
PtC7HgClZN 

PtC7HgClzNO 

PtCTHgC13N 

PtC7HllC102 

PtC7HllC103 

P~CL(GH~)(PY), 407 

PtCl,(GH,)(py N-oxide), 407 

[PtC13(2,6-Melpy)]-, 430 

PtCl(C,H,)(acac), 4434 

PtCl( CH,=CHOH)(acac), 404 

Pt{(MeS)&C(SMe)z}CIMe, 477 
PtC7Hi6ClzN4 

PtCTHZiIPz 

PtC7H23N602 

PtCsH4N.g 

P t c 8 H 6 c 12 N 4 

[PtCIz(NH3)(en)(~y)l2+, 428 

PtIMe(PMe&, 394 

[Pt(en),{ L-H~NCH~CH(NH~)CO~) ]~+ ,  428 

Pt(HN=C(CN)C(CN)=NH),, 438 

PtCIz(2,2’-bipyrimidyi), 433 

PtC12(pyrimidine)z, 432 
PtCsHsC12Na 
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PtC8H9CIzN 
PtCI2(2-pyCHzCH=CHz), 406 
PtClZ(2-H2NC6H4CH=CHz), 406 

PtBr,(cod), 404 

PtCl,(cod), 354 

PtC8HlzBrz 

PtCsHizClz 

PtC8H;;ClzN4 
PtCl2(Me&CH=NCHdHj2, 433 

.~ 
Pti38Hl,C1zN2 

P t C l z ( H 2 N m H ~ ) &  424 

t ,406 

467 



1244 Formula Index 

fiC12H32P2 
PtHZ(PEt,),, 362 

PtCIZH331PZSe 

PtC13HzoC1z0S' -' 

PtCl,{ (S)-4-MeC,H4SOMe) (Me2CHCH=CH2), 405 
PtC,%H,,O%PS 

Pi(C6),(SEt2)(PEt3), 358 
PtC,3H3oCIOP2 

PtC13H31C102PZ 

PfCi3H3iNPz 

PtC13H31NP2S 

PtCi3H3iOPz 

[PtCI(CO)(PEt3),]+, 378,448 

PtCl(CO,H)(PEt,),, 397 

PtH(CN)(PEt,),, 369,370 

PtH(SCN)(PEt,),, 361 

[PtH(CO)(PEt,),]+, 361,367 
PtC13H32ClNPZ 

PtH,Cl(CN)(PEt,)z, 356 
PtCl3H,,C1O,P,S 

PtCI( S0,Me) (PEt,), ,470 

PtClMe(PEt3)2, 391,400,494 
PtC13H33CIPa 

~, ~ 

PtC13H3,0P, 
PtH(OMe)(PEt3),, 361 

FGaHioCLNz 

PtC14H31ClF4PZ 
Pt(CF2CF2H)Cl(PEt3)2, 366 

PtMe,(PEt,),, 399 

Pt(C6F5),(OCMe,), 389 

[PtCl(terpy)]+, 431 

Pt ICH(COMe),)(py),, 391 

Pt { CH(COMe),)(acac)(py) ,391 

PtCl,{ C( OE t )NHPh} (PEt,), 383 

PtBr ( q1-CH2CH=CH2)( PEt3), , 4  18 

PtCISW100 

PtCljHiIClN3 

PtCi5HiTNzOz 1 

PtCisHwNO, 

PtCi5H26Cl2NOP 

PtC15H,,BrP, 

PtCicHwOP, 
[PtH(Me,CO)(PEt,),]+, 366,367 

[Pt (P( OMe),)J2*, 447 
PtC15H45P5015 

P tC i6Hds  
[Pt(2~Z'-bipyrimidyl),12', 433 

PtCl2{ (S)-4-MeC6H4SOMe} { (R)-PhCH=CH,} ~ 405 

PtClz{PhCHzS(0)Me)z, 479 

~t(CH(CH==CH~)CH~CH,~HCH=CH,)(cod), 397 

PtC12(PMe2Ph)2, 419,472 

P tC1,( PPhMe2),, 462 

P ~ C ~ ~ H & ] Z ~ S  

PtC16H20C1202S2 

PfCi6Hzz 

PtC16HZZCI1PZ 

PfC16~22CIQPZ 

PtCi6HzzN4 
[Pt (NH3),{ (S)-HzNCHzCH( NHZ)BU'}]~+, 423 

PtC16Hz3C1P2 
PtHCl(PMe,Ph),, 371 

PtC16H24 
Pt(cod)z, 397,411,439 

Pt(hfb)(PEt,),, 417 

P-=CH,)CI(PPr,), 409 

[PtCl(PEt,),(kSC(Me)=CHrirH)1' ,382 

PtC, H ClNP 

PtC16H35CINPzS 

PtCi6Hac1Pz 
PtEt2(PEt3)2,394,396 

PtC16H4oP3 
Pt{ (CHz)zPButz}(PMe3)z, 386 

PtBrMe(PMe,Ph),, 391 

PtMeC1(PMelPh),, 402,414 

Pt(NOalMe(PMezPh),, 392 

PtCl7HZ5BrP2 

PtCiTH25CIPZ 

PtC17Hz5N02P2 

PtC1,H410PZ . 
[PtEt(Me2CO)(PEt3),]', 366 

[Pt(S2CC5H4)3JZ-, 481 

PtClz(2-py&CHCH=CHS),, 430 
PtCisH14C12N2S2 

PtCisHd2 

PtCisHzJ'Z 
Pt(2-CH2C6&NMez)z, 393 

PtM&(PMe,Ph),, 398 
PtCisHm CM'z 

PtH(C,Cl,)(PEtj)2, 869 
PtCleH,,BrPa 

PtCl&SCIP, 
PtBr(Ph)(PEt&, 399 

PtClPh(PEt&, 399,494,496 



Formula Index 1245 

PtC2,H;,ClzNP - ' 
PtCl2(2-Ph,PC6H4NMe2), 455 

PtCzoHaoNn 
[Pt(pyj4]2+, 429 

PtC20H22F6P2 
Pt( hfb)(PMe,Ph), ,417 - ,- 

PtCz~Hz~Pz 

PtCz H3oIzPz 
Pt(C=CH),(PMe,Ph),, 402 

~ H z ) 4 1 z ( P M e z P h ) z ,  395 
PtCzoH3zPz 

PtEtZ(PMezPh)z, 398 

PtCl(phthalazine)(PEt3)z, 432 

[P~(CNBU')~]~+, 381 

PtH(C=CPh)(PEt,),, 367 

PtC1z(2-C6H4NHCNHMe)(PEt3)z, 383 

PtCzoH36ClNzPp 

PtCZOH36N4 

PtCZOH36P2 

P ~ C Z O H ~ ~ C ~ Z N Z P Z  

PtCzoH44Pz 
Pt((CH2)PBU12}2. 386 

-. _ _  
PtH (SCHZCHzSMe)(PPh3), 355 

[Pt(ZpyS N-oxide)(PMe,Ph),]+, 474 

[P~M~(PP~M~,),{~CW~CHICHZ~)]~, 

PtCl2(PPr3)(PHPhJ, 456 

[PtMe(PMeZPh),(THF)J+, 447 

P~CZ~HZ~NOPZS 

PtC21H310PZ 

PtCziH32CM'z 

PtCZlH330PZ 

_ _  -- 
PtC1(OzCCH~PBu'z)(EtOzCCHzPButzj, 455 

PtCzzHszfz 
Pt(CHzB~u')z(PEt3)p, 396 

PICnHmClzNOqP 
P~Clz~py)(P(dPh),}, 404 

PtC11(MezC=~CH2)(PPh3), 408 

PtC1(SzCNEt2)(PPh3), 481 

PtC1(Se2CNEtz)(PPh,), 482 

PtC23Hz3ClzP 

PtC23H?5ClNPS2 

PtCZ,H&lNPSe2 
~. . . 

PtC23fiZSClN4P2 
PtMeCl{TCNE)(PMe,Ph), ,402 

PtC1,H2,1NPSe2 _ _  _. 

PtI(SezCNEti)(PPh3), 482 

[ PtMe(PPhMe,),{ ( NMez)(CHzCHzCHzOH)} ] r. 384 

[R(phen)z)zt, 431 

Pt(acac)(q 3- CPh3), 4 18 

PtMe(Se,CNEt,)(PPhn), 482 

F T ( S C H ~ C H ~ S M ~ ) ~ ( P P ~ ~ ) ,  474 

PtC23H38NOPz 

PfC24H16N4 

PfCz4H~zOz 

PtCz,HzBNPSez 

PtCz4HJ% 

~ ~ 4 H 3 0 C 1 2 0 3 P 2  
PtCI,(PEtj){P(OPhj3}, 448 

PtC&d'z 
PtMe(4-MeCsH4)(PMezPh)z, 398 

[PtCl(phen)(PEt3)z]+, 431 
PtC24H&lN2Pz 

PtC24H4OPZ 

PtCZ4H43CIP2 
PtPha(PEt&., 399 

PtC112.6-fB~'2PCHz)zCsH,}, 454 

PtC,,HS4C1ZP, 
PtCl,(PBu,),, 449 

Rc24%4°2pZs 
Pt(SOz)(PBu'3)zr 485 

P t C d W 2  

PtCz4H5&IP2 

PtCzAsP2 

384 F't(PBu',)a, 441 

PtHCI(PBu',),, 355,441 

[PtH(P3ut3)z)+, 360 



I246 Formula Index 

RcZ4H56pZ 

p f ~ z 4 & 0 ~ 1 2 ~ 4  

PtHz(PBu'3)z, 362 

Pt (P( OEt),} 4,442 

Pt(PEt3)4,418,441 
PtG4H6oP4 

Pt&dH6IP4 
[PtH(PEt3)4]+, 357 

PtC24H63P4 
[PtzH(~-H)z(PEt3)4]+, 364 

Pti(CF,)(PBu3)2,387 
PtCxH54F3IP2 

PtCz6HwClzP2 
PtCl,(dppe), 432,433 

PtClMe(dppm), 457 

PtHBr(PMePh,),, 366 

PtH(N03)(PMePhz)z, 366 

Pt(CSd(dppe), 472 

PtMeCl(PMePh,),, 387 

Pt(OH)(Me)(dppe), 389,454 

PtMe,(dppm), 450,457 

[Pt(SezCNBuiz)3]+, 482 

Pt(PPr',),, 441,442 

WVX'hz)z, 485 

RC26H25C1PZ 

R%Hz7BrPz 

Rc6H27N03PZ 

PtC27HzJ'zSz 

P ~ C ~ ~ H Z ~ C I P Z  

PtC27HZSOPZ 

PtCzTHzsPz 

PtC27H54N3S6 

RG7H63P3 

PtC28&OS4 

PtCDHzsIPz 

PtC28H30P2 

PtCZaH31CIPz 

PtMeI{PhzP(CHz)3PPh2}, 450 

PtMe,(dppe), 400,450 

PtHCl(PPh,Et),, 448 
PtCmHd'z 

PtC,sH,iP2 
PtMe,I(dppm), 450 

[PtH(C2H4)(PMePh2)z]f, 366 
PtC28H40P2 

PtC28H46C12P2 
Pt(C=CPh)Z(PEt,)z, 439 

PtC1z(PPhBut2)2, 448 , 

-. _ _  
PtMe,I(dppe), 450 

PtC30H20C12F6P2 
PtClz(PhZPC=CCFj)z, 446? 452 

PtClz { PhZPCH=C(Cl)CF,} 2,446 

Pt {PhCOCH=C(S)Ph}z, 483 

PtC30HzzC14FsPz 

PtC30H2202SZ 

PtHCI(PPh,),, 359 
RC30H35PZ 

PtC3oH4902P 
[PtEt(CZH4)(PMePh2),]+, 366 

Pt(C,H,) { OcC(Me)=CMeCOC( Me)=cMe}- 
{p(c6H11)3}, 411 

PtC31H36C1P1S2 
PtCl{CH(PPh,S),}(PEt3), 483 

Pt(phthalocyanine), 434 
PtC3zHi6Ns 

P ~ C ~ Z H Z ~ F Z O P ~  
Pt{PMez(C6Fs))4,440 

Pt( fiN=CHCH& H) z(dppe), 432 
PtC3zH3oN4Pz 

PtC3ztI44P4 
Pt(PMe,Ph),, 440,442 

PtCl,(Bu',PC=CPh),, 446 
P t C 3 Z & 6 a Z P 2  

PtC3,H 0 P 
P t ( H M  O)(PP ~ B U ' ~ ) ~ ,  410 

PtC33H34PZ 
PtMePh(PMePh& 398 

Pt(C0,Me)Ph(PhZP(CHz)3PPh,}, 401 
PtC35H340zPz 



Formula Index 1247 

PtC37H30CIZOPZ 
PtCl,( CO)(PPh3)2, 400 

PtC37H3oOPzS 
Pt(COS)(PPh3)2, 472,486 

Pt(S2CO)(PPh3)2,486 
PtC37H300PzSz 

PtC37H3003Pz 

PG7H3004Pz 
Pt(03C)(PPh3),, 448,468 

Pt(O,CO)(PPh,),, 468 
PtC3,H3,P2SSe 

PtC3,H3oP,Sz 
Pt(SCSe)(PPh3)2, 486 

Pt(CS2)(PPh3)2, 412,486 
PtC37H30PZS3 

Pt( SzCS)( PPh3)2,472 
PtC37H30P2Sez 

PtC37H31CIPZS2 

P ~ C ~ ~ H ~ I F ~ P Z  

P ~ G ~ H ~ I N O P Z  

PtC3,H3,NP2S 

PtC37H,,NP,Se 

Pt ( CSe2) ( PPh3) *, 41 2 

PtCI(SCHS)(PPh,),, 369 

PtH( CF,)(PPh3)2 360 

PtH(CNO)(PPh,),, 389 

PtH{SC(PPh2)=NPh)(PPh,), 356 

PtH(SeCN)(PPh,’),, 488 

. . . . . . , . 
PtC38H29ClO~Pz 
P~C~(~-P~~PC~H~CO)(~-P~ZPC~H~CHO), 4.56 

PtC3aH30BrF3P2 
Pt(CFi=CFBr) (PPh3) 2, 4 14 

P ~ C ~ ~ H ~ O C I Z ~ ~ P Z  

PtGsH3oF3NPz 

P ~ C ~ S H ~ O N ~ O Z P Z  

PtC12(2-Ph2PC6H4CHO)2,455 

Pt(NCCFs)(PPh3)2,417 

Pt(CN0)2(PPh,)z, 389 
Pt(NCO),(PPh,),, 389,469 

PtC38H30N2P2 

PtC38H30N2P2S 
Pt(CN)Z(PPhj)z, 389 

Pt(NCS)(CN)(PPh,)Z, 488 

PtC39H3&102P2S 
PtC1(02SCH=CHMe)(PPh,)2, 419 

PtCqqHq,ClP, _ _  _ _  
RCI ( CH2CH=CH2) ( PPh3),, 41 9 

PtC39H35Pz 

PtC3gH3K)Pz 
[ Pt( x-HZCCH=CHz) (PPh3)2]+, 4 18,419 

[PtH(MezCO)(PPh3)2]’, 363,368 

[PtC1(CH,SMe2)(PPh3)z]+, 389 
PtCagH&IPZS 

PtCd98P2 

PfC39H39P3 

PtC39H7 ipz 

PtMeEt(PPhg)z, 394 

Pt(PMePh,),, 440 



1248 Formula Index 

P~C~OHBONZPZ 
P~(CN)(CECCN)(PP~~)~, 417 

Pt(ssuaric acid)(PPh,),, 411 

Pt(TCNE)(PPh,)Z, 417 
nC40H3204P2 

, , 

PtC4,H35C10P2 
PtCl(COCH=CHMeMPPh,L 419 , I  ..,-. 

PtC4~35"02P2 
PtH(NCOCOCHzCH2)(PPh,),; 356 

PtC40H36NZPZ 

RC40H3604Pz 
[Pt( CNMe)2(PPh3)2]2+, 381 

Pt(OAc)z(PPh3)2,466 
PtC40H36PZ 

PtC4oH37NzOPz 

PfC40bON2P2 
[ Pt( CNMe) ( PPh3)Z( CONHMe) ] + , 

[Pt(2-Ph,PC,H,NMe2)Zlz+, 455 

383 

[Pt(triphos)(q3-P3)]+, 445 

[PtCl(PPh3),(~NMeCHZCHz~ Me)]', 382 
PGI&oC~N~PZ 

PtC4;H35BrP2 

P G ~ H ~ s N O P Z  

P ~ C ~ ~ H S S P ~ S  

PtBr(Ph)(PPh3)z, 388 

Pt(PhNO)(PPh,)z, 437 

PtH(SPh)(PPh,)z, 355 

PtC4,H3,BrP2 
PtBr(H(3=CHPh)(PPh3)z, 388 

PtCaaHanPT 
PtBu,{PPh3),, 394 

Pt(C,H,,) (PPh&, 41 1 

F't(CH===CPhCOkO)(PPh,),, 412 
PtC46H3602P2 

PtC46H38N40Pz 
Pt{C(CN)zCHzCH(OEt)C(CN),)(PPh,),, 390 

PtC46H43N3Pz 

PtCa,HA,O,P, 
[Pt(CNMe)(PPh3)z{C(NHPh)NHMe}]Z+, 383 



Formula Index 1249 

Pt(PPh3)3, 356,371,386,411,415,440,442,443,444, 
463,473,474 

[Pt"(PPh3),(CH2PPh,)Cl]+, 386 

Pi(trCphos)(PPh,), 442 

Pt(diop),, 442 
PtC6zH6404P4 

PtC72H60P4 
Pt(PPh3)4,355,440 

Pt{C(PPh,)=PPh,) (PPh&, 386 

PtCIz(PF,)Z, 445 

PtCl,,488,489 

463,465,467,474,479,480,483,488,490,495, 
499, so0 

ptCnH~oP4 

PtClZFGP2 

PtCI, 

[PtCI,I2-,4fl3, 406,408,414,418,425,430,436,451, 

PtC16 
[PtCl6I2-, 428,429,445,488,490,491,500 

P ~ C O C ~ ~ H ~ ~ C ~ Z N ~ P ~  

PtCO~C26H150sP 
CoCl2(2-pyC~Cpy-2)Pt(PPh,),: 416 

PtCoz(CO),(p-CO)(PPh3), 462 
PtCrC7H5 

PtCr(p-CPh), 385 
PtCuHlzClaN4 

CU(NH3)4PtC14,652 
Pt (NH3)4CuCl,, 653 

PtF4012S4 
Pt(SO,F),, 470 

PtF, 

PtF, 
PtFs, 491 

PtF6, 491 
[ptF6]-, 491 
[PtF612-, 488,491 

PtF6Oz 

ptF6018s6 

PtFp.04P4 

PtF12P4 

(PtF,)O,, 491 

[Pt(SOjF)6]-, 470 

[Pt(PF20)4]'-, 460 

Pt(PF3)4, 441 

FePtPd(d~pm)~(CO),, 457 
PtFePdCS4H4404P4 

PtFe2C42H3006P~S~ 
pt(PPh3),(y,S),Fe,(CO),, 473 

PtGeC15H39ClP2 

PtGeC18H49FP3 

PtGeC30&1460P2 

PtC1(GeMe3)(PEt3),, 420 

[PtHa(GeH2F)(PEt,)3]+, 358 

Pt(OH)(GePh3)(PEt3)2, 465 

Pt (GePh,) (HgGePh,)(PPh,), ,421 

[Pt(GeC13),13-, 421 
PtGe5C115 

PtGesHCIls 
[PtH(GeCI,),IZ-, 421 

[PtBr41(OH)]2-, 499 

[PtC13(OH)]z-, 495 

PtHBJO 

PtHC130 

PtHN,S, 

PtHf2BrCI,0 

PtHzBr4C10 

PtHzBr410 

PtH2Brs0 

Pt(S,N,H)(SjN), 472 

[PtCI,Br(H,O)]-, 499 

[PtBr,CI(H,O)]-, 499 

[PtBr,l(H,O)]-, 499 

[ PtBr, ( H20)] -, 499 

[PtC13(H20)]-, 403,495 
PtHZCI3O 

PtHZN4S4 

PtH,Cl,N 

PtH,CJ,N 

Pt(S2NZH)z. 472 

PtCI,(NH,), 422 

[PtCI,(NH,)]-, 465 

PtBr4(H20),, 499 
PtH4Br4O2 

PtH4C12N0 

PtH4C1202 
[PtClz(NH,)(OH)]-, 465 

PtClz(H20)2,495 
PtH4C1302 

[PtCl,(H,O),]-, 495 

PtCl,(NH,)(H,O), 465 

PtC1z(NH3)z, 422,423,424,465,471,495,1117 

Pt(NO3)z(NHr)z, 423 

[Pt(OH)#-, 466 

PtHsCIzNO 

Pt€&CI,N, 

PtH6N4O6 

PtH,O, 

PtH,ClP, 
PtHCI(PH?)Z, 367 



1250 Formula Index 

PtSiC,,,H& 
PtH{ iMe( H2)3)(PPh3)2, 357 

PtSiC4,H5,NZP3S 

PtI 

PB 

PtI 

PtI 
I 

PtI 
I 

PtI 
I 
T 

PtOH(S04)(NH3)4]', 465,470 

Pt(OH)z(NH3)4]Z+, 423 
%SCW 
PtCI(NH3),I3+, 428,429,498,499 
115N402 
Pt(OH)(HzO)(NH3),]2', 423 
315NS03S 

114N402 

Pt(NH3)5(S03)]2C, 470 

b N 5 0  

1 i ~ N 6 0 2  
Pt(NH3)5(N02)14+, 470 

Pt(NH3),(HzO)14', 470 

PtHg2Cls 
[HgzPtC18]2-, 1061 

[Hg3PtCllo]z-, 1061 
RHg3Clio 

Ptl, 
IPt1,12-, 499 

ptirc3;H6;P4 
P ~ P ~ ( P E ~ & L - H ) , I ~ H { P E ~ ~ ) ~ ,  363 

PtMnC,,Hj007PS 

PtSiCloH,bC1O, 

PtSiC,aH,dIzPz 
PtCl(CH~CH0SiMe,)(acac), 404 

- .  - - 
PtH12(SiH2C=CH)(PEt3)2, 357 

PtCI(SiMePhnp)(PMe,Ph), 420 
PtSiC2&6ClP 

.,. ~ . 
PtSiC2;H3&1P2 

PtSiC,,H,,F,P, 
PtC1(SiMePh2)(PMe2Ph)2, 420 

Pt { Bu'N=P( S) N Bu'(SiMe3)} ( Ph3P) ,, 443 

P ~ H ( S ~ M ~ P ~ ~ P ~ ( P P ~ ~ ) ~ ,  420 
PtSiC53&146PZ 

PkI(N(SiMezCH2PPhZ),), 453 

PtCIZ{HN(SiMezCH,PPh,)2}, 453 

Pt(SiMeC12)2(PPh3)2, 419 

PtH(Me,SiOSiMe,H)(PPh,),, 357 

Pt(SiMePhz),(PMeZPh),, 420 

Pt(CH2SiMe3)2(PPh3)z, 393 

Pt{l ,2-(MezSi)zC6H4}(PPh3)2, 420 

Pt { Bu'N=PNBu'(SiMe,)} 3,  443 

Pt{ (SiPh2)3SiPhz}(PPh3)z, 420 

PtH(SnCI,)(PPh&, 358,371 

385 PtH( S K I , ) (  CO)(PPh3)2, 371 

PtSiZCJoH3,Cl2NP2 

PtSi2C38H3hCldP2 

l'tSi2C40H440P2 

PtSizC4,HasP2 

PtSiZC44H5zP2 

PtSi2C46Hdz 

PtSi3C33H81N~P3 

PtSi4C84H70P2 

PtSnC3,HslC1,P2 

PtSnC,,H30C130P, 

PtSnC,,H3,CI,P, 

PtSnCj4H45ClP2 

PtSflC,6H4BPzS, 

Pt(SnC13)Ph( PPh&, 400 

PtC1(SnPh3)(PPh3j2, 420 

Pt{MeSC(S)SnPh3}(PPh3),, 487 
PtSfl,C12R31C&Pz 

[PtH(SnC13)z(PEI,),]-, 371 
PtSnZC3hHSoC16PZ 

PtSn2C52H54Pa 
[Pt(SnCIM'Ph&l 421 

PtHz(SnPh3)2(PMe,Ph)2, 358 

Pt { Sn( acac),},(PPh,),, 421 

[PtCIz(SnC13j2]2-, 421 

PtSn,C56H5s082 

PtSnzC1, 

PtSn4C7IHs502P 
PtH { Sn( c~H4Me-4)~) 3 { sn( C6H4Me-4)3)- 

(OMe),(PEt3), 358 
PtSn4HC116 

[PtH(SnCl,),]'-, 371 
PtSnsC1,, 

PtSn&6Hd'~ 

PtTe2C8H20C12 

PtTe2CZ8H28C12 

[Pt(SnCI3),l3-, 421 

[PtSng(PPh&j4-, 421 

PtC12(TeEt2)2, 476 

PtC12{Te(CH,Ph),},, 476 

Ag[Pt(NH,)z(l-methylthymine)z]~N03, 789 
PtzAgCzoH36~13011 

P ~ z A s z C I ~ H ~ O C ~ ~  

P ~ ~ A s z C ~ ~ H ~ O C ~ Z O ~  

PtzBsCi6H36Pz 

P ~ z B ~ C ~ ~ H S ~ P ~  

P ~ B I B C ~ Z & D P ~  

PtzBzaCi6b~Pz 

PtzC12(p-Cl)z(A~Et3)~,490,497 

{PtCI(2-Ph2AsC6H4CHCHzOMe)}2, 406 

(Pt2BBH14)(PMe2Ph)2. 372 

(PtZBBH10)(PMe2Ph)4r 372 

(Pt2B dLdPMed'hL,  372 

(PtBloH11)2(PMe~Phj2, 372 



Formula Index 1251 

b B r ,  

Pf2C2Br4O2 

PtZCZC1402 

PtzC4HSCI4 

[Ptz(p-Br)zBr4]3~, 491 

[PtzBr4(C0)z]2~' ,379 

{Pt(CO)Clz}z, 378,490 
[Ptz(CO)zC14]2-, 378 

Pt2Clz(~~-Cl)z(CzH4)2, 390,407,490 

Pt2Iz(~-I)z(DMSO)z,479 
PtzGHizLOzSz 

PtzCsH1zClzSs 

Pt2CaHde 
Ptz(SZCMe)4C1z, 480 

Ptz(SZCMC)d, 480 
Pt2CiHi8N8 ' 
[Ptz(NH3)4(2,2'-bipyrimidyl)]4+ 433 

. 
PtzC&&14 

PtzCioHzoN602 

Pt&oHzoN6O4 

P t z C l z ( ~ - C l ) z { H ~ H 2 ) 3 } 2 ,  406 

[ {Pt(a-pyridonat~)(NH~)~}~]~+, 434 

[Pt,(a-pyrid~nato),(NH~)~]~+, 435 

[Ptz(a-pyridonato),(N0,)(NH3)4(HzO)]"t. 435 

IPt2(CNMe)61Z+, 380,1104 

PtZC10H22N706 

PtzCi&i~N6 

Pt;C1~HZ8Cl4S~- 
PtzC14(SPrz)z, 476 

(PtMe3Br)2{(MeS)zC==C(SMe)z), 477 
P ~ z C I Z H ~ O B ~ Z S ~  

PtzCizH30C14Pz 

PtzCi6HzzC14Pz 
Pt2Cl~(~-Cl)Z(PEt3)2,477,490 

PtzC14(PMezPh),, 404 

{PtMe,(acac)},, 467 
PtZC16H3204 

Pt2(3~'2P(CH2)3PB~'z}z, 442 
Pt?C?nA,,P, 



1252 Formula lndex 

. .  . 
Pt;c12016S4 

[Ptz(p-S04)4C1z]4-, 471 

PtliHzoN 0 
[Pt(-H),Iz+. 382 

ReCuCz6H3,Pz 
[ReHS(PPhzMe)zCu]t, 585 

{Re(CO)a)2(OAc)2Cu, 652 

[{ReHS(PMePhl)}2Cu]+, 572 

Re2CuCiaH60ia 

RC&UC&36Pz 

Re2Cu2CZOHZ112 

RezHgSOla 
{(ReHCpzCu)(p-Vlz, 572 

HgsRezOio, 1050,1069 
RhC35H&lNzOPz 

RhCl(Ph2Ppy)z(CO), 1107 
R ~ C ~ S H ~ ~ N ~ P Z  

[Rh(NCMe)2(PhzPpy)z]', 1107 
RhPdCiSH14C13NOP 

RhPdCziHzoC1zN3P 

RhPdCzsHazCINzOP2 

PdRhC13( CO) (P hzPpy), 1 108 

[PdRhC12(CNMe)2(P hzPpy)]', 1108 

Pd(CN)2(~-dppm)Rh(CO)Cl, 1164 

PdRhC13(CO)(PhzPpy)z, 1107 
RhPdC3sH2sC13Nz0P2 

R ~ P ~ C ~ ~ H ~ ~ C I ~ M ~ P Z  
PdRhC12(NCMe)z(PhzPpy)z, 1107 
[PdRhClz(NCMe)z(PhzPpy)z]+, 1107 

PdRh(CN)z(CO)(CI)(dppm)z, 1105 

Rhz(p-CO)z(CSMeS)z(~z-AuCl), 909 

Hg6Rh&'MedLz, 1049 

CuzRh&O)15(NCMe)z,572 

C U , R ~ ~ ( C O ) ~ ~ ( P ~ M ~ ) ~ ,  572 

RhPdC,3&ClNzOP4 

RhzAuCzzH30C102 

R ~ ~ H ~ & ~ H ~ o s P E z  

R ~ ~ C U ~ & H ~ N ~ ~ I S  

R~,CU~C,ZHI,O,, 

RuAuCOSC~~H,,O~~P 

R~CigH14ClzN0zP 
CO~RU(CO)~(~~-C~)~(~~-AUPP~~), 908 
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HgCIz( H2NCSeNH2), 1074 

AgCl,(SePPh,), 1074 
SeHgClaHI5Cl,P 

SeHiOi 

SeHgO, 
HgSe03, 1067 

HgSeO,, 1067,1069 

Hg,Se04, 1050 
SeHg204 

Sez&HgC&& 
[CoHg( SCN)4(SeCN)2]2-, 1064 

Se2CuC6Hl6N6 
Cu(en)z(SeCN),, 734,741 

Cu2(Se205), 649 

HgCIz(HzNCSeNHz),, 1074 

HgCl2(SeCHzCHzSeCHZ~ H,) , 1074 
SezHgC4HloC& 

HgClZ(MeSeCH2CH2SeMe), 1074 
SeZHgCz4H54CW2 

HgClz(SePBus),, 1073 
S ~ Z H ~ Z C Z & ~ W Z  

Hgz14(SePBu3)Z, 1073 
Se2HgKl~ 

Hg3SezC12, lU71 
SezHg3Fz 

H&e2F,, 1M1 

S e C u 0 

SezHgCzH,C1,N4 

SezHgC4HsCiz 

Se,IIgC,Ni 
[Hg(SeCN)J, 1064 

PtCI(SiMePhnp)(PMe2Ph), 420 
SiPtC2,H,,CIP2 

Ptfi(SikePh,)(PMe,Ph),, 420 

PtH{Si(C,H,F-4),)(PMe2Ph),, 357 
SiPtC,4H3,F3PZ 

SiPtC36H70PZ 

Pt(ButN=P(S)NBuf(SiMe3)}(Ph3P),, 443 

PtH(SiMePhr~pj(PPh~)~, 420 

PtH(SiPh3)(PPh3),, 357 

SiPtCj3H46P2 

SiPtC54H46P2 

SiPt2Ci4HBzF2' 
Pt2( ~-SiMez)(~-C=CPh)(C~CPh){P(C,H,l),}z, 416 

SiiCuC7Hla 
[CU(C(SLM~~)~}]-, 550 

[CuBr{CH(SiMe,),}]-, 550 
SizCuCjHl,Br 
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Ss,CuO,, 
[CuSizO,o]z-. 716 

PtC1{N(SiMezCHzPPhz)z), 453 

PtCl,{ HN(SiMezCHzPPhz)z}, 453 

Pt(SiMeClz)z(PPh3)z, 419 

PtH(Me2SiOSiMe2H)(PPh3)2, 357 

Si2PtC30H36ClNP2 

Si2PtC30H37C12NP2 

Si&C&36C14P2 

SiZPtC4&440P2 

SizPtC42H48P, 

Si2PfC44HSZPZ 
Pt(SiMePhz)z(PMezPh)z, 420 

Pt( CHzSiMe,),(PPha),, 393 
SiaPtC46H46PZ 

Si3PtC3,HS1N6P3 

s&cuolo 

Pt{l,2-(MezSi)zC6H4}(PPh3)2, 420 

Pt { BufN=PNBu‘(SiMe3)},, 443 

[CUS~~O~,,]~-, 605,663,700 

CU~(CH,S~M~,)~ ,  557 

Hg {N(SiMe,),},, 1074 

Pd(SCN)Z{Te(CHzCHZCH2SiMe3)2) 2 ,  1144 

SbCU4Ci6H44 

SLH&2H36N2 

SiQdTeZCZ6HfiON2SZ 
.~ 

Si,PtC,H;”P, 

Si8Cu,Cz,H,zN4 
Pt { (SiPhZ),SiPhz} ( PPh3)2, 420 

Cu4{N(SiMe3),},, 557 

Au(SnCl,)(PMe,Ph),, 882,904 

Au(SnC13){P(CHzSiMe3)3}z, 904 

Au(SnCl,)(PPh,),, 904 

Au( SnCl,) ( PPh3)3, 904 

Au,BaSnS,, 873 

SnMe,BF,, 689 

SnC1Ph3, 421 

Hg(SnMe,),, 1085 

[Ni(S2C202)2(SnC14)]z-, 182 

[Ni(SnPh3){N(CHzCHzPPhz)3}]+. 139 

S ~ A U C ~ ~ H ~ ~ C ~ ~ P ~  

S ~ A U C Z ~ H ~ ~ C ~ ~ P Z S ~ ~  

S ~ U G ~ H ~ O C ~ ~ P Z  

SnA~C54H45C13P3 

SnAuzBaS4 

SnBC3H,F4 

SnCIsH15CI 

SnHgC6His 

SnNiC4C1404S4 

SnNiC60H5,NP3 

SnNiH,,Cl,O, 

SnPtC36H31C13PZ 

SnPtC3,H30C130P2 

Ni(Hz0)6(SnC16), 61 

PtH(SnC1,)(PPh3)z, 358,371 

PtH(SnCl,)(CO)(PPh,),, 371 

Pt(SnC13)Ph(PPh3)z, 400 

PtCI( SnPh3)(PPh3),, 420 

Pt{MeSC(S)SnPh,} (PPh,),, 487 

[PtH(SnC14)4]3-, 371 

[Hg,{SnBr,)(SnBr,)]’, 1058 

[Ni(S2C202SnC14)2]Z-, 182 

[F’tH(SnC13)2(PEt3)2]-, 371 

Ft(SnCh)@’h3)zl7 421 

SnPfC42H35C13P2 

SnE’tC54H45C1PZ 

SnPtC56H48P2SZ 

SnPtHClI6 

SnzHgzBr5 

Sn2NiC4C1804S4 

Sn2PfC1ZH31C16PZ 

SnZPtC36H30C16P2 

SnzPtC5zHd’z 

PtH2(SnPh3)z(PMe2Ph),, 358 

Pt { Sn( acac)z) z(PPh3)zt 421 

[PtClz(SnC13)z]2-. 421 

Pt3Sn,C16(cod), 421 

Ptz{Sn(acac)z}3(PPh3)2r 421 

PtH{ Sn(C6H4Me-4),}, { Sn(c6H4Me-4),}- 

[Pt(SnC13)5]3-, 421 

[PtaSn,C1,,,~-, 421 

[ PtSn9(PPh3),l4-, 421 

Sn2PtC56H580&’2 

SnZPtClls 

SnzPt3C8H1zC16 ’ 

Sn3PtzC66H72012PZ 

Sn4PtC,1Hs50aP 

(OMe),fPEt,), 358 
SnsPtCI,, 

Sn,Pt,Cl20 

S ~ ~ P ~ C ~ ~ H ~ O P Z  

sfCUN60,~ 
[SrCU(NOz)6]’-, 701,702 

SrHgSe4C,N4 

SrNiN6OL2 

SrNiSbO, 

SrHg(SeCN),, 1064 

[SrNi(NOz)6]”, 701 

SrNiSbO,, 297 

TaAuCZ4Hl5O6P 

TeCu306 

TeHgC4HloCI, 

TeHgC12H& 

Au{Ta(CO),} (PPh,), 904 

cU3(Teo6), 651 

HgCl,(TeEt,), 1074 

HgI,(TePh,), 1074 
TeHg03 

HgTeO,. 1068 
TeH&266 

Hg,H,TeO6, 1068 
TeHg306 

Hg3Te06, 1068 

{HgC1z(TeBu2)}z, 1074 

HgsTe,CIz, 1071 

Te,HgzC16H36C14 

Te2Hg3Cl2 

T e , ~ d O , ~  

TezPdSi4C2JJ&N2Sz 

TezPtCsHzoClz 

[Pd(TeO&]*-, 1124 

Pd(SCN)2{Te(CH2CHzCHzSiMe3)z}z, 1144 

PtC12(TeEt2),, 476 
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[zn~cs,),]z-, 977 
ZnC3H204 

ZnC,H,04 
ZnI(02C)2CH,}, 972 

Zn(02CCH2C02H), 972 

[ZnI,(S,CNMe,)]-, 979 

Zn(en)(NCS)Cl, 934 

Zn{(02CCH2)2S}, 977 

ZnC3H612NS2 

ZnC3H8CIN3S 

ZnC4H404S 

ZnC4H60, 

ZnC4H8N404 
Zn(OAc),, 928,969,998 

[Z~{(CONHZ)Z>ZI~+, 945 

~ Z n G 0 4 ) ~ ( H ~ O ) ~ 1 2 - ,  971 

Zn(03PCH2CH2NH2)z, 963 

Z n ( S m N H ) 2 (  S 2 0 3 ) ,  978 

[Zn(OMe)4]2-, 965 

[Zn(OMe),(MeOH)]-, 965 

ZnCfiioOn 

Z ~ C ~ H I Z N Z ~ ~ P Z  

ZnC,H, N,O S4 

ZnC4HI2O4 

Zn C4 H 30, 

ZnCd-II4NZO2 
[Zn(H,NCH2CH,OH)zlZ+, 935 

ZnCaHi,N, 

ZnC4H16NS02 
[Zn(en),12+, 929,932,935 

Zn(en),(NOJ, 934 
[zn(en)dNo2)l+, 962 

[Zn(CN),I2-, Y28,930 

[Zn(CNO),12-, 986 

ZnC4N, 

ZnC4N404 

ZnC4N4S4 

ZnC,O, 
[h(NCS)4I2-, 984,985 

ZiCl(2-pyS), 974 
ZnC,H,CI,N, 

ZnC,H,N, 
ZnCl,(purine), 957 

[Zn(adenine)]+, 956 

ZnH(MeNCH,CH,NMe,), 934 
ZnC5H14N2 

-~ 
ZnC,H;oCIOS 

[ZnCi(MeOH),]+, 983 
ZnC,HaN,Or 

zn(o2cCrr,cN),, 97 I 
ZnC6H5ClaN3 

ZnCJIpN, 

ZnC6bNE. 

Zn(C6H5N3)C12, 950 

Zn(NCH=NCH=CH),, 949 

IZn(NCH),l2', 932 

ZnC12(9rmethyladenine), 957 

Zn{O,CCH(OH)Me),, 970,972 

Zn(S2CNMea)2, 979 

ZnCI(OCH,CH,NEtz), 965 

Zn(0,CCHzOMe)2(OH2)2, 705 

ZnCI,(TMEDA), 935 

ZnCr31006 

ZGHiaNaS4 

ZnC,H,,CINO 

ZnC~Hi408 

Z I ~ C ~ H X ~ C ~ ~ N ~  

ZnC,H,*N, 
[Zi{ (H2NCH2CH2NHCH2)2}]2+, 937 

[Zn(en),]Z+, 929,932 
ZnC6H24N6 

ZnCnHcOR 
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ZnGHz6N6 

Z I I C ~ H ~ ~ N ~ O  
[Zn(dien),I2+, 936 

[Zn(OH){ HzN(CH2)3NHCHzCH2NH( CH2)3NH2}]+, 

Zn{HON=CMeC(=~)CH=CHCH=~- 

937 
~ C ~ H I I C ~ Z N ~ O Z  

C(Me)=NOH}Cl,, 940 . .  .~ 

ZnC9H12N2S 
[Zn{2-pyc(Me)NHCH2CH,S} Iz+, 951 

Z ~ C , ~ H ~ ~ N , O ~  

ZnCtnH1401 
Zn(OAc)2(HfiCH=NCH=CH)z, 949 

Zn(C6H4N3)zC12, 950 

[Zn(phen)l2+, 958 

Zn(2-pyCO, N-oxide),, 965 

ZnCl2{(2-pyCH=N),), 953 

ZnCl2H8N 

ZnCizHsNz06 

ZnC1ZH10C12N4 

ZnC12H&8SZ 

Z~Ci2HIZNZO8 

Z ~ C ~ Z K ~ C ~ Z N Z  

Zn(O,SOPh)z, 998 

Zn(4-pyCOz N-oxide),(H2O)1, 965 

Zn(PhNH2)2ClZ, 933 

Zn(02SPh)z(HzO)z, 964 
ZnCizHi406Sz 

ZnClzHl& 
[Zn(H$JCH=NCH=CH)4]2’, 948,949 

Zn(Hl?CH=NCH=~H),(NO,),, 949 
ZnClzH N1006 

Zn{N(CH2CHzNMe2)3}12: 938 
ZnCI2H?,NaO 
[zn(N(CH,CH,NMe,),}(HzO)]z-, 937 

ZnC12H32N604 

ZnC1ZH3606S6 
Zn(TMEDA)2(N02)2,962 

[Zn(DMS0)6]’+, 959,966 
ZnCi4H8Cl2O4 

ZnCi4HsN60& 
Zn(2-CIC6H4COz),, 970 

Zn(4-NCpy N-oxide),(NCS),, 954 

Zn( S,CPh), ,977 

Zn(4-02CC6HoNH2)2, 939 

Zn(4-pyCH=CH2),ClZ, Y53 

Zn[2-pvNHAcl2Cl2, 945 

ZnC14H10S4 

ZnC14HIZN~04 

ZnC14H14C12NZ 

ZnC14H16CIZN40Z 

Zn{ (S=CMeCH=CMeNCH,CH,),) , 977 

Zn(OAc),(Et~CH=NCH=CH’), ,949 
ZnC14H~~N404 

,- 

ZnC,;H,,N,’ 
[ Zn(dien) { (2-py)2NH}]2+, 955 

Zn(EtOC(Me)----CC(S )Me},, 968 
Z ~ C I ~ H ~ ~ O Z S ~  

. .  . 
ZnC1&24N206 . 

ZnCdL4N604 
Zn{nL-OZCCH(NHAc)CHMez}z, 939 

[Zn(Ci04) CHN(CH2CH2CH2NH~)~}~1Zf, 936 

[Zn(hfacac)(py),]+, 967 
ZnC15HllF6N20~ 

ZnCI5Hl5N503 

ZnC1,H,,O6 

Z ~ C I ~ H I Z F I O N ~  
[ Zn( acacH)#+ ~ 967 

Zn(C6F&(Me2NNNNMet), 948 

Zn(02CCH2CN)2(bipy), 971 
ZnClhH12N404 

.. 

ZnCl6HI4CllOb 
Zn(2,4-C12C6H30CHzCOz)z(HzO)z, 970 

Z ~ C ~ ~ H & ~ ~ N  o 
Zn(PhCO*NH),Br,, 951 

ZnCIRHlnNA 
[Zn(8-a&0quinoline)~]~+, 953 

ZnC,.H,,N,O 
_I _I ~ 

[Zn(8-aminoquin0line)~(H~O)]~+, 953 

[Zn(HRCH=NCH&H)6]z+, 949 
ZnClsHZ4Nlz 

ZnC1dLO9 
~Zn(MeCOCH2C0,Et)3]zc, 967 . .  z ~ c ~ ~ H ~ ~ N ~ o ~ s ~  
[Zn(bipy)(DMSO).+ja+, 997 

ZnC19H,aC1,N0, 
Zn(MeCOCClCOMe),( quinoline), 952 

ZnCz0H12F12N~o4 
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[Zn{ SC(NMe2)2}4]2+, 997 

Zn(O,SPh),(bipy), 964 

Zn(acac),(phen), 967 

Cd(acac),(phen)(H,O), 967 

ZnCz2HlsN204S2 

ZnC2~Hz2Nz04 

ZnCzzHz4NzOs 

Zn(3-pyCOzH)z(acac),, 955 

Zn(2-OC6H4CH2N=CHf?=CHCH=CH$)2, 981 
Z ~ C ~ ~ H ~ O N ~ O Z S Z  

[ZnCl,]-, 983,984,985 
ZnCl, 

[ZnCL]’ ,705,929,981,983,984,985,986 
Zn(=OClZH3~N12S4 

Co (Zn(NCS),} (en)4, 988 

[ZnF3]-, 983 

[ZnFJ-, 986 

ZnF(OH), 928 

ZnH,CI,, 984 

ZnF, 

ZnF4 

ZnHFO 

ZnH,CI, 

ZnH,N,O, 

ZnH404 

ZnH504 

ZnH6C12N2 

ZnH604 

ZnHsNl 

ZnHaNio 

ZnH,CIN, 

ZnHbN3O3SZ 

Zn(N03)z(b.0)2, 961 

[Zn(OH),I2-, 931,960 

IZn(OHMH20)1-, 960 

Zn(NH3)zC12, 932 

Zn(OH)z(HzO)2,960 

[ZII(NH~)~]”, 932 

Zn(N,HJdW2,932 

[Zn(NH,),Cl]+, 932 

Zn(NH&(SzO,), 977 
ZnH12N4 

{Zn(NH,)4]z’, 930, 932 
ZnH,,O, 
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NiZn(NCS),(THF),, 988 

NiZn((PhCOCHCOCHCHMeNCH2)2) (py), 968 

[ZnSi308]2-, 964 

Zn{Pb(IO3)6)(HzO)6,961 

Zn(SCHZCH2S)3(TiCp2)2, 976 

[ZnWO6I4-, 704 

IZnzCI4(OMe),l2-, 965 

ZnOaSis 

ZnPbH1216024 

ZnTi&6H3& 

ZnWO6 

Zn2C2H6C140Z 
. .  

z ~ ~ c ~ ~ H ~ ~ N ~ o ~  
Zn2{ (02CCH2)2NCHZCHzN(CH~C~~)2}, 947 

{ZnC12(S~HCH2CH2NHMeCH2C H2) ) 2, 975 
Zn2ClzHz6C14N2S2 

Zn~ClSHl2CIS3 
Z~,CIQ-PYS)~, 974 

Zn2C;oH20N,o~6 
(Zn(py N-oxide)2(OzNO)2)2, 668.671 

Zn,C2.,HlhNI2 
Zn;(C6H4N3),, 950 

936 


	Volume 5: Late Transition Elements
	Contents
	Preface
	Contributors to Volume 5
	Contents of All Volumes
	50 Nickel
	50.1 INTRODUCTION
	50.2 NICKEL(0)
	50.3 COMPLEXES WlTH eta3-BONDED SPECIES
	50.4 NICKEL(I)
	50.5 NICKEL(II)
	50.6 NICKEL(III) AND NICKEL(IV)
	50.7 REFERENCES

	51 Palladium
	51.1 INTRODUCTION
	51.2 COORDINATION COMPLEXES OF PALLADIUM(0)
	51.3 PALLADIUM(I) COMPLEXES AND CLUSTERS
	51.4 PALLADIUM(II): OXYGEN DONOR COMPLEXES
	51.5 PALLADIUM(llI): NITROGEN DONOR COMPLEXES
	51.6 PALLADIUM(IV) COMPLEXES
	51.7 REFERENCES

	51.8 Palladium(II): Sulfur Donor Complexes
	51.8.1 INTRODUCTION
	51.8.2 UNIDENTATE LIGANDS
	51.8.3 BIDENTATE AND MULTIDENTATE LIGANDS
	51.8.4 REFERENCES

	51.9 Palladium(II): Phosphorus Donor Complexes
	51.9.1 INTRODUCTION
	51.9.2 PHOSPHINE, ARSINE AND STIBINE COMPLEXES
	51.9.3 PHOSPHITE, PHOSPHONITE, PHOSPHINITE AND OTHER COMPLEXES
	51.9.4 SOME REACTIONS OF COORDINATED LIGANDS
	51.9.5 REFERENCES

	52 Platinum
	52.1 INTRODUCTION
	52.2 PLATINUM HYDRIDE COMPLEXES
	52.3 PLATINUM COMPLEXES OF GROUP IIIA LIGANDS
	52.4 PLATINUM COMPLEXES OF GROUP IVA LIGANDS
	52.5 PLATINUM COMPLEXES OF GROUP VA LIGANDS
	52.6 COMPLEXES WITH GROUP VI LIGANDS
	52.7 COMPLEXES OF GROUP VII LIGANDS
	52.8 COMPLEXES OF GROUP VIII LIGANDS
	52.9 SUBSTITUTION REACTIONS AND REACTION MECHANISMS
	52.10 REFERENCES

	53 Copper
	53.1 INTRODUCTION
	53.2 COPPER(0)
	53.3 COPPER(I)
	53.4 COPPER(II)
	53.5 MIXED COPPER(II)/(III) COMPLEXES
	53.6 COPPER(III) COMPLEXES
	53.7 COPPER(IV) COMPLEXES
	53.8 REFERENCES

	54 Silver
	54.1 SILVER(I) COMPOUNDS
	54.2 SILVER(II) COMPOUNDS
	54.3 SILVER(III) COMPOUNDS
	54.4 REFERENCES

	55 Gold
	55.1 INTRODUCTION
	55.2 REVIEWS OF GOLD CHEMISTRY
	55.3 A SURVEY OF OXIDATION STATES IN GOLD COMPLEXES
	55.4 BONDING IN GOLD COMPLEXES
	55.5 HYDRIDE COMPLEXES OF GOLD(I)
	55.6 HALIDE COMPLEXES OF GOLD(I)
	55.7 COMPLEXES OF GOLD(I) WITH OXYGEN DONOR LIGANDS
	55.8 COMPLEXES OF GOLD(I) WITH SULFUR AND SELENIUM DONOR LIGANDS
	55.9 COMPLEXES OF GOLD(I) WITH NITROGEN DONOR LIGANDS
	55.10 COMPLEXES OF GOLD(I) WITH PHOSPHORUS, ARSENIC AND ANTIMONY DONOR LIGANDS
	55.11 COMPLEXES OF GOLD(I) CARBON DONOR LIGANDS
	55.12 COMPLEXES OF GOLD(II)
	55.13 HALIDE COMPLEXES OF GOLD(III)
	55.14 HYDRIDE COMPLEXES OF GOLD(III)
	55.15 COMPLEXES OF GOLD(III) WITH OXYGEN DONOR LIGANDS
	55.16 COMPLEXES OF GOLD(III) WITH SULFUR, SELENIUM AND TELLURIUM DONOR LIGANDS
	55.17 COMPLEXES OF GOLD(III) WITH NITROGEN DONOR LIGANDS
	55.18 COMPLEXES OF GOLD(III) WITH PHOSPHINE, ARSINE AND STIBINE LIGANDS
	55.19 COMPLEXES OF GOLD(III) WITH CARBON DONOR LIGANDS
	55.20 COMPLEXES OF GOLD(V)
	55.21 COMPLEXES WITH GOLD-GOLD BONDS
	55.22 COMPLEXES WiTH GOLD-MAIN GROUP METAL BONDS
	55.23 COMPLEXES WITH GOLD-TRANSITION METAL BONDS
	55.24 REFERENCES

	56.1 Zinc and Cadmium
	56.1.1 INTRODUCfION
	56.1.2 THE APPLICATION OF PHYSICAL TECHNIQUES TO THE STUDY OF COORDINATION AT ZINC AND CADMIUM
	56.1.3 HYDRIDE AND RELATED LIGANDS
	56.1.4 NITROGEN LIGANDS
	56.1.5 PHOSPHORUS LIGANDS
	56.1.7 SULFUR LIGANDS
	56.1.8 HALIDES AND PSEUDOHALIDES
	56.1.9 MULTINUCLEAR COMPLEXES OF ZINC AND CADMIUM
	56.1.10 ZINC(I) AND CADMIUM(I)
	56.1.11 MACROCYCLIC COMPLEXES
	56.1.12 KINETICS AND REACTIVITY
	56.1.13 APPLICATIONS
	56.1.14 ASPECTS OF THE BIOLOGICAL CHEMISTRY OF ZINC AND CADMIUM
	56.1.15 REFERENCES

	56.2 Mercury
	56.2.1 INTRODUCTION
	56.2.2 MERCURY COORDINATION COMPOUNDS WITH MERCURY OXIDATION NUMBERS LOWER THAN +1
	56.2.3 MERCURY(I) COORDINATION COMPOUNDS
	56.2.4 MERCURY(II) COORDINATION COMPOUNDS
	56.2.5 APPENDIX
	56.2.6 REFERENCES

	Subject Index
	Formula Index




